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Short summary

Connected and autonomous vehicles depend on inter-vehicular communications to perform cooper-
ative driving tasks. Hardware failures and malicious attacks can cause communication disruptions,
potentially affecting traffic efficiency and safety. In this paper, we proposed a multi-anticipative
IDM with a range-based communication topology under delay. Information from multiple prede-
cessor vehicles weighted through an exponential distribution incorporating cumulative distance and
signal decay parameter. We derived stability conditions under communication delay to evaluate
model stability under different parameter variations. The critical communication delay τc(ve) is
derived, beyond which the platoon becomes unstable. Also, the model is evaluated under clustered
communication failure, where consecutive vehicles lost communication ability due to a malicious
attack. Simulations show improved oscillation dampening and reduced velocity error than baseline
IDM. Safety impact evaluated over a range of failure durations through multiple runs of simulations.

Keywords: Connected and autonomous vehicles, Traffic flow theory, Automated and connected
driving, V2V communication, DSRC communication, Stability analysis

1 Introduction

Connected and Autonomous Vehicles (CAV) offers improvements in traffic efficiency, safety, and
fuel economy. Vehicle-to-vehicle (V2V) communication or vehicle-to-anything (V2X) allows CAVs
to share real-time data regarding their movement, thereby fostering cooperative driving and en-
hancing traffic flow. Cooperative driving in CAV leverage information from multiple predecessors
to enhance string stability and achieve smaller time headways (Z. Wang et al., 2018). Usually the
complete reliability of V2V/V2X communication is assumed during several autonomous driving
(AD) tasks such as merging (Xu et al., 2019), isolated and network-wide traffic control (L. Li et
al., 2014), motion planning in urban and free way traffic (Claussmann et al., 2020; Katrakazas et
al., 2015), manuever planning in signalized and non-signalized intersections (Z. Wang et al., 2022;
Gholamhosseinian & Seitz, 2022), cooperative perception (Ngo et al., 2023), lane changing con-
trol (Ma et al., 2023; T. Li et al., 2020) and collision avoidance (Zhang et al., 2022). However, in
practice, V2V communication among CAVs could experience different kinds of communication loss
or uncertainties (Garg & Bouroche, 2025). There are several factors, such as cyber attacks (P. Wang
et al., 2020), random packet loss (Halder et al., 2022), communication delays (Petrillo et al., 2021),
and hardware-related issues (Khattak et al., 2021), that result in communication disruptions.

In the existing literature, single-vehicle communication failures have been mostly studied. Mali-
cious attacks can cause consecutive vehicle failures for prolonged duration. Communication failure
in vehicle clusters and the impact of communication delay in a range-limited vehicular communi-
cation topology is less explored despite its very likely occurrence in urban or highway traffic sce-
narios. This paper introduces a dynamic range-limited multi-anticipative intelligent driver model
with time-varying communication topology (DRMIDM-C). We modelled a range-based exponential
weight distribution and studied the impact of communication delay on stability. Local and string
stability conditions are derived under V2V communication delay. The critical communication de-
lay was derived to evaluate model robustness. Studying under different delays shows transition of
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the model from stable to marginally stable regime.

The paper is organized as follows. In Section 2, the mathematical description of the model and
communication topology is provided. Local and string stability conditions are derived to assess
the impact on traffic flow due to cluster communication failures under delays. The experimental
design and required simulation configurations are described. Section 3 reports how stability varies
due to different communication delays and model stability, followed by Section 4 to conclude the
paper.

2 Methodology

In this section, CAV dynamics with a dynamic range-limited communication topology are pre-
sented. The exponential weight distribution and stability analysis considering communication
delay are presented. Also, from the local stability analysis, an expression for the critical commu-
nication delay is derived for the given parameter set.

DRMIDM-C Model

Figure 1: (a) CAV traffic using V2V communication, (b) Single vehicle failure scenario.

The dynamics of a CAV platoon were described by a multi-anticipative IDM-based model with
dynamic range-limited communication topology (DRMIDM-C) where each CAV receives informa-
tion from n − k + 1 vehicles using V2V communication within a limited range. The longitudinal
acceleration v̇n(t) of CAV n given by

v̇n(t) = amax

[
1−

(
vn(t)

v0

)δ

−

(
s∗n(vn(t),∆vn(t))∑Mn(t)

k=1 wn,n−k sn−k+1(t− τ)

)2
 (1)

and the desired spacing s∗n defined as,

s∗n(t) = s0 + Tvn(t)−
vn(t)

2
√
amaxb

Mn(t)∑
k=1

wn,n−k(t)∆vn−k+1(t− τ) (2)

where amax, b, v0, s0, T , δ, τ represent the maximum acceleration, maximum comfortable decelera-
tion, free traffic velocity, minimum safe distance, desired time headway, acceleration exponent, and
communication delay respectively. vn(t), sn(t) and ∆vn(t) represent the velocity, actual spacing
from vehicle n − 1, and relative velocity of the CAV n at time t. The number of neighbouring
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vehicles constrained by the communication range R.

Mn(t) = max

m
∣∣∣∣∣∣

m∑
j=1

sn−j+1(t) ≤ R

 (3)

Figure 2: Range based communication with neighbouring vehicles

In a homogeneous platoon, the lengths of all vehicles are taken to be identical, L. wn,n−k represents
the weights of the information received by a vehicle n from its neighbouring vehicles (n− k). The
actual spacing sn(t) and relative velocity ∆vn(t) defined as

sn(t) =

{
xn−1(t)− xn(t)− L, if n /∈ F (t) (with V2V)
xn−1(t)− xn(t)− L+ ξn(t), if n ∈ F (t) (without V2V)

(4)

∆vn(t) =

{
vn−1(t)− vn(t), if n /∈ F (t) (with V2V)
vn−1(t)− vn(t) + ψn(t), if n ∈ F (t) (without V2V)

(5)

where F (t) represents the set of failed vehicles. During the communication failure any CAV
will degraded to AV and gather information using its onboard sensor only. The sensor noise in
measuring the position and velocity given by

ξn(t) ∼ N
(
0, σ2

p

)
ψn(t) ∼ N

(
0, σ2

v

) (6)

In Eqn.(6), ξ(s)n and ψ(s)
n represent the measurement noise from the onboard sensor data (LIDAR,

Radar, IMU, GPS, etc.) in position and velocity drawn from the normal distribution N (·) during
the communication failure, respectively. During the normal operating condition, the information
exchange between CAVs using V2V communication is free from any noise.

The communication topology among CAVs represented by a directed graph G = (V, E), where the
set of nodes V represents the platoon vehicles and the directed edge set E ⊆ V × V represents the
communication links between them. The dynamic communication topology between N vehicles
described by the adjacency matrix A(G) = [dij ]N×N , where dij = 1 if (i, j) ∈ E and dij = 0
otherwise. The entries in A(G), for the leader vehicle (1st row) will be 0 as it moving independently.
In case of communication failure, any failed vehicle (r) cannot receive or transmit information,
resulting in degradation from CAV to AV. The corresponding row and column entries in A(G) for
degraded AVs will be 0, dr,i = di,r = 0 ∀i. Mn(t) be the number of neighbouring vehicles in front
from which any vehicle n will receive information at time t. The contribution of the information
from the different preceding vehicles is scaled by the weights wn,n−k, so that the closer vehicle has
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the higher precedence. Hence w2,1 > w2,2 > · · · > w2,k (Ngoduy, 2015; Sun et al., 2018) which
satisfy

∑M
k=1 wn,n−k(t) = 1 whenever at least one upstream link exists(i.e. dn,n−k = 1 for some

k). The adjacency map-based weights are represented as a weight matrix for the entire platoon
W(G). In case of communication failure, both A(G) and W(G) update accordingly in real time. On
communication failure, the corresponding entries in W(G) will be 0, and the corresponding weights
will be dynamically redistributed so that the information from the closer vehicle has higher weights.
The weights wn,n−k expressed as

wn,n−k(t) =
dn,n−k(t) · exp

(
−Dn,n−k(t)

λ

)
· (Mn(t)− k + 1)∑Mn(t)

j=1 dn,n−j(t) · exp
(
−Dn,n−j(t)

λ

)
· (Mn(t)− j + 1)

, k = 1, . . . ,Mn(t) (7)

where dn,n−k = 1 if V2V communication exists between vehicles n and n − k, and 0 otherwise.
The signal decay parameter is λ and cumulative distance to the n-th leader Dn,n−k(t) given by

Dn,n−k(t) =

k∑
j=1

sn−j+1(t), k = 1, . . . ,Mn(t) (8)

In Fig. 1, a platoon of N CAVs moving on a single lane straight highway configuration. The
communication topology among the vehicles is described by a multi-predecessor following (MPF)
topology, where each vehicle receives relative velocity ∆vi and spacing si information from M
number of vehicles ahead using DSRC. The leader vehicle is assumed to be moving independently,
without any information from vehicles ahead. Suppose a vehicle n lost its communication ability at
time t, since then the vehicle n neither receives nor transmits information from or to other vehicles.
Let CAV n receive information from 3 vehicles ahead of it, Mn = 3 (from eqn. 3). Then during the
communication failure, other vehicles won’t receive any information from CAV n, it is considered
degraded to AV. During the communication failure it will be driven by the information obtained
from its immediate leading CAV n− 1, through its onboard sensors only. In Fig. 2, the operation
of range-based communication topology represented. Any vehicle i can receive information from
another vehicle j if j ∈Mi(t), i.e. xj(t) > xi(t) and (xj−xi−L) ≤ R. At t1, vehicle n was receiving
information from the 4 vehicles ahead which satisfies the condition given in Eqn. 3, whereas at
time t2, the number of neighbouring vehicles changed to 2.

Stability Analysis

The local stability of the DRMIDM-C governed by the characteristic equation (Laplace transform)

s2 + αs+ wn,n−1e
−sτ (γ + βs) = 0 (9)

where α, β and, γ given by

α = amax

[
δ

v0
(
ve
v0

)δ−1 +
2T (s0 + Tve)

s2e

]
,

β =
ve
√
amax(s0 + Tve)

s2e
√
b

,

γ =
2amax(s0 + Tve)

2

s3e
wn,n−1.

(10)

To maintain the asymptotic stability, all real roots of the Eqn. 9 need to satisfy R(s) < 0.
For τ = 0, from Routh-Hurwitz criterion, the local stability condition

amax

[
δ

v0
(
ve
v0

)δ−1 +
2T (s0 + Tve)

s2e

]
+
ve
√
amax(s0 + Tve)

s2e
√
b

wn,n−1 > 0 (11)

For τ > 0, the characteristic equation is transcendental. The marginal stability boundary found
by substituting s = jω

−ω2 + jωα+ wn,n−1e
−jωτ (γ + jωβ) = 0 (12)

For a given model parameters, the system is locally stable for a given τ > 0 iff all roots the
Eqn. 12 is negative. The local stability of DRMIDM-C with communication delay τ maintained
for 0 ≤ τ < τc, where critical delay τc given by
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τc =
1

ωc

[
arctan

(
ωcβ

γ

)
+ arctan

(
α

ωc

)]
(13)

where oscillation frequency at stability boundary ωc given by

ωc =

(−(α2 − w2
n,n−1β

2) +
√
(α2 − w2

n,n−1β
2)2 + 4w2

n,n−1γ
2

2

)1/2

(14)

The string stability of the DRMIDM-C with communication delay τ is given by the transfer function
H(s),

H(s) =
γe−τs(1−H(s))Ps(H)

s
[
s+ α− βe−τs(1−H(s))Pv(H)

] ,
where the weighted polynomials are defined as

Ps(H) =

Mn∑
k=1

wn,n−kH
−(k−1), Pv(H) =

Mn∑
k=1

wn,n−kH
−k,

with wn,n−k given by Eqn. 7 The parameters α, β, γ are as defined in Eqn. 10. The platoon is
string stable iff

sup
ω≥0

|H(jω)| ≤ 1.

For the special case of only the immediate leader (Mn = 1), the transfer function simplifies to

H(s) =
βs+ γ

eτss(s+ α) + βs+ γ
,

and the string stability condition reduces to |H(jω)| ≤ 1 ∀ ω ≥ 0.

Safety Performance Measure

The model is studied for the cluster failure scenario to evaluate the impacts on the safety per-
formance of the model. Hence, TTC value was used to measure whether the CAVs undergo a
safety-critical situation using a TTC threshold (TTCthreshold) (Minderhoud & Bovy, 2001). Below
the TTCthreshold, any TTC value indicates a safety-critical situation. A shorter TTC indicates
the possibility of read-end collision and directs the CAV for deceleration. Whereas a large TTC
indicates that the CAV can safely accelerate towards the leading vehicle.

Communication Failure Experiments

A framework is designed to evaluate the dynamical performance of the CAV platoon under cluster
failure scenarios. Impacts on safety and stability are assessed across different communication delays
under V2V communication failure scenarios. The leader vehicle driven by external driving profile
and the platoon moving using the DRMIDM-C control mechanism. The cluster failure scenario
shows the vehicles experiencing packet loss due to correlated shadowing (Nilsson et al., 2017) or
malicious attacks (P. Wang et al., 2020).
A platoon of 10 CAVs is considered to evaluate the impacts of communication failures through
simulations. Each CAV gathers spacing and relative velocity data from the vehicles ahead, given
by Mn(t) within the DSRC communication range R at time t. The parameters used were adopted
from the literature (Kesting et al., 2010; Moradi-Pari et al., 2023) except for the desired time
headway T given in the Table 1. The baseline parameters are calibrated using human-driven
vehicle data. Maintaining the same T might diminish the potential benefits of CAVs. Because
CAVs have better response time than human drivers and improve traffic efficiency by sustaining
higher throughput, adopting a lower T value is reasonable (Rahman & Abdel-Aty, 2018). In
Table 2, the details of different simulation experiments are given. For multiple runs, a cluster of
consecutive vehicles is chosen at random. The duration of cluster failure varied from 5s− 30s and
the time window also varied within [25s, 125s] to obtain the distribution of Min TTC with the help
of multiple runs of simulations. The failure start time and duration are chosen from a uniform
distribution. Time delays were kept fixed throughout the simulation.

5



Table 1: Model Parameters

Parameter Description Value Units

amax Maximum acceleration 1.4 m/s2

b Maximum comfortable deceleration 2.0 m/s2

v0 Free traffic velocity 33.3 m/s
s0 Minimum distance 2 m
L Vehicle length 5 m
T Desired time headway 1.5 s
δ Acceleration exponent 4 –
R DSRC communication range 200 m
λ Signal decay parameter 100 m
σp Standard deviation of sensor noise in position measurement 0.1 m
σv Standard deviation of sensor noise in velocity measurement 0.1 m/s

Table 2: Simulation Experiments

ID Multi-anticipation τ (s) λ (m) Failure Description

1 M = 1 only 0 – None Baseline IDM (single predecessor)
2 Range-based 0 100 None DRMIDM-C without delay
3 Range-based 0.2 100 None DRMIDM-C with τ = 0.2 s
4 Range-based 0.2 100 5,6,7 Clustered failure + delay
5 Range-based 0 50 None Sharper weight decay (λ = 50 m), no delay
6 Range-based 0.2 50 None Sharper weight decay + delay

3 Results and discussion
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Figure 3: Velocity evolution for (a)leader, (b)vehicle 5, and (c)vehicle 9.

Fig. 3 compares how the velocity fluctuations propagate upstream. DRMIDM-C suppresses oscil-
lations even in presence of communication delay. The performance of DRMIDM-C show better
oscillations damping than the baseline model (IDM) considered.
From the acceleration profiles in Fig. 4, it is found that DRMIDM-C provides smoother acceleration
with lower peak amplitude than the baseline IDM. In the presence of communication delay (τ =
0.2s), it introduces sharp deceleration due to operating on stale information. when a CAV receives
a spacing and relative velocity information with delay, by the time the acceleration is executed
the actual traffic situation is already evolved. The exponential weighting of multiple predecessors
prevent such oscillations from growing and preserve platoon stability.
Maximum velocity deviation from the equilibrium velocity ve of all vehicles over the duration t ∈
[20, 150], where leader velocity profile going through variations. The baseline IDM (black circles)
exhibits growing error with vehicle index. In contrast, DRMIDM-C variants shows decreasing error
profiles. In presence of communication delay (red triangles) or sharper weight decay λ = 50m
(green and orange inverted triangles) elevates the error but does not reverse the decreasing trend.
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Figure 4: Acceleration profile for (a)leader, (b)vehicle 5, and (c)vehicle 9 across different
scenarios.
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Figure 5: Maximum absolute velocity deviation from ve over the time window t ∈ [20, 150].
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Figure 6: Local stability boundary
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Figure 7: String stability frequency re-
sponse

It shows a quantitative measure of disturbance rejection capability of DRMIDM-C.
Fig 6 shows the local stability boundary of DRMIDM-C for T = 1.5s. The black curve τc(ve)
separates the stable and unstable region. For a given equilibrium velocity, communication delays
less than critical value ensures stability. The critical delay increasing with ve for a given parame-
ters shows multi-anticipative information and specific weight distribution allow the platoon longer
delays and ensures local stability. There is sharp increase observed in critical delay in the range
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Figure 8: T variations in DRMIDM-C: (a)Max velocity error, (b)String stability.
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Figure 9: Cluster failure: (a)TTC distribution for failed vehicles [5,6,7], (b)TTC distribu-
tion for vehicles 8 and 9, (c)Velocity during cluster failure, (d)Spacing across all scenarios
for vehicle 9.

25 ≤ ve ≤ 30 indicates the model become more sensitive. Fig. 7, represents the transfer func-
tion H(s) for various delay τ . Upto τ = 0.2s the magnitude remain below 1 satisfies H(s) < 1,
indicating string stable behaviour. The system shows marginally string stable for τ = 0.6.
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Figure 10: Minimum TTC distribution across multiple runs of cluster failure simulations

4 Conclusions

The DRMIDM-C integrates range-limited exponential weight distribution and communication de-
lay to describe CAV dynamics. The model performance studied for a given leader velocity profile
in Fig. 3. From simulations, it is observed that DRMIDM-C exhibits improved oscillations damp-
ening and lower velocity error even under communication delay than baseline. We have derived
the critical delay, below which the models remains stable. For different communication delay and
time headway DRMIDM-C maintain stability. The model studied for low time headways, as CAVs
are meant to increase capacity and can operate in significantly lower intra-platoon gaps than that
for human driven vehicles. In case of cluster failure, it is observed that the next few perfectly
operating CAVs (e.g. here vehicle 8 and 9) are heavily affected due to the oscillation created dur-
ing the velocity correction on communication restore. The drop in min TTC value indicates the
higher rear-end collision risk for the following vehicles than the failed vehicles. DRMIDM-C shows
range-based exponential weight distribution offer resilient CAV platooning under communication
failure and delays. Further calibration of DRMIDM-C for real CAV systems will provide a practical
design guideline for CAV control.

Code Availability

The codes for the simulations available in this Github link: https://github.com/arscode/HEART2026
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