
2150 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 19, NO. 3, MARCH 2020

Hierarchical Soft Slicing to Meet Multi-Dimensional
QoS Demand in Cache-Enabled Vehicular Networks

Shan Zhang , Member, IEEE, Hongbin Luo , Senior Member, IEEE, Junling Li, Student Member, IEEE,

Weisen Shi , Student Member, IEEE, and Xuemin Shen, Fellow, IEEE

Abstract— Vehicular networks are expected to support
diverse content applications with multi-dimensional quality of
service (QoS) requirements, which cannot be realized by the
conventional one-fit-all network management method. In this
paper, a service-oriented hierarchical soft slicing framework is
proposed for the cache-enabled vehicular networks, where each
slice supports one service and the resources are logically isolated
but opportunistically reused to exploit the multiplexing gain. The
performance of the proposed framework is studied in an analyti-
cal way considering two typical on-road content services, i.e., the
time-critical driving related context information service (CIS) and
the bandwidth-consuming infotainment service (IS). Two network
slices are constructed to support the CIS and IS, respectively,
where the resource is opportunistic reused at both intra- and
inter-slice levels. Specifically, the throughput of the IS slice,
the content freshness (i.e., age of information) and delay perfor-
mances of the CIS slice are analyzed theoretically, whereby the
multiplexing gain of soft slicing is obtained. Extensive simulations
are conducted on the OMNeT++ and MATLAB platforms to
validate the analytical results. Numerical results show that the
proposed soft slicing method can enhance the IS throughput by
30% while guaranteeing the same level of CIS content freshness
and service delay.

Index Terms— Soft slicing, mobile edge caching, vehicular
network, age of information, multi-dimensional QoS.

I. INTRODUCTION

VEHICULAR communication networks are expected to
play a critical role in the future transportation systems,

especially for intelligent driving assistance and travel experi-
ence enhancement. In addition, mobile edge caching will be
leveraged to effectively support content services in this highly
dynamic driving environment [1]. In specific, the replica of
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popular contents can be pro-actively stored at the roadside
units (RSUs) or on vehicles, whereby vehicles can obtain the
requested contents in proximity, bringing three-fold benefits of
shorter end-to-end delay, better mobility support, and reduced
communication load [2], [3]. Therefore, the cache-enabled
vehicular networks are expected to be one of the supporting
technologies in the intelligent transportation systems [4], [5].

Compared with conventional cellular networks, vehicular
networks will accommodate more diversified applications
with distinct features and quality of service (QoS) require-
ments [6]. For example, the infotainment service (IS), such
as news, media and social entertainments, can bring enjoyable
travel experiences to both drivers and passengers. In practice,
IS is usually bandwidth-consuming and requires high network
throughput. The context-related information service (CIS) is
needed for intelligent driving assistance, such as the traffic
flow of each road, the mobility of surrounding vehicles,
the availability of parking lots, and the distance to next
highway entrance. Unlike the IS, the CIS is usually time-
critical, and the content information of a CIS item may
change with time due to the variation of driving environment,
calling for fresh content delivery within short delay. These
distinct features pose great challenges to the management of
cache-enabled vehicular networks. A fundamental issue is how
to effectively meet the multi-dimensional QoS demands of
different content services through efficient utilization of the
heterogeneous resources of both RSUs and vehicles. Existing
studies have devoted extensive efforts on the QoS provisioning
for IS and CIS, respectively. However, the distinct features,
multi-dimensional QoS demands, and the interplay relation-
ships between different services are still lack of considerations.

Network slicing is a promising paradigm to support
differentiated services, whereby multiple network slices are
constructed on-top-of a common network infrastructure to sup-
port multiple specified services. Each slice can work indepen-
dently with logically isolated resources to meet the required
QoS demands. Recently, slice-based vehicular network archi-
tectures have also been proposed to support different on-road
applications [7]. However, the detailed design of network slice
management remains an open issue due to the challenges of
resource efficiency, isolation guarantee, and multi-dimensional
QoS requirements [8].

In this work, we propose a hierarchical soft slicing
framework for the cache-enabled vehicular networks to meet
the multi-dimensional QoS demands of differentiated on-road
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content services. The typical CIS and IS are considered, and
two service-oriented slices are constructed correspondingly.
In the CIS slice, the RSUs cache the context information gen-
erated by distributed publisher nodes, and deliver the cached
content items to vehicles on demand. Accordingly, the CIS
slice consists of two functional blocks, i.e., the cache update
function to guarantee the content freshness, and the content
delivery function to transmit the requested contents to vehicles.
In the IS slice, the infotainment content items are pro-actively
pushed to vehicles through RSU broadcast, such that vehicles
can be self-served or assisted through vehicle-to-vehicle (V2V)
content sharing in proximity, i.e., local breakout. Accordingly,
the IS slice also consists of two function blocks from the RSU
aspect, i.e., the broadcast function to push newly generated
popular contents to vehicles prior to requests, and the unicast
function to serve content-miss vehicles as compensation.

Under the proposed framework, the RSU transmission
resource is shared at both intra- and inter-slice levels, and
opportunistic resource reuse is introduced to enhance the
system-level performance by exploiting the multiplexing gain.
The key design issue is the intra- and inter-slice resource
allocation, which affects the multi-dimensional QoS perfor-
mances of both slices. To address this issue, the performances
of both slices are analyzed. For the CIS slice, age of infor-
mation (AoI), i.e., the time elapsed since the generation of
the content, is adopted as the freshness metric. Both average
AoI and delay are derived in closed-form expressions based
on the random process analysis and queueing theory. For
the IS slice, the throughput of local breakout is obtained
by analyzing the proactive content pushing and V2V con-
tent sharing, with respect to the given communication and
cache resources. Then, the total throughput of the IS slice
is derived, demonstrating the coupling effect of intra- and
inter-slice resource sharing with soft slicing. Based on the
analytical results, the three-dimensional QoS performances
of both slices are obtained, showing the multiplexing gain
of soft slicing. Extensive simulations are conducted on the
OMNeT++ and MATLAB platforms, validating the obtained
analytical results. Numerical results are provided to show the
effectiveness of proposed hierarchical soft slicing framework.
In specific, the soft slicing method is shown to improve the IS
throughput by around 30% while maintaining the same QoS
of the CIS slice, in comparison with the hard slicing scheme
where the resources are shared orthogonally. Furthermore,
the achievable QoS performance is illustrated under the soft
slicing framework, which demonstrates a three-dimensional
tradeoff relationship among the CIS content freshness, service
latency, and IS throughput. This coupling effect on inter- and
intra-slice QoS performance provides insights into practical
resource management. The main contributions of this paper
are:

1) A hierarchical soft slicing framework has been proposed
to support the multi-dimensional QoS demands raised
by differentiated content services in the cache-enabled
vehicular networks, where resources are orthogonally
allocated but opportunistically reused to guarantee logi-
cal isolation with enhanced efficiency at both inter- and
intra-slice levels;

2) The process of content update and transmission is ana-
lyzed in the CIS slice. The average AoI and delay are
derived, which shows a tradeoff relationship with respect
to intra-slice resource allocation.

3) For the IS slice, the throughput of local breakout is
obtained by analyzing the pro-actively content pushing
and sharing. In addition, the total achievable throughput
is derived with inter- and intra-slice resource reuse.

4) The multi-dimensional QoS performance of the pro-
posed slicing framework is evaluated with optimized
inter- and intra-slice resource allocation. Numerical
results show that the proposed hierarchical soft slicing
framework can improve the IS throughput by 30%
compared with the optimized hard slicing method.

The remaining of this paper is organized as follows.
Section II presents a review of related works on content
services of vehicular networks and network slicing. Section III
introduces the proposed hierarchical soft slicing framework,
followed by the system model developed for analysis in
Section IV. Then, the performances of CIS and IS slices
are analyzed in Sections V and VI, respectively. Section VII
conducts simulations and provides numerical results. Finally,
conclusions are drawn in Section VIII.

II. LITERATURE REVIEW

This section reviews existing works on cache-enabled vehic-
ular network content services, according to the considered
application types.

A. Infotainment Service

Regarding the IS, the vehicular network performance has
been analyzed theoretically under different communication
modes [9] in addition to the real-trace evaluations [10], [11].
To further enhance the performance of IS, different method-
ologies have also been proposed, from different aspects such
as data dissemination [12], cooperative transmission [13], and
resource allocation [14], [15]. In specific, pushing IS contents
to vehicles prior to requests enables local traffic breakout,
whereby vehicles can obtain the required contents from the
on-board cache or nearby vehicles, reducing the burden of
RSUs [16]. Following this lead, on-board caching schemes
have been devised to enhance the local content hit rate, through
mobility-based caching [17], social-aware caching [18], and
cache instance sharing with crowdsourcing [19]. As the pop-
ularity of an IS content item may fade with time, cache
update is employed to maintain the hit rate. To this end,
existing works have devised popularity-based content caching
and update schemes for vehicles, where the vehicle-cached
contents are dynamically replaced based on the prediction
of popularity variations [20]. However, cache updating also
consumes transmission resources, which is seldom analyzed
in the existing literature.

B. Context Information Service

The research on CIS has mainly aimed to reduce the service
latency or enhance the reliability, by improving routing and
access protocols or exploiting vehicular mobility information
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[21]–[23]. Furthermore, the content information of a CIS item
may change with time, calling for timely update to guarantee
that vehicles receive fresh and effective information. AoI has
been proposed in vehicular communication environment as a
performance metric to depict content freshness, which is now
getting increasing attentions [24]. To effectively support the
time-critical CIS applications, both AoI and service latency
should be guaranteed, such that vehicles can rapidly obtain the
fresh contents on demand. However, these two objectives may
not be consistent in practice, since frequent content updates
improves content freshness but consumes additional communi-
cation resources [25]. Yet, there has been no study that jointly
considers AoI and latency performances in vehicular networks,
according to the authors’ knowledge.

C. Coexistence of Differentiated Services
The study on differentiated services is still at the infant age

in vehicular networking, as most related studies focus on a
single service type. The very recent work in [26] has proposed
an application-aware content placement framework under the
content-centric vehicular network architecture, whereby each
vehicle determines which content to cache based on the
attributes of the content as well as the mobility status and
available on-board cache resource. Although insightful, [26]
mainly provides heuristic design, which may fail to guarantee
the QoS performance in practice.

The key enabling technology, network slicing, has been
recently introduced into vehicular networks to support dif-
ferentiated services [7], [27]. However, there is still a lack
of detailed designs on the management of heterogeneous
vehicular network resources to guarantee the requirements of
different slices. Meanwhile, the existing studies on cellular
network slicing cannot capture the dynamics of vehicles,
which makes it difficult to be directly applied to the vehicular
networking scenarios [28]–[30].

Our previous work in [31] has presented a slice-based
management framework to support differentiated vehicular
applications of map and navigation, file downloading, and
on-demand service, through the collaborations of high altitude
platform broadcast and RSU transmissions. The main differ-
ences between this work and [31] are three-fold, i.e., scenario,
content service types, and slicing methods. Firstly, this work
considers the cooperation between cache-enabled RSUs and
vehicles without the help of HAPs. Secondly, this work
provides the distinct context information and infotainment
services with multi-dimensional QoS requirements, whereas
the services considered in [31] mainly belong to the info-
tainment service. Thirdly, the resource is shared orthogonally
with isolation across slices in [31] and most existing research
works, whereas this work enables opportunistic resource shar-
ing in a soft slicing manner. This brings more challenges to
QoS performance analysis and guarantee due to the intra- and
inter-slice coupling effects.

III. HIERARCHICAL SOFT SLICING FRAMEWORK

A. Vehicular Network Scenario
We consider a typical vehicular network providing both con-

text information and infotainment services, as shown in Fig. 1.

Fig. 1. Illustration of cache-enabled vehicular networks.

Three types of nodes are consisted: (1) publishers generating
content items, (2) vehicles requiring content services, and (3)
RSUs collecting and delivering content items. All the RSUs
and part of the vehicles are equipped with cache instances.
Three wireless communication modes are adopted: (1) pub-
lisher to RSU (P2R), whereby the publishers transmit contents
to RSUs, (2) RSU to vehicles (R2V), whereby the RSUs
deliver the requested contents to vehicles, and (3) vehicles
to vehicles (V2V), whereby vehicles share cached contents in
proximity to reduce the load of RSUs.

For the CIS, the distributed publishers generate content
items such as the availability of the parking lot, the intersection
passing time, the promotion of nearby shopping malls, and
the showtime of a cinema, as shown in Fig. 1. The RSUs
work as information sinks to collect and cache the content
items which may be requested by vehicles. Note that the
information of a context content item may change with time
due to the environment dynamics, and thus the publishers keep
generating new content versions to reflect the instant status.
Meanwhile, the RSUs fetch the newest versions for cache
update, to avoid sending out-dated information to vehicles.
When a vehicle raises a CIS request, the associated RSU will
deliver the content item directly, without fetching the content
from publishers.

Different from the CIS content items, the content of an IS
item can be considered as static or semi-static, which seldom
changes in small time scales. Therefore, the IS items can be
cached on vehicles in prior to requests. In addition, vehicles
can share contents in proximity through V2V transmissions
to further reduce the load of RSUs. To this end, the RSUs
push the popular IS contents to the vehicles through broadcast,
which is highly transmission-efficient. The service process of
the IS is shown as Fig. 2.

B. Service-Oriented Network Slicing

To provide satisfying CIS, the RSUs should deliver timely
information to vehicles with rapid transmissions. In contrast,
the infotainment service is bandwidth-consuming but non-
time-critical, which can endure service delay and content stal-
eness. Considering these distinct features, a service-oriented
network slicing framework is employed to satisfy the differen-
tiated demands efficiently. In specific, each slice is responsible
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Fig. 2. Flow chart to serve an infotainment content request.

Fig. 3. Illustration of the hierarchical slicing framework.

for one service, consisting of organized functional blocks,
as shown in Fig. 3.1 Two functions are embedded in the CIS
slice, both realized at RSUs using the wireless transmission
resources. The RSU cache update function enables RSUs to
fetch new versions of cached content items from publishers.
The R2V content unicast function is responsible to deliver
the requested content to vehicles through unicast. The IS slice
consists of four functional blocks, according to the service
process of Fig. 2. With the on-board cache function of vehi-
cles, the R2V content broadcast function pushes contents to
vehicles pro-actively. Then, vehicles requesting infotainment
contents can be serviced locally through the on-board or V2V
breakout functions. In addition, the content-miss vehicles are
served through the R2V unicast transmission.

Notice that the RSU transmission resources are shared at
the inter- and intra-slice levels to support all the required
functions. Furthermore, the cache resource and V2V links are
integrated in the IS slices to enhance the service capability.
The detailed hierarchical slicing schemes influence the QoS
performance of both slices due to the constrained resources.
Figure 4 illustrates the coupling effects of the QoS metrics,
where the delay and AoI reflect the performance of the CIS
slice while the IS slice pursues throughput. The solid lines
marked by stars depict the QoS performance under different
inter- and intra-slicing ratios. As the inter-slice controller
allocates more resources to the IS slice, the corresponding
throughput increases, whereas the delay and AoI performance
of the CIS slice degrades. Furthermore, the AoI and delay may
show a tradeoff relationship for the given inter-slice resource

1The framework can support more types of applications by constructing
multiple service slices.

Fig. 4. The multi-dimensional QoS metrics with respect to hirarchical soft
network slicing.

Fig. 5. The RSU service process model under the soft hierarchical network
slicing framework.

allocation, since the RSU cache update and R2V content
unicast functions share the RSU transmission resources. The
tradeoff relationship can be tuned by the intra-slice controller
which determines the resource sharing ratio. The hierarchical
slicing should be carefully designed to achieve the optimal bal-
ance among the multi-dimensional QoS performance metrics,
which is the main focus of this work.

IV. SYSTEM MODEL

This section builds the system model of the vehicular
network under the soft hierarchical slicing framework.

A. Network Topology Model

We consider a one-dimensional road consisting of J uni-
directional or bidirectional lanes. The RSUs are deployed
regularly beside the road with coverage radius of RR, and
are equipped with sufficient cache instances to cache all
CIS content items. The context information publishers are
randomly distributed in network following two-dimensional
Poisson point process (PPP) of density ρp. Denote by ρv the
density of vehicles in each lane, which are also uniformly
distributed following one-dimensional PPP. Part of the vehicles
are equipped with cache instances of size Cv, and the ratio of
cache-enabled vehicles is Pvc.

The service process of the RSU can be modeled as a
queueing system with processor sharing, as shown in Fig. 5.
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The bandwidth resources are sliced and shared as four virtual
machines (VMs), corresponding to the four functional blocks
in Fig. 3. Denote by B the available bandwidth of the RSU,
ζCS, ζCV, ζIB and ζIU the resource slicing ratio, where
ζCS + ζCV + ζIB + ζIU = 1.

VM-1 is utilized for cache update, where all the cached
CIS items are updated in a round-robin manner. VM-2 is
responsible to deliver the requested CIS contents to vehicles
through R2V unicast. The corresponding service requests are
served in a first-in-first-out (FIFO) manner. VM-3 belongs to
the IS slice, which is used by the RSUs to push the popular
IS contents to vehicles through broadcast. VM-4 serves the
vehicles which fail to obtain the requested IS content on-board
or through V2V breakout. R2V unicast communication mode
is used, and the requests are served in the FIFO way. With
soft slicing, the VMs can be reused opportunistically by
other functions to enhance the network efficiency, within a
slice (i.e., intra-slice reuse) or across slices (i.e., inter-slice
reuse), as shown by the dashed lines in Fig. 5. VM-2 of
the CIS slice can be reused to broadcast the popular IS
contents, i.e., inter-slice reuse. Additionally, the VM-3 can
be reused to serve the cache-miss vehicles through unicast,
which is a way of intra-slice resource reuse. Notice that the
VMs are only reused in the idle state, i.e., the corresponding
queue is empty. Therefore, each slice still enjoys logically
isolated resource, and the QoS can be guaranteed without
interference.

B. Wireless Traffic Model

Denote by S = {1, 2, · · · , S} the set of CIS content items to
be requested, where S = |S|. Denote by F = {1, 2, · · · , F}
the file library of IS slice, where F is the total number of
files and F ≥ Cv considering the constrained cache instances.
Furthermore, the IS files may show differentiated popularity.
Denote by qf (f = 1, 2, . . . , F ) the probability that file f is
requested, where

∑F
f=1 qf = 1.

Continuous time model is adopted to analyze the request
and service process. For both slices, vehicles raise requests of
content items randomly, following a Poisson process. Denote
by λC and λI the request arrival rate per vehicle of the CIS and
the IS slices, respectively. Thus, at the RSU, the aggregated
request arrival process of the CIS slice also follows Poisson
process, at rate of ΛC = 2πJRRρvλC. However, the aggre-
gated traffic load of the IS slice is reduced with local breakout.
Denote by PHit the probability that the requested IS content is
stored on a cache-enabled vehicles, and PV2V the probability
that a vehicle without cache can be assisted by surrounding
cache-enabled vehicles. Thus, the local breakout probability
of IS contents is given by

PLB = PHit (Pvc + (1 − Pvc)PV2V) , (1)

where the two parts corresponding to on-board breakout and
V2V-assisted breakout, respectively. Accordingly, the RSU
aggregated traffic load of the IS slice is given by

ΛI = 2πJRRρvλI(1 − PLB). (2)

C. Wireless Communication Model

To conduct theoretical analysis, we assume that the service
time of each VM follows exponential distribution due to the
random wireless channel conditions. Applying the Shannon
formula, the average service rates of the four VMs can be
obtained:

μCS = E
dRP

[
ζCSB

L
log2

(
1 +

PTPd
−α
RP

IIntf + σ2

)]
� ζCSμ̃CS,

μCV = E
dRV

[
ζCVB

L
log2

(
1 +

PTRd
−α
RV

IIntf + σ2

)]
� ζCVμ̃CV,

μIB =
ζIBB

L
log2

(
1 +

PTRD
−α
RV

IIntf + σ2

)
� ζIBμ̃IB,

μIU = E
dRV

[
ζIUB

L
log2

(
1 +

PTRd
−α
RV

IIntf + σ2

)]
� ζIUμ̃IU, (3)

where L is the file size,2 α is the path loss factor, IIntf is
the interference power, σ2 is the addictive Gaussian noise
power, PTP (and PTR) is the transmit power of a publisher
node (and a RSU), dRP and dRV are random variables
representing the transmission distances under the P2R and
the R2V unicast communication modes, DRV is the maximal
transmission distance under R2V broadcast mode, μ̃CS, μ̃CV,
μ̃IB, and μ̃IU denote the normalized average service rates of
the four VMs when allocated with all bandwidth, respectively.
The normalized average service rates can be obtained by
approximated theoretical analysis or numerical calculation for
the given system parameters [32].

With inter-slice reuse, the IS content broadcast rate is further
enhanced by

ΔIB = ζCVμIBoVM2, (4)

where oVM2 is the probability that VM-2 is in the idle
state with no request to serve. The intra-slice reuse of
VM-3 enhances the IS unicast rate by:

ΔIU = ζIBμIUoVM3, (5)

where oVM3 is the probability that VM-3 is in the idle state.
The key issue of the soft hierarchical slicing is to analyze the

QoS performance of each service and find the optimal resource
allocation at both inter- and intra-slice levels. For the context
information slice, the service rate of VM-1 mainly influences
the freshness of contents cached at RSUs, whereas the service
rate of VM-2 influences the service delay as well as the con-
tent freshness received by vehicles. Therefore, the inter- and
intra-slice resource allocations jointly determine the freshness
and delay performance of the CIS slice. This coupling effect
is more significant for the IS slice. The inter-slice coupling
effect exists as VM-2 can be reused to broadcast IS contents.
For the intra-slice resource allocation, the service rate of
VM-3 influences the probability of local breakout, while the
service rate of VM-4 determines how much traffic the RSU
can accommodate. Accordingly, the overall throughput of the
IS slice is determined together by the service capabilities of

2The files are assumed to have the same size for the simplicity of analysis.
In case of unequal file size, each file can be divided into multiple chunks of
the same size to apply the proposed method.
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Fig. 6. AoI variation illustration with RSU cache update.

Fig. 7. State transition of RSU cache update.

VM-2, VM-3 and VM-4. More detailed performance analysis
will be conducted in the following sections.

V. CONTEXT INFORMATION SLICE MANAGEMENT

In this section, the average AoI and delay of the CIS slice
are derived by analyzing RSU cache update (i.e., VM-1) and
content delivery (i.e., VM-2). Then, the optimal intra-slice
resource allocation is obtained.

A. RSU Cache Update

The RSU updates the cached CIS item in a round-robin
manner utilizing VM-1, and the AoI of each content item
varies with time. Figure 6 illustrates the AoI variation in a
three-item case, where content item 1 is updated at time zero.
Once updated, the AoI of item 1 is reset to the transmission
time from the publisher to the RSU, denoted as TU, T ′

U, and
T ′′

U. Then, the AoI increases linearly with time until the next
update.

This process can be analyzed by a Markov chain. The set
of state is denoted by S = [1, 2, · · · , S], where state s ∈ S
means that the RSU is updating content item s. The process of
state transition is shown as Fig. 7, where μs (s = 1, 2, . . . , S)
is the P2R transmission rate of content item s. In practical
systems, μs can vary with publishers due to the different
channel conditions. According to Fig. 7, the state transition
matrix of the Markov chain is given by

QR =

⎡
⎢⎢⎢⎢⎢⎢⎣

−μ1 μ1 0 · · · 0

0 −μ2 μ2 0
...

...
. . .

. . .
. . .

...
0 · · · 0 −μS−1 μS−1

μS 0 · · · 0 −μS

⎤
⎥⎥⎥⎥⎥⎥⎦
. (6)

Denote by Ψ = [ψ1, ψ2, . . . ψS ] the stable state probability
distribution, which should satisfy

ΨQR = Ψ, (7a)

Ψe = 1, (7b)

where (7) is the global balance function, e = [1, 1, . . . , 1] is a
column vector of length S. Thus, the stable state probability
distribution is given by:

ψs =
1

μs∑S
i=1

1
μi

, s = 1, 2, . . . , S. (8)

Notice that ψs will increase if the update rate μs is small,
which is reasonable as it takes longer time to complete the
update in state s.

B. Age of Information Analysis

Consider a vehicle requesting content item s. Suppose the
content update Markov chain is in state k when the RSU
begins the delivery. Accordingly, the experienced states since
the last update of content item s is {s, s+ 1, . . . , k} if k > s,
and is {s, s+1, . . . , S, 1, 2, . . . , k}, otherwise. Denote by ti the
dwelling time in state i, which follows exponential distribution
of mean 1/μi for i = 1, 2, . . . , S. Accordingly, the AoI of
content item s at the RSU is given by

A(RSU)
s =

⎧⎪⎪⎨
⎪⎪⎩
∑k

i=s
ti, k > s,∑S

i=s
ti +

k∑
i=1

ti, k ≤ s.
(9)

Then, the average AoI of the RSU cached content item s can
be obtained:

Ā(RSU)
s

= E
{k,{ti}}

[
A(RSU)

s

]
,

= E
{k,{ti}}

[
s∑

k=1

ψk

(
S∑

i=s

ti +
k∑

i=1

ti

)
+

S∑
k=s+1

ψk

k∑
i=s

ti

]

=
1

S∑
i=1

1
μi

[
s∑

k=1

1
μk

(
S∑

i=s

1
μi

+
k∑

i=1

1
μi

)
+

S∑
k=s+1

1
μk

k∑
i=s

1
μi

]

=
1

S∑
i=1

1
μi

[
s∑

k=1

S∑
i=s

1
μkμi

+
S∑

k=1

k∑
i=1

1
μkμi

+
S∑

k=s+1

k∑
i=s

1
μkμi

]

(10)

We first consider the two-publisher case to analyze the influ-
ence of differentiated transmission rate of publishers.

Case 1. Two CIS Publishers:
Set S = 2, μ1 = 1

1+εμ and μ2 = ε
1+εμ, where μ is the sum

transmission rate of the two publishers, and ε ≤ 1 reflecting
the rate difference of the two publishers. The average AoI of
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content item 1 can be written as

Ā
(RSU)
1

=
μ

2 + ε+ 1
ε

[
1
μ2

1

+
1

μ1μ2
+

1
μ2

1

+
1
μ2

2

+
1

μ1μ2

]

=
ε

(1 + ε)2μ

[
2(1 + ε)2 + 2(1 + ε)(1 +

1
ε
) + (1 +

1
ε
)2
]

=
1
μ

(
2ε+ 2 +

1
ε

)
. (11)

Similarly, the average AoI of content item 2 is given by

Ā
(RSU)
2 =

1
μ

(
ε+ 2 +

2
ε

)
. (12)

Thus, the average system-level AoI is

Ā(RSU) =
1
2

(
Ā

(RSU)
1 +Ā(RSU)

2

)
=

1
2μ

(
3ε+ 4 +

3
ε

)
, (13)

which achieves the minimum when ε = 1.
This case indicates that the symmetric networks show the

optimal system-level AoI performance. Thus, we can approx-
imate the transmission rate of each publisher by the average
transmission rate (i.e., μs =

�S
i=1 μi

S ), which provides the
lower bound of average AoI.

Case 2. Symmetric CIS Publishers:
Set μs = μ̄ =

∑S
i=1 μi/S, the average AoI of each content

item is equal, and (10) can be simplified as

Ā(RSU) =
1
Sμ̄

[
s∑

k=1

(S − s+ 1 + k) +
S∑

k=s+1

(k − S + 1)

]

=
1
Sμ̄

[
sS +

S∑
k=1

(k − S + 1)

]

=
1
Sμ̄

(2 + 3 + · · · + S + 1) =
S + 3
2μ̄

. (14)

Then, the network-level AoI of user received CIS contents can
be obtained approximately, given by Theorem 1.

Theorem 1: For the CIS slice, the approximated
network-level average AoI of user received contents is given
by

Ā(V) =
πR2

Rρp + 3
2ζCSμ̃CS

+
1

ζCVμ̃CV
. (15)

Proof. From the network aspect, the number of publishers
S in each RSU varies randomly. As the publishers follows
two-dimensional PPP of density ρp, S follows Poisson distri-
bution of mean πR2

Rρp. Substituting into (14), the network-
level average AoI of RSU cached content items is given by

Ā(RSU) =
πR2

Rρp + 3
2ζCSμ̃CS

. (16)

Furthermore, the AoI of user received contents includes the
staleness introduced during content delivery:

Ā(V) = Ā(RSU) + E(TD), (17)

where TD is the transmission time from RSU to vehicle, fol-
lowing exponential distribution of 1

ζCVμ̃CV
. Hence, Theorem 1

is proved.

Theorem 1 provides insights into the maintenance of content
freshness. Firstly, the freshness of user received contents
depends on the service rate of both VM-1 and VM-2,
indicating that the greedy RSU cache update scheme (i.e.,
maximizing the resource allocated to VM-1) may not be AoI-
optimal. Secondly, the resource allocated to VM-1 should
increase linearly with the density of publishers, to maintain
the same-level of content freshness.

C. Service Delay Analysis

Theorem 2: The average service delay of the CIS slice is

D̄C =
1

ζCVμ̃CV − 2πJRRλC
. (18)

Proof: For the CIS slice, the service delay corresponds
to the dwelling at VM-2. The service process of VM-2 can
be modeled as an M/M/1 queue, with arrival rate of ΛC and
service rate of μCV = ζCVμ̃CV. Thus,

D̄C =
1

μCV − ΛC
=

1
ζCVμ̃CV − 2πJRRλC

, (19)

and Theorem 2 is proved.
Notice that the service latency increases with the traffic load,

requiring that the service rate of VM-2 should be increased
in the heavily-loaded case. However, this can reduce the
service rate of VM-1, degrading content freshness. This result
indicates that there exist a AoI-delay tradeoff relationship in
the CIS slice, influenced by the intra-slice resource allocation.
To achieve the AoI-delay balance, the weighted sum of average
AoI and delay should be minimized by optimizing resource
slicing ratio ζCS and ζCV. As the average AoI and delay are
both convex with respect to the resource slicing ratio (proved
by taking second-order derivatives), this optimization problem
is convex and can be easily solved by MATLAB toolbox.

VI. INFOTAINMENT SLICE MANAGEMENT

This section analyzes the achievable throughput of the
IS slice, including the local breakout traffic and the RSU
unicast traffic. The throughput of local breakout depends on
the on-board hit rate, which is the key issue to analyze. The
achievable throughput of RSU unicast depends on the service
rate of VM-4 and the availability of VM-3, showing coupling
effect in the inter-slice resource allocation.

A. On-Board Hit Rate

As the popularity of a content can decay with time in an
exponential manner [33], [34], VM-3 should keep broadcasting
the newly generated popular contents to vehicles to guarantee
the content hit rate. The challenge is the random expiration
and update process. Denote by c the number of effective
content items cached on board, where c ∈ [0, 1, 2, · · · , Cv].
Assume that the lifetime of a content item follows exponential
distribution of mean τ , and the variation of c can be modeled
by a Markov chain. The state transition is illustrated as Fig. 8,
where μ′

IB = μIB + ΔIB is the aggregated broadcast rate by
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Fig. 8. The variation of the number of effective contents cached on-board.

reusing VM-2. As the probability that VM-2 is in the idle state
equals to

oVM2 = 1 − ΛC

ζCVμCV
, (20)

ΔIB is given by

ΔIB = ζCVμ̃IB − ΛC , (21)

according to Eq. (4). Denote by Φ = [φ1, φ2, · · · , φCv ] the
stable state probability distribution. The local balance function
is given by

i

τ
φi = μ′

IBφi−1, (22)

for i = 1, 2, . . . , Cv. Substituting Eq. (22) into
∑Cv

i=0 φi = 1
yields:

φ0 =
1∑Cv

i=0
(τμ′

IB)i

i!

, and φi =
(τμ′

IB)i

i!∑Cv
i=0

(τμ′
IB)i

i!

. (23)

Notice that the stable state probability distribution is a Poisson
distribution truncated on the right. The content hit rate is:

PHit =
Cv∑
i=1

φi

i∑
f=1

qf =

∑CV
i=1

∑i
f=1

(τμ′
IB)i

i! qf∑Cv
i=0

(τμ′
IB)i

i!

. (24)

In specific, we study two typical content popularity distribu-
tions (i.e., uniform and Zipf) to analyze the key influencing
factors on the on-board hit rate.

Proposition 1: If the popularity of IS contents follows uni-
form distribution, the on-board content hit rate has closed-form
expression:

PHit =
Cv

F
· τμ

′
IBΓ(Cv, τμ

′
IB)

Γ(Cv + 1, τμ′
IB)

, (25)

where Γ(·, ·) is the upper incomplete gamma function. The
on-board hit rate increases with τμ′

IB and converges to Cv/F
as τμ′

IB → ∞.
Proof. If all files are requested with equal probability,

qf = 1
F and then Eq. (24) can be rewritten as

PHit =
∑Cv

i=1
(τμ′

IB)i

i! · i
F∑Cv

i=0
(τμ′

IB)i

i!

(26a)

=
τμ′

IB

F

∑Cv−1
i=0

(τμ′
IB)i

i! · e−τμ′
IB∑Cv

i=0
(τμ′

IB)i

i! · e−τμ′
IB

(26b)

=
τμ′

IB

F

Γ(Cv,τμ′
IB)

(Cv−1)!

Γ(Cv+1,τμ′
IB)

Cv!

(26c)

=
τμ′

IBCv

F

Γ(Cv, τμ
′
IB)

Γ(Cv + 1, τμ′
IB)

, (26d)

where (26b) and (26c) come from the cumulated distribution
function of Poisson distributions. We can prove that PHit

increases with τμ′
IB by taking derivative of PHit, which is

intuitive and omitted due to the page limit. In addition,

lim
τμ′

IB→∞
PHit = lim

τμ′
IB→∞

∑Cv
i=1

(τμ′
IB)i

i! · i
F∑Cv

i=1
(τμ′

IB)i

i!

= lim
τμ′

IB→∞

(τμ′
IB)Cv

Cv! · Cv
F

(τμ′
IB)Cv

Cv!

=
Cv

F
. (27)

Hence, Proposition 1 is proved.
Proposition 1 indicates the content hit rate is mainly influ-

enced by cache size Cv and τμ′
IB. τμ′

IB can be defined
as the normalized update rate, reflecting the ratio of new
content update rate to old content expire rate. Furthermore,

lim
τμ′

IB→∞
PHit = Cv/F suggests that the hit rate depends on

how much content can be cached on-board if the communica-
tion resource is not constraint. In this case, the on-board cache
is always full of effective contents, since the popular contents
are pushed shortly once generated.

Proposition 2: If the popularity of IS contents follows Zipf
distribution of parameter ν, the on-board content hit rate has
explicit-form expression:

PHit =
∑Cv

i=1
(τμ′

IB)i

i! Hi,ν∑Cv
i=0

(τμ′
IB)i

i! HF,ν

, (28)

where Hn,ν is the nth generalized harmonic number:

Hn,ν =
n∑

k=1

1
kν
, (29)

and

lim
τμ′

IB→∞
PHit =

HCv,ν

HF,ν
. (30)

Proof: If the popularity of IS contents follows Zipf
distribution, we have

qf =
1/fν∑F
j=1 1/jν

, (31)

where ν is the skewness factor reflecting the degree of request
concentration. In specific, larger ν means that content requests
show higher similarity. The typical value is ν = 0.56,
corresponding to the video-type infotainment services [35].
Substitute Eq. (31) into Eq. (24), and we have

PHit =

∑Cv
i=1

(τμ′
IB)i

i! ·∑i
f=1

1
fν∑Cv

i=0
(τμ′

IB)i

i!

∑F
j=1

1
jν

(32a)

=
∑Cv

i=1
(τμ′

IB)i

i! Hi,ν∑Cv
i=0

(τμ′
IB)i

i! HF,ν

, (32b)

where (32b) comes from the cumulated distribution function
of Zipf’s law. Eq. (30) can be proved in the same way as
Eq. (27).
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Similar to the uniform popularity case, the on-board hit
rate is mainly constrained by the content update rate and
cache size, whereas the trend and performance is different.
For instance, the on-board hit rate increases with cache size
Cv and ν according to Eq. (30). Thus, the on-board hit rate
is larger if the content requests are more concentrated. Note
that the uniform popularity distribution can be considered as
a special case of Zipf popularity by taking ν = 0. Therefore,
proactive content pushing is more beneficial in case of Zipf
distribution, especially for larger ν.

B. Local Breakout

Theorem 3: The probability of local breakout in the IS slice
is given by

PLB =

∑CV
i=1

∑i
f=1

(τμ′
IB)i

i! qf∑Cv
i=0

(τμ′
IB)i

i!

(
1 − (1 − Pvc)e−πR2

v Pvcρv

)
,

(33)

where Rv is the transmission range of V2V communications.
Proof: The probability of local breakout is given by (1),

where the on-board hit rate PHit has been obtained as (24), and
the remaining issue is to analyze PV2V, i.e., the probability
that a vehicle can be assisted by surrounding vehicles. As the
spatial distribution of vehicles follows one-dimensional PPP
of density ρv in each lane, the distribution of cache-enabled
vehicles also follows PPP of density Pvcρv. Consider a vehicle
with no cache instance. The number of cache-enabled vehicles
within the V2V communication range follows Poisson distri-
bution of 2 JπRvPvcρv. Accordingly, PV2V can be obtained:

PV2V = 1 − e−2 JπRvPvcρv , (34)

which is the probability that there is at least one cache-enabled
vehicle in the V2V communication range. Substitute (24)
and (34) into (1), the local breakout probability is obtained
as (33).

In (33), the first part corresponds to the probability that
the requested content is stored on cache-enabled vehicles,
and the second part reflects the probability that a vehicle
is cache-enabled or has cache-enabled vehicles within V2V
communication range. Notice that the first part increases with
both the cache size Cv and broadcast rate μ′

IB. The second part
increases with the cache-enabled probability Pvc, the vehicle
density, and the V2V communication range, all in concave
manner. In general, more traffic can be served locally with
more cache-enabled vehicles’ assistance.

C. Throughput of Infotainment Slice

The aggregated throughput of IS slice is given by

UI = min {ΛI,ΛIPLB + ζIUμ̃IU + ζIBμ̃IUφCv} , (35)

where ΛIPLB is the throughput of local breakout, ζIUμ̃IU

is the achievable rate of RSU unicast with VM-4, and
ζIBμ̃IUφCv corresponds to the multiplexing gain by reusing
VM-3. φCv is the probability that the on-board cache is full
of effective contents and VM-3 is in the idle state. Maximizing
the IS throughput is non-intuitive considering the coupling

TABLE I

SIMULATION PARAMETERS

effect. Increasing broadcast resource can increase on-board hit
rate and the probability of local breakout PLB, as well as the
idle probability of VM-3 φCv . However, the service rate of
VM-4 can be significantly reduced. In practice, the numerical
results of optimal intra-slice resource allocation ratio can be
obtained by searching methods, based on the derived analytical
results.

VII. SIMULATION AND NUMERICAL RESULTS

This section conducts simulations to evaluate the analytical
results of both slices, using OMNeT++ and Matlab simu-
lators. In addition, the multiplexing gain of soft slicing is
shown, compared with the hard slicing without resource reuse.
Furthermore, the multi-dimensional QoS performance of both
slices is demonstrated under the proposed soft slicing scheme,
which provides insights into how to meet the requirements
of differentiated applications. Important simulation parameters
are listed in Table I.

A. Context Information Slice Analysis

For the CIS slice, we validate the derived average AoI and
delay by conducting system level Monte Carlo simulations on
the OMNeT++ platform. All bandwidth is allocated to the
CIS slice, whereas the intra-slice resource allocation ratio is
tuned to meet different AoI and delay requirements. The num-
ber of vehicles, their locations and requests are all generated
randomly, whereby the AoI and delay of each request can be
obtained. Then the average AoI and delay are calculated based
on the 1000 simulations, as shown in Fig. 9. The analytical
results are obtained by Eqs. (15) and (18). Figure 9 shows that
the derived average AoI and delay are quite close to the sim-
ulation under different parameter settings, which validates the
theoretical analysis. With more resources allocated to VM-1,
the average AoI decreases while the average delay increases.
This result indicates that the intra-slice resource allocation
ratio should be adjusted to satisfy the specific requirement
of applications in practice. Furthermore, the average AoI is
shown to increase significantly with the publisher density,
indicating higher costs to maintain content freshness. Instead,
the average delay is shown to rely on the request rate. These
results are consistent with the Theorems 1 and 2.

B. Infotainment Slice Analysis

For the IS slice, the numerical results of on-board hit rate,
local breakout probability, and the achievable throughput are
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Fig. 9. Analytical result evaluation of CIS slice, (a) average AoI (λC = 0.02 /s), and (b) average delay (ρp = 1000 /km2).

Fig. 10. On-board hit rate of the IS contents, (a) uniform content popularity, and (b) Zipf content popularity.

illustrated, showing the key influencing system parameters
including resource slicing ratio, content popularity distribution,
vehicle density, cache size, and cache-enabled ratio. Only the
IS slice is considered, with all bandwidth allocated.

The on-board hit rate is shown in Figs. 10(a) and 10(b),
with respect to the cache size normalized by the file library
(i.e., Cv/F ) and the normalized update rate (i.e., τμ′

IB).
The results show that the on-board hit rate increases with
both cache size and update rate, which is consistent with
the analytical results. Furthermore, for the given cache size,
the on-board hit rate firstly increases with the update rate but
then levels off. In specific, the on-board hit rate is shown to
converge to the normalized cache size for the uniform content
popularity case, which validates Proposition 1. For instance,
the on-board hit rate is 0.1497 when the vehicle can cache
15% of all files, if the content update rate is 40 files/s. In
this case, the update rate is sufficiently large to push the
newly generated popular contents to vehicles instantly, and
thus the on-board cache is always full of effective contents.
Instead, the on-board hit rate is mainly constrained by the
on-board cache size. Therefore, the on-board hit rate can be
constrained either by the communication source or the storage
resource, as demonstrated in Fig. 10(a). The results also show
that larger cache size requires higher update rate to achieve
the maximal hit rate, revealing that the storage resource
and communication resource should be balanced for efficient
utilization. In case of the Zipf content popularity distribution,

Fig. 11. Local breakout probability, normalized by on-board hit rate.

we can draw the similar conclusions from the numerical
results, which validates Proposition 2. In comparison, the on-
board hit rate is shown to be higher under the Zipf content
popularity distribution, in both the communication-constrained
and storage-constrained regions. This is because the cached
popular contents are requested more frequently, increasing
on-board hit rate.

Figure 11 shows the probability of local breakout which is
normalized by on-board content hit rate, with respect to the
cache-enabled ratio (i.e., Pvc) and vehicle density (i.e., ρv).
The physical meaning is the probability that a vehicle is either
cache-enabled or can find at least one cache-enabled vehicle
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Fig. 12. IS throughput gain through soft slicing, (a) gain of intra-slice resource reuse, and (b) gain of inter-slice resource reuse.

within V2V communication range. The result of Fig. 11 shows
that the probability of local breakout increases with both vehi-
cle density and cache-enabled ratio. When the vehicle density
increases, a vehicle without cache has a higher chance to find a
cache-enabled vehicle for V2V assistance. In addition, higher
cache-enabled ratio indicates that more vehicles are equipped
with on-board cache, and thus vehicles are more likely to
realize local breakout. When the normalized probability of
local breakout reaches 1, it is equivalent that all vehicles are
equipped with on-board cache. In this case, the achievable
throughput of local breakout mainly depends on the on-board
content hit rate.

C. Multiplexing Gain

With the proposed soft slicing method, the resources can be
utilized opportunistically in the intra- and inter-slice manners,
which can enhance the throughput of the IS slice without
influencing the performance of the CIS slice. To evaluate the
performance of soft slicing, we compare the throughput of the
IS slice under both soft and hard slicing schemes, as shown
in Fig. 12. Figure 12(a) shows the throughput gain obtained by
intra-slice resource reuse in the IS slice, where the resource
allocated for RSU pro-active content push (i.e., VM-3) can
be reused by RSU unicast content delivery (i.e., VM-4). Two
hard slicing schemes without resource reuse are adopted as
baselines: (1) constant hard slicing scheme, whereby 30%
IS bandwidth is allocated to RSU pro-active content push
and 70% IS bandwidth is allocated to RSU unicast content
delivery; and (2) optimal hard slicing, where the resource
allocated to RSU pro-active content push and unicast content
delivery is optimized. The results of Fig. 12(a) show that the
throughput of IS slice can be improved by enabling oppor-
tunistic intra-slice resource reuse, which can bring around
30% and 10% throughput gain compared with the constant
and optimal hard slicing schemes, respectively. Figure 12(b)
further shows the throughput gain through inter-slice resource
reuse, whereby the idle resource of CIS slice can be reused
by the IS slice. The bandwidth allocation ratio is set to
ζCS = 0.15, ζCV = 0.35, ζIB + ζIU = 0.5 while ζIB and
ζIU are further optimized under both schemes to maximize
the throughput. Compared with the optimal hard slicing,

Fig. 13. Influencing factors on IS throughput, (a) Uniform content popularity
distribution, and (b) Zipf content popularity distribution.

the throughput can be improved by around 30% compared
with the optimal soft slicing scheme, when the CIS load is low.
In this case, more CIS resources are available for inter-slice
reuse, and the proposed soft slicing method is more beneficial.

The throughput of IS slice is also affected by system
parameters, as shown in Fig. 13. Pvc = 0 corresponds to
the case that no vehicle is cache-enabled and all traffic is
served through RSU unicast. The results of Fig. 13(b) indicate
that the throughput can be improved by more than threefold
through local breakout if 10% vehicles are cache-enabled. In
addition, the throughput can be further enhanced as the ratio of
cache-enabled vehicles increases, whereas the marginal effect
is significant. The important insight is that equipping partial
vehicles (such as taxis and buses) with cache instances can be
great helpful to enhance the IS capacity of vehicular networks.
Furthermore, the throughput is shown to increase with vehicle
density (i.e., decrease with average vehicle headway), as more
content delivery requests are raised in this case.

D. Three-Dimensional QoS Guarantee

The bandwidth demand of CIS slice can be obtained for
the given average AoI and delay requirements according to
Eqs. (15) and (18), determining the inter-slice resource alloca-
tion. Then, the intra-slice resource allocation of IS slice can be
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Fig. 14. Three-dimensional QoS performance of CIS and IS slices of soft slicing, (a) uniform content popularity distribution, and (b) Zipf content popularity
distribution.

optimized for maximum throughput. In this way, the achiev-
able three-dimensional QoS performance of soft slicing can
be obtained, as shown in Fig. 14. In specific, the result
demonstrates a three-dimensional tradeoff relationship. For
example, increasing the IS throughput needs to sacrifice either
the average AoI or the delay performance of the CIS slice.
In addition, the average AoI and delay can be traded in the
CIS slice, for the given IS throughput requirement. The main
reason of this tradeoff relationship is the resource constraint.

VIII. CONCLUSION AND FUTURE WORK

This paper has proposed a hierarchical soft slicing frame-
work for cache-enabled vehicular networks supporting the
typical CIS and IS applications, where the RSU resource is
reused opportunistically within and across slices. In specific,
the average AoI and delay of the CIS slice have been derived,
showing a tradeoff relationship with respect to intra-slice
resource allocation. Furthermore, the throughput of the IS
slice has been obtained with inter- and intra-slice opportunis-
tic resource reuse, considering the local breakout through
proactive content caching and sharing among vehicles. The
analytical results have been validated through OMNeT++
simulations, and numerical results have been provided to
reveal the interplay between the performance of different
slices. In specific, the achievable QoS performance shows
a three-dimensional tradeoff relationship, depending on the
inter- and intra-slice resource sharing. In addition, the pro-
posed soft slicing can effectively improve the throughput of
IS slice while guaranteeing the AoI and delay performance of
the CIS slice, compared with conventional hard slicing meth-
ods. Future works will consider non-ideal environments (i.e.,
the intermittent V2V transmissions), more practical constraints
(e.g., unequal file size), and more types of applications (i.e.,
multi-service slicing).

REFERENCES

[1] M. Amadeo, C. Campolo, and A. Molinaro, “Information-centric net-
working for connected vehicles: A survey and future perspectives,” IEEE
Commun. Mag., vol. 54, no. 2, pp. 98–104, Feb. 2016.

[2] Z. Chang, S. Zhou, T. Ristaniemi, and Z. Niu, “Collaborative mobile
clouds: An energy efficient paradigm for content sharing,” IEEE Wireless
Commun., vol. 25, no. 2, pp. 186–192, Apr. 2018.

[3] Z. Su, Y. Hui, Q. Xu, T. Yang, J. Liu, and Y. Jia, “An edge caching
scheme to distribute content in vehicular networks,” IEEE Trans. Veh.
Technol., vol. 67, no. 6, pp. 5346–5356, Jun. 2018.

[4] S. Zhang, N. Zhang, X. Fang, P. Yang, and X. S. Shen, “Self–sustaining
caching stations: Toward cost–effective 5G-enabled vehicular networks,”
IEEE Commun. Mag., vol. 55, no. 11, pp. 202–208, Nov. 2017.

[5] Y. Guo, Q. Yang, F. R. Yu, and V. C. M. Leung, “Cache–enabled adaptive
video streaming over vehicular networks: A dynamic approach,” IEEE
Trans. Veh. Technol., vol. 67, no. 6, pp. 5445–5459, Jun. 2018.

[6] S. Zhang, J. Chen, F. Lyu, N. Cheng, W. Shi, and X. Shen, “Vehicular
communication networks in the automated driving era,” IEEE Commun.
Mag., vol. 56, no. 9, pp. 26–32, Sep. 2018.

[7] H. Khan, P. Luoto, M. Bennis, and M. Latva-Aho, “On the application
of network slicing for 5G-V2X,” in Proc. Eur. Wireless Conf., Catania,
Italy, May 2018, pp. 1–6.

[8] C. Campolo, A. Molinaro, A. Iera, and F. Menichella, “5G network
slicing for vehicle-to-everything services,” IEEE Wireless Commun.,
vol. 24, no. 6, pp. 38–45, Dec. 2017.

[9] V. V. Chetlur and H. S. Dhillon, “Coverage analysis of a vehicular
network modeled as Cox process driven by Poisson line process,” IEEE
Trans. Wireless Commun., vol. 17, no. 7, pp. 4401–4416, Jul. 2018.

[10] J. Cao et al., “Design and verification of a virtual drive test methodology
for vehicular LTE—A applications,” IEEE Trans. Veh. Technol., vol. 67,
no. 5, pp. 3791–3799, May 2018.

[11] M. Sepulcre, J. Gozalvez, and B. Coll-Perales, “Why 6 Mbps is not
(always) the optimum data rate for beaconing in vehicular networks,”
IEEE Trans. Mobile Comput., vol. 16, no. 12, pp. 3568–3579, Dec. 2017.

[12] P. Dai, K. Liu, X. Wu, Y. Liao, V. C. S. Lee, and S. H. Son, “Band-
width efficiency and service adaptiveness oriented data dissemination in
heterogeneous vehicular networks,” IEEE Trans. Veh. Technol., vol. 67,
no. 7, pp. 6585–6598, Jul. 2018.

[13] J. Chen, G. Mao, C. Li, W. Liang, and D.-G. Zhang, “Capacity of
cooperative vehicular networks with infrastructure support: Multiuser
case,” IEEE Trans. Veh. Technol., vol. 67, no. 2, pp. 1546–1560,
Feb. 2018.

[14] L. Liang, S. Xie, G. Y. Li, Z. Ding, and X. Yu, “Graph–based resource
sharing in vehicular communication,” IEEE Trans. Wireless Commun.,
vol. 17, no. 7, pp. 4579–4592, Jul. 2018.

[15] M. Li, L. Zhao, and H. Liang, “An SMDP–based prioritized channel
allocation scheme in cognitive enabled vehicular ad hoc networks,” IEEE
Trans. Veh. Technol., vol. 66, no. 9, pp. 7925–7933, Sep. 2017.

[16] B. Hu, L. Fang, X. Cheng, and L. Yang, “In–vehicle caching (iv–cache)
via dynamic distributed storage relay (D2SR) in vehicular networks,”
IEEE Trans. Veh. Technol., vol. 68, no. 1, pp. 843–855, Jan. 2019.

[17] L. Yao, A. Chen, J. Deng, J. Wang, and G. Wu, “A cooperative
caching scheme based on mobility prediction in vehicular content centric
networks,” IEEE Trans. Veh. Technol., vol. 67, no. 6, pp. 5435–5444,
Jun. 2018.

[18] J. A. Khan and Y. Ghamri-Doudane, “SAVING: Socially aware vehicular
information-centric networking,” IEEE Commun. Mag., vol. 54, no. 8,
pp. 100–107, Aug. 2016.

[19] C. Li, S. Gong, X. Wang, L. Wang, Q. Jiang, and K. Okamura, “Secure
and efficient content distribution in crowdsourced vehicular content–
centric networking,” IEEE Access, vol. 6, pp. 5727–5739, 2018.

Authorized licensed use limited to: University of Waterloo. Downloaded on April 14,2020 at 16:24:31 UTC from IEEE Xplore.  Restrictions apply. 



2162 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 19, NO. 3, MARCH 2020

[20] W. Zhao, Y. Qin, D. Gao, C. H. Foh, and H.-C. Chao, “An efficient cache
strategy in information centric networking vehicle-to-vehicle scenario,”
IEEE Access, vol. 5, pp. 12657–12667, 2017.

[21] K. Katsaros, M. Dianati, R. Tafazolli, and X. Guo, “End-to-end delay
bound analysis for location–based routing in hybrid vehicular networks,”
IEEE Trans. Veh. Technol., vol. 65, no. 9, pp. 7462–7475, Sep. 2016.

[22] F. Lyu et al., “MoMAC: Mobility–aware and collision–avoidance MAC
for safety applications in VANETs,” IEEE Trans. Veh. Technol., vol. 67,
no. 11, pp. 10590–10602, Nov. 2018.

[23] J. Gao, M. Li, L. Zhao, and X. Shen, “Contention intensity based
distributed coordination for V2V safety message broadcast,” IEEE Trans.
Veh. Technol., vol. 67, no. 12, pp. 12288–12301, Dec. 2018.

[24] S. Kaul, M. Gruteser, V. Rai, and J. Kenney, “Minimizing age of
information in vehicular networks,” in Proc. 8th Annu. IEEE Com-
mun. Soc. Conf. Sensor, Mesh Ad Hoc Commun. Netw. (SECON),
Salt Lake City, UT, USA, Jun. 2011, pp. 350–358.

[25] S. Kaul, R. Yates, and M. Gruteser, “Real-time status: How often should
one update?” in Proc. IEEE INFOCOM, Orlando, FL, USA, Mar. 2012,
pp. 2731–2735.

[26] D. D. Van, Q. Ai, Q. Liu, and D.-T. Huynh, “Efficient caching strategy in
content-centric networking for vehicular ad-hoc network applications,”
IET Intell. Transp. Syst., vol. 12, no. 7, pp. 703–711, Sep. 2018.

[27] C. Campolo, A. Molinaro, A. Iera, R. R. Fontes, and C. E. Rothenberg,
“Towards 5G network slicing for the V2X ecosystem,” in Proc. IEEE
NetSoft, Montreal, QC, Canada, Jun. 2018, pp. 400–405.

[28] C. Liang and F. R. Yu, “Wireless network virtualization: A survey, some
research issues and challenges,” IEEE Commun. Surveys Tuts., vol. 17,
no. 1, pp. 358–380, 1st Quart., 2015.

[29] A. Ksentini and N. Nikaein, “Toward enforcing network slicing on RAN:
Flexibility and resources abstraction,” IEEE Commun. Mag., vol. 55,
no. 6, pp. 102–108, Jun. 2017.

[30] Q. Ye, W. Zhuang, S. Zhang, A.-L. Jin, X. Shen, and X. Li, “Dynamic
radio resource slicing for a two–tier heterogeneous wireless network,”
IEEE Trans. Veh. Technol., vol. 67, no. 10, pp. 9896–9910, Oct. 2018.

[31] S. Zhang, W. Quan, J. Li, W. Shi, P. Yang, and X. Shen, “Air–
ground integrated vehicular network slicing with content pushing
and caching,” IEEE J. Select. Areas Commun., vol. 36, no. 9,
pp. 2114–2127, Sep. 2018.

[32] S. Zhang, P. He, K. Suto, P. Yang, L. Zhao, and X. Shen, “Cooperative
edge caching in user–centric clustered mobile networks,” IEEE Trans.
Mobile Comput., vol. 17, no. 8, pp. 1791–1805, Aug. 2018.

[33] W. Tang, Y. Fu, L. Cherkasova, and A. Vahdat, “Modeling and generat-
ing realistic streaming media server workloads,” Comput. Netw., vol. 51,
no. 1, pp. 336–356, Jan. 2007.

[34] Z. Avramova, S. Wittevrongel, H. Bruneel, and D. D. Vleeschauwer,
“Analysis and modeling of video popularity evolution in various online
video content systems: Power–law versus exponential decay,” in Proc.
1st Int. Conf. Evolving Internet, Cannes, France, Aug. 2009, pp. 95–100.

[35] P. Gill, M. Arlitt, Z. Li, and A. Mahanti, “Youtube traffic character-
ization: A view from the edge,” in Proc. 7th ACM SIGCOMM Conf.
Internet Meas. (IMC), San Diego, CA, USA, Oct. 2007, pp. 15–28.

Shan Zhang (Member, IEEE) received the Ph.D.
degree in electronic engineering from Tsinghua
University, Beijing, China, in 2016. She was a
Post-Doctoral Fellow at the Department of Electron-
ics and Computer Engineering, University of Water-
loo, Waterloo, ON, Canada, from 2016 to 2017. She
is currently an Assistant Professor with the School
of Computer Science and Engineering, Beihang
University, Beijing. Her research interests include
mobile edge computing, wireless network virtualiza-
tion, and intelligent management. She received the

Best Paper Award at the Asia–Pacific Conference on Communication in 2013.

Hongbin Luo (Senior Member, IEEE) received the
B.S. degree from Beihang University in 1999, and
the M.S. (Hons.) and Ph.D. degrees in commu-
nications and information science from the Uni-
versity of Electronic Science and Technology of
China (UESTC) in June 2004 and March 2007,
respectively.

From June 2007 to March 2017, he was with
the School of Electronic and Information Engi-
neering, Beijing Jiaotong University. From Septem-
ber 2009 to September 2010, he was a Visiting

Scholar at the Department of Computer Science, Purdue University. He is
currently a Professor with the School of Computer Science and Engineering,
Beihang University. He has authored more than 50 peer-reviewed articles in
leading journals, such as the IEEE/ACM TRANSACTIONS ON NETWORKING,
the IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, and
conference proceedings. His research interests are in the wide areas of network
technologies, including network architecture, routing, and traffic engineering.
In 2014, he won the National Science Fund for Excellent Young Scholars
from the National Natural Science Foundation of China (NSFC).

Junling Li received the B.S. degree from Tianjin
University, Tianjin, China, in 2013, and the M.S.
degree from the Beijing University of Posts and
Telecommunications, Beijing, China, in 2016. She
is currently pursuing the Ph.D. degree with the
Department of Electrical and Computer Engineering,
University of Waterloo, Waterloo, ON, Canada. Her
research interests include software-defined network-
ing, network function virtualization, and vehicular
networks.

Weisen Shi received the B.S. degree from Tian-
jin University, Tianjin, China, in 2013, and the
M.S. degree from the Beijing University of Posts
and Telecommunications, Beijing, China, in 2016.
He is currently pursuing the Ph.D. degree with the
Department of Electrical and Computer Engineer-
ing, University of Waterloo, Waterloo, ON, Canada.
His research interests include drone communication
and networking, network function virtualization, and
vehicular networks.

Xuemin (Sherman) Shen (Fellow, IEEE) received
the Ph.D. degree in electrical engineering from Rut-
gers University, New Brunswick, NJ, USA, in 1990.

He is currently a University Professor with the
Department of Electrical and Computer Engineer-
ing, University of Waterloo, Canada. His research
focuses on network resource management, wireless
network security, social networks, 5G and beyond,
as well as vehicular ad hoc and sensor networks.
He is a registered Professional Engineer of Ontario,
Canada, an Engineering Institute of Canada Fellow,

a Canadian Academy of Engineering Fellow, a Royal Society of Canada Fel-
low, a Chinese Academy of Engineering Foreign Fellow, and a Distinguished
Lecturer of the IEEE Vehicular Technology Society and Communications
Society. He received the R.A. Fessenden Award in 2019 from the IEEE,
Canada, the James Evans Avant Garde Award in 2018 from the IEEE Vehicular
Technology Society, the Joseph LoCicero Award in 2015, and the Education
Award in 2017 from the IEEE Communications Society. He has also received
the Excellent Graduate Supervision Award in 2006 and the Outstanding
Performance Award five times from the University of Waterloo and the
Premier’s Research Excellence Award (PREA) in 2003 from the Province
of Ontario, Canada. He has served as the Technical Program Committee
Chair/Co-Chair for the IEEE Globecom’16, the IEEE Infocom’14, the IEEE
VTC’10 Fall, the IEEE Globecom’07, the Symposia Chair for the IEEE
ICC’10, the Tutorial Chair for the IEEE VTC’11 Spring, and the Chair
for the IEEE Communications Society Technical Committee on Wireless
Communications. He is the Editor-in-Chief of the IEEE INTERNET OF
THINGS JOURNAL and the Vice President on the Publications of the IEEE
Communications Society.

Authorized licensed use limited to: University of Waterloo. Downloaded on April 14,2020 at 16:24:31 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


