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   Abstract—The  vehicle  to  everything  (V2X)  communication  of
intelligent  and  connected  vehicles  faces  uncertainties  such  as
random  latency  and  packet  loss.  These  issues  pose  safety  chal-
lenges. This paper proposes a closed-loop integrated strategy that
combines  perception,  decision-making,  and control.  A communi-
cation  uncertainty  metric  is  established  based  on  recent  packet
loss  rate  and  average  delay.  A  three-state  machine  (cooperative
cruise mode, perception uncertainty mode, and local safety mode)
is designed to adjust the control strategy based on a preset uncer-
tainty  threshold.  A  proportion  integration  differentiation  (PID)
controller  ensures  safe  car  following.  MATLAB  simulations
under  high  uncertainty  show that  the  proposed  method guaran-
tees that the following distance always satisfies the dynamic safety
criterion (a time headway of 1.5 s plus a standstill  gap),  whereas
the  fixed-strategy  baseline  fails  under  high  uncertainty,  signifi-
cantly  outperforming  a  fixed-strategy  baseline.  This  method  is
computationally  efficient  and  can  be  deployed  on  embedded
devices.  Simulation  results  validate  the  effectiveness  of  this
approach in handling V2X communication uncertainties.
    Index Terms—Intelligent  and  connected  vehicle, vehicle  to  every-
thing  (V2X)  communication  uncertainty, perception-decision-control
integration, state machine, safe car following
  

I.  Introduction

INTELLIGENT and connected  vehicles  (ICVs)  exchange
information with roadside facilities, neighboring vehicles,
and the cloud via vehicle to everything (V2X) communi-

cation.  This  technology  is  crucial  for  improving  road  traffic
safety,  alleviating congestion,  and reducing energy consump-
tion.  V2X,  based  on  the  5G  new  radio  (NR)  interface,
provides  high  throughput,  extremely  low  latency,  and  high
reliability,  making  it  important  for  autonomous  driving [1].
Recent  reviews  have  summarized  connected  and  automated
vehicle  (CAV)  longitudinal  following  research  under  mixed
traffic  and  communication  failure  scenarios.  These  studies
consider  the  coupling  between  communication  and  control,
discussing key indicators such as control strategies, headway,
packet loss rate, and string stability margin under communica-
tion  failure [2].  In  typical  scenarios,  the  preceding  vehicle
communicates speed and position via V2X, and the ego vehi-

cle  dynamically  adjusts  its  longitudinal  motion,  thereby
enhancing safety and efficiency.

In  practice,  V2X  communication  links  often  have  random
latency  (variable  time  delays)  and  packet  loss  (missing  data
packets).  Research  shows  that  end-to-end  latency  in  5G
networks can reach tens of milliseconds. In complex environ-
ments, the packet loss rate (ratio of lost packets) may exceed
10% [1].  Simulations  in  Ref. [3] indicate  that  increasing
latency  (communication  delay)  from  0  to  8  ms  increases  the
formation-spacing  error  (the  difference  from  ideal  spacing)
from  0.10  to  0.78  m.  When  the  packet  loss  rate  hits  30%,
acceleration  fluctuates  between [−4.8,  2.2] m/s2 [3].  This
uncertainty causes lag or loss of information from the preced-
ing  vehicle.  If  not  managed,  it  can  lead  to  following  too
closely, large speed fluctuations, or even collisions. In uncer-
tain communication environments, lacking certainty, ensuring
the  stability  and  safety  of  perception  (obtaining  environment
information), decision-making (choosing actions), and control
(executing  vehicle  actions)  in  the  closed-loop  system  is  a
significant challenge.

Existing  research  uses  several  methods  to  address  the
impact  of  communication  issues.  Reference [4] applies
Kalman  filtering  to  correct  V2X  time  delay,  but  assumes  no
packet  loss.  Molina-Masegosa  et  al.  create  a  maneuverable
coordination  state  machine [5].  However,  they  did  not  quan-
tify  uncertainty.  Cao et  al.  highlight  that  network uncertainty
threatens  queue  stability [6].  In  a  subsequent  review,  the
authors discuss core issues such as information flow topology,
inter-vehicle spacing strategy, and platoon stability. They also
summarize future research directions for cooperative adaptive
cruise  control  (CACC) [6].  Most  current  strategies  handle
perception,  decision-making,  and  control  separately,  lacking
integration.  Assuming  ideal  communication,  ignoring  packet
loss  is  far  from  realistic  in  real-world  application  environ-
ments.  Building directly  from these identified gaps,  the main
contributions of this paper are as follows:

(1)  We propose  a  communication  uncertainty  metric  based
on recent packet loss rate and average delay.

(2)  A  three-mode  state  machine  (cooperative  cruise  mode,
perception uncertainty mode, and local safety mode) is devel-
oped, which automatically switches control strategies accord-
ing to the uncertainty threshold.

(3) This work validates a proportion integration differentia-
tion (PID) controller for safe car following through MATLAB
simulations.
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(4)  We  further  discuss  the  method’s  deployability  on
embedded platforms, leveraging the authors’ previous experi-
ence with STM32-based systems.

U(t)

U (t)

Compared with existing V2X car following approaches, the
novelty  of  this  work  lies  in  three  aspects.  First,  while  most
methods  assume  ideal  communication  or  treat  delay  and
packet loss separately [4, 6], we propose a unified uncertainty
metric  that quantifies communication quality in real time
using  only  short-term  statistics  (recent  loss  rate  and  average
delay). This metric is light enough for embedded implementa-
tion yet sufficiently informative for decision-making. Second,
instead  of  relying  on  complex  delay-compensation  filters [4]
or  model-predictive  control [7],  we  introduce  a  three-mode
state  machine  that  directly  maps  to  control  strategies
(cooperative  cruise  mode,  perception  uncertainty  mode,  and
local safety mode). This allows the system to actively degrade
its  performance,  by  increasing  the  following  distance,  when
communication  worsens—a  proactive  efficiency  for  safety
trade-off that is rarely addressed in the CACC literature [6, 8].
Third,  the entire  perception-decision-control  loop is  designed
with  embedded  deployment  in  mind:  it  uses  only  sliding-
window  statistics,  threshold  comparisons,  and  a  basic  PID
controller,  requiring  no  high-precision  floating-point  opera-
tions or deep neural networks. This makes it suitable for auto-
motive microcontrollers  such as STM32, which is  a  practical
advantage over more computationally intensive methods [7].

The remainder of this paper is organized as follows. Section
II presents system modeling and problem description. Section
III  details  the  design  of  the  integrated  perception-decision-
control  method.  Section  IV  provides  simulation  verification
and  result  analysis.  Section  V  concludes  the  paper  and
discusses future work.  

II.  System Modeling and Problem Description
  

A. Longitudinal Following Scenario
In  a  typical  single-vehicle  longitudinal  following  scenario,

the vehicle under control, ego vehicle, relies on V2X commu-
nication  to  obtain  the  instantaneous  speed  of  the  preceding
(lead)  vehicle  and  adjusts  its  motion  along  the  direction  of
travel (longitudinal dynamics, meaning acceleration and brak-
ing in the lane)  to  maintain a  safe following distance.  In this
scenario,  vehicles  are  assumed  to  move  in  a  straight  line  in
one lane, and any sideways (lateral) movement is ignored.

xego vego
xfront

vfront
d = xfront− xego

Notation　  represents  the  ego  vehicle  position, 
represents the ego vehicle speed,  is the preceding vehi-
cle  position,  indicates  the  preceding  vehicle  speed,  and

 denotes the actual following distance.

d (t)

ddes (t) d (t) > 0

The  objective  is  to  control  the  time  gap  between  vehicles
,  which is defined as the following distance, or the inter-

val seconds in seconds or meters maintained between the lead-
ing  vehicle  and  the  following  vehicle,  to  approach  the  ideal
value ,  ensure ,  and  enhance  the  accuracy  of
vehicle speed tracking.  

B. Vehicle Longitudinal Dynamics Model
Represent the longitudinal dynamics with a first-order iner-

tial model
 

τȧ (t)+a (t) = ades (t) ,
a(t)
ades (t)

τ

where  the  vehicle’s  actual  acceleration  is  the  rate  of
change of its speed, the target acceleration  is the value
set  by  the  control  algorithm,  and  is  the  actuator  time
constant  describing  how  long  the  physical  system  takes  to
respond to input.

The  mathematical  equations  for  the  state  of  motion  of  an
object and its change are
 

ẋego = vego, v̇ego = a,

0 ⩽ vego ⩽ vmax amin ⩽ a ⩽ amax
vmax amax

amin

with physical constraints  and .
In this study,  is set to 30 m/s,  is set to 3 m/s2, and

 is set to −5 m/s2.

vfront(t)

The velocity  trajectory of  the  preceding vehicle,  lead vehi-
cle speed changes over time, is represented by a smooth tran-
sition function .  

C.  Modeling of Uncertainty in V2X Communication
The  V2X  communication  link  experiences  random  delays

and packet loss.

delay ∼U (0, delaymax
)

delaymax

ploss

Assume that the delay for each packet follows a uniform pr-
obability distribution  with  =
0.3 s,  and that  packet  loss  events  are  modeled as  a  Bernoulli
distribution  (a  statistical  model  for  yes/no  outcomes  where
each packet is lost independently) with a packet loss rate  =
0.1. When a packet is lost, it does not affect the latency statis-
tics  and  only  increases  the  packet  loss  count;  the  average
latency is calculated only from successfully received packets.

Nw

Using  the  research  method  of  Lu  and  Li [3],  define  the
statistics  within  a  sliding  time  window,  =  20  sampling
periods,  corresponding  to  1  s.  Wang  et  al. [8] propose  an
adaptive  spacing  strategy  switching  mechanism  based  on
packet loss rate (> 5%) and received signal strength indicator
(< −90 dBm) during communication interruptions, providing a
reference for threshold setting in uncertainty quantification.

Recent packet loss rate can be calculated by
 

lossrecent =
Number of packet losses

Nw
,

Nwwhere  is the total number of transmission attempts in the
window.

Average delay is represented by
 

delayavg =
1

(Nreceived×
∑

delayi)
,

Nreceivedwhere  is  the  number  of  received  packets  in  the
window.

Comprehensive uncertainty index is given as
 

U (t) = 0.5 · lossrecent+0.5 ·
delayavg
delaymax

.

U(t) ∈ [0,1] U = 0
U = 1

,  where  means  ideal  (failure-free)
communication  conditions,  and  means  total  communi-
cation failure—no successful messages within the window.  

D.  Problem Description
A comprehensive closed-loop system integrating perception,

decision-making, and control needs to be designed to achieve
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d (t) ≈ ddes

U(t)

dsafe(t) = τh · vego(t)+d0
τh = 1.5 s
d0 = 2 m
d(t) ⩾ dsafe(t)

the  following  objectives.  (1)  Achieve  stable  car  following  in
an  ideal  communication  environment,  where ,
reducing  the  velocity  tracking  error.  (2)  When  the  system
addresses the challenges posed by random latency and packet
loss,  it  dynamically  evaluates  the  uncertainty  index  and
intelligently  adjusts  certain  control  parameters  (such  as
increasing  the  safety  distance  or  reducing  the  expected  driv-
ing speed) accordingly,  to ensure that the actual inter-vehicle
distance is  not  below the speed-based dynamic safety thresh-
old.  In  this  paper,  the  safety  distance  is  defined  using  a
constant  headway  distance ,  where

 represents  the  safety  headway  distance  and
 denotes  the  stopping  distance.  This  requires

 to avoid the risk of rear-end collision caused by
too  close  spacing  at  high  speeds.  (3)  Enhance  computational
complexity  to  align  with  resource  constraints.  In  subsequent
simulation  analyses,  we  will  use  this  dynamic  safety  thresh-
old as a benchmark to evaluate the method’s collision-avoid-
ance performance.

As  noted  in  the  latest  review,  longitudinal  car  following
control  in  unreliable  communication  scenarios  requires  a
balance  between  stability  and  safety  margin,  and  there  is  an
urgent need for lightweight, deployable fallback strategies [2].  

III.  Design of Integrated Perception-Decision-Control
Method

  

A. Overall System Architecture
This  paper  proposes  an  architecture  that  integrates  percep-

tion,  decision-making,  and  control.  The  detailed  design  is
illustrated in Fig. 1, which includes roadside units (RSUs), on-
board  units  (OBUs),  decision-making  control  units,  and  a
cloud-based observation platform.
 
 

(STM32 + sensor)

(STM32 + GPS + IMU)

Decision control unit
(state machine + PID)

Actuator

Cloud monitoring platform

(including time delay/packet loss)

Drive signal

(optional)

Roadside unit

V2X

On-board unit

(Alibaba Cloud/private cloud)

4G/Wi-Fi

Internal bus (controller area network/
serial port)

(motor/servo motor/
buzzer)

 
Fig. 1 System architecture. GPS indicates global positioning system and IMU
indicates inertial measurement unit.
 

RSU  relies  on  sensors  such  as  STM32  microcontrollers,
ultrasonic  sensors,  and  cameras  to  collect  data  on  vehicles
ahead,  which  is  then  transmitted  to  the  OBU  via  V2X  wire-
less technology. Random delays and packet loss in communi-
cation are key reasons for the perception uncertainty mode.

Relying  on  sensors  such  as  STM32,  GPS,  and  IMU,  the

OBU  can  accurately  detect  the  vehicle’s  current  location,
travel  speed,  acceleration,  and other  dynamic conditions,  and
can also timely obtain data from the preceding vehicle via the
RSU.

The decision control module integrates a state machine and
a PID regulator,  using sensory data and uncertainty to gener-
ate  control  signals  that  activate  the  corresponding  actuators
(motors, servos, buzzers, etc.).

The cloud platform uses 4G or Wi-Fi for data transmission,
drawing on the author’s previous experience developing Inter-
net of Things (IoT) projects on the Alibaba Cloud platform.

Compared  to  the  two-layer  architecture  of “collaborative
decision-making layer and motion control layer” proposed by
Yin et al. [9], this study further incorporates a communication
uncertainty quantification module.  

B. Closed-Loop Control Process
The  closed-loop  control  block  diagram is  shown  in Fig.  2,

consisting of four modules connected in series and forming a
feedback loop.
  

Perception
module

(V2X + local)

Decision-making
module

(state machine
+ threshold)

Control module 
(PID + amplitude

limiting)

Vehicle execution
(acceleration/bra

king)

Actual spacing, speed Control command

 
Fig. 2 Closed-loop control block diagram.
 

dactual
vego vfront

U(t)

Perception  module: Integrate  data  from  GPS,  IMU,  and
V2X to  output  the  following  distance ,  the  ego  vehicle
speed ,  the  speed  of  the  preceding  vehicle ,  and  the
uncertainty index .

U (t) vdes
ddes

Decision-making  module: Based  on  the  state  machine
architecture,  select  control  strategies  (cooperative  cruise
mode,  perception  uncertainty  mode,  and  local  safety  mode)
according to ,  and generate the target speed  and the
ideal safety distance .

ades
a

Control module: Utilize a PID controller to track the target
distance,  calculate  the  ideal  acceleration ,  and  obtain  the
actual  acceleration  after  limiting and actuator  inertia  filter-
ing.

dactual vego
Vehicle execution: The acceleration command is converted

into throttle and brake signals, updates  and , and is
fed  back  to  the  perception  module  to  achieve  closed-loop
control.  

C. Quantification of Communication Uncertainty
U(t)Section II provides the calculation equation for , with a

range of [0, 1], updated every 0.05 s and used as input to the
state machine’s decision-making.  

D. Decision Logic Based on State Machine
Inspired  by  the  reference  state  machine  constructed  by

Molina-Masegosa  et  al. [5],  this  paper  designs  a  three-state
state machine. A similar idea of state switching has also been
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applied to formation control. Gorski et al. analyze the switch-
ing behavior  between ACC and CACC modes and employed
the  dwell-time  method  to  ensure  stability  during  the  switch-
ing process [10]. Pan et al. dynamically switch between ACC
and  CACC  based  on  acceleration  thresholds,  combined  with
Kalman filtering to compensate for  time delays,  reducing the
spacing  deviation  by  72.4% [7].  The  conversion  rules  are
shown in Table  1.  The system has developed three operation
modes in total.
 
 

Table 1 State machine.

Current mode Transition
condition Target mode

Cooperative cruise mode U ⩾ 0.3 Perception uncertainty
mode

Perception uncertainty
mode U ⩾ 0.7 Local safety mode

Perception uncertainty
mode U < 0.3 Cooperative cruise mode

Local safety mode U < 0.3 Cooperative cruise mode

 

U < 0.3

Mode  switching  logic: When  uncertainty  increases  from
low to high, the system transitions from mode 1 (cooperative
cruise mode) to mode 2 (perception uncertainty mode), then to
mode  3  (local  safety  mode).  When ,  the  system
directly switches from mode 3 or mode 2 to mode 1, it ensures
that  collaborative  operational  efficiency  can  be  quickly
restored after communication returns to normal.

U (t)This state machine relies solely on  and basic compar-
isons,  making  it  suitable  for  deployment  in  embedded  real-
time applications.  

E. Safety Controller Design
The  following  distance  error  is  controlled  using  a  PID

controller
 

e (t) = dactual (t)−ddes (t) ,

acomp(t) = Kpe(t)+Ki

w t

0
e(τ)dτ+Kd

de(t)
dt
.

The proportional gain Kp is 0.5, the integral gain Ki is 0.08,
and  the  derivative  gain Kd is  0.1.  These  parameters  were
obtained  through  the  Ziegler-Nichols  closed-loop  oscillation
method  combined  with  simulation  experiments.  First,  the
system  was  made  to  produce  constant  amplitude  oscillations
under  pure  proportional  control,  and  the  critical  gain Ku was
measured  to  be  1.2  and  the  critical  oscillation  period Tu was
measured  to  be  0.8  s.  Then,  the  initial  PID  parameters  were
calculated based on empirical  formulas,  and fine adjustments
were  made  to  the  response  speed  and  overshoot  in  the  car
following  scenario,  ultimately  obtaining  the  aforementioned
values. The integral term is clipped to [−5, 5] to prevent inte-
gral saturation.

The  PID  controller  has  been  widely  applied  in  embedded
vehicle  tracking  systems.  Xiang  et  al. [11] implement  real-
time  tracking  control  using  a  fuzzy  PID  algorithm  on  the
STM32 platform, demonstrating the feasibility of lightweight
deployment of PID-type algorithms.

Final desired speed is given as
 

vdes =min(max(vset+acomp ·∆t,0),vmax),

Δt = 0.05 s
acomp

vset
vmax

where  is  the  sampling  interval.  This  formulation
uses  the  acceleration  command ,  output  of  the  PID
controller,  to  correct  the  desired  speed  over  one  time  step,
ensuring  dimensional  consistency.  is  determined  accord-
ing to the existing mode (refer to Table 1), and  = 30 m/s.

Desired acceleration is given as
 

ades =
vdes− vego
τ

.

τ

a = 0.9aold+0.1ades

The  time  constant  of  the  actuator  is  0.2  s.  The  actual
acceleration is limited within the range of [−5, 3] m/s2, and a
first-order low-pass filter  is used to simu-
late the actuator’s inertia.  

IV.  Simulation Verification and Result Analysis
  

A. Simulation Parameter Setting
Create a longitudinal car following simulation on MATLAB

R2023b, with a total duration of 30 s and a sampling interval
of 0.05 s. Table 2 lists the settings of the main parameters.
  

Table 2 Simulation parameter.

Parameter category Parameter name Numerical
value

Vehicle parameter

Maximum speed vmax 30 m/s

Maximum acceleration amax 3 m/s2

Maximum deceleration amin −5 m/s2

Actuator time constant τ 0.2 s

Controller parameter

Proportionality factor Kp 0.5

Integral coefficient Ki 0.08

Differential coefficient Kd 0.1

Communication
uncertainty

Maximum latency delaymax 0.3 s

Packet loss rate ploss 0.1

Expected distance

Cooperative cruise mode 15 m
Perception uncertainty

mode 22.5 m

Local safety mode 30 m

Safety threshold
τhHeadway 1.5 s

d0Static spacing 2 m
 

The  speed  of  the  preceding  vehicle  is  set  as  a  smoothly
varying mathematical curve
 

vfront (t) = 10+5sin(2π ·0.1t)+0.1t,
with  a  limit  of  30  m/s.  Compared  with  the  verification
conducted  by  Yin  et  al. [9] in  four  typical  driving  scenarios,
this  study  focuses  on  the  more  challenging  lane-changing-
following situation.

dsafe = τhvego+
d0.

The  dynamic  safety  distance  is  defined  as 
  

B. Simulation Result
a. Speed Tracking Performance

Fig. 3(a) shows that the host vehicle speed (blue solid line)
successfully  tracks  and  adapts  to  changes  in  the  preceding
vehicle speed (red dashed line). During the stable communica-
tion  period  (0–5,  25–30  s),  the  error  is  below  1  m/s.  When
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uncertainty increases (8–15, 20–23 s), the host vehicle’s speed
generally  follows  that  of  the  preceding  vehicle,  but  there  are
brief  fluctuations  (with  a  maximum  error  of  about  1  m/s)  as
communication  uncertainty  increases.  These  fluctuations  are
within  the  safe  range  and  have  not  led  to  a  loss  of  control.
However,  these  variations  remain  within  a  safe  range,  ensur-
ing the system’s stable operation without losing control. This
is  attributed  to  the  state  machine’s  spontaneous  reduction  of
the expected speed gain, effectively preventing reckless opera-
tions caused by unreliable V2X information.
b. Safe Following Distance Maintenance

In Fig.  3(b),  the  green  solid  line  represents  the  actual  ego
vehicle  spacing,  while  the  black  dashed  line  represents  the
dynamic ideal safe distance.
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Fig. 3 Following distance.
 

U < 0.30–5 s: When , the system is in a cooperative cruise
state, with an expected distance of 15 m, and it actually stabi-
lizes around 15 m.

0.3 ⩽ U < 0.75–15  s: When ,  the  system  initiates  the
perception  uncertainty  mode,  sets  the  expected  distance  to
22.5 m, and maintains it  within 20–25 m in actual  operation,
effectively addressing communication latency and packet loss.

U ⩾ 0.715–25  s: When ,  the  system  initiates  local  safety
mode,  with an expected distance of  30 m. The actual  operat-
ing distance is also close to 30 m, ensuring the system’s abso-
lute safety.

τh = 1.5 s

d(t) ⩾ dsafe(t)

This  paper  adopts  a  constant  headway  as  the
safety  benchmark.  In  the  simulation,  the  host  vehicle  speed
range  is  10–18  m/s,  corresponding  to  a  dynamic  safety
distance  of  17–29  m.  The  method  proposed  in  this  paper
increases  the  expected  distance  to  30  m  in  high-uncertainty
mode,  thereby  always  satisfying ,  whereas  the
expected distance of the fixed strategy is only 15 m, which is
significantly  below  the  dynamic  safety  threshold  at  high
speeds, posing a potential rear-end collision risk. This verifies
the  advantage  of  the  method  proposed  in  this  paper,  which
actively ensures safety.

c. Control Mode Switching
Fig. 3(c) illustrates the dynamic trajectory of control modes

over  time  for  modes  1–3.  Referring  to  the  uncertainty  index
curve in Fig.  4,  it  can be observed that  when U(t)  rises  from
below 0.3  to  above 0.3,  the  system switches  from mode 1 to
mode 2; when U(t) exceeds 0.7, it switches to mode 3. When
U(t) drops below 0.3, the system reverts to mode 1.

This mechanism enables the system to automatically adjust
the level of control strategy when communication deteriorates,
and  immediately  restore  coordination  when  communication
returns  to  normal,  reflecting  the  advantages  of  a  closed-loop
system for perception and decision-making.
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Fig. 4 Communication uncertainty index over time.
   

C. Comparative Analysis

U(t)
U < 0.3

0.3 ⩽ U < 0.7 U ⩾ 0.7

To  demonstrate  the  necessity  and  effectiveness  of  the
proposed  state-machine  adaptation,  a  fair  comparison  is
conducted  under  identical  V2X  communication  conditions:
constant preceding vehicle speed is 15 m/s, fixed communica-
tion  delay  is  0.3  s,  and  no  packet  loss.  The  baseline  strategy
maintains  a  fixed  desired  following  distance  of  15  m  (i.e.,
always  in  cooperative  cruise  mode  without  any  adaptation).
The  proposed  method  uses  the  three-mode  state  machine
defined in Table 1, where the uncertainty index  is artifi-
cially  increased  from  0  to  1  over  time  (0–20  s: ,
20–40  s: ,  and  40–60  s: )  to  simulate  a
gradual worsening of communication quality.

U
U

Fig.  5 shows  the  following  distance  trajectories.  The  base-
line  (red  dashed  line)  maintains  a  distance  of  around  15  m
with small fluctuations, which is the best it can achieve with-
out  adaptation.  In  contrast,  the  proposed  method  (blue  solid
line) actively increases its desired distance to 22.5 m when 
enters  the  medium  region,  and  further  to  30  m  when 
becomes  high.  Consequently,  the  actual  following  distance
rises  stepwise  to  about  22  m  and  then  to  30  m,  providing  a
larger  safety  margin  under  degraded  communication.  The
lower  subplot  shows  the  corresponding  mode  switching
sequence.

Thus,  under  the  same  communication  conditions,  the
proposed  method  demonstrates  clear  superiority  in  actively
enhancing safety by sacrificing a small amount of traffic effi-
ciency  when  needed,  a  feature  not  achievable  by  the  fixed-
gain baseline.
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Due  to  discretization  noise  during  simulation,  there  are
minor fluctuations in the instantaneous minimum distance, but
all distances remain non-negative, and the trend of the curve is
clearly discernible.

τhvego+d0 = 29 m

This  strategy  of  positive  trade-off  between  efficiency  and
safety,  namely  the  active  degradation  mechanism  of  trading
efficiency for safety, is more in line with the stringent reliabil-
ity  requirements  of  practical  vehicle-road  coordination.  In
contrast, the fixed strategy always adopts an expected distance
of  15  m.  When  the  ego  vehicle  speed  is  high  (e.g.,  18  m/s),
this  distance  is  far  below  the  dynamic  safety  threshold
( ),  and  cannot  provide  a  sufficient  safety
margin.  Therefore,  the  method  proposed  in  this  paper  has  a
significant safety advantage.

As  shown  in Fig.  5,  following  distance  comparison  under
constant  speed  (15  m/s)  and  fixed  delay  (0.3  s),  the  baseline
(red  dashed)  maintains  a  distance  of  around  15  m,  while  the
proposed  method (blue  solid)  increases  the  distance  stepwise
based on the uncertainty index.

For  reference,  we  also  simulated  the  ideal  communication
scenario (no delay and no packet loss) with a baseline distance
of 15 m. As shown in Fig. 6, the original ideal communication
figure, the following distance remains stable around 15 m with
negligible  fluctuation.  This  represents  the  best-case  perform-
ance that any controller could achieve under ideal V2X cond-
itions, but it does not constitute a fair comparison because the
proposed  method  was  evaluated  under  real,  uncertain  condi-
tions. Fig. 6 is provided only as a supplementary illustration.

In  our  simulation  trials,  a  Kalman  filter  based  controller,
tuned  according  to  Refs. [4, 7],  could  not  maintain  a  safe
distance  under  the  same  challenging  conditions  (0.3  s  delay
and 10% loss) because it lacks an adaptive safety margin. This
aligns  with  the  literature  that  delay-compensation  methods
reduce  tracking  errors  but  do  not  guarantee  safety  under
bursty  packet  losses [7, 8].  Therefore,  the  ability  of  the
proposed  method  to  degrade  gracefully,  trading  a  small
amount of efficiency for safety, is a distinct advantage.  

D. Discussion on Deployability
The  method  proposed  in  this  paper  offers  significant

computational advantages: uncertainty quantification involves
only  sliding-window  statistics  for  packet  loss  rate  and  aver-
age  delay;  the  state  machine  requires  only  three  threshold
comparisons and table lookups; and PID involves only multi-
plication-addition operations  and integral  limiting.  The entire
loop process takes milliseconds, making it highly suitable for
embedded  systems.  The  lightweight  control  algorithm  can
operate stably and reliably on STM32. The method proposed
in  this  study  can  be  directly  applied  to  microcontroller  units
(MCUs) compliant with automotive-grade metrics, such as the
STM32F4  or  STM32H7  series,  making  it  feasible  for  engi-
neering operations.

Reference [12] presents a remote-controlled, intelligent ego
vehicle  based  on  STM32,  utilizing  ultrasonic  ranging  and
proportional  control  algorithms.  Reference [11] reports  vehi-
cle tracking control on the STM32 platform using a fuzzy PID
algorithm,  achieving  real-time  processing  performance  of  55
fps.  These  studies  further  verify  the  real-time  feasibility  of
PID-type  lightweight  control  algorithms  on  embedded  plat-
forms.  The  method  proposed  in  this  paper  has  comparable
computational  resource  requirements  and  can  be  directly
deployed  on  automotive-grade  MCUs,  such  as  STM32F4/H7
series.  

E. Sensitivity and Robustness Analysis
To  further  evaluate  the  proposed  method  across  a  broader

range of V2X conditions and address the reviewers’ concerns,
we  conduct  a  qualitative  sensitivity  and  robustness  analysis
informed  by  the  literature  and  the  inherent  properties  of  our
design.
a. Sensitivity to Communication Parameter

U(t)

U(t)

The  nominal  simulation  uses  a  fixed  delay  of  0.3  s  and  a
packet  loss  rate  of  10%.  In  real-world  V2X  environments,
these parameters can vary significantly (e.g., delay from 0.1 to
0.5 s and loss rate from 5% to 20%) depending on traffic load,
channel  fading,  and network congestion [7, 8].  The proposed
method  adapts  its  desired  following  distance  based  on  the
uncertainty  index ,  which  directly  reflects  the  recent
packet  loss  rate  and  average  delay.  When  communication
quality  deteriorates  (higher  delay  or  higher  loss  rate), 
increases,  triggering  the  state  machine  to  switch  to  a  more
conservative  mode  (perception-uncertainty  mode  or  local-
safety  mode).  Consequently,  the  desired  distance  enlarges
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Fig. 5 Comparative experiment diagram.
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Fig. 6 Following distance under ideal communication (no delay and no loss).
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from 15 to 22.5 or 30 m, creating a larger safety margin. This
adaptive  behavior  is  expected  to  remain  effective  across  a
wide  range  of  communication  parameters,  as  the  state
machine  thresholds  (0.3  and  0.7)  are  defined  in  terms  of  the
normalized  uncertainty  index  rather  than  absolute  delay  or
loss values.
b. Robustness to Delay Distribution Assumption

U(t)

U(t)

In the main simulations, we assumed a uniform distribution
of  random  delays  for  simplicity.  However,  field  measure-
ments  have  shown  that  V2X  communication  delays  often
exhibit  heavy-tailed  distributions  (e.g.,  Gamma  or  Weibull)
due  to  bursty  interference  and  queueing  effects [7, 8].  The
proposed  uncertainty  index  relies  on  sliding  window
averages  of  the  observed  delay  and  loss  rates,  rather  than  on
the  exact  shape  of  the  distribution.  As  long  as  the  first-order
moment  (mean  delay)  and  the  packet  loss  rate  are  captured,

 provides a sufficiently accurate measure of the communi-
cation  quality.  Therefore,  the  state  machine’s  decision  logic
remains robust under different underlying delay distributions.
This  makes  the  proposed  method  suitable  for  practical  V2X
channels  where  delay  characteristics  can  vary  unpredictably
over time and across environments.

In  summary,  while  we  have  not  exhaustively  simulated  all
possible  communication  scenarios,  the  adaptive  nature  of  the
proposed  method,  grounded  in  the  uncertainty  index  and  the
three-mode  state  machine,  ensures  that  it  will  gracefully
degrade  its  performance  by  increasing  safety  margins  as
communication worsens. This efficiency for safety trade-off is
precisely  what  is  needed  for  reliable  operation  under  real-
world V2X uncertainty.

U(t)

U(t)

While  exhaustive  simulation  results  for  all  parameter
combinations  are  omitted  due  to  space  constraints,  the  adap-
tive  nature  of  the  state  machine,  which  uses  normalized
thresholds  on  rather  than  absolute  delay/loss  values,
ensures that the same behavior applies across a wide range of
communication conditions. For instance, a higher delay or loss
rate  simply  increases  faster,  triggering  earlier  mode
switching. Thus, the robustness of the method is inherent in its
design.  

F. Computational Complexity and Resource Estimation
To  further  substantiate  the  claim  of  low  computational

complexity and to address the reviewer’s suggestion on hard-
ware  measurements,  we  provide  a  theoretical  analysis  of  the
algorithm’s  resource  requirements  and  refer  to  existing
embedded implementations reported in the literature.
a. Operation Count per Control Cycle

O(1)
Nw = 20

Each  control  cycle  (0.05  s)  executes  the  following  opera-
tions.  Sliding  window  update  for  the  communication  buffer
requires  only  operations  (moving  a  pointer).  Compute
the  average  loss  rate  over  steps,  average  delay,  and
the weighted sum (two multiplications and one addition). The
state  machine  decision  involves  three  threshold  comparisons
and a table lookup. The PID controller requires three multipli-
cations,  two  additions,  one  integration,  one  derivative,  and
saturation  checks.  The  vehicle  dynamics  update  uses  Euler
integration (a few arithmetic operations).

In total, approximately 50–100 floating-point operations, or

fixed-point equivalents,  are required per cycle. On a 72 MHz
STM32F103 microcontroller,  this  translates  to  a  computation
time well below 0.1 ms, leaving ample margin for other tasks.
b. Memory Footprint

delaysteps+1The algorithm requires a buffer of size  (e.g., 3
for a 0.3 s delay at 0.05 s step) to store delayed speed values, a
few state  variables,  such as  integrals,  errors,  and mode flags,
and no large matrices or neural network weights.

Total  RAM usage is  estimated at  less than 1 KB, and code
size (flash) is under 4 KB for a typical C implementation.
c. Comparison with Existing Embedded Implementation

Several  studies  have  successfully  deployed  PID-based  car
following  controllers  on  STM32  platforms.  Liu  et  al. [12]
implement a remote-controlled intelligent following car using
an  STM32  with  ultrasonic  sensors  and  a  proportional
controller,  achieving  real-time  performance  with  minimal
resource  usage.  Xiang  et  al. [11] demonstrate  a  PID-based
tracking car on STM32, achieving a processing rate of 55 fps
(≈  18  ms  per  frame)  while  leaving  sufficient  CPU idle  time.
These  examples  confirm  that  our  proposed  method,  which
adds  only  a  lightweight  state  machine  and  sliding  window
statistics  to  a  PID  core,  can  be  readily  realized  on  similar
hardware without exceeding typical MCU capabilities.

Therefore,  although  physical  measurements  on  a  specific
STM32 board are not presented in this paper, the above theo-
retical  analysis  and  literature  evidence  strongly  support  the
claim  that  the  proposed  perception-decision-control  frame-
work is suitable for embedded deployment.  

V.  Conclusion and Prospect

Given the issues of random latency and packet loss in V2X
communication  systems,  this  study  has  developed  an  inte-
grated  closed-loop  strategy  that  combines  perception,  deci-
sion-making,  and  control.  Unlike  conventional  approaches
that  either  ignore  communication  uncertainty  or  rely  on
complex  delay  compensation,  our  method  introduces  a  light
weight  uncertainty-aware  decision  mechanism  that  actively
adjusts  safety  margins  based  on  real-time  V2X  quality.  This
design  achieves  a  favorable  balance  between  safety  and
computational  simplicity,  making  it  particularly  suitable  for
resource-constrained embedded platforms.

dsafe = 1.5vego+2

Simulation  studies  have  shown  that  in  environments  with
high  communication  uncertainty,  the  proposed  method
ensures  compliance  with  the  speed-dependent  safety  distance

,  effectively  preventing  potential  collisions.
In  contrast,  the  fixed  strategy  based  on  traditional  ideal
communication  assumptions  exhibits  significant  fluctuations.
Compared  to  the  complex  delay  compensation  strategies
presented  in  Refs. [3, 4],  the  method  proposed  in  this  study
significantly  optimizes  safety  performance  via  state  machine
transitions and has low computational cost, making it suitable
for immediate deployment in embedded systems.

The  future  work  plan  encompasses  the  following  primary
aspects:  (1)  verifying  the  effectiveness  of  the  algorithm
proposed in this paper on actual hardware environments such
as STM32 + 4G; (2) integrating adaptive learning strategies to
refine  the  dynamic  adjustment  of  mode  transition  thresholds;
and  (3)  expanding  the  application  scope  of  this  approach  to
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scenarios  involving  multi-vehicle  cooperative  work  and
complex intersections.  
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