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Background

C-v2X

@ C-V2X utilizes existing cellular networks and the 5.9GHz frequency band, which
is also used by the DSRC standard, allowing for comprehensive vehicle-to-
network (V2N) communication alongside vehicle-to-vehicle (V2V), vehicle-to-
infrastructure (V2I), and vehicle-to-pedestrian (V2P) communications.

@ C-V2X employs both direct (PC5/sidelink) and indirect (Uu/network) commu-

nication methods.
Traffic Safety  Traffic Efficiency Autonomous Driving Infotainment
Applications Applications Applications Applications

Figure 1: Types of V2X communication
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Background

@ C-V2X, standardized in 2017, is defined by 3GPP standards (LTE-V2X: Release
14, 15; NR-V2X: Release 16, 17, 18, 19) and continues to evolve. Rel-19 is

nearing its freeze point.
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Figure 2: 3GPP C-V2X standard evolution timeline
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Background

C-V2X-Based Cooperative Perception

@ Green/red boxes denote ground truths and predictions; yellow/blue ellipses mark
occluded and distant regions, addressing occlusion and long-range perception.

Occluded area to ego Distant area to ego

(b) Collaborative Perception
Figure 3: An example of (a) individual perception and (b) collaborative perception in
autonomous driving.
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Background

Cooperative Perception

@ (a) shows individual perception without collaboration.

@ (b-d) illustrate three cooperative perception paradigms: early (raw data fusion),
intermediate (feature fusion), and late (result fusion).

Input Base Network ___Feature __ Perception Head __ Output_ >

-

~ . -
B

e = N B
:

e 8 i - |

(a) No Collaboration

B Pose & Timestamp.
7 Compressor

Decompressor

)

() Intermediate Collaboration (d) Late Collaboration

Figure 4: The collaboration scheme in the collaborative perception system.
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Joint Service Caching and Computation Offloading Scheme

Model

@ A generic vehicular network scenario consisting of moving vehicles, edge pools,

and the cloud, where edge servers are interconnected and vehicles dynamically
request task computation.
@ Different service program caches dictate task offloading to specific computing

nodes, categorized into six types.
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Figure 5: System illustration. Figure 6: Flowchart of task offloading
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Joint Service Caching and Computation Offloading Sche

Service Caching and Task Offloading Model
@ The caching cases correspond to the examples in the task offloading flowchart.
@ Cases 1, 3, 5, and 6 do not require offloading ratio decisions.
@ Cases 2 and 4 require offloading ratio decisions.

@ The agent needs to make reasonable caching and offloading decisions.

Task offloading ratio
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Figure 7: Task offloading ratio of different caching cases
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Computation Delay

Joint Service Caching and Computation Offloading Scheme

@ Local task execution delay
'oca, )\d
Tirek(t) = /i) = ok(2)) Z7-
@ Delay of task computation at edge nodes
T (8) = carlt)ouk(t)(1 — ogk(t))

v,e,k

Adk
e "
@ Transmission delay for uploading tasks to the edge pool

N,

Torool(1) = (1 — (1)) 3 cEult))ol(t)ok ()=

i=1,ie

R edge

@ Processing delay of task k requested by vehicle v within the range of edge node
e during time slot t:
Tooek(t) =max{ TS5 (t), T2 (£) + max{T € (2), TP (6) + TP ()

v,e,k v,ek v,e,k v,e,k

+ (1= )= () ez dk(t) * Rcfk 2

@ Average task processing delay during time slott t:
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Tolt) = NiEZ R L TR
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Joint Service Caching and Computation Offloading Sche

Problem Formulati

@ The main goal of our work is to develop a joint computation offloading and
service caching scheme aimed at minimizing long-term average task processing
time.

@ This is a long-term MINLP problem and NP-hard.

. tend 1 Ty(t) (1)
{C‘Kk(t)‘cik(t),o‘zk(r),oik(t)} ) Tdmax

s.t.

e 1 (t) € 0,1}, Vv € V, ¥k € K, Vt € {1,2, ..., teng; ®)
ek i (t) €{0,1}, Ve € E, k, t; 3)
0< o), () <1,Vv, k t; (4)
0 < of (1) <1,Ye, k, t; 5)
0< )
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Joint Service Caching and Computation Offloading Scheme

Problem Formulation Based on DRL

@ DRL is employed to learn vehicle demands and resource states, making dynamic
offloading and caching decisions in a discrete-time Markov Decision Process
(MDP).

@ State Space: Each edge node collects vehicular network information at time slot
t, forming the global state:
se(£) ={[I(£)1Pm=* Nk, [cY (£)]Pma> i [B(1)] P>V [y (£)]Pmax N, [ (£)]Pma X Nich

st = {s:(t), s(t), o0y SNE(t)}-

@ Action Space: The agent determines task offloading ratios and service caching
decisions:

ae(t) ={[c® (£)]Pm= Nk [0 (£)]Pma*Nie [ (£)]Pmax > Nic).

ar ={a1(t), a2(t), ..., ang (t)}.

@ Reward Function: The agent receives feedback based on task latency:
Tdmax ’

re = r(seyar) = —(
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Joint Service Caching and Computation Offloading Schem

Deep Deterministic Policy Gradient Algorithm (DDPG)

(]
Environment
—
(R R (R
As%“% A= Aifﬁ °
4 N St
AR~
e .
Agent
o
\_!i.‘\"‘**w, - 05 184167
Update g | " v "
T ey gradent 9,080 | L2 ursion J @)
1 Policy g /O ———— = @)
4

Figure 8: Framework of DDPG

algorithm
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buffer.
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consist of actor and critic networks.
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Joint Service Caching and Computation Offloading Scheme

Simulation Results

@ As vehicle density increases and more tasks are requested, the total processing

delay increases. The DDPG scheme achieves better performance.

@ The agent can effectively avoid making caching decisions that result in maximum
processing delays, so the DDPG scheme can reduce task processing delays.
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mulation Results

int Service Caching and Computation Offloading Sche

@ As the size of task inputs increases, and assuming constant computing capabilities
for each device, the cumulative task processing delay increases.

@ As the size of task inputs increases, task transmission time and energy consump-
tion increase, leading to higher cumulative energy consumption.

@ As edge nodes’ computing frequencies increase, their processing capabilities im-
prove, leading to reduced cumulative task processing delays, except in cloud
execution and no edge caching scenarios where delays remain unchanged due to

lack of edge computations.
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Figure 11: The total delay
versus task size with p = 5.
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© Cooperative Perception Task Offloading Scheme
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Cooperative Perception Task Offloading Sche

System Overview

System Model

(KE) Rol sk vehicle  (0) Ego vehile perepton range @ Vehicles in the Rol set collect raw sen-
@M Rol server vehicle ~ R ) 5 Bfng

s Vaimote (D Feovehicle V2V imsmission ange sor data [, process it for initial fea-
—_— V2V mode

—+ Local computing ture extraction to get e, and then

— Results feedback

use a detection model to produce ob-
ject data /op;.

@ Computational resources are provided

~ " Which node is the data offload to?

o \\h.llh’w\mdu\:\v\u('ﬂ«mdud’@””“ are resoutces allocated? by Rol task vehicles (fv) and corre-
sponding service nodes (f;;).

Figure 14: An illustration of the VEC @ Offloading Levels (x;):  Defines

system model whether tasks are processed fully lo-

O Rl ek valifdle cally, partially, or fully offloaded.
@ Offloading Indicator (0;): Indicates if
Qf = {v;vy € C:;gsormce\g)vuvego}- a task is offloaded to a specific server
@ Rol server vehicle node.
Qfel, =[v;¥y; ¢ QF' N c?Vn @ Resource Allocation (pj): Indicates

the percentage of server resources al-

cr2V ovie fFhu{r
w0 ! ’ located to tasks.
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Cooperative Perception Task Offloading Scheme

Computation Offloading Model

@ The overall delay for different x;:

lraw AP +lgeg N 2
fv y Vi = Vego
Iraw>‘£7W+’fea)‘Ceia I

obj . Rol
% R Vi € QW75 Vi # Vego

DV/(XI' = O) =

‘ Rol

server fe
Iraw)\r7W Ifea Ifea)\v?a Iobj
%l + )

D, (xi =1, 0, uij) = 4k
o fv,- / Vi —sj Wij fSJ RSj—)ego
Dy (x =2 ) ""‘W +| Rzl haw N7 4+ 1D oty
vi ( Xi = 2, 0jj, Wij) = Oi,j
Yy Py By v, . J Wi ij st - )

@ The transmission rate between vehicle v; and node s;:

plhyl (\/dZ + (H; — h)?))
0‘12 + ZVkEcs\j/zl/vzv\vi phy;

—

Ry = Blogs [ 1+

@ The completion latency of Rol tasks for the ego vehicle:

Rol Rol Rol
Dego = maX{DVi}) vi € Qv »ySj € Qserver-
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Problem Formulation

Cooperative Perception Task Offloading Scheme

@ Our optimization problem aims to minimize the delay of Rol tasks while
considering low-delay and resource constraints.

@ This is a mixed-integer nonlinear programming (MINLP) problem.

minimize D:;f;’ (9)
{xi, 04, i}
subject to D, (xi, 0, i) < min{i, T/2}, (10)
|QRoI
> ay=1lueQ¥ gecall., (11)
j=1
felidl
> wi<1L,veQl s €0, (12)
i=1
Xi € {0) 1) 2}) (13)
0jj € {0) 1}) (14)
wii € [0,1]. (15)
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OTORA Scheme

Cooperative Perception Task Offloading Sc

@ Task offloading decision X*, O* and resource

allocation U*.

@ Exhaustive exploration of all combinations of

discrete variables along with feasibility checks.

@ Once variables are set, converts the MINLP
problem into simpler NLP problems, leveraging

known gradients to tackle non-convexity.

Enumerate Feasibiliy™, | Search

No Yes

Next Gptimal
Combination Solution

Figure 16: Optimal task offloading and resource

Figure 15: optimal task allocation

offloading and resource allocation
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Cooperative Perception Task Offloading Scheme

Simulation Results

@ As computational resources increase, latency decreases for all methods.
@ When resources are scarce, the RDO scheme excels by avoiding local compu-

tations, while the ODO scheme performs best in resource-rich environments by

processing all tasks locally.
@ As computational resources increase, the OTORA scheme optimally maintains

task completion latency by balancing data computation between local resources

and RSUs.
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Figure 17: Impact of increased vehicle computing resources on (a) Rol task processing
delay and (b) data computation distribution across nodes (|QF'| = 4, Q% | = 5).
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Cooperative Perception Task Offloading Scheme

Simulation Results

@ As the number of task vehicles increases, resulting in higher computational de-

mands, the resources of the service nodes remain unchanged, leading to an in-
crease in processing delay.

@ The flexibility of the OTORA scheme in dynamically arranging offloading based
on task stages enables a balanced utilization of both demand and service node
resources, thereby maintaining optimal performance even as demand increases.

0.5)

e
I

0.75

DESL (T
2

Data Computation Distribution

. —8— OTORA =+ RDO = = =
0.15 . = 5|
=& 0DO —— GTO 0251 =) i 2 N
—A— FDO OTORA (SA) = =7 2
0101 @ 0.00 L= =
2 3 4 5 6 7 2.0 X 6.0 7.0
Rol
|QR| 1957

(a) (b)
Figure 18: Effect of increasing number of task vehicles on (a) Rol task processing

delay and (b) data computation proportions among various nodes (‘Qf;",f,e, =5).
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Cooperative Perception Task Offloading Scheme

Simulation Results

@ As wireless channel bandwidth increases, processing delays decrease for all

schemes except ODO, which does not utilize channel bandwidth.

@ The GTO scheme takes into account the computational resources of the offload-

ing nodes but does not comprehensively consider the data types involved.

@ The OTORA scheme optimizes performance by judiciously distributing compu-

tational and communication resources between demand and service sides.
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Figure 19: Impact of increased wireless bandwidth on (a) Rol task delay and

computation distribution across nodes (|Q'| = 4,|Q%! | =5).
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@ Object-Level Cooperative Perception System

Gtz 4 F

Guangdong University of Technology

Zheng Xue (GDUT) Resource Scheduling for Cooperative Perception and Computing in loV 9 November 2025



@ Raw data contains the most comprehensive information and substantial descrip-

tion of agents.

@ Feature extraction often causes information loss and unnecessary information
redundancy.

@ Late collaboration (object-level) is more bandwidth-economic and simpler than
early and intermediate collaboration.

[ Raw data ] [ Raw data ]
l l Encoder { Encoder
Collaboration
# Decoder
Collaboration ‘
lEncuder Collaboration
@
l Decoder lDecoder ‘
[ Results ] [ Results ] Final Results

(a) Early collaboration (b) Intermediate collaboration  (c) Late collaboration

Figure 20: The collaboration scheme in the collaborative perception system.
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Object-level Cooperative Perception System

Hardware-in-Loop Platform Framework
@ LTE-V2X OBU device supports 3GPP Release 14 PC5 communication, operates
between 5905-5925 MHz with 10 MHz/20 MHz bandwidth, and has a maximum
transmission power of 23+ 2 dBm. It includes a GNSS antenna for receiving

satellite signals.

@ NVIDIA’s Jetson AGX Orin 32 GB has a computing power of up to 200 TOPS,
with a maximum CPU frequency of 2.2 GHz and a maximum GPU frequency of

Vehicle 1 Vehicle 2

‘
GNSS  Camera Lidar | GNSS Camera  Lidar

Visualization Platform |

LTE-V2X
- >

Autonomous Driving
i Computing Platform

utonomous Driving

! \ Computing Platform
OBU OBU
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Object-Level Cooperative Perception Syst

ROS2 Sender Node Receiver Node Graph

/point_cloud

Figure 22: ROS2 sender node graph.
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Figure 23: ROS2 receiver node graph.
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ject-Level Cooperative Perception Sys

eploy Process for ROS2 Inference Nodes

@ Train the PointPillars model using NVIDIA TAO Toolkit, generate
an inference module, and encapsulate it as a ROS2 node.

Predictions

Point cloud
T | Pittar Backbone Detection
e Th ‘ FeatureNet | | (zn CNN) Head (ssn)

Point Stacked Learned Pseu
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I e
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000001.txt
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ROS2 topic:

Figure 24: Deployment process for ROS2 inference nodes.
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Object-Level Cooperative Perception System

Figure 25: Visualization interface of the sender.

Figure 26: Visualization interface of the sender.
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Performance Evaluation

Object-Level Cooperative Perception Sys

@ The link latency of the cooperative perception system is crucial for
ensuring real-time data exchange and decision-making among mul-

tiple vehicles.

@ Test the latency of each module in the cooperative link.
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Figure 27: lllustration of link latency.
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Object-Level Cooperative Perception System

Performance Evaluation

@ The average detection latency of the receiver’s inference module is about 110 ms,
and the visualization latency is about 50 ms. The total average latency of the
cooperative link is about 300 ms, with the inference module’s average detection

latency being about 110 ms.
@ Object-level cooperative perception is shown as alerts on the human-machine

interface, overcoming the perception limitations of human drivers and single

vehicles.
Test data  Total packets Spo, (MB)  Sjy,. (B) (Lh,f(,;_ (ms)  digga, (ms)  dis (ms)
Test 1 2151 0.85 1053.37 112.56 34.70 50.01
Test 2 1981 0.85 1051.77 99.33 48.32 49.33
Test 3 4986 0.85 1052.34 122.74 23.11 49.60
Test 4 4242 0.85 1052.93 99.38 47.11 49.62
Test 5 4211 0.85 1052.35 105.30 40.43 49.25

Figure 28: Inference link latency of the receiver.

Test data  Packet loss rate  dititfl, o, diTHE"  diTHT sonaer divepare  Geran SRS diSSNT dSOY
Test 1 0.092% 5.66 108.39 18.97 2029 1802  4.06 8.23 99.72
Test 2 0 5.63 109.23 18.82 20.30 3228 416 847 10055
Test 3 0 5.75 109.02 18.75 20.28 2587  3.95 1848 101.84
Test 4 0.047% 5.83 102.71 18.28 20.25 2619 418 8.65 99.85
Test 5 0.023% 5.75 108.79 18.91 20.29 3571 3.99 8.31 101.73

Figure 29: Latency of cooperative perception links.
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Concluding Remarks

In this talk, we presented resource scheduling strategies for cooperative perception and
computing in the loV.

@ Proposed a dynamic service caching and computation offloading scheme to min-
imize task latency and improve resource utilization.

@ Developed an optimal task offloading and resource allocation (OTORA) algo-
rithm for multi-source cooperative perception tasks.

@ Implemented a prototype system based on NVIDIA Orin and OBU platforms to
validate the late-fusion-based cooperative perception framework.

This work demonstrates that efficient resource scheduling enables real-time
cooperative perception and computation in loV, providing a promising pathway for
intelligent connected vehicle applications.
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