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Abstract—One key element towards improving network
performance with lower computing latency and better quality of
service in vehicular edge computing (VEC) is offloading, which
allows computation-intensive mobile applications to offload their
tasks to VEC servers. In vehicular ad-hoc networks, VEC can
offload the computation tasks to the road-side unit (RSU), which
improves vehicular service and reduces energy consumption of
the vehicle. In this letter, we investigate the impact of transmission time between vehicles and RSUs, which significantly impacts
the offloading decision. In particular, due to the high mobility
topology and IEEE 802.11p medium access control protocol, we
propose an algorithm design of joint contention window control
and offloading decision formulated as a mixed-integer non-linear
problem to maximize system utility. The numerical results show
that the proposed algorithm significantly outperforms benchmark
policies in terms of the total processing completion time.
Index Terms—Vehicular edge computing, task offloading, contention window, IEEE 802.11p.

I. I NTRODUCTION
EHICLE edge computing (VEC) is a promising new
technology that integrates computing resources in order
to process computational tasks using vehicular driving
systems, and onboard mobile devices to offer computing
services for pedestrians. Applications such as autonomous
driving and vehicular video streaming require enormous tasks,
high computational complexity, and tight delay sensitivity [1].
Because vehicles have substantial computing and storage
resources, vehicles and road-side units (RSUs) can contribute
their computing resources to vehicle networks, thereby serving
as the main components of VEC.
The computing task is a process where vehicles offload their
computation-heavy and latency-sensitive tasks to RSUs for
edge execution. By processing the computational task near the
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vehicle and considering the characteristic of vehicle networks,
VEC can reduce the computation response time and alleviate
traffic congestion problems in capacity-constrained backhaul
links. Based on dependency applications (i.e., an augmented
reality) or independence applications (i.e., virus scans and
image compression), each task can either be processed locally
or offloaded from the vehicle to a VEC server. The benefits of using a VEC for these tasks are as follows: 1) low
total processing completion time due to limited the data passing through the network, 2) increased quality of service for
various application requirements in vehicular ad-hoc networks
(VANETs) [2], and 3) lower communication delay due to the
proximity between vehicles and VEC servers.
Although task offloading decisions in VEC can alleviate network burden and reduce packet transmission delay,
there remain critical challenges. First, the traditional offloading algorithm design depends on human experience [3], and
the network topology of the vehicular environment is highly
dynamic due to the high mobility of vehicles. Therefore,
vehicular environment analysis is required for accuracy and
real-time evaluation, thereby making task optimization crucial. Second, it is difficult to characterize the time variance
between channels in urban vehicular environments due to
existing obstacles, such as trees and buildings. Therefore,
management of the dynamic resource demands, complicated
traffic environments, and diverse application characteristics is
challenging.
Approaches have been proposed to determine optimal
offloading decisions. Binary offloading was proposed to minimize energy consumption and computation latency. This
method accelerates independent decisions by users regarding the local execution of tasks or task offloading to edge
servers [4]. To maximize the utilities of vehicles and computing servers, each vehicle selects one VEC server as the
target offload server [5]; however, this results in all vehicles selecting the VEC server with the highest utility [6].
Moreover, these approaches exclude wireless technology in
a vehicular environment, which does not comply with the
IEEE 802.11p standard. A previous study [7] considered computation offloading based on IEEE 802.11p; however, the
trade-off between vehicle density and the contention window (CW) was excluded. Another study [8] proposed a VEC
framework (autonomous vehicular edge (AVE)) to increase
the computational capabilities of vehicles without requiring
the deployment of a particular infrastructure. Additionally,
based on the time consuming nature of computational task
and vehicle mobility, Zhang et al. [9] designed an efficient
predictive combination-mode relegation scheme to reduce

c 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
2162-2345 
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Kyunghee Univ. Downloaded on July 12,2020 at 07:28:10 UTC from IEEE Xplore. Restrictions apply.

NGUYEN et al.: JOINT OFFLOADING AND IEEE 802.11P-BASED CONTENTION CONTROL IN VEHICULAR EDGE COMPUTING

computational costs and improve task transmission efficiency
by focusing on computation transfer strategies via vehicleto-infrastructure (V2I) and vehicle-to-vehicle (V2V) communication modes without consideration of the IEEE 802.11p
standard. Moreover, Zhou et al. [10] proposed a consensus alternating direction method of multipliers (ADMM)
based energy-efficient resource-allocation algorithm to achieve
significant improvements in energy savings. Furthermore,
although some approaches applied medium access control
(MAC) addresses for the vehicular network [4]–[10], they did
not consider contentions with IEEE 802.11p standard.
VANETs connect and exchange information through V2V or
vehicle-to-RSU (V2R) communication mode [11], with MAC
addresses playing a vital role in providing efficient and fair
access to a wireless network between vehicles and providers.
IEEE 802.11p [12] represents the legacy IEEE 802.11 standard that supports VANETs and the standard deployed for
vehicular communication. The IEEE 802.11p-based MAC protocol uses a priority-based access scheme that employs both
enhanced distributed-channel access and carrier-sense multiple
access with collision avoidance (CSMA/CA) mechanisms to
promote driving safety and comfort.
The intermittent connectivity between vehicles and RSUs
remains a critical challenge. In VEC, vehicles can access
the channels to transmit their tasks to RSUs [12]; however,
the rapid movement of vehicles leads to frequent topology
changes, resulting in an easy disconnection of links that leads
to deterioration of communication quality. Additionally, conventional static decision-making schemes result in frequent
offloading failures due to connectivity issues between vehicles and RSUs before the completion of the workload-data
upload. Moreover, task transmission time in V2R communication is used to calculate computation-intensive tasks; therefore,
reducing access delays on the MAC layer requires consideration. Recent research has increasingly focused on addressing
joint computation and transmission time, as well as the use of
VEC in vehicle networks.
The main contribution of this letter is three-fold: i) we investigate the impact of transmission time between vehicle and
RSUs to offloading decisions; ii) we address the V2R transmission time problem to maximize the system utility by designing
an adaptive joint CW and offloading-based scheme as a mixedinteger nonlinear problem; iii) under various vehicle density
conditions, with simulation results, we show that this method
can reduce the processing time for each RSU coverage area.
Additionally, the algorithm complies with the IEEE 802.11p
standard used by VANETs.

II. S YSTEM M ODEL
A. VEC Network
The VANET under consideration comprises a set of RSUs
and a set of vehicles moving on a unidirectional road (Fig. 1).
Each RSU is equipped with a VEC server with limited computing resources. The set of RSUs is denoted as M =
{1, . . . , M }, with the RSUs deployed along a unidirectional
road. Based on VEC architecture [1], [7], under a variety of
the vehicular environments and the coverage area of M RSUs
with exhibiting different transmission strengths, the road is

Fig. 1.
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VEC offloading in a vehicular network.

divided into M segments of different size, {L1 , L2 , . . . , LM },
respectively. A vehicle communicates only with RSUm when
it is located in segment m, where m ∈ M .
We assume that N vehicles are arriving at the starting point
and running at speed v. By denoting the set of vehicles as
N = {1, . . . , N }, each vehicle has a computational task,
described as Di  (di , ci , Timax ), i ∈ N , where di is the
size of the computational task, ci denotes the required computational resources for computing task Di , and Timax is the
maximum latency required to accomplish the task. For the
selection decision, we denote xij ∈ {0, 1} (i.e., if vehicle i
chooses the VEC server on RSU j as the target offloading
server and offloads its task to this server, xij = 1; otherwise
xij = 0.)
We divide the computation-intensive task into three major
time components: movement time, wireless transmission time,
and computation time. First, vehicle i moves from the starting
point to the coverage
j −1area of RSU j, with the movement time
represented as ( k =1 Lk )/v . Second, the vehicle sends its
task from vehicle i to RSU j based on the IEEE 802.11p MAC
protocol. Finally, the computation time depends on the allocated computational resources, task size, and the CW affects
the transmission time between a vehicle and RSU based on
IEEE 802.11p. Therefore, modeling the transmission time is
essential.
B. Transmission Time
The IEEE 802.11p standard [12] supports VANETs by
providing V2V and V2R communications and supporting
transmission rates from 3 Mb/s to 27 Mb/s over a bandwidth of 10 MHz [13]. Additionally, IEEE 802.11p uses the
CSMA/CA protocol for packet transmission; therefore, the
offloading task uses request-to-send/clear-to-send (RTS/CTS)
to reduce collisions. We assume that each vehicle or RSU
has one transceiver, which is dedicated to short-range communication (DSRC) devices in vehicular communication
networks [9]. Moreover, IEEE 802.11p multiple access mechanism (CSMA/CA) arranges each station to attempt random
access only when the channel is sensed not in use by another
station.
As previously described [14], the probability, τ , of vehicle
i transmitting its task to RSU j in a randomly chosen slot time
when the backoff time counter is equal to zero is as follows:
τ=

2(1 − 2p)
(1 − 2p)(W + 1) + pW (1 − (2p)b )

.

(1)

where p refers to that, when one particular vehicle is transmitting, the probability that other vehicles collide with the
given vehicle; b is the maximum backoff stage, and W is the
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TABLE I
IEEE 802.11 D EFAULT CW S ET

maximum CW of backoff stage 0. The probability p is given as
p = 1 − (1 − τ )Nj −1 .

(2)

where Nj is the number of vehicles, and determined by the

VEC server on RSU j, Nj = N
i=1 xij . Consequently, τ and p
are solved using numerical methods [14]. Note that 0 < p < 1
and 0 < τ < 1.
Let Pijsuc be the probability of successful transmission of an
offloaded task, and Pijcol be the collided transmission. When
the channel is idle with probability Pijidle , we have:
⎧
Nj
idle
⎪
⎨ Pij = (1 − τ ) ,
(3)
Pijsuc = Nj τ (1 − τ )Nj −1 ,
⎪
⎩ col
Pij = 1 − (1 − τ )Nj − Nj τ (1 − τ )Nj −1 .
Let Tijidle , Tijcol , and Tijsuc denote the duration of a free time
slot, the duration of a transmission collision, and the duration of a successful reservation, respectively. As previously
described [15], we have
⎧ idle
Tij = σ,
⎪
⎪
⎪
⎨T suc = AIFS + RTS + δ + SIFS + CTS + δ
ij
(4)
⎪
+ SIFS + H + Tijdi + δ + SIFS + ACK + δ,
⎪
⎪
⎩ col
Tij = RTS + AIFS + δ.
where H denotes the overhead of the packet header, SIFS is
the interval of the short inter-frame space, ACK is the time
of acknowledgement, AIFS is the interval of the arbitration
inter-frame space, RTS is the RTS transmission time, CTS is
the CTS transmission time, σ is the duration of a time slot,
and δ is the propagation time. Note that Tijdi is a transmission
delay of task di taking on the wireless channel, given as
di
Tijdi =
.
(5)
g
B log(1 + Pi Nij0 )
where B is the RSU bandwidth, Pi is the transmission power
of vehicle i, gij is the channel gain between vehicle i and RSU
j, and N0 is the noise power [1], [7].
Let Sij be the normalized throughput:
Pijsuc di
Sij = idle
.
(6)
Pij σ + Pijsuc Tijsuc + Pijcol Tijcol
Because the throughput is represented as a data rate, the
transmission time for offloading task di from vehicle i to RSU
j is given as
Tijt =

Pijidle σ + Pijcol Tijcol
di
= Tijsuc +
.
Sij
Pijsuc

(7)

We consider a simple scenario of one RSU, a various number of vehicles, N, and the maximum backoff stage, b. The
relationships between transmission time, N and b are shown
in Fig. 2, and simulated using the communication parameters
described in Section IV. Table I shows the default contention
set according to different IEEE 802.11 standards, and b can
vary from 1 to 6. Similar to a previous study [12], we vary
b from 1 to 5. As shown in Fig. 2, we determined that the
high vehicle density and maximum backoff stage, b, affect the
transmission time. For example, when the number of vehicles is 80, the average transmission time at b = 3 is higher

Fig. 2.

The average transmission time versus the maximum backoff stage.

than that at b = 5 (Fig. 2). To obtain high performance, we
need to determine the optimal (minimal) transmission time. In
this case, the RSU chooses b = 5, which corresponds to the
optimal average transmission time (0.67 ms). Therefore, under
a specific vehicle density, non-optimal b can lead to longer
transmission time, and thus, b should be carefully optimized.
C. Computation Time
When vehicle i offloads its task to the VEC server on RSU
j, the computational resource of the VEC server is limited,
because Nj vehicles want to offload their tasks to the server
on RSU j. Therefore, the computational resource for Nj must
be allocated. Let fij be the amount of computational resources
that
N the VEC server on RSU j assigns to vehicle i. Note that
i=1 xij fij < Fj , where Fj is the total computation time of
the VEC server on RSU j, and the computation time, TijVEC ,
of the VEC server on RSU j is given as
c
(8)
TijVEC = i .
fij
D. System Utility Function
Task processing delay comprises three components:
movement time, transmission time, and computation time on
the VEC server. Therefore, this delay is calculated as follows:
⎛⎛
⎞
⎞
j
−1
M

Ti =
(9)
xij ⎝⎝
Lk ⎠/v + Tijt + TijVEC ⎠.
j =1

k =1

According to previous studies [5], [6], [7], the utility
function balances the load among VEC servers to achieve
proportional fairness, which is defined as
Ui = α log(1 + β − Ti ).

(10)

where α is the satisfaction parameter, and β normalizes the
satisfaction of being non-negative [5], [6], [7].
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III. P ROBLEM F ORMULATION AND S OLUTION
We formulated the joint CW and offloading problem as a
mixed-integer non-linear programming problem to maximize
system utility. Let x = {xij } be a set vector of decisions
made by VEC server selection, f = {fij } be the computational
resource vector, and b = {bj } be the maximum backoff stage
among vehicles moving within coverage of RSU j, bj ∈ N \
{0}. We formulate the optimization problem, as follows:
max
x,f,b

N


Algorithm 1: Joint Optimization for Selection,
Computation and Contention Window Algorithm
1
2
3
4
5
6

α log(1 + β − Ti )

(11a)

7

i=1

subject to Ti ≤ Timax , ∀i ∈ N ,
M

xij = 1, ∀i ∈ N ,

(11b)
8

(11c)

j =1

9

N


10

xij fij ≤ Fj ,

∀j ∈ M

(11d)

i=1

(11e)
0 ≤ fij ≤ Fj , ∀i ∈ N , ∀j ∈ M ,
xij ∈ {0, 1}, ∀i ∈ N , ∀j ∈ M ∪ {0}, (11f)
(11g)
0 ≤ bj ≤ 5, ∀j ∈ M , bj ∈ N\{0}·

11
12
13
14

The first constraint (11b) guarantees that the task processing
delay cannot exceed the maximum allowed latency, Timax .
Constraints (11c) and (11f) state that each vehicle offloads its
task to one VEC server. With constraints (11d) and (11e), the
sum of the computational resource is assigned to all tasks, and
ensures that the VEC server on RSU j does not exceed its total
computation capacity. Constraint (11e) guarantees that CWi
cannot exceed the maximum contention window (CWmax =
1023 = 2b CW ) corresponding to b = 5 (CW = 32) [12]. The
solution to this problem follows determination of an x given
f and b, followed by b and f according to x, with this process
repeating until convergence. As described previously [7], the
optimal x* and f* are determined, and the number of vehicles
chosen by each VEC server on an RSU is obtained. The b*
is chosen to minimize the transmission time:
Pijidle σ + Pijcol Tijcol
Tijsuc +
(12a)
min
Pijsuc
b
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Initialization:
Set selection decision x(0) ;
Set computation resource f (0) ;
Set contention window b(0) ;
Set the number of iteration: k = 0;
Repeat
Based on f (k−1) and b(k−1) , each vehicle computes
its selection decision, x(k) , based on rounding
method [7];
Based on x(k) , calculate b(k) by using linear
programming to solve (12b);
Repeat
Calculate f (k) by using Lagrangian method to
solve the computation resource allocation
problem for a given x(k) ;
Until
Convergence.
k = k + 1;
Until
Convergence.

Fig. 3. Convergence of the computation resource allocation with N = 60veh.

subject to 0 ≤ bj ≤ 5, ∀j ∈ M , bj ∈ N\{0}· (12b)
The optimal maximum CW b* is obtained using linear programming. Based on above analysis, our joint optimization for
server selection, resource computation, and contention window
algorithm are summarized in Algorithm 1. Note that b depends
only on x; therefore, we update b after obtaining x based on
Eq. (12b). We observe the computation resource allocation on
each vehicle by plotting the convergence evolution of the loop
of step 10 in Algorithm 1, as shown in Fig. 3 under different initial f (0) points. Similar to the JSCO algorithm [7], the
optimal x*, f*, and b* converge within 10 iterations.
IV. S IMULATION R ESULTS
We simulated our proposed algorithm using a MATLAB
event-driven simulator and implemented a straight highway
traffic model [16] to aid in simulation creation. The simulation parameters are summarized in Table II. For regular highway traffic, the arrival process of the vehicles is
a normal distribution, and the number of vehicles on the

highway segment remains constant during the simulation
time. In the highway traffic model, every vehicle is running at a constant speed (60.300 km/h). The computational
resources of the VEC servers from RSUs #1 to #5 are
5 GHz,10 GHz,15 GHz,20 GHz and 25 GHz, respectively. We
assumed that di , ci , and Timax were uniformly distributed
in the range of U[100, 300] KB, U[0.5, 1.5] GHz, and U
[8, 10], respectively. We calculated the average of 200 runs
for a random highway traffic model.
We considered that vehicles were moving at a constant
speed of 120 km/h, as shown in Figs. 4a and 4b. The average

∗
number of vehicles corresponding to Ni = N
j =1 xij , which is
the average number chosen by the VECi , i ∈ [1, 5] is shown
in Fig. 4a indicating that most of the vehicles offloaded their
tasks onto the VEC servers of RSU {2, 3, 4}, because the vehicles in the coverage of RSU #1 could choose the next RSU
to offload their tasks based on their movements. This guaranteed strict delay sensitivity and limited computational capacity.
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Average number of chosen vehicles, processing time for the number of arriving vehicles, and vehicle speeds.
TABLE II
C OMMUNICATION PARAMETERS [1], [7]

programming problem to maximize system utility. We found
that combining task offloading decisions with an adaptive CW
reduced processing times using the IEEE 802.11p standard.
Our future work will evaluate the proposed method on a more
complex vehicular environment with various mobility patterns
in order to achieve significant reductions in task processing
time.
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