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ABSTRACT

The concept of truck platooning has been the fefusany research projects over the years at
the California PATH Program and around the worletigh such projects as CHAUFFEUR,
SARTRE, KONVOI, Energy ITS, and COMPANION. Thegeyous projects have included
the automation of both lateral and longitudinaltcoinin the following trucks because of the
very close following distances targeted by thosgguts. Cooperative Adaptive Cruise Control
(CACC) provides an intermediate step toward a loigen vision of trucks operating in
closely-coupled automated platoons on both lond-&sad short-haul freight corridors.

There are important distinctions between CACC artdraated truck platooning. First, with
CACC, only truck speed control will be automatesing V2V communication to supplement
forward sensors. The drivers will still be respblesfor actively steering the vehicle, lane
keeping, and monitoring roadway and traffic cormaii. Second, while truck platooning systems
have relied on a Constant Distance Gap (CDG) cbsiirategy, CACC has relied on a Constant-
Time Gap (CTG) control strategy, where the distdret@veen vehicles is proportional to the
speed. For these reasons, a series of trucks QAW is referred to as a string, rather than a
platoon.

This report mainly focuses on describing the vagi@ACC operational concept alternatives at
the level of individual vehicles, local groups @hicles and their drivers, and which alternatives
should be employed in this research project. Thegeational concepts can be broken into four
categories: string formation, steady-state crgisstring split maneuvers, and faults or abnormal
operating conditions.

Key Words: Cooperative Adaptive Cruise Control, CGA@daptive Cruise Control, ACC,
Intelligent Transportation Systems, ITS, Speed @bntruck Platooning, V2V
Communication, DSRC






EXECUTIVE SUMMARY
Project Overview

This report discusses the operating concept aligasafor truck platooning using Cooperative
Adaptive Cruise Control (CACC). Itis part of aiss of reports being produced by the
California PATH Program, funded through the Fedelighway Administration’s (FHWA)
Exploratory Advanced Research Program (EARP) arita®a. The project team includes
PATH, Volvo Technology of America, LA Metro, the @avay Cities COG, and Cambridge
Systematics, Inc. The goals of the project incliggmtifying the market needs for a CACC
based truck platooning system; building, demonsigand testing a CACC system on
commercial trucks; and evaluating the potentialdiiésof CACC along the I-710 corridor in
California.

The concept of truck platooning has been the fefusany research projects over the years at
the California PATH Program and around the worletigh such projects as CHAUFFEUR,
SARTRE, KONVOI, Energy ITS, and COMPANION. At highy speeds, fuel consumption is
significantly influenced by air resistance, and sherter following gaps can significantly impact
fuel economy for large trucks, with energy savipgtentially as high as 20% to 25%. However,
most truck platooning projects have emphasizedaalese coupling between vehicles,
maintaining a constant distance from one vehicklaéonext. The prior PATH truck platooning
studies tested gaps between trucks as small a®3Imm. Following gaps this short are likely to
require the implementation of dedicated truck leened automation of both speed control and
automated steering on the trucks. The dedicatezslavould be required for safety because
trucks following at such close distances will leaeey little opportunity for other traffic to
change lanes across the platoons, and the platdbisve a hard time responding safely to
emergency conditions created by bad behaviorshafratehicles’ drivers. Automated steering
will be required because driver forward vision viaél highly limited at such short following

gaps.

Limited vehicle speed automation has already beemuwercially deployed in some trucks using
Adaptive Cruise Control (ACC) systems, but the premiance of these systems is limited to
much longer following time gaps than would be reedifor truck platooning. However, in the
near term, CACC provides an intermediate step tdwadonger-term vision of trucks operating
in closely-coupled automated platoons on both lleagland short-haul freight corridors.

CACC systems build upon the current ACC systemduljragy V2V communication to
supplement forward-looking sensors. Adding comrmation reduces sensor processing delays,
enabling shorter following gaps while reducingrggrinstability.

However, even though CACC is a potential next st@@rds truck platooning, the term has
been used loosely in recent years and there areriamt distinctions to be made between CACC
systems and automated truck platooning systemst, &iith CACC, only truck speed control

will be automated. The drivers will still be regigible for actively steering the vehicle, lane
keeping, and monitoring roadway and traffic comaii. Second, truck platooning systems have
relied on a Constant Distance Gap (CDG) contraltsgry, where the separate between vehicles
remains unchanged with speed. The CACC contralegjy is based on a Constant-Time Gap
(CTG), where the distance between vehicles is ptapal to the speed. Previous CACC



studies at PATH have shown that following time gapihe range of 0.6 s at 65 mph (roughly
17.5 m gap) were acceptable for drivers of passerefecles. These much larger following
distances were more comfortable for drivers, wsiik allowing the surrounding traffic enough
room to merge across a string of CACC vehicles wienessary. For these reasons, a series of
trucks using CACC is referred to as a string, nathan a platoon.

The bulk of this report focuses on discussing tA€C operational concept alternatives and
making recommendations for this project regardiogy the CACC system should function at the
level of individual vehicles and local groups ohides. The operational concepts can be broken
into four categories: string formation, steadytestauising, string split maneuvers, and faults or
abnormal operating conditions.

CACC String Formation

CACC operation starts with string formation. Frtre driver and system perspective, one or
more truck drivers will activate the C/ACC systendaet their desired speed and gap setting.
Drivers may also pre-set a preference for leadéollmwer to be used when forming a new
string. Once the C/ACC system is active in ACC mdtle CACC local coordination feature
will search for additional trucks (or existing stgs) within communication range with which to
couple. The joining driver will then be displayadist of nearby trucks or existing strings with
which coupling is possible, taking into considevatany driver pre-set preference for the leader
or follower position. The DVI may display a listsimple graphical representation of the
relative vehicle positions, or if the vehicles asparated by some distance, a map display
depicting the relative positions.

Once a joining truck driver selects a lead truakefdsting string) to couple with, the local
coordination feature will confirm with the lead ¢kuand instruct the lead truck (or string) to
slow down, while instructing the joining truck (siring) to speed up. The lead driver of the
string and the driver of the truck wishing to joire string will each be displayed a target speed
and target lane in which to travel during the cawation. Additionally, the target speed during
the coordination maneuver will automatically beagthe C/ACC set speed. In addition to the
target coordination speed, the DVI will also needlisplay the relative location, relative lane,
distance, and if necessary, an indication of wherjdining truck driver should change lanes to
get behind the lead truck (or string).

Once the joining truck is directly behind the leéattk (or existing string), the CACC system’s
vehicle following mode will engage automaticallpdathe lead truck’s former set speed will be
restored and relayed to all of the following truck3nce in the string, the drivers will be able to
select any of the available CACC following gaps.

CACC Steady-State Cruising

Steady-state cruising is what truck drivers willdmng most of the time while the CACC
system is engaged. Once a string is formed, tiverdrwill still be tasked with actively steering
their vehicles and monitoring vehicle status aaffitr conditions, but steady-state cruising
should only be interrupted when trucks join intasplit from the string or when an unequipped
vehicle cuts in between the following trucks in gteng. Because cut-ins in on-the-road testing



will be unavoidable, the CACC system needs to lsgded to automatically handle a cut-in by
splitting the string and commanding the new leadKky directly behind the cut-in, to fall back to
a longer ACC gap setting and following strategyic®the unequipped vehicle departs the lane,
the CACC system can automatically re-join the tplit strings and close the gap. The driver
will still be responsible for monitoring for potésitcut-ins and disengaging the CACC system
through manual braking should the system fail spoad appropriately.

CACC String Split Maneuver

Any truck in the CACC string may depart the stratg@ny time, and the effect that the departure
will have on the string will depend on which truskexiting the string. In an ideal departure, the
driver of the departing truck will signal their amtt to exit the string by activating the turn signa
or otherwise indicating so on the DVI. If a drivegnals their intent to depart, then any
following drivers in the string will be notified dhe maneuver through their DVI. In the least
disruptive case, the departing truck simply chargess, and the following trucks close the gap.
However, in some case, the departing truck may teeeglvert to manual speed control before
changing lanes. In the case when the departing tsua middle truck in the CACC string, the
string will need to be temporarily split into twtsiegs, with the departing truck leading the
second CACC string under manual control until ilyfdeparts the lane. Once the departing
truck changes lanes, the trucks that were follovitimgll rejoin the original CACC string and
close the gap left by the departing truck.

CACC Fault Conditions

The design of the CACC system will need to consadeumber of potential faults, errors, and
abnormal operating conditions. The first issué thast be considered is what happens when the
CACC system is disengaged. No matter how the sysalisengaged, it is critical that the

DSRC broadcasts continue because the other trn¢ke istring will be relying on those
transmissions. Furthermore, a research systermemillire a kill switch, and the design of the

kill switch should ensure that the DSRC broadcestginue and that some indication of the Kkill
switch status is included in the broadcast transions If the kill switch is tripped, the following
trucks need to know not to pay attention to anyictelcommands still being broadcast by the
CACC system.

Other fault conditions that must be consideredudela data mismatch between the forward
sensor data and DSRC message contents and DSRC diigps or missed messages. Both of
these conditions may happen during normal operatidghe vehicles, and in both cases, the
strategy is simply to rely on the forward sensat slowly back off the following distance to a
following time gap more appropriate for ACC opevati

Finally, the CACC system must consider how to hanaiexpected road hazards, such as a
stopped vehicle or debris in the travel lane, andrasulting hard braking or emergency stop
maneuvers. One of the challenges with CACC farkiststems from the fact that the following
truck drivers will have limited forward vision, aitlis places some additional responsibility on
the driver of the lead truck in the CACC strind.thiere is a stopped car or obstruction in the
roadway, the lead truck cannot simply change lamesoid the hazard because doing so will



surprise the following trucks’ drivers, and theldaling truck drivers may not have enough time
to act appropriately.

In the long term, a CACC system for trucks will de¢e incorporate some ability for the lead
truck driver to send instructions (lane changesyamings (road hazards) to the following
trucks, but for this project, a safety observer eatio operator will be in the lead truck to
verbally communicate any hazards to the followiugk drivers. As for the emergency braking
scenario, operational considerations will depentherbraking authority granted to the CACC
system. If the CACC system is not capable of bngghe vehicles to a stop in a hard braking
situation the driver must be warned, reengagebarspeed control, and required to take over
braking.

Summary and Conclusions

While the concept of closely-coupled truck platamnhas been the focus of many research
projects over the years, it has always includedatitemation of both lateral and longitudinal
control in the following trucks because of the velgse following distances targeted by those
projects. CACC provides an intermediate step tdvealonger-term vision of trucks operating in
closely-coupled automated platoons on both lond-&uad short-haul freight corridors. There
are important distinctions between CACC and autethatuck platooning. First, with CACC,
only truck speed control will be automated, usiyAcommunication to supplement forward
sensors. The drivers will still be responsibledotively steering the vehicle, lane keeping, and
monitoring roadway and traffic conditions. Seconwdjle truck platooning systems have relied
on a Constant Distance Gap (CDG) control strat€gyCC has relied on a Constant-Time Gap
(CTG) control strategy, where the distance betwesdricles is proportional to the speed. For
these reasons, a series of trucks using CACC tewead to as a string, rather than a platoon.

This report mainly focused on describing the CAQ@@rational concept alternatives, and which
alternatives should be employed in this researofept. The operational concepts can be broken
into four categories: string formation, steadytestauising, string split maneuvers, and faults or
abnormal operating conditions. With CACC stringtiation, the options includesd hoc, local,

and global coordination strategies as a meanslpothe CACC equipped truck drivers find each
other, especially at low market penetrations. Bwthoc and local coordination are appropriate
for this project, but global coordination, whicttindes routing the trucks on city streets, is
beyond the scope of this project. The primaryassith steady-state cruising is effectively
dealing with cut-ins, which will result in a tempoy string split maneuver.

Finally, a number of fault conditions and emergemaneuvers were considered including
communication failures, the design of a kill swi(cised in research only), and how to handle
obstacles in the roadway and hard braking situatidfor the most part, system states, fault
conditions, and emergency kill switches must begiesl to keep the DSRC broadcast active
while attempting to clearly indicate what is happgrwith the truck since any following trucks
will be relying on those transmissions. As an eplamif the kill switch is activated, the DSRC
broadcast should indicate that the data providgdroeng CACC vehicle commands cannot be
trusted. Furthermore, in the longer term, the oflthe CACC string’s lead truck driver must be
clearly defined, and the CACC systems will neethtorporate some ability for the lead truck
driver to send instructions (lane change) or waysifroad hazards) to the following trucks.

Vi



ACRONYMS

ACC Adaptive Cruise Control

BSM Basic Safety Message

CACC Cooperative Adaptive Cruise Control
C/ACC Cooperative and/or Adaptive Cruise Control
Caltrans California Department of Transportation
CDG Constant Distance Gap

COMPANION  COoperative dynamic forMation of Platodos sAfe and eNergy-optimized
gOods transportatioN

CTG Constant Time Gap

DSRC Dedicated Short Range Communication

DVI Driver-Vehicle Interface

EARP Exploratory Advanced Research Program

FHWA Federal Highway Administration

FCMBS Forward Collision Mitigation Braking System

FCW Forward Collision Warning

GCDC Grand Cooperative Driving Challenge

GPS Global Positioning System

ITS Intelligent Transportation Systems

12V Infrastructure to Vehicle (communication)

NAHSC National Automated Highway Systems Consortium
NHTSA National Highway Transportation Safety Adnsination
PATH Partners for Advanced Transportation tecHnglog
SAE Society of Automotive Engineers International
SARTRE SAfe Road Trains for the Environment

V2V Vehicle to Vehicle (communication)
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1 INTRODUCTION

1.1 Project Overview

This report is part of a series of reports on Coafpee Adaptive Cruise Control (CACC) and
truck platooning that are being produced by thef@alia PATH Program, funded through the
Federal Highway Administration’s (FHWA) ExploratoAdvanced Research Program (EARP)
and Caltrans. The project team includes PATH, ¥alechnology of America, LA Metro, the
Gateway Cities COG, and Cambridge Systematics, Tine project team will assess the market
needs for partially automated truck platoon systentke local drayage and long-haul trucking
industries and explore how the truck platoons caolatribute toward improving the traffic flow
and environmental mitigation for the 1-710 corridaith its very heavy truck traffic. PATH and
Volvo will develop a new generation CACC systemtfuee Class-8 tractor-trailer trucks,
building on the existing Adaptive Cruise Controld8) system that Volvo already has in
production, and will test it to determine perforroarand driver acceptability. Systematic tests
will determine driver preferences for truck-follovg gap, and then the preferred gap settings
will be tested to provide careful measurementhefanergy savings that can be achieved from
aerodynamic drafting of the trucks. The projedt eonclude with public demonstrations of the
truck platoon system in the Los Angeles-Long Bgaat area and in the Washington DC area.

1.2 CACC and Truck Platooning Background

The concept of truck platooning has been the fofusany research projects over the years both
at the California PATH Program and around the wthrtdugh such projects as CHAUFFEUR,
SARTRE, KONVOI, Energy ITS, and COMPANION. Autoredtspeed control in freight truck
operations promises shorter gaps between truckding to reduced traffic congestion and
improved fuel efficiency. At highway speeds, faehsumption is significantly influenced by air
resistance, and the shorter following gaps canfsigntly impact fuel economy for large trucks
with energy savings potentially as high as 20%5%ZCalifornia PATH, Browand, et al., 2004,
Shladover, et al., 2011; Lu and Shladover, 201&nfcand the Swedish Research Council,
Alam, Gattami, and Johansson, 2010; the Energypldfect, Tsugawa, et al., 2011; and the
SARTRE project, Davila, 2013a). The fuel savinigma will result in dramatic operating cost
savings for truck fleets and significantly reduc&ldependence on petroleum for
transportation.

Truck platooning research has always relied on somme of Vehicle-To-Vehicle (V2V)
communication to help compensate for sensor détdyesent in radars and lidars, and most
automated vehicle control projects discussing plaiteg have emphasized a very close coupling
between vehicles in order to maintain a constastadce from one vehicle to the next. The prior
PATH truck platooning studies tested gaps betwrerks$ as small as 3 to 6 m with fuel savings
as high as 14.5% when following at 6 m. Howewelipfving gaps this short are likely to

require the implementation of dedicated truck leemed automation of both speed control and
steering on the trucks. Dedicated lanes enharietyssecause trucks following at such close
distances will leave very little opportunity forhetr traffic to change lanes across the platoons
and will have a hard time responding safely to g@ecy conditions created by bad behaviors of
other vehicles’ drivers, and automated steeringlveilrequired because drivers’ forward vision



will be highly limited at such short following gapManual steering with no visibility of the
forward road will result in a higher workload fdretdriver, increasing the onset of fatigue, and
lateral offsets between trucks arising from marstedring inaccuracy will create additional
drag, reducing the potential fuel savings that daiherwise be achieved.

Cooperative Adaptive Cruise Control (CACC) is areimediate step toward a longer-term
vision of trucks operating in closely coupled auabed platoons on both long-haul and short-
haul freight corridors. With CACC, only truck speeontrol will be automated, using V2V
communication to supplement forward sensors, ittivers will still be responsible for
actively steering the vehicle, lane keeping, anaitooing roadway and traffic conditions.
Additionally, rather than the very closely-couplednstant-clearance-distance control strategy,
CACC relies on a more loosely coupled, constanétgap following strategy whereby the
distance between the trucks varies with speed. HPEACC studies with passenger vehicles
(Nowakowski, et al., 2010, and Milanés, et al.,20ave considered following time gaps in the
range of 0.6 s at 65 mph, equating to a 17.5 nbgapeen vehicles at highway speeds, without
any lane keeping automation or assistance. Evdnthis short a following time gap, the
surrounding traffic, although discouraged, was ablemaneuver between followers to create cut-
in scenarios. Because of the key differencesardtivers’ roles and responsibilities and the
vehicle speed control strategies, CACC should eaelerred to as truck platooning. To
highlight this difference, a group of CACC equippahicles is referred to as a CACC string,
rather than as a platoon.

1.3 Project Goalsand Report Overview

The overall goal of this project is to demonstitate CACC will provide sufficient benefits to
justify the investment because although the lomgrtésion of full truck automation in
dedicated lanes cannot be reached in a single tiee, CACC should prove be an important
step towards that direction. The goal of this repaithin the context of the overall project, ¢s t
examine the alternative operational concepts faragang the formation and operation of truck
CACC strings, and then to define a specific operati concept for the CACC system that is to
be designed, implemented, and tested in the subsephases of this project.

The concept of operations developed in this docuiisdocused on a Level 1 truck automation
system (longitudinal control only) at the levelasf individual truck or a local group of
interacting trucks and their drivers. It complensesn earlier concept of operations that was
developed for the 1-710 freight corridor by thedbagencies in that regidnThe corridor
concept of operations was much broader in scopeanuhasized the local infrastructure
development and operations issues, including paisiderations, to achieve the goals of
reducing emissions while increasing throughputeftieavy truck traffic along 1-710 by
building 16 miles of physically-separated lanestfacks that would be electrically propelled
and automated to varying extents by 2025. Thairtegentified the transportation needs
specific to the 1-710 corridor that could be sadgf in part, by truck platooning, after
considering the inputs of the local stakeholddrs,ghysical constraints, and the policy

! Initial Concept of Operations for the I-710 Zero Emissions Freight ITS Corridor, report by Cambridge
Systematics Inc. for the Gateway Cities CounciGofzfernments and Los Angeles County metropolitan
Transportation Authority, 2013.



constraints. The corridor concept of operationsudeent only described traffic management
and enforcement issues and failure scenarios @ydtem level (incidents, evacuations,
construction and maintenance activities). Whildidtinclude some lower-level operational
scenarios, those scenarios were largely basedsupiported technological assumptions that
may need to be reconsidered based on the resuhsagiroject.

The literature reviewed in Section 2 of this docuatreveals a wide variety of concepts for how
to organize trucks within platoons, but much of piner literature is based on fully automated
truck platooning, rather than CACC, in which orte tspeed control is automated and drivers
retain responsibility for steering control. Thietature also reveals that CACC has been used to
describe multiple concepts and is often used ihtergeably with truck platooning. This report
reviews prior CACC and truck platooning conceptd discusses the difference between CACC
and truck platooning. It then explores concept<¥ACC string formation, including an
examination of the implications of both passive antive coordination and clustering strategies,
truck sequencing strategies, and strategies fdoqmeing the joining maneuver. It is likely that
active coordination strategies will be needed tprome the economic viability of CACC string
formation at low market penetrations, and the impéthese strategies on the operating concept
has not yet been fully explored.

Similarly, this report explores the issues assediatith departing or splitting up the string,

along with other likely scenarios that will be enntered during CACC cruising, such as cut-ins
by unequipped vehicles and limited fault conditio® round out the discussion, the CACC
string operating concepts must consider electrdgioganaging the economic transfers among
the trucks that are clustered together within iagtoecause the lead truck saves the least energy
and the middle trucks save the most energy, andC#gerations are likely to need such a
transfer payment system to motivate as many usgpessible to use CACC to gain its

efficiency benefits.






2 CACC AND TRUCK PLATOONING LITERATURE REVIEW

2.1 System Definitions: CACC vs. Truck Platooning

Cooperative Adaptive Cruise Control (CACC) is artehat has been used loosely in recent
years and is often mistakenly assumed to be synoangmwith platooning (Shladover,
Nowakowski, Lu, and Ferlis, 2015); however, thexienportant distinctions to be made
between CACC systems and automated truck plato@yisigms. In fact, CACC has been used
to describe multiple system concepts, each usiegdmbination of automated speed control
with a cooperative element, such as Vehicle-to-#leh(ivV2V) and/or Infrastructure-to-Vehicle
(I12V) communication. The V2V communication provsdaformation about the forward vehicle
or vehicles, and the 12V communication providesinfation about traffic further ahead and
about local speed recommendations as part of aredraffic management approach. CACC
systems can be implemented with either or bothd8% V2V information sources.

Both CACC and truck platooning are subsets of tloader class of automatic vehicle speed
control systems. However, CACC only provides Ituenginal control, leaving the driver to

remain responsible for active steering control famdhe active monitoring of the driving
environment. The concept of truck platooning hasegally included a system capable of both
lateral and longitudinal control. Thus, the fiddference between CACC and truck platooning is
that CACC only represents Level 1 automation ot bio¢ SAE (2014) and NHTSA (2014)
scales of driving automation, while truck platoanimould represent at least a Level 2
automation system (on both the SAE and NHTSA stgales

The second major difference between CACC and tplatooning can be found in the vehicle-
following control strategy. Many vehicle-followspeed control strategies have been proposed
over the years, based on a wide variety of feedbankol approaches and applying data from
different combinations of vehicles (Shladover, 19®it it is not necessary to review all of the
strategies in detail because only a few stratdgaee ever been implemented and tested.

Truck platooning projects typically have emphasiaecery close coupling between vehicles
employing a constant-clearance-distance car-foligvdiscipline. This discipline is also
sometimes referred to as a constant distance da@)Gtrategy, where the separation between
vehicles remains constant and does not vary witlicleespeed. The tight control achieved using
this strategy gives the perception of a mechatiigehge between the vehicles, but stability can
only be achieved using communication to broadd¢esbehavior of the platoon leader to the rest
of the vehicles in the platoon (Swaroop, Hedrickied, and loannou, 1994). Interruptions in
communication are also more serious using the Citagegy, and with such short following
distances between trucks, emergency braking mareuowald potentially lead to low speed
impacts among the followers, especially if diffeartrading and braking performance
characteristics between trucks are not factored in.

In contrast, both commercial ACC and CACC researojects have typically employed a
constant-time-gap (CTG) vehicle following strategyice this strategy more closely represents
how humans normally drive at highway speeds. Usi@J G strategy, the distance between
vehicles is proportional to their speed (plus alsfix@ed offset distance), so that a doubling of
speed leads to an approximate doubling of the ahear or distance gap between the vehicles.



Note that following time gap is often erroneousiscribed as “headway” or “time headway”,
but headway has traditionally been defined asithe from front bumper to front bumper,
whereas following time gap is defined as the tinoenfthe rear bumper of the preceding vehicle
to the front bumper of the following vehicle.

As stated in the introduction of this paper, siB@CC uses a CTG following strategy instead of
a CDG following strategy and since CACC still regsidrivers to actively steer the vehicle
while monitoring roadway and traffic conditionsistipaper refrains from referring to a sequence
of CACC vehicles as a platoon, and instead, itrseti@ a sequence as a CACC string (Shladover,
Nowakowski, Lu, and Ferlis, 2015).

2.2 AdHoc, Local, and Global Coordination Strategies

Forming CACC strings of trucks may require somenfaf coordination to aid the equipped
trucks’ drivers in finding each other on the higlywespecially at low market penetrations of
V2V and CACC. A recent paper (Shladover, Nowakawisl, and Ferlis, 2015) discussed three
coordination options or strategies that have bescribed in the literatured hoc, local, and
global coordination. The first strategyad hoc clustering, whereby CACC vehicles only couple
if they happen to be following each other on thghiniay. Most of the existing studies of CACC
in passenger vehicles have relied on ad-hoc clagteAn important point irad hoc clustering

is that the lead vehicle does not need CACC, ordy Yommunication, because the lead vehicle
can be driven manually while the following vehiages CACC. Thus, the likelihood of finding
a vehicle to couple with increases with the mapeatetration of V2V equipped vehicles, not just
CACC vehicles, and there may be ways to help cdaratenvV2V equipped vehicles, such as
through incentives or requirements in dedicateddam order to facilitate a higher local
concentration of CACC usage.

The second strategy, local coordination, attengectively match equipped vehicles to promote
the formation of CACC strings. Equipped vehiclaesstreams of vehicles, already on the
highway and within a certain distance of each gtbeunld be instructed to speed up or slow
down to facilitate coupling. This approach wasdssed in the SARTRE project (Chan, 2012)
and in the predecessor work to the COMPANION ptagecrently led by Scania (Liang,
Martensson, and Johansson, 2013). The local auatidn could use the V2V DSRC
communications, but given the limited range of thisdium, cellular or other longer range
communication media may be necessary. Once negpigped vehicles are located,
instructions would be provided to the drivers oéar both vehicles on how to locate each other,
presumably by slowing down, speeding up, and/ongimg lanes.

The final strategy, global coordination (LarsonakKimer, Liang, and Johannson, 2013, and
Larson, Liang, and Johansson, 2014), attempts tomaegjuipped vehicles through advanced
pre-trip planning, matching vehicles by origin, tilegtion, and estimated departure time. By
adjusting departure times, routes, and vehicledspdgle traveling on local streets, the equipped
trucks can be coordinated to arrive simultaneoashjighway entrance points and maximize the
time spent travelling in a CACC string once theksihave entered the highway.



2.3 Review of CACC Truck Platooning Operational Concepts
231 Overview

Truck platooning has been the focus of a numbeesdarch projects over the past 20 years
including the European Commission’s CHAUFFEUR aA®RSRE projects, PATH’s truck
platooning projects in California, and the Ener@$ Iproject in Japan. All of these truck
platooning studies relied on CDG control strategiather than the CTG control strategies used
in CACC. The topic of CACC has received somewhss lattention until more recently, and
CACC system implementations to date have beendaritt PATH in California, TNO
(Netherlands Organization for Applied Scientificde@arch) and TU Eindhoven in the
Netherlands, and several Japanese auto manufactnerprovided demonstrations at the ITS
World Congress in Tokyo in 2013. Furthermorepélihe CACC research to date has focused
on passenger vehicles, rather than heavy trucks section reviews the scope and some of the
specific findings from each of the relevant progggértaining to the concept of operations for
truck platooning.

2.3.2 CHAUFFEUR

One of the first on-the-road demonstrations ofknplatooning was accomplished in the
European Commission’s CHAUFFEUR and CHAUFFEURZ2 guty (Benz, et al., 1996, and
Fritz, Bonnet, Schiemenz, and Seeberger, 2004¢sd projects explored the concept of an
“electronic tow-bar” system to couple trucks togetbn European roads. Inthe CHAUFFEUR
concept’s ideal system, the lead truck would beedrimanually, and the following truck or
trucks would be fully automated. The lead trudkeirwould then be fully responsible for the
platoon, while the following truck drivers wouldveminimal capability for self-surveillance
and emergency take-over in critical situations ststent with the definition of an SAE J3016
Level 2 automation system for the leader and Léver the followers. Although the
CHAUFFEUR projects went into great detail on patdrfault conditions and communications
protocols during coupling, the project did not agp® go into any further details in
conceptualizing operational strategies to speclignr® or how the coupling of trucks would
occur in the real world or from the driver’'s persipee.

2.3.3 PATH Truck Platooning and Passenger Car CACC Research

Most of PATH'’s earlier research on automated plaitog of trucks, buses, and passenger cars
have been based on the long-term vision of theoNatiAutomated Highway Systems
Consortium (NAHSC) program (1994-1997). This uisigas based on the assumptions of fully-
automated vehicle operation (SAE Level 4) withidlidated, protected lanes, from which non-
automated vehicles would be excluded. Althoughtdihget vision of the NAHSC was based on
SAE Level 4 freeway driving, the systems that wardt and demonstrated operated at SAE
Level 2 (continuously supervised by test driverowlere prepared to intervene at any time in
case of faults). Transitions between driver cdrama automated control would occur at the
entry and exit points of the dedicated lanes amcctiordination of vehicle maneuvering,
including platoon formation and dissolution, woblelaccomplished by computer controllers
residing in the lead vehicle of each platoon oth@roadside at specific locations (entry or exit
ramps or specific highway links). These typespdrations are very different from the model of



CACC operations in mixed traffic conditions that are focusing on in the current project, even
though we can build on much of the prior experiega@ed with lower-level vehicle control
algorithms and strategies (Browand, et al., 200dad®ver, et al., 2011; and Lu and Shladover,
2011).

A closer analogy to the current work comes fromRAGH CACC research for passenger cars,
which included explicit consideration of managihg transitions associated with cut-in and cut-
out maneuvers by unequipped vehicles (Milanés dtaldSver, 2015). However, these studies
only considere@d hoc coordination as the means to facilitate vehicleptiog. In thead hoc
coordination model employed by PATH, a vehicle apeat in ACC mode until it was following
another vehicle equipped with DSRC communicatiomytach point there was an automatic
transition to CACC mode. The higher-level coortimra strategies that could be used to find the
other equipped vehicles and decide which positomake within the string of CACC vehicles
were not considered in that prior research.

234 EnergylITS

The Japanese Energy ITS project began developmeatdemonstration of an automated four-
truck platoon in 2008 (Tsugawa, Kato, and Aoki, P01In this project, both the steering and
speed control on the trucks were fully automatétkast while following in the platoon. The
lead truck could also operate using ACC speed chratutomated steering, and limited
automated obstacle avoidance capabilities (SAE IL&yéut manual control would still be
required during platoon formation. The mid-terrai@n of the project (roughly the 2020 time
frame) still required drivers to be present in eatthe following trucks while operating in a
mixed traffic environment, but the long-term visi(@930 and beyond) foresees operation in
dedicated truck lanes where a driver would onlydzpiired in the lead truck.

Little detail was provided on the overall concephow the platoon would form or exactly what
the roles and responsibilities of the lead andfwihg truck drivers would entail in the mid-term
vision. However, based on the demonstration astthgescenarios, it was clear that platoons
would form one truck at a time and provisions wele for trucks to join the platoon from the
rear or into a middle position. One of the scavsdemonstrated did include the automatic
detection of an obstacle in the roadway by the taaak, followed by an automated lane change
being performed by the platoon, and cut-ins by uipgzed vehicles were also demonstrated.

Although the primary goal of Energy ITS was cendesieound demonstrating energy savings, the
vehicle development aspects of the project toudmegchnical and design considerations during
normal and sudden braking (Aoki, et al., 2012), aockptable following distances (Hashimoto,
et al., 2012) and driver interventions (Yamabealgt2012) were also studied in the context of
coordinated maneuvers such as braking. The fatigwistance tests (Hashimoto, et al., 2012)
were conducted using a passenger car, rather ttranka following either a compact car or a
minivan on a test track. With only 13 participante acceptable following time gaps at 52 mph
(85 km/h) ranged from 0.3 to 0.8 s. Driver intertiens during emergency braking were also
studied in a driving simulator (Hashimoto, et 2012), and basically concluded that drivers
were unable, in emergency braking scenarios (ieexof 0.6 g), to intervene and prevent a
following truck from colliding with a lead truck vem travelling at 50 mph (80 km/h) with a 0.45
s following time gap (10 m spacing).



235 SARTRE

The European Commission’s SAfe Road Trains foigheironment (SARTRE) project (2009 to
2012) was led by Ricardo UK Ltd. and included th@ws Car Corporation and Volvo
Technology of Sweden (Chan, 2012). While mostrglACC and automated vehicle
platooning projects focused on either passengdchesior heavy trucks, the SARTRE project
explicitly set out to study platooning in a mixegttgg to include both heavy and light vehicles.

SARTRE was based on the premise that the leadleahithe platoon would be a heavy vehicle,
either a truck or bus, and driven by a professidniakr trained to serve as a platoon leader
(Bergenhem, Haung, Benmimoun, and Robinson, 20&DRa&abinson, Chan, and Coelingh,
2010). The following vehicles in the platoon wotheén be fully automated. Although the
following vehicle drivers were free to disengaganirthe driving task, they were required to
remain available in case the platoon was requoetigsolve due to unforeseen circumstances.
The platoon leader was tasked with the additioesponsibilities for platoon safety because the
platoon leader was basically monitoring the forwaradway conditions, traffic conditions, and
vehicle status and steering for the following vé#sc While platoons could contain a mix of
heavy and light vehicles, for safety reasons, he@ycles would always occupy positions in the
front of the platoon, and light vehicles would afwaccupy positions in the rear of the platoon.

The SARTRE use cases provided the first detailedyais of platoon operational requirements
(Robinson, Chan, and Coelingh, 2010) and human-meachterface requirements (Larburu,
Sanchez, and Rodriguez, 2010), as well as a discuss how local coordination could be used
to match potential platoon followers with qualifipthtoon leaders through a third-party service.
In creating use cases for forming or dissolvindadgmn, it was thought to be necessary from a
practical operation standpoint to allow join marengvnto any position within the platoon,
including front, middle, or rear, and split manetsv#om any given position. In the SARTRE
concept, qualified platoon leaders would signairtimeent to lead a platoon, while equipped
followers searched for a leader. The follower widtlen request to join the platoon, and the
platoon leader could then accept or reject thejuest. Once the request to join was accepted,
the DVI would instruct the follower on how to joihe platoon.

The initial inter-vehicle spacing requirements waetermined using a driving simulator study
that put the range of minimum comfortable followrtigtance at 16.5 to 18 m when travelling
between 50 and 75 mph (80 and 120 km/h), equatiagdllowing time gap ranging from 0.5 to
0.8 s, and unsafe following distances at 7 m, eqgébd about 0.2 s. For the energy savings,
aerodynamic simulations examined inter-vehicle spmcbetween 3 and 15 m, and the optimal
fuel saving occurred between 6 and 8 m of spaeihi;h was in the range of following
distances considered unsafe by drivers in the sitowuktudy. The energy savings testing on a
high-speed test track was conducted using inteicleebpacings between 5 and 15 m, and while
peak fuel savings for the trucks occurred in ti@rg-range, an 8 m gap still resulted in fuel
savings ranging from 7 to 15 percent, only a feveg@etage points less than the peak.

2.3.6 CACC Research in the Netherlands

There have been a number of research activitiagekto the development of CACC systems
based in the Netherlands recently. During the G@ooperative Driving Challenge (GCDC) in



2011, multiple SAE Level 1 CACC implementations &built and tested as part of the event
(van Nune, et al., 2012), which was organized by Tahd the High—Tech Automotive Systems
program, with sponsorship from the local and regi@overnments near the competition site in
Helmond. Nine teams comprised of 11 universities partners participated in the competition.
Each team built their own CACC vehicle, and theiestincluded both cars and trucks, each
with their own speed control system. Contestartieviudged not only on how well their own
vehicle performed, but on how well their vehicl@perated with the rest of the vehicles in the
platoon through V2V communication.

Other work conducted at Technical University (TWEmMdhoven with SAE Level 1 CACC
research vehicles developed by TNO examined thenfiat effectiveness of a pairwise CACC
controller (Ploeg, 2014). The pairwise CACC colroonly considers information broadcast by
the immediately preceding vehicle, in contract® truck platooning and CACC controllers
developed in the previously discussed projects lwbapend on the information of the lead
vehicle in the platoon or string being broadcastltof the following vehicle.

Finally, TNO also published a whitepaper descrilitrgybusiness cases for automated truck
platooning covering SAE Levels 2 through 5 (Jansgernjnenberg, Blankers, and de Kruijff,
2015). The report described CACC as one of thelaratechnologies in the roadmap to truck
platooning that is currently under developmentrogh manufacturers in Europe. The vision
laid out in the whitepaper suggests that two-trpleikoons (SAE Level 2 or 3) could be operating
at following time gaps as low as 0.3 seconds by)20the operating concept was limited to two
trucks based on concerns over mixing longer plaaaaith general traffic, and equipped trucks
would find each other based on either scheduleddonation (global coordination) or on-the-fly
coordination (local coordination) through a thiraHy service.

24 Literature Gap Analysis

The prior literature on CACC and truck platooniraglonly discussed the operating concepts of
these types of systems in the broadest of strakgg@nerally at the strategic level, rather than
the operational level. As an example, while therditure discusses three general concepts which
could be employed to facilitate string formatiad,hoc, local, and global coordination, very

little has been done to define how string formatiuld work from the driver’s point of view
under any of these strategies. Sections 3-6 sfrégort examine how string formation, CACC
cruising, string departure, and fault conditiongimiwork from the operational point of view of
the driver. If multiple operational alternativeds, then the pros and cons of each alternative
are discussed with consideration given to the giateimplications each alternative might have
on system safety, maneuver complexity, instituti@mal legal issues, sensor requirements, and
DSRC message content.

10



3 CACC STRING FORMATION

3.1 CACC Equipped Truck L ocation and Coordination

3.1.1 Overview of Ad Hoc, Local, and Global Coordination Clustering Strategies

As described in Section 2 of this report, threeislettlustering strategies were identified in the
literature (Shladover, Nowakowski, Lu, and Fer#815): ad hoc, local, and global

coordination. Most of the research involving liglehicle CACC has relied on an assumption of
ad hoc coordination. Withad hoc coordination, the CACC system would function inADC

mode most of the time, and the system would oniycémto CACC mode when following a
similarly equipped vehicle with which coupling watowed. In this scenario, vehicles couple in
whatever random sequence they happen to be trgyalm the probability of following another
suitably equipped vehicle is directly related te tharket penetration of equipped vehicles.
Thus, at low market penetrations of DSRC and CAIBE probability of finding a suitably
equipped truck to follow will be very low. OnceetbDSRC market penetration starts to increase,
the probability of a CACC equipped vehicle findim@SRC equipped vehicle to follow will
increase, but the CACC strings will probablydegacto limited to two trucks until the market
penetration of CACC also increases.

At low market penetrations, the second strategygllooordination, could be employed to help
cluster equipped vehicles and form longer CACGhg#i In the local coordination scenario,
CACC equipped trucks that are already on the frgeswald communicate their locations and
actively facilitate string formation. The localardination approach has been discussed in the
SARTRE project (Robinson, Chan, and Coelingh, 20d0tel, 2012; Larburu, Sanchez, and
Rodriguez, 2010; Chan, 2012; and Brannstrom, 28&8)in the precursor work to the
COMPANION project lead by Scania (Liang, Martenssamd Johansson, 2013). Local
coordination could use the vehicle’s DSRC radiostoort range communication for vehicles
within the 300 m broadcast range or cellular comication utilizing a back office service that
would match nearby CACC equipped vehicles outdidaange of DSRC communication alone.
The local coordination service would then instroiwe or more vehicles to speed up or slow
down in order to facilitate CACC string formatiofhis strategy could also allow some
flexibility in sequencing the vehicles by vehiclerfpormance characteristics or driver
preferences.

The third vehicle clustering strategy, global caoation, involves advance planning, starting
from each vehicle’s origin, to coordinate vehidies/eling from similar origins to similar
destinations before the vehicles even enter thewag. Global coordination might adjust the
vehicle’s departure time, route, and/or travel gpsearting from surface streets, to maximize the
amount of travel time that they can utilize the GA&ystem. The precursor work to the current
COMPANION project led by Scania discussed the pgaiehenefits of using global coordination
(Larson, Krammer, Liang, and Johansson, 2013, amsion, Liang, and Johansson, 2014).
However, the implementation of this concept posgsificant logistical challenges given the
uncertainties in surface street traffic conditiansl signal timing. Successfully timing the arrival
of two or more vehicles at a particular highwayante may be nearly impossible, and it
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certainly requires more extensive long-range comaation and back-office coordination
functionality that would not be needed in deehoc or local coordination cases.

3.1.2 Clustering Strategy Implications and Discussion

The selected CACC truck clustering strategy haadreaching implications into DVI design,
safety, and institutional and legal responsibsgitién terms of the DVI design, tlad hoc
coordination scenario is simplest. Wath hoc coordination, the DVI only needs to show
whether the preceding vehicle is equipped and ¥dtlatving time gap settings are available or
currently engaged. Once local or global coordorais introduced, the CACC system must also
provide an interface capable of allowing driversattate, select, and maneuver into a position
where their CACC can couple with other equippedaleh. Confirmation that the lead truck
driver is willing to lead the CACC string may alse necessary, especially if the CACC system
is going to instruct the lead truck to slow in arteallow other trucks to catch up.

The clustering strategy also has indirect implaagion safety and efficiency sinaghoc
coordination removes the ability to intentionalggsience the vehicles by engine performance,
weight and braking performance, aerodynamics, iwedpreference. However, if this
information is communicated when usiagihoc coordination, the system can still employ
strategies such as increasing the minimum allowfalti@ving time gap or decreasing the
overall string performance to maintain safety atékpense of increased fuel consumption.

When considering the implications of the clustestrgtegy on legal responsibilities, the
primary question is whether the driver of the lgalicle in a CACC string has any additional
duties or responsibilities above and beyond thossgmt when driving solo. If CACC coupling
is achieved throughd hoc coordination alone, then the lead driver may neheknow that he is
leading a string of followers. However, when usihg more active local or global coordination
methods, all drivers will be made aware of the fation of a string. If actively forming a CACC
string does instill some additional legal burdertloalead truck driver, then the CACC DVl in
the lead truck will need to notify the lead drivenen new following vehicles wish to join the
string and confirm the lead driver’s willingnessattcept each new CACC follower.

The SARTRE project report on policy issues (Davi@]3) discussed the responsibilities of the
lead truck driver, but there are significant diffieces between the SARTRE automation concept
and the current truck CACC concept. In the SARTIREcept, the lead driver was essentially
monitoring the road and actively controlling theesing and speed for all of the following
vehicles, whose drivers were then free to disenffage the driving task. Thus, the lead vehicle
driver clearly accepted additional responsibilifiesleading the platoon and monitoring the
status of the following vehicles. During platoamrhation, the lead driver needed to actively
confirm a willingness to lead the platoon and aatinconfirm the joining of each new vehicle to
the platoon using the DVI. The less ambitious CA@Qes of operation planned for the current
project should make it possible to simplify thigiation.

In the current CACC concept, all drivers are séponsible for steering their vehicle and
maintaining continuous visual monitoring of thedaand traffic conditions, but the following
drivers’ fields of vision and ability to monitoréhroadway for hazards will be impaired by the
lead trucks. An argument could be made that the teuck drivers will need to be more vigilant
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in monitoring traffic conditions, and they will né¢¢o anticipate and react to potential problems
sooner to avoid potentially getting into hard braksituations. The lead truck driver may also
need to avoid certain maneuvers, such as a quiekdaange when approaching slowed or
stopped traffic, as this would lead to a situatiowhich the following truck driver is likely to

be surprised and unable to react in time. So/a&iro the analysis in SARTRE, the lead driver
in a CACC string is taking on some additional reggbility, which may eventually be found to
have liability or insurance implications in the avef a crash as discussed in the SARTRE
report on policy issues (Davila, 2013).

Additionally, both the local and global coordinatistrategies could potentially utilize third-
party brokers or services to facilitate locatinguiny equipped trucks at very low market
penetrations of DSRC and CACC technology. SineddBRC communication range is only
about 300 m, the third-party service would neethtegrate cellular or other longer range
communication with a back office database trackimeglocations of equipped trucks that are
looking for an opportunity to form a CACC stringVhile the SARTRE project did look at some
of the issues related to the commercial viabilityhird-party services to help coordinate platoon
formation (Brannstrém, 2013), little has been désea regarding the potential responsibilities or
liability exposure of these services. For exampleat obligation does the third-party service
have in verifying that all of the trucks using #ervice are well maintained, or what obligation
does the third-party service have in verifying ttheg driver of the lead truck (or any of the
following trucks) has not exceeded their hoursast/ge? Even if a third-party service is not
used, this type of potential liability exposure nuagtate that ancillary information about vehicle
maintenance or driver hours of service remainingdesmitted and considered during CACC
string formation.

3.1.3 Project Recommendation

After considering the three CACC clustering strgtelfernatives, the CACC system that will be
designed and implemented in this project shoulgsribothad hoc coupling and limited local
coordination utilizing the DSRC communications.nger-range coordination, beyond 300 m,
will be unnecessary in this project because théherroad testing will only involve scenarios in
which the equipped trucks will be within line ofbt of each other, and researchers will be
present in the vehicles to assist in communicadimh coordination. However, the driving
simulator experiment may consider local coordimagsoenarios in which the communication
would clearly exceed the 300 m range that wouldffered by DSRC communications.

A production system may require DVI functionalitygelect between ACC and CACC modes of
operation, since there may be times when the driwesh to use the ACC rather than forming a
CACC string with other equipped trucks. Howevaertfas project, the CACC clustering
coordination part of the system will, at minimuregd to be capable of the following three
functions:

1. After the driver activates the CACC system, thaeyswill need to automatically locate
each nearby CACC equipped truck (or string) basetheir DSRC broadcasts of their
location and heading information.
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2. The DVI will then display a list or graphical repantation of the nearby CACC equipped
trucks (or strings) for the driver to select a kwath which to couple. In the longer term,
but not necessarily for the system being desigmeldraplemented in this project, the DVI
may need to display and/or filter on parameter$ siscthe desired string speed, truck
performance characteristics (weight, braking penfmce, and engine power), and driver
preferences for string position (leader or follojyep these parameters need to be considered
for inclusion within a string coordination message.

3. Once a target truck (or string) has been seletedCACC system in each truck will need to
instruct the drivers on how to proceed, directing or more trucks (and/or drivers) to slow
down, speed up, or change lanes via the DVI thati®i¢éo be designed to be clear and easily
understood.

3.2 CACC String Formation

3.2.1 Lead Truck Assignment Alternatives

CACC string formation occurs when two or more sénigicks wishing to couple have been
located, and no local CACC string exists. The priyrissue during this initial CACC string
formation maneuver is selecting which truck willthe leader and which trucks will be the
followers. Three alternatives were considereddfmsiding which truck becomes the lead truck:

1. The lead truck assignment could simply be deterdhaezording to the initial location.
Whichever truck happens to be in front or furthedstad along the roadway defaults to the
lead truck.

2. The lead truck assignment and subsequent truckiogdeould be determined based on the
truck attributes of engine performance, weight laraking performance, or aerodynamics.
When it comes to stopping the CACC string, plaghmgtrucks with the worst braking
performance up front will increase safety, butermis of overall efficiency, it may make
sense to place the most aerodynamic vehicle irt.frAn argument can also be made to order
the trucks from lowest to highest engine powentaltmass ratio (including tractor, trailer,
and load), so that the lead trucks can’t pull a¥vagn the following trucks when accelerating
or on hilly terrain.

3. The lead truck could be assigned according to poseer or fleet operator preferences. In
the truck CACC concept, the following trucks wikperience the most fuel efficiency gains,
but the lead truck will likely be compensated wptiyments from the following trucks. Still,
some drivers may prefer the lead truck positioa tollowing truck position, and the CACC
system may need to take those preferences intaiataden forming the CACC string.

3.2.2 Project Recommendation

After considering the three alternatives for leagtk assignment, the second option can be
disregarded for this project. Since all threeksuased in this project will be identical, with
similar performance characteristics, the CACC sydteat will be designed and implemented in
this project will not need to consider differenaesruck performance. However, the project will
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desire some intentional ordering of the vehiclesmduthe on-the-road testing since the testing
protocol involves allowing naive truck drivers txperience each of the following positions in
the CACC string. This requirement could be accashpld using either the first or third
alternative, and the system design should incotpdrath options.

First, the lead vehicle assignment (and potentthkyvehicle ordering) should be configurable
for each truck as a driver preference, but sinch éaick would be configured independently,
the possibility of conflicting preferences wouldstxsuch as when all of the trucks are
configured to request the leader assignment. Tdsia,backup, leader assignment and vehicle
order should also take into account each vehiskaiging location so that lining up the vehicles
in the correct order prior to engaging the CACQexyswill result in the desired string order,
regardless of the driver preferences. This stiengnation strategy would require including both
vehicle location and driver preference for leadeiotlower position in the desired
communication message set.

3.3 CACC String Join Maneuver

3.3.1 Local Coordination Maneuver Alternatives

The first phase of the CACC string join maneuveolies local coordination between the
existing string and the joining truck. There aggeyal key system design issues associated with
the local coordination phase of the join maneuy@nce a potential coupling is proposed
through local coordination, the truck drivers wrglto couple must be instructed on how to find
each other in traffic since they could be up toesalvmiles apart and in different lanes. In the
precursor work to the COMPANION project (Liang, Mgrsson, and Johansson, 2013), the
simulations conducted on the potential benefitocdl coordination assumed that the following
truck would always be given instructions to spepdaucatch up with the lead truck. However,
this design is predicated on the assumption tleatgstream truck (or string) is travelling below
the speed limit; otherwise, the downstream trucks{ong) would need to violate the speed limit
to catch up to the upstream trucks. At leasteUutsS., it's more likely that any trucks on the
highway will already be traveling at the speed fiori at their top speed, and for local
coordination to work, the message sent to the e@strtruck (or string) will need instruct those
drivers to slow down to allow the downstream truttksatch up. Having the upstream truck (or
string) slow down may also be more fuel efficidrdr instructing other vehicles to speed up, but
there will also be a cost in terms of travel timethe trucks being instructed to slow down.

Second, when giving a truck (or string) instruci@m how to couple, the instructions could be
presented to the driver on the DVI, relying on dnieer to adjust the vehicle speed.

Alternatively, if the C/ACC systems are engagednow or all of the trucks, the set speeds could
be automatically adjusted for each of the trudkshe drivers of the upstream trucks must be
relied upon to slow down in order to facilitate pting, then the system must have the ability to
detect if those drivers are not complying and atietcoupling process. However, the maneuver
may not be able to totally rely on the C/ACC systaing active throughout the join maneuver.
The drivers may need to periodically disengagesttstem during the join maneuver in order to
make lane changes or otherwise maneuver into positi
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3.3.2 Join Maneuver Sring Position Alter natives

In the second phase of the CACC string join maneuke joining truck is added to the existing
string and takes a position within the string. Flgetem could potentially allow new trucks to
join from the rear, from the front, or into the rdid of the string. Allowing new trucks to join in
any position would allow the trucks within the CAG@ing to be ordered by weight and braking
performance, engine performance, aerodynamicsgidpreference, or even destination, but
there are also technical, practical, and potegtefficiency implications associated with each
option.

From a technical standpoint, new trucks can joiexsting CACC string most easily from the
rear, becoming the new trailing truck. In thisreaéo, the operation of the existing string is
minimally impacted, and the driver of the joinimgak simply needs to change into the correct
lane behind the existing string, after which the@Asystem can automatically couple and close
the gap. However, from a practical applicatiomdtmint, joining an existing CACC string may
be difficult in dense traffic if there are otheiwaes closely following the existing string. The
truck driver wishing to join may not be able to geb position easily or quickly.

Joining a new truck to the front of an existing GA&tring, so the new truck becomes the new
leader, could allow a driver with a preference édlie leader to join an existing string where the
other drivers prefer to be followers. In denséitrait could also be practical since the current
leader of the CACC string can always slow downgeroup a gap for the joining truck, if the
joining truck needs to change lanes into the exgssiring’s lane. However, joining to the front
of a CACC string is more technically challengingnhoining from the rear because a transition
of the string leader role must occur. As showhigure 3.1, before the join maneuver, the
following trucks incorporate the string leaderséicast data into their own control algorithms.
At some point during the join maneuver, there wded to be a transition when all of the
following trucks stop listening to the former letadck and start to listen to the new lead truck, as
depicted in Figure 3.2.
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Figure 3.1. CACC Information Flow Pre-Join Maneuve
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Figure 3.2. CACC Information Flow Post-Join Maneuv

Finally, joining a new truck to the middle of ansting CACC string could allow the trucks to
be more sensibly ordered in terms of performaneeaciteristics or destination, and in traffic, it
Is also practical since the trucks in the CACOngtigan open up a gap for the joining truck to
merge into the existing string’s lane. Howeveis thaneuver is technically challenging,
requiring quite a bit of coordination among mukiptucks. The joining truck will need to
consider the information provided by the futurediérauck, the future preceding truck, the future
following truck, and any preceding vehicles in jbiming truck’s current lane. The future
following truck needs to consider the informatianyded from the lead truck, the immediately
preceding truck, and the joining truck. The waititation that could arise happens when the
joining truck starts to change lanes, and any efpiteceding vehicles, either those in the string
or those in the joining truck’s lane, need to dek. Furthermore, most of the information
needed during this maneuver will likely need ty@h DSRC communications alone because
the targets that must be tracked are distributeasadwo lanes and may not be within the field
of view of a particular truck’s radars or lidars.

As a final consideration in this scenario, laneng®s in the CACC concept are performed
manually by the driver, and drivers may not be aotable with performing a lane change into a
tight gap or even performing it while under autoeda€ACC speed control. The extra gap that
must be opened to allow a manual lane changehetaiddle of a CACC string and the
subsequent gap closing maneuver will also havedfiieiency implications for all of the trucks

in the CACC string behind the position of the neyaliyed truck.

3.3.3 Join Maneuver Gap Setting Transition

As the joining truck moves into position within thing, the C/ACC system will transition from
ACC, with longer gap settings, to CACC, with shodap settings. There are several ways to
handle this transition. First, the ACC and CACGtsyns could remember the last used gap
setting independently, and a transition betweenasadl|l always revert to the last used setting.
This strategy may work well when a truck only hasragle driver, rather than being shared
across drivers. Second, the system could alwaxstreo a particular gap setting when
transitioning between modes, and then rely on thesdto select the desired gap. For example,
when transitioning from ACC to CACC, the system radyays default to the longest CACC
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gap setting because it would provide the leastessire change, and similarly, when
transitioning from CACC to ACC, the system may ale/default to the shortest ACC gap
setting. Finally, the system could maintain therent relative gap setting across the transition.
Thus, if the middle gap setting in ACC was selectied system would automatically transition
to the middle CACC gap setting. For this projéog last option will be implemented based on
technical feasibility. Since the trucks used iis firoject already utilize a factory ACC DVI that
cannot be easily modified, the relative gap settiagsition strategy will ensure that the original
ACC DVI does not display incorrect or conflictingformation when in CACC mode.

3.3.4 Project Recommendations

The CACC string join maneuver can be considerdthasig two phases. In the first phase, the
existing string and the joining truck must locasele other on the highway and coordinate
speeds. While the existing literature has assutmdhe joining truck will speed up to catch up
to the existing string, it is more likely, at leasthe U.S., that the upstream trucks will need to
slow down to allow the downstream trucks to catpghatherwise, the downstream trucks may
never be able to catch up, at least without viotathe speed limit. During this phase, the truck
(or string) coordination target speeds could bpldiged to the driver, or the target speeds could
be automatically provided to the CACC system as#tespeed. The CACC system design and
implementation in this project should include bofitions, displaying the target coordination
speed to the driver and automatically using thaedgor the CACC set speed, because the
CACC system may need to be disengaged by the diiwéng the coordination phase of the join
maneuver. For example, the driver may need tondege the speed control when making a lane
change, but then wish to resume the speed corfteol@mpleting the maneuver.

In the second phase of the CACC string join maneuke driver must merge into the
destination position. Although there may be adages to allowing a new truck to join into any
position within the existing string, for this projethe CACC system design and implementation
will only consider the least technically challengjicase, in which new trucks join the string from
the rear. However, the driving simulator study mtsp consider the alternate join maneuver
scenarios, particularly the scenario when the jgjriruck merges into the middle of the CACC
string.

34 CACC String Formation and Join Maneuver Summary Narrative

From the driver and system perspective, one or rtmook drivers will activate the C/ACC
system, set their desired speed and ACC gap setilngers may also pre-set a preference for
leader or follower to be used when forming a neimgt Once the C/ACC system is active in
ACC mode, the CACC local coordination feature wéhrch for additional trucks (or existing
strings) within communication range with which tmuple. During the local coordination search
mode, the C/ACC systems will exchange any messagsessary to accomplish the following
tasks:

» Verify CACC compatibility.

* Indicate each truck’s location, speed, and striogjton.
* Indicate each truck driver’s preference for leadindollowing.
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» Verify that adding another vehicle to an existitrgng will not exceed the maximum string
length.

The joining driver will then be displayed a listdapossibly a simple graphical representation of
trucks or existing strings with which coupling isgsible. Once a joining truck driver selects a
lead truck (or existing string) to couple with, flbeal coordination feature will confirm with the
lead truck and instruct the lead truck (or stritty$low down, while instructing the joining truck
(or string) to speed up. The lead driver of thimgtand the driver of the truck wishing to join
the string will each be displayed a target speetitarget lane in which to travel during the
coordination. Additionally, the target speed dgrihe coordination maneuver will automatically
be set as the C/ACC set speed. In addition teettget coordination speed, the DVI will also
need to display the relative location, lane, distarand if necessary, an indication of when the
joining truck driver should change lanes to getibelhe lead truck (or string).

Once the joining truck is directly behind the leéattk (or existing string), the CACC system’s
vehicle following mode will engage automaticallpdathe lead truck’s former set speed will be
restored and relayed to all of the following truck3nce in the string, the drivers will be able to
select any of the available CACC following gaps.

For demonstration purposes, the CACC system shoadét the time and mileage spent

travelling in the string for each truck as a repraation of an electronic payment transfer system
that could be implemented to compensate the lea#t tiriver, whose truck will not gain as

much fuel efficiency benefits as the following tksc As trucks leave the string, the lead truck
should receive a message regarding how much tirdestance the departing truck spent
travelling in the string and how much it paid fbat privilege.
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4 CACC STEADY-STATE CRUISING

4.1 CACC Gap Settings Discussion

The purpose of forming a CACC string is to enablerter following gaps, allowing for both
increased fuel efficiency and increased lane c@pdaring steady-state cruising. Thus, most of
the time spent driving in a CACC string will be spen steady-state cruising, and the primary
research concern in the steady-state cruising soesaelated to the driver acceptance of and
performance with shorter following gaps. Duringagty-state cruising, driver performance will
mostly consist of steering performance, since tineedis required to continue steering the
vehicle even under CACC. Prior PATH research fedusn passenger vehicle CACC showed
that drivers were fairly comfortable at followinigie gaps down to 0.6 s, but such short
following time gaps may be less acceptable forkrivers given the obvious visual occlusion
that will be present when following another truckctosely.

Defining the specific gap settings to be used is pinoject is unnecessary as part of this report.
Later stages of this project will conduct two oe-ttvad CACC experiments, both primarily
focused on steady-state cruising, and both expetsneill require that the driver be able to
adjust the following time gap setting. The firgperiment will focus on human factors on-the-
road testing, examining driver comfort levels dldwing time gaps down to 0.6 s as a function
of string position, while the second experiment ¥atus on fuel efficiency testing, examining
the fuel savings that can be achieved over a rahgenilar gap settings. Prior to the on-the-
road testing, driver comfort levels and driver periance at the various following time gap
settings will be tested in the driving simulatopexsment, providing the project team with some
initial data on whether the targeted 0.6 s follayvgap is within the potential range of driver
acceptability. The range of following gap settogions for the on-the-road experiments can
then be adjusted if necessary.

4.2 CACC DVI Design Discussion

There are two primary DVI concerns in the CACC ¢anscruising scenario. The first concern

is simply providing the driver with enough situatad awareness feedback to understand both the
status of his vehicle and the status of the CAC@gbf vehicles. Maintaining situational
awareness really becomes critical, not necessduiiyng cruising, but when cruising is

interrupted by string join or split maneuvers, m4; or system faults. In any one of these cases,
the driver is most apt to notice the vehicle (oing) slowing down abruptly or the gap between
vehicles being automatically adjusted without drivgut, and the DVI needs to clearly convey
why.

The second concern during constant cruising ipthential impact that reduced visibility might
have on driver workload, vigilance, fatigue ande&eeping performance. Because the
following truck drivers will have limited forwardiew at the short following time gaps enabled
by the CACC, it is possible that the driver’s siiegmworkload will be increased, especially in
curves, leading to more rapid fatigue and decregggldnce over time. While a specific
examination of driver workload, vigilance, and ¢ate issues is not planned during the on-the-
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road testing in this project, the driving simulagoiperiment may evaluate whether the DVI

could be used to provide preview to improve dris@mfort and performance. Several ideas for
providing the following truck drivers with previelave been discussed. One option would be to
provide a video feed from the front truck in thergl. The video feed would allow the following
truck driver to see both the upcoming road geomestid/traffic. Another option would be to
provide a graphic display with map information thdbrms the driver about upcoming road
geometry and curves. If feasible, the resulting D&sign will be incorporated into the trucks
during the on-the-road experiment.

4.3 Cut-InsBy Unequipped Vehicles

Past PATH on-the-road experiments and testing Bage/n that cut-ins by unequipped vehicles
are nearly unavoidable, even at following time gafp8.6 s. Typically, these cut-ins occurred
near highway entrance and exit ramps by vehiclésyiag or exiting the highway. In this
current project, cut-ins by unequipped vehicle$ althost certainly disrupt CACC string
cruising during the on-the-road testing, even irdaerate traffic, so the CACC system must be
designed to automatically detect and react tormsit-i

During a cut-in, a forward sensor on the truck irdrately behind the cut-in will detect the new
target, recognize that it is an unequipped vehae, change its following strategy. The strategy
that has been used in the past for cut-ins isnhpoearily split the CACC string. The truck that

is immediately behind the unequipped vehicle besotihe new string leader for all of the
following trucks, while increasing its followingnie gap to a longer setting more appropriate for
ACC following. While still in communication rangg the now-split-off upstream string, the
downstream string leader should still listen toEB®RC broadcasts of the upstream string, using
the information provided to gain preview knowledgeany sudden speed changes, but the new
string leader will primarily be following the uneigped cut-in vehicle in ACC mode.

How well the implemented CACC system can autombyi¢endle the cut-in will depend on the
field of view of the forward sensors on the trueksl the quality of the target tracking algorithm.
A wider field of view will result in the detectiaof the cut-in vehicle sooner, resulting in a
smoother transition to the longer gap settings]endninarrower field of view will result in later
detections and more abrupt transitions. In eitiase, the driver will still be responsible for
monitoring for cut-ins and disengaging the CACCaysthrough manual braking should the
system fail to respond appropriately. A wide-fielidview short range laser scanner system will
be considered as an additional sensor to providg ieformation about cut-ins.

A cut-in scenario will generally be followed by at@ut scenario, since most drivers prefer not
to drive between heavy trucks for an extended gesfdime. Once the unequipped vehicle
changes lanes, merging out of the path of the CAtiGg, the CACC system could either
automatically re-join the two CACC strings or kebp two strings separate. Since cut-ins will
occur frequently in practice, having the systenomngttically re-join the strings would probably
constitute the best design; however, situationahbls will be necessary. For example, a re-join
would not make sense if the split-off string fatsfar behind the original string that DSRC
communication is lost or the distance betweenwltestrings can’t otherwise be easily or
efficiently closed.
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Additionally, for demonstration purposes, the tiagkof CACC string follower time and miles
accumulated for financial records should be suspérd redirected from any followers behind
the cut-in vehicle to the new string leader as appate. Finally, the German KONVOI project
showed that frequent cut-ins were such a largesiizat it negated most of the expected gains in
fuel efficiency that truck platooning offered. Omesearch question that might be examined
during the on-the-road testing in this project sether there are more or less fuel-efficient
control strategies for dealing with cut-ins, bueevf multiple strategies cannot be tested, the on-
the-road testing should carefully measure the intgpaica cut-in on fuel consumption.

44 CACC Cruising Summary Narrative

Steady-state cruising is what truck drivers willdmng most of the time while the CACC
system is engaged. Once a string is formed, tiverdrwill still be tasked with actively steering
their vehicles and monitoring vehicle status aaffitr conditions, but steady-state cruising
should only be interrupted when trucks join intasplit from the string or when an unequipped
vehicle cuts in between the following trucks in gteng. Because cut-ins in on-the-road testing
will be unavoidable, the CACC system needs to lstgded to automatically handle a cut-in by
splitting the string and commanding the new leadKky directly behind the cut-in, to fall back to
a longer ACC gap setting and following strategync®the unequipped vehicle departs the lane,
the CACC system can automatically re-join the tyiit strings and close the gap. The driver
will still be responsible for monitoring for potealtcut-ins and disengaging the CACC system
through manual braking should the system fail spoad appropriately.
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5 CACC STRING SPLIT MANEUVER

5.1 Lead Truck Departs

When approaching a highway exit, one or more otrneks in the CACC string may wish to
depart the string. The complexity of the strinfitspaneuver depends on which truck driver
wishes to exit the string. If the lead truck drirethe string wishes to depart, one option ig tha
the driver of the lead truck simply needs to chaages into an open space in the adjacent lane.
Once the forward sensors in the second truck ilC#EC string lose sight of the lead truck, the
CACC system will automatically split the string,datihe second truck will become the new lead
truck for the remaining trucks in the string. TBACC system in the second truck would also
switch from a CACC following strategy, in which ster gap settings would be available, to an
ACC following strategy, in which only longer follomg gap settings would be available. The
gap selection and transition strategies when giworg ACC to CACC or vice versa were
previously discussed in Section 3.3.3, and for phggect, the relative setting will remain the
same. Thus, if the CACC was set to the shortegssgtting, the system would retain transition
to the shortest setting for ACC.

In the scenario described above, it is also passitat the lead truck driver may need to
temporarily disengage the C/ACC system and manadlilyst the truck’s speed before making
the lane change. This variation should have littlpact on the maneuver because the lead truck
can always operate either in C/ACC mode or whiladpenanually driven. The lead truck will
continue to lead the CACC string until the lanerdeis complete, and the following trucks
would simply continue operating normally until thecond truck is designated as the new lead
truck for the string. Once the second truck isgiested as the new lead truck, its C/ACC system
will revert to an ACC following gap, and the seesg on that truck will dictate the maximum
speed of the string.

Once the original lead truck leaves the CACC strihg CACC systems in the following trucks
will stop tracking time or miles accumulated behihd former lead truck, and start tracking time
or miles accumulated under the new lead trucka pnoduction system, these systems would
also finalize any payments from the followers te tbrmer lead truck. The driver of the new
lead truck, formerly the second truck in the striwdl then be notified that he is now receiving
payments from the remaining followers.

5.2 MiddleTruck Departs

When one of the middle truck drivers in the CACfngt wishes to depart, the maneuver will
affect all of the following trucks. If possibléyd driver may simply perform a lane change with
the CACC system still active, but it is at leastikely that the driver will want to return to

manual speed control and slow down while timingléme change with an appropriate gap in the
adjacent lane’s traffic. If the driver is ablegerform the lane change without deactivating the
CACC system, then the CACC string will be leastaeted. Once the departing truck exits the
lane it will stop tracking time or miles spent fmMing the string leader and will finalize any
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payments to the leader, and the following truck$ simply close the gap left by the departing
truck.

However, in the case when a middle truck driverdsde take over manual speed control before
changing lanes, then the original CACC string wyilit into two strings as soon as the departing
truck driver disengages the CACC system by brakingtherwise deactivating the system. The
departing truck will then become the new lead tricckthe second CACC string until the
departing truck changes lanes. When the strintssgite CACC systems in the departing truck
and all of the following trucks will temporarily pae the tracking of time and miles spent
following the original CACC string leader until tlleparting truck completes its lane change.
The following trucks will then need to rejoin thermer string and resume tracking time or
mileage to be credited towards the string’s origieader (unless they have fallen so far behind
the string leader that this is not practicable).

What happens next for the departing truck dependsmumber of factors. If the departing truck
disengaged the C/ACC prior to performing the lam@nge, then the truck will simply remain
under manual control until the C/ACC system is gagyed. Once the C/ACC system is
reengaged or if the truck changed lanes with tiséesy still engaged, then the system behavior
will depend on what is encountered ahead of thektiithe new lane. If nothing is in sensor
range, then the system will default to ACC speepilsgor mode, accelerating to the maximum
speed that was previously set by the driver. lfiaaquipped vehicle is in sensor range, then that
vehicle becomes the new target for ACC followingh&t longer ACC gap setting that was
previously set by the driver. Finally, if anotf@ACC equipped vehicle is in sensor range, then
that vehicle becomes a candidate leader for joinmigrming a new CACC string.

5.3 Trailing Truck Departs

When the last truck in the CACC string wishes tpaig the maneuver will have no effect on the
other trucks in the string. The driver of the kaatk may simply brake or perform a lane change
to an adjacent lane. If the driver brakes, the CA9stem will be deactivated and the truck
speed will be under manual control. Alternativéiyhe driver performs a lane change with the
CACC system active, the system will switch to ACGda as soon as the truck changes lanes
and the forward target is lost.

Similarly to the departure of a middle truck, whappens next depends on whether the C/ACC
system was disengaged and what is in front of #@pading truck in its new lane. If the C/ACC
system was disengaged, then the truck simply resnaider manual control. If the C/ACC
system remains engaged and nothing is in sensge rémen the system will default to ACC
speed regulator mode, accelerating to the maxinpeadthat was previously set by the driver.
If an unequipped vehicle is in sensor range, thahvehicle becomes the new target for ACC
following at the longer ACC gap setting that wasvpously set by the driver. Finally, if another
CACC equipped vehicle is in sensor range, thenwlicle becomes a candidate leader for
joining or forming a new CACC string.
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5.4 Driver Notification of I ntention to Depart

One major CACC system design question relateddtiing split maneuver is whether the
departing driver needs to formally indicate thatention to depart the string, either through turn
signal activation or some other button press oecarsdary display. If the departing truck is the
lead truck or one of the middle trucks, then sigrgahn intention to depart the string may be
beneficial in priming the CACC system for the maresuand triggering a pause in the tracking
of payments to be transferred between drivers.

More importantly, signaling intent to leave alloadvance notification of the maneuver to be
sent to the drivers of the following trucks. Altlgh all CACC truck drivers will still be
responsible for actively steering their trucks, manmng their truck’s status, and monitoring
traffic conditions while cruising in a CACC strindgivers may benefit from advance warning of
a change in the string status, especially if iheslead truck that is departing and the second
truck in the string will soon need to take ovettaslead truck. If the departing truck is one of
the middle trucks in the string, then the advarmifination may be less important, but still cues
the following drivers as to why the string may b®asng down or speeding up. Finally, if the
departing truck is the last truck in the stringrttthere is no advantage in the driver signaling an
intention to depart the string because a depadiutige trailing truck will have no impact on the
remaining trucks in the string.

The requirement for notification of intent to defpidue string, specifically for the lead truck

driver, should be predicated on whether the leacktdriver bears any additional or heightened
responsibilities as the leader of a CACC stringalose only the driver of the lead truck will have
an unobstructed view of the roadway and trafficdibons ahead. As an example, if the lead
truck driver decides to change lanes to pass aeslowving vehicle, does the lead driver need to
inform the rest of the string to do the same, argdihe string simply split apart and manually
rejoin after each truck has passed the slower ngoxghicle? Even with moderate traffic

density, the latter option may be the only optioreg the space requirements necessary for even
a three-truck string to change lanes. Similaflyhere is an obstacle in the road in the travel
lane, should the lead truck driver be obligateddoelerate the string or issue an alert to the
following drivers, rather than simply changing lara¢ speed, a maneuver that is likely to reveal
the object in the roadway to the second truck dnviéh little or no time to react?

For this project, intent to depart the string maytied to turn signal usage or a separate button on
the DVI, but in both this project and in a practidaployment scenario, the CACC system

cannot rely on a driver always signaling his intenfeave the CACC string. Since CACC

drivers always remain in control of steering thaigke, a driver could always impulsively decide
to merge out of the string without first signalimgent, and the system would need to detect the
event and inform any affected following driverssasn as possible.

5,5 Automatically Joining Previousor New Strings

Another CACC system design question is relatedts the systems in the following trucks

react after a string has been split and the deypgantuck has left the lane, particularly when the
departing truck is a middle truck and the driveetigaged the CACC system in order to change
lanes. When this happens, the trucks that weleWolg the now-departed truck could continue
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in their newly formed string, or they could autoroally rejoin the original string. As long as
other vehicles have not cut into the lane in frmithe departing truck and the distance to close is
reasonable, then it makes the most sense for thades to remember that they were once part of
the original string and automatically rejoin thatrgy. From the perspective of the drivers of the
following trucks, they had already agreed to be phthe string, and the departure of a
preceding truck should have little effect on tligsire to continue in the string.

The same question arises for the departing triitheideparting truck changes lanes with the
CACC system active and there is another equippd (jor string) within sensor range in the
new lane. In this case, there are two potentiabop for the behavior of the CACC system.
First, the CACC system could uae hoc coordination to automatically couple with the kwr
string in the new lane, or the CACC system couletreto ACC mode until the driver requests
or confirms that he wishes to initiate a join marexu To what extent driver confirmation
should be required in this scenario may dependheffinancial implications of joining the new
string. If there were no financial implicationsasiated with joining a CACC string, then
automatic ad hoc coupling would make the most sehgsvever, assuming that there are
financial implications to forming a CACC stringgtithe situation becomes more complex.
Once the departing truck leaves its former strihg,system will stop tracking time or miles
spent following the leader of that string, and ¢lgetem will finalize payments to the former lead
truck. Assuming that there are financial implioas of joining the CACC string in the new lane,
then the driver may or may not wish to initiateoenjmaneuver depending on the driver’s goals
in leaving the original string. As an example, thierer may not wish to join another CACC
string because he is in the process of making aklare changes in order to reach an exit.

For the experimental implementation in this prgjéoe CACC systems on the trucks will be
able to automatically couple using ad- hoc cooritima(in addition to using local coordination
when the trucks wishing to couple are not direb#find each other). The CACC system will
always couple with equipped preceding trucks amgphi track how much time is spent
following any string leader, since the primary feaf this project is not on the business
transaction system.

5.6 CACC String Split Maneuver Narrative

Any trucks in the CACC string may depart the strat@ny time, and the effect that the
departure will have on the string will depend onahttruck is exiting the string. In an ideal
departure, the driver of the departing truck wijngl their intent to exit the string by activating
the turn signal or otherwise indicating so using BVI. If a driver signals their intent to depart,
then any following drivers in the string will betifeed of the maneuver through their DVI. In
the least disruptive case, the departing truck kirdpanges lanes, and the following trucks close
the gap. However, in some case, the departing may need to revert to manual speed control
before changing lanes. In the case when the degartick is a middle truck in the CACC

string, the string will need to be temporarily spito two strings, with the departing truck
leading the second CACC string under manual contntl it fully departs the lane. Once the
departing truck changes lanes, the trucks that ¥eieving it will rejoin the original CACC
string and close the gap left by the departingktiruc
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6 FAULTS ERRORS, AND ABNORMAL OPERATING CONDITIONS

6.1 CACC System Disengagement and Kill Switch
6.1.1 Overview

There should be multiple means to disengage the@#yStem’s active control of the vehicle
speed including activating the brake, pressingd#eCC cancel switch, pressing the C/ACC
power switch, or pressing the emergency kill swiimhly to be installed for research testing). In
each of these cases, the CACC system should stiwplgcontrolling the vehicle speed,
returning speed control to the driver. Howeveeaitl, the DSRC system on the truck should
continue to broadcast the truck’s basic safety ages$BSM) and any additional CACC-specific
messages defined within this project in case thektrs part of a CACC string, but the DSRC
system should be prevented from broadcasting fafsemation in the event that the emergency
kill switch is activated.

6.1.2 Brake Activation and C/ACC Cancel Switch

The primary means to disengage the C/ACC systdar the driver to depress the brake pedal or
to press the C/ACC system cancel button. Eithéhede actions should stop the system from
actively controlling the vehicle speed, but shdelave the C/ACC system powered on such that
all settings (desired set speed and following gap)etained the next time that the system is
engaged with the C/ACC system resume button. Teeteof a C/ACC system disengagement
on the rest of the CACC string depends on the iposf the truck that is disengaging the
system.

If the driver of the lead truck in a CACC stringeéigages the C/ACC system, then there should
be no impact on the rest of the string. The drofehe lead truck is always free to use the
C/ACC system (defaulting to ACC gap settings) odriwe completely manually. The following
trucks should seamlessly follow the lead truckreag it switches between manual and C/ACC
speed control. If the driver of any other truckhie CACC string disengages the CACC system,
then that truck will essentially split off from ti@ACC string, and any trucks behind it will be
affected. The split off truck will become the niad truck, driven manually, for any followers.

6.1.3 C/ACC Off Switch

A second means to disengage the CACC system thédatriver to turn off power to the C/ACC
system using the C/ACC On/Off button. Typicallpwering off the C/ACC system would erase
the current settings (set speed and gap prefereaoe furn off the C/ACC driver display
elements. However, even with the C/ACC systemtbé,truck should still be able to serve as a
CACC string leader, and the supplementary drivepldy, used for finding other equipped
vehicles, showing the status of followers, andkirag payment transactions between trucks,
would need to remain active.
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6.1.4 Kill Switch

A third and final means to disengage the CACC systefor the driver to press an emergency
kill switch, and typically, this means of disengagthe CACC system would only be applicable
during research and development. Ideally, theskikch would only be used if the brake,
cancel, or C/ACC off switch was ineffective at digaging the automated control. The kill
switch would then provide the last line of defeirsphysically interrupting the CACC system’s
output commands to the vehicle, returning full cohto the driver.

However, the design of how the kill switch intesaatith the CACC control system must also
take into consideration what happens to any DSR@dwasts by the vehicle. Once the kill
switch has been activated, the system must berdebigp ensure that either the information
being broadcast actually represents the curretd sfahe vehicle or that the other vehicles
listening to the broadcast are made aware thatiflrevitch has been activated. As an example,
in a scenario when the kill switch was activatedduse the CACC controller would not
disengage, then any information provided by the CA®Gntroller to the DSRC radio would be
suspect and may not represent the current stdke gfystem. Although this has been flagged as
a potential issue here, specific recommendatiofislepend on the system design and how
information to be broadcast over the DSRC is gathéiltered, and flowing between the various
processors and components in the system.

6.2 Accderator Pedal Override

All ACC systems allow the driver to temporarily oride the system’s speed and gap control,
without disengaging the system, simply by engagiregaccelerator pedal. In passenger
vehicles, this override method is particularly us@f adjusting the vehicle’s speed prior to and
during a lane change, but with ACC the time gapsdomaintained by the system are
significantly longer than the time gaps that wal imaintained in CACC. Multiple strategies
could be considered for the accelerator pedal wesrr

First, the CACC system could function exactly hawrent ACC systems function, allowing the
driver to override the vehicle’s speed and follogvgap with the accelerator pedal. Since the
driver is the one overriding the system, then ttireed is assuming responsibility for the chosen
maneuver and following gap. This strategy could¢d®bined with feedback or a forward
collision warning given to the driver. As an exdenpf feedback, Nissan equips some vehicles
with a Distance Control Assist system. With thistem, when the driver begins following a
lead vehicle too closely, counter pressure is agplb the accelerator pedal to prompt the driver
to release. Similarly, an audible Forward CollsiWarning (FCW) system could be enabled
when the driver is using the accelerator pedavrnide the CACC system. (Typically the
FCW system would need to be disabled or at legsstad to be less sensitive when following at
the shortest CACC gap settings to avoid frequdsaefalarms.)

A second and alternative strategy is that the CAg&em may set a minimum following gap,
beyond which the accelerator pedal override ishiesh For example, if the shortest available
CACC gap setting is 0.6 s, then the system midbweathe driver to manually override the
following gap down to 0.5 s, but once it reachédsi).the system would disallow the driver’s
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continued accelerator pedal override, maintainiegQ.5 s following gap until the driver releases
the accelerator pedal.

Regardless of the strategy chosen for accelerattalverrides at short following gaps,
consideration must also be given to the potentiglact on the following trucks. If the driver of
a middle truck is currently overriding the CACC gagiting with the accelerator pedal, this
would induce an acceleration in the following tre@s they accelerate to maintain their gap
setting with their immediately preceding vehicke.case could be made, in terms of both safety
and stability, for the following trucks to ignoreetincreased gap with the immediately preceding
vehicle when it is overriding the CACC system witle accelerator pedal. Essentially, the
following trucks would temporarily focus on maintaig the same speed as the string’s lead
vehicle, rather than focusing on maintaining a tamisfollowing gap with the immediately
preceding vehicle. After all, the accelerator ped@rride should be a temporary state, and
would probably indicate that the immediately prengdruck is about to exit the string.

6.3 DataMismatch Between Forward Sensorsand DSRC M essages

A data mismatch between what the forward sens@r¢radar or lidar) and what is received by
the DSRC communications will occur when an unegetpypehicle cuts into the travel lane.

When this happens, the forward sensors shoulddecohange in the forward target and the
distance calculated from any DSRC equipped pregedihicle will not match what the forward
sensor reports. This situation could also occertduGPS errors that place the preceding vehicle
out of the travel lane or otherwise distort the sueament. In either case, the C/ACC system
should respond by slowly opening the following gaphe shortest available ACC gap setting
relative to the closest indicated target, assurthiegvorst case for safety purposes.

6.4 DSRC Receiving Faults

DSRC communications will fail at times, due to safte or hardware failures, channel
interference, or line of sight issues. Assumirgg tBACC messages are transmitted at 10 Hz, a
single message or even several messages lost stailddversely affect the operation of the
string, unless there also happens to be a hardgemgy braking demanded at the same time. If
communication is lost for more than 1 to 2 secotit=) the trucks should simply revert to ACC
following mode and increase the following gap te sihortest available ACC gap setting while
informing the drivers of all following trucks abotlte nature of the fault.

6.5 Emergency or Hard Braking

An emergency braking, either driver or systematéd could occur for several reasons (cut-in,
slowed or stopped vehicle ahead, or debris indadway) and be initiated by any of the trucks
travelling in the string. Fortunately, with the C& system active, the braking commands get
immediately sent to the following trucks, and iétlead truck initiates the braking, the command
gets sent to all following trucks. Since this pajis only experimenting with a maximum string
length of 3 trucks, any following trucks will alwsyeceive the braking command within 100 ms
(assuming a 10 Hz DSRC transmission rate), an@€#&@C systems will be able to start braking
faster than even the drivers could react. Adddlilynin this project, three identical trucks will
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be used in the string, and one future researchiguasot covered in this project is how to deal
with disparate braking capabilities between trudlsng hard braking.

In early ACC systems, the system braking authaveg often limited, and during hard braking
maneuvers drivers would get an audible and viseat as the system approached its maximum
braking threshold. However, in some later vehidlee ACC system can be enhanced with or
combined with a separate Forward Collision MitigatBraking System (FCMBS), resulting in a
much higher braking authority. On the Volvo trutkat will be used in this project, the ACC
system already has full a very high braking autlypso it should be able to respond to any of
the anticipated testing conditions. However, tR€CC system should also maintain any driver
warnings that the standard system would normailg during a hard braking maneuver.

6.6 Stopped Vehicle or Debrisin Roadway

Perhaps the most difficult scenario to effectivédal with using CACC is the case when the lead
truck in a string or its driver spots a stoppedieiehor debris in the roadway ahead, because the
following trucks and drivers in the string will Bky be unable to see the hazard given that their
forward vision is occluded. If the lead truck @nwas not leading a string, then he could simply
swerve or change lanes. However, if the lead tdroler executes a lane change, the hazard
would be revealed to the following trucks with idte time to react, and even if a quick lane
change was possible for the lead truck, it mightbeopossible for all of the following trucks due
to adjacent lane traffic.

Given that the forward vision of the following tkecin a CACC string will be obscured or
occluded, the lead truck driver in a CACC string) Wave some increased responsibility,
especially in terms of scanning the roadway arnfficrahead for hazards. In the longer term, the
CACC DVI will need to incorporate an ability forehead truck driver to communicate simple
commands or hazardous conditions ahead to theniolptrucks. For example, if the lead truck
driver decides that the CACC string should chaages, then there needs to be a clear way to
communicate that instruction to the following dnseotherwise, the following drivers won't
know whether the lead truck wishes to continuegdhe lead truck, just in a different lane, or
wishes to exit the string. For this project, timetbe-road testing will require an additional
spotter/radio operator to be seated in the learktiand part of that spotter’s responsibility will
be to communicate any unexpected hazards or itigtnsdo the drivers of the following trucks
over a voice radio link.
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7 CONCLUSIONS

While the concept of closely-coupled truck platamnhas been the focus of many research
projects over the years, it has always includedatitemation of both lateral and longitudinal
control in the following trucks because of the velgse following distances targeted by those
projects. Cooperative Adaptive Cruise Control (CAQ@rovides an intermediate step toward a
longer-term vision of trucks operating in closebyapled automated platoons on both long-haul
and short-haul freight corridors. There are imgatrdistinctions between CACC and automated
truck platooning. First, with CACC, only truck sgkcontrol will be automated, using V2V
communication to supplement forward sensors. Theid will still be responsible for actively
steering the vehicle, lane keeping, and monitoraagiway and traffic conditions. Second, while
truck platooning systems have relied on a Confd@stance Gap (CDG) control strategy, CACC
has relied on a Constant-Time Gap (CTG) contraltsgry, where the distance between vehicles
is proportional to the speed.

This report mainly focused on describing the vasi@QACC operational concept alternatives,
and which alternatives should be employed in théearch project. The operational concepts
can be broken into four categories: string fororgtsteady-state cruising, string split
maneuvers, and faults or abnormal operating canditi With CACC string formation, the
options includedd hoc, local, and global coordination strategies as anado help the CACC
equipped trucks find each other, especially atrioavket penetrations. Bo#d hoc and local
coordination are appropriate for this project, ¢hobal coordination, which includes routing the
trucks on city streets, is beyond the scope ofgghogect. The primary issue with steady-state
cruising is effectively dealing with cut-ins, whighll result in a temporary string split
maneuver.

Finally, a number of fault conditions and emergemaneuvers were considered including
communication failures, the definition of a kill g@h functionality (used in research only), and
how to handle obstacles in the roadway and harkirgaituations. For the most part, system
states, fault conditions, and emergency kill swecmust be designed to keep the DSRC
broadcast active while attempting to clearly inthoahat is happening with the truck since any
following trucks will be relying on those transmss. In the longer term, the role of the CACC
string’s lead truck driver must be clearly defirvélden it comes to obstacle detection and
avoidance, and the CACC systems will need to irm@te some ability for the lead truck driver
to send instructions (lane change) or warningsd(fezards) to the following trucks.
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