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Configuration and Maneuvers in
Safety-consciously Designed AHS Configuration

by

Anthony Hitchcock
PATH/ITS, University of California (Berkeley)

ABSTRACT

This paper sets out a coglration for anAutomaed Highway System (AHS) \wich the
author believes to have advantages from a safety viewpoint. the configuration and operating prin-
ciples are described. The scheme requires that vehiclesectzarggdiectly from pldaoon to pla-
toon, and that entry and exit be made also without platoons merging or splitting on the automated
lanes. The protocols for the maneuvers needed are described in detail.

The paper is based on one itten as parof a poposal to collegues within the engrexit
project of the FHWA funded AHS Precursor Systems Analysis.



INTRODUCTION: SAFETY CONDITIONS

Varaiya and Shladeer (1991) hee desdbed a basic @&hitectue for a pldooned AHS
system in tens of fve layers (seeifjure 1). In this skeme the tw upper lgers—netwok and
link—manag the distibution of low between lanesputes of ehides and gneal system pam-
eters. he other thee layers fan the sadty-critical subsystem. The coordination layer organizes
maneuverdy means of wich vehides and plioons make coordinated movements. They may, for
example, change lane, form platoenier or git. Hsu et al.. (1991) k& descibed one posslb
set-up and show that three particular maneuvers suffice in normal operation. The regulation layer
controls the movements of vehicles to execute the maneuvers, while the physical layer reflects the
operation of sensors and vehicle controls.

This pger accpts the arhitectue ofVaraiya and Shladeer (1991). It desdoes the ma-
neuves in nomal conditionsdr anotheAHS system of one or merautomeed lanesALS), which
shae a stucture, on-amps and dframps with manal lanesILs). Thee is a tansition laneTL),
for & least parof the length of the éeway, which permits egtto and &it from the ALs. The ALs
occupy the leftmost lanes ofaffic moving in either diection,and theTL lies between théALs and
the MLs.

network layer 4
y y Y

link — link «— link layer 3

4 safety-critical

s 7 ! subsystem

coordination[«——{ coordination{=——{ coordination layer 2
' ' {

regulation [« regulation [ regulation layer 1
A A A

physical physical physical layer O

Figure 1. IVHS Control Architecture



This design is intended to camim to certain safety principles, stated beltiis our con-
tention tha the eatues of confjuraion and opeational design desityed hee ae necessarto
ensure operation without excessive injury to persons.

The safety principles involved are explained in Hitchcock (1993a, 1993b,1994). They are:

a. The vehicles are organized into close-spaced platoons. Hitchcock (1994) shows that other
configurations will have a significantly greater casualty rate, unless the automatic braking
system has a reliability higher than credible.

b. Thee is a baier (or dvider) betveen the autonted lanes (AL) and masl lanes (ML) on
the est of theight-of-way. Hitchcok (1993a) shas tha if this is dbsentan unacgetably
high rae of secondgrcasualties on th&Ls results fom accidents on the ML$his im-
plies that vehicles must join and leave through “gates” in the dividers.

Further,if there is moe than onéL and thee ae no dviders betveen themthele will also
be an unacgqeably high casualtyate. This ases because of the possibility afl@ires in
the laeral contol system,which again would have to be incedibly reliabe to avoid the
effect.

C. Plaoons do not join tgether (hergg at speedeither on thé\Ls or on the t@ansition lane
TL, which is the lane Wwere mamial/auto and auto/maal danges occurHitchcodk (1993b)
shaws tha if this is pemitted, failures in ag credibly reliade automéc braking system
can again generate an unacceptably high casualty rate. This implies that vehicles must join
and leave platoons from a close-spaced configuration.

d. We add a fourth condition, more closely related to the safety of the operators’ jobs than of
the users’ skins, that failerto leae the AL d the selected destiian must be &tremely
rare, and arise only in rare fault conditions which the driver can understand, even if he has
little sympathy for the decision. Equally failure to enter, unless dictated by attainment of a
capacity limit, nust be the consequence otalt. It is not sasfactory for these failures to
arise as a result of a random variation.

DESIGN OF SAFETY FEATURES
1. Design of Dividers

When seeing a plan djeam like figure 2, many peopleject the idea of adder because
the think it must resemble a “Jeyddeam”—the 90 cm high 60 cm wide coeits structure often
used on todds freewas to potect constiction workers duing road wideningor sometimes ten
there is no space for a central median gap.

It is indeed e thafailures in the lanef@ang contols will probably occasionaif result in
a cars siking the dvider end-on. Sutan incident will bock two lanes and cause casgion. It
must be rare enough that such cestgon and the darga to the ehicle are acceptable risks. But
the design of the dider must be such that tieeis no injuy to persons. To achiewthis the diider
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Figure 2. AHS configuration, showing a “relevant accident” and position of divider.

The divider separates the automated vehicles from the manual ones, and so prevents the
debris from a relevant accident intruding on the AL. Anwar and Jovanis (1993) discuss the
frequency of such accidents. Hitchcock 1993a shows that they would lead to many fatali-
ties in automated vehicles in the absence of a divider.

must ofer stong lesistance toehides which are diven gainst it from the sidebut only sufiicient
resistance to pduce deceletins of apund 1 g (10 m& when struck end-on. The divider should
not break the passenger compartment.

Figures 3 and 4 sheotwo ways in which this may perhaps be achievée. duthor is not a
structural engineer, and offers these “designs” as indications only of the possibilities. Experiences
shavs havever,tha it is necessarto point out thait is possile to constuct dividers with the ight
properties.

Figure 3 shavs a dvider suitable for the AL/TL or AL/ML border. Herthe dvider must
provide piotection gainst the deris of a“relevant accidentin the sense ohnwar and dvanis
(1993). A “releant accident(see iigure 2) is one in Wich a collision on the maral lanes (bgond
the control of the AHS) projects, if not prevented, detar the left lanesyhere the ALs are. Such
debis can @proad the dvider & an angle of 90or moe. The dvider will need to belzout | meter
high, so thait does not obstict the car occupantgiew, but it will interfere with the opening of the
door Near a gte,and &owe 5-15 cm fom the gound,it consists of ertical rectangular members,
perhgs 15 cm B 2.5 cm,with the longr side pgrendicular to the line of motion of theaffic.
Braces a piovided to pevent twisting If the dvider is stuck from the endthe one-inh thidk
membes will bend and slev the \vehide down. Stiuck near ight anglesthe dvider will resist
penetration. Well removed (?100 m) from the gate, other designs will be permissible.
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Figure 3. AL/TL divider. It consists of vertical rectangular struts with the short side (? 1")

parallel to the direction of motion. A vehicle striking the end of the barrier, e.g. while enter-
ing the AL, meets relatively resistance but is stopped eventually by bending the struts.
One striking transversely meets strong resistance and cannot penetrate to the AL. Braces
are provided to prevent the struts twisting.

Figure 4 shavs a dvider suitable for an AL\AL bordett is no moe than 23 cm higlso
tha a car door will openwer it. Near the ge it is lover so thaif a vehicle uns on to itjts wheels
will straddle the dvider. As sud, as the ehide proceeds the dider becomes higheand the
vehicles axles will encounter ergar-absorbing meernal like sand or cougaed metal viaich it will
run over or cush. Eerything will hgppen under the passesrgcompatment, which will not be
penetratedBetween tvwo narow (2.5 m ?ALs, a \ehide cannot agieve ary large tansvese speed
so that a low barrier suffices.

2. Design of gate

The term “gate’is used to desitre a @p in the dvider through whih a \ehide can bange
lane. It is not proposed that there should be any moving component. The length of the gate should
be as small as posshconsistent with penitting all vehides to pass with coraftable occupants.
It may be desiale to povide electronic markers whidhelp tha pat of the \ehicle control system
which deals with lane changes to locate the maneuver appropriately in relation to the gate. It may
also be desatle to povide in the infastructue some bheck thaa lane bang will not side-gvipe
another vehicle. Finalllgome commnicaion equipment mabe povided athe ate, for example
to provide the system speed in thennlane to a banging vehicle. These latter feasmwill dgoend
on detailed system design ané aot elevant to the pesent discussion. Galength ishowever,
basic.

We tale the @perimentaly-based conasions of Cgwood et al (1977) dout maxinum
acceleration and jerk. For lateral motion they recommend a maximum atiorlefd.24 g and a
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Figure 4. AL/AL divider. This is so low that it will pass under a car. It permits door opening
in emergency. If a lane changing vehicle comes to straddle it, the sand on the top accumu-
lates against the axles and slows the vehicle, but not too quickly. AA’ is the crossection at
the edge of a gate: BB’ is 8 ft downstream of this.

jerk of 0.12 g/s. An ideal transverse velocity profile for lane change is as sketched in figure 5. We
assume lonitudinal speedv, does not bang duing the maneuwsr, and the minimmm length of

gae is theefore the speed times the intat over whit a lane-banging vehicle may overlap the
divider, whose width will be calleg. This mg be slighty reduced if the @hide is initially dis-

placed a small distanc®& from the center of its laneviards the non-gte side. Howeveit cannot

be assumed thall vehides will follow the ideal tajectory,and allevance must thereferbe made

for an eror in laeral displacement of. The gée length will also deend, cleast on the maxiram

width, a, of a vehicle at divider height, and the lane wi{glth

We have carried out the calculation for the following values of the parameters:
a=25m(84")3=1.875m (6'2")y=0.05 m;d = 0.25 mgg = 0.25 myv = 30.0 m/s.

With these values the gate turns out to be very nearly 80 m long, and clearly this value will not be
very sensitive to any of the parameters.

3. Location of Gates
A gate offers the opportunity for a control system failure to cause a vehicle to wander into

the wrong lane. This is dangerous. Gates are required for lane changing, and the danger cannot be
avoided altogether, but it can be reduced in the following ways:



a. Anwar and Jovanis (1993) reportttkame 50% ofrelevant accidentsdccur within 50 m
of an of- or on-amp. Unpotected gtes betveenTL andAL in this regon should beided.

b. One possible source of intrusion is a within-platoon collision which causes lateral displace-
ment of a autortad \ehicle. The laeral contol system will esist thisbut may not suc-
ceed Sud a displacement idearly more likely if the road cuves: straight sections ar
therefore preferred locations for gates.

MANEUVERS

The only coordination-layer maneuvertttgpossile or necessgurin this egme is diang-
ing lanes though @tes. Enty and «it are dearly special cases of thiShere ae a umber of
variations, all of which can readily be accommodated within one lane-change maneuver protocol.
The \arigions arse because one or neovehides mg pass though a gte consecutely, and
because aehide can join aeceiving platooror leave agiving platoona the front, midlle or ear.

constant jerk

Speed constant
accel.

sec

1 2 3

Figure 5. Transverse speed profile for lane change. The curve is made up of constant-jerk
and constant acceleration sections. The area beneath it equals lane width.

1. Changes in intra-platoon spacing

In nomal opeation thee is to be no lge-scale majing of plaoons,and consequentl
there can be no splitting/ehides will join and lege platoons § passing ttough a gte from an
adjacent lane into position as atplan member. There may le@to be a m@inal increase of the
space beteen a ehicle leaing a pldoon and its neighbsrin the gving platoon,to allov room to
turn and space t@act to the stmg aerodynamic forces wiit¢he leaing vehide will experience.



If this is necessarat all,the required incease in spacing can &y exceed 0.5 m. or so. Aer, if

a receiving platoon is to admit a lane changer into its middle, the vehicles in it must separate by a
little more than a ghide length to ceae spacedr it. Hitchcodk (1993b) shws tha this ceates no
additional danger.

Similarly, after a lane ltang is madethe \ehides in the eceving plaoon mg need to
adjust intra-pleoon spacings to memormal values.fie usual in@-plaoon aspects of the coatr
system should accommodate this without special orders. Those in the giving platoon may need to
close up the gp left by the parting vehicle. Hitchcock 1993b shows that while this maneuver does
involve some aditional dang@r, it is much less than thaof a mege acoss the full intgolatoon
spacing. Howesr the casualtyate is moe than tipled if the dosure is aver two or moe vehicle
lengths, and increases rapidly as the gap gets larger.

It seems impossie to devise maneusrs which do not inolve dosure over one ehicle
length,and hee the elated rsk is accpted. However w insist thaeach closwe should be com-
plete befoe another stés in the same plaon (thg last dout 5 seconds) and thelosures involve
one vehicle length only.

2. Changes in interplatoon spacing

With no merging or splitting, once a platoon is formed near the beginning of an AL it will
retain its identity for a considerable distance—it can only disappear if at some point it contains only
vehicles whose destihian is the ngt exit, or if they all join another pleon in an adjacent lane
This later may be desiabde in some &ult conditionsput reduces gaacity in nomal conditions.

The rumber of pléoons per km ofaad is thus mar or lessiked ly ently arangements in the
upstream two or three entry points.

There ae other possibilities iich are not ecluded on safty gounds,but hee we shall
assume thain fact a brm of point-bllowing contol! is used ér plaoons,so tha the pldoon
leades (or perhps the pléoon trailers) areta constant headhy (of the oder 4 to 7 seconds). If a
platoon anishes because its mendal deart,a g is left eady for vehites to enter and join as
though it were a full platoon. It is convenient to regard such a gap as a platoon of zero members.

At low flows it is unlikely that so many vehies wish to join a pkon at a given point that
the inteplatoon saéty spacing is vioked In this egon the distibution of rumbes of plaoon
members at arpoint is a Bisson onewith the mean of the digiution propotional to the fow at
tha point. If it is assumed tharrivals of \ehicles at enyrpoints ae andom and unceelated, this
result is eadily proved,provided all \ehides ae equaly likely to hare eat destinéion (though
some destirtgons mg be moe dtractive than othes). At higher fows it is moe likely tha the
demand, if satisfied would violate the safety spacing. If this happens a variety of reactions is pos-
sible, and they can be combined:

a. refuse admission to some vehicles, leaving entry queues;

Point-follower coniol is a contol scheme in vhich the contol system ceaes a sées of equall-spaced electronic
marker points which move along the AL with the same constant speed. It is sometimes called “slot control”.



b. cause some or all following platoons to slip back;

C. reduce speed so as @muce the saty spacingThis will be efective initially, but as speeds
drop, capacity increases more slowly and them starts to reduce.

Which is dhosen is a questionifthe design of the linkVel maneuver protocoland is not
immediatey relevant hee. Provided saéty spacings arnot violded, the ¢oices do not wolve
safety considerations.

In any eventthe rumber of pléoons per unit length is a constant of the system (6quia/
km looks reasonable). As will be seen, if there is more than one AL, it facilitates lane changing if
their leaders are normally adjacent.

3. Change-lane protocol

We shall describe one possible protocol for a single vehicle to move from the center of the
giving platoon though a gte to the center of theceiving pléoon in a 2-plué\L system in vhich
intelligence is concerdted in the ehicles. he leades of the tvo ale adjacent. By vehicle
contains an odometer which is zeroed gate-markeiin each lane a small way upstream of each
gate. Thus each vehicle can state the longitudinal position of its front and rear to an accuracy of a
few cm. The markers are aligned, so that relative positions in each lane are known. There is also a
turn-markerin each lane which indicates to a turning vehicle where its turn should start.

Further, each vehicle has a record of its own length, and the platoon leader has a record of
the length of edt vehide in the pléoon, so tha the nominal position of ehcvehicles end is
known to the leadefThis phrasenominal positiongxcludes variations whicthe within-pl&oon
controls will attempt to zero. Sensors on all vehicles can detect the rear of vehicles in an adjacent
lane ahead of themand the fonts of adjacentehides behind thenThis implies thaa low divider
(see figure 4) is present, which permits sensing across it.

Figure 6 shows the position before the maneuver starts and labels vehicles A, a, B, b, C, c
and X. X is the ehicle whit will change laneand other gaital letters redr to the gying platoon.
Lower-case letters refer to the receiving platoon.

We shall call the normal intra-platoon separaboiihere is a known functiof(t), which
descibes the gerag longtudinal displacement of aehide changng lane fom the sparation
which the longitudinal control system is aiming for. This displacement arises from the interaction
of the contol system with aerdynamic foces and otherariable forces whit occur duing lane
change Heret = 0 & the tuning maker, and3(0) = 0 alsof3 is positve if the brces cause the
vehicle to increase its separati@hand 3" are maximum and departureq3¢{) from zero thus:

B =[(t) =-p" for all t,
Ther is also an atitional magin y to allon for uncetainties wich aiise because asilynamic

effects will dgpend on the windbecause therwill be \ariaions in behaior between diferent
marques of vehicle and control system. There may also be random effects. See also figure 7.
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Figure 6. Change lane maneuver: positions of vehicles mentioned in protocol.
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Fig 7. Change lane maneuver, illustrating nomenclature of longitudinal separations.

Precise alues will need to bexamined in detailbut intuitior? suggests thay will be about 0.25 m,
" will be around 0.35 m anfd” will be less than 0.1 m, whil@ will be 1 m. The length of X will
be called_.

2 The “argument” goes like this. In normal operation the control system keeps vehicles in position in a platoarbadthicm.
The aerodynamic forces are a largedrrddisturbance and a displacement gég times the nanal size so a displacement of
three plus times this s@zis possike. This gives 35 cmjn the diection of the aerdynamic forceje rearwards. This gives3’ .
However.the contol system is hedly damped andwershoots in the cortf system a& around zer. Let us sgthe maxinum value
of overshoot,” , will not exceed 10 cm. iRally, we need an alleance for differences between maes in both dections. Perhaps
the mean of * and B” will do for .



Our example potocol is nev as bllows. The pesence of an undare () in a vord indi-
cates that the word is the name of a message.

1. X has passed the gate marker, and sends to A request_change_lane.

2. A examines its bsy maker and its lengthand either eétums na&_chang_lane to Xor
sets “busy’and sends OK hange(XL, y) to a.This message idenifs the position of the
front of X and L. y is the maximum distance A can advance on the platoon ahead of it.

3. a @amines its bsy markerand either sends nadOK toA or sets sy and sends lcOK
to A.

4. If A receives nak_OK it resets bsy and sends nlacchang_lane to X. Else it sends
ack _change_lane(L) to X and C.

5. If X receives nac_ .. no futher action. Else X sets its pd@n following distance tod +

7). It may displace itself laterally away from the gate.

6. On receipt of ak_change_lane(L)C assumes the position of temg@grleader advises
vehides behind itand stais to tansmit control messages katt attempts to dllow X at a
distance d + 3'). C stores the value of L.

7. a identifes b as theeahide whose ear is tosest to the tint of X. It calculéesa as the
offset between thesar of B and thegar of b (sign as ind. 5). It sends ap_back() to c.

If (y-a) <minL/2,y), it also sendsa@ for(y - a) to A. Else it sends@ for(0) to A, and
drops backy(- a).

8. On receipt of drop_back(L), c assumes the position of temporary leader and transmits con-
trol messags to the ghides behind it. It #empts to follow b taa distance 2% +vy) + 3’ +
" + L. When it has attained a distanc®2*y + '+ 3" + L, it sends got_back to a.

9. On receipt of go_for(x) A accelerates slightigtil it is a distance x ahead of a, (b« is -
ve, it decelerates)

10.  When a has both received got_back and dropped pacdk {f it has to, it sends in_pos to

A.

11.  When both in_pos has beateied andA is as &r ahead of a asquesteda sends all_OK
to X.

12. If X reaches the turn marker before receipt of all_OK, it sends time_up to A.

13. If A receives time_up or no_gy(see ste 17),it checks whether theris another ate within

(say) 250m. If thee is it sends ne&_gae to X and Cand n&t_gae 1 to a. Onaceipt of
next_gate 1, a sends next_gate_ 2 to c. If there is no gate near, A sends abort_change to X
and C, and abort_change_1 to a. It resets busy. It decelerates to realign itself with a.

14.  On receipt of abort_changéand C evert to usual control¥es. C ceases to be a tempo-
rary leader.

15. On receipt of abort_change_1, a sends abort_change 2 to c.

16.  On receipt of abort_change_2, c resets its desired separation frodnlbdeases to be a
temporary leader. When it has closed the gap with b, it sends closed_up to a.

17. On receipt of closed_up, a resets busy.

18. (May succeed 12)Vhen X eades the tur markerjt checks thab is d leasty + 3" ahead
of it, and c is at least+ 3’ behind it. If these conditions are not satisfied it sends no_go to
A. Otherwise it sends |.ajto A and C and its lkzral contol commences thehange-lane
maneuver.
From here on, no external message indicatingudt ftondition will cause the maneanto
abort.

19.  Onreceipt of |_go, A sends change_on to a.

10



20.  Onreceipt of change_on, a sends change_on_1 to c.

21. On receipt of bange_on_1¢ accets the timing yen ty the tun maker as walid for
longitudinal control.

22.  Onreceipt of |_go, C accepts the timing given by the turn marker as valid for longitudinal
control.

23. Initially, X’s longtudinal contol will attempt to lkeg a distancé + 3" behind B adieving
0 + " + B(t), while chedking tha it is aways & leasty + 3" + B(t) behind bWhen it is
around half-way over, it will switch to keepig+ y + " + B(t) behind b, while checking
tha it is aways & leastp” + 3(t) behind B (If the ded fails we hare a fwlt condition,
which needs not be discussed here.)

24.  When C reaches the turn mark sets its timer to (L &)/v, whee v is the system speed
Throughout the maneuver C will attempt to sbay 3’ - 3(t) behind X.

25. Initially c will attempt to emain 2*¢ +vy) +[3' + 3" + L behind bAs the maneuwsr piogresses
it will be able to identify X and when the sighting is certain it switches to remadnirygt+
B’ - B(t) behind X.

26.  When X has fulf changed lane it sends Im_thito a and clt attempts to emaind behind b
When it is reasonably near this target it sends X_close to a.

27.  When a eceives Im_thu it sends lsange_oer toA. It also updées its conwl data and
transmits control messages to the new platoon.

28.  When c receives Im_thniiceases to act a tempoy leader, and accepts control messages
for the n&v platoon from a. fus it atempts to emaind behind X.When it is easonably
near this target it sends c_close to a.

29.  When a has received both X_close and c_close, it resets busy.

30. On receipt of bange_overA sends bange _oer_1 to C. It also updes its conwl mes-
sage.

31. Onreceipt of change_over_1, C resets its desired separation frohn IBdeases to be a
temporary leader. When it has closed the gap with b, it sends closed_up to A.

32.  Onreceipt of closed_up, A resets busy.

A flow-diagram is given in figure 8.
4. Variations on change-lane

Some changes to this protocol will be necessary in special circumstances. Included, by
implication,is the case here the eceiving pléoon is too shdrfor a gap to be brmed opposite the
changer. Hex the eceiving platoon must drop backwaed €énoughdr the danger to join its end
In this case theehide c in the Bove desdption does notxst, and its actions can be omittedrin
to the protocol. Note that at step 29, busy can be reset on receipt of X_close while at step 17 busy
can be reset on receipt of abort_change 1.

In the case Were the chargg is the last&hide in the dgving platoon, so theC is dsent, it
should be noted thgbesides omitting the gie refering to Cs actionsA can eset busy at step 30.

The adjustments ere the tanger is the pltoon leader & a little moe comple -here
most reference to A about the sending or receipt of messages should be changed to refer to C, and
C does not surrender its leader status.

More important changes occur when the change is to or from the TL.

11
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Figure 8a. Change-lane Protocol
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P Il OK to X TURN MARKER got_back: semdp ¢ sends got_bac
all_ oA in_posto A toa
all_OK Xto A: time_up
18. X: yes /- 12. N
see see
i b andcin | all_OK 18. X sends .
Figure 6b. position? received ! no_go to A Figure 6b.

by X?
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Figure 8a. Change-lane Protocol
All_OK received before turn marker:

b and c in position

From
Figure 6b.

FROM HERE ON
NO ABORT
I_go l
22. C sets timer 19. A sends 18.|ngoends
at turn marker change_on to to Aand C
change_on change_on_1
18. X sends 20. a sends .
commences change_on_1 %&'tﬁr?]ertr?atrllgza?r
change_lane toc.
\ 4 l l
6. C becomes .
leader, and setq 5. )%rgﬁ'gsBsep n 3.a ?gr;\ds ack |
sep'n from X :
(gee text) (see text) a sets busy
ch'ge_o'r_1 Im_thru
31 Coal 30. A d 26. X has changqdd 27. areceives 28. ¢ ceases to lea)
B Vl\:lr?sesdup har senas 1 lane. Sends Im_thru. Sends| | Keeps sep'n from X
on A endon ¢ angeéover_ Im_thruto |~ change_over Sends c_close to
Sends closed_u to aand c. to A when done
closed_up change_o\er X_close c_close
> ' >
y
Yy A 4

32. Ahas closing
messages. Resets bhu

26. X close to b,
sends X_close
to a.

¢

29. ahas closing
essages. Resets hu

END
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From
Figure 6.

v

A HAS
RECEIVED
time_up
OR no_go

Another

next_gate

gate
near?

Figure 8c. Change-lane Protocol
Tests fail: change to be aborted

next_gate

next_gate_1

v

v

next_gate 2

C prepares for
next gate

A sends
next_gate to

X and C:
next_gate_1to

X prepares
for next gate

a sends
next_gate 2
toc

c prepares for
next gate

!

A sends
ab'rt_ch'nge to X|

C: ab'rt_ch'nge_}

From
Figure 6.

uj

to a.
abort_change abort_change abort_change_1 abort_change_2
Yy Y l Yy Yy
C ceases to be A X a sends
leader: reverts tq resets reverts to abort_change_Z4= Esrﬁ\é?gtes t.?]
usual sep'n. busy usual sep'n toc P
closed_up
a c closes gap:
END resets when done send
busy closed_upto a
END
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5. Change-lane at entry

If the dhange is an enty, then (see pzer dout enty and «it) the enty will always tale
place athe ear of the eceving plaoon,and mg be ly a peplaoon of \ehiclesheaded pA. The
early stayes of the manewr ae contolled from the padside i R, which has d&a dout the timing
and length of edctpassing platoon, headed by a, and trailed by this case the functids(i, n, t)
will depend on the mmber,n, of vehides in the peplaoon and the position of the i tlehicle
within it. It refers to the expected separation between theleahaad the one ahead of it if i > 1.
B(1, n, t) is the diference betwenA and the point &jectoy it is trying to follow, caused ¥
variable forces during the change-lane. The steps are:

1. R determines that n vehicles can join the platoon headadrbis the least of theumber
pemitted by the pldaoon length and theumber demanding entrR sends to a emntrfor(n).

2. a examines its bsy maker and either sends rka@ntry to R,or sets bsy and sends kcenty
to R.

3. If R receies nak_enty it will wait the net platoon. Otherwise it instictsA and the

following (n - 1) ehides to set out on a @scibed tiajectory,calculded so thaA will
rendez-vous with b at the gate. Vehicles behind A will adopt following distadee(i,

n)) behind their predecessor. A will act as platoon leader, sending control messages back.

4, AsA passes theate maker, it should be &full AL speed The dvider will be a lav one and
it should peceive b ahead of itya distancexxeeding ¥+ 3’(1, n)). If these conditions ar
not satisfied thex is a &ult condition:A sends no_engrto R and no_enyr 1 to aA will
receive further commands from R which do not concern us here.

5. On receipt of no_entry 1, a resets busy.

6. If the conditions in (4) & satisfiedA adjusts its dllowing law to emain a distancey {+ d)
behind b.

7. Arrival & the tun maker should éllow quidkly. A's laeral contol will commence the

change-lane manetar.A will zero its time and its longudinal contol will try to remain §
+ 9) behind h adieving (y + 0 + (1, n, t)). As eat following vehide reates the tur

marker, its lateral control, will similarly commence the change-lane maneuver and zero its

time, and try to remaird(+ B”(i, n) + (i, n, t)) behind its predecessor.

From here on no external message, or message from R, will cause the maneuver to abort.
8. As ead vehide completes itslange-lane the taet following distance is set t) and when
each vehicle finds this is reasonably nearly achieved it sends X_close(i) to a.

9. When a haseceived all n X_tose messas it esets busyand updtes its contol message.
10.  When A receis the updad control messagt resets busyceases to act as fpan leader,

and passes the control message on.

6. Change-lane at exit

At exit, similarly, the oadside contiller R is irvolved R will be avare of the mimber of
vehicles in a platoon headed by A which wish to eqt] of the position anddjectories of other
auto-contolled vehides on the elevant pat of theTL. Ther should be no maally contolled
vehicles here. Ifas a esult of an edier fault there are such vehicles preserd ¢all them M)R is
awake of their position and speed and so @ardast bounds on their bef@r. Here we describe
the maneuver primagilas it afects one oyl of the &iters which ve call X. B is ahead of ignd A
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is behind it.The case Wwere the leaderl@angs lane so tha X = A is covered brefly in what
follows. On arrival at the exifA should not be bisy. However, if thex is a &ult somewhere, it is
possible thait is. In this case R will benaare of this,and some no_can_do megss (see 4 belo)
will have been sent.

The protocol proceeds as follows.

=

Some distance before the exit A sets busy and sends to X query_go.

2. Query_g is eceived ly the diver of X. He/she should send eithesy @ or diange_exit(n),
nominating a changed exit point.

3. If A receives changexi(n) it sends bange_exit_1(Xn) to R vhich will updae records
accordingly. If A receigs no eply by the time the gte marler is eachedit sends vake_up
to X, and change_exit_1(A) to R,causing the mjected &it of X to be & the following
exit.

4, AsA passes thdrkt gate maker it receives &it_gate(X,i [X’, 1’, ...]) nominading which
gate in the series at the exit is appraerta X. (In some conditionsivere there is a previ-
ous fault it is possible that R may determine that it is impossible for X to exit at its desired
destinaion. In this case a meggano_can_do(X) is passedApfor passag to the dwer
and requesiol a hiange_exit message. Administrative exptenms and pologes will fol-
low in due course.)

5. As the i th gte maker is passed sends git_here(L) to X and C. X sets itofiowing

distance tod + B”). C sets its dllowing distance tod + 3’), and stoes the alue of L,it

assumes temporary leadership and transmits control messages to vehicles behind it.

6. Meanwhile R is monitong the moement of M if it eists. If it gopears thiaM will be too
close to X at exit, it sends dont_go(X) to A. This will be followed by a second exit_gate(X,
i, X', ', ...) message and possibly some no_can_do messages.
After A has passed the turn marker, no message will cause the maneuver to abort.
7. When X reaches the turn marker, its lateral control starts the change-lane maneuver. It sets

its timer to zero, and its longitudinal control attempts to ren@a#{’ + B(t)) behind B. If
XisA, its longtudinal contol tries to emainf3(t) behind the point it isollowing, and sends
take over to C. A resets busy.

8. When C reaches the turn mark sets its timer to (L 8)/v (wheee v is the system speed),
and tries to stayd(+ 3’ - B(t)) behind X. If C eceives take_a@r it assumes plaon leader-
ship and transmits control messages. C also sets busy.

9. When X has sted it sends Im_out to RihereafterR will cause it to decelate,on a
prescribed trajectory whiicwill keep it out of the vay of other @iters. In due cowge will
offer the driver manual control. Detail and further action will not be discussed here.

10.  When R recess Im_out it assumes cooitiof X's trajectory,and sends hes_outAa(or C
if X was A).

11. WherAreceiwes hes_out it sendeange_oer to C. It updees its contol messge. If X was
A, then C will attempt to close up on the point it has to follow, but further exits can follow
at once. If there are none, C resets busy.

12. When C eceives thange_oer it ceases to act as fgan leaderlt sets its desad s@aration
from B tod. When it has closed the gap reasonably well it sends closed_up to A.

13.  On eceipt of tosed_upA will send ary further exit_here messages which aeeded (see
step 5). If there are none, A resets busy.
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In some &ult conditions an entrplaoon will have to dhvange lane or eit. The protocol for
this is not discussed here.

DISCUSSION

The protocols proposed here bawot beenerified®. They hae not been shen to be com-
plete, either in the sense of H& al. (1991)—i.e tha they do not lead to gnposition where
further actions are undefineak, in the moe rigorous sense that they imply that every vehicle will,
unless adult intevenes,exit at its desied destinaon. It is belieed, howvever, tha both these
conditions are met.

Further, they are not unique. Clearly they can be changed in many places to substitute sen-
sor action for message-passing/ime versaMore radical alternatives may also be possible.
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