Technical Documentation Page

1. Report No.
2. Government Accession No.
CA18-2911
4. Title and Subtitle
Using Cooperative Adaptive Cruise Control (CACC) to Form High-Performance
Vehicle Streams—Final Report
7. Author(s)
Hao Liu, Lin Xiao, Xingan (David) Kan, Steven E. Shladover, Xiao-Yun Lu, Meng
Wang, Wouter Schakel, Bart van Arem
9. Performing Organization Name and Address
California PATH Program, Institute of Transportation Studies, University of
California, Berkeley, Richmond Field Station, 1357 S. 46th Street, Richmond, CA
94804
Faculty of Civil Engineering and Geosciences, Department of Transport & Planning,
Delft University of Technology,
Stevinweg 1, 2628 CN Delft, The Netherlands
12. Sponsoring Agency Name and Address
Federal Highway Administration – Exploratory Advanced Research Program
Turner-Fairbank Highway Research Center
6300 Georgetown Pike
McLean, VA 22101
15. Supplementary Notes

3. Recipient's Catalog No.
5. Report Date
March 2018
6. Performing Organization Code
8. Performing Organization Report No.
10. Work Unit No. (TRAIS)
11. Contract or Grant No.
DTFH61-13-H-00013

13. Type of Report and Period Covered
Final Report
14. Sponsoring Agency Code

16. Abstract
Freeway capacity and throughput can be significantly improved via CACC vehicle string operations. This research aims to provide
authoritative predictions regarding impacts of CACC on traffic flow and quantitative estimations of the influences of CACC
operation strategies that might create the capacity and throughput improvement in the freeway traffic stream. To this end, the
PATH and Delft team have independently developed micro simulation platforms that represent the behaviors of CACC vehicles
and their interactions with human drivers. The models have been calibrated using archived data from a complicated 13-mile long
section of the northbound SR-99 freeway near Sacramento, California for an 8-hour period in which the traffic fluctuated between
free-flow and congested conditions. Calibration results show extremely good agreement between field data and model predictions.
The models have been cross-validated and produced similar macroscopic traffic performance. With the simulation platforms, we
have explored the effects of CACC under various market penetrations and the impacts of a CACC managed lane (ML) strategy, a
vehicle awareness device (VAD) strategy and discretionary lane change (DLC) restrictions on the traffic flow dynamics of a
simple four-lane freeway section and the 13-mile freeway corridor. Results from both models reveal that the freeway capacity
increases quadratically as the CACC market penetration increases, with a maximum value of 3080 veh/hr/lane at 100% market
penetration. The disturbance from the on-ramp traffic causes the merge bottleneck and can reduce the freeway capacity by up to
13% but the bottleneck capacity still increases on a quadratic trend as CACC market penetration becomes larger. The results also
indicate that the ML and VAD strategy can substantially increase the pipeline capacity of the freeway when the CACC market
penetration is 60% or less. On the other hand, the DLC restriction strategy is most helpful when the penetration is 80% or higher.
The ML and VAD strategy can lead to significant improvement of the traffic operation at freeway on-ramp bottlenecks under
various CACC market penetration cases. Those strategies are also capable of enhancing the overall operation of the freeway
corridor, even for CACC market penetrations as low as 20%.
17. Key Words
18. Distribution Statement
Cooperative Adaptive Cruise Control (CACC), microscopic
No restrictions. This document is available to the public through
traffic modeling, model calibration and validation, CACC
the National Technical Information Service Alexandria, Virginia
vehicle string operation strategies, traffic impact analyses
22312
19. Security Classif.(of this report)
20. Security Classif.(of this page)
21. No. of Pages
22. Price
Unclassified
Unclassified
56
Form DOT F 1700.7 (8-72)

Reproduction of completed page authorized

DISCLAIMER STATEMENT
This document is disseminated in the interest of information exchange. The contents of
this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the
official views or policies of the State of California or the Federal Highway Administration.
This publication does not constitute a standard, specification or regulation. This report
does not constitute an endorsement by the Department of any product described herein.
For individuals with sensory disabilities, this document is available in alternate formats.
For information, call (916) 654-8899, TTY 711, or write to California Department of
· Transportation, Division of Research, Innovation and System Information, MS-83, P.O.
Box 942873, Sacramento, CA 94273-0001.

Using Cooperative Adaptive Cruise Control (CACC) to Form HighPerformance Vehicle Streams
FINAL REPORT

March 2018

Hao Liu
Lin Xiao
Xingan (David) Kan
Steven E. Shladover
Xiao-Yun Lu
Meng Wang
Wouter Schakel
Bart van Arem

California PATH Program
Institute of Transportation Studies
University of California, Berkeley

Sponsored by
FHWA Exploratory Advanced Research Program
Cooperative Agreement No. DTFH61-13-H-00013

Notice
This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of information exchange. The U.S. Government assumes no liability for the use of
the information contained in this document.
The U.S. Government does not endorse products or manufacturers. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of the document.
Quality Assurance Statement
The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its
information. FHWA periodically reviews quality issues and adjusts its programs and processes to
ensure continuous quality improvement.

ii

TABLE OF CONTENTS
CHAPTER 1. INTRODUCTION ................................................................................................ 1
BACKGROUND ........................................................................................................................ 1
PROBLEM STATEMENT......................................................................................................... 1
RESEARCH OBJECTIVE ......................................................................................................... 2
REPORT ORGANIZATION...................................................................................................... 3
CHAPTER 2. CACC OPERATION CONCEPT ALTERNATIVES ...................................... 4
CHAPTER 3. MICROSCOPIC TRAFFIC FLOW MODELING ........................................... 6
VEHICLE DISPATCHING MODEL ........................................................................................ 6
HUMAN DRIVER MODEL ...................................................................................................... 7
ACC AND CACC VEHICLE BEHAVIOR MODEL.............................................................. 10
COMPARISON OF PATH MODEL AND MOTUS MODEL................................................ 13
CHAPTER 4. HUMAN DRIVER MODEL CALIBRATION................................................ 14
MODEL GOODNESS-OF-FIT INDICATOR ......................................................................... 14
CALIBRATION METHODS AND PROCEDURES .............................................................. 15
MODEL COMPARISON AND DISCUSSION....................................................................... 16
CHAPTER 5. IMPACT OF CACC OPERATION ON TRAFFIC FLOW .......................... 20
SIMULATION SETUPS .......................................................................................................... 20
DETERMINATION OF MAXIMUM CACC STRING LENGTH AND INTERSTRING TIME GAP .................................................................................................... 22
PIPELINE CAPACITY OF MULTI-LANE FREEWAY ........................................................ 23
FREEWAY CAPACITY AT MERGE BOTTLENECKS ....................................................... 27
FREEWAY CAPACITY AT OFF-RAMP BOTTLENECKS ................................................. 33
IMPACT OF ACC OPERATION ON TRAFFIC FLOW........................................................ 35
RECOMMENDED CACC OPERATIONAL ALTERNATIVES FOR CORRIDOR
IMPLEMENTATION................................................................................................... 37
iii

MOBILITY PERFORMANCE OF CACC IN SR-99 NETWORK......................................... 38
CHAPTER 6. CONCLUSIONS................................................................................................. 42
SUMMARY OF STUDY FINDINGS...................................................................................... 42
RECOMMENDATIONS FOR NEXT PHASE RESEARCH.................................................. 43
REFERENCES............................................................................................................................ 45

iv

LIST OF FIGURES
Figure 1. Flow Chart. Human driver model structure. This figure shows the simulation
flow for modeling the behaviors of human drivers............................................................. 8
Figure 2. Graph. Four types of lane change behavior corresponding to the level of lane
change desire (Schakel, Knoop et al., 2012)....................................................................... 9
Figure 3. Flow Chart. Car following and lane changing dynamics of CACC vehicles. ............... 11
Figure 4. Graph. Conceptual longitudinal models for ACC/CACC vehicles in
simulations. ....................................................................................................................... 12
Figure 5. Graph. Study site: SR-99 freeway south of downtown Sacramento, CA...................... 14
Figure 6. Graph. Comparison of speed contour plots between field observation, PATH
simulation and MOTUS simulation. ................................................................................. 18
Figure 7. Illustration. Sketch plot of simple network. .................................................................. 20
Figure 8. Graph. Freeway capacity at different CACC market penetrations................................ 25
Figure 9. Graph. Traffic performance in speed contour with various CACC market
penetration rates and on ramp demand. ............................................................................ 28
Figure 10. Graph. Throughput of the freeway merge bottleneck. ................................................ 30
Figure 11. Graph. Throughput of the freeway merging bottleneck under various
management strategies and 40% CACC market penetration. ........................................... 31
Figure 12. Graph. Freeway throughput of various off-ramp traffic percentages under the
base case............................................................................................................................ 33
Figure 13. Graph. Freeway throughput with ACC at multiple market penetrations with
various on-ramp traffic inputs (veh/hr/ln)......................................................................... 36
Figure 14. Graph. Freeway throughput with ACC at different market penetrations and
various off-ramp traffic percentages. ................................................................................ 37
Figure 15. Graph. Total VMT and VTT. ...................................................................................... 39
Figure 16. Illustration. Speed contour plot for each CACC market penetration. ......................... 40
Figure 17. Illustration. Speed contour plot for 20% CACC market penetration with and
without operation strategies. ............................................................................................. 41

v

LIST OF TABLES
Table 1. Calibrated MOTUS parameters of the SR99 corridor. ................................................... 16
Table 2. Calibration of freeway flows. ......................................................................................... 17
Table 3. Freeway throughput (veh/hr/ln) at the on-ramp area under various maximum
CACC string length and inter-string time gap levels........................................................ 23
Table 4. Freeway throughput (veh/hr/ln) at the off-ramp area under various maximum
CACC string length and inter-string time gap levels........................................................ 23
Table 5. Pipeline capacity (veh/h/lane) and its growth with market penetration rates by
the PATH and MOTUS models........................................................................................ 24
Table 6. Probability that a CACC vehicle operates in a CACC string. ........................................ 26
Table 7. Averaged Travel Time Delays with CACC Market Penetration Rates. ......................... 29

vi

LIST OF ABBREVIATIONS
ACC
ACF
ALC
BCF
CACC
CF
DLC
GEH
HOV
I2V
LC
ML
MLC
O-D
RCF
V2V
VAD
VMT
VTT
YCF

Adaptive Cruise Control
After Lane Changing Car Following
Active Lane Changing
Before Lane Changing Car Following
Cooperative Adaptive Cruise Control
Car Following
Discretionary Lane Change
Geoffrey E. Havers (GEH) Statistic
High Occupancy Vehicle
Infrastructure-to-Vehicle
Lane Changing
Managed Lane
Mandatory Lane Changing
Origin-Destination
Receiving Car Following
Vehicle-to-Vehicle
Vehicle Awareness Device
Vehicle Miles Traveled
Vehicle Time Traveled
Yielding Car Following

vii

CHAPTER 1. INTRODUCTION
BACKGROUND
Cooperative Adaptive Cruise Control (CACC) is a term that has been used rather loosely in
recent years, such that different people visualize different functions and capabilities when
discussing CACC systems. Thus, there are now multiple system concepts that have been
described under the CACC label, and the functionalities included in these varied concepts can be
quite different from each other. At the heart of each CACC concept is the combination of
Adaptive Cruise Control (ACC), a subset of the broader class of automated speed control
systems, with a cooperative element, such as Vehicle-to-Vehicle (V2V) or Infrastructure-toVehicle (I2V) communication. The V2V communication provides information about the vehicle
or vehicles directly ahead of the subject vehicle, and the I2V communication can provide
information about traffic further ahead or about current speed restrictions as part of an active
traffic management approach.
The primary motivation for the development of CACC is to improve highway and roadway
capacity and throughput. The class of CACC systems utilizing V2V communication could allow
the mean following time gap to be reduced from about 1.4 seconds when driving manually to on
the order of 0.7 seconds when using CACC (Nowakowski, et al., 2010, and Nowakowski,
O’Connell, Shladover, and Cody, 2010), resulting in an increase in highway lane capacity.
Several California PATH highway traffic simulations (VanderWerf, et al., 2001, 2002, and
Shladover et al., 2012) showed that ACC alone, even at high market penetrations, had little effect
on lane capacity, and recent research (Milanés and Shladover, 2014) has even suggested that a
stream of consecutive ACC vehicles would fail to achieve string stability, resulting in a negative
impact on traffic capacity. However, with the shorter following gaps enabled by CACC systems,
lane capacity could potentially be increased from the standard 2200 vehicles per hour to almost
4000 vehicles per hour at 100 percent market penetration.
PROBLEM STATEMENT
Despite the broad consensus that CACC has great potential for traffic improvement, there is still
uncertainty regarding the impacts of CACC on the traffic flow dynamics. While an authoritative
prediction of traffic impacts of CACC at various market penetrations is in great need, it is not
feasible to determine the impacts by performing a large-scale field test before CACC is widely
equipped in the vehicle fleet. Traffic micro simulation is a promising tool for exploring the
influence of new technologies on traffic flow. But there is no existing simulation platform to
capture the microscopic car following and lane changing behaviors of CACC vehicles and their
interactions with manually driven vehicles. The existing simulation studies either analyze the
CACC operation in a one-lane freeway, without considering the lateral interactions of vehicles
(Shladover et al., 2012); or depict the car following and lane changing behaviors of both
manually driven vehicles and CACC vehicles by using the same behavior model with different
model parameter settings (van Arem et al., 2006). None of the existing simulation studies have
adopted the realistic CACC vehicle behavior model developed in our previous study based on
empirical data representing real-world CACC strings (Milanés et al., 2014). There is no existing
research that performs the mobility analysis in a multilane freeway site, with specific modeling
1

of interactions among CACC vehicles and manually driven vehicles under various CACC
operation strategies.
Achieving high-performance traffic streams with CACC requires not only robust vehicle control
and communication systems, but also CACC operation strategies that help create CACC vehicle
strings in the traffic stream and maintain the string operation. While the development of the
control and communication systems has been reported in existing studies (Dey et al., 2016), there
has been little research concerning the examination of CACC operation strategies or
quantification of their impact on the highway capacity and throughput in a complicated multilane freeway environment. Without the operation strategies, CACC vehicles will mix randomly
with manually driven vehicles in the traffic stream so that the formation of CACC strings is
entirely determined by the random process. The existing strings can be easily interrupted because
of the interactions among the manually driven vehicles and the CACC vehicles. The breakdown
of the CACC vehicle strings might aggravate the traffic congestion at the freeway on-ramps and
off-ramp bottlenecks. Because of the traffic disturbances caused by the merging and diverging
traffic, the mainline CACC drivers may be forced to frequently turn off CACC and switch back
to manual control. In the process, the drivers must decelerate to increase their car-following time
gap, which could further intensify the traffic disturbances.
RESEARCH OBJECTIVE
To address the above problems, we have defined a twofold study objective. We aim to firstly
provide a realistic estimation of the impacts of CACC on the freeway capacity and throughput.
The second objective is to determine the CACC operation strategies that create the most capacity
and throughput improvement on the freeway traffic stream. The research objective has been
fulfilled through completing the following tasks:
1) Define CACC operation strategies that enhance the CACC string operation
through an extensive literature review.
2) Build a microscopic traffic simulation model that realistically reproduces the
behaviors of human drivers and their interactions with CACC vehicles.
3) Develop models that depict the CACC vehicle behaviors under various operation
strategies and integrate the CACC models with the human driver model.
4) Model transportation networks where CACC could be implemented and calibrate
the simulation models for these networks.
5) Perform analyses to quantify the impacts of CACC on the traffic flow in the
identified networks and specify the recommended CACC operation strategies that
bring about the best traffic impacts.
To fulfill the above tasks, both the PATH team and the TU Delft team have incorporated the
CACC/ACC behavior model into their separate traffic simulation frameworks. The simulation
experiments with similar initial conditions and parameter settings have been performed to
identify the impact of CACC under various operation strategies. As we will see later in the
report, the results from both team are consistent, indicating the credibility of our findings.
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REPORT ORGANIZATION
The next section presents the CACC operation strategies identified from the literature review.
Section 3 elaborates the human driver model and CACC vehicle behavior model. Section 4
includes the description of the road networks for analysis, and model calibration and validation
results. In Section 5, we discuss the simulation results obtained from a simple freeway network
study and the California State Route 99 corridor study. The conclusions and recommendation for
future research are given in Section 6.
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CHAPTER 2. CACC OPERATION CONCEPT ALTERNATIVES
A successful CACC operation strategy can increase the probability for individual CACC vehicles
to join strings. Once a string is formed, the strategy can also help maintain the string operation
throughout a highway corridor. Larson et al. (Larson, Krammer, Liang, and Johansson, 2013, and
Larson, Liang, and Johasson, 2014) proposed a strategy that applies the high-level coordination
and allows CACC vehicles to form strings at individual highway entrances based on their origin
and destination. The strategy of (Liang, Mårtensson, and Johansson, 2013) aims to send
acceleration or deceleration instructions to CACC vehicles in the traffic stream so that they can
match with each other dynamically. Those strategies require coordination offered by traffic
management centers or roadside units. They might not be implemented in the field until a
substantial portion of the vehicle fleet adopts CACC. Before achieving the high-level
coordination, we can also take advantage of existing highway facilities or modify the CACC
control algorithms for better CACC string operation. For example, the implementation of the
CACC managed lane can to some extent segregate the CACC traffic flow from the interruption
of the manually driven vehicles. As CACC vehicles concentrate in the managed lane, they have a
higher probability of forming strings. We can also encourage the application of Vehicle
Awareness Devices (VAD) among manually driven vehicles. This strategy increases the
probability that CACC vehicles operate in CACC strings because it allows a CACC vehicle to
join a string led by a VAD vehicle (Shladover et al., 2012). Another potential strategy can use
the on-board human-machine interfaces to change CACC drivers’ discretionary lane change
preferences such that they will stay in the string until they must exit the string to continue their
routes. Since those strategies require little upgrade to the existing highway infrastructure, they
might be implemented in the field as the CACC vehicles first emerge in the traffic stream.
In this study, we narrow our consideration to the impact analysis for strategies that are likely to
be implemented soon, without requiring major upgrades of the existing road infrastructure. The
evaluation of the high-level coordination strategies will be performed in our future research. The
detailed literature review regarding the CACC operation concept alternatives can be found in a
separate report entitled Using Cooperative Adaptive Cruise Control (CACC) to Form HighPerformance Vehicle Streams Definitions, Literature Review and Operational Concept. The
CACC operation strategies analyzed in this study are listed as follows:




Implementation of Vehicle Awareness Devices (VAD) on manually driven vehicles. The
VAD vehicles have the wireless communication capability. They can broadcast real-time
information regarding their operation status and route choice. Although they don’t have
an automated controller to perform the car-following task, they can serve as the leader of
CACC vehicle strings. With this strategy, the probability for CACC vehicles to travel in
the CACC mode greatly increases. It thus offers incentives for users to equip with CACC,
even when the CACC market penetration is low.
Implementation of CACC managed lane (ML). The managed lane strategy has been
widely used to serve high occupancy vehicles or drivers willing to pay a toll, with the
purpose of improving the overall efficiency of the highway system. The CACC managed
lane can adopt a similar operation concept that only allows CACC vehicles and VAD
vehicles to enter the managed lane. It physically separates the CACC traffic stream and
the regular traffic. As the CACC vehicles concentrate in the managed lane, they will have
4







a higher probability of traveling in CACC strings. The managed lane also reduces the
interaction between the CACC vehicles and manually driven vehicles. The CACC strings
are less likely to be interrupted in the managed lane.
Discouraging discretionary lane changes for CACC string leaders and followers (DLC
restriction). This strategy can be achieved by using an on-board device that offers realtime lane change guidance for drivers. When a driver is in a CACC string, we expect that
her or his lane change behaviors will be different from what the driver would normally
do, building on the existing experience of ACC drivers. Although there is no firm
empirical data quantifying this behavior change, we can perform the what-if analysis to
determine the outcomes if we offer the lane change guidance or restrictions to the CACC
drivers. With this strategy, the drivers are encouraged to stay in the CACC string
whenever possible. In this case, the disturbances caused by the CACC drivers’ lane
change maneuvers can be reduced. Subsequently, the CACC string will have a higher
probability to operate in a stable state.
Making drivers stay in the CACC mode when they cannot find a gap in the target lane.
This strategy applies to CACC drivers when they try to make a lane change, but the
current gap in the target lane is not acceptable. In this case, the driver will continue
driving in the CACC mode, instead of turning off the CACC and manually accelerating
or decelerating for gap searching. This strategy can reduce the probability that the CACC
strings are broken down due to drivers’ mode switches.
Offering early lane change advisory message for drivers that want to exit the freeway.
This strategy is expected to help improve the traffic flow for the freeway diverging areas
under high CACC market penetration. As the traffic volume increases with the CACC
market penetration, the traffic flow density will become high, which makes it more
difficult to make lane changes toward the off-ramp. When the driver is close to the exit
but still cannot merge into the off-ramp, she or he might make aggressive lane changes to
force into the target lane, potentially causing great disturbances to the traffic flow. If the
early lane change advisory message is provided, the driver can start making lane changes
at a longer distance upstream from the exit. In this case, she or he will have a better
chance to find an acceptable gap such that the driver does not have to force into the target
lane. Reducing the aggressive lane change behaviors can stabilize the traffic flow, and
subsequently lower the probability of breaking the operation of CACC vehicle strings.
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CHAPTER 3. MICROSCOPIC TRAFFIC FLOW MODELING
In this chapter, we present an overview of the traffic flow models developed by the PATH and
Delft teams. The PATH microscopic traffic model includes three major components: the vehicle
dispatching model, human driver model and ACC/CACC model. The vehicle dispatching model
determines how a modeled vehicle enters the simulation network and the distribution of vehicle
types. The human driver model and ACC/CACC model specify the car following and lane
changing behaviors of the human drivers and ACC/CACC equipped drivers, and their
interactions. This chapter gives a brief overview of those models. The detailed description of the
simulation model can be found in the separate report entitled Using Cooperative Adaptive Cruise
Control (CACC) to Form High-Performance Vehicle Streams: Microscopic Traffic Modeling.
The ACC/CACC simulation models developed by the Delft team are embedded in a simulation
package named MOTUS. MOTUS is a microscopic simulation framework with fundamental and
extendable models for generating human-driven vehicles and reproducing their trajectories. The
default vehicle generating model determines how vehicles are generated at the beginning of the
simulated network and the human driver model defines the vehicles’ longitudinal and lateral
responses to surrounding vehicles under human drivers’ control. The default vehicle generating
model and human driver model are further adapted to the U.S. freeway traffic with a managed
lane operation. The ACC/CACC algorithms are incorporated into the framework as automated
vehicle controls executed by the on-board unit. The ACC/CACC models specify vehicles’
longitudinal response under automated controls. They are delicately designed to realistically
model the drivers’ switch on and off decisions and behavior as the modeled CACC vehicles have
interactions with the human drivers. The detailed description of the simulation model can be
found in the separate report entitled Microscopic Traffic Simulations with Cooperative Adaptive
Cruise Control (CACC) Vehicles.
VEHICLE DISPATCHING MODEL
PATH Approach
The vehicle dispatching model is intended to generate very high volumes of vehicles at the
source section. This is essential for simulating CACC strings that have much shorter time gaps
between consecutive vehicles than conventional manually driven vehicles. Once the input
volume and the minimum headway are specified, the vehicle dispatching model can determine
the arrival times of individual modeled vehicles. The time interval between two consecutive
vehicles is a random number drawn from the shifted negative-exponential distribution.
In addition, the model will lead to a ‘stable’ (i.e., steady state equilibrium) traffic condition at the
beginning of the simulated network. The generated traffic represents the traffic flow as the mixed
fleet has traveled in a sufficiently long freeway segment without disturbance induced by the
merging and departing traffic. To obtain stable input flow, a “holding” function is applied to
release vehicles at the equilibrium position—a position where the subject vehicle has an
acceleration of zero and speed equal to the desired speed. When a vehicle is generated in a lane,
the vehicle type will be assigned based on the fleet composition (e.g., percentages of human
driven vehicles, ACC vehicles and CACC vehicles) specified in the simulation inputs. The
6

destination of each individual vehicle is determined based on the user specified O-D table or
turning percentage at individual intersections and interchanges.
In this project, we consider the operation of a CACC managed lane, which only serves CACC
vehicles or manually driven vehicles equipped with VAD. If the CACC managed lane is
activated, the vehicle dispatching model first assigns the CACC and VAD vehicles to the
managed lane at the source section. If the managed lane cannot accommodate all the CACC and
VAD vehicles, the remaining vehicles are released into the general-purpose lanes, with priority
given to the lane immediately adjacent to the managed lane.
MOTUS Approach
MOTUS’s vehicle generating model uses user-specified traffic demand to determine the average
headway between consecutive vehicles to be released into the network. A random coefficient
following the negative-exponential distribution is applied to the averaged headway to make it
stochastic. When the traffic demand is large, it is possible that the available space in the source
link is smaller than a new vehicle’s desired distance (the product of the initial speed and the
desired time gap). In this case, the vehicle will be put in a virtual queue and later be placed in the
network as a queued vehicle. Otherwise, the vehicle will be put into the network as a free
vehicle.
ACC/CACC vehicles are not different from human driven vehicles in the process of vehicle
generation. The automation systems are assumed to be activated when vehicles are generated.
ACC/CACC vehicles are generated individually depending on their own desired speed, desired
time gap and the random arriving time. In this case, it may take times for these vehicles to enter
the stable car-following mode and form an ACC/CACC string. A preliminary test suggests a 2km section as the simulation warm up section to facilitate the formation of ACC/CACC strings.
HUMAN DRIVER MODEL
PATH Approach
Microscopic human driver car-following behavior and their interactions with the nearby vehicles
determine the overall traffic pattern at the macroscopic level. The proposed human driver model
intended to describe such driver interactions is built upon the basic framework of the NGSIM
oversaturated flow model proposed by Yeo et al. (2008). Some important extensions and
modifications were made to depict detailed car following and lane changing behaviors that were
not represented in the original model. In the proposed model, a driver’s car following and lane
changing behaviors are partitioned into fundamental driving modes (or movement phases):





CF: Regular car following mode
LC: Lane change mode, which includes discretionary lane change (DLC), active lane
change (ALC) and mandatory lane change (MLC)
ACF: After lane changing car following mode (a driver temporarily adopts a short gap
after a lane change maneuver)
BCF: Before lane changing car following mode (a driver speeds up or slows down to
align with an acceptable gap in the target lane)
7




RCF: Receiving car following mode (a driver temporarily adopts a short gap after a
vehicle from the adjacent lane merges in front)
YCF: Yielding (cooperative) car following mode

As depicted by figure 1, at the beginning of each simulation update interval, a subject driver will
determine the driving mode based on a set of car following and lane changing rules. Each driving
mode is associated with specific car following and lane changing algorithms, which are used to
determine the driver’s speed and position at the end of the update interval. Such an update
process is executed iteratively for every modeled vehicle in the simulation environment,
resulting in a trajectory for each vehicle over the simulation period. The detailed car following
and lane changing algorithms are described in our report entitled “Using Cooperative Adaptive
Cruise Control (CACC) to Form High-Performance Vehicle Streams—Microscopic Traffic
Modeling”.
No
Need RCF?

CF
Yes

RCF

Yes

ACF

No

Start

Need LC?

No

Need YCF?

No

Need ACF?
Yes

Yes
Accept
gap?

No
Yes

YCF

BCF
LC

Figure 1. Flow Chart. Human driver model structure. This figure shows the simulation flow
for modeling the behaviors of human drivers. The simulation algorithm first determines if a
modeled driver needs to make a lane change. If the driver desires a lane change, the algorithm
will determine if the current gap in the target lane is acceptable. When the gap is acceptable, the
LC mode will be used to update the driver’s behavior; otherwise the BCF mode will be
implemented. When the driver does not need to make a lane change, the algorithm further checks
if she or he is required to yield to another driver. The YCF mode will be used if the yielding
behavior is demanded. When there is no need for yielding, the algorithm then determines if the
ACF mode is necessary. If it is not, then the RCF mode is checked. The CF mode will be used if
RCF is not required.
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MOTUS Approach
The car following model for human drivers in MOTUS is a modified version of the Intelligent
Driver Model by Treiber, Hennecke and Helbing (2000), hereinafter referred as IDM+ (Schakel,
van Arem & Netten, 2010). The IDM+ provides the desired acceleration as the minimum of the
acceleration of driving towards the desired speed and the acceleration towards the desired
headway. This model has been proved to be capable of reproducing crucial traffic phenomena
such as capacity drop (Kesting, Treiber & Helbing, 2010).
A Lane Change model with Relaxation and Synchronization (LMRS) introduced by Schakel,
Knoop and van Arem (2012) is used in MOTUS to model the vehicles’ lateral interactions and
response. The LMRS model describes the lane change desires by a combination of three types of
incentive: following the route, gaining speeds, and optional lane preference. The route and speed
incentives work for most of the traffic situations while the lane preference incentive works in
particular scenarios such as the dedicated lane scenario.
A decision model is used to determine a driver’s lane change behavior based on the driver’s lane
change desires and a condition-dependent acceptable gap relaxation. Based on the total lane
change desire, four different types of lane change behavior can be distinguished by three
thresholds: dfree, dsync and dcoop. As shown in Figure 2, if the total lane change desire d is smaller
than dfree, no lane change (No LC) will be performed. When d is between dfree and dsync, vehicles
will execute free lane changes (FLC). When d is within the range of [dsync dcoop], the lane
changing vehicle will perform synchronized lane changes (SLC) where it aligns speed with that
of the leader in the target lane, but the follower in the target lane does not actively create a gap
for the lane changer. As the desire d exceeds dcoop, cooperative lane changes (CLC) are expected,
in which the lane changing vehicle synchronizes its speed with the potential leader in the target
lane and the potential follower in the target lane actively creates a gap in front to facilitate the
lane change. The green line and red line in Figure 2 show the relaxations of the acceptable gap
and acceptable deceleration for performing a lane change. As the lane change desire rises, lane
changing vehicles accept smaller gaps and potential followers in the target lane allow larger
deceleration for a cooperative lane change.

Figure 2. Graph. Four types of lane change behavior corresponding to the level of lane
change desire (Schakel, Knoop et al., 2012). The figure shows the relationships between lane
change desire and lane change behavior. The total desire is divided into four levels by the criteria
9

dfree, dsync and dcoop, and four lane change behavior are determined accordingly as No Lane
Change, Free Lane Change, Synchronized Lane Change and Cooperative Lane Change. The lane
changing vehicle with Synchronized Lane Change performs speed synchronization with the
target vehicle in order to better find a cut-in gap, while only the Cooperative Lane Change
strategy requests the potential follower of the lane changing vehicle for the courtesy gap
creation. Besides that, the relaxations in the acceptable gap and the gap-creation decelerations
are illustrated as two lines in the figure. The acceptable gap decreases with rising lane change
desires but the acceptable deceleration for a potential follower increases when lane change
desires grow.

ACC AND CACC VEHICLE BEHAVIOR MODEL
PATH Approach
We adopted the models developed in Milanes and Shladover (2014) to depict the ACC and
CACC car following behaviors. CACC equipped vehicles exhibit significantly different car
following behavior from manual drivers and can form strings that allow them to follow the
preceding vehicles with short gaps. Drivers of CACC equipped vehicles can also exit their
closely coupled string and switch off CACC to make lane changes or exit the freeway. The lane
changing behaviors of the C/ACC drivers are depicted by the proposed C/ACC vehicle behavior
model. The modelling framework of CACC vehicles is highlighted in figure 3. Although the
CACC system implementation relies on information received from the leading vehicle in the
CACC string as well as from the immediately preceding vehicle, the empirical models used in
the simulation provide a simplified description of the closed-loop vehicle-following dynamics
that are achieved relative to the immediately preceding vehicle. The simplified approach is
suitable for modeling a large number of CACC vehicles.
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Start of an
update interval

Switch to manual
driving mode?

Yes

Perform manual driving in the following cases:
 Mandatory LC;
 Discretionary LC if not in the CACC string;
 Relaxation after LC;
 Cooperation to merging vehicles.

No
Discretionary lane-changing behavior of a CACC vehicle
Is in a CACC string?
& is DLC?
& is gap acceptable?

Yes

Perform DLC.

No
Car-following modes of a CACC vehicle
Is front vehicle equipped
with CACC or VAD?

No

Become the leader of a CACC string;
Perform ACC CF mode.

No

Become the leader of a CACC string;
Perform speed regulation CF mode.

No

Become the leader of a CACC string;
Perform leader gap regulation CF mode.

Yes
Time gap with
front vehicle < 2s ?
Yes

Length of front CACC
string < max length?

Yes

Become the follower in a CACC string;
Perform follower gap regulation CF mode.

Figure 3. Flow Chart. Car following and lane changing dynamics of CACC vehicles. The
figure demonstrates the simulation flow for CACC vehicles. The simulation algorithm first
decides if the modeled CACC vehicle needs to make a lane change. If the lane change is desired,
the algorithm will switch to the manual driving mode to model the target vehicle. Otherwise, the
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algorithm will identify if the modeled vehicle is a CACC string leader or follower. The CACC
vehicle is the string leader, if the preceding vehicle is not a CACC vehicle or VAD vehicle, or
the time gap from the preceding vehicle is larger than 2 seconds, or the preceding CACC string
reaches the maximum string length. Otherwise, the CACC vehicle is a string follower.
MOTUS Approach
The MOTUS model uses the same ACC/CACC algorithms adopted by the PATH model. When
the ACC/CACC system is activated, the ACC/CACC algorithms substitute for the IDM+ and
work as car-following models for each individual ACC/CACC vehicle.
A multi-regime model for ACC/CACC longitudinal vehicle response is proposed based on the
two parallel control loops shown in Figure 4. The two parallel control loops are the human driver
control loop and the system control loop. Each loop represents the sequential procedures for
corresponding vehicle control within a simulated time step and both loops are based on a threestage control structure from Milanes and Shladover (2012). The vehicle information received
from the perception stage is processed either by ACC/CACC or human driver response models
and eventually the actual kinematic data becomes model outputs and provides feedback
information for the next time step.
The driver intervention and the collision warning system determine when to switch between the
two control loops. They correspond to two types of authority transition: discretionary overrides
and mandatory overrides. The discretionary override is initiated by drivers, for drivers actively
interacting with the automation system. The mandatory override is activated as a collision
warning is given in a safety-critical situation. Regarding automation activation, we assume the
switch is only effective from the driver control loop to system control loop, and the automation
system cannot switch on by itself.

Sensor/V2V

vi, xi

vi-1, xi-1

–

+

+

Desired
Desired time
time gap
gap
Desired
Desired speed
speed
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+
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–

vi, xi

Collision
Warning System

ACC / CACC
Controller
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Intervetion
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Human Driver
Response
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Command
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Model

ɑi

vi (CACC)
(ACC, Human)
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Command

Car-Following Models

Perception

Decision-making
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Figure 4. Graph. Conceptual longitudinal models for ACC/CACC vehicles in simulations.
This figure illustrates a comceptual control framework combining both automated system
controls and human driver controls. The automated system control and human driver control are
two parallel control loops, going through the perception, decision-making and actuation stage.
The sutomated system control receives the surrounding vehicle information from either sensors
or V2V communication, and that information is used for the collsion warning system to idenfity
the safety-critical situation. If a collision warning is not issued, the ACC/CACC controller
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generates the speed/acceleration commands, which are inputs for the vehicle model in the
actuation stage. The outputs of the vehicle model are the actual vehicle speed and acceleration
and they are used in the next control interval, where a feedback control is formed. Similarly, the
human driver control receives information from the driver’s perceptions and a decision about
interacting with the automated system control loop is made in the decision-making stage. Once
the automation is deactivated or a collision warning is issued, the human driver model takes over
and generates the acceleration command to the vehicle model. In the same way, the outputs are
used for the next control interval for both control loops.
COMPARISON OF PATH MODEL AND MOTUS MODEL
To obtain comparable results from the two models, both the PATH model and the MOTUS
model select the same ACC/CACC car-following model and make the simulation assumptions as
close to each other as possible. Particularly, the same free cruising and car-following models of
ACC/CACC vehicles are used in both simulators. This leads to similar ACC/CACC vehicle
movements in equilibrium status. In addition, a similar simulation scheme with a collision
warning system and human driver take-over algorithm is adopted by both models. In safetycritical situations, both PATH and MOTUS model switch from ACC/CACC controls to human
driver controls based on collision warnings and collision-free simulations are thereby guaranteed.
Besides that, the simulation is set up with consistent inputs, such as acceleration capability and
sensor range in vehicle settings, desired ACC/CACC inter-string and intra-string time gaps in
ACC/CACC system inputs, and a 10-vehicle limit on the vehicle string length in string
operational settings.
There are also some differences between the two models. The PATH and MOTUS models made
different assumptions in defining the ACC/CACC vehicle behavior in the approaching scenario
and low speed scenario, where the actual vehicle responses have not yet been tested in the field.
In the approaching scenario, the PATH model applies a hysteresis control to describe the
transition between the free cruising mode and car-following mode; while MOTUS uses the base
CACC car-following model with adjusted control gains. In the low speed scenario, the PATH
model uses a 2-meter spacing as the minimum and the MOTUS model introduces a dynamic
spacing margin varying with the vehicle’s speed to prevent the collision. These discrepancies in
ACC/CACC vehicle models result in slightly different vehicle responses and may lead to
different vehicle trajectories. In addition, the PATH and MOTUS collision avoidance modules
are based on two different algorithms. The PATH model estimates the potential collision 20
seconds in advance based on vehicle kinematics. In contrast, the MOTUS model adopts the
possibility indicator developed by Kiefer, LeBlanc and Flannagan (2005) to estimate the safetycritical situation. The dissimilar collision estimation can lead to different timing to override the
system. Finally, the PATH and MOTUS models provide different string join strategies. The
PATH model allows a following string to join its preceding string even if the resulting new string
will be longer than the string length limit. The string split process will then be executed to reduce
the length of the new string. In MOTUS, however, the second string joins the first string only
when the length of the new string is below the string length limit. With this difference, the PATH
model encourages “full-length” strings while the MOTUS model reserves more inter-string gaps
in the traffic stream.
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CHAPTER 4. HUMAN DRIVER MODEL CALIBRATION
The human driver models from PATH and MOTUS were first calibrated against ground truth
data before analyzing the impacts of ACC/CACC vehicles. The model calibrations provide solid
evidence and support for simulated vehicle behavior and traffic flow, offer a benchmark for
ACC/CACC vehicle impact analysis, and build up a connection between the PATH and MOTUS
models for comparable results.
The SR99 corridor to the south of Sacramento, California, is selected as the calibrated network.
The network starts from the on-ramp of Elk Grove to the off-ramp toward SR50, with 20 km in
length, 16 on-ramps and 12 off-ramps (See Figure 5 for lane configuration). The considered time
period is from 4:00 AM to 12:00 PM. Loop detector data in this corridor were obtained from the
Caltrans Performance Measurement System (PeMS), which provides 5-mins flow and speed data
for each lane on the mainline of the corridor. We chose the date of October 6, 2015 - a typical
weekday without incident reports during the selected time period. Unreliable data violating the
principle of vehicle conservation were removed, resulting in 16 reliable groups of mainline
detectors for demand imputation and calibration.

Lane configuration and road geometry
Figure 5. Graph. Study site: SR-99 freeway south of downtown Sacramento, CA. This
figure depicts the road configuration of the SR-99 freeway corridor, starting from Elk Grove
Blvd to the interchange to SR-50 WB. There are 16 groups of detectors, from the south to north,
the mileposts are 287.3, 287.6, 289.3, 289.4, 290.0, 290.7, 291.5, 291.9, 292.4, 292.8, 294.0,
294.7, 295.3, 296.0, 297.9 and 298.5. The WB Florin Rd and WB Sheldon Rd were denoted in
the figure as the on-ramp bottlenecks.
The SR99 Corridor has a median exclusive HOV lane with continuous access and egress
operating only from 6:00 AM to10:00 AM. Data from both free-flow and congested-flow can be
obtained due to recurrent congestion, providing sufficient data for model calibration. The
empirical data reveal a complex congestion pattern with interacting bottlenecks in the morning
peak. Propagation and recovery of the congestion can also be recognized.
MODEL GOODNESS-OF-FIT INDICATOR
Multiple replications of the simulation model run with different random number seeds were made
in order to calibrate the models to the conditions of October 6, 2015. The predicted flows and
speeds at selected locations on the freeway were compared with real traffic measurements at every
5-minute interval to assess the accuracy of the simulation models in representing the observed
conditions. The model goodness-of-fit is measured by two indicators: GEH and Mean-AbsolutePercentage-Errors (MAPE).
The GEH statistic is computed as
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2[𝑀(𝑘) − 𝐶(𝑘)]2
𝐺𝐸𝐻(𝑘) = √
𝑀(𝑘) + 𝐶(𝑘)

(3)

where,
𝑀(𝑘): simulated flow during the k-th time interval (veh/hour)
𝐶(𝑘): flow measured in the field during the k-th time interval (veh/hour)
and the MAPEs of flows is defined by equation 4.
𝑁

𝑇

𝑟𝑒𝑎𝑙
𝑠𝑖𝑚
1
𝑀𝑛,𝑡
− 𝑀𝑛,𝑡
𝑀𝐴𝑃𝐸 =
∑∑
𝑟𝑒𝑎𝑙
𝑁∙𝑇
𝑀𝑛,𝑡

(4)

𝑛=1 𝑡=1

𝑟𝑒𝑎𝑙
𝑠𝑖𝑚
N is the number of detectors and T is the number of time intervals. 𝑀𝑛,𝑡
and 𝑀𝑛,𝑡
are
the field observed and simulated data (i.e. flow) of detector n obtained during time
interval t, respectively.

The simulated flow is acceptable based on: (1) on average of all detectors, for at least 85% of all
5-minute time intervals, the flow is to satisfy the condition that 𝐺𝐸𝐻(𝑘) < 5 and (2) the MAPE
must be less than 10%.
Above all, the simulated flow-density relationship and queue propagation must be visually
acceptable. This indicates that the fundamental diagrams of field observed and simulated flow vs.
density should resemble similar patterns for key bottlenecks along the corridor, and the contour
plots of the field observed and simulated speeds at all 5-minute intervals should exhibit similar
trends over the length of the corridor as well as the duration of the study period.
CALIBRATION METHODS AND PROCEDURES
PATH Model Calibration
Parameters in the model were adjusted by a few iterations of trial and error to find the best fit for
the given field data. More sophisticated algorithms were avoided in order to ensure reasonable
simulation and computation time for this complex corridor. Simulation experiments suggest that
the following parameters provide a good fit:






Reaction time (𝜏𝑟 ): 0.8 s
Maximum acceleration (𝑎𝑀 ): 2.0 m/s2
Maximum deceleration (𝑏𝑓 ): 4.0 m/s2
Time headway (𝜏ℎ ): 1.40 s
Coefficient of lane friction (𝑐𝑓 ): 0.5



0
Speed difference threshold for DLC (max𝑎𝑛𝑡
): 0.15
(𝑣̃ ,𝑉 )

𝑣

−𝑣̃

0

𝑑𝑙𝑐

However, poor visibility near on-ramp merging areas on the upstream 2-mile section of the
corridor required increasing the reaction time to 1.0 s to better reproduce the field observations.
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Furthermore, frequent aggressive and last-minute lane changes observed in the field required
reducing the reaction time to 0.4s for the short weaving section between the upstream 12th Ave.
on-ramp and the downstream US-50 off-ramp in order to replicate the high capacity and relatively
uncongested off-ramp bottleneck near the US-50 freeway interchange. More than half of the SR99 traffic makes lane changes to access the US-50 off-ramp during the morning peak.
MOTUS Model Calibration
In the MOTUS platform, the to-be-calibrated parameters involve both the lane change model
LMRS and the car-following model IDM+. The calibration starts from the free-flow scenario
where parameters corresponding to free driving behavior are determined. The set of parameters
with minimum values of the objective function was selected as the calibrated parameters for free
flow conditions. Next, the parameters were calibrated in congested conditions. Following the
procedures in the previous stage, a sensitivity analysis of the results with varying parameter values
was conducted to narrow down the range of each parameter. Then we checked the congestion
pattern before the quantitative analysis of GEH and MAPE of flow and searched the parameter
values by plausible congestion pattern with acceptable errors. The calibrated parameters are shown
in TABLE 1.
Table 1. Calibrated MOTUS parameters of the SR99 corridor.
Parameter/Symbol
Sensitivity to speed gain / vgain
Car acceleration/ acar
Free lane change criteria/ dfree
Synchronized lane change criteria/ dsync
Cooperative lane change criteria/ dcoop
Maximum deceleration/ b
Average maximum headway/Tmax
Average minimum headway/Tmin
Lane change desire per lane/ t0
Averaged free-flow speed/ Vdes,car
σcar
HOV bias/ dHOV
SOV bias/ db
Low desire-speed bias
Local high desire-speed bias

Original values
69.6 km/h
1.25 m/s2
0.365
0.577
0.788
2.09 m/s2
1.2 s
0.56 s
43 s
123.7 km/h
12 km/h
-

Calibrated values
54 km/h
1.25 m/s2
0.25
0.5
0.75
2.09 m/s2
1.4 s
0.52 s
52 s
125 km/h
8.75 km/h
0.45
0.5
0.25
0.25

MODEL COMPARISON AND DISCUSSION
Quantitative Results
TABLE 2 summarizes the flow calibration results for the 16 detectors that provided good data
along the 13-mile stretch of northbound SR-99. The HOV lane data were aggregated with those of
the general-purpose lanes because the HOV lane is equally congested and exhibits nearly the same
congestion pattern (bottleneck location and duration) as the general-purpose lanes. It can be seen
that on average, the simulated flows satisfied the calibration criteria. However, the PATH model
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cannot accurately simulate the flow of the downstream weaving bottleneck at US-50, under both
the GEH and MAPE criteria. This could be attributed to the limitation that that model’s lane
changing logic does not reflect the unusually aggressive and frequent lane change behavior.
Modeling such an area may require better developed lane changing gap acceptance criteria that
specifically fit such an off-ramp bottleneck.
The MOTUS model met the GEH criterion at all the detector stations along the whole
corridor. Although the overall MAPE were less than 10%, the MAPE at 4 locations (out of 16
detector stations) were slightly higher than 10%. These correspond to the Elk Grove bottleneck,
EB Sheldon bottleneck and the EB Mack bottleneck, where throughput during congestion is lower
in simulation than that in the field.
Table 2. Calibration of freeway flows.
Detector Location
(post-mile)
287.3
287.6
289.3
289.4
290.0
290.7
291.5
291.9
292.4
292.8
294.0
294.7
295.3
296.0
297.9
298.5
Overall
Detector Location
(post-mile)
287.3
287.6
289.3
289.4
290.0
290.7
291.5
291.9
292.4
292.8

Freeway: 5-min flows of SR-99 Northbound
Criterion 1: GEH
PATH
Target
% Met
Target Met?

MOTUS
% Met

Target Met?

94.67%
91.78%
93.78%
94.44%
95.56%
96.44%
95.11%
92.67%
92.00%
92.22%
95.11%
94.22%
95.78%
99.56%
98.67%
98.44%
95.03%

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

GEH < 5 for > 85% of k
100%
Yes
GEH < 5 for > 85% of k
97.92%
Yes
GEH < 5 for > 85% of k
98.65%
No
GEH < 5 for > 85% of k
98.54%
Yes
GEH < 5 for > 85% of k
98.65%
Yes
GEH < 5 for > 85% of k
97.71%
Yes
GEH < 5 for > 85% of k
93.54%
Yes
GEH < 5 for > 85% of k
91.04%
Yes
GEH < 5 for > 85% of k
93.23%
Yes
GEH < 5 for > 85% of k
93.13%
Yes
GEH < 5 for > 85% of k
92.81%
Yes
GEH < 5 for > 85% of k
94.79%
Yes
GEH < 5 for > 85% of k
94.90%
Yes
GEH < 5 for > 85% of k
88.65%
Yes
GEH < 5 for > 85% of k
79.27%
No
GEH < 5 for > 85% of k
92.50%
Yes
GEH < 5 for > 85% of k
94.08%
Yes
Criterion 2: MAPE
PATH
Target
% Met
Target Met?

% Met

Target Met?

MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%

5.58%
11.85%
10.80%
9.88%
8.42%
9.08%
10.56%
11.21%
9.59%
9.35%

Yes
No
No
Yes
Yes
Yes
No
No
Yes
Yes

1.99%
9.36%
9.17%
8.61%
6.85%
7.41%
9.92%
10.38%
8.98%
8.02%
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Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes

MOTUS

294.0
294.7
295.3
296.0
297.9
298.5
Overall

MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%
MAPE < 10%

8.37%
7.37%
8.01%
10.52%
14.20%
14.09%
8.21%

Yes
Yes
Yes
No
No
No
Yes

9.01%
8.26%
8.14%
7.48%
7.23%
8.49%
9.06%

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Flow Characteristics Comparison
FIGURE 6 summarizes the simulated vs. observed queue propagation. The contour plots show the
5-minute average speeds at the detectors throughout the selected peak period. The first and last
hour (low demand and free-flowing) were omitted from the figures. Both models reproduced the
field observed peak duration and the length of queue fairly accurately, with the exception of the
most upstream bottleneck at Sheldon Rd., which the PATH model simulated with slightly shorter
congestion duration and slightly less queue propagation. Additionally, the PATH model simulated
faster queue dissipation, as evident in the shorter peak duration shown in FIGURE 5(b). This could
be attributed to the higher acceleration and deceleration rate applied in the PATH model. The lane
changing and gap acceptance criteria required larger acceleration and deceleration to prevent
simulating low bottleneck flows and severe queue propagation. This compromised the accuracy of
peak duration but can be fixed with systematic optimization instead of trial and error to search for
the best set of parameters.
The PATH model was able to replicate the speed profiles of the most downstream
bottleneck, which is a complex weaving section with more than 50% off-ramp traffic. In MOTUS,
a special local headway was applied here to meet the traffic throughputs but unfortunately the
model could not simulate the slight speed reduction at this bottleneck.

(a) field observation

(b) PATH simulation

(c) MOTUS simulation

Figure 6. Graph. Comparison of speed contour plots between field observation, PATH
simulation and MOTUS simulation. Three sub-figures of speed contour plots are presented
here for the comparison of traffic congestion pattern. The left sub-figure (a) shows the
congestion pattern from the ground-truth data that congestions almost covered the whole network
within the peak hours and congestion propagation and dissolution are observed. The middle subfigure (b) shows the PATH simulation results that the upstream bottleneck is less congested
without propagation and the congestions are dissolved sooner than the ground-truth data. The
right sub-figure (c) shows the MOTUS simulation results that no congestion appears at the
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downstream network after PM 296 and the congestions last longer till 10:00 AM. Other than
that, the formation and propagation of the traffic congestion are captured by both simulation
models and the congestion intensity is also accurately reproduced.
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CHAPTER 5. IMPACT OF CACC OPERATION ON TRAFFIC FLOW
SIMULATION SETUPS
A virtual simplified network is first established in order to better show the ACC/CACC impacts
without possible interference and consequences resulting from interacting bottlenecks in the
realistic network. The simplified network is a simple 4-lane freeway segment with an on-ramp
and an off-ramp (see figure 7). The freeway mainline is 7 kilometers long. The source links in
the network are highlighted by the red boxes. The simulated vehicles are released into the
network through the source links. There is a 2-kilometer ‘warm-up’ mainline segment
immediately downstream from the mainline source link. The simulated vehicles will use this
segment to reach a stable car-following state after entering the network. This segment also
allows CACC vehicles to form stable CACC vehicle strings in the CACC analysis cases.
150m

100m

O1

150m

100m

O2

Lane 4

Lane 1

3000m

1500m

2500m

Figure 7. Illustration. Sketch plot of simple network. This figure depicts the simple simulation
network. The network contains a 7-kilometer freeway segment with 4 mainstream lanes. There is
an on-ramp 3 kilometers downstream from the beginning of the network. An off-ramp is located
4.65 kilometers from the network beginning. Both the on-ramp acceleration lane and off-ramp
auxiliary lane are 150 meters long. There are two data collection locations. The first location O1
is 100 meters downstream from the end of the on-ramp; and the second location O2 is 100
meters downstream from the end of the off-ramp. The rightmost lane is Lane 1 and leftmost lane
is Lane 4.
The MOTUS simulation uses a similar simplified network as that in figure 7 with some minor
differences. Instead of 7 kilometers in length, the simplified network in the MOTUS simulation
is 11 kilometers long with the same configuration of one on-ramp and one off-ramp. The
auxiliary lanes for the ramps are defined as 250 meters, which works better with the MOTUS
lane change model and better facilitates the merging process. The detectors are placed at 200
meters downstream of the merging/diverging sections, which are denoted as O1 and O2 in figure
7.
Our analysis started with the identification of the pipeline capacity of the simple network.
Results of the analysis could reveal the impact of the CACC string operation on the basic
freeway segment. To this end, we specified a zero on-ramp and off-ramp traffic flow and then
measured the traffic flow of the four-lane freeway network under various CACC market
penetrations. The pipeline capacity was defined as the maximum 15-minute moving average
flow rate observed in the middle of the network, according to the Highway Capacity Manual
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(HCM, 2010). The experiments began with simulating a constant and relatively low traffic
volume for one hour. If the freeway remained free-flowing, then subsequent simulations were
conducted with slightly higher volume input (e.g., plus 1000 veh/hr), until the highest observed
15-minute moving average flow no longer increased as the input became larger. The capacity
was finally determined based on five replications with different random seeds. These procedures
were simulated for 0%, 20%, 40%, 60%, 80%, and 100% market penetration of CACC equipped
vehicles.
The next study concerned the performance of the freeway merge bottleneck under various CACC
market penetrations. The on-ramp merging area depicted in figure 7 was used for the study. In
the analysis, we fixed the freeway mainline traffic input at the pipeline capacity measured under
different CACC market penetration cases in the previous study. The on-ramp traffic volume
increased from 300 veh/hr to 1500 veh/hr, with a 300 veh/hr increment. In each simulation run,
the mainline traffic was first released for 20 minutes. Afterwards, the on-ramp traffic was loaded
together with the mainline traffic for 40 minutes. In the last 10 minutes of the simulation, both
upstream mainline and on-ramp traffic volume were set to zero. The vehicles remaining in the
network could leave the simulated freeway in that period. The freeway throughput was observed
at the location O1 as shown in figure 7. In the analysis, we only used the traffic data collected in
the last 30 minutes of the 40-minue period when the on-ramp traffic was loaded. The first 10minute data were eliminated because the traffic flow may experience fluctuations and/or
breakdown as the on-ramp traffic first entered the freeway mainline. Such a flow fluctuation can
lead to an unstable queue discharging flow. The 15-minute moving average flow rate was
computed based on the 30-minute data. The maximum 15-minute flow rate was considered as the
throughput of the merging area.
The last study with the simple network was performed at the off-ramp diverging area depicted in
figure 7. The study revealed the percentage of the mainline traffic that could exit the freeway
without causing traffic breakdown. In the analysis, we made the mainline traffic input equal to
the pipeline capacity for each CACC market penetration. The off-ramp traffic was initially set as
5% of the mainline flow. Additional simulation runs were performed for the off-ramp traffic
percentages of 10%, 15%, 20% and 25% as well. The traffic flow was measured at the location
O2 as shown in figure 7. The simulation time was 1 hour and the data of the last 40 minutes were
used to compute the 15-minute moving average flow rate. The highest 15-minute moving
average flow rate was considered as the throughput downstream of the diverging bottleneck.
The impact of the CACC operation strategies on the capacity and throughput improvement was
also discussed for the pipeline, on-ramp bottleneck, and off-ramp bottleneck cases. The analysis
processes mentioned above were performed with and without the higher-level operation
strategies. Particularly, the ML strategy was only tested for the 40%, 60%, and 80% CACC
market penetration cases. In the 20% penetration case, the CACC vehicles in the fleet were not
enough to exclusively occupy a lane. The VAD strategy was tested for cases with 20%, 40%,
60% and 80% CACC market penetration. The DLC restriction strategy was analyzed in all
CACC cases. The lane change advisory strategy was applied in the off-ramp analysis only.
The traffic flow dynamics of the SR-99 corridor were compared under 0%, 20%, 40%, 60%,
80% and 100% CACC market penetrations. Under the low CACC market penetrations, we also
examined the differences with and without the VAD and ML strategies. The traffic demand input
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was obtained from the field observations and it was the same for all the scenarios. The
simulation period was an 8-hour period from 4:00 am to 12:00 pm. The total vehicle miles
traveled (VMT), total vehicle time traveled (VTT), and average space mean speed were used for
measuring the mobility performance of each scenario. To compute the average space mean
speed, the space mean speed of the entire corridor was observed every 5 minutes in a simulation
run. The measured speed data were the basis to compute the average speed. There were 5
simulation replications for each scenario. The performance measures were estimated based on
the averaged data across those replications.
DETERMINATION OF MAXIMUM CACC STRING LENGTH AND INTER-STRING
TIME GAP
We have identified the maximum CACC vehicle string length and the inter-string time gap to be
implemented in the CACC string operation. These parameters are particularly important for
achieving good traffic performance at on-ramp and off-ramp areas where the merging or exiting
vehicles make frequent mandatory lane changes. With suitable levels for the two parameters, we
can achieve both significant improvement of the freeway capacity and throughput, and stable
traffic flow where the merging and exiting vehicles can easily find acceptable gaps in the target
lane to merge into, without causing severe disturbances.
The analysis was performed in the simple network under 100% CACC market penetration. The
on-ramp and off-ramp traffic volumes were fixed at 500 veh/hr each. The tested levels of the
maximum string length were 5, 10, 15, 20, and 25 vehicles; and the inter-string time gaps were
1.0, 1.5, 2.0 and 2.5 seconds. The experiments began with simulating a constant and relatively
low mainline traffic volume for one hour. If the freeway remained free-flowing, then subsequent
simulations were conducted with slightly higher volume inputs (e.g., plus 1000 veh/hr), until the
highest observed 15-minute moving average flow no longer increased as the input became larger.
Then we measured the maximum 15-minute throughput at both the on-ramp and off-ramp area
(locations O1 and O2 in Figure 1) as the performance metrics.
The freeway throughput at the on-ramp and off-ramp location is listed in Tables 3 and 4. When
the inter-string gap is 1.0 second, the freeway throughput increases with the maximum string
length as the maximum length is 15 vehicles or less. When the maximum length becomes higher,
it becomes more difficult for the merging and diverging vehicles to find acceptable gaps in the
target lane. In this case, those vehicles have to make aggressive lane changes, thus creating
traffic disturbances that lead to traffic breakdown. Under this traffic condition, the throughput
declines as the maximum string length increases. When the inter-string gap is 1.5 seconds or
longer, the throughput reduces linearly with the inter-string time gap at both the on-ramp and offramp site. On the other hand, the throughput increases with the string length, although the
increase becomes smaller after the string length is longer than 15. The throughput increase does
not have a linear pattern with the string length because longer strings can negatively impact the
traffic operation at the on-ramp and off-ramp sections. Such a negative impact offsets the
throughput increase that could have been achieved with longer strings.
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Table 3. Freeway throughput (veh/hr/ln) at the on-ramp area under various maximum
CACC string length and inter-string time gap levels.
Max string
length
5
10
15
20
25

Inter-string time gap (s)
1.0
1.5
2.0
2.5
3105
2809
2425
2157
3371
3084
2793
2534
3465
3235
3010
2762
3201
3312
3135
2936
2824
3364
3226
3045

Table 4. Freeway throughput (veh/hr/ln) at the off-ramp area under various maximum
CACC string length and inter-string time gap levels.
Max string
length
5
10
15
20
25

Inter-string time gap (s)
1.0
1.5
2.0
2.5
3115
2822
2422
2157
3335
3078
2797
2536
3474
3265
3016
2770
3139
3317
3149
2934
2808
3367
3234
3046

Based on the above analyses, we recommend that the maximum string length should be in the
range between 10 and 15; and the inter-string gap should be between 1.0 and 1.5 seconds. With
those parameter levels, the traffic stream at the freeway on/off-ramp bottlenecks can reach a
high-level throughput, while string stable operation can also be maintained. In the following
capacity and throughput analyses, we have used the maximum string length of 10 and the interstring time gap of 1.5 seconds. We adopted the conservative end of the recommended range
because our analysis scenarios may have on-ramp and off-ramp traffic inputs larger than 500
veh/hr. Using these parameter values can lower the probability of traffic breakdown for those
challenging cases.
PIPELINE CAPACITY OF MULTI-LANE FREEWAY
Pipeline Capacity by PATH and MOTUS
Table 5 shows the pipeline capacity estimated by the PATH and MOTUS models with a 20%
increase of CACC market penetration rates. In the case of 0% CACC, the pipeline capacity of the
human driver models by the models are both around 2120 veh/h/lane, indicating that these two
calibrated human driver models are consistent in producing similar and comparable results. After
adding CACC vehicles in the traffic, the pipeline capacity rises with the number of CACC
vehicles by both the PATH and MOTUS models. In low MPRs, the capacity increases slowly at
the 20% and 40% MPRs, however, the growth becomes sharp in high MPRs cases that reaching
at least 20%, 40% and 60% of increment in the case of 60%, 80% and 100% CACC.
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Table 5. Pipeline capacity (veh/h/lane) and its growth with market penetration rates by the
PATH and MOTUS models.

PATH
Growth
MOTUS
Growth

0%
2120
0
2124
0

CACC Market Penetration Rates
20%
40%
60%
80%
2209
2415
2723
3106
4.20%
13.90%
28.40%
46.50%
2222
2353.2
2619.8
3091.8
4.62%
10.79%
23.34%
45.56%

100%
3465
63.40%
3824.4
80.06%

High consistency is found in the results by the PATH model and MOTUS model, except for the
case of 100% CACC vehicles. Possible explanations for the discrepancy might be:
-

-

-

The vehicle generating algorithm. PATH ensures a steady state when the CACC vehicles
are generated and placed in the network, while MOTUS has less strict rules in generating
CACC vehicles. With this constraint, the PATH model generates fewer vehicles at the
source link than the MOTUS model and therefore the maximum throughput that has been
detected is smaller.
The lane change model. The PATH model and MOTUS model are based on different
lane change models, which lead to different lane change behavior. For discretionary lane
changes in the pipeline simulations, moderate lane changes are expected in MOTUS
without causing large disturbances to another lane, while the lane changes from the
PATH simulations can be more aggressive and result in more disturbance.
The vehicle length. Initially, the vehicle length is assumed different as 5 meters and 4
meters in the PATH and MOTUS models when the model calibrations were conducted
separately. Later for comparable results, these values are inherited in the CACC
simulations and that inevitably causes a significant difference in the pipeline capacity.

Pipeline Capacity with CACC operation strategies
Figure 6 shows the freeway mainline capacity as a function of the CACC market penetration,
under various CACC operation strategies. The curve of the base case shows the results when no
strategy was implemented. The ML strategy was applied only at 40%, 60% and 80% CACC
market penetrations. At 40% penetration, the leftmost lane of the freeway was operated as the
managed lane; whereas at 60% penetration the two leftmost lanes and at 80% penetration the
three leftmost lanes. The VAD was used between 20% and 80% CACC market penetrations. It
was assumed that all manually driven vehicles were equipped with the VAD. The DLC
restriction strategy was implemented for all CACC market penetrations.

24

Figure 8. Graph. Freeway capacity at different CACC market penetrations. The horizontal
axis of this graph depicts CACC market penetration and ranges from 0 percent to 100 percent.
The vertical axis represents capacity of the simple network (vehicles per hour). The left vertical
axis represents the per lane capacity and ranges from 2000 to 4000. The right vertical axis
represents the total capacity of the 4 lanes and ranges from 8000 to 16000. The graph shows four
lines starting at 0 percent on the horizontal axis and 2120 on the left vertical axis. The blue
dashed line (representing base case where no CACC operation strategies are deployed) starts at 0
percent on the horizontal axis and 2120 on the vertical axis and then climbs quadratically and
ends at 100 percent on the horizontal axis and 3465 on the vertical axis. The green solid line
(representing DLC restriction case) falls along the same trajectory, but ends at 100 percent on the
horizontal axis and 3585 on the vertical axis. The blue solid line (representing ML case) starts at
40 percent on the horizontal axis and 2415 on the vertical axis, curving through 60 percent on the
horizontal axis and 2612 on the vertical axis, peaking the graph at 80 on the horizontal axis and
3151 on the vertical axis. The purple solid line (representing VAD case) starts at 20 percent on
the horizontal axis and 2293 on the vertical axis, curving through 40 percent on the horizontal
axis and 2492 on the vertical axis, peaking and leaving the graph at 80 on the horizontal axis and
3119 on the vertical axis.
The curve for the base case has a quadratic trend, which indicates that the capacity increases
more rapidly once the market penetration of CACC equipped vehicles becomes larger. At 100%
market penetration, the freeway capacity is roughly 63% higher than at 0% market penetration.
The results also indicate that the ML strategy can bring about more capacity improvement at
40% and 60% penetrations than at 80% penetration. For the VAD strategy, the most significant
benefit is observed at lower penetration cases (e.g., 20% and 40%); whereas the DLC restriction
strategy works better at high penetration cases (e.g., 80% and 100%).
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The ML strategy has two major effects on the traffic flow. It increases the number of CACC
vehicle strings in the managed lane and subsequently improves the capacity of the lane. On the
other hand, this strategy reduces the CACC penetration in the general-purpose lanes and thus
makes their capacity lower. At 40% and 60% CACC market penetrations, the capacity increase
of the managed lanes is substantially larger than the capacity decrease of the general-purpose
lanes, leading to an overall improvement of the freeway capacity. At 80% penetration, however,
the capacity of each lane is already at a high level without the ML strategy. After the managed
lanes are implemented, the capacity reduction of the general-purpose lane is so great that it
offsets the capacity increase of all three managed lanes.
Because the VAD strategy helps the CACC vehicles find a CACC vehicle string leader, it
increases the probability that a CACC vehicle operates in a CACC string. The probability that a
CACC vehicle is in a CACC string is estimated by using the law of total probability (see table 5).
Results in the table suggest that the VAD strategy brings about substantial improvement of the
CACC string operation at low and medium CACC market penetrations. When the CACC market
penetration grows to 80%, the benefit of this strategy is only marginal. The theoretical
probability analysis explains the observation that the VAD strategy only creates a capacity
improvement at medium and low CACC market penetration cases when the manually driven
VAD vehicles are a larger fraction of the total vehicle population.
Table 6. Probability that a CACC vehicle operates in a CACC string.

Without VAD
With VAD
Difference

20%
36%
100%
64%

CACC Market Penetration
40%
60%
64%
84%
100%
100%
36%
16%

80%
96%
100%
4%

The DLC restriction strategy has little impact when the CACC market penetration is 60% or
lower. In these cases, the manually driven vehicles will make discretionary lane changes
regardless of whether the strategy is implemented or not. As the manually driven vehicles make
discretionary lane changes, they create disturbances to the traffic stream, and eventually affect
the CACC string operation. At high CACC market penetrations, most drivers are affected by the
strategy. In this case, it can significantly reduce the disturbances caused by vehicles’
discretionary lane changes. In addition, the traffic density is much higher in the high CACC
market penetration cases. Reducing the lane change disturbances can create greater improvement
in the busy traffic flow than in the light traffic flow.
We can also compare the simulation results with the theoretical capacity. When the CACC
market penetration is 100%, the theoretical capacity can be reached in an ideal car-following
condition—without disturbances caused by the lane change maneuvers, no heterogeneous
behaviors among drivers, and perfect CACC vehicle string operations. The theoretical capacity at
100% market penetration is 3721 veh/hr/lane based on Varaiya, (1993). As figure 6 shows, the
simulated capacity is about 93% of the theoretical capacity for the base case, and 96% for the
DLC restriction case. The simulated capacity is lower than the theoretical capacity for the
following reasons:
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Discretionary lane changes cause lateral interactions and additional decelerations, thereby
reducing the capacity.
String leaders may have a lower than average desired speed because the desired speed of
the driver population follows a distribution rather than being a single deterministic value.
This can impede the flow of subsequent vehicles in the CACC string.
The CACC string may not always operate at its maximum length. When the length is less
than the maximum, the capacity improvement becomes less.

FREEWAY CAPACITY AT MERGE BOTTLENECKS
The previous pipeline capacity analysis suggests that the capacity improvement has a quadratic
trend with the CACC market penetration. In the following analysis, we will check if such a trend
still exists when there is merging traffic from the on-ramp. The on-ramp merging traffic often
triggers congestion of the freeway mainline traffic. If the CACC string operation can improve the
traffic flow in the merging area, it subsequently enhances the overall performance of the freeway
network. The quantitative impacts on traffic congestions are firstly explored by the study based
on the MOTUS, aiming to show how replacing manual driving vehicles by the CACC vehicles
can mitigate current recurrent congestion at merging bottlenecks. Latter, the characteristics of
mixed traffic flows with various CACC market penetration rates are presented and analyzed by
the PATH experiment.
Impacts of CACC Market Penetration Rates on Merging Bottlenecks
An experiment based on the simplified network was conducted to show the changes of traffic
congestion at merging bottlenecks with an increase of CACC penetration rates. The main control
variable is the CACC MPR which increases from 0% to 100% by an increment of 20%. The
other control variable is the on-ramp demand, which represents different levels of traffic
disturbance from on-ramps and might trigger various levels of congestion. The mainline demand
is fixed at 2000 veh/h/lane, which is close to the pipeline capacity of manually driven vehicles.
In this case, traffic disturbances can easily trigger congestion at the bottleneck, which represent
the current bottleneck situations that we might have in the existing facility. The changes of
congestion show the straightforward improvements introduced by CACC vehicles.
The speed contours of the merging bottleneck with two control variables are presented in figure
7. First, the congestion becomes less severe with the increase of CACC market penetration. At
each demand level from the on-ramp, the congestion with 0% CACC is the most severe case and
the congestion becomes either postponed or less severe, which suggests that CACC vehicles can
reduce the speed reduction by congestion and improve the traffic performance at the merging
bottleneck. That can be explained by the fact that with more CACC vehicles, more CACC short
gaps are applied, which leaves more spacing for the merging traffic. Thus, the merging traffic
causes less disturbance to the mainline traffic. So even without cooperative merging maneuvers,
the merging efficiency spontaneously increases with the number of CACC vehicles.
The positive impacts by CACC vehicles are compensated by the merging disturbance. At each
MPR case in figure 7, large on-ramp demand deteriorates the congestion the same way as it does
to the current traffic without CACC vehicles. At several low MPRs, the traffic performance with
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CACC vehicles is not substantially better than the reference cases. This implies that a small
number of CACC vehicles may not be able to show direct benefits in merging bottlenecks with
large merging traffic flows. In the near future, low CACC MPR is beneficial to low-demand
bottlenecks and the impacts of CACC vehicles should not be overestimated.

Figure 9. Graph. Traffic performance in speed contour with various CACC market
penetration rates and on ramp demand. There are 24 speed contours placed in a 6 ×4 matrix,
where the row and column represent the CACC market penetration rates and the on ramp
demand respectively. In each row, the on ramp demand is fixed and the subfigures show the
speed contour changes with CACC market penetration rates increasing from 0% to 100%. Each
column represents the speed contour with fixed CACC market penetration rate, with on ramp
demand increase from 400 veh/h at the top to 1600 veh/h at the bottom. With 400 veh/h on ramp
demand, slight speed reductions can be observed in 0% CACC cases, while no congestion was
founded at increased CACC% cases. With 800 veh/h on ramp demand, long-lasting congestion
appears in 0% and 20% cases and the congestion was postponed for 40 mins with 40% CACC
vehicles. In the scenario of 1200 veh/h on-ramp demand, severe congestion is observed at 0%
and 20% and postponed congestion is shown at 40% and 60%. With the extreme on-ramp
demand of 1600 veh/h, congestion appears in every low CACC% case until the 80% CACC
cases that congestion became less severe and does not propagate upstream. In 100% CACC
cases, no congestion appears in all simulation cases.
In a quantitative analysis, table 6 shows the decreased travel time delay with increased CACC
market penetration rates. The previous pipeline capacity experiment suggests that CACC
vehicles have the potential to increase the road capacity. Because of that, a trend is found that
higher CACC MPRs experience less congestion and thus cause less travel time delay. The delay
drop is often dramatic wherever the congestion is prevented. The 20% CACC vehicles with 1200
and 1600 veh/h/lane on-ramp demand are two exceptions found in Table 6. When CACC
vehicles increase from 0% to 20%, there has been a slight rise in the delay for both cases. The
results indicate that 20% CACC MPRs cannot cope with a high disturbance from the on ramp
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and even shows negative impacts compare to the scenario with 100% manually driven vehicles.
A possible explanation for this might be that the expected small improvement by CACC vehicles
is compensated by the CACC system deactivations in the merging process. Due to the large onramp demand, cooperative lane changes are often requested and CACC vehicles have to be
deactivated and switched to manual control. This deactivation inevitably leads to large gaps in
the following manual-driven mode, which is related to small throughput and large delay.
Table 7. Averaged Travel Time Delays with CACC Market Penetration Rates.
On-ramp
Demand
400
800
1200
1600

0%
CACC
89.1
240.8
283.5
294.0

20%
CACC
54.7
187.6
308.5
317.8

CACC %
40%
60%
CACC
CACC
43.0
38.2
126.8
40.4
257.0
157.1
300.7
248.9

80%
CACC
32.3
33.9
34.7
124.0

100%
CACC
27.9
28.5
29.6
30.2

Merging Capacity with CACC operation strategies
Results presented in the previous section also indicate that the ML and VAD strategy may
relieve the congestion of a freeway merge bottleneck. The ML strategy attracts CACC vehicles
to the managed lane and subsequently helps create extra gaps in the freeway general-purpose
lane so that the on-ramp traffic can merge into the mainline more easily. The VAD strategy
allows the on-ramp CACC vehicles to join a CACC string leader immediately after they enter the
freeway mainline. It thus increases the queue discharging flow rate. The DLC strategy is
expected to have little impact on traffic operations in the merging area because it only affects the
discretionary lane change maneuvers, while the merging vehicles must make mandatory lane
changes to enter the freeway. For the above reasons, we emphasize the impact analysis of the
ML and VAD strategies in this section.
We first examined the freeway throughput when there was no CACC operation strategy (see
figure 7). The figure shows that the throughput reduces as the on-ramp traffic increases. But the
throughput still has the quadratic increase trend as the CACC market penetration grows. This
finding confirms our expectation that the CACC string operation can improve the performance of
the on-ramp merging area. The figure also suggests that the freeway throughput becomes
substantially lower than the freeway capacity when the on-ramp traffic volume grows.
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Figure 10. Graph. Throughput of the freeway merge bottleneck. The horizontal axis of this
graph depicts CACC market penetration and ranges from 0 percent to 100 percent. The vertical
axis represents throughput of the simple network (vehicles per hour). The left vertical axis
represents the per lane throughput and ranges from 1500 to 3500. The right vertical axis
represents the total throughput of the 4 lanes and ranges from 6000 to 14000. The graph shows
six lines starting at 0 percent on the horizontal axis and 2074 on the left vertical axis. All lines
represent a quadratic increase trend. The green solid line (representing 0 on-ramp input case)
falls to 0 percent on the horizontal axis and 2120 on the vertical axis and then climbs
quadratically and ends at 100 percent on the horizontal axis and 3465 on the vertical axis. The
light blue solid line (representing 300 vehicles per hour on-ramp input case) falls to 0 percent on
the horizontal axis and 2147 on the vertical axis and then climbs quadratically and ends at 100
percent on the horizontal axis and 3422 on the vertical axis. The red solid line (representing 600
vehicles per hour on-ramp input case) falls to 0 percent on the horizontal axis and 2156 on the
vertical axis and then climbs quadratically and ends at 100 percent on the horizontal axis and
3294 on the vertical axis. The gray solid line (representing 900 vehicles per hour on-ramp input
case) falls to 0 percent on the horizontal axis and 2145 on the vertical axis and then climbs
quadratically and ends at 100 percent on the horizontal axis and 3178 on the vertical axis. The
yellow solid line (representing 1200 vehicles per hour on-ramp input case) falls to 0 percent on
the horizontal axis and 2117 on the vertical axis and then climbs quadratically and ends at 100
percent on the horizontal axis and 3014 on the vertical axis. The dark blue solid line
(representing 1500 vehicles per hour on-ramp input case) falls to 0 percent on the horizontal axis
and 2074 on the vertical axis and then climbs quadratically and ends at 100 percent on the
horizontal axis and 2934 on the vertical axis.
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After the ML and VAD strategies were implemented, the pattern of the traffic flow became
different (see figure 8 for the 40% CACC case; other cases have similar trends). With these
strategies, the freeway mainline can serve more on-ramp traffic without traffic breakdown. In
this case, the freeway throughput increases as the on-ramp traffic volume grows from 300 veh/hr
to 600 veh/hr. When the on-ramp traffic is 900 veh/hr or larger, the merging area becomes
congested and the throughput starts decreasing. Nonetheless, the throughput with ML or VAD is
still larger than the base case, indicating that those strategies can help improve the traffic flow
dynamics even after the traffic becomes congested. figure 8 also suggests that the VAD strategy
can create greater improvement in the throughput than the ML strategy. With the VAD strategy,
the CACC vehicles from the on-ramp can easily join a string leader and then exit the merging
area in a CACC string. In this case, the queue discharging flow becomes more efficient. With the
ML strategy, there are more gaps in the rightmost lane, which allows the on-ramp traffic to
merge more easily. But the vehicles remaining in the rightmost lane are mostly manually driven
vehicles. In this case, the probability for the on-ramp CACC vehicles to form CACC strings in
the merging area is smaller than in the base case. Consequently, the throughput of the rightmost
lane becomes smaller under the ML strategy. Such a reduction of the throughput in the rightmost
lane offsets the throughput improvement due to the enhanced CACC string operation in the
managed lane.

Figure 11. Graph. Throughput of the freeway merging bottleneck under various
management strategies and 40% CACC market penetration. The horizontal axis of this
graph depicts on-ramp traffic input (vehicles per hour) and ranges from 300 to 1500. The vertical
axis represents throughput of the simple network (vehicles per hour). The left vertical axis
represents the per lane throughput and ranges from 2000 to 2600. The right vertical axis
represents the total throughput of the 4 lanes and ranges from 8000 to 10400. The graph shows
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five lines starting at 0 percent on the horizontal axis and 2415 on the left vertical axis. The blue
solid line (representing base case where no CACC operation strategies are implemented) falls to
300 on the horizontal axis and 2337 on the vertical axis and then decreases linearly and ends at
1500 on the horizontal axis and 2152 on the vertical axis. The orange solid line (representing ML
case) falls to 300 on the horizontal axis and 2367 on the vertical axis and then increases to 600
on the horizontal axis and 2456 on the vertical axis, and then starts to decrease and ends at 1500
on the horizontal axis and 2306 on the vertical axis. The gray solid line (representing the VAD
case) falls to 300 on the horizontal axis and 2428 on the vertical axis and then increases to 600
on the horizontal axis and 2520 on the vertical axis, and then starts to decrease and ends at 1500
on the horizontal axis and 2340 on the vertical axis. The yellow solid line (representing ML and
VAD combined case) falls to 300 on the horizontal axis and 2371 on the vertical axis and then
increases to 900 on the horizontal axis and 2538 on the vertical axis, and then starts to decrease
and ends at 1500 on the horizontal axis and 2443 on the vertical axis. The red solid line
(representing ML with restricted access case) falls to 300 on the horizontal axis and 2360 on the
vertical axis and then increases to 600 on the horizontal axis and 2376 on the vertical axis, and
then starts to decrease and ends at 1500 on the horizontal axis and 2248 on the vertical axis.
In the previous analysis, we assumed continuous access for the managed lane. The ML strategy
can also apply with restricted access (RA) such that the CACC vehicles may only enter and exit
the managed lane at designated ingresses and egresses. To test the traffic flow performance
under the restricted access operation, we have added a managed lane entry segment in the
simulation network. Based on FHWA’s guidance (Neudorff et al., 2003), the entry segment is
600 meters downstream from the end of the on-ramp acceleration lane and the length of the entry
is 400 meters. When the restricted access was implemented in simulation (ML_RA curves in
figure 8), CACC vehicles could not make lane changes from the general-purpose lane to the
managed lane upstream of the merging area. In this case, they were unable to create gaps for the
on-ramp merging vehicles. When they arrived at the entry point downstream from the merging
area, the traffic flow was already in a free flow condition. There was no longer any incentive for
them to make lane changes towards the managed lane, so the managed lane was underused.
Since both the ML and VAD strategy can improve throughput, the performance of the merging
area might be further increased if the two strategies are applied at the same time. The results for
the combined strategy case are also shown in figure 8. Interestingly, the combined strategy only
brings about significant benefit when the on-ramp traffic input is 900 veh/hr or higher. Under
lower on-ramp inputs, the effect of the combined strategy is almost identical to that of the ML
strategy alone. It suggests that the VAD strategy does not create extra improvement at low onramp input conditions once the ML strategy is activated. When the ML is implemented, the
CACC vehicles are concentrated in the managed lane and most vehicles in the general-purpose
lanes are manually driven vehicles. In this case, the VAD strategy won’t make much difference
because there are not many CACC vehicles left. When the on-ramp traffic volume is small, only
a few CACC vehicles will enter the freeway. These CACC vehicles are not enough to greatly
change the fraction of CACC vehicles in the fleet. As the on-ramp traffic input reaches a high
level (e.g., more than 900 veh/hr), the merging CACC vehicles start to significantly shift the fleet
composition. The effect of the VAD strategy then becomes more prominent.
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FREEWAY CAPACITY AT OFF-RAMP BOTTLENECKS
In this section, we identify the maximum off-ramp traffic volume the freeway off-ramp can serve
while the freeway mainline remains in uncongested flow. The analysis was performed under
various CACC market penetrations and with or without the CACC operation strategies discussed
in the previous section. In the simulation runs, the freeway mainline input equaled the pipeline
capacity measured at the respective CACC market penetrations. Then different percentages of
the mainline traffic were assumed to exit the freeway through the off-ramp of the study network.
The percentage of the mainline flow was used instead of the absolute traffic volume because we
expected that the off-ramp traffic should be proportional to the mainline flow. The maximum
percentage of the mainline traffic flow that can exit the freeway without disrupting the mainline
flow is called the maximum off-ramp traffic percentage in the remainder of this section.

Figure 12. Graph. Freeway throughput of various off-ramp traffic percentages under the
base case. The horizontal axis of this graph depicts CACC market penetration and ranges from 0
percent to 100 percent. The vertical axis represents capacity of the simple network (vehicles per
hour). The left vertical axis represents the per lane capacity and ranges from 1500 to 4000. The
right vertical axis represents the total capacity of the 4 lanes and ranges from 6000 to 16000. The
graph shows six lines starting at 0 percent on the horizontal axis and 2120 on the left vertical
axis. The blue solid line with diamond markers (representing 0 off-ramp traffic percentage) falls
to 0 percent on the horizontal axis and 2120 on the vertical axis and then climbs quadratically
and ends at 100 percent on the horizontal axis and 3465 on the vertical axis. The grey solid line
(representing 5% off-ramp traffic) falls to 0 percent on the horizontal axis and 2114 on the
vertical axis and then climbs quadratically and ends at 100 percent on the horizontal axis and
3263 on the vertical axis. The yellow solid line (representing 10 off-ramp traffic percentage) falls
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to 0 percent on the horizontal axis and 2116 on the vertical axis and then increases to 80 percent
on the horizontal axis and 2894 on the vertical axis, and then starts to decrease and ends at 100
percent on the horizontal axis and 2696 on the vertical axis. The blue solid line with star markers
(representing 15 off-ramp traffic percentage) falls to 0 percent on the horizontal axis and 2096 on
the vertical axis and then increases to 80 percent on the horizontal axis and 2741 on the vertical
axis, and then starts to decrease and ends at 100 percent on the horizontal axis and 2419 on the
vertical axis. The green solid line (representing 20 off-ramp traffic percentage) falls to 0 percent
on the horizontal axis and 2079 on the vertical axis and then increases to 60 percent on the
horizontal axis and 2435 on the vertical axis, and then starts to decrease and ends at 100 percent
on the horizontal axis and 2131 on the vertical axis. The orange solid line (representing 25 offramp traffic percentage) falls to 0 percent on the horizontal axis and 1962 on the vertical axis and
then increases to 60 percent on the horizontal axis and 2122 on the vertical axis, and then starts
to decrease and ends at 100 percent on the horizontal axis and 1864 on the vertical axis.
Figure 9 shows the freeway throughput when no strategies are deployed. When the CACC
market penetration is 60% or lower, up to 20% of the mainline traffic can exit the freeway
without causing traffic breakdown. But when the CACC market penetration further increases, the
maximum off-ramp traffic percentage decreases significantly. When the CACC penetration is
80%, the maximum off-ramp traffic percentage is between 15% and 20% and for the 100%
CACC case it is only between 5% and 10%. The freeway can serve lower off-ramp traffic at
higher CACC market penetration cases because the traffic density becomes very large in those
cases. It is difficult for vehicles to find acceptable gaps to make discretionary or active lane
changes towards the off-ramp lane. As the exiting vehicle is close to the off-ramp but still cannot
merge into the off-ramp, the driver must make aggressive mandatory lane changes, which cause
strong disturbances to the traffic stream. Such disturbances can easily propagate upstream and
develop into heavy shockwaves in the dense traffic flow. In addition, most the exiting vehicles
are CACC vehicles in the high CACC market penetration cases. When a CACC vehicle wants to
exit, the driver needs to first turn off the CACC and manually make the lane change. Such a
behavior will break the CACC string operation and further reduce the throughput.
The ML strategy can decrease the performance of the off-ramp bottleneck. As the strategy is
implemented, the leftmost lane takes more traffic. When those vehicles need to exit the freeway,
they make extra lane changing maneuvers, which can cause extra disturbances to the traffic flow.
With this strategy, the maximum off-ramp traffic percentage reduces to a level between 5% and
10% under 80% CACC penetration. Under 60% CACC penetration, the maximum off-ramp
traffic percentage reduces to a level between 10% and 15%. When the CACC market penetration
is 40%, the ML strategy does not significantly reduce the throughput of the off-ramp area. The
VAD strategy can slightly improve the throughput when the off-ramp traffic does not exceed the
maximum off-ramp traffic percentage. Once the off-ramp traffic becomes larger than the
maximum percentage, the throughput is smaller under the 60% and 80% CACC market
penetration cases. The level of the maximum off-ramp traffic percentage is the same with and
without the VAD strategy.
The above analysis shows that the freeway off-ramp areas may become major bottlenecks as the
off-ramp volume increases due to the increase of the freeway throughput with the CACC market
penetration. The traffic management strategies that increase the capacity and throughput for the
basic freeway segments and merge areas may reduce the performance of the off-ramp area. To
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improve the operation, we can recommend drivers to start making lane changes towards the
freeway exit earlier than they normally do. In this case, most them can make discretionary or
active lane changes instead of aggressive mandatory lane changes before the exit. As the number
of mandatory lane changes reduces, the severe disturbances in the traffic stream also decrease. In
addition, we can keep the CACC vehicles in the CACC mode if the driver cannot find an
acceptable gap in the target lane when he is trying to perform discretionary or active lane
changes towards the exit. In this case, we reduce the number of mode switches for the CACC
drivers and thereby lower the probability that the CACC string operation is interrupted.
The above improvement strategy has been implemented in the simulation. Before the
improvement, the exiting drivers would start searching gaps in the right lane 1.5 kilometers
upstream from the off-ramp. With the improvement, the drivers start the lane change process 3
kilometers upstream. The traffic improves significantly due to this strategy. At 100% CACC
penetration, the maximum off-ramp traffic percentage increases to a level between 15% and
20%. The throughput reduction after the off-ramp traffic exceeds the maximum percentage also
becomes much smaller.
IMPACT OF ACC OPERATION ON TRAFFIC FLOW
In addition to the impact analysis for the CACC vehicle operation, we have examined the
capacity and throughput for the simple network under various ACC market penetrations. We
applied the same simulation experiment setup for the ACC study as we performed the CACC
studies. The simulation network is the simple network shown in Figure 1. In addition to the
pipeline capacity analysis, we also investigated the freeway throughput for the on-ramp
bottleneck and the off-ramp bottleneck.
The pipeline capacity and freeway throughput under various ACC market penetrations are
depicted in figure 10. Because the ACC operation decreases the stability of the traffic flow, we
observe a decrease trend of the pipeline capacity as the ACC market penetration increases. We
also observe a linear decrease trend of the throughput with the ACC market penetration,
regardless of the on-ramp input. Especially when the ACC market penetration is 100%, the
throughput will have a significant decrease although the on-ramp input is very small. It indicates
that the traffic stream under 100% ACC is unstable. A minor disturbance from the on-ramp can
cause traffic flow breakdown, and subsequently lead to a queue discharging flow reduced to
1800 vehicles per hour per lane.
The ACC operation can negatively impact the operation of the off-ramp bottleneck as well. As
the ACC market penetration increases, the freeway throughput at the off-ramp area also reduces
linearly, regardless of the percentage of the off-ramp traffic (see figure 11). The analysis results
indicate that the implementation of ACC cannot improve the overall performance of the freeway.
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Figure 13. Graph. Freeway throughput with ACC at multiple market penetrations with
various on-ramp traffic inputs (veh/hr/ln). The horizontal axis of this graph depicts ACC
market penetration and ranges from 0 percent to 100 percent. The vertical axis represents
throughput of the simple network (vehicles per hour). The left vertical axis represents the per
lane throughput and ranges from 1700 to 2300. The right vertical axis represents the total
throughput of the 4 lanes and ranges from 6800 to 9200. The graph shows six lines starting at 0
percent on the horizontal axis and 2153 on the left vertical axis. All lines represent a decreasing
increase trend. The green solid line (representing 0 on-ramp input case) falls to 0 percent on the
horizontal axis and 2120 on the vertical axis and then reduces and ends at 100 percent on the
horizontal axis and 1962 on the vertical axis. The light blue solid line (representing 300 vehicles
per hour on-ramp input case) falls to 0 percent on the horizontal axis and 2150 on the vertical
axis and then reduces linearly and ends at 100 percent on the horizontal axis and 1834 on the
vertical axis. The red solid line (representing 600 vehicles per hour on-ramp input case) falls to 0
percent on the horizontal axis and 2153 on the vertical axis and then reduces linearly and ends at
100 percent on the horizontal axis and 1811 on the vertical axis. The gray solid line (representing
900 vehicles per hour on-ramp input case) falls to 0 percent on the horizontal axis and 2148 on
the vertical axis and then reduces linearly and ends at 100 percent on the horizontal axis and
1806 on the vertical axis. The yellow solid line (representing 1200 vehicles per hour on-ramp
input case) falls to 0 percent on the horizontal axis and 2107 on the vertical axis and then reduces
linearly and ends at 100 percent on the horizontal axis and 1794 on the vertical axis. The dark
blue solid line (representing 1500 vehicles per hour on-ramp input case) falls to 0 percent on the
horizontal axis and 2077 on the vertical axis and then reduces linearly and ends at 100 percent on
the horizontal axis and 1791 on the vertical axis.
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Figure 14. Graph. Freeway throughput with ACC at different market penetrations and
various off-ramp traffic percentages. The horizontal axis of this graph depicts ACC market
penetration and ranges from 0 percent to 100 percent. The vertical axis represents throughput of
the simple network (vehicles per hour). The left vertical axis represents the per lane capacity and
ranges from 1700 to 2300. The right vertical axis represents the total capacity of the 4 lanes and
ranges from 6800 to 9200. The graph shows five lines starting at 0 percent on the horizontal axis
and 2116 on the left vertical axis. The grey solid line (representing 5% off-ramp traffic) falls to 0
percent on the horizontal axis and 2114 on the vertical axis and then decreases linearly and ends
at 100 percent on the horizontal axis and 1792 on the vertical axis. The yellow solid line
(representing 10 off-ramp traffic percentage) falls to 0 percent on the horizontal axis and 2116 on
the vertical axis and then decreases linearly and ends at 100 percent on the horizontal axis and
1798 on the vertical axis. The blue solid line with star markers (representing 15 off-ramp traffic
percentage) falls to 0 percent on the horizontal axis and 2096 on the vertical axis and then
decreases linearly and ends at 100 percent on the horizontal axis and 1757 on the vertical axis.
The green solid line (representing 20 off-ramp traffic percentage) falls to 0 percent on the
horizontal axis and 2079 on the vertical axis and then decreases linearly and ends at 100 percent
on the horizontal axis and 1743 on the vertical axis. The orange solid line (representing 25 offramp traffic percentage) falls to 0 percent on the horizontal axis and 1962 on the vertical axis and
then decreases linearly and ends at 100 percent on the horizontal axis and 1712 on the vertical
axis.
RECOMMENDED CACC OPERATIONAL ALTERNATIVES FOR CORRIDOR
IMPLEMENTATION
Based on the results of the studies of the operational alternatives on the simplified network
discussed in the preceding sections, we developed the following recommendations regarding the
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CACC operation strategies for the larger SR-99 network:


The VAD strategy can improve the traffic operation for the basic freeway segments, onramp merging areas, and off-ramp diverging areas. It increases the probability that a
CACC vehicle operates in a CACC string and reduces the probability that a CACC driver
turns off the CACC mode. For these reasons, this strategy is recommended for
implementation in the larger network.



The ML strategy can be applied when the CACC market penetration is between 40% and
80%. It can improve the capacity and throughput for the basic freeway segments and onramp areas, although its influence becomes smaller as the CACC market penetration
increases. However, it can negatively impact the performance of the off-ramp area when
the CACC market penetration is 60% or larger. Therefore, we will use the ML strategy
only under the 40% CACC market penetration or less in the SR-99 network.



Since we will use the current traffic demand as the input for the SR-99 analysis, the offramp traffic should not cause heavy traffic congestion, regardless of the increase of the
CACC market penetration. In this case, the traffic management for the off-ramp
bottleneck will not be used.

MOBILITY PERFORMANCE OF CACC IN SR-99 NETWORK
Figure 12 shows the total VMT and VTT of the corridor. Since the demand input is the same for
all the scenarios and the origin and destination for each vehicle is determined based on the
observed OD matrix, the route of the simulated vehicles in each scenario is also identical. In this
case, the total VMT has little change with the CACC market penetration. The total VTT
decreases significantly as the CACC market penetration increases. It indicates that the traffic
flow becomes less congested when there are more CACC vehicles in the traffic stream. We can
also observe a rapid decrease of VTT when the CACC market penetration increases from 20% to
40%. In comparison, the total VTT is almost the same between 0% and 20% CACC market
penetrations. It suggests that the CACC vehicle string operation cannot change the traffic flow
pattern until the CACC market penetration reaches a level between 20% and 40%. The space
mean speed has the same trend as the total VTT. As the CACC market penetration increases, the
speed of traffic along the corridor also increases significantly.
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Figure 15. Graph. Total VMT and VTT. The horizontal axis of this graph depicts CACC
market penetration and ranges from 0 percent to 100 percent. The left vertical axis represents the
total vehicle miles traveled (kilometers) and ranges from 400000 to 800000. The right vertical
axis represents the total vehicle time traveled (hours) and ranges from 6000 to 9000. The graph
shows two lines. The blue solid line (representing VMT) falls to 0 percent on the horizontal axis
and 734724 on the vertical axis and then stays almost flat and ends at 100 percent on the
horizontal axis and 737895 on the vertical axis. The orange solid line (representing VTT) falls to
0 percent on the horizontal axis and 8773 on the vertical axis and then starts to decrease at 20
percent on the horizontal axis and 8754 on the vertical axis and ends at 100 percent on the
horizontal axis and 6683 on the vertical axis.
The space mean speed contour plot (figure 13) suggests the same trend as the VTT plot: the
traffic flow is greatly improved when the CACC market penetration is 40% or higher. Since
there is little improvement at the 20% CACC case, we will examine if we can increase the
mobility performance at this lower market penetration level via the CACC operation strategies.
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Figure 16. Illustration. Speed contour plot for each CACC market penetration. This figure
shows the speed contour plot of the SR-99 corridor under various CACC market penetrations.
The first plot of the left column shows the case of 0 percent CACC. It clearly shows the traffic
congestion between 6:30 to 9:00 AM over the corridor. The second plot of the left column shows
the case of 20 percent CACC. It has a similar pattern to the first plot. The third plot of the left
column shows the case of 40 percent CACC. The traffic congestion is greatly relieved in this
case. The three plots of the right column show the cases of 60, 80, and 100 percent CACC,
respectively. The traffic congestion in those cases almost disappears.
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The ML and VAD strategies were implemented for the 20% CACC market penetration case. The
results show that the total VMT between the two cases is not substantially different (i.e., 0.08%
difference). But the VMT time series have distinct patterns. Without the CACC operation
strategy, the traffic was congested during the peak hours (e.g., from 6:00 to 8:30 am) and many
vehicles waited in queues during that period. The queued vehicles contributed a great amount of
VMT as the traffic congestion dissipated between 8:30 to 9:00 am. With the strategies, the traffic
was not heavily congested and more vehicles could travel through the corridor during the peak
hours, leading to a higher VMT between 6:00 to 8:30 am. Since there were not many queued
vehicles, the VMT between 8:30 to 9:00 am was smaller than in the previous case. The operation
strategies can decrease the total vehicle time traveled and increase the space mean speed for the
peak hours. The mobility improvement due to the operation strategies can be depicted by the
speed contour plots (figure 14). We can easily identify that the strategies can help both decrease
the duration and the intensity of the traffic congestion at individual bottlenecks of the corridor.

Figure 17. Illustration. Speed contour plot for 20% CACC market penetration with and
without operation strategies. This figure shows the comparison of the speed contour plot before
and after implementing the CACC operation strategies for the 20 percent CACC case. The left
plot shows the results without the CACC operation strategies. The traffic is heavily congested
between 6:30 and 9:00 AM. The right plot shows the results with the CACC operation strategies.
The duration and intensity of traffic congestion is greatly reduced.
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CHAPTER 6. CONCLUSIONS
SUMMARY OF STUDY FINDINGS
In this research, we have explored the impact of CACC vehicle string operations on freeway
mobility performance. Particularly, we have examined the influence of CACC operation
strategies in terms of improving the probability of forming and maintaining CACC vehicle
strings in the traffic stream, and subsequently increasing the freeway capacity and throughput.
For the homogeneous freeway segment, our analysis results indicate a quadratic increase trend of
the pipeline capacity with the CACC market penetration. The pipeline capacity results were
presented consistently by the PATH and MOTUS models, suggesting that the results of
macroscopic impacts on capacity are concrete and reliable. Even though different CACC vehicle
assumptions have been made and different human driver models were used in the PATH and
MOTUS models, the resulting pipeline capacity in each CACC market penetration rates are not
significantly different from each other. The consistency implies that the simulation results are
independent of traffic simulators without bias and hiding constraints, and both models are able to
reproduce the CACC traffic streams that close to the reality. The ML and VAD strategy are most
helpful under the low and medium CACC market penetrations (e.g., 20% to 60%) as they
increase the probability for a CACC vehicle to operate in a CACC string. In addition, the ML
strategy can greatly increase the average CACC string length in the managed lane. Under the
high CACC market penetrations (e.g., 80% to 100%), the CACC strings are frequently
interrupted by the discretionary lane change behaviors of vehicles within the string. In this case,
the DLC restriction strategy has the most significant influence.
In the freeway on-ramp merging area, the throughput also increases quadratically with the CACC
market penetration, although the improvement decreases substantially as the on-ramp traffic
increases. The ML and VAD strategy can greatly change the traffic patterns of the merging area,
and thus improve the traffic flow at the merge bottleneck. The ML strategy makes CACC
vehicles concentrate in the managed lane, leading to a high output flow of the lane even when the
on-ramp traffic volume is high. As the CACC vehicles move to the managed lane, the traffic
flow in the rightmost lane becomes lighter. The on-ramp vehicles can find gaps in the rightmost
lane more easily. With the VAD strategy, the on-ramp CACC vehicles can find a string leader as
soon as they merge into the freeway mainline. Those vehicles can dispatch from the merging
area more quickly when operating in the CACC string. After implementing the ML and VAD
strategy at the same time, the throughput can be further increased, especially under high on-ramp
input cases.
With the MOTUS model, different scenarios with the merging bottleneck were considered. In
those cases, the mainline traffic input was set at the current mainline demand level. After
replacing manually driven vehicles by CACC vehicles, the congestions are either mitigated or
postponed, where nearly 10-50% of the travel time delay can be reduced. However, a negative
impact of only replacing 20% CACC vehicles is found. As the on-ramp demand exceeds 1200
veh/h/lane, the congestion with 20% CACC vehicles is not substantially improved and the travel
time delays increase up to 8%. The frequent CACC deactivations for cooperative lane changes at
merging bottlenecks might be one explanation to that.
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The traffic flow of the off-ramp area is expected to become worse if the off-ramp traffic flow
increases proportionally with the mainline traffic as the CACC market penetration grows. The
ML strategy might further degrade the throughput of the off-ramp area because of the
disturbances caused by vehicles in the managed lane as they make lane changes towards the offramp. To improve the mobility performance of the off-ramp area, we have tested a strategy that
offers early lane change advisory messages to the exiting vehicles. With the strategy, drivers will
start making lane changes towards the exit at a further distance than they normally do. In this
case, the aggressive lane changes performed by the exiting drivers near the end of the off-ramp
can be greatly reduced. The analysis results show that this strategy can eliminate the off-ramp
bottleneck when the off-ramp traffic is 20% of the mainline traffic or lower.
The traffic conditions for the SR-99 network improve significantly with the CACC market
penetration. We have identified a critical CACC market penetration between 20% and 40%.
Before the critical market penetration, the traffic flow dynamics is almost the same, regardless of
the percentage of CACC vehicles in the traffic flow. When the CACC market penetration is
higher than the critical level, the mobility performance improves rapidly. The critical CACC
market penetration level can be further lowered by implementing the CACC operation strategies.
After the ML and VAD strategy were implemented for the 20% CACC market penetration case,
the VTT and space mean speed had a significant improvement. It suggests that we can achieve a
high freeway mobility with proper CACC operation strategies when there are only a limited
fraction of vehicles equipped with the CACC.
RECOMMENDATIONS FOR NEXT PHASE RESEARCH
To make accurate predictions of CACC impacts, we need a traffic simulation platform that can
capture human drivers’ behaviors, CACC drivers’ behaviors, and the interactions of the two
driver groups. Although we have developed such a platform in this study, there is still room to
improve the modeling approach. For example, we use the same function to generate the lane
change motivations for both the manual drivers and CACC drivers. Their gap search behaviors
are also identical once they are in the before lane changing car following mode. It is likely that
CACC drivers will have a different lane changing behavior pattern when they drive in the CACC
mode. Such behavior patterns will require new models. In the absence of empirical data to
support modeling how drivers actually behave, we can explore different behavioral assumptions
to identify the behaviors that lead to the largest traffic improvements. Behaviors suggested by
these models can be used as guidelines for developing future CACC control and cooperation
algorithms.
We also recommend more CACC field tests in the future studies. Our current test datasets cover
the CACC operation with mild disturbances under free flow conditions, and only for a single
design of ACC and CACC systems. It is necessary to obtain data for other traffic conditions,
especially congested conditions with shockwaves, and for a wider range of vehicle-following
behaviors by ACC and CACC systems. The CACC vehicles’ mode switch dynamics under
various traffic conditions are also interesting to study. Moreover, the CACC drivers’ lane
changing behaviors and the manual drivers’ lane changing behaviors ahead of or behind CACC
vehicle strings are important traffic conditions to observe in the field. Those datasets can help us
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develop more accurate human driver and CACC vehicle behavior models, which will generate
better predictions regarding the congestion improvements due to CACC operations.
The current research has considered the CACC operation strategies that do not require
substantial upgrade of existing road infrastructure. In the future, we recommend analyzing higher
level coordination strategies that help CACC vehicles form strings based on their routes. In
addition, as the CACC market penetration increases, it is unlikely that the CACC is the only
advanced traffic technology implemented. Systems such as the automated merging or lane
changing assistance, and speed harmonization are likely to be deployed together with CACC. For
this reason, we should also explore the impact of those systems on the CACC vehicle string
operation.
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