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Abstract. Mobile edge computing (MEC)-enabled Internet of Vehicles (IoV)
is a promising way to provide low latency and high computation functions to
smart vehicles. Owing to the mobility of vehicles and unpredicted distribution
of computation-intensive tasks, computational resources at the edge may be uti-
lized with only low efficiency. To solve this problem, this study investigates a
relay-supported task offloading scheme in MEC-enabled IoV. In this scheme, com-
putational tasks produced by vehicles are predictively offloaded to MEC nodes
through relays to improve the allocation of computational resources. A combina-
tional problem is used to model relay selection for vehicles connected to the MEC.
To solve the corresponding problem, a low-complexity algorithm that combines
the Hungarian and the Greedy algorithms is designed. Simulation results show
that the proposed scheme achieves better performance than existing schemes in
terms of overall efficiency and offloading time.
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1 Introduction

With the development of the Internet of Vehicles (IoV), the number of vehicles connected
to the network has been increasing exponentially. Considering the complexity of the
traffic environment, wireless channel status, and user demand, dealing with the growth in
vehicular services with high accuracy and making automatic decisions with low latency
are major challenges [1].

Because IoV tasks are computation-intensive, mobile edge computing (MEC) tech-
nology has emerged as a promising tool to provide high computational capacity nearer
to vehicle devices [2—4]. MEC can reduce the burden of the wireless backhaul and core
network [5]. In MEC-enabled vehicular networks, tasks are offloaded to MEC nodes
via the Vehicle-to-Infrastructure (V2I) mode. Owing to the instability of the wireless
link and resource starvation, relay-assisted offloading schemes are widely used. Relay-
assisted schemes are designed to optimize the offloading performance by transmitting
a task to a better location. Recent research has identified and studied some key features
in the realization of vehicular network architectures as well as solutions for some key
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challenges. For instance, a mobility-aware strategy was developed to realize resource
sharing among servers in MEC-enabled vehicular networks [6]. Another study used the
effective connectivity of vehicles, mobile devices, and infrastructure to overcome the
adverse effects of mobility on reliable data transmission and introduced this concept
into oV applications using millimeter wave (mmWave) technology [7]. An autonomous
hybrid edge/cloud framework for vehicular edge computing was proposed to signif-
icantly increase the computational capacity by utilizing the available computational
resources in surrounding vehicles, roadside units (RSUs), and the cloud via multiac-
cess networks [8]. However, this model did not consider the relay mode. Another study
considered a three-node relaying MEC system and an adapted transport protocol for
realizing better energy performance [9]. From the abovementioned studies, it is obvious
that selecting favorable servers in an offloading scheme remains a challenging task. As
a vehicle moves, multiple RSUs are connected to different MEC servers. Existing stud-
ies rarely considered MEC server overload or downtime in a certain region. Because
upgrading onboard units and realizing wider coverage of MEC servers requires a longer
period of time, MEC-enabled vehicular networks may be unable to respond to a surge
in demand for data processing; in other words, some vehicle tasks cannot be offloaded
in time because of the low network scalability. Furthermore, low expansibility results in
some vehicles suffering high delays. Thus, the present authors proposed a relay-assisted
task offloading scheme to optimize the total latency and improve the scalability of the
network. The present study describes the whole mission arrival process and defines it
as a composite process in which task forecasting is relayed to a specified location and
offloaded for computation. When the accessed server is busy, the vehicle terminal can-
not receive calculation results in time. Therefore, multihop relay vehicles on its way
are selected to offload the task data to a resource-rich server. Further, a joint selection
algorithm is proposed to identify appropriate relay nodes for a part of the vehicles used
in the proposed scheme. This study aims to minimize the total offloading latency of the
terminals in the current area through reasonable matching between the source vehicles
and each-hop relay vehicles.

The remainder of this paper is organized as follows. Section 2 describes the system
model and problem formulation. Section 3 describes the developed optimal offloading
scheme and joint selection algorithm. Section 4 presents the simulation results and
discussions. Finally, Section 5 presents the conclusions of this study.

2 Introduction

This section describes the proposed relay-assisted MEC-enabled vehicular network
system and discusses both the transmission model and the computation model.

2.1 Network Model

Figure 1 shows the vehicular network equipped with a continuous MEC server considered
in this study. Typically, the RSUs installed along the unidirectional road collocate with
the MEC server so that vehicle terminals can access the computing resources of the
MEC server by communicating with the RSU. The coverage radius of each RSU is L.
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For clarity, Fig. 1 shows only one routing path; in reality, multiple parallel paths will exist
simultaneously. Vehicles with tasks are called source vehicles (SVs) and those acting as
relay nodes traveling in the same direction are called relay vehicles (RVs).

T
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Fig. 1. System model

Analogous to cellular network users in communication systems, a connected vehicle
determines whether the MEC server is idle by communicating with the current RSU
[10]. One-to-one correspondence is used to satisfy the requirements of reducing signal
interference and excessive resource overheads; in other words, each RV can serve only
one SV through the Vehicle-to-Vehicle (V2V) mode, and each SV can only be served
by one RV.

2.2 Transmission Model

The transmission model can also be interpreted as a communication model consisting of
a direct connection and a multihop relay connection. This study considers environments
where scatterers are sparse, such as suburban or expressway scenarios. As in similar
studies in this area, signal fading caused by non-line-of-sight is ignored, and the influence
of the relative distance between the vehicles on the signal strength of data transmission is
considered. Pass loss is positively correlated with the distance between different devices
and is given by

da(t
L({d (1)) = L(dy) + 10a loglo(#> (1
0
where d(¢) is the distance between the terminals; L(dp) is a path loss constant due to

factors such as frequency, weather, and geology; and « is the path loss index from which
the path loss L can be obtained [11].
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Direct Connection

A task is offloaded from a vehicle terminal or a relay node to the RSU. The
path-loss channel model is used for the link gain. For a given transmission power Py
and received power P,

P,
L)) = 1010g10<17) @)

This equation can be rewritten in terms of P, as follows:

P

—Zdor 3)
Lo

Ny is the Gaussian white noise power. The instantaneously available information
transmission rate can be expressed as

_ Ld@)
Pg107 710
R(t) =logy( 1+ ——— 4)

P, =

No

The vehicle communicates with the RSU through the V2I mode based on the
Long-Term Evolution Advanced specification. Let Byy; denote the channel band-
width and d; g, the distance between the vehicle carrying task i and the RSU. Then,
the data rate is given by

L(d; g(0))
—E)

Rvar(r) = By logy [ 1+ (5)
No

Multihop Relay Connection

The V2V model can support multihop relay connections. Moving vehicles can
share communication, computational, and storage resources with other nearby vehi-
cles by using dedicated short-range communication (DSRC) technology following
the IEEE 802.11p specification 8. The task requester in SVs are considered able
to exchange position, velocity, and driving status information with RVs. Moreover,
according to the DSRC link feature, the vehicle can update the status table in real
time, including the variety of information obtained from nearby vehicles. Obviously,
the vehicle may estimate the distance on the basis of its table as follows:

di (1) = (X0 + (Vi50)) ©)

Xi j(®) = X; j(0) + (vj — vi)t (7)

X; j is the parallel distance to the road between vehicles i and j at time ¢, and Y; ; is the
lateral distance perpendicular to the road between the two vehicles and is assumed to
be fixed. Given that the maximum communication distance according to the DSRC
standard and actual link conditions between any two vehicles is D,

0<dj(t) <D (8)
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Then, within the communication distance, the end-to-end reachable information rate
ofi 58V andj 5 RV is
L(d; j(0)
P10~ 0

Rij(t) =Byaylogy | 1 + ————— )
No

2.3 Computation Model

For task i, ¢; is the number of cycles required for completing task i, and d; is the data
size for transmitting it from the transmitter to the receiver. The tolerance delay for each
task iS # jocal > timax. Briefly, the initial information of task i can be clearly denoted
as T; = { ¢, d;, ti,max}. In addition, let f; and f,,, respectively be the CPU operating
frequency at the vehicle terminal and at a MEC server (unit: number of CPU cycles
per second). When the computing power of the SV is insufficient to complete the task
calculation within the delay tolerance, that is,

Li local > ti,max (10)

the MEC server is requested to assist in the calculation. #; j,c4; is the time required to
complete the task locally. When the vehicle leaves the RSU radio coverage area or the
MEC is not expected to provide part of the computational resources for SVs, the next
or even a later MEC server can be accessed through multihop V2V relay transmission.
An analysis of this model shows that the total task processing delay involves three parts:
transmission delay through the DSRC link, latency to offload to the MEC, and task
execution time. In most task types, the amount of data obtained through the analysis
is often much smaller than the input raw data; therefore, the delay in returning the
calculation result is ignored in previous research.

3 Optimal Offloading Scheme and Joint Selection Algorithm

Based on the MEC-enabled IoV model discussed in Sect. 2, an optimal offloading scheme
is designed to achieve the desired performance. Subsequently, a joint selection algorithm
is used to solve the relay node selection problem of multiple vehicles.

3.1 Optimal Offloading Scheme

The offloading problem is considered for all vehicles in the area in light of the area
covered by one of the RSUs as an example. First, under the influence of the computational
task complexity p, the delay required by the vehicle’s onboard unit to process the current
task is calculated as

; PCi
i,local =
fi

1D
Then, whether the computational capacity of the vehicle’s onboard unit satisfies this
task’s delay requirement is judged using (10)—(11). If the task delay tolerance is met,
the local mode is used as the first choice.
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In the opposite case, the proposed multi-relay-assisted offloading scheme is applied
for the uplink network shown in Fig. 1. Within the delay limit, the N; - th RSU on which
task i can be offloaded to the farthest continuous MEC is calculated as

Vit
L i ZLmaxJ =N (12)

where |-] means rounding down, and v; is the velocity of the requester carrying task i.
Because the vehicle transmits task data for a short time, the velocity change problem is
not considered during the task offloading process.

The unique identifier of the source vehicle, N;, and other information should be
attached to task i. After the vehicle determines that the onboard unit fails to satisfy the
needs, a resource is requested from the MEC, and the multihop relay connection process
is used when the current server has no idle resources. According to the joint selection
algorithm, a suitable RV is selected as the first-hop relay node. Let RV1 be the collec-
tion of first-hop relay terminals to which j belongs. Define a pairing 6 = {9,', j} SVxRV
consisting of binary elements ¢; ; € {0, 1} for i € SV and j € RV. Specifically, if SV i
is paired with RV j, 6; ; = 1; otherwise, 0;j = 0. Each RV can only be paired with one
SV and vice versa; therefore,

nsv

Y oij=1 Vi=1,...8V
i=1

nRv (13)
> 6ij=1,Vj=1,....RV
j=1

0;j =0, otherwise
The time required for transmitting the task from i to j is #; ;:

o= (14)
L] — Rl’j
When task i reaches the relay node of the first-hop terminal, that terminal is reassigned
to V; and whether the connected MEC can support offloading is checked. As noted in
[14] and [15], if it can support offloading, the offloading delay #; ,, and the computing
delay #; .x are given by

d
t; up — 5
' Ryoy
¢ (15)
liex = f_
m
ti = 0ijtij + tiup + tiex (16)

If the MEC service is still unavailable, the second-hop relay process is continued
and the abovementioned judgment conditions are rechecked and calculation methods
are repeated. However, the limitation of N; must be considered. Owing to the problem
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of communication distance, for more than N; relay hops, the task can reach the coverage
of the N;—th MEC server. When an idle MEC server is still not found after N; relay
hops, the task has to be queued for calculation and offloading. Therefore, the maximum
number of hops is set to N; to ensure that the task is offloaded before the source vehicle
arrives.

This scheme aims to minimize the total latency when the requester completes the
application in an area where MEC computational resources cannot be obtained. The
problem can be mathematically formulated as (17), where C1 is a prerequisite for relay
offloading. hopy indicates the k - th hop relay, and k < N; limits task i to pass the

ti jk = +00 jump at most. t;(e_;'/ records the connectable time between the source vehicle
and the relay vehicle. C2 and C3 ensure that tasks can be transmitted to the relay
vehicle. C4 limits the one-to-one correspondence of V2V. C5 guarantees that the task is
completed within the time delay requirement. By solving problem P1, the total latency
is optimized.

Rgy N, i

P1: IginZ thwpk

Y=l k=1
Cl: ti local > timax» Vi e SV

. Ji—jhopr . hopx
C2: tkeep = arg;mn[di,j < D},

Vi e SV,Vj € RV, Vk € N;

L (17)
. i—j,hopy hopy
ot C3 1 > 1
nsy NRy
Cc4 . ZZQLJ‘ =1
i=1 j=1
ngy Nj

C5: > 31 < i

i=1 k=1

3.2 Joint Selection Algorithm

When more than one choice is available between SVs and RVs, Algorithm 1 is proposed
to generate the optimal vehicle combination for relaying. All requesters of SVs monitor
the nearby vehicle status information. First, when generating a new offloading program,
the requester can apply for a RV vehicle. At the same time, surrounding vehicles will
also connect with others and send relaying requests to them. Then, if a request is sent
to multiple RVs, one of the requests will be selected using the proposed joint selection
algorithm shown below. At the same time, the request should notify other RVs to dis-
connect. Ultimately, as soon as a trunk connection is established, one RV immediately
stops announcing its availability until the service is terminated or disconnected.

In this light, an efficient and low-complexity scheduling algorithm is designed to
solve problem 1, as shown below. This algorithm involves the following four steps.
The delay is calculated for alli = 1 ,- -, SV required to transfer task data between
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each requester and the relay node it can connect to. Let the vehicle carrying the task i
be V; and the next hop relay node be V;. The greedy algorithm and the quick sorting
method will rapidly select the optimal vehicle j to join the RV set under the constraints
of low complexity. When different requesters select the same relay vehicle, the vehicle
V; that can obtain a suboptimal delay is added to the RV, and so on. The optimal problem
considered is for all requesters, in which case P1 is reduced to

bR ; 2ot (18)

S.t. ngy = nRy.

Then, WPk = {fi,j,k} ie.,

ngy Xngy, "

Nk 2k tjk

hilkh2k - Djk

whork = (19)

Lk tiggk - tijk

where element #; ; x indicates the transmission delay between V; and V; at the k - th hop.
When V; and V; have no communication relationship, #; j x = +o0. This problem is then
equivalent to minimizing the sum of delays by selecting exactly one element in each
row and column of W, where each V; is only permitted to operate only one V;. This
is an assignment problem that can be solved as follows [17]. When task i does not get
the opportunity to offload after the k-hop relay, it satisfies t;f(;p k= t:f P =0, and t:fzg"
increases the relaying time of V; to V; in the k - th hop. Therefore, flag; = 0 is set to
indicate that it is not offloaded; otherwise, flag; = 1 is set and the total latency ¢; for task
i is found when it finishes offloading after the k - th hop relay or reaches the upper limit
of N; - th hops. This can be expressed as

Ni

i = lioair + 3 1ok + 10k - (20)
k=1

where #; 4 indicates the time when the task is queued for offloading when task i reaches

the maximum number of relay hops.

This predictive offloading method can also prevent the pressure of the requester from
driving to the wireless network through the wireless backhaul link owing to the fact that
the requester has left the area covered by the RSU after the local queuing calculation
is offloaded. When task i ends, a matching matrix W is reformed in the new one-hop
relay until all tasks are offloaded. W is a square matrix. The assignment problem can
be solved by the Hungarian algorithm [15] whose complexity is (’)(N 3). The proposed
joint selection algorithm is shown below in Algorithm 1.
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Table 1. Joint selection algorithm process

Algorithm 1 Joint Selection Algorithm
1: Initialization:
a) Request vehicles SV = {1,---,i,---ng, }

b) Maximal hops N,

c)Distance between V, and V|

d)Set flag, =0, i = {1,2,~~~nSV} ;
for V. in SV do

@

Choose Vj and form RV = {1,-~-,j,-~-nm/,}
for V] in RV do

Calculate t"
end for
Set W'
Calculate /¢ !

,up > 7iex 27

2
3
4
5:
6:
7
8
9

end for
10: while W = 0 do

11:  Setnew Vin hop,, V, e RV,

J

12:  Update distance between V; € SV, and V. e RV,
13:  Calculate ¢*” and update W'

i,up

14:  for i in ny, , do

15: if k=N, ortask ¢ satisfy constraint (21) then
16: Set flag, =1 and calculate ¢,

17: end if

18: if flag, = 0 then

19: Set /7 =1 =0

20: end if

21:  end for

22: k=k+1

23: end while
24: Output: relay selection RV= {RVI*, RV,, -, RV, } and the optimal total latency.

4 Simulation Result and Discussion

This section presents some simulation results to illustrate the performance of the optimal
offloading scheme and joint selection algorithm. A vehicular network in which SVs and
RVs move along a unidirectional straight road is simulated. Each RSU is mounted at
a position 15 m away from the curb, and it can cover a range of 200 m [12]. The
wireless channel is modelled as a Rayleigh fading channel with V2I and V2V path-loss
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models given by [11], Ly27(d ()

100.7 + 23.51og10(‘1d+§)), Lyav(d(®) = 63.3 +

17.7 logm(d;—ot)), respectively. P; = 1.3 W is set for a wireless bandwidth of 1 MHz

to transmit data. The background noise is N9 = —100 dBm, DSRC coverage radius is
D = 150 m and g = 1.05. The computational capacities of f;, and f, are considered to
be randomly distributed on the intervals [106, 108] cycles/s and [105, 107] cycles/s.
For a given vehicle, the velocity is randomly selected in the range of 10-30 m/s.

To evaluate the proposed relay algorithm, two approaches are compared in the simu-
lations: V2I offloading and partial V2V offloading. Partial V2V offloading is performed
by splitting the computing tasks into different vehicle calculations. Figure 5 shows the
performance of exhaustive search; the proposed scheme can optimize the total delay in
multivehicle or multitasking situations compared to the other methods.

30 T T T

RELAY
Va2l

Total latency of single vehicle (s)

O 1 1 1 1
2 4 6 8 10

Task data size (bit) x107

Fig. 2. Comparison of V2I and V2V optimal offloading schemes in terms of latency.

Figures 2 and 3 show comparisons of the delay gap under a single task request to more
clearly analyze the effect. Figure 2 shows the total delay of the three offloading methods
when the task data volumes are different. The data volume ranges from 10°-108 bits.
Because the local MEC server is busy in the considered scenario, even when the amount
of task data is very low, the popular V2I mode still needs to be queued for offloading or
be rejudged when entering the next RSU coverage, resulting in poor performance. As
the amount of task data increases, the V2V mode needs to assign tasks to more vehicle
calculations, resulting in increased delays. The other two unloading methods calculate
that the total delay is relatively stable. Considering the fact that the vehicle velocity
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Fig. 3. Latency with vehicular speed for V2I and V2V optimal offloading schemes.

has always been an important factor in vehicle networks, the impact of mobility on the
proposed scheme is analyzed with a task volume of 50M as an example. Figure 3 shows
that when the velocity reaches a critical value, the V2I mode is offloaded in the current
RSU, and the vehicle leaves the area before returning the result, causing the delay to
rise suddenly. Similarly, the possibility of vehicles with assisted calculations returning
the result to the SV in time is reduced when increasing the velocity in the V2V mode.

The proposed scheme does not occupy the computational resources of the relay car
as long as communication factors such as connectivity are considered so as to achieve
a lower total delay. In addition, the proposed scheme performs better and more consis-
tently throughout the simulation, in line with the expectations that it increases network
scalability.

Figure 4 shows the latency with the RSU coverage radius. According to previous
simulation parameters, the vehicle velocity is in the range of 10-30 m/s. This figure
shows that the delay is the minimum for a coverage radius of 200 m. Subsequently,
because the coverage radius is much larger than the DSRC communication distance and
the connection time with the current RSU is long, the computing task queues to offload.
Then, the total delay for completing the task reaches a peak and tends to become stable
as the coverage radius increases.
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Fig. 4. Latency with RSU radius in proposed scheme.

5 Conclusion

In this study, the predictive offloading is investigated under the assistance of relay in
MEC-enhanced vehicular networks. An optimal offloading scheme is proposed to reduce
the total latency of computing tasks. And furthermore, a joint solution with greedy and
hungarian algorithms is proposed to improve the scalability of vehicular networks. The
proposed algorithm can help multiple vehicles select appropriate relay nodes to achieve
higher completion efficiency of task processing. Simulation results demonstrated that
our proposed optimal offloading scheme can work well. Compared with V2I and V2V
without relaying, our algorithm can reduce the latency with 20%—-40%.
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