Modeling Microscopic Driver Behavior under Variable Speed Limits: A Driving Simulator

and Integrated MATLAB-VISSIM Study

Charles Arthur Conran

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in

partial fulfillment of the requirements for the degree of

Master of Science
In

Civil Engineering

MontasirM. Abbas, Chair
HeshamA. Ra&kha

Susan Hotle

May 9, 2017

Blacksburg, Virginia

Keywords:Variable Speed Limits, Microscopic Traffic Model

Driving Simulator, Compter Simulation



Modeling Microscopic Driver Behavior under Variable Speed Limits: A Driving Simulator

and Integrated MATLAB-VISSIM Study

Charles Arthur Conran

ABSTRACT - ACADEMIC

Variable speed limitVSL) are dynamic traffic management systems designed to
increase the efficiency and safety of highways. While the macroscopic performance of VSL
systems is well explored in the existing literature, there is a need to further understand the
microscopic beavior of vehicles driving in VSL zones. Specifically, driver compliance to
advisory VSL systems is quantified based on a drigingulation experiment and introduced
into a broader microscopic behavior model. Statistical analysis indicates that VSL camplia
can be predicted based upon several VSL design parameters. The develegtdetwo
microscopic model is calibrated to drivisgnulation trajectory data calibrated VSL
microscopic model can be utilized for new VSL control and macroscopic perforisiaioes,
adding an increased dimension of realism to simulation work. As an example, the microscopic
model is implemented within VISSIM (overriding the default-frdiowing model) and utilized
for a safetymobility performance assessment ofiecidentresponsive/SL control algorithm
implemented in a MATLAB COM interfac&xamination of the muHkobjective optimization
frontier reveals an inverse relationship between safety and mobility under different control
algorithm parameters. Engineers #nus faced with a decision between performing multi
objective optimization and selecting a dominant VSL control objective (e.g. maximizing safety

versus mobility performance).
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Charles Arthur Conran

ABSTRACT - GENERAL AUDIENCE

Variable speed limits (VSL) are dynamic traffic management systems designed to
increase the efficiency and safety of highways. While the system performance of VSL systems
well explored in previous researdhere is a need to further understand the individual behavior
of vehicles driving under VSL control. Specifically, driver compliance to advisory VSL systems
is modelledbased on a drivingimulation experiment. Lowaenpliance equates to poor VSL
performanceso it is important for engineers to have the ability to predict compliance based on
VSL design conditionsThe compliance model iatroduced into a driver behavior model that
guantifies and predicts the driver d@on process on VSL controlled highwayse driver
behavior model parameters are set using data obtained from the -driviuigtion experiment.
Utilization of the developed driver behavior model will increase the accuracy of future
simulation work on V& system performance. In this study, the model is implemented within a
traffic simulation software to conduct an assessment of the tféglbetween safety and
mobility VSL performance for differenfSL control designs. An accident is modelled in the
simuation software, and VSL is utilized to respond to and alleviatenthéent Simulation
results indicate an inverse relationship between safety and mobility performiaioeating that

engineers must select a primary objective when selecting VSL tdesignparameters.
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CHAPTER 1: INTRODUCTION
1.1. Background

Thefour million miles of roads crossing the United States carried 3.2 trillion miles of people
and goods travel in 2016. According to the Infrastructure Report Card published by the
American Society of Civil Enginee(ASCE), congestion exists on forty percen of t he nat i
urban interstates. The average driver spent{wvo/hours in traffic in 2016, contributing to a
total waste of 3.1 billion gallons of fuel and an economic cost of $160 HillioAs federal,
state, and local governments work to imgravfrastructure and reduce congestion, it has
become increasingly clear that solutions must be explored beyond the traditional approach of
increasing capacity by building new lanes and roAdsimary hindrance is the lack of funding
— ASCE reports a $2billion backlog of system expansion and enhancement projects [1].
Additionally, on many of the urban congested interstates throughout the country, the urban
environmenphysically prevents roadway expansion as development lies immediately adjacent
to theright-of-way. Finally, research has repeatedly confirmed the evidence of induced traffic
demand. Capacity improvement projects, designed to relieve traffic, almost always results in a
higher volume of traffic. One empirical study states that average ayadwprovements induce
the following levels of traffic: an extra 10% in the short term, an extra 20% in the long term, and
potential for double these levels in peak periods [2].

Given these obstacles to increasing physical capacity of highways, nelrsolare being
proposed and implemented to increase the efficiency of highways, thus maximizing existing
capacity. These solutions are significantly cheaper than infrastructure expansion and require little
to no additional rightf-way. Among a larger subsof solutions known as Active Traffic

Management is a technique known as Variable Speed Limits (BELYSL are dynamic,



electronically controlled speed limits that adjust to reflect changes in traffic and weather
conditions. Safety and mobility imprement are the two primary VSL objectiv&SL
improves safety by slowing traffic speed through incident areas and by smoothing traffic speed
(speed harmonization)[3lobi | i ty i mprovements propagate fr.
breakdown formatior mostoften by regulating inflow to a bottleneck region. VSL shifts
critical occupancy to a higher value, thus enabling higher traffic flows thafShacontrol at
the same occupancy levels [4].
1.2. Thesis Objectives

This thesis aims to answer several questihich are defined in greater detail in the
following chapters. First, there is a need to understand how drivers react and behave to VSL
systems-in other words, the microscopic behavior of drivers operating under VSL.
Macroscopic effects of VSL havedrewell studied, but microscopic behavior, specifically
predictingdriver compliance to VSlhas been undeteveloped. Driver compliance to VSL is
vital to VSL performance as low compliance will neglect any safety or mobility benefits, and
may in fact worsn conditions due to increased speed deviaBenondly, it is understood in the
literature that there are performance tradeoffs between safety and mobility when optimizing VSL
design. Tis multi-objective optimization frontier will be quantified undeY&L control
algorithm for drivers following the developed microscopic behaandconclusions will be
drawn concerningheoptimal design for different design objectives.
1.3. Thesis Organization

The remainder of this thesis is organized fiolar chapters. The nexhapter consists of
relevant literature review surveying and expanding upon the literature reviews conducted in the

following two manuscripts. These two submitted journal manuscriptshamershreeandfour



which cover the conduet research including literature review, methodology, model

formul ati on, and data analysis. Titled “Predi

Limits,” the first of t he $foereviewimtherA8GHAmetican pt s

Society ofCivil Engineers)ournal of Transportation Engineering Part A. The second

ma n us cr i $atety and MaobilityeTchdeff Assessment of a Microscopic Variable Speed

Limit Model, has been submittddr reviewto thelEEE (Institute of Electrical and Elewnics

EngineersP0" International Conference on Intelligent Transportation Syst&mes final chapter

of this thesis consists of general conclusions and remarks on future work.
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CHAPTER 2: LITERATURE REVIEW
2.1. Literature Synthesis

The literature survey conducted in this thesis covers two main topic areas within the
broader topic of VSL. First, the issue of microscopic driver behavior under VSL, specifically
driver compliance, igxplored. Second, a review of different types of VSL control algorithms is
conducted. Examining VSL research that incorporates driver compliance, some studies assume
ideal conditions, i.e. 100% of drivers comply with the posted VSL, while others tegtsaafer
compliance levels, e.g. 10%, 50%, 100%. Additional studies have developed driver compliance
in greater detail. In one study, several compliance levels were translatedwdpeed
distribution curvesvithin the microscopic traffic simulation sofare, VISSIM[1]. Simulation
of a VSL control model based on a real time crash risk evaluation model produced insignificant
performance benefits for scenarios with a low VSL compliance level. Scenarios with medium
and high VSL compliance levels saw reduceakh risk, improved speed homogeneity, and
decreased travel time [1h another study that developed speed distributions corresponding to
four compliance levels, it was noted that as compliance increased, there was a corresponding
nortlinear increase isafety performance. The largest safety improvement occurred with an
increase from low to moderate compliandesteady increase in travel time corresponding to an
increase in compliance level was also shown in simulation. The increase in travel tinge result
from a higher percentage of vehicles adhering to a lower speed limit value (the VSL), and then
returning to base speed only when so informed by a newWZigh third study that developed
speed distributions used field data to deveappedistributionsfor aggressive, compliant, and
defensive drivers undsix uniquespeed limitsVISSIM simulation revealed the potential for

increasing VSL compliance to decrease travel time and collision probability, and to increase



vehicle throughput. Hower, results also indicated the difficulty of mediojective VSL
optimization as tradeffs were observed between safety and mobility depending on objective
function [3].While all of these studies accounted for driver compliance, each of them
incorporaté compliance into the existing microscopic driving behavior built into the chosen
simulation software.

Several other research studies focused more on understanding VSL microscopic driver
behavior as a whole. A series of scenarios containing differen¥8LVMS (Variable Message
Signs) designs were conducted in a driving simulator experiffibase scenarios included
differences in traffic volume, VMS text, and VSL speed change. Statistical analysis of
participants’™ dri vi ng sbfdiyhsmuothedrspesdhiransitomms t h at
preceding breakdown regions. However, a driver behavior model was not developed from the
results in this study [4]. A VSL microscopic model assuming 100% driver compliance was
produced in another study. This tstate logitudinal acceleration model relies on safety
constraints (such as vehicle headway) to switch betweeioltaning and speed limit tracking
[5]. One of the objectives of this thesis is to combine driver compliance and VSL microscopic
behavior into a singl model that can be utilized to improve the quality of future VSL simulation
research.

In regards to VSL control strategies there are three main algorithm types: threshold
calibration, model predictive control, and feedback control. Analysis of annexikiiv-based
threshold system on a highway in Sweden proposed shifting the threshold design from mobility
to safety focused. In particular, an indicator variable for speed homogenization, coefficient of
variation of speed (CVS), was proposed as the nelvac8vation threshold [6]. CVS, defined

astheratiood | | v standacdldevistion apeeds to mean of speedsis originally

VS



proposed as an accident prediction indicator EXjsting field data from the Swedish highway
system already indicatedahCVS increased in the five to ten minutes preceding an accident,
thus making CVS a strong variable upon which to base speed homogenization [6]. Other
thresholdbased VSL control algorithms have been based on crash likelihood [8], occupancy [9],
and traffc parameters (flow, speed, and density) [T®le crash likelihood thresholds were
constructed from a regression model that considers lateral and longitudinal speed variance across
traffic. Simulation results of this VSL model produced safety benefitalbatincreased travel

time [8]. The occupaneipased model enabled higher flows in overcritical conditions on the
highway by shifting critical occupancy [9]. The traffic parameter threshold model utilized
shockwave prediction methods to result in highaffitr flows and reduced variance in critical
conditions (peak of dw-density graph)10].

The second type of VSL control algorithm, model predictive control, relies on
macroscopic traffic models to predict the future state of the traffic system. Cgantrtiien be
implemented in the present time step to alleviate problems before they actually arise. Two
studies predicted the creation of shockwaves and activated VSL to suppress the negative traffic
conditions contributing to the shockwave. Simulationathtstudies showed successful
shockwave suppression and improvements in traffic mobility measures [1An1&jditional
study suppressed detected shockwaves by utilizing VSL to control the downstream traffic inflow
Besides shockwave suppression, positesults included reduction in travel time and speed
homogenization [13, 14].

Feedback algorithms, the final type of VSL control, focus on improving bottleneck
situations in the traffic system. Based upon Mainstream Traffic Flow Control (MTFC) prsciple

VSL is utilized to move congestion upstream from the bottleneck lodafsdnVarious



controllers have been designed for single [15, 16] and multiple [17] point bottlenecks. The basic
logic of the controller is to select the VSL which will achieveicaitdensity in the traffic flow.

System detectors and a macroscopic traffic model are utilized to compute the optimum flow and
subsequently the optimum VSL to achieve the critical density. Simulation results revealed travel
time reductions of 1:20% for sngle bottlenecks, anti3-21% [15, 16] for multiple point

bottlenecks [17]. While most previous studies have reported performance measures for the
system’ s optimized des.i gobjectivé dptimzationlperfermacequ ant i

frontier (safey versus mobility) for a particular control algorithm.

Literature References

[1] Yu, R., and AbdelAty, M. (2014). "An optimal variable speed limits system to ameliorate
traffic safety risk."Transportation Research, Part @6(Journal Article)235246.

[2] Hellinga, B., and Mandelzys, M. (2011). "Impact of Driver Compliance on the Safety and
Operational Impacts of Freeway Variable Speed Limit Systeinsrhal of Transportation
Engineering 137(4), 26€268.

[3] Qiu, T. Z., Fang, J., Hadiuzzamawn,, Karim, M. A., and Luo, Y. (2015). "Modeling Driver
Compliance to VSL and Quantifying Impacts of Compliance Levels and Control Strategy
on Mobility and Safety.Journal of Transportation Engineering41(12), 4015028.

[4] Lee, C., and Abdedty, M. (2008). "Testing Effects of Warning Messages and Variable
Speed Limits on Driver Behavior Using Driving Simulatofransportation Research
Record: Journal of the Transportation Research Bpafb9(Journal Article), 564.

[5] Wang, Y., and loannou, P. A.(q21). "New Model for Variable Speed Limits."

Transportation Research Recof2R49(2249), 3&13.



[6] P. Stromgren and G. Lind, "Harmonization with Variable Speed Limits on Motorways,"
Transportation Research Procedia, vol. 15, pp-6G&} 2016.

[7] M. Abdd-Aty, N. Uddin, and A. Pande, "Improving Safety and Security by Developing a
Traffic Accident Prevention System," in First International Conference on Safety and
Security Engineering Proceedings, Rome, Italy, 2005.

[8] C. Lee, B. Hellinga, and F. Saccoman"Assessing Safety Benefits of Variable Speed
Limits," Transportation Research Record: Journal of the Transportation Research Board,

vol. 1897, pp. 18390, 2004.

[9] M. Papageorgiou, E. Kosmatopoulos, and |. Papamichail, "Effects of Variable Spetd Limi
on Motorway Traffic Flow," Transportation Research Record: Journal of the
Transportation Research Board, vol. 2047, pp48,/2008.

[10] A. Talebpour, H. S. Mahmassani, and S. H. Hamdar, "Speed HarmomiZataluation of
Effectiveness uter Congeste@onditions," Transportation Research Record, vol. 2, pp.

69-79, 2013.

[11] A. Hegyi, B. D. Schutter, and J. Hellendoorn, "Optimal coordination of variable speed limits
to suppress shock waves," IEEE Transactions on Intelligent Transportation Systegs, vol.
pp. 102112, 2005.

[12] A. Hegyi, S. P. Hoogendoorn, M. Schreuder, H. Stoelhorst, and F. Viti, "SPECIALIST: A
dynamic speed limit control algorithm based on shock wave theory," in 11th International
IEEE Conference on Intelligent Transportation Syste®esing, China, 2008, pp. 827
832.

[13] J. Zhang, H. Chang, and P. A. loannou, "A simple roadway control system for freeway

traffic,” in American Control Conference, Minneapolis, Minnesota, USA, 2006, p. 6 pp.



[14] H. Chang, Y. Wang, J. Zhang, and P Idannou, "An integrated roadway controller and its
evaluation by microscopic simulator VISSIM," in European Control Conference, Kos,
Greece, 2007, pp. 2436141.

[15] R. C. Carlson, |. Papamichail, and M. Papageorgiou, "Local Feedzssd Mainstream
Traffic Flow Control on Motorways Using Variable Speed Limits," IEEE Transactions on
Intelligent Transportation Systems, vol. 12, pp. 22876, 2011.

[16] E. Rauh Muller, R. Castelan Carlson, W. Kraus, and M. Papageorgiou, "Microsimulation
Analysis of Practial Aspects of Traffic Control With Variable Speed Limits," IEEE
Transactions on Intelligent Transportation Systems, vol. 16, pp53322015.

[17] G.-R. lordanidou, C. Roncoli, I. Papamichail, and M. Papageorgiou, "Fee@iased
Mainstream Traffic FlowControl for Multiple Bottlenecks on Motorways," IEEE

Transactions on Intelligent Transportation Systems, vol. 16, pp63102015.



CHAPTER 3: PREDICTING DRIVER BEHAVIOR UNDER VARIABLE SPEED
LIMITS
Based on C. Conran and MaviAdrbawsndérmPr\earnicablng ¢
Submitted for publication to ASCE Journal of Transportation Engineering Part A.
3.1. Abstract

Based on vehicle trajectory data collected from a driving simulator experiment, this paper
aims to quantify and predidriver compliance to variable speed limits (VSL), and to develop a
microscopic behavior model that incorporates driver compliance. The study quantifies driver
compliance through the development of a model
staks, and captures the degree to which compliance occurs at each speed decision. Regression
results show that a statistically significant driver compliance model eR&tsq.95)andcan be
utilized to predict the degree to which drivers will comply witBlMbased on the presence /
absence of variable message signs, the base speed limit, and the requested speed change of the
VSL. Finally, the compliance model is incorporated into a two state microscopic behavior model
which considers both car following asgeed limit tracking. Several vehicle trajectories
obtained from the simulator experiment are fit to the model with low calibration error.
3.2. Introduction

There has been substantial growth in the area of Intelligent Transportation Systems (ITS)
overthelast twenty years. Largely fueled by the advancement of technology in data collection
and communication, ITS applications are designed to improve both the safety and operation of
roadways. A subset of ITS is known as Activaffic Management (ATM)Transmrtation
agencies introduce ATM applications in order to influence an otherwise passive sysimn
infrastructure and capacity. One primary ATM application is Variable Speed Limits (\C&lL)

et al. 201%. Traffic engineers implement VSL systetosadd dynamic control to an ordinary

10



static system- speed limits. In traditional scenarios, speed limits are predetermined static values
formulated in offline engineering studies. However, traffic conditions are dynamic by nature
with constant changen flow and speed characteristics over both the spatial and temporal
dimensiongNissan and Koutsopoulosb 201V SL systems responsively regulate speed in light
of the current traffic and weather conditions, often measwittdsystem detectord alebpour et
al. 2013. There are variety of prevailing VSL objectives includitige hawlling of congestion,
incidents,or construction, as well as minimizing safety risk or delaying breakdown formation.

Variable speed limits are displayed on the freeway via electronic message sareens. |
many European applications they are mandatory just like the normal static speed limits.
However, in the United States there are barriers to the implementation of automated speed
enforcement; therefore in most situations the posted speed limit is ompdtdellinga and
Mandelzys 201 This fact emphasizes the importance of driver compliance and behavior in
regards to VSL systems in the United States, particularly in regards to VSL effectiveness.
3.3. Objective

A large amount of research has been conducted on a multitude of VSL control adgorith
designed to optimize a specified combination of operations and safety. These studies do an
excellent job of outlining the proposed control and quantifying impact via measures of
performance such as delay, average travel time, shockwave formulatiorasindate. Several
of these studies also analyze the broader impact on the macroscopic traffic conditions, notably
Cho et al. who conducted a theoretical validation of the congestion reduction capabilities of VSL
by examining the induced changes to thedamental diagrartCho and Kim 201 However,
much of the control research undkzvelops the microscopic behavior of véésgcoperating
under the VSL control. More specifically, there is a lack in research focused on predicting driver

compliance under advisory VSL systems. The study conducted in this paper attempts to fill this

11



research gap by doing the following: a) quantifiver compliance at VSL speed decisions; b)
develop a statistically significant driver compliance model and; c) incorporate the driver
compliance model into a broader microscopic behavior model. The remainder of this paper is
divided into four sectionsl) Relevant Literature Synthesis; 2) Methodology; 3) Analysis; 4)
Results and Conclusions.
3.4. Literature Synthesis

Most VSL research studies account for driver compliance by assuming several
compliance levels (percentage of drivers who comply), andmgrthieir models at each. Several
research teams have gone beyond this in developing driver compliance and several more have
conducted focused studies on compliarfaeet al. wereone of several research teams to
develop sped distributions for various cqgrhance rates (CRWyithin the microscopic traffic
simulation softwar&/ISSIM, recognizing that R would changehe speed distribution range.
They also observed negligible VSL performance improvement for IR §liggesting a
minimum (R is requisite for positive VSL impa¢¥u and AbdelAty 2014). Hellingaet al.also
developed speed distributions and observed that VSL safety performance increasseaniyn
as (R increased, with the largest performance jump occurring betweeandwoderate R.
Travel time increased however with every increaseRnAcaveat in this research is that the
authors kept the speed coefficient of variatiG®y) constant across the four €Rrealistically
the COV should changglellinga and Mandelzys(.1). Qiu et al.advanced the speed
distribution concept a step furtheformulating three speed distributions (tbree CR¥for
each of six speedhhits based on field data. As GRcreased, decreases in travel time and crash
probability and an increase in throughpugtre observe{Qiu et al. 201k On a general driver
behavior level, Giles was one of several researchers to note that drivers are more likely to

comply with high speed limits than low speed linf{@les 2004.
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Leeet al.approached driver VSL compliance from #eteent perspective by developing
a driving simulatoexperimenfor various scenarios containing VSL and variable message signs
(VMS). By having participants test a variety of scenargradual/abrupt speed change,
congestion/free flow, different VMS text), they were able to run statistical analysis on individual
participant’s driving behavior. They found st
preceding congestion zones, spatialelations in driver reaction in regards to VSL and VMS,
and an absence of driver reaction in uncongested(tleer and AbdeAty 2008). However, they
did not develop their observations into an applicable driver behavior model that could be utilized
in future simulations work-rom a microscopic modeling perspective, Wang et al. proposed a
two state model to capture the tramtieffects of dynamic VSL systems. In the proposed model,
drivers switch between car following mode and a VSL speed limit tracking mode based on safety
constraints- notably the precedence of the car following mqdéang and loannou 2011
However, this model assumes a mandatory VSL syatahthus does not account for driver
compliance less than 100%. There remaifidadle gap in the literature involving developing a
behavior model that incorporates the prediction of driver compliance based on the VSL scenario
and design.
3.5. Methodology

In order to analyze driver compliance, the authors needed to obtain real microscopic
vehicle data from a VSL controlled roadway. Microsimulation software can be designed to
replicate human behavior, but cannot be used to initially generate realistin behavior data
that a model could be built from. Due to the lack of availability of such a real world dataset, the
authors decided to conduct a driving simulator experiment utilizinBtive-Safety DS250
model(Figure 1)located on the campus of VirganTech. Based on the conducted literature

synthesis, the authors settled on three control variables for the experipresence/absence of
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Variable Message Signs (VMS), value of base speed limit, and value of change in speed
requested by the VSL sigihe literature suggests that all three of these variables have a
statistically significant impact on VSL compliance. The experiment runs shown in Table 1 were
obtained from the Design of Experiment functionality within the SIN& Pro statistical
analysissoftware (JMP 2016 he experiment design indicated that thirteen scenarios were
needed. All thirteen experiment runs warplemented in one of two driving simulator models

(one with VMS, the other without).

Figure 1: Drive-Safety DS-250 Driving Simulator

Table 1: Driving Simulator Experiment Design

Experiment

VMS

Base SL
kph (mph)

AVSL
kph (mph)

Present

88.51 (55)

16.09 (10)

Present

112.65 (70)

32.19 (20)

Present

112.65 (70)

8.05 (5)

Present

104.61 (65)

24.14 (15)

Present

96.56 (60)

8.05 (5)

Present

88.51 (55)

32.19 (20)

Absent

112.65 (70)

32.19 (20)

Absent

96.56 (60)

24.14 (15)

Absent

88.51 (55)

8.05 (5)

Absent

112.65 (70)

8.05 (5)

Absent

88.51 (55)

32.19 (20)

Absent

96.56 (60)

16.09 (10)

Absent

104.61 (65)

16.09 (10)
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The simulator models were designedrased two and three lane highway sections with
the VSL signs located on overhead gantries. The participant vehicle originates in a platoon of
various size vehicles that are each individually programmed to assume a speed wadis +/
kph (5 mph) of thespeed limit at every speed decision. Speed zones within the simulator switch
back and forth between base speed limit controlled and VSL controlled to test the thirteen
experiment runs. The vaible message signs were placéa fmetes ahead of the VSL sigrand
consisted of the following message: “Prepare
operated the two driving simulator models (VMS and-R&S). All of the driving participants
were at least eighteen years old and had United Statesgliicenses. Participants first operated
the no VMS scenario which included a dummy section at the beginning for the purpose of
acclimating to the simulator controls. Data analysis for the study was condubientosoft
Excel and JMPand followed the mearch path portrayed in the flowchart in Figur&
described above, the driving simulator study was designed and conducted to obtain the research

data. The data was then analyzed to produce three models: an application of microscopic car

/ Design and Conduct \-,
'\Dri\'ing Simulator Study

o
v 'l
Apply SL Tracking D?\'elol? VSL
v R Compliance
Microscopic Model Model
Apply Car
Following
Microscopic 'L
Model )
Develop SL Tracking

with Compliance
Microscopic Model

|
v

I"/ Build T\&'o-state\«l
'-\I\\-Iicroscopic Model /

~/

Figure 2: Research Flowchart
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following, an application of microscopic speed limit tracking, and a VSL compliance model. The
latter two models were then combined to formulate a microscopic speed limit compliance
tracking model. Finally, awo-state microscopic model for VSL was built utilizing the-car
following and compliance tracking models.
3.6. Analysis

The average speed distributions for the parictp are shown in Figure Bisual
observation indicates that drivers begirdézelerate farther ahead of the VSL signs when a

VMS sign is present, thus indicating a positive correlation between VMS presence and driver

behavior at VSL signs.

Participant Average Speed Distributions

Mo WIS Scenanio Average Speed = = =\M5 Scenario Average Speed

150

Vehide Soeed (kmfhr)

vsL1 I VSL2 WSL3 ! VSL4 VSL5 WSLE  IWSLT
1 1 l l

i

1} 1000 2000 3000 4000 5000 6000 TOO0 BOOO 2000 10000 11000 12000
Distance Traveled [m)

Figure 3: Participant Average Speed Distribution

3.6.1.Quantifying Driver Degree of Compliance at Speed Decisions
The first analysis step in this study was developing an equtiquantify individual driver
compliance at each speed decision. The following assumptions were made in the development of

this equéion (Equation 1):
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A Driver target speed is the posted VSL
A Driver speeds should be measured at certain distances down and upstream of VSL sign

A All changes in driver speed should be captured

06 h h (1)

W' MihQ

06 0Q"QIEQME &N & "GHR AT "QuaR it f) a & "YD n Q&EE Q0

W § DVQAEHAIONQ 0@ OOIETDHD QARG D

W § DQaEHBIONQ 0 DE ORI 0F OWD QIDG D

YO NEi 0 Q@DQEED YD QORG D

A DC value equal to one represents 100% comp
perfectly to the VSL. DC values over one represent speed changes (acceleration or deceleration)
greater than the requisite amount to meet the VSL; for exampleea dagelerated from 90 kph
to 80 kph under a VSL of 85 kph. Conversely, values between zero and one represent speed
change less than required to meet the VSL. Finally, a DC value less than zero indicates the

driver’s speed act ueattibnyie.thbwhoeaaelerated whénégt wr o n g
needed to decelerate to meet the VSL or vice versa. Given this equation, it was necessary to
address the second assumption mentioned abaverhat distances up and downstream should

t he vehi cl en?see stpleaddiessbdethistqaektien by grouping speed change into
three categories: acceleration (> 8.05 kph increase), deceleration (< 8.05 kph decrease), and no
change (between an 8.05 kph decrease and increase). They then compared the sizerekthese th
categories when using speeds taken at 100m, 200m, and 300m up and downstream of the VSL

sign, ultimately concluding that speeds taken at 200m showed the highest VSL speed response

(Lee and AbdeAty 2008.
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Adapting the approach undertaken by Lee et al., the authors analyzed seven vehicle speeds at
each VSL sign: 100, 200, and 300 meters up and downstream of the sigmdanaeath the sign
itself. Degree of compliance (Equation 1) was evaluated for fifteen up and downstream distance
combinations for every participant at each of the thirteen scenarios. Table 2 reports average
participant DC values for different scenari@gpings under the fifteen combinations. Several
observations can be made from this data regarding VSL design impacts and the selection of
optimum speed measurement locations. The effect of VMS is shown in that the highest DC
average is measured 100 metagher upstream in the VMS scenarios compared to the no VMS

Table 2: Average DC Values for Different Speed Measurement Locations

Location Speed All 13 Small Delta | Large Delta VMS No-VMS
Measurement | Scenarios | Scenario$ | Scenario$ Scenarios Scenarios
300 up to Sign 2.339 4.145 0.231 4.545 0.447
300 up to 100 dr 0.486 0.598 0.355 0.634 0.359
300 up to 200 dr -0.233 -0.603 0.199 -0.662 0.134
300 up to 300 dr -0.247 -0.686 0.265 -0.656 0.104
200 up to Sign 0.738 0.286 1.265 1.083 0.442
200 up to 100 dr] 0.688 0.413 1.008 0.814 0.579
200 up to 200 dr| 0.387 0.417 0.351 0.556 0.241
200 up to 300 dr] 0.434 0.340 0.544 0.876 0.056
100 up to Sign -0.263 -0.130 -0.419 -1.271 0.601
100 up to 100 dr| 0.147 -0.375 0.757 -0.800 0.959
100 up to 200 dr| 0.027 -0.979 1.200 -0.526 0.502
100 up to 300 dr| -0.492 -1.061 0.171 -1.297 0.197
Sign to 100 dn -0.189 0.257 -0.711 -1.071 0.566
Sign to 200 dn -0.135 0.007 -0.300 -1.578 1.102
Sign to 300 dn -0.304 -1.001 0.509 -1.469 0.695

Note:Bold faced DC values represent DC closest to one for scenario grouping.
2Small delta scenarios are those with VSL change of 8.05 kph or 16.09 kph

b Large delta scenarios are those with VSL change of 24.14 kph or 32.19 kph
scenarios, indicating positive correlation between speed reduction and the VMS sign.

Additionally, the clustering of peak compliance around the measurements beginning 200 meters
upstream indicates this may be the optimal upstream speed measurement lldoaterer in

selecting these locations, the primary objective is not optimizing compliance, but rather the
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predictive power of the compliance model. The decision was thus made to run regression on all
fifteen DC data sets and to select the model with idjeelst predictive capability.
3.6.2. Developing Driver Compliance Model

Visualization of the degree compliance data revealed general linear trends suitable for
regression, but also the presence of apparent
eighty-three data points (from the total data set of 3,232 points) were identified as outliers using
the Quantile Range method and were removed from the dataset. This quantitative technique
classifies data as an outlier if it is three times the intetiipigange past either the lower or
upper quantile. Having removed the outliers, the next step in the regression process was data
aggregation. Seventeen participants (responses) exist for each of the scenarios (dependent
variable combinations) and in orderconduct response surface regression, unique response
values are requisite to avoid singularity errors. The participant responses were thus averaged for
each scenario and speed measurement location; and an ANOVA test was performed to ensure a
statisticdly significant difference in the mean DC values (Table 3). ThesEreveals that at a
confidence level of 95%, the null hypothesis of the means being equal can be rejected, thus
confirming that a relationship between the mean DC values exists. Havaigezbmean
degrees of compliance for each of the thirteen experiment runs under each speed measurement
| ocation, JMP’'s |linear model fitting tool was
following conditions:

A Response Surface Model Effects

A Standard_east Squares Regression

A Emphasis on Effect Screening

Regression analysis on the fifteen DC data sets revealed that speeds measured at 200

meters upstream and 300 meters downstream of the VSL sign produced the best predictive
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model. Initial analysis for ik regression fit a model with a high Ralue of 0.98 and a high

overall significance with an-kest P value of 0.0043. However, three of the eight model effects
were statistically insignificant withtest P values greater than 0.05. Improving the matkel,

authors removed the three insignificant effects from the model. This change resulted in a model
with a R = 0.95 and an overall-fest P value of 0.0002. The five remaining model effects are all
statistically significant with-test P values less th@r05. A comparison of the regression results

is shown in Table 4.

Table 3: ANOVA Test for Participant Response Averaging

Source of Sum of Squares Mean Squares
Variation (SS) Degrees of Freedom (d (MS) F
Between 34.64 12 2.89 2.51
Treatments
Error (or Residual) 229.89 200 1.15
Total 264.53 212

Table 4: Comparison of ANOVA Regression Results

Measure of Performanc|  Initial Run Modified Run
R? 0.98 0.95
RMSE 0.1064 0.1236
F test P value 0.0043 0.0031
Significant Effects 5 5
Insignificant Effects 3 0

Both regression models fit the experimental data very well, but the combined increase of
statistical significance and limited reduction in fit found in the modified model lead it to be the
preferredchoice. The final model fit to the data is shown in Figure 4. As shown in the regression
prediction equation below (Equation 2), the statistically significant effects for the driver
compliance model are the presence/absence of VMS, the VSL requestedrspeszthe base

speed limit, the product of VSL requested speed change with base speed limit, and the VSL

reqguested speed change squared. The constants
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Where,
DC = episode based degree of compliance
Nomi nal nature of VMS variablle - VMS present

a =08108; b = 0.3100; ¢ .00%8; d =-0.0040; e =0.0013; f = 0.0029

Actual by Predicted Plot
1.5

DC (200m up to 300m down) Actual

0 0.5 1 1.5
DC (200m up to 300m down) Predicted P=0.0002
RSq=0.95 RMSE=0.1236

Figure 4: Final Model Fit to Experiment Data
3.6.3. Incorporating Compliance into Microscopic Model

The final objective of this study was to incorporate the developed driver compliance model
into a microscopic behavior model that predicts vehicle acceleration. The authors calibrated the
two-state model in Equations-@ to selected vehicle trajectoriestaibed from the driving
simulator. This model was patrtially developed based on the work done by Wang and loannou
(2011).

The first state of the model i's car foll owin
where the acceleration of the followingr is directly influenced by the spatial relationship with
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a leading vehicle. The traditional GatiermanRothery (GHR) model shown in Equation 3 is
implemented in this papéGazis et al. 1961 The units in all the following equations are

distance [m], velocity [m/s], and acceleration [fh/s

?
<

3)

& o o o oz

&

The model’s second state, which the authors
tracking model proposed by Wang and loannou (2011). Vehicle acceleration is a function of the

difference betweentheer i ver ' s asnpde e ch et avreghelicel ec’osn st ealndc i’ tay .

cali brated parameter whil e * Tréactionstime parametra me
from the GHR equation.
® 0 ®z YOO Y U 0O 4)
The VSL degree of compliance calculated in Equation 2 is next in@tgabinto the results

of Equation 4 to calculate acceleration due to speed limit tracking considering compliance

(Equation 5), where the DC is applied as a factor to the acceleration.

W o p 062w O (5)

The acceleration selectidEquation 6) between the two states is dependent on several
conditions. The vehicle will adhere to car following if car following requires deceleration, if car
following requires a greater deceleration than speed limit tracking, and if the headwaybetwee
the |l eading and foll owing vehicl es npdRe) i s
minimum headway concept is adapted from the psyttysical microscopic models such as the
Wiedemann moddWiedemann 1974 If these three conditions are not met, the vehicle will

follow the speed init tracking state.

& o U0 6 i o 6o jfvedy 0
GO OBRERI 0'Q Q (6)
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Only selected vehicle trajectories were calibrated to the modebdumitations in the
simulator data. The simulator does not record the lead vehicle velocity, a standard input to the
GHR and many other car following models; instead the simulator records the headway between
the participant vehicle and the lead vehiBlata is recorded at tenth of a second intervals, so an
estimate for lead vehicle velocity can be calculated from the change in headway and the distance
traveled by the participant vehicle (Equation 7). This proxy estimate fails however at the instant
of alane change either by the lead vehicle or the participant vehicle. As such, only trajectory

data sets between lane changes were fit to the proposed model.

0 (7)

The authoradditionally observed noise in the trajectory data, where Equation 7 would
calculate unrealistic changes in lead vehicle speeds (i.e. several kph in a tenth of a second). In
these instances, the data was smoothed to create a realistic lead vehiateytrdjectsets of
trajectory data (each from a different participant; one from VMSoaedrom No-VMS
scenariosyvere fit as examples to the proposed model to visualize the model fit. Optimization fit
was conducted utilizing the Evolutionary and GR@linear algorithms contained within
Microsoft Excel. The optimization objective was the minimization of the root mean square error
(RMSE) between the actual and predicted trajectories of the following vehicle. In each trajectory
set the following paranters were calibrated: ¢, m, |, T, a, anghhGraphical visualization of the

two optimized model fits is shown below in Figure6.5
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3.7. Results and Conclusions

Several additional conclusions can be drawn from the work conducted in this paper. The
compliance prediction profiler from the JMP regression analysis is shown in Figure 7. It clearly
indicates the relationship between the three input variables and ttee @dégompliance. First,
variable message signs provide drivers with advance notice of the upcoming speed reduction on
the VSL signs thus improving compliance. Secondly, the compliance response to base speed
limit appears to be parabolic in nature, wittag compliance around 100 km/hr. One possible
explanation for this behavior is that at low speed limits, drivers are less likely to change their
behavior solely in response to the VSL. Beyond a certain speed reduction drivers will perhaps
only decrease spds in response to traffic conditions. Conversely, at high speed limits, drivers
may be less likely to adjust speed. Further study would need to be conducted to fully analyze this
relationship. Finally, as the speed drop drivers are being requestedaontia@ases, the
probability of them fully complying decreases except for a small increase occurring at speed
drops greater than 25 km/hr. This increase in compliance may be due to the shock value of such
a large speed drop request from the VSL. The @rodilso shows that the optimal degree of
compliance (DC value closest to 1.0) occurs with VMS present at a base speed of 104.67 kph (65
mph) and a VSL speed request difference of 16.09 kph (10 mph). While the profiler illustrates
how the degree of compliee varies based on VSL design, VSL control research has shown that
while operational benefits vary with compliance rate, benefits are still seen with less than 100%

compliance.
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Figure 7: Compliance Model Prediction Profiler
This study has shown a methidquantify driver compliance to variable speed liraits

individual peed decision locations as wellasepisode based prediction modéich
incorporates the design conditions of the specific VSL scenario. The compliandenasde
successfully incorporated into a broader microscopic behavior model that predicts vehicle
acceleration due to both efmlowing and VSL. The wde conducted in this paper caelp
future VSL control research by allowing researchers and engineatbate predicted
compliance versus the current practice of testing control against several assumed compliance
rates.Future work in this subject couidchprove the research quality by including a wider profile
of driving simulation participants notablya participant population that ranges across the age
spectrum to capture the driving habits of young, experienced, and elderly drivers.
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CHAPTER 4: SAFETY AND MOBILITY TRADE-OFF ASSESSMENT OF A
MICROSCOPIC VARIABLE SPEED LIMIT MODEL
Based on C. Co n safety and NMabilitylradeifAss@ssment bf a Microscopic
Variable Speed Limit Modgl” Submi tt ed f or "ipterfationacCanfeéreace t o | E
on Intelligent Transportation Systems.
4.1. Abstract

In this paper a three part traffic simulation environment is utilized to quantify the multi
objective optimization frontier of variable speed limit (VSL) control. Specifically the toéide
between safety and mobility performance is quantified for a V$ltrabalgorithm designed to
homogenize vehicle speeds within a freeway incident region. A microscopic driver model for
VSL traffic previously developed by the autho
simulation is controlled via a MATLAB COM int&xce.The microscopic model is a twsiate
longitudinal acceleration model developed from a drisgimgulation experiment. Simulation
results in this paper indicate an inverse relationship between safety and mobility performance,
forcing jurisdictions degining VSL systems to either conduct mulkjective optimization or set
a dominant policy objective (safety versus mobility). Control algorithm parameters that invoke
VSL adjustment more frequently produce greater safety benefits but also greater mobility
impairments. Safety benefits emerge in decreased speed variance across freeway traffic lanes
while mobility impairment materializes as increased travel time delay. Variation in freeway

volume had no significant effect on VSL performance in this study.

Keywords— automated highways; computer simulation
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4.2. Introduction

Speed limit control has two functiorgraffic homogenization and breakdown
prevention. The homogenization approach is designed to reduce the speed differences between
vehicles, thereby impxang flow stability and safety [1]. Speed differences are a proven
indicator of crash hazarda 1999 study of crash data indicated an increased crash likelihood
when large amplitude changes occurred in the slope of average vehicle speeds [2]. Altgrnativel
speed control can limit the traffic inflow to bottleneck regions thus preventing traffic breakdown
and allowing higher flow through the region [1]. The easiest method of speed control, and one
that has been implemented in numerous studies and fieldatppis, is variable speed limits
(VSL). Variable speed limits replace traditional static speed limits, thereby giving traffic
engineers dynamic control over system state in response to traffic and weather conditions [3].
4.3. Objective

In previous work by the authors, a microscopic model was developed to define individual
driver behavior under VSL [4]. The developed tstate acceleration model incorporates speed
limit following with VSL compliance and traditional car following logicS¥ compliance
prediction was developed from a driving simulator experiment and thetat® model was
formulated on the principles of spekaiit tracking [5] and the GHR cébllowing model [6]. In
this paper the previously developed microscopic modelpéemented in traffic simulation, and
a VSL control algorithm is evaluated under this context for a saietyility performance
analysis. Algorithm design parameters are explored to clearly identify performanceftsade
between design iterations, alloyg design selection based on selection of system objective (e.g.
maximize safety versus mobility). The remainder of this paper is organized into the following
sections: 1) Relevant literature review on VSL control algorithms; 2) Methodology; 3) Analysis;

and 4) Conclusions.
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4.4. Literature Review

In the literature, several control approaches have been proposed and implemented for
both homogenization and breakdown prevention. Control approaches include threshold
calibration [3, 79], modelpredictive control [1, 14.2], and feedback control [11%]. One
Swedish study proposed updating an existing thresholdidsed VSL in Stockholm to
threshold coefficient of variation of speed (CVS) [7]. CVS, which is define8)jm@as
originally propogd as a simplified variable to help predict accidents [17]. Stockholm field data
observation indicated an increase in CVS in the five to ten minutes preceding an accident,
suggesting that CVS is a strong candidate upon which to base homogenization ¢pritrol
another safety approach, a regression model for crash likelihood was developed based on
variables such as lateral and longitudinal speed variance and volume variance between lanes.
VSL was implemented when crash likelihood thresholds were reaahédesults indicated a
tradeoff between reduced crash potential and an increase in travel time [9]. An occupancy based
threshold algorithm shifted critical occupancy to higher values and enabled higher flows at the
same occupancy values at overcriticalditions [8]. Implementation of a threshold model (flow,
speed, and density values) combined with shockwave prediction resulted in higher maintained
flows and a more concentrated flaensity graph [3].

YO & QR0 UOQMED BEROYINQQ QI ®)
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The objective of model predictive control is to accurately predict the future traffic state of
the system and implement current control to alleviate predicted future problems. In several
appraches, the authors designed algorithms to detect and suppress shockwaves that are the

cause of both safety and mobility problems. Results included the resolution of the shockwaves,

increase in average flow, and decrease in travel time [1, 11]. VSL chas@llso been modeled
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as virtual ramp metering, where the speed control dictates the inflow to the downstream highway

section. The speed strategy is obtained from flow rate mapping via thediasity relationship.
Simulation results included a 28% redantin travel time as well as positive indicators of speed

homogenization and shockwave suppression [10, 12].

Feedback VSL control is built upon the Mainstream Traffic Flow Control (MTFC)
concept designed to improve traffic flow through bottlenecks. Gatingieis moved upstream
(via VSL) from the bottleneck to a controlled location in order to avoid the bottleneck capacity
drop. Vehicles clear the controlled flow region and accelerate back to critical speed prior to
arriving at the bottleneck [13]. Sevefakdback controllers were designed to accomplish this by
selecting the VSL rate which establishes critical density at a single [13, 14] or multiple point
bottleneck [15]. The general logic of the controller begins with detectors measuring bottleneck
densty which is compared to critical density. A macroscopic traffic model (METANET) then
determines the optimum flow to achieve critical density. Measurement of current VSL outflow
and comparison to optimum flow allows computation of new VSL to achieve tdeaaity.
Simulation results indicated reduction in STT (system travel)theveen 1580% for single
bottlenecks [13, 14] and an additional 3% reduction for using multiple bottleneck control in

applicable situations [15].

Most performance measures irepious VSL studies have been reported for the
optimized olpective design (e.g. mobilityneasures for VSL system designed to optimize
bottleneck throughput). However, practitioners are faced with a-ohjkictive optimization
problem in balancing VSL safeaind mobility performance. This paper quantifies this

optimization frontier for a chosen control algorithm. Additionally, drivers are following drving

simulatonrb ased cali brated behavior, as described

32



over previous studies which have used the default driver behavior within the traffic simulation

software of choice.

4.5. Methodology
Project development for this paper occurred in three phases: creation of simulation
network, programming a new driver behavior modad programming simulation and VSL
control and data collection. Together, these three phases foresitntlation environment
(Fig. 8. VISSIM was chosen as the microscopic traffic simulation tool due to its functionality
for implementaton of driver ehavior models andutside simulation contrphs well as the
aut hor s’ f ami | i §lB]i Extgrnaivdriverbehdviorenodels dre impéemented via
VI SSI Ms APl modules. Written in C/C++, the e
stateand surrounding conditions of each vehicle at every simulation time step. The DLL then

computes the vehicle’ s acceleration and | ater

to be set for the next time step [19]. In the work in this paper,onlythédn i c|l e’ s accel er
behavior was modi fied in the DLL; the defaul't

logic was passed through to vehicles. Acceleration behavior was modified to represent the

VISSIM /I—I\ MATLAB COM
Simmulation Interface
MNetwork -, | |/ )

WIsSINM API
Diriver Behavior
Model

Figure 8: Simulation Environment
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microscopic model previously developedthg authors. One modification to the model was
implemented in the DLE instead of tracking to the speed limit, vehicles were programmed to
track to their desired speed. Desired speedusetionality built within VISSIM to create a
distribution of vehicle speeds around the speed limit, thus more accurately representing real
driver behavior where different drivers will have various target speeds around the speed limit
value. Finally, outsidsimulation control of VISSIM is implemented via the Component Object
Model (COM) interface. The COM interface can be used to create new instances of VISSIM
(making it a useful tool for multiple scenario control), control simulation runs, and access, read,
or change VISSIM object attributes during simulation [20]. With COM not dependent on a

certain programming language, the authors chose to implement this interface in MATLAB [21].

The simulation network and VSL coatralgorithm are shown in Fig. $he néwork
consists of a simple, thréane highway section, with a VSL application zone upstream of an
incident zone. The incident is located immediately upstream off anawifd and is isolated in the
left travel lane. The two hour simulation (following a temute network loading time) begins

with no incident present, but the incident increases in severity at twenty minute increments

VSL Incident
Upstream | Application Highway Region. Downstream
Region Detectors
- e~ O~
(New VSL) ((ckicie ) iy
— \_ Speeds / M“‘mﬁf’r
| |
| Practical | Compare Calculate |
| VSL CVs CVS |
| |
| VSL Controller |

Figure 9: Simulation Network and Control Algorithm
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beginning at a time of ten minutes. Tiheident then decreases in severity, again at twenty
minute increments, before traffic returns to base conditions for the final ten simulation minutes.
The combination of the incident atraffic divergingcaused by the offamp produces increased
speed vaance, a previously indicated measure of safety risk. The chosen VSL controhatgorit

is amodification of the Coefficiet of Variation of Speed (CV&)gorithms discussed in the
literature with the primary difference being the presence of both sindldarble threshold
response levels as described below. CVS is calculated in the incident region and compared to
CVS threshold values, and this relationship is used to determine the new VSL which will be
introduced to the system. VSL design was subjedtgddllowing constraints which are similar

to those proposed in other VSL studies:

1 VSL should only be changed at five minute increments. More frequent change poses
safety hazards and prevents flow from stabilizing from prior VSL change.
1 VSL should not beaised above base speed of 100 kilometers per hour or lowered below

60 kilometers per hour

Ninety total scenarios consisting of a variety of network volumes and CVS algorithm
design parameters were simulated to capture the effects on performance. Redieatels that
speed harmonization is only possible in metastable traffic state where flows are greater than free
flow but speed is greater than congestion [22]. Because of this, six volume scenarios were
analyzed for each of fifteen design scenarifiews of 1560 and 2300 vehicles/hour/lane
(maximum flows for LOS C and E), each with three relativeraifiip flows (5%, 7.5%, and
10%) to capture different volumes of weaving vehicles. The fifteen design scenarios for the CVS
algorithm are shown in Tablé&s(Single CVS Threshold) and(®ouble CVS Threshold). In the

single threshold scenarios, the VSL change is implemented when the current CVS rises above or
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falls below the threshold value. In the double threshold scenarios, the VSL change is

implemented simédrly but with the following changes:

Table 5: Simulation Control Scenarios 1-8: Single CVS Threshold

Scenario CVS Threshold | VSL Change
Value (km/hr)
1 0.10 10
2 0.15 10
3 0.20 10
4 0.25 10
5 0.10 20
6 0.15 20
7 0.20 20
8 0.25 20
Table 6: Simulation Control Scenarios 9-15: Double CVS Threshold
Scenario CVS Lower Threshold CVS Upper Threshold
(VSL Change of 10 km/hr) | (VSL Change of 20 km/hr)
9 0.10 0.15
10 0.10 0.20
11 0.10 0.25
12 0.15 0.20
13 0.15 0.25
14 0.20 0.25
15 None— Base Scenario None— Base Scenario

1 Lower and upper threshold level with VSL change of 10 and 20 kilometers per hour
respectfully

1 If CVS drops from above the upper threshold to between the thresholds, on the next time
step VSL will not decrease to allow system to fully stabilize before determining if an
additional VSL drop is necessary

1 VSL only increases when CVS has been below lower threshold for two time steps. This
constraint was added following observation of flation between lower and middle

regions during testing.
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4.6. Analysis

Shown in Figl0are the control results of one of the scenarios compared to the
corresponding no control scenario. The upper half of the figures records the change in CVS
while the bottom half records the current value of the VSL. The no control figure on the left
illustrates the changing impact of the incident as it increases in severity before declining. As the
simulation progresses, the VSL control responds in the control scenario in the right figure by
adjusting the speed limitfirst lowering as CVS increases anémhncreasing as the incident

resolves and CVS values fall below the lower threshold.

No Control Scenario. Volume 2300 vehihr/in with 10% Ramp Flow Dli)esign Scenario 9. Volume: 2300 veh/hr/in with 10% Ramp Flow

=
w

of Speed (CVS)

o =
= o
Coefficient of Variation

Coefficient of Variation

1 1 1 1 1 L L L L L
0 20 40 60 80 100 120 v 20 el Ly @ 100 120
Simulation Time (minutes) Simulation Time (minutes)

60

Speed Limit (km/hr)
3

Speed Limit (km/hr)
3

. . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Simulation Time (minutes) Simulation Time (minutes)

Figure 10: Sample Control Results (No Control vs. Double Threshold at 0.10 and 0.15)

In order to conduct a safety versus mobility analysisfitieeminute time step CVS and
travel time values were averaged within each scenario to obtain a single scenario measurement.
The percentage change in value (compared to the No Control Scenarios) was then calculated for
each of the control scenarios. Petege change iaverage CVS is shown in Tableiid
percentage change in average travel time is shown in BaRlesults indicate that the control
scenarios with the highest frequency of activation (lowest CVS thresh8dsnarios 1, 5,-21)

have the legest decrease in CVS and thus the greatest improvement infgpeedenization
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and safety. Conversely, these same scenarios have the largest increase in travel time, which
logically follows as they have the most frequent reduction in VSL value due oath@VS

Table 7: Percentage Change in Average CVS Compared to No Control Scenario

Network Volume Scenario
1 2 3 4 5 6 | Average

1|-31%|-31%|-29% | -32% | -32% | -30% | -31%
o | 2 ]-22%|-21% | -20% | -17% | -23% | -17% | -20%
E 3 |-13%|-13% | -13% | -15% | -14% | -7% | -13%
S14]6% |4% |-6% |-7% |-7% |-7% |-6%
(2 5 |-32% | -29% | -30% | -34% | -34% | -33% | -32%
2 6 |-18%|-16% | -16% | -20% | -19% | -21% | -18%
E 7 |-11%|-11%|-9% |-14% |-13% | -13% | -12%
E 8 |-11%|-11%|-9% |(-8% |[-9% |-7% |-9%
=19 |-40%|-38% | -37% | -35% | -33% | -37% | -37%
o
En 10| -39% | -38% | -36% | -38% | -38% | -36% | -37%
< | 11-39% | -38% | -36% | -38% | -38% | -36% | -37%
N
5 12| -28% | -27% | -26% | -23% | -23% | -22% | -25%

13| -27% | -27% | -26% | -24% | -23% | -22% | -25%

14| -15% | -16% | -14% | -17% | -17% | -16% | -16%

Table 8: Percentage Change in Average Travel Time Compared to No Control Scenario

Network Volume Scenario
1 2 3 4 5 6 | Average
1]10% |[10% |10% | 10% | 10% | 9% 10%
o | 2 | 6% 6% 6% |4% 7% 5% 6%
S13[4% [4% 4% [4% [5% |20 |4%
S14]1% [2% |2% |0% [1% |2% |1%
2 51(123% [ 22% [23% |17% |17% |17% | 20%
%" 6 | 5% 5% 5% 6% 6% 7% 6%
S 714% 4% |4% |4% 5% 5% 4%
E 8 4% [4% |4% 2% 2% 2% 3%
=19 ]15% |15% [15% |11% | 11% | 12% | 13%
En 10| 15% | 15% | 15% | 13% | 13% | 12% | 14%
: 11]15% | 15% | 15% | 13% | 13% | 12% | 14%
% 12| 9% 9% 9% 6% 6% 6% 8%
13| 9% 9% 9% 7% 7% 7% 8%
1414% |4% |4% 5% 5% 5% 5%
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thresholds. The other evident observation from these results is that the change in volume

scenario had a negligent effect on control scenario output.

Addi ti onal

ev

i dence

of

t

he

VSL

control alg

speeds is shown in Tal®e In this study, the induced freeway incident creates speed variance

between the left lane (in which the incident is contained) and the right ies. [Results

demonstrate t

groups. Similar to the reductie in CVS value shown in Table the algorithm designs that

he

al gorithm’ s

abil it

y

t

o

reduce

respond quicker to traffic disturbances see the largdsiction in speed variance compared to

the no control scenatrio.

Table 9: Percentage Change in Average Speed Difference between Incident and Free Flow

Lanes Compared to No Control Scenario

Network Volume Scenario
1 2 3 4 5 6 Average
1 |-34% | -33% | -32% | -36% | -37% | -34% | -34%
o | 2 ]-22%|-20% | -20% | -18% | -27% | -20% | -21%
= | 3 [-14%|-15% |-14% |-17% | -15% |-8% |-14%
§ 4 |1-6% |-6% |-6% |-4% |-4% |-8% |-6%
‘g 5 |-44% | -45% | -44% | -49% | -50% | -49% | -47%
£ 6 ]-18%|-17% | -17% | -24% | -21% | -27% | -21%
817 [-12%|-12% |-11% | -15% | -15% | -16% | -14%
E 8 | -12% | -12% | -11% [-8% |-6% |-8% |-10%
B9 |-46% | -44% | -43% | -40% | -39% | -43% | -42%
S0 | 10| -43% | -43% | -42% | -45% | -44% | -42% | -43%
: 11| -43% | -43% | -42% | -45% | -44% | -42% | -43%
5 12| -30% | -28% | -28% | -25% | -24% | -25% | -27%
13| -29% | -28% | -27% | -25% | -24% | -25% | -26%
14| -14% | -15% | -13% | -20% | -18% | -16% | -16%

To better illustrate and quantify the design tradffe between the safety and mobility
impacts in selecting the CWsased VSL control algorithm parameters, Pareto Fronts were

graphedor eachof the volume scenarios (Fig. J11As mentioned previously, an inverse

relationship is apparent between safety and mobility. Scenario five appears as an outlier on the
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Figure 11: Pareto Fronts for Six Traffic Volume Scenarios. Optimization trade-offs
between safety (Coefficient of Variation of Speed) and mobility (Travel Time). Control

scenarios labeled.
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travel time axis due to the high VSL change Ki2Ometers per hour) at the lowest CVS
threshold (0.10)When multiple scenarios are represented as sharing the same value on the
Pareto Front, it is indicative of identical VSL control response. Given that every scenario is run

under the same random seed number, the CVS and travel time values are thus. identical

Policy guidelines can be established from the work conducted in this paper. Specifically,
certain design parameters for the CVS threshalsked VSL algorithm should be selected
depending on primary VSL objective. As the Pareto Fronts inlEighow, feeway volume
composition has little effect on VSL performance. In each of the six volume scenarios, the same
VSL control scenarios held the same performance pattern in favoring either safety or mobility.
Table10 contains these paly recommendations, afiébles 5 and 6hould be referenced to
identify the parameters that equate to the different scenarios.

Table 10: Policy Recommendation for VSL Primary Objective

Primary VSL Objective Scenarios
Safety 1,5,9, 10, 11
Mobility 3,4,7,8,15
SafetyMobility Mix 2,6,12,13, 14

4.7. Conclusions

In this paper a previously developed microscopic behavior model for drivers under VSL
systems was implemented in microscopic simulation of VSL control for an incident region on a
freeway. The chosen VSL control was focused on safety improvements by harimaggeehicle
speeds. Performance results matched those in existing literature that indicate that VSL systems
designed and optimized for safety produce positive safety benefits but negative mobility impacts.
However as quantitatively shown in this pap@gieeers face decisions in setting parameters for

VSL control algorithms as clear tradéfs exist between safety and mobility performance. This
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decision may be quantitatively conducted via mailijective optimization techniques [23, 24] or
may be subjedb policy considerations. Future work on this subject should include
implementing the microscopic driver model on other types of VSL control algorithms,
specifically those focused on mobility applications, in order to understand how the Pareto
optimizatian front forms under different control scenaridsditionally, as mentioned in the API
methodology, the default VISSIM laredhanging behavior was passed through to vehicles in the
simulation network. Future work could explore VSL larfeinging behavior tdetermine if a

new lanechanging and lateral acceleration model is needed to more accurately model vehicles

operating under VSL control.
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CHAPTER 5: CONCLUDING REMARKS AND FUTURE RESEARCH POTENTIAL
5.1. Concluding Remarks

This thesis sought to analyze the microscopic behavior of velogératingunder
variable speed limits on freewaydynamic, electronically displayed speed limits offer an
additionalsource of inpuaind decisiormakingto drivers In the first study contained in this
thesis driving-simulatiorrbased calibrated behaviaas developed to capture the effect of this
additionalelementin the driving decision processhe design of the vaable speed limit system
was determined to be statistically significan
depends on design parameters such as the base freeway speed limit, the presence of variable
message signs, and the value of the ¢péed changéltilization of adeveloped VSL
microscopic modesuch as thisvill create arenvironment for stronger future macroscopic
studies of VSL systemsincluding studies on performance and control algorithms.

The second study in this thesis implented the microscopic model inside the
microscopic traffic simulation software, VISS|¥hus overriding the default longitudinal
acceleration behavior for vehicl&4/ithin this control environment a VSL control algorithm was
introduced to an incident regi on a freeway. While the primary objective of the chosen control
algorithm is safety improvemeint the form of speed homogenizatj@mulation results
guantified the existence of a mudibjective optimization frontier between safety anability
perfaomance Engineers and poliegetteramust thus either perform mulbbjective optimization
or define a primary performance objective when setting VSL control algorithm paranreters.
this study, algorithm parameters thatiaate VSL in response to smalaffic disturbances

producedargesafetygrowthbut noticeable reduction in mobility performan€onversely,
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algorithm parameters that take longer to activate VSL response correlate to lower safety benefits
but also decreased mobility costs.
5.2. Future Research Potential

There are several areas of research expansion that could occur within the context of the
work conducted in this thesis. The first expansion area is in regards to the developed microscopic
VSL model. The model in this thesis was develbfrom and calibrated to data obtained from a
driving simulator experiment. While driving simulators are great research tools and estimators of
driving behavior, the accuracy of naturalistic driving data is preeminent. Therefore, if
microscopic VSL datadrame available from a field study, the model could be validated and
calibrated to such a dataskta driving simulator is utilized, future study should broaden the
participant population to capture the driving habits of all driver demographics, natgbly
Additionally, the developed model only models longitudinal acceleration behavior; as noted in
the second study the default lacteanging behavior was passed through to the simulated
vehicles. Further study could explore the lateral acceleration leeludwehicles under VSL
systems to determine if a new model is warranted. Finally, the safsiitity multi-objective
optimization frontier was quantified for only a single VSL control algorithm designed primarily
for speed homogenization. Supplementtndy should quantify this frontier for other VSL

control algorithms, particularly mobilithased algorithms.

47



