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Abstract—Platoon formation has been identified as a promising distance measurements. [6] employs convergence rates as a
framework in developing intelligent transportation systems. By performance measure to evaluate additional benefits dadreliff

autonomous or semi-autonomous vehicle control and interehicle o ommunication topologies in improving platoon forroati
coordination, an appropriately managed platoon can poterially
robustness, and safety.

offer enhanced safety, improved highway utility, increasd fuel
economy, and reduced emission. This paper is focused on quan In general, communication channels insert new dynamic
titative characterization of impact of communication sysems on subsystems into control loops. As such they play essential
p'aéozgn?:r:‘t?;)’- V\I/Bg r‘;?/fg;arsig?ngi‘?ﬁ{ﬁ:;é”:‘égﬂ%%Stsruggt’\:;? roles in control design. Recent pursuit on interaction lsefw
an . . .
control and cémmunications. The findings of this papper provile Communlcatlon systems and fee(_jback loops treats communi-
useful guidelines in sensor selection, communication resme Calion systems as added uncertainty such as delays and,error
allocation, and vehicle coordination in highway platoon catrol ~ Or constraints such as quantization [7], [8], [9], [10], [11
problems. Coordinated design of communication channels and control
systems remains mostly open.
In terms of coordination of control and communication
Controllers at vehicle levels, sensors and communicatigpstems, especially in automotive applications, soméniitr
systems that permit information exchange, and coordinatiguestions concerning quantitative impact analysis of camm
of the platoon at higher levels interact intimately in védic nication systems on safety in platoon control remain I3rgel
platoon formation and control. This paper investigate s8ve ynanswered: (1) How much improvement of safety can be
key issues rising in such problems. achieved by a communication channel? (2) How will commu-
Platoon formation has been identified as a promising framgication uncertainties such as delays, packet loss, amtserr
work in developing intelligent transportation systems. Byffect safety?
autonomous or semi-autonomous vehicle control and inter-Thig paper aims to answer these questions with quantitative
vehicle coordination, an appropriately managed platoam cgharacterization. To facilitate this exploration, we staith
potential offer enhanced safety, improved highway utilityy pasic platoon of three vehicles. Various information stru
increased fuel economy, and reduced emission. In a plata@fes are considered: (1) Sensors only; (2) Combined sensor
formation and maintenance, high-level distributed suiseré anq wireless communications. In addition, we investighte t
that reside in vehicles adjust vehicle spatial distrimgibased jnformation contents: (1) Distances only; (2) Distance and
on inter-vehicle information via sensors and wireless COMMspeed. The findings of this paper will be useful to guide desig
nication networks such that roadway utilization is maxietz of information infrastructures, information contents,ntol
while the risk of collision is minimized or avoided. Platoorgtrategies, and resource allocation in platoon contrdbleras.
control has drawn substantial attention lately, in the ertstof
intelligent highway control and automated highway systems
with many methodologies and demonstration systems [1],
[2]. Typical control functions include PID controllersag¢ A Systems
feedback, adaptive control, state observers, among othiths
safety, string stability, and team coordination as the most-

I. INTRODUCTION

Il. PROBLEM FORMULATION

This paper is concerned with coordination of vehicles in

mon objectives [3], [4], [5]. In our recent paper [6], a wegth & highway platoon. Vehicle_ dynamics _wiII. play imp_ortant
and constrained consensus control method was introduced@S In this pursuit. For clarity of investigation, we wilke
achieve platoon formation and robustness against distaesa simplified, generic, but representative vehicle dynamidet®
vehicle addition and departure, and communication chanhtp]

uncertainties. At present, on-board sensors are used ioleeh mv+ f(v) =F Q)



where m (Kg) is the consolidated vehicle mass (includindront distanceds,. For safety consideration, this structure
the vehicle, passengers, etc),is the vehicle speed (m/s), provides a benchmark for comparison with other information
f(v) is a nonlinear function ob representing resistance forcestructures. Information Structure (b) provides both frantd
from aerodynamic drag and tire/road rolling frictions, afid rear distances. Then Information Structure (c) expandb wit
(Newton or Kg-mé?) is the net driving force (ifFF > 0) or wireless communication networks.
braking force (if < 0) on the vehicle’s gravitational center.
Typically, f(v) takes a generic fornfi(v) = a+bv?, where the 2T TN
coefficienta > 0 is the tire/road rolling resistance ahd- 0 is Venicle 1 Vehicle 1 PN
the aerodynamic drag coefficient. These parameters depend s — s — s, s ln &:&:&
many factors such as the vehicle weight, exterior profite, i """ e veeee ooz Nemele TeRERT - voniez
types and aging, road conditions, wind strength and divasti (@ Front sensors only (b) Front and rear sansors (c) Sensors and.
Consequently, they are usually determined experime rdaitly
approximately. This paper is focused on longitude vehickey. 2. Three main information structures: (a) Only frorteince information
movements within a straight-line lane. Consequently, the \is available for vehicle control. (b) Both front and reartaiwes are available.
hicle movement is simplified into a one dimensional systen@ Additional information is transmitted between vehicle

Vehicles receive neighborhood information by using sessor
and communication systems. We assume that radar senso

are either installed at front or rear of the vehicle. The he platoon in Fig. 2 has the following local dynamics

raw data from the sensors are distance information between do = - (Fy— (aovo + bovd))

two vehicles. Although it is theoretically possible to deri PR E(F — (a1 +b vg))

speed information by signal processing (derivatives of the . L e 5

distances), this paper works with the direct informationl an 22 = g (F2 — (0202 + b213)) @)
1 = UVo— U

leaves signal processing as part of control design. As dtresu X
sensor information will be limited to distances. In contras dy = v —v

a communication channel from vehicleto vehicle j can ) ) ) B ) )
transmit any information that vehicle possesses. We will Where o is the leading vehicle’s driving action and viewed
consider the following information contents: (1) Vehiole @S @n external disturbance, afgl and % are local control
distance to its front vehicle, which is available by its oworft Variables.

sensor; (2) Vehicle’s speed, which is available by its own

speedometer; (3) Vehiclés pedal action, such as acceleratio®. Feedback Control

and braking. Information structures are depicted in FigA 1.

vehicle may receive information from its front sensor (e it For safety consideration, the inter-vehicle distan¢esind
distance to the front vehicle), or its rear sensor (on ittadise d2 have a minimum distancé,,;, > 0. To ensure that the
to the vehicle behind it), or wireless communication chamne/ehicles1 and 2 have sufficient distance to stop when the
between two vehicles. The wireless communication channégding vehicled brakes, a normal distaneg.; is imposed.
may carry different information contents, such as distancepparently, the larget,.,, the safer the platoon, under any

speed, driver's action, etc., which is available at the send fixed control strategies. However, largér.; implies more
vehicle. consumption of the highway space resource. As a result, it is

desirable to use as small.; as possible without compromis-
ing the safety constraint.

There are numerous control laws which have been proposed
or commercially implemented [12], [13]. Since the focus of
this paper is on impact of information structures and casten
rather than control laws, we will impose certain simple and
fixed control laws. For safety consideration, we conceeatrat
on the case when the distance is below the nominal value
d < d;ey. The control law involves a normal braking region
of a linear function and an enhanced braking region of a sharp
nonlinear function towards the maximum braking force . We

For concreteness, we will use a basic three-car platoonwdl denote this function ag” = g, (d).
present our key results. Although this is a highly simplified Similarly, if vehicle i's speed information is transmitted
platoon, the main issues are revealed clearly in this systeim another vehiclej, the receiving vehicle can use this in-
Three information structures are studied, shown in Fig. farmation to control its braking torque. This happens when
Information Structure (a) employs only front sensors, yimqy  v; > v;. The larger the difference, the stronger the braking
that vehiclel follows vehicle0 by measuring its front distanceforce. This control strategy may be represented by a functio
dy, and then vehicle follows vehicle 1 by measuring its F = ga(v; — v;).

Fig. 1. Information structures



C. Communication Latency (WIFI) standard. IEEE 802.11g and IEEE 802.11p are used
gﬂr experimental studies in this paper.
Ir-,l%?ln the middle of protocol stack, DSRC employs IEEE

(such as CAT5e/CAT6) and introduce many uncertain al 09.4 for Channel Switching, 1609.3 for Network Ser-

random elements into the networked control system. Fé||pe,_ and 160952 for Sﬁcgntbeerwces\.N_lnl the ANetworI;
example, one critical measure of signal strength is theasign ervice, users have a choice between Wireless Access for

to-interference-plus-noise ratio (SINR). The SINR attEes Vehicle Environments _Short Message Protocol (WSMP) or
with distance (it decreases inverse proportionally to thieic Internet Protocol }/e_rsmn 6 (IPv6)+User Datagra_m Proto-
of the distance between the two vehicles). It is also af[:éct8°| (UDP)/Tra.nsm|SS|on Control P.rOtOCO|.(TCP)' Smglepho_
critically by obstructions, such as buildings, bridgeges, messages typically use the bandW|dth-eff|_C|ent WSMP’ wh!le
houses, other vehicles, etc. Other essential factors dBcIlJ“UIt"hOp packets use IPv6+UPD/TCP for its routing capabil

gueue delays, network data traffic conditions, routes,ad;igr\ty' We wil d|scgss fl_thher details for these two protocois
fading caused by multi-path transmission of the signals aH?F next two subsections.
their interactions, signal interference from other veddgl B. A Sngle-Hop Experimental Study

Doppler shifts, traffic and weather conditions. These uad®r e assume the three-vehicle case in Fig. 2. We emphasize
ties vary significantly in different communication netwerk that although we employ a three-car platoon for simplidity,
such as broadcasting, dedicated Ad Hoc networks, etc. ffims a generic base for study platoon safety issues. Here th
addition, channel coding schemes and transmission pristocgehicles in between the lead vehicle of the vehicle of irgere
influence channel reliability significantly. are grouped as one pack, leading to the generic structure of
These factors collectively determine packet delivery gigla Fig. 2.
packet loss rates, etc. which are seen by the end user. ThiSommunication channels betweepandwv, use the WSMP
paper will focus on delay effects. Other communication umprotocol. This protocol can carry messages on both the Gbntr
certainties will be teated in separate papers. To be canaret Channel (CCH) and the Service Channel (SCH). The WSMP
treating communication systems, we will employ IEEE 802.1dllows the applications to directly control the lower-laye
standards as our benchmark systems and the related latgi@dameters such as transmission power, data rates, channel

Inter-vehicle communications use wireless networks whi
are subject to far severe uncertainties than wired netwo

data [14]. numbers and receiver MAC addresses. The WSMP over the
CCH can skip the steps of forming a WAVE Basic Service

1. COMMUNICATION SYSTEM CASE STUDIES Set (BSS) that delivers IP and WAVE short message (WSM)

A. Basic Data Transmission Schemes data on the SCH. Those methods can potentially reduce

To study more realistically how communication systems ar%)mmunication latency.
The round-trip time (RTT) under this protocol includes

control interact, we will use the communication scheme that : : . .
) . . measurement time for the variables (vehicle distance,dspee

each data packet is generated at the sending site. The packe ) . : :
tC.), source data creation time (creating packets, adding

Jomts_ the gueue for channel occupation _and transm'SS'.be.'.TSerification codes, scheduling, etc), communicating thekpa

gueuing time depends on network traffic and data priorities; ; e : .
. - éo v, receiver verification, travel time for sending back

and hence is a random process. The packet contains both ata ledament from

bits and error checking bits. We assume that the embedd® 9 2

error checking mechanism is sufficient to detect any faul n an ideal case that, can capture the CCH during each
9 S y gCH time slot,uy can send its beacon and update its status to
packet. If the packet transmission is successful, the vecel

returns to the sender an acknowledgment message, Wh%hat the rate ol 0 Hz. If a package is successfully transmitted

completes the packet transmission. On the other hand, if fid verified during the first round, the RFT< 100 ms since
piet P . o . k ti E 1609.4 specifies the reoccurrence of the CCH at the rate
packet is received with error, it will be discarded. Then a re

transmission request is sent back to the sender to re'tmnS%Ig;/aer;);:)llgol'm:.typical curve from [16] is re-generated here
th? ?ame rp:-alcket. icati Ve b lized bas shown in Fig. 3. When the modulation rateiMbps, the

" er_-\?e |cde codmmumcq lons (IVC) can : realize #’ackage Delivery Rate(PDR) is abdut5. If the first round
using in ra;e ’ r% 10, O(; m;_c]:c_ro(\;vavesf waveds. ht _presfent,_ T}Hp takes100 ms and each round trip catches the next CCH, it
crowaves have been ldentilied as favored choice 1or INtgfaqys on average more than three retransmissions to aehieve

vehicle communications. For instance, in IEEE 802.11p,|§bR over0.985, and hence the delay is more thas second

bandwidth75 MHz is allotted in the5.9 GHz band for dedi- . .
o - When the modulation rate it Mbps,the PDR i9.36. In order
cated short range communication (DSRC) [14]. Alternayivel wiat P !

i . 0 meet the same required PDR, the delay time is more than
ultra-wideband (UWB) technologies also have been used TIPrsecond qul y i I
IVC. Historically, there are several wireless standarads tiave o o
been studied inter-vehicle use, especially IEEE 802.1herey C. Multi-Hop Communication Data
z € {a,b,g,p...}. Recently, many applications have been Inter-vehicle communications may involve multi-hops
based on the DSRC with IEEE 802.11p at PHY and MA@hich create further delays. Typically, IPv6+UDP/TCP pro-
layers. IEEE 802.11p is a modified version of IEEE 802.1tbcols can be used in such systems. Unlike the WSMP which



bo = b1 = by = 0.43. The nominal inter-vehicle distances are
40 m. The cruising vehicle speeds && m/s (abouts6 mph).

The road condition is dry and the maximum braking resistance
is 10000 N. This implies that when the maximum braking is
o applied (00% slip), the vehicle will come to a stop iB.75

1 R LT second. The braking resistance can be controlled by agpplyin
o1 controllable forces on the brake pads.

The platoon uses only front sensors to measure inter-ehicl

distances, namely the information structure (a) in Fig. Re T
Fig. 3. PDR vs. separation distance under different dats riat the Rural feedback control functiod” = gl(d) is
Road(RR) environment (witB5% Confidence Interval). Here, data rate6is
Mbps and18 Mbps. Transmission power 20 dBm.

D

max{kl (d — d’f'ef) + k2 (d — dT@f)3, _Fmam} (3)

whered,.; = 40 (M), k1 = 50, ko = 4, Fynae = 10000 (N).
usesl1 bytes overhead, IPv6 requires a minimum overhead phst Braking Scenario: Suppose that the leading vehicle uses
52 bytes. Although this is more complicated in coding and legspraking force5000 N, which brings it to a stop fror5 m/s
efficient in using the data resource, this protocol provitese jn 7.5 second. In this case, the minimum distances2aré m
flexible routing schemes. There are many experimental&sudfor ¢, which is acceptable, but m for d». This means that
of IEEE 802.11p under multi-hop on highway environmen{ehicle2 will collide with vehicle 1 during the transient time.
Since we are only concerned with latency data, we quoteTo explain this scenario, we note that since vehiclelies
here the studies in [14] which contain extensive experi@lenpn 4, to exercise its braking control function, there is a clear
results. A typical curve from [14] is re-generated in Figltd. dynamic delay in initiating its braking although vehicle
is noted that although IEEE 802.11p uses higher power ag@rted braking earlier. Due to fast braking, is reduced to
faster speed, a latency of hundreds of milliseconds is &piGbout20 m when vehicle2 starts to act. It can be easily
in highway conditions. perceived that for a large platoon, this dynamic delay from

vehicle to vehicle will be a severe safety concern.
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V. ENHANCED INFORMATION STRUCTURES AND
CONTENTS
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A. Adding Distance Information by Communications

500

Example 3: Continuing with Example 2, we consider the
same three-car platoon under the same initial conditiohs: T
nominal inter-vehicle distances até m; the cruising vehicle
speeds are25 m/s (about56 mph); the maximum braking
resistance ig90000 N.

ol Under theFast Braking scenario as in Example2, suppose
B emission Rangedm) now that vehiclel communicates with vehiclé by sending
dy information to vehicle2. As a result, vehicl& can now
Fig. 4. Average delay of high-priority message dissemimator H = 5 hops use bothd; andds in its control function.
of communication as functions of the transmission range Suppose that vehictz modifies its braking control function
from the previousF, = gi(d2) to the new oneF, =
0.5g1(d2) + 0.5g1(d1). Now, the minimum distances ag8.6
m for d; and15.9 m for ds, both are within safety regions.

We start with the basic information structure of using front To compare Example 2 and Example 3, with information
sensors only. For the three-car platoon in Fig. 2 and thergbntfeeding ofd; into vehicle2, it is able to act earlier, resulting
law F' = g;(d) in (3), the closed-loop system becomes (2) in a much reduced distance swing f&y during the transient.

For simulation studies, we use some vehicle data from ] ) o
[15], with some parameter variations to represent a varigty Adding Speed Information by Communications
of vehicles. Under the MKS (metre, kilogram, second) systemWe now add the speed information of the leading vehicle
of units, the vehicle mass: has the range400 — 1800 Kg, to both vehiclesl and2 by communications.
aerodynamic drag coefficiehthas the rang8.35— 0.6 Kg/m. Example 4: For the same three-car platoon under the same
During braking,a (as the rolling resistance) is changed tiitial conditions as Example 3, we now add the leading
tire/road slipping, which is translated into the brakingceF  vehicle’s speedvy into the information structure. This in-
(negative value in Newton). As a result,is omitted. formation will be transmitted to both vehiclels and 2 by

Example 2: Three identical cars form a platoon. The vehieommunications. Under th&ast Braking scenario as in
cle massm = 1500 Kg. The aerodynamic drag coefficientsExample 3, suppose now that vehiclesand 2 receive the

400

300

200

High—priority mean forwarding delay(msec)

100}

IV. SAFETY UNDER FRONT SENSORINFORMATION



additional speed informatiom, resulting in a new information [2] R. Rajamani, H.S. Tan, B. Law and W.B. Zhang, Demonsiratf Inte-
structure. grated Lateral and Longitudinal Control for the OperatidrAatomated
. " Vehicles in Platoons, IEEE Transactions on Control Systéetsinology,

From the control functions of Example 3, additional control g g ‘No. 4, pp. 695-708, July 2000.

actionsgs(vg, v1) andga(vg, v2) are inserted. Now, the mini- [3] S.B. Choi and J.K. Hedrick, Vehicle longitudinal coritesing an adaptive

mum distances are8.3 m for d; and27.1 m for dy, a much observer for automated highway systems, Proc. of ACC, 18ea895.
. [4] C.Y. Liang and H. Peng, String stability analysis of afil#p cruise
improved safety. controlled vehicles, JSME International Journal Seriesv@ume: 43,
Issue: 3, pp. 671-677, 2000.
VI. IMPACT OF COMMUNICATION DELAYS [5] D. Swaroop and J.K. Hedrick, String Stability of Intersected Systems,

. . IEEE Transactions on Automatic Control, Vol. 41, No. 3, pp. 349-357,
Example 5: Under the same system and operating condition yar 1996. PP

as Example 3, we assume that the communication channel[frLe Yi Wang, Ali Syed, George Yin, Abhilash Pandya, Hong\gang,

the distance information has a delay ofsecond. Without Control of vehicle platoons for highway safety and efficietitity: Con-
L . . sensus with communications and vehicle dynamicsynal of Systems
delay, the minimum distance fak, is 15.9 m. When a delay Science and Complexity, accepted and to appear in 2013.

of 7 = 0.6 (second) is introduced, the minimum distance fdr] J. S. Freudenberg and R. H. Middleton, Feedback contesopmance

d- is reduced tol1 m. Table | lists the relationship between ©ver a noisy communication chann@roceedings of the 2008 Informa-
2 P tion Theory Workshop, Porto, Portugal, pp. 232-236, May 2008.

the delay time and the minimum distance tbr. [8] R. Luck and A. Ray, Experimental verification of a delayngzensation
algorithm for integrated communication and control systbiternational
TABLE | Journal of Control, vol. 59, pp. 1357-1372, 1994.
IMPACT OF COMMUNICATION DELAYS [9] L. Moreau, Stability of multiagent systems with time-p#sdent commu-
delay timer () 0 03 06 09 17 nication links, IEEE Trans. Autom. Controkol. 50, no. 2, pp. 169-182,
minmumdz (M) | 15.9 | 13.6 | 11 82 |51 Feb. 2005.

[10] G. N. Nair and R. J. Evans, Exponential stabilisabiliof finite-
dimensional linear systems with limited data rafesomatica, 39 (2003)
Example 6: Under the same system and operating condition 525359R3-_ 3. H. Braslavsky, and R, H, Mideleton, Fundatal Limi
. . . . J. Rojas, J. R. braslavsky, an . H, M eton, Funeatal LimiI-
as Exam_ple.3, we first con3|de_r an Idea}l case. Assume.t ““tations in Control over a Communication Chandetomatica 44(2008),
communication systems are using the single-hop scenario in pp. 3147-3151.
Subsection I11-B. Under a scenario of lateney= 0.1 second [12] R.T. O'Brien, Vehicle lateral control for automatedghivay systems,
(CCH delay only), the minimum distance fds is 15.1 m. It ;EEEJ;?”%CS(?”S on Control: ystems Technology, Vol. 4-3, pp. 266 -
remains as an acceptable safe distance. [13] S. Sheikholeslam, C.A. Desoer, Longitudinal contréleoplatoon of
Example 7 Continuing the study of Example 6, we now vehicles with no communication of lead vehicle informati@ system
consider the multi-hop scenario in Subsection IlI-C. Inttha Lezeel_ségiy‘L%%Elggagmmons on Vehicular Technology, Vol. 42-4, pp.
scenario, transmission from, to v, is over 5 hops. Sup- [14] M.J. Neely and Eytan Modiano, Capacity and delay tréfdefor Ad-
pose that each hop has the same priority, each loses CCHE‘OC mfgls QS;VéOSkSJEggogan. on Information Theory, Vol. 51, No.
L , pp. - une
once.followed by one successful re-transmission. Based gq D.H. McMahon, J.K. Hedrick, S.E. Shladover, Vehicle detiing and
the distances between the vehicles in the example, the totalcontrol for automated highway systen®spceedings of American Control
communication delay > 1.5 second. The simulation shows[lslcgnlfaef_engebsg? Dlﬁgﬁ{ EA_, ;JSA' ?P- 2?{; 3;103’t'\/'r3§’_®2h3'25’t199t9-
. . . bal, D.D. stancll, H. Krishnan, owar: naerstal aracteristics
that th_e minimum d|5tance_ b_etwee@ and v, approaches to of Dedicated Short Range Communications (DSRC) From a Betigp
0, leading to a case of collision. of Vehicular Network Engineers?roceedings of MobiCom10, Chicargo,
IL, USA, pp. 329 - 340, September 20-24, 2010.

VIl. CONCLUDING REMARKS

Intrinsic relationships between platoon control and commu
nications introduced in this paper represent a new framlewor
for intelligent highway transportation systems. As a fitsps
in this direction, this paper is focused on establishing the
key structure, the main algorithms, and interactions betwe
the communication delay and vehicle platoon safety control
There are many important and intriguing issues left open
for further exploration. Communication package drop rate,
jitter, and emerging communication scheduling algorithwiis
be of interests. Furthermore, we have only considered basic
driving conditions: Straight lanes, dry surface, good \weat
conditions, and no lane changes or platoon re-formatiaer aft
vehicle departure or addition. All these issues are wornttin&r
studies.
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