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Abstract

Over the past few decades, several active traffic control methods have been developed
and implemented to mitigate freeway congestion. Among them, Variable Speed Limit
(VSL) is considered the most efficient control method. In addition, the latest advances in
Intelligent Transportation Systems (ITS) have made it feasible to implement predictive
freeway control. The successful implementation of such control requires an accurate

macroscopic traffic flow model that can predict all the important traffic dynamics.

To avoid violation of the equilibrium traffic state assumption and to improve traffic state
prediction accuracy in the VSL control situation, this research proposes a 2™ order
model, DynaTAM-VSL, which drops parameterization of the METANET’s FD; instead,
it includes speed limit-dependent parameters in the speed and density dynamics. The
validation results with the 20-s loop detector data confirmed that, compared to the
existing models, the proposed model better simulates traffic flow. With the validated
model, this research investigates the impact of control parameters and demand levels on
total travel time and throughput under the coordinated VSL control and determined a
range of the demand / bottleneck capacity ratio, when VSL simultaneously improves both

of the mobility parameters, which resolved the existing paradoxical results.

This research also proposes an isolated VSL control strategy that aims at avoiding
capacity drop at recurrent freeway bottlenecks. To evaluate the effectiveness of the
control strategy, a base model of the 11-km test site: Whitemud Drive (WMD),
Edmonton is calibrated within a microscopic traffic flow simulator to reproduce real-

world traffic conditions, while the control strategy is implemented to evaluate its impact.



The sensitivity analysis of the control strategy on safety constraints and VSL update

frequencies demonstrates promising results to support practical implementation.

Considering its flexible use in macroscopic simulation, a 1* order traffic flow model,
CTM-VSL, is proposed. Unlike the 2™ order models, it is parsimonious: it only includes
parameters that can be estimated using routinely available point detector data. However,
the model is valid only for the condition of perfect compliance by drivers to VSL control,
since it shares same properties of the CTM model. To update the storage capacity of an
upstream segment of a VSL sign, a real-time queue estimation model is proposed.
Despite the simple structure of the CTM-VSL model, the VSL control shows comparable

results with the DynaTAM-VSL in terms of improving mobility parameters.

Finally, this research distinguishes the relative contributions of driver compliance levels
(CLs) and a predictive VSL control with different CLs to improve traffic flows. Several
CL-to-VSL strategies are modeled with a fixed co-efficient of variance of speeds
obtained from static speed limit on WMD. The CLs include speed distributions for
aggressive, compliant, and defensive drivers. It is proven that the mobility benefits from

the VSL control are not at the expense of increased collision probability and vice-versa.
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Chapter 1

Introduction and research objectives

1.1 Introduction

Traffic congestion is a major transportation issue, particularly in and around large
metropolitan areas. Congestion forms during peak hours when too many vehicles use a
common roadway with a fixed capacity. According to the 2012 UTTF (Urban
Transportation Task Force), there is a high cost of congestion in Canadian cities,
approximately 4.6 billion dollars annually due to the consumption of extra time and fuel,
and the emission of greenhouse gases (GHG) (COMT 2012). Furthermore, congestion

jeopardizes roadway safety due to unstable traffic flow.

Urban freeways suffer the most from congestion. The most widely used strategy to
mitigate these problems is to increase roadway capacity by constructing new lanes
(sometimes transportation practitioners call this a “brute-force approach”). However,
budget constraints, lack of space, and environmental concern have made it difficult for
transportation agencies to increase roadway capacity in major metropolitan areas. From a
transportation economics point of view, freeway infrastructure and resources are tapped
by a rapid increase in travel demand. Thus, growing demand issues cannot be mitigated

by the brute-force approach; rather, mitigating traffic congestion calls for innovative



control strategies that maximize the efficiency of transportation infrastructure and

resources.

Active Traffic Management (ATM), a major component of Intelligent Transportation
Systems (ITS), can dynamically manage recurrent and non-recurrent freeway congestion.
Variable speed limits (VSL), ramp metering (RM), and route guidance (RG) are the most
widely used ATM methods. ATM involves a continuous process: (1) obtaining,
conditioning, and analyzing online traffic data from a variety of data sources (loop
detectors, probe vehicles, video cameras, etc.); (2) simulating various future traffic
conditions considering dynamic control methods (either in an isolated or coordinated
mode) and quantifying expected mobility and safety benefits, and (3) implementing the
optimal control method in the traffic system. ATM has been practiced for decades to
mitigate traffic congestion and improve safety; however, until now, it was not clear how
to achieve the maximum benefits of ATM methods. Thus, there is a tremendous need to
understand the effects of different control methods on daily freeway operation, and find

the most cost-effective control methods.

Although RM is the most widely practiced ATM method, it has gradually been
recognized that RM can only control the average density immediately downstream of the
controlled on-ramp. RM control aims at limiting vehicle access to freeway mainstream so
as to achieve and maintain capacity flow and avoid or mitigate congestion near the on-
ramp. However, when vehicles are in the mainstream, RM has no control. When traffic
demand is high at the bottlenecks located on a freeway mainline, RM control has very
limited impact. However, congestion does not happen only in the merging section of
freeway mainlines and on-ramps. Several empirical studies (Chung et al. 2007; Persaud et

al. 1998; Sahin and Altun 2008) found the flow breakdown phenomenon at weaving
2



sections, lane drop locations, and at geometric bends on freeways. These locations could
be far from the merging section or independent of merging influence near the on-ramp.
Hence, using RM alone to control freeway traffic has limited performance when demands
from both on-ramp and mainline upstream are high. Furthermore, limited ramp storage
space can also hamper the positive impact of RM (Papamichail et al. 2010). RG is most
helpful in cases of non-recurrent congestion (due to an incident or collision), which
makes the traffic conditions unpredictable (Wang et al. 2006). Once the traffic demand is
elevated, RG control is needed to divide traffic flows to alternative routes with sufficient

capacity reserves.

By contrast, VSL adjusts freeway speed limits when congestion is imminent due to
capacity drops from high traffic demand, collisions, and inclement weather. A suitably
operated and enforced VSL control, either as a standalone measure or in combination
with RM and/or RG, could avoid the constraints as mentioned above. Given the
enormous cost of congestion to society and the urgent need for solutions, this research
investigates a solution by exploring VSL effectiveness since its primary advantage is that
it can control collective driver behavior on the freeway mainline. In addition, VSL can be

implemented with existing transportation infrastructure and limited new investments.

Previously, VSL control performances were reported in European countries, such as the
U.K., France, Germany and the Netherlands (e.g., Bertini et al. 2006; Hoogen and
Smulders 1994) and North American countries (e.g., Abdel-Aty et al. 2006a; Abdel-Aty
et al. 2006b; Lee et al. 2006; Lee et al. 2004; Lee et al. 2003; Piao and McDonald 2008)
to homogenize the traffic and improve safety rather than mobility. In addition, numerous
VSL control strategies were limited to respond only to inclement weather conditions or

work zone management (see, Fudala and Fontaine 2010; Kang and Chang 2006; Kang et
3



al. 2004; Lin et al. 2004; Long et al. 2008b; Stidger 2003; Rdama 1999). Those VSL
control strategies did not show significant mobility benefits. To improve freeway
mobility, an exclusive VSL strategy is required that proactively addresses important
mobility factors: capacity drop and shockwave formation, while not compromising
safety. Since driver safety is the most important aspect of traffic management, the
developed VSL control strategy must have the capability to consider alternatives for
experiments in extreme traffic flow regimes (e.g. large speed differences between
upstream and downstream segments or large speed differences between two time steps at

the same location), which may lead to potentially unsafe situations.

This research proposes a VSL control algorithm that changes freeway speed limits based
on predicted traffic conditions. To solve the dynamic traffic control problem, the
algorithm adopts a model predictive control (MPC) framework (Camacho and Bodons
1995; Garcia et al. 1989). In contrast to a traditional optimal control strategy, MPC has
several attractive features: (1) feedback: feeding measured data into the control process at
regular intervals can reduce the negative impacts of a mismatch between model
prediction and actual system dynamics; (2) modularity: independent traffic flow models,
control parameters, and objective functions (including optimization method); and (3)
adaptivity: changing prediction model, control parameters, and objective function evenly
at each control sampling time. These features make the MPC suitable for this research.
The main concepts behind an MPC approach are the use of a traffic flow model to obtain
the trajectories of future traffic states, the online optimization of an objective function to
determine the best sequence of VSL control variable values, and the application of the
rolling horizon procedure, so that from the best sequence of control variable values, only
the first component is applied to the system over a control horizon. For the next control

sampling time, the optimal speed limits that were calculated at the previous sampling
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time (but were not implemented) are used as initial guessed values for the VSL
optimization process. With recent ITS developments, technologized freeways could
provide a large amount of real-time traffic data. Using this data, it is feasible to perform

real-time, reproducible and cost-effective experiments within an MPC framework.

1.2 Statement of the problem and opportunities

1.2.1 Violation of the equilibrium traffic state assumption

The main component of MPC is a macroscopic traffic flow model that is used for short-
term traffic state prediction. To represent driver’s desired speed in VSL-control
situations, previous studies modified fundamental diagram (FD) in speed dynamics of the
second-order METANET model (Papageorgiou et al. 1990), which was utilized within an
MPC-based VSL control. Unfortunately, as discussed in Chapter 2, this modeling
approach violates the equilibrium traffic state assumption, which results in failure to
reproduce rapid transition in traffic states. Although several studies (Kotsialos et al.
2002a; Messmer and Papageorgiou 1990; Sanwal et al. 1996) have shown that traffic
states with homogeneous speed limits can be reproduced with high accuracy using the
METANET, no analysis can be found that investigates whether the existing FD
modifications could represent traffic flow sufficiently in the VSL control situation,
specifically, as it related to the congested equilibrium region of the FD. This research
investigates the speed-density and flow-density curves resulting in different VSL control
modeling approaches that adopt the FD modifications. To avoid violation of the
equilibrium traffic state assumption and to improve traffic state prediction, this research
attempts to derive a second-order model that avoids modifications of the METANET’s

FD.



1.2.2 Balanced model accuracy and computational efficiency

Since the MPC-based VSL control needs to provide traffic state prediction and
optimization online, the traffic flow model should be as simple as possible without losing
accuracy. Previously, all the MPC-based VSL studies considered a METANET-based
traffic flow model as the prediction model within MPC. Although macroscopic
simulations of the VSL evaluation have shown travel time improvements in a range of
20-30%, these solutions are more expensive to execute on field traffic (in terms of
computational demand) and require more advanced calibration methods, which requires
more effort and may limit field deployment. However, the MPC is independent of the
traffic flow model, so the VSL control algorithm can be applied using other traffic

models, if those models are capable of considering the impact of VVSL on traffic flow.

Another class of macroscopic model that has received remarkable research attention is
the first-order Cell Transmission Model (CTM) (Daganzo 1994), which is essentially a
density dynamics. To predict traffic variables in real-time with the CTM requires very
low computational effort (Gomes et al. 2008). This research found that for a prediction
horizon of 5 minutes (min), typically 13 seconds (sec) and 16 sec are required on an
Intel® Core™ i5 CPU to obtain optimal VSL trajectories associated with two VSL signs
for utilizing a CTM-based and METANET-based prediction model within MPC. With a 1
min or longer control sampling time, both the traffic flow models satisfy the online
optimization requirements. However, in real-life applications, the overall optimization
process consumes more time due to access to the online traffic database at the traffic
management center (TMC), data filtering, data conditioning, number of VSL signs and
control parameters, etc. Therefore, if the proposed MPC-based VSL control shows
comparable results with the METANET-based and CTM-based traffic flow models, the

latter model can also be considered as a candidate model for real-life implementation.
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However, due to sharing same property of the Lighthill-Whitham-Richards (LWR) model
(Lighthill and Whitham 1955; Richards 1956), the implementation of a CTM-based
model within MPC must be coupled with strict speed limit enforcements. Furthermore,
comparisons of VSL control performance with different classes of traffic flow models
could give some insight regarding the long controversy on prediction accuracy by the

first-order and second-order models.

1.2.3 Model calibration in no-VSL situation

To accurately predict traffic states, the adopted macroscopic traffic flow model within the
MPC framework must be well calibrated and validated. Unfortunately, in the past, all the
METANET-based traffic flow model parameters for the network were determined based
on the validation of the simulated network traffic flow model against field data in an
uncontrolled situation. For example, an extended version of the METANET was
implemented for modeling freeway traffic flow control involving VSL and RM (Carlson
et al. 2010). In that research, the values of the METANET parameters were adopted from
Kotsialos et al. (2002b). However, the calibration data used in that research was obtained
from an uncontrolled scenario. Hegyi et al. (2005b) proposed another modification of the
METANET model with the VSL control variable, which was implemented within a MPC
framework to resolve shockwaves. That research also adopted the same values of the
METANET parameters from Kotsialos et al. (2002b). It was assumed that with or
without the VSL control variable, the parameters in the METANET-based traffic flow
models were the same. Yet, obviously, the presence of the VSL control variable in the
model would result in different parameter values, thereby altering the model’s
performance. As a consequence, those models have low predictive power. Therefore, this
research proposes a systematic calibration method of the proposed METANET-based

traffic flow model in a VVSL control situation.



1.2.4 Improper objective function selection

To obtain optimal mobility benefits from the MPC-based VSL control, it is important to
select proper objective functions. To the author’s best knowledge, none of the previous
studies addressed this issue explicitly for the MPC-based VSL control design. The most
frequently used objective function is to minimize only the total travel time (TTT) on
mainline or total time spent (TTS) for all vehicles in the network. For example, an MPC-
based VVSL control by Hegyi (2004) used TTS as an objective function to find the optimal
VSL control variable values. TTT and TTS are directly related to vehicular densities on
segments. Minimizing that objective function keeps freeway density at a low value (by
reducing inflow from upstream) on the mainline, which does not guarantee maximum
utilization of freeway capacities. Indeed, it could reduce throughput from the freeway.
Unfortunately, very few studies quantified throughput improvement with a VSL control.

And most of the studies found no improvement in terms of this mobility parameter.

Alternatively, total travel distance (TTD), which is a surrogate measure of throughput,
can be used as an objective function within MPC. However, only maximizing TTD
increases flow (maintaining higher density), possibly driving traffic flow near bottleneck
capacity, which might cause instability with a consequence of congestion. Therefore, this
research investigates the impact of different objective functions on both of the defined
mobility parameters: total travel time and link throughput. This research also analyzes the
sensitivity of weight parameters in multi-objective optimization. In addition to objective
functions, the achievable mobility benefits with the MPC-based VVSL control also depend
on the deployed control strategy (e.g. frequency and traffic conditions under which speed
limits are increased and decreased). Therefore, this research attempts to investigate the
impact of MPC parameters: control horizon and prediction horizon as well as VVSL update

frequencies and constraints on VSL values. With these analyzes, a major question will be
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addressed: when and how MPC-based VSL control can simultaneously improve total

travel time and link throughput.

1.2.5 Optimization accuracy and efficiency

The discrete characteristics and safety constraints on the VSL values necessary for field
application are usually underestimated in the literature. All the previous MPC-based
macroscopic/microscopic  VSL simulation studies implemented a gradient-based
optimization method (e.g., sequential quadratic programming [SQP]) to find the optimal
VSL values. However, solving the real-world dynamic traffic problem with SQP is
complex and difficult to implement. Therefore, this research proposes an optimization
method to obtain practical VSL values (near optimal) within a limited computation time.
The main advantage of this method compared to SQP is that the gradient of the objective
function does not need to be computed. In addition, by imposing temporal constraints on
VSL values it is possible to limit the number of function evaluations at each control
sampling time. Specifically, this research found that with the proposed optimization
method (i.e., decision tree), the computation time for optimizing the same number of

VSL control variables is reduced by approximately 60.0% compared to the SQP.

1.2.6 ldeal compliance rate assumption

Due to insufficient evidence in reliably predicting driver response to VSL, existing
macroscopic MPC-based VSL studies (Hegyi et al. 2005b; Hegyi et al. 2007; Hegyi et al.
2005a; Long et al. 2008a; Zegeye et al. 2011) assumed that 100% of drivers follow the
advised speed limits; this does not represent the real-world situation and the assumption
could overestimate the mobility benefits. In contrast, some recent studies have shown
that, regardless of compliance level (CL), an MPC-based VSL control provides similar
mobility benefits; however, no evidence was found to indicate which CL is most

achievable in practice, nor was a description found for the distribution of speed of a given
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VSL. Surprisingly, a number of heuristic VSL control strategies have shown that VSL
with increased CLs can increase travel time. However, it is yet to be analyzed whether or
not that outcome is due to the control strategy design or the CL. There is a tremendous
need to develop a method to model different CLs to VSL and quantify the relative
contribution that CLs with an MPC-based VSL control have on improving mobility.
Thus, this research attempts to model several CL-to-VSL strategies after real-world
driver behavior. The research answers a major research question: whether the MPC-based
VSL mobility benefits (with the increased CL) are at the expense of increased collision

probability and vice-versa.

1.3 Research objectives and scope of work

Considering the observations in the preceding section and the mixed results from the
MPC-based VSL simulation studies reported in literature, it can be concluded that the
expected overall mobility benefit of applying the VSL control is still unclear. Therefore,
this research is devoted to the development of a VSL control algorithm that will address
the research problems as mentioned in Section 1.2. The research will propose a method to
find the optimal VSL values based on measured and predicted traffic states. The research
scope will be restricted to freeways. The test site will be approximately 11-kilometres
(km) long in between east of 122 Street and west of 159 Street on Whitemud Drive
(WMD), Edmonton, Alberta, Canada (Figure 1.1). This test section has a static speed
limit of 80 kilometres per hour (kph) and experiences a directional average annual daily
traffic (AADT) of about 100,000 vehicles. The freeway is outfitted with 8 loop detector
stations on the mainline, each consisting of dual-loop detector groups in each travel lane.
Each of the on-ramp and off-ramps are equipped with loop detectors. In addition to those
mainline and ramp detectors, virtual detectors will be coded in the microscopic WMD

base model to obtain measured traffic data (flow and mean speed) and feedback to MPC-
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based VSL control consequently. Furthermore, there are 7 traffic cameras along the
mainline, which will be used for observing driver behavior, including lane-changing
aggressiveness in different freeway segments, time of congestion formation and
congestion duration, and replicating these observations in the base simulation model. Due
to the existence of several bottlenecks, the test site experiences recurrent heavy
congestions from 7:00 AM to 9:00 AM and 4:00 PM to 6:00 PM. The loop detector
collected data showed that in the congestion periods, the average travel speed on the test
site can drop from 80 kph to 50 kph, resulting in an increase of travel time by
approximately 60.0%. This research will mainly focus on improving mobility in the
recurrent congestion scenario. However, the test site is a collision-prone location on
which 268 collisions occurred in 2011 and 2012; 144 collisions were during peak hours
and 124 occurred in off-peaks. Once a collision blocks travel lanes, a large capacity drop
is observed at the non-recurrent bottleneck locations, causing severe congestion.
Therefore, if the designed VSL control can improve freeway safety, it can also mitigate

non-recurrent congestion in addition to recurrent congestion.

Given the above scopes, this research proposes both first-order and second-order traffic
flow models that consider the impact of VSL control variable on traffic flow. The models
will be calibrated and validated with 20-sec loop detector data collected from a WMD
base model. As demand prediction is out of scope of this research, it will be assumed that
the traffic demand on the mainline and ramps are known. However, rather than assuming
a particular demand scenario, the MPC-based VSL effectiveness will be explored under
different demand scenarios. Moreover, it will be assumed that demand is independent of
the VSL control. In other words, implementation of VSL control will not change the
traffic demand in the network. The main ingredients for the successful implementation of

the VVSL control require traffic state prediction and coordination (which is equivalent to
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optimizing multiple VSL control inputs simultaneously). The MPC-based VSL control
algorithm can encapsulate these two ingredients by using traffic dynamics and optimizing
an objective function that includes predicted traffic states with the VSL control variables
for the entire network. To assess the performance of the VSL control with the known
demand inputs, the MPC approach will be implemented within both macroscopic and
microscopic simulations. To perform the macroscopic simulation, a simulation tool
within MATLAB software will be developed, and the SQP method (Boggs and Tolle
1995) will be used to solve the optimization problem. For the microscopic simulation
evaluation of the MPC-based VSL control, a base model will be coded within the state-
of-art VISSIM software. VISSIM is advantageous over other types of microscopic traffic
simulation models, as it allows precise speed distribution modeling with VSL as a
function of CL. To perform the microscopic simulation, a special purpose software
module will be developed in C++ through the use of the component object model (COM)
application interface (API). For the traffic flow optimization, SQP will be used. However,
considering real-world applicability, an efficient optimization method will be proposed
that does not require computing the gradient of the objective function; the control
performance will be compared for adopting the SQP. Furthermore, driver compliance to
VSL will be modeled within the WMD base model considering real-world driver
behavior. Finally, this research will explicitly quantify the relative contribution of CL and
the MPC-based VSL control in improving freeway mobility. There are several research

objectives:

(1) Propose a METANET-based traffic flow model with the VSL control variable that
can avoid violation of equilibrium traffic state assumption and can capture all the

important traffic dynamics in the VSL control situation.
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(2) Propose a CTM-based traffic flow model with the VSL control variable that is
flexible to use in macro-simulation and requires minimal effort in finding model’s

parameters using routinely available point detector data.

(3) Design a robust VSL control strategy that aims at improving freeway traffic
mobility considering traffic characteristics at recurrent bottlenecks, and update the

speed limit based on real-time traffic measurements and predictions.

(4) Introduce traffic shockwave theory in the VSL control strategy, and develop real-
time queue estimation models to assess how the queue control can improve VSL

performance when demand is very high.

(5) Perform both macroscopic and microscopic simulation of the proposed MPC-
based VSL control algorithm to identify when and how VSL control can
simultaneously improve the defined mobility parameters: travel time and

throughput.

(6) Model various compliance levels to VSL after real-world driver behaviour to
investigate whether the designed MPC-based VVSL mobility benefits are at the

expense of increased collision probability and vice-versa.

1.4 Research contribution

Through this research, the contributions are listed as below:

(1) Chapter 2 summarizes the impact of previous FD modifications of the
METANET’s speed dynamics, and proposes a new model that avoids violation of

the equilibrium traffic state assumption and improves traffic prediction accuracy.
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Chapter 2 proposes a systematic calibration method of the METANET-based

traffic flow model that could capture drivers’ dynamic responses to VSL.

Chapter 3 summarizes the impact of typical objective functions under coordinated
VSL control and proposes a heuristic rule to tune a weight parameter in multi-

objective optimization to simultaneously improve TTT and throughput.

Chapter 4 summarizes the impact of recurrent bottleneck on traffic flows and
develops an isolated VSL control strategy that reduces inject flow into bottleneck

in order to avoid bottleneck activation or reduce its severity.

Chapter 4 proposes a non-gradient-based optimization method to find discrete
speed limit values taking into consideration of constraints that ensure the safe

operation of speed limits, as well as traffic efficiency.

Chapter 5 introduces cell-dependent piece-wise linear FDs in the CTM to model

dynamic capacity at active bottleneck and cells with variable free-flow speeds.

Chapter 5 develops a time-space discrete queue estimation model by utilizing the

classical shockwave theory along with the capacity drop phenomenon.

Chapter 6 proposes a statistical framework to model drivers’ desired speed

distributions within a VVSL control scenario at different CLs.

1.5 Organization of the thesis

Figure 1.2 shows the flow-chart for the research. The thesis is organized into sections:
Chapter 2 reviews the previous field studies that investigate the impact of VSL control on
the FD, as well as, the pros and cons of existing VSL control modeling approaches that

use METANET as a base model, and proposes a new second-order model DynaTAM-
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VSL (Dynamic Analysis Tool for Active Traffic Management-Variable Speed Limit),
which is formulated based on the physical and empirical traffic flow considerations in the
VSL control situation. This chapter also presents the method to calibrate model
parameters in the VSL control situation. Chapter 3 presents the impact of the objective
functions, and the MPC parameters, control horizon and prediction horizon, and demand
levels on the VSL control performances to see when and how the VSL control can
simultaneously improve travel time and throughput. Chapter 4 presents an efficient
optimization method to find the optimal discrete VSL values and evaluates the
effectiveness of the proposed VSL control strategy considering DynaTAM-VSL as the
prediction model. This chapter also performs sensitivity analysis of mobility and safety
parameters due to VSL update frequencies and different values of the safety constraint.
Chapter 5 derives a first-order traffic flow model through FD modification of the density
dynamics of the CTM and develops time-space discrete queue estimation models that
could be applied to update freeway storage capacity in real-time. Modeling of different
compliance levels to VSL is discussed in Chapter 6, while the statistical framework to
find the lower and upper bound values of desired speed for each VSL is also presented.
The research summary, further traffic flow model improvements, and field deployment

requirements are presented in Chapter 7.
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Figure 1.1 The 11-km test site between east of 122 Street and west of 159 Street (Courtesy: City of Edmonton).

21



-

Freeway Operation Research

v

Traffic Flow Models
(15t Order and 2" QOrder)

RN

Model Shockwave CTM and
Derivation Analysis METANET
Models
LWR Model\ Es(gume;fon CTM-VSL and
Model METANET-VSL
i i
Control Strategy VSL Control Algorithm
Design (Isolated and Coordinated)
Problem MPC Problem Formulation:
Formulation 1. Traftic State Prediction in the VSL Situation
2. Defining Objective Function
3. Constraints on Traffic Dynamics and VSL values
Optimization Gradient-Based| Performances | Non-Gradient-Based
Method Optimization Optimization
(SQP) Computation (Decision Tree)
Efficiency
H g t
I' - - -
Performance Mf':lcrOSC('JpIC Compatibility M'lCI‘OSC(I)DIC
Evaluation Simulation Simulation
(Within (Field Data-based
MATLAB) VISSIM Model)

22

Figure 1.2 The flowchart of the dissertation research.

Loop Detector Data for Models Calibration and Validation



Chapter 2

Developing METANET-based dynamic model for VSL
control situation by investigating accuracy of altered FD

2.1 Introduction

Macroscopic traffic flow models play an important role in model predictive control
(MPC)-based VSL control design and evaluation. Consequently, the underlying traffic
flow model that is used as a prediction model within the MPC framework must capture
all the relevant traffic dynamics, including free-flow and congestion states, and the
transition between them. Macroscopic traffic flow models simulate traffic density, flow,
and mean speed over space and time by a system of equations. According to the nature of
independent variables, those models can be classified into deterministic or stochastic.
Deterministic models assume exact relationships without randomized model components,
while stochastic models use random variables. As the deterministic models are derived
from well-established traffic flow principles, those models are widely used for traffic
flow analysis and control. In addition, oftentimes it is argued that although traffic
phenomena may appear to be stochastic in nature from the viewpoint of an individual

driver, in a macroscopic treatment where traffic dynamics are represented by aggregate

“ This chapter is a modified version of an earlier manuscript submitted to Transportation
Research Part C. Hadiuzzaman, M., Fang, J., and Qiu, T. Z. “Investigating impact of modified

FD on short-term traffic flow prediction by METANET model in control situation.”
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variables, traffic flow turns out to be a reproducible, i.e., deterministic, process.
Consequently, this research derives a second-order deterministic traffic flow model that is
applicable for the VSL control situation and operates in discrete space (i.e., it breaks road
sections into small links) and discrete time, considering METANET (Papageorgiou et al.

1990) as the base dynamic model.

Previously, several studies (Kotsialos et al. 2002; Messmer and Papageorgiou 1990;
Sanwal et al. 1996) showed that traffic states with a homogeneous speed limit on the
freeway links can be reproduced with high accuracy using the METANET model. The
METANET, which is deduced based on the equilibrium traffic state assumption, is also a
candidate model for VSL design since it is coupled with both speed and density
dynamics. The equilibrium traffic state assumption in the METANET illustrates that for a
given traffic density, the mean speed converges (with a lag time) to the fundamental
diagram (FD). Thus, on the speed-density curve, i.e., FD, all the drivers have the same
desired speed, and the corresponding point will not move unless the density on that
freeway link changes. In the METANET, speed dynamics are not intended to be
independent. It generates a reference speed based on a non-linear static speed-density
relationship, i.e., the fundamental diagram (FD), and went back to a loop to affect density
dynamics through coupling (Lu et al. 2011). Since the FD in the speed dynamics is
basically the speed control parameter, in the literature, several approaches can be found
to modify or replace the FD to include the impact of the VSL control variable on traffic
flow. Thus, (1) the desired speed of the speed dynamics is based on the lesser value of
either the static FD or the displayed speed limit (Hegyi et al. 2005; Hegyi et al. 2007); (2)
the VSL rates (which are equal to the VSL-induced free-flow speeds divided by the non-
VSL free-flow speed) are included by rendering the link-specific parameters of a static

FD with the use of some affine functions (Carlson et al. 2010a; Carlson et al. 2010b); and
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(3) the parameterization of the speed control variable is dropped and the linear VSL

control variable is adopted directly (Hadiuzzaman et al. 2013; Lu et al. 2011).

Hegyi et al. (2005) mentioned that the first approach abated VSL control modeling issues
as presented in Lenz et al. (1999) and Alessandri et al. (1999), where the effect of the
speed limit downscales the entire speed-density diagram. The above VSL control
modeling influences traffic with a speed that is lower than the speed limit, which is
unrealistic. Although there is very limited empirical evidence on the impact of VSL on
the FD, the second approach resulted in a flow-density relation that better matches the
field observations, as reported in Papageorgiou et al. (2008). However, the VSL control
modeling approach cannot simulate the influence of VSL on the congested equilibrium
region of the FD very well, which is also proved in this research. For the second
approach, the purpose of the parameterization of the non-VSL FD with the VSL rate was
to make the speed and density follow the desired FD pattern up to a moderate traffic
density. Nevertheless, given the possibility of a mismatch between the model simulation
and the real-world dynamics, it should not be assumed that the traffic flow model can

predict all probable situations, and, therefore, always avoid congestion formations.

In another research, Lu et al. (2011) reported that considering the FD in the METANET-
based traffic flow model has several disadvantages: (1) FD calibration often leads to large
errors in the congested equilibrium region, which may lead to a significant model
mismatch; (2) as the FD is intrinsically a static relationship, the model may not be able to
capture rapid transitions between free-flow and congestion states in the VSL control
situation; and (3) the control variable appears highly nonlinear in the dynamic model,

and, thus, causes problems for the online numerical optimization process.
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In the third scenario, the speed control variable appears linearly. This feature could
simplify the online numerical optimization process. Furthermore, model mismatches
caused by discrepancies between field data and the modified FD curve could be avoided.
However, no previous analysis can be found that supports the above arguments. Thus, it
is essential to analyze and find the VSL control modeling approach that results in the
least number of errors in traffic flow simulation in the control situation, because the
ability to demonstrate the mobility improvements made by the VSL control largely
depends on the accuracy of the underlying traffic flow model. Moreover, for practical
reasons, the VSL experiments with different traffic flow models cannot be performed in a
real traffic system; thus, in this research, the micro-simulation model is considered as a
substitute for the real world. The micro-simulation model was also considered to assess
the effectiveness of a number of VSL control strategies in several studies, including

Hegyi et al. (2007), Lee et al. (2006), and Hellinga and Mandelzys (2011).

Furthermore, to accurately simulate the traffic system, the model must be well calibrated
and validated before it can be incorporated into the predictive control framework. In the
past, all of the METANET-based traffic flow model parameters for the network were
determined based on the validation of the simulated network traffic flow model against
real field data in the uncontrolled situation. It was assumed that with or without the
control variable, the parameters in the METANET-based traffic flow models were the
same. However, the presence of the control variable in the METANET model results in
different parameter values, thereby altering the model’s performance. To this end, this
chapter proposes a systematic calibration method of the proposed model, DynaTAM-
VSL, in the control situation. This chapter then investigates to what extent the
performance of the model is sensitive to the calibrated data set and the extent to which

the performance of the model is degraded after small changes in the optimal global
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parameter values (e.g., £10%). To validate the DynaTAM-VSL, the underlying traffic
network is simulated with different demand scenarios. The objective is to see whether the
adopted VSL control modeling approach can accurately simulate traffic flow and quickly

catch the rapid traffic state transition during the VSL control.

2.2 Background concept

2.2.1The FD

Since most of the existing VSL control modeling approaches modify the static FD (v - p
relationship or, equivalently, ¢ - p relationship) to model the impact of VSL control

variable on the traffic flow, this section briefly describes the parameters related to the FD.
Under the assumption that traffic conditions do not change substantially in space and
time, FD could be used to approximate the roadway traffic states. Considering an

exponential model for a v - p relationship as is in Equation 2.7, Figure 2.1 shows the

relationships between: (a) speed-density; (b) flow-density of a freeway link. Notably, by

joining the origin and any point on the ¢ - p diagram, the slope of the line will present

the mean speed (v). Thus, any point on the FD can represent the traffic state (v,q , o).

The VSL control could have a significant impact on the following FD parameters: critical

density (p.)at which a zero slope on the q - pcurve is attained; capacity (Qmax).

which corresponds to the zero slope on the q - o curve obtained at p; free-flow speed (

Viree ), which is the speed obtained when the traffic density is very low and the flow is

close to zero; critical speed (v ), which is the speed that corresponds to the Qpax and
the pc. By contrast, jam density ( ooy ) refers to the maximum number of vehicles

associated with a completely stopped traffic flow, usually in the range of 100-200 vpkpl.
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2.2.2 VSL impact on FD

There are very limited field studies that investigate the impact of VSL control on the
parameters related to the FD. Zackor (1991) analyzed the traffic data with and without
VSL control collected from a two-lane German motorway. The two major findings were:

(1) at a lower traffic density(p), VSL control lowers the mean speed (v); and (2) at
higher o, VSL control increases the v. The author reported a 5% to 10% increase in
Qmax due to the preceding impact. But, the author did not comment on the possible

impact on . under the influence of VSL control.

Papageorgiou et al. (2008) also investigated the impact of VSL control on FD in a more
precise way. Similar to Zackor (1991), the research confirms that the average impact of
VSL on the FD (g - o curve) at undercritical densities is a visible slope decrease, the
intensity of which increases with decreasing VSL. Yet, that research is ultimately
inconclusive regarding the potential increase of the flow capacity due to VSL: while
some of the FDs corresponding to VSL indicate the potential of a slight increase in
capacity, others do not. In addition, the authors found that, beyond the critical density

(pc), there are cross points between the curves without and with VSL for some speed
limits. The authors found that the . corresponds to no-VSL shifts to higher values under

the VSL impact.

2.3 The METANET model

The following assumptions are used while describing the basic METANET model and
the METANET-based traffic flow models that are used for traffic state prediction in the
VSL control situation: a freeway section is divided into i= (1, 2,.... .... M ) links as in
Figure 2.2 (the length of each link must be longer than the free-flow travel distance i.e.,
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Vireel < Lj to satisfy the step size modeling constraint'); a link contains exactly one

on-ramp; a link may have multiple off-ramps; each link contains at least one loop
detector; and a speed limit sign is located at the beginning of each link that affects the

whole link.

In METANET, the density evolution of a link equals the previous density, plus, the
inflow from the upstream link and on-ramp, minus the outflow of the link itself and off-

ramp (flow conservation law).

T
L4

pi (k+1)=p; (k) —— [ Ai10i_1 (K)-2 (K)+j (K)-si (K) ] (2.1)

The outflow (g; ) is equal to the link density multiplied by the space mean speed.
q; (k) = p; (K)v; (k) (2.2)

The on-ramp flow (r;) takes the value of the minimum of three quantities, as in Equation

2.3: (1) the available traffic on the ramp; (2) the maximal flow allowed by the ramp; and

(3) the admissible flow due to the mainline traffic conditions. The similar model is also

used to compute the inflow (4, ) into the first link.

. Oramp (K) Piam,i — Pi(K)
(k) =min| Dygp (k) + + » Qmax,ramp » Qmax,ramp {pj;m_pc'(k)ﬂ (2.3)
@ramp (k) = @ramp k=D+T (Dramp (k-1 —r(k _l)) (2.4)

! The relations of the (maximum) model time step, the maximum traffic speed and the minimum

link length, in order to ensure that traffic doesn't travel more than one link during one time step.
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In the above equation, Qmax,ramp (vphpl), o; (vpkpl), and Pjam,i (vpkpl) represent,

respectively, the capacity of the ramp, the density on the link i connected to the on-ramp,
and the jam density of a link i connected to the given on-ramp. Here Equation (2.3) is

written considering an unmetered on-ramp.

The exit flow (s;) from link i to the off-ramp is calculated using Equation (2.5):

_ 4
0= 5l 9

The speed dynamics in METANET equals the summation of the previous speed, a
relaxation term (the 2™ term), a convection term (the 3™ term), and an anticipation term

(the 4™ term) as in Equation (2.6). A brief illustration of these terms is presented below:

-1 (K)-0r (K
Vi (k+1)=v; (k)+£[V[pi Ki®)] +%ivi () [via ()i (k)}%{%%} 2.6)

Relaxation describes that, with a lag time 7, the mean speed V of the link gets relaxed to

the FD without any control or to the variable speed limit u during VSL control.

Convection describes that vehicles entering from upstream link i-1 to current link i adapt

their speed gradually rather than instantaneously.

Anticipation describes that drivers are looking ahead. If a driver sees high traffic density

in the downstream link i+1, they will slow down, and vice-versa.

In Equation (2.6), the reaction time parameter- 7 (hr), anticipation parameter-v (km?/hr),

and the positive constant- K (vpkpl) are the model’s global parameters, i.e., all the links
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have the same value. Those parameters must be calibrated using the measured data. In
METANET, the above speed dynamics has been derived from Payne’s model (Payne
1971). However, the 4™ term has been modified relative to Payne’s model. Specifically,
Kk is added to avoid the singularity of the term when modeling low traffic density and v

is added to capture sensitivity of traffic speeds to the downstream traffic density.

The FD—V[p;j (k)] (kph) in Equation (2.6) is represented by Equation (2.7):

a.

- (k |

Vi (K)] =V free j €XP —5[’2—0} (2.7)
i\ Acii

2.4 Model advancement

The speed dynamics (Equation 2.6) does not explicitly describe the effect of VSL control
on traffic flow. Since the FD is basically the speed control parameter to be designed, it
could be parameterized with the VSL control variable (U) or even without
parameterization at all. This research investigates the accuracy of different VVSL control
modeling approaches that adopt Equation (2.6) as the base model and replace the FD

(Equation 2.7) with a modified FD, i.e., the desired speed in the VSL control situation.

2.4.1 VSL control modeling approaches
2.4.1.1 Without parameterization

In this approach, the desired speed of the METANET’s speed dynamics is based on the

lesser value of either the static FD, i.e.,V[p (k)], or the displayed speed limit, i.e., u; as

presented in Equation (2.8).

a-:

. 1 pi(k) )"

Vi (K)]=MIN| V free j €XP __(,q_()] ,U; (k) (2.8)
aj\ Pcii
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Figure 2.3 shows the simulation results (v - p and q - p curves) of Equation (2.8). It can

be seen that, after a certain point in density, the desired speed equaling the FD
corresponds to a situation without any VSL control. In other words, beyond that point,
the displayed speed limit is not achievable by the driver, and they adopt speeds based on
the surrounding traffic conditions. Certainly, this result questions the effectiveness of
VSL control, since the displayed VSL and the adopted speed by the driver could be

significantly different. Moreover, from Figure 2.3(b), it can be seen that beyond a point

of =40 vpkpl corresponds to Ve =80 kph, there is a consistent increase in p_ and a

consistent decrease in Qg due to the reduction in speed limits. Nevertheless, p and

Qmax do not change below that point. Such phenomenon was not observed by

Papageorgiou et al. (2008) and Zackor (1991) in real data collected during a VSL control
situation. More importantly, the model simulation does not generate any cross point

between the q - o curves, whereas the fitted curve in real data by Papageorgiou et al.

(2008) and Zackor (1991) showed clear cross points.

Figure 2.3 shows that, for any speed limit, it is possible that traffic comes to a complete
stop, i.e., to Pjay, Which is logical. Since, VSL does not change the length of vehicles
and the length of road sections. In addition, this parameter is not sensitive to the VSL

control and will equal the pj,; obtained in the no-VSL situation.

2.4.1.2 With parameterization

In this approach, all the parameters related to the FD, i.e.,V[p, (k)] , in the speed dynamics

(Equation 2.6) are parameterized by the VSL control variable using some affine functions

as can be seen in Equation (2.9).
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VIAi ()b (K] =V free 1 (k) exp| - 1 ( pi ()

ai[Ei_(Ei _1)bi (k)]
o[ — (B ~1)bi (W] o L+ A[1-D (k)]}J

(2.9)
Where, bj=VSL rates. A and E; are constant parameters to be estimated based on

real/simulated data. Figure 2.4 shows the simulation results of Equation (2.9). From
Figure 2.4(a), it can be seen that the parameterization of the FD by the speed control
variable causes the same issues as can be found in Lenz et al. (1999) and Alessandri et al.
(1999). Specifically, in the low density region, the modification results in desired speeds
that are considerably lower than the displayed VSL and the speed that the driver would
assume without VVSL, which violates the equilibrium traffic state assumption. As can be
seen from the figure, for a density of 20 vpkpl and a speed limit of 40 kph, the desired
speed is 32 kph (point B). However, without VVSL control, the speed would be around 73
kph (point A) at this density. It is unrealistic to assume that drivers would drive 41 kph
slower (from 73 kph to 32 kph) than recommended speed when they would feel safe
driving closer to 80 kph in a situation that lacked VSL. Furthermore, in the current VSL

control modeling approach, the static v- p and ( - p curves are scaled by the affine

functions for the entire range of traffic density. Therefore, within the congested region,
the densities in the situation without VSL resulted in speeds that are already lower than
the speed limit are still affected. From Figure 2.4(a), it can be seen that a speed limit of
40 kph will lead to a reduction in the speed for a density of 50 vpkpl from 38 kph to 22
kph (from point C to point D). This phenomenon overstates the driver’s behavior.

Consequently, the parameterized speed dynamics would have low predictive power.

Moreover, in contrast to the desired speed in Equation (2.8), Equation (2.9) shows that

p. 1s not very sensitive to speed limit reduction. From Figure 2.4(b), it can be seen that
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there is a consistent decrease in Qp, due to a reduction of speed limits. By contrast, in

real data, Papageorgiou et al. (2008) and Zackor (1991) observed capacity improvements
for some speed limits. Interestingly, this VSL control modeling approach could generate

cross points between the q - o curves (see Figure 2.4b); however, such crossing for all

the VSL did not present by Papageorgiou et al. (2008). Moreover, the figure shows that
the traffic flow does not come to a complete stop even when segment density reaches jam
density, which is not logical. By contrast, simulating Equation (2.8) shows that, with the
different speed limits, flow can reach to zero at jam density. Carlson et al. (2010a) and

Carlson et al. (2010b) present the simulated q - o curve appearing in Equation (2.9) up

to a density of 60 vpkpl. Moreover, the authors do not present how the VSL control

modeling approach affects the static v - o curve. Comparing the simulation results from

Equation (2.8) and Equation (2.9), it can be concluded that the current VVSL control

modeling approach would introduce higher errors in traffic flow simulation.

2.4.1.3 Replacing FD

From the above analysis, it can be concluded that both with and without parameterization
of the FD, the desired speed cannot represent the real-world situation very well,
specifically in the overcritical region (right-side) of the FD. Nevertheless, there is no
reason to assume that VSL control could always keep the traffic flow below a critical
density. Thus accurate simulation in the congestion condition as well as non-congested

condition is a key to successful implementation of MPC-based VSL control.
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An alternative approach? could be removing unnecessary and inappropriate FD
assumptions from the speed dynamics (Equation 2.6) and to directly adopt the linear
control variable (U), where U is equal to the speed limit value indicated on a VSL sign
installed on roads. However, in doing so, the underlying assumption is that drivers can
achieve the speed limit. Thus it is critical to display appropriate speed limit based on
prevailing traffic conditions. This VSL control modeling approach has several advantages
over other approaches: (1) the speed control variable appears linearly, which simplifies
the problem of finding the optimal values for the control variable in online control, and
(2) model mismatches caused by discrepancies between the field data and the modeled
FD curve as presented in Section 2.4.1.1 and Section 2.4.1.2 could be avoided. Most
importantly, in Equation (2.8) and Equation (2.9), the desired speed has been derived
from the FD, which is intrinsically a static relationship. Thus, the model may not be able

to capture the inherently rapid transition phases of traffic dynamics very well.

2.4.2 The DynaTAM-VSL model

This section derives a 2™ order traffic flow model utilizing the VSL control modeling
approach as presented in Section 2.4.1.3. Furthermore, to improve the accuracy in traffic
flow simulation, several modifications have been introduced: (1) speed-limit-dependant
link-specific parameters in the boundary constraints while calculating the link outflow in
which the link-specific parameters are estimated using multiple triangular-shaped FDs
calibrated with the 20-s measured traffic data; (2) a new convection term in the speed
dynamics that considers whether the immediate downstream link is congested and/or the

current link is saturated with the VSL control; (3) a speed-limit-dependant reaction time

’One of the advantages of this VSL modeling approach has provided an opportunity to
successfully designing integrated freeway control that has been presented in a journal paper.
Fang, J., Hadiuzzaman, M., Yin, E., and Qiu, T.Z. “DynaTAM: an Online Algorithm with

Simultaneously Optimized Pro-Active Traffic Control for Freeway.” (under-review)
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parameter considering whether a driver has a lower reaction time during the deceleration
process when a lower speed limit is displayed in the downstream link and vice-versa; and
(4) several simplified constraints to properly address the system dynamics and traffic

characteristics during the VVSL control. Further details are as follows:

(1) The first modification is related to density dynamics. In METANET, the link-

specific parameters, i.e.,Quax, Viree 2c» 23am NAVE been appropriately considered

through the v— pcurve, i.e., the FD. The presence of that FD avoids any

unrealistic traffic flow evolution through the model simulation. Thus, if the VSL
control modeling approach as in Section 2.4.1.3 is adopted (i.e., replacing FD with
the control variable), then the link-specific parameters must be introduced to the
traffic dynamics. Moreover, the link-specific parameters should not assume fixed
values in the VSL control situation. As can be seen, when two consecutive links
are operated with different VSL signs, without the speed-limit dependant link-
specific parameters, for some freeway links, the errors in traffic flow simulation
are higher than the other VSL control modeling approaches. Thus a set of physical
constraints with the on-ramp and off-ramp impacts is considered to estimate the

transition flow among successive links, as in Equation (2.10). In the equation, at
any time index k, the outflow from link i to i +1 i.e., 0. (K), depends on the

average link flow at i (as in Equation 2.2), the capacity of the downstream link i

+1, and the supply from link i +1.
gi (k) = min{Vi (K) pi (K)+111(K)-Sj 1. (K), Qmax,ivau, , - Wit , (PJam,i+l _/0|+1(k))}

(2.10)
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In the above equation, the parameters—capacity (Qpay, ) @nd congestion wave
speed (w; , )—Vvary for different links (i) with different speed limits (u;). Those

speed-limit-dependant link-specific parameters will be estimated from multiple
triangular-shaped FDs, where each of the FDs is associated with a fixed speed

limit assigned to the freeway link. The jam density (,Ojam,i) is assumed to be

independent of speed limits, yet it can be different for the various links. In the
proposed model, the FDs are explicitly calibrated with the measured data. Thus,

the shape and trends in parameters reflects actual impact of VSL on traffic flow.

Moreover, (, in the control situation is modeled considering both the mainline

demand, Dppaintine, @nd the allowable input flow at the first link due to the

current VSL values.

(K
% (k)= min{Dmainline(k) "'%m()’qlimit(k) (2.11)

AV freelV,, PclV,,, If (min (uq (k) , v (K) )=Vinax )
Qimit (K) =

AV free L, Pe.Ly, If (min(uy (k) v (K) )<Vinae)

Drmaintine (K +1) = @rainiine (K) +T ( Dnaintine (K) — qo(k))

In Equation 2.11, V,,,, is the maximum allowable speed limit.

(2) The second modification is related to the convection term (the 3™ term) of

Equation (2.6). This term indicates that, if the speed at upstream link i -1 in the K

time step is greater than the speed of the current link (i) then the speed of link i

will likely increase in K +1 time step; otherwise, it will decrease. This may be true
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if the link i is not yet congested and the downstream link i +1 is in a free-flow
condition. Lu et al. (2011) considered several other possible convection terms in
the speed dynamics of METANET; however, in this research, it was found that
taking a geometric mean of speed at link i and i -1 in order to lessen the influence
of speed at link i -1 in the convection term as in Equation (2.12) results in the best

speed prediction with the proposed model, DynaTAM-VSL.

%iVi (k){\/O.S(VZi_l(k)wi2(k)) ~Vj (k)} (2.12)

(3) A driver needs to accelerate or decelerate to follow the immediate downstream
speed limit. In general, the reaction time in a deceleration situation is maintained
as a minimum value that the driver can reach, while the reaction time in an
acceleration situation is greater (Yeo 2008). Moreover, a driver could have a
different reaction time based on the amount the speed limit is reduced or increased
in the immediate downstream link i +1 compared with the current link i.
Therefore, an extension is introduced in Equation 2.6 for capturing the reaction
behavior of drivers when the downstream VSL sign shows a lower or higher
speed limit than the current link in which the vehicle is travelling. In this situation,

the reaction time parameter 7 in Equation (2.6) is replaced by the speed limit-

dependent parameter 7; (K) , according to Equation (2.13).

Tlow if Au :[ui(k)—ui+1(k)] >0
7i(k) =17 if Au= [ui (k) —ui+1(k)] =0 (2.13)
Thigh if Au= [Ui (k) — ui+l(k)] <0
It should be noted that 7 in the basic METANET model is applicable to a
homogenous speed limit; therefore, it has the same value for all the links and for

all the time steps. For the VSL control situation, it is possible at any time step k
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that the optimized speed limits in the consecutive links have the same value. The
second constraint in Equation (2.13) models this phenomenon, whereas the first
constraint in that equation indicates that drivers are more prompt to react if the
downstream speed limit sign displays a lower speed than the current link in
which the vehicles are travelling. The third constraint can be explained in the
same fashion. On the contrary, Hegyi et al. (2005) split the anticipation parameter

(v) in the speed dynamics depending on whether the downstream density was

higher or lower than the density in the current link. This modification influences
only the anticipation term (the 4" term) in Equation (2.6). However, Lu et al.
(2011) recognized that the anticipation term in speed dynamics is rather sluggish
during simulation and thus has less influence on capturing speed dynamics under
the VSL control. By contrast, introducing the proposed modification in 7 could
influence both the relaxation term and the anticipation term. It may also improve

accuracy in speed estimation during VSL control.

(4) The traffic dynamics profile for individual link is used during the prediction by

adding certain constraints to the model (Equation 2.14-2.19):

pik+D)e(O,......, Oiami) (2.14)
KD O Vi) (2.15)
P (K +2)v;(k +1) € (0,......, Qraxii,) (2.16)
U (K) € (Vi renV ) (2.17)
U5 (K) — U (K + )| <V it (2.18)
i (K) = U1 (K)| < Vimay,giff (2.19)

In this research, Vmin =20 kph and Vmax =80 kph are considered to maintain

minimum operating efficiency and safety on WMD, respectively. The constraint
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Vmax’diff =10 kph is implemented in the temporal speed limit changes (Equation

2.18) on a particular VSL sign so that the driver should not encounter a decrease
in the displayed speed limit larger than a certain amount. Moreover, the spatial
changes in speed limits (Equation 2.19) among the VSL signs are essential in the

event of multiple VSL signs. The last two constraints are necessary for safety.

In this way, this chapter proposes a new second-order traffic flow model, DynaTAM-
VSL, using METANET as the base model; however, DynaTAM-VSL will replace
Equation (2.2) with Equation (2.10), replace the FD with the VVSL control variable (U) in
the relaxation term of Equation (2.6), replace the convection term in Equation (2.6) with
Equation (2.12), and introduce the speed-limit dependant reaction time parameter as in
Equation (2.13) into Equation (2.6) together with the input flow at the first link as in

Equation (2.11) and constraints as in Equation (2.14-2.19).

2.5 Model calibration in VVSL control situation

2.5.1 Traffic data

To prepare the data for calibrating the DynaTAM-VSL, a base model for the 11-km
WMD test site for the evening peak periods (t =4:00-6:30 PM) was coded within the
microscopic traffic flow simulator VISSIM v5.3. The base model functions as a proxy for
the real-world traffic system. The field data used as an input to calibrate the base model
in the non-VSL situation were compiled from two separate sources: (1) dual loop
detectors on the freeway mainline; and (2) the video data for on-ramps and off-ramps. To
replicate the real-life bottleneck formation along the freeway section, several customized
link behavior types were defined: namely, for the freeway merge section, the lane drop

condition and the weaving section. The detail calibration of the base model is presented
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in Chapter 4. The base model was used to generate the calibration data in the VSL control
situation. The test site was discretized into 13 links, where the link length is around 800
metres (m). The links are designated by the numbers L1, L2,.......... , L13, with the first
link, L1, located in the most upstream. Note that, the two boundary links, i.e., L1 and
L13 is immediate outside of the studied 11-km test side. The measured data from these
two links will be considered as boundary conditions while validating macroscopic traffic
flow models as presented in “Section 2.6”. For each link in the WMD base model, one
loop detector was placed on each lane. These detectors provided the mean speed and

flow. Density was estimated from the fundamental relationship, i.e., p; = q; /vj.

2.5.2 Calibration method

The calibration steps are illustrated in Figure 2.5. To calibrate all the parameters of the

DynaTAM-VSL, the speed-limit-dependant link-specific parameters (Qmay.Viree 00+ W

P3am) Must be estimated at the first step. In fact, the calibration of multiple triangular

FDs with the field-implementable speed limits is performed to estimate those parameters
for the discretized freeway links. The method to calibrate the FD for any speed limit can
be found in Dervisoglu et al. (2009) that performs a least-squares fit and an approximate

guantile regression to establish the left side and the right side of FD, respectively.

The global parameters related to the speed dynamics of DynaTAM-VSL are calibrated by
including the link-specific parameters in the second step. To perform the calibration, a
calibration dataset is required that includes VSL values assigned in the links over the time

steps along with the traffic states [q,Vv, o]. This enables to calibrate the reaction time

parameters [T.oW,T,Thigh] along with the other global parameters[v,x]. Thus, a

calibration dataset must be generated in the VVSL control situation. To prepare the data in
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the control situation, an appropriate speed limit using a flow-density-speed threshold-
based VSL control algorithm was assigned to each link in the WMD base model. This
candidate VSL control algorithm has been adopted from Allaby et al. (2007). Based on
the real-time traffic data collected every 20-s from detector i (which corresponds to link
i), the control algorithm determines the appropriate speed limit to be displayed at VSL

sign i (which corresponds to link i).

With the above collected traffic data, this research finds the global parameters that are
optimal with respect to an objective function. Specifically, this research minimizes
Equation (2.20) using the multi-start (with fifty different starting points) Sequential
Quadratic Programming (SQP) to minimize the function over a constrained parameter
space. The multi-start SQP optimization method starts a local solver from multiple start
points to increase the probability for finding the global solution. Similar to other gradient-
based optimization method, the SQP involves two major tasks: (1) direction finding or
where to go in the design space; and (2) step size selection or how far to go. This
research employed a MATLAB optimization solver called “fmincon” based on multi-start
SQP. The solver uses BFGS Method (approximates Hessian matrix) to compute the
search direction. The step length parameter is determined to produce a sufficient decrease
in merit function that was proposed by (Han 1977) and (Powell 1978). To confirm the
optimality of the model parameters, this research ensures that none of the final parameter

values passes its assigned lower boundary (LB) and upper boundary (UB) values.

i=1k=1

M
f(ﬂ)=JZi[(pim(k)-p.(kﬁ))zw(vi'“(k)-vi (kﬂ)ﬂ (2.20)
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In Equation (2.20), p,m(k) ,V;™ (k) are the measured density and speed from the WMD
base model/real-world; o, (k), v;(k) are the simulated density and speed from the

macroscopic traffic flow model, e.g., DynaTAM-VSL.

2.5.3 Calibration results

To estimate the speed-limit-dependant link-specific parameters, the WMD base model
was run with different fixed speed limit values assigned to the links, and each time
simulation was run for a period of 2.5 hours. Traffic data were collected every 20-s and
were used to calibrate the FDs associated with different speed limits. In Figure 2.6, the
positive slope associated with each FD, represents the free-flow speed for the speed limit.
The figure shows the trend in the estimated critical density and capacity (the second and

the third values within the bracket) of a typical link in the studied freeway section.

For all the links, the estimated link-specific parameters show that in general Q,, and

Viee decreases, and p. increases with lowering speed limits, which confirms the field
observation by Papageorgiou et al. (2008). Also, similar to the above field research,
beyond the pg, there are cross points between the curves without and with VSL for some

speed limits. Consequently, it is reasonable to adopt the above estimated link-specific
parameters in the boundary constraints (Equation 2.10) and in the simplified constraints
(Equation 2.14-2.19). If the experimentations are to be performed in the real-world, those
parameters must be calibrated with the field loop detector data. Fortunately, in contrast
to other METANET-based traffic flow models, the DynaTAM-VSL has the flexibility to
adopt any other values of those link-specific parameters calibrated from the measured

traffic data, thus can avoid mismatch with the traffic pattern in the VSL situation.
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To investigate the accuracy of different VSL control modeling approaches, four
METANET-based traffic flow models have been calibrated (see Table 2-1). M1 (Hegyi et
al. 2005), M2 (Carlson et al. 2010a), M3 (Lu et al. 2011), and M4 (DynaTAM-VSL)
adopt the VSL control modeling approaches as presented in Section 2.4.1.1, 2.4.1.2,
2.4.1.3, and 2.4.1.3, respectively. During the parameter optimization of each model, M

=13; » =0.8; K = (2.5 hours*3600 second /20 second) =450 were assigned in Equation

(2.20). From the table, it can be seen that the optimal objective function value,

f (8™, is the minimum in case of M4, which demonstrates the accuracy of the

model. The first three values of the calibrated global parameters for M4 satisfy the
assumption made during the splitting of reaction time parameter 7 as in Equation (2.13).

The optimal parameters related to each of the models can be found in Table 2-1.

2.5.4 Model sensitivity with respect to optimal parameter changes

The optimal global parameters as calibrated above may vary in different situation by a
small amount. Therefore, it is important to investigate the extent to which the
performance of the DynaTAM-VSL model is degraded when small changes in the values
of the above calibrated global parameters are considered. For this purpose, the

performance criterion was evaluated using the nominal data for a perturbed parameter set

B=p"" +AB as proposed in Cremer and Papageorgiou (1981). During this
evaluation, the link-specific parameters were kept unchanged as obtained in the
calibration stage (i.e., Step 1 in Figure 2.5). The sensitivity with respect to the parameter

change A was quantified by the following index:

f (ﬂoptimal + Aﬂ)-f (ﬂoptimal) Xloo

Q(Aﬁ) = f (ﬂoptimal )

(2.21)
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From Table 2-2, it can be observed that the performance of the DynaTAM-VSL is not

sensitive to small changes in the global parameters values. Furthermore, it can be
observed that, out of the five global parameters, 7, causes the highest degradation,

which might require careful calibration and adaptation during the implementation of the

model within the MPC.

2.6 Model’s performance in control situation

This section compares the accuracy of the four chosen models. During the model’s
accuracy assessment, no measurement data from the WMD base model were used except

the following setups for initial and boundary conditions.

(1) Initial conditions: at the first time step for all the links, the flow, density, and
speed were assumed to be the measured values taken from the base model with
the candidate VVSL control algorithm, but after the first step, they were determined

by the different traffic flow models individually.

(2) Boundary conditions: the flow, density, and speed at links 1 and 13 were assumed
to be the measured value from the base model all the time. Therefore, only the 11

links between the two terminal links were simulated.

(3) Known ramp flows: the input flow from the on-ramp, i.e., r and the exit flow
through the off-ramp, i.e.,s;, in Equation (2.1) were known. Specifically, the

measured values obtained from the loop detectors placed on the ramps in the base

model were known.
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(4) Known VSL values: the 20-second VSL values for all the links were known and
were calculated using the candidate VSL control algorithm (Allaby et al. 2007)

implemented in the base model.

2.6.1 Qualitative accuracy

Figure 2.7 shows the qualitative accuracy in speed, flow, and density simulation
according to different traffic flow models, i.e., M1, M2, and M3. Figure 2.7(a) proves
that, with or without parameterization of the FD in the speed dynamics of METANET,
significant errors appear close to the speed drops (transition from free-flow to
congestion). By extension, to improve traffic mobility using predictive VSL control,
accurate simulation of the speed drop phenomenon is important since traffic breakdown
can occur in close proximity to this region or whenever a quick transition occurs between
free-flow and congestion. The figure shows that, the speed simulation by M1 is
comparable to that simulated by M3. This result could be because the FD has not been
directly parameterized by the VSL control variable in M1. Instead, the desired speed is
based on the lesser value of either the static FD or the control variable. Possibly, for the
specific link, most of the times, M1 has taken U as the desired speed during the
simulation. Moreover, as expected, the error in speed simulation by M2 is large since the

desired speed in M2 has always been derived from the parameterized FD.

From Figure 2.7(b), it can be seen that none of the model has replicated the measured
flow very well. Specifically, with M2, the simulated flow is sometimes unnecessarily
higher than the measured values. Moreover, a significant mismatch in flow simulation is
visible for M3. In M3, the link outflow is calculated based on the capacity and supply
concept as in Equation (2.10); however, the link-specific parameters in the constraints

were considered static and corresponded to a non-VSL situation. To safeguard against
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any unrealistic traffic flow evolution by the model simulation, the relevant speed-limit
dependant link-specific parameters must be considered in calculating the link outflow.
This has been properly realized in the model M4 (DynaTAM-VSL) through Equation
(2.10) and the simplified constraints as in Equation (2.14-2.19). Model enhancement due
to these modifications has been presented in Figure 2.8, Figure 2.9, and Figure 2.10.
Moreover, as can be seen in Figure 2.7(c), the density simulations for the link are pretty
much similar in all the models. In all the models, a density calculation is performed using
the same equation (Equation 2.1), and in each case, the flow simulation errors for the

different VSL control modeling approaches did not affect Equation (2.1) significantly.

Figure 2.8 shows the speed simulation accuracy of the DynaTAM-VSL (M4). The model
with speed-limit-dependant parameters recovers from the speed drop without delays and
returns to the free-flow speed in a similar fashion. It makes the model suitable for MPC-
based VSL control design. Although both M3 and M4 adopt the same VSL control
modeling approach as presented in Section 2.4.1.3, the proposed modifications in the
convection term described in Equation (2.11) and in the 7 of the speed dynamics
described in Equation (2.12) ensure that Equation (2.6) can accurately simulate the traffic
speeds in the VSL control situation. This is clear when comparing the simulation results
for link 7 as presented in Figure 2.7 and Figure 2.8. However, the improvement in speed
simulation is not due to the above two modifications only. The improvement also occurs
partly due to Equation (2.10) where the link outflow is calculated in relation to the speed-
limit-dependant link-specific parameters since the accuracy of the estimated link outflow

affects the density simulation (as q is an input for Equation (2.1)) and therefore the

traffic speed simulation (as p is an input for Equation (2.6)).
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Moreover, as can be seen in Figure 2.9, the link outflow described in Equation (2.10)
together with the simplified constraints described in Equation (2.14-2.19) has removed
the fluctuations in the simulated flow values around the measured flow. Furthermore, due
to the modifications, the proposed model also offers highly accurate density estimation
(see Figure 2.10). It eliminates the accuracy issues that may arise from density simulation

using the adopted VSL control modeling approach described by Lu et al. (2011).

2.6.2 Quantitative accuracy

To quantify the error between simulated and measured traffic states for the individual
links and for the entire freeway section, two statistical measures as in Equation (2.22) and
Equation (2.23) have been considered: namely, mean absolute error (MAE) and root

mean relative square error (RMRSE), respectively.

K =450
> |(Simulated (v, p, 9), —Measured (v, p, q), )l 2.22)
MAE;_ =kl '
i=1,2,......13 K
D" Measured (v, p, q),
k=1
M K
||Simulated (v, p, q)., —Measured (v, p, Q). ||
N %kzl( ’ ) (2.23)
M K
D> Measured (v, p, a),,
i=1k=1 '

In Table 2-3, traffic flow simulation with M4 is for almost all the links more accurate
than the other models considered in this research. However, in link 12, there were more
errors in speed simulation with M4 than with M3. For the link, by contrast, flow and
density simulation with M4 is more accurate than M3. Moreover, in this case, the error in
speed simulation with M4 is lower than M1 by 17.5% and M2 by 45.7%. For link 2, the

errors in speed simulation by all the models are very similar.
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There are two recurrent bottlenecks on the 11-km the test site. Details on the bottleneck’s
characteristics will be presented in Chapter 4. For the current discretization of the test
site, bottlenecks B1 (weaving) and B2 (virtual lane drop situation) are located in between
L3-L4, and L7-L8, respectively as can be seen in Table 2-3. From the table it can be seen
that, for the two recurrent bottlenecks, B1 and B2, noticeable improvements in simulation
accuracy have been achieved due to the proposed modifications with the adopted VSL
control modeling approach. Specifically, for B2, the amount of error in speed simulation
with M4 is the lowest, and the error is lower by 68.4%, 81.3%, and 71.7% compared to
M1, M2, and M3, respectively. It proves that the introduction of the proposed modified
convection term and the speed-limit-dependant reaction time parameter in Equation (2.6)
can capture the best speed dynamics when drivers face multiple VSL signs. This is

obvious not only for the general freeway links, but also for the bottlenecks.

Moreover, for the entire freeway section, the RMRSE values for the speed simulation are
0.0420, 0.0502, 0.0430, and 0.0313 associated with M1, M2, M3, and M4, respectively
(see Figure 2.11). Compared to M1, M2, and M3, the error in speed simulation by M4 is
lower by 25.5%, 37.6%, and 27.2%, respectively. Similarly, the calculated RMRSE
values in flow and density simulation are the smallest with M4 at 0.0407 and 0.0458,
respectively. Compared to M1, M2, and M3, the improvements in flow simulation for the
entire freeway section are 8.1%, 24.9%, and 17.6%, and the improvements in density
simulation are 7.3%, 12.5%, and 10.2%, respectively. Indeed, the improvements in link
outflow calculation and thus the density simulation have been achieved mostly due to the
introduction of speed-limit-dependant link-specific parameters within Equation (2.10) as

well as the use of constraints on traffic dynamics as described in Equation (2.14-2.19).
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2.7 Sensitivity with respect to structural changes

This section further investigates the improvement in traffic flow simulation accuracy
achieved through each of the proposed modifications in the base model — METANET for
the VSL control situation. Table 2-4 shows that the DynaTAM-VSL can reproduce the
traffic flow accurately over the 2.5 hour simulation (K =450). The errors between the
measured and the DynaTAM-VSL simulated speed, flow, and density are 3.6%, 4.0%,
and 4.9%, respectively. Note that, the values in RMRSE as presented in Table 2-4 is for a
different demand profile compared to that in Figure 2.11. It confirms the proposed
model’s accuracy and robustness to simulate different traffic states as a result of assigned
different demand levels. As expected, to accurately simulate the traffic flow with the
DynaTAM-VSL, the boundary constraints (Equation 2.10) play the most important role.
Dropping the boundary constraints from the model (by alternatively adopting Equation
2.2) results in a 28.7%, 35.0%, and 10.1% increase in RMRSE values in speed, flow, and

density as compared to the respective values in the DynaTAM-VSL.

After that, the modified convection term contributes a higher accuracy in simulating the
flow by the model. Keeping the convection term in the model as it appears in the
METANET results in a 10.8% increase in error for speed estimation compared to the
simulation with the modified convection term. Moreover, it can be found that traffic
simulation errors occur both when the speed-limit-dependant 7 is absent and if a
modification in v gets introduced. It can be seen that introducing the downstream
density-dependent v results in increasing error by 8.1%, 4.3%, and 4.1% for the speed,
flow, and density estimation, respectively, compared to the DynaTAM-VSL. Therefore,
this introduction is an unnecessary approach to evaluate the model performance

considering both the speed-limit-dependant 7 and the downstream density-dependant L.
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2.8 Summary and conclusions

It is essential to know how accurately the model adopted within the MPC framework can
simulate the traffic flow in the VSL control situation. The METANET model provides a
candidate model for VSL control design since it is coupled with both speed and density
dynamics. Nevertheless, the model does not explicitly describe the impact of VSL control
on traffic flow. Previously, several approaches were developed to modify the speed-
density curve, i.e., the FD in speed dynamics of METANET. However, no analysis can
be found that investigates whether the existing VSL control modeling approaches could
represent traffic flow sufficiently in the control situation, specifically as concerned the
congested equilibrium region of the FD. To this end, this research investigates the speed-
density and flow-density curve resulting in different VSL control modeling approaches.

There are six main findings from the above investigation:

(1) The direct parameterization of the FD with the affine functions of the VSL control
variable can simulate cross points in the flow-density curves; however, traffic
flow never completely stops. Nevertheless, density could reach a maximum value,

i.e., jam density.

(2) Moreover, with this approach, there is a consistent decrease in flow capacity
values with the reduction of speed limits. Whereas, several field studies found

capacity improvements at least for some VSL.

(3) The desired speed was found to be unrealistic for all the possible density values.
Under low densities, VSL results in traffic speeds that are considerably lower than
the displayed VSL, and the speed that the driver would assume without VSL,

which violates the equilibrium traffic state assumption. Moreover, in the moderate
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to high densities, it shows that the densities are still affected that result in a no-
VSL situation when speeds are already lower than the speed limit. This outcome

exaggerates driver behaviour.

(4) In contrast to the above VSL modeling approach, which is an approach that takes
the lesser value between the FD and VSL control variable, the desired speed in the
control situation can better represent the driver speed choice behaviour. However,
in high density regions, there would be inconsistency with the real-world control

situation.

(5) Moreover, with the above approach, the flow-density curve with the VSL control
was found to be more accurate and did not show (until the critical density
associated with the no-VSL situation) a decrease in capacity due to speed limit
reductions. Unfortunately, it cannot simulate cross points between the flow-

density curves.

(6) On the contrary, replacing the FD in speed dynamics with linear VSL control
variable can effectively circumvent the inaccuracy issue that arose from with or
without parameterization of the FD. However, the speed-limit dependant link-
specific parameters (i.e., capacity, free-flow speed, critical density, etc.) must be

considered to avoid unrealistic traffic flow evolution in the VVSL control situation.

Based on the above findings, this research proposes a new second-order traffic flow
model, DynaTAM-VSL that drops the nonlinear parameterization of the speed limit
control variable and instead uses the linear VSL control variable as the desired speed.
Several modifications have been introduced using the VVSL control modeling approach:

(1) speed-limit-dependant link-specific parameters in the boundary constraints while
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calculating link outflow in which the link-specific parameters are estimated using
multiple triangular-shaped fundamental diagrams (FDs); (2) a new convection term in the
speed dynamics that considers whether the immediate downstream link is congested
and/or the current link is saturated with the VSL control; (3) a speed-limit-dependant
reaction time parameter considering whether a driver has a lower reaction time during the
deceleration process when a lower speed limit is displayed in the downstream link and
vice-versa; and (4) several simplified constraints to address system dynamics and traffic

characteristics.

After that, a systematic calibration method of the traffic flow model, DynaTAM-VSL, in
a control situation has been proposed. For which traffic data has been extracted from a
field data-based microscopic simulation model. This chapter investigates the sensitivity
of the calibrated macroscopic model with respect to small changes in the optimal global
parameter values. The analysis showed that the proposed model is not sensitive to small
changes in the optimal global parameter values. Out of the five global parameters, the
parameter related to driver response is somewhat sensitive when the downstream VSL
sign shows a higher speed limit than in the current link. For this parameter, 10.0%
reductions of the optimal parameter value caused the model to degrade by 0.7%, which
might require careful adaptation during the implementation of the model within the MPC.
It was found that introducing the speed-limit-dependant link-specific parameters as
boundary constraints while calculating link outflow can remove the inaccuracy in density
simulation. Moreover, with the modified convection term and the speed-limit-dependant
reaction time parameter, the speed dynamics of the model can recover from the speed
drop without delays and will return to the free-flow speed in a similar fashion. It was
found that, for almost all the links in the studied freeway section and when compared to

the other METANET-based traffic flow models, the proposed model can simulate the
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traffic flow better. More importantly, the model performs better in simulating bottlenecks
flow, which is critical. It was found that due to the speed-limit dependant parameters,
accuracy in speed simulation for a lane drop bottleneck improved by 71.7% compared to
the model M3 that does not consider speed-limit dependant parameters, yet adopts the
same VSL control modeling approach. For a given demand inputs, the calculated root
mean relative square error (RMRSE) values for the entire freeway section in speed, flow
and density simulation were 0.0313, 0.0407, and 0.0458, respectively. Those values were

found to be minimum compared to all other models considered in this research.

To determine the contributions of the proposed modifications in improving traffic flow
simulation with the VSL modeling approach, this chapter investigates the sensitivity of
the DynaTAM-VSL with respect to changes in the structure. It was estimated that without
the speed-limit-dependant link-specific parameters, the DynaTAM-VSL results in a
28.7%, 35.0%, and 10.1% increase in RMRSE values respectively in speed, flow, and
density simulations. After that, the modified convection term contributes a higher
accuracy in simulating the flow by the model. Keeping the convection term in the model
as it appears in the METANET results in a 10.8% increase in error for speed estimation.
The simulation results show that splitting the anticipation parameter in the speed
dynamics of DynaTAM-VSL does not work well. Specifically, introducing this
modification results in increasing error by 8.1%, 4.3%, and 4.1% for the speed, flow, and

density estimation, respectively. Basically, this parameter takes on one of the two values,
Uhigh OF Uy, , based on the link density. This modification works well with the VSL

control modeling approach in which a static FD exists for speed dynamics. Moreover,
that FD depends on the link density. By replacing the FD with the VSL control variable,

this coupling gets broken, which could be a reason for the above results.
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Table 2-1 Optimal values of parameters related to different METANET-based traffic

flow models that are calibrated in the VVSL control situation.

Parameter values

Different Model parameters i i
models P (ﬁoptlmal ) f (ﬂoptlmal)
M1 Ty Viow s Lhigh» K 0.0057, 5.0, 71.4, 84.9,84.7,1.377,50.0 2040
Vfree,i ) airpc,i
T,0,K,
M2 0.0043, 9.5, 10.4, 73.5, 2.356, 40.0, 1.46, 1.6 1834
Vfree,i ' & 'pc’i ) Av Ei
M3 _— 0.0057, 5.0, 63.7 2067
M4 Tlows T Thigh» UK 0.008, 0.005, 0.012, 94.6, 98.9 1299
Table 2-2 Q(Ap) for small changes in optimal parameter values.
Assumed values B=1 Bo = Tiow =7 By=0 =K
in parameter ' 2 Ps = Thugn ! Ps
changes
Q(AB; =+10%) 0.22 0.07 0.51 0.03 0.27
Q(AB; =+20%) 0.11 0.50 0.34 0.23 0.46
Q(AB; =-10%) 0.12 0.36 0.70 0.20 0.31
Q(AS, =—-20%) 0.48 0.50 0.33 0.11 0.25
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Table 2-3 MAE between 20-s measured and METANET-based model simulated traffic parameters in WMD.

Traffic parameters

Link no. v g P
M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4
L2 0.094 0.098 0.095 0.104 0.139 0.141 0.194 0.141 0.356 0.370 0.321 0.360
(Ei) 0.056 0.093 0.068 0.037 0.173 0.175 0.204 0.175 0.290 0.353 0.236 0.259
L4 0.076 0.110 0.084 0.073 0.244 0.248 0.251 0.248 0.091 0.114 0.098 0.077
L5 0.166 0.241 0.243 0.046 0.303 0.509 0.446 0.270 0.052 0.046 0.045 0.033
L6 0.232 0.262 0.217 0.058 0.311 0.550 0.490 0.221 0.072 0.060 0.054 0.029
(E;) 0.178 0.300 0.199 0.056 0.320 0.574 0.454 0.227 0.145 0.141 0.178 0.109
L8 0.135 0.223 0.114 0.063 0.269 0.476 0.351 0.207 0.124 0.120 0.127 0.111
L9 0.098 0.127 0.089 0.075 0.205 0.298 0.216 0.202 0.155 0.140 0.172 0.152
L10 0.090 0.118 0.104 0.079 0.194 0.237 0.222 0.180 0.216 0.246 0.327 0.218
L11 0.150 0.268 0.195 0.084 0.279 0.427 0.280 0.212 0.249 0.383 0.312 0.167
L12 0.113 0.140 0.046 0.096 0.193 0.288 0.197 0.154 0.060 0.050 0.058 0.035

(Note: In the table, the underline mark refers to a model that performs better compared to M4 in simulating the specific traffic parameter for the

specific link. However, in those cases, the MAE values for M4 and the specific model are found to be almost same.)
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Table 2-4 Sensitivity of DynaTAM-VSL with respect to structural changes.

Change in model Optimized global parameter values RMRSE
structure
Tiow: T Thigh YUK 4 q P
DynaTAM-VSL 0.008, 0.005, 0.012, 94.6, 98.9 0.0358 0.0400 0.0494
(n/a) (n/a) (n/a)
DynaTAM-VSL
without
0.0461 0.0540 0.0544
bounda_ry 0.0089, 0.013, 0.028, 80.3, 109 (-28.77%)  (-35.00%) (-10.12%)
constraint
(Equation 2.10)
DynaTAM-VSL
without modified 0.0397 0.0430 0.0520
convection term 0.0037,0.0093, 0.0090, 5.9, 81.3 (-10.89%) (-7.50%) (-5.26%)
(Equation 2.12)
DynaTAM-VSL
without speed-
- 0.0368 0.0413 0.0508
limit-dependant n/a, 0.00325, n/a, 56.8, 81.1 0 0 o
T (Equation (-2.79%) (-3.25%) (-2.83%)
2.13)
DYnaTAMVSL - nia, 0.0028, /3, 0,853, oy 0.0367 00417 0.0514
density- =9.9, 76.7 (-8.10%) (-4.25%) (-4.05%)

dependant o
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Figure 2.1 Parameter illustration in non-linear FDs: () v- p;and (b) q - o .
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Figure 2.2 Freeway section divided into links. Each link has one on-ramp and off-ramp.

While, pand v are segment-based parameters; d ,r, S are point-based parameter.
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Figure 2.3 Curves without parameterization in FD: (a) v - o and (b) g - o . With,
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Figure 2.4 Curves due to parameterization in FD by affine functions: (a) v-p and (b) q -
p . With, Vfree,j = 80 kph; u; =70, 60, 50, 40, 30, 20; p ;=40 Vpkpl; o; = 2.3568; A

=1.4629; E; =1.5504.
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Chapter 3

Impact of demand levels and MPC parameters on multi-
objective optimization under coordinated VSL control

3.1 Introduction

Variable Speed Limit (VSL) control is an Active Traffic Management (ATM) method
that adjusts freeway speed limits based on real-time road, traffic, and weather conditions.
It is perceived that when the VSL control is applied in a proactive manner, both the travel
time and the link throughput can be improved in congestion periods. However, most
simulation-based evaluations report that the proactive optimal VSL control strategy is
capable of improving only the travel time. Due to the nature of the control, those VSL
implementations could reduce input flow at the mainline upstream boundary, which
consequently contributes to travel time reduction of the controlled freeway section. Yet,
no established research could be found that proves that the VSL control can consistently
improve both the travel time and the throughput during congestion periods, which is

when efficient traffic control strategies are most needed.

“ This chapter is an extended version of an accepted article. Hadiuzzaman, M., Fang, J., Lan, C.,
and Qiu, T.Z. (2014). “Impact of Mainline Demand Levels and Control Parameters on Multi-
Objective Optimization Involving Proactive Optimal VSL Control.” will be included on the 93"

Transportation Research Board (TRB) Annual Meeting Compendium of Papers. (peer-reviewed)
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This research finds that, in terms of improving the throughput, the VSL effectiveness
largely depends on mainline demand levels. In general, during high demand periods, due
to a capacity drop at fixed bottlenecks, throughput from the uncontrolled freeway section
can decrease by 0-15.0% (Hegyi 2004). Thus, the VSL control can achieve throughput
improvements within that range only by maintaining a flow that is higher than the
dropped capacity (also known as congestion capacity), but less than the bottleneck free-
flow capacity. By contrast, if the VSL control maintains a flow that is close to the free-
flow capacity, travel time improvements could be minimal due to high traffic density and
inhomogeneous flow. Consequently, to maintain a trade-off between travel time and
throughput improvements, it is essential to develop a modeling framework that is
accurate and that yields a correct solution when incorporated with the optimization
method. This research designs the VSL control within the novel model predictive control
(MPC) framework, which elicits maximum mobility benefits from the VSL control using
an accurate macroscopic traffic flow model used for traffic state prediction and objective
function evaluation during online control. Furthermore, the mobility benefits can be fine-
tuned through three items related to the MPC: the prediction horizon, the control horizon,

and the sub-objective weights.

In this research, a separate VSL sign is designed and implemented to control traffic flow
in each link of the studied freeway test site, Whitemud Drive (WMD), where the link
length is approximately 800 metres (m). The length of each link is longer than the free-
flow travel distance to satisfy the step size modeling constraint. In simulation, deploying
a separate VVSL sign at each link yielded the most information regarding the MPC-based
VSL control (under maximum flexibility) and potential impacts. Furthermore, to avoid
any negative impacts to traffic flow in other locations, all the VSL control inputs were

simultaneously optimized within the defined objective function. However, in real-life
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deployment, considering budget constraints and roadway geometry, the links could be
aggregated into several clusters of links and each cluster could be operated with one VVSL
sign (e.g., link 1 and 2 have the same speed limit) also reducing the real-time

computation time due to the reduced number of VSL control variables to be optimized.

For traffic state prediction on discretized freeway links with VSL control, this research
implements the calibrated and validated DynaTAM-VSL model, which is presented in
Chapter 2. With the model, this research assesses improvements in the mobility criteria
considering typical values of control parameters and objective functions, and investigates
what should be the optimal values of control parameters involving multi-objective
optimization—reducing total travel time (TTT) and increasing total travel distance
(TTD)—a measure of throughput from the freeway links. Finally, the VSL control is
evaluated for a range of mainline demand levels. The objective is to determine when and
how the VSL can provide maximum benefits without compromising any of the chosen

mobility parameters.

This research uses the scatter search proposed in Ugray et al. (2007) to provide starting
points for the gradient-based local solver, sequential quadratic programming (SQP), to
find the global minimum of the objective function, and, thus, the optimal VSL values at
each control horizon. The optimization method combines the superior accuracy- and
feasibility-seeking behavior of gradient-based local nonlinear programming (NLP)
solvers with the global optimization abilities of the scatter search. By contrast, the SQP
that uses uniformly distributed start points with multi-start optimization was adopted in
several macroscopic evaluation of MPC-based VSL control, including Hegyi et al.
(2007); Hegyi et al. (2005); Long et al. (2008); and Zegeye et al. (2011). These

applications increase the probability of reaching a global solution with an increased
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number of starting points; however, these applications are difficult to identify in real-time

and in online control.

3.2 Literature review

This section reviews the typical objective functions adopted by the traditional optimal,
and the MPC-based, VSL control strategy. Optimal control uses an objective function to
optimize the traffic states. MPC is also an optimal control method which is applied in a
rolling horizon concept, where the measured traffic data and the traffic demands are
regularly fed back to the controller. Therefore, the controller can take demand prediction
errors into account and correct for prediction errors resulting from model mismatch.
Consequently, in some recent studies, MPC-based control framework has been adopted
for different types of freeway traffic control design. It is important to summarize the

outcome of this earlier research as it helped to design VSL control for this research.

3.2.1 Objective function impacts on optimal VSL control
Alessandri et al. (1999) performed a macro-simulation using link throughput as a cost
function within an optimal control framework, and reported that VSL control was capable

of preventing congestion and improving throughput, but that it had little impact on TTT.

Kang et al. (2004) proposed an optimal VSL control algorithm for freeway work zone
operations based on the evolution of dynamic traffic states and macroscopic traffic
characteristics using a CORSIM micro-simulation model. The evaluation showed that
VSL control can increase the throughput over the work zone and reduce the average
delay over upstream segments of the lane-closure location under only normal traffic

conditions. The simulation results also indicated that, although the average speeds under

72



the VSL control do not significantly vary from those under no VSL control, the resulting

speed variance among vehicles traveling over the work zone is substantially lower.

Lin et al. (2004) proposed and implemented two online optimal VSL control algorithms
in the CORSIM micro-simulation model, and adopted the work-zone maximum
throughput, average delay and speed as the primary measures of effectiveness (MOES).
The simulation demonstrated that VVSL can improve the throughput in a work zone and
the average delay over upstream segments of the lane-closure location only under the
normal traffic conditions. Later on, Kang and Chang (2006) presented an optimal time-
of-day speed limit (TOD SL) control for freeway work-zone operations considering
throughput as an objective function; and compared their control performance with
optimal VSL control to Lin et al. (2004). To evaluate the effectiveness of the TOD SL
model, this research employed the simulation program CORSIM. The work zone
throughput was marginally improved compared to the no-VSL situation; however, it did

not show better performance than the optimal VSL control during high demand periods.

Carlson et al. (2010a) evaluated VSL performance within the macroscopic AMOC
(Advanced Motorway Optimal Control) software tool. The cost criterion was the travel
time by all vehicles in the network. Simulation of the optimal VSL control in the
Amsterdam ring-road A10, which is about 32 kilometres (km) in length, resulted in
47.0% travel time reduction. In another research, Carlson et al. (2010b) showed 15.3%
travel time reduction using the optimal VVSL control method as in Carlson et al. (2010a).
However, neither research considers the throughput improvements of VSL

implementation.
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3.2.2 Objective function impacts on MPC-based VSL control

Hegyi et al. (2005) evaluated the MPC-based VSL control using TTT as the cost
function, and reported a 21.0% network-wide travel time reduction. In another simulation
research, Hegyi et al. (2007) implemented the MPC-based VSL control in PARAMICS
software that resulted in a 32.0% TTT reduction. Interestingly, Long et al. (2008)
performed another research on a hypothetical 5 km work zone using the same traffic flow
model and optimization method to reduce TTT as used in Hegyi et al. (2005), but did not
find any travel time improvements. However, the authors concluded that the VSL control
can make traffic speed more homogeneous by mitigating dramatic changes within the

traffic system.

Zegeye et al. (2011) proposed a MPC-based traffic control for the balanced reduction of
travel times, emissions, and fuel consumption using a VSL control. To find the optimal
values of the VSL control variable, four different objective functions were considered:
(1) TTT; (2) Total Emissions (TE); (3) Total Maximum Dispersion Level (TMDL); and
(4) a weighted sum of TTT, TE, and TMDL. To solve the MPC optimization problem,
the authors used the SQP. However, the VSL control showed travel time improvement by
36.0% only when the objective of the controller was set to reduce the TTT. With all of

the other objective functions, the VVSL control increased the travel time by 10.0-20.0%.

Hadiuzzaman and Qiu (2013) proposed a cell transmission model (CTM)-based VSL
control, and also used the MPC to dynamically change the speed limit in real-time
considering the combined objectives: reducing TTT and increasing throughput. Their
VISSIM simulation results with combined objectives showed 10.0-15.0% travel time
reduction and 5.0-7.0% throughput improvement. In another research, Hadiuzzaman et al.

(2013) proposed several modifications in the METANET model (Papageorgiou et al.
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1990) for the MPC-based VSL control design for relieving congestion caused by
recurrent bottlenecks. The proposed VSL control showed 39.0% travel time reduction
and 6.0% flow improvement. MPC-based VSL control was also designed by Lu et al.
(2011) within the AIMSUN microscopic simulator with similar combined objectives as
above. The simulation results showed 45.0% travel time improvement. However, the

authors did not present the benefits in terms of improving link throughput.

The following two conclusions can be drawn from the literature survey:

(1) Most of the previous studies have proved that the proactive optimal VVSL control
can improve travel time by keeping mainline traffic density at a low level

compared to the no-VSL scenario; and

(2) Few studies have quantified throughput improvement, while many studies have
concluded that throughput improvement is achievable under normal traffic

conditions.

However, no research can be found that analyzes the MPC-based VSL performance with

the combined objectives from the following three aspects:

(1) Impact of control parameters on the travel time and throughput;

(2) Impact of weights in sub-objectives; and how to choose the optimal weight

values; and
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(3) Impact of mainline demand levels and duration of high demand period. Thus, it
remains to be determined whether VSL control can consistently improve both of

the defined mobility parameters.

3.3 Methodology

3.3.1 Simulation framework

This research develops a macroscopic simulation tool within the MATLAB Toolbox
Release 2012b to simulate and analyze the impact of control parameters and objective
function on the MPC-based VSL control effectiveness. Note that, micro-simulation based
evaluation is not suitable for such research, since the mobility parameters could also be
impacted by lane-changing and driver behavior in addition to the above parameters. The
simulation flowchart is presented in Figure 3.1. For the VSL control situation, this
research used the DynaTAM-VSL as the prediction model, and SQP with the scatter
search global optimization method, while for the no-VSL scenario, it used the basic
METANET model (Papageorgiou et al. 1990) to simulate traffic flow with the same
demand input, D, as in the control scenario. Note that, in the control situation, the
DynaTAM-VSL represents the traffic system, and the prediction model is same as traffic

flow model.

Figure 3.1 shows the MPC framework adopts a rolling horizon approach, where the

optimal VSL values, i.e., U™, is calculated at each control sampling time index kc.

Based on the predicted demand D and initial guessed values on the speed limits U , the

N

controller predicts future traffic states Z over a prediction horizon NP. The objective is

then to find the future trend of VSL values that result in optimal traffic states. The

optimal VVSL values correspond to the traffic states that result as the best performance
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with the chosen objective function over the entire N,. The optimization problem is
solved considering the constraints on speed limits and traffic dynamics. It was assumed

that after the control horizon NC (corresponds to control sampling index kc) the same
speed limits, i.e., U*(k+N.-1), remain effective until the N, (N,>N.). However, only
the control inputs U*(kk+1,.......k+N.-1|K.) are implemented on the MPC cycle over
the control horizon N . After that, in a rolling horizon framework, the prediction and
the control horizon are shifted one time index kC forward, and the whole process starts
all over again. For the next control sampling time kc+1, the optimal speed limits

U*(k+N,,.......k+Np-1) that were calculated at K, (but were not implemented) are used as

initial guessed values for the speed limits in the optimization process.

3.3.2 Traffic flow modeling
To simulate traffic flow within the developed macroscopic simulation tool, the freeway is

divided into several links i= (1, 2,.... ... , M) of length L; as shown in Figure 2.2 of

Chapter 2. In regards to the discretization in time, a simulation time step of T = 20 s is

used, where t= K T for a time instant t and the corresponding time index K . The
evolution of traffic flow Gj(K) (vphpl), density oj(K) (vpkpl) and space-mean speed

vj(k) (kph) for link i at time step K is described by the METANET model in the no-
VSL situation and the DynaTAM-VSL model in the control situation. Both the models
have been presented in Chapter 2. While simulating traffic flow within the developed

simulation tool, the following parameters were adopted for METANET model that are

optimal

obtained by minimizing Equation (2.20): f =[r,u,K,vfree,a,pc]=[0.0312,
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63.5, 9.67, 82.3, 1.0051, 58.9] with f (8®"™')=1813. The detailed calibration method

and the calibrated parameters for the DynaTAM-VSL have been presented in Chapter 2.

Since in this research, no-measurement data from the WMD base model is used, to
perform the simulation with the above traffic flow models, the following initial and

boundary conditions must be considered. It was assumed that demand on mainline

upstream, Dyginiine; @nd  on-ramps, Dramp, are known throughout the simulation.

Moreover, to simulate traffic flow for first link, the mean speed Vv, which is to be known
in Equation 2.6, was set equal to V1 for the entire simulation. The density p); 41 that is
needed in that equation for the last link M , was set equal to p) . However, in cases

when p\, becomes overcritical, this research set ppg4qto equal the critical density.

When simulating speed for the link M , the reaction time parameter was set to 7 at all
times, as in the no-VSL scenario, assuming no VSL is implemented after the controlled

section.

3.4 Optimization results

3.4.1 Evaluation procedure
To determine optimal MPC parameters and objective function that confirms the

maximum mobility benefits from the VSL control, this research adopted three steps:

Step 1: Performing traffic flow optimization with the following objective functions with
typical values of N, and N : (1) Minimize TTT, (2) Simultaneously minimize TTT

and maximize TTD, which is a measure of throughput from the freeway links, and (3)

Maximize TTD.
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Step 2: Simulate the calibrated and validated DynaTAM-VSL with different
combinations of Npand N. with the objective function that provides the best

performance as obtained in Step 1.

Step 3: Evaluate the MPC-based VSL performance for different mainline demand levels
with the objective function and the control parameter values that provide the best

performance, as analyzed in Step 1 and Step 2.

3.4.2 Objective function impacts on mobility parameters

Minimizing TTT (Equation 3.1) as an objective function could keep mainline density at a
low level by reducing inflow at upstream boundary. By contrast, maximizing TTD
(Equation 3.2) may allow higher inflow than what the bottleneck can hold causing the
travel time increment, possibly forcing the traffic state to the congested equilibrium
region in FD. Therefore, vehicles might need to spend more time in the network. Thus, a
combination of TTT and TTD could be appropriate (see Equation 3.3), where the first

and second terms are TTT and TTD, respectively. For evaluating traffic performances

with a different J , a simulation was run for a period of 2.5 hrs with each of the objective

functions. The following typical MPC parameters are considered: Np =5 min and NC
=1 min. T and TC were 20 s and 1 min, respectively. VSL are allowed to change at

every 1 min. The simulation results with J3 for a different O are shown in Figure 3.5.

N, M

JW=T> > ALipik+j) (3.1)
=1i=1
N, M

JoW=T D> ALigi (k+ j) (3-2)
=1i=1
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Np M
=T D> AiLi[arrr o (k+ ) —arrpdi (k+ J)] (33)
=1i=1

For Dyaintine of 5500 vph (t=4:00 PM-6:00 PM) and 1000 vph (t=6:01 PM-6:30 PM);
and Dy, of 1500 vph (t=4:00 PM-4:30 PM) and 500 vph (t=4:31 PM-6:30 PM) (see,

Figure 3.2), the TTT and throughput in the no-VSL scenario were 473 veh-hr and
15,931vphpl, respectively. The throughput is the summation of outflow from all 13 links
of the test site as presented in Chapter 2. Specifically, the TTT and throughput were

calculated by Equation (3.4) and Equation (3.5).

K M
TIT=T>" > AL (K) (3.4)
k=1i=1
throughput= Z[i i ai (k)J (3.5
i\ Ko

As expected, minimizing \]1 caused a 27.0% TTT improvement (with a TTT value of 348

veh-hr), which confirms the results published in several studies including Hegyi et al.
(2007); Hegyi et al. (2005); Zegeye et al. (2011); Carlson et al. (2010a); Carlson et al.
(2010b). However, the throughput was reduced by approximately 43.0% (with a
throughput value of 9,080 vphpl) compared to the no-VSL scenario. Figure 3.3 shows
that TTT minimization maintains low outflow from the upstream link of the controlled
section, to keep downstream link density at a low level from the beginning of the

simulation, which reduces travel time.

By contrast, maximizing Jz results in the deterioration of all the mobility parameters:

TTD maximization increases traffic flow without considering the impact of high traffic

density evolution and, thus, the impact on mainline travel time. Also, for the same reason,
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while maximizing ‘]2’ the VSL control allows higher inflow to the weaving section,

which is located around 1.5 km downstream of the controlled test site, i.e., link 3, causing
gueue formation from the bottleneck. Due to the queue, the inflow at upstream boundary
reduces after sometime of the simulation. As can be seen from Figure 3.4, downstream

boundary flow was significantly decreased. Specifically, the downstream boundary flow
is maintained at approximately 400 vphpl, but; slightly higher than that of the Jl

minimization. For the WMD test site, the throughput is reduced by 26.0% (with a

throughput value of 11,788 vphpl). Also, travel time is increased by 33.0% (witha TTT

value of 631 veh-hr). Thus, it can be concluded that J o is also not a candidate objective

function for the MPC-based VSL control.

From the simulation, this research observed that minimizing J3 can maintain higher
outflow from all the links compared to the no-VSL scenario and when compared to
optimizing Jl and ‘]2 for most of the time during the simulation. Furthermore, with the

current MPC parameters, it was found that the VSL control reduces by 12.0% the amount
of vehicle entry from the on-ramp, which is located in the weaving section during t=4:00
PM-4:30 PM. Consequently, the VVSL control avoids capacity drops at the bottleneck and

maintains higher mainline flow. Later, this research presents the flow profile for

minimizing J3 with the best control parameters and weight in sub-objectives.

3.4.3 Weight parameter impacts on multi-objective optimization
As can be seen in Figure 3.5, minimizing J3 with the different values of Qtrp could

maintain a prudent relationship between both of the chosen mobility parameters: TTT and

throughput. The objective function can take different values in the weighing coefficient,
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which is to be determined based on the control policy. If G is assumed to be 1, then
Orr is the ratio between TTD and TTT, which equals the space-mean speed, i.e., V.
This research uses the lowest value of O =20 to maintain the operating efficiency.

Whereas, to guarantee travelers' safety, the highest value of Q77 =80 is used, which is

the static speed limit in the WMD.

Figure 3.5 shows that by giving lower weight to the TTT, the controller causes negative
benefits in the mobility parameters. This result is similar to that of maximizing ‘]2-
Specifically, the mainline travel time and the throughput were deteriorated by 27.0% and
16.2%, respectively at O =20. Whereas, by increasing the values in Qrpp, VSL can

achieve positive benefits in the mobility parameters. In Figure 3.5, it can be observed that

there is a point on the x-axis where the two curves related to the travel time and the
throughput cross each other. Specifically, this point is obtained at O =43, which is

about half of the maximum allowable speed limit on WMD. On the left of this point, the
VSL control has (-ve) impact on all the mobility parameters with the combined objective
functions. By contrast, both the mobility parameters improve on the right of the critical

point. Furthermore, the rate of travel time improvement is higher than that for the

throughput. However, close to Oqrrr =80, the changes in both mobility parameters are

imperceptible. Thus, O =80 is used for further analysis to find the optimal MPC

parameters and the impact of mainline demand levels on traffic flow.
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3.4.4 Control parameter impacts on multi-objective optimization

This research considered several combinations of the NP (5, 7,9, and 11 min) and the

N. (1, 3, and 5 min) while optimizing traffic flow with the combined objectives. Hegyi
(2004) found that when the objective of the MPC is set to reduce only the TTT, the VSL
performance depends strongly on the Np with little influence by the N . However, a

slightly different finding is obtained considering the combined objective functions,

shown in Table 3-1. For example, for a prediction horizon of 9 min, improvements in the

TTT and throughput are significantly different for N =1, 3, and 5 min. However, as in
Hegyi (2004), for the same N , improvements strongly depend on Np. In general, with
the increasing NP , the VSL performance decreases. Moreover, when a NC of 5 min is

chosen, travel time improvements drastically deteriorate for a little increase in Np,

which makes the control horizon non-preferable. A too-long control horizon could have
negative influence, as the controller requires frequent calculation of the optimal VSL

values to avoid flow breakdown during congestion periods.

However, a careful comparison is required between N, =1 min and N =3 min. For

both the NC , TTT is set at the minimum of N p =5 min, which is somewhat smaller than

the maximum travel time for the test site (11 km / 80 kph = 0.11 hr = 8.2 min), because
the MPC-based VSL control does not determine the optimal values of control variable

based on only the predicted travel time. Moreover, the control aims at improving the

throughput. The improvements in the TTT with N. =1 min and Np =5 min is 19.1%

and that for N =3 min and Np =5 min is 19.2%. However, for some Np , the TTT and
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throughput improvements are very low for N.=1 min. This is explained by the
assumption that the VSL values are constant over {NC, ....... , Np =1} If the difference

between Np and N is large, the VSL values for this period, which are represented by

one optimized VSL value as illustrated in “Simulation Framework”, will have a large
influence on the chosen objective function. Thus, the optimization is focused more on

this period than on the beginning of the control horizon, while in the MPC approach, only

the optimized VSL values for (Kk+1,.......k+N.-1) are applied to the process. For this
reason, a NC =3 min is preferable. For the rest of the analysis, this research chooses the

control parameters of N =3 minand Np =5 min.

3.4.5 Demand level impacts on multi-objective optimization

Various traffic demand levels cause different traffic state evolutions. Accordingly, the
above-determined VSL control with the optimal control parameters could give different
levels of benefits. This research investigated at which demand level the VSL control
could provide the maximum mobility benefits. The simulation experiment continued to
increase the mainline demand until the VSL effectiveness is imperceptible. The duration

of high demand period and the demand on on-ramps for each scenario were kept fixed.

Figure 3.6(a) shows that with the increase in mainline demand, Dppainjine » the MPC-based

VSL control shows consistent improvements in terms of travel time. The TTT

improvement reaches to a maximum value of 25.0% at a demand level that is higher than
the weaving bottleneck capacity, but; lower than the upstream link capacity, i.e., Qmax’l,

which has three lanes. From the field loop detectors, the capacity at the weaving
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bottleneck (Qb) was calibrated at 1620 vphpl (Hadiuzzaman et al. 2013). The VSL

control provides lesser TTT improvements, when Digaintine is very close to the Qmax1:

indicating that in addition to the bottleneck, other links are also getting congested at these

high demand levels. Interestingly, the benefit is negative by a fixed amount of 8.3%,
when Diainline €xceeds the Qmax 1. because the amount of vehicles allowed by the VSL

control in the freeway causes a negative impact on travel time.

However, as in Figure 3.6(b), throughput improvement is visible as Dpajnjine €Xceeds a
value of 1600 vphpl, which is slightly lower than the Qb. Furthermore, throughput
improvement reaches its maximum value of 12.0% at Dpainjine / Qp =1.3, when

Dinainline reaches to the Qmax,l. Therefore, there is a small window of demand levels,

i.e., 1.0 < Dpaintine / Qp < 1.3, while improvements in both the mobility parameters are

achievable, and uncompromising with each other, by the MPC-based VSL control.
Furthermore, a fixed amount of throughput improvement is achievable even at higher

demand levels by compromising travel time improvement, which is not desirable. Also,
as the VSL will not allow more vehicles than the Qmax,l as in Equation (2.11) of Chapter

2 when demand increases, by assigning higher mainline demand in the simulation

increases the waiting time of the vehicles upstream of the test site.

In the simulation, high mainline demand persists over t =4:00-6:00 PM. The waiting time
outside of the controlled section for several Dipainiine / Qmax,1>l.0 is shown in Figure

3.7, where it can be seen that after a time step of k=360 (corresponding t=6:00 PM),

waiting time starts to decrease. From the above analysis, transportation practitioners can
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determine improvements in traffic operation achievable by the VSL control based on

historical demand profile.

At this point, this research further investigated whether the duration of high demand
period influences the V/SL effectiveness. For this experiment, a fixed Dppaintine / Qp of

1.1 is assumed, which represents typical traffic conditions on the test site. This research
increased the duration from 30 min to 120 min at an interval of 15 min. Figure 3.8(a)
shows that the curve for TTT with the VSL control always goes below that for no-VSL,
showing a (+ve) benefits. By contrast, in Figure 3.8(b), the curve for throughput with
VSL control always goes above that for no-VSL, showing a (+ve) benefits, regardless of
high mainline demand duration. It was computed that for different high demand periods,
the values of improvements in TTT and throughput vary between 13.0%-19.0% and

3.0%-6.0%, respectively.

The link outflow from the 12 links on WMD for minimizing combined objective
functions with (0477 =80, N =3 min, and Np =5 min) is shown in Figure 3.9. It can be

seen that the MPC-based VSL control reduces the outflow from some links (e.g., Link 5,
Link 6, and Link 7) around 4:30 PM, but on average its effects make a performance
improvement when compared to entire test site and the simulation time periods. For
example, the VSL control has maintained always higher flow in Link 9, Link 10, Link 11,
and Link 12. Previously, several MPC-based VSL studies (Lu et al. 2010; Hadiuzzaman

et al. 2013; Hadiuzzaman and Qiu 2013) also reported the similar findings. In fact, the
flow reduction happens sometimes mainly due to high value in weight parameter (Qq7),

which tries to reduce input flow at a lane drop bottleneck (B2 in Table 2-3) to avoid
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gueue formation, and thus to improve travel time, which clearly demonstrates the

efficiency of the MPC—based VSL control and its reliability for future field deployment.

3.5 Improvement in control performances

In order to assess the improvements in the VSL control with the DynaTAM-VSL, this
section recalls the three traffic flow models—M1, M2, and M3 from Chapter 2 that
utilized the VSL modeling approaches as presented in Section 2.4.1.1, 2.4.1.2, and
2.4.1.3, respectively. Each of the traffic flow models was adopted separately within the
MPC, and the optimized mobility parameters were compared in the control situation.
Furthermore, during simulation, same demand on the mainline and on-ramps were

assigned. This research minimizes combined objective functions (Equation 3.3) with (

011 =80, N =3 min, and Np =5 min). The results are presented in Table 3-2.

From the table, it can be seen that the MPC-based VSL control performs the best when it
considers M4 (DynaTAM-VSL) as a prediction model. Specifically, in terms of TTT and
throughput, improvements are 19.2% and 4.2%, respectively compared to the no-VSL
scenario. Moreover, M1 performs better than M2, which can be explained based on the
arguments made in Section 2.4.1.1 and 2.4.1.2 and as a result of the model accuracy
assessment results from Section 2.6. Moreover, in the absence of speed-limit-dependant
parameters in calculating link outflow, M3 causes inaccurate prediction. Thus, compared
to the no-VSL scenario, throughput decreases significantly (by 38.5%). Similarly, due to
direct parameterization of FD parameters with VVSL control variable, M2 also causes
inaccurate prediction of flow. Specifically, the throughput is decreased by 31.2%.
Certainly, the negative outcomes from these two models are not desirable as it does not
satisfy the maximum utilization of freeway capacity. Indeed, due to the reduction of flow,

it causes an increased travel time for the drivers upstream of the controlled section.
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Model improvement due to the introduction of speed-limit-dependant parameters in the
speed and density dynamics can be interpreted from Table 3-2. The controller has
maintained a good trade-off between the two mobility parameters: TTT and throughput.
The results are very consistent with the chosen objective function with the assigned
weight parameter. The inflow profile at the first link due to adoption of different

METANET-based traffic flow models have been presented in Figure 3.10.

3.6 Summary and conclusions

In recent years, proactive optimal VSL control has gained tremendous attention from
transportation researchers and practitioners. The contents of this research were stimulated
by an ongoing field operation test (FOT) in Edmonton, Canada, where a pioneer attempt
has been made to deploy MPC-based VSL control in authentic traffic operation. To this
end, it was investigated how the MPC parameters impact the VSL control goals —
simultaneously improving freeway travel time and throughput. Also, the efficiency of the
VSL control at various demand levels was analyzed. The ultimate objective is to see how
and when MPC-based VSL control can give maximum mobility benefits. These analyses
help the city transportation authority to consider important aspects for the MPC-based

VSL FOT. The major findings from the simulation analysis are:

(1) It was proved that when the controller considers TTT as an objective function, it
compromises throughput improvement. By contrast, maximizing TTD

compromises both of the mobility parameters.

(2) It was observed that, during the congestion periods, the combined objectives with
appropriate weight can facilitate throughput improvements without compromising

TTT improvements.
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A heuristic method to tune the weight parameter in the combined objectives based
on the control policy was proposed. It was observed that, by giving a weight of 20
(the lowest allowable speed limit on WMD) to TTT, traffic operation is similar to

that of maximizing TTD.

By increasing the values in Gy, positive benefits in both TTT and throughput

were achieved. However, close to Qrpr =80 (the maximum allowable speed limit

on WMD), both parameter changes are imperceptible.

This research analyzed the sensitivity of the MPC-based VSL control on control
parameters. It was revealed that with a longer control horizon, improvements in

both of the tested parameters are imperceptible as prediction horizon increases.

The TTT improvement is positively correlated with increasing mainline demand
level. Moreover, the TTT improvement reaches to a maximum value at a demand
level that is slightly higher than the downstream bottleneck capacity, but; lower

than the upstream boundary link capacity.

By contrast, throughput improvement is only possible when demand from the
upstream is higher than the downstream bottleneck capacity, which is logical
because a demand level less than the bottleneck capacity will not create capacity
drops; therefore, vehicles can pass through efficiently without interruption.
Therefore, there is no room for throughput improvement. This research
determines that the range of the mainline demand / bottleneck capacity ratio is
1.0-1.3, where the lower and upper values of the range depend on the bottleneck
capacity and capacity at the upstream boundary link of the controlled section,

respectively, when VSL can improve both the mobility parameters.
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(8)

(9)

Moreover, within the above ratio, the MPC-based VSL control can provide
maximum TTT and throughput improvements of 25.0% and 12.0%, respectively.
However, the maximum benefits were not achieved at the same time, which prove
that the mobility parameters are not independent of each other. Thus, the objective
function within the MPC must include both of them, when the control goals are to

simultaneously improving TTT and throughput during congestion periods.

Regardless of the duration of the high demand period, the MPC-based VSL
control can consistently maintain improved traffic flow operation provided that
the demand / capacity ratio is in the range of 1.0-1.3. Furthermore, the
improvements in the mobility parameters are positively correlated with the

increased congestion duration considered in this research.

(10) It was proved that when the DynaTAM-VSL model is adopted as a prediction

model within the MPC framework, the VSL control can provide consistent results
with the chosen combined objective functions compared to the other METANET-
based traffic flow models considered in this research. Furthermore, the prediction
accuracy of the different models within the MPC was found to be very consistent
with the results of the model’s accuracy assessment with the 20-s loop detector

data collected from the WMD base model as presented in Section 2.6.
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Table 3-1 VSL performances due to different control parameters.

TTT Throughput
(veh-hr) (vphpl)
no- VSL improvement no- VSL improvement

Nc N P control  Control (%) control control (%)
1min, 5min 382.9 19.13 16602 421
1min, 7min 387.1 18.23 16471 3.38
Imin, 9min 421.4 10.99 16427 3.11
1min, 11min 394.9 16.59 16014 0.52
3min, 5min 382.5 19.21 16606 4,23
3min, 7min 390.0 17.63 16512 3.65
3min, 9min 4734 390.0 17.63 15931 16333 2.50
3min, 11min 381.7 19.37 16239 1.92
5min, 5min 382.5 19.21 16606 4.23
5min, 7min 388.1 18.02 16078 0.91
5min, 9min 460.8 2.67 16119 1.17
5min, 11min 460.8 2.67 16119 1.17

Table 3-2 MPC macroscopic simulation results with different traffic flow models.

TTT Throughput!
(veh-hr) (vphpl)
Models n0-VSL VSL improvement N0-VSL VSL improvement

control (%) control (%)
M1 442 6.5 16559 3.9
M2 421 111 10963 -31.2

4734 15931

M3 249 47.3 9795 -38.5
M4 382 19.2 16591 4.2

'Summation of the flows over the discrete links. The flow at each link is taken as the

average over the simulation periods (t =4:00-6:30 PM).
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Figure 3.1 Architecture of developed macroscopic simulation tool to assess traffic

performances for “no-VSL” and “VSL control” situation.
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Figure 3.2 Demand profiles: high mainline traffic demand at the beginning of the
simulation, and it drops after 2 hr. The demand on on-ramps remains constant to near

capacity for 30 min, and decreases finally to a low value.
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Figure 3.3 Comparison between outflow from the WMD freeway links for no-VSL and for minimizing TTT during congestion periods. At all the

time, the MPC-based VSL control maintained less flow than the no-VSL situation.
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Figure 3.4 Comparison between outflow from the WMD freeway links for no-VSL and maximizing TTD during congestion periods. Most of the

times, MPC-based VSL control maintained less flow than the no-VSL situation.
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Chapter 4

Designing isolated VSL control with DynaTAM-VSL Ior
Improving congestion capacity at recurrent bottlenecks

4.1 Introduction

Recurrent bottlenecks limit traffic flow on freeway sections. During peak periods, these
bottlenecks are often activated by high traffic demand from mainline upstream and
onramps, causing capacity drops. Due to this capacity drop, overall throughput from the
uncontrolled freeway section can be decreased by 0-15.0% (Hegyi 2004). Any
improvements in traffic operation that result in the maximum utilization of bottleneck

capacity could increase freeway throughput as well as reduce travel time.

In the literature, two general views evolved on the use of speed limits. The first
emphasizes the homogenization effect (Zackor 1979; Smulders 1992; Harbord 1995),
whereas the second is more focused on avoiding or mitigating flow breakdown (Chien et
al. 1997; Lenz et al. 1999). The theoretical research by Kohler (1974) showed that when
the headways in a chain of vehicles are below a certain bound, the chain is unstable.

Inhomogeneity in the traffic stream leads to congestion. Inhomogeneity can arise from

“ A version of this chapter has been published. Hadiuzzaman, M., Qiu, T. Z., and Lu, X. Y.
(2013). "Variable Speed Limit Control Design for Relieving Congestion Caused by Active
Bottleneck." Journal of Transportation Engineering, 139(4), 358-370.
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speed differences between consecutive vehicles in one lane, speed differences among the
lanes and (or) flow differences among the lanes. Through VSL control, traffic planners
may achieve a more uniform distribution of traffic density over freeway links, thereby
preventing the high traffic density that leads to flow breakdown. Although the safety
benefits from homogenization effects are proven in real-world applications (Smulders
1992; Ulfarsson et al. 2005; Kwon et al. 2007; McMurtry et al. 2008; Robinson 2000;
Bertini et al. 2006) and in the simulation studies (Abdel-Aty et al. 2006b; Abdel-Aty et
al. 2006a; Lee and Abdel-Aty 2008; Hellinga and Mandelzys 2011; Lee et al. 2006; Lee

et al. 2003), homogenization has failed to improve bottleneck flow efficiency:

(1) Most of the existing VSL control strategies work in a reactive manner, and they

lack the benefits that can be achieved through traffic state prediction;

(2) The existing strategies are too simple, and are not tightly coupled with mobility

factors (e.g., capacity drops and shockwave formations).

This research proposes a VSL control strategy that maximizes bottleneck capacity and
can be implemented in a real-world traffic system. The control strategy explicitly
considers the traffic characteristics at recurrent bottlenecks, and their upstream-
downstream segments. The proposed control strategy is modeled within the model
predictive control (MPC) framework. Within the MPC, a customized DynaTAM-VSL
model is used for predicting traffic flow on freeway segments that operate with VSL
control, which, with the control strategy, accurately presents dynamic traffic state
changes. Specifically, to model recurrent bottlenecks, this research introduces the
capacity drop concept in the FD (flow-density relation) of the density dynamics. Also, as

the control strategy aims at improving flow through a bottleneck under an isolated VSL
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strategy, the spatial constraints among two VSL signs (Equation 2.19) as presented in
Chapter 2 are dropped. However, in the customized model, speed dynamics follow a
similar modeling approach to what was presented in Chapter 2 where the basic
METANET model is used for traffic state prediction for links that uncontrolled by VSL.
The major assumption in the proposed VSL modeling approach is that the posted speed
limit can be achieved by the driver. In the no-VSL scenario, a driver’s desired speed will
be determined based on the surrounding traffic conditions, as in METANET. Therefore,

for the links without VVSL, this research utilizes METANET as the prediction model.

Microscopic traffic simulation was found to be the most suitable and cost-effective tool
to perform the experiments mimicking real-world traffic conditions. Thus, the proposed
VSL strategy was tested in the WMD base model using a special purpose software
module developed in Visual C++ using the Component Object Model (COM) interface.
The base model works as a proxy for real-world traffic conditions and was calibrated
with field data to mimic prevailing recurrent bottlenecks conditions. Then, the analysis
was carried out to see when and how VSL control can simultaneously improve the
mobility parameters—total travel time (TTT) and throughput—of multiple recurrent
bottlenecks. The optimal objective function (as obtained in Chapter 3), safety constraint
(limiting the maximum speed difference between two successive time steps) for a
particular VVSL sign, was introduced in the proposed VSL control strategy to ensure
traffic safety. A comparison of the performances was made for various VSL update
frequencies and for different values of the safety constraint to obtain the best control

scenario.

In the above experiments, to find the optimal VSL values, an efficient optimization

method was proposed that does not require computing gradient of the objective function.
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The optimization method could be suitable for real-world applications. A traditional
gradient-based optimization method could be difficult for real-world applications in terms

of computation time requirements (it is difficult to obtain a global solution). For example,
with a control horizon (N ) of 1 min, the MPC framework performs an optimization to

find the optimal set of VSL values at every 1 min interval. However, to finish one

optimization process may require more than 1 min (based on the network size and
number of VSL signs), and could vary between different N . In addition, online traffic

data collected from field sensors needs to be corrected to remove unreasonable values,
and then fed into the MPC framework, which will also consume time before the
optimization process starts. Therefore, this research focuses on designing an MPC-based

VSL control that is easily implementable in the real-world.

4.2 Literature review

This section presents the previous VSL field implementation results, which could help
this research to design an efficient VSL control strategy to improve mobility. A number
of empirical studies have been conducted in the U.S. since the 1960s in several states,
considering demand responsive control strategies. New Jersey uses enforced VSL system
with approximately 120 signs to provide early warning to motorists of slow traffic,
hazardous road conditions, and accidents. The posted speed limit was reduced from the
normal speed limit in 5-mph decrements to 30 mph. The New Jersey Turnpike Authority

has concluded that the VSL signs are effective to improve safety (Smulders 1992).

Ulfarsson et al. (2005) studied the effects of VSL control on mean speed and speed
variance on the 1-90 in Washington. The objective of the VSL system was to address the

variations in speed due to the vehicle mix, inclement weather, and road geometry.
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Although the authors did not quantify the mobility benefits, it was concluded that VSL

entailed benefits when used for adverse conditions due to speed homogenization.

A two-stage speed reduction scheme was developed and implemented at one of the 1-494
work zone bottlenecks in the Twin Cities, Minnesota, for a 3-week period in 2006.
Despite the advisory driving speed, data collected from the field indicated a 25.0% to
35.0% reduction of the average 1-min maximum speed difference along the work zone
area during the 6:00 to 8:00 AM morning peak periods. The reduction in speed difference
also resulted in an approximate 7.0% increase of the total throughput volume measured at
the downstream work zone boundary during the 6:00 to 7:00 AM periods (Kwon et al.

2007). The volume increase during the 7:00 to 8:00 AM periods was not significant.

A six-mile test site with a long-distance work zone on 1-80 north of Wanship, Utah, was
used to test the response of drivers to VSL signs. Five speed detectors and two VSL signs
were placed and vehicle speeds were monitored for about 3 months. Though the average
speeds between static speed limit signs and VSL signs were not statistically different at a
95% confidence level, variation in speeds was reduced (McMurtry et al. 2008). However,
that research did not mention anything about travel time or capacity improvement at work
zone bottlenecks. Recently, field deployment of VVSL in Seattle has resulted in reducing

the numbers of congestion-related collisions significantly (WSDOT 2011).

VSL has also been widely implemented and tested in European countries. The key
difference in European and U.S. VSL deployments is the enforcement. Most European
deployments have had automated speed enforcement, and have high compliance rates. In
1995, the UK Highways Agency introduced mandatory VSL signs between Junctions 11

and 15 at one mile intervals on the M25 motorway. The UK Highways Agency (2004)
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reported a 9.0% reduction in the amount of flow breakdown (speeds less than 25 mph)
and a 6.0% reduction in start-stop driving conditions. VSL implementation resulted in
traffic headways becoming more uniformly distributed within the narrow range of 0.8-1.5
seconds. Noted that, to mimic real-world situation, during microscopic VSL simulation,
this kind of driver behavior should be reflected. R&ma (1999) investigated the effects of
weather-controlled speed limits and signs for slippery road conditions on the 14-km-long
Finnish E18 test site. The author observed that the VSL served to reduce the mean speed
and variance of speed, and increased the extent of speed reduction. The Dutch experiment
examined homogenization of the traffic flow along a stretch of highway using enforced
VSL (Hoogen and Smulders 1994). Only two speed limits, 70 and 90 kph, were used,
with updates at 1 min increments. Test results showed that speed control was effective in

reducing speed and speed variation, as well as the number of shock waves.

VSL has also been used in Germany (Robinson 2000; Bertini et al. 2006). In these
studies, an empirical approach was adopted to investigate the impact of VSL control on
congestion reduction. To improve driver safety, feedback was given to the driver using
advisory variable message sign about the speed limit and road conditions. An analysis of
the data showed that safety levels improved by 20.0%-30.0%. Improvements in terms of

safety were more significant than improvements in terms of mobility.

An empirical evaluation of the implemented VSL control strategies on M42 in the UK
was conducted by Papageorgiou et al. (2008). That research concluded that there was no
clear evidence of a positive impact of VSL on traffic flow. However, the authors also
observed that their research was limited due to the demand responsive (reactive) VSL
control strategy. The authors suggested that a more robust VVSL control strategy could be

developed and implemented to investigate the mobility benefits.
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In 2009, a field trial was held in the Netherlands over a six-month period on the Al12
freeway (between Gouda and Utrecht), a freeway stretch of 16.5 km. Two algorithms
were evaluated: (1) a rain algorithm; and (2) a shockwave algorithm (SPECIALIST). The
implementation results of these two algorithms have been summarized by Jonkers et al.
(2011). It was reported that traffic safety had been improved substantially and was
asserted that it is indeed possible to resolve shockwaves by applying VSL control. It was

also suggested that not all shockwaves can be resolved by applying a lower speed limit.

The following four conclusions can be drawn from the literature survey:

(1) Several inconsistent results can be found in terms of VSL mobility benefits.
Although, few studies quantified freeway throughput and travel time

improvements, those were achieved separately.

(2) While observing corridor wide performance measures is necessary to assess
overall mobility benefits of the VSL control, almost all those VSL evaluation

studies focused on a few segments in the corridor.

(3) It remains to be determined whether or not it is possible to improve bottleneck

capacity through VSL implementation during the congestion periods.

(4) Most of the VSL studies showed safety benefits due to speed homogenization
effect. However, one cannot conclude that VSL is not capable of improving
mobility since the implemented VSL control strategies were demand responsive

and they were not tightly coupled with the mobility factors.
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To this end, it is important to design a control strategy that explicitly considers the
mobility factors. Moreover, it is essential to develop a modeling framework that provides
optimal solution when incorporated with the optimization framework. In order to
effectively manage and control traffic flow through bottlenecks, traffic state variables
need to be accurately predicted with dynamic capacity. This research have chosen the
DynaTAM-VSL as the prediction model, which, with the proposed VSL control strategy,
could accurately present dynamic traffic state change. To ensure safety and driver
acceptance, appropriate constraints on the VSL control variable have been imposed
during the online optimization. The experiments will give the answer in which situations

VSL control can simultaneously improve the mobility as well as safety parameters.

4.3 Studied test site traffic condition

The test site consisted of the westbound 11-km section (between east of 122 St. and west
159 St.) of the Whitemud Drive (WMD), Edmonton, Canada (Figure 1.1). However, in
contrast to the previous chapters, the test site in this research includes a long-distance
construction zone (approximately 5.0 km) in the middle section of the test site with a
reduced posted speed limit of 50 kph. Specifically, the speed limit is implemented from
1.5 km downstream of 122 St. on-ramp to upstream of 149 St. on-ramp. Because of
construction activities, several lanes were dropped. Consequently, the test site

experiences recurrent heavy congestion, and it gives more challenges in the VSL control.

4.4 Recurrent bottleneck characteristics

Since this research aims at improving bottleneck capacity through VSL control,
understanding of their characteristics is crucial to the development of an efficient VSL
control strategy. A bottleneck is defined as a location for which queues exist on the

upstream and unrestricted traffic flows continue on downstream segments (Daganzo
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1999). During high demand periods, bottlenecks may be activated due to work-zone lane
closures, the geometric design of the roadway, or freeway splits, as vehicles are forced to

slow down upstream of the bottleneck’s geometric starting point (Figure 4.1).

Typically, lane changing and weaving maneuvers lead to a speed reduction just upstream
of the bottleneck, in which case the passing vehicles have to accelerate from lower speeds

(within the formed congestion) to higher speeds (downstream of the bottleneck); this, in

turn, leads to a capacity drop (Carlson et al. 2010), i.e., an active bottleneck outflow qu)

= Qt; that may be 5-20% lower than the free-flow capacity, Q, . Several studies (Cassidy

and Bertini 1999; Hall and Agyemang-Duah 1991; Banks 1991a; Banks 1991b), in
carefully examining traffic data from prior to and following breakdown at active
bottlenecks, have found that maximum flow rates diminish after queues from upstream.
The capacity drop causes serious degradation of the freeway operation. Avoiding the

capacity drop at recurrent bottlenecks could increase the throughput.

Figure 4.2 shows examples of capacity drop due to the weaving and lane reduction on the
studied freeway corridor. A least-square fit and an approximate quantile regression were
performed to establish the left side and the right side of FD, respectively. After that, a
vertical line from the tip of the FD was drawn. The intersection between the vertical line
and the right side of FD determines the capacity drop (CD). Further details on how to
calibrate other parameters related to FD can be found in Dervisoglu et al. (2009).
Following this calibration procedure, it was estimated that the free-flow capacity (FC)
and the congestion capacity (CC) at the immediate upstream of weaving section on

WMD as 1620 vphpl and 1452 vphpl, respectively. Thus, the estimated CD was 10.3%.
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Whereas, the estimated FC and CC at the immediate upstream of lane drops were 1750

vphpl and 1465 vphpl, respectively. Thus, the estimated CD was 16.2%.

4.5 Methodology

4.5.1 Control strategy

The proposed VSL control strategy is to maximize utilization of bottleneck’s free-flow
capacity. The following control strategy is used for the following situation based on the
given traffic characteristics. If the demand is too high from both upstream and on-ramp,

and congestion is unavoidable without control, it is necessary to create a discharge

section (L) with adequate length (500~700 m) immediately upstream of the bottleneck,

L,. To this end, a critical VSL must be defined as shown in Figure 4.3. The objective is

to maintain a feeding flow to the bottleneck that is close to the capacity flow of the

bottleneck. In order to maximize bottleneck flow, the discharge flow of three lanes is
maintained at a level close to bottleneck capacity flow, i.e., in Figure 4.3(a) ( =3 qgf” =3
o ~ 3Q, and in Figure 4.3(b) q=3¢{"=2q{" ~ 2Q,. Here, Q, defines the
bottleneck capacity, q{" and q{¥ are the transition flows at the boundaries

(L, = L) and (Ly, = L), respectively. As can be seen, control of upstream traffic

can improve bottleneck flow. The critical VSL is required in order to manipulate the

speed limit to control the flow into the discharge section, and to make sure that the

bottleneck reaches capacity flow. The critical link (L) is a very short section, usually
200-250 m. in length. The L, is determined assuming vehicle might decelerate from the
free-flow speed to zero speed (the worst case). In this research, the designed L,

assumed the driver’s perception-reaction time (PRT) of 2.5 sec and the normal
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deceleration value of 1.5 m/s% so that drivers need not experience uncomfortable and

unsafe deceleration. Moreover, the L, depends on the speed limit of the location.

However, the L, must be long enough based on the roadway geometry where the VVSL

is implemented and the average deceleration rate of drivers when they perceive each

critical VSL sign.

4.5.2 Traffic flow model

To predict traffic flow within the MPC, a freeway section is divided into several links as

in Figure 2.2 of Chapter 2, and time is segmented into discrete time steps of duration T.

The evolution of traffic flow ¢ (k) (vphpl), density o, (K) (vpkpl) and space-mean speed

V.(k) (kph) for link i at time step k are as follows.

4.5.2.1 Density dynamics

The density of each link (for both no-VSL and VSL control situation) can be predicted by
Equation 4.1, which is essentially the law of flow conservation. Under the assumption of
a triangular fundamental diagram (FD) (flow vs. density curve), this research adopted the

following constraints (Equation 4.2 and Equation 4.3) to estimate the link outflow ().
The link-specific parameters in the equation are (with some variation) as follows: Q,_,
=1700 vphpl, W=11.5 kph, 0. = 40 vpkpl, Piam = 110 vpkpl, and & =15%, which have

been computed from calibrated FDs with the traffic data collected from the microscopic

WMD based model. In Equation 4.2, at any time index K, transition flow from I to i+1,
depends on the average link flow at I, the capacity of the downstream link i1+1, and the

supply from the link i+1. The basic METANET model includes only the first constraint

of Equation 4.2, assuming the link outflow are equivalent to average link flow.
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Equation 4.2 is applicable when the links have a static capacity. However, once the

density at bottleneck exceeds its critical value, (o uieneck (K)>Pc pottieneck )+ tE

discharge flow from the bottleneck is reduced by & fraction toQ; = (1-6)Q,. This

phenomenon is known as capacity drop. Assuming the FD as in Figure 4.4, the transition
flow from the immediate upstream link to the downstream of a bottleneck can be

calculated using Equation 4.3:

di—1(k) = min{vi—l(k)ﬁ—l(k)"'ri (k)-si (k), Qb s Whottleneck (PJam,bottIeneck ~ Poottleneck (k))}

(4.3)

4.5.2.2 Speed dynamics

The customized dynamic model used the same VSL modeling approach as in Chapter 2.
It was derived from the original METANET model (Equation 4.4). The FD (speed-
density relation) as it appears in the relaxation term (2™ term) was replaced with the VVSL
control variable U . Thus, mean speed at each freeway link without and with VVSL control
was predicted using Equation 4.4 and Equation 4.5, respectively. The following global
parameter values for the speed dynamics are adopted: 7 =0.03 hr, v =50 km?/hr and

=47 vpkpl, by minimizing error between model simulated and measured traffic data.

To s K- K)
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4.5.3 Objective function

As shown in Chapter 3, if only total travel time (TTT) is used in the objective function,
minimization of TTT would result in lower density. In other words, it would result in a
lower flow on the mainline, which is in conflict with the proposed VSL control’s
objective of improving throughput. On the other hand, if only total travel distance (TTD)
is used as an objective function, the maximization of TTD would increase flow to nearly
the capacity level that would create flow instability. Thus, the objective function in this
research is selected as the weighted summation of TTT and TTD as shown in Equation

(4.6). Here, the intent is to minimize TTT and at the same time maximize TTD.

Np

M
J(U)ZTZZZiLi [orrr o (k+ ) —arrpdi (K + )] (49)
==

The first term in Equation (4.6) is TTT and the second term is TTD. Different values of

the parameters Q4 andQqppp can be selected to reflect the preference of the control
policy. If O4rp is assumed to be one, then Qqpp is equivalent to speed (V). In this

research, Ofyrpwas assumed to be 1 and Q4G was set as the free-flow speed of the link.

The justification of the chosen values in the weight parameters can be found in Chapter 3.

4.5.4 Constraints
Based on a consideration of safety and traffic flow characteristics in real-world, the

following constraints on the VVSL control variable were adopted:

C1: To guarantee the drivers’ safety, the optimal speed limit of VSL operated link must

be kept equal or lower than the maximum valueV,, , i.e., U; (k) SVmaX

max 1
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C2: To maintain the operating efficiency on the freeway, the optimal speed of the VSL

operated link is to be higher than the minimum speedV,;, , i.e., U; (k) >V

min

C3: For the safe operation of VSL control, the change of speed between two successive

time steps should satisfy the following constraints: ‘Ui (k) - u, (k +1)‘ < Vmax,diff

The VSL using the proposed model considers only discrete values. This is expressed by a

constraint set, U (K) € (V. =10, 20, 30, 40, 50, 60, 70, V, ., =80 kph). In this research,

a sensitivity of the Vmaxydiff is performed with the values of 5, 10, 15, and 20 kph. The

VSL update frequency might have an impact on mobility. Thus, a sensitivity of the VSL
update frequency is performed to investigate these impacts. VSL update frequencies of 1,

2, 3 and 5 minutes are considered for sensitivity analysis. Mobility performances in a

total of 16 VSL control scenarios (four differentV each with four different VSL

max,diff
update frequency) are compared to identify the best combination of “VSL update

frequency” and “maximum speed difference between two successive time steps”.

4.6 Building WMD base model

Multiple days of traffic data was used to calibrate and validate the WMD base model and
was compiled from two sources: (1) dual loop detectors on the mainline; and (2) video
data from on-ramps and off-ramps. To replicate the real-life work-zone traffic operation,
calibration was conducted from both a system and an operational point of view. The

calibration and validation procedure® of the freeway work-zone can be viewed in Figure

® The calibration and validation results have been taken from a journal paper: Hadiuzzaman, M.,
Zhang, Y., Lu, M., Qiu, T.Z., and AbouRizk, S.M. “Modeling the Impact of Traffic Flows upon

Concrete Construction: An HLA Based Simulation Framework.” (under-review)
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4.5. First, detailed network geometry data (following a detailed corridor survey and the
roadway geometric map, which were both provided by the traffic operation group in the
City of Edmonton), including construction zone lane, the exact location of on-ramps and
off-ramps, auxiliary lane and tapers length, configuration of weaving sections, and exact
location of speed limit signs, was coded through the VISSIM graphical user interface
(GUI). After the network coding, the base model was run with certain mainline and on-
ramp demand and default driver behavior parameters; and traffic operation was observed
at on-ramps, merge sections and work-zone bottlenecks. Second, this research adjusted
the origin-destination (OD) matrix, as well as several operational parameters (as follows),

so that the model replicates real-world traffic operations on WMD.

4.6.1 WMD base model calibration

4.6.1.1 System calibration

This research have used a TFlowFuzzy Procedure in VISUM (Appendix A) that produces
a revised OD matrix based on a given seed matrix. The base demand or trip matrices for
the present WMD model came from matrices imported from the City of Edmonton 2005
WMD VISSIM model. To estimate a synthetic trip matrix, link traffic count data
recorded in the test site were used. TFlowFuzzy performs a synthetic OD estimation
based on an extended application of the Willumsen method (Willumsen 1984).
Estimation of OD matrices using TFlowFuzzy is an iterative process repeated until the
resulting assignment of the refined OD matrices meets the calibration criteria. When the
estimated OD (see Appendix A) was assigned to the network, simulated link volumes for
more than 85% of cases were within 5% for measured volumes <500 vph; within 10% for
measured volumes between 500~1500 vph; and within 15% for measured volumes >1500
vph. The summation of the simulated link volumes was kept within 5% of the total

measured flow. Four vehicle types were created to replicate traffic composition in the test
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site: (1) WMD car (90.0%); (2) WMD truck (6.0%); (3) WMD heavy truck (3.0%); and

(4) WMD bus (1.0%). The simulation warm-up period was set to 30 minutes.

4.6.1.2 Operational calibration

To replicate the bottleneck formation along the test site, three customized link behavior
types were defined: (1) the freeway merge section; (2) the lane drop condition; and (3)
the construction zone along the freeway. In VISSIM, the Safety Distance Reduction
Factor (SDRF) values for the freeway lane drop, merge section, and construction zone
were changed to 0.1, 0.2, and 0.05, respectively, from the default value of 0.6. The
driving behaviour parameter sets for the customized freeway links were adjusted to alter
the aggressiveness of the drivers near the merge areas. Specifically, by lowering the
SDRF values, it was possible to make the merging drivers more aggressive to generate
realistic merge behavior on the freeway. Moreover, the headway time (CC1) was set to
1.30, 1.20, and 1.40 for freeway lane drop, merge section, and construction zone,
respectively, from the default value of 0.9 seconds. Those parameters were adjusted with
the trial-and-error method and numerous iterations until the simulated capacities are
within 10% of estimated capacities conforming to the macroscopic fundamental diagram
(FD) as calibrated from the field traffic data. Visibility parameters (emergency stop and
lane change) were also adjusted at each link connector of the WMD base model to
represent the local conditions. Note that, CC1, which controls the safety distance in the
car-following logic of VISSIM, has the strongest influence on freeway capacity
adjustment. As a guideline, when all other operational parameters in VISSIM are kept in
their default values, increasing the CC1 results in consistent reduction of freeway
capacity. However, as several operational parameters were altered in addition to the CC1,

the trend was found to be slightly different. By calibrating the freeway capacities as
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above, it was also possible to keep the simulated average travel time within 10% for the

measured mainline segments. The WMD base model is being presented in Figure 4.6.

4.6.2 WMD base model validation

The calibrated WMD base model was further validated against field data independent of
the calibration dataset. This research adopts the Geoffrey E. Heavers (GEH) statistic to
compare field loop detector volumes with those obtained from the WMD base model. As
a general guideline for model validation, GEH values less than 5 indicate good fit; values
between 5-10 require further investigation, while values above 10 indicate a poor fit
(Holm et al. 2007). This research obtained an average GEH value of 3.47. Another five

simulation runs with different random seeds were performed to confirm the GEH value.

GEH = \/ (simulated — observed)® -

0.5(simulated + observed)

4.7 Application results

4.7.1 MPC design in WMD base model

The calibrated microscopic WMD base model is used as a platform for the evaluating the
MPC-based VSL control. Therefore, following the proposed VSL control strategy and
identified bottleneck locations, the base model was divided into 11 links. In addition, two
VSL signs were implemented upstream of the identified bottleneck locations (see Figure
4.7). The proposed VSL control strategy was implemented in the simulation using a
special-purpose software module developed in C++ using the COM interface.

In the simulation, one loop detector was put on each lane of the mainline links and ramps

(see, Figure 4.7) in order to obtain the initial measurements of traffic variables, V;(k) and

Q. (K). The spacing of the loop detector stations is approximately 700 m. Density, p.(K),

is estimated from the fundamental relation among the traffic variables. Alternatively,
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VISSIM has the function of providing link-specific density directly. However,
considering field implementation and data availability, this research circumvented the use

of the VISSIM built-in function for density measurement. Traffic density is usually not

measured in reality. In order to predict mean speed for the time steps (k+1, k+2,

........... ) in the freeway links, the mean speed values, V,, in Equation 4.4 and Equation
4.5 was set for the most upstream link equal to V,. The density, Pu 41, needed in that
equations for the last link, M, is set equal to Py - However, in cases Py becomes

overcritical, Py, was set equal to the critical density. In other words, traffic conditions

downstream of the considered freeway section are assumed to be non-congested.

For the density prediction using Equation (4.1), the outflow, Jg, for the most upstream

link was set as the measurement for the current time step. It is obtained from the loop
detector placed at the link boundary. In the successive time steps (over the prediction
horizon), these flows as well as ramp flows are predicted by generating random numbers,
assuming a truncated normal distribution. The generated flows for the next prediction

step varied within 10% of the previous step. It also confirms the field observations.

However, if the density p is overcritical, mainstream flow g is limited to Q( o), i.e.,

to the value of the fundamental diagram corresponding to ;- Furthermore, it is assumed

that the exit flow from the last link is equal to the average flow of that link. This

assumption is valid when a free-flow condition exists in the downstream.

This research used an online optimization method based on the measurement of the

current and future predicted traffic states. Using the proposed traffic flow model and
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numerical optimization, the sequence of speed limit inputs that optimize (minimize) the
performance criterion (J) over a given future time horizon (N, =5 min) was

determined. In this research, a 5-min prediction horizon is equivalent to 5 steps

prediction. The length of simulation time step (T) is 1 min. Figure 4.8 shows an example

of a generated speed limit sequence, and the highlighted arrows show a complete branch.
At each time step, these speed limit values were generated using a C++ program (see

Appendix B) based on previous speed limit values along with the constraints (C1-C3).

C prediction steps.

For each time step, the total number of decision tree branches is : where

C s the choice number, which could be 2 or 3. For the lower and upper bound speed

limits, the choice number for the immediate next time step is 2. The optimal speed limits
for successive prediction steps correspond to a branch that results minimum value of (J
). However, the control horizon (N ) in this research is 1 min. So, the VSL controller

uses only the first VSL input for the system as in the moving horizon concept. At each
control time step, only the first sample of the optimal control input is applied; afterward,
the time axis shifts to one control sample time step. Then, based on the new traffic states
and control inputs of the system, a new sequence of optimal control inputs is generated.
Once again the first control input is applied. At every time step, this process is repeated
until the end of the simulation. In this research, a Visual C++ application program was
developed that controls the WMD base model through the COM interface. In the base
model, the desired speed decision point is used to alter the vehicles’ initially-assigned

desired speed distributions. They represent speed limit signs or VSL signs in real life.
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4.7.2 Simulation results for no-VSL scenario
The simulation in this research has been run over a period from 4:00-6:30 PM. First 2-hr
corresponds to an afternoon rush hour. Moreover, demand is very high for the first hour

of the simulation. In this first hour, about 5300 vehicles were assigned at the mainline
origin (see, (, in Figure 4.7). In addition, out of four on-ramps in Figure 4.7, I, and I;

contribute relatively higher input flow on the test site. The demand on these ramps
increases to near 700 vph, remains constant for 2 hrs, and decreases finally to a low value
of 305 vph. For the given demand inputs, two bottlenecks were identified on WMD.

Bottleneck B1 is activated due to intense weaving maneuver between mainline vehicles

with those coming from ramp I. Around 30% of the vehicles coming from on-ramp, I},

take off-ramp, S,, at the last moment. Bottleneck B2 represents a virtual lane drop. At

this point, around 95% of all the vehicles coming from upstream take the route via B2.

Figure 4.9(a) and Figure 4.9(b) show the shockwave propagation from the two
bottlenecks. At B1, the speed begins to drop at t =4:08. Within a very short time it
drops from 80 kph to 40 kph and then 20 kph. A shockwave propagates in the upstream
direction. In order to satisfy the definition of active bottlenecks, vehicles downstream of
link 4 (corresponding to B1) must maintain free-flow speed. Free-flow on link 5
continues until t =4:40, when the link is hit by another shockwave caused by
downstream bottleneck, B2. At t =4:11, speed begins to drop in bottleneck link 10
(corresponding to B2). It decreases to below 30 kph rapidly and maintains this level for
the entire simulation period. However, downstream (L11) of this bottleneck, flow is
always at the free-flow condition. From Figure 4.9(a) and Figure 4.9(b), it can be
observed that the immediate upstream links (L3 and L9) of recurrent bottlenecks are

highly affected by the speed drop, eventually much higher than the bottlenecks
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themselves. Figure 4.9(c) presents density profiles for all the links. Time dependant

shockwaves propagation can be clearly observed in this figure.

4.7.3 Simulation results for VSL-control scenario

Two VSL signs are implemented at approximately 500 m. upstream of the identified
recurrent bottlenecks. Specifically, VSL-1 and VSL-2 are operated in L2 and L8 (see
Figure 4.7), respectively. Those two VSL signs are optimized separately within the

objective function, since they are operated in an isolated mode. During the optimization,

the value of 077 in the objective function, (J ), were set equal to 80 and 50 for L1-L4

and L5-L11, respectively. The parameter Q7rp was set to 1. Due to the ongoing

construction activities on the WMD, link L5-L11 have speed limit of 50 kph. Whereas,
link L1-L4 have speed limit of 80 kph. As the simulation is conducted during the peak

period, higher weight to TTT was given, and the motivation is to maintain free-flow
speed at the discharge segment (L, ). In the evaluation of the proposed VSL control

strategy, it was assumed that 90% drivers comply within 5 kph of the posted speed limit.

Figure 4.10 shows traffic state improvement for the proposed VSL control strategy.
Implementation of the proposed VSL control has kept traffic speed above 30 kph, and
density below or close to critical density (40 vpkpl) for all the links. In Figure 4.10(a) and
(b), the notations A and B define lower speed and free-flow speed regions at the
bottlenecks. Although the proposed VSL control has not completely eliminated speed
drop, the shockwaves have been suppressed to a great extent, as can be seen in Figure
4.10 (a). Now, L5 is operating with the free-flow speed for the entire simulation period.

It can be observed from Figure 4.11, compared to the no-VSL scenario, flow has been

improved in the bottleneck significantly during the high demand period. More
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interestingly, moving further downstream, higher improvement in flow over the links can
be observed. This is due to more uniform distribution of traffic over the links as a result
of the VSL implementation. However, during the time period t =5:20-6:00, during
which demand is comparatively low (around 65% of the first hour of simulation),
implementation of the VSL control has no significant impact in terms of bottleneck flow
improvement. Eventually, in the time horizon t = 5:20-5:40, flow has been decreased at
some points. It is no wonder that the implementation of VVSL control has reduced the flow
during comparatively low traffic demand, and several empirical and simulation studies
(Papageorgiou et al. 2008; Lu et al. 2010) confirm this result. This clearly indicates that,
in terms of traffic mobility improvement, VSL is effective during the congestion period.
This leads to the comparison of mobility parameters: TTT and throughout with and

without VVSL control in the congestion period.

Figure 4.12 shows changes in optimal speed limit values over the simulation time
horizon. The speed limit for the VSL-1 was reduced to 70 kph at t = 4:06, and then the
controller further lowered the speed limit values in order to avoid a capacity drop at
bottleneck B1. From t = 4:40, the values of the VVSL control variables began to increase.
During the last 30 min of the simulation, speeds were maintained at 80 kph. Similarly, for
the VSL-2, the speed limit value decreased from 50 kph to 40 kph, and then was further

reduced to 30 kph at t = 4:08. However, during the last 20 min, it maintained at 50 kph.

Table 4-1 presents the numerical values of TTT and throughput before and after VSL
implementation. In order to estimate the MOEs, the data have been averaged over several
simulation runs (random seeds were 43, 25, 20, 27, 30, 35, 65, 55, 80, and 42). It is

calculated that the proposed VSL control strategy has decreased TTT significantly
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(around 39%). It was estimated that for the bottleneck B1, the congestion capacities are
1393 vphpl and 1445 vphpl for the “no-VSL” and “VSL-control”, respectively. Thus, the
VSL control has improved the capacity at B1 by 3.7%. Whereas, for the bottleneck B2,
the congestion capacities are 1907 vphpl and 2103 vphpl for the “no-VSL” and “VSL-
control”, respectively. Thus, the capacity at B2 is improved by 10.2%. These amount of
capacity improvements in the bottlenecks resulted in 5.4% increase in throughput for the
entire test site in the congestion periods (see, Table 4-1). Obviously this level of
improvement is valid for the simulation scenario and for the time period considered in the

evaluation of the isolated VVSL control strategy.

4.7.4 Impact of sub-optimal solution on control performance

Successful field implementation of the proposed VSL control requires a computationally
simple optimization method without compromising desired accuracy level. Although the
sophisticated gradient-based optimization method — SQP as presented in Chapter 3 can
provide global optimal solution, the continuous solution from the SQP cannot be
implemented in the real-world considering different factors: computational efficiency,
driver compliance, safety, etc. In other word, heuristic rule is required to find discrete
speed limit values from the continuous values. However, it makes the optimal solution as

sub-optimal, which may compromise performance improvements.

By contrast, this research has proposed the non-gradient-based optimization method —
decision tree that does not need above conversion and find directly the discrete speed
limit values by minimizing a user-defined objective function. To compare the VSL
control performance with the discrete VSL values as obtained by the two optimization
method, a comparison on mobility benefits under the same demand levels is made.

Specifically, it was found that the TTT improvements due to implementing decision tree
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solution and post-processed SQP solution (to the nearest 10 kph) are 38.8% and 28.0%,
respectively. Thus, the post-processed SQP solutions result in 10.8% lower improvement
than the decision tree. Interestingly, Hegyi (2004) found that due to rounding the
continuous VSL values from SQP to the nearest 10 kph can result in performance loss in
terms of travel time as much as 21.5% (see Table 6.2 of the above referred thesis
manuscript). Furthermore, the throughput improvements in this research were 5.4% and
3.71%, respectively. Thus the performance loss due to implementing post-processed SQP
solutions in the network is 1.7%. In addition, the computation time and objective function
values (Equation 4.6) at each control sampling time for optimizing the VSL control
variables with the SQP and decision tree methods are presented in Figure 4.13, which
clearly demonstrates the efficiency of the decision tree-based optimization method. Based
on the above discussion, it can be concluded that the decision tree-based optimization

method is suitable for the real-world isolated VSL application.

4.8 Sensitivity of VSL update frequencies and safety constraint

With the efficient decision tree-based optimization methods, in this section®, a total of 16
VSL control scenarios are evaluated and compared with the base scenario (no-VSL). To
confirm the robustness of the VSL control strategy, peak demand in the WMD base
model was slightly changed compared to that considered in the previous section. Table 4-
2 presents the summary of the percentage improvement of TTT and throughput under
various scenarios for the peak 2-hour simulation period for the test site. Clearly, the VSL
controls always improve the mobility parameters. More than 30.0% improvement in TTT

was obtained by implementing MPC-based VSL control in the studied freeway section. A

* Results included in this section have been taken from: Islam, T., Hadiuzzaman, M., Fang, J.,
Qiu, T.Z., and El-Basyouny, K. “Assessing Mobility and Safety Impacts of a Variable Speed
Limit Control Strategy.” Transportation Research Record, (2364), 1-11.
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2-3% improvement in throughput was obtained. Interestingly, no substantial differences

in these aggregated mobility performances were found across the various VSL scenarios.

As shown in Table 4-3, average collision probabilities for all the VSL control scenarios
are lower than that of the “n0-VSL”. This implies that the proposed VSL control strategy
has the potential to improve freeway safety. The table arranges the VVSL scenarios based
on the percentage improvement of collision probabilities (CP). The top five scenarios are
shown in italic letters. It shows that VSL control can reduce collision probability as much
as 50.0%. There is a noticeable difference in collision probabilities for the various
combinations of VSL update frequency and maximum speed difference constraint. In
general, CPs are considerably lower for a VSL update frequency of 5 minutes as
compared to 1-minute, 2-minute and 3-minute VSL update frequencies. This result
implies that frequent changes in VSL may create a disturbance in the traffic stream;
hence, safety benefit diminishes. It can also be concluded that the VSL update frequency

has a higher influence on safety than the maximum speed difference constraint.

Figure 4.14 presents the collision probability® for VSL control scenarios and the no-VSL
scenario for all the links. For each link, an average of the 2-hour collision probability was
calculated. When the collision probabilities at different links are compared, it shows that
collision probabilities are reduced from the “no-VSL” scenario in most of the cases.
Certain VSL scenarios cause higher collision probabilities for links 2 and 8 when
compared to the “no-VSL” scenario. Note that these two are the links where the VSL
signs were placed. The figure shows that high collision probabilities occur for links 2 and

8 for those scenarios having a frequent VSL update (i.e., 1 min, 2 min). This result

> Collision probability is computed with a Logistic Regression Model, where the model parameters

were calibrated with the real data collected from WMD (see Islam et al. 2013).
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indicates that the speed disturbance occurs at the VSL installed links when the speed limit
changes too frequently. The top five scenarios in terms of safety improvements are shown
by dotted lines. These five scenarios have lower collision probabilities than that of the
“no-VSL” scenario for all the links. This figure also shows that there is no potential

migration of collision risk from the VVSL-operated links to adjacent links.

Figure 4.15(a) shows the average of link collision probabilities over the simulation time
period for “no-VSL” and the top-five VSL scenarios. It was found that the VVSL controls
yield a high reduction in collision probabilities for most of the simulation period.
Improvement in collision probabilities diminishes towards the end of the simulation
period. For the first and last few minutes of simulation, it is found that the VSL controls
and the “no-VSL” scenarios yield almost the same collision probabilities. This result has
important implications in terms of the implementation of VSL control. In the research
area, traffic congestion starts a few minutes past 4:00 PM (i.e., the beginning of the
simulation) and reduces towards the end of the simulation period (6:00 PM) until the free
flow condition appears approximately in the last 15 minutes of the simulation. The result
from this research suggests that the VSL can improve safety under non-free flow traffic
conditions. The highest safety improvement occurs when the freeway is highly
congested, and the improvement diminishes with lower levels of congestion. This finding

complies with the results obtained by several previous studies.

TTT for every one minute for all the links is shown in Figure 4.15(b). It was found that
the VSL controls reduce the TTT for most of the simulation period, except for the first
and last few minutes. One notable observation is that Figures 4.15(a) and Figure 4.15(b)
have similar profiles. This indicates that the proposed VSL control strategy can improve

the safety and travel time saving simultaneously for the non-free flow traffic situation.
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Based on results mentioned above, it was found that the VSL control scenario with a 5-
minute speed limit update frequency and 10 kph as the maximum speed difference
between two successive time steps produces the best performances. A 49.9 % reduction
in collision probability and 33.3 % reduction in total travel time can be obtained for this
scenario based on this research. Lee et al. (2004) found that, for the congested traffic
situation, VSL reduced collision potential by 20.0% to 45.0% when operated according to
the 5 to 10 minute speed limit update frequencies. The safety improvement was realized
at the cost of increased system travel time. However, due to heuristic VSL control
strategy, the reported negative impact on mobility parameters might not be accurate. By
contrast, Abdel-Aty et al. (2006a) suggested changing the speed limit by 5 mph (8 kph)
every 10 minutes to improve safety as well as travel time in uncongested situations. The

findings from the current research comply with both previous studies to a certain extent.

4.9 Summary and conclusions

This research proposes a VSL control strategy that aims at maximizing the bottleneck
flows and can be easily implemented in the authentic traffic operation. The control
strategy explicitly considers the traffic characteristics at recurrent bottleneck, and its
upstream-downstream segments. This VSL control strategy was designed within the
MPC framework. To deeply understand the effectiveness of VSL control to improve
bottleneck capacity, an analytical model was developed to represent drivers’ response to
updated speed limits and macroscopic speed dynamical change with respect to
changeable speed limits. To model traffic flow at active bottleneck, capacity drop concept
was introduced in the FD of the density dynamics. This modification allows analyzing in

which situations VSL control can markedly improve bottleneck capacity.
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Furthermore, considering the real-world applicability, this research proposes an
optimization method which searches the optimal set of control variable values based on a
generated decision tree at each control sampling time. It was found that, in terms of
mobility, VSL is mostly effective during congestion periods. Specifically, for the 11-km
studied test site improvements to TTT and throughput were around 39.0% and 5.4%,
respectively with the proposed decision tree-based optimization method. In addition, it
was found that due to rounding the continuous VSL values obtained from the SQP and
sending them in the VSL signs cause 10.8% and 1.7% losses in TTT and throughput
improvements, respectively. In addition, the CPU time and objective function values at
most of the control sampling indices were at the minimum values with the decision tree
method compared to the post-processed SQP solution. Thus, it was concluded that the
proposed decision tree-based optimization method is suitable for the real-world

application.

With the decision tree-based optimization method, it was estimated that out of two
identified recurrent bottlenecks, for the weaving bottleneck, the proposed VSL control
strategy has improved the capacity by 3.7%. Whereas, for the lane drop bottleneck, the
amount of improvement is 10.2%. The preceding results clearly demonstrate the
robustness of the proposed VSL control strategy and the benefits of its implementation.
The research findings also prove that the proposed VSL control strategy could result in
uniform traffic distribution over the freeway links, thereby mitigating the high traffic
density that leads to traffic breakdown. This research proves that the VSL control has the

capability to delay the onset of congestion and recover the speed early.

The VSL sensitivity analysis on safety constraints and VSL update frequencies are

promising in terms of supporting the implementation of the VSL control strategy for
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improving freeway safety and mobility. It provides important insight for selecting VSL
control parameters for the field implementation of VSL. It also demonstrates the traffic

situations in which VSL control can be beneficial as follows.

(1) The proposed VSL control strategy improves both safety and mobility

simultaneously under non-free flow traffic situation.

(2) No noticeable changes in collision probability and travel time were found under

free-flow traffic situation due to same flow pattern for VSL and no-VSL situation.

(3) VSL update frequency has a high influence on traffic collision, but no substantial

influence on mobility performances.

(4) More frequent speed limit changes with high speed difference between two

successive time steps diminishes the safety benefit of VSL.

(5) Based on both the safety and travel time savings, VSL control with a 5-minute
speed limit update frequency and 10 kph maximum speed difference between two

successive time steps yielded the best results.

(6) A 50.0% reduction in collision probability and a 33.0% reduction in total time

were obtained for the above-mentioned VVSL control scenario.
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Table 4-1 MPC-based VSL performance with DynaT AM-VSL during congestion period.

MOE Without VSL With VSL control (%) Improvement
control
TTT (veh-h) 701 429 38.8
throughput (vphpl) 14019 14776 5.4
Objective Function Value 36,230 12,879 —

& Summation of the flows (in unit of vphpl) over the discretized links; and the flow at each

link is taken as the average over the congestion period.

Table 4-2 Mobility performances under various scenarios.

TTT improvement Throughput improvement

Scenario* (%) %)
No VSL — —

1min-5kph 31.93 3.13
2min-5kph 32.01 3.18
3min-5kph 32.31 3.10
5min-5kph 31.94 3.18
1min-10kph 31.59 2.00
2min-10kph 32.53 2.06
3min-10kph 33.16 2.05
5min-10kph 33.34 2.01
1min-15kph 31.47 3.15
2min-15kph 31.59 3.17
3min-15kph 3171 3.16
5min-15kph 31.53 3.07
1min-20kph 30.93 3.17
2min-20kph 28.64 3.16
3min-20kph 28.92 3.20
5min-20kph 30.91 3.27

* 1min-5kph means the VSL update frequency is 1 min and the maximum difference

between two successive time steps is 5kph.
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Table 4-3 Safety performances under various scenarios.

CP improvement

Scenario* Average CP (%)
No VSL 0.5230 —
5min-15kph 0.2607 50.1
5min-10kph 0.2619 49.9
5min-5kph 0.2688 48.6
3min-10kph 0.2752 47.4
5min-20kph 0.2797 46.5
2min-15kph 0.3036 41.9
3min-15kph 0.3088 41.0
2min-10kph 0.3092 40.9
2min-5kph 0.3113 40.5
1min-5kph 0.3245 37.9
3min-5kph 0.3260 37.7
1min-15kph 0.3306 36.8
3min-20kph 0.3379 35.4
1min-10kph 0.3517 32.8
1min-20kph 0.3590 314
2min-20kph 0.3598 31.2

* 1min-5kph means the VSL update frequency is 1 min and the maximum difference

between two successive time steps is 5kph.
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Figure 4.1 Recurrent bottleneck formation mechanism. Due to intense merging at

upstream of lane drop bottleneck, shockwave forms. The discharge capacity from queue

formed could be 0-20% lower than free-flow condition.
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Figure 4.2 FDs of the links immediate upstream of: (a) weaving section; and (b) lane

drop. ™" and '+' show the data used to establish left- and right-side of FDs, respectively.
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Figure 4.14 Average collision probabilities (CP) under different control scenarios.
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Chapter 5

Designing isolated VSL control with CTM-VSL for
iImproving congestion and mitigating shockwaves

5.1 Introduction

Over the past decade, several studies (Hegyi et al. 2005; Carlson et al. 2010; Chen et al.
2013) derived macroscopic traffic flow models with the VSL control variable considering
the second-order METANET (Papageorgiou et al. 1990) as the base dynamic model.
Although the models with predictive VSL control have proven beneficial in terms of
travel time, they are more expensive to execute online (in terms of computational
demand) and require more advanced calibration methods. Until now, the METANET-
based traffic flow model parameters for the network were determined from validation of
the simulated network traffic flow model against real field data/micro-simulation data
without VSL control. However, with VSL control, the influence of those parameters
could be different. As a consequence, those models would have low predictive power.
Furthermore, with the change of road and weather conditions, those parameters msut be
re-calibrated online to improve traffic state prediction, which requires great effort and

may restrict field deployment.

" A version of this chapter has been published. Hadiuzzaman, M. and Qiu, T. Z. (2013). “Cell
Transmission Model Based Variable Speed Limit Control for Freeway.” Canadian Journal of

Civil Engineering, 40(1), 46-56.
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Another class of macroscopic model that has received remarkable attention in traffic flow
modeling and analysis is the first-order Cell Transmission Model (CTM) (Daganzo
1994), which is essentially a density dynamics model. In addition to having the strength

inherited from LWR, the CTM has four distinctive features:

(1) The model is trusted because it is founded on sound traffic flow theory;

(2) It is parsimonious, only including parameters that can be estimated in both an

online and offline basis;

(3) Model parameters can be calibrated using routinely available point detector data;

and

(4) To predict the traffic variables in real-time requires very low computational

requirements (Gomes et al. 2008).

CTM is used for both freeway and arterial traffic control purposes: arterial traffic signal
control (Lo 2001; Almasri and and Friedrich 2005); and freeways with ramp metering
control (Gomes et al. 2008; Zhang and Levinson 2010; Gomes and Horowitz 2006).
However, in this research, to understand the effectiveness of the VSL control, an
analytical model based on the CTM is developed. Specifically, this research proposes
several modifications in CTM to model traffic flow in the VSL control situation and can
be adopted within the model predictive control (MPC) framework to improve recurrent
bottleneck flows. Implementation of the proposed CTM-VSL model requires only the
calibration of the fundamental diagram (FD), which is possible for both offline and online

estimations (Dervisoglu et al. 2009). Although the original CTM uses cell occupancy® as

® In the CTM, occupancy is defined as the number of vehicles present in any cell at any time step.
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the state variable, the CTM-VSL uses cell density as the state variable. The benefit of

using cell density is two-fold (Munoz 2004):

(1) Using cell densities instead of cell occupancies permits the CTM to include

uneven cell lengths, which leads to greater flexibility in partitioning the freeway;

(2) Non-uniform cell lengths enable the use of a smaller number of cells to describe a

freeway section, thus reducing the size of the state vector[0;, py,..v.... ' Py I’

that needs to be optimized, where p; is the density of the i" cell.

To implement the CTM-VSL, the freeway is partitioned into small segments (cells’ of

length L), as shown in Figure 5.1, and into discrete time steps (of durationT ). In each
cell i at time index k the density is approximated by a constant value p,(K) and its exit

flow 0, (K) can be expressed as the minimum between the upstream demand and the

downstream supply by applying the Godunov scheme (Godunov 1959).

From a practical standpoint, this research also discusses the principle of choosing VSL
sign location and proposes a discrete formulation of a queue estimation model to update
the mainline storage capacity in real-time. Most of the previous research has assumed
that, with VSL control, shockwave speed is expected to be diminished or even avoided.

Therefore, the speed of the congestion tail propagation is expected to be smaller than the

" This thesis manuscript uses the term cell and link for explaining the parameters related to CTM-
VSL and DynaTAM-VSL, respectively. Basically, cell/link represents small segment of freeway.

Without any loss of generosity, these two terms can be used interchangeably.
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shockwave speed without control. In reality, though, this depends on many factors, such
as the upstream mainline flow, input flow from on-ramp and mainline storage capacity.
So, it is possible that the tail of any formed congestion at VSL sign propagates upstream
and covers nearby on-ramps and off-ramps leading to an additional reduction of the
freeway throughput. Thus, in addition to reducing input flow at bottlenecks with the
isolated VSL control strategy (as presented in Chapter 4), the VSL control strategy in this
research also incorporates real-time updates of the freeway storage capacity by utilizing
the developed gueue estimation model. From a mobility standpoint, a separate VSL sign

for the storage segment is designed to avoid blockage of upstream ramps.

5.2 Background concept

5.2.1 The Godunov's demand- supply approach

As indicated in Godlewski and Raviart (1996), the best numerical method to solve the
partial differential equations along roads is a Godunov scheme (Godunov 1959), as it is
first-order, correctly predicts shock propagations and has a physical interpretation.
Specifically, the scheme applies a time-space dicretization for solving partial differential
equations in macroscopic models by converting them into approximate finite difference
equations. In Godunov scheme, boundary flow between cells is computed based on the
local demand-supply concept. The local demand function computes the maximum
possible flow the upstream can send to downstream. Similarly, the local supply function
computes the maximum possible flow the downstream can consume. The boundary flow

is then computed by taking the minimum between the local demand and the local supply.

5.2.2 The CTM model
The CTM is a time-space discrete Godunov approximation to the LWR model (Lighthill

and Whitham 1955.; Richards 1956). To simulate traffic flow by the CTM, a freeway is
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divided into 1= (1, 2,.......... , M ) homogeneous and interconnected cells of length L .
Assume vehicles are moving from left to right, and cell I is upstream of celli+1. There
are two boundary conditions. Free flow prevails downstream of cell M ; upstream of the

freeway is a source with infinite capacity. Under light traffic condition, in between two

time steps all the vehicles in a cell are assumed to advance to the next cell as follows.
M (K+2) =ni(k) (5.1)
Where, N; is the number of vehicles in cell i. If the flow exceeds the downstream

capacity, Equation (5.1) becomes irrational. Consequently, a more robust vehicle
advancement equation (5.2) was proposed by Daganzo. During high demand period,

vehicle advancement equation can be written as follows: the cell occupancy at time index

k+1 equals its occupancy at time indexk, plus the inflow and minus the outflow

number of vehicles.
M (K+2) = (k) + Y, (k) + 1K) = y; (k) =, (k) (5.2)
Where, Y, (veh/period) is the outflow from cell I to i+1. Equation (5.2) is so called

vehicle conservation law. In the above equation the flows are related to current condition

at time index K as indicated below:

Yi (k) =min {Vfree,ini (k)1 Fi+1’\Ni+1[ﬁi+1(k) _ni+1(k)]} (5.3)
Where, F (veh/period) is the cell capacity, v, (cell/period) is the free-flow speed and
W (cell/period) is the congestion speed. In the above equations, the length of all cells is

normalized to 1 by absorbing differences in length in the speeds V., , W, . To satisfy the

step size modeling constraint: V., €[0,1] andW, €[0,1]. The parameters in Equation
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(5.3) correspond to the triangular FD of Figure 5.2. With, n<, and n_iare critical
occupancy and jam occupancy, respectively.

Off-ramp flows are modeled as a portion ¢ (K) of the total flow leaving the cell.

_ 40
0= U 64

5.3 Methodology

5.3.1 Control strategy
This research adopts a similar control strategy as in Chapter 4 that aims at maximizing
the bottleneck flow. It explicitly considers the FDs at active bottleneck, and its upstream-

downstream cells (Figure 5.3). The control strategy can be illustrated as follows. During
high demand period (Clin >Qb)as density increases on the freeway segments, small
disturbances caused by merging and weaving maneuver before the bottleneck readily

causes speed drop (Vfree — V¢ )- It results in flow breakdown, and reduces discharge flow

from the segment immediately upstream of the bottleneck. Queue (highlighted area) will

build up from the active bottleneck geometric starting point. Due to the flow

conservation, the discharge flow from the bottleneck will be limited to Q{) Here, Qb

and Qt') define the bottleneck capacity and the dropped capacity, respectively. In Figure

5.3, blue and red dots show traffic state at different cells during low and high demand

periods, respectively. F and C stands for free-flow and congestion regions, respectively.

The following control strategy is used for the following situation based on the given
traffic characteristics and can be adopted to avoid capacity drop at any type of recurrent

bottlenecks (lane drops, weaving, merging, etc). If the demand is too high from both

152



upstream and on-ramp, and congestion is unavoidable without control, it is necessary to
create a discharge section (Ldis) with adequate length (500~700 m) immediately upstream

of the bottleneck. To this end, a critical VSL must be defined as shown in Figure 5.4. The
objective is to limit feeding flow to the bottleneck. In order to maximize bottleneck flow,

the discharge flow of three lanes is maintained at a level close to the bottleneck capacity
flow: q:Sqég) :th()u) ~ 2Qy,. Here, qt()(,j)and qt()u)are the transition flows at the

boundaries (Lgit — Lgis) and (Lgis = Ly, ), respectively. As can be seen, controlling of

upstream traffic can improve bottleneck flow. The critical VSL manipulates the speed

limit to control the flow into the discharge section, and to make sure that the bottleneck
reaches capacity flow. The critical VSL cell (Lit) is a very short section, usually, 200-

250 m in length, which is designed based on common driver acceleration/deceleration

characteristics. Further details can be found in Chapter 4.

However, if Qjn is significantly higher than Qb,due to flow reduction at critical VSL,

after certain time period shockwave may be created. Queue will grow up from the critical
VSL location. The critical VSL creates two different traffic flow regions (upstream of
this section has low density). It might cause the tail of the congestion to move upstream
and cover nearby ramps. So, for an effective VSL control strategy, it is necessary to

ensure adequate storage capacity of the controlled congestion cell (highlighted area in
Figure 5.4). It is possible by adding further upstream cell to current storage cell (Lst)

and designing a separate VVSL for the updated storage cell in the real-time control.
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5.3.2 The CTM-VSL model

To implement the CTM-VSL, it is required to partition the freeway into variable
segments (cells of length Li) as in Figure 5.1 and time into discrete time steps (of

duration T ). The length of the each cell must be longer than or equal to the free-flow

travel distance, i.e., Vel <Lj (step size modeling constraint). This constraint is

necessary for the convergence of CTM solutions to LWR solutions as mentioned in
Daganzo (1995), so that vehicles travelling at the maximum speed may not cross multiple

cells in one time step. In the figure, vehicles move from left to right. In each cell i at time
step K , the density is approximated by a constant value p;(k) and its exit flow G (k) can
be expressed as the minimum between the upstream demand o (p) and the downstream

supply 6(p) by applying the Godunov scheme (Godunov 1959).

In order to design bottleneck flow control following the proposed VSL control strategy,
two modifications in the FD are proposed. The first permits one to model recurrent
bottleneck in which there is a capacity drop once the bottleneck is activated. The second
modification permits variable free-flow speeds. The CTM-VSL parameters are depicted
in Figure 5.5. The triangular-shaped FD is convenient because the slopes of its two sides
and its apex are explicit parameters in the CTM-VSL. They can be valid for all cells or
allowed to vary for each cell. Figure 5.5 (b) shows FD of the cell considering they are
operated with VSL control; and Figure 5.5(c) shows FD of the bottleneck having capacity
drop. The underlying assumption for the demand function (dark line) in Figure 5.5(c) is
that flow at the bottleneck will not reach to jam density. Surely, this assumption is valid

as in the real-world vehicles always accelerate from bottleneck geometric starting point
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toward downstream. The high vehicle concentration is to be observed in the immediate

upstream of active bottleneck (see, Figure 5.3).

5.3.2.1 Density dynamics

Let assume each cell i is characterized by its triangular shape FD, of which the left limb

represents demand function j(k)and the right limb represents supply function §;(k),
both are functions of their density values. The interpretation of demand and supply

function can be illustrated as follows. If cell density is 0 (K), cell idemands space
from its downstream cell (i +1) for a flow of oj(K) = oi(pi (k))vphpl; and it supplies

space to upstream cell (i —1) for a flow of Si(k) = §j (,Oi (k))vphpl.

The supply and demand functions for those cells operated with VSL control can be

written as follows:

oivsL(K) = min{Vfree,hui }Pi (k) (5.5)

JivsL(K) = Qmay i pi (k) < pe
. (5.6)
SivsL (k) =w; (pjam,i -p (k)) if pi (k) > pe

The interpretation of Equation (5.5) is that when the control variable U is less than free-

flow speed (u < Vfree), the critical cell demands for a flow of up(k) vphpl; otherwise

demand would be limited to V free 2(K) vphpl. This is the role of VSL in the CTM-VSL

and it could avoid flow breakdown reducing the input flow to the bottleneck.

In case of high density at the immediate upstream of the bottleneck, discharge flow from

Lgis will be reduced, and thereby this research proposes the following model that needs
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to be implemented during VSL control. For this case, the demand function for the
bottleneck is different but its supply function is same as the VSL operated cells. The

underlying assumption for the demand function (solid line) in Figure 5.5(c) is that flow
within the bottleneck (Lb)will not reach to jam density. The jam density is to be

observed in the immediate upstream of bottleneck.

Viree,ifi (K) if pj (k) < p.
Vor (k) ={ ’ (5.7)
i,bottleneck Qt') if pi(K) > o
5i,bottleneck (k)= if o (k) < ¢

. (5.8)
Ji bottleneck (k) =w; (P jam,i ~ A (k)) if pj (k) > pc

If the density Oj (K) in bottleneck is below its critical density, vehicles can leave this

cell at a rate of Vy,0(K) vphpl and speed of V., kph. So, the maximum flow is
limited toV ., o, (K). However, once the density exceeds its critical value ( 2(K)>p, ),

the flow is reduced by @ fraction to Q, = (1—6)Q, . The demand function a(p) models
the phenomenon that when bottleneck becomes congested (,0>,0c),the vehicle

discharge rate drops to Ql; . So, the cell’s demand is limited to Ql; . Supply of bottleneck is

determined using Equation (5.8). Once the demand and supply functions are determined,

the outflow from each cell could be determined as follows:

g; (k) =min{c; (k), &1, (K)} (5.9)
In Equation (5.9), capacity constraint does not appear. It has been considered explicitly
by introducing piecewise linear FD. It can be viewed from Equations (5.5)-(5.8). Now
density evolution in the cells could be predicted using Equation (5.10), knowing current

density and outflow values from Equation (5.9). The proposed VSL control model can be

implemented for any number of cells in the same manner as explained above.
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pik+D)=p (k)+L(qi_1(k)ﬂ,-fl-qi ()4 +1; (K)-s; (k) (5.10)

Li4

5.3.2.2 Speed estimation

This section introduces a formula for estimating mean speed at different cells that is

derived from piecewise linear triangular-shaped FD. It is applicable for the cells other

than those operated with VSL control. Equation (5.11) shows the relationship between

average flow and density. Considering the steady-state traffic, Equation (5.12) can be

derived. Now, knowing the predicted density in different cells from Equation (5.10),

mean speed for the corresponding cells can be predicted using Equation (5.12). It is

worthy to mention here that all the parameters in Equation (5.12) can be estimated both

online and offline which make it suitable in real-world implementation.

Q (pi (k +l)) =

v (o (k+D) =

Vfreepi (k+1) If p|(k +1) Sp(:
pi(k+)-p., ) (5.11)
Qrax (1——‘ if pe; < p(K+1) < Pian
P am _pc,i
Vfree If ,0,(k+1) Spc
pJam
Viree ( _1]
p.(k +1) . (5.12)
If pc,i < ,Oi (k +1) < pJam
Paam _q
( pc,i J
For those cells operated with VVSL control, mean speed can be predicted as follows:
(5.13)

v(k+D)=u(K)

As can be seen in Equation (5.13), the model is valid only for the condition of perfect

obedience by drivers to VSL control, since it shares same property of the CTM model.
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5.3.3 Objective function
As in Chapter 4, this chapter also uses the weighted summation of TTT and TTD
(Equation 5.14) as an objective function within MPC. Furthermore, the impact of variable

weighing coefficient to Q4pp (Equation 5.15) that could capture different operating

traffic flow regions during online VVSL simulation has been analyzed. As MPC has a

modular structure, it is possible to update the parameter even in each control sampling

time.
Np m |
I=T > > AL [O‘TTT,STATICpl (k+j)—oarrpdik+ J)] (5.14)
i=ti=1
Np M
32T D> AiLi[ arrr varimeLe A (k+ i) — arrpdi (K + ) | (5.15)
i=ii=1

The first term of the objective functions is TTT and the second term is TTD. The

parameters (OtTTT and Ofr7p ) were selected in the simulation stage.

5.3.4 Constraints
Based on consideration of safety, driver acceptance and traffic flow characteristics, the

following constraints on the VVSL control variable are imposed:

C1: To guarantee the drivers' safety, the optimal speed limit of VVSL operated cell must be

kept lower than the maximum valueViyay ., i.e. Ui (K) <Viax

C2: To maintain the operating efficiency on freeway, the optimal speed of VSL operated

cell is to be higher than the minimum speedein e Uj (k) vain
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C3: For the safe operation of VSL control, the change of speed between two consecutive

time steps should satisfy the following constraints ‘Ui (k) —Uu. (k + 1)‘ < Vmaxvdiff

In practice, variable speed limit signs display speed limits in increment/decrement of,

e.g., 10 or 20 kph. This research uses Vinay giff =10 kph. The updated VSL using the

CTM-VSL considers only discrete values. This is expressed by a constraint set. For this

research, the set is= (Vmin =10; 20; 30; 40; 50; 60; 70; Vmax =80).

5.4 Validation of the CTM-VSL

This section presents the accuracy of the derived CTM-VSL model to simulate traffic
flow. During the model’s accuracy assessment, no measurement data from the WMD
base model were used except the setups for initial and boundary conditions as in Chapter
2. Moreover, to prepare 20-s traffic data from the WMD base model, the test site was
disctretized into 13 segments as in Chapter 2. To satisfy the basic assumption of the
CTM, in the microscopic simulation model, it was assumed that drivers strictly follow the
VSL. Furthermore, to quantify the error between CTM-VSL simulated and measured
traffic states, mean absolute error (MAE) and root mean relative square error (RMRSE)

are respectively used for the individual cells and for the entire freeway section.

Table 5-1 presents the cell-wise error in simulation by the proposed model. It can be seen
that for the general cells as well as bottleneck, the CTM-VSL can simulate traffic speed
pretty well. However, the errors can be found higher than that with the DynaTAM-VSL
as presented in Chapter 2. In addition, the calculated RMRSE values using Equation
(2.23) for the speed, flow, and density for the entire test site were 0.0457, 0.0389, and
0.0479, respectively. Among these three values, error in speed simulation by the CTM-

VSL is comparatively higher than the DynaTAM-VSL. However, accuracy in simulating
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other two parameters with the CTM-VSL and the DynaTAM-VSL are comparable. In
particular, RMRSE values for speed, flow, and density simulation with the DynaTAM-

VSL were 0.0313, 0.0407,0 .0458, respectively.

5.5 Real-time queue estimation models

5.5.1Model formulation

Estimating real-time queue lengths is a challenge for traffic operation and control.
Although, the characteristics of queue formation and onset time are represented by the
field traffic data observed before and after congestion, this data cannot be used to
estimate queue length; rather, the input-output model and shockwave analyses are the two
most common methods for estimating queue length. However, input-output models
cannot provide the spatial distribution of queue lengths in time (Michalopoulos et al.
1981) because the models only provide the number of vehicles in the queue but little
detailed information about how the queue forms and dissipates. So, this section develops
discrete models to detect time dependant queue tail with and without VSL control based
on shockwave analysis. This type of analysis was first conducted by R.M Oliver (Oliver

1964) in case of recurrent bottleneck without any control and capacity drop.

In Figure 5.4, it is assumed that for the no-VSL scenario, queue tail begins to propagate

from the bottleneck geometric starting point at X = X,. Bottleneck exit flow restricts to

Qt;. With VSL control, queue tail propagates from the critical VSL location. For both
scenarios, it is required to have a loop detector in each travel lane at the upstream of the
bottleneck at X=X, (see Figure 5.4) to measure time varying input demand from
upstream. In the figure, traffic stream moves from left to right. The time dependant flow

rate at the upstream loop detector location at X=X, is CI(Xl,t) =((t). To detect time
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dependant queue tail location with VSL control, another loop detector is required at

X= X; at the critical VVSL cell, since flow will change based on the different speed limits.

At the instant t, when the input flow ((t,) at X = X, first exceeds the capacity flow of the

bottleneck [q(t;)>Q,], the queue will form at X=X, at t; [t; =t, + —(XZ'Xl)]

free
(Coordinate translation), and will move backward over the time until the flow into the

gueue less than the bottleneck capacity. It is assumed that each vehicle occupies a space

in the queue equal to the inverse of jam density (Pjam) and that outside the queue the
traffic speed is free-flow speed, V.. Also, vehicles can decelerate instantaneously upon

joining the queue. The flow rate and density at a point X before the bottleneck is:

q(x,,t —M) (left of shockwave boundary)

q(xlt) = Vfree
Q. (right of shockwave boundary) (5.16)
.Y (left of shockwave boundary)

p(X,t) =< Viree
Piam (right of shockwave boundary) (5.17)

Now from LWR model, the position of the shockwave separating the high- and low-

density region satisfies the following first-order non-linear differential equation:

— dx — C{(X, t)(Ieft of shockwave boundary) - (X’ t)(right of shockwave boundary)

shockwave —

dt P (X’ t)(Ieft of shockwave boundary) P (X’ t)(right of shockwave boundary)

(5.18)
From Equation (5.16), (5.17), and (5.18) the following equation is obtained:
X_
g, t- %))
dx (X- X1) ’ Vfree
Ez(q(xlrt- )-Qb)/( -pjam ) (519)
free free
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The numerator of Equation (5.19) is simply the difference in flow rates into and out of
shockwave; the denominator is the difference between left-hand and right-hand densities

at the shock front. Now expanding the right-side of Equation (5.19) using Taylor series

about t and neglecting the terms of the order of the following first order

2

Vfree
ordinary differential equation (ODE) can be obtained:
dx
pr +a(x, t)x(t) =b(x,t) (5.20)
dg
W v - , t
Where, a(x,,t) = dt rand b(x,t) = —= (Q-a0x, 1)
q(xl’t) _Vfreepjam Vfreepjam - q(xi’ t)

By selecting appropriate integrating factor and imposing condition that shockwave can be

located at X=X, at the time t, (thus, equation 5.20 turns into initial value problem
[IVP]) when the traffic flow at the bottleneck first exceeds Q, is:

NG (E-5)-INGG, O -N OGPy~ P05, 1)
pjam_p(xiit) pjam_p(xi’t)

With, p(x,,t) = ax,, 0 and N(x,t) = j(t,q(xl,t)dt is the cumulative vehicle number.

free

X(t) =

(%, -%,) (5.21)

In the discrete form, the above Equation (5.21) can be written as follows:

X(k — K) — Zk:nQéT B (Zkzqu1(k)T _Zkzqul (k)T) + pjam _px1 (n) (
pjam_pxl(K) ,OJ-am—,OM(K)

X, — %)

(5.22)
Where, K is the time index, N and K are the time indices when the shockwave first

forms, and the end of analysis time period, respectively.

With VSL control, Equation (5.22) could be written as follows:
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> P UET - g, (T - q, (K)T)
( I)Ocrit(K();pxl(K) (523)
Perit K -px1 n r
() (<) T

x(k=K) =

Where, p,, is the density in the critical cell of Figure 5.4. The queue length from the

geometric starting of the bottleneck at time index K can be written as:

Lyewe (K) = L"—X(K) . Where, L'denotes the length between x=0 and the queue

starting location atX = X,. Implementation of Equation (5.22) in the real-world requires

only one loop detector in each travel lane to measure the time dependant input demand.
Whereas, for the implementation of Equation (5.23) requires one loop detector at the
upstream (similar to model 5.22) and one loop detector at the critical VSL cell as shown

in Figure 5.4 to measure the traffic variables, namely flow and speed.

5.5.2 Validation of queue estimation model

It is important to investigate whether the developed queue estimation models can
accurately simulate the queue lengths before they can be adopted to track queue location
with the control strategy. Since the VVSL performance is evaluated within microscopic
simulator, a comparison of queue length (that grows from a bottleneck starting point)
simulated by the Equation (5.22) and measured by the microscopic simulator is made.
During simulation, queue location is updated at a time interval of T=20 sec and T =60 sec
separately. From Figure 5.6 (a, b), it can be observed that the proposed model has a good
agreement with the ground truth (measured) except the time period between 4:22 to 4:27.
This discrepancy could be due to the internal queue definition used by the simulator.
Specifically, four parameters were defined as to record a vehicle in queue in the WMD

base model. A snapshot of queue measurement configuration file is shown in Figure 5.7.
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(1) If speed is less than the “Begin” speed (30 kph), and has not exceeded the “End”

speed (30 kph);

(2) “Maximum Headway” of 20 m. (which defines the maximum distance between

two vehicles so that the queue is not disrupted);

(3) “Maximum Length” of 3000 m. (which defines the maximum length of the queue,

even if the actual queue is longer).

The last parameter is helpful if longer queues are detected in a network. From Figure 5.6,
it can be concluded that with a T =20 sec time step, the queue estimation model
(Equation 5.22) performs better. Specifically, for the no-VSL scenario, the mean absolute
error (MAE) between measured and simulated queue location considering T =20 sec and
T =60 sec were 13.7% and 33.2%, respectively. Thus, this research will also consider T

=20 for estimating queue location that propagates from a critical VSL sign (Figure 5.6¢).

5.6 Application results

5.6.1 MPC design in WMD base model

This research uses the same calibrated microscopic model as in Chapter 4 to simulate
traffic flow with and without MPC-based VSL control. The MPC parameters and
optimization method are also same as Chapter 4. However, this research adopts the CTM-
VSL as prediction model within the MPC framework. In addition, to keep consistency
with the basic CTM model presentation, the discretized freeway segments will be
represented by the notation “C” instead of “L” as in Chapter 4, where C and L stand for

Cell and Link, respectively. To verify the CTM-VSL’s performance within MPC, at first,

the input demand on the mainline (g ) was reduced compared to Chapter 4 to simulate a
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single recurrent bottleneck case on the test site. Specifically, that demand was reduced
from 5300 vehicles to 3600 vehicles in the peak hour, which avoids formation of

bottleneck B1 (weaving bottleneck). However, very high demand from both Terwilleger
on-ramp (I, ) and 53 Avenue on-ramp (I3) activates the downstream bottleneck B2.

Note that, due to reduced mainline demand, the TTT and throughput values should be
different, as can be seen in Table 4-1 and Table 5-3. However, later in this research, a
comparison of MPC performance with the CTM-VSL and the DynaTAM-VSL models is
conducted, where the same traffic conditions prevail in the WMD base model as in

Chapter 4.

5.6.2 Simulation results for no-VSL scenario

Firstly, this research simulates a single bottleneck. The simulation has been run over a
period from 4:00-6:00 PM, which corresponds to an afternoon rush hour. To compute the
mobility parameters with and without VSL control, the test site was discretized into 11
cells (as in Figure 4.7). The cell 10 is the lane drop bottleneck. With the given demand
inputs, heavy congestion appears and large queues are built from the bottleneck. Around

95% of all the vehicles coming from upstream take the route via the bottleneck.
Remaining vehicles take the off-ramp S;. The observed congestion is due to the capacity

drop at the bottleneck. In the first hour of the simulation, about 4800 vehicles need to
pass the bottleneck. As the flow from C9 is about to exceed 1200 vphpl as in Figure
5.8(a), demand from this cell rises to 3600 vph (having three lanes). The maximum flow
that could be absorbed by the bottleneck is 3440 vph (having two lanes). The calibrated
capacity of this bottleneck in the WMD base model is 1720 vphpl. As the demand from
C9 is higher than the bottleneck capacity, additional vehicles are spilled back. This
causes congestion shortly after the beginning of the simulation time horizon. Sooner the

flow at C9 is reduced due to flow breakdown. It causes bottleneck exit flow lower than its
165



capacity (£=9.5%). The simulated capacity drop at the bottleneck is slightly different
than that of Chapter 4 to verify the robustness of the MPC-based VSL control as the

amount of capacity drop could vary from day-to- day (Dervisoglu et al. 2009).

For the no-VSL scenario, congestion originates at the downstream of C9 (near the
diversion point), and propagates upstream, disturbing the cell 9, 8, 7, and 6, successively.
The bottleneck C10 is also influenced to some extent. The speed profiles of the
influenced cells are shown in Figure 5.8(b). When flow exceeds the bottleneck capacity,
initially speed drops at the cell C9. Speed drops from 50 kph to 15 kph. It creates
shockwave. Shockwave tail propagates backward at a speed of 10.8 kph. Sooner it causes
speed drop at the other cells. The static speed limit on the test site for C1-C4 was 80 kph
and the rest of the cells were operating at 50 kph due to construction activity. Figure
5.8(c) shows the density profile at the different cells over the peak 2-hr simulation

periods. Very high density is observed during time period t =4:20-5:40.

5.6.3 Simulation results for VSL-control scenario

The following parameter values are adopted in the CTM-VSL model (with some

variation over the cells): Qqax =1700 vphpl, W=11.5 kph, O¢ = 40 vpkpl, Pjam =110

vpkpl, #=9.5%. The model was adopted within the MPC to improve traffic flow at the

simulated lane drop bottleneck on the test site.

Four control scenarios are simulated. Table 5-2 summarizes the difference among the
scenarios in terms of input parameters and number of implemented VSL signs. For
scenario-1 and 2, one critical VSL (the authors call it VSL-1) is operated in C8. For
scenario-3 and 4, C6 and C8 are operated with two different VVSL signs. VSL-1 (critical

VSL) is for the flow control into the bottleneck. VSL-2 is for keeping the queue length
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smaller that might grow from the critical VSL. The purpose is to avoid blocking of
upstream on-ramp I (see Figure 4.7). VSL values for C6 are obtained by dividing
bottleneck capacity flow by the expected density in C7 (storage cell). Specifically, this

research keeps the expected density close to critical density ( ,O¢ ) of C7.

For scenario-2 and 4, the objective function takes different values in the Gqrr, which are
to be determined based on the control policy. Since the VSL signs in this research are
operated in cells having speed limit of 50 kph, a O7rr values higher than 50 will not have

much impact on flow optimization as shown in Chapter 3. However, the objective

function within MPC also includes traffic states for the cells having speed limit of 80
kph. Thus slightly higher Oqrr values are assigned for the first 30 min of simulation

when demand is very high compared to rest of the simulation period, and the motivation
is to maintain free-flow speed at the discharge cell. The remaining 90 min of simulation a
trade-off between TTT and TTD is maintained by giving lower weight to TTT. Indeed,
by assigning lower weight to TTT (alternatively higher weight to TTD), the controller
tries to release the vehicles that were held by the critical VSL sign for the first 30 min.

Furthermore, it could reduce the queue length that might be created from the VSL sign
during the first 30 min. However, such a lower value in Qqrr should not be assigned

during very high demand period. Otherwise, the control performance would be equivalent
to minimize TTD only (instead of minimizing combined objective functions) that will
compromise the mobility benefits. Thus, for the real-life implementation, tuning the

parameter values based on historical demand profile and operators' judgment is required.
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From Figure 5.9 (a), it can be observed that compared to the no-VSL scenario, flow has
been improved in the bottleneck significantly during the high demand period for all the
scenarios. Unfortunately, scenario-1 keeps bottleneck flow close to the no-VSL scenario

for the time horizon t =4:30-4:40. This could be due to the higher value of the

parameter QTTT - Interestingly, during the last 40 min of the simulation, during which

demand is comparatively low (around 65% of highest demand period), implementation of
VSL has no significant impact in terms of bottleneck flow improvement. Eventually, in
the time horizon T =5:20-6:00, flow has been decreased at some points. It is no wonder
that the implementation of VSL has reduced the flow, and several empirical and
simulation studies (Papageorgiou et al. 2008; Lu et al. 2010) confirm this result. It seems
that without control, vehicles those formed the queue at the bottleneck are now

discharging at a higher rate due to lower network demand at the end of the simulation.

Figure 5.9 (b) and (c) show speed and density profile for the immediate upstream cell of
the bottleneck, i.e., C9. Without VSL control this cell operates at near jam density and
speed drops to 15 kph. Implementation of the VSL control for all the scenarios has kept
density below critical density (40 vpkpl), and speed above 30 kph. However, scenario-2

and scenario-4 can recover free-flow speed earlier than scenario-1 and 3. The values of

the weight parameter OTTT play a significant role in this matter.

Figure 5.9(d) shows a comparison of time dependant queue tail location. Implementation
of the proposed VSL control has built the queue earlier than the no-VSL scenario. But the
queue has disappeared earlier. All the scenarios have kept the queue length smaller than

that in the no-VSL scenario. However, both scenario-1 and 2 hit the upstream on-ramp

I',. As expected earlier that queue might grow from the critical VSL. Due to queue
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control by implementing VSL-2, queue length is kept close to 300 m. Figure 5.10 shows

the change of VSL over the simulation time horizon.

Table 5-3 shows the numerical values of MOEs for the above different control scenarios.
To compute the MOEs, the data have been averaged over several simulation runs
(random seeds: 43, 25, 20, 30, 35, 65, 80, 83 and 42). From the table, it can be observed
that compared to scenario-1, sceneario-2 performs better. The estimated link throughput
for scenario-1 and scenario-2 are 9935 vphpl and 10068 vphpl, respectively. Compared to
the no-VSL scenario, VSL control has around 5.9% and 7.3% improvement for the test

site. Scenario-1 and Scenario-2 reduce TTT by 9.1 % and 15.1%, respectively.

Interestingly due to the queue control, both scenario-3 and 4 have very similar outcome
(see, Figure 5.9). The computed throughput for scenario-3 and scenario-4 are 10025
vphpl and 10059 vphpl, which is around 6.9% and 7.2% improvement, respectively.

Scnerio-3 and scnerio-4 have reduced TTT by 12.3% and 14.6%, respectively.

Furthermore, it can be evaluated that scenario-2 and scenario-4 performs pretty close.
The percent improvements in all the MOEs are comparable for these two control
scenarios. However, as explained earlier, scenario-4 can avoid blockage of upstream on-
ramp, which in turn could reduce waiting time for the upstream on-ramp vehicles. Also,
gueue control has improved scenario-1. Now, scenario-3 and scenario-4 are very close in
MOEs except the TTT. Considering these facts, scenario-4 could provide the best

performance compared to the other scenarios considered in this research.
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5.7 MPC with 1% and 2" order models

This section evaluates the VSL performance when the CTM-VSL and the DynaTAM-
VSL are used separately as a prediction model within MPC framework. For this
evaluation, same demand levels (both on mainline and on-ramps) in the WMD base
model are used as in Chapter 4, which activates two bottlenecks—B1 and B2 without
VSL control situation (see, Figure 4.7). However, to avoid impact of random values in
the predicted mainline and on-ramp flows (that can drive control performances
differently for the two models), it was assumed that the predicted demand are same for
both the control scenarios. To estimate the mobility parameters: TTT and throughput with
and without VVSL control, the data have been averaged over 10-simulation runs (with the
following random seeds: 42, 43, 44, 45, 46, 47, 48, 49, 50, and 51) and the following
statistics are obtained for the no-VSL and MPC-based VSL control situation as in Table

5-4.

The mean TTT for no-VSL situation, VSL with the CTM-VSL as prediction model, and
VSL with the DynaTAM-VSL as prediction model are 711 veh-hr, 441 veh-hr, and 446
veh-hr, respectively. The MPC-based VSL implementation results in 38.0% and 37.3%
TTT improvement respectively for adopting the CTM-VSL and the DynaTAM-VSL. The
computed throughput values for the above three situations are 13753 vphpl, 14699 vphpl,
and 14715 vphpl, respectively. Thus, the MPC-based VSL implementation results in
6.9% and 7.0% improvements, respectively. Figure 5.11(a) shows the time consumed by
CPU at each control sampling time to find the optimal VSL trajectories over the 5-
minutes prediction horizon. It is observed that due to simple structure of the CTM-VSL,

the online optimization time is lower for most of the times compared to the DynaTAM-
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VSL. In addition, it can be seen from Figure 5.11(b), the objective function values at each

control sampling time are comparable when the above models are adopted within MPC.

5.8 Summary and conclusions

This research proposes a new first-order traffic flow model — CTM-VSL for the VSL
control situation. Unlike second-order models, it is flexible to use in macroscopic
simulation and requires calibration of piece-wise linear fundamental diagram (FD) of

discretized freeway cells only. The following two modifications of FD are proposed.

(1) The first permits one to model recurrent bottleneck in which there is a capacity

drop once feeding flow exceeds its capacity; and

(2) The second modification permits variable free-flow speed for the cells operated

with a VVSL control.

To verify the accurateness of the CTM-VSL, a comparison of the model simulation and
20-s loop detector data from the WMD base model was made. It was found that although
the model could simulate the flow and the density pretty well, the cell-wise and network-

wide speed simulation error are higher compared to the DynaTAM-VSL model.

The CTM-VSL model was adopted within the MPC to reduce input flow at a lane drop
bottleneck following the proposed VSL control strategy. To update freeway storage
capacity of upstream segment of a recurrent bottleneck, a real-time queue estimation
model is proposed, which takes only upstream mainline demand (free from bottleneck
influence) as input for computing real-time queue locations. The validation of the queue

estimation model showed that with the frequent update of queue location (60 s verses 20
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s), the model performs pretty well. The micro-simulation of MPC-based VSL evaluation
results indicated the potential benefit of implementing active traffic management (ATM)
to avoid or mitigate congestion and save travel time. Specifically, for the test site WMD,
with a given demand level, improvements to TTT and throughput were in the range of
9.0%-15.0% and 6.0%-7.5%, respectively for different control scenarios. It was observed
that queue control is necessary when very high demand approaches to the bottleneck.
Through the VSL implementation, the start point of the idling (very low speed) was
delayed, and free-flow speed was regained earlier compared to no-VSL. Results showed
that the MPC-based VSL control can avoid the dramatic change in the traffic system.

Despite the simple structure of the CTM-VSL, the isolated MPC-based VSL control
showed comparable results to that of the DynaTAM-VSL. The values in the mobility
parameters were not statistically different at 95% confidence level. It was found that
considering multiple recurrent bottlenecks in the test sitte WMD, the CTM-VSL and the
DynaTAM-VSL results in TTT improvement by 38.0% and 37.3%, respectively. The

values of throughput improvements with those models were 6.9% and 7.0%, respectively.

Interestingly, it was computed that within MPC, due to simple structure, the online
simulation time for the CTM-VSL is lower for most of the times compared to the
DynaTAM-VSL. However, the CTM-VSL model is valid only for the condition of
perfect compliance by the drivers to VSL control, since it shares same property of the
CTM model. It can be argued that conditions where some drivers obey the VSL and
others do not result in significantly variance among mean driving speed and be even more
unsafe than without VSL control situation. Thus, if the CTM-VSL model is adopted
within MPC framework in the real-world application to improve recurrent bottleneck
flows, the implementation of the VSL control should be coupled with strict speed limit

enforcement, for example, reason of lowering the speed limit together with speed
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enforcement cameras, and strong promotion of drivers’ education, to encourage

familiarity with the VSL control measures as well as improved compliance.
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Table 5-1 MAE between 20-s measured and CTM-VSL simulated traffic parameters in

WMD.
Traffic parameters
Cell
number* v q P
C2 0.228 0.138 0.3443
C3
(B1) 0.159 0.186 0.2075
C4 0.135 0.242 0.1126
C5 0.147 0.232 0.0587
C6 0.038 0.201 0.0421
C7
(B2) 0.091 0.194 0.1102
C8 0.114 0.182 0.107
C9 0.155 0.186 0.1626
C10 0.183 0.168 0.3093
Cl1 0.203 0.183 0.1743
Cl12 0.189 0.137 0.0733

*The above 13 cells are consistent with the discretized segments of the 11-km test site

for validating the DynaTAM-VSL model as presented in Chapter 2.

Table 5-2 Summary of different control scenarios when CTM-VSL is used as prediction

model within MPC.

Obijective Weighing coefficient No. of Cells operated
function related to J VSL with VSL control
Scenarios considered Oy Crrp signs
1 J 55 1 1 C8
2 J, (55,20)* 1 1 C8
3 J 55 1 2 Cé6 and C8
4 J, (55,20)* 1 2 Cé6 and C8

* The 1% and 2" values within the bracket indicate the coefficient values for the objective

function chosen for the first 30 min and last 90 min of 2-hr simulation, respectively.
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Table 5-3 VSL performance considering CTM-VSL during congestion period.

Objective TTT Throughput
function (veh-hr) (vphpl)
Scenarios values values % improvement  values* % improvement
no-VSL - 405 - 9378 -
1 6040 368 9.1 9935 5.9
2 4520 344 15.1 10068 7.3
3 5213 355 12.3 10025 6.9
4 4645 346 14.6 10059 7.2

*Summation of the flow (in unit of vphpl) of the discretized cells and the flow at each cell

is taken as the average over the congestion period.

Table 5-4 Comparing MPC-based VSL control performance when CTM-VSL and

DynaTAM-VSL are separately used as prediction models.

N0-VSL MPC-based VSL c_or_ltrol usinga MPC-based VSL con_trql using )
CTM-VSL as prediction model DynaTAM-VSL as prediction model
TTT  Throu- TTT Throu- TTT Throu-
experiment*  (veh- ghput  (veh- Imp® ghput  Imp® (veh- Imp®  ghput Imp®
no hr)  (vphpl)  hr) (%) (vphpl) (%) hr) (%) _ vphpl) (%)
1 712 13723 435 14616 432 14637
2 722 13716 431 14784 427 14760
3 671 13832 432 14770 442 14792
4 671 13832 428 14692 427 14680
5 712 13874 443 14751 447 14746
6 753 13675 439 38.0 14645 6.9 447 37.3 14666 7.0
7 674 13704 420 14565 413 14567
8 708 13653 463 14622 478 14674
9 750 13705 465 14748 457 14785
10 733 13819 454 14794 486 14838
mean 711 13753 441 14699 446 14715

*Experiments are performed within base model for different seed numbers.
t-stat for TTT (-0.52), t-stat for throughput (-0.389), t-critical (1.73).

® Imp stands for improvement.
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Figure 5.1 Freeway section divided into M cells. Each cell has one on-ramp and off-

ramp. Cell boundaries are located at upstream of successive on-ramps.
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Figure 5.2 CTM parameters illustration in triangular-shaped FD. Traffic states on left-

side and right-side of n©, correspond to free-flow and congestion.
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Figure 5.5 Proposed FDs in the CTM-VSL model for a cell: (a) with no-VSL; (b) with
VSL control; and (c) bottleneck with capacity drops. In all FDs, dark line and dotted line

represent demand and supply function, respectively.
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Figure 5.6 Comparison between simulated and measured queue length: (a-b) without
VSL control; and (c) with VSL control. The models have accurately captured queue start

and end time. However, peak has been slightly underestimated.
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8° Queue Measurement - Configuration
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Figure 5.7 Configuring queue measurement parameters.
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Chapter 6

Modeling driver compliance to VSL and quantifyigg
relative impacts of VSL with CLs to mitigate congestion

6.1 Introduction

Although it is well understood that motorist compliance with the speed limit (SL) and the
variable speed limit (VSL) is paramount to traffic mobility and safety, during real-world
VSL control design and implementation, limited attention has been given to the impact of
driver response. While field implemented VSL control strategies provide consistent
improvements in traffic safety (20-30%), the speed homogenization effect has rendered
inconsistent results in terms of mobility benefits. It is not clear whether the inconsistent
VSL mobility performance is caused by an inappropriate control strategy design or the
driver compliance level (CL). Indeed, one cannot conclude that VSL is incapable of
improving freeway mobility, since field-implemented VSL control strategies are demand-
responsive and heuristic in nature without considering traffic dynamics. However, in
several recent simulation studies, it has been shown that to improve freeway mobility, the

VSL control must proactively consider particular mobility parameters: capacity drops and

“ This chapter is an extended version of an accepted article. Hadiuzzaman, M., Fang, J., Luo, A.,
Karim, A., and Qiu, T.Z. (2014). “Modeling Driver Compliance to VSL and Quantifying Impacts
of Compliance Levels and Control Strategy in Mobility and Safety.” will be included on the 93"

Transportation Research Board (TRB) Annual Meeting Compendium of Papers. (peer-reviewed)
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shockwave arrival. However, due to insufficient evidence in reliably predicting driver
response to VSL, those studies typically assumed that 100% of drivers follow the SL.

Consequently, the mobility benefits were overestimated.

The primary objective of this research is to distinguish the relative contributions of not
only CLs exclusively, but also a proactive optimal VSL control with different CLs, to
improve freeway mobility and safety. Improving the latter could also reduce non-
recurrent congestion. The secondary objective is to investigate whether the VSL mobility
benefits are at the expense of increased collision probability. For such a research, the
analysis of before-and-after field observations is hindered by the presence of confounding
effects, including other policies undertaken during SL changes (e.g. intensive speed
enforcement) and other factors that may affect safety (e.g. changes in traffic volume)
(TRB 1998). So, performing experiments within a traffic flow simulator is more suitable.
Furthermore, to mimic realistic driver response to changes in SL, microscopic simulation
is preferable over macroscopic simulation. Thus, this research has modeled several CLs
within the microscopic WMD base model, testing real-world driver behaviour. The CLs

include speed distributions for aggressive, compliant, and defensive drivers.

Furthermore, compared to most of the microscopic simulation studies, where the VSL
control rules are based on a flow-density-speed threshold (Allaby et al. 2007; Hellinga
and Mandelzys 2011); an estimated collision potential (Lee et al. 2006; Abdel-Aty et al.
2006; Abdel-Aty et al. 2008); and predefined traffic scenarios (Lin et al. 2004; Kang and
Chang 2006; Kang et al. 2004), this research computes the optimal VSL values within a
model predictive control (MPC) framework. For the MPC short-term traffic state
prediction, this research uses the calibrated and validated macroscopic traffic flow model,

DynaTAM-VSL (as presented in Chapter 2). The MPC-based VSL control can drive the
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traffic system to its optimal state based on the chosen objective function, satisfying the
constraints on traffic states and SL changes. This research uses the scatter search
proposed in Ugray et al. (2007) to provide starting points for the gradient-based local
solver—sequential quadratic programming (SQP)—to find the global minimum of the
objective function, and, thus, the optimal VSL values. The optimization method was
made to combine the superior accuracy- and feasibility-seeking behaviour of gradient-
based local nonlinear programming (NLP) solvers with the global optimization abilities
of scatter search. To quantify the impact of CLs on VSL performance, the optimal VSL
values were implemented in the microscopic simulator. This research chose three
performance parameters: (1) total travel time (TTT); (2) throughput; and (3) relative

safety benefit (RSB).

6.2 Literature review

This section presents the common assumptions on driver compliance to VSL, as well as
the impacts of driver response to VSL performance. In general, there is little evidence in
literature that shows the impact of driver-VSL compliance on mobility and safety

parameters.

6.2.1 Driver compliance assumptions

6.2.1.1 In macroscopic simulation studies

Hegyi et al. (2005) evaluated the MPC-based VSL control assuming a VSL compliance
rate (CR) of 100%. The research concluded that VSL could reduce travel time by 21%.
However, that research did not quantify the safety benefit of the VSL. In another research
assuming a CR of 100%, Long et al. (2008) showed that the MPC-based VSL control
could make traffic speed more homogeneous, which improves safety. Carlson et al.

(2010) evaluated VVSL performance in the Amsterdam ring road, A10, which resulted in a
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47% reduction of TTT. The simulation research did not present the assumption for driver

response to VSL.

6.2.1.2 In microscopic simulation studies

Park and Yadlepati (2003) tested VSL control at work zones using VISSIM under a
varying CR, of 70%, 80%, and 100% and two demand conditions (under-saturated and
over-saturated). The simulation results showed increased travel time in the bottleneck

merge and activity area with increasing CRs.

Hellinga and Mandelzys (2011) evaluated the sensitivity of the safety and operational
impacts of VSL on driver compliance. For each of the CLs, an expected mean speed was
assumed with each of the VSLs. The speed variance was calculated based on a fixed
coefficient of variation (COV), as observed with the static SL on the studied corridor,
Queen Elizabeth Way (QEW), near Toronto. The simulation evaluation within the
PARAMICS traffic simulator showed that safety is positively correlated with CLs. In
contrast, travel time is negatively correlated. However, due to the heuristic nature of the
VSL control strategy, the reported mobility and safety impacts might not be exact.
Furthermore, in PARAMICS, rather than speed distribution, the degree of compliance is
expressed as a humerical value (the higher the value, the more aggressive the driver) and

it is assumed to follow a normal distribution.

In a recent research, Habtemichael and Santos (accepted) evaluated VSL benefits under
different CLs using simulated data from VISSIM. The research found that VSL has the
highest safety benefits during congested traffic conditions. By contrast, VSL has no
mobility benefit during congested conditions. However, the research was limited by

implementing a simple heuristic VSL control strategy. Moreover, the research assumed
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that non-compliant vehicles completely ignore the VSL, and retain the speed of 120
kilometres per hour (kph) assigned by the static SL. Thus, during their simulation, if a
VSL of 60 kph was posted, many non-compliant drivers remained at speeds around 120
kph. The preceding assumption is unreasonable during congestion periods. Due to high
traffic density, drivers are forced to decrease speed. Furthermore, the research did not
mention how to model speed distributions with each of the VSLs from critical aspects:
(1) the mean speed; (2) lower and upper ranges of speed; (3) the distribution of

aggressive and defensive drivers within the non-compliance category.

Lu et al. (2011) evaluated an MPC-based VSL control within the AIMSUN traffic
simulator. That research found similar mobility benefits with CR at 100% and 30%.
However, no description was provided for the distribution of speed of a given VSL.
Furthermore, in AIMSUN, a vehicle parameter measuring the driver degree of

compliance with the SL is used, rather than speed distribution.

Hadiuzzaman et al. (2013) evaluated in VISSIM an MPC-based VSL control for relieving
congestion caused by recurrent bottlenecks. The VSL control showed 39% travel time
reduction and 5.4% throughput improvements with a CR of 90%. In another research,
Hadiuzzaman and Qiu (2013) proposed the Cell Transmission Model-based VSL control,
and also used the MPC to dynamically change the SL in real-time. The VISSIM
simulation with a CR of 90% showed 10-15% travel time reduction and 5-7% throughput
improvement for different control scenarios. Later, Islam et al. (2013) evaluated the
MPC-based VSL control using the same macroscopic traffic flow model as in
Hadiuzzaman et al. (2013). The research showed safety and mobility benefits of 50% and
30%, respectively. However, that research also assumed a CR of 90%, and concluded that

the benefits of the VSL could be quite different under reduced CR.
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6.2.2 Impact of driver compliance in the real-world

A two-stage speed reduction scheme was implemented at one of the 1-494 work zone
bottlenecks in the Twin Cities, Minnesota. Despite the advisory SL, data collected from
the field operation test (FOT) indicated 25-35% reduction of the average 1-min maximum
speed difference (Kwon et al. 2007). Moreover, it was observed that drivers are less
likely to comply with the VSL if the posted speed is significantly different from the speed
they would otherwise choose. A six-mile test site with a long-distance work zone on 1-80
north of Wanship, Utah, was used to test drivers’ response to VSL signs. Though the
average speeds between static SL signs and VSL signs were not statistically different at a
95% confidence level, variation in speeds was reduced (McMurtry et al. 2008). Ulfarsson
et al. (2005) studied the effects of VSL control on mean speed and speed variance on the
I1-90 in Washington, U.S. Distributions of speed were generated; however, those
distributions included congested and uncongested conditions. Consequently, the

distributions do not solely reflect drivers’ response to the posted SL.

VSL has also been widely implemented and tested in European countries. The key
difference between Europe and U.S. is that in Europe VSL deployments are enforced.
Most European deployments have automated speed enforcement, and have high CR. The
UK Highways Agency (2004) reported a 9% reduction in the amount of flow breakdown,
and a 6% reduction in start-stop driving conditions. An empirical research was performed
along an 18-km section of Autobahn 9 near Munich, Germany to investigate how the
VSL affects driver behaviour and bottleneck formation (Bertini et al. 2006). The VSL
sign was augmented by traveler information systems and speed enforcement cameras to
promote higher CL. It was found that VSL can control dense, but still flowing traffic, and

traffic continued to flow during congested periods at speeds between 30-40 kph. Weikl et
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al. (2013) reported that the VSL could not improve freeway capacity; however, the

authors also recommended analyzing further features, including speed compliance.

The following three conclusions can be drawn from the literature survey:

(1) A few studies have analyzed the impacts of CLs on VSL benefits with heuristic
control strategies. There is no evidence that shows sensitivity of the proactive

optimal VSL effectiveness on CLs.

(2) Drivers are less likely to comply with SL, if the real-time posted speed is not
appropriate, which could diminish VSL benefits. Thus, it is important to advise

appropriate VSL values to find the true effects of the VSL control.

(3) None of the previous studies quantified the relative contribution of the VSL

control strategy combined with the CLs to improving mobility and safety.

6.3 Modeling driver compliance with VSL

6.3.1 Compliance with static speed limit

Analyzing driver response to the static SL on WMD is required to model driver
compliance to VSL, as there is a lack of evidence in the latter. The traffic data was
obtained from the traffic operation group within the City of Edmonton, and gathered over
2 months. The off-peak time period was selected to ensure that traffic was free flowing.
Speed measures were computed by using a commercial software TOPS (sample size,
n=89578): (1) mean =82 kph, (2) standard deviation (c) =7.34 kph, and (3) coefficient of
variation (COV)=0.09. Typically, the percentage of drivers operating below the mean
speed is considered compliant. By contrast, this research considered a driver to be

compliant if his or her speed falls 5 kph of the advised SL. This consideration allows the
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modeling and analyzing of the impact of aggressive as well as defensive drivers. From
the cumulative speed distribution curve, it was obtained that the CR for a static SL of 80
kph on WMD is approximately 45%. Furthermore, following the above definition, it was

also obtained that 20% of drivers are defensive and 35% driver are aggressive.

6.3.2 Experimental setup for compliance levels

This research modeled several CLs using the desired speed distribution curve in VISSIM.
During the simulation, if the surrounding traffic conditions allowed, then the vehicle
attempted to travel at the desired speed. Furthermore, each vehicle was assigned a fixed
fractile value for speed distributions when entering the network. For example, if the
fractile value is 50%, the vehicle will always get the 50 percentile of the desired speed
distribution curve related to the SL. This research models a CR of 20% (low CL), 45%
(moderate CL as observed in WMD), 80% (high CL), and 100% (ideal CL). Furthermore,
to replicate a real-world scenario, it is assumed that not many compliant drivers travel at
the speed exactly equal to the SL. By contrast, they are assumed to travel within +5 kph
of SL. The above intermediate CRs are used to analyze real-world scenarios; however,

the assumed CRs could vary based on the corridor’s traffic condition.

6.3.3 Non-compliance rate distribution

For each CL, it is also assumed that a certain percentage of non-compliant drivers will
drive below the SL; those are defined as ‘defensive drivers’. By contrast, a certain
percentage will exceed the SL; those are defined as ‘aggressive drivers’. The rest of the
drivers are assumed to comply at +5 kph of the SL. This assumption is made to induce
the realistic speed variance following the evidence from WMD. The non-compliance rate
distribution for the field implementable SLs are presented in Table 6-1. The table shows
that, as the posted SL decreased, the percent of aggressive drivers increased. This is

validated by the real-world observation presented in Giles (2004). The research found
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that as the SL rises, the proportion of vehicles traveling above the limit falls from 55.7%
with an SL of 60 kph, to 27.4% with an SL of 110 kph. As shown in Table 6-1, for a
‘low” CL and an SL of 80 kph, out of 80% non-compliant, 40% driver will tend to drive
below the SL, while the other 40% driver will exceed the SL. Whereas, for the same CL
and an SL of 20 kph, the percentages of defensive and aggressive drivers are 30% and
50%, respectively. The rest of the values in the table can be explained in a similar
fashion. The resulted cumulative speed distribution curves with the field implemented

VSL as functions of CLs are shown in Figure 6.1.

In Figure 6.1, the horizontal axis represents the desired speed in kph, and the vertical axis
represents the percentage of drivers traveling at or below given speed. The lower, middle,
and upper diagonal lines associated with each CL accounts for the defensive, compliant,
and aggressive drivers, respectively. The difference in the cumulative percentage between
the two extreme points of the middle diagonal represents the CR. Note that, for
computing the impacts of CLs exclusively on freeway mobility and safety, only a speed
distribution of 80 kph related to different CLs is implemented during the simulation. In
Figure 6.1, the lower and upper values of the speed are bounded by +2c¢ of the mean
speed related to SL, where 6 = mean speed*COV. With a fixed COV, the formula results
in decreasing o as the SL decreases. This conjecture can also be validated from the real-
world observation shown in Giles (2004). Specifically, the research found that two thirds
of drivers travel within 10-14 kph of the posted SL. This range increases for
progressively higher SLs. For example, the ¢ for an SL of 60 kph and 110 kph are 10.71
and 14.26, respectively. Thus, to mimic a real-world scenario, this research assumes a

fixed COV of 0.09, and mean speed is 1.025 times higher than the posted SL.
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6.4 Methodology

6.4.1 Integrated simulation platform for MPC-based VSL control
The proposed integrated simulation platform for VSL control can be divided into four

modules, as in Figure 6.2:

Module-1: performs short-term traffic state prediction and determines the optimal VSL

values over the prediction horizon with the chosen objective functions;

Module-2: acts as an interface between the microscopic traffic simulator and the traffic

state prediction module;

Module-3: simulates the traffic flow with the modeled CLs and analyzes the VSL

effectiveness due to different CLs; and

Module-4: archives the measured and predicted traffic states along with the SL posted to

the VSL signs.

To change the speed limits assigned in the freeway links during the simulation run time,
the VISSIM COM application programming interface (API) is used. Moreover, the
Visual C++ program is used to load the traffic network through the VISSIM API, and to
start the simulation process. The communication between MATLAB and C++ is

established through MATLAB COM API.

Following the analysis results as obtained in Chapter 3, within the MPC framework, the

calibrated DynaTAM-VSL model (as presented in Chapter 2) considers a simulation time

step of T =20 second (sec). The optimal VSL values are calculated for every NC =3 min,
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i.e., the control horizon. This research uses the SQP with scatter search global
optimization method to find the VSL values. Every 3 minute (min), the measured traffic

states obtained from Module-3 are fed back into Module-1 for traffic state prediction. In
this research, the traffic states are predicted for a horizon of Np=5 min. Once the

prediction horizon exceeds the 3 min interval, it is assumed that the SLs remain fixed.
Typically, the prediction horizon should be larger than the control horizon. At the same

time, the difference between these two horizons should not be very large. Otherwise, one
optimized VSL value that represents the time interval between N¢ and Np will have a

very large influence on the chosen objective function.

6.4.2 Evaluation procedure

To obtain traffic data for different CLs with the no-VSL scenario, the WMD base model
was run with a static SL of 80 kph in standalone mode with the field demand, where 5500
vph are needed to pass the weaving bottleneck during the congestion period (t=4:00 PM-
6:00 PM), and 1000 vph during t=6:01 PM-6:30 PM. Furthermore, an additional 30 min
demand, which is considered the warm-up period, was assigned before the beginning of
the 2.5 hr simulation. To obtain traffic data in the VSL control scenario with different
CLs, simulation was performed within the integrated simulation platform. The optimal
VSL values within Module-1 were calculated by minimizing the weighted summation of
TTT (1% term) and total travel distance (TTD) (2" term)—a surrogate measure of
throughput as in Equation (6.1). To eliminate the random effect of the results, ten
simulations, each with a different random number seed were conducted for each CL, and
the average mobility and safety performance parameters were computed from these
simulation runs. In this analysis, traffic speed and volume were imported from loop

detectors coded in the WMD base model every 20 s throughout the simulation.
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With, o =80 and arp =1 are considered for optimizing the mobility parameters.

The impact of exclusive CL is quantified by comparing performance parameters among
no-VSL scenarios with different CLs, assuming low CL as the base. The effect of the
combined impact, i.e., MPC-based VSL and CL, is quantified by comparing performance
parameters for no-VSL and VSL scenarios at the low and the particular CL, respectively.

The contribution from CL and VSL control are shown in Table 6-2 and Table 6-3.

6.4.3 Results and discussion

6.4.3.1 Impact of compliance levels and VSL on mobility

From Table 6-2, it can be seen that the TTT consistently decreased by a small amount as
the compliance rate (CR) increased with static speed limit (SL). The improvement is
statistically significant. A paired t-test for two sample means in SPSS 14.0 was
performed. A detailed examination of the simulation results showed that the increased
CRs resulted in a slightly improved average speed on some links that are not close to the
bottleneck. Specifically, with a CR of 100%, the TTT on WMD is improved by 4.8%

compared to a CR of 20%.

It can be seen that with a CR of 100%, the MPC-based VSL control reduces the TTT on
WMD by 14.8%. The improvements are much higher than that for SL with the same
compliance level (CL), which demonstrates the effectiveness of the MPC-based VSL
control. Furthermore, for the VSL scenario, the travel time is at minimum with the ideal
CL. As can be seen from Figure 6.3, the MPC-based VSL control can maintain lower
density in most of the freeway links, including the weaving segment (link 3), which is a

199



recurrent bottleneck and main source of congestion on the WMD when demand is high.
Furthermore, in that figure, both the link 6 and link 7 are very close to a virtual lane drop
bottleneck, where densities for no-VSL and VSL control are pretty similar. The reason is
that the presented figure is for a compliance rate of 45%. However, for a compliance rate
of 100%, this research observed significant density reduction for those links, which can
be verified by observing the TTT values presented in Table 6-2. This implies that CL has

significant impact in and around the bottlenecks to avoid flow breakdown.

By contrast, this research finds that the throughput improvement is not sensitive to the
CRs with the static SL, which shows that just improving average speed cannot itself
improve traffic volume. In theory, the improvement in average speed can increase the
time to breakdown, but cannot avoid capacity drops. The preceding phenomenon was
also observed in previous FOT (van den Hoogen and Smulders 1994; Jonkers et al.
2011). Moreover, this research proves that regardless of the CLs, the MPC-based VSL
control can provide similar throughput improvements. Figure 6.4 presents the WMD link
outflows during the simulation periods (t=4:00 PM-6:30 PM) with a CR of 45%. It can be
seen that for most of the times, the VSL control can maintain higher flow than the no-

VSL scenario, which increases freeway throughput by 7.4%.

6.4.3.2 Impact of compliance levels and VSL on safety

To quantify the safety impact of the MPC-based VSL control and CLs only, this research
adopts a previously developed precursor-based collision prediction model (CPM) for
WMD (Islam et al. 2013). For each simulation run, in each loop detector, a value of

collision probability (CP) is calculated at 20-s intervals using Equation 6.2:

exp—3.694—l.207 SV 2+3.149L0gAD1+4.028L0gSS 2

1+exp

CP(y) = (6.2)

-3.694-1.207SV 2+3.149L0gAD1+4.028LogSS 2

200



In Equation 6.2, the dependent variable y is a collision, and the explanatory variables

SV2, AD1, and SS2 are the standard deviation of volume 5-10 min prior to collision,
average density 0-5 min prior to collision, and standard deviation of speed 5-10 min prior
to collision, respectively. The model was developed using collision data and field loop
detector data collected from the test sitt WMD. The overall model goodness-of-fit and

the significance of the model parameters can be found in the above referred literature.

Table 6-3 shows that due to improved CLs with the static SL, the CP is reduced;
however, the improvements are not statistically significant. Moreover, the reduction in

CP is the maximum with a CR of 100%:; while the RSB is around 8%.

Furthermore, Table 6-3 shows that the RSB due to the VSL implementation is the highest
(60.3%) with a CR of 100%. By contrast, the RSB is the lowest (51.3%) with a CR of
20%. In the table, RSB for the VSL control is computed by Equation 6.3. Similar trends
can also be found in the mobility parameters. Thus, it can be concluded that the MPC-
based VSL mobility benefits are not at the expense of increased collision probability and
vice-versa. In Equation 6.2, the SV2, which is taken across the lanes, is negatively related
to CP, indicating that with a lower value of SV2, the likelihood of conflict increases due
to uniform traffic in all lanes. The positive coefficient for the AD1 indicates that CP
increases with congestion 0-5 min prior to a collision. Again, this is expected since the
CP is likely to increase with exposure. The SS2 is also positively related to CP. In
summary, high speed variability with less traffic volume variability followed by
congestion is found to increase CP. It can be seen from Figure 6.5 that the VSL

contributed to RSB by reducing AD1 and increasing SV2. By contrast, speed variance
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does not decrease while the VSL control is applied, since the optimal VSL values are

obtained by minimizing link density and increasing outflow, as shown in Equation (6.1).

Relative safety benefit (RSB) = CProvst. ~ CPupc based vt (6.3)
CI:)no—VSL
This research further quantifies the amount of achievable safety benefit by reducing SS2,
while the objective function within the MPC is set to minimize summation of speed
variance within the links and among two successive links over the entire simulation time
as in Equation 6.4. Unfortunately, for this case, the VSL reduces the SS2 by comprising
ADL, as shown in Figure 6.6(b, ¢). It is computed that for a CR of 45%, the CP on WMD
is 0.2182 and 0.2139 due to minimizing Equation 6.1 and Equation 6.4, respectively. The
VSL provides an RSB of 58.3% and 58.7%, respectively. Similar outcomes were also
found for other CRs considered in this research. Figure 6.6(c) proves that by minimizing
speed variance only, it is not possible to improve TTT. The VSL will increase the travel
time due to increased density. Thus, it can be concluded that the speed variance is not a
candidate objective function for the VVSL control strategy design when the control goals
are to improve traffic mobility and safety concurrently during congestion periods.
N,-1Mm

JW=T Y Ytk D-vk+ j+DP +vi(k+ i +Dvyuk+ J+DF]  (64)
=1 =1

At this point®, this research further investigates whether MPC-based VSL control can
improve safety without compromising mobility when CPM (Equation 6.2) is used within
the rolling horizon system instead of speed variance as mentioned above. The

optimization process can be seen as a problem of minimizing the objective function J:

8 Results in this section have been taken from a journal paper: Fang, J., Hadiuzzaman, M., Luo,
A., Karim, A., and Qiu, T.Z. “A Novel VSL Control Strategy with Traffic State Prediction based

Collision Probability Assessments.” (under-review)
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As shown in Equation (6.5), the objective function measures the summation of collision
probability over all the i analyzed links, as well as the entire prediction horizon. The

collision probabilities were evaluated at every link and at all time steps within the
prediction horizon CPiy J-(l//), separately for each feasible control input. The averaged

overall collision probability was then used to determine the optimal VVSL control input.

It was found that considering Equation (6.5), the VSL control algorithm has significantly
lowered the collision probability. For the two identified bottleneck locations where the
network has the highest safety risks, the collision probability was significantly reduced
from 36 to 23, which is a 35% relative reduction. This is achieved by quantitatively
analyzing the impact of the VSL control on traffic flow dynamics. Another interesting
fact is that under the proposed control, improving network safety performance does not
lead to compromises in mobility performance. The comparisons of TTT show that the
proposed control algorithm has decreased the TTT by approximately 6%. According to
Equation (6.2), the control algorithm managed to restrain the traffic flow density as an
effect of lowering the collision probability. This also contributes to mobility
improvements, as the experienced delay has been reduced (indicated by the reduced
TTT). There is also a slight increase observed in the throughput calculation (0.9%).
However, comparing the MPC-based VSL performance with Equation 6.1 and 6.5, it is

pretty much clear that Equation 6.1 could offer higher mobility and safety benefits.
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6.5 Summary and conclusions

This research quantified the mobility benefits of different CLs with static SL and the
MPC-based VSL control. As a secondary objective, it also quantified the safety benefits,
in order to assess whether the VSL mobility benefit is at the expenses of increased
collision probability. For the short-term traffic state prediction within the MPC, it used a
calibrated and validated macroscopic model — DynaTAM-VSL having several attractive
features as presented in Chapter 2. The SQP with a scatter search method was
implemented to find the optimal VSL values based on the predicted traffic states by the
above model. The optimal VSL values were pushed back into the microscopic WMD
base model, where several CLs were modeled. The research generated compelling

findings:

(1) Both the VSL mobility and safety benefits are positively correlated with
increasing CLs. The optimal VSL values within the MPC are computed with a CR
of 100%; thus, the higher the percentage of drivers who follow the optimal speed
limit in the microscopic WMD base model, the greater the benefits. These results
proved that VSL mobility benefit is not at the expense of increased collision

probability and vice-versa.

(2) The TTT and the throughput improvements due to the MPC-based VSL control
with the different CLs are always significantly higher than that of static SL with

the same CL.

(3) Specifically for the test site WMD, the TTT improvement due to the VSL control

is the maximum (14.8%) for a CR of 100%. Whereas, the improvement is only
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(4)

()

(6)

(7)

(8)

(9)

4.8% for a static SL with the same CR. Therefore, the travel time benefits of VSL

are more than three times the benefits obtained under no-VSL.

The throughput improvement for the static SL and the VVSL control are 1.2% and
7.9%, respectively, with a CR of 100%. In addition, the throughput improvement

is not sensitive to CRs when considered for either VSL or no-VSL scenario.

During the congestion periods, increased CRs with static SL results in reducing
CP, but the amount was found to be statistically insignificant. The RSB reaches a

maximum value of 7.7% with a CR of 100%.

For a CR of 20~100%, the MPC-based VSL control provides RSB in the range of
50-60%. Similar to the mobility improvements, the maximum RSB is obtained for

a CR of 100%.

With the prevailing CL to the SL on WMD, the VSL can provide improvements

in TTT, throughput, and CP by 11.1%, 7.4%, and 58.3%, respectively.

When the objective function within the MPC is set to reduce TTT and increase
throughput, the VSL contributes to RSB by minimizing AD1 and by increasing

Sva.

Minimizing speed variance gives a safety benefit only by reducing SS2. However,
it increases AD1 significantly, which could increase travel time. Thus, it can be
concluded that the speed variance is not a candidate objective function for the
MPC-based VSL control when the control goals are to improve both traffic
mobility and safety concurrently during the congestion periods. By setting the
above objective function within the MPC framework, it was computed that the

RSB is similar for that of minimizing the combined objective functions.
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(10) Lastly, this research investigates whether MPC-based VSL control can improve
safety without compromising mobility when CPM is used as an objective
function within the rolling horizon system instead of speed variance as
mentioned above. It was found that with the current objective function, MPC-
based VSL performs better. However, it did not offer better results compared to

adopting combined objective functions that includes mobility parameters.
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Table 6-1 Distribution of non-compliance drivers as function of compliance levels.

driver compliance levels

posted low moderate high ideal
speed (CR=20%)" (CR=45%) (CR=80%)" (CR=100%)
limit (kph)  defensive  aggressive  defensive  aggressive  defensive  aggressive  defensive  aggressive
V,.in =20 30% 50% 15% 40% 5% 15% 0% 0%
u=30 30% 50% 15% 40% 5% 15% 0% 0%
u=40 30% 50% 15% 40% 5% 15% 0% 0%
u =50 30% 50% 15% 40% 5% 15% 0% 0%
u =60 40% 40% 20% 35% 10% 10% 0% 0%
u=70 40% 40% 20% 35% 10% 10% 0% 0%
V... =80 40% 40% 20%" 35%" 10% 10% 0% 0%

“compliance within + 5 kph of advised

®observed non-compliance rate with the static speed limit of 80 kph in WMD
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Table 6-2 Mobility benefits under various compliance levels.

percent
percent .
. . average improvement
cases control average TTT  improvement in throughputb in
scenarios (veh-hr) t'l"lt"l;a (vphpl) throughput,
(t-stat) (t-stat)®
no-VSL,
base case CR=20% 555.8 n.a. 18039 n.a.
VSL, CR=20% 526.7 5.2, (4.73) 19172 6.3, (-15.91)
no-VSL,
CR=45% 546.4 1.7, (4.88) 18100 0.3, (-2.33)
. VSL, CR=45% 494.2 11.1, (12.72) 19368 7.4, (-26.89)
alternative 1o-VSL
cases § ’ -
CR=80% 541.0 2.7, (6.38) 18188 0.8, (-7.43)
VSL, CR=80% 492.5 11.4, (10.82) 19396 7.5, (-25.93)
no-VSL,
CR=100% 529.1 4.8, (10.03) 18252 1.2, (-5.37)
VSL,
CR=100% 473.5 14.8, (11.58) 19470 7.9, (-20.18)

Table 6-3 Relative safety benefits under various compliance levels.

percent improvement in

cases S(f:r?;?cl)s averra:)gbeagﬁli!tlsclon RSB,
P Y (t-stat)®
base case no-VsL, na
CR=20% 0.5230 -a.
VSL,
no-VSL,
CR=45% 0.5188 0.8, (-0.53)
VSL,
alternative ~ CR=45% 0.2182 58.3, (24.95)
cases no-VSL,
CR=80% 0.5119 2.1, (-0.77)
VSL,
CR=80% 0.2151 58.9, (21.07)
no-VSL,
VSL,
CR=100% 0.2076 60.3, (27.35)

n.a., not applicable

®degree of freedom=9; level of confidence=95%; t-critical=1.83; the values in boldface indicate

that the related improvement is statistically significant

®the throughput is the summation of outflow from all the 13 links of the test sites

‘shows the average 2.5-hours collision probability

212



100

80

60 ..

40t

20... A

cumulative percent of drivers

o -low

B —&—moderate ]

Vd‘em’md (kph)

@

60

100

80 ...........

s
=

(o]
[

cumulative percent of drivers

70
Vdesired (kph)

60

Figure 6.1 Modeling speed distribution as a function of compliance levels for different VSL. Boundary values of VSL are bounded by +2¢ of

80

cumulative percent of drivers

cumulative percent of drivers

100

80.

60

40t

201

)

defensive drivers

40
Vde.ﬂ'red (kph)

50

100

80.

60

Vdesired (kph)

mean speed.

213

cumulative percent of drivers

cumulative percent of drivers

100

801

60

4ot

201

100

80F

o~
=)

(=]
(=]

vd'emred (kph)

vde.s'ired (kph)



(9]
Maodule-1 Q
MPC framework to calculate

optimal VSL values
(within MATLAB)
Predicted traffic
states and
optimal VSL
MATLAB COM API values
Traffic demand at: 5
1. Mainline; 2. On-ramps
D Module-4
Module-2 Archived traffic
% Visual G++ states and optimal
%) VSL values
=
=
E
i
t
VISSIM COM API
Measured
‘[ i traffic states
&
Module-3
Modeling driver compliance levels

(within VISSIM)

Figure 6.2 Relation between different modules in integrated simulation platform.

214



link 2
75 i
= / ‘f\‘."‘ S \‘ If I
£ 50 /"“Ww‘m’"‘ RENW i
3./ N *w\w
250 ) " »N'MWW"‘“ L"
400 M 4:50 PM 5:40 PM 6:30 PM
time (hour)
100 fink 4
_ 75
&
g 50
Q
L -
A Nw" %WW%W/-W"“NN”"? L
400 PM 4:50 PM 5:40 PM 630PM
time (hour)
100 A link 6
75 Mm
£ } | “l
S5 /) |
. W \ngnp,a\{mm W J\
s PN S0PV SAOPM a0 M
time (hour)
100 link 8
75
& 50 Y
= WA
250 P T
L n M
4:0% PM 4:50 PM 5:40 PM 6:30 PM
time (hour)
100 link 10
75
=
;-: 50r
S 25 lﬁ‘l\«{\ Al [f
a ey
4£00PM 450PM 540 PM 6 30 PM
time (hour)
100 link 12
75
=
2 50
Q
2 I A
S iy “I\HWMWJ“‘WN L,
l~.l'5c-lu".-r
400PM 450PM 540PM 6:30 PM

time (hour)

100 link 3
75
=3 A
x { ' ‘// \
NP ” T N
A M
Sl M \“.ﬁ
Wl
400PM 450PM _ 5:40PM 6:30 PM
time (hour)
100 link 5
75
&
T S0 le
S o5k
ﬁfjﬂ}j‘ ! !‘\{‘-« f\r .A }A}\M&f» V\avwﬁﬁ“‘{f‘
e P T ST 30 PM
time (hour)
100 )‘Q\ T link 7
_ 75 g’ﬁ i W\l\-
= | 1
£ | ‘w\
£ S0 "\ i
U S
25 MMUM WW\/M
400 PM 450PM 5:40PM 6:30 PM
time (hour)
100 link 9
75
&
£ 50
% '\’\ _"V"‘
J It
mmmﬂw‘%
. ‘ Wm
4:0% PM 4:50 PM 5:40 PM 6:30 PM
time (hour)
100 fink 11
~ 757 1
B Lo
£ so-
%. A h ! M
2504l M”‘Mﬂrﬁy\mﬁ%\}%m?% WW‘
! T %vr
400PM 450PM _ 540PM 630 PM
time (hour)
10 link 13
750
'E. no-VSL~VSL control
za 50—
QU
L '\ / }
N,
4:00 PM 4:50 PM' 5:40 PM 6:30 PM
time (hour)

Figure 6.3 Contributing factor in improving TTT (Seed 20, CR=45%).

215



450PM 540 PM
time (hour)

240
2000

2

[=3

=z

> 800 :.

400 F

SN ek
e/
Thkv.

6:30 PM

4:00 PM 4:50 PM 5:40 PM

time (hour)

5:40 PM
time (hour)

4:50 PM

i 400

240
2000
Z 1600,
51200
< 800/

link 5

i,{i.':j‘,h ) X LA
6:30 PM 4:0% PM 4:50 PM 5:40 PM
time (hour)

link 6

240
2000- ¢
-:é 1600~
g 1200~
= 800~

- 400
400PM 450PM  5:40PM 630PM  400PM  450PM 5:40 PM
time (hour) time (hour)
2400 fink 8 240 T Tink9
2000~ /i !
221600' i
g- 1200~
= 800
‘,‘ )(' 4007 o=
4:0% PM 4:50 PM 5:40 PM 6:30 PM 4:00 PM 4:50 PM 5:40 PM 6:30 PM
time (hour) time (hour)
2400 link 10 2400, link 11
2000~ o I 2000
21600 21600~
ig-lzoo §1200
= 800 = 800
400/ E A 4004 :
00 | L oy 00 | | 3
4:0% PM 4:50 PM 5:40 PM 6:30 PM 4:0% PM 4:50 PM 5:40 PM 6:30 PM
time (hour) time (hour)
2400 2400 Tk 13
2000~
21600~/
512000
Z |
< 800 |
)
4004 A
; . . v —No-control + VSL control A/
400 M 4:50 PM 5:40 PM 6:30 PM 400 pM 4:50 PM 5:40 PM 630 PM
time (hour) time (hour)

Figure 6.4 Contributing factor in improving throughput (Seed 20, CR=45%).
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Chapter 7

Conclusions and recommendations

7.1 General conclusions

This paper-based thesis is primarily concerned with investigating the impact of VSL
control on traffic flow, and developing a proactive optimal VSL control strategy to

improve freeway mobility. There are several general conclusions:

e Chapter 2 investigated the flow-density and speed-density curves that resulted in
different METANET-based VSL modeling approaches. It was found that all of the
previous VSL modeling approaches violated the equilibrium traffic state assumption.
Specifically, under low densities, the direct parameterization of the FD in
METANET’s speed dynamics with the affine functions results in traffic speeds that
are considerably lower than both the displayed VSL and the speed that the driver
would assume without VSL. Another approach that takes the lesser value between the
FD and VSL control variable shows inconsistency with the real-world control
situation in high density regions. Specifically, the speed-density curve shows that
rather than following speed limits, drivers adopt speeds based on their judgment. This
finding questions the effectiveness of VSL control, since the displayed VSL and the
adopted driver speed could be significantly different. On the contrary, replacing FD
with linear VSL control variable avoids violation of the equilibrium traffic state

assumption. However, the speed-limit-dependant link-specific parameters must be
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considered to avoid unrealistic traffic flow evolution in the control situation.
Furthermore, to improve prediction accuracy within MPC, models’ parameters must
be calibrated in the VSL control situation. To investigate the simulation accuracy of
different VSL control modeling approaches, four METANET-based traffic flow
models were considered. It was found that for a lane drop bottleneck, the DynaTAM-
VSL (M4) improved speed prediction by 71.7% compared to model (M3), which does
not consider speed-limit dependant parameters, but adopts the same VSL control
modeling approach. Furthermore, the calculated RMRSE values for the 11-km test site
(WMD) in speed, flow and density simulation were 0.0313, 0.0407, and 0.0458,
respectively, which were the lowest values compared to all of the other METANET-
based models considered in this research. In the order of magnitude of network-wide
traffic flow prediction accuracy, M4>M1>M3>M2. M1 and M2 adopted the VSL
modeling approaches of without parameterization and with parameterization,
respectively. The sensitivity of the DynaTAM-VSL with respect to changes in the
structure showed that in the order of magnitude, the speed-limit-dependant link-
specific parameters, the modified convection term, and the speed-limit-dependant

reaction time parameters have the greatest contribution on improving flow prediction.

Chapter 3 investigated the impact of MPC parameters on multi-objective
optimization: reducing travel time and increasing link throughput under the
coordinated VSL control. The efficiency of the MPC-based VSL control at various
demand levels was also investigated. The ultimate objective was to see how and when
the VSL control gives maximum mobility benefits. The MPC with gradient-based
SQP optimization method proved that when the controller considers TTT as an
objective function, it compromises throughput improvement. By contrast, maximizing

TTD compromises both of the mobility parameters. It was observed that, during the
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congestion periods, the combined objectives with appropriate weight can facilitate
throughput improvements without compromising TTT improvements, which resolves
several existing paradoxical results. Furthermore, a method to tune the weight
parameter in the combined objectives based on the control policy was proposed. It
was observed that when close to the maximal allowable speed limit on the test site, the
VSL control provides maximum mobility benefits. Interestingly, it was found that
with a longer control horizon, improvements in both of the tested parameters are
imperceptible as the prediction horizon increases. This research determines that the
range of the mainline demand / bottleneck capacity ratio is 1.0-1.3, where the lower
and upper values of the range depend on the bottleneck capacity and capacity at the
upstream boundary link of the controlled section, respectively, when VSL can
improve both the defined mobility parameters. Moreover, in the order of magnitude of

improvements in the mobility parameters, M4>M1>M3>M2.

Chapter 4 proposed an isolated VSL control strategy aimed at maximizing bottleneck
flows. The control strategy explicitly considers the FD at a recurrent bottleneck, and
its upstream-downstream segments. This VSL control strategy was designed within
the MPC approach. A customized version of the DynaTAM-VSL was used for traffic
prediction within MPC. To evaluate the effectiveness of the proposed control strategy,
a base model of the test site was calibrated to reproduce the existing traffic conditions
and the proposed control strategy was implemented to evaluate their impact.
Considering real-world applicability, this research proposes an optimization method
that not only does not require the evaluation of the gradient of the dynamic objective
function, but also searches the optimal set of control variable values based on a
generated decision tree at each control sampling time. The microscopic simulation-

based evaluation showed that, in terms of mobility, VSL is mostly effective during
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congestion periods. Specifically, for the studied test site, improvements to TTT and
throughput were around 39.0% and 5.4%, respectively. Furthermore, it was estimated
that for the weaving and lane drop bottlenecks, the proposed control strategy
improved the capacity by 3.7% and 10.2%, respectively, which shows the robustness
of the VSL control strategy. The VSL sensitivity analysis on safety constraints and
VSL update frequencies are promising in terms of supporting the implementation of a
V/SL control strategy for improving freeway safety and mobility. Based on both safety
and travel-time savings, the VSL control with a 5-minute speed limit update frequency
and a 10 kph maximum speed difference between two successive time steps yields the
best results. In addition, it was found that, due to rounding the continuous VSL values
(to the nearest 10 kph) obtained from the SQP optimization, the loss in TTT and
throughput improvements are 10.8% and 1.7%, respectively, compared to the
optimization with the discrete values obtained from the decision tree-based
optimization. In addition, the CPU time and objective function values at most of the
control sampling times over the 2.5 hr simulation were at the minimum values with
the proposed optimization method. Consequently, it was concluded that the proposed

decision tree-based optimization method is suitable for real-world application.

Chapter 5 proposed a new first-order traffic flow model: CTM-VSL, which is flexible
for use in macroscopic simulation and requires calibrating piece-wise linear FDs. Two
modifications of FD of the basic CTM are proposed: (1) the first modification permits
the modeling of recurrent bottlenecks in which there is a capacity drop once feeding
flow exceeds its capacity; and (2) the second modification permits variable free-flow
speed for the cells operated with VSL control. A comparison of the CTM-VSL (1*
order) with the DynaTAM-VSL (2™ order) revealed that errors in speed simulation for

an individual link as well as for the entire test site are higher in the 1 order model.
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Specifically, the calculated RMRSE values for the speed simulation in CTM-VSL and
DynaTAM-VSL are 0.0457 and 0.0313, respectively. To assess the effectiveness of
the MPC-based VSL control with a 1% order model, the CTM-VSL was adopted
within the MPC to reduce input flow at a lane drop bottleneck following the VSL
control strategy with strict speed compliance. To update the freeway storage capacity
of an upstream segment of a VSL sign, a real-time queue estimation model was
proposed. It was found that smaller time steps (60 s verses 20 s) in the queue
estimation models results in better simulation. The micro-simulation of the MPC-
based VSL implementation indicated the potential mobility benefits of ATM.
Specifically, for the test site WMD, improvements to TTT and throughput were in the
range of 9.0%-15.0% and 6.0%-7.5%, respectively, for different control scenarios. It
was observed that queue control is necessary when very high demand approaches the
bottleneck. Despite the simple structure of the CTM-VSL, the designed isolated MPC-
based VSL control showed comparable results to that of the DynaTAM-VSL.
Although the CTM-VSL showed slightly higher error in speed prediction compared to
the DynaTAM-VSL due to regular feedback into the control framework with the
measured traffic data derived from the above findings. However, the model is valid

only for absolute driver compliance to the VSL control.

Chapter 6 quantified the mobility and safety benefits of different CLs with static SL
and the MPC-based VSL control. The secondary objective was to assess whether VSL
mobility benefits are at the expense of increased CP and vice-versa. Improving safety
on the test site can avoid collision-related congestion. Thus, several CL-to-VSL
strategies were modeled with a fixed COV of speeds obtained from the static speed
limit. The assumption accurately mimics real-world traffic behavior reported in the

literature. The CLs included speed distributions for aggressive, compliant, and
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defensive drivers. The SQP optimization results were pushed back into the base
microscopic simulation model, where several CLs were modeled. The research found
that the VSL mobility and safety benefits are positively correlated with increasing
CLs, disproving previous conclusions that the VSL safety benefit is at the cost of
increased travel time. Specifically, for the test site WMD, the travel time, throughput,
and collision probability are improved in the range of 5-15%, 6-8%, and 50-60%,
respectively. This chapter also showed the impact of the objective function on both
mobility and safety. It was found that when the objective function within the MPC is
set to reduce TTT and increase throughput, the VSL contributes to RSB by
minimizing AD1 and by increasing SV2. However, minimizing speed variance gives a
safety benefit only by reducing SS2. However, the controller increases AD1
significantly, which could increase travel time. Thus, it was concluded that the speed
variance is not a candidate objective function for the MPC-based VSL control design
when the control goals are to simultaneously improve both traffic mobility and safety
during congestion periods. Furthermore, it was revealed that by considering CPM in
the objective function, it is possible to simultaneously improve both the mobility and
safety parameters; however, the control performance is not better than that of
considering combined mobility parameters in the MPC objective function. The above
results also provide important implications for MPC-based VSL implementation in

freeways with varying collision and traffic characteristics.

7.2 Recommendations for future research

Research on active traffic management (ATM) in Canada as well as in other North

American countries is extremely scarce and challenging. The contents of this thesis were

stimulated by an ongoing Field Operation Test in Edmonton, Canada, where a pioneer

224



attempt has been made to deploy an MPC-based VSL control in authentic traffic

operation. Future research in this area can be classified into three categories:

7.2.1 Topics related to traffic flow modeling

e Validation of VSL modeling approach. This research has made several
modifications, improvements and extensions of the METANET model to improve
traffic state prediction accuracy with the adopted VSL modeling approach. Although
the model has been validated with traffic data collected from the field-data-based
microscopic simulation model, in the future, it will be validated with real field data.
To do so, both the speed-limit-dependant link-specific parameters and speed-limit-
dependant driver behaviour parameters must be re-calibrated. Further validation of the

DynaTAM-VSL model can be conducted with 20-s field loop detector data.

¢ Relaxing the assumption in speed dynamics. While deriving the speed dynamics in
the VSL control situation, it was assumed that the advised speed limits are achievable.
This assumption can be relaxed by introducing a non-compliance rate, i.e., (1+€).
Specifically, by multiplying the linear VSL control variable in the relaxation term of
METANET with a term (1+€). The parameter € represents the level of driver
compliance to the advised VSL. If €>0, it indicates that more drivers tend to achieve a
higher speed than the advised VSL and the desired speed is € percent higher than the
advised VSL. If €=0, the desired speed is same as the advised VSL. If €<0, the desired
speed is € percent lower than the advised VSL. In this research, the authors planned to
calibrate the drivers’ non-compliance rate with field data and quantify the proposed
model’s accuracy to reproduce prevailing traffic conditions. Unfortunately, the
necessary data was not available to conduct such research. In future studies, this type
of data and research will be meaningful and will enhance field VSL control

performance by introducing the non-compliance rate in traffic dynamics.
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o Comparison among different METANET-based models. The prediction accuracy
by different METANET-based traffic flow models should be independent of
implemented VSL control strategies, as these models include several parameters to
capture driver response to traffic conditions and link-specific parameters. Therefore,
once field data in the control situation is available, the authors plan to evaluate
prediction accuracy of different METANET-based traffic flow models with the field

loop detector data. All the models considered in this research will be re-calibrated.

e Combined impact of VSL and RM control variables. In this research, the
METANET’s speed dynamic has been extended to incorporate the impact of VSL
control variables on traffic flow. In the future, the combined impact of VSL and RM
control variables (through METANET’s density dynamics) can be modeled and the

effectiveness of active traffic control strategies can be further explored.

e Modeling congestion side of FD for different speed limits. In this research, the base
model of the test site WMD was coded within VISSIM to reproduce existing traffic
conditions in the non-VSL situation. FDs for different links with different speed limits
were calibrated with the traffic data collected from the base model by applying a VSL
control strategy. By contrast, once field data in the VSL control situation is available,
the FDs could be re-calibrated using this field data and could be replicated in
microscopic simulation. To do so, the VISSIM parameters (e.g., CCO, CC1) must be
changed during the simulation run-time. Also, it will be interesting to see how the
VSL control impacts the congestion side of the FD in a real-world traffic situation.
After that, research can target at modeling cloud distribution (one density corresponds

to several values of flow) in the congestion side with multiple lines.
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7.2.2 Topics related to traffic flow optimization

¢ Objective function with combined safety and mobility parameters. In the test site
WMD, traffic congestions are also observed due to collisions. A number of previous
studies mentioned that freeway efficiency can be improved, taking into account the
interaction between safety and efficiency. It is believed that if traffic is safer, then
there are fewer collisions, and, consequently, the traffic flow is higher. Conversely, an
improved traffic flow is usually achieved through more stable flow by avoiding flow
breakdowns, which can be expected to result in fewer collisions. However, due to
inadequate evidence on how to choose the weight parameters and find a trade-off
between safety and mobility, it is challenging to include both the mobility and safety

parameters in one objective function and optimize the parameters simultaneously.

e Objective function that includes predicted queue length. A number of heuristic
VSL strategies have been proposed and evaluated in the literature; however, queue
dynamics as a critical parameter for traffic management strategies were overlooked.
To this end, an MPC-based VSL control can explicitly consider queue dynamics.
Specifically, the optimal VSL values can be calculated by optimizing a combined
objective function, which is a weighted summation of the predicted queue length
(by using a model as proposed in Chapter 5), total travel time (TTT) and total

travel distance (TTD).

7.2.3 Topics related to investigating VSL effectiveness

e Generating dynamic O-D for control situation. Over time, more vehicles enter the
network, modifying the dynamics of the system operation. An operational model
cannot predict this demand. Traffic demand prediction is particularly important to
improve control performance. As demand prediction was out of the scope of this

research, it was assumed that the demand on mainline and ramps were absolutely
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known. In reality, only historical demand data is known from the City’s transportation
planning model. Furthermore, due to dynamic control implementation, the O-D matrix
can be affected differently than in the uncontrolled situation. Future research topics
can include estimating the dynamic O-D matrix from loop detector data and probe
counts in real-time. For VVSL control, this demand could be the input for macro traffic

flow models.

Investigating the impact of inaccurate traffic data. In the traffic control and
management community, there is a growing interest in the relationship between traffic
data quality and the efficiency of ATM. Therefore, future research can quantify the
impact on ATM performances of inaccurate measurements from loop detectors.
Specifically, the relationship between different accuracy levels of flow and speed
measurements as inputs at each control sampling time can be investigated both in

microscopic simulation and the field.

Investigating control strategy performance for non-recurrent congestion. Further
studies could be conducted to assess the robustness of the VSL control strategy to
improve bottleneck capacity caused by non-recurrent events (e.g. collision).
Evaluation experiments could be designed from two practical perspectives: (1) the
control effectiveness of when a queue encounters the VSL sign; and (2) the impact of

system detection delay in VSL control.

Assessing real-life benefits from MPC-based VSL control. Although the MPC-
based VVSL control is a promising solution to improve freeway congestion, the real-life
benefits of such a control application are not yet available. This may be attributable to
several factors: (1) inaccuracy of traffic data obtained from the available traffic

sensors and failure to transmit real-time and online data to the Traffic Management
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Centre (TMC); (2) inaccurate traffic dynamics for real-time traffic prediction; and (3)
unreliable field application software in ATM. In this research, DynaTAM, a field
application tool, was being developed (see Appendix C). It can be used to analyze,
simulate, and optimize the traffic network in offline or online mode. The software has
adopted the DynaTAM-VSL and the CTM-VSL models that were presented in this
thesis. In the future, using this newly developed software, the authors will present the
benefits that can be achieved in the real-world with different factors: driver response
to the VSL, accuracy of measured traffic data, data timeliness due to sending

measured traffic data from field loop detectors to the TMC, and more.
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Appendix A

Peak hour traversal matrix in VISSIM model
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Figure A.1 Routing decision numbers in VISUM model.
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Table A-1 Assigned O-D matrix into the WMD base model.
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Appendix B

C++ code for generating decision tree-based optimal VSL

#include "StdAfx.h"
#include <vector>
#include <stack>
#include <map>
#include <set>
#include <math.h>
#include <algorithm>
#include <fstream>

using namespace std;

/*
The following constants should be set according to concrete application situation
*/

const int PredictStepNo = 5; /I the number of prediction steps with METANET model
const int ChoiceNumForCurSpeedLim = 3; // choice number of current speed limit, such as: -1,
0,1

const int MinSpeedChangeAmp = 20; /I minimum speed change amplitude for each step,
usually set to 10 km/h

const int UpLimForSpeedLim = 80;

const int DownLimForSpeedLim = 20;

I* */

long generateDecisionTree(int curSpeedLim)
/I "curSpeedLim" is the speed limit for current time step

{

again

if (numOfDecisionBranches > Q) // the decision tree exists, do not need to generate it
return numOfDecisionBranches;

int choiceNum;

int scope;

long i, j;

vector <CString> strList, strList2;

vector <vector <CString> > strL.ists;

vector <vector <CString> >::iterator strListlter;
set <vector <int> > tmpDTreeg;

set <vector <int> >::iterator treelter;
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CString str;
short delta, speedLim;

if (curSpeedLim == DownLimForSpeedLim || curSpeedLim == UpLimForSpeedLim)
choiceNum = 2;

else
choiceNum = ChoiceNumForCurSpeedLim;

if(choiceNum=3)

numOfDecisionBranches = long(pow(choiceNum, PredictStepNo));
else

numOfDecisionBranches =2* long(pow(3, PredictStepNo-1) );

decisisonTreeBranches.clear();
decisisonTreeBranches.resize(numOfDecisionBranches);

/I set dimension for the decision tree branches
for (i = 0; i < numOfDecisionBranches; i ++)

{
decisisonTreeBranches[i].resize(PredictStepNo);
}
if (choiceNum == ChoiceNumForCurSpeedLim)
{
scope = (ChoiceNumForCurSpeedLim - 1) / 2;
for (i = -scope; i <= scope; i ++)
{
str.Format("%d", i);
strList.push_back(str);
}
else if (curSpeedLim == DownLimForSpeedLim)
{
for(i=0;i<=1;i++4)
{
str.Format("%d", i);
strList.push_back(str);
}
else if (curSpeedLim == UpLimForSpeedLim)
{
for(i=0;i>=-1;i--)
{
str.Format("%d", i);
strList.push_back(str);
}
}
else;

for (i = 0; i < PredictStepNo; i ++)
{

}
descartTotalProduct(strLists, strList);

for (i = 0; i < long(strList.size() ); i ++)

{

strLists.push_back(strList);
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str = strList[i];

extractString(str, ",", strList2);
speedLim = curSpeedLim;

for (j = 0; j < PredictStepNo; j ++)

{
delta = atoi(strList2[j] );
speedLim += MinSpeedChangeAmp * delta;
speedLim = __min(speedLim, UpLimForSpeedLim);
speedLim = __max(speedLim, DownLimForSpeedLim);
decisisonTreeBranches[i][j] = speedLim;
}
if (IdecisisonTreeBranches.empty() )
{
tmpDTree.clear();
for (i = 0; i < long(decisisonTreeBranches.size() ); i ++)
{
tmpDTree.insert(decisisonTreeBranches]i]);
}
decisisonTreeBranches.clear();
for (treelter = tmpDTree.begin(); treelter = tmpDTree.end(); treelter ++)
{
decisisonTreeBranches.push_back(*treelter);
}
numOfDecisionBranches = decisisonTreeBranches.size();
}

return numOfDecisionBranches;
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Appendix C

DynaTAM: an on-line field application software tool for
computing optimal VSL values within MPC

Over the last decade, there has been an increase in the interest surrounding proactive
optimal VSL control strategy design; unfortunately the real life benefits of the strategy
are not available. This may be attributable to (1) inaccuracy of traffic data obtained from
the available traffic sensors and failure to transmit real-time and online data to the Traffic
Management Centre (TMC); (2) inaccurate traffic dynamics for real-time traffic

prediction; and (3) unreliable field application software in ATM.

To bridge these gaps, DynaTAM, a field application software tool of ATDM is being
developed by the authors. This tool stemmed from the authors’ participation in the project
“Variable Speed Limit Control Algorithm Design and Development for Whitemud Drive
in Edmonton”. The software tool can be used to analyze, simulate, and optimize the
traffic network in both offline and online mode. This appendix presents the software
design and implementation and its communication protocol with the outer system, i.e.
traffic control devices and field sensors. In the data management module, DynaTAM
realized a practical data conditioning method, which makes it suitable for field
application. As a Realistic and fast Traffic Simulator (Ref-TS), DynaTAM has adopted
the METANET-based and CTM-based traffic flow models as presented in the chapter 4

and Chapter 5. A snapshot of the software interface is presented in Figure C.1.
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DynaTAM is a complicated software system based on object-oriented design coded with
C++. To reduce the use of pointers and structured text files to store data, DynaTAM uses
the STL template library to organize its data structure and it uses MS Access 2007 and
SQL server to store data. It is composed of several models and algorithms to achieve
broad functionalities: (1) estimation of the current state of a traffic network using both
historical and real-time data; and (2) generation of prediction-based information for a
given time horizon with the control variable. The two functions interact in a rolling
horizon concept. Figure C.2 illustrates the framework of DynaTAM implementation. It
was 4:00 pm: DynaTAM starts an execution cycle, and performs a state estimation using
data collected during the previous 5 minutes (user can choose different intervals). When
the state of the network at 4:00 pm is available, DynaTAM starts predicting for a given
horizon, say fifteen minutes, and computes an optimal set of VSL control variable values
that minimizes the user-defined objective function. When DynaTAM finishes its
computation, it is ready to implement the control variable on the real network. This
control variable will be in effect until a new set of control variable values are generated.
Immediately following that, the software starts a new execution cycle. Now, the state
estimation is performed for the next 5 minutes. While DynaTAM was busy computing
and implementing the new control variable, the surveillance system continued to collect
real-time information, and DynaTAM will update its knowledge of the current network
conditions using that information. The new estimation is used as a basis for a new

prediction.

Occasionally failures can occur at the sensors or real-time measured traffic data
transmission to the TMC. So, it is important to perform data conditioning before the data
is used by DyanTAM for traffic state prediction and for finding the optimal VSL control

variable. This software tool realized practical ways to remove the outlier in the real-time
236



traffic operation: (1) if the data obtained from any loop detector (outfitted on a lane) is
found to be unintuitive (e.g. negative flow or negative speed), the average of the data
from the adjacent loops placed on the same segment is considered; (2) if data from all of
the loop detectors at any segment is found unintuitive, values from the same set of loop
detectors during the preceding time steps are used for traffic state prediction; and (3) data
beyond the threshold value is discarded (e.g. any flow data more than the capacity is not

be considered). Figure C.3 summarizes the data conditioning process.

DynaTAM has two main components: (1) the master module for finding optimal VSL
control variable values, and (2) the graphical user interface (GUI) for control variable
display for operators. Interfaces between DynaTAM and Outer Systems are shown in
Figure C.4. The connection protocol between the real-time database and DynaTAM is
ADO (ActiveX Data Object) based on OLE DB, which works with any language that
supports component object model (COM) or ActiveX objects. ADO provides consistent
and high-performance access to data. The master module of the software comprises the
traffic simulator. The CTM-based and METANET-based models have been implemented
in DynaTAM for traffic state prediction with the control variable. The software requires
human intervention for sending the updated control variable values to the VSL signs. Any
action taken by the operators will be stored in the historical database for future reference.
DynaTAM has the function to exchange traffic data with the on-shelf micro-simulation

software for the offline evaluation of the VSL strategy (See, Figure C.4).
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Figure C.2 Rolling horizon concept adopted by DynaTAM.
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Figure C.4 DynaTAM interaction with the outer systems.
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