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Impact of Communication Erasure Channels on
Safety of Highway Vehicle Platoons
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Abstract—Packet loss in block erasure channels creates a ran-
domly switching networked system that impacts control perfor-
mance significantly. This paper employs safety of highway vehicle
platoons as a platform to study such an impact. By autonomous
inter-vehicle coordination, a platoon can potentially enhance
safety, improve highway utility, increase fuel economy, and
reduce emission. By comparing different information structures
which utilize radar distance sensors and wireless communication
channels, we characterize some intrinsic relationships between
communication resources and control performance. The findings
of this paper provide useful guidelines in communication resource
allocations and vehicle coordination in vehicle safety problems.

Index Terms—Highway platoon, communications, vehicle
safety, erasure channels, control.

I. I NTRODUCTION

Platoon formation has been identified as a promising frame-
work in developing intelligent transportation systems. Wireless
communication systems can provide inter-vehicle information
that is of potential importance in enhancing safety, improv-
ing highway utility, increasing fuel economy, and reducing
emission. In platoon formation and maintenance, distributed
supervisors in vehicles adjust vehicle spatial distributions
based on inter-vehicle information via sensors and wireless
communication networks such that roadway utilization is
maximized while the risk of collision is minimized or avoided.

Platoon control has been studied as part of intelligent and
automated highway systems with various control method-
ologies and demonstration systems, including the California
PATH project and European Chauffeur systems in the 1980’s,
and more recent DEMO2000, CarTALK2000, FleetNet, AHS
and SARTRE [1], [2], [3], [4], [5], [6], [7]. In our recent paper
[8], a weighted and constrained consensus control method
was introduced to achieve platoon formation and robustness
against disturbances, vehicle additions and departures, as well
as communication channel uncertainties. Convergence rates
were used as a performance measure to evaluate additional
benefits of different communication topologies in improving
platoon formation, robustness, and safety.

Communication channels insert new dynamics into control
loops and influence closed-loop system performance. Impact
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of communications on networked control systems can be
treated by viewing communication systems as added uncer-
tainties and constraints [9], [10], [11], [12], [13]. In [14], an in-
depth study of coordinated control and communication design
was conducted in which TCP-based communication protocols
were employed. The main consequence of the TCP channel
uncertainties is signal transmission delays. The detrimental ef-
fects of random delays on vehicle safety were investigated and
coordinated control/communication design was investigated.

This paper continues our work in [14] but concentrates
on block erasure channels [15]. Majority of inter-vehicle
wireless communications use either a directional media such
as infrared signals or broadcast radio waves including VHF,
micro, and millimeter waves. The mainstream of media access
control is wireless LAN and 3G distributed access, whose
data flows are subject to packet losses. Analytical models
of reliability of the IEEE 802.11p in VANETs safety [16]
and performance evaluations of safety in Dedicated Short
Range Communications (DSRC) have been studied in [17].
Erasure rate, packet loss or packet delivery rate eventually
comes to creating a randomly switching networked system
that impacts control performance significantly. By comparing
different information structures which utilize radar distance
sensors and wireless communication channels, we characterize
some intrinsic relationships between communication resources
and control performance. The findings of this paper provide
useful guidelines on communication resource allocations and
vehicle coordinations in vehicle safety systems.

The main contributions of this paper are in the following
aspects. (1) This paper establishes quantitatively the impact
of erasure channels on vehicle safety in a platoon frame-
work. This is achieved by first relating erasures to randomly
switching network topologies. Then, impact on safety of such
networked control systems is established. (2) Relationships
among channel throughput, safety, and highway utility are
derived. Such relationships can be used to guide integrated
design of control and communications. (3) Platoon communi-
cation design involves information content selection, network
topology choice, and resource allocation. We establish results
relating platoon safety to information contents (such as vehicle
distance, speed, braking action), network information topolo-
gies, and bandwidth allocations.

The rest of the paper is organized as follows. Section II
introduces the basic platoon control problem, safety issues, and
control strategies. Section III details typical communication
scenarios. Communication channel erasure characterization
and related packet delivery rates (PDR) are presented. Under
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some simplified schemes, basic relations are derived, including
speed-distance relationship for safe stopping distance and
collision avoidance, distance progression in a platoon, and
PDR-distance functions. Section IV investigates the impact of
information structure and channel erasures. Typical scenarios
of communication channel erasures are considered in Section
V. Finally, Section VI discusses implications of the results of
this paper and points out some potential extensions.

II. REVIEW ON VEHICLE DYNAMICS AND PLATOON

INFORMATION STRUCTURE

This section briefly reviews the system formulation for
studying vehicle safety issues which was introduced and
detailed in [14]. We are concerned with the coordination of
vehicles in a highway platoon. The following simplified yet
representative vehicle dynamic models from [32] are used as
a benchmark case for our exploration

mv̇ + f(v) = F, (1)

wherem (Kg) is the consolidated vehicle mass (including the
vehicle, passengers, etc.),v is the vehicle speed (m/s),f(v) is
a positive nonlinear function ofv representing resistance force
from aerodynamic drag and tire/road rolling frictions, andF
(Newton or Kg-m/s2) is the net driving force (ifF > 0) or
braking force (ifF < 0) on the vehicle’s gravitational center.
Typically, f(v) takes a generic formf(v) = a+bv2, where the
coefficienta > 0 is the tire/road rolling resistance, andb > 0 is
the aerodynamic drag coefficient. These parameters depend on
many factors such as the vehicle weight, exterior profile, tire
types and aging, road conditions, wind strength and directions.
Consequently, they are usually determined experimentallyand
approximately. This paper is focused on longitude vehicle
movements within a straight-line lane. Consequently, the ve-
hicle movement is simplified into a one-dimensional system.

Vehicles receive neighborhood information by using sensors
and communication systems. We assume that radar distance
sensors are either installed at the front or rear of the vehi-
cle. The sensor information will be limited to distances. In
contrast, a communication channel from vehiclei to vehicle
j can transmit any information that vehiclei possesses such
as distance, speed, pedal action (braking). For concreteness,
we will use a basic three-car platoon to present our key
results. Although this is a highly simplified platoon, the main
issues are revealed clearly in this system. Three information
structures are studied, shown in Fig. 1. Information Structure
(a) employs only front sensors, implying that vehicle1 follows
vehicle0 by measuring its front distanced1, and then vehicle2
follows vehicle1 by measuring its front distanced2. For safety
consideration, this structure provides a benchmark for compar-
ison with other information structures. Information Structure
(b) provides both front and rear distances. Then Information
Structure (c) expands with wireless communication networks.

The platoon in Fig. 1 has the following local dynamics.




v̇0 = 1
m0

(F0 − (a0 + b0v
2
0))

v̇1 = 1
m1

(F1 − (a1 + b1v
2
1))

v̇2 = 1
m2

(F2 − (a2 + b2v
2
2))

ḋ1 = v0 − v1
ḋ2 = v1 − v2,

(2)

Vehicle 0 Vehicle 1 Vehicle 2 Vehicle 0 

Vehicle 1 

Vehicle 2 Vehicle 0 

Vehicle 1 

Vehicle 2 

(a) Front sensors only (b) Front and rear sensors (c) Sensor and  

communications 

Fig. 1. Three main information structures: (a) Only front distance information
is available for vehicle control. (b) Both front and rear distances are available.
(c) Additional information is transmitted between vehicles.

whereF0 is the leading vehicle’s driving action and viewed
as an external disturbance, andF1 and F2 are local control
variables. For safety consideration, the inter-vehicle distances
d1 andd2 must maintain a minimum distancedmin > 0. To
ensure that vehicles1 and2 have a sufficient distance to stop
when the leading vehicle0 brakes, a normal distancedref is
imposed. There are numerous control laws which have been
proposed or commercially implemented [18], [19]. To study
impact of communication uncertainty on platoon safety, we
will use certain simple and fixed control laws. The control
law is shown in Fig. 2. We denote this function asF = g1(d).
Similarly, if vehicle i’s speed information is transmitted to
another vehiclej, the receiving vehicle uses a control strategy
generically represented by a functionF = g2(vj−vi), depicted
in Fig. 3.
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Fig. 2. Braking functions based on distance information
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Fig. 3. Braking functions based on speed information

III. I NFORMATION STRUCTURES ANDCOMMUNICATION

MODELS

Inter-vehicle distances are most commonly measured by
radars. Radar sensors provide a stream of measurement data,
typically using24, 35, 76.5, and79 GHz radars. In general,
radar sensor measurements are influenced by many factors that
limit their accuracy and reliability. These include signalatten-
uation by the medium, beam dispersion, noises, interference,
multi-object echo (clutter), jamming, etc.; see [20] for further
detail. On the other hand, when communication channels
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are employed, channel uncertainties become essential features
in control design consideration. This paper concentrates on
communication uncertainties from erasure channels, whichare
described next.

A. Erasure Channels in Wireless Communications

The block-erasure channel represents a channel model
where transmitted packets are either received or lost. The loss
of a packet may be caused by erasure of one or multiple
bits within the packet during transmission. Typically, block-
erasure channels are simple models for fading channels. Due
to power limitation, transmission noises, signal interferences,
some codewords in a packet may be completely lost [21],
[22], [24]. Probability of packet erasures can be reduced by
introducing error detection and correction bits, which increase
data lengths and reduce information flow rates.

We consider block-erasure channels with certain channel
codings that include error detection. Generic discussionsare
sufficient at this point, and the actual channel coding schemes
will be specified in case studies in Section V. In this protocol,
channel error detecting codes such as parity-check matrices
are encapsulated and are used by the receiver to either detect
transmission errors or in some cases correct the missing or
erroneous bits. The detection/correction mechanism is shown
in Fig. 4.

Start End Encoder Erasure

checksum

Decoder
Correction

Checksum 
Computing

Channel

YES Retransmission

Fig. 4. An erasure channel with check-sum error detection and re-transmission

During one round-trip of this scheme starting at timetk, the
source generates a data block, which is channel coded with
codewordctk and transmitted. Due to channel uncertainties,
the decoder receives the codewordĉtk with possible erasure
of one or more bits. After decoding and error correcting, the
receiver either acknowledges receipt of the data, or indicates
a packet erasure. Suppose that the round-trip time for this
scheme isτ . If tk+τ < tk+1, a re-transmission is implemented
and the above transmission process renews.

At tk+1, the data is either received correctly or declared
to be lost. In the later case, the channel is equivalently
disconnected during[tk, tk+1) since no data are received.
Since this event is random, the channel is modelled as a
random link, with probabilitypk to be linked and1−pk to be
disconnected. Applying this scenario to all channels, we have a
randomly switching network topology such that the probability
for each topology is generated from individual link connection
probabilities.

In the next subsections, we derive probabilistic models for
erasure channels. Our pursuit involves two objectives: (1)
Understand what is the minimum signal-to-noise ratio (SNR)
for a required safety level. To this end, we must derive erasure

probability’s lower bounds. Information-theoretical analysis
will be employed. (2) Employ a practical system and its
corresponding erasure probability characterization to charac-
terize concretely the required information for platoon control.
In a VANET framework, inter-vehicle communications can
use either convolution code or block code. Conventionally,
convolution codes are still the first choice for applications
which require low data-structure delays. Low density parity-
check (LDPC) is always chosen if one focuses on low SNR.
Theoretically, when the block code sizen → ∞, bit error
rate (BER) → 0. Obviously, the longer the block length
is, the larger the delay time is resulted, due to computing
time complexity. This issue has been largely resolved with
implementation of LDPC convolutional codes [23] with higher
performance hardware and software during the past10 years.
We use LDPC coding as a benchmark coding scheme to carry
out our study. The LDPC codes have appealing properties
in their theoretical foundation and implementation efficiency.
Their main advantages in computational efficiency and code
length utility have resulted in many successful commercial
products.

B. Probabilistic Error Models of Erasure Channels

We consider an erasure channel whose packet containsB
bits for information transfer.1 The information bits are divided
and used either for data or for error checks. In this section,it
is not necessary to specify such divisions. For simplicity,all
coding schemes in this paper are over the binary fieldIF2 =
{0, 1}, although the results of this paper can be easily extended
to other fields. For the same reason, we consider standard
erasure channels instead of block-erasure channels, although it
is straightforward, but a little tedious in expressions, toderive
probabilistic error models for block-erasure channels.

To transmit a codeS of size K = log2 |S| with the
codeword of lengthL, we have the coding rater = K/L per
channel usage. Let the codeword be denoted byc = [c1, . . . cL]
wherecj ∈ {0, 1} is thejth bit of the codewordc. The erasure
pattern is indicated by the vectorη = [η1, . . . , ηL] such that
ηj = 1 means that thejth bit is erased, andηj = 0 indicates
the jth bit is received correctly.

We consider a two-time-scale scenario for link communica-
tion and control. Control actions are updated everyT seconds,
and the communication round-trip time isτ . For simplicity,
assumeT = kτ for some integerk ≥ 1. If a transmission
results in an ambiguity at the receiver’s side such that the
transmitted code cannot be uniquely determined, it will label it
as “failure” for this transmission and a re-transmission request
is returned to the sender. Consequently, the maximum number
of transmissions of the same code duringT is k. It should
be pointed out that when ambiguity arises, we do not use any
method to break the tie which will cause a possible erroneous
decoding, but rather demand a re-transmission. As a result,we
either receive the correct code or do not have information at
all.

1As a common practice for information and error analysis, packet heading
and other auxiliary segments are not considered in our analysis.
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Let the minimum Hamming distance ofS be d ≥ 1.2 It
follows that if a transmission causes less thand− 1 erasures,
the transmitted code can be uniquely detected. For a unified
treatment and in consideration of the worst-case scenario,
we consider erasures withd erasures or more as a failed
transmission in our probabilistic models for error analysis.3

For related but different error models and channel coding
methods in erasure channels, we refer the reader to [15], [21],
[22], [24] for further details.

Suppose that bit transmissions are independent and identi-
cally distributed (i.i.d.) and the bit erasure probabilityis ε. In
one transmission, the error probability can be calculated from
the standard Bernoulli trials and binomial distributions [29],

P 1
e = P{η : η contains1’s at d locations or more}

=

L∑

j=d

P{η : η contains1’s at exactlyj locations}

=

L∑

j=d

(
L
j

)
εj(1 − ε)L−j

=

L∑

j=d

L!

j!(L− j)!
εj(1− ε)L−j.

Under independent transmissions of channel usage, we have
the link erasure probability afterk usages of the channel as

P k
e = (P 1

e )
k =




L∑

j=d

L!

j!(L − j)!
εj(1− ε)L−j




k

. (3)

It is noted that in the worst-case sense, the probability model in
(3) is exact. For practical codes, (3) provides an upper bound
on the erasure errors during one time interval of control action
update.

Example 1: Suppose that the code length isL = 20 and
the minimum Hamming distance isd. Fig. 5 depicts packet
erasure probabilities as functions of bit erasure probabilities ε
under various minimum Hamming distancesd. Furthermore,
when communication round-trip timeτ is smaller than control
updating timeT , multiple re-transmission becomes possible
and can be used to reduce packet erasure probabilities. Thisis
shown in Fig. 6 under a code of lengthL = 20 and minimum
Hamming distanced = 4.

C. Communication Resources and Erasure Probabilities

The bit erasure probabilityε depends on communication
resources such as power and bandwidths, and also transmission
media. In a mobile system such as highway vehicles, vehicle-
to-vehicle (V2V) communication links are affected by inter-
vehicle distances, weather conditions, obstacles, interference,
signal fading, etc. Consequently, a detailed and accurate de-
scription of bit erasure probability for a practical systemis ad
hoc and extremely difficult. On the other hand, the principles

2The Hamming distance between two codes is the number of positions at
which the corresponding symbols are different.

3Depending on the actual code, some specific erasure patternswith d
or more bit erasures may not result in ambiguity. However, such cases
defy unified treatment. For practical implementations, these details can be
considered to improve transmission efficiency.
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Fig. 5. Packet erasure probabilities under one transmission: L = 20
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Fig. 6. Packet erasure probabilities underk transmissions:L = 20, d = 4

and generic function forms of bit erasure probability can be
established and used as a guideline in design considerations.
This subsection discusses such principles and function forms.

We use the Binary Additive White-Gaussian-Noise Channel
(BAWGNC) for this exploration. The source symbolx takes
values in{−1, 1}. With the BPSK (Binary Phase-Shift Key-
ing), signal energyEN , additive channel noise of independent
zero-mean Gaussian distribution with varianceσ2, and hard-
decision decoding, it is well known [31, Chapter 4] that the
error probability (including both events “1 is sent but0 is
received” and “0 is sent but1 is received”) is

ε = Q(
√
EN/σ2), (4)

where theQ function is

Q(x) =

∫
∞

x

1√
2π
e−

y2

2 dy.

In our framework, this error is interpreted as the erasure
probability with the understanding that erasure detectionis
achieved by channel coding and error detection decoding.

Here ε is a function of theEN/σ
2. Also, following the

standard practice of representing noise variance by its power
N0 = 2σ2 (single-sided power-spectral density), we have

ε = Q(
√
2EN/N0). (5)

In this paper, we useEN/N0 as a representation of the SNR,
although different notions of SNR exist. Combining (3) and
(5), we may link the packet erasure probability directly to the
SNR
P k
e (EN/N0) =

(

∑L

j=d
L!

j!(L−j)!
(Q(

√

2EN/N0))
j(1−Q(

√

2EN/N0))
L−j

)k

.

(6)
Usually, the SNR is expressed in dB, namely

10 log10(EN/N0). Fig. 7 illustrates how the SNR of
the channel affects the packet erasure probability.
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Fig. 7. Packet erasure probabilities as a function of the signal-to-noise ratio

IV. I MPACT OF INFORMATION STRUCTURES AND

CHANNEL ERASURE

This section lays the foundation for performance analysis
in a vehicle safety framework. We concentrate on impact of
erasure channels.

A. Evaluation Scenarios

To investigate impact of information structures and contents
on platoon safety, we use the following basic scenarios in
which only key elements are represented; see [14].

Typical vehicle data from [32] are used: Under the MKS
(metre, kilogram, second) system of units, the vehicle mass
m has the range1400− 1800 Kg; and the aerodynamic drag
coefficientb has the range0.35− 0.6 Kg/m. During braking,
a (as the rolling resistance) is changed to tire/road slipping,
which is translated into the braking forceF (negative value
in Newton).

Three identical cars form a platoon, as shown in Fig. 1. The
vehicle masses arem0 = m1 = m2 = m = 1500 Kg. The
tire/road rolling coefficienta = 0.01 and the aerodynamic
drag coefficientsb0 = b1 = b2 = 0.43. The nominal inter-
vehicle distancedref = 40 m. The cruising platoon speed is
25 m/s (about56 mph). The road condition is dry and the
maximum braking force is10000 N. This implies that when
the maximum braking is applied (100% slip), the vehicle will
come to a complete stop in3.75 second. The braking resistance
can be controlled by applying controllable forces on the brake
pads.

The braking function is

F = g1(d) = max{k1(d− dref) + k2(d− dref)3,−Fmax}
(7)

wheredref = 40 (m), k1 = 50, k2 = 4, Fmax = 10000 (N).
The function applies smaller braking force when the distance
is only slightly below the reference value, but increases the
braking force more dramatically in a nonlinear function when
the distance reduces further until it reaches the maximum
braking force.

The basic information structure is to use front sensors only.
For the three-car platoon in Fig. 1 and the control lawF =

g1(d) in (7), the closed-loop system becomes




v̇0 = 1
m0

(F0 − (a0w0 + b0v
2
0))

v̇1 = 1
m1

(g1(d1)− (a1w1 + b1v
2
1))

v̇2 = 1
m2

(g1(d2)− (a2w2 + b2v
2
2))

ḋ1 = v0 − v1
ḋ2 = v1 − v2

(8)

Fast Braking Scenario: Suppose that the leading vehicle
uses a braking force5000 N, which brings it to a stop from
25 m/s in 7.5 second. The distance trajectories ofd1 and
d2 are shown in the right plots of Fig. 8. In this case, the
minimum distances are20.6 m for d1 that is acceptable, but0
m for d2. This means that vehicle2 will collide with vehicle1
during the transient time. For comparison, the left plots show
that under slow braking (a much smaller braking force by the
leading vehicle), the platoon safety is not an issue under the
current control strategy. We will use this fast braking scenario
to understand benefits of communications in the following
subsections.
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Fig. 8. Distance trajectories under slow and fast braking.

B. Information by Communications and Channel Erasure

We next expand on the information structure by adding new
information via communications. Communications introduce a
variety of uncertainties, such as latency, jitter, and packet loss.
We only focus on the effect of packet loss.

Example 2: We first consider distance-independent package
erasure rates. Under the above evaluation scenario, now ve-
hicle 1 sendsd1 information to vehicle2 by communication.
As a result, vehicle2 can use bothd1 and d2 in its control
function; see Fig. 9.

Vehicle 0 Vehicle 1 Vehicle 2 Vehicle 0 

Vehicle 1 

Vehicle 2 

(a) Front sensors only (b) Adding communications 

d2 

d1 

d1 d1 d2 

Fig. 9. Enhanced information structure by sendingd1 to vehicle 2 by
communication links in Example 2

Suppose that vehicle2 modifies its braking control function
from the previousF2 = g1(d2) to the weighted sumF2 =
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0.5g1(d2) + 0.5g1(d1) that uses both distances. Assuming
that the communication channels are secure (no erasures or
P k
e = Pe = 0), the resulting speed and distance trajectories

are displayed in the left plots of Fig. 10. With information
feeding ofd1 into vehicle2, vehicle2 can slow down when
d1 reduces befored2 changes. Consequently, the minimum
distances are increased to20.6 m for d1 and to15.9 m for d2,
both are within the safety region.

0 10 20 30 40
0

5

10

15

20

25

 

 

v0

v1

v2

0 10 20 30 40
15

20

25

30

35

40

 

 

d1

d2

0 10 20 30 40
0

5

10

15

20

25

 

 

v0

v1

v2

0 10 20 30 40
0

10

20

30

40

 

 

d1

d2

V
eh

ic
le

 s
pe

ed
s 

(m
/s

)
V

eh
ic

le
 s

pe
ed

s 
(m

/s
)

V
eh

ic
le

 s
pe

ed
s 

(m
/s

)
V

eh
ic

le
 s

pe
ed

s 
(m

/s
)

Speed and Distance Profiles without Erasure Speed and Distance Profiles with Erasure

Time (second) Time (second)

Fig. 10. Distance trajectories when the distance information d1 is made
available to vehicle2 and with Erasure rate0 and0.4.

Channel erasure has significant impact on vehicle safety.
To show this, assume that the packet erasure probability is
increased toPe = 0.4. The right plots of Fig. 10 highlight a
drastic reduction of the minimum distances to near zero. Fig.
11 illustrates the dependence of the minimum distances on the
link erasure probability.
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Fig. 11. Minimum inter-vehicle distances and erasure probabilities on distance
information

Example 3: We now add the speed information of the lead-
ing vehicle to both vehicles1 and 2 by communication. For
the same three-car platoon under the same initial conditions
as Example 2, we add the leading vehicle’s speedv0 into
the information structure. This information is transmitted (or
broadcasted) to both vehicles1 and2. Under theFast Braking
scenario as in Example 2, suppose that vehicles1 and 2
receive the additional speed informationv0, resulting in a new
information structure.

From the control functions of Example 2, additional control
actionsg2(v0−v1) andg2(v0−v2) are inserted. The resulting
speed and distance trajectories are displayed in the left plots
of Fig. 12. Now, the minimum distances are increased to

28.3 m for d1 and 27.1 m for d2, a much improved safety
performance.
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Fig. 12. Distance trajectories when both distance and speedinformation
transmitted with erasure rate0 and0.5.

Example 4: Similarly, we can consider impact of erasure
channels forv0 and d1 information as in Example 2. Under
the same system and operating condition as Example 3, we
assume that the communication channel for the speedv0 and
d1 information is an erasure channel. The left plots of Fig. 12
represent the secured channel without erasure. If the packet
erasure probability is increased toPe = 0.5, the right plots of
Fig. 12 highlight a reduction of the minimum distance to13.89
(m), which is less than an acceptable minimum distancedmin.
Fig. 13 depicts the dependence of the minimum distances
on the link erasure probability on transmission ofd1 and v0
information.
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Fig. 13. Minimum inter-vehicle distances and erasure probabilities on speed
and distance information

Intuitively, if the leading vehicle’s braking action can also
be communicated, the following vehicles can act much ear-
lier than their measurement data on vehicle movements. To
evaluate benefits of sending the driver’s action, we add the
braking event information of the leading vehicle to vehicle2
by communications.

Example 5: For the same three-car platoon under the same
initial conditions as Example 3, we add the leading vehicle’s
braking event informationF0 into the information structure.
From the control functions of Example 3, an alternative control
actionF0 is inserted whend2 < dref = 40 m. The resulting
speed and distance trajectories are displayed in the left plots of
Fig. 14. Now, the minimum distances are increased to28.3m
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for d1 and 30.6m for d2, a much improved safety over the
case in Example 3.
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Fig. 14. Distance trajectories with added braking event information.

Example 6: Under the same system and operating condition
as Example 5, we assume that the communication channel for
F0, v0, andd1 is an erasure channel with erasure probability
Pe = 0.25. The right plots of Fig. 14 demonstrate a drastic
reduction of the minimum distance to 7.07 (m), it is less than
an acceptable minimum distancedmin.

Fig. 15 summarizes the dependence of the minimum dis-
tance on the link erasure probability on transmission ofd1,
v0, andF0. It shows that brake event is more sensitive to the
erasure probability than the distance and speed information.
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Fig. 15. Minimum inter-vehicle distances and erasure probabilities

V. CASE STUDIES

This section presents several cases that include more details
on communication systems. Due to the complexity of traffic
conditions, environments, and communication facility hetero-
geneity, our case studies consider several basic features and
main communication resources.

A. Package Erasure Rate Implications of Inter-vehicle Dis-
tance

1) Distance-Dependent Signal Attenuation: There are many
factors at the physical level that affect a link’s package erasure
rates. Here, we consider the main factor from signal fading due
to variations in inter-vehicle distances.

Suppose that the leading vehicle broadcasts a complex
sinusoide2πift. The signal strength at the receiving site of
distanced behind the leading vehicle is typically modeled as

Es =
αs(θ, ψ, f)e

2πif(t−d/c)

d
(9)

where (θ, ψ, f) are the vertical angle, horizontal angle, and
carrier frequency, respectively, andc is the speed of light.
What is relevant here is the fact that the power radiated per
unit area attenuates with rate1/d2(t). This in turn implies a
decaying SNR as the distance increases. Consequently,P k

e in
(6) becomes a function of the inter-vehicle distance.

Also, communication uncertainties, such as signal reflec-
tions, inter-symbol interferences, and Doppler shift, will fur-
ther increase the error probabilityε. To accommodate more
realistic vehicle communication environments, in our case
studies we employ the experimental package delivery rate
(PDR) data from [33], shown in Fig. 16. Here, the relationship
of PDR andPe is ρ = 1−Pe. For example, in a typical rural
road environment, the PDR decreases fromρ ≈ 0.936 in the
range of0− 50 m to ρ ≈ 0.391 in the range of450− 500 m.
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Fig. 16. The impact of separation distance (with the 95% confidence interval).
In this figure, a bin of 20 packets is used to calculate PDR values.

2) Dedicated Short Range Communications: The PDR of
a link depends also on communication protocols. Currently,
the most commonly accepted vehicle communication protocol
is IEEE 802.11p, which supports DSRC. IEEE 802.11p is a
modified version of IEEE 802.11(WIFI) standard. DSRC is a
short-to-medium range communications service that supports
both public and private operations in roadside-to-vehicleand
vehicle-to-vehicle communications environments. It is one of
the most effective means to deliver rapidly real-time data.In
the US, a spectrum of75 MHz from 5.850 GHz to 5.925
GHz is allocated for DSRC applications. Within the spectrum,
5 MHz is reserved as the guard band, and seven10-MHz
channels are configured into one control channel (CCH) and
six service channels (SCHs). The CCH is reserved for carrying
high-priority short messages or management data, while other
data are transmitted on the SCHs.

There are many experimental studies of IEEE 802.11p on
freeway environments. Since we are only concerned with PDR,
we quote here the studies in [33] which contains extensive
experimental results of PDR from many possible contributing
factors, such as inter-vehicle distance, signal propagation en-
vironment, relative velocity, effective velocity, received signal
strength, and transmission power and modulation rate.
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B. Probabilistic Characterization of PDR and Sampling Time
on Vehicle Safety

Impact of the PDR on vehicle safety can be analyzed by a
simplified transmission model. In this model, when a packet
is lost the measured variable is not delivered. As a result, the
controller must use the previous value in its control actions.
Mathematically, this is similar to a sampling process with
random sampling times.

Suppose that the baseline sampling interval isτ0. At kτ0,
we use a link-connection variableγk to indicate if the packet
is delivered (γk = 1) or lost (γk = 0). As a result, assuming
that γk is independent and identically distributed (i.i.d.), we
denote the PDR byρ = P{γk = 1}. Fig. 17 shows a sample
path underρ = 30% andτ0 = 0.2.
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Fig. 17. Transmitteddk and receivedd̃k

To give a sense on how the PDR will influence the vehicle
safety, we consider a simplified two-vehicle model, with
vehiclesV0 andV1 shown in Fig. 18. In this model, the actual
inter-vehicle distance isd but the vehicle controller onV1 can
only use the received̃d, rather than the actual distanced, to
control its braking action.

Vehicle 0 Vehicle 1 

Sending d1 Information by Wireless Communication 

d1 

Fig. 18. Two-vehicles model with wireless communication only

The vehicle velocities arev0 and v1, respectively. Define
v = v1 − v0. Then the two-car system dynamics is

{
v̇ = − f(d̃)

m0

ḋ = −v.
(10)

The received distance information under sampling intervalτ0
can be represented by

d̃k =

{
dk, if γk = 1

d̃k−1, if γk = 0.
(11)

Example 7: Without loss of generality, assumev0 = 0. Then
v = v1. Vehicle massesm0 = m1 = 1500. The initial speed
v(0) = 25 m/s and the nominal inter-vehicle distancedref =
80 m. The simplified feedback control function is

g1(d̃) = max{k1(d̃− dref ),−Fmax} (12)

where k1 = 115, Fmax = 10000 (N). Suppose that the
communication channel PDR isρ = 70% and sampling time
τ0 = 0.2 second. The plot of Fig. 19 is the probabilistic
distribution of the final inter-vehicle distances under1000
repeated runs. The sample average of the final distance is
E(dfinal) = 3.6603 (m) and varianceσ2 = 1.0757.
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Example 8: Under the same configuration of Example 7, we
now consider time-varying PDR valueρ(t) that is a function
of the distance. In this two-vehicle model, the impact of inter-
vehicle distance on the whole trajectory ofρ(t) in both open
field and rural road environments is considered. The simulation
results in Fig. 20 show the average final distance as a function
of the initial PDRρ(t0) varying from0 to 1.
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Fig. 20. Average final distance vs. distance-dependent PDRρ(t0)

Fig. 20 indicates a monotone relationship betweenρ(t0)
and final distancedfinal: The higher the initial PDRρ(t0),
the earlier vehicle1 stops. On the other hand, if we choose
a shorter sampling intervalτ ′0 < τ0, namely using a faster
sampling system, then more re-transmission is allowed witha
given control updating interval, leading to a higher probability
of data receipt. To show this, we fix PDR toρ = 30%. The
simulation results in Fig. 21 demonstrate the average final
distance as a function of sample timeτ0. It shows a monotone
relationship: the shorter the base sampling interval, the earlier
the vehicle stops.

C. Impact of Transmission Power and Modulation Rate

We perform two case studies in this subsection with two
commonly used transmission parameters: transmission power
and data modulation rate. Vehicular ad hoc network (VANET)
designers can control these parameters to meet platoon safety
requirements. The coverage distance by a single radio link,
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Fig. 21. Average final distance vs. varying sampling time

which ranges from10 m to 1 km in IEEE 802.11p, depends
on the transmission power, channel environment, modulation
and coding schemes.

Example 9: We first exam the impact of transmission power.
Wireless devices are assumed to have maximum transmission
power from 0 dBm to 28.8 dBm. Fig. 22 from [33] is an
experimental result relating the PDR to transmission distances.
The figure describes how the PDR varies with the inter-
vehicle distance under different transmission power levels
while keeping other factors fixed. The transmission power
varies from10 dBm to20 dBm in a rural road environment. It
shows that higher transmission power generates higher PDRs.
For example, under the same system and operating condition
as Example 3, by applying the PDR curve with20 dBm
transmission power, the left plots of Fig. 23 implies that the
minimum distance is14.92 (m).
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Fig. 22. PDR vs. distance under different transmission power settings in
the rural road (RR) environment (with95% confidence interval). Here, the
transmission power is 10 dBm and 20 dBm. The data rate is 6 Mbps.

When the transmission power is reduced to10 dBm, the
right plots of Fig. 23 give a minimum distance6.88 (m). It is
no longer an acceptable distance.

Example 10: We now exam the impact of modulation rate.
A typical curve from [33] is re-generated in Fig. 24. The figure
describes how the PDR varies with the distance under different
modulation rates. By applying the first PDR under modulation
rate6 Mbps, the simulation in Fig. 25 shows that the minimum
distance is12.44 (m).

On the other hand, if the modulation rate is increased to18
Pbps, Fig. 25 shows that the minimum distance is reduced to
0 (m) and a collision occurs.

In DSRC, devices participating in V2V safety will normally
be in class C with a communication zone of 400 meters and
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Fig. 23. Distance and speed trajectories with the leading vehicle speed
information under different transmission powers.
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Fig. 24. PDR vs. distance under different modulation rates

maximum output power of 20 dBm [34]. Assuming a typical
inter-vehicle distance of 40 meters, vehicles can access the
information of10th vehicle ahead directly. On the other hand,
if we implement class D devices with a communication zone
of 1 km, this radio range can cover a platoon with 25 vehicles.
In safety related applications, reliable vehicle communication
of information from neighbors within10 vehicles ahead is im-
portant. If out-of-range V2V information access is necessary,
it can be fulfilled by multi-hop protocols, with longer delay
time.

Although we employ a three-car platoon for simplicity, it
forms a generic base for studying platoon safety issues for
more general platoons.

D. Improvement of Communication Performance

Platoon safety requirements as studied in the previous
sections lead to required bounds on channel erasure rates.
In turn, the relationship among erasure probability, sampling
interval, and PDR, eventually leads to the required digital
communication data rateRi (Mbps) for theith link in a given
network topology, during a given control updating step.

In a platoon with a communication topology that contains
N links, suppose that the intrinsic relationship between the
communication data rate and platoon safety distance concludes
that the required data rates for the links during the control
updating interval[kT, (k + 1)T ) are given by

R(k) = [R1(k), R2(k), . . . , RN (k)]′
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Fig. 25. Distance and speed trajectories with braking information under
modulation rate of 6 Mpbs and 18 Mpbs.

which must be implemented by the communication system.
This implies that for linki, the data of sizemi(k) = Ri(k)×T
(Mb) must be transmitted.

To be concrete, we use time division multiple access
(TDMA) as the communication protocol. The TDMA has been
studied as a potential and promising candidate for inter-vehicle
communications. Under the TDMA, the links take turns to
transmit packages. The transmission time slot (and typically,
one packet of data is transmitted within one time slot) is a
constant time intervalt0, which includes necessary guard times
for modem preambles and Tx-Rx switch-over latencies.

Suppose that the net data size of each slot ism0 (Mb).
Then, linki will use at leastmi(k)/m

0 time slots to complete
its data transmission. The actual communication resource
consumptions depend on communication scheduling strategies.
We use total time slots as the resource consumption to compare
different resource allocation schemes and seek the optimal
scheduling.

In each data frame of the TDMA, every link can have a
maximum of one time slot. For theN link topology, each
TDMA frame has a maximum ofN slots. For a TDMA frame
of durationTfr, the frame size is defined as the number of slots
it contains:fr = Tfr/t

0. Under a uniform frame structure,
each frame contains the fixed number ofN slots and each
link is assigned one slot in every frame, regardless if it uses it
or not. This strategy is simple, but wastes a lot of resources.
Indeed, let

Rmax(k) = max{R1(k), R2(k), . . . , RN(k)}.

This implies that

mmax(k) = max{m1(k),m2(k), . . . ,mN (k)} = Rmax(k)×T,

and the number of frames in[kT, (k + 1)T ) is L(k) =
Rmax(k)T/m

0. Consequently, the total number of consumed
slots isNL(k).

We propose a new optimal scheduling algorithm for net-
worked communication management for platoon safety. This
optimal scheduling can achieve the minimum average frame
dimension for each platoon control step. Denote thejth frame
size,j = 1, . . . , L(k) by frj(k). Then, the average frame size

is defined as

fr(k) =

L(k)∑

j=0

frj(k)/L(k),

which is used as a performance measure for communication
scheduling strategies. The optimal scheduling seeks

fropt(k) = min fr(k)

under the condition that the requiredR(k) =
[R1(k), R2(k), . . . , RN (k)]′ is satisfied.

Our coordinated communication scheduling involves strate-
gies that assign data frames dynamically with variable sizes
to save communication resources.

Lemma 1: A time-slot scheduling mechanism at a platoon-
control updating step is optimal if

fr(k) =

∑N
j=1Ri(k)

Rmax(k)
:= fropt(k). (13)

Proof: The total number of time slots needed to complete
data transmission under the required data ratesR(k) =
[R1(k), R2(k), . . . , RN (k)]′ is at least T

∑N
j=1Ri(k)/m

0.
Since each frame allows to transmit at most one packet for
each link, the total numberL(k) of frames is

L(k) =
Rmax(k)T

m0
. (14)

Consequently, the averagēfr(k) is bounded below by

fr(k) ≥
T
∑N

j=1 Ri(k)/m
0

Rmax(k)T/m0
.

As a result, any scheduling scheme that achieves the lower
bound is optimal. �

Now we propose a new scheduling scheme that achieves the
optimal slot allocation.
Time-Slot Scheduling Algorithm

Data Rate Based Priority: Due to the different data rate
requested by different links, we assign a higher priority for a
link with higher data rate. For example, a slot is assigned to
link j as long as there is no higher priority links in the same
frame.

Data Rate Based Slot Allocation:

1) The data block of each link is divided into packets of
sizem0, queued in the link’s own buffer. All the queues
form a data bank for the time-slot scheduler.

2) Starting from frame 1, the time-slot scheduler takes one
packet from each link in the order of the link’s priority.
The queues of the links are reduced by one.

3) At thejth frame, if a link’s queue is empty, the time-slot
scheduler removes this link from its pool.

4) The steps (2) and (3) are repeated until the data bank is
empty.

Theorem 1: The Time-Slot Scheduling Algorithm is optimal.
Proof: We only need to show that this algorithm achieves the

lower bound
T

∑
N
j=1

Ri(k)/m
0

Rmax(k)T/m0 .
The scheduling algorithm ensures that (1) all time slots are

always assigned to links whose queue are not empty; (2) any
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link that has completed data transmission and has an empty
queue is removed from the data bank. Consequently, by using
variable frame sizes and the these two main properties, no time
slot is assigned but not used. It follows that the total number
of the used time slots is preciselyT

∑N
j=1 Ri(k)/m

0.
On the other hand, the priority assignment ensures that

the link with Rmax will completely determine the number
of frames, which will be exactlyL(k) = Rmax(k)T

m0 .
These two properties imply that the averagefr(k) under

this algorithm is
T

∑
N
j=1

Ri(k)/m
0

Rmax(k)T/m0 . This completes the proof.
�

Remark 1: Some synchronization with platoon control
is needed. During implementation of the above Time-Slot
Scheduling Algorithm, the TDMA may need to dynamically
release or borrow communication resources to maintain an
average optimal resource consumption.

(1) If the control updating intervalT is relatively large and
reliable platoon safety requirements are not stringent, then
the TDMA allocation ofL(k) frames can be accomplished
in T , namely, communication is faster than what is required
by control, the TDMA releaes unused time slots to other users.

(2) If the control demands are beyond the available TDMA
resource, the TDMA begins to borrow slots from other fre-
quency bands so that more communication resources can be
made available. With these additional synchronization meth-
ods, overall data rates can be successfully realized to achieve
platoon control goals.

(3) With the above optimal algorithm, the usage of commu-
nication resources is reduced to

η =

∑N
i=1Ri

NRmax
. (15)

Example 11: We use the three-vehicle model with the same
initial conditions of Example 5. Vehicle2 only accesses the
leading vehicle’s braking information. Figure 15 shows that a
safety distance ofd = 15.14 m can still be achieved even when
the data rateR2 of the link between vehicle0 and vehicle2
drops to1/77 of R1.
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Fig. 26. Final distance vs data rates

Suppose that a typical IPv6+UDP/TCP protocol is used
in such systems. Each package includes IPv6 overhead, data,

error checking bits and acknowledgement. By using the Time-
Slot Scheduling Algorithm, the average frame size is reduced
to request only1.012/2 = 50.60% in data size to meet the
control goal of safety distance. This dramatically improves the
communication bandwidth usage.

VI. D ISCUSSIONS ANDCONCLUDING REMARKS

This paper investigates the interaction between control and
communications, in the framework of highway platoon safety.
Information structure, information content, and information
reliability have been taken into consideration in this study.
Communication systems introduce a wide variety of uncertain-
ties. To be concrete, we have selected communication PDRs
as a key uncertainty in this study.

The main results of this paper demonstrate that communi-
cations provide critical information that can enhance vehicle
safety effectively beyond distance sensors. In fact, from our
simulation and analysis studies, platoon control may mandate
communications for additional information. Although tradi-
tionally, distance and vehicle speed are immediate candidates
for transmission, our results show that drivers’ braking events
contain very effective information for platoon management
while it is very sensitive to packet loss. Our study shows that
communication is a critical factor in information exchange.
Large packet loss can diminish values of data communication
in platoon control.

This paper is only a first step in this direction. There
are many un-resolved issues. We are currently investigating
optimal information usage issues. Furthermore, we have only
considered basic driving conditions: Straight lanes, dry surface
conditions, good weather conditions, and no lane changes or
platoon re-formation after vehicle departure or addition.All
these issues are worth extensive studies.
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