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Abstract—In this correspondence, we investigate the joint relay
and server selection problem for a novel vehicle-assisted multi-
access edge computing (MEC) system, where vehicles on the
road relay data from an end device to appropriate MEC servers
for computing in a store-carry-forward manner. To harness
the stochastic nature of task arrivals, vehicle availability, and
resource availability at MEC servers, we design a relaying
scheme to minimize the average task latency based on a Markov
decision process. Our study shows that our proposed scheme is
highly effective in balancing the communications and computing
while minimizing the end-to-end latency for task completion.

Index Terms—Multi-access edge computing (MEC), vehicular
networks, relay selection, latency minimization, Markov decision
process (MDP).

I. INTRODUCTION

By offloading computation-intensive tasks from end de-
vices to multi-access edge computing (MEC) servers, the
performance at end devices in terms of task completion can
be significantly enhanced [1], [2]. However, the resource
limitation at MEC servers in terms of computing power, com-
munications spectrum, and storage may become bottlenecks
due to the ever-increasing number of end devices that scramble
for MEC services [3]. For example, in surveillance video
analytics for public safety applications in smart cities, a large
volume of high-resolution videos should be transmitted from
street cameras to surrounding MEC servers, which impos-
es great challenges to both computing and communication
infrastructure. In this context, which videos are transported
to and computed by which MEC servers becomes a critical
design issue and hence task assignment to appropriate MEC
servers under constraints on their communication-computing
resources and geolocations has become an important and
interesting research problem.
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There already exist intensive research efforts to address
load balancing problems in MEC systems [4]–[7]. In [4],
Rodrigues et al. studied an offloading decision problem in
a co-existing system consisting of multiple MEC servers and
a centralized cloud, determining whether users’ requests are
executed locally or routed to MEC/cloud servers to minimize
the service delay. By leveraging the cooperation among MEC
servers, Li et al. designed a multi-hop cooperative offloading
mechanism in which tasks arriving at one MEC server can
be fulfilled locally, or forwarded to one of the non-local
but powerful MEC servers via backhaul links [5]. In [6],
Yuan et al. investigated the joint vehicle route planning
and task offloading problem under service delay constraints.
Nevertheless, all these papers ignored the fact that tasks
may fail to be uploaded to an MEC server directly due
to poor channel condition or spectrum scarcity at the first
hop, especially when the size of input data is large. An
example is the scenario for the tasks generated by a wireless
surveillance camera out of cellular coverage or within a
congested cell. Recently, we have proposed to employ vehicles
to beef up MEC systems [8]–[11], which can be regarded
as “vehicle as a service (VaaS)”. For example, by exploiting
the capabilities of communication and storage on vehicles,
Hui et al. proposed a relay selection scheme to extend the
communication coverage of MEC servers, where a vehicle’s
computing task can be relayed to one of the MEC servers
ahead of its driving direction via surrounding vehicles [12].
However, the dynamics of task generations at end devices
and resource availability at MEC servers are not taken into
consideration in the existing works on vehicle-assisted MEC
systems. Considering a practical queuing model, tasks may
have to be placed in buffers due to the surging service
demands and the lack of communication and/or computing
resources, which, however, cannot be captured by one-shot
optimization methods.

Based on the above observations, this paper proposes a nov-
el architecture to facilitate task uploading in MEC systems by
introducing vehicles as store-carry-forward relays. Under this
proposed architecture, a relay and server selection problem
is investigated with the objective to minimize the end-to-end
service delay. To this end, we build up a single-queue multi-
server model and develop a Markov chain to characterize
queue dynamics with the uncertainty of the availability of
vehicular relays and resources at MEC servers. Finally, we
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design an efficient and optimal strategy based on the problem
formulation.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. Relay-based MEC framework
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Fig. 1. Example of the relay-based MEC framework: data are delivered to
the appropriate MEC server according to the queue status at the end device,
availability of relay vehicles, and resource availability at MEC servers.

We consider a time-slotted system t ∈ T = {0, 1, 2, · · ·, T},
where one end device intends to access MEC services by
uploading data to one of J MEC servers. Since a device
may not access the service of an MEC server because it
is out of its communication range or the channel condition
between them is poor, it may seek helps from vehicles on
the move to relay its data, potentially in a store-carry-forward
manner. Let pj be the probability of resource availability at
the j-th MEC servers in terms of communication, computing,
and storage during each time-slot. The speed and probability
of vehicles that reaches different MEC servers varies. For
simplicity, we assume that the vehicles are categorized into
V types according to their moving directions and speeds,
i.e., vehicles with the same driving direction and speed are
classified into the same category. It is assumed that vehicles
of the same category have the identical moving times from the
end device to the destination MEC server. Let p′(v,j) and g(v,j)
respectively represent the probability that the v-th category of
vehicles reaches the j-th MEC server and the time taking to
move from the end device to the proximity of the j-th MEC
server.

In addition, the availability of moving vehicles, which
is assumed to remain unchanged during each time-slot, is
modeled as a two-state Markov chain. Specifically, when a v-
th category of vehicles is not available in the current time-slot,
it will become available in the next time-slot with probability
qv , whose number is V1. When a v-th category of vehicles is
available in the current time-slot, it will not be available in
the next time-slot with probability q′v , whose number is V2
where V1 + V2 = V .

As shown in Fig. 1, the proposed relay-based MEC frame-
work consists of four phases: i) the data transfer between

the end device and a relay vehicle, ii) vehicles’ movement
with stored data, iii) the data uploading between the relaying
vehicle and the destination MEC server, and iv) task process-
ing/computing at the MEC server.

B. Stochastic task arrivals

The task arrivals at the end device at the beginning of time-
slot t, a(t), is assumed to follow the distribution as

P{a(t) = b} = pb, (1)

where b is a non-negative integer. Based on this, the average
rate of task generations at the end device is given by

α0 = lim
t→∞

1

T

T∑
t=0

a(t) =
B∑
b=0

b · pb. (2)

where B is the maximal number of tasks generated in one
time-slot, i.e., b = 0, 1, 2, · · ·, B, and pb ∈ [0, 1].

C. Single-queue multi-server model for task routing

Due to the uncertainty of the availability of relay vehicles
and MEC servers, there could be three cases for data transmis-
sions in the system: i) no data transmission when the resources
on the selected MEC server are not available, ii) µ0 data can
be directly transmitted from the end device to the target MEC
server when no vehicle is available while the MEC server is
capable of receiving data, and iii) µ1 data can be transmitted to
a vehicle when the selected relay vehicle and MEC server are
simultaneously available. Thus, the transmission rate between
the end device and a vehicle or the associated MEC server
(i.e., the service rate in the queueing model), at time-slot t,
µ(v, j, t) can be summarized as

µ(v, j, t) =

 0 if j = 0;
µ0 if v = 0, j 6= 0;
µ1 if v 6= 0, j 6= 0, ∀ t ∈ T .

(3)

where both µ0 and µ1 are positive integers. We assume that
µ0 < µ1 since in the considered scenario, the distance between
the end device and relay vehicle is typically shorter than that
between the end device and the MEC server.

The generated but not yet transmitted tasks are placed in the
task buffer at the end device, whose buffer size is assumed to
be a large value M . Let Q(t) denote the sum length of tasks
in the waiting line, i.e., the number of tasks queueing in the
buffer, and tasks newly arrived a(t) at the end device at the
beginning of the t-th time-slot. According to queueing model,
we have

Q(t+1) = max{Q(t)−µ(v, j, t), 0}+a(t+1), ∀t ∈ T . (4)

D. The MDP framework

In each time slot, the relaying decision is made based on
the queue length and the availability of relay vehicles, which
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are summarized as

S(t) = (Q(t), N(t)), (5)

where N(t) = {0, 1}1×V represents the availability of V
categories of the vehicles during the t-th time-slot. In N(t),
the v-th element Nv(t) = 1 when at least one category-v
vehicle available during the t-th time slot, and Nv(t) = 0
otherwise.

Based on system state S(t) and parameters, including p′(v,j)
and pj , the end device chooses its action η(t) at each time
slot. The available actions at the t-th time-slot are collected
in a set A ⊂ {(v, j)|v ∈ {0, 1, 2, · · ·, V }, j ∈ {0, 1, 2, · · ·, J}},
e.g., when η(t) = (0, 0), the data will still be waiting in the
queue, when η(t) = (0, j), the end device transmits its data
to the j-th MEC server directly, and when η(t) = (v, j) and
v 6= 0, the end device transmits its data to the j-th MEC
server via the v-th selected relay. The mapping from S(t) to
η(t) is called relaying policy in this paper, which is denoted
by f , i.e., f(S(t)) = η(t). Specifically, we use f

(v,j)
(m,k) to

describe the probability of selecting the v-th relay and the j-
th destination given the system state Q(t) = m and N(t) = k.
The normalization constraint on f (v,j)(m,k) is given by

J∑
j=0

V∑
v=0

f
(v,j)
(m,k) = 1, ∀ m,k. (6)

Moreover, we should guarantee that the amount of trans-
mitted data is no more than that of the remaining data, and
also avoid the buffer overflow, yielding

f
(v,s)
(q,k) = 0, if kv · µ(v, j) > q, (7)

f
(v,s)
(q,k) = 0, if q − kv · µ(v, j) > M −B, (8)

where kv is the v-th element in k.
Since the transition of queue state from h to i, vehicle avail-

ability state from k = {k1, k2, · · ·, kv} to l = {l1, l2, · · ·, lv},
whose probability are denoted by λ(h,·)→(i,·), λ(·,k)→(·,l),
respectively, and resource availability at MEC servers, are
independent, the state transition probability of this MDP,
λ(h,k)→(i,l), from the state (h,k) to the state (i, l), where
(h,k), (i, l) ∈ S , can be expressed as

λ(h,k)→(i,l) = λ(h,·)→(i,·) · λ(·,k)→(·,l), (9)

where λ(h,·)→(i,·) can be derived from Eq. (4), i.e.,

λ(h,·)→(i,·) =



B∑
b=0

J∑
j=0

V∑
v=0

pbp
′
(v,j)qjf

(v,j)
(h,k)1{h−µ(v,j)+b=i}

if i > 0;
B∑
b=0

J∑
j=0

V∑
v=0

pbp
′
(v,j)qjf

(v,j)
(h,k)1{h−µ(v,j)+b≤i}

if i = 0;
(10)

and the indicator function 1{·} equals 1 if {·} holds, 0
otherwise. Based on the previous definition of the availabil-
ity of vehicles, the transition probability λ(·,k)→(·,l) can be
expressed as

λ(·,k)→(·,l) = (qv)
V1(q′v)

V2 . (11)

Let π(m,k) and π(M+1)×2V represent the steady-state dis-
tribution probability of the state (m,k) and the steady-state
distribution of this Markov chain, respectively. The matrix
π(M+1)×2V is then converted into a column vector, denoted
by π, which satisfies

Hπ = π, (12)
1π = 1, (13)

where 1 = [1, 1, · · ·, 1], H is the transition matrix of the
Markov chain, whose size is 2V (M + 1) × 2V (M + 1), and
its elements are defined by Eq. (9).

E. The average task latency

From the Little’s Law [13], the average queue length equals
the average task arrival rate multiplied by the average task
queuing time. For a simplified expression, we introduce an
integer parameter n and 1 ≤ n ≤ 2V . Therefore, the average
waiting time at the end device Dq is given by

Dq = lim
t→∞

1

T

T∑
t=0

[Q(t)− a(t)]/α0

=
1

α0

2V∑
n=1

M∑
m=0

m · π(m,n) − 1.

(14)

The average travel time of relay vehicles Dm from the
transmission coverage of the end device to that of MEC
servers can be given as

Dm =

2V∑
n=1

M∑
m=0

J∑
j=0

V∑
v=0

g(v,j)f
(v,j)
(m,n)π(m,n), (15)

where g(0,j) = 0, corresponding to the case that no vehicle is
chosen (hence the travel time equals 0).

The average transmission time between the end device and
its relay vehicle can be neglected since the task can be trans-
mitted to the vehicle while the vehicle moves toward MEC
servers. The average uploading time between the relay vehicle
and the associated MEC server and the average computing
time at MEC server are assumed to be constant, the summation
of which is denoted by De. There exist a lot of papers on
resource allocation for task transmissions and computing at
MEC servers, which is not the focus of this paper.

Since the download time of the task computing results from
an MEC server is typically negligible, we neglect it and obtain
the following expression for the average task latency D as
follows

D = Dq +Dm +De. (16)
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III. LATENCY-MINIMIZING RELAYING

In the considered scenario, intuitively, the task latency will
be reduced if the end device forwards data to MEC servers for
computation via relay vehicles, instead of directly transmitting
data to remote MEC servers with a low transmission rate.
However, the relay vehicles and the surrounding MEC servers
might not be available, which may cause a prolonged waiting
time at the end device. Thus, the central scheduler has to
make proper decisions on task relaying, i.e., which relay and
destination should be selected, according to the system states,
such as the queue lengths, the availability of relay vehicles,
and the resource availability at MEC servers.

In this paper, we are interested in minimizing the average
task completion latency, which refers to the latency between
the time the data is generated at the end device and the
time the task completion result is successfully received. Based
on the analysis of the average task completion latency and
parameters of MDP in Section II, we formulate the average
latency minimization problem (LMP) as follows

(LMP) min
f
(v,j)

(m,n)

1

α0

2V∑
n=1

M∑
m=0

m · π(m,n) − 1

+
2V∑
n=1

M∑
m=0

J∑
j=0

V∑
v=0

g(v,j)f
(v,j)
(m,n)π(m,n) +De (17)

s.t.
J∑
j=0

V∑
v=0

f
(v,j)
(m,n) = 1, ∀ m,n, (17a)

f
(v,j)
(m,n) ≥ 0, ∀ v, j,m, n, (17b)

Hπ = π, (17c)
1π = 1, (17d)
π(m,n) ≥ 0, ∀ m,n, (17e)

To solve LMP, we use y(v,j)(m,n) = π(m,n)f
(v,j)
(m,n) to substitute

π(m,n)- and f (v,j)(m,n)- related variables in LMP. Moreover, con-
straints (17c) and (17d) are converted into a matrix equation
with constant matrix G and variables y(v,j)(m,n), where matrix

G consists of coefficients of y(v,j)(m,n) after moving all variables
to the left-hand side of the equations. Thus, we obtain an
equivalent problem as follows

(LMP′) min
y
(v,j)

(m,n)

2V∑
n=1

M∑
m=0

J∑
j=0

V∑
v=0

[
m

α0
+ g(v,j)]y

(v,j)
(m,n)

− 1 +De (18)

s.t.
2V∑
n=1

M∑
m=0

J∑
j=0

V∑
v=0

y
(v,j)
(m,n) = 1, (18a)

y
(v,j)
(m,n) ≥ 0, ∀ v, j,m, n, (18b)

Gy = 0. (18c)

The equivalency between LMP and LMP′ can be simi-
larly derived as in [14]. The LMP′ is a linear programming,

whose optimal solution y
(v,j)∗

(m,n) can be obtained efficiently.
Therefore, the steady state distribution of the Markov chain
can be given by

π∗(m,n) =
J∑
j=0

V∑
v=0

y
(v,j)∗

(m,n) . (19)

Finally, we can derive the relaying policy f (v,j)
∗

(m,n) as follows

f
(v,j)∗

(m,n) =


y
(v,j)∗
(m,n)

π∗
(m,n)

if π∗(m,n) 6= 0,
1
|A| if π∗(m,n) = 0,

(20)

where |A| is the cardinality of the feasible set of action (v, j)
for state (m,n).

IV. NUMERICAL RESULTS

In this section, we evaluate the performance of our proposed
relaying policy. We set V = 3, J = 5, M = 4, B = 3,
pv = [0.6, 0.3, 0.8], qj = [0.3, 0.8, 0.5, 0.7, 0.4], p′(v,j) =
[0.2, 0.4, 0.1, 0.1, 0.2; 0.3, 0.2, 0.5, 0, 0; 0.1, 0.3, 0.2, 0, 0.4],
q′v = [0.6, 0.3, 0.8], and the moving time function is set to
g(v, j) = 10/(v + j). The distribution of task generations at
the end device is set to p0 = p1 = p2 = p3 = 0.25, and thus
the average task arrival rate can be obtained according to Eq.
(2), i,e., a0 = 1.5.

In the simulation, the proposed MDP-based relay policy is
compared with a baseline scheduling policy, namely no-relay
policy, whose basic idea is to offload tasks to MEC servers
directly. This approach does not make use of relay vehicles to
assist data delivery between the end device and edge servers,
which corresponds to what has been commonly done in the
literature, i.e., the dynamic resource availabilities for commu-
nications and computing are not taken into consideration.

In Fig. 2, the average latencies achieved by the MDP-based
relay policy and no-relay policy are compared under different
average task arrival rates a0. It can be observed that with the
increase of average task arrival rate a0, the average latencies
for both two policies increase. The uncertainty information of
the system is not utilized by the no-relay policy, which results
into significant performance loss. Moreover, with the help of
relay vehicles to deliver tasks between the end device and
edge servers, the MDP-based relay policy can better utilize the
spectrum resource and computing resource, hence achieving
lower average latency under a given average task arrival rate,
which validates the advantage of the use of relays.

Fig. 3 illustrates the average latency with different average
task arrival rates a0 and different vehicle availability prob-
abilities p, where p = β ∗ [0.1, 0.2, 0.3] with β = 1, 2, 3,
respectively. Intuitively, with the increase of β, more vehicles
become available, leading to lower average task completion
latency. It has been verified that the system performance,
i.e., the average latency, can be improved significantly when
vehicle availability probabilities increase.
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Fig. 2. The average latency vs. the average task arrival.
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V. CONCLUSION

In this correspondence, we have investigated the relaying
problem for vehicle-assisted edge computing systems to bal-
ance the workload at edge servers while better utilizing the
spectrum resource from end devices to edge servers. The goal
is to minimize the average task completion latency under
given system resources. With the help of massive moving
vehicles on the road, tasks can be forwarded to the appropriate
edge servers in a timely fashion when the direct links from
end devices to servers are unavailable or not preferable, thus
greatly enhancing the quality-of-experience of MEC applica-
tions. By formulating the relaying problem based on an MDP
framework, not only the information of relay vehicles can
be efficiently utilized but also the average task completion
latency can be analyzed. Based on the formulated problem,
the optimal latency minimizing policy has been discovered.
Finally, the performance enhancement with the assistance of
relay vehicles has been validated with simulations.
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