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As a form of a future traffic system, a connected and automated vehicle (CAV) platoon is a typical nonlinear physical
system. CAVs can communicate with each other and exchange information. However, communication failures can change
the platoon system status. To characterize this change, a dynamic topology-based car-following model and its generalized
form are proposed in this work. Then, a stability analysis method is explored. Finally, taking the dynamic cooperative
intelligent driver model (DC-IDM) for example, a series of numerical simulations is conducted to analyze the platoon
stability in different communication topology scenarios. The results show that the communication failures reduce the
stability, but information from vehicles that are farther ahead and the use of a larger desired time headway can improve
stability. Moreover, the critical ratio of communication failures required to ensure stability for different driving parameters

is studied in this work.

Keywords: connected and automated vehicle, car-following model, communication failures, string stability

PACS: 88.85.-1, 89.40.—a

1. Introduction

The road traffic system is a complex nonlinear physical
system, and numerous researchers have focused on how to
model vehicle following behavior. Connected and automated
vehicles (CAVs) are widely considered to be the future of vehi-
cle development.!! As the highest level of intelligent vehicles
defined by the Society of Automotive Engineers (SAE) Inter-
national, they are capable of fully autonomously driving based
on sensors and communication.'?! They have vehicle-vehicle
and vehicle-road communication capabilities, which makes
them different from ordinary automated vehicles (AVs). They
can obtain information about vehicles farther ahead and there-
fore achieve closer following and rapidly respond as needed.
These characteristics make it possible to significantly improve
traffic conditions and reduce energy consumption. >

Ideal vehicle-to-vehicle (V2V) communication is the ba-
sis for ensuring the advantages of CAV platoons in all aspects.
However, communication is generally established with ded-
icated short-range communication (DSRC).!”) Owing to the
high mobility of vehicles, this type of connection has a high
probability of packet loss or even complete interruption.[10-14]
As a result, vehicle-vehicle communication may fail in en-
vironments such as tunnels or extreme weather. Malicious
network attacks can also cause CAV communication failures.
Any of these random circumstances can cause CAVs to lose
their functionality.

Once the communication capabilities of one or more ve-
hicles in a platoon are lost, the communication topology of the
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platoon changes. Most of studies have focused on a certain
communication topology to model the CAV following state,
but this setup is not easily applied to the communication fail-
ure scenario.l'>2%1 A new carfollowing model that can de-
scribe both the normal state of communication and the com-
munication failure state is needed.!!? In particular, the model
must have a clear physical meaning.

In addition, the influence of communication failures on
stability should be analyzed in detail to identify the opti-
mal CAV control parameters under different communication
environments.>!! The results of such a study are needed to
design a controller with communication robustness.

Therefore, the goal of this study is to develop a unified
model that can describe the following state of each vehicle
within a CAV platoon. Such a model can be applied to dy-
namic communication topologies, especially in a scenario of
partial communication failures among the platoon vehicles.
Based on this model, string stability analysis can be performed
to quantify the influence of communication failures. The con-
tributions of this study are as follows.

(i) We propose a general CAV model based on dynamic
communication topologies. A revised intelligent driver model
(IDM) can be built and used to describe the vehicle-following
states of a platoon for both normal and failed communications.
The weights of the information obtained from other vehicles
are dynamically updated. The model is called the DC-IDM.

(ii) We analyze the changes in the communication topolo-
gies after communication failures in a platoon. The possi-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

078801-1


https://doi.org/10.1088/1674-1056/acb0bc
yilongren@buaa.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 078801 (2023)

ble types of communication topologies are explored, and their
probabilities are analyzed.

(iii) The effects of different communication failure sce-
narios on the stability of a platoon are analyzed by using the-
oretical study and numerical experiments. The conditions for
the stability of a platoon and the probabilities of critical com-
munication failures are obtained.

The remainder of this paper is organized as follows. In
Section 2 previous studies are summarized. In Section 3 a
general description of the dynamic communication topology
following model is provided and the DC-IDM is presented. In
Section 4 a theoretical analysis of the stability of platoons with
dynamic communications topologies is conducted. In Sec-
tion 5, a numerical experiment is performed to analyze the
stability variations in different scenarios. In Section 6 some
conclusions are drawn from the present study.

2. Literature review

In the field of car following models, numerous models
that simulate CAV designs have been developed. Typical mod-
els can be classified into two categories, i.e., physical mod-
els and control models. First, in the physical models, re-
searchers have transformed human-driven vehicle models into
CAV models by adjusting their parameter values and adding
new parameters that simulate data from multiple preceding
vehicles.!??! For example, several improved models are based
on the IDM and optimal velocity (OV) model.[?>->’! Second,
in the control models, such as various cooperative adaptive
cruise control (CACC) models, they have been developed by
using control theory.['%3%31 Yu ¢f al. comprehensively re-
viewed these models.!!! In this study, we use a physical model
for analysis, as it is more generalizable. Based on these mod-
els, researchers have concluded that CAVs can effectively im-
prove the efficiency and flow stability of traffic.

Considering the characteristics of CAV platoons, the
communication topology, which describes the V2V connec-
tion between CAVs in a platoon, is a key element for modeling.
Typical communication topologies include predecessor fol-
lowing (PF), leader predecessor following (LPF), and multi-
predecessor following (MPF).[32! Researchers have conducted
CAV-related studies of different communication topologies.
For example, in Ref. [33], the PF topology degraded the per-
formance of CAVs after a communications interruption. A dif-
ferent model was used to represent the vehicle-following state
after degradation. Halder ef al. proposed a control method for
which the performance does not degrade when CAVs cannot
communicate with preceding vehicles.!''l A general consen-
sus among researchers about which communication topology
should be used for CAVs is lacking. However, the inclusion
of multiple preceding vehicles is generally assumed to effec-
tively mitigate disturbances in a platoon. Dunn et al.3* and

Davis[* concluded that communication with multiple preced-
ing vehicles can effectively eliminate platoon perturbations,
even with communication delays. Zheng et al. analyzed the
influences of different communication topologies on platoon
stability.[3%]

Platoon stability research has focused on mixed pla-
toons, including human-driven vehicles (HVs), AVs, and
CAVs. 136381 The analyses in such studies are almost always
based on a certain communication topology. However, com-
munication failures occurring in a platoon change the com-

1.9 found that the commu-

munication topology. Liu et a
nication failures in the MPF configuration cause more com-
plex changes in the communication topology. Related studies
based on changes in the communication topology have begun

1401 Wang et al.[*!]

and received the attention of researchers.
used model prediction control (MPC) to ensure the stability
of CAVs subjected to communication topology changes. Zhai
and Wu developed a self-delayed feedback controller that de-
termines acceleration values based on the current and histori-
cal speed and headway of a vehicle, independent of the recep-
tion of information from the vehicle ahead.!*?! Li et al.1**! pro
posed a distributed model predictive control (DMPC) method
for multivehicle system control under changes in the com-
munication topology. Sun et al.>!! determined how many
vehicles are needed to establish communication connections
based on the actual state of communications. Given the lim-
itations of the communication distance among CAVs, Zhou
et al.!"l studied the possible degradation of platoons and an-
alyzed variations in the macroscopic traffic flow efficiency.
Few studies on stability analysis considering communication
failures have transformed the problem into a heterogeneous
platoon;**! in general, communication failures are assumed
to lead the degradation to be controlled, and PF is used.

Based on the analysis of previous studies, two problems
remain to be solved, i.e., car-following modeling cannot adapt
to dynamic communication topologies, and platoon stability
analysis under a communication failure is simplified into het-
erogeneous traffic flow analysis. The few studies that have
addressed platoon communication topology change scenarios
have mostly adopted a control point of view. 6]

Therefore, in this study, a unified dynamic communica-
tion topology-based car-following model is built, which can
describe the following state of all vehicles after communica-
tion failures occur. Stability analysis is conducted based on
the unified model to reveal the influence of communication
failures on the platoon.

3. Model

The functionality of CAVs is based on V2V communica-
tion. Vehicle driving decisions are made by information about
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which vehicles and how many vehicles are ahead. This infor-
mation is supported by the communication topology of the pla-
toon. In this section, a general car-following model based on
dynamic communication topologies is established. The model
is called the DC-IDM.

3.1. Communication topology

The different communication topologies within a platoon
directly determine the information applicable to a vehicle for
driving decisions. The topology form is generally limited by
the communication protocol between vehicles, the wireless
communication distance, and other conditions. Topologies in-
clude PF, LPF, and MPF as shown in Fig. 1.

As shown in Fig. 1, a CAV can at least obtain information
about the vehicle immediately ahead of it by detecting the ve-
hicle or by receiving information from the vehicle. However,
the only way to obtain the driving status of vehicles farther
ahead is through wireless communication. The vehicle infor-
mation is a function of the current communication topology.
For example, CAVs can obtain driving information from the
lead vehicle of a platoon, as shown in Fig. 1(b). If the com-
munication topology is shown in Fig. 1(c), the driving state
of multiple vehicles ahead can be obtained. Once the com-
munication capability of one vehicle in the platoon fails, the

(a) PF CJT

(b) LPF

(c) MPF

(d) MPF-failures

CAV

(communication failures)

communication connection associated with it is lost, and the
communication topology of the platoon changes. For exam-
ple, in Fig. 1(c), when the communication of vehicle n+ 1
fails, the control mode degenerates from CACC to ACC. The
communication topology of the platoon then changes into that
shown in Fig. 1(d). In this case, vehicle n+ 3 will not receive
the information from vehicle n+ 1, and n + 2 will only sense
the driving status of the vehicle ahead of it through its own
detectors. However, vehicles n4-2 and n + 3 are not degraded.
Notably, the influences of a communication failure under dif-
ferent topologies are different.

In previous studies, different communication topologies
have been used to build their corresponding models and ana-
lyze the platoon stability. In these studies, a certain topology
was assumed for the vehicles in the platoon. However, there
is still no consensus about which topology CAVs should be
adopted. The topology is dynamic and based on actual com-
munication conditions, so different topology forms should be
used to form platoons. Even if a single communication topol-
ogy is assumed for a platoon, its form can be changed when
communication fails (e.g. from Fig. 1(c) to Fig. 1(d)). There-
fore, a CAV-following model must take the dynamic commu-

nication topologies into consideration.

Driving direction

Driving information is
transmitted by wireless
communication

Driving information is
detected by vehicular
sensors

Fig. 1. Communication topologies in a platoon.

3.2. The dynamic communication topology-based car-
following model

A car-following model is generally a continuous accel-
eration equation, the solution of which is determined by the

speed and spacing of a vehicle relative to the vehicle ahead of

it.[*5-471 The generalized form is as follows:
Xn (1) = v (1),
Vn(t):fl (Sn(t_T)vvn(t_T)vAvn(t_T))u (D

where v, (1) represents the acceleration of vehicle n at time ¢,
/1 (*) is a nonlinear function, s, (t) = x,—1 () —x, () —  repre-
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sents the gap between vehicle n and n— 1, x,, (¢) is the position
of n at time ¢, [ is the vehicle length, v, () is the speed of
vehicle n, Av,, (1) = v,y (f) —

between vehicle n and n — 1, and 7 is the response delay of
[21,46]

vy (1) is the difference in speed
vehicle; in general, to simplify the model, T can be taken
as 0, which means no delay in communication. This model is
only applicable to the PF topology.

The CAVs can obtain information from multiple vehicles
ahead, so the acceleration expression in Eq. (1) can be rewrit-
ten as

M
=fi < Z CnSp— m+l Z Avn ) ()

where M is the number of vehicles ahead from which vehi-

cle n can obtain information; o, and 3, denote the weighting
factors of the relative gap distance and the relative speed, re-

spectively, that satisfy Z Oy, = 2 Bm = 1. In this study, we

assume that there is no commun1cat10n delay. The vehicle in-
formation obtained from a closer vehicle is generally assumed

o, i > B> Bu.
[48]

to have a higher weight, so a; > ap > -
To simplify the model, it is assumed that o4, = B, = wy,.

The existing models assign a value to each weight. As
shown in Fig. 1(c), vehicle n + 2 obtains information from ve-
hicle n+ 1 and vehicle n; Wang et al. 2] 3ssumed that w; = 0.8
and wy = 0.2. When the communication of car n+ 1 fails, n+2
can only obtain the driving status of n+ 1 through detectors,
and the information about vehicle 7 is lost (Fig. 1(d)). In this
scenario, the weights should be updated to w; = 1 and w, = 0.
A failure to update the weights in real time according to the
changes in the communication topology leads to abnormal ac-
celeration.

To make a car-following model adapt to change in its
communication topology, we first model the communication
topology of a platoon. The topology is represented as a di-
(V,E), where V is the set of nodes, and
E is the set of edges. We define each vehicle in the platoon
asanode, V=12,....nn ECVxV ={e1,er1,...,¢ij}
represents the edge where all communication connections are

rected graph G =

established in the platoon, with i and j being in V. An edge
e; j = 1 means that vehicle i can receive information from j;
otherwise, e; ; = 0. The adjacent matrix of graph G' can be
expressed as A(G) given below:

0 0 0 0
o1 0 0 0 c
A(G)=| c3; 01=1]:1, 3
z e
Cn,1l  Cnp2 ¢pn—1 O

where Ci.j=¢€ij.

Taking Fig. 1(c) for example, the communication topol-
ogy can be represented by the following matrix:

0

“

S OO ==

SO == OO
S == O OO
——_ 0 O O O
— o O O o O
[N NoNo Nl

When the communication of vehicle n + 1 fails, the matrix
changes into

&)

eNeNel Sl
=N eNel e =R=]
O == O OO
—_—_0 O O O
—_ o OO oo
[=NeoNoNoNeNel

We need a method of updating the weights assigned to the ob-
tained information according to changes in the communication
topology. The method must satisfy two properties, i.e.,[! (i)
the farther ahead the vehicle sending a message is, the smaller
the weight assigned to the message is. (ii)) When a vehicle can-
not send information, its message weight is 0. The weight of
the remaining vehicle information is increased, but the more
distant the vehicle is, the smaller the weight increase is.

A power function can satisfy the above requirements,
such as Eq. (6), where 1 is a constant greater than 1. If ve-
hicle n has received the information sent by M vehicles ahead,
then ¢, = [0,....chon-m,---,
Cpn—1 = 1. We define w,, ,,_,, as the weight to which vehicle

Cnn—1,0,... ,0}, where ¢, n-ym =

n assigns the information from the m-th vehicle ahead. Then,
Wi n—m can be expressed as Eq. (7).

y=p" (6)
Comem * —m+1
Wnin—m = an s . @)
Z Cnn—m '.uier]
m=1

For a platoon of 8 vehicles with M = 5, the communica-
tion topology of the 7th vehicle can be written as the vector
c;=10,1,1, 1,1, 1, 0, 0]. When p = 2, we can obtain the
weight coefficients as indicated in Eq. (8). Equation (7) shows
that the coefficients satisfy property 1: wy ,—1 > Wy 42 > -+ >
Wy a—m, and % Wnn—m = 1. If the communication of the Sth
vehicle fatils,ysl;e1 communication topology vector changes into
a7=1[0,1,1,0, 1, 1, 0, 0]. New weight coefficients can be
calculated from Eq. (9). The w,, ,—3 becomes 0, and w;, ,—» in-
creases more than wy, ,_s. Property 2 is also satisfied. A larger

value of [t means that the information from the closer vehicles
has a higher weight.

Wino1 =0.52, Wyp2 =026, Wy, 3=0.13,
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Wan—a=0.06, w,, s5=0.03, (8)
Wnn—1 = 0.597 Wnn—2 = 0.307 Wnn-3 = 07
Wnn—4a = 0.07, w,,_5 =0.04. 9)

Therefore, the generalized form of the dynamic communica-
tion topology-based car-following model can be expressed as

M
Vn (t) = h ( Z Wn.n—mSn—m+1 (t)’vn (t)’
m=1

M
Z Wn,nfmAvnfm+l (t)>a
m=1

Wnn—m = fZ(Cn.nfmv [.L),
c | 1, if n—m can communicat with n;
e 0, if n—m cannot communicat with n.

(10)
Here, f>(-) is a function of ¢, ,—,, and Q.

3.3. Communication topology

In this subsection, a dynamic communication topology
model is proposed for simulation analysis. We modify the
intelligent driver model (IDM) proposed in Ref. [29]. The
IDM is chosen for three reasons. First, the IDM assumes that
each vehicle has its desired time headway, which is consistent
with the driving characteristics of AVs. Second, the acceler-
ation equation of the IDM is continuously differentiable with
respect to all three variables, which is necessary for stability
analysis. Third, the IDM has been applied to many CAV stud-
ies.

The IDM is expressed as follows:

_ O\ (5 (), A ()
n (£) = dimax [“( Vo ) ‘( (1) )L’m
(v (1), Avy (1)) = 50+ 1V () — Vnz(t);\/ic(;)’

where s* is the desired distance between vehicles, s is the ac-

tual distance between vehicles, #4 is the desired time headway,
amax 1S the maximum acceleration, and d is the comfortable
deceleration. In the model, when the actual distance between
vehicles is large, the vehicle gradually reduces the distance
with a smooth acceleration. When the vehicle is driving too
fast or is too close to the vehicle in front of it, the vehicle slows
down until it reaches the required spacing. All these features
can be better adapted to the driving characteristics of AVs, so
the model is widely used in AV-related research.[>1221:23.25]
After communication failures occur, the control model degen-
erates to ACC, and the IDM is a good option.

The classic IDM only considers information about the
nearest preceding vehicle. The revised IDM shown in Eq. (12),
which is called the DC-IDM, is based on the ability of a
CAV to obtain information from multiple vehicles and dy-
namic communication topologies. The model can make driv-
ing decisions based on the actual communication topology at

time 7. The information obtained from multiple preceding ve-
hicles is weighted according to the communication topology.
If M = 1, then the model degenerates to the classic IDM. If
the communication topology does not change, the model is a
CIDM!"?! or an MAC-IDM. 211

Vn 4 5 (v (1),Av, 2
ap (t) = Amax |} - (#) - ( AZ/,I vi @ <tij(t)> s
WL n—mSp—m

M (12)
Vn (t) ;1 Wn,nﬂnAVn—erl (t)
s (v (), Avy (1)) = 50 +tava (1) — = 2\/amaxd ’

Wnn—m = f2 (an,nfma ‘Ll.) .

4. Stability analysis
4.1. Definition of platoon stability

If a platoon is stable, when a vehicle in the platoon, which
is in equilibrium, causes a disturbance, the response of the ve-
hicles to the rear of the disturbance is not constantly ampli-
fied. Each vehicle maintains the same spacing s. and speed
ve = V (se) without acceleration or deceleration, which is de-
fined as the equilibrium state. The model can be expressed as
f(seve) = 0 when it is in the equilibrium state.

If a platoon experiences a slight disturbance at time
t, §,(t) = s, () — s. represents the distance deviation, and
Vn (t) = v, (t) — ve represents the speed deviation from the
equilibrium state. The acceleration equation in Eq. (13) is
a first-order Taylor expansion. Because Av, (t) = v, (f) —
Vi (1) = V1 () — ¥, (t) = §, (1), equation (13) can be rewrit-
ten as follows:

5(0) = Flseve.0) + 2] (sn(0) 50

s le
af

+ 9] v+ 25| an@-0), 13

Vo= L5 [ S, (14)

where £, fV, and f2 are the Taylor expansion coefficients. 4]

In equilibrium, £y = f3_ . f;' = f,_,. and anV = HAX!. Because
$§n(t) =Vp_1(¢) — vy (), and hence §,,(¢) = Vy—1 (¢) — V,,(¢). Sub-
stitution of Eq. (14) into this equation yields
Sn = f,fflfn,] -|-f,f_1\7n71 "’anX[SLnfl
— (3 iSut Fo1Pn 4 f2150)

= fu(Sn—1— fn) + S (Fn—1 = Pn) "‘frf(fn—l - §n)~ (15)
The frequency domain approach is a simple and effective
method of analyzing the platoon stability that has been widely
used in previous studies.?738-50-53 Let §, (1) = U e "*+* and
7, (t) = Y el"0+4 \where U and Y are complex constants (in-
dependent of n and ¢) that represent the magnitude of the per-
turbation, 6 is a discrete wavenumber in a range of 0 < 0 < 7,
and A is the growth rate in terms of the wavenumber 0, which
determines whether the traffic flow is stable when a perturba-
tion occurs. Because ¥, — 7,1 = —§,, equation (16) can be
obtained to be
Y(e 19 —1)

U=—"

(16)
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Substituting §, (), ¥, (¢), and Eq. (16) into Eq. (15) yields the
following equation:

AP=A(fy—f1—e )+ f(1—e ) =0. 17

According to the root formula, A, and A_ are a pair of com-
plex solutions of Eq. (17). If the real part of A, is less than
or equal to zero at any 6, the platoon may be stable, and for
the opposite condition, it may be unstable.!?’:?8] The geom-
etry of A at O = 0 determines the stability type. A, is ex-
panded intod; = 4,10 + A,(i6)> + --- around 6 — 0 where
A1 and A, are real coefficients. The e~ is expanded into
e 10 =1-i0 +(i6)?/2+ ---. Substitution of he two ex-
panded equations into Eq. (17) yields

Av
(122 —dafA) 0 + <2/1112+ Mfi -l ,f") i3

" <—7le—7tl D f")
+(=Mfy + £,)i6 =0. (18)
Here, A; and A, can be found to be

fs
2'l = %7
n

fs fAst fs
=2 e 19
(fv) TR T )

Thus, the platoon is string stable if A; < 0. Because f; > 0,
fv <0, the stability condition is

SRR R 20 0)

4.2. Stability of dynamic communication topology-based

car-following model

When the communication topology of a platoon is not
changed, the proposed dynamic communication topology-
based car-following model degenerates into the CIDM de-
scribed in Ref. [12]. Then, equation (14) can be rewritten as
Eq. (21), the corresponding Eq. (15) can be written as Eq. (22),
and equation (17) can be written as Eq. (23).

M
= fns Z Wn,nfmgnfnﬂ»l
m=1

M
+ SV + fav Z Wn,n7m§n—m+17 21

m=1

§n = f;ffl Z Wn—l,n—m—lfn—m
m=1

M
~ A L
+f,‘;71Vn,1 +fnl}1 Z Wn—1,n—m—1Sn—m

m=1

M
- (fr: Z Wn,nfmfnferl
m=1

M
~ A 2
“V‘fzvn +fn Y Z Wn,n—mszz—in+l>

m=1

M

= f;:: Z Wn.,nfm(j‘nfm _§n7m+1) +fr‘:(‘7n71 _ﬁn)
m=1
A M . 3
+fnv Z anl,nfmfl(fnfm _S:nferl)v (22)
m=1
M
(fv Av ann mel mle)
. M .
+A—e )Y wy el =0 (23)

m=1

The solution to Eq. (23) can be found to be

fS 2 1 fAv fs fs
3, = Jn _ nJn _ Jn
’ (f%) f,¥+ fr2fy
M
—fa Y Wan-m(1—m). (24)
m=1

Therefore, the stability condition for an unchanged topology
is represented by inequality (25). The stability of a platoon
is related to the weights of the information obtained about the
vehicles ahead.

| U
S I = = X wanem(1=m) > 0. (25)
m=1

4.3. Probabilistic model of communication topology in a
platoon

When the communication of some vehicles in a platoon
fails, the weights assigned to the information obtained by the
rear vehicles according to Eq. (7) change, which changes the
stability of the platoon. However, different types and numbers
of failures bring different changes to the weights. Therefore,
modeling the failure probabilities of different communication
topology forms is important.

Table 1. Probabilities of different communication topologies for M = 3.

Scenarios n n—1 n—2 n—3 Probability Category
1 vooox v v (1=pPp A
2 VoY X v (1=pPp B
3 VooV v x (1-p)’p c
4 vooox x v a=p?p B
5 vVooox v x  (1=pPp’ c
6 VooV x x  (1=pPp? D
7 Vv X X X (1-p)p’ D
S A A A A Ok A
9 x  Y/x Vx % p D

Note: “X” refers to failed communications, and “y/” represents normal com-
munications. In scenario 9, vehicle n cannot receive or send messages. Then,
whether the vehicle communication in front of vehicle »n fails does not affect
the driving status of vehicle n because it can only rely on the state of vehi-
cle n — 1 measured by its detector to make driving decisions. In this work,
we assume that no difference exists between the information obtained by self-
detection and the information received directly and that communication delay

occurs.
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We start with an infinitely long platoon in which each ve-
hicle can obtain driving information from M vehicles ahead,
and the probability of a communication failure for each ve-
hicle is p. Then, when M = 3, the communication topology
form of vehicle j will be one of 9 cases, each with the prob-
ability shown in Table 1. These 9 cases can be divided into
4 categories, each of which represents the information that is
essentially available to vehicle n. For example, in category A,
vehicle n can obtain the information about all 3 vehicles ahead
of it, and in category C, vehicle n cannot obtain the informa-
tion about only vehicle n — 3.

According to Table 1, scenarios 1-3 indicate that the com-
munication of only one vehicle in front of vehicle n fails,
which results in C}, categories of communication topologies.
Scenarios 4-6 indicate two vehicle communication failures, so
C3, — (C}; — 1) categories of new topologies appear because
C,b — 1 categories are duplicates. Similarly, we can obtain
the new categories for each additional vehicle communication
failure. All communication failures of a front vehicle belong
to the same category as the communication failures of vehi-
cle j itself. The communications of all vehicles are normal,
and only one failure can be considered to be in the same cat-
egory. Thus, for the scenario in which a vehicle can obtain
information about M preceding vehicles, several categories of
topologies may arise as follows:

Cy+(Cy—(Cly—1)) +---
+(CH (2= (- (Cy = 1))))- (26)

The probability expressions for each category are shown in
Table 2.

Table 2. Probabilities for each category of communication topology.

Category Probability
1 (1=p)"p+(1—pM*!
2 (1=p)Mp+(1—pM'p?
(1=p)Mp+(1=pM'p?
Cy (1=pMp+(1—-pM-'p?
Cy+1 (1=pM=1p*+ (1 - pM=2p°

(1=p)"'p?+(1—p)"2p3
Cy+Cyy—(Cy = 1) (1=pM=1p?+ (1=p)M-2p}
Chy+(Cy—(Cly =)+ +

N2 M1 \M
C (@2 (el PP

4.4. Stability analysis after a communication failure

Reference [54] presented the stability conditions for pla-
toons containing different types of vehicles, such as cars and
trucks. The results have been widely used for heterogeneous
traffic flow stability analysis.>*>133) In this study, when some
vehicles lose their communication functionalities in a platoon,

the CAVs change their communication topologies. Vehicles
that make driving decisions based on different types of infor-
mation can be considered to be in different vehicle categories.
The percentage of vehicles in each category can be calculated
from Table 2. Their stabilities can be obtained according to
Eq. (25) and given in inequality (27), by considering a dy-
namic communication topology. When M = 1, the stability
condition degenerates to the results presented in Ref. [54].

1 M 2
Z Efr‘:z_ nAver_frf_ an,n—m(l_m) (Hf[y)
n m=1 I#n
>0. (27

To consider the possibility of a communication failure, the ve-
hicles in a platoon are divided into K categories based on their
communication topologies. The inequality (27) can be rewrit-
ten as follows:

f NPRL S — o = 5 = Wi
=1 f;f2

where P, and wy are the probability of occurrence of the k-th

>0

; (28)

category of communication topology and the weighting factor,
respectively. The weighting factor is expressed as follows:

M
Wi = Z Wn,nfm(l - m)» (29)
m=1

which is associated with Eq. (7). We can easily find that the
stability condition is related to the proportion of different types
of topologies and the weighting factor of each type of topol-
ogy, but unrelated to the location of the vehicle with failed
communication.

Taking M = 3, u =2, and p = 0.2 for example, we can
obtain P; = 08> x 02+08* =051, W = 5= x (1— 1)+ £ x
(1-2)+ 92 x (1-3)=—057.

5. Simulation

In this section, a series of simulations is performed to an-
alyze the stability of a platoon based on the DC-IDM. The
Taylor expansion coefficients f5, f¥, and f2 of the DC-IDM
are expressed as

s 2amax [ S0 +1ave 2.
gy = e ()

Se Se
2 3oy t

fr]: = 72amax < <ve) + d(so+2dve)>
vo \ Vo (se)

Av Amax Ve [ S0 +1qVve
= —= . 30
" d se < Se > (30)

These coefficients are the functions of the vehicle speed and

bl

spacing at equilibrium. In this state, all vehicles run at speed
ve and have a stable spacing s.. The relationship between v,
and s. is given by

S0 +12qve

«/1—(ve/v0)4.

(€29

Se =
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Table 3. Parameters of DC-IDM.

Parameters Values
Amax 2 m/s?
d 2 m/s?
Vo 33.3 m/s
S0 2m
14 09s,1.1s,1.3s1.5s
u 14
M 2-6

We assume that an infinitely long platoon drives at equi-
librium. We simulate the stability at each speed. A com-
munication failure occurs randomly in the platoon. Once the
communication failure occurs, the communication is not re-
covered. The communication failure rate is p, and its value
range is O—1. The parameters of the model are shown in Ta-
ble 3.
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e
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5.1. Platoon stability for normal communication

Our proposed dynamic communication topology model
adds two parameters to the classic IDM model, i.e., the pa-
rameter M and the parameter (. We analyze the influences of
these two parameters on the stability in a scenario in which
CAV communications are normal.

The left-hand part of inequality (25) is the stability dis-
criminant value. Values greater than O are for stable status, and
values less than O are unstable status. The simulation results
for different values of M are shown in Fig. 2. At any value of
the time headway, the larger the value of M is, the more stable
the latoon is over a wider speed range, which means that the
more information the CAV obtains about the vehicle driving
ahead, the more stable the platoon becomes. However, CAVs
can only obtain information from a few preceding vehicles due
to the limited communication distance. The parameter setting
of the desired time headway has a significant influence on the
stability.

1.2
1.0
0.8
0.6
0.4F
0.2
0o
0.2 -

—0.4¢
—06F . M=6 .
0 5 10 15 20 25 30 35

Speed (m/s)

Stable
Unstable

Stability value

T
DU WIN

3.0r
2.5
2.0
1.5

M
M
M
M
-M

td:1.5 S

IR
U LI

Stability value

Unstable
_05 . . . . h

0 5 10 15 20 25 30 35
Speed (m/s)

Fig. 2. Influence of parameter M on stability (1 = 2).

If the expected headway of a CAV is larger, less informa-
tion is needed to keep the platoon stable. For example, when
the desired time headway is 1.1 s, the vehicle needs to ob-
tain information from at least 6 vehicles in front of it for the
platoon to keep stable at any speed. For a 1.3-s headway, in-
formation is needed from at least 4 vehicles. At 1.5 s, less in-
formation is needed, and 3 vehicles are sufficient. This means
that setting a more highly desired time headway for CAVs can
save communication resources and keep the platoon stable.

Then, taking 4 = 1.1 s and M = 4, we analyze the ef-
fect of the parameter 1t on the stability (Fig. 3). A larger value
of 1 indicates that a vehicle with a greater communication dis-
tance sends a lower weight of information. The results demon-

strate that a smaller value of u leads to more stability for the
same amount of information from the forward vehicles. For
example, the instability speed range is 0.5 m/s—10.8 m/s when
U = 3. Accordingly, the stability speed ranges are 0 m/s—
0.5 m/s and 0 m/s—above 10.8 m/s. When u = 2, the insta-
bility speed range is only 1 m/s—4.8 m/s, and the remainder
of the speed range keeps the platoon stable. The smaller the
value of u is, the more stable the platoon is. We can conclude
that the platoon will be more stable when the information sent
from vehicles farther ahead of it has a higher weight. When
the weight values of the messages sent by each vehicle reach

the same value (i = 1), the platoon will be stable at any speed.
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2.0
o
2
I
s
_4? 0.5 k0.5 m/s1 0 . P
= P5y ’*_,.x-"""
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e —_—u= 1
—0.5F 4.8 m/s 10.8 m/s =2
..... uw=3
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Speed (m/s)

Fig. 3. Stability curves for different values of u (tg =1.1's, M = 4).

5.2. Platoon stability after communication failures

Our model is characterized by its ability to describe the
topological changes in the platoon when the communication
of CAVs fails. In this subsection, we discuss the stability of
a platoon after some of the CAVs lose their communication
ability. The left part of inequality (28) describes the platoon
stability discriminant value in the case of a communication
failure.

First, we analyze the effect of the probability of a commu-
nication failure on the stability of the platoon. The results are
shown in Fig. 4, indicating that the stability decreases continu-
ously as the probability of a communication failure increases.
The platoon is stable when no communication failures occur.
Once a failure probability is reached, the platoon is unstable
in a particular speed range. When all vehicles in the pla-
toon lose their communication ability, they degrade into IDM-
based follow-vehicles, which are unstable over a wide range
of speeds.

Stability value
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0.96
0.64
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0
—0.32
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0 AN

|
o
o

00510 15 20 25 30 35
Speed (m/s)
Fig. 4. Stability curves for different communication failure rates (g =
13, M=4,u=2).

To extend the above discussion, we analyze the influences
of the probability of CAV communication failures on the sta-
bility of the platoon for different communication topologies.
As shown in Fig. 5, the platoon is not stable in a particular
speed range for M = 3 regardless of the presence of communi-
cation failures. When M = 4, the minimum failure rate is 8%,
which allows the platoon to remain stable at any speed. We
define this rate as the critical CAV communication failure rate
for platoon stability, below which the platoon is stable. Sim-
ilarly, we find a critical rate of 15% for M =5 and 19% for
M = 6. In summary, when a CAV has access to more informa-
tion about the vehicles ahead of it, the platoon is more likely
to remain stable, even under a communication failure.

Additionally, when the speed of a platoon is higher or
lower than the speed corresponding to a critical failure rate
and if more vehicles lose communications, the platoon can re-
main stable even if the failure rate exceeds the critical rate.
These speed ranges are recommended for the platoon.

a M=4 Stability value
1.0 1.92
£ 0.8 1.60
£ 1.28
Z 0.6 0.96
5 0.64
:‘5 0.4 0.32
5 0.2 0

§ —0.32
S 0 —0.64
S 0 5 10 15 20 25 30

Speed (m/s)

Stability value
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0.8 1.28
0.6 0.96
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0.4 0.32
0.2 0
—0.32
—0.64

10 15 20 25 30
Speed (m/s)

Communication failure rate p

Fig. 5. Analytical results of stability for different communication failure rates (fg = 1.3 s, u = 2).
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Fig. 6. Analytical results of stability for different u values (tg = 1.3 s, M = 3).
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Fig. 7. Analytical results of stability for different communication failure rates (M =4, p = 2).

Based on the DC-IDM, the value of i can affect the dis-
tribution of the information weights. Assume that 7y = 1.3 s
and M = 3. We analyze the influence of u on the critical fail-
ure rate, and the simulation results are shown in Fig. 6, in-
dicating that when pt = 1, the critical communication failure
rate is 25%. When p = 2, there is no critical communication
failure rate because even if the vehicle does not have a com-
munication failure, it will not keep stable in the speed range
of 1.8 m/s—4.7 m/s. When u further increases to 3 and 4, the
speed range expands to 1.1 m/s—9.7 m/s and 1.0 m/s—13.6 m/s,
respectively. The results indicate that if there occurs a commu-

nication failure, a smaller  is a good choice for maintaining
string stability.

Furthermore, taking 4 =2 and M = 4 for example, we
analyze the effects of different desired headways on the pla-
toon stability in a communication failure scenario. Figure 7
shows that at # = 0.9 s and 74 = 1.1 s, the platoon is not stable
in some speed ranges even it there occur no communication
failures. When 74 increases to 1.3 s, the platoon remains sta-
ble if the communication failure rate is less than 8%, and the
critical failure rate increases to 22% when ¢4 increases to 1.5 s.
The combined results show that the longer the desired time
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headway is, the larger the critical failure rate is.

6. Conclusions

In this work, the possible effects of CAV communication
failures on the platoon stability are analyzed. A car-following
model with considering the dynamic communication topolo-
gies of CAVs is developed, and a general expression of the
model is presented. The model can dynamically adjust the
weights of the obtained information based on the actual com-
munication topology after a communication failure has oc-
curred. The IDM model is modified to adapt to dynamic com-
munications.

The communication topologies that emerge after a com-
munication failure are modeled and analyzed with probabil-
ities for each communication topology form. Finally, based
on the DC-IDM, the stability of the platoon is analyzed theo-
retically. The stability conditions for a communication failure
are obtained. The numerically experimental results are shown
below.

(i) As the communication failure rate increases, the pla-
toon becomes unstable.

(i1) The critical failure rates for different CAV parameter
settings are obtained. For example, when CAVs can obtain
the information about 4 vehicles driving and the desired time
headway is 1.3 s, the critical failure rate is 8%.

(iii) The critical failure rate is improved when CAVs re-
ceive information from more preceding vehicles or a larger
desired time headway is used.

The results in this study indicate that when CAVs are set
with reasonable driving parameters, the stability of a platoon
can be ensured even if some of the vehicles lose their com-
munication ability. However, setting a larger desired time
headway means less road capacity, and receiving more vehi-
cle information means that more communication resources are
needed. Balancing the traffic flow efficiency, communication
resources, and platoon stability by optimizing the CAV param-
eters is the next subject in our research.
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