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Abstract

The paper is concerned with the consequences of control system failures and external intrusions to
a fully Automated Highway System (AHS). A model has been developed which enables the casu-
alty rates in lines of automated vehicles to be calculated, following an initial event. It is applied to
several situations here for a variety of possible physical layouts andiop&ranodes of aAHS.

It is believed that these configurations encompass all those proposed which are economically at-
tractive, and that the accident types encompass the most important ones. For all accident types,
there is one systemlwch has casualties per incident meaer than 10% of its neest rivals. This
“preferred” system is described, and the predicted casualty rate results are quoted and discussed. If
reliability of the contol systems is sti€ient, the adantages of the peferred system become unim-
portant. Values of reliability required are discussed.
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INTRODUCTION

In some earlier papers (Hitchcock 1993a, b, 1994) a model has been described which makes
guantitative estimates of the casualty rates in particular kinds of accidents on an automated high-
way systemAHS). The casualty rates depend on the way motion is organized within the AHS. As
a result of this work it becomes possible to integrate the total picture, and determine the total impact
of sakty constaints on acqatalde plysical lasout and opettional stieme of arAHS. In some
cases, an alternative to acceptance of the constraining features described here is to ensure high
reliability of vehicle control systems: in others the initial element of the danger to be guarded
against is external to the system, and cannot be affected by system design.

We shall conlude that thex is one peferred sheme among thosehich are economically
viable in that they offer the pspect of those sigmiant increases in capacity which are ridieon
d’étre of an AHS. In the event of control system failures, the preferred scheme results in far fewer
casualties per failure (by factors of at least 10 or so) than any other scheme of which the author is
aware. Thugf continued high eliability of vehicle-bone contol systems can be kieved dheaply,
the scheme meets safety criteria significantly more severe than its competitors.

The stiemes discussed leasissumes a systemthas autoniad cas and light tucks only.
Any possible preferred scheme involving heavier Mekiwill not be discussed leerFurther, the
discussion in this paper refers mainly to systems in which the lanes with automated vanictes (
mated lanesor ALs) shae a stucture with lanes of mamal wehides (marual lanes)and ae ac-
cessed from them. The conclusion, howeakso plies to automtad systems hich are accessed
directly from surface streets, in which vehicles become automated on the on-ramps, and resume
manual control on the off-ramps. The arguments are basically very similar, and brief explanations
of the diferences will be made tbughout the paer It is gopaent to the author thaf there is a
network of ALs, so that some are accessed from other ALs, the conclusions also continue to apply.
Howewer this does not seem to bartsparently alid to othes, and the detailed gnment, which
would be lengthy, has not yet been formulated. This extension must therefore remain speculative.

In this paper we shall irst desdbe the peferred stieme. The reader will then belde to see
where our agument is ging. We shall then cgiw dtention to the éatues it possesseshich, we
shall ague,are essential to a vde AHS. The model vinich has been desbed in the edier pgoers,
and the pdrcular values chosemif some of the pameterswill be reviewed. V& shall then tur to
the paticular accident types fch, we shall argue, are critical eliscuss theesults of modeling
these accidents in anety of confgurations. These configurans encompass all cagiéirations
known to the author to va been putdrward The contusion thaonly the peferred coniguration
meets all the criteria will become evident.

There are conceivable accidents, such as the collision of a moving platoon with a stationary
one,tha are moe seere than apthing considezd However,it has been shen by Hitchcock
(1992) that by the choice of appropriate degraded modes of operation, the use of appropriate design
technigues and fault tree analysis, it can be assured that such catastrophes only occur if three or
more independent faults occur simultaneoudhys Will be \ery infrequent and can be igreat for
the present purpose.



DESCRIPTION OF PREFERRED CONFIGURATION

Figures 1 a, b & ¢ show the preferred layout and mode operation. As explained above, this
shavs anAHS which shaes space with maal lanes on a éeway,and is accessedofn those
marual lanes. If theAHS were on its evn stucture,and accessedylramps,figure 1a does not
apply, and figure 1b requires a little modification. Figure 1c is unaltered.

Figures 1a, b & c. Layout of preferred AHS.Thic  k lines indicate a high barier , dotted linesalo w one.
Thin lines are r oad markings. The “dormitory” in figure b receives vehic les rejected at entr y, and
vehicles which have not resumed manual control after exit.
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We must first define terms. Operationplatoonsmeans that vehicles follow one another
very closely (our nominal close intraplatoon spacing is 1 m), in groups of between 2 and about 20.
Between platoons there is a gap of 60-80 m or more, which is such that vehicles in a following
platoon can brake to rest if a leading one stops as quickly as Diwvaders are physical barriers
between lanes. They contgates ggps in the driders (no moving parts!) through which vehicles
can change lanes. We permit two kinds of dividers. Teifira high diider, probably 0.7-1.2 m
high, whid will resist cars approaching perpendicularlye Becond is avodivider, which will
permit a car door to be opened over it, and is ankle-high. Dividers must be designed not to present
a dangr if stuck end on &a gate. Their design and use is discussed Wwelthe termmergeis used
to describe a maneuver in which two platoons in the same lane become one. If the platoons were
initially in different lanes we refer to this astry, change-laner joining.

In the preferred design automated vehicles operaptaioons on one or more automated
lanes AL) from which manual vehicles are excluded. Entry and exit are from a transitiofi lane (
which is s@arded from theALs by adivider. (It should be noted théhe pesent dehition of “TL”
differs from that implied in earlier work—see below.) Entering vehicles join at the immediate rear
of a «isting plaoon: if more than one has to join the samet@ia, they do so as @replatoon
which has beerormed at low speedon theTL. As figure 1(b) shars, accelestion of the peplatoon
occurs on a stretch of the TL called the entry maneuvering leBith)( of which at least part is
separged fom the manal lanes # a high dvider, while between EML andAL there is a lov
divider (pemitting comnunicaion and sensing).The EML is pobaby of AL width, narower
than the parts of the TL open to manual vehicles.

Figure 1c shws the coresponding @t maneuering length KML). Again it is s@arated
from the manual lanes by a high divider and is of a width appropriate to automated vehicles. Often
the XML will be immediately downstream of the EML.: if some failure prevents a preplatoon from
entering, the preplatoon will be broken into individual automatically controlled vehicles before the
XML starts. A vehicle leaves the AL by moving dirgctlut of its position in a ptaon through a
gate. There mabe a needdr some minimal opening of the spaces leemithe ®iting vehicle and
its neighbors in the platoon before it leaves.

If more than one vehicle in a platoon wants the same exit, they do so by separate gates.
Otherwise the ptaon will be left with seeral gaps or lage caps.As we shall seethis would
violate saéty citeria. After the irst vehide has left,t deceleates,and the gp in the pl&oon is
closed. The next vehicle to leave does so by a subsequent gate. The first exiter is now safely sepa-
rated from the next.

At the end of the XML the lane widens to normal width, and the high barrier between it and
the mamial lanes isaplaced ly one between it and théL. Here contol is offered to the dver.
This part of the TL is called the control-change len@&Ll) and is shown in figure 1a. If manual
control is resumedthe \ehide is free to lese theTL before the ngt EML is reachedif not a
dormitoryarea is provided where the vehicle comes to rest. If, in a fault condition, a whole platoon
must leave the AL, it can do so as a platoon, and break up on the XML.

If the AHS is on its avn stucture,and access isdm ramps,then enteng vehides ae
tested andif accepted, brought under autontia contiol while entemg the on-amp. The main
length of the on-ramp thus becomes equivalent to the EML of figure 1b. Only a small length runs
parallel to the AL. All that part of the XML which contains the exit gates, on the other hand, must



clearly run parallel to the ALs, as shown in figure 1c. However, as vehicles enter the off ramp, the
lane width increases to that found on manual lanes: this is where drivers are invited to resume
marual contol. If they do not thg are brought to est & the futher end of the éframp. In this
configurdion thee is no needdr high bariers,but the lav bariers remain necesspabetween ALS,

if there is more than one, between ALs and XML, and at the entry end of the on-ramp.

In the peferred stieme,platoons nger join or dvide on anAL. This is lequired,as we
shall see by the need to conform to safety criteria. We shall not discuss this here, but the length of
the EML is reduced, easing constraints if the number of platoons per kilometer remains constant.
We shall adopt this assumption @ghough it is not a necesggrat of the peferred stieme Even
if all vehicles in one platoon leave, the gap is not closed but remains, as a “platoon of zero length”,
ready to receive entering vehicles. If there is more than one AL, platoons of equal length move on
each AL side-by-side. There are continual exckargj \ehicles between plaons on pallel ALs
to kego lengths equathose lewing first being in the lane adjacent to e It is easy to pve th4,
under the conditions dedoed hee and in the lasence of corgstion on thé\L, the umber of
platoons per kilometer is a constant; that the distribution of platoon lengths is Poisson, and that as
flow increases, so does the mean platoon length.

The reason for this scheme is that the safety criteria require that any changes of lane be-
tween ALs must tak place without a mge o\er a length geder than the headhy between two
adjacent ghides in a pléoon. Thus to bange between ALs,two plaoons lie adjacen& g is
opened in one opposite the vehicle which is to change lanes, and this switches lanes when a gate is
reached. Since there will be one vehicle changing lanes between platoons several times in two or
three miles, it is clearly convenient that the platoons remain adjacent all the time, instead of re-
aligning themselves whenewva \ehide has to bange lane. This maximizes capacdihdeed if the
criterion of Hall (1993) is applied, it appears that with this configuration, the complexities of lane-
changing, enyrand «it offer do not cons#in the cpacity of the systenThis has been coinfned
by unpublished work by the author.

PRINCIPLES OF DESIGN
This design has been chosen because it meets the following criteria:

Economy and safetfven allowing for the TL, which bears little through traffic, the capacity per
unit width can be made high— twice or three times that for manual lanes. The system can thus be
economic The casualtyates per 100 MVMT thiaare accetale are not curently defned. We

sugeest tha AHS mustappearto be less damgous to car occupants than the malntraffic (on
freeway) that it replaces. In fact such accidents as do occur are likely to make newsworthy photo-
graphs: many will involve many vehicles, and when, as will be true in most cases, the injury rate is
low, the pulic is more likely to ascibe this to lu& than to sound emgeering. When &tal accidents

do occur, they are likglto be nulti-fatality ones. Thus an AHS wippearmore dangeus than it

is. We suggest here that safety criteria, if they are to be publicly, politically and legally acceptable
will require that the injury rate due to any one kind of accident should be less than 10% of the
present ate on feewygs. Futher, suppose therae two altenative designs;A”, and“B”. “A”

produces seeral times moe casualties thdiB” following the same initigng event. If, we sugest,

it is wished to ayue that the difference is unimportaiiyill be required that the casualty rate of



“A” is less than 1% of the gsent ate. “A” could however,be accptalde with a lager value if
there are compensating advamgan air quality or gaacity. In what follows we shall assume that
this position is adopted. Ultimately the decision about what is acceptable here is for legislatures.

Separation from Manual Tradf on freeway The requirement above thatesif be inceased by a
considerable factor @v the pesent situion implies thathere be no mamal trafic on the high-
densityALs. Otherwise human mrs will occur athe sameate as apresentand poduce accident

rates which are likglto be signiicantly larger than &presentsince speeds and densities will be
increased on ALs. This means, incidentallyt tbh economic adantage myabe talen of automa-

tion, and lane widths can be nawed—we suggst to 2.5 mThere nust be manal and autontad

traffic co-existing on the CCL, but this is at low density and reduced sipéed sometimes been
suggested that, for example, platoon leaders might operate with manual control of interplatoon
spacing. Under such conditions freedom from interplatoon collision would be lost in many fault
conditions—each such event could be a multi-fatality catastrophe.

Platooned operatiorof least casualties iraflures of longudinal control In Hitchcock 1994, our
modeling technique is applied to systems with different modes of operation, with this in common,
that they hag the caability of suppoting 6000 ehides per hour per land&he critical failurejt is
argued,atises wien a contl system dilure results in a ghide gplying full braking without
warning. Close-spaced platooning turns out to be robust against a number of variables which are
difficult or impossile to contol, and to hge casualtyates per incident leer by a factor of 5 - 500

than the competitsr Thus our peferred system opetes with plaoons of minimal int@-platoon
spacing.

The competing modes of opion consideed hee ae the bllowing. We ae not avare tha
any other modes of high-capacity automated operation have been proposed.

a. Platoons. Vehies mae in goups of 2-20 commnicdaing vehides. Intaplaoon spacinglaout
1 m. Interplatoon spacing 60-80 m or more.

b. Point Follower Contol (PFC). Thee is a saes of“slots”, 10-20 m long moving dovn the
AL. Each may or may not contain one vehicle. All vehicles communicate with the infrastruc-
ture.

c. Autonomous Intellignt Cuise Contol (AICC). Eath vehide detects a ehide aheadand
remains a desd distance behind it. No conumicaion between ehicles. he slot lengths
used here are such that the capacities necessary for economic viability are achieved. It would
be possible operate a lane with such vehicle spacings that multiple collisions never occur, but
these would have capacities less than existing lanes.

d. Cooperative Intelligent Cruise Contr@ICC). Same as AICC with communication between
adjacent vehicles.

The mode of opation of AICC-on} and CICC-ony} lanes will be d&cted by driver be-
havior, and here assumptions must be made. It seems to us likely that most drivers will attempt to
press forwadt as &r as possik, just as obsemation indicated that tlyedo todg. This will result in
very long lines of ehides with theAICC-system-detenined headay, separded ly large gaps
headed Y a diver who does not think it arth-while to dose the gp. Clean this will not gply at



very low flows, and at intermediate flows other behavior may eventuate. However, although other
behavios would produce esults thaare rumerically different the bangs ae not so lage as to
affect our conclusions.

The model, and the results of this work are described in greater detail later.

Dividers to avoid unaccetabe casualty ates in secondgraccidentsAnwar & Jovanis (1993)
enumerated “relevant accidentsi a section of the Santa Monicadway. These are accidents on

the manual lanes as a result of which a vehicle is projected on to the leftmost lane, where the ALs
would be. Hitchcock (1993a) calculated that the death rate in automated vehicles per 100 MVMT
on anAL on this freewg due to secondgrcollisions after aglevant accident in thebsence of a
divider. With platooned opetian the deth rate vould be apund 1 times the psent rée due to all
causes. Work reported below indicateg thigh other contol modes, the effect is even worse. The
figures are given below.

Since the ddh rate withoutAL/TL dividers is unaccgtable,ary system meeting setfy
criteria must hae them. It is not immedialy apparent, however, that barsean be made saflt
is clearly possible for a barrier to be struck end-on by a vehicle which is changing lane through a
gate. If the barrier is a Jersey beam, or the familiar corrugated-metal barriers seen on freeways, this
is known to be extremely dangerous. The barrier must be designed in such a way that it will resist
penetration by a vehicle striking its side, but will yield, giving a deceleration of between 1/2 g and,
say, 21/2 g when struck end-on. This can perhaps be achigvedking it of metal beamsumnh
thicker acoss the bater than paallel to it, as shan in figure 2.Another possibility pplies be-
tween ALs, or at the entry-gate (see figure 1b), where the barrier has only to contain vehicles to a
narrow lane. Her a lav barrier, whit will pass under theehide and slav it by causing it to plar
through sand (see figure 3) may perhaps be acceptable. Neither of these design concepts has yet
been tested. It seems unlikely, however, that no acceptable design can be found.

Safe Mechanism of platoon formatidtitchcock 1993b shows that if the critical failure—brakes
on—occurs in the first of two platoons which are merging, the injueyisssome 10 timeshat it

would be if there were no merge. Such figures also apply if one vehicle is merging with a platoon
from a geat distance. The eiftt is pesent, but small, men the mage is acoss a sgardion of one

car length only, but is two or three times larger than this if the merge is over two car lengths.

We therefore need, in der to meet saty criteria,a mode of opation in which merging
over a distance anything from two car lengths to the full interplatoon separation is excluded in
normal operation. This has consequences on entry and exit and on the co-ordination of movement
on two or moe ALs. e accet tha in fault conditions it ma be necessarto isolde a \ehicle
which is faulty kut can still m@e under its wn paver, and after it has left thé\L, reform the
platoon by a mergeJnder these conditions the mgerwould be prolonged by limiting the relative
speed of the tavcomponents, @n though thisasults in a ma@inal incease in congstion. If sub
prolonged meges were acceted as parof nomal-operéon lane-tiange lane-trangng would
constrain capacity very severely, aactiog to the dterion of Hall (1993),as confirmed by unpub-
lished work by the author.
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MOTION OF VEHICLES AND OCCUPANTS

“Coefficients of friction”. In the accidents we discuss, lines of vehicles respond to the initial inci-
dent by braking. Nevertheless collisions occur. One of the factors affecting the severity of injuries
is the variability between vehicles. In any of the longitudinal control schemes, if vehicles were all
identical there would be fewer or no collisions. In fact, however, the maximum deceleration that a
vehide can ahieve deends on the condition of itsdkes, andn wet weatherpn the condition of

its tires. In vell maintained ghides these doary, hut not \ery much. Howeveisome ehicles are

not well-maintained. We havbeen Ble to ind no ddéa dout the ange of \ariaion in practice. We

think that worn tires are much neocommon than arn brakesand obserations in local car p&s
suggest that one third of vehicles have tires which are sufficiently worn to affect maximum decel-
eration in the wet.

In this paper the maximum deceleration that a vehicle can maintain is assumed to be inde-
pendent of speed and equal to fg m/$ier& g€ 10 m/s/s) is the acceddion of gravity. f is thus
analogus to a constant cdalient of friction. We assume her that ér both bakes and ties, there
are two populations. The majority have f-values evenly distributexdaosmall ange, while the
minority ranges davn to a small &lue Fgure 4 shavs the distbution of f-values br our standat
“dry” conditions. (Higher alues ag not ealistic with asphalt or conete pad suraces.) Fuller
details ae in Hitchcok 1994.The results epoted hee and elsehere use the standadry and wet
values described there.

It may or may not be tebnically and economicallpossilbe to ensue thd all vehides on an
AHS have good tes and kakes. However, @n if it is tetnically possibleit may be doubted if it
is politically possilbe (withess the @sent lavs dout old \ehides which cannot meet air quality
regulations).

However,it is possile tha the fraction of \ehides with poor stoppinghality either is or
will be different fom what is assumed her Some sensitity analsis has been aaed out.The
numerical esults of our calcuteons are sensite/to the mmbers chosen to describe f-values. The
relative ma@nitudes of theasults for different control modeand the bsolute values for the sec-
onday effects of elevant accidentsare less sensite. The contusion tha the pinciples stéed
above are necesydf safety criteria ag to be metamains valid, bt if the fraction of \ehicles with
reduced stopping meer is \ery different than wna is assumedthe eliability requirment mg
change.

Equally,the efects of aaydynamic brces hae been ignad,(largely because da on them
is not yet available). This will affect the mgnitude of the e@sults,but seems unligly to afect
relativities. It would be desirable to remedy this defect.

Waming of need to lake Thee will be delgs in initiation of braking,which vary with the mode of
operation. The i th vehicle in line will start to brake at time
t; = a + i
1. In theplatoonedcondition,and also in CICCa messge is passed bdrom vehide to \ehicle
in the pldoon. Thee is then a delabefore biakes ae gplied.We tale a=0.09 sand b =0.01 s.

2. With AICC, each vehie can ony detect the @hide ahead of itWe tale a = 0; b = 0.09 Fhis
is optimistic with pesent del. lake tednology,but we ae adiised tha it may become pos-



sible. Thus the generally negative conclusions we reach about AICC later are not due to pessi-
mism here.

3. PFCsystems are controlled from the infrastructure. We therefore take a =0.09 s, b = 0.

100+

P%

0.331

0 03 0.75
f-value —»

Figure 4. Probability distribution of coefficients of friction. Dry condition.

In all the modes of opation except plaooning,long lines of ehides can bedrmed,whose
length is limited only by the size of the AHS area. If #gponse to the incident is in all cases full
braking, the consequences will stretch back to a theoretical infinity of vehicles, and casualty rates
will be also infinite. One way to resolve this is to assume that driver intervention limits the spread
of the incident—this is perpa reasonale forAICC and CICCgspecialy if no bariers ae present,
so that vehiles can steer out ofduble. We consider cases in which such intervention is supposed
to limit the rumber of ehides afected to 10 or 20ehicles,and othes in which a few drivers adopt
interplatoon-lile spacingsAlternatively,one might assume thiess than full baking is plied.
One possibility in the PFC casewd be to ailange tha the n th ehide will come to est n car
lengths behind where it calculates its the failed Jehdll stop. Similar citeria for what we term
graded beking can be dund br AICC and CICC.This reaction equires thathe n th ehide is
“aware” of the codficients of fiction and other pametes of the &iled vehicle. We investigate the
effect of getting these parameters wrong.

There is another mblem here: when the velecahead is lakking, the safest response for a
vehicles occupant is topply the brakes fully. As we have seen, this can increase the total number
of casualtieshut it reduces thesk to the indvidual with a ©ioice. Thee ae moal and Igal issues
which are not relevant here.

Model of ehicle motionThe distrilution of vehide masses and of falues is ta&n to be andom.

The calculation is a “Monte Carlo” one—that is, values of the random parameters are given fixed
values determined by an unbiased process for each run, and the runs are repeated many times, till
the probailities or expected rees of deth and injuy in a gven situgion can be detemnined statis-



tically. In the cases studied here, the means of 25000 cases are taken.

The basic conduration whid is modeled is a line okhicles, edt behind the nd. Barri-
ers are present: vehicles remain in line whatever happens. At time zero all vehicles have the same
speedthe initial incident causes megsa to be sent teehicles behind, starting brakingaamaxi-
mum or graded rate (if the latter is less).

The model is an event-based analytic model. The motion of each vehieteagscan be
descibed by a quadatic function of time betwen &ents.A v-mass is either a ée \ehide or
several vehicles which have collided, and remain in contact. Events are of three kinds:

i a vehicle starts to brake.
ii. a vehicle or v-mass comes to rest.
iii. a vehicle or v-mass strikes its predecessor.

After an eent,the equaon of motion of the glevant v-masseshanges. In the modeht
any time,the time of the nd ewvent of eab kind for eat v-mass is calcutad. The fist of these
events will occurAfter an eent,the equaons of motion of the & cted v-massesearecalculated,
and so are the times of subsequent events. The process continues until all v-masses are at rest.

When a collision occst the ehide a the fiont of the colliding v-mass defs its frst
instantaneous reduction in speed. All collisions are inelastic, so that v-masses, once formed, move
as a singleigid body. The walue ofdelta-Vis recorded Delta-V is the hang in speed of the
vehicle on impact, and hence the relative speed of vehicle and occupants after impact.

Probability of injury. The mebanism ly which an occupant nyabe injued ly contact with the

inside of a vehicle after a sudden change in speed is clearly dependent on many variables, such as
the occupans$ age and the mcise position he/she assumeédh® moment of impactVe cannot

know these things Wt if we male obsevations of mawg similar past impactshe pobabilities

deduced will apply in the future, since the occupants’ and vehicle’s characteristics are drawn from
the same population. As explained above, the gg\@rthe impact is meased by the magnitude

and diection of delta-VPovided the passerg compaimment is not beadied and the occupant

stays in it, no other parameter can be relevant.

The National Center for Statistics and Analysis (aic@®f NHTSA) povided data for all
vehicles with front damage only involved in accidents recorded in the Crashworthiness Data Sys-
tem (CDS) in the gas 1990 and 199This related numberof \ehicles involed in accidents with
given delta-V to the maxiom severity of injury suffered by any occupant. Severity was measured
in the dinically-attested Abbrevigd Injury Scale AlS) (seeAAAM, 1980). In vha follows we
mostly count vhat the dinicians tem “moderae injuries”—AIS 2.Theseyery roughly are injuries
which cause hospitalization for several days but are not life-threatening. A compound fracture, in
which brolen ends of bone @rexposed to the air, is AIS 2. A simple fracture is not. AIS 2 injuries
are roughly one-seventh of injuries described as “serious” in Police Accident reports.

Further information about the treatment of the CDS data, including the formulas relating
probabilities of death or injury at different AIS levels to delta-V is given in Hitchcock 1993a. It is
well attested, e.gn Ricci 1980that when the delta-Vitange coesponds to albw from the ear,
injuries are much less serious. Injuries arising in this way were ignored in this work.
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RESULTS OF CALCULATIONS

Longtudinal contol failure. The ony failures of longtudinal contol which can @nerae accidents

are ones in which a vehicle’s acceleration changes abruptly, or will not change when this is neces-
sary If a vehide runs out of gs,for example,it will slow down, but so slavly tha following

vehides can also slw without collision.We hae alead/ pointed out thiaproper design of de-
graded modes can ensutha sud violent events as collision of tav plaoons can be discounted
(Hitchcock 1992).

If then, a vehicle accelerates without warning, it may collide with the vehicle immediately
aheadIf it is in a pldoon, this is not saous, since the elative speed is small. If it is a N
leaderor otherwise wll behind its pedecessothe fault detection mdwnism cangply the bakes
(an independent function) or switch off the engine. In no case does a serious danger arise.

If a vehide loses the peer to bake,the fault detection mdwanism my tum off the engne.
If, because there is no immediate effect on the vehicle motion, the fault is not detected, there will
almost inevitabt be casualties in the accident otit.elt will therefore be impdant to detect this
condition. If it occus one shouldwitch off the engne. However,the detection mé@nism mg
well fail until the bake is actvated It will therefore also be impdant to design the autotna
braking system in é&fail-safe” manney so tha the filure is dominantt to the other x@reme—
brakes locked on.

It thus becomes important to examine the consequences when the brakes are fully applied
without warning. This is the'fail-safe” mode of the longudinal contol systemAs indicded dove,
should the ghide acceleate uncontollably, the filure detection and malfunction maysanent
system will adopt this condition.

The results below are expressed in terms of casualty rates per vehice? Alfhere this
is meaningful v expess theesults as functions ofdiw in vehicles/hrIn the case cAICC and
CICC, whee long lines & formedthe casualtyates a& the sametall flows with a gven vehicle
spacingwe then gpress theeasults as a function of pacity,which also dpends on the spacintj
no faalities occur v shall call the cue “green”. If the &tality rde is less than 1% of the casualty
rate, AIS= 2, we shall term the curve “yellow” and otherwise “red”.

Effect of speedlhe results epoted in this pper ae for a speed of 30 m/s 68 mph). Somealues

for wet conditions are gen in the igures but are not always inded in the thles. In Hitchcock

1994 results for a speed of 25 m#sHE mph) are also reported. together with fuller results in wet
conditions. The effect of speed, over the range 25 - 30 m/s is small and may be in either direction.
At given caacity, if speed is educedthe pldoon si2 inceases. s increases theumber of
collisions. The resulting inease in casualties isfeét against the reduction which occurs because
delta-V values are less.

Platoons We consider pkoons with spacings of 1 m,m,and 10 mwith the imbes of pldaoons
per km dosen to iye roughly equal caacities. Ier the 10 m spacingn paticular, this leads to
platoons with mmbes of \ehicles which are perhaps unrealisé@00 eh/hr is, at best, very close
to the limit of what is possible with this spacing. Figure 5 and table 1 show the results.

In all casesthe casualtyate per 100 incidents ineasestoughly lineaty, with flow. All the
cases & insensitre to the distinction beteen dy and wet conditions and also to speed in the
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range of inteest. It seems thaa these speedt)e efect of inceased speed in ireasing delta-Vs
and in educing pléoon length cancel ouAs Shladoves (1978) vork suggestedyoth the mm-
bers and the severity of casualties are least at the least intraplatoon spacing.

10 mgap

0 5000
Flow: vehicles’lhour——

Figure 5. Casualties, C, (AIS = 2) per 100 incidents, platoons in dr y weather.The 1 m gap cur ve is
“green”, the others are “yellow”.

Table 1. Capacity and casualty rates at capacity: platoons.

Spacing Plats/km* Speed Capacity Casualties AB
(m) (m/s) (Vehicles/h) per 100 incidents
dry wet
1.0 8(7.5) 30 6480 0.27 1.37
4.0 4(18.9) 30 8180 1.18 3.34
10.0 2(28.0) 30 6040 1.55 6.72

The curve for 1 m spacing is green, the others yellow.
* No of vehides per pléoon

PFC. Figure 6 shows the results for PFC configiores. Some of them aralso shown in table 2,
which gves paametes desabing the diferent conigurations. V¢ hare explained &owe thd in
this case w assume thidhe system imposésnselfish” braking behaior. Eat vehicle,on heaing
that there has been heavy braking i vehicles ahead, itsef<bfi@lit can) with the decelation it
calculates will bring it to rest i vehicle lengths behind the failure.

This rule implies that the comtrsystem uses an implied Alues for the failed vehicle to
compute its wn deceleration. Figer6 is dawn on a lgaithmic scale because of thery large
differences that errors here can make.
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] dry: wet cont.
100.0 y \§

dry: self cont. wet:

T > dry cont.
C wet:
1.01 wet cont.
dry:
0.11 dry cont.
> .
0 5000

Flow: vehicles’/hour——»

Figure 6. Casualties, C, (AIS = 2) per 100 incidents. Point follower control, slot length 15 m. The
cross indicates capacity. See text for meaning of labels.

Again, the casualty rates per 100 failures increase roughly linearly with flow. We first con-
sider the case kere the conditions ar“dry”, and the ehicles,in calculding their baeking rates
correctly identify the ange of f-\alues of ehides on thewad (0.3 to 0.75 ifdry” conditions).

This pioduces casualtyies (AIS> 2) less than the 1-meter faned caseTheir seerity is a little
greater, howeverpf this is a gllow case. In “wettonditions the accidenate is increased four-
fold, again on the basis that the control systems correctly identify the range of f-values present.

If the conditions a& wet, lut the contol system incaectly uses thédry” values to com-
pute desired decelerations, (wet: dry cont.” in ®g@) the casualtyate is more than doubled over
the well-organized “wet” conditions—a ten-fold increase over the “dry” values. This curve is red.
In the reverse condition, where conditions are in fact dry, but the control system calculates on the
basis of a “wet” range (dry: wet cont.” in figure 6), the increase in casualty rates is over 250-fold,
and, again, the curve is red.

In practice, it may be difficult for the ceatrsystem (and PFC is coolied from the infra-
structue) to“know” just wha are the ppropride conditions tevery point in the netwrk. The
large effects of errors here, are therefore not academic. Thgrearslutions based orhicle-
based observations of local conditions. We tested here the one in which each vehicle can measure
its own f-valueand assumes ththe failed vehile has the samelue. This does not wrk: in dry
conditions it poduces a 50dld increase in the casualtgte and aed curve (“dry:self cont.in
figure 6). There may be better solutions: we have not been able to find them.
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Table 2. Capacity and casualty rates at capacity: PFC

Slot length  Speed Capacity(l) Casualties (Al®)

(m)  (m/s) (vehicles/h) per 100 incidents
dry wet

15 30 5760 0.27 1.37

12 30 7200 0.37 1.78

10 30 8640 0.51 2.20
# 15 30 5760 93.0 (2)
# 15 30 5760 .. 3.04 (3)
# 15 30 5760 9.44 8.44 (4)

# indicates that fraction of casualties (&) which are fatalities exceeds 1%. (“red”). others are
“yellow”.

Notes:

(1) 20% allowance in capacity for flexibility in joining.

(2) Deceleration formula uses “wet” values in “dry” conditions.
3) Deceleration formula uses “dry” values in “wet” conditions.
4) Deceleration formula uses “own” value.

AICC. Figure 7 and thle 3 pesent esults and some details of the a¢gufations consid-
ered Our assumption of long lines meangHar ary one intefvehicle spacinghe casualtyates
are indgendent of Ibw. This is dearly unrealistic & low flows. Changg intervehide spacing
changes both the casualtgtes and gaacity, so tha the diferent points on the cues in fgure 6
correspond to different vehicle spacings.

In reserved-lane AICGgs in the PFC caskong lines can beofmed,though divers may
not choose to do this. If the onlreaction to baeking ahead is full laking a theagtical ininity
arisesAs we hae indicded alead this is not ealistic,for inAICC drvers hare dhoices. V& shav
the effects of three possible resolutions of the situation.

1. When an incident occsydrivers some distance behind will see or heaultie ahead and ka
time to tale awiding action. If all those merthan ten ghicles behind, (who haw.9 seconds
waming) successfull avoid collision the casualtyares ae those shen in the fgures and
tabdes asline of 10” or“10 in line”. If avoidance needs 1.8 secon(thivers mg come to ely
on the automt& braking),the“line of 20” cuves ae gpropriate. Tie ascending p&of these
curves, at the lower capacities, are red. The rest of the curves is yellow.

2. Some divers,recaynizing these mblemsmay choose wluntarily to leave gaps in the lines of
vehicles which are laggenoughdr them to bake gentf to rest in the eent of a &ilure ahead.
Thus no problems e behind them and didulties are restcted to the plioon-like group in
which the filure occus. We considerin table 3,the cases aere sut non-conbrming divers
are 3.3%5% and 10% of the totalhe results & not shwn in a fgure: they a@ similar in
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shge to the line-of-10 and line-of-20 aas shawn in the fgures discussed above, and again,
the part corresponding to spacings exceeding 20-30 meters is red, while the rest is yellow.

Table 3. Capacity and casualty rates at capacity:  AICC.
(These values apply at all flows.)

Veh'e Speed Cap’y(1) Casualties (A¥R)
spacing per 100 incidents
line of vehs  voluntary gaps graded
(m)  (m/s) (veh/h) 20 10 10% 5% 3.3% braking
Dry Conditions.
#50 30 1570* 0.38 0.19 0.09 0.20 0.28
#45 30 1730* 0.04
#40 30 1920* 0.90 041 0.21 0.44 0.69
#35 30 2160* 0.16
#30 30 2470 1.80 0.76 040 0.88 1.35
#25 30 2880 0.40
20 30 3460 242 1.18 0.58 1.24 1.86
15 30 4320 2.22
10 30 6480 241 1.16 0.58 1.23 1.86 **
5 30 8640 473 2.16 1.06 3.22 3.60 *
Wet Conditions
#50 30 1570 1.84 0.87 043 092 141
#45 30 1730 0.17
15 30 4320 8.00
10 30 6480 12.55 5.77 280 6.14 9.52 22.8
5 30 8640 11.15 4.96 226 5.25 8.39 **
Notes:

(1) An allowance of 20% is made to allow spaces to enter.

In cases marked # the fatality rate exceeds 1% of the number given (red). In other cases it is less
than this but non-zero (yellow).

* These values are less than present manual capacity.

** “Infinite”—see text.

3. We also consider the possibility of an autteda‘graded” brakingin which each vehicle in
the 0.09 seconds before braking is supposed to detect the deceleration of the vehicle ahead of
it, and tioose a decelation whid will cause it to come tast just behind its pdecessor, on
the basis thats speed does nohange suddenly. As the figures show, this is an improvement
over the other stiteges d low cgpacity,but it does not contain the theical infnity at higher
capacities. The curve is red.

There mg be other automed statedges which ae supeior to the“graded” one dosen.
Our search for one was not successful.

In all casesbut especially in “wet” conditiongasualty ates in anAICC-only configura-
tion are mayptimes moe numerousand moe severethan is the casef 1-meter spaced fitzons.
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The efect is paticularly large if spacings & reduced so as t@proad the c@acities baracteristic
of platooned systems.

—30 ml/s

504 ~T"2°mis 20 in line

-
-

~710in line

-—
-——
——

0 5000
Capacity: vehicless/hour——»

Figure 7. Casualties, C, (AIS = 2) per 100 incidents. AICC. Dry conditions.

CICC. CICC opestion is similar to pleooned opertgon in the brm of comnunication, but with
larger spaces bewen ehides. It is similar taAICC in the tendencto form long lines,and the
dependence with long lines of casualty rates on capacity, rather than flow.

One use of CICC tich is put brward from time to time is as an imuctoy stage to
platooning:groups of CICC ehicles,separded by within-group spaces of 10-40 m anddar
inter-group spaces willun on patially automaed lanes (no taral contol?). For this eason &
give below results for such configtians with mean gup numbes of 10,15 and 20 ghicles. We
also give results for lines of 10 and 20 vehicles behind the failure, and for graded braking.

The results are given in table 4. Casualty rates are lower than with AICC, but show similar
trends. In particular the range whirs of inteest in an intoductory AHS is, regrettably, the range
of maximum casualtyates. Unlike the AICC case, however, gradexking is efective hee in the
cases shan, which use dy values of codicients of fiction in the brmula which uses the g
dicted slaving of the frst vehide to compute itswn decelegtion rate If an eror is made in
predicting this, the results are similar to those shown in table 2.

Intruders from a relevant acciderih order to demonstrate the need for dividers, we calculate the
casualty rates due to “relevant accidents” (Anwar & Jovanis, 1993) on that 12-mile section of the
Santa Monica reway which &s studied pthose auth@. The model used to calcikethe efects

was basicajl the same as thdiscussed above for longitudinal control failures. The same correla-
tions betveen casualty pbabilities and delta-v &s used as discussdibae,the same distsution

of coeficients of fiction, and same deyatimes on baking in the diferent contol modes.The
configurdion studied vas of a feewa whose maunal lanes a similar in gomety and fow to the

Santa Monica Freeway on 17 Sept 1992 (the date for which data was obtained) However an auto-
mated lane has been added, on which there is a trafficefjoal to 40% of the maal flow, hour

by hour throughout the day. We report deaths oAkthger 100 MVMT on theAL due to second-
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ary accidents following a “relevant accident”. The calculation is for each control mode. Speed on
theAL is 30 m/s (67 mph)We allov for 20 wet days per year,which is belizzed to be oughly
correct for Los Angeles. Further details are reported in Hitchcock 1993a.

Table 4. Capacity and casualty rates: CICC

Veh’e Speed Cap’y(1) Casualties (A¥)
spacing per 100 incidents

line of vehs groups (2) graded
(m) (m/s) (veh/h) 20 10 10 15 20 braking
10 30 7200 2.14 1.02 0.50 0.76 1.06 0.38
15 30 5400 2.18 1.09 0.53 0.83 1.13 0.26
20 30 4320 219 1.09 0.51 0.75 0.57 0.17
#30 30 3090 1.40 0.69 0.37 0.57 0.79 0.10
#40 30 2400 0.71 0.34 0.18 0.28 0.37 0.06
Notes:

(1) No allowance for flexibility for entry: values for vehicle groups somewhat less, depending on
inter-group spacing.

In cases m&ed # the dtality rate &ceeds 1% of theumber given (@d). In other cases it is less
than this but non-zero (yellow).

The results are given in ta®b. It will be seen thahe effect of inazasing the length of the
line afected is not geat. The initial collisions of theifst and secondehides which stike the
intruder ae seere,and the hlk of the deths occur in these wvAfter tha, the v-mass has acqed
a signifcant speed along the line of tA¢&, and subsequent collisionsedess ofterfatal. The
platooned case has aner casualtyate lagely because therae gaps betveen pléoons,and if the
intruder enters the AL here the platoon has a chance to slow down.

It may be askd why a similar deth rate is not obsered nav. Deahs in secondarcolli-
sions following a relevant accident do occur now, but in smaller numbers because:

a. Speed in the left lane of the Santa Monica freeway does not always exceed 60 mph.
b. Flow on this lane is not 6000 veh/h now.
C. A manual drier will receive earlier waiing of an intusion than th&HS. The latter can

only detect (or so & assume) intision on to théL. A driver will hear the accidengnd
will take avoiding action if the debris is crossing his/her path.

The intuder is takn, in the calcultons, to be a carAnwar & Jovanis do notepot the
number of intruders that were trucks. In private discussion, the authors explained that the number
was around 5 per year: too small to be statistically satisfactory for prediction, but not zero. Calcu-
lations indicate that with a 40,000 Ib truck the death rate per incident increases between five- and
ten-fold. The increase gends on the ight of the intuder. The gtent to which a barier would
contain a tuck, hovever,is uncetain,and a gea deal moe dda @out elevant accidents auld be
needed to work this out.
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Table 5. Deaths per 100 MVMT on an AL on the Santa Monica freeway following
“relevant accidents”.

Control Vehicle Platoons Number in Deaths per
Mode Spacing (m) per km.(2) Line 100 MVMT(1)
Platoon 1.0 6 0.84
Platoon 1.0 4 0.72
Platoon 4.0 4 1.01
Platoon 10.0 2 . 1.39
PFC 10.0 . . 1.39
PFC 7.0 . .. 1.42
CICC 10.0 . 20 3.12
CicC 10.0 . 10 3.12
CicC 20.0 . 10 2.08
CICC 40.0 . 10 0.76
AICC 10.0 . 20 3.31
AICC 10.0 . 10 3.31
AICC 20.0 . 20 2.13
AICC 20.0 . 10 0.76

Present death rate on urban freeway in California, all causes:- 0.61 per 100 MVMT.

Notes:
(1) per 100 MVMT on the AL.
(2) this number is kept constant, and flow changes reflected in the mean platoon size. See text.

We condude tha without a batier the incease in dalas would be unacqaable. Wth a
barrier it may not be.

“Brakes-on” failure during platoon mergdf the biakes-on failue discussedtmve occus in the
forward platoon while two platoons are merging the mechanism which prevents violent collisions
following a suden deceleation is no lon@r opeative. The ggp can be laje enough to pemit
significant dange of relative speegand thee is signifcant elative speed initialt, when the dilure
occurs. Hitchcock 1993b describes the model and programs used to calculate casualties during the
merge period. fie model is essentiglthe same as thdescribeddr the other imestigations re-
ported hee: the casualtyate is calculéed for a seles of spardions and caesponding elative
speedsand a mmerical integraon is caried out. The relat® speed mfile assumeddr the ma-
neu\er consists of a sess of sgments which mabe jek-limited, acceleraon-limited or elative-

speed limited. The limitations on kef0.2-g/s) and accekbgion (0.2-g) are those recommended by
CaywoodDonnelly & Rubenstein (1979) appropride for seded passergs facing brward. The
recommendations are based on extensive experiment.
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Table 6. Casualties during merge per 100 incidents

Platoon Max. rel. Gap to N Merge Deaths AR
Speed speed. close Duration
(m/s) m/s m. S
30 None 80 12 13.7 0.08(0) 15.6(1.36)
30 None 80 10 14.6 0.08 13.7
30 None 80 8 14.6 0.08(0) 11.9(1.06)
30 5 80 10 19.5 0.01 3.6
30 2 80 10 42.0 ** 1.3
30 None 120 10 16.5 0.23 16.5
30 5 120 10 27.5 0.01 2.8
30 2 120 10 62.0 ** 1.2
30 None 6 10 4.6 0 2.7
30 None 12 10 6.0 0 4.3
10 None 48 3* 8.8 0 0.9
5 None 48 3* 8.8 0 0.2
2 None 48 3* 8.8 0 0

* one vehicle merging with two ahead.

** less than 0.01.
N is the total nmber of vehicles involved: leading and trailing platoons are each of N/2 vehicles.
Number in brackets is number with no merge: for N = 10, speed = 30 m/s; Deaths = zer@, AIS

=1.14.

Take 6 gves some selecte@sults. In some cases a linibem has been placed on the
maximum dosing speed of the mging platoon. The imposition of a limitkon reduces theumber
of casualties per mge If the failure can occurtaany time, theisk of casualties is pportional to
(casualties/merge)s(merge duration). This alsoeksas as thelative-speed limitation becomes
more restrictive, but less markedly.

Even if no meges tale place wer the nomal interplatoon gap, there matill have to be
merges wer one or mag car lengths after aeliide has left the ptaon. The tdle shavs tha a
merge over one car length is significantly superior to one over two lengths.

The last three entries, with reduced speeds, show that preplatoon formation at the entrance
to the EML can indeed be made assad is wishedybdoing it @ reduced speedhe pecise speed
profiles and stateges for preplaoon formaion require futther stug. The ones implied herae

probably not the best.

CONSEQUENCES FOR AHS CONFIGURATION AND OPERATION

Our preferred layout (see figure 1) has the properties that the results above demonstrate to
be necessary:
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a. It does separate manual and automated keshon the high-densi#l. Automated vehicles
on that part of the TL to which manual vehicles have access have reduced speeds, and for the
critical maneuver of preplatoon formation, the speed is very low indeed.

b. It uses close-spaced platoons.

c. Ithas high barers betweenAL andTL, and lav ones betwen ALswhich are so designed tha
they will not generae seere casualties if aflure of laeral contol causes aehide to hit them
end-on. There are no “gate@io ma/ing pats) in the high baiers,and gtes in the lav barri-
ers are protected from manual-vehicle accident debris by the high ones.

d. It can be opeated without meging of plaoons oer distancesxeeeding one car lengtas the
following description of the operation shows.

Maneuves in opeation. Since thez is no meging of plaoons oer the inteplatoon spacing, the
number of pléoons per unit distance is constardriations are rédcted in dangs in mean pla-
toon siz. It would be comenient,though not necessafor satty, if platoons meed so thathe
distance between platoon leademnained almost constant. &tvif a plaoon h@pened to become
empty there wuld be no banges in elative position of the leadsrentering vehies could eform
the platoon by entering the large gap.

On theALs, if there were moe than ongspeeds wuld be equal in both lanegehicles
would move from one platoon to another which lay beside it: a gap, length one vehicle plus spac-
ings, would open in theaceiving pléoon opposite the nver, which would transferta cowenient
gate. his piocess is g1y rapid,and accoding to the dterion descibed ky Hall 1993,(and unpub-
lished work by the author) does not limit capacity, even if many changes are needed.

At exit, supposing several vehicles have to leave one platoa@ighessuccession oates:
the mostérward of the whides to leae does soythe irst gate. The gais dosed befoe the n&t
vehicle leaves at the second gate. Following exit, vehicles are braked to a speed suitable to the TL
and separated by saflistances befe leaing the narow XML (figure 1c), where they are offered
manual control.

At entry, the everse pocess toxt involves unsaf following distances—ehides would be
accelerating towards each other rather than braking. Therefore as each vehgléisrassigned
to the first platoon that can join. Pléoons ae some 6-10 spart:it is possilte that more than one
vehide will be assigned to the sametplan. Eat is bought to a ery low speedor to rest, and
following vehicles merg with it (saé at lav speed) drming a peplatoonAt the ight moment a
controller (this my be \ehide- or infrastructure-bare) gves the wrd to an apropriae rumber of
membes of the peplatoon to accelerate. They coordeaith the pléoon so that they arrive at an
entry gde with the pléoon’s speed just as the lagthide in the plégoon has passedhey join,as a
platoon, though the gte on to theear of theAL platoon, whit thus does not ke to dvide to
accept them.

Low barriers. The saéty casedr the lav barier atises ory in fault conditions. If one lane has been
brought to est,it is desiabde on cgacity and &ult recovery grounds ththe touble be conhed to
one langso tha othes can be used\Iso, in the same conditions, laeral contol failure in the
operding lane would cause deh and injuy if it led to collision with stdonary vehides in the
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adjacent lane. This said,is dear tha the casedr these batrers is less song than ér the other
features we have described.

CONCLUSIONS

The coniguration of the“preferred” AHS,shavn in figure 1,and the mode of opation
described here, conform to the safety principles which have been demonstrated to be desirable. In
the case of the baers, the dangr which is guaded gainst is &ternal,so tha these a& alvays
necessaryin the case of the lorigdinal contol failures,high reliability of the contol system is an
alternative It is easiy seen thiea coniguraion which gave x casualties (AlS 2) per 100 incidents
would generade casualtiestdess than 1% of the aent iate (and so be igdigible) if the failure rate
per \ehide per thousandeas were less than 0.3/XThis coresponds to a mean time betn
failures of 4-10x hours. We have seen that for configurations other than the preferred one, which
have acceptaplhigh cgacitiesx is typically in the ange 1.5 to 5Vehicle failures of the wong
kind would hare to occur less than once per 10,06@igle-years. Thas, mean times betaen
failures of 10 operating howrshould be ansaged. Given thahe quality of maintenanceceived
by private cars is indeterminate, this would represent a challenge to the automobile manufacturer,
which could conceiably be metAlternatively, the coniguraion of figure 1 diminishes theer
quired standard of reliability by a factor exceeding ten.

A note on mixed-flow AIC®/ixed-flow AICC may be a precursor to full AHS and is therefore of
interest. In this scheme AICC vehicles and normal ones travel in the same lane, and lines of AICC
vehicles form behind manually controlled ones. Brake control system failures in an AICC vehicle
affect any following AICC vehies. If the ngt manual vehike is following too dosely, it,too mgy

be involved in ary resulting collisionsput we ae hee concemed with accidents to autoned
vehicles, and ignore this.

Mixed-flow AICC does lead to some irgase in gaacity whid cannot pproach what is
ultimately requied unless the &ction of all whides in the lane Wich are AICC vehies is \ery
high. Casualties per incident alsgdad on the &ction of all \ehides in the lane wich are AICC.
Up to a alue of this faction, no matter whapacing is kbosen for AICC operation, the casualty
rate (AIS = 2) in the automiad \ehides emains bela 0.4 per 100 incidents 80 m/s.At this
value, if the AICC vehicles follow closely, pacities up to laout 4000 eh/hr can bettained. As
the fraction rses tovards onghowever,the casualtyates per incidentise mpidly. The AIS> 2 rate
can exceed 1.5 per 100 incidents at a penetration of 83%.

Mixed-flow AICC therefore does not @sent the same dagrg to its uses asAICC on a
reserved lane. Mixed floAlCC is not comptble with dividers,and no calculégons on these lines
have been made.
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