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A Collision-Free MAC Protocol for Fast Message

Dissemination In

Vehicular Strings

Gérard Le Lann
INRIA, BP 105, 78153 Le Chesnay Cedex, France

Abstract—The focus of this paper is on safety-critical inte
vehicular communications in strings circulating onhighways and
main roads. The bounded channel access delay (BCARhd the
time-bounded message acknowledgment (TBMA) problemare
specified. We present a collision-free determinigti directional
MAC protocol that solves both problems. At the sameime, that
protocol minimizes string-wide message disseminatiodelays, in
the presence of message and acknowledgement losgewmlytical
expressions of various time bounds are given anduktrated with
numerical examples.

Keywords—vehicular networks; automated vehicles;rirsg
control; safety; V2V communications; MAC protocolstime-
bounded channel access; time-bounded message dissgion

l. INTRODUCTION

This paper presents a MAC protocol which might lbe o
interest to standardization bodies in charge oétgafritical
(SC) venhicle-to-vehicle (V2V) communications. Owrcts is
on strings. A single lane instance of a VANET (weltér ad
hoc network), a string may be pre-planned, a.Katopn [1],
or fully ad hoc/opportunistic. Strings happen tstamtiate most
frequent highway/road driving regimes. We assummgela
sections without road-side units (V2I communicasiaan be
resorted to only for non-SC message passing). Nouser
safety problems—prevention of accidents and fagalit-that
arise with vehicular networks are open. SC comnatitns
serve to enforce hazard-free motions of vehicl€&nissages
are defined in IEEE 802.11p, and similar to Coopeza
Awareness Messages defined in ETSI ITS-G5. Debgenf
such messages and acknowledgements (acks) must
performed within known bounded (non-stochastic)agg|
under worst-case conditions regarding channel otiote and
losses. Therefore, one must solve the MAC-levelnded
channel access delay (BCAD) and the time-boundessage
acknowledgment (TBMA) problems. Acceptable soluion
shall achieve small time bounds. For example, with MAC
protocol presented in this paper, a vehicle memober string
travelling at 108 km/h would move by 27 cm whileS&
message is being sent and delivered successfaliynang no
losses, and by 75 cm assuming 2 losses (see Sobs¥dE.3).

Neither BCAD nor TBMA are solved with existing V2V
communications standards, which are based on medinge
omnidirectional communications, radio ran®) in the order
of 250 m, interference rangéR} in the order of 400 m,
CSMA-CA at the MAC level, and the RTS/CTS schemn.eO
crowded highway (1 vehicle every 12.5 m), 3 laneshe
direction, any vehicle may experience interfererfoas up to
384 vehicles, vyielding unacceptably high channetess
delays. We speculate that there are no solutioB&CW#®D or to

TBMA with medium range omnidirectional communicaiso
(see Section IV). Our rationale is to follow a deiand-
conquer approach, addressing safety issues ingstiie.g.,
longitudinal control, string stability, preventioof rear-end
collisions) separately from issues that arise withltilane
maneuvers (lateral control, prevention of collisiom the
course of, e.g., lane changes, lane merging, zippEging).
Moreover, we look for a MAC protocol whereby strinide
SC message dissemination can be performed relinbhery
small time bounds.

Safety with autonomous and future automated vehicle
rests on diversified redundancy, based on on-bd@H)
robotics that achieves 360° and longitudinal lifiesight
(LOS) visibility, thanks to, e.g., radars, lidalasers, cameras,
and 360° V2V communications. Diversified redundaiscglso
mandatory for achieving longitudinal LOS visibilityn
vehicular strings. Thus, in addition to OB robaoticsgitudinal
V2V communications are necessary. Since collisiars only
occur among vehicles sufficiently close to eachentishort-
range V2V communications should suffice. As foetat short
range V2V communications (out of the scope of fraper),
power controlled MIMO solutions have been exploréde
believe that optical communications are very pramgisfor
lateral short range SC V2V communications (on-gaimgk to
appear in forthcoming publications). The MAC pratbc
presented here is aimed at longitudinal short ra8geV2V
communications. This protocol could be the basis rfovel
(IEEE, ETSI) standards, while some other futurenckads
would define optics-based protocols for short rateferal
gAMMunications across strings (multilane clusteMgn-SC
V2X communications will rest on existing standaraswell as
on, e.g., LTE, WiFi, and 5G.

Main contributions of this paper are specificatioof
BCAD, TBMA, and SWIFT, a deterministic directionsAC
protocol that solves BCAD and TBMA altogether, @omith
analytical formulae of worst-case bounds for chhmeeess,
acknowledged message delivery, and string-wide agess
dissemination, in the presence of losses (messamgeacks).

Il.  SYSTEMMODEL

Thanks to OB robotics, gaps between 2 contiguobighes
(neighbors) are expected to be small, continuoosipitored
with rather good accuracy. Therefore, range/povesttrolled
antennas can be considered, since the problemngbwting a
“good” antenna power level as a function of ranga be
easily solved (contrary to the general problem with
omnidirectional communications). Lefy(v) (resp., S(v))
stand for the spacing between neight@rmandP, at velocityv,
measured byQ (resp.,P), meeting lower and upper bounds



Srin(V) and sex(V)—see Fig. 2. With fully automated driving,
gaps commonly considered are in the order of 1 lomaspeed
(e.g.,v = 10), of 10 m at high speed (e~ 140),vin km/h.
Rear-end collisions may occur in case of a “bricklliv
condition (sudden stopping). The best objectivelioh a case
is to minimize the number of vehicles involved ear-end
collisions. The cohort construct originates frons thoncern
[2], [3]. A smallest spacin@(V) > swax(V) is enforced between
any 2 cohorts, such that a cohort head never egllidith a
cohort tail. For the same reason, a cohort shailpize a
limited number of members, denotadvarying according to
join and leave maneuvers, such that n*(v). Boundn*(v) is
an inverse function of, andv.n*(v) is bounded byb. For
example, withh = 2,200,n*(15) = 146 anch*(108) = 20. In the
sequel, string and cohort are used interchangeably.

In strings, one can take advantage of SISO dineatio
antennas. Every vehicle is equipped with a backv@oking
and a forward looking directional antenna, smakrbeidth
(e.g., 25°), short-range (e.g., up to 20 m), pdgsiteerable in
order to accommodate lane curvatures. SC messages
exchanged as neighbor-to-neighbor (N2N) messaghsy T
may carry all types of safety data, such as, #ame blocking
ahead,”, “new velocity set to 60 km/h”, “move tdtléane
asap”. A message received from a neighbor is acletmed
and forwarded to the opposite neighbor, if any.da carried
in messages are short. Acks are piggybacked witleissages.
Consequently, N2N messages have a small lengtknafn
largest value denotedrl, of highest transmission and

processing time denotéd A N2N message is generated by a

string member whenever posted a SC event (locallition,
delivery of a SC V2V message). Thus, N2N messageaér

laws are arbitrary. Since antenna lobes may encssnpa

adjacent lanes, contention occurs among membeasgi¥en
string as well as with nearby members of adjaceintgs, thus
the need for a MAC protocol. A cohort head or awlated
vehicle assigns itself rank 1. Insertion of vehi¢leehind some
member ranked leads to re-rankingy assigns itself rank+1,
and newY's followers, if any, increment their previous rank
Re-ranking (-1) is also performed in case some negergaves

a cohort. Re-ranking rests on N2N messaging. Nétwor

partitioning (loss of a N2N link) leads to a phyipartitioning
of a cohort, a feature referred to as a split, ¢reation of

spacingS(v). Besides voluntary decisions, a split occurs wheri

the number of losses experienced while transmitiny2N
message and its ack exceeds some paramess commonly
considered with most protocols (e.g., TCP, HDLC).

String control has been mostly studied in contrebry and
by the robotics community. String stability (minization of
“shock wave” phenomena) is a good example [4]. Adeap
Cruise Control (ACC) has known limitations. Highstring
stability is achieved with Cooperative ACC (CAC@here a
string leader broadcast V2V messages to tell stmiregnbers

what to do. However, V2V message losses and cadoient

issues are ignored, with few exceptions. Also, datkected in
platooning experiments show that it is inappropriat rely on
V2V broadcast from a lead vehicle [5]. In fact,het than
shock wavesnitigation, prevention seems preferable. This is
doable, provided thatyber precedes physics, rather than the
opposite—most roboticist approaches. For examplg]i we

have presented a distributed algoritH) that solves the time-
bounded message dissemination problem in strisgsinaing a
MAC protocol other than SWIFT. Thanks 1@ (thanks to
SWIFT here), all string members are made awarehef t
occurrence of a SC event in split-second delaygr go
performing the corresponding physical maneuvethatsame
UTC time. This is how shock waves can be eliminated

Ill.  BCAD AND TBMA IN STRINGS

Upstream (by decreasing ranks) and downstream (by
increasing ranks) string-wide dissemination of N@&ssages
and acks need be considered, Under the CACC panadigly
downstream dissemination is considered (from heathit).
This does not match common SC scenarios where some
vehicle (e.g., an ambulance) arriving from behindtang
broadcasts a V2V emergency message which is retéiyea
string tail, not heard by a string head (out of VEdio range
or loss). In IEEE 1609, messages are assignedt@soin our
model, priorities can be integers or deadlines. 9dgss are
&cheduled according to highest-priority-first i lormer case,
earliest-deadline-first in the latter case. Lt stand for a
message of highest prioritya(M) be the time at whictv
reaches rank 1 in a waiting queue, as@) be the time at
which a channel access for transmittividgs collision-free.

TABLE I. INFORMAL SPECIFICATION OFBCAD

Problem assumptions

- Setl’ of n vehicles of various sizes circulating in ldnat
velocityv, forming a stringn < n*(v).

- Arbitrary sets of vehicles circulate in lanesaadjnt tok.

- Every vehicle is equipped with a front-lookingdaa
back-looking short-range directional antenna.

- GNSS space coordinates may be inaccurate.

- N2N communications over radio channels.

- N2N messages are of highest length

- Every vehicle may attempt a message transmission
anytime, upstream and/or downstream.

- Antenna lobes may encompass adjacent lanes.

- Concurrent channel accesses performed’®ynembers
as well as by nearby vehicles in lake4 andk-1 result

in destructive collisions.

- Collisions are not detected by active vehiclenéers);
they are not detected uniformly by non-active vigsic

- Unreliable communications (messages/acks candtg |
Prescribed properties

For every N2N messadé transmitted by a member bf
- Timeliness: Under worst-case contention conditions, a
channel access attempt succeedstime units. In the
absence of lossell is delivered il+6 time units and’s
delivery is acknowledged im2ime units.

- Symmetry: BoundA holds for upstream and downstream
communications.

- Safety related acceptability: Distance travelled during
A+6 at high velocities is an order of magnitude smaller
than average vehicle size.




TABLE II. INFORMAL SPECIFICATION OFTBMA

Problem assumptions

- Up tog losses (message, ack) may be experienced o
a N2N link, without leading to a string split.

- Others same as for BCAD.

Prescribed properties

For every message transmitted over a N2N link:

- Timeliness: The additional latency due tdossesk < o,
is bounded, equal ta(x) time units.

- Symmetry: A(x) holds for upstream and downstream
communications.

- Safety related acceptability: Distance travelled during
A(o) at high velocities is an order of magnitude serall
than average vehicle size.

er

Let A stand for the highest value M) - ta(M) in worst-
case conditions\(does not includ&!’s transmission duration).

inappropriate for SC messages, given that losssratiay be
high [9]. Consider messages/acks exchanged fodowiing a
lane change. An acceptable time budget for strikingnter-
vehicular agreement—a cyber phase precedes thengical
change maneuver—would be in the order of 400 msn{ldt
90 km/h). Since radio links may be garbled muclyérthan
400 ms, resending messages and/or acks is useless.

B. MAC Protocols

1) Omnidirectional Communications

With MAC protocols based on variations of CSMA-CA,
collisions are neither avoided nor resolved deteistically. It
follows that MAC level delays are probabilistic quatic
functions in the number of contenders, which numdzer be
very high under realistic worst-case assumptioms,reindreds
of contenders, which is not uncommon with large titaule
highways and dense traffic [10]. Moreover, sinceesth
protocols do not induce bi-directional channel asaarderings
that would match bi-directional string member rawgki they
fail to achieve theSring-wide symmetry property. MAC

Safety being at staké, must be known in advance (prior to protocols based on reservations, on accurate spacdinates

deploying VANETS). It follows thak should not depend am

(e.g., STDMA, SDMA, and LCA), or situational awaess,

Sincen may end up being large, this is also an imperativéyave known weaknesses (reliance on accurate GN&& sp

condition for meeting th@imeliness requirement optimally. A

coordinates, in particular), not to be detailedehehs for

N2N communication involves exactly 2 members. HenceTDMA protocols, we refer the interested readerltt] |

ARQ (automatic repeat request) protocols can baidered,
and unigue names can be assigned to N2N messagts i

form of id, = {rank of sendelX, sequence number}, used for

2) Directional Communications
MAC protocols which rest on approaches similarhose

acks. LetA(k) stand for the highest delay elapsed whilecontemplated for omnidirectional communications).,e[12],

transmitting a N2N message and receiving an ackthé
presence ok lossesk < ¢ (no string split). Bounds andA(k)
shall hold whatever the transmission direction @memetry
property), and their numerical values shall be small endogh
meeting theSafety related acceptability requirement.

Informal specifications of BCAD and TBMA are givém
Tables | and I, respectively. Moreover, sincengtricontrol
implies string-wide message dissemination, we Idok a
MAC protocol that minimizesA,(nf), the worst-case delay
incurred with a string-wide message disseminationttie
presence of lossesr standing for the initiator’'s rank. That
MAC protocol shall meet string-wide requirementsritical to
those stated for BCAD and TBMA, namelymeliness and

[13], [14], [15], CSMA-CA in particular, cannot m®nsidered.

A similar conclusion applies to adaptive range @wer
controlled directional MAC protocols such as, e[#6], [17],
[18]. Deafness is one of the major difficulties J19his
problem can be ignored with strings since neighbarge their
sending/receiving antennas always aligned corrgithyited
steering may be helpful). Calculations of optintrahsmission
power are notoriously difficult in general settindgis strings,
they can be reasonably accurate since transmiggioer is
adjusted according to spacing with targeted neighbo
Published directional TDMA protocols have weaknssse
similar to those relative to omnidirectional TDMAopocols.
Consider losses for example. In case an ack isauaived, a
retransmission is attempted afteslots,y = 0 in the best case

Symmetry  (A(nf) holds for upstream and downstream (targeted receiver owns the slot which follows setsdslot), or

disseminations), andsafety related acceptability: distance

y = n in the worst case (targeted receiver owns thevsfith

travelled duringA(n,f) at high velocities smaller than average precedes sender's sloth(x) would be neither unique nor

vehicle size. BCAD and TBMA differ from traditiondl]AC
problems. Furthermore, since they do not minimz@,f)—
contention issues are addressed irrespective of mbasages
are used for—traditional MAC protocols cannot basidered.

IV. RELATED WORK

A. Reliable V2V Communications

symmetrical. Moreover, since the problem of howatfjust a
TDMA frame accurately enough (no wasted slots) when
varies is still open, boundsachieved by such protocols cannot
be optimal.

The MAC protocol presented here rests on alternated
directional interference-free communications—thatgkshort-
range power controlled antennas, and synchronmesgiotted
channels, thus the name SWIFT, which stands focl8gmous

According to current standards, V2V omnidirectional Wireless Interference Free Transmissions. In [28, show

communications in broadcast mode are not acknowl&dsp
as to avoid the “broadcast storm” problem [7]. Ganeently,
failed deliveries go unnoticed, which is not acebf. ARQ
protocols have been proposed for broadcast/muiticasast
modes [8]. However, reliance on such protocols mail be

how SWIFT is used to perform fast SC distributetkaments
within strings. Inter-vehicular agreements are ssag/ (atop
dissemination) due to the existence of concurrpogsibly
conflicting, SC events. Numerous concurrency issakged to
safety have not been addressed yet.



V. THESWIFTMAC ProTOCOL

A. Design Assumptions

Antennas technology being out of the scope of phiger,
we adopt a simple linear model for radio and imtenfice
ranges, wherdR < p RR, real p > 1. Parametep can be
computed out of SINR models [21] or more sophistida
models [22], [23]. Consider neighboPsand Q again,Q the
transmitter (Fig. 2). Ideally, it suffices to halRR, = sy,(V).
Given that the received signal power should be abihe
minimum sensitivity level, and power control canlyoie
approximate, one must writgp(v) < RRyp < asy(V), reala > 1.
Parametersp and a may be assigned stochastic or non-
stochastic (e.g., the disc model) values. Perfoomdigures
established for hypothesized values do not holdtaee of
violations. How is performance impacted? This isisulkarely
addressed. Here, we follow a deterministic approatiere
IRy < p asgp(V). (Violations of valueg ando are addressed in
Subsection V.G.6.) String members that are at IHRstway
from each other can perform nondestructive conaotirre
transmissions in the same direction. String heaglsp(, tails)
do not perform upstream (resp., downstream) comeations.
Since inter-string gaps(v) are much larger thas,(V),
communications conducted within different stringghe same
lane do not interfere with each other. Radio chihhr{gesp., 2)
is to be used by vehicles circulating in odd (resen)
numbered lanes.

B. Principlesof SMFT

Let integerh stand for the highest number of vehicles
within IR of each other, transmitter included. A string
compriseso = [/h| groups, last group possibly comprising
less tharh members. We consider a time slotted channel, eve
slot of durationd. A SWIFT frame comprises R slots. Every
member owns 2 slots in every frame, one slot fochea
direction. Members assigned the same rank moldatansmit
in the same slots. L&t* stand for some recurring UTC time
boundary such as, e.g., the start time of every WJ&ebnd, of
every even numbered UTC second, of every UTC minAite

SWIFT round is comprised between 2 successive occurrence

of T*. A round lastsU time units, encompassirg frames,

such thaf = U/2h0. For example, assuming= 1 s,h = 4, and

0 = 1 ms, we haveé = 125. In cas& and6 would be such that
F # U/2ho, 6 could be augmented by less thaR, since at

most 2p-1) slots need be amortized so as to HawelJ/2he.

TABLE Il DESIGNASSUMPTIONS

-n =2, channels 1 and 2.

- Lanes are assigned consecutive numbers, andathe
channel/lane mapping is known.

-RR< asy(v), IR<pRR a>1,p> 1.

- Lobes of directional antennas span 3 adjacemslan

- Time slotted channel, slotting based on UTC. ©ard
systems clocks deliver UTC with inaccuracty in the
absence of GNSS signals for durations ug seconds.

Let Ty = T*+(x-1)2h6, x O [1, F], stand for the start time of
the x" frame in a round. Slots comprised betwegnand
T,+(h+1)0 are used for downstream transmissions, and slots
comprised betweenT,+(h+1)0 and T,+2h0 are used for
upstream transmissions. Downstream slots allocated
member ranked™ start at UTC times denoted,(r), and
upstream slots owned by that member start at UTtedi
denotedut,(r). Let us writei =r-1 modh andj = h-i. We have:

dt(r) =T, +1i0, forr # n(string tail), (1)
ut«(r) = Ty + (h+j modh)6, forr # 1 (string head). (2)

Fig. 1 illustrates how SWIFT works, with= 3.B, L andP
transmit at the same UTC times, ditto for theirpesgive
successord® later, and so on. In the absence of losses, a
message of highest priority crosseshops every B hops.
Timesdt, andut, are owned by or -1 members. Thusy or
®-1 N2N messages are transmitted concurrently within
frame, collision-free, in the same direction. Ads messages
sent in one direction are piggybacked on messaggdsirs the
opposite direction. See Fig. 1 where mesddggissued byB
is acknowledged bi;. Priority inheritance [24] is exercised. A
message of priority; which carries an ack for a messagof
priority u, > u; has its priority raised ta, until it reaches the
sender ofM. See also the case witR at dt.s(.), which
forwardsM; received from its predecessor rather than its own
message (pending) of lower priority.

Unlike conventional TDMA frames, SWIFT frames need
not be reorganized whenchanges in order to achieve highest
channel utilization ratios. Stated differently, thiart times of
slots allocated to a member of a given rank need beo
changed whem changes. Similarly, the durations of a SWIFT
frame, of a round, do not depend onThese are valuable

r|>J/roperties for opportunistic/ad hoc vehicular gisinbe they

long-lived or short-lived. The rationale for haviig as a
recurrent UTC time referential is double. New mersbe

joining a string must be able to synchronize wittising

members. They can do so in no more thartime units.
Moreover, OB systems may be oblivious. They can
resynchronize on the next upcomifig
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Notations:

- n: number of string members

- 5p(V): spacing between neighbdpsandP at velocityv

- n: number of radio channels

- ml: highest N2N message length, framing included

- 0: channel slot duration (transmission of longestNN
message, guard times and CRC processing included)
- RR radio rangelR: interference rangéR =p RR

- L. worst-case channel access delay

- ¢: highest number of losses that may be experien
while transmitting and acknowledging a messagesacag
N2N link without incurring a cohort split

- A(K): additional latency due tolosses over a N2N link
- f: number of losses that may be experienced w
disseminating a message throughout a string

- A(n,f): worst-case end-to-end string-wide disseminat
delay in the presence bfosses

- Adn,): A(n.f) when member ranked'is the initiator

- T*: start time (UTC) of a round

o

nile

looking antenna according #g,(v). (Given the modest values
of RR, side and back lobes are not shown.) When string
stability is achieved, members move at comparablecities,

i.e. all inter-neighbor gaps are approximately édaas(v).
Under worst-case conditions, the spacing betweemdQ is
Swex(V), and spacing between vehicles ahead?adf sin(V),
yielding smallest vehicular slot&lg(v) =vlg + smin(Vv). Recall
that IR < p osp(v). Let z stand for the highest number of
vehicles which may experience interferences dueatsmitter

Q, i.e. the highest number of vehicular shatig(v) included in

ced(Pa-1) smx(V), that is:

z=[(po-1) Srex(V)/ (Mo+Sin(V)) |,
anch = z+1 (h includes the transmitter).

Highest authorized velocitieg® must be considered for
quantifying h. The differencesm(V)-Smin(v) is small with

on automated vehicles. For the sake of illustratieh,us assume

the following numerical figuresvly = 5, o = 2, p = 1.5
(according to current V2V standards). Additionallgt us
aSSUMES 5, (V*) = Shin(V¥) = 10, andse(V*) = 12,S5n(V*) = 8.

-o =[n/h]
- F =U/2h6 (number of frames in a round)

C. Informal Specification of SMFT

SWIFT pseudo-code in Table IV is given for memBer
rankr, n > 1, F > 1. R manages 2 message waiting queues,
denotedWy andW,, one for each neighbc®ate idle is entered
when an OB system is restarted (e.g. due to aitoan$ailure)
or when a member assigns itself a new rank (whangst
membership is modified). Symbel is the store symbo&ate
active is entered at the beginning of every round (timhes
Time interval counter€y and C, and timersyy, and Y, serve
to signal the start times &s slots in the first frame of every
round. TimersZy and Z; serve to signal the start timesR§
slots in every subsequent frame. Cou@Erstores the number
of frames left until reaching the end of the cutreound.
Events are defined as follows:

» evente;: T* read on on-board clock (new round)

* evente,: timerYy awakes; everds: timerY,; awakes
» evente, timerZy; awakes; everds: timerZ,; awakes
e eventes: synchronization is lost

WhenR receives a messadid, issued by its predecessor
(resp., successorp\id, is stored inWy (resp.,W,), and then
relayed to its successor (resp., predecessor). \Rlgamerates
a messagbi\id,, M\id; is stored inNy andW, (noW,, forr =1,
no W, for r = n). In Table 1V, messages ranked ih W, and
W, are denoted/, = {M, id,, id.}. In case there is no message
pending and no ack to be returned, messége empty.

D. Worst-Case Conditions

Let vl stand for vehicle length andl(v) stand for the size
of a vehicular slot (on asphalt) at velooitydefined as follows:
vd(v) =vl + spacing{) with predecessoSmalleswl is denoted
vlo. Consider Fig. 2, wherd® precedesQ. When about to
transmit a message t©, Q adjusts the power of its front-

TABLE IV. STATE/EVENT TRANSITIONS INSWIFT

Initiali zation  %counters and timers are uploaded¥%
Cq < 10; Cy < (h+j modh)d; % Eq. (1) and Eq. (2)9
Yit < Cats Yur < Cuyy Zat < 2h6; Zy «— 2h0;

switch to idle

idle\ e;: %beginning of a new round%
start timersYy and Yy;

CF —F;

switch to active

active\ e, %1% frame, downstream slot%
sendM, = {M, id, id.}; %M ranked ¥'in W%
Y4 < Cui; %ready for®iframe next round%

start timerZy; %ready for ¥ frame%

active\ es; %1% frame, upstream slot%
sendM, = {M, id,, id.}; %M ranked 1'in W %
Yu < Cu; %ready for®iframe next round%

CF « CF-1; if CF = Othen switch to idle
elsestart timerZ; %ready for » frame%

active\ e, %other frames, downstream slots%
sendM, = {M, id, id.}; %M ranked ¥'in W%
Zq4 < 2h0; start timerZy; %ready for next frame%

active\ es; %other frames, upstream slots%
sendM, = {M, id,, id.}; %M ranked 1'in W %

CF «— CF-1; if CF = Othen switch to idle

else{Z, < 2ho; start timerZ,} %ready for next
frame%

active\ e;:
switch to idle




In both cases, one finds = 3. With more conservative
values forpa, one would havé = 4, the case shown in Fig. 2.

MembersQ andK can transmit simultaneously successfully.

E. Properties Relativeto BCAD and TBMA
SWIFT is simple, so are the proofs for collisioeddom.
(Proofs are by contradiction, omitted due to spimsiéations.)

1) Timeliness
Consider a N2N message of highest priority. Woastec

delay A(h) for a channel access is the largest latency unti

current time readdt,(r) or ut,(r), i.e. h6—see Eq. (1) and Eq.
(2). In the presence ok losses,k round trips acrossh
neighbors are lost. Thus, worst-case bounds didlaws:

- Channel access delagh) = 2ho

- N2N message delivery delay (to neighboi)(k) + 6

- Round trip N2N message and ack delivery delaj(h)2
- Additional latency due te losses over a linkA(k) = 2kho

2) Symmetry
By construction, SWIFT handles upstream and dowastr
communications identically. Therefore, bourigk) and A(k)
hold for both directions.

3) Safety related acceptability
Variables that appear in bounds must be valuedthenn
meters and times in ms. Let us choose the followaadistic

¥ current velocity

5:”;

Swin)

Q adjusts power according to 5,,(V)

Fig. 2. RR, IR, and interference-free groups

consecutive transmissions are conducted evéy B any
given direction. Given that the highest numberesfes needed
to encompass(r) hops ig n(r)/h |, we have:

A(nf) <200 {f+1+[x(r)/h .

A(n,f) holds whenever= 1 orr =n, i.e.n(r) = n-1. Obviously,
boundsA(n,f) andA.(n,f) hold for both directions.

figures: ml < 5 Kbits, processing delays < 0.150, channel 2) Safety related acceptability

throughput = 6 Mbits/s. Assunte= 1 andh = 4 (conservative
values). With SWIFT, distances travelled durik@dn)+6 and

Assumingn = 20 andf = 6, one findsA(20,6)< 96. When
the initiator is ranked '8 Ag(20,6) < 80. Assume now that

Mh)+0+A(f) can be significantly smaller than vehicle sizes,every message must be repeated at most greel]. No more

even at high velocities. With our numerical figyrasvehicle
travelling at 108 km/h would move by 27 cm by tiee a
message is delivered, assuming no losses, by dssuming 2

thanf = 19 losses may occur. Thereforg20,19) < 200. In
Section Il, boundb > v.n*(v) has been introduced, illustrated
with b = 2,200, which yields*(108) < 20. In less than 200 ms

losses. Observe thath)+0 is much smaller than the 100 ms (n = 20), less than 6 m are travelled at 108 km/te SHfiety
bound commonly stipulated (not proved) for SC mgssa related acceptability requirement is met. ki = 3, bounds given

deliveries, assuming no losses.

4) Channel utilization efficiency and spatial reuse

Channel utilization efficiency matters. Assume that every
member has a message pending. datand for the average

slot occupancy ratio. When 1rx< h, y = on/h andy = ¢ when
n> h (every slot is utilized). Ih = wh, every slot is utilized by
o members. Ih <wh, up toh-1 slots would be utilized by-1
members. Thanks to spatial reuse, actual channelighput
can be as high astimes the nominal channel throughput.

F. Properties Relative to Sring-Wide Dissemination

De facto, in addition to being a MAC protocol, SWIis
an algorithm tailored for performing fast reliald&ring-wide
message dissemination. It turns out that bourds.,f)
achieved by SWIFT are smaller than bounds estadlighr
algorithm IT [6]. Bound denotedA(n,f) is A(n,f) when a
dissemination is initiated by a string head orrigttail. Since

leading to a string split, we have<@ < (n-1) ¢.

1) Timeliness and symmetry
Integern(r) = max {-1, n-r} is the longest path (in hops)
between a tail or a head and a member rarfkedl series oh

above would be reduced by 12 ms. Note that comfrab
(stochastic) bounds cannot be achieved with exjsiif2V
standards, even under moderate contention conslition

G. Assessment of Assumptions
1) Number of channelsisy = 2

The adjacent channel interference problem is a mino

concern with short-range power controlled direcicmtennas
operating on frequency bands sufficiently apartmfreach
other. SWIFT works also witlp = 1, in which casd™s
members are assigned channel slots or frames otadhe
parity as that of lank, and vehicles in lanes adjacentktare
assigned channel slots or frames of opposite paityngs in
adjacent lanes may have different velocities, hedifferent
inter-neighbor gaps. This does not invalidate @lcwdation of
h, which is given for worst-case conditions, i.egh@st gap
between a sender and its predecessor (it sufficasdume an
upper bound on legal velocities, easily enforcechbtomated
(/ehicles), and smallest gaps for other precedimiries.

2) Lobesof directional antennas span adjacent lanes
This assumption has led to choosipg 2. In case lobes
would also span lanes adjacent to adjacent lahegjdsign of
SWIFT would remain unchanged, wiil> 2.



3) Upto g lossesover a N2N link (3]
A string split is undertaken in cageis violated. Note that
¢ may be assigned values dynamically via string-wide

dissemination, according to observed frequencyaétions.

[4]
4) Safety messages have bounded length ml
Non-SC messages larger thaml are fragmented and 5]
fragments reassembled & la TCP/IP. They are askigmest
priorities. Likely, transmissions of SC messagesrent needed
at frequencies as high as\(h) or 1/A(¢). Thus, there should [s]

be plenty of channel time available for non-SC ragss.

5) Channe/lane mapping is known
Lane level positioning is performed by OB robotics(7]
capabilities. Knowledge of lane numbering and cledlfane

mapping is available via emaps, via cloudlets ia fature. [8]
Moreover, neighbors in lane numbkrmay exchange N2N
beacons carryinig more or less periodically, so as to cope with
vehicles that would get confused about their lammalver. [9]
6) IR< paRR
At times,RR or IR may be higher than expected, in which [10]
case message collisions, hence losses, would oddus.
would lead to string splits initiated in no moreathA(p).
Bounds achieved by SWIFT hold despite such viotasti(the  [11]
number of members in resulting strings gets smal&afety is
preserved, at the expense of (temporary) sub-optsghalt
occupancy (V) replaced byS(v)). For minimizing such [12]
string split occurrences, conservative values @aohmsen for
pa. With pa = 4 (rather than 3), we still have= 3 assuming
Srax(V*) = Smin(V*) = 10, andh = 4 assuming(v*) = 12 and [13]
Svin(V*) = 8. Highest values fdr are computed for worst-case
conditions, and assuming smallest vehicle sizesie#tistic
settingsh’s values smaller than 4 should suffice. [14]
7) Channel dotting aligned with UTC
A UTC aligned slotted channel can be built, infet-s [15]
intervals of size 2 with OB clocks of inaccuracy and
instability smaller than. Affordable clocks achieve accuracy
and stability figures in the order of 1xi0and 1x1®,  [16]
achievingzt in the order of lusec/minute, which permits to
cope with 1 minute longd(= 60) GNSS outages. Within the
order of 1 ms, slotting overhead is quite marginal. 7]
VI. PERSPECTIVES [18]
The future of autonomous/automated driving depems
whether safety issues are addressed rigorously,atmehich
pace. As for SC communications, deterministic MAGtpcols  [19]
are essential. SWIFT is an example. Other algoithm
problems related to safety need be investigated.ekample,
can we achieve instantaneous renaming withoutnigifig on (20
privacy? Is there an algorithmic solution to thdldi@ing
problem: fully automated zipper merging at highoegties? [21]
[22]
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