UC Berkeley

Research Reports

Title
Feasibility Study Of Advanced Technology Hov Systems: Volume 1: Phased Implementation
Of Longitudinal Control Systems

Permalink

https://escholarship.org/uc/item/2wh2v2vd

Authors

Chira-Chavala, Ted
Yoo, S. M.

Publication Date
1992

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2wh2v2vc
https://escholarship.org
http://www.cdlib.org/

CALIFORNIA PATH PROGRAM
INSTITUTE OF TRANSPORTATION STUDIES
UNIVERSITY OF CALIFORNIA, BERKELEY

Feasibility Study of Advanced Technology

HOV Systems

Volume 1: Phased I mpliementation of Longitudinal
Control Systems

T. Chira-Chavala
SM. Yoo

California PATH Research Paper
UCB-ITSPRR-92-2

This work was performed as part of the California PATH Program of
the University of California, in cooperation with the State of California
Business, Transportation, and Housing Agency, Department of Trans-
portation; and the United States Department Transportation, Federal
Highway Administration.

The contents of this report reflect the views of the authors who are
responsible for the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official views or policies of
the State of California. This report does not constitute a standard,
specification, or regulation.

December 1992
ISSN 1055-1425



This paper has been mechanically scanned. Some
errors may have been inadvertently introduced.



FEASI Bl LI TY STUDY OF ADVANCED-TECHNOLOGY Hov SYSTEMS

Vol une 1:

Phased | npl ementati on of Longitudinal Control Systens

by

T. Chira-Chaval a
S.M Yoo

Decenber 1992



Contents

EXECUTI VE SUMVARY

PREFACE

I NTRODUCTI ON

STUDY OBJECTI VES

ORGANI ZATI ON OF THE REPORT

A PLAN FOR | NCREMENTAL | MPLEMENTATI ON

CHAPTER ONE: ADOPTI ON OF | CCS
1.1 Overview of |1CCS

1.2 1CCS control versus driver control

1.3 Evaluation of safety inpact of |CCS

1.4 Evaluation of traffic operation
characteristics affecting safety

1.5 Sinulation results

1.6 Inpact of ICCS on highway capacity

1.7 Summary of Chapter One

CHAPTER TW (SECTION oNE) ©  PHASE 2A

2.1 Overview of longitudinal control systens

2.2
2.3
2.4
2.5

2.6 Geonetric requirenents for

Early deploynment in transitways

System concept for Phase 2A

Estimation of flow rate for Phase 2A

Sinmulation results

egress section

11
14

21
27
35
36

39
39
43
45
48
50
52

- Xi



CHAPTER TWO (SECTION TWDO): PEASE 2B
3.1 System concept for Phase 2B

3.2 Estinmation of flow rate

3.3 Estimated flow rate vs. results of
prior studies

3.4 Geonetric requirenments of
transition section

3.5 Ceonetric requirenments for egress section

57
57
60

67

68
70

CHAPTER TWO (SECTION 3): NET BENEFIT OF PHASES 2A, 2B 71

Ri ght-of -way requirenments for Phases 2A & 2B

Net flowrate benefits adjusted for right-of-way

Summary & concl usions for Chapter Two

Recommendati ons for future research

REFERENCES

APPENDI X A: COLLI SION SPEED AND DELTA V

APPENDI X B: DERI VATI ON OF ECGRESS SECTI ON

71
72
74
78

80

84

87



PHASED | MPLEMENTATI ON OF LONG TUDI NAL CONTROL TECHNOLOGY
EXECUTI VE SUMVARY

In the face of rising urban travel demand, there is strong
public perception that urban nmobility in California has seriously
deteriorated and that solutions for urban traffic congestion
problens are urgently needed. Sinmply constructing nore and nore
mles of roadways is no longer an acceptable option. Many
researchers believe that advanced vehicle |ongitudinal control
systens provide an opportunity to bring about very significant
increases in the highway capacity. Longitudinal control systens
range fromdriver-assisted intelligent cruise control systens
(Iccs's) to fully automated systens wth close-fornmation

pl at ooni ng.

STUDY OBJECTI VE

The objectives of this study are to identify strategies for
early deploynent of |ongitudinal control technol ogies on the
hi ghway, and to evaluate potential inpacts of these strategies on

traffic operation, highway capacity, and traffic accidents.

APPROACH FOR EARLY DEPLOYMENT OF LONG TUDI NAL CONTROL TECHNOLOGY

One approach for early deploynment of |ongitudinal contro
t echnol ogi es on the highway involves increnmental inplenentation.
Initially, relatively near-termdriver-assisted devices such as

1ccs's could be adopted, and later fully automated | ongitudina



control systems with close-formation platooning could be
denonstrated in selected facilities. The approach evaluated in

this study involves two phases, as follows:

Phase 1: Adopting ICCS on Al Roadways

In Phase 1, vehicles on all roadways could be encouraged to
adopt intelligent cruise control systens (ICCS's) on a voluntary
basis, when 1ccst's beconme avail abl e. This study defines a
hypothetical |CCS to be capable of regulating vehicle speed,
accel eration, and headway through both throttle and brake controls.
It can achieve acceleration and deceleration of up to 0.3g and
-0.3g, respectively. In addition, it can also provide warnings to
the driver if it estimates that the driver also has to apply extra
evasi ve actions to avoid the inpending hazard. A nomnal operating

headway rule for the hypothetical ICCS is shown in Table s1.

Phase 2: Early Deploynent of Longitudinal Control Systenms wth
Cl ose-Formation Platooning in One-Lane Transitways

In Phase 2, longitudinal control systenms with close-formation
pl at ooni ng coul d be denonstrated in high-occupancy-vehicle |anes
t hat have exclusive right-of-way and controlled access and egress
(generally known as transitways). Two hypothetical system concepts
are defined for evaluation in this study. For the hypotheti cal
Phase-2A system (I ndividual -Vehicle Dispatch), vehicles would go
t hrough vehicle check stations to have their equi pment checked

before entering the transitway. They could then form platoons wth



Table S1: Nominal Operating Headway for Vehicles
Under ICCS Control

Speed (mph) Headway Gap* (ft) ||
30 25
35 30
40 40
45 50
50 60
55 75
60 94
65 124
70 168
75 228

* Clear distance between successive vehicles



one another after leaving the check stations but before entering
the travel lane of the transitway, if the drivers choose to do so.

For the Phase-2A system vehicle-to-vehicle communication systens
are required but no wayside systemis needed for dispatching
vehicles.' Alternatively, for the hypothetical Phase-2B system
(Pl atoon Dispatch), vehicle-to-vehicle as well as wayside-to-
vehicle communication systens would be required. Waysi de
computerized dispatch facilities would be enployed to coordinate
pl atoon formation and dispatches. For the Phase-2B system

autonobiles and light-duty vehicles (Lpv's) Wwll be required to
form pl atoons of some pre-specified size before they are dispatched
from dispatch stations. Buses, due to their relatively |ower
volume, would be able to travel in the transitway as single
vehicles (as opposed to close-formation platoons). The waysi de
computerized dispatch facilities aimto achieve the pre-specified

pl atoon size and maximze the flow rate in the transitway.

PRI NCI PAL FI NDI NGS FROM PEASE-| EVALUATI ON OF | CCS

The evaluation in Phase 1 focuses on assessing changes in the
nunber  of traffic acci dents and some traffic-operation
characteristics affecting safety on the roadway, as a result of
adopting the hypothetical 1CCS. Traffic-operation characteristics
affecting safety include the follow ng: frequenci es of hard
accel eration and decel eration, harnonization of vehicle speeds,
vehicle headway characteristics, and traffic perturbation

characteristics. In addition, potential effect of the hypothetical



| CCS on the highway capacity is al so addressed. The evaluation is
performed for two types of the I CCS controller -- one requires data
on both the headway and the speed of the vehicle in front as the
control input (i.e., gap/speed controlled ICCS), and the other
requires only data on the headway (i.e., gap-controlled ICCS). The
eval uation of the accident inpact of the hypothetical ICCS is
acconpl i shed through case-by-case anal yses of police accident
reports. The evaluation of the traffic-operation characteristics
affecting safety, due to adopting the hypothetical I1CCS, is
acconpl i shed through vehicle sinulation. Primary findings fromthe
eval uation of the ICCS include the follow ng:

1. The hypothetical ICCS could be useful as a counternmeasure
for up to 7.5 percent of all accidents (on all road classes) that
result in fatalities or injuries.

2. Prelimnary results fromthe sinmulation of a |o-vehicle
convoy indicate that the use of the hypothetical gap/speed
controlled ICCS is not expected to result in traffic perturbation
problens, while the use of the hypothetical gap-controlled ICCS
may.

3. Prelimnary results fromthe sinmulation of the l|o-vehicle
convoy indicate that the use of the hypothetical gap/speed
controlled 1CCS could reduce frequencies of hard decelerations and
accel eration for equipped vehicles, enhance speed harnonization of
vehicles in the traffic stream and enable vehicles to achieve
"safe" headway quickly with little headway fluctuation when

responding to speed changes of the upstreamtraffic. These



benefits are found to increase as the ICCS usage rate increases.

4. The use of the hypothetical 1CCS could result in sone
increase in the flow rate on the highway, for speed up to 55
mph.  The magnitude of this flowrate increase depends on the |ICCS

usage rate.

RECOVMVENDATI ONS FOR FUTURE RESEARCH ON | CCS

Research is needed in the followi ng areas to advance the
understanding of the feasibility of |large-scale use of Iccs's:

* Research is needed to assess the ability of drivers to
share tasks wth 1Iccs's in nornal and energency
situations, as well as safety inplications of such task-
sharing.

* Research is needed to determne effects of the transfer
bet ween aut omated control and manual control on drivers.

* Research is needed to identify and address potentia
| egal andliability issues/inplications concerning large-

scal e use of 1cecs's.

PRI NCl PAL FINDINGS ON EARLY DEPLOYMENT OF LONG TUDI NAL CONTROL
SYSTEMS | N ONE- LANE TRANSI TWAYS

1. The estimated flow rate in one-lane transitways, as a
result of deploying longitudinal control systens with close-
formation platooning, is sensitive to the platoon size. I'n
addition, the estimated flow rate for the hypothetical Phase-2a

systemis also sensitive to the transitway traffic mx (i.e.

Vi



relative proportions of cars, LDV's, and buses), and to whether
cars and Lpv's are allowed to form the sane platoon wth one
anot her. However, the estimated flow rate for the hypothetical
Phase-2B systemis not sensitive to either of these two factors.

2. 'For the hypothetical phase-2a systemthat does not allow
cars and Lpv's to formthe same platoon, the estimated flow rate in
one-lane transitways (at 55 nph) could be 2.6 tines the currently
observed flow rate in existing transitways. For the Phase-2A
systemthat allows cars and LDV's to formthe same platoon, the
estimated flow rate (at 55 nph) could be 4.2 tinmes the currently-
observed flow rate, for the platoon size of 12 vehicles per
pl at oon.

3. For the hypothetical Phase-2B system the estimated fl ow
rate in one-lane transitways could be significantly higher than the
existing flowrate. At 55 nph, the estimated flow rate for the
Phase- 2B systemcould be 4.2 to 4.6 tines the existing flow rate,
for platoon sizes of 12 through 20 vehicles.

4.  For the hypothetical Phase-2B system the estimated flow
rate could be affected by the nomnal inter-platoon gap criteria
used. For every 3-percent increase in the nomnal inter-platoon
gap values, the estimated flow rate could decrease by 2 percent.

5. Early deploynment of the hypothetical Phase-2a and Phase-2B
systenms in transitways could require additional right-of-way for
the transitway's access and egress sections. These additiona
right-of-way requirenments have to be taken into account when

assessing the flowrate inmpact of these systens. Net increases in
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the flow rate adjusted for the right-of-way for the two
hypot hetical systens are shown in Table S2 and Figure si1. These
net increases in the flow rate adjusted for the right-of-way are
found to sharply rise with increasing transitway |ength of up to 10
m | es. The deployment of the Phase-2A system in lo-nile
transitways could result in net flowrate at 55 nph (adjusted for
the right-of-way) of 2.3 and 3.1 tinmes the existing flowrate, if
cars and LDV's cannot and can form the same platoon, respectively.
Net flowrate at 55 nph (adjusted for the right-of-way) for the
Phase-2B systemis found to be 3.0 times the existing flow rate for

lo-mle long transitways.

RECOVVENDATI ONS FOR FUTURE RESEARCH ON LONG TUDI NAL CONTROL SYSTEMS
WTH CLOSE- FORVATI ON PLATOONI NG

In addition to continuing research on advanced vehicle
|l ongi tudinal control systens, research is also needed in the
follow ng areas to advance the understanding of the feasibility of
i mpl ementing close-formation platooning:

* Safety and human-factors research is needed to determ ne
safe and practical nom nal w thin-platoon and inter-
pl at oon spaci ng. Also, as part of these research
activities, safety inplications of allow ng different
vehicle types (particularly cars, LDV's, and buses) to
form the same platoon should be investigated.
Human-factors research is needed to assess driver

acceptance and behavi or when vehicles within a platoon
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Tabl e s2:

Net Flow Rate Gain (
Adj usted for Right- of Wy,

at SSrE) for 2A
elative to Existing Fl ow Rate

Phase 2A and Phase 2B

Fl ow Rate as Miltiple of Existing ,Flow Rate
| npl ement ati on ) ) - )
Opti on 2-mile Snle 10-mile 15-mile
Transi t way Transi t way Transi t way Transi t way
Phase 2A:
_ cars & LDV's in
different platoons 1.6 2.0 2.3 2.3
cars & LDV's in sane
platoon #*=* 1.7 2.5 3.1 3.4
Phase 2B
cars & LDV's in
. . . 3.3
different platoons** L5 2.4 3.0
cars & LDV's in sane
platoon ** 1.6 2.5 3.1 3.4

%% Based on 12-vehicle pl atoons.
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have to operate very close to one another |ongitudinally.
Research is needed to investigate the transfer between
automated and manual control, for exanple, how quickly
can such transfer be achieved; how fast can drivers
adjust to, and be ready for, such transfer of vehicle
control ?
Research is needed to determ ne characteristics and
consequences of accidents involving several vehicles
traveling in a close-formation platoon
Prior accident-analysis studies reported that m nor
accidents in two-vehicle collisions were nostly
associated with low Delta-V values. However, relatively
| ow Delta-V values in sonme two-vehicle collisions could
also lead to relatively severe injuries. Research is
needed to assess conditions in which relatively | ow
Delta-V values could result in severe injuries.
Research is needed to identify and address potentia
legal and liability issues/inplications of automated
hi ghway systens.
Research is needed to identify cost inplications of
| ongi t udi nal control systems with close-formation
pl at ooni ng.
Research is needed to evaluate the cost-effectiveness of

"vehicle-autonomous" ver sus "wayside"™ oriented systens.
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PREFACE

In the face of rising urban travel demand and public
perception that urban nobility has been seriously deteriorating,

many transportation professionals believe that advanced vehicle
| ongi t udi nal control systems could potentially bring about

significant increases in the highway capacity. Longi t udi na
control technologies range from driver-assisted intelligent cruise
control systens_%lCIS‘s to automated systens with close-formation

pl at ooni ng. Wth | 's, drivers would remain in the control
"loop" in that they still performvehicle steering/mneuvers, and
pre-set vehicle speeds. Automat ed |ongitudinal control systens
coul d take over several driving tasks -- speed and headway contr ol

mer gi ng, di ver gi ng, | ane  changi ng, br aki ng, and “collision

avol dance. \Wen the depl oyment of these systens enabl es vehicles
to OEerate in close-formation platoons, significant increases in
the highway capacity is possible.

Research on |ongitudinal control systens with close-formation
platooning is at a formative stage. ~ Inplenentation of these
systems calls for early denonstration in existing highway
facilities. This study exam nes possible scenarios for increnmental
i npl ementation of longitudinal control related technologies,
starting with ICCS' s and progress toward autonated | ongitudi nal
control systens. It also evaluates potential inpacts of this
incremental inplenentation plan.

Dr. Ted Chira-Chaval a managed the study and drafted the Final
Report. Dr. Songmn Yoo performed traffic sinulations. Speci a
thanks are for Dr. Steven Shladover, Deputy Director of California
PATH, who provided technical input and conments to the researchers.



PHASED | MPLEMENTATI ON OF LONG TUDI NAL CONTROL TECHNOLOGY

| NTRODUCTI ON

In the face of rising urban travel demand, there is strong
public perception that urban nobility in California has seriously
deteriorated and that solutions for urban traffic congestion
probl enms are urgently needed. The trend of urban traffic growth in
California is expected to continue into the future. Simply
constructing nore and nore niles of roadways is no |onger a
acceptabl e option due to high capital costs involved and adverse
environmental inplications. Inposing higher charges to curb travel
by private vehicles al so appears questionable because such neasures
mght restrict economc growh (Shladover, 1991).

Governnent agencies attenpting to address urban traffic
congestion problenms in large netropolitan areas have found that the
growh in wurban traffic has constantly outpaced new road
constructions as well as traditional traffic-engineering methods
for inproving traffic flow conditions. Emerging advanced
el ectronics technol ogies could offer promsing solutions to traffic
congestion problens. Potential capacity benefits of these energing
technologies are likely to vary from technol ogy to technol ogy. For
exanpl e, advanced route gui dance technologies to provide real-time
traffic information and "best" routes may inprove the utilization
of roadways by 15-20 percent (Shladover, 1991). Advanced vehicle
| ateral control technologies may increase roadway capacity by up to
50 percent, when their applications could result in smaller |ane

2



w dth requirements. (Chira-Chavala et al, 1992). O all energing
advanced technologies, nmany researchers believe that vehicle
| ongi tudinal control systems could potentially bring about the
greatest increase in highway capacity. Longi tudi nal contro

systens range fromdriver-assisted intelligent cruise control
systenms (Iccs's) to automated highway systems. Iccs's, which are
vehi cl e- aut ononous  devi ces, could regulate vehicle speed,

accel eration, and headway through regulating throttle and brake
controls. Drivers of |CCS-equipped vehicles would remain in the
control "loop" because they still have to perform vehicle steering
and pre-set vehicle speeds. Autonated hi ghway systens coul d take
over several driving tasks fromdrivers -- speed and headway
control, merging, diverging, lane changing, braking, and collision
avoi dance. When the depl oynent of automated hi ghway systens
enabl es vehicles to operate in close-formation platoons, nany-fold
increases in highway capacity are possible (Shladover 1978; Frank
et al 1989).

STUDY OBJECTI VES

The objectives of this study are as foll ows:

* To identify possible scenarios for early deploynent of
| ongi t udi nal control technologies in the highway
environment, particularly early deployment of 1ccs's and
advanced |ongitudinal control systems that are currently
researched at the California PATH program

* To address sone feasibility issues for the identified



scenarios, particularly potential inpacts on traffic
operation, capacity, and safety.

Currently, 1Iccs's and advanced |ongitudinal control systens
are not in use on the road, and evidence in the literature have
only identified possible system concepts. In order to neet the
above objectives, this study has to define hypothetical systens for
1ces's and advanced | ongitudinal control systenms for the evaluation
pur pose. This is acconplished by reviewing prior and related

continuing studies.

ORGANI ZATION OF THI'S REPORT

The research results are reported in two chapters, which are
preceded by the description of a plan for two-phased inplenentation
of longitudinal control technol ogies. Chapter 1 focuses on the
eval uation of 1Tccs's, and consists of the followi ng sections: the
definition of a hypothetical |CCS being evaluated; evaluation of
the accident inpact of this hypothetical ICCS; evaluation of the
traffic-operation inpact; and a discussion on the capacity inpact.
Chapter 2 evaluates |ongitudinal control systens wth close-
formati on platooning in one-lane transitways. This chapter
consists of three sections. The first section describes systens
that operate w thout the m nimum platoon size requirenment (Phase
2A) . Furthermore, this section describes a hypothetical system
concept for Phase 2A and nom nal inter-platoon gap criteria for the
hypot heti cal system estimates the transitway flow rate as a

result of inplenmenting the hypothetical system and determ nes



special infrastructures requirements. The second section focuses
on systens that operate with the m ni mum pl atoon size requirenent
(Phase 2B) in order to nmaximze the transitway flow rate. This
section also describes a hypothetical system concept for Phase 2B

estimates the transitway flow rate as a result of inplenenting the
hypot heti cal system and determi nes special infrastructures
requirenents. In Section 3, estimations of net capacity benefits,

adjusting for the right-of-way, for both Phase 2A and Phase 2B are
present ed.

In addition, two appendices are included. Appendi x A
descri bes nethodol ogy for determ ning nom nal safe inter-platoon
gaps . Appendi x B describes met hodol ogy for determ ning geonetric
di mensi ons of the transitway's egress section required for Phases
2A and 2B.

A PLAN FOR | NCREMENTAL | MPLEMENTATION OF LONG TUDI NAL CONTROL
SYSTEMS

One approach for early deploynent of |ongitudinal contro
t echnol ogi es on the highway involves two-phased inplenentation, as

foll ows:

Phase 1: Adoption of Intelligent Cruise Control Systens (ICC8's)

Initially, vehicles on all roadways coul d be encouraged to
adopt 1Iccs's on a voluntary basis, once these devices becone
avai | abl e. ne appeal of 1Iccs's is the relative ease of

depl oynent . Iccs's could be adopted on a voluntary basis, thus



bot h equi pped and unequi pped vehicles could share the sanme roadway.
Bei ng vehicle autononous systens, the adoption of 1ccs's will not
require special infrastructure or wayside equipnent. Potenti al
legal and liability issues surrounding the use of 1ccs's are likely
to be |less conplex because these devices are extensions of the
existing cruise control device. Mre inportant, favorable public
acceptance of 1ccs's can be expected because drivers would still be
in the vehicle-control loop to perform vehicle steering and
maneuvers, as well as to select vehicle speed. The use of 1ccs's
could famliarize drivers to the use of automated devices, a first
step toward assessing public acceptance of nor e- advanced

| ongi tudi nal control systens.

Phase 2: Early Deploynment of Longitudinal Control Systenms in
Access-Controlled HOV I anes

Longi tudi nal control systens could be inplenented, with a view
to achieving close-formation platooning operation. In close-
formation platoons, vehicles within platoons maintain very snall
I ntra-platoon headway while successive platoons maintain relatively
large inter-platoon headway. Safety is criticalto this platooning
operation. Therefore, it appears desirable that, when |ongitudina
control systems W th platooning operation are ready for
i mpl ementation, they are initially demonstrated in existing hi ghway
facilities. H gh-occupancy-vehicle (HOV) |anes that have excl usive
right-of-way (i.e., separated from the freeway nmminline by

permanent barriers) are considered to be good candidates for this



purpose. These HOV |l anes are generally known as transitways. For
the evaluation purpose, this study started by exam ning a range of
alternative systemconcepts for one-lane transitways. These
alternative system concepts differed fromone another in how cl ose-
formation platoons were forned. After prelimnary anal yses of
these alternatives, two candidates were selected for further
eval uations. They are Phase 2A (individual -vehicle dispatch) and

Phase 2B (platoon dispatch), as foll ows:

Phase 2A: I ndi vi dual - Vehi cl e Di spatch

Longi tudi nal control systens with close-formation platooning
operation under Phase 2A require all transitway users (autonobiles,
light-duty vehicles or 1LDV's, and buses) to be properly equipped.
Facilities to check the operating status of the vehicle and
equi pment are needed at the beginning of the transitway. Vehicles
w || pass through these check stations as individual units, in the
order that they arrive. Then, they could form platoons with one
anot her downstream from check stations. Drivers could choose to

join (or not join) other vehicles in platoons.

Phase 2B: Pl at oon Di spatch

Al ternatively, | ongitudinal control systens wth close-
formati on platooning operation for one-lane transitways could
I ncorporate waysi de conputerized dispatch facilities to coordinate
cl ose-formation platoon formation and di spatches. This woul d be

acconpl i shed as soon as vehicle status checks are conplete. Under



this scenario, autonobiles and pv's will be required to form
pl at oons of the required size before they are dispatched from check
stations. Buses, due to their relatively |ower volume, could be
exenpted from this requirenent. The purpose of integrating
computerized dispatch facilities is to assure that sonme pre-
specified mnimum platoon size is achieved in order to maximze the
transitway flow rate.

Detail ed descriptions and eval uati ons of Phase-l1, Phase-23,

and Phase-2B systens are presented in the follow ng sections.



Chapter One
PHASE 1: ADOPTI ON OF I NTELLI GENT CRU SE CONTROL SYSTEMS

This section presents the evaluation of the safety and traffic
inpacts of a hypothetical 1CCS. The evaluation is preceded by an
overview of the intelligent cruise control technology and a
description of a hypothetical |CCS defined for the eval uation

pur pose.

1.1 COverview of Intelligent Cruise Control Technol ogy

Iccs's could regul ate vehicle speed and headway through
throttle control alone or through both throttle and brake controls.
When in use, the driver of an equi pped vehicle could pre-set any
desired cruise speed. Wen the equipped vehicle "finds" a vehicle
in front within its Iccs's sensing range, its speed, acceleration,
and headway wi |l be automatically adjusted with respect to the |ead
vehi cl e. As soon as the front vehicle noves outside the 1ccs's
sensing range, the equipped vehicle will resume its pre-set speed.

The literature reports a nunber of plausible system concepts
for ICCS's, which can be grouped into three categories according to
their capabilities. The first category includes 1Iccs's that
operate through throttle control only. These systens coul d use
| inear notors that receive instructions frommcroprocessors in the
form of variable-width pulses. Decelerations are achieved by air

friction and engine drag when the throttle is released (Hahn, 1979;



Bel ohoubek, 1982; .and Castle Rock, 1988). A limtation of this
type of ICCS' s is the lack of brake control, and for closing speeds
as low as 5-10 nph, drivers may be required to apply braking
t hensel ves (Castle Rock, 1988). The second category of |CCS s
could incorporate both throttle control and | owg brake control.
The third category of |1CCS s could have throttle control and
relatively high-g brake control. Controllers of ICCS s could
require headway data alone, or data on both headway and speed of
the lead vehicle, as the controller's input. For brevity, ICCSs
that require only the headway data are called "gap-controlled"
Iccs's, while those that require data on both the headway and the

speed of the |ead vehicle are called "gap/speed controlled" ICCS s.

1.1.1 Definition of Hypothetical |CCS

For the evaluation purpose, this study defines a hypothetical
| CCS as follows:

(1) It is vehicle autononmous, requiring no inter-vehicle
communi cation systens.

(i) It regul ates speed and headway through both throttle and
brake controls, which are capable of automatically achieving
maxi mum accel eration and decel eration rates of 0.3g and -o0.3g,
respectively.

(iii) 1t provides warnings to the driver if it estimates that
the driver also has to apply extra evasive actions (including

harder braking) in order to avoid the inpending collision.

10



1.2 1CCS Control Versus Driver Control

For vehicles under driver control (i.e., unequipped vehicles),
driver reaction/response tinme significantly affects how a vehicle
may respond to actions initiated by the vehicle in front. For
exanpl e, 'when the lead vehicle decelerates, the driver of the
following vehicle has to determ ne whether the lead vehicle is
sl owi ng or stopping and then deci de on an appropriate evasive
action. Driver reaction/response tine is the time interval between
the instant that the driver recognizes the change in the speed of
the | ead vehicle and the instant that he/she actually takes action.
Driver reaction/response tine could vary considerably fromdriver
to driver, and could be influenced by a number of factors including
the vehicle separation, driver acuity, driver natural reaction
capability, type and condition of roadway, and surrounding
envi ronment (AASHTO, 1984). Drivers who are alerted to potentia
hazards ahead exhibit a nedian reaction/response tine of 0.7
seconds (AASHTO 1984). However, when hazards are unantici pated,
driver reaction/response tine could increase by as nuch as 1.0
second or nore, so that the mninumdriver reaction/response tine
under nost driving conditions is likely to be closer to 1.5 seconds
(AASHTO, 1984)

For vehicles under 1CCS control, driver reaction/responsetime
is replaced by machine (i.e, electrical and nechanical) response
tine. Mny researchers believe that machine response time for the
hypot hetical 1CCS (the tine interval between the instant that an

Iccs detects potential hazards and the instant that it
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automatically applies control) could be as low as 0.1 second

1.2.1 Nominal Operating Headway for Hypothetical 1CCS

The hypot hetical | CCS could automatically adjust vehicle speed
and headway in accordance with some pre-specified nom nal operating
headway rul e. Nom nal operating headway for the ICCS is the
m ni mum headway to be automatically maintained by the ICCS in
following a vehicle. It is conceivable that 1ccs's to be available
in the future could be designed to allow drivers to select
different nomnal operating headway rules according to the
prevailing driving conditions and driving style. Magni t ude of
nom nal operating headway for the ICCS could have inportant safety
and capacity inplications. On the one hand, very large nom nal
operating headway could ensure that, if the |ead vehicle suddenly
stops, the ICCS would be able to bring the vehicle to a safe stop
On the other hand, |arge nom nal headway invariably reduces traffic
density and highway capacity. Furthernmore, |arge nom nal headway
coul d al so induce undesirable maneuvers by encouraging vehicles in
adj acent lanes to nerge into the |arger gap. This tradeoff
suggests that practical nomnal headway for the I CCS should be just
| arge enough to assure that the I CCS could bring a vehicle to stop
safely in response to a vehicle in front stopping in nornal
driving, but not too large to result in reductions of the highway
capacity.

Nom nal operating headway rules for 1Iccs's have not been

established in the literature. For evaluation purposes, this study
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expresses a nomnal operating headway for the hypothetical |ICCS as
the clear distance between vehicles (or headway gap). These
nom nal operating headway gaps are shown in Table 1, which are
cal cul ated based on the follow ng assunptions:

(a) ' The ICCS is capable of automatically applying
accel eration and deceleration up to o0.3g and -0.3g, respectively.
When the ICCS estinmates that an deceleration rate in excess of
-0.3g is required to stop the vehicle, it wll signal warnings to
the driver to take extra evasive actions.

(b) Machine response tine for the ICCS is 0.1 seconds.

Nom nal operating headway gaps shown in Table 1 inply that:

0 The hypothetical |1CCS should be able to bring the
equi pped vehicle to stop safely when the vehicle in front
decel erates or cones to a stop in normal driving, or as
long as the lead vehicle's deceleration rate is not in
excess of -0.45g, without the driver of the equipped
vehicle having to apply brakes or take other evasive
actions.

0 Under worse-case situations characterized by the | ead
vehi cl e suddenly stopping at a deceleration rate of -0.6g
and the driver of the follow ng vehicle takes no extra
evasive action after the ICCS sounds a warning, a
collision between the two vehicles, if occurs, would
result in a Delta-V value no nore than 15 nmph. Delta-V
of 15 nmph is chosen as the cut-off point because G notty

et al (1980) reported that, for Delta-V of 15 nph or
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Tablel: Nominal Operating Headway for Vehicles
Under ICCS Control

Speed (mph) | Headway Gap* (ft)
30 25
35 30
40 40
45 50
50 60
95 75
60 94
65 124
70 168
75 228

* Clear distance between successive vehicles



less, the probabilities of occupants receiving serious
injuries were less than 20 percent. ©O'Day et al (1985)
showed that less than 0.5 percent of all occupant
fatalities in highway accidents were associated wth
" Delta-V values up to 15 nph. However, if the driver of
the follow ng vehicle could also apply additional or take
extra evasive actions after receiving the warning from
the ICCS, he/she may be able to avoid the pending

col lision.

1.3 Evaluation of Safety Inmpact of Hypothetical 1CCS

The nost direct neasure of traffic safety is the nunber of
traffic accidents. Because there are currently no ICCS's in use on
the road, accident data for |CCS equi pped vehicles do not exist for
the safety evaluation. This study evaluates the potential safety
i npact of the hypothetical |ICCS using a two-forked approach
First, possible changes in the nunber of traffic accidents, as a
result of adopting the hypothetical ICCS, are determned from an
in-depth analysis of police accident reports. Thi s acci dent
analysis ains to determne whether the ICCS (if it had been used)
coul d have intervened and possibly altered the accident outcone for
each accident under exam nation. Second, effects of the
hypothetical |CCS on some traffic operation characteristics
affecting safety (e.g., frequencies of hard acceleration and
decel eration, degree of traffic perturbation in response to sone

upstream di st urbances, speed harnoni zati on anong vehicles, and
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headway characteristics) are eval uated by vehicle sinulation.

The assessnent of changes in traffic accidents as a result of
adopting the hypothetical |CCS is presented bel ow Potenti al
changes in traffic operation characteristics affecting safety as a
result of adopting the hypothetical I CCS are presented in the

subsequent secti on.

1.3.1 Useful ness of Hypothetical ICCS in Reducing Accidents

The use of the hypothetical ICCS could bring about reductions
in traffic accidents in a nunber of ways. For exanple:

(i) Wien the vehicle equipped with the hypothetical |CCS
senses another vehicle in front, the ICCS would automatically and
conti nuously adjust speed and acceleration to assure that the
equi pped vehicle maintain the nom nal headway with respect to the
vehicle in front. In this way, the use of the ICCS could reduce
the incidence of "tail-gate" and "excessive" speed wWith respect to
the prevailing traffic condition, two common contributing factors
to crashes.

(ii) Wth the ICCS activated, driver reaction and response
time would be replaced by nmuch smaller machine response tine. This
could help to reduce the probability of collision because the ICCS

can detect the hazard and apply braking in a fraction of a second.

1.3.2 Accident Analysis Procedure

Potential changes in traffic accidents due to adopting the
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hypot hetical | CCS are assessed by exam ning accident data of the
exi sting vehicle population, and determ ning whether the accident
outconme coul d have been altered by the use of the hypothetical
1ccs, had it been used. Such determination calls for the
construction of a sequence of events that culmnated in the
acci dent from avail abl e accident data. If the ICCS were to be able
to alter the accident outcome, there nust exist at |east one point
of intervention along this sequence of events that would respond to
t he I CCS.

Comput eri zed accident data for California were exam ned, but
were found to |ack details essential for the above anal ysis.
However, hard-copy police accident reports (PARs) were found to be
nore satisfactory in terns of the available detail. This is
because, in addition to information on coded variables typically

found in conputerized accident data, PAR's also have the follow ng

details:

' Every PAR has at |east one detailed accident diagram
prepared by the police officer.

* Every PAR has a sumary of the police's interviews with
the drivers, occupants, and w tnesses concerning the
acci dent and how it happened.

* Every PAR contains a narrative (by the police officer) on

the crash | ocation characteristics; traffic and roadway
conditions; events before, during, and after the crash
driver actions/inaction; and vehicle novenents before

and after the crash.
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* Most PAR's have the police's account of the drivers'
conditions prior to and during the crash
A smal | percent of PAR's have diagrams and dinensions of
vehicle skid marks, as well as the police's own
- cal cul ations of vehicles speeds prior to the crash based
on accident reconstructions.

Therefore, in-depth exam nations of hard-copy PAR's were
perforned in an attenpt to determ ne what proportion of tota
acci dents mght the hypothetical |CCS be applicable as a possible
count erneasure. The case-by-case exam nation of PAR's involves two

tasks as foll ows:

Task 1: For each accident, available information in the PAR is
synt hesi zed to construct a sequence of events and driver actions

that culmnated in the accident.

Task 2: The researchers nake judgnent whether there exists at
| east one point along this sequence of events that the hypothetical
| CCS could have intervened and altered the accident outcome (had
the 1CCS been used). |If so, the hypothetical ICCS is considered to

be a possible counterneasure for that accident.

1.3.3 Sanple Design
The case-by-case exam nation of PAR s is time-consum ng, which
tends to limt the nunmber of cases that can be analyzed in-depth

This in turn influences the size of the accident population
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selected for this study. The selected study population consists of
all accidents occurring on all roadways within four major counties
of California (Los Angeles, Oange, San Diego, and San Francisco
counties), from Septenber through Decenber of  1990. Thi s
popul ation has 18,187 reported accidents that resulted in at |east
visible-injury accidents. O these accidents, 537 were reported
fatal accidents, 2,153 reported severe-injury accidents, and 15, 497
reported visible-injury (i.e., non-severe) accidents. Property-
damage-only (PDO) accidents are excluded because they tend to be
under-reported to a greater extent than injury and fatal accidents.

A probability sanple of this accident population is obtained
through a random selection process stratified by three reported
acci dent severity levels (i.e., fatal accidents, severe-injury
accidents, and visible-injury accidents). These are definitions of
severity levels used by the California H ghway Patrol in reporting
traffic accidents. A stratified random sanple is enployed to
ensure that the selected sanple of accidents would contain
sufficient nunbers of nore-severe accidents.

The sanple size used is 379 accidents, wth the follow ng
breakdown by severity |evels:

* 22.75 percent of fatal accidents for the study's
popul ation (or 118 PAR s)
5.20 percent of "severe-injury" accidents for the study's
popul ation (or 112 PAR s)
0.96 percent of "visible-injury" accidents for the

study's population (or 149 PAR s)
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1.3.4 Assunptions for In-Depth Exam nation of PAR s

The follow ng assunptions are made in determning whether the
hypot heti cal |1 CCS m ght be a possible acci dent counterneasure for
the accidents under investigation. These assunptions, which were
used by prior studies in assessing potential benefits of new
technol ogies (e.g., Htchcock 1991), are necessary because there
are currently no 1ccs's in use on the road and no accident data of
| CCS- equi pped vehicl es.

(a) The hypothetical ICCS will perform as intended.

(b) Changes in driver behavior resulting from adopting the
hypot hetical ICCS, if any, cannot be predicted at this tinme, and
thus are not taken into consideration in the analysis.

(c) New hazards that could occur as a result of failures of
the 1 CCS cannot be predicted at this time, and thus are not taken

into consideration.

1.3.5 Results of In-Depth Exam nation of PAR s

The in-depth exam nation of PAR's reveals that the task of
constructing a sequence of events that culmnated in the accident
(Task 1) is relatively easy for nost accidents, thanks to the
accident diagranms and detailed accident narratives contained in
PAR's. On the other hand, the task of determ ning whether the
hypot hetical 1CCS could have intervened and altered the accident
outcone (Task 2) is nore difficult. This is because PAR's do not

contain key quantitative information such as the follow ng: exact
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vehicl e separation. before collision; exact instant when the
driver(s) perceives the hazard (if at all) and applies braking;
t he magni tude of deceleration; accurate speed information (vehicle
speeds prior to the crash usually come fromthe drivers, occupants,
or witnesses, wth unknown accuracy). In the absence of this
quantitative information, judgnent has to be nade whether there
exi sts at |east one point along the identified sequence of events
that the ICCS could have intervened and altered the accident
out cone. However, the absence of such information makes it
i npossi ble to conpute the probability with which each accident
coul d have been prevented by the hypothetical |CCS

The | ack of the above quantitative information, unfortunately,
is true for all existing accident data prograns in the US. In
light of the above data limtation, together with the above
assunptions (a) through (c), estimates of the nunber of accidents
for which the hypothetical ICCS could be considered a possible
count ermeasure presented bel ow shoul d be viewed as "upper-bound"
estimates.

Table 2 shows the nunmbers of total accident and accidents for
which the 1 CCS could be a possible counternmeasure for the sanple
under investigation, by the accident severity. Table 2 indicates
that the useful ness of the hypothetical |ICCS as a possible accident
count ermeasure coul d vary, depending on the accident severity. The
hypot hetical I1CCS is found to be a possible counterneasure for up
to 5.08 and 4.46 percent of fatal and severe-injury accidents,

respectively; this proportion is 8.05 percent for visible-injury
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Table 2. Numbers of Sampled Total Accidents and

Accidents That May Respond to ICCS

Severity # of Tota # of Rearend # of Accidents
Accidents Accidents That May Respond
to ICCS

Fatal accidents 118 11 6
Severe-injury 112 9 5
accidents

Visible-injury 149 24 12
accidents

Total 379 44 23

Note: The study population consists of a total of
18,187 reported fatal, severe-injury, and

visible-injury accidents.




acci dents.

The nunbers of accidents shown in Table 2 are based on a
stratified random sanple, wth unequal weighting for the three
severity levels. To estimate the percent of accidents for which
t he hypot hetical |1 CCS could be a possible counterneasure for this
popul ation, the nunbers in Table 2 are weighted by appropriate
sanpling factors. The weighted results indicate that the
proportion of all accidents for which the hypothetical | CCS coul d
be a possible counterneasure is up to 7.54 percent.

The accidents for which the hypothetical ICCS is found to be
a possible counternmeasure are primarily rearend collisions. This
paper defines a "rearend"™ collision as a crash involving two or
nore vehicles in transport, in which at |east one of themis struck
from behi nd. Vehicles in transport are those that are being
operated by drivers, which nay be in notion or stopped in traffic
at the time of the accident. Vehicles in transport do not include
parked vehicles, which are usually driver-less and left on the

shoul der or the roadsi de.

1.4 Evaluation of Traffic-operation Characteristics Affecting
Saf ety

The wuse of the hypothetical |1CCS could affect speed,
acceleration, and headway characteristics of equipped vehicles
(relative to unequi pped vehicles) when responding to some actions
of the vehicle in front. The extent of such inpacts could be

affected by the type of input requirement for the I CCS controller
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-- whether the I CCS generates control instructions from headway
i nput data alone (i.e., gap-controlled I1CCS), or frominput data on
both the headway and the speed of the front vehicle (j.e.,
gap/ speed controlled ICCS).
The -evaluation ainms at assessing:
0 Traffic perturbation characteristics of the hypothetica
gap control |l ed and gap/speed controlled Iccs's
0 Effects of the hypothetical I CCS on frequencies of hard
accel erations and decel erations, speed harnonization
anmong vehicles in the traffic stream and vehicl e headway
characteristics
The eval uation is acconplished by nmeans of vehicle sinulation.
Mbdel s for 1CCS-controlled and for driver-controlled vehicles used

in the simulation are described bel ow.

1.4.1 Model for |1CCS-Controlled Vehicles

Figures 1 and 2 are block diagrans for the gap-controlled I CCS
and gap/ speed controlled |ICCS, respectively. For both types of
controllers, the vehicle headway is known and speed of the equipped
vehicle is also known. |n addition, speed of the vehicle in front
is also known for the gap/speed controlled ICCS, but not for the
gap-control l ed | CCS.

An "error" termfor the two types of ICCS at any tine interval

can be expressed as (QOgata, 1970):

eg (t) = G(hyeq) - G (hey) (1.1)
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e,(t) = G(hreq) = G (hgyy) + [V = V] (1.2)
wher e

eq(t) Is error term for gap-controlled |ICCS

e, (t) Is error term for gap/speed controlled |ICCS

G I's speed estinmation function

G (hyeq) Is speed estimated fromthe nom nal operating headway
G (hgy,) is speed estimted from headway measured by the sensor
v, is speed of the lead vehicle

A/ is speed of the follow ng vehicle

Nyeq I's nom nal headway gap

Neur I's headway gap neasured by the sensor

Once the error termis determned, the controller generates

accel eration (or deceleration), a(t), which can be expressed as

t
a(t +b) =kp* e(t) + k; l e(p)dp + kg * dle(t)1/dt (1.3)

where b is the response delay; k,, k;, kg are control gains; and
the second termon the right-hand side of the equation is the
accurmul ated error limt range.

The anmount of control instructions is assuned to change within

ajerk limt of 0.3 g/sec as fol |l ows:

a(t+At) - a(t) < 0.39 (1.4)
At
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Once the acceleration (or deceleration) is conputed, the vehicle

speed and position can be updated, as foll ows:

Vi1 (t+At) = V., (1) + a(t)*At (1.5)
Pp+1 (E+AL) = poyp(t) + [Vae (E+AL) + Vo (€)]/2%AL
= Ppe1(t) + Vorr () YAL + a(t)/2#at? (1.6)
wher e:
Pp+q (£) Is position of the follow ng vehicle
At Is sanmpling time

Sinul ation Mddel for Vehicles Under Driver Control

Speed, acceleration, and headway characteristics for vehicles
under driver control (i.e., vehicles not equipped with the ICCS)
are needed to provide the baseline for assessing changes in traffic
operation characteristics as a result of adopting the hypothetical
1ccs. In high-flow conditions, driver reaction time is known to
affect how a vehicle may respond to actions initiated by the
vehicle in front. Prior studies (e.g. TRB 1975; My 1990) have
reported that vehicles under driver control interacted wth one
another in a manner that could be approximated by the car-follow ng
principle. One functional formof the car-followng principle is

as foll ows:
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4ap

Xn+1(t + T) :Xn(t)_xn+1(t)

[kn(t)’}.{n+1(t)] (1. 7)

wher e

ii(t) is acceleration at time t, in feet per second?
k(t)y is velocity at tinme t, in feet per second

x(t) is the vehicle position at tine t, in feet

ag Is driver sensitivity, in feet per second
T Is driver reaction time, in seconds
n denotes the order of the vehicle position in the traffic

stream for exanple, Vehicle (n+1) is downstream of
Vehicle n.

This study assumes that trajectories of vehicles under driver
control in high-flow conditions could be approxi mated by the above
car-foll owi ng nodel. Some prior studies (e.g., Leutzbach, 1988)
hypot hesi zed that drivers, out of concern for their own safety,
m ght react nmore alertly to headway closing (i.e., when the vehicle
in front decelerates) than to headway | engthening (i.e., when the
vehicle in front accelerates). Unfortunately, no prior study ever
reported nunerical values concerning how different driver reaction
times might be between these two situations. Herman et al (1961)
reported average values of driver reaction time and driver
sensitivity neasured from experinents conducted in Holland Tunnel
and Lincoln Tunnel, one value for each tunnel. These reported

values for the two tunnels differ slightly fromone another. In an
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attenpt to account for possible effects of different driver
reaction tinmes on the car-follow ng behavior between the headway-
closing situation and the headway-| engthening situation, this study
adopts the smaller driver reaction time value reported by Herman et
al for headway closing and the larger driver reaction tine value
for headway |engthening, as foll ows:

* When the vehicle in front decelerates (i.e., the gap is
closing for the followng vehicle), T is assuned to be
1.2 seconds. The correspondi ng ap val ue of 20.3 nph
reported for this reaction time is also adopted.

When the vehicle in front accelerates (i.e., the gap is
| engt hening for the follow ng vehicle), T is assuned to

be 1.4 seconds with a corresponding a, val ue of 18.1 nph.

1.4.3 Simulation Procedure

Vehicle speed, acceleration, and headway profiles can be
estimated fromthe sinmulation for vehicles under |CCS control and
t hose under driver control. The sinulation is perfornmed using a
traffic stream consisting of 10 vehicles. This traffic streamis
assuned to be noving along on a roadway |ane at 40 nph initially.
The lead vehicle then reduces its speed to 30 nph, Wwth a
deceleration rate of -0.15g. After the |ead vehicle reaches 30
mph, it cruises at that speed until the 60th second. It then
increases its speed to 40 nph again, by accelerating at a rate of
0.15g. The speed profile of this lead vehicle is shown in Figure

3. For sinplicity, the sinulation assunes that none of the other
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nine vehicles in the convoy changes |ane during the sinulation
period. Acceleration, speed, and headway profiles for these nine
vehicles can be estimated, and the profiles of the traffic stream
adopting the ICCS can be conpared with those of the traffic stream
w t hout the ICCS

1.5 Simulation Results

1.5.1 Use of Hypothetical ICCS and Traffic Perturbation

As the |ead vehicle changes its speed, 1Iccs's on the other
vehicles in the assunmed | o-vehicle stream woul d automatically
adjust their accelerations and speeds in order to maintain the pre-
speci fied nom nal operating headway. For stability, the |ead
vehicle's deceleration (or acceleration) nust not be anplified by
the downstream vehicles. Qherwise, unsafe driving conditions can
result.

Perturbation characteristics of |CCS equi pped vehicles are
investigated for a case in which all vehicles in the traffic stream
are assuned to be equipped with the ICCS (i.e., 100-percent |CCS
mar ket penetration. This represents the worst-case scenario, if
the use of the hypothetical ICCS could potentially result in
perturbation problens. Initially, when the |lo-vehicle streamis
traveling at 40 nph, successive vehicles are maintaining 55-foot
headway- gaps from one another (i.e., the nom nal headway gap for 40
mph from Table 1). The lead vehicle then reduces its speed from 40

nph to 30 nph and cruises at 30 nph until the 60th second, at which
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tine it starts to accelerate up to 40 nph and cruise at 40 nph
until the end of the sinulation at the 120th second.

Decel eration and acceleration profiles, as well as overshoots,
for the 9 follow ng equi pped vehicles responding to the |ead
vehicle's actions are presented below, separately for gap/speed

controlled and gap controlled 1cecs's.

1.5.1.1 For Gap/ Speed Controlled |CCS

Figure 4 shows a plot of deceleration versus tinme for the
fifth vehicle during the speed-reduction phase (from 40 to 30 nph,
between 0 and 60 seconds). The shape of deceleration-tine plots
for other vehicles are simlar to this profile, in that each
exhibits a peak deceleration, followed imediately by a slight
overshoot, and then a steady state is reached. Table 3 summarizes
peak decel erations and overshoots for all10 |CCS-equipped vehicles
during the speed reduction phase. Vehicle 1 designates the |ead
vehicle, while vehicle 10 designates the last vehicle in the
traffic stream Table 2 indicates that the lead vehicle's
decel eration is quickly danpened by the downstream vehicles, as
evi denced by the decreases in peak decelerations for vehicles 2
t hrough 10. Decel eration overshoots (which are nuch smaller in
magni tude than the peak decelerations) slightly increase for
downstream vehicles up to the 8th vehicle, and then | evel off for
subsequent vehi cl es.

Figure 5 is a plot of acceleration versus tine for Vehicle 5

during the speed-increasing phase (from 30 to 40 nph, between 60
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Table 3:. Peak Decelerations and Overshoots
for Speed-Reduction Phase (Gap/ Speed-Controlled | CCS)

Vehicl e O der . Peak Deceleration | Over shoot
1 -0.15 0
2 -0.15 0.01
3 -0.13 0.02
4 -0.12 0. 03
5 -0.11 0.03
6 -0.11 0.04
7 -0.11 0.04
8 -0.11 0. 05
9 -0.11 0. 05

10 -0.11 0. 05




and 120 seconds). The shape of this plot is also typical for
vehicles 2 through 9, in that it is characterized by a peak
acceleration, followed inmediately by a small overshoot and then
the steady state. Tabl e 4 sunmari zes peak accel erations and
overshoots for all 10 Iccs-equipped vehicles during the speed-
i ncreasi ng phase. The table indicates that the acceleration of the
| ead vehicle is quickly danpened by downstream vehicles
The above results inply that 1Iccs's that generate control

instructions fromdata on both the headway and the speed of the
front vehicle <could achieve danpened perturbation quickly.

Therefore, the use of the hypothetical gap/ speed controlled ICCS is

not expected to result in perturbation problens.

1.5.1.2 For_ cgap-Controlled | CCS

Figure 6 is a deceleration-tine plot for Vehicle 5, during a
speed-reduction phase. The shape of this deceleration profile is
typical for all vehicles in the traffic stream It shows that the
vehicle first undergoes a noderate deceleration rate at the start
of the speed-reduction phase. This is then followed by a | arge
overshoot, after which the deceleration/acceleration oscillate for
a relatively long time before the steady state is reached.
Conparison of Figure 6 with Figure 4 reveals that vehicles equi pped
with the gap-controlled 1ccs could exhibit accel eration
oscillations of the magnitude and duration not observed for
vehi cl es equi pped with the gap/speed controlled I CCS. Table 5

summari zes peak decelerations and overshoots for all 10 vehicles
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Table 4. -peak Accel erations and Overshoots for
Speed- I ncreasi ng Phase (Gap/ Speed- Control | CCS)

Vehicle O der Peak Accel eration Over shoot
1 0.15 0
2 0.15 -0.01
3 0.13 -0.02
4 0.12 -0. 03
5 0.11 -0.03
6 0.11 -0. 04
7 0.11 -0. 04
8 0.11 -0. 05
9 0.11 -0.05
10 0.11 -0.05
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Figure 6: Deceleration Profile of Vehicle 5 Equipped Wth Gap
Controlled I CCS
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Table s: Peak Decelerations and Overshoots
for Speed-Reduction Phase (Gap-Controlled |CCS)

Vehi cl e Order Peak Decel eration Over shoot (Q)
1 -0.15 0
"2 -0.17 0.06

3 -0.18 0.12
4 -0.21 0. 20
5 -0. 24 0.29
6 -0.62% *

7 ** * %
8 * % * %
e} * % * %
10 x * %

* Deceleration rate is very high, a potential hazard

**Simulation 1s termnated



equi pped with the gap-controlled I CCS during the speed reduction
phase. The table indicates that the |ead vehicle's deceleration
could be significantly anplified by the downstream vehicles
Figure 7 shows an acceleration-tine plot for Vehicle 5 during the
speed-increasing phase. The shape of this acceleration profile is
typical for all vehicles in the traffic stream during the speed-
I ncrease phase. As in the speed-reduction phase, acceleration
oscillation could be quite pronounced in both the magnitude and the
duration. Table 6 summarizes peak accel erations and overshoots for
all 10 vehicles equipped with the gap-controlled ICCS during the
speed-i ncreasi ng phase. As wth the speed-reduction phase, the
| ead vehicle's acceleration could be significantly anplified for
the downstream vehicl es.

The above results suggest that the use of the ICCS that
generates control instructions from the headway input data al one
requires further research and evaluations. Prelimnary sinulation
results suggest that there may be perturbation problenms associated

with the use of this type of ICCS

1.5.2 Inpact of Hypothetical 1CCS on Frequencies of Hard
Accel erations and Decel erations
Possi bl e changes in acceleration characteristics of individual
vehicles in the traffic stream adopting the hypothetical |1CCS are
investigated. The sinulation uses the sane |o-vehicle convoy. The
simulation results for the traffic stream adopting |o-percent |CCS

mar ket penetration are conpared wth those for the traffic stream
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Tabl e 6: Peak Accel erations and Overshoots for
Speed- I ncreasi ng Phase (Gap-Control | CCS)

Vehicle O der Peak Am%e;eration CNers?%%% (9)
g
1 0.15 0
2 0.17 -0.06
3 0.18 -0.12
4 0.21 -0.20
5 0.24 -0.29
6 R %
7 * *
8 * *
9 * *
10 * *

* Sinulation is termnated due to potential hazard during the
speed-reduction phase (see Table 5)



without the ICCS (i.e., the existing traffic). For | o-percent
mar ket penetration, Vehicle 5 is assumed to be equipped, while the
other 9 vehicles are not. Initial headway gaps anong the 10
vehicles for the |o-percent market penetration are shown in Figure
8. Acceleration profiles for individual vehicles, in response to
the | ead vehicle changing its speed (first reducing from40 to 30
mph, and then increasing to 40 nph), were estimated.
Figures 9 shows three acceleration-time plots for Vehicle 5,
representing the follow ng three cases:
* Traffic I: existing traffic in which the ICCS is not
used on any of the vehicles in the convoy.
* Traffic Il: lo-percent |1 CCS narket penetration, in which
Vehicle 5 is equipped wth the gap/speed controlled ICCS
* Traffic I11: | o-percent |1 CCS market penetration, in

which Vehicle 5 is equipped with the gap-controlled ICCS

Figure 9 shows that Vehicle 5 under Traffic Il and 1|1
exhi bits less deceleration oscillation and snaller peak
decel erations than Vehicle 5 under Traffic |, during the speed

reduction phase. That is, the peak deceleration of Vehicle 5 under

Traffic Il is only about 0.45 times that of Vehicle 5 under Traffic
I; the peak deceleration of Vehicle 5 under Traffic Ill is about
0.75 that of Vehicle 5 under Traffic |I. These results inply that,

relative to the existing traffic, the hypothetical 1CCS could help
to reduce frequencies of hard decelerations for equi pped vehicles,
when responding to stopping traffic ahead. During the speed-

i ncrease phase, differences in peak accelerations of Vehicle 5
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anong Traffic I, Il, and Ill are small

1.5.3 Inpact of Hypothetical |ICCS on Speed Harnonization

The simul ation uses the sane | o-vehicle convoy. The convoy
adopting "10-percent | CCS market penetration is conpared with the
convoy w thout the | CCS. Initial headway gaps for the convoy

adopting | o-percent |ICCS market penetration are as previously shown

in Figure 8. Figure 10 shows three speed-tine plots for Vehicle
5, for Traffic I, Il, and IIl. Under Traffic I, Vehicle 5 is not
equi pped with the | CCS; for Traffic Il and IIl, Vehicle 5 is

equi pped with the gap/speed controlled and gap-controlled ICCS
respectively. Exam nation of Figure 10 indicates that:

* Rel ative to the existing traffic situation, the gap/speed
controlled ICCS could help the equipped vehicle to
converge to the desired steady-state speed quickly with
little speed fluctuation.

The gap-controlled | CCS does not appear to reduce speed
fluctuation of the equipped vehicle, relative to
unequi pped vehicles under the existing traffic.

Figure 11 shows four plots of the nmean speed (anong the 10
vehicles in the convoy) versus tine, for four |evels of narket
penetration of the gap/speed controlled | CCS (10, 20, 40, and 100
percent). The figure indicates that as the market penetration of
the gap/speed controlled ICCS increases, this entire convoy could

converge to the desired steady-state speed nore quickly and with

| ess speed fluctuation. Therefore, a higher usage rate of the
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gap/ speed controlled ICCS could result in a higher degree of speed
har noni zation anong all vehicles in the traffic stream

Figure 12 shows four plots of the standard deviation of speeds
(anong the 10 vehicles) versus tine, for the four |evels of nmarket
penetration for the gap/speed controlled I CCS. This figure
indicates that the standard deviation of speeds decreases as the
mar ket penetration increases. This | ends support to the above
finding that as nore and nore vehicles are equipped with the
gap/ speed controlled | CCS, speed harnonization for all vehicles in

the traffic stream could be further enhanced.

1.5.4 Inpact of Hypothetical |ICCS on Headway Characteristics
Sinmulation results for the convoy adopting |o-percent ICCS
mar ket penetration are conpared wth those for the convoy w thout
the ICCS. Figure 13 shows three plots of headway-gap versus tine
for Vehicle 5, under Traffic I, Il, and IIl. Under Traffic I (the
existing traffic), Vehicle 5 responds to the lead vehicle's speed-
reduction by immediately exhibiting sone oscillation in the
headway-gap size, which becones as |low as 18 feet (or |ess than
0.75 seconds in equival ent tine-headway for 30 nph). After this
initial oscillation which [asts for about 10 seconds, the headway-
gap reaches a stable value of 20 feet (or about 0.8 seconds in
equi val ent time-headway for 30 nph). From the traffic safety
perspective, both 18-foot and 20-foot headway gaps nmay be deened
"less safe" for vehicles under driver control for sone drivers.

When the | ead vehicle speeds up to 40 nph, this Vehicle 5 achieves
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headway- gap of 47 feet (or about 1.1 second in equival ent time-
headway for 40 nph).

Vehicle 5 under Traffic Il (equipped with the gap/speed
controlled ICCS) responds to the | ead vehicle's speed-reduction
phase by' quickly converging to headway-gap of 26 feet (i.e., the
nom nal headway-gap), wth little fluctuation in the gap size.
This Vehicle 5 behaves simlarly in responding to the |lead vehicle
speeding up to 40 nph. Under Traffic Il1l, Vehicle 5 (equipped wth
the gap-controlled I CCS) exhibits sone initial fluctuation in the
headway-gap size, in response to the |ead vehicle' speed changes.
For exanple, it takes Vehicle 5 about 40 seconds to finally reach
t he steady-state nom nal headway; and for about 4-5 seconds
initially, this vehicle could undergo headway smaller than the
nom nal headway.

The above results inply that:

* The gap/speed controlled I CCS could help equipped
vehicles to converge quickly to the nom nal headway, in
response to the lead vehicle's speed changes, with little
fluctuation in the headway-gap size. This in turn could
help to reduce the occurrence of small "less safe"
headway (or "tail-gate"), and to enhance traffic safety.
* The gap-controlled | CCS appears to exhibit some initial

fluctuation in the headway-gap size, in responding to the

| ead vehicle's speed changes. Therefore, the use of the
gap-controlled ICCS in the highway environnent requires

further research and eval uation
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1.6 Inpact of Hypothetical |1CCS on H ghway Capacity

At | east one prior study (Broqua et al, 1991) attenpted to
investigate the inpact of Iccs's on the highway capacity, using
m croscopic vehicle sinulation. Broqua et al assessed changes in
the capacity of two-lane freeways, by exam ning four scenarios nade
up of two levels of ICCS market penetration (20 and 40 percent) and
two | CCS nom nal headway rules (time-headway of 1 and 2 seconds).
Fromtheir sinmulation results, Broqua et al reported that the
capacity inpact of Iccs's depended on both the |CCS narket
penetration and nom nal headway rule, as follows:

* For 1Iccs's using the |-second nom nal headway rule, the
flow rate could increase with a higher |ICCS usage rate.
Specifically, 6-percent and 13-percent increases in the
flowrate, relative to the existing traffic situation
were reported for the market penetration of 20 and 40
percent, respectively.

For 1ccs's using the 2-second nom nal headway rule, |ower
flowrates could result. Specifically, 3-percent and 6-
percent decreases in the flow rate were reported for the
1ccs market penetration of 20 and 40 percent,

respectively.

The nom nal headway gaps for the hypothetical 1CCS (in feet)
of Table 1 can be converted into equivalent tinme-headway (in
seconds). Wen this is done assunming that the vehicle length is 15
feet, it is found that nomnal tinme-headway for the hypothetica

| CCS ranges from0.9 to 1.1 seconds for speeds between 30 and 55
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mph. At 70 nph, the nomnal time-headway is about 1.8 seconds. By
interpolating the findings reported by Broqua et al, one can infer
that the use of the hypothetical |1CCS could result in sone increase
inthe flowrate for speeds up to 55 nph. The nagnitude of this

I ncrease ‘depends on the | CCS market penetration

1.7 Summary of Chapter One

Iccs's are capable of regulating vehicle speed, acceleration,
and headway, w thout taking over driving tasks fromthe drivers.
Evi dence indicates that 1ccs's could becone available for use on
the road in the foreseeable future. Appeal s of 1Iccs's include:
the ease of adoption; usage flexibility (voluntary adoption, and
drivers can choose to turn the device on/off); and relatively
| ess-conplicated legal and liability inplications because Iccs's
are extensions of the existing cruise control device. In addition
the use of 1ccs's would allow drivers to becone famliar with using
driver-assisted devices, an initial step toward studying driver
acceptance of nore-advanced |ongitudinal control systens.

This study attenpts to evaluate potential inpacts of a
hypot hetical I CCS on traffic accidents and sonme traffic-operation
characteristics affecting safety. In this regard, relative
performance between the I CCS controller that requires input data on
both the headway and speed of the front vehicle (i.e., gap/speed
controlled I1CCS) and the I CCS controller that requires only input
data on the headway (i.e., gap-controlled ICCS) is also eval uated.

The hypothetical 1CCS is capable of regulating vehicle speed
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and headway through both throttle and brake controls. It can
achi eve maxi mum accel eration and deceleration rates of 0.3g and
-0.3g, respectively. In addition, it can also provide warnings to
the driver when it estimates that the driver has to also apply
extra evasive actions in order to avoid the inpending collision.
A nom nal headway rule for this hypothetical ICCSis shown in Table
1. Principal findings from the evaluation include:

1. The hypothetical ICCS could be useful as a counternmeasure
for up to 7.54 percent of all accidents that result in fatalities
or injuries. It is particularly effective as a counterneasure for
rearend Crashes.

2. Prelimnary results fromthe sinmulation of a |o-vehicle
convoy indicate that the use of the hypothetical |ICCS that requires
data on both the headway and the speed of the vehicle in front as
the control input (i.e., gap/speed controlled ICCS) is not expected
to result in traffic perturbation problens.

3. Prelimnary results fromthe sinmulation of the l[o-vehicle
convoy indicate that the hypothetical gap/speed controlled ICCS
coul d reduce frequencies of hard accelerations and decel erations
for equi pped vehicles, enhance speed harnonizati on among vehicl es,
and enabl e equi pped vehicles to achi eve "safe" headway quickly, in
response to the | ead vehicle changing its speed. H gher usage rate
of this hypothetical ICCS is found to result in greater benefits.

4. Based on a synthesis of the literature, it is expected
that the use of the hypothetical ICCS defined in this study coul d

result in sone increase in the flow rate, for average hi ghway
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speeds of up to 55 nph. The extent of this increase depends on the
| CCS market penetration.

The above results are based on two inplicit assunptions: (i)
the use of the hypothetical |1CCS does not result in changes in
driver behavior; and (ii) drivers are able to share tasks with the
| CCS as i ntended. Research is clearly needed to verify such
assunptions, and to advance the understanding of the feasibility of
| arge-scal e use of 1ccs's. Future research should include the
foll ow ng:

* Research is needed to assess the ability of drivers to
share tasks wth 1Iccs's in normal and energency
situations, as well as inplications of such task-sharing.
Research is needed to determne effects of the transfer
bet ween automated headway control and manual headway
control on drivers.

Research is needed to identify and address potentia
| egal andliability issues/inplications concerning large-

scal e use of Iccs's.
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Chapter Two
Section One

PHASE 2A: EARLY DEPLOYMENT OF LONG TUDI NAL CONTRCOL SYSTEMS W TH
PLATOONI NG OPERATI ON | N TRANSI TWAYS (| NDI VI DUAL- VEHI CLE DI SPATCH)

This chapter assesses potential capacity benefit of, and
special infrastructure requirements for, deploying I|ongitudina
control systenms with close-formation platooning in one-I|ane
transitways. This chapter consists of three sections. Section One
focuses on the evaluation of a hypothetical system for Phase 2A
The eval uation of a hypothetical systemfor Phase 2B is presented
in the next section. The final section presents the assessnent of
net capacity benefit adjusted for the right-of-way requirement for

the systens of Phase 2A and Phase 2B

2.1 Overview of Longitudinal Control Systens

Vehicl e longitudinal control systens require neasurenments on
both vehicle headway and cl osing/opening rates as input to generate
control instructions for automatic throttle and braking controls.
Shock-wave danpening could be achieved by means of inter-vehicle
conmuni cation systens, which enable trailing vehicles to start and
stop at essentially the sane tinme as |eading vehicles. In this
way, longitudinal control systenms could allow vehicles to operate
in close-formation platoons. Met hods for achieving |ongitudinal
control have been explored by many prior studies. Fenton et al.

(1981) devel oped and tested a |ongitudinal control system using

39



1965 Plynouth passenger vehicles. Communications between vehicl es,
as well as between vehicle and a wayside conputer, were
acconpl i shed by using "off-the-shelf" conmmerci al products. The
vehicle controller used was Intel 8085A based m cro-conputer.
Tests were conducted at maxi num vehicle speed of 86.4 km per hour
(55 nph). Cbserved velocity errors were reported to be within

+ 0.06 meters per second, while the maxi num position error was 1.0
met er.

There is considerable research on vehicle |ongitudinal control
systens at the California' s PATH program  The follow ng studies
are some of such research efforts. Hauksdottir (1985) designed a
controller for operating speeds up to 108 km per hour (70 nph)
using a 1969 nodel Plynouth sedan, and reported that position
errors were 0.63 nmeters for on-ranp maneuvers and 0.15 neters for
mai nl i ne maneuvers. McMahan et al. (1990) devel oped a controller
using a vehicle nonlinear nodel that incorporated vehicle
aerodynam c resistance and tire-road friction. The sinulation of
t wo- vehi cl e platoons yielded position errors up to 4.5 cm(wth
respect to 1 meter spacing) for speed of 88 kmh (55 nph). Tests
under varying operating conditions indicated that inter-vehicular
spacing of 1 meter could be maintained with position errors no nore
than 4.7 cmat 55 nph. Frank et al. (1989) perforned sinulations
of 15-vehicle platoons using a linear vehicle nodel. Vel ocity
errors of less than 4 percent for speeds up to 30 meters per second
(or 67 nph) were reported. Shei khol esl am et al (1990) perforned

simul ation of platoons consisting of 4, 11, and 16 identi cal
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vehi cl es. The sinulation results indicated that deviations from
t he vehicles' pre-assigned position were less than 0.22 m (0. 67
feet). The authors reported that, by choosing appropriate
control ler coefficients, deviations in vehicle spacing fromtheir
st eady-state values were not magnified fromthe front to the end of
the platoon. Sheikholeslamet al (1991) devel oped control |aws for
| ongi tudinal control in the event of |oss of communication between
vehi cl es. For 15-vehicle platoons, a maximum vehicle position
error less than 0.08 neters (for nom nal spacing of 1 neter) was
reported, suggesting that the controller is likely to be robust in
the event of failures of the communication systens within platoons.

At the present tine, on-the-road tests of two-vehicle platoons are
being conducted at PATH, using a non-linear sliding node
controller. These tests are ained at validating results from

si mul ati on studies.

Components of Longitudinal Control Systens
Maj or conponents of |ongitudinal control systens include the
fol | ow ng:

o Sensins systens: Vehi cl e sensors neasure the status of

current and preceding vehicles -- headway, speeds, accelerations

and steering angles. Onboard transmtters transmt signals to the
precedi ng vehicles. Headway can be determ ned by neasuring the
tine it takes for signals to travel fromthe transmtter to the
receiver. Vehicle speeds, accelerations, and steering angles can

be nmeasured by speedoneters, acceleroneters, and turn angle
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sensors. Antenna - servo NMechani sm can be used to regul ate the
antenna direction toward the object. These sensors are all
commercially available. Sensors for neasuring headway and closing
rates could use radar or |aser signals. Prior studies (e.g.,
Pollard, " 1988; and Stein, 1989) reported that perfornance of
existing radar systems needed to be inproved for highway
depl oyments. Tests of |aser systens have not been wi dely reported.

o Data Processing Unit: | nformati on detected by vehicle

sensors, as well as that transmtted from other vehicles, is
directed into the onboard data processing unit. This unit
processes the information, and then generates instructions to the
braki ng system and/or propul sion system (throttle). Anot her
I nportant conponent of the data processing unit is the controller
unit, which is enbedded within the logic of the data processor.
Sliding node controllers using a non-linear vehicle nodel is being
I nvestigated at PATH (Chang et al, 1992).

0 Actuat ors: Vehicle actuators include braking and
accel eration control units, operated by electro-mechanical servo
mechani sns. Stopping and decelerations are acconplished by the
brake servo system applying brake pressure to the wheels. Vehicle
accelerations are achieved by opening the throttle and the
propul sion servo mechani sm suppl ying nore fuel. Experi ments and
tests conducted at PATH to date have used commercially avail able
actuat ors.

o Communication systens: Communi cation systens transmt

i nformati on between vehicles, as well as between waysi de and
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vehicles. Utrasonic, optical (infra-red), and various radio |inks
are anmong possi bl e conmunication technol ogies reported in the
literature. Ongoi ng research on conmuni cati on systens at PATH
includes the feasibility assessment of conmmunication systens using
radar signals to transmt information between vehicles (Chang et
al, 1992), and the devel opnent of detailed comunication |ayers for
| ongi tudi nal control systems (Hsu et al, 1991).

In addition to the above-nenti oned devices, the inplenentation
of longitudinal control systens is likely to also require the
integration of vehicle lateral control systenms (Sanders et al,
1967, Carson et al, 1978; Fenton, 1970; Parsons et al, 1988,
Zhang et al 1988; Peng et al, 1990; Peng et al 1991), to perform
vehicle steering and for safety reasons. Considerable research in
| ateral control systenms has al so been on going at the California's

PATH program

2.2 FEarly Deployment in Transitways

In Phase 2a, longitudinal control systems with close-formtion
pl at ooni ng coul d be denonstrated in one-lane transitways, which
usual |y have controlled access and egress (in the form of at-grade
slip ranps or special grade-separated ranps). Al vehicles are
required to be properly equipped to enable themto engage in close-
formation platooning operation while traveling in the transitway.
For close-formation platooning, vehicles within any one platoon
woul d maintain very small wthin-platoon headway. A gap of about

3 feet has been suggested by Shladover (1978 and 1991), with a
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rational e that thissmallwthin-platoon headway would m nimze the
seriousness of collisions anmong vehicles within platoon in case of
system failures. Headway between successive platoons, on the other
hand, would be |arge enough to prevent collisions anong different
pl atoons'in case of systemfailures. Vehi cl es woul d engage in
cl ose-formation platooning operation only while traveling within
the transitway. Before leaving the transitway, vehicles within
platoons will separate from one another, and automatic control wl|
be shifted to driver control

Transitways are selected for denonstrating |ongitudina
control systems with close-formation platooning for the follow ng
reasons:

(a) Longi tudinal control systens wth close-formation
pl atooning require all vehicles to be properly equipped with
devices that are in a good working order. The permanent barriers
and controlled access of transitways make it relatively easy to set
up facilities to screen vehicles and check the operating status of
the equi pment before they are allowed to enter the transitways. In
this way, unqualified vehicles can be prevented from inadvertently
entering the transitway.

(b) The access control of transitways assures that any system
m shaps would be contained within the transitway, and not affect
vehicles in the mainline.

(c) Prior to inplenenting the new system it my be
necessary to conduct extensive systemtesting on the facility. It

Is relatively easy to close transitways for testing during off-peak
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periods w thout causing serious traffic disruption.

2.3 System Concept for Phase 2A
For the evaluation purpose, this study defines a hypothetical
system concept for Phase 2a, for early deploynent in one-|ane

transitways. The transitway can be divided into four contiguous

sections (Figure 14): access ranps (complete with vehicle check
stations at the beginning of the access ranps); transition or
merge section; main section (or the transitway proper); and

egress section.

Al vehicles wishing to use the transitway nmust pass through
vehicl e check stations. The check routines (which could include
both static and dynamc tests) could verify the operating status of
conponents such as the sensing systens, conmunication systens, data
processing unit and onboard conputing nechani sns, and braking and
propul si on actuators. Al'l devices are to be activated before
vehicles go through the check stations. Vehi cl es that pass the
i nspection will proceed along the access ranp toward the nerge
section. Those failing the inspection will be guided out of the
transitway. Research is needed to configure automated vehicle
check facilities. At this time, it suffices to assune that
vehi cl es coul d probably pass through check stations at a relatively
| ow speed (possibly about 25 nph).

After leaving the check station, successive vehicles (that are
of the sane vehicle type) on each access ranp could forma close-

formation platoon right away, before they reach the merge section
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For safety reasons, it may be desirable in early deploynent of
cl ose-formation platooning not to allow successive vehicles that
are of different vehicle types to forma close-formation platoon
with one another. This is because within any one platoon, vehicles
could collide with one another in case of systemfailures, due to
the very small wthin-platoon gap. Shl adover (1978) showed t hat
col lision speeds association with collisions of vehicles wthin a
pl atoon would be quite | ow due to the very small within-platoon
gap. Nevert hel ess, collisions involving vehicles of vastly
different dinmensions could |lead to undesirable secondary crash
events (e.g., underrides, overrides, bunper bars of the |arger
vehicles striking w ndscreens of the snmaller vehicles, etc). Such
secondary crash events by thenselves could result in injuries to
vehicle occupants, regardless of the crash speed involved
Therefore, different vehicle types would form their own platoons
and maintain at |east the nomnal inter-platoon gap from successive
pl at oons.

Pl at oons and individual vehicles fromthe two access ranps
will nmerge as they are about to enter the main section of the
transitway. This nerging will take place in the nerge section
There are a nunber of nerging possibilities, depending on the
arrivals at the merge area, as foll ows:

* Two platoons fromthe two access ranps that are of the
same vehicle type could nmerge into one |arger platoon
* An individual vehicle fromone ranp could join a platoon

that has the sanme vehicle type fromthe other ranmp
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* | ndi vi dual vehicles that are of the sane vehicle type
fromthe two ranps could form a platoon

No platoon is formed because individual vehicles fromthe
two ranps are of different types.

The 'nerging rule is diagrammtically shown in Figure 15. The

merge section can be 600-800 feet [ ong.

2.3.1 Nominal Inter-Platoon Gap

Safety is critical in close-fornmation platooning operation,
both in normal operation and in case of vehicle or systemfailures.
The gap maintained by successive platoons (i.e., the clear distance
separating successive platoons) could influence the probability of
col lisions between different platoons in case of systemfailures,
and, therefore, is an inportant system specification. |In case of
system failures, collisions between platoons (if occur) could have
potentially catastrophic consequences, because they could involve
a large number of vehicles crashing into one another at relatively
high collision speeds. Shladover (1978) reasoned that collisions
bet ween pl atoons shoul d be prevented, by specifying nom nal inter-
pl at oon gaps for close-formation platooning that are |arge enough
to enable trailing platoons to cone to a safe stop should the |ead
pl atoon suddenly fail or abruptly stop. Nominal inter-platoon gaps
adopted for the hypothetical system of Phase 2A are shown in Table
7. Met hodol ogy for conputing these nom nal inter-platoon gaps is
presented in Appendix A Table 7 is based on the follow ng

assunptions:
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Figure 15

First Come/First Merge Rule

()

A B Maneuver
car car Form one platoon
car van Accel A
car ~ bus Accel A
van van Form one platoon
van car Decel B
van bus Accel A
bus bus Form one platoon
bus car Decel B
bus van Decel B




Table 7: . Nomnal Inter-Platoon Gap Requirenent
for Platooning Operation

Speed (nph) Nom nal Inter-Platoon Gap* (ft)
25 64
30 88
35 118
40 152
45 190
50 232
55 278
60 328
65 382
70 440

* Val ues assune: vehicle fails at -1.2 g¢g's; follow ng platoons
decelerate at -0.3 g's; and el ectrical/mechanical delay for
| ongi tudi nal control systens is 0.3 seconds.



* In case of systemfailures, the failed platoon is assuned
to decelerate at a rate up to -1.2 g, a very high
decel eration rate. Such a rate is not observed even
during energency panic braking, and may represent an

unusual incident (e.g., the engine or extrenely heavy
objects falling off a vehicle).

* Trailing platoons are assunmed to respond to the failed

pl atoon with deceleration rates of up to 0.3 g, a

confortable deceleration rate for nost drivers.

El ectroni c/ mechanical delay tine of |ongitudinal control

systenms is assuned to be 0.3 seconds. This value is

consi dered conservative for advanced vehicle contro

systens, in which a target value closer to 0.1 seconds
has been typically reported. Neverthel ess, this study
intentionally airs on the conservative side by adopting

a value of 0.3 second for the analysis of Phase-2

systens. This is because the safety of close-formation

platoons is very critical.

2.4 Estimation of Flow Rate due to Adopting Phase-PA System
The flow rate within one-lane transitways, as a result of
depl oying close-formation platooning, is estimated by sinulation.

The followng is the data input for the sinulation

Transitway Traffic M x

The simulation assunes that cars, 1bv's, and buses are users
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of the transitway: The sinulation is performed for the traffic
conprised of a fixed hourly volune of buses of 45 buses per hour,

and the ratio of cars to ov's of 8.5 : 1.5.

Speed and Acceleration Capabilities of Transitway Vehicles
Accel eration capabilities of cars, LDV's, and buses assuned

for the flowrate analysis are shown in Table 8.

Transitway Travel Speed
A range of transitway travel speeds are sinmulated. They range

from35 to 65 nph, with an increment of 5 nph.

2.4.1 Simulation Procedure

The sinmulation involves the follow ng steps:

1.  For each level of the hourly transitway demand (i.e., the
nunber of vehicles per hours arriving at the transitway), vehicle
arrival intervals at a check station are randomy generated from
Shifted Negative Exponential Distribution that has the m nimum
headway of 0.6 seconds.

2. After passing through the check stations, vehicles follow
the maneuvers as described in Section 2.3. Status of all vehicles
I's updated every 0.1 seconds.

3. The simulation is conducted for 60 mnutes, after which
the traffic density (the nunber of vehicles per mle of the
transitway) is calcul ated. Flow rate is then calculated as the

product between the traffic density and the transitway speed.
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Table 8

Accel eration Capabilities of Cars, LDV's, Buses

Vehicle Type

Tine to Accelerate From Zero
to 60 nph (seconds)

Cars
IDV's
Buses

9.0
18.0
40. 0




4. Steps 1 through 3 are then repeated for a higher |evel of
transitway demand, until no higher flowrate in the transitway is

achi eved.

2.5 s8simulation Results

The estimated flow rate in one-lane transitways as a result of
depl oying the hypothetical PpPhase-2a systemis shown in Table 9, by
the transitway speed. The table indicates that the estimted flow
rate is sensitive to the transitway speed. For exanple, a flow
rate of 3,850 vehicles per hour (vph) is possible at a speed of 35
mph.  The estimated flow rate then decreases by an average of 11
percent for every 10 nph increase in the transitway speed. At 55
mph, the estimated flow rate is found to be 3,090 vehicles per
hour .

Field data collected for existing one-lane transitways
general ly indicate that practical capacity of one-lane transitways
is about 1,500 vehicle per hour; and that at 55 nph, the observed
flowrate is about 1,200 vph. Therefore, the results of Table 9
suggests that the flow rate in one-lane transitways at 55 nph, due
to the deploynent of the hypothetical Phase-2a system could be 2.6
times the currently observed flow rate. Flow rates at 55 nph or
hi gher speeds are of interest for transitway operation, because
transitways are ained to enabl e high-occupant vehicles to travel at
speeds higher than that prevailed on the freeway mainline during
congesti on.

The estimated flow rate for the Phase-2A systemis sensitive
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Tabl e 9: Esti mated Flow Rate for Phase=2A System

Speed Fl ow Rate (vph)
(mph)

35 3850

45 3520

55 3090

65 2710




to variation in the traffic mx (i.e., relative proportions of
buses, cars, and LDv's). The sinulation results reveal that,
relative to the above-nentioned traffic mx, nore-diverse traffic
m xes (i.e., nore buses and LDV's but fewer cars, such as 90 buses
per hour'with the ratio of cars to Lpv's of 7.0 : 3.0) could yield
| ower estimated flow rates. On the other hand, |ess-diverse
traffic mxes (i.e., fewer buses and LDvV's but nore cars, such as
30 buses per hour and the ratio of cars to Lpv's of 9.0 : 1.0)
could yield higher estimated flow rates. This sensitivity of the
estimated flow rate to variation in the traffic mx is attributable
to the fact that the less diverse traffic generally yields higher
average platoon size, which in turn leads to a higher traffic
density (because less road space is taken up by large inter-platoon

gaps) . This results in a higher flow rate.

Not e:

In the deploynment of the hypothetical Phase-2A system the
requi rement prohibiting the three different vehicle types from
formng the sane platoon wth one another results in a smaller
average platoon size than if cars and LDV's are allowed to formthe
same platoon. Oher things being equal, smaller average platoon
sizes yield |l ower flow rates. |f cars and 1DV's were allowed to
formthe sane platoon, the estimated flow rate for one-Ilane
transitways, due to the deploynent of Phase-2A system could be
substantially higher than the flow rate shown in Table 9. Because

t he transitway's traffic is nade up al nost entirely of cars and
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Lbv's, allowing cars and Lbv's to formthe same platoon coul d
result in the platoon size beconming indefinitely large. Therefore,

if cars and LDV's were allowed in the same platoon, a limt on the
maxi mum al | owabl e pl atoon size would have to be specified. Then,

the estimated flow rate woul d depend on this nmaxi num al |l owabl e
pl atoon size. For exanple, the platoon size of 12 vehicles could
result in the estimated flow rate within one-lane transitways of
about 5,000 vehicles per hour (at 55 nph), and even hi gher fl ow

rates for the platoon size greater than 12 vehicles per platoon

2.6 Ceonetric Requirenents for Egress Section

The egress section is |located at the end of the main section
(see Figure 14). It enables close-formation platoons to get ready
to leave the transitway. Wthin this egress section, vehicles in
pl atoons will separate from one another, and the automated control
will be shifted to driver control. The egress section for one-|ane
transitways can consist of nore than one channel. The length and

t he nunmber of egress channels required are determ ned bel ow.

2.6.1 Platoon D sengagenent Rules

At the end of the main section, each platoon could be guided
into an egress channel, possibly by reference markers enbedded in
t he pavenent. Once inside the egress channel, vehicles within
pl at oons woul d start breaking away from one anot her. There are
numer ous possi bl e strategies for platoon di sengagement. This study

initially considered three strategies, as follows:

52



0 Rear-to-Front D sengagenent: This rule involves the |ast

vehicle of the platoon starts breaking off first by decreasing its
speed, as soon as it enters the egress channel. Then, the

di sengagenent proceeds toward the front of the platoon

o Front-to-Rear Disensagenent: Thi s pl atoon di sengagenent

starts with the frontnost vehicle of a platoon breaking away first
by increasing its speed, as soon as it enters the egress channel

Then the process proceeds toward the rear of the platoon

o Front/Rear Di sensasenent: This involves vehicles at both

ends of the platoon sinultaneously breaking away from the platoon.

As soon as the first vehicle enters the egress channel, it wll
start to accelerate to initiate the platoon break-off. Then the
second vehicle will do |ikew se, and so on. In the meantinme, as
soon as the last vehicle enters the egress channel, it wll
decelerate to start breaking away from the platoon. Then the

second to the last vehicle will do likewi se, and so on. Therefore,
t he pl atoon di sengagenent proceeds from both ends toward the mddl e
of the platoon.

O the above three disengagenent rules, the Front/Rear
Di sengagenment rule is the nmost efficient, in terms of the tine and
distance it takes for platoons to conplete the disengagenent.
Therefore, only this rule is used for the determ nation of the
| ength and the nunmber of the egress channels. The other two rules

are excluded from further consideration. Further detail of the
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pl at oon di sengagenent rule is described bel ow

Let the transitway speed be denoted by wvg:

1. As soon as the frontnost vehicle (Vehicle Xl) enters the
egress channel, it starts to accelerate away fromthe platoon unti
it achieves a certain time-headway, h,, fromthe next vehicle. hg
Is the desired time-headway (in seconds) under driver control. At
this time, speed of Vehicle x1 will be v, (v; > vp). Vehicle x1
will maintain this headway, h,, until the shift from automated
control to driver control is conplete.

2. As soon as the last vehicle of the platoon (Vehicle z1)
enters the egress channel, it starts to decelerate away fromthe
platoon, until it achieves the headway of h, with respect to the
second |l ast vehicle. At this tinme, speed of Vehicle z1 will be v,
(v2 < Vo)-

3. Next vehicles at both ends of the platoon follow simlar
actions, as the platoon break-away proceeds from both ends toward
the mddle of the platoon.

4. After all vehicles in the platoons are separated from one
another, all vehicles will begin to adjust their speeds toward v,
again. That is, vehicles cruising at v; will reduce speed fromv,
toward vy, while those cruising at v, Will increase the speed
toward v,. Once this process is conplete, the vehicles wll start
to shift from automated control to driver control. At the nonent
when the nmanual control is achieved, all the vehicles would have
ti me- headway around h,. The rationale for having all vehicles

achieve simlar velocity of v, before the control shift takes place
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Is in order to assure safety during and after the control shift.

2.6.2 Estimated Length and Nunber of Egress Channels Required
The length and nunber of the egress channels required for the

pl at oon di sengagenent can be determ ned fromthe fornmulas shown

below. Derivations of these fornulas are presented in Appendix B

The nunber of egress channels required can be estinated from
N*h, < M*[{N*(L+h)+H-h}/v,] (2.1)

where Mis the number of egress channels required
he, is the desired tine-headway for vehicles under driver
control (seconds)
N is the platoon size
L is vehicle length (feet)
h is the within-platoon gap (3 feet)
H is the nomnal inter-platoon gap (feet)

vo 1S the transitway speed (feet per second)
The length of the egress channels can be expressed as:
D = Pla - vi9/a + {(N-1)Vv;/2Q}{hgvy + (L+h)R/vp} (2.2)
where all terns are as previously defined, and

a is the absolute value of the accel eration and decel erati on

enpl oyed (assumed to be the same) during the platoon
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di sengagenent

P = (v12-v02)
Q = (vy=Vy)
= (v1—2vg)

Based on Equations (2.1) and (2.2), the nunber and | ength of
egress channels required are determned for the hypothetical Phase-
2A system by the platoon size, as shown in Table 10. Table 10 is
based on the vehicle length (L) of 20 feet (for 1DV's), a of
0.075g9, v, of 55 nph, and v, of 65 nph. A LDV platoon is the
critical platoon for the determ nations of the number and |ength of
t he egress channel s because Lpv's are generally |onger than cars,
and because buses are expected to travel nostly as individual
vehicles (as opposed to in close-fornation platoons).

For the Phase-2A systemthat allows only vehicles of the same
type to formthe same platoon, the sinmulation results indicate that
about 85 percent of such platoons are expected to have fewer than
6 vehicles per platoon. Therefore, Table 10 suggests that:

0 For Phase 2a, two egress channels are expected to be
sufficient to acconmpdate the platoon di sengagenent and
the transfer from automated control to driver control

0 The | ength of egress channels required could be about

2,155 feet (or about 0.4 mle).
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Tabl e 10:- Length and Nunmber of Egress Channels

Required for Phase 2A by Platoons Size
Pl at oon Length of Egress No. of Egress
Si ze Channels (feet)* Channel s Requi red

4 1490 2

6 2155 2

8 2825 3

10 3480 3

12 4155 3

14 4825 3

16 5490 3

18 6160 4

20 6825 4

For

transitway speed of 55 nph



Chapter Two
Section Two

PHASE 2B: EARLY DEPLOYMENT OF LONG TUDI NAL CONTROL SYSTEMS
W TH PLATOONI NG OPERATI ON | N TRANSI TWAYS ( PLATOON DI SPATCH)

This section presents the evaluation of another hypotheti cal
system concept for early deployment of |ongitudinal control systens
wth close-formation platooning in one-lane transitways. Thi s
systemains to achieve even a higher flow rate than that achieved
by the hypot hetical systemin Phase 2A. The hypothetical systemin
Phase 2B differs fromthe systemin Phase 2A in the strategies for
pl atoon formation and dispatch

The system concept for Phase 2B is described below. This is
followed by the analysis of the flowrate in one-lane transitways
due to deploying the Phase-2B system and the determnation of the

geonetric requirements for the access and egress sections.

3.1 System Concept for Phase 2B

In addition to the equi pment nmentioned for the hypothetical
systemin Phase 2a, the phase-2 systemis likely to also require
waysi de conputerized dispatch facilities for coordinating the
pl atoon formation and dispatch, as well as for issuing speed and
position conmands to vehicles/platoons. In this way, merging and
di verging of close-formation platoons can be facilitated. In
addi tion, communication systens between the vehicles and wayside

facilities may also be required.
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A system concept for deploying the hypothetical Phase-2B
systemin one-lane transitway is shown in Figure 16. The
transitway can be divided into four contiguous sections:
transitway access ranp (conplete with vehicle check stations),
transition section, main section, and egress section. These are

descri bed bel ow.

Transition Section

The transition section is |located after vehicle check stations
(possibly toward the end of the transitway access ranps). It
consists of multiple channels, each is designated for a particular
vehicle type (cars, 1bv's, or buses). The designation of different
channels for different vehicle types is to facilitate the platoon
formation and dispatch, due to a requirenent that only vehicles of
the same type can form the same platoon with one anot her

Vehicles that pass the inspection will proceed toward the
transition section. Those failing the checkup will be guided out
of the transitway before reaching the transition section.
Conput eri zed vehicle dispatch systens are | ocated after vehicle
check stations. The Phase-2B systemrequires that cars and LDV's
form platoons of the pre-specified size at dispatch stations in
their designated transition channels, before they are dispatched
Buses coul d be di spatched as single vehicles, as soon as they
arrive at the dispatch station without having to form a bus
platoon. Wthin the transition section, platoons in each channe

will maintain inter-platoon spacing no snaller than some pre-
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access - Q - AR \ /_—______.—. egress
r anps @ ranps
transition section mai n section exiting section
C/ : Vehicle dispatch station
O * Vehicle check station
Figure 16: A Conceptual Structure of advancea |-Lane HOV

Facility Under Phase 2B



speci fied nom nal inter-platoon headway.

Towards the end of the transition section, platoons and
i ndi vidual buses within nultiple channels will start to nerge into
single file, in preparation to enter the main section of the
transitway. Roadway references enbedded in individual channels
could guide platoons and individual buses during this merge phase.
The conputerized di spatch system woul d regularly update vehicle
speeds and positions as soon as vehicles |eave the dispatch
stations. It wll also issue speed and position commands to

pl atoons and individual buses to facilitate smooth nerging.

Mai n Section

This is the transitway proper. Wthin this section, platoons
and individual buses are assuned to all travel at sone advisory
speed for the transitway. For one-lane transitways, the main

section consists of one travel Iane.

Egress Section

The egress section for the Phase-2B system serves sinlar
purposes as that for the Phase-2A system Before platoons could
| eave the transitway and nmerge into the freeway traffic, vehicles
in each platoon have to be separated, and the automatic control
shifted to driver control. The egress section, which cones after

the main section, facilitates these actions.
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3.2 Estimation of ‘Flow Rate

Flow rate as a result of deploying the hypothetical Phase-2B
system in one-lane transitways is estimted by sinulation. The
simul ati on assunes that cars, LDV's, and buses have accel eration
capabilities as previously shown in Table 8. A nodel enployed in

the simulation is described bel ow

3.2.1 Dispatch-Decision Criteria

The simul ation assunes that vehicles arrive randonmy at
di spatch stations, in channels designated for particular vehicle
types. Figure 17 is a diagranmatic illustration of the coordinated
pl at oon dispatch for the hypothetical Phase-2B system If His the
nominal inter-platoon gap (feet), then the nom nal inter-platoon

ti me- headway corresponding to H is:

H(N L) = {(NI)h + NL + H /V (2.3)

wher e Ht(N,L) IS nomnal inter-platoon time-headway (seconds)
His nomnal inter-platoon gap (feet)
h is wthin-platoon gap (assuned to be 3 feet)
N is platoon size
L is vehicle length (feet)
v is travel speed in the transitway (feet per second)
As vehicles arrive at the dispatch station in each channel
the conputerized dispatch system would hold these vehicles until

enough of the sane type arrive and forma platoon of the required
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h
transition mai n section
section

@ vehicle dispatch station
His nomi nal inter-platoon gap
h is within-platoon gap (3 feet)
Figure 17: Diagrammatic Illustration of Platoon Dispatch

concept Under Phase 2B



m ni mum size. The conputer would then calculate the tine that the
platoon is expected to reach the nmerge area, and determ ne whet her
this platoon would be able to nerge between other platoons already
been di spatched in the other channels. If so, the platoon is
di spatched, and the conputer would update information concerning
the platoon position and speed. Qtherw se, that platoon would have
to wait for dispatch at a later time interval

Consi der a situation in which three platoons of cars, LDV's,
and buses (in that sequence) have already been dispatched into the
transition section in three different channels, with actual inter-
pl at oon headway | arger than the nom nal inter-platoon headway.
Expected arrival tine at the merge area for these three platoons
could be determined fromtheir respective acceleration rates. Let
pl, p2, and p3 be the expected arrival tinme (clock tinme) for the
car, LDV, and bus platoons, respectively. The decision to dispatch
another platoon (Platoon M that has just been formed at a dispatch
station depends on the vehicle type and Platoon M's expected
arrival tine at the nerge area.

|f Platoon M's expected arrival tinme at the nerge area is p4
(clock time), the follow ng paragraphs describe dispatch-decision

criteria for Platoon Mas a car, LDV, or bus platoon, respectively.

|f Platoon Mis a Car Pl atoon: p4 nmust be larger than pl.

Pl at oon M can be dispatched and either merge between the car and
the LDV pl atoons, mnerge between the LDV platoon and the bus, or

trail the bus, depending on its expected arrival tine at the merge
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ar ea. The following conditions must be satisfied before
di spatching Platoon M

(a) If Platoon Mis expected to reach the nerge area before
the LDV platoon that has already been dispatched in another
channel, 'p4 must be smaller than p2. Platoon M has to maintain at
| east the nomi nal inter-platoon headway relative to the first car

platoon and the first LDV platoon, as follows:

p2 - p4 > Ht(N,L2)
and

P4 - pl > Ht(N,L1) (2.4)

wher e L1is length of cars
L2 is length of LDV's

The first requirement of Egn (2.4) is to satisfy the inter-
pl at oon headway requirenment between the LDV platoon and Pl atoon M
The second requirenent is to satisfy the inter-platoon headway
requi renent between the first car platoon and Platoon M

(b) |If Platoon Mis expected to reach the nerge area after
the LDV platoon but before the bus, both of which have already been
di spatched in other channels, p4a is larger than p2 but smaller than
p3. Platoon M have to maintain at |east the nomnal inter-platoon

headway between the LDV platoon and the bus, as follows:

P4 - p2 > Ht(N,L1)

and
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P3 - p4 > Ht(1,L3) (2.5)
wher e. L3 is length of buses
(c) |If Platoon Mis expected to reach the nmerge area after
the bus that has already been dispatched in another channel, p4is
| arger than p3. Platoon M have to maintain the inter-platoon

headway relative to the bus as foll ows:

P4 - p3 > Ht(N,L1) (2.6)

If Platoon Mis a LDV Pl atoon: p4 nust be l|arger than p2.

Pl atoon M can be dispatched and either nerge between the LDV
pl atoon and the bus or trail the bus, depending on its expected
arrival time at the nerge area. The follow ng conditions are
required for dispatching Platoon M

(a) |If Platoon Mis expected to reach the nerge area before
the bus that has already been dispatched in another channel, p4 is

smaller than p3. The followng has to be satisfied:

P4 - p2 > Ht(N,L2)
and

P3 - p4 > Ht(1,L3) (2.7)
(e) |If Platoon Mis expected to reach the nmerge area after

the bus that has already been dispatched, p4 is larger than p3.

The follow ng nmust be satisfied in order to dispatch Platoon M
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P4 - p3 > Ht(N,L2) (2.8)

If Platoon Mis a Bus: It would be dispatched i mediately

without a need to forma platoon. Platoon M would enter the nerge
area trailing the three platoons earlier dispatched because buses

have the | owest acceleration rate among the three vehicle types.

3.2.2 Simulation Procedure
The estimation of the flowrate involves the follow ng steps:
1) For each level of the hourly transitway demand (i.e., the
nunber of vehicles per hour wishing to use the transitway), three
random nunber processes generate three sequences of arrival tines
at dispatch stations for cars, LDV's, and buses. These arrival

time intervals can be expressed as (Shannon, 1975):

Interval = -3600 / u * 1n (r) (2.10)
wher e u is the number of vehicles per hour
lnis log to base e
r is random number between 0 and 0.1
2) As soon as a platoon of the required mninumsize is
formed, dispatch-decision criteria (a) through (e) are checked. If
the criteria are satisfied, this platoon is dispatched. O herw se,
it would be held at the dispatch station until the next tine
i nterval
3) Steps 1 through 2 are repeated for 60 mnutes, using a

one-second interval. Then, the flow rate is conmputed for that
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| evel of the transitway demand, from

Flow = k * v (2.9)
wher e
k is traffic density obtained fromthe sinulation
v is travel speed within the transitway
4) Steps 1 through 3 are then repeated for another higher
hourly volume, and the entire process is repeated until no higher

flow rate is achieved.

3.2.3 Sinulation Results

The flow rate in one-lane transitways as a result of deploying
the hypothetical pPhase-2B systemis estinmated, by assum ng that the
system operates with the nomnal inter-platoon gaps of Table 7.
Unlike the hypothetical systemin Phase 2a, the sinulation results
indicate that the estimated flow rate for the Phase-2B systemis
not sensitive to the transitway traffic mx. This is because the
Phase- 2B system i ncorporates coordinated platoon dispatch, while
the Phase-2A system does not. As a result, it is possible for the
phase-2B system to achi eve any pre-specified platoon size and
pl at oon arrangenent ainmed at maximzing the traffic density.

The estimated flow rate (at speed of 55 nph) is shown in Table
11 and Figure 18, for a transitway traffic mx conprised of 90
buses per hour with the ratio of cars to Lpv's of 7:3. Table 11
and Figure 18 indicate that the platoon size significantly

I nfluences the estinmated flow rate, as woul d be expected. The fl ow
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Table.Il: Estimated Flow Rates for One-Lane
Transi tways (Phase 2B)

Pl at oon Size Fl ow Rate

(vph)
4 2720
6 3340
8 4000
10 4510
12 5010
14 5200
16 5330
18 5420
20 5540
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rate increases sharply with the platoon size of up to 12 vehicles
per platoon. Beyond this platoon size, the estimated flow rate

still increases (but less sharply) with increasing platoon sizes.

Simulation is also perforned to investigate how variation in
the nom nal inter-platoon gap values mght affect the estinmated
flow rate. In this regard, another nore safety-conservative
nom nal inter-platoon gap criteria is specified, which is based on
an assunption that, in case of system failures resulting in the
failed platoon decelerating at an extrenmely high rate of -2.Qg (as
opposed to the previously assumed value of -1.2g), followng
pl at oons woul d be able to safely stop. The assunption of -2.Qg
decel eration yields the nom nal inter-platoon gap val ues about 12
percent larger than the values based on -1.2g deceleration
(previously shown in Table 7). The estimated flow rate based on
this nore safety-conservative criteria is found to be about 8
percent |ower than the estimated flow rate shown in Table 11. That
is, for every 3 percent increase in the nomnal headway-gap val ue,
the estimated flow rate in one-lane transitways (due to depl oyi ng

the Phase-2B system) could decrease by about 2 percent.

3.2.4 A Note on Estimated Flow Rates for Phase-2B System

The above estimated flow rate for the hypothetical Phase-2B
systemis based on an assunption that the three different vehicle
types (cars, 1DV's, and buses) are not allowed to formthe sane

platoon. This assunption is primary out of concern for safety in
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case of systemfailures. |f cars and 1pv's were allowed to form
the sanme platoon, the sinulation performed indicates that the

estimated flow rate could be about 4 percent higher

3.3 comparison of Estimated Flow Rate with Results from Prior

St udi es

The estimated flow rate (of Table 11) is conpared with results
reported by two prior studies (Shladover 1978; and Karaaslan et al
1990) in Figures 19(a) and 19(b), for platoon sizes of 4 and 12
vehicl es per platoon, respectively. It is to be noted that both of
these prior studies estimated flow rates for close-formation
pl atoons conprised solely of cars (i.e, they did not consider the
presence of LDV's or buses in the traffic streamj. The figures
indicate that the estimated flow rate obtained in this study are
about 10 percent and 18 percent |ower than those reported by
Shl adover and Karaasl an, respectively. Such differences can be
attributed to : (i) both prior studies assuned just one vehicle
type (i.e., cars) in close-formation platooning operation with
uni form vehi cl e di nensions and accel eration capability, whereas
this study include buses, 1pv's, and cars in the analysis (which
have different vehicle dinmensions and accel eration capabilities);
and (ii) the analysis in this study assunes that buses woul d be
given priorities in the coordinated dispatch over cars and LDV's.

Figures 19 (a) and 19(b) also show speed-flow curves obtained
fromthe H ghway Capacity Mnual (1986) for nmultiple-lane freeways.

Conparison of the estimated flow rate with the curves fromthe
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H ghway Capacity Manual reveals that, relative to the existing
traffic, the hypothetical system of Phase 2B could increase the
flow rate in one-lane transitways significantly. The nagnitude of
such increases varies, depending on the platoon size. For exanple,
the flowrate for 4-vehicle and 12-vehicle pl atoons could be 1.9
and 3.6 times the existing flow rate. Please note that the HCM's
speed-fl ow curves shown in Figures 19(a) and 19(b) are applicable
for multiple-lane freeways. Observed flow rates in existing one-
| ane transitways are generally lower -- the flowrate at 55 nph is
typically about 1,200 vph, as opposed to 1,400-1,500 vph. Thi s
implies that, if the Phase-2B systemis inplemented, the flow rate
at 55 nph in one-lane transitways could be as much as 4.2 tines the
existing flow rate (for the platoon size of 12 vehicles per

pl at oon).

3.4 CGeonetric Requirenents of Transition Section

As previously nmentioned, the transition section of the
transitway in Phase 2B could consist of nultiple channels. The
nunmber and length of these transition channels can be determned as

foll ows:

3.4.1 Length of Transition Section

The transition section should have sufficient |length for
cl ose-formati on platoons of cars and LDV's, or individual buses
that |eave the dispatch station to accelerate up to a reasonable

speed when entering the nmain section. The required mnimm |ength
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of the transition section, D, can be calculated from

D = v%/2a + h(N-1) + NL (2.11)

wher e v is transitway speed
a is acceleration capability of a particular vehicle type
(Tabl e 8)
L is length of that vehicle type
N is platoon size

h is wthin-platoon gap (assuned to be 3 feet)

Anong cars, LDV's, and buses with assunmed acceleration
capabilities as shown in Table 8, the bus is the critical vehicle
because of its relatively |ow acceleration capability conpared with
those for cars and LDV's. To reach a speed of 55 nph at the
beginning of the main section, buses could require the transition

section length of 1,800 feet.

3.4.2 Nunber of Channels for Transition Section

The nunber of transition channels required depends on the
traffic volunme to be served by the transitway, as well as on the
pl at oon si ze. If only vehicles of the sane type are allowed to
formthe same platoon with one another, a mninmmof three channels
w |l be required, one each for cars, LDV's, and buses. Table 12
shows the nunber of transition channels required for the Phase-2B

systemfor traffic volumes between 2,000 and 5, 000 vehicles per
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Table 12:

Nunber
Required for
(Platoon Size > 12 Vehicles)

of Transition Channels

Phase 2B

Transi tway Denmand

No. of Transition Channels

(vph) Cars, LDV's cannot Cars, LDV's can
form same pl atoon form sanme pl atoon

2,000 3 2

3,000 3 2

4, 000 3 2

5, 000 3 3




hour, for the platoon size of at least 12 vehicles per platoon.

If cars and Lpv's were allowed to formthe sane platoon, a
m ni mum of two channels would be required (one for cars and LDV's,
and the other for buses). Table 12 al so shows the nunber of

transition channels required under this operating assunption.

3.5 Geonetric Requirenents for Egress Section

The egress section, located at the end of the main section, is
needed to allow vehicles in platoons to disengage and shift from
automated control to driver control in preparation for |eaving the
transitway. The determ nation of the nunber and | ength of egress
channel s was previously presented in Section 2.6, with Table 10
showi ng the nunber and |length of the egress channels required.

Table 10 is also applicable for the hypothetical Phase-2B system
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Chapter Two
Section Three

Net Benefits of Phases 2A and 2B Adjusted for
Ri ght - of - Wy Requi r ement

The estimated flow rates in one-lane transitways, as a result
of deploying the hypothetical Phase-2A and Phase-2B | ongitudi na
control systens with close-fornation platooning, have been shown to
be significantly higher than the flow rate currently observed in
exi sting one-lane transitways. It has al so been shown that the
depl oyment of both the Phase-2A and Phase-2B systens in transitways
woul d require additional right-of-way for the egress and access
sections. Net changes in the transitway flow rate adjusted for the
right-of-way requirenment for the Phase-2A and Phase-2B systens,

relative to existing transitways, are determned in this section

R ght - of - Wy Requirenents for Phase 2A and Phase 2B

Transitways are ainmed to provide a travel-tinme advantage for
transitway users, relative to general traffic on freeway nainlanes,
when the freeways are congested. This neans that travel speed in
transitways should not fall substantially bel ow 55 nph. The
assessnent of net flowrate benefits adjusted for the right-of-way
for Phase-2A and Phase-2B systens is based on eval uating changes in
the transitway flow rate at 55 nph, as a result of deploying Phase-
2A and Phase-2B systens.

Additional right-of-way required for the transitway's access
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and egress as a result of deploying the two hypothetical systens
(for transitway speed of 55 nmph) is summarized in Table 13. For
each phase, Table 13 shows the right-of-way requirements for the
case in which cars and Lpv's are not allowed to formthe sane
platoon, 'as well as for the case in which cars and Lpv's are
allowed to do so. Table 13 indicates that whether or not car and
IDv's are allowed to from the same platoon could make a difference
in the right-of-way requirenent for Phase 2a, which is not so for
Phase 2B.

Net Fl ow Rate Benefits Adjusted for Right-of-Wy
Net increases in the flow rate adjusted for the right-of-way
for Phase 2A and Phase 2B, relative to existing transitways, can be

determ ned from

G = (dp/dy) * (W /W,) (2.12)
wher e
a, is flowrate in existing transitways (no advanced technol ogy)
d, is estimated flow rate for Phase 2A (or Phase 2B)
W, is right-of-way for existing transitways (no advanced

t echnol ogy)
W, Is right-of-way required for Phase 2A (or Phase 2B)

Using the information shown in Table 13, net increases in the
flow rate adjusted for the right-of-way for Phase 2A and Phase 2B

are determned, as shown in Table 14. Table 14 expresses the net
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Table 13: Infrastructural Requirements for Phase 2A and Phase 2B,
Relative to Existing Transitways

Existing Phase 2A Phase 2B
I-lane
Transitway Cas & Cas & Cgrs & LDV’s Car_s & LDV's
LDV’'s LDV’s in different in same
in different in same platoons platoon
platoons platoon
Flow rate at 55 mph (vph) 12,00 3,090 5,000* 5,010" 5,210*
Access ramps.
Number of ramps 1 2 3 3 3
Length of each ramp (ft) 1,000 1,000 1,000 1,000 1,000
Transition section:
Number of channels n/a 2 3 3 3
Length of each channe (ft) n/a 800 800 1,800 1,800
Egress section:
Number of channels n/a 2 3 3 3
Length of each channd (ft) n/a 2,155 4,155 4,155 4,155
Egress ramps:
Number of channels 1 2 3 3 3
Length of each channel (ft) 1,200 1,200 1,200 1,200 1,200

* Based on 12-vehicle platoons




Table 14: Net FlowRate Gain

(at 55 nF‘E) for
Adj usted for Right- of Wy, Relat

Phase 2A and Phase 2B

ive to Existing Flow Rate

Flow Rate as Miultiple of Existing Flow Rate

| npl ement ati on : ) . .
Opt i on P-mle 5-mile lo-mle 15-mile
Transi t way Transi t way Transi t way Transi t way

Phase 2A:

cars & LDV's in

different platoons 1.6 2.0 2.3 2.3

cars & LDV's in sane

pl at oon =*x 1.7 2.5 3.1 3.4
Phase 2B:

cars & LDV's in

di fferent platoons** 1.5 2.4 3.0 3.3

cars & LDV's in sane

platoon ** 1.6 2.5 3.1 3.4

=]

%% Based on 12-vehicle platoons.



flow rate adjusted for the right-of-way at 55 nph as the multiple
of the flowrate for existing transitways, for a range of the
transitway |ength from2 through 15 niles. Because the anounts of
additional right-of-way required at the access and egress sections
for Phase 2A and Phase 2B do not vary wth the Iength of the
transitway, net increases in the flowrate adjusted for the two
phases are expected to becone nore substantial as the transitway
| ength increases. The results of Table 14 are also plotted in
Figure 20. Examnation of Table 14 and Figure 20 indicates that:
* The net flow rate at 55 nph adjusted for the right-of-way
rises sharply with increasing length of the transitway,
up to about 10 nmiles. Beyond 10 miles, the net flowrate
benefit begins to taper off.
* For transitway length of two mles, the net flow rate at
55 nph adjusted for the right-of-way are alnost simlar
for all four new system options (and range from 1.5 to
1.7 tines the flow rate for existing transitways).
* For transitway length of five mles, the net flowrate at
55 nph adjusted for the right-of way for Phase 2A in
whi ch different vehicle types are not allowed to formthe
sanme platoon is found to be 2.0 tinmes the flowrate for
existing transitways. Such net flow rates are about 2.5
times the flow rate for existing transitways for Phase
2B, as well as for Phase 2A in which cars and LDV's are
allowed to form the sanme platoon.

* For lo-mile long transitways, the net flow rate at 55 nph
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adjusted -for the right-of-way for Phase 2B is about 3.0
tines the flow rate for existing transitways. Such net
flow rates for Phase 2A could be 2.3 or 3.1 tinmes the
existing flow rate, depending on whether cars and LDV's
“are allowed to form the sane platoon

* For 15-mle long transitways, the net flow rate at 55 nph
adjusted for the right-of-way for Phase 2B coul d be 3. 3-
3.4 tinmes the existing flow rate.

The above findings indicate that, in order to nmaximze the net
flow rate benefit (adjusted for the right-of-way) from the
hypot hetical 1ongitudinal control systenms with close-formation
pl at ooni ng, these systens should be deployed in transitways that

are about 10 niles long, but as a mninmm about 5 mles |ong

Summary and Concl usions for Chapter Two

Chapter two evaluates two alternative strategies for early
depl oynent of |ongitudinal control systems with close-formation
pl atooning in one-lane transitways. The eval uation incl udes
assessments of potential changes in the transitway flow rate and
special infrastructure requirements. The evaluation assunes that
| ongi tudi nal control systems with close-formation platooning can be
safely configured, even though current research on I|ongitudina
control systenms is still at a formative stage.

The rationale for proposing early deploynment of |ongitudinal
control systenms wth close-formation platooning in one-lane

transitways is based on a believe that it is essential to
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denonstrate safety.and public acceptance of such advanced systens
in exclusive right-of-way facilities before their |arge-scaled use
on freeways can take place. Because characteristics of transitways
and freeways differ greatly, it is conceivable that the
i mpl ement ation of such systems in transitways and on freeways coul d
differ in the systens concept, depl oynment strategy, and
infrastructure requirenent. Therefore, results obtained in this
study nmay not be directly applicable to the eventual deploynent on
freeways. Further, the nagnitude of the estimated inpacts is also
likely to be influenced by the assunptions enployed in the
anal ysi s, such as: the hypothetical system structure, geometric
design of the transitway, platoon-fornmation characteristics
nom nal wthin-platoon and inter-platoon spacing criteria, traffic
mX, and speed and accel eration capabilities of various vehicle
types.

Two hypot hetical |ongitudinal control systems with close-
formation platooning are evaluated in this study. They are:

* Phase 2A assunes that vehicles would enter the transitway
and form platoons with one another after they go through
check stations, in the order that they |eave the check
stations. Drivers could have the option to join (or not
to join) platoons with other vehicles. For this
hypot hetical Phase-2A system the average platoon size
(and thus the flow rate) could be influenced by the mx
of the transitway traffic (i.e., relative proportions of

cars, LDV's, and buses). The nore diverse the traffic
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mxis, the lower the estimated flowrate will tend to
be.

* Phase 2B requires that cars and LDV's arriving at the
transitway form platoons of sone pre-specified m ninmm
size, before they are dispatched. Buses are exenpted
from having to form platoons, and would be given
priorities in the dispatch over car or LDV pl atoons
(i.e., buses could be dispatched as individual vehicles,
as soon as they conplete the vehicle checks).
Conput eri zed dispatch facilities would be required to
coordinate the platoon dispatch. An advantage of Phase
2B (over Phase 2A) is that much l[arger platoon sizes than
that attainable in Phase 2A could be assured in order to
further increase the flow rate.

Primary findings fromthe evaluation in Chapter 2 include:

1. The estimated flow rate is sensitive to the platoon size,
for both the Phase-2A and Phase-2B systens. In addition, the
estimated flow rate for the hypothetical Phase-2a systemis also
sensitive to the transitway traffic mx and to whether cars and
ILDv's are allowed to formthe sanme platoons.

2. For the Phase-2A system that does not allow cars and LDV's
to formthe same platoon, the estimated flow rates within one-|ane
transitways (for travel speed of 55 nph) could be on the order of
2.6 tines that currently observed in existing one-lane transitways.
For the Phase-2A systemthat allows cars and LDv's to formthe sane

platoon, the estimated flow rate (for 55 nph) could be 4.2 tines
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the currently observed flow rate, for the platoon sizes of at |east
12 vehicles per platoon.

3.  For the Phase-2B system the estimated flow rate could be
nuch higher than the existing flow rate. For speed of 55 nph, the
estimated flow rate could be 4.2 to 4.6 tinmes the currently
observed flow rate for platoon sizes of 12 through 20 vehicles.

4,  For the pPhase-2B system the estimated flow rate could be
affected by the nomnal inter-platoon gap criteria used (a system-
specification paraneter). It is found that for every 3 percent
increase in the nomnal inter-platoon gap val ues, the estinmated
flow rate could decrease by 2 percent.

b. The inpl ementation of Phase-2A and Phase-2B systens in
transitways would require special infrastructures at thetransitway
access and egress sections, and thus extra right-of-way. Such
extra right-of-way requirements nmeans that the estinmated increase
in the flow rate due to adopting Phase-2A and Phase-2B systens nust
be di scounted accordingly. Net flowrate benefits adjusted for the
right-of-way for Phase-2A and phase-2B systens, relative to
existing transitways, are shown in Table 14 and Figure 20. The net
flow rate at 55 nph adjusted for the right-of-way requirement is
found to be sensitive to the transitway length in a range up to 10
mles. The deploynment of the Phase-2A system in a lo-nmle
transitway could yield the net flow rate at 55 nph (adjusted for
the right-of-way) of 2.3 and 3.1 tines the flow rate in existing
transitways, if cars and LDV's are not, and are, allowed to form

the same platoon respectively. Net flow rate at 55 nph adjusted

[



for the right-of-way for the pPhase-2B systemis found to be about

3.0 times the existing flowrate, for lo-mle long transitways

Reconmendations for Further Research on Longitudinal Control
Syst ens

In addition to continuing research in the technology
devel opnent of advanced vehicle control systens, research is also
needed in the follow ng areas to advance the understanding of the
feasibility of early deploynent of |ongitudinal control systens
with close-formation platooning:

* Safety and human-factors research is needed to determne
safe and practical nom nal wthin-platoon and inter-
pl at oon spaci ng. Also, as part of these research
activities, safety inplications of allow ng different
vehicle types (particularly cars and Lbv's) to formthe
sane platoon should be investigated.

Human-factors research is needed to assess driver

acceptance and behavi or when vehicles within a platoon

have to operate very close to one another |ongitudinally.

* Research is needed to investigate the transfer between
automated and manual control, for exanple, how quickly
can such transfer be achieved, how fast can drivers
adjust to, and be ready for, such transfer of vehicle
control ?

* Research is needed to determ ne characteristics and

consequences of accidents involving several vehicles
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traveling in close-formation platoons, in case of system
failures.

Prior accident-analysis studies (e.g., Gnotty et al)

reported that |ess-severe (or mnor) accidents in two-
vehicle collisions were nostly associated with |ow Delta-
V val ues. However, that same study al so indicated that
relatively low Delta-V values of a-vehicle collisions
coul d sonmetines lead to severe injuries. Research is
needed to assess conditions in which relatively |ow
Delta-V values could result in severe injuries.

Research is needed to identify and address potentia

legal and liability issues/inplications of automated
hi ghway systens.

Research is needed to identify cost inplications of

| ongi tudi nal control systens with platooning operation

Research is needed to evaluate the cost-effectiveness of

"vehicle-autonomous" ver sus "wayside" oriented systens.
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APPENDI X A
Col lision Speed and Delta V
Vehicle collision speed and speed variation between before and

after the collision (Delta V) can be found as follows:

1. Collision speed
Gven the initial headway, perfornmance and vehicle di nension
collision speed between vehicles can be found. I f the |eading
vehicle fails, the follow ng vehicle can be involved in three
situations:
o Collision with the first vehicle while the first vehicle
I's decelerating
o Collision with the first vehicle after the first vehicle
st ops
o No collision
Shl adover (1979) defined basic paraneters involved in the collision

anal ysi s as:

h = headway (sec)

VO = vehicle speed or speed before failure

L = vehicle length

af = failed vehicle deceleration

ae = following vehicle deceleration rate

d = following vehicle braking delay

vc = collision speed

t = tine after failure

tc = collision time

tsl = tine elapse wuntil the first wvehicle (failed
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vehicle) stops
ts2 = time elapse until the second vehicle stops
The time required to stop the failed vehicle can be cal cul ated as
t sl = - VoO/af

ts2 +~ = - VvO/ae

1.1. Collision while noving (4 <tc < tsl)

This is a situation in which the |eading vehicle and the
follow ng vehicle collide while the lead vehicle is still noving
(decel erating). The collision tine, tc, can be found by solving
the follow ng quadratic equation

(af-ae) /2*tcxtc + ae*d*tc + (Vo-L-ae/2*d*d) = 0
Then, the collision speed, vc, can be found as:

vc = ae*(tc-d) - af*tc
Solutions to the above equation should satisfy the requirenents:

d <tc <tsl, and 0 < vc < VO

1.2 Collision after failed vehicle stops (tsl < tc)

If a collision happens after the failed vehicle has stopped.
The collision tine, tc, can be found by solving the quadratic
equati on:

ae/2*tc*tc+ (v0-ae*d) (tc+(VO*V0/2/af+L-VO*h+ad/2*d*d)=0
Then, the collision speed can be found as:

vc = VOtae*(tc-d)
To be a reasonable solution, the collision time and collision speed
have to satisfy the follow ng requirenents.

tsl <tc < ts2, and 0 < vc < VO
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1.3 No collision
If the solution in (1.1) and (1.2) does not satisfy the
requirenents, the initial headway, h, 1is large enough that no

collision occurs. The collision speed is zero.

2. Delta v
Speed variation before and after the collision is calcul ated
by the follow ng relationships:
DV1 = vC * m2/(ml+m2)
DV2 = vCc * ml/(ml+m2)
wher e pvli = Speed variation of the first vehicle
DV2 = Speed variation of the second vehicle
m
ne

mass of the first vehicle

mass of the second vehicle

3. Safe headway with delta v of 15 nph
Saf e headway which assures a Delta-V value no larger than 15
nph can be found using formulas in (1) and (2). The procedure
consists of the follow ng steps:
1) Change vehicl e headways from 15 ft. to 500 ft. wth
increment of 5 ft.
2) Find the collision speed corresponding to each initial
headway chosen with respect to certain vehicle speed
3) Find the delta v
4) Find the maxi numvalue of initial headway which has delta
v lower than 15 nph

5) Repeat above steps with respect to various vehicle speeds.
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APPENDI X B
METHODCOLOGY FOR DETERM NI NG NUMBER AND LENGIH
OF EGRESS CHANNELS FOR PHASES 2A AND 2B

The' egress section is |ocated at the end of the main section.
It serves as a transition for vehicles to get ready to |eave the
automat ed transitway. Wthin the egress section, vehicles in
pl atoons w |l separate from each other and the automated contro
shifted to driver control. The egress section could consist of
nmul ti pl e channel s. The I ength and the nunber of these channels

required are determ ned bel ow.

Determ nation of Length and Nunmber of Egress Channels (Under
Si mul t aneous Front/Rear Pl atoon D sengagenent)

At the end of the main section, each platoon could be guided
into an egress channel, possibly by reference markers enbedded in
t he pavenent. Once inside the egress channel, vehicles within
pl at oons woul d start breaking away from one anot her. There are
numer ous possi ble strategies for platoon disengagenent. This study

initially considered three stratagies, as follows:

(i) The first platoon disengagenent strategy considered
i nvol ves the last vehicle of the platoon starts breaking off first,
as soon as it enters the egress channel, by decreasing its speed.
Then, the disengagenent proceeds toward the front of the platoon

(ii)  The second pl atoon di sengagenent strategy starts with

the frontnost vehicle of a platoon breaking away first, as soon as

87



it enters the egress channel, by increasing its speed. Then the
process proceeds toward the rear of the platoon

(iii) The third di sengagenment strategy involves vehicles at
both ends of the platoon sinultaneously breaking away fromthe
pl atoon. * As soon as the first vehicle enters the egress channel,

it will start accelerate to initiate the platoon break-off. Then

the second vehicle will do likewise, and so on. In the neantine,
as soon as the last vehicle enters the egress channel, it wll
decelerate to start breaking away from the platoon. Then the

second last vehicle will do likewi se, and so on. Therefore, the
pl at oon di sengagenent proceeds from both end toward the m ddl e of
t he platoon.

Of the above three disengagenent strategies, the third
strategy is the nmost efficient, in terns of the time and distance
it takes for platoons to conplete the disengagenent. Therefore,
this rule is selected for the determnation of the length and the
nunber of the exiting channels. The other two ruless are excluded
from further consideration.

Detail of the platoon disengagenent strategy assumed in the
anal syis foll ows:

Let the transitway speed be denoted by vg:

1. As soon as the frontnost vehicle (Vehicle XI) enters the
egress channel, it starts to accelerate away fromthe platoon unti
it achieves time-headway fromthe next vehicle of h,, where hfis
the desired tine-headway (in seconds) under driver control. At
this time, speed of Vehicle x1 will be v, (v; > vg). Vehicle x1

will maintain this headway, h,, until the shift from autonated
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control to driver control is conplete.

2. As soon as the |last vehicle of the platoon (Vehicle z1)
enters the egress channel, it starts to decelerate away fromthe
platoon, until it achieves the headway of hy with respect to the
second |ast vehicle. At this tine, speed of Vehicle z1 will be v,
(v2 < Vo) -

3. Next vehicles at both ends of the the platoon follow
simlar actions, as the platoon break-away proceeds from both ends
toward the mddle of the platoon

4, After all vehicles in the platoons are separated from one
another, all vehicles wll begin to adjust their speeds toward v,
again. That is, vehicles cruising at v, will reduce speed from v,
toward vy, while those cruising at v, wll increase the speed
toward vo. Once this process is conplete, the vehicles will start
to shift from autonated control to driver control. At the nonent
when the manual control is achieved, all the vehicles would have
ti me- headway around h,.

Figure B.l is a diagrammatic illustration of the positions of
successive platoons wthin the transitways as they approach the
egress section. Figure B.2 is a speed-tine profile for the
frontnost vehicle (Vehicle XI'), as soon as it enters the egress
channel until the nonent just before it switches fromthe automated
control to the driver control. The figure indicates that during
time t,, Vehicle Xl accelerates fromspeed v, to speed v; to break
away. Then, it cruises at speed v, for a period of t, until all
vehicles in that platoon are separated. Then, it takes tine t; for

Vehicle XI to decelerates toward vy again. It is assumed that the
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e e s s e __»

h is wthin-platoon gap
His inter-platoon gap
L is vehicle length

Figure Bl: Vehicle and Pl atoon Arrangenents Before Egress Section
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speed | t1 | t 2 | t3
vl / \
VO —
time (sec)

Figure B2: Speed-Tinme Diagram for First Vehicle of the Platoon

/'y
speed | t4 ts t6
VO _
v2
|
time (sec)
Figure B3: Speed-Time Diagram for Last Vehicle of the Platoon
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accel eration and deceleration rates of Vehicle XI are the sane in

their absolute values ("a"). Therefore, t; and t; are equal, and:

Figure B.3 shows a speed-tinme profile for the rearmost vehicle
of the same platoon (Vehicle z1), as it enters the exiting channel
until the noment just before it swtches fromautomated to driver

control. Accel eration and deceleration rates of Vehicle z1 are

al so assunmed to be equal in the absolute value, "a", Therefore,

The distance travelled by Vehicle XI during the tine interval

(ty+t,+ty) i S:

S1 = (vgtvy)/2 * (ty+tg) + (vi*ty)

= (votvy) *t; + v *t, (B.3)

The distance travelled by Vehicle z1 during the tine interval

(ty+ttg+ty) 1 S:

S, = (Votvy) *ty + Vo*tg (B.4)

Since Vehicle z1 enters the egress channels after Vehicle X
does, (t;+t,+t5) is not equal to (ty+tg+tg), and the difference can

be expressed as:
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te = 2t + t, + 2ty - tg = (L + h) (n-1)/vy (B.5)

C

wher e L Is the vehicle length
h Is the within-platoon gap (assunmed to be 3 feet)
"N Is the platoon size

If the speed changes by Vehicle x1 and Vehicle z1 are assuned
to be identical in the magnitude, then (v; - vy) = (vg - v,), and

Equation (5) can be sinplified to:

t, = ts + (L+h) (N-1) /v, (B.6)

The final arrangenents of vehicles at an instant just before
the control shift takes place is shown in Figure B.A4. The fina
separation between these two vehicles after the conpletion of the

pl at oon di sengagenent is (N-1)+*vy*h.. Therefore,

Lengt h Requi renent of Egress Section

The egress section for platoon di sengagenent nust have
sufficient length to acconmodate the distance travelled by the
frontmost vehicle of the platoon (Vehicle Xl'), or s;. Therefore,
s, is the mnimumlength required for the egress section. Solving

si mul taneous Equations (1) through (7):

D= P/a - viQ/a + {(N-1)v;/2Q}{hsvy + (L+h)R/vy} (B.8)
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(N=~1) (L+h)
e E—

S
B Al \a
s2
——————P
y n
(N-1)HfVo
B [
Begi nning of egress section
A: First vehicle
B: Last vehicle
Figure B4: Positions of Vehicles at the Start and End of Pl atoon

Di sengagenent
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wher e
a is the absol ute value of the accel eration and decel erati on

(assuned to be the sane) during the platoon di sengagenent

P = (V12—Vo2)

Q = (V1=Vp)

R = (V1-2Vp)

M I's the nunber of egress channels

h Is the desired tinme-headway under driver control (seconds)
N Is the platoon size

L is vehicle length (feet)

h Is the within-platoon gap (3 feet)

H Is the nomnal inter-platoon gap (feet)

Vo Is the transitway speed (feet per second)

Vo, Vi, a, H, hg, N, and L are all know inplenentation or
system specification parameters, thus s; can be cal cul ated, as
shown in Table B.1. Table B.I is based on vy, = 55 nph, v; = 65
mph, a = 0.075 g, and L = 20 feet. Table B.| indicates that as the
pl at oon size increases, so will the length of the egress channels

required, as would be expected.

Nunmber of Egress Channels Required

Consi der two successive platoons within the egress section.
In order for the lead platoon to conplete the platoon di sengagenent
and all disengaged vehicles to maintain time-headway of hg from one
another, the tinme-separation between the frontnost vehicle of the
first platoon and the frontnost vehicle of the follow ng platoon

must be at |east Nhe. Therefore, the nunber of egress channels, M
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required can be determned from the follow ng equation

M{N (L+h) +H-h} /v, > N*h, (B.9)

where all' synbols are as previously defined.
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