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ABSTRACT 1 
This paper focuses on evaluating, in a structured manner, the potential benefits, along with the 2 
implementation and performance issues, of utilizing Dedicated Short Range Communication 3 
(DSRC)-based communication in conjunction with Adaptive Cruise Control (ACC) systems. 4 
This work was done in the United States under a cooperative agreement between the Crash 5 
Avoidance Metrics Partners LLC (CAMP) and the Federal Highway Administration (FHWA). 6 
Designing Cooperative Adaptive Cruise Control (CACC) as an extension of ACC, and by using 7 
a combination of a comprehensive simulation framework and test vehicles, it was established 8 
that the benefits of vehicular communication on string stability and validated the performance of 9 
the novel software modules that enable CACC functionality. Another key contribution of this 10 
work is the consideration of vehicles with different dynamic responses as a part of a single 11 
string. Four light-duty vehicles (hatchback, mid- and full-size sedans, large SUV), each from a 12 
different automotive Original Equipment Manufacturers (OEMs), were retrofitted with common 13 
ACC and vehicular communication systems. They were tested under many different conditions 14 
to obtain performance data (such as radar sensor readings, etc.) when operating in a vehicle 15 
string. This data was then integrated into the simulation environment to develop and validate the 16 
CACC modules. The paper concludes with a recommendation of some data elements for 17 
minimizing the longitudinal control response times in following vehicles in a string. 18 
 19 
Keywords: Adaptive Cruise Control, Connected Vehicles, Cooperative Adaptive Cruise Control, 20 
Dedicated Short Range Communications, String-stability.  21 
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INTRODUCTION 1 
Cooperative Adaptive Cruise Control (CACC) is an application that uses longitudinal control to 2 
improve traffic flow and driving convenience, and, when used in conjunction with supporting 3 
technologies offers the potential to reduce the congestion on most urban freeways and arterials. 4 
The CACC system adapts inter-vehicle distances by leveraging real-time information from 5 
vehicles in close proximity along with local sensor measurements. In theory, significant 6 
reductions in the time-gaps between vehicles will improve the traffic flow stability that can lead 7 
to improved fuel economy (or energy savings) (1). The United States Department of 8 
Transportation (USDOT) has actively engaged in assessing applications that realize the full 9 
potential of connected vehicles, travelers, and infrastructures to enhance current operational 10 
practices and transform future surface transportation systems management through connected 11 
vehicles. Prior Federal Highway Administration (FHWA)-sponsored research (1) suggests a key 12 
benefit of implementing CACC could be attaining traffic flow stability as a result of dynamic 13 
and automatic modulation of cruise control speeds of a “string” of vehicles. The authors of (2) 14 
also highlight the improved throughput on a given road segment due to more efficient vehicle 15 
distribution and consistent flow of traffic when using CACC. Other benefits of CACC include 16 
higher fuel efficiency resulting from the increased aerodynamic efficiency provided by 17 
decreasing gaps between string members (3) and from reducing instances of unnecessary braking 18 
/ throttle maneuvers (4). From reviewing past and on-going CACC works in (5), a broad, high-19 
level research plan was developed to identify the potential benefits, opportunities, safety issues, 20 
technical gaps, and challenges in deploying CACC systems. In addition, a more focused set of 21 
recommendations was developed for production implementation of CACC in future vehicles that 22 
included a prototype and small-scale test plans. The presented work keys off an analysis of 23 
practical highway behaviors for the real-world situation in which different brands of vehicles 24 
with different characteristics comprise a vehicle string and interact among themselves and the 25 
infrastructure around them using Dedicated Short Range Communication (DSRC). Under such 26 
conditions, the formed group exhibits remarkable car-following and lane-changing behaviors. 27 
While improving string stability was the focus of the majority of prior works considering 28 
homogenous (6)-(10) and heterogeneous (11) string vehicles, the unavailability of a reference 29 
production Adaptive Cruise Control (ACC) system limited the research to using identical 30 
vehicles for experiments. Additionally, with the exception of (12) that concerns three trucks of 31 
the same configuration, none of other prior works consider looking ahead more than one vehicle 32 
in the formed string using DSRC. Furthermore, they do consider common driving maneuvers 33 
such as highway merge, braking, and stationary obstacle avoidance. The authors identified no 34 
single experiment which implemented heterogeneous string formation by designing a reference 35 
standard ACC system and created a virtual target to take advantage of range information 36 
obtained from DSRC, including multi-vehicle look ahead, in order to observe system behavior in 37 
multiple situations where driver reaction becomes crucial. 38 

With this in mind, the work focused on the enhancement of radar-based, production ACC 39 
systems using DSRC-based Vehicle-to-Vehicle (V2V) / Vehicle-to-Infrastructure (V2I) 40 
communication and messages. Baseline performance was established using road test data where 41 
a ‘reference’ ACC and DSRC-based V2V communication were systems operating concurrently. 42 
This included, for example, an evaluation of response times during longitudinal maneuvers (i.e., 43 
braking and throttle) in vehicle-following scenarios. The road test data was utilized to 44 
parameterize the software-based simulator. The simulator in turn was used to design, test, and 45 
evaluate the CACC algorithms and their applicability. Further analysis of the gathered data and 46 
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research findings will provide direct support for the development of technical standards such as 1 
the SAE J2945/6 that enables CACC and platooning services. 2 

This paper is organized as follows. Project Overview describes the research project 3 
background followed by a description of the CACC-enabling modules. The key findings from 4 
the road tests and simulation-based experiments are presented in the Research Findings section. 5 
Finally, concluding remarks and suggestions for future work complete the remainder of the 6 
paper. 7 
 8 
PROJECT OVERVIEW  9 
The overarching goal of the project was to investigate the feasibility of a CACC prototype in a 10 
systematic manner. This was accomplished by testing a common ACC implementation on the 11 
roads and incorporating empirical data to parameterize a simulation environment for developing 12 
and analyzing the performance of novel CACC modules developed in the project. Testing on the 13 
roads was conducted to collect both radar sensor and V2V data to gain insight into the baseline 14 
performance of multi-vehicle strings of autonomous ACC systems under certain conditions. 15 
Evaluation of this data helped to identify potential opportunities to expand functionality using 16 
CACC. The simulation environment comprised of communications and sensor models, and a 17 
microscopic traffic simulator to simulate vehicle interactions, as well as the impact of these 18 
vehicles on the overall traffic flow.  19 

Four vehicles (hatchback, mid-size and full-size sedans, and a large SUV) from different 20 
manufacturers were used in the road testing to capture the impacts of different Original 21 
Equipment Manufacturers (OEMs) vehicle control interfaces in addition to the differences in 22 
longitudinal control system design. All vehicles contained production ACC systems capable of 23 
stop-and-go operation. So, the required control systems and actuators needed to implement the 24 
experimental ACC / CACC system were already installed. A common ACC system (called 25 
‘reference’ ACC system) was developed and implemented on all four vehicles. This reference 26 
ACC system, and not the production ACC systems, was used during the road tests. The design 27 
choices were motivated by the prospects of defining a common design platform and 28 
subsequently augmenting the developed CACC functionalities in a structured manner. The 29 
diverse design choices of the vehicle control systems by the respective OEMs were identified 30 
during vehicle integration. The rationale for a common ACC system on all test vehicles was to 31 
tap into the native responses of the hardware system in each vehicle. But despite this choice, 32 
significant variations in the system performance / responses were observed during the road-based 33 
tests.  34 

The CACC capabilities were developed using the simulation environment that included a 35 
traffic simulator, radar, Global Positioning System (GPS), wireless communications models, and 36 
a vehicle dynamics model considering the different vehicle types. Multiple vehicles types were 37 
also simulated to assess the impacts of differences in vehicle sizes and dynamics on the system 38 
performance. Three broad capabilities for CACC were investigated. They are as follows. 39 
 40 

1. Situational awareness enhancement: Increased awareness range (communication range 41 
compared to onboard sensors sensing range), wider field-of-view (immediately preceding the 42 
vehicle known as the ‘target vehicle’ (TV), multi-vehicle ahead in the same and different lanes), 43 
and feasibility of providing additional information through communication to a longer and wider 44 
range are three immediate advantages of the CACC over the ACC. In this research, we 45 
investigated whether the reduction in unnecessary acceleration / deceleration (i.e., smoother 46 
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controller performance) and perturbations in surrounding traffic may be accomplished by 1 
improving the world view of the system. Specific examples are listed below. 2 

 3 
a) If the CACC string is approaching a group of slower vehicles, deceleration may 4 

begin earlier and more smoothly. 5 
b) If a vehicle ahead in the string is braking, deceleration may begin in anticipation 6 

prior to / in coordination with the response of the TV. 7 
c) If a vehicle in an adjacent lane activates its turn signal, the impending lane change 8 

can be anticipated and string behavior adapted more rapidly. 9 
 10 

Therefore, improving longitudinal control performance within the string by providing ACC with 11 
additional context information through communication was identified and considered as the first 12 
major capability of CACC. 13 

2. System latency reduction: “Phantom” traffic jams are a result of perturbations in unstable 14 
vehicle strings. Typically, a string of ACC vehicles is not string-stable. According to (3), the 15 
CACC system was strictly L2 string stable, whereas the ACC system was not. This is because of 16 
the high rate of overshoot for the following vehicles. When a reduction in speed occurs within 17 
the string, the deceleration required by following vehicles increases for each following vehicle, 18 
eventually bringing the entire string to a full stop. Communicating the behavior of preceding 19 
vehicles, actual or planned, within the string might reduce response time and improve the string 20 
stability. Therefore, reducing the latency of the string response to perturbations to provide 21 
smoother, more consistent traffic flow leading to increased throughput was investigated. 22 

3. Time-gap optimization: Time-gap is defined as the time needed by the host vehicle (HV) 23 
to travel the vehicle clearance (the distance between HV and the TV). The time-gaps for 24 
enhancing traffic throughput may not always be the obvious choice because of the traffic 25 
randomness and safety implications of following too closely. This motivated an investigation of 26 
the appropriate time-gaps for vehicles in a string. Specifically, reducing the time-gap within a 27 
string (to allow for an increase in vehicle throughput) while at the same time maintaining string 28 
stability (to dampen traffic perturbations) was set as a goal for the algorithm design.  29 

 30 
CACC-ENABLING MODULES 31 
A number of unique software modules were developed to enhance the situational awareness and 32 
response times of the baseline system. This was motivated by the potential extensions to existing 33 
ACC longitudinal controllers and the prospect of an SAE J2945/1 BSM deployment. This was 34 
enabled by additional data elements that were received from preceding vehicles. While relative 35 
distance and speed were key controller inputs during ACC operation, additional data such as the 36 
measured acceleration and “acceleration forecasts” are used during the CACC mode. Three 37 
major CACC-enabling concepts are described below. 38 
 39 
Extending ACC through the Virtual Target Creation 40 
A fully redesigned controller that leveraged the additional available information in CACC 41 
provides the most benefits (13), and could be considered for future production implementations. 42 
However, by adjusting the input data to an unmodified controller, the benefits of CACC were 43 
realized in terms of a dynamic system response. 44 

During ACC operation, the controller receives the relative distance and speed of the 45 
target vehicle while in CACC mode, and additional data, such as current measured acceleration 46 
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and acceleration forecasts, are incorporated into the calculation. To this end, the concept of a 1 
‘virtual target’ was introduced. The Virtual Target Creation module receives the aforementioned 2 
information (from the TV) to predict the TV motion and inputs it to the longitudinal controller 3 
instead of the current speed and distance information. Based on current vehicle dynamics of both 4 
the HV and TV, the resulting ‘virtual target’ can be closer or further away than the actual 5 
physical location of the TV. As a result, earlier reactions can be triggered in the longitudinal 6 
controller, thereby reducing the overall reaction time. Additionally, this approach minimizes the 7 
required modifications on the existing ACC longitudinal controller that are already 8 
parameterized for driver comfort with a consideration of the inherent vehicle characteristics. 9 
Figure 1 illustrates the control diagram of two vehicles in the CACC string. The blue 10 
components represent an ACC control diagram, while the green components were added to 11 
enable CACC functionalities. 12 
 13 

 14 
TV      HV 15 

 16 
 17 
FIGURE 1 Control diagram illustrating the integration of the Virtual Target Data 18 
Creation Module with the longitudinal controller between the Target Vehicle (TV) and 19 
Host Vehicle (HV).  20 
 21 
Vehicle Look-Ahead Concepts 22 
The CACC-based longitudinal control implementation can operate in many modes. They are 23 
described below. 24 

The One-Vehicle Look-Ahead (OVLA) (illustrated in Figure 2) is the most basic 25 
implementation of CACC control. It is similar to the conventional ACC system where only data 26 
from the TV will be used in the decision-making, and the difference being that both radar and 27 
V2V data are used in the case of CACC. The obvious limitation is the propagation of 28 
information about perturbations along the stream in a sequential manner. Nevertheless, the string 29 
stability will be better than an ACC system. 30 

The Multi-Vehicle Look-Ahead (MVLA) mode utilizes the V2V data from several (if 31 
not all) preceding vehicles in the string. It computes the ‘virtual’ target by considering V2V data 32 
from multiple preceding vehicles and weighting them based on distance, thereby enhancing the 33 
HV reaction times to traffic perturbations. 34 

The Vehicle Behavior Estimation feature can operate in parallel with either of the 35 
previously mentioned modes. It assesses information received from preceding vehicles for 36 
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potentially hazardous conditions like harsh braking maneuvers. If such conditions are detected, it 1 
increases the target time-gap and triggers an initial deceleration. 2 

 3 
 4 

FIGURE 2 Illustration of the different implemented look-ahead features. 5 
 6 
In-lane Assessment of Remote Vehicles 7 
Our CACC-based longitudinal control implementation incorporates the data received from 8 
preceding vehicles in the same lane. This necessitates the HV to identify and select the remote 9 
vehicles in its lane. In contrast, the conventional ACC systems conduct this assessment using 10 
radars that have a relatively high lateral accuracy. Physical locations of the remote vehicles can 11 
be obtained from Basic Safety Messages (BSM) transmitted and received by the vehicular 12 
communication systems. However, because these physical coordinates are based on relative GPS 13 
information, the desired accuracy and granularity (e.g., for a lane-level assessment) in certain 14 
situations may be insufficient. Therefore, the CACC implementation will consider both the radar 15 
sensor and V2V data.  16 

From each DSRC-equipped vehicle in the line-of-sight of the radar, the HV receives two 17 
independent sets of readings (from radar and V2V unit). Typically, these readings are not 18 
identical and the object fusion module monitors both sets of readings over time and compares the 19 
relevant parameters (e.g., size, speed, distance, etc., to name a few). The sensor fusion module 20 
enables the HV to correlate the independent data to ascertain that they are from the same remote 21 
vehicle, thereby assessing whether the remote vehicle is in its lane. The “temporary ID” data 22 
element (present in the received BSM) of the remote vehicle is then recorded by the HV. This in-23 
lane assessment approach is sufficient even when the lane association for the remote vehicle is 24 
unclear from the V2V data. Any subsequent transmissions from this remote vehicle will be 25 
incorporated in the decision-making as a result of the established ‘trust.’ The process of fusing 26 
the radar and V2V data is relatively simple and enables the OVLA CACC. 27 

In the case of MVLA CACC, information, from not only the TV but also from the other 28 
preceding neighboring vehicles, will be utilized for in-lane assessment. Given that the radar 29 
sensor cannot reliably detect multiple vehicles ahead in the same lane, V2V data alone is utilized 30 
for in-vehicle assessment of remote vehicles. As alluded to earlier, the GPS accuracy may be 31 
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compromised in certain situations, thereby rendering the GPS coordinates in the BSM (i.e., V2V 1 
data) unreliable. For instance, as illustrated in Figure 3, the radar view of the blue vehicle 2 
(considered to be the HV in this example) is obstructed by the red vehicle, and it may be unable 3 
to ascertain the lane association for the white vehicle based on V2V data alone, especially if the 4 
GPS coverage is choppy. Our novel approach for addressing this issue is to tap into the 5 
verification capability of an intermediate vehicle in its lane. By leveraging the ‘trust’ established 6 
between the vehicles in the same lane, once the red vehicle has validated the white vehicle to be 7 
in its lane, this information can be passed along to the blue vehicle, thereby enabling the HV to 8 
reliably carry out in-lane assessment of the white vehicle. 9 

 10 

 11 
 12 
FIGURE 3 An illustration of in-lane assessment of a remote vehicle (the white vehicle) by a 13 
HV (the blue vehicle) by leveraging information from a preceding in-lane vehicle (the red 14 
vehicle).  15 
 16 

Therefore, a requirement was added that each vehicle will transmit its own temporary ID 17 
and that of its TV. By utilizing this information, vehicles can build on-the-fly a linked list of 18 
vehicles in the same string through received BSMs from vehicles ahead and identifying one link 19 
after another until either communication range is exceeded or the beginning of the string is 20 
reached as illustrated in Figure 4.  21 
 22 

 23 
 24 

  

Data forwarded by a ‘trusted’ 
preceding in-lane vehicle  
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FIGURE 4 The ‘Ahead ID’ for the white car is not available implying that it is the lead 1 
vehicle in the string, while the ‘Ahead ID’ maintained by red car correctly corresponds to 2 
the temporary ID of the white car, the TV for the red car. 3 

In the event of vehicle cut-ins and cut-outs, the involved vehicles will update their current 4 
target vehicle information and this information will propagate to other vehicles keeping track of 5 
string membership. 6 

Additionally, since the algorithm requires message reception from multiple vehicles 7 
ahead, it must anticipate that the host vehicle will not receive every single V2V message that is 8 
being transmitted from vehicles further ahead. Therefore, the algorithm needs to be robust to 9 
packet drops, and this can be achieved by implementing an ‘information age threshold’ (not 10 
described in this paper) to determine its expiration. 11 
 12 
RESEARCH FINDINGS 13 
The research utilized a combination of both road-based and simulator-based tests to establish the 14 
performance of the newly designed CACC modules. The common ACC system implementation 15 
on all four test vehicles was evaluated using road tests under a variety of scenarios. A total of 25 16 
different scenarios were considered to characterize ACC system behavior and parameterize 17 
vehicle dynamics for the simulation environment. Simulations were used to evaluate and develop 18 
CACC algorithms and to compare them to the ACC baseline performance. The environment 19 
included a microscopic traffic simulator (VISSIM), wireless communication models (NS3) as 20 
well as models for vehicle dynamics, GPS, and radar (implemented in MATLAB / Simulink). 21 
The simulation models were parameterized based on the road test data that was collected using 22 
the four project vehicles. The simulation environment was then used to implement, debug, and 23 
evaluate the CACC modules, and establish its efficacy relative to ACC in three broad areas: 24 
situational awareness, system latency, and time-gap. The findings are discussed below. 25 
 26 
Enhancements to Situational Awareness of a CACC System 27 
The simulations indicated that the MVLA CACC approach, in combination with behavior 28 
estimation, enhanced the situational awareness tremendously as compared to CACC with OVLA. 29 
The simulation scenario considered a five-vehicle CACC string comprising three compact cars 30 
followed by two large SUVs that have relatively slow dynamics. The following time-gap was 31 
chosen to be 0.5 seconds. A perturbation (acceleration / deceleration) modeled as a sine wave 32 
was introduced in the string. Figure 5 is a truncated plot of temporal variations in the 33 
accelerations of the vehicles in the CACC string under the OVLA and MVLA approaches. From 34 
the plot, it can be observed that the peak-to-peak value of the accelerations for the last two 35 
vehicles (the SUVs) in the string is smaller by 16% in the case of MVLA. In other words, the 36 
benefits of MVLA seem to be more pronounced for the vehicles with slower dynamic responses, 37 
i.e., the fourth and fifth vehicles in the current set up. 38 
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 1 
FIGURE 5 Temporal variations in the accelerations of the vehicles in the CACC string are 2 
shown for One-Vehicle Look-Ahead (OVLA) and Multi-Vehicle Look-Ahead (MVLA). The 3 
accelerations of the five vehicles are denoted by five different colors, with the vehicles 4 and 4 
5 represented by Black and Green curves, respectively. 5 
 6 
Reduction in System Latency 7 
To study the reaction times of the simulated system, separate strings of ACC and CACC vehicles 8 
were subjected to a sequence of positive and negative accelerations of 2.5 m/s2, and the reaction 9 
times to braking in preceding vehicles were recorded. The input perturbation is introduced in the 10 
first vehicle of the string. To study system latency, a five-vehicle string with all hatchback 11 
vehicles was considered. For this scenario, five same-model vehicles were used because that 12 
removed the influence of five different models of vehicle, each with a different native response. 13 
The first vehicle in Figure 5 (blue lines) was artificially controlled and the time-gap for 14 
following vehicles was set to 1 second for both ACC and CACC to allow for a direct 15 
comparison. For CACC, only the OVLA mode was used for a better direct comparison of the 16 
reaction times. The MVLA mode would have reduced latencies further due to the decrease or 17 
removal of propagation time through the string. 18 

Figure 6 (a) and (b) show the simulated acceleration responses of ACC and CACC 19 
strings, respectively. In both plots, the dashed lines represent the acceleration commands of a 20 
vehicle and the solid lines represent the actual physical acceleration of the vehicle. Let us 21 
consider the ACC string first. As can be seen from Figure 6 (a), the ACC vehicles sequentially 22 
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decelerate quickly with each vehicle in the string reaching the maximum pre-set deceleration 1 
limit of 3 m/s2. After the vehicles decelerate, they accelerate again to close the increased time-2 
gap, implying that the applied deceleration was perhaps too harsh. On the other hand, as can be 3 
seen in Figure 6 (b), the CACC vehicles start decelerating significantly earlier, and, therefore, do 4 
not reach the pre-set limit of the controller. Furthermore, with the exception of the second 5 
vehicle, there is no acceleration overshoot after the deceleration maneuver has been completed. 6 
The CACC string becomes stable around the 34th time instance, while the downstream vehicles 7 
in the ACC string are significantly unstable even beyond the 40th time instance (as indicated in 8 
the dash-dot box). The slight overshoot observed in the CACC response can be attributed to the 9 
suddenness in the perturbation and the inherent operation of the longitudinal controller that limits 10 
how fast a certain deceleration value can be reached. 11 
 12 

 13 
(a) 14 
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 1 
(b) 2 

 3 
FIGURE 6 The time required for string stability in the event of a perturbation is much less 4 
in the case of Cooperative Adaptive Cruise Control (CACC) as compared to Adaptive 5 
Cruise Control (ACC). This is denoted by the absence of fluctuations around the 34th 6 
second for the CACC string in (b).  7 

The propagation delays associated with the deceleration / acceleration maneuvers of the 8 
vehicles in the string can be divided into:  9 

a) A ‘detection delay,’ which is defined as the time between the HV detecting an 10 
acceleration / deceleration in a preceding vehicle and issuing the throttle / brake commands. 11 

b) A ‘reaction delay,’ which is defined as the time between the HV experiencing the 12 
throttle / brake response after issuing the commands. 13 

The reaction delay is a function of the vehicle power-train, and optimizing it is outside 14 
the scope of the research work. As a result, there are no noticeable differences between 15 
simulation-based results for ACC and CACC. So, in other words, we only consider the detection 16 
delays in the analysis. 17 

In Figure 7, the dashed lines represent the acceleration commands of a vehicle and the 18 
solid lines represent the actual physical acceleration of the vehicle. Let us consider the ACC 19 
string. The detection delay for ACC was nearly identical for all vehicles in the string and about 20 
0.85s. The delay for the CACC vehicles differs between the first and the second vehicles 21 
(recorded as 0.6s) and all the other vehicles in the string (0.35s). This can be attributed to the 22 
first vehicle behaving like a manually-operated, V2V-capable vehicle, where it only transmits 23 
current acceleration values. Without any knowledge of future acceleration states (or ‘acceleration 24 
forecasts’), the second vehicle is unable to predict the behavior of its target vehicle, i.e., the first 25 
vehicle. In contrast, the third vehicle receives the acceleration forecasts from its target vehicle 26 
that is operating in CACC mode, thereby reacting to the braking maneuver faster. The peak 27 
deceleration stays at the same level as for vehicle two, thus vehicle three does not amplify 28 
perturbations further. The peak deceleration values in the third and fourth vehicles are also 29 
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reduced compared to the previous vehicle. This observation underscores the benefits to CACC 1 
performance by transmitting acceleration forecast data elements. 2 

 3 

 4 
(a) 5 

  6 
(b) 7 

 8 
FIGURE 7 The detection delays for ACC in (a) and OVLA CACC in (b). From (b), two 9 
things are obvious – (1) a reduction in detection delay in the case of CACC and (2) faster 10 
detection of the braking maneuver in a preceding vehicle as a result of acceleration 11 
forecasts transmissions. 12 
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Another important aspect during a deceleration maneuver was the overshoot in the 1 
vehicle speeds in the following vehicles. From Figure 8 (a), it can be observed that there are 2 
significant fluctuations in both these parameters in the case of ACC. For instance, the minimum 3 
speed for the fifth vehicle approached 0 m/s. On the other hand, the CACC system showed a 4 
much more stable response with speeds not dropping below 9 m/s and a much smaller range of 5 
speeds overall. 6 

 7 
(a) 8 

 9 

 10 
(b) 11 

 12 
FIGURE 8 Vehicle speed profiles for ACC in (a) and CACC in (b).  13 
 14 
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Optimization of Time-gaps 1 
The simulation scenario considered for this analysis involves a CACC string comprising three 2 
compact cars followed by two large SUVs, with a time-gap of 0.5 sec. A perturbation is 3 
introduced to the string in the form of a moderate deceleration maneuver of magnitude 3.0 m/s2 4 
and duration of 5 seconds by the lead vehicle. Figure 9 is a truncated plot of the temporal 5 
variations in the relative time-gaps of vehicles for the OVLA and MVLA with behavior 6 
estimation, respectively. Each curve corresponds to the time-gap variation for a pair of 7 
contiguous vehicles in the string. It can be clearly seen that the variations in the time-gap for the 8 
latter approach are more constrained, thereby implying more stability in the time-gaps for the 9 
MVLA approach. 10 

 11 

 12 
 13 
FIGURE 9 Temporal variations in the time-gaps of the vehicles in the CACC string for the 14 
One-Vehicle Look-Ahead (OVLA) and Multi-Vehicle Look-Ahead (MVLA) approaches 15 
under moderately harsh deceleration maneuver.  16 
 17 
A PROPOSAL FOR CACC MESSAGING 18 
The V2V messages to enable CACC functionality were based on the latest SAE J2735 data 19 
dictionary and the BSM. Additional data elements for enhanced CACC performance were 20 
identified during the course of the presented research work as shown in Table 1. The key point is 21 
the transmission of the information about the predicted future motion of an HV to other vehicles. 22 
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Since a longitudinal controller commonly controls vehicles through an acceleration interface, this 1 
is implemented as an “acceleration forecast” of the HV. Acceleration commands are being 2 
transmitted over the air as soon as the longitudinal controller issues them to the brake and engine 3 
controls in the HV, effectively making them acceleration forecasts due to the vehicle response 4 
time in implementing the command. To model differences in vehicle response performance, a 5 
first order lag model was successfully used. The vehicle-dependent time constant of that model is 6 
also transmitted, thereby enabling following vehicles to estimate the acceleration response of the 7 
HV. This results in an enhanced performance for the CACC system. This approach was validated 8 
in the previous section, especially by Figure 7, underscoring the importance of transmitting these 9 
additional data elements. A high-level proposal for a novel message to enable CACC behaviors 10 
is described below. 11 
 12 
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TABLE 1 Additional Data Elements Required For CACC 1 

Data Element Purpose SAE J2735 DataType  

CACC State 

• To enhance awareness of the 
capabilities of vehicles in the 
string / neighboring vehicles 

• Seven states - Manual, 
Cruise Control, ACC and 
CACC, higher levels of 
automation (sensor-based), 
higher levels of automation 
(V2V data fusion-based), or 
Manual Override 

LongitudinalControlState 

Acceleration Forecast 
“Intended value” when the HV 
issues a command for brake, 
throttle, and / or engine control 

Acceleration 

Tau 

Time constant of first order lag 
models for the engine control 
acceleration / deceleration 
schedules 

TimeConstant 

Target Vehicle Temporary ID 

• Aid with the in-lane 
assessment of vehicles 

• When the HV is following 
another DSRC-equipped 
vehicle, and has validated 
that this vehicle is in the 
same lane (through its object 
fusion algorithm), it will 
transmit the identifier of that 
vehicle as its TV’s temporary 
ID  

• Essential for the linked-list 
algorithm that allows 
vehicles to compile a list of 
vehicles that are part of the 
same string 

TemporaryID 

 2 
 3 

CONCLUSIONS 4 
The concept of augmenting an ACC framework with vehicular communication capability and 5 
additional processing modules to realize CACC functionalities was the crux of the paper. A 6 
novel approach of integrating relevant road test data to a simulator to establish the benefits of 7 
CACC in vehicle strings was presented in the paper. In addition to quantifying the anticipated 8 
performance enhancements of CACC for a vehicle string (in the form of reduced system 9 
latencies, situational awareness, etc.), the paper also developed novel modules that will aid in 10 
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optimizing CACC performance. Additional data elements to further smoothen the longitudinal 1 
maneuvers were identified. Future work includes an analysis of the messaging requirements for 2 
CACC and integrating the CACC modules into the test vehicles and conducting road-based 3 
experiments to validate the algorithms. Lastly, it is remarked that the CACC modules can be 4 
adapted to other sensor-based, longitudinal control systems such as the ones envisioned for 5 
highly automated vehicles. 6 
 7 
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