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Abstract—In recent years, autonomous driving has attracted a
vast amount of attention from both industry and academia, which
has introduced large amounts of region-related data. In order to
release the burden in core networks caused by the communication
demands for such data, various in-vehicle storage (IVS) systems
have been widely studied to bring contents closer to users. To
cope with the mobility issue hindering the realization of IVS
systems, in this paper, we propose a relay selection strategy (RSS)
consisting of the relay map construction (RMC) algorithm and
the relay pair matching (RPM) algorithm with the assistance of
the vehicle route information. By considering both the potential
transmission amount and the waiting time, the proposed RSS
generates an overall optimal relay assignment for the IVS system.
The performance gain of the proposed RSS compared with the
baseline is evaluated by a realistic simulator in terms of the relay
failure ratio, the retrieval throughput, and the RSU consumption
ratio. Simulation results show that the proposed RSS achieves
higher efficiency and robustness than the baseline.

I. INTRODUCTION

Autonomous driving has recently attracted a vast amount
of attention from both industry and academia. In order to
achieve effectiveness and robustness, recent advancement of
data processing in this field has introduced large amounts of
region-related data with the assistance of publicly available
datasets, e.g., Cityscapes [1], KITTI Vision Benchmark Suite
[2], and Daimler Urban Segmentation [3]. One of the most
common forms of region-related data is widely used high-
definition (HD) maps [4] consisting of 3D elevation model
[5], detected lane information [6], and stationary map [7].
The communication demands from such region-related data in
vehicular networks result in a burden to core networks, which
in turn leads to quality of experience (QoE) degradation of
vehicular users. In cellular networks, the potential of in-device
storage is explored to alleviate the burden on core networks
by bringing contents closer to users. In these works, storage
nodes are always assumed to be static or low-mobility, modeled
by various Poisson process models [8] [9], which is clearly
insufficient to deal with practical high mobility in vehicular
networks. In order to alleviate the backhaul link congestion in
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vehicular networks, most literature focused on storing contents
of interest at road side units (RSUs) [10]–[12] without the
network throughout gain by spatial frequency reuse.

A few existing schemes also studied in-vehicle caching
[13] [14] but with insufficient and impractical considerations
on vehicle mobility, which is inadequate for region-related
data storage. The realization of in-vehicle storage has mainly
suffered from vehicle mobility, as a vehicle with stored data
can only physically reside in a region of interest for a short
period of time, except for the situations of heavy traffic jams
or congestions. In our previous work [15]–[17], we proposed a
distributed in-vehicle storage system based on data relays via
vehicle-to-vehicle (V2V) communications between leaving ve-
hicles and incoming vehicles with minor assistance from RSUs.
However, with simplified consideration of road conditions, this
straightforward data relay approach may lead to challenging
implementation in realistic situations. The reduction of data
relay efficiency is mainly due to the complicated road con-
ditions and unpredictable vehicle movements, which makes it
making it arduous to efficiently assign an appropriate vehicle
for the leaving vehicle to relay its storage. Therefore, we intend
to employ the predicted vehicle route information [18]–[20] to
enhance the relay selection design.

In this paper, with the assistance of introduced vehicle route
information, we propose a novel relay selection strategy (RSS)
to improve the efficiency of the data relay in the in-vehicle
storage (IVS) system. Specifically, the RSS consists of two
core algorithms, namely the relay map construction (RMC)
algorithm and the relay pair matching (RPM) algorithm, which
are designed to evaluate the relay success probability and to
maximize the overall relay success, respectively. The main
function of the RMC algorithm is to construct a relay map
indicating the relay success probability between vehicles, by
calculating the potential transmittable data amount based on the
predicted vehicle route information. With the constructed relay
map including both the potential transmission amount and the
waiting time, we formulate the relay selection problem as a
bigraph maximum matching problem, and further provide the
Hungarian method-based RPM algorithm to efficiently obtain
an optimal relay assignment solution. The performance gain of
our proposed RSS compared with the previous straightforward
relay approach is verified by a simulator consisting of realistic
road network and vehicular traffic, in terms of the relay failure
ratio, the retrieval throughput, and the RSU consumption ratio.

The rest of this paper is organized as follows. In Section
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Fig. 1. Scenario for the IVS system in a multi-intersection multi-lane region.

II, we present our system model and briefly describe the relay
selection problem. In Section III, we detail our proposed RSS
consisting of the RMC algorithm and the RPM algorithm. We
demonstrate the effectiveness and robustness of our proposed
RSS through simulations in Section IV. Finally, Section V
concludes the paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first present the architecture as well as
the system model of the investigated IVS system in vehicular
networks. Then, we give an overview of the relay selection
problem that we endeavor to solve in this paper.

A. Scenario Description

We consider a multi-tier hierarchical vehicular network in a
multi-intersection multi-lane region without loss of generality,
as shown in Fig. 1. Let N =

{
n1, n2, · · ·n|N |

}
and G|N |×|N|

denote the set of road nodes representing road intersections,
and the |N | × |N | matrix represents the road segments con-
necting the road nodes. The road nodes N can be divided into
two disjoint sets, Nin and Nout, representing the nodes inside
the storage region and the nodes outside the storage region,
respectively, that is, Nin ∪ Nout = N and Nin ∩ Nout = ∅.
The element gi,j in G indicates the length of the road segment
connecting node ni and node nj iff (if and only if) they are
adjacent in the road map. A vehicle V inside the storage region
S is defined as that it is in the road segment gi,j with both
nodes inside the storage region, i.e.,

V in S Δ
= {V in gi,j |ni ∈ Nin, nj ∈ Nin}. (1)

A vehicle V outside the storage region S is defined as that it
is in the road segment gi,j with at least one node outside the
storage region, i.e.,

V out S Δ
= {V in gi,j |ni ∈ Nout or nj ∈ Nout}. (2)

Based on the above representations, substantially all road
conditions can be represented as maps consisting of road nodes
and road segments, which eliminates the constraint of the road
conditions in our previous work [15]–[17].

B. IVS System Framework

The IVS system is covered by RSUs, as shown in Fig. 1. Two
types of wireless communication links, V2R links and V2V
links with effective communication range Rmax, are assumed
in this paper. In the IVS system, the region-related data is
stored in the vehicles inside the storage region. Therefore,
vehicles in the storage region can retrieve region-related data
from their own storage or via V2V links with vehicles around
them. In order to maintain the survival of the region-related
data in the storage region, the data distributing mechanism
consists of two components as follows.

1) Region-related Data Processing: In order to adapt to the
IVS system, in the backend server, the region-related data is
first processed into an appropriate amount of data blocks by
a method similar to the one in [17]. The difference is that,
with the adaptability introduced by the proposed RSS, the data
blocks are no longer restricted to be equal-sized. Specifically,
we assume that the region-related data library consists of
Nf files with request probability distribution modeled as Zipf
distribution [10] as follows,

fi(γr) =
1/iγr∑Nf

j=1 1/j
γr

, i ∈ {1, 2, · · · , Nf} , (3)

where fi(γr) denotes the request probability of file Fi, and
the exponent γr is the parameter characterizing users’ requests
for the library. To assign higher availability to the file with
higher popularity, all files are first divided into data chunks,
which are then encoded by an MDS code with different coding
redundancy. The redundancy level Ωi of file Fi is dependent
on the popularity rank i and tuned by a controllable parameter
γc based on the Zipf distribution, i.e.,

Ωi ∝ 1/iγc∑Nf

j=1 1/j
γc

. (4)

In order to allocate the processed data to the vehicles in the
storage region, the coded data chunks are combined as a set
of data blocks B =

{
B1, B2, · · ·B|B|

}
, where Bi denotes the

size of the i-th data block. Each data block is then allocated
to a different vehicle in the storage region via V2R link.

2) Data Block Relay: Since the data blocks will be lost with
the vehicles leaving the storage region, in order to retain the
lost data blocks, the core mechanism of the IVS system is the
relay process. In the relay process, the vehicles leaving the
storage region are supposed to relay their data blocks to the
incoming vehicles. To provide a space for the data relay, in
our previous work [15]–[17], we designed two transfer regions
placed at the entrances/exits of the storage region. However,
this approach requires a lot of manual work to design transfer
regions, which is inefficient and hard to implement in the
complicated road conditions. For the design of more efficient
and general relay selection strategy, in this paper, we employ
two waiting queues for the leaving vehicles and the incoming
vehicles, and introduce the predicted vehicle route information
to cope with complicated road conditions. The leaving vehicles
and the incoming vehicles will be added to the leaving vehicle
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Fig. 2. An example of vehicles meeting in the same direction and in different
directions, i.e., route i, j and route j, k.

quere Qout =
[
qout1 · · · qout|Qout|

]T
and the incoming

vehicle quere Qin =
[
qin1 · · · qin|Qin|

]T
, respectively, i.e.,

V → Qout Δ
= {V out S : (t+Δt)|V inS : t}, (5a)

V → Qin Δ
= {V in S : (t+Δt)|V outS : t}. (5b)

Each element q
out/in
i of both queues denotes a vehicle member

consisting of the waiting time w
out/in
i from added to the queue

and the route information. The route information denoted as
〈R T〉 consists of location information R and corresponding
time information T, as shown in Fig. 2. For the location

information, R =
[
R1 · · · R|R|

]T
is a |R| × 1 vector,

where Ri denotes the road node that the vehicle passes, i.e.,

Ri ∈ N . The time information, T =
[
T1 · · · T|R|

]T
is

also a |R|×1 vector, where Ti denotes the corresponding time
point when the vehicle passes the road node Ri.

The proposed RSS matches the leaving vehicles in Qout

and the incoming vehicles in Qin based on the relay weight,
which will be presented in detail in Section III. The matched
vehicles are assigned for the relay process and then will be
removed from the corresponding waiting queue. To limit the
waiting time in the queue, the maximum waiting time is set to
wmax, which means that a vehicle will be removed from the

queue if its waiting time w
out/in
i exceeds wmax. Therefore,

there are two conditions that can lead to the relay failure. First,
as the V2V links may be opportunistic and not reliable, the
relay process may be uncompleted. Second, a vehicle may be
unmatched due to poor relay condition till getting removed
from the waiting queue, which causes the region-related data
loss. To remedy the data loss, once the relay process fails, the
backend server will repair the lost data by resending a new
data block to the storage region via V2R links.

C. Problem Description

In order to decrease the cost caused by relay failure, the
problem of minimizing the overall relay failure can be formu-
lated by considering the selection of the target relay vehicles.
Let M denote the matching assignment, that is, the leaving
vehicle qouti is assigned to relay its data to the incoming vehicle

Algorithm 1: Relay Map Construction

Input: Qout and Qin

Output: Relay map A =
(
Qout,Qin,E

)
1 initialization;

2 for each qouti in Qout and qinj in Qin do
3 for each Ri

m in Ri and Rj
n in Rj do

4 if Ri
m = Rj

n then
5 switch Ri

m+1 do
6 case Rj

n−1 \\ diff dir. do
7 calculate Ê in equation (9) ;
8 end
9 case Rj

n+1 \\ same dir. do
10 calculate Ê in equation (12) ;
11 end
12 end
13 ξ ← α

wout
i

wmax
+ β Ê

Bi
;

14 if ξ > 1 then
15 ei,j ← 1;
16 break;
17 end
18 end
19 end
20 end

qinM(i). The object function of our optimization problem can be

formulated as follows

min
M

|Qout|∑
i=1

H
{
Bi −

K∑
k=1

Δtk · ck (i,M (i))

}
(6a)

s.t. M(i) �= M(j), ∀ i �= j, (6b)

M(i) ≤ ∣∣Qin
∣∣ . (6c)

where Bi denotes the data block size of leaving vehicle qouti ,
ck (i,M (i)) denotes the transmission rate between vehicle qouti
and vehicle qinM(i), and H(·) is the Heaviside step function

given by

H(x) =

{
1 x ≥ 0
0 x < 0

(7)

The term inside the Heaviside step function in Equation (6a)
indicates the difference between the data block size and the
transmission amount. The constraint (6b) limits that a leaving
vehicle can only choose one incoming vehicle to relay data,
which ensures no collision of duplicate data relays.

III. RELAY SELECTION STRATEGY DESIGN

Targeting on the optimization problem formulated in (6), the
RSS is carefully designed with the assistance of vehicle route
information. The RSS consists of the RMC algorithm and the
RPM algorithm aiming to estimate the relay success probability
and to maximize the number of successful relays, respectively.

A. Relay Map Construction

According to Equation (6a), the term
K∑

k=1

Δtk · ck (i,M (i))

represents the transmission amount between the leaving vehicle
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Fig. 3. An example of relay map and matched pairs.

qouti and the incoming vehicle qinM(i), which is unknown untill

the end of the transmission. Therefore, the potential transmis-
sion amount between leaving vehicles and incoming vehicles
should be estimated before making the relay assignment. In
order to calculate the potential transmission amount Ê between
any two vehicles, the vehicle route information is essential,
since the relative distance between vehicles should be predicted
first.

The detailed RMC algorithm is shown in Algorithm 1. In
the process of calculating the potential transmission amount
Ê, all the cases of relative movements between vehicles are
considered based on the vehicle route information. The first
case is that vehicles meet in different directions, as the route j
and route k in Fig. 2 show, i.e., Rj

m = Rk
n and Rj

m+1 = Rk
n−1.

Both route j and route k contain the same consecutive road
node np and nq , which means that the two vehicles must
pass the same road segment. However, route j enters the road
segment from np while route k enters the road segment from
nq . Therefore, the two vehicles drive in the same segment
in different directions. In this situation, we can obtain their
meeting time as follows,

tdiff =
∣∣∣T j

m − T j
m+1

∣∣∣+ ∣∣T k
n − T k

n−1

∣∣
−
(
max

(
T j
m+1, T

k
n

)
+min

(
T j
m, T k

n−1

))
.

(8)

According to the V2V communication model in [15], the
potential transmission amount can be calculated considering
the average transmission rate as follows,

Ê = tdiff W log2(1 + ηD−4) +W log2(1 + ηD−4
max)

2
, (9)

where W is the channel bandwidth, η is the signal-to-noise
rate (SNR) at transmitters, D is the lane width, and Dmax

is the maximum distance between two vehicles during the
communication process. Note that Dmax may not equal to the
maximum V2V communication range Rmax due to the short
meeting time. Thus, assuming the uniform motion of vehicles
during the communication process, the maximum distance
Dmax is given by

Dmax= max

(
tdiff

2

(
gp,q

(T j
m+1 − T j

m)
+

gp,q
(T k

n − T k
n−1)

)
, Rmax

)
,

(10)

Algorithm 2: Relay Pair Matching

Input: Relay map A
Output: Matching assignment M

1 Function Match(i):
2 for each qinj in Qin (in reverse order) do
3 if ei,j = 1 and λj = 0 then
4 λj ← 1;
5 if qinj not matched or Match(M(j)) then
6 M(i) ← j;
7 return True;
8 end
9 end

10 end
11 return False;
12 initialization;
13 for each qouti in Qout do
14 if qouti not matched then
15 Set Λ = {λ1, · · · , λ|Qin|} to zeros ;
16 Match(i)
17 end
18 end

where gp,q indicates the length of the road segment connecting
node np and node nq .

The second case is that the two vehicles drive in the same
direction, as route i and route j in Fig. 2 show. Compared with
the first case, the estimation of potential transmission amount
is different, due to the difference in relative distance between
vehicles. In this case, the meeting time of two vehicles is given
by

tsame = max
(
min

(
T i
l+1, T

j
m+1

)
−max

(
T i
l , T

j
m

)
, 0
)
. (11)

Generally, the relative distance between two vehicles driving
in the same direction is relatively stable during the commu-
nication. Therefore, the potential transmission amount can be
calculated as follows,

Ê = tsameW log2(1 + ηD−4
init ), (12)

where the initial relative distance between two vehicles can be
obtained by

Dinit =

∣∣T i
l − T j

m

∣∣
2

(
gp,q

(T i
l+1 − T i

l )
+

gp,q

(T j
m+1 − T j

m)

)
. (13)

The relay process between two vehicles has greater success
probability with the larger Ê, which means that they should
be given higher priority when making relay assignment. Con-
sidering the relay failure caused by a leaving vehicle being
unmatched till the maximum waiting time, the leaving vehicle
with longer waiting time should also be given higher relay
priority. Thus, the relay weight ξ considering both the potential
transmission amount and the waiting time is given by

ξ = α
wout

i

wmax
+ β

Ê

Bi
, (14)

where α and β denote the waiting time factor and the trans-
mission amount factor, respectively. Vehicle qouti and vehicle
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Fig. 4. The relay failure ratio and vehicle density with different relay selection
strategy.

qinj are connected with an edge ei,j if their relay weight meets
the requirement, as Fig. 3 shows. Therefore, Qout and Qin are
connected into a bipartite graph A =

(
Qout,Qin,E

)
, every

edge of which connects a member in Qout to one in Qin.

B. Relay Pair Matching
Based on the relay map constructed by Algorithm 1, the

optimization problem in (6) can be reformulated into the
maximum matching problem as follows

max
M

|Qout|∑
i=1

ei,M(i)

s.t. M ⊂ A.

(15)

The classic Hungarian algorithm for solving the maximum
bigraph matching problem is employed with special adjustment
for the relay selection problem. The detailed RPM algorithm
using depth first search (DFS) is shown in Algorithm 2. In
order to match the vehicles with longer waiting time first,
the traversing order is specially condidered based on the
characteristic of DFS. For qouti in Qout, the forward order
is employed due to that the leaving vehicles being visited first
have higher priority to be matched. The 1 × ∣∣Qin

∣∣ vector Λ
is employed to mark whether the incoming vehicles have been
visited. In the recursion process of DFS, the matching results
of the incoming vehicles that are visited later are returned
first from Match function, which means that the incoming
vehicles being visited later have higher priority to be matched.
Therefore, in the Match function, qinj in Qin is traversed
in reverse order to match the incoming vehicles with longer
waiting time. The matching assignment M selects incoming
vehicles for the leaving vehicles to relay data, e.g., the matched
pair M(i) = j+1 means that the i-th leaving vehicle relay its
data to the j-th incoming vehicle, as shown in Fig. 3.

IV. PERFORMANCE EVALUATION

The efficiency of our proposed RSS are evaluated by sim-
ulations in terms of multiple performance metrics including
relay failure ratio, retrieval throughput, and RSU consumption
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Fig. 5. The failure number percentage caused by different reasons with
different waiting time factor.

ratio, as defined in [16]. For the simulation setup, we select
an area of size 680m × 350m from the map of Beijing
using OpenStreetMap. Based on the realistic road network,
the vehicular traffic is then generated by SUMO, an open-
source simulator for road traffic simulation. In order to compare
the proposed RSS with the baseline, the basic communication
parameters used in our experiment are set to the same as those
in [16].

As shown in Fig. 4, when the vehicle density increases, the
relay failure ratio decreases since more vehicles provide more
choices for data relay. The performance gain by the RSS is
greater in the case of lower vehicle density, which indicates that
the proposed RSS improves the robustness of the IVS system in
low vehicle density scenarios. For all the three cases of waiting
time factor and transmission amount factor settings, the relay
failure ratio of the RSS is lower than that of the baseline. In
particular, α = 0, β = 1 and α = 1, β = 0 represent the
case of only considering transmission amount and the case
of only considering waiting time, respectively. Compared with
those extreme cases, the case of both considering transmission
amount and waiting time, i.e., α = 0.5, β = 0.5, has the lowest
relay failure ratio, due to the factors leading to the relay failure
are weighed overall. The effects of the waiting time factor
and the transmission amount factor are also illustrated in Fig.
5. With the increasing of the waiting time factor, vehicles
can be assigned with high priority to relay data even with
low relay success probability, which reduces the occurrence
of not attempting to transmit data even when deleted from the
waiting queue. However, increasing the waiting time factor also
brings more transmission failue due to the risky assignment.
Therefore, as we can see in Fig. 5, with the increasing of
the waiting time factor, the relay failure number caused by
the leaving vehicles being unmatched decreases while the one
caused by the incompleted transmission process increases.

The retrieval throughput gain is shown in Fig. 6. It can be
observed that the IVS system has higher throughput compared
with the in-vehicle storage disabled scheme due to the fre-
quency spatial reuse by V2V links. Furthermore, with the RSS
employed, the IVS system can achieve higher throughput by
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Fig. 6. The retrieval throughput and the average data block size with different
data storage scheme.

reducing the data loss caused by relay failure. The impact
of the waiting time limit is demonstrated in Fig. 7. With the
increasing of the waiting time limit, the leaving vehicles can
be assigned to more appropriate relay vehicles during a longer
waiting time, which reduces the RSU consumption of resending
the lost data. Therefore, the RSU consumption ratio can be
reduced by increasing the waiting time limit, e.g., the RSU
consumption ratio is reduced by 8.97% when the waiting time
limit is set to 25 seconds.

V. CONCLUSION

In this paper, we proposed an RSS for the data relay stage of
the in-vehicle storage system in vehicular networks. In order
to cope with the relay failure, the proposed RSS first evaluated
the relay success probability using the RMC algorithm, based
on which, the relay selection problem was formulated into
a maximum bigraph matching problem and solved by the
proposed RPM algorithm. The performance of the RSS has
been evaluated by a simulator consisting of realistic road
network and vehicular traffic. The simulation results showed
that the RSS performed better than the baseline in terms of
relay failure ratio, retrieval throughput and RSU consumption
ratio.
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