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S T A G E D E F I N I T I O N F O R A H S D E P L O Y M E N T A N D
A N A H S E V O L U T I O N A R Y S C E N A R I O

H.- S. J a c o b T s a o
P A T H Pr o gr a m, I n stit ut e of Tr a n s p ort ati o n St u di e s

U ni v ersit y of C alif or ni a, B er k el e y

E X E C U T I V E S U M M A R Y

T h e c o n c e pt of a ut o m at e d hi g h w a y s y st e m s ( A H S) a s a m e a n s t o s ol v e t h e f a st- w or s e ni n g hi g h-

w a y c o n g e sti o n pr o bl e m h a s r e c ei v e d r e n e w e d att e nti o n r e c e ntl y. Pr o s a n d c o n s of v ari o u s m at ur e A H S

h a v e b e e n a s u bj e ct of i nt e n s e st u d y. H o w e v er, s u c h di s c u s si o n s ar e n ot hi n g b ut i nt ell e ct u al e x er ci s e s

u nl e s s t h e i s s u e of h o w t o e v ol v e t h e c urr e nt hi g h w a y s y st e m s t o w ar d s t h e s e m at ur e A H S c a n b e

r e s ol v e d. T h er e e xi st a l ar g e n u m b er of diff er e nt p o s si bl e m at ur e A H S. T h e a d diti o n al di m e n si o n of

e v ol uti o n l e a d s t o a n e v e n l ar g er n u m b er of p o s si bl e e v ol uti o n ar y s c e n ari o s. T hi s p a p er pr o p o s e s a n

a p pr o a c h t o d efi ni n g e v ol uti o n ar y s c e n ari o s a n d ill u str at e s it wit h a n e x a m pl e.

O n t h e hi g h e st l e v el, t h e pr o c e s s of A H S d e pl o y m e nt c a n b e vi e w e d a s o v er c o mi n g v ari o u s

diffi c ulti es i n e x c h a n g e f or t h e pr o visi o n of d esir a bl e A H S f u n cti o ns. Si n c e w h at is d esir e d of A H S is

its f u n cti o n alit y or utilit y ( p ers o n al or s o ci et al), n ot t h e e n a bli n g t e c h n ol o gi es, t his p a p er st a ys o n t h e

f u n cti o n al l e v el a n d dis c uss es o nl y t h e e v ol uti o n of a ut o m ati o n f u n cti o ns. Si n c e t h e f u n cti o n alit y of a

m at ur e A H S c a n n ot b e r e ali z e d s u d d e nl y, di s cr et e f u n cti o n al st e p s m u st b e i d e ntifi e d a n d o pti mi z e d.

T hi s p a p er d efi n e s a n e v ol uti o n ar y st a g e t o w ar d s a m at ur e A H S a s a n y di s c er ni bl e f u n cti o n al i n cr e m e nt

w h o s e r e ali z ati o n m a y e n c o u nt er c o n si d er a bl e  d @ c ulti e s  r e q uiri n g a si g nifi c a nt a m o u nt of c o ns ci o us

eff ort t o  o v e r c o m e. A g o o d e v ol uti o n ar y s c e n ari o c o nsists of st a g es e a c h of w hi c h pr o vi d es s uffi ci e nt

a d diti o n al f u n cti o n alit y t h at j ustifi es t h e r e q uir e d eff ort t o o v er c o m e t h e ass o ci at e d diffi c ulti es. Si x

di m e nsi o ns of d e pl o y m e nt diffi c ulti es  - t e c h n ol o g y, i nfr astr u ct ur e, h u m a n f a ct ors, v e hi cl e m a n uf a ct uri n g

a n d m ai nt e n a n c e, i n s ur a n c e a n d p u bli c will  - a s w ell as s p e cifi c diffi c ulti es ar e i d e ntifi e d. I niti al A H S

m ar k et p e n etr ati o n c o ul d b e t h e m o st diffi c ult st a g e of all. C o m p ari s o n of t h e d e sir a bilit y of t h e

diff er e nt m at ur e A H S is als o diffi c ult, at l e ast at t his ti m e. Gi v e n a f e asi bl e i niti al A H S d e pl o y m e nt

str at e g y a n d a t ar g et m at ur e A H S, a n e v ol uti o n ar y s c e n ari o c a n b e vi e w e d a s a c oll e cti o n of i nt er m e di-

at e st a g e s, p o s si bl y o v erl a p pi n g a n d p ar all el, c o n n e cti n g t h e t w o e n d s.  B e c a us e  of  t h e  l a r g e  n u m b e r  of

p o s si bl e m at ur e a s w ell a s e v ol uti o n ar y A H S s c e n ari o s, j u d g e m e nt s b a s e d o n pr eli mi n ar y a n al y si s m a y
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have to be made to (i) gauge the desirability of the functions provided by the individual stages, (ii)

measure the associated difficulties and the required effort, and then (iii) select a manageable collection

of evolutionary scenarios. Detailed analyses, evaluations, and comparisons can then follow so that a

small number of superior ones can be identified.

For illustration, the initial deployment strategy proposed by Tsao recently is adopted and a partic-

ular mature AHS is selected as an example. An evolutionary scenario is then defined as a sequence of

stages connecting the two ends. The functional increments and the difficulties associated with each step

are also discussed. The author invites research on identifying AHS deployment difficulties as well as

on designing AHS evolutionary scenarios.
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STAGE DEFINITION FOR AHS DEPLOYMENT AND
AN AHS EVOLUTIONARY SCENARIO

H.-S. Jacob Tsao

PATH Program, Institute of Transportation Studies

University of California, Berkeley

(1) INTRODUCTION

The concept of automated highway systems (AHS) has the potential of offering large capacity and

safety gains without requiring a significant amount of right-of-way acquisition. The concept of highway

automation began decades ago. (See, for example, [TRB, 1976;Elias et al., 1977;Shladover,  19791.) It

has received renewed attention recently due to the fast-worsening problem of urban highway congestion

and the belief that integration of advanced sensor, communication, computer and control technologies

can safely reduce the average spacing among vehicles at high speed.

In a recent comprehensive treatment of conceptual AHS design, Stevens [Stevens, 19931  discussed

AHS deployment and operations goals, analyzed AI-IS characteristics and identified 37 alternative AHS

concepts. With a narrower scope, Tsao et al. [Tsao et al., 1993(a)] recently identified many major

design options and issues for operating fully automated AHS. They also addressed the impacts of the

options on major AHS performance criteria including safety, capacity, human factors, infrastructure,

cost, etc.

Mostly due to the AHS Precursor Systems Analyses (AHS/PSA) [PHWA,  19921  and the congres-

sional mandate of the Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA), systems

research for AHS has enjoyed a recent surge of attention. A large number of AHS operating scenarios

have been developed. However, the vast majority of the scenarios did not address how to evolve the

current highway systems toward mature AHS. Pros and cons of various mature AHS have been a sub-

ject of intense study. However, such discussions are nothing but intellectual exercises unless the issue

of how to evolve the current highway systems towards these mature AHS are also addressed. There

exist a large number of different possible mature AHS. The additional dimension of evolution leads to

an even larger number of possible evolutionary scenarios. This paper proposes an approach to defining
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e v ol uti o n ar y s c e n ari o s a n d ill u str at e s it wit h a n e x a m pl e.

Al- A y at a n d H all [ Al- A y at a n d H all,  1 9 9 4 1  d e v el o p e d a fr a m e w or k f or pl a n ni n g t h e e v ol uti o n ar y

d e pl o y m e nt of all I V H S t e c h n ol o gi es a n d pr o vi d e d e x a m pl es of e v ol uti o n ar y d e pl o y m e nt s e q u e n c es.

Wit h a f o c u s o n A H S, H all a n d T s a o [ H all a n d T s a o,  1 9 9 4 1  r e c e ntl y i d e ntifi e d m a n y p ot e nti al A H S

f e asi bilit y iss u es. D esi g n of A H S d e pl o y m e nt s e q u e n c es at t his st a g e is a diffi c ult t as k b e c a us e of ( a)

t h e s h e er l ar g e n u m b er of p o s si bl e e v ol uti o n ar y A H S o p er ati n g s c e n ari o s, ( b) t h e e xi st e n c e of m a n y

t e c h ni c al a n d n o n-t e c h ni c al i s s u e s a n d u n c ert ai nti e s a n d ( c) t h e diffi c ult y i n pr e di cti n g s c e n ari o p erf or-

m a n c e a n d a c c e pt a bilit y u n d er t h e s e u n c ert ai nti e s.

O n t h e hi g h e st l e v el, t h e pr o c e s s of A H S d e pl o y m e nt c a n b e vi e w e d a s o v er c o mi n g v ari o u s

diffi c ulti e s i n e x c h a n g e f or t h e pr o vi si o n of d e sir a bl e A H S f u n cti o n s a n d u s er s er vi c e s. Si n c e w h at i s

d esir e d of AI-I S is its f u n cti o n alit y or utilit y ( p ers o n al or s o ci et al), n ot t h e e n a bli n g t e c h n ol o gi es, t his

p a p er st a ys o n t h e f u n cti o n al l e v el a n d dis c uss es o nl y t h e e v ol uti o n of a ut o m ati o n f u n cti o ns. Si n c e f ull

f u n cti o n alit y a n d us er s er vi c es of a m at ur e A H S c a n n ot b e r e ali z e d s u d d e nl y, dis cr et e f u n cti o n al st e ps

m u st b e i d e ntifi e d a n d o pti mi z e d. T hi s p a p er d efi n e s a n e v ol uti o n ar y st a g e t o w ar d s a m at ur e A H S a s

a n y dis c er ni bl e f u n cti o n al i n cr e m e nt w h os e r e ali z ati o n m a y e n c o u nt er c o nsi d er a bl e  difl c ulti e s  r e q uiri n g

a si g nifi c a nt a m o u nt of c o ns ci o us eff ort t o  o v e r c o m e. A g o o d e v ol uti o n ar y s c e n ari o c o nsists of st a g es

e a c h of w hi c h pr o vi d e s s uffi ci e nt a d diti o n al f u n cti o n alit y a n d u s er s er vi c e s t h at j u stif y t h e eff ort

r e q uir e d f or o v er c o mi n g t h e ass o ci at e d diffi c ulti es. Si x di m e nsi o ns of d e pl o y m e nt diffi c ulti es as w ell as

s p e cifi c diffi c ulti es ar e i d e ntifi e d. T h e si x di m e nsi o ns ar e t e c h n ol o g y, i nfr astr u ct ur e, h u m a n f a ct ors,

v e hi cl e m a n uf a ct uri n g a n d m ai nt e n a n c e, i n s ur a n c e a n d p u bli c will.

I niti al A H S m ar k et p e n etr ati o n c o ul d b e t h e m ost diffi c ult st a g e of all. H o w e v er, t h e pr es e n c e of

m a n y diffi c ulti es i m pl y t h at t h er e e xist m a n y c o nstr ai nts o n i niti al A H S d e pl o y m e nt a n d t h er e m a y n ot

b e m a n y c h oi c e s. Wit h t hi s o b s er v ati o n, T s a o [ T s a o, 1 9 9 5( a)] r e c e ntl y i d e ntifi e d s e v e n m aj or gr o u p s of

c o n str ai nt s o n i niti al A H S d e pl o y m e nt, w h er e a n i niti al A H S u s er s er vi c e i s d efi n e d t o b e a n y s er vi c e

t h at i n v ol v es h a n ds- off a n d f e et- off dri vi n g. H e al s o pr o p o s e d a fr e e w a y s h uttl e v a n/ mi ni- b u s s er vi c e

f or A H S d e b ut. C o m p aris o n of t h e d esir a bilit y of t h e diff er e nt m at ur e A H S is als o diffi c ult, at l e ast at

t his ti m e. Gi v e n a f e asi bl e i niti al A H S d e pl o y m e nt str at e g y a n d a t ar g et m at ur e A H S, a n e v ol uti o n ar y
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o g y, ( D 2) i nfr a str u ct ur e, ( D 3) h u m a n  f a ct or s  ( u s er- v e hi cl e- s y st e m  i nt erf a c e),  ( D 4) v e hi cl e  m a n uf a ct uri n g

a n d  m ai nt e n a n c e,  ( D 5) i n s ur a n c e, a n d ( D 6) p u bli c  will.

( 2. 1) T e c h n ol o g y

M aj or s o ur c e s of d e pl o y m e nt diffi c ulti e s i n t h e t e c h n ol o g y di m e n si o n i n cl u d e ( Dl.l) v e hi cl e

di v er sit y, ( D 1. 2) a ut o m at e d ( dri vi n g) f u n cti o n s, ( D 1. 3) t e c h n ol o g y m at ur ati o n, a n d ( D 1. 4) f u n cti o n al

di v ersit y.

( Dl  .l) V e hi cl e Di v er sit y ( A c c o m m o d ati o n S c o p e)

V e hi cl e di v er sit y ( or a c c o m m o d ati o n s c o p e) r ef er s t o t h e t y p e s of v e hi cl e s t o b e a ut o m at e d o n

A H S. W e, i n t hi s p a p er, c o n si d er a ut o m ati o n f or m ulti pl e v e hi cl e t y p e s, n ot j u st a ut o m o bil e s. V e hi cl e

u nif or mit y m a k es c o ntr ol of v e hi cl es a n d A H S si m pl er a n d li k el y s af er.

( D 1. 2) A ut o m at e d ( Dri vi n g) F u n cti o n s

A ut o m at e d f u n cti o ns ar e t h e dri vi n g t as ks t h at ar e a ut o m at e d a n d r ef er t o t h e d e gr e e of dri vi n g

a ut o m ati o n ( or t h e a ut o m ati o n c a p a biliti es). Li k e m a n y ot h er t e c h n ol o gi es, a ut o m ati o n t e c h n ol o gi es as

w ell as t h e ass o ci at e d m a n uf a ct uri n g a n d m ai nt e n a n c e t e c h n ol o gi es will a d v a n c e gr a d u all y. F a c e d wit h

t h e u n c ert ai nt y of m ar k et p e n etr ati o n, i n d u stri al i n v e st m e nt i n r e s e ar c h, d e v el o p m e nt, m ar k eti n g a n d

m a n uf a ct uri n g m a y b e gr a d u al. T h er ef or e, i niti al d e pl o y m e nt is li k el y t o c o nsist of  si m pl e a n d y et  u s e -

f ul u s er  s er vi c e.  B a s e d o n e arli er s u c c e s s e s a s w ell a s p u bli c a c c e pt a n c e, t e c h n ol o gi e s will t h e n b e

f urt h er d e v el o p e d, r efi n e d a n d pr o v e n. I n ot h er w or ds, a ut o m ati o n f u n cti o ns will b e i n cr e m e nt all y

d e pl o y e d. T hi s c h ar a ct eri sti c c o ul d i m p a ct t h e w h ol e A H S e v ol uti o n pr o c e s s. I n t hi s s u b s e cti o n, w e

c o n c e ntr at e o n t h e f u n cti o n s pr o vi d e d b y t h e s e n si n g a n d c o m m u ni c ati o n t e c h n ol o gi e s. T h o s e pr o vi d e d

b y t h e c o m p ut er s a n d a ct u at or s, alt h o u g h vit al f or a ut o m ati o n, n e e d di s c u s si o n i n a m or e t e c h ni c al s et-

ti n g.

M aj or f u n cti o n al st e p s pr o vi d e d b y t h e c o m m u ni c ati o n t e c h n ol o gi e s i n cl u d e: ( a) n o c o m m u ni c a-

ti o n c a p a bilit y o n t h e v e hi cl e, ( b) c o m m u ni c ati o n (i. e. i nf or m ati o n e x c h a n g e) b et w e e n v e hi cl e s o nl y, ( c)

c o m m u ni c ati o n b et w e e n v e hi cl e a n d r o a d si d e o nl y, a n d ( d) c o m m u ni c ati o n b et w e e n v e hi cl e s a s w ell a s
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between vehicle and roadside. Sensing functions, when combined with communication technologies,

can be expected to provide the following functional increments, among others, for highway automation:

(i) providing sufficient information about the traffic ahead in the same lane for automated driving along

a lane so that the probability of collision with a vehicle ahead, fully or partially in the same lane, is

minimized; (ii) providing sufficient information about the traffic on the neighboring lanes as well for

safer automated driving along a lane so that early warning and reaction can be made about accidents

spilling over from neighboring lanes or about the potential of abrupt invasion by vehicles from neigh-

boring lanes, (iii) providing sufficient information about the traffic on the neighboring lanes for safe

automated lane changing; (iv) providing sufficient information for automated merging and diverging of

traffic at specified locations. Note that the provision of these functions in mixed traffic is much more

difficult than its counterpart in automated traffic that is physically segregated from the manual traffic.

( D 1 . 3 )

Technology maturation refers to the progressive process of an automation capability to physically

function as conceptually intended. It also refers to fail-safety and fail-softness. (Note that both of them

can also be viewed as automation functions.) Vehicle and system failures do occur and fail-safety and

“failsoftness” are assumed to be reached only gradually.

To ensure safe automated driving, early-generations of automation-equipped vehicles may need to

be inspected and maintained frequently and rigorously. Before automated vehicles are made fail-safe,

driver training for handling emergency may be required.

(D 1.4) Functional Diversity

Automation functions will likely be deployed incrementally. Therefore, at any point in time,

there are likely multiple classes of automation-equipped vehicles each of which is capable of a particu-

lar set of automation functions. In other words, automation functionality will likely vary from vehicle

to vehicle. Therefore, a stringent requirement for any stage of the AHS deployment may be to support

vehicles with varying automation capabilities. For example, it may be required to support both auto-

nomous vehicles (without communication capability) and those vehicles with the close-spaced platoon-
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ing capability (with, among other things, additional capability of communication). Note that in this

paper close-spaced platooning refers to the operating concept where vehicles travel in clustered forma-

tion. In other words, intervehicle spacing is either very short or very long and the short spacing is

assigned to maximize capacity and to minimize the relative speed at collision if a collision does occur.

The existence of a large variety of vehicle automation capabilities may cause difficulty in vehicle

operation. For example, a platooning-only AHS is infeasible if a large percentage of automation-

equipped vehicles are “autonomous vehicles” and do not have any communication capability. There-

fore, a small number of distinguishable levels of automation capability may be highly desirable for

AHS operation. Note that different automation technologies could support a common driving function.

Furthermore, completely different technology approaches may provide complete automation of all driv-

ing tasks. There may even be the issue of technology diversity. For example, different geographical

areas may implement AHS concepts differently and different vehicle manufacturers may use different

vehicle automation technologies. However, since this paper concentrates on the function level, it does

not deal with the possible issue of technology diversity. Another reason behind this non-treatment is

that a national architecture is expected to set the technology standards for nation-wide AHS compatibil-

ity.

(2.2) Infrastructure

There are at least five sources of difficulties in the infrastructure dimension: (D2.1) support of

automated functions, (D2.2) modification and construction, (D2.3) usefulness of modification for the

step itself, (D2.4) cost and financing, and (D2.5) rate of modification.

For developing alternate IVHS deployment strategies, Al-Ayat and Hall [Al-Ayat and Hall, 19941

adopted six guidelines, including (i) functionality provided at each step is useful by itself and does not

require full deployment of subsequent steps and (ii) each deployment step has a high likelihood of

acceptance by the user. Item (i) implies that even if deployment is halted, the deployed functionality

should continue to provide useful service. These two guidelines are particularly important for infras-

tructure modification. Category (D2.3) refers to these two guidelines.
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The functional steps supported by the infrastructure include: (i) a continuous lane on one highway

with sufficient support for automated driving, (ii) such a lane on one highway and onto another, i.e.

one that allows continuous automated driving from one highway to a crossing highway, (iii) a network

of such lanes with sufficient support for continuous automated driving across different highways. (iv) a

network of such lanes with special on-ramps and off-ramps dedicated to the use by automation-

equipped vehicles and (v) a network of such lanes that are physically segregated from the manual

traffic.

(2.3) Human Factors (User-Vehicle-System Interface)

This dimension includes the following difficulties: (D3.1) transitional tasks, (D3.2) driver monitor-

ing during automated driving, (D3.3) emergency maneuvering, and (D3.4) comfort. Note that users

include the drivers as well as the passengers. Passengers may include those traveling on automobiles as

well as those on transit vehicles.

Tsao et al. [Tsao et al., 1993(b)] identified many possible human factors issues for normal AHS

driving. Resuming manual control of the vehicle after a long period of fully automated driving is a new

task for drivers. It is possible that initial automation technologies, due to cost and other constraints,

cannot offer user-friendly transitions. Consequently, additional driver skills may be required.

Human errors account for about 90% of the current highway traffic accidents and vehicle/highway

automation has the potential of eliminating all accidents caused by driver errors. However, such auto-

mation requires additional equipment on the vehicle as well as on the roadside and could introduce new

kinds of safety hazards. Before the maturation of these automation technologies, the driver may be

required to play an active supervisory role monitoring the operation of the automated vehicle. Tsao et

al. [Tsao et al., 19941  identified many possible AHS failure events that might require human interven-

tion in vehicle/system operation for safety, especially during the early stages of deployment when the

automation technologies have not been perfected yet. Emergency handling could also be part of the

new driver role.

The requirement for transitional skills, the monitoring role and the emergency-handling responsi-
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bilit y m a y n e c essit at e dri v er tr ai ni n g, w hi c h is n ot li k el y t o e nti c e c ar o w n ers t o p ur c h as e a ut o m ati o n

o pti o ns. I n f a ct, it is p ossi bl e t h at, d uri n g i niti al d e pl o y m e nt, o nl y  t r ai n e d  p r of e s si o n al s,  e. g. pr of e s-

si o n al dri v er s wit h a d diti o n al A H S tr ai ni n g a n d cr e d e nti al, w o ul d b e q u alifi e d t o i n v o k e a ut o m at e d dri v-

i n g.

( 2. 4) V e hi cl e M a n uf a ct u ri n g a n d M ai nt e n a n c e

M aj or diffi c ulti e s t h at h a v e t o b e o v er c o m e i n cl u d e: ( D 4. 1) m a n uf a ct uri n g c o m mit m e nt, i. e. c o m-

mit m e nt of a ut o m a k er s t o m a n uf a ct ur e a n d s er vi c e a ut o m ati o n- e q ui p p e d v e hi cl e s, a n d ( D 4. 2) v e hi cl e

c o st s, p arti c ul arl y t h e p ur c h a s e a n d m ai nt e n a n c e c o st s of a ut o m ati o n- e q ui p p e d v e hi cl e s,

( D 4. 1)  M a n uf a ct uri n g C o m mit m e nt

T h e a ut o m a k er s will n ot c o m mit t h eir r e s o ur c e s t o m a ki n g a n d s er vi ci n g a ut o m ati o n- e q ui p p e d

v e hi cl e s u nl e s s p ot e nti al li a bilit y i s s u e s c a n b e r e s ol v e d a n d t h er e i s a pr ofit t o b e m a d e. It i s  w ell-

k n o w n t h at, at t h e pr es e nt ti m e, a f ull-s c al e d e pl o y m e nt of A H S t e c h n ol o gi es is f ull of u n c ert ai nti es.

T o e nt er t h e b u si n e s s of m a ki n g a ut o m ati o n- e q ui p p e d v e hi cl e s, t h e y m a y pr ef er t o st art wit h a s m all er

b ut l e s s u n c ert ai n  ni c h e t h a n a m u c h bi g g er b ut v er y u n c ert ai n m ar k et. T h er ef or e, i d e ntifi c ati o n of a n

i niti al ni c h e v e hi cl e m ar k et f or t h e a ut o m a k er s c o ul d b e cr u ci al. S a m e c a n b e s ai d a b o ut t h eir s e ar c h

f or s u b s e q u e nt m ar k et s.

( D 4. 2) V e hi cl e C o st s

B ef or e wi d e p u bli c a c c e pt a n c e, t h e v e hi cl e c o st s, i n cl u di n g m a n uf a ct uri n g a n d m ai nt e n a n c e, c o ul d

b e v er y hi g h. T his m a y hi n d er m ar k et p e n etr ati o n a n d m a y als o vi ol at e a m aj or c o n c er n of e q uit y of

u s e.

( 2. 5) I n s u r a n c e

Gi v e n t h e p o s si bl e hi g h d e gr e e of i nt er d e p e n d e n c y a m o n g v e hi cl e s, r o a d w a y s u p p ort, a n d r o a d-

si d e i nt elli g e n c e f or s af e A H S o p er ati o n, a cl e ar d efi niti o n a n d distri b uti o n of li a bilit y is r e q uir e d b ut

c o ul d b e c h all e n gi n g. T o i ns ur e a g ai nst li a bilit y, t h e diffi c ulti es i n cl u d e: ( D 5. 1) t h e c o m mit m e nt of

i ns ur a n c e i n d ustr y t o c arr y li a bilit y, i n cl u di n g t ort, pr o d u ct, a n d g o v er n m e nt li a bilit y a n d ( D 5. 2) c ost of
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i ns ur a n c e.

( D 5. 1) C o m mit m e nt b y t h e I n s ur a n c e I n d u str y

E v e n t o d a y, i n m a n y St at es, it is a l e g al r e q uir e m e nt t h at e a c h v e hi cl e b e i ns ur e d f or li a bilit y.

T his r e q uir e m e nt will m ost li k el y r e m ai n aft er A H S d e pl o y m e nt, if n ot m a d e m or e stri n g e nt. T h er e-

f or e, A H S will n ot s ur vi v e if t h e i n s ur a n c e c o m p a ni e s r ef u s e t o i s s u e p oli c y. A H S R & D c o m m u nit y

m ust t a k e i nt o c o nsi d er ati o n t h e i nt er est a n d t h e attit u d e of t h e i ns ur a n c e i n d ustr y i n d esi g ni n g d e pl o y-

m e nt str at e gi e s. I n cr e m e nt al i ntr o d u cti o n of a ut o m ati o n f e at ur es t h at h a v e pr o v e n s af e m a y b e r e q uir e d.

Fr e q u e nt a n d ri g or o u s v e hi cl e i n s p e cti o n a n d m ai nt e n a n c e m a y al s o b e r e q uir e d, at l e a st i niti all y.

( D 5. 2) I n s ur a n c e C o st s

S u p p o s e t h at li a bilit y i n s ur a n c e will b e c o m e a v ail a bl e i niti all y. U p o n i ntr o d u cti o n of a ut o m at e d

dri vi n g o n hi g h w a ys, pr e mi u m a n d/ or d e d u cti bl e m a y b e t o o hi g h f or i n di vi d u al o w n ers of  a ut o m ati o n-

e q ui p p e d v e hi cl e s. H o w e v er,  fl e et  o p er at or s c o ul d aff or d it m or e e asil y a n d distri b ut e t h e a d diti o n al

c o st t o t h e i n di vi d u al s er vi c e u s er s. Wit h o ut li a bilit y i n s ur a n c e, o w n er s of a ut o m ati o n- e q ui p p e d v e hi-

cl e s h a v e t o b e s elf-i n s ur e d. B ut, it i s li k el y t h at s u c h s elf-i n s ur a n c e i s all o w e d o nl y f or l ar g e

b u si n e s s e s or g o v er n m e nt a g e n ci e s.

( 2. 6) P u bli c Will

T hi s di m e n si o n c o nt ai n s at l e a st f oll o wi n g s o ur c e s of diffi c ulti e s: ( D 6. 1) u s er s er vi c e a n d c o st,

( D 6. 2) u s er s af et y a n d p er c ei v e d s af et y, ( D 6. 3) s o ci et al s er vi c e, ( D 6. 4) s o ci et al c o st, ( D 6. 5) e n vir o n m e nt

i m p a ct.

A H S r e s e ar c h a n d d e v el o p m e nt c o m m u nit y m u st stri v e t o wi n t h e a c c e pt a n c e b y v ari o u s i nt er e st

gr o u p s a n d e v e nt u all y t h e g e n er al p u bli c. It c o ul d wi n t h eir s u p p ort b y off eri n g pr o d u ct s t h at a p p e al t o

t h e m, p arti c ul arl y i n t er m s of u s er s er vi c e [ Bi s h o p et al., 1 9 9 4 1,  s af et y, p er c ei v e d s af et y, c o mf ort, c o n-

v e ni e n c e, r e d u c e d tr a v el d el a ys, c ost a n d e n vir o n m e nt i m p a ct. H o w e v er, t h at m a y n ot b e s uffi ci e nt; w e

n e e d t o l e ar n fr o m t h e f ail ur e s a n d s u c c e s s e s e x p eri e n c e d b y ot h er i n d u stri e s i n i ntr o d u ci n g n e w pr o-

d u ct s. T s al s et al. [ T s al s et al., 1 9 9 3 1 st u di e d f o ur e x a m pl e s ( Gl o b al P o siti o ni n g S y st e m, B ar C o di n g,
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N u cl e ar P o w er a n d M a g n eti c R e s o n a n c e I m a gi n g) a n d ar g u e d f or t h e n e c e s sit y t o b e ( a) f ort hri g ht wit h

e v e nt u al c u st o m er s a b o ut b e n efit s a n d dr a w b a c k s of n e w t e c h n ol o gi e s a n d ( b) s e n siti v e t o p u bli c p er-

c e pti o n of n e w t e c h n ol o gi es ( w hi c h m a y b e diff er e nt fr o m r e alit y).

T o e n s ur e a c hi e vi n g t h e f ull p ot e nti al of a ut o m ati o n, w e s h o ul d a s s u m e t h at i nt er e st gr o u p s a n d

g e n er al p u bli c m a y r ej e ct A H S q ui c kl y b ut w o ul d a c c e pt it o nl y gr a d u all y a n d i n cr e m e nt all y. (I nt er est

gr o u p s r e pr e s e nt t h e p u bli c, o nl y t o s o m e d e gr e e.) St a g e s of d e pl o y m e nt m u st b e c ar ef ull y d et er mi n e d

a n d i m pl e m e nt e d s o t h at i nt er e st, tr u st a n d c o nti n u e d s u p p ort b y t h e g e n er al p u bli c c a n b e c ulti v at e d.

( 3) A S T A G E D E F I N I T I O N A P P R O A C H

Q u alifi c ati o ns of a n A H S d e pl o y m e nt st a g e, i. e. t h e crit eri a f or j u d gi n g w h et h er a n i n cr e m e nt al

st e p i n A H S d e pl o y m e nt d e s er v e s t o b e d e si g n at e d a s a d e pl o y m e nt st a g e, h a v e t o b e cl e arl y d efi n e d

a n d j ustifi e d. W e pr o p os e t h e f oll o wi n g g ui d eli n e. A n i n cr e m e nt al st e p i n A H S d e pl o y m e nt c a n b e

c o nsi d er e d as a n A H S d e pl o y m e nt st a g e if a n d o nl y if it is a dis c er ni bl e i n cr e m e nt al f u n cti o n al st e p

w h o s e r e ali z ati o n m a y e n c o u nt er c o n si d er a bl e  d @ c u Eti e s  r e q uiri n g a si g nifi c a nt a m o u nt of c o ns ci o us

eff ort t o  o v e r c o m e. ( T his d efi niti o n is b as e d o n diffi c ult y of r e ali zi n g a f u n cti o n, r at h er t h a n t h e f u n c-

ti o n its elf, b e c a us e if its r e ali z ati o n i n v ol v es n o diffi c ult y at all, m a ki n g t h e f u n cti o n al i n cr e m e nt a

s e p ar at e d e pl o y m e nt st a g e w o ul d o nl y c o m pli c at e t h e pr o c e s s of d e si g ni n g d e pl o y m e nt str at e gi e s.) T h e

utilit y of a ut o m ati o n f u n cti o ns is j u d g e d a c c or di n g t o p u bli c will, i. e. t h e d esir es of t h e dri vi n g p o p ul a-

ti o n a n d t h e g e n er al p u bli c. T h e p ossi bl e diffi c ulti es i n cl u d e t h os e i n t h e f oll o wi n g si x di m e nsi o ns:

t e c h n ol o g y, i nfr astr u ct ur e, h u m a n f a ct ors, v e hi cl e m a n uf a ct uri n g a n d m ai nt e n a n c e, i ns ur a n c e a n d p u bli c

will. S m all est f u n cti o n al i n cr e m e nts p ossi bl y i n c urri n g a n y t y p e of diffi c ult y t h at r e q uir es c o ns ci o us

eff ort t o o v er c o m e s h o ul d b e s o u g ht. S o m e st a g es m a y b e s ki p p e d if t h e diffi c ulti es t ur n o ut t o b e

mi n or a n d c a n b e e a sil y o v er c o m e. I n t his w a y, it is h o p e d t h at n o m aj or st a g es will b e n e gl e ct e d.

D u e t o t h e e xi st e n c e of m a n y u n c ert ai nti e s, s e q u e n ci n g st a g e s f or s u c c e s sf ul d e pl o y m e nt i s

diffi c ult. Ti mi n g of d e pl o y m e nt st a g es is e v e n m or e diffi c ult a n d is o ut of t h e s c o p e of t his p a p er.

H o w e v er, u n d er t h e g ui d a n c e of a d e pl o y m e nt s e q u e n c e, t h e t as k of ti mi n g m a y b e c o m e e asi er.

Si n c e m a n y p ossi bl e e n a bli n g t e c h n ol o gi es e xist, f or e as e of dis c ussi o n, w e a d dr ess d e pl o y m e nt of
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A H S f u n cti o n s wit h o ut s p e cif yi n g t h e e n a bli n g t e c h n ol o gi es. T h e i m p a ct of t h e e n a bli n g t e c h n ol o gi es

o n d e pl o y m e nt s c e n ari o s i s b y it s elf a c h all e n gi n g s u bj e ct of r e s e ar c h. T h e f u n cti o n al a p pr o a c h i s al s o

j ustifi e d b y t h e f a ct t h at hi g h w a y a ut o m ati o n is n e e d e d t o s er v e s o ci et y’s tr a n s p ort ati o n n e e d s a n d t h o s e

n e e ds ar e us u all y tr a nsl at e d i nt o v e hi cl e a n d hi g h w a y f u n cti o ns, wit h o ut e v e n r ef erri n g t o t h e e n a bli n g

t e c h n ol o gi es.

Gi v e n t h e e xi st e n c e of m a n y p o s si bl e m at ur e A H S [ T s a o et al, 1 9 9 3( a); T s a o et al., 1 9 9 3( b);

St e v e n s, 1 9 9 3; St e v e n s, 1 9 9 4 3 a n d t h e m a n y diffi c ulti e s di s c u s s e d a b o v e, d e si g n of e v ol uti o n ar y

s c e n ari o s i s p arti c ul arl y diffi c ult. T s a o [ T s a o, 1 9 9 5( a)] o b s er v e d t h at p arti c ul arl y i m p ort a nt a n d diffi c ult

i n d efi ni n g a d e pl o y m e nt s e q u e n c e i s t h e v er y fir st  st e p, i. e. t h e fir st u s er s er vi c e i n v ol vi n g f ull y

a ut o m at e d fr e e w a y dri vi n g ( h a n d s- off a n d f e et- off). H e al s o o b s er v e d t h at t hi s i m p ort a n c e a n d t h e

diffi c ult y i m pl y t h at m a n y f a ct ors m a y  s e v er el y  c o n str ai n  t h e i niti al d e pl o y m e nt a n d t h er e m a y o nl y b e

f e w c h oi c e s. T o f a cilit at e t h e d e si g n of d e pl o y m e nt st a g e s t o w ar d s a m at ur e AI-I S, w e a d o pt t h e

a p pr o a c h of i d e ntif yi n g g o o d i niti al A H S d e pl o y m e nt t ar g ets a n d t h e n “ b uil di n g u p ” t h e i nt er m e di at e

st a g e s b et w e e n a n i niti al t ar g et a n d t h e m at ur e A H S s y st e m. N ot e t h at a g o o d i niti al A H S t ar g et s h o ul d

n ot c o n str ai n t h e AI-I S d e v el o p m e nt a n d d e pl o y m e nt i n s u c h a w a y t h at s o m e m aj or m at ur e A H S c a n n ot

b e e v ol v e d fr o m t h e i niti al d e pl o y m e nt. It i s al s o t hi s a p pr o a c h t h at m oti v at e d t h e w or k of T s a o [ T s a o,

1 9 9 5( a)].

( 4) A N E V O L U T I O N A R Y S C E N A R I O F O R A N U R B A N A H S

It i s h el pf ul t o p oi nt o ut at t h e o uts et t h e i niti al d e pl o y m e nt str at e g y a n d t h e m at ur e ur b a n A H S

t h at t h e e v ol uti o n ar y st e ps ar e d esi g n e d f or. T h e i niti al d e pl o y m e nt str at e g y of a fr e e w a y s h uttl e v a n

s er vi c e will b e s u m m ari z e d l at er i n t hi s s e cti o n. W e n o w d e s cri b e s o m e k e y f e at ur e s of t h e m at ur e

ur b a n A H S a s f oll o w s.

( 4. 1) A M at u r e U r b a n A H S

T h e k e y f e at ur e s ar e p o s e d a s a s s u m pti o n s o n t h e f ut ur e A H S. T h e y ar e gr o u p e d i n si x diff er e nt

diffi c ult y c at e g ori es.
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(MAI) Technology:

Multiple vehicle types are supported on the mature AHS, including automobiles, transit vehicles

and trucks. For simplicity, we concentrate on automobiles and transit vehicles in the rest of this section.

We assume a vehicle-centered platooning technology, where the qualifier vehicle-centered is used in a

loose way to signify heavy reliance on the vehicle intelligence, rather than the roadside intelligence, for

safe operation. Support from the infrastructure may be required but the actual requirement depends on

the actual automation technology and is out of the scope of this paper.

Four different grades of automation-equipped vehicle are summarized in Table 1, where any vehi-

cle of any particular grade possesses all the automation capabilities associated with all the lower grades.

For convenience, non-platooning-equipped vehicles will be called loners. A vehicle traveling alone

without being part of any close-spaced platoon is said to travel in solitude. A vehicle traveling in soli-

tude can either be a platooning-equipped vehicle or a loner. Note that a loner vehicle refers to an

automation-equipped vehicle that cannot cooperate with other vehicles to form a platoon. In other

words, loner is an attribute of a vehicle while solitude is an attribute of how a vehicle travels at particu-

lar points in time. All non-automobile automation-equipped vehicles are loner vehicles. Automation-

equipped automobiles may or may not be platooning-equipped.

(MA2) Infrastructure:

Automated traffic is physically and completely separated from the manual traffic. The AHS con-

sists of a dedicated network of automated urban highways that is at grade level, occupying inner lanes

of highway, and basically within the current right-of-way. There are no barriers between any two

automated lanes.

Special on-ramps and off-ramps (in addition to the current manual on-ramps and off-ramps) pro-

vide direct access to and egress from the automated lanes via highway median. (These may be very

costly, in terms of both construction costs and possible right-of-way acquisitions.) Special highway-to-

highway connector ramps (in addition to the current manual connector ramps) provide direct connection

between automated lanes. Vehicle check-in is performed at high speed without stopping and minimum

amount of additional real estate is required to accommodate check-in facilities at the automated on-
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ramps.

An automated highway may have multiple automated lanes and the number of automated lanes

vary with highway section. On those automated highways with only one automated lane (the left-most

lane), all types of automated vehicles share that lane and platooning-equipped vehicles travel in “spon-

taneous platoons”. On two-lane automated highways, the second automated lane (i.e. the second lane

from the median) is dedicated to the automobiles while the first automated lane (i.e. the left-most lane)

is shared by all vehicle types. Vehicles on the first automated lane travel without close-spaced forma-

tion. In and only in sections of automated highways with high demand of usage and only during time

of high demand, the second automated lane is dedicated to the use by platooning-equipped automobiles

and they travel in close-spaced platoons. The illustrative evolutionary scenario will feature a mature

urban AHS with two automated lanes.

On automated highways with more than two lanes, the innermost automated lane is dedicated to

the dominant vehicle type - automobiles - while the outermost lane is shared by all vehicle types. The

use of the lanes in between could vary according to the types of vehicles supported and the amount of

traffic of those types.

Complete segregation of different types of automated traffic is very difficult, if not impossible,

because construction of separate access/egress ramps and that of separate connector ramps at highway-

to-highway interchanges will likely require additional real estate and additional large structures.

(MA3) Human Factors:

The driver of an automation-equipped automobile has the right to determine if he/she wants to

platoon or not. (But, the driver may have to pay more for solitary travel because of less effective use

of infrastructure capacity.) If so, the vehicle, depending the trip length and traffic condition, may be

automatically driven into the second automated lane and join the platooning traffic on the second

automated lane. If the driver does not feel comfortable with close-spaced platooning, he or she will

travel on the first automated lane throughout the trip. The overall interface between driver (as well as

passengers) and vehicle/system is assumed user-friendly.
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(MA4) Vehicle Manufacturing and Maintenance:

Vehicle manufacturers can and do manufacture affordable, reliable and fail-safe automation-

equipped vehicles. Such vehicles can also be maintained properly, conveniently and affordably.

(MA5) Insurance:

Liability insurance is available at an affordable rate.

(MA6) Public Will:

Such a system is accepted and supported by the general public.

Before defining the evolutionary stages, we point out an observation of strategic importance for

evolution towards this AHS - the inevitability of transit-vehicle automation. We first make four

assumptions: One, at the early stages, there will not be sufficient demand or public will to justify the

dedication of one lane for the exclusive use by automated vehicles. Therefore, automated vehicles use

only the HOV lane (left-most lane). The safety of such mixing of traffic is assumed. Two, a set of

highway-to-highway connector ramps connecting directly the HOV (left-most) lanes of two crossing

highways is constructed for each highway-to-highway interchange. Three, the construction of another

independent set of highway-to-highway connector ramps for supporting the dedicated use of automated

traffic from one highway to the crossing highway is infeasible. Four, when the demand becomes

sufficient, the left-most lane (the HOV lane previously) is dedicated to automated traffic. (The second

left-most lane is then dedicated to HOV traffic.) Under these four assumptions, when the demand for

automation becomes sufficient to justify the dedication of one automated lane, the HOV highway-to-

highway connector ramps must be dedicated to the use of automated traffic and the non-automated

HOV users are deprived of the privilege of using any direct highway-to-highway connector ramps.

Moreover, if special access/egress ramps directly connecting the left-most lane to the city streets are

also built for HOV and automated traffic at early AHS deployment stages, such deprivation would most

likely also apply to these ramps. This may be politically difficult and unlikely to happen, unless a

significant percentage of the automated traffic are automated transit vehicles and HOVs.  In short, auto-

mation of transit vehicles could be crucial for the eventual success of automobile automation because of
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t h e f a ct t h at, wit h o ut it, t h e c o n v ersi o n of H O V f a ciliti es i nt o a ut o m at e d f a ciliti es m a y e n c o u nt er fi er c e

r e si st a n c e.

( 4. 2) T w el v e E v ol uti o n a r y St a g e s

W e n o w st at e t h e e v ol uti o n ar y s c e n ari o. It c o n si st s of 1 2 s e q u e nti al st a g e s wit h p o s si bl e o v erl a p

b et w e e n c o n s e c uti v e st a g e s. E a c h st a g e pr o vi d e s a n i n cr e m e nt i n A H S f u n cti o n alit y a n d t h e f u n cti o n al

i n cr e m e nt is s u m m ari z e d b y t h e titl e of t h e st a g e. I n e vit a bl y at t his p oi nt i n ti m e, j u d g e m e nts ar e m a d e

a b o ut t h e f u n cti o n al f e a si bilit y a n d it s a c c e pt a bilit y. T a bl e 2 s u m m ari z e s t h e 1 2 st a g e s.

T o a v oi d r e d u n d a nt a n d r e p e at e d st at e m e nt s a b o ut t h e c o m m o n alit y a m o n g st a g e s, w e d e s cri b e

o nl y t h e f u n cti o n al i n cr e m e nts a n d o p er ati o n al diff er e n c es fr o m pr e vi o us st a g es. H o w e v er, f or t h e i ni-

ti al a n d t h e fi n al st a g e s, w e d e s cri b e t h e w h ol e s c e n ari o s. D u e t o t h e v e hi cl e- c e nt er e d n at ur e of t h e

a s s u m e d a ut o m ati o n t e c h n ol o g y, t h e i nfr a str u ct ur e i s tr e at e d a s pl a yi n g a s u p p orti n g r ol e, alt h o u g h t h e

s u p p ort is a n i nt e gr al p art of t h e a ut o m ati o n t e c h n ol o g y. N e v ert h el ess, f or cl arit y, w e st at e t h e f u n c-

ti o n s pr o vi d e d b y t h e i nfr a str u ct ur e fir st a n d t h e n di s c u s s t h e t e c h n ol o g y a n d ot h er di m e n si o n s.

A ut o m at e d f u n cti o ns t o g et h er wit h t h e dri v er r ol es u n d er t h e c at e g or y of h u m a n f a ct ors s p e cif y t h e

d e gr e e of a ut o m ati o n. N ot e t h at w e st art at t h e st a g e w h er e dri vi n g al o n g a l a n e is s af el y a ut o m at e d i n

t h e a bs e n c e of v e hi cl e f ail ur es a n d s u d d e n i ntr usi o n b y ot h er v e hi cl es or f or ei g n o bj e cts i n fr o nt of it.

W e n o w s u m m ari z e t h e st a g e s.

( S I)  T h e  I ni ti al  D e pl o y m e n t  S t r a t e g y: V a n sl Mi ni- b u s e s  P r o vi di n g  a  F r e e w a y  S h u t tl e  S e r vi c e  wi t h

A ut o m at e d  L a n e  Cr ui si n g  S u p er vi s e d  b y  a  Pr of e s si o n al  Dri v er  i n  Mi x e d  Tr afJi c  o n H O V L a n e

T h e a ut o m ati o n t ar g et at t hi s i niti al st a g e i s v a n s a n d mi ni- b u s e s, i n st e a d of a ut o m o bil e s. Fi g ur e

1 d e pi ct s a n e x a m pl e f o ur-l a n e ur b a n hi g h w a y a n d ill u str at e s t hi s i niti al d e pl o y m e nt str at e g y. ( T hi s

f o ur-l a n e hi g h w a y will al s o b e u s e d t o ill u str at e f ut ur e st a g e s.) T h e s e tr a n sit v e hi cl e s pr o vi d e a

a ut o m at e d fr e e w a y s h uttl e s er vi c e b et w e e n t w o a cti vit y c e nt ers t h at ar e n e ar fr e e w a y e ntr a n c es a n d

e xit s, e. g. t h e air p ort a n d t h e d o w nt o w n of a m etr o p olit a n ar e a. Dri vi n g al o n g a n H O V l a n e i s

a ut o m at e d. ( T h e e n a bli n g t e c h n ol o g y v ari e s. It c o ul d i n cl u d e s o m e r o a d si d e s e n si n g a n d i nt elli g e n c e.

It c o ul d als o b e r esi di n g c o m pl et el y o n t h e v e hi cl e, i. e. a ut o n o m o us.) V e hi cl es a n d r o a dsi d e s yst e m, if
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a n y, ar e n ot m a d e f ail-s af e y et. A pr of essi o n al dri v er wit h s p e ci al tr ai ni n g is at t h e dri v er s e at at all

ti m es t o p erf or m (i) m a n u al dri vi n g o n cit y str e ets, (ii) m a n u al dri vi n g fr o m a fr e e w a y e ntr a n c e t o t h e

H O V l a n e n e xt t o t h e m e di a n (t h e l eft- m o st l a n e), (iii) tr a n siti o n al t a s k fr o m m a n u al dri vi n g m o d e i nt o

a ut o m at e d dri vi n g m o d e, (i v) s u p er vi si o n d uri n g a ut o m at e d dri vi n g, i n cl u di n g w at c hi n g o ut f or p o s si bl e

a c ci d e nt s pill- o v er s fr o m n ei g h b ori n g l a n e s a n d p o s si bl e a br u pt i n v a si o n b y v e hi cl e s fr o m n ei g h b ori n g

l a n e s, ( v) e m er g e n c y h a n dli n g, ( vi) tr a n siti o n al t a s k fr o m a ut o m at e d dri vi n g m o d e b a c k t o m a n u al

m o d e, ( vii) m a n u al dri vi n g fr o m o n e hi g h w a y t o a cr ossi n g hi g h w a y ( b y cr ossi n g t h e sl o w l a n es o n

b ot h hi g h w a ys).

A ut o m ati o n t e c h n ol o gi e s i n cl u d e a ut o m at e d l a n e k e e pi n g, s elf-l a n e s af et y s e n si n g, a ut o m at e d

v e hi cl e f oll o wi n g, a ut o m at e d s p e e d li mit o bs er v ati o n a n d a ut o m at e d d et er mi n ati o n of s af e s p e e d, w hi c h

m a y d e p e n d o n w e at h er, li g hti n g, dri vi n g a n d tr affi c c o n diti o ns. V e hi cl e s ar e fr e q u e ntl y i n s p e ct e d at

t h e fl e et o p er at or’s m ai nt e n a n c e f a ciliti e s ( a n d p er h a p s u n d er c o nti n u o u s s elf- m o nit ori n g) s o t h at t h er e i s

n o n e e d t o h a v e a c h e c k-i n f a cilit y at a n  e ntr a c e. Fl e et o p er at or s b e ar t h e p o s si bl e hi g h i niti al c o st of

p ur c h a si n g a n d m ai nt ai ni n g a ut o m ati o n- e q ui p p e d v e hi cl e s a s w ell a s p o s si bl e hi g h i niti al c o st of

i n s ur a n c e. T his t y p e of s h uttl e s er vi c e e x p a n ds as i nfr astr u ct ur e m o difi c ati o n c o nti n u es. N e w tr affi c

a n d li a bilit y l a ws m a y b e r e q uir e d at t his v er y first st a g e.

( S 2)  C o n s t r u c ti o n of Hi g h w a y - t o - Hi g h w a y  H O V  C o n n e c t o r  R a m p s  a n d  E q ui p pi n g  H O V  L a n e s  f or

A ut o m at e d Dri vi n g

T h e m aj or eff orts i n t his st a g e i n cl u d e t h e c o nstr u cti o n of H O V hi g h w a y-t o- hi g h w a y c o n n e ct or

r a m p s a n d e q ui p pi n g a n et w or k of H O V l a n e s f or a ut o m at e d dri vi n g. T h e g o al i s t o p a v e t h e w a y f or a

n et w or k of H O V l a n es s uffi ci e ntl y i nstr u m e nt e d f or c o nti n u o us a ut o m at e d dri vi n g b et w e e n a n y p air of

m aj or a cti vit y c e nt er s i n a m etr o p olit a n ar e a. A dir e ct b e n efit is mi ni mi z ati o n of d el a y f or H O V tr affi c,

w hi c h c o ul d e nti c e m or e ri d es h ari n g, i n cl u di n g t h e d e m a n d f or t h e a ut o m at e d fr e e w a y s h uttl e s er vi c e.

T o e n a bl e c o nti n u o u s a ut o m at e d dri vi n g t hr o u g h a hi g h w a y-t o- hi g h w a y i nt er c h a n g e f or a p pr o a c h-

i n g tr affi c fr o m all f o ur dir e cti o ns, ei g ht a d diti o n al hi g h w a y-t o- hi g h w a y c o n n e ct or r a m ps ar e r e q uir e d.

T s a o [ T s a o, 1 9 9 5( b)] r e c e ntl y pr o p o s e d a st a g g er e d- di a m o n d d e si g n f or t h e ei g ht c o n n e ct or r a m p s

w hi c h r e q uir es o nl y f o ur s e p ar at e p h ysi c al str u ct ur es e a c h c arr yi n g t w o- w a y tr affi c. S e e Fi g ur e 2 f or a
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t w o- di m e n si o n al vi e w of t h e st a g g er e d- di a m o n d d e si g n. T h e d esi g n r e d u c es si g nifi c a ntl y t h e g e o m etri c

c o m pl e xit y a n d h e n c e c o nstr u cti o n c ost. Alt h o u g h s u c h a d esi g n m a y still b e c ostl y, si n c e t h er e is us u-

all y a li mit e d n u m b er of s u c h i nt er c h a n g e s i n a m etr o p olit a n ar e a s, t h e o v er all c o st of c o n str u cti n g s u c h

c o n n e ct or r a m p s at all i nt er c h a n g e s i n a m etr o p olit a n ar e a m a y b e m o d er at e. If A H S d e pl o y m e nt i s

h alt e d f or s o m e r e a s o n, t h e H O V-t o- H O V hi g h w a y c o n n e ct or r a m p s r e m ai n u s ef ul f or H O V tr affi c.

N ot e t h at, at t hi s st a g e, l a n e c h a n gi n g h a s n ot b e e n a ut o m at e d a n d a hi g h w a y- c h a n g e r e q uir e s t a k e- o v er

of m a n u al c o ntr ol b y t h e pr of e s si o n al dri v er b ef or e di v er gi n g a n d m a n u al dri vi n g t hr o u g h t h e H O V c o n-

n e ct or r a m p a n d i nt o t h e H O V tr affi c o n t h e cr o s si n g hi g h w a y.

( S 3)  A c hi e vi n g  V e hi cl e  F ail- S af et y

At t his st a g e, t h e t e c h n ol o g y f or a ut o m at e d l a n e- cr uisi n g h as m at ur e d a n d b e c o m e f ail-s af e. T h e

v e hi cl e will b e br o u g ht t o a s af e st o p aft er a s af et y- criti c al v e hi cl e f ail ur e or if t h er e is s af et y-i m p a cti n g

d e bri s a h e a d i n t h e l a n e. T h e m a n u al c o ntr ol s of v e hi cl e s wit h t h e f ail- s af e f e at ur e b e c o m e  n o n-

r e s p o n si v e d uri n g a ut o m at e d dri vi n g a n d n o dri v er i nt er v e nti o n d uri n g a ut o m at e d dri vi n g i s all o w e d,

e x c e pt t hr o u g h a pr o c e d ur e of t a ki n g o v er m a n u al c o ntr ol or t h e u s e of a “ p a ni c b utt o n ” . D u e t o t h e

f ail- s af e f e at ur e, t h e pr of e s si o n al dri v er i s n o l o n g er r e s p o n si bl e f or m o nit ori n g n or m al v e hi cl e o p er a-

ti o n. D e p e n di n g u p o n t h e s o p histi c ati o n of t h e a ut o m ati o n t e c h n ol o g y, p arti c ul arl y t h e s e nsi n g t e c h n ol-

o g y, t h e pr of e s si o n al dri v er m a y still b e r e s p o n si bl e f or r e a cti n g t o p o s si bl e s u d d e n a n d d a n g er o u s

m o v e m e nts of t h e s urr o u n di n g v e hi cl es. W e ass u m e t h at all f ut ur e t e c h n ol o g y i n cr e m e nts c o m e wit h

t h e f ail-s af e f e at ur e.

N ot e t h at f ail-s af et y is a g e n er al y et stri n g e nt r e q uir e m e nt t h at is oft e n i nt er pr et e d as u n c o n di-

ti o n al s af et y, e v e n aft er t h e o c c urr e n c e of a f ail ur e. Al s o n ot e t h at f ail ur e i s s u bj e ct t o ri g or o u s

d efi niti o n a n d a f ail ur e c o ul d b e a v e hi cl e f ail ur e, a s yst e m f ail ur e, c o m m u ni c ati o n i nt erf er e n c e, or t h e

pr e s e n c e of d e bri s a h e a d i n t h e l a n e. C o ns e q u e ntl y, t h e c o n c e pt of f ail-s af et y is als o s u bj e ct t o ri g or o us

d efi niti o n. T h er ef or e, a br o a d ass u m pti o n of f ail-s af et y m a y b e t o o stri n g e nt a n d p er h a ps e v e n u nr e alis-

ti c. D et ail e d d efi niti o n of f ail ur e a n d f ail-s af et y is b e y o n d t h e s c o p e of t his p a p er.

T h e u s er-fri e n dli n e s s of t h e tr a n siti o n al t a s k s i s al s o a c hi e v e d i n t hi s st a g e. W e a s s u m e t h at t h e

us er- v e hi cl e-s yst e m i nt erf a c e will r e m ai n us er-fri e n dl y f or t h e r est of t h e d e pl o y m e nt st a g es.



- 1 8 -

( S 4)  A ut o m ati o n of A ut o m o bil e s

N et w or k- wi d e H O V l a n e m o difi c ati o n f or a ut o m ati o n a n d c o nstr u cti o n of hi g h w a y-t o- hi g h w a y

H O V c o n n e ct or r a m p s ar e c o m pl et e d. T hi s pr o vi d e s i nfr a str u ct ur e s u p p ort f or a ut o m o bil e a ut o m ati o n.

Wit h t h e e xt e n si v e H O V n et w or k, a ut o m o bil e o w n er s c a n u s e t h e a ut o m ati o n f e at ur e t hr o u g h o ut t h eir

fr e e w a y tri ps, e x c e pt a bri ef r es u m pti o n of m a n u al c o ntr ol w hil e usi n g t h e hi g h w a y-t o- hi g h w a y H O V

c o n n e ct or r a m p s.. D u e t o m at ur ati o n of t h e t e c h n ol o gi e s a n d t h e f ail- s af e d e si g n, v e hi cl e c h e c k-i n c a n

b e p erf or m e d at hi g h s p e e d wit h o ut st o p pi n g a n d mi ni m u m a m o u nt of a d diti o n al r e al e st at e i s r e q uir e d

t o a c c o m m o d at e c h e c k-i n f a ciliti es at t h e e ntr a n c es. C h e c k-i n m a y r e q uir e o nl y st at us r e p orti n g b y t h e

v e hi cl es t o t h e r o a dsi d e. B e c a us e of f ail-s af et y, a ut o m o bil e dri v ers n e e d n ot m o nit or t h e o p er ati o n of

v e hi cl e d uri n g n or m al a ut o m at e d dri vi n g a n d n e e d n ot i nt er v e n e wit h v e hi cl e o p er ati o n f or e m er g e n c y

h a n dli n g. Tr a n siti o n al t a s k s h a v e b e e n m a d e e a s y t hr o u g h u s er-fri e n dl y u s er i nt erf a c e. T h e c o st of p ur-

c h a si n g, m ai nt ai ni n g a n d i n s uri n g a ut o m ati o n- e q ui p p e d a ut o m o bil e s h a s b e c o m e aff or d a bl e.

( S 5) D e di c ati o n  of o n e A u t o m a t e dl T r a n si ti o n  L a n e f or Tr a n siti o n  a n d  A ut o m at e d  Dri vi n g

W h e n t h e d e m a n d f or a ut o m at e d dri vi n g h a s r e a c h e d a c ert ai n t hr e s h ol d, t h e l eft- m o st l a n e c a n b e

d e di c at e d t o a ut o m ati o n- e q ui p p e d v e hi cl e s f or tr a n siti o ni n g a n d a ut o m at e d l a n e- cr ui si n g. I n ot h er

w or d s, t h e H O V l a n e i s r e d e si g n at e d a s t h e a ut o m at e d/tr a n siti o n l a n e. T h e s e c o n d l eft- m o st l a n e

b e c o m e s t h e H O V l a n e. Si n c e v e hi cl e s ar e n ot e q ui p p e d wit h t h e a ut o m at e d l a n e- c h a n gi n g c a p a bilit y,

t o a c c ess t h e a ut o m at e d/tr a nsiti o n l a n e, t h e y ar e dri v e n m a n u all y i nt o t h e H O V l a n e first a n d t h e n t h e

a ut o m at e d/tr a n siti o n l a n e a n d t h e n tr a n siti o n i nt o t h e a ut o m at e d dri vi n g m o d e. ( Di v er gi n g a n d m er gi n g

at t h e s p e ci al hi g h w a y-t o- hi g h w a y c o n n e ct or r a m ps is still m a n u al.) H O V tr affi c tr a v els o n o nl y t h e

H O V l a n e, n ot t h e a ut o m at e d l a n e. P h y si c al b arri er s s e p ar ati n g t h e a ut o m at e d/tr a n siti o n l a n e fr o m t h e

H O V l a n e ar e er e ct e d at hi g h w a y-t o- hi g h w a y i nt er c h a n g e s, p arti c ul arl y at t h e m er g e p oi nt, t o pr e v e nt

l a n e c h a n gi n g a n d p o s si bl e i ntr u si o n b y m a n u all y- dri v e n v e hi cl e s. I n str u m e nti n g t h e n e w H O V l a n e f or

a ut o m at e d dri vi n g n e e d s t o b e c o m pl et e d i n t hi s st a g e.

N ot e t h at b y d e di c ati n g t h e l eft- m ost l a n e as t h e a ut o m at e d/tr a nsiti o n l a n e, t h e pr e vi o usl y dir e ct

H O V hi g h w a y-t o- hi g h w a y c o n n e ct or r a m p s c a n o nl y b e u s e d b y a ut o m ati o n- e q ui p p e d v e hi cl e s. Si n c e

m eri n g  a n d di v er gi n g at t h e r a m p s ar e still p erf or m e d m a n u all y, t h e s e r a m p s c a n b e r ef err e d t o a s
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s e mi- a ut o m at e d hi g h w a y-t o- hi g h w a y c o n n e ct or r a m ps. A p ot e nti al i s s u e i s t h at, st arti n g at t hi s st a g e,

t h e H O V tr affi c i s d e pri v e d of t h e u s e of t h e n o w s e mi- a ut o m at e d hi g h w a y-t o- hi g h w a y c o n n e ct or

r a m p s.

( S 6) A ut o m ati o n  of L a n e- C h a n gi n g  i nt o  a n d  o ut  of t h e A u t o m a t e dl T r a n si ti o n  L a n e

T h e m ai n a d d e d f u n cti o n of t his st a g e is v e hi cl e ’s a ut o m at e d l a n e- c h a n gi n g c a p a bilit y. V e hi cl e s

s o e q ui p p e d c a n tr a n siti o n b et w e e n t h e a ut o m at e d a n d m a n u al dri vi n g m o d e s o n t h e H O V l a n e a n d t h e n

ar e dri v e n a ut o m ati c all y o nt o t h e A ut o m at e d/ Tr a n siti o n L a n e b y t h e n e wl y a d d e d a ut o m at e d  l a n e-

c h a n gi n g c a p a bilit y. T h o s e n ot s o e q ui p p e d ar e fir st m a n u all y dri v e n o nt o t h e a ut o m at e d/tr a n siti o n l a n e

a n d t h e n tr a nsiti o n i nt o t h e a ut o m at e d dri vi n g m o d e.

Ass u mi n g t h at t h e tr a nsiti o n t as ks ar e us er-fri e n dl y, tr a nsiti o n s h o ul d t a k e v er y littl e ti m e a n d, at

a n y p oi nt i n ti m e, o nl y a s m all fr a cti o n of v e hi cl es tr a v eli n g o n t h e a ut o m at e d/tr a nsiti o n l a n e ar e i n t h e

tr a nsiti o ni n g pr o c ess. T o m a xi mi z e t h e s af et y of l a n e- c h a n gi n g i nt o t h e a ut o m at e d/tr a nsiti o n l a n e, it

c a n b e sti p ul at e d t h at a v e hi cl e c a n b e gi n a n a ut o m at e d l a n e - c h a n g e m a n e u v e r i nt o t h e

a ut o m at e d/tr a nsiti o n l a n e o nl y aft er it h as s u c c essf ull y n e g oti at e d vi a c o m m u ni c ati o n wit h t h e t w o v e hi-

cl es a dj a c e nt t o t h e i nt e n d e d g a p (if t h e y ar e n e ar b y). N ot e t h at t h e t a cit ass u m pti o n is t h at n e g oti ati o n

t hr o u g h c o m m u ni c ati o n is r e q uir e d f or s af et y a n d t h e t w o v e hi cl es ar e alr e a d y u n d er a ut o m ati c c o ntr ol,

i. e. v e hi cl e-t o- v e hi cl e n e g oti ati o n c a n t a k e pl a c e o nl y aft er t h e i n v ol v e d v e hi cl es h a v e tr a nsiti o n e d i nt o

a n d ar e u n d er a ut o m at e d c o ntr ol. H o w e v er, s u c h sti p ul ati o n i s u nr e a s o n a bl e f or l a n e- c h a n gi n g o ut of

t h e a ut o m at e d/tr a n siti o n l a n e i nt o t h e H O V l a n e b e c a u s e n ot all v e hi cl e s o n t h e H O V l a n e ar e

a ut o m ati o n- e q ui p p e d. N e v ert h el e s s, it c a n b e sti p ul at e d t h at b ef or e a v e hi cl e c a n b e gi n t h e l a n e- c h a n g e

m a n e u v er fr o m t h e a ut o m at e d/tr a nsiti o n l a n e i nt o t h e H O V l a n e it s h o ul d n otif y a n d o bt ai n c o ns e nt

fr o m t h e t w o l o n git u di n all y a dj a c e nt v e hi cl es i n t h e a ut o m at e d/tr a nsiti o n l a n e (if n e ar b y). I n t his w a y,

if a v e hi cl e e n c o u nt ers a n d d et e cts s af et y h a z ar ds w hil e c h a n gi n g l a n es fr o m t h e a ut o m at e d/tr a nsiti o n

l a n e i nt o t h e H O V l a n e, a b ort c a n b e s af er t h a n ot h er wi s e d u e t o t h e f ull a w ar e n e s s of t h e t w o a dj a c e nt

a ut o m at e d v e hi cl es. N ot e t h at i n or d er f or a v e hi cl e t o c h a n g e l a n e i nt o or o ut of t h e a ut o m at e d l a n e,

t h e t w o l o n git u di n all y a dj a c e nt v e hi cl e s m u st h a v e alr e a d y tr a n siti o n e d i nt o t h e a ut o m at e d dri vi n g

m o d e. Ot h er wis e, it h as t o w ait. B e c a us e at a n y p oi nt i n ti m e o nl y a s m all fr a cti o n of t h e v e hi cl es ar e
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i n t h e tr a n siti o ni n g pr o c e s s, t h e w ait s h o ul d b e v er y bri ef.

W e a s s u m e t h at t h e a ut o m at e d l a n e- cr ui si n g c a p a bilit y c a n b e u p gr a d e d t o t h e a ut o m at e d  l a n e-

c h a n gi n g c a p a bilit y. N ot e t h at s u c h t e c h n ol o gi c al u p gr a d a bilit y c o ul d b e cr u ci al t o t h e s u c c e s s of A H S

d e pl o y m e nt. As st at e d e arli er, w e ass u m e t h at, at a n y st a g e f oll o wi n g  ( S 3),  f ail-s af et y c o m es wit h t h e

a d d e d f u n cti o ns.

M er gi n g/ di v er gi n g i s diff er e nt fr o m r e g ul ar l a n e- c h a n gi n g i n t h at t h e f or m er n e e d s t o b e c o m-

pl et e d ti m el y at a s p e cifi c l o c ati o n a n d t h e l att er c a n b e a b ort e d a n d r etri e d at a l at er ti m e. T h er ef or e,

a ut o m at e d m er gi n g/ di v er gi n g c o ul d i n v ol v e m or e s o p hi sti c at e d t e c h n ol o g y t h a n a ut o m at e d  l a n e-

c h a n gi n g. W e a s s u m e t h at t h e a d diti o n al s o p hi sti c ati o n r e si d e s o n t h e r o a d si d e a n d n ot o n t h e v e hi cl e.

I n ot h er w or d s, a n y v e hi cl e e q ui p p e d wit h a ut o m at e d l a n e- c h a n gi n g c a p a bilit y c a n p erf or m a ut o m at e d

m er gi n g/ di v er gi n g a s l o n g a s t h e r o a d si d e (i nfr a str u ct ur e) i s i n str u m e nt e d t o pr o vi d e t h e n e c e s s ar y i nf or-

m ati o n a n d i nt elli g e n c e. F or c o n v e ni e n c e, a ut o m at e d l a n e- c h a n gi n g/ m er gi n g/ di v er gi n g c a p a bilit y of a

v e hi cl e will b e o c c asi o n all y r ef err e d t o si m pl y as a ut o m at e d l a n e- c h a n gi n g c a p a bilit y i n t h e r est of t his

p a p er.

( S 7)  D e di c ati o n of o n e  A ut o m at e d  L a n e  ( N o  Tr a n siti o ni n g)  a n d  A ut o m ati o n  of M er gi n gl Di v er gi n g  at

( A ut o m at e d) Hi g h w a y-t o- Hi g h w a y C o n n e ct or R a m p s

I n t hi s st a g e, t h e r o a d si d e (i nfr a str u ct ur e) i nt elli g e n c e i s u p gr a d e d t o pr o vi d e n e c e s s ar y i nf or m a-

ti o n a n d g ui d a n c e f or s u p p orti n g s af e a ut o m at e d tr affi c m er gi n g a n d di v er gi n g at t h e H O V hi g h w a y-t o-

hi g h w a y c o n n e ct or r a m p s. T h e ol d a ut o m at e d/tr a n siti o n l a n e i s r e d e si g n at e d a s t h e a ut o m at e d l a n e. O n

t h e a ut o m at e d l a n e, t h er e i s n o m a n u al dri vi n g all o w e d. O nl y t h o s e v e hi cl e s e q ui p p e d wit h t h e l a n e-

c h a n gi n g c a p a bilit y c a n us e t h e a ut o m at e d l a n e. A ut o m at e d m er gi n g a n d di v er gi n g e n a bl e c o nti n u o u s

a ut o m at e d dri vi n g a cr oss diff er e nt hi g h w a ys. T h e pr e vi o usl y s e mi- a ut o m at e d hi g h w a y-t o- hi g h w a y c o n-

n e ct or r a m p s ar e n o w r e d e si g n at e d a s a ut o m at e d hi g h w a y-t o- hi g h w a y c o n n e ct or r a m p s. S e e Fi g ur e 3

f or ill ustr ati o n.

N ot e t h at a n a ut o m at e d l a n e r ef er s t o a l a n e o n w hi c h all t h e v e hi cl e s ar e u n d er a ut o m at e d c o n-

tr ol. T his g o es b e y o n d t h e c o n c e pt of “ i n str u m e nt e d l a n e” , w hi c h c a n b e i nt er pr et e d a s a l a n e s uit a bl y
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e q ui p p e d f or a ut o m at e d dri vi n g. T h e H O V l a n e, f or e x a m pl e, c a n b e r e g ar d e d a s a n i n str u m e nt e d l a n e

b ut n ot a n a ut o m at e d l a n e.

A ut o m ati o n- e q ui p p e d v e hi cl e s tr a n siti o n b et w e e n t h e m a n u al a n d a ut o m at e d m o d e s o n t h e H O V

l a n e a n d ar e dri v e n o nt o or off fr o m t h e a ut o m at e d l a n e a ut o m ati c all y. T h o s e n ot e q ui p p e d f or

a ut o m at e d l a n e- c h a n gi n g c a n u s e o nl y t h e H O V l a n e f or a ut o m at e d dri vi n g. N ot e t h at t h e s e v e hi cl e s

h a v e n o a c c e s s t o t h e a ut o m at e d hi g h w a y-t o- hi g h w a y c o n n e ct or r a m p s.

N e g oti ati o n a m o n g v e hi cl e s, wit h t h e s u p p ort of t h e r o a d si d e i nt elli g e n c e, t hr o u g h c o m m u ni c ati o n

f or tr affi c m er gi n g at t h e m er g e p oi nt of t h e a ut o m at e d hi g h w a y-t o- hi g h w a y i nt er c h a n g e is ass u m e d

n e c ess ar y f or s af et y. Si n c e all v e hi cl es i n t h e a ut o m at e d l a n e ar e u n d er a ut o m at e d c o ntr ol at all ti m e,

s u c h n e g oti ati o n i s p o s si bl e. N ot e t h at s u c h n e g oti ati o n m a y n ot b e p o s si bl e if tr a n siti o n i s all o w e d o n

t h e l eft- m ost l a n e, i. e. if t h e l a n e is still d e di c at e d as a n a ut o m at e d/tr a nsiti o n l a n e. T h e r e as o n is as f ol-

l o ws. If a v e hi cl e is a p pr o a c hi n g t h e l eft- m ost l a n e of a cr ossi n g hi g h w a y fr o m a hi g h w a y-t o- hi g h w a y

c o n n e ct or r a m p b ut s o m e v e hi cl e s n e ar t h e m er g e p oi nt ar e still u n d er m a n u al c o ntr ol, n e g oti ati o n i s

i m p o s si bl e. H o w e v er, u nli k e a r e g ul ar l a n e c h a n g e, m er gi n g c a n n ot w ait, at l e a st n ot a s l o n g a s a r e g u-

l ar c h a n g e c a n, b e c a u s e it n e e d s t o t a k e pl a c e at a s p e cifi e d l o c ati o n. T hi s dil e m m a m a y b e v er y

d a n g er o u s. T hi s m oti v at e d t h e str at e g y w h er e a ut o m at e d m er gi n g i s s u p p ort e d o nl y w h e n  b ot h tr affi c

str e a m s ar e u n d er a ut o m ati c c o ntr ol.

N ot e a g ai n t h e i m p ort a n c e of t h e f u n cti o n al u p gr a d a bilit y fr o m t h e a ut o m at e d l a n e- c h a n gi n g c a p a-

bilit y t o a ut o m at e d di v er gi n g/ m er gi n g c a p a bilit y. ( W e h a v e a s s u m e d t h at o nl y t h e r o a d si d e n e e d s

u p gr a d e.) At t hi s st a g e, f u n cti o n al di v er sit y e n c o m p a s s e s n o n-f ail- s af e a ut o m at e d l a n e- cr ui si n g tr a n sit

v e hi cl e, f ail- s af e a ut o m at e d l a n e- cr ui si n g tr a n sit v e hi cl e s a n d a ut o m o bil e s, a n d f ail- s af e a ut o m at e d

l a n e- c h a n gi n g/ m er gi n g/ di v er gi n g tr a n sit v e hi cl e s a n d a ut o m o bil e s.

( 3) C o n str u cti o n of A ut o m at e d O n- R a m p s a n d Off- R a m p s wit h B arri er s at Hi g h- D e m a n d L o c ati o n s

Wit h s uffi ci e nt a n d i n cr e asi n g d e m a n d, c o nstr u cti o n of a ut o m at e d o n-r a m ps a n d off-r a m ps c o n-

n e cti n g cit y str e ets dir e ctl y wit h t h e a ut o m at e d l a n es a dj a c e nt t o t h e m e di a n, es p e ci all y at b us y l o c a-

ti o ns, b e gi ns. T his s u p p orts f ull y a ut o m at e d dri vi n g fr o m a n y a ut o m at e d o n-r a m p t o a n y a ut o m at e d
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off-r a m p. M or e i m p ort a ntl y, it i n cr e a s e s a c c e s s a n d e gr e s s c a p a cit y at t h e s e hi g h- d e m a n d l o c ati o n s.

V e hi cl e s e q ui p p e d wit h a ut o m at e d l a n e- c h a n gi n g/ m er gi n g/ di v er gi n g c a p a bilit y a c c e s s a n d e gr e s s t h e

a ut o m at e d l a n e t hr o u g h t h e a ut o m at e d o n-r a m p s/ off-r a m p s, w h er e a v ail a bl e. P h y si c al b arri er s s e p ar at-

i n g t h e a ut o m at e d l a n e fr o m t h e H O V l a n e at t h e m er g e p oi nt wit h o n-r a m p s, ar e er e ct e d f or s af et y.

V e hi cl e s wit h o ut a ut o m at e d l a n e- c h a n gi n g/ m er gi n g/ di v er gi n g c a p a bilit y c a n o nl y a c c e s s a n d e gr e s s t h e

a ut o m at e d l a n e w h er e b arri er s ar e a b s e nt. A ut o m at e d l a n e- cr ui si n g v e hi cl e s c a n u s e t h e H O V/tr a n siti o n

l a n e o nl y. Alt h o u g h t h e c ost of a hi g h w a y-t o- cit y-str e et i nt er c h a n g e m a y b e m o d er at e, t h er e m a y b e a

l ar g e n u m b er of s u c h b us y l o c ati o ns i m pl yi n g t h e n e c essit y of a l ar g e t ot al c a pit al i n v est m e nt a n d

p ot e nti al fi n a n ci n g pr o bl e m s. T h e r at e of c o n str u cti o n c o ul d b e sl o w.

( S 9) S e gr e g ati o n of A ut o m at e d Tr afi c  fr o m  M a n u al  Tr afJi c  wit h  P h y si c al  B arri er s  f or S af er  a n d  Hi g h-

S p e e d  A ut o m at e d  Dri vi n g

T his st a g e is m ar k e d b y t h e s e gr e g ati o n of t h e a ut o m at e d l a n e fr o m t h e m a n u al tr affi c b y er e cti n g

p h y si c al b arri er s b et w e e n t h e a ut o m at e d l a n e a n d t h e H O V l a n e. S e e Fi g ur e 4 f or ill u str ati o n. S e gr e g a-

ti o n is m oti v at e d b y s af et y, hi g h er-s p e e d a ut o m at e d dri vi n g, hi g h d e nsit y a n d h e n c e hi g h c a p a cit y, a n d

a n dri v erl e s s tr a n sit v e hi cl e o p er ati o n o n t h e a ut o m at e d l a n e. N ot e t h at s u c h b arri er s h a v e alr e a d y b e e n

er e ct e d at hi g h w a y-t o- hi g h w a y i nt er c h a n g e s a s w ell a s hi g h w a y-t o- str e et i nt er c h a n g e s. D u e t o t h e

s e gr e g ati o n, t h e p o s si bilit y of s pill- o v er of tr affi c a c ci d e nt s fr o m t h e m a n u al tr affi c i s mi ni mi z e d.

T h er ef or e, gi v e n t h e f ail-s af e f e at ur e of t h e a ut o m at e d l a n e- c h a n gi n g/ m er gi n g/ di v er gi n g v e hi cl es, t h e

pr e vi o usl y virt u all y c ar e-fr e e dri vi n g is u p gr a d e d t o c o m pl et el y c ar e-fr e e dri vi n g, i. e. h a n ds- off, f e et- off

a n d “ br ai n- off ’. ( S e e d e s cri pti o n of st a g e ( S 3).)

S u c h p h y si c al s e gr e g ati o n e s s e nti all y e st a bli s h e s a s e p ar at e a ut o m at e d hi g h w a y n et w or k s y st e m,

p o s si bl y wit h c o n v e ni e nt a c c e s s fr o m a n d e gr e s s t o t h e “ b a c k-t o- b a c k ’ c o n v e nti o n al n et w or k f or m a n u al

tr affi c. A ft e r s u c h a s e g r e g ati o n , o nl y t h o s e v e hi cl e s e q ui p p e d wit h a ut o m at e d  l a n e-

c h a n gi n g/ m er gi n g/ di v er gi n g c a p a bilit y c a n u s e t h e s e gr e g at e d a ut o m at e d l a n e s. T h o s e n ot s o e q ui p p e d

c a n still u s e t h e H O V l a n e f or a ut o m at e d dri vi n g, b ut wit h o ut a c c e s s t o t h e a ut o m at e d  hi g h w a y-t o-

hi g h w a y c o n n e ct or r a m ps. N ot e a g ai n t h e i m p ort a n c e of f u n cti o n al u p gr a d a bilit y.
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( SI O) T w o A ut o m at e d L a n e s f or C a p a cit y a n d Hi g h er S p e e d o n t h e S e c o n d A ut o m at e d L a n e

Wit h e v e n hi g h er d e m a n d, t h e H O V l a n e c a n b e r e d e si g n at e d a s a n a d diti o n al a ut o m at e d l a n e a n d

t h e a dj a c e nt m a n u al l a n e c a n b e r e d e si g n at e d a s t h e H O V l a n e. T hi s i s t o i n cr e a s e t h e c a p a cit y a n d t o

a c c o m m o d at e hi g h er s p e e d o n t h e s e c o n d a ut o m at e d l a n e. N ot e t h at all v e hi cl e s ar e l o n er s s o f ar.

( SI I) A ut o m o bil e  Pl at o o ni n g  o n  t h e  S e c o n d  A ut o m at e d  L a n e  f or  Hi g h er  C a p a cit y

D uri n g t hi s st a g e, a d diti o n of a s e c o n d a ut o m at e d l a n e c o nti n u e s. M or e i m p ort a ntl y, a ut o m o bil e

pl at o o ni n g b e gi n s t o b e s u p p ort e d w h er e a n d w h e n hi g h er c a p a cit y i s n e e d e d. N ot e a g ai n t h e i m p or-

t a n c e of f u n cti o n al u p gr a d a bilit y. At t hi s st a g e, l a n e u s a g e i s a s f oll o w s. A ut o m at e d l a n e- cr ui si n g

l o n er v e hi cl es, f ail-s af e or n ot, us e o nl y t h e H O V l a n e o utsi d e of t h e s e gr e g at e d a ut o m at e d l a n es a n d

h a v e n o a c c e s s t o a n y dir e ct a ut o m at e d hi g h w a y-t o- hi g h w a y c o n n e ct or r a m p s. All a ut o m at e d  l a n e-

c h a n gi n g/ m er gi n g/ di v er gi n g (f ail- s af e) v e hi cl e s, l o n er or pl at o o ni n g e q ui p p e d, c a n u s e at all ti m e s t h e

first a ut o m at e d l a n e (i. e. o n e t h at i nt erf a c es wit h t h e a ut o m at e d o n/ off r a m ps). A ut o m at e d pl at o o ni n g-

e q ui p p e d v e hi cl e s, w h e n s o d e sir e d b y t h e dri v er, c a n u s e t h e s e c o n d a ut o m at e d l a n e at all ti m e s. At

c o n g e st e d l o c ati o n s a n d d uri n g c o n g e sti o n ti m e, o nl y t h e pl at o o ni n g e q ui p p e d a ut o m o bil e s c a n u s e t h e

s e c o n d a ut o m at e d l a n e a n d t h e y tr a v el i n pl at o o ns. O n t h o s e s e cti o n s w h er e o nl y o n e a ut o m at e d l a n e i s

a v ail a bl e a n d w h e n a n d w h er e hi g h er l a n e c a p a cit y i s n e e d e d, “ s p o nt a n e o u s pl at o o ni n g ” i s r e q uir e d of

t h e pl at o o ni n g- e q ui p p e d a ut o m o bil e s.

P o s si bl e i s s u e s r el at e d t o pl at o o ni n g i n cl u d e u s er di s c o mf ort a b o ut t h e s h ort s p a ci n g, li a bilit y a n d

i n s ur a n c e ( n e w l a w s p o s si bl y r e q uir e d f or li a bilit y di stri b uti o n), a n d e n vir o n m e nt al i m p a ct ( d u e t o t h e

p ot e nti all y l ar g e v ol u m e of tr affi c b ei n g s u p p ort e d t hr o u g h pl at o o ni n g).

( S 1 2) A  M at ur e  Ur b a n  A H S:  A  P h y si c all y  S e gr e g at e d  A ut o m at e d  Hi g h w a y  N et w or k  M ai nl y  o n  E xi sti n g

Ri g h t - of -  W a y

B y n o w, t h e e v ol uti o n h a s r e a c h e d t h e m at ur e ur b a n s e gr e g at e d A H S n et w or k d e s cri b e d i n d et ail

i n S e cti o n ( 4. 1).

( 5) C O N C L U S I O N
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O n t h e hi g h e st l e v el, t h e pr o c e s s of A H S d e pl o y m e nt c a n b e vi e w e d a s o v er c o mi n g v ari o u s

diffi c ulti es i n e x c h a n g e f or t h e pr o visi o n of d esir a bl e A H S f u n cti o ns a n d us er s er vi c es. A n e v ol uti o n ar y

st a g e t o w ar d s a m at ur e A H S w a s d efi n e d a s a n y di s c er ni bl e i n cr e m e nt al f u n cti o n al st e p w h o s e r e ali z a-

ti o n m a y e n c o u nt er c o n si d er a bl e difi c ulti e s  r e q uiri n g a si g nifi c a nt a m o u nt of c o ns ci o us eff ort t o o v e r -

c o m e. A g o o d e v ol uti o n ar y s c e n ari o c o nsists of st a g es e a c h of w hi c h pr o vi d es s uffi ci e nt a d diti o n al

f u n cti o n alit y a n d us er s er vi c es t h at j ustif y t h e r e q uir e d eff ort t o o v er c o m e t h e ass o ci at e d diffi c ulti es.

D e pl o y m e nt of A H S t e c h n ol o gi es c o ul d b e diffi c ult. Si x di m e nsi o ns of d e pl o y m e nt diffi c ulti es, n a m el y

t e c h n ol o g y, i nfr astr u ct ur e, h u m a n f a ct ors, v e hi cl e m a n uf a ct uri n g a n d m ai nt e n a n c e, i ns ur a n c e a n d p u bli c

will, as w ell as s p e cifi c diffi c ulti es w er e i d e ntifi e d.

N ot e t h at d e pl o y m e nt iss u es ar e n ot c o nfi n e d t o t h e d e pl o y m e nt st a g e b ut m a y a ct u all y di ct at e t h e

t e c h n ol o gi c al r e q uir e m e nts. W e n o w bri efl y ill ustr at e t h at d e pl o y m e nt c o ul d i ntr o d u c e m a n y c h all e n g-

i n g R & D i s s u e s, t e c h n ol o gi c al a n d ot h er wi s e. C o n si d er t h e m at ur e ur b a n A H S d efi n e d i n S e cti o n  ( 4. 1),

w h er e v e hi cl e m o v e m e nt s a n d m a n e u v er s, a n d e v e n t h e r o a d w a y, ar e u n d er ti g ht A H S m o nit ori n g a n d

c o ntr ol wit h o ut dri v er i nt er v e nti o n. T hr o u g h c o m m u ni c ati o n a n d s e nsi n g, u n c ert ai nt y is mi ni mi z e d a n d

s af et y c a n b e a c hi e v e d, at l e ast i n t h e or y. H o w e v er, if a ut o m at e d v e hi cl es will n e e d t o b e mi x e d wit h

m a n u all y dri v e n v e hi cl e s, eit h er i n t h e s a m e l a n e or i n a dj a c e nt b ut n o n- p h y si c all y- s e p ar at e d l a n e, i n

a n y of t h e i nt er m e di at e d e pl o y m e nt st a g e s, t h e n s af et y d uri n g a n y s u c h st a g e m a y r e q uir e ultr a-

s o p hi sti c at e d a n d y et r eli a bl e t e c h n ol o gi e s t h a n ot h er wi s e. T h er ef or e, i n t his c as e, it is d e pl o y m e nt,

r at h er t h a n t h e t ar g et m at ur e A H S, t h at a ct u all y di ct at e s t h e r e q uir e d t e c h n ol o gi c al s o p hi sti c ati o n. I n

t h e o pi ni o n of t h e a ut h or, d e pl o y m e nt, if n ot pr o p erl y tr e at e d at t h e o ut s et of A H S R & D, c o ul d b e c o m e

a p ot e nti al “ s h o w st o p p er ” . T h er ef or e, h e i n vit e s i nt e n s e r e s e ar c h i nt o d e pl o y m e nt a s a n i nt e gr al p art of

A H S s yst e m d efi niti o n a n d s p e cifi c ati o n.

I niti al A H S m ar k et p e n etr ati o n c o ul d b e t h e m ost diffi c ult st a g e of all. C o m p aris o n of t h e d esir a-

bilit y of t h e diff er e nt m at ur e A H S is als o diffi c ult, at l e ast at t his ti m e. Gi v e n a f e asi bl e i niti al A H S

d e pl o y m e nt str at e g y a n d a t ar g et m at ur e A H S, a n e v ol uti o n ar y s c e n ari o c a n b e vi e w e d a s a c oll e cti o n

of i nt er m e di at e st a g e s, p o s si bl y o v erl a p pi n g a n d p ar all el, c o n n e cti n g t h e t w o e n d s. F or ill u str ati o n, t h e

i niti al d e pl o y m e nt str at e g y r e c e ntl y pr o p o s e d b y T s a o w a s a d o pt e d a n d a p arti c ul ar m at ur e A H S w a s
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selected as an example. An evolutionary scenario consisting of a sequence of stages connecting the two

ends was defined. The functional increments and the difficulties associated with each step were also

discussed.

Note that there are many other possible mature AHS. This paper investigated only one alterna-

tive. The evolutionary scenario has been developed for illustration only and is not being advocated as

the best, or even a viable, deployment strategy. If fact, the feasibility of any deployment strategy can-

not be asserted at this conceptual level or with certainty and much more study is required. Some of the

deployment difficulties associated with this particular scenario may apply to other evolutionary

scenarios. Such scenarios clarify what the deployment difficulties may be and hint when the difficulties

might occur.

Development and evaluation of AHS evolutionary scenarios is a difficult task. Because of the

large number of possible mature as well as evolutionary AHS scenarios, judgements based on prelim-

inary analysis may have to be made to (i) gauge the desirability of the functions provided by the indivi-

dual stages of the evolutionary scenarios, (ii) measure the associated difficulties and the required effort,

and then (iii) select a manageable collection of good evolutionary scenarios. Detailed analyses, evalua-

tions, and comparisons can then follow so that a small number of superior ones can be identified. The

author invites more research on identifying AHS deployment difficulties as well as on designing and

comparing AHS evolutionary scenarios.
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Table 1: Increasing Grades of Automation-Equipped Vehicles

Grade

Gl

Description

Automated Lane Cruising (Transit Vehicles Only)
- Lane Keeping
- Vehicle Following
- Speed Limit Observation

(Dependent Upon Roadway Geometry, etc.)
- Safe Speed Determination

(Dependent Upon Weather/Driving/Traffic
Conditions, etc.)

G2 Fail-Safe Automated Lane Cruising
(Vehicle Brought to a Safe Stop After Safety-
Critical Failure)

G3 Fail-Safe Automated Lane Changing/Merging/Diverging
(Communication Capability Assumed)

64 Fail-Safe Automated Platooning Vehicle
(Automobiles Only)



Table 2: 12 Evolutionary Stages To a Mature Urban AHS

Stage

Sl

Description

The Initial Deployment Strategy: Vans/Mini-buses Providing A
Freeway Shuttle Service with Automated Lane Cruising
Supervised by a Professional Driver in Mixed Traffic on HOV Lane

52
Construction of Highway-to-Highway HOV connector Ramps
and Equipping HOV Lanes for Automated Driving

53

54

s5

Achieving Vehicle Fail-Safety

Automation of Automobiles

Dedication of one Automated/Transition Lane for Transition
and Automated Driving

56
Automation of Lane-Changing into and out of the
Automated/Transition Lane

57
Dedication of one Automated Lane (No Transitioning) and
Automation of Merging/Diverging at (Automated) Highway-
to-Highway Connector Ramps

58 Construction of Automated On-Ramps and Off-Ramps with
Barriers at High-Demand Locations

s9 Segregation of Automated Traffic from Manual Traffic with
Physical Barriers for Safer and High-Speed Automated Driving

SIO Two Automated Lanes for Capacity and Higher Speed on the
Second Automated Lane

Sll Automobile Platooning on the Second Automated Lane
for Higher Capacity

s12 A Mature Urban AHS: A Segregated Automated Highway
Network on Existing Right-of-Way



Minimum roadside intelligence:
regulating maximum speed,

advrsing road/traffic conditions

minibus

No check-in facilities; frequent inspection & maintenance done at the operator’s garages

Figure 1: (Sl)- The Initial Deployment Strategy: Vans/Mini-busses Providing a Freeway Shuttle Service
with Automated Lane Cruising Supervised by a Professional Driver in Mixed Traffic on HOV Lane



Figure 2: (SZ)- Construction of Highway-to-Highway Manual
HOV Connector Ramps and Equipping Manual HOV Lanes for

Automated Driving



Grade - Elevated Automated H-H connector Ramps

from to
crossing crossing

I
north

highway
/

IUHOV

Figure 3: (S7) Dedication of one Automated Lane (No Transitioning) and
Automation of Merging/Diverging at (Automated) Highway-to-Highway connector Ramps



f-
Automated On-ramp Automated Off-ramp

7J

IUHOV

Figure 4: (S9) Segregation of Automated Traffic From
Manual Traffic with Physical Barriers for Safer and High-speed Automated Driving
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