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Abstract—On-demand streaming of high-quality video content
is a widely anticipated vehicular infotainment service. How to
reduce the cost of content streaming is a primary concern of the
service providers, but is still an underinvestigated subject in the
literature. This paper proposes an integrated mobile streaming
and caching scheme that jointly leverages two communication
service tiers and on-board caching resource for cost reduction.
Algorithms are presented to achieve optimal buffering at the
session level and optimal caching at the device level. An ana-
lytical framework is established to characterize the average cost
as a function of the streaming rate in a large scale network.
Numerical results demonstrate how the “cost-streaming rate”
function changes with vehicle density, network congestion level,
content length, and average packet transmission time. We learn
an important insight that there is a minimum cost threshold even
when the streaming rate approaches zero. We also show that the
proposed protocol can effectively reduce the overall cost when
the network is not congested. Our findings can provide useful
guidelines for the business planning and operation of vehicular
content streaming services.

Index Terms—Content streaming, Internet-of-Vehicle (IoV),
service tier, video-on-demand (VoD).

I. INTRODUCTION

AS ONE of the major applications envisioned for the
Internet of Vehicles (IoV) [1], vehicular infotainment ser-

vice [2] is gaining momentum from the rapid advancements
of self-driving [3] and IoV technologies. On one hand, self-
driving technologies allow on-board passengers to shift their
attentions from driving to infotainment services. On the other
hand, the IoV not only provides accessible mobile broadband
connections for vehicles but also enables an ecosystem where
diverse information (e.g., user preference, transportation con-
dition, content popularity, etc.) can be jointly processed to
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make the infotainment service more personalized and attrac-
tive [1]. As a result, it is widely anticipated that the vehicular
infotainment service will become a ubiquitous service in the
near future.

The IoV network underpinning the vehicular infotainment
service has a heterogeneous nature and is expected to offer
a multitude of service tiers [1]. The tiers are differenti-
ated by their price and quality-of-service metrics such as
transmission rate and delay [4]. Two heterogeneous and com-
plementary networking paradigms have been proposed for
IoV: 1) vehicle-to-vehicle (V2V) [5]–[9] and 2) vehicle-to-
infrastructure (V2I) [10]–[13] communications. In V2V com-
munications, vehicles communicate with each other directly in
an ad-hoc fashion. It offers a communication service that is
opportunistic in nature. In V2I communications, vehicles can
communicate with nearby infrastructure, which may include
special road-side units or cellular base stations (BSs). A V2I
system can itself be designed to offer different service tiers.
For example, IoV is a targeted application scenario of the fifth
generation (5G) cellular communication system [13]–[15].
Using network virtualization and slicing technologies [16], the
5G-enabled IoV can offer multiple service tiers ranging from
ultrareliable service for mission critical applications [17] to
ultraelastic services for delay-tolerant applications [18].

On-demand content/video streaming is a major application
in vehicular infotainment services. It offers a highly personal
and attractive service by allowing passengers to browse a rec-
ommended content list and request the favorite contents on
demand. One popular way to deliver a requested content is to
download the entire content file. This is usually called content
dissemination [8]–[11], [21]–[23] in the literature. Another
way to deliver a content is to transmit the content as a continu-
ous stream of data while the content is played in real time. This
is called content streaming. Measurements show that mobile
users tend to abort more frequently than PC users during the
content viewing process [19], [20]. As a result, compared with
content dissemination, content streaming can offer higher flex-
ibility and resource efficiency. The upmost technical challenge
of mobile content streaming is to deal with the versatile wire-
less channel [24]–[27], which may cause playback freeze and
bad user experience [28]. To this end, a “Fast Start” phase
is commonly implemented to rapidly fill the playback buffer
when a streaming session begins. After this phase, a variety
of streaming schemes can be used [28]. These schemes are
different variations of a fundamental scheme called encoding
rate streaming, in which the streaming rate is matched to the
encoding rate (i.e., playing rate). Without loss of generality,
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this paper focuses on the fundamental scheme of encoding rate
streaming.

The problem of mobile video streaming has been exten-
sively investigated in the context of mobile phones [28]–[32].
For vehicular networks, the content streaming problem has
also been widely studied [5], [33]–[36]. The main focus of
research had been placed on the buffer/pre-fetching algorithms
and rate adaptation algorithms. Despite these efforts, we can
still identify three important research gaps.

1) Few research addressed the commercial perspective and
investigated the cost issue of content streaming in the
context of multiservice-tier networks. There is a bulk of
literature that investigated how to aggregate streaming
bandwidth from heterogeneous networks. The resulted
designs include concurrent multipath transfer [37]–[39]
and multihomed video streaming [40]–[42]. However,
cost was not a factor of concern in these studies.
Wu et al. [43] and He et al. [44] raised the issue of cost-
effectiveness in mobile video streaming, but the cost is
interpreted as energy and bandwidth efficiencies instead
of monetary service cost.

2) Few research addressed the problem of joint buffer-
ing and caching design. Compared with mobile phone
networks, a major difference in IoV is that vehicles are
less restricted on cache space and energy consumption.
Thus, vehicles can potentially cache a large volume of
popular contents to ease the burden of online streaming.
In this case, the performance of buffering and caching
are inherently related. This brings new challenges in
joint buffering and caching protocol design. Such a
challenge has attracted some recent attention in cellu-
lar networks [45], [46], but has not been studied in the
context of vehicle-based content streaming and caching.

3) Few research addressed the scaling performance of
mobile streaming, i.e., how does the performance scale
in large scale networks with multiple users? The scaling
performance had been studied in the context of content
dissemination in vehicular ad-hoc networks [47], [48].
However, the analytical frameworks therein cannot pro-
vide much insight into the distribution of packet delay,
which is critical to the performance evaluation of delay-
sensitive streaming service.

This paper aims to partly address the above research gaps.
Taking the perspective from a vehicular infotainment ser-
vice provider, we focus on how to reduce the operational
expenses (OPEX) of content streaming service in an IoV
network with two service tiers. Our main contributions are
as follows. First, we propose a streaming scheme that jointly
leverages the communication and caching resources for cost
reduction. Optimal buffering and caching polices are derived
for the proposed scheme. Second, using a novel analytical
framework that integrates stochastic geometry models [49]
and queueing models [50], the performance of the proposed
scheme is analyzed in a large scale network. We demonstrate
how the service cost changes with streaming rate, vehicle den-
sity, content length, and network congestion level. The benefits
and fundamental limits of two-tier content streaming are also
revealed.

The remainder of this paper is organized as follows.
Section II introduces the application scenario and proposes
a streaming protocol. Sections III and IV derive the optimal
buffering and caching policies, respectively. Section V eval-
uates the performance in large scale networks. Finally, the
conclusions are drawn in Section VI.

II. APPLICATION SCENARIO AND PROPOSED PROTOCOL

This paper envisions a novel infotainment service called per-
sonalized vehicular media. Using interactive screens installed
on vehicles, the service can recommend a personalized list of
contents to on-board passengers, wait for passengers to browse
the list and request interested contents, and deliver the on-
demand content to users through the IoV. This is an attractive
value-added service to transportation operators such as taxi
companies, limousine companies, or peer-to-peer vehicle shar-
ing companies like Uber. We further envision a commercial
entity called vehicular media operator (VMO). The primary
concern of the VMO is to maximize the revenue (by advertis-
ing for example) and reduce the OPEX. It is expected that the
cost of wireless mobile communications will become a major
source of OPEX due to the heavy mobile data consumption
on a daily basis. Hence, taking a commercial perspective, this
paper aims to reduce the communication cost for VMO.

We propose a novel content streaming protocol that jointly
leverages the communication and caching resources for overall
cost reduction. It is assumed that the underlying IoV network
provides two classes of communication services: 1) a primary
service and 2) a secondary service. The primary access has a
high cost, low delay, and sufficiently large instant data rate.
The secondary access, on the other hand, is an opportunistic
service that has a low cost at the expense of unreliable delay
and data rate. It is further assumed that the vehicles can cache
a large volume of popular contents. Our protocol runs on a
vehicular device and includes the following steps.
Step 1 (Streaming Rate Adaptation): Upon a user request for

a content, choose a proper streaming rate based on a
rate adaption policy that takes into account the cost
budget and overall network traffic conditions, etc.

Step 2 (Initial Cache Loading): Check whether part of the
requested content has been cached locally. If yes, load
the cached data to buffer.

Step 3 (Instant Buffering): Calculate the optimal buffer length
for the content. If the optimal buffer length is not
reached in step 2, invoke the Fast Start procedure [28]
to fill the buffer to its optimal length using the primary
access link.

Step 4 (Secondary Streaming): Start content playback and
begin encoding rate streaming [28] via the secondary
access link.

Step 5 (Complementary Primary Access): Constantly moni-
tors the buffer. If a packet approaching the deadline
is not yet received, invoke the primary access to fetch
the packet instantaneously.

The basic rationale of our protocol is to quickly buffer a por-
tion of the content before playback. A longer buffer length
implies a higher initial cost, but is compensated by a lower cost
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in the latter streaming phase because the likelihood of using
the primary access reduces (due to a larger delay allowance).
In our protocol, it is assumed that the streaming rate is decided
at the beginning of a session according to the conditions of the
network. The streaming rate remains unchanged throughout a
session. Our protocol can support fast streaming rate adap-
tation by dividing a content file into smaller segments and
transmitting each segment with a new session. In this sense,
our protocol is compatible with the widely used Dynamic
Adaptive Streaming over HTTP protocol, which allows a con-
tent to be divided into multiple segments, while each segment
can be encoded with different rates. In the remainder of
this paper, we will systematically analyze the performance of
the proposed protocol at the session level, device level, and
network level.

III. OPTIMAL BUFFERING POLICY AT THE SESSION LEVEL

A. Problem Formulation

This section considers the problem of optimal buffering in a
single session, which deals with one user request for a single
content file. We denote εp as the cost of primary access, εs

as the cost of secondary access, T as the total length (i.e.,
playing time) of the requested content, Tc as the length of
precached content, and FD(t) as the cumulative distribution
function (CDF) of the random delay in the secondary access
channel. These parameters are treated as known when a session
starts. We note that throughout this paper, we use the term
“length” to denote the duration of time. The primary access
typically have a much larger maximum data rate and lower
delay than the secondary access. For simplicity, we consider
an ideal case where the primary access has infinite data rate
and zero delay, noting that this will not change the nature
of our analysis. In practice, FD(t) can be obtained by data-
driven measurements and predictive modeling. In this paper,
we assume that FD(t) takes the form of a Weibull distribution,
which is widely used to model the delay statistics of real-world
traffic [51]. The CDF of the Weibull distribution is

FD(t) = 1− e
−
(

t
γ

)k

(1)

which is characterized by a shape parameter k and scale
parameter γ .

Let us further define TW as the buffer length, which is our
optimization variable. According to the proposed streaming
protocol, the expected cost of delivering a content with length
T is

y(TW;Tc, T) = (TW − Tc)εp

+ (T − TW)
[
εspχ + εp

(
1− pχ

)]
(2)

where

pχ = FD(TW) (3)

is the probability of delay outage during secondary streaming.
We note that (2) reflects the cost of content delivery incurred
by the proposed protocol in Fig. 1. The term (TW − Tc)εp

is the cost incurred in the Fast Start phase, which fills the
buffer length to TW via primary access. The second term

Fig. 1. Proposed content streaming protocol using two service tiers.

(T − TW)[εspχ + εp(1 − pχ )] is the cost incurred in the
“streaming phase,” during which the probability of using the
primary and secondary access are 1 − pχ and pχ , respec-
tively. Equation (2) shows that the cost of content delivery
is jointly determined by buffering (i.e., TW ), caching (i.e., Tc),
and streaming rate (which is related to pχ ). For clarity, the
cost defined in (2) is normalized to the streaming rate, which
is fixed at the beginning of a session and unrelated to the
optimal buffer length. The problem of optimal buffering can
be formulated as (P1)

y∗(Tc;T) = min
TW

y(TW;Tc, T)

s.t. Tc ≤ TW ≤ T. (4)

Fig. 2 shows the cost per unit time (i.e., y(TW;Tc, T)/T) as
a function of the buffer length TW with varying settings of
cache length Tc and delay distribution FD(x). We can see that
Tc determines the vertical positioning of the cost curve, while
FD(x) determines the shape of the curve. We note that a con-
ventional streaming protocol that uses only one service tier
(the primary access) has a fixed cost at εp = 10. Fig. 2 shows
that our protocol can effectively reduce the cost by leveraging
two service tiers. We will subsequently discuss the optimal
buffering policy to minimize the cost.

B. Optimal Buffering Policy

To solve the general problem in (P1), we should first solve
a special case at Tc = 0 (i.e., the case of no caching). Let us



HONG et al.: COST OPTIMIZATION FOR ON-DEMAND CONTENT STREAMING IN IoV NETWORKS WITH TWO SERVICE TIERS 41

Fig. 2. Cost per unit time as a function of buffer length TW (εp = 10,
εs = 1, and T = 50).

define T0 as the optimal buffer length at Tc = 0, i.e.,

T0 := arg min
TW

y(TW; 0, T)

s.t. 0 ≤ TW ≤ T. (5)

The derivative of y(TW; 0, T) with respect to TW is

y′(TW; 0, T)

:= ∂

∂TW
y(TW; 0, T)

= (εs − εp
)[

(T − TW)fD(TW)− FD(TW)
]

= (εs − εp
)
[
−1+

(
k(T − TW)

γ

(
TW

γ

)k−1

+ 1

)
e
−
(

TW
γ

)k
]

(6)

where fD(TW) is the probability density function (PDF) of the
Weibull distribution given by

fD(TW) = k

γ

(
TW

γ

)k−1

e
−
(

TW
γ

)k

. (7)

It can be shown that given εs < εp, we have

y′
(
0+; 0, T

) = (εs − εp
)
TfD

(
0+
)

< 0 (8)

and

y′(T; 0, T) = −(εs − εp
)
pχ > 0. (9)

Hence, the equation

y′(TW; 0, T) = 0 (10)

has at least one root on (0, T). We can further prove the
following proposition.

Proposition 1: When the secondary access delay follows a
Weibull distribution, T0 has a unique value on (0, T) given by
the root of the equation y′(T0; 0, T) = 0.

Proof: First, the second derivative of y(TW; 0, T) is

y′′(TW; 0, T) := ∂2

∂T2
W

y(TW; 0, T)

= (
εs − εp

)[
(T − TW)f ′D(TW)− 2fD(TW)

]

=
(
εs − εp

)
fD(TW)

TW
g(TW) (11)

where

g(TW) =
[
(T − TW)

(
k − 1− k

(
TW

γ

)k
)
− 2TW

]
(12)

and

f ′D(TW) = ∂

∂TW
fD(TW)

=
(

k − 1

γ
· γ

TW
− k

γ

(
TW

γ

)k−1
)

fD(TW). (13)

When k ≤ 1, we have g(TW) < 0 and y′′(TW; 0, T) > 0 on
(0, T). It follows that y′(TW; 0, T) is monotonically increasing.
Hence, (10) has only one root.

When k > 1, we need to discuss the solution of

y′′(TW; 0, T) = 0. (14)

Because ([(εs − εp)fD(TW)]/hγ ) < 0 on (0, T), (14) is
equivalent to

g(TW) = 0. (15)

Taking the first and second derivatives of g(TW), we have

g′(TW) = −k − 1+ k(1+ k)

(
TW

γ

)k

− k2 T

γ

(
TW

γ

)k−1

(16)

and

g′′(TW) = 1

γ
k2
(

TW

γ

)k−2[
(1+ k)TW

γ
− (k − 1)T

γ

]
(17)

respectively. The unique solution of g′′(TW) = 0 is

T̃ = k − 1

k+1
T. (18)

Substituting T̃ into (16), we obtain the maximal value of
g′(TW) given by

max g′(TW) = −k − 1− k

(
k − 1

k+1

)k−1(T

γ

)k

. (19)

Because we have max g′(TW) < 0, g(TW) is a strictly
decreasing function on (0, T). Moreover, because g(0+) =
(k − 1)T > 0 and g(T) = −2T < 0, (15) has a unique solu-

tion on (0, T), which is denoted by
�

T . When TW <
�

T , we have

y′′(TW; 0, T) < 0. When TW >
�

T , we have y′′(TW; 0, T) > 0.
Therefore, y′(TW; 0, T) reaches the minimal value at TW =

�

T .
Recall that the minimum value of y′(TW; 0, T) has a nega-
tive value according to (8). Further considering the fact that

y′(TW; 0, T) is monotonically increasing on (
�

T, T), we can

conclude that y′(TW; 0, T) = 0 has a unique solution on (
�

T, T).
It is easy to see that this unique solution is T0 that minimize
the cost function.

The proof of Proposition 1 shows that y(TW; 0, T) is a
strictly decreasing function of TW on [T0, T). Hence, when
Tc ≤ T0, y(TW;Tc, T) reaches the minimum at TW =
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Fig. 3. Optimal cost per unit time y∗/T as a function of cache length Tc
(εp = 10, εs = 1, and T = 50).

T0; When Tc > T0, y(TW;Tc, T) reaches the minimum
at TW = Tc. The optimal buffer length is, therefore,

T∗W = max{Tc, T0}. (20)

We can see that the optimal buffer length T∗W and the min-
imum cost y∗(Tc;T) := y∗(TW;T∗c , T) are both functions of
Tc. This means the buffering policy is inherently coupled with
the caching policy. Fig. 2 shows the optimal cost per unit time
y∗(Tc;T)/T as a function of Tc with varying delay distribu-
tion FD(x). We see that the cost increases with increasing γ ,
which suggests that a larger mean delay leads to a higher cost.
Similarly, smaller values of k tends to boost the cost because
the delay distributions have longer-tails. Considering y∗(Tc;T)

as a function of Tc, we can further prove the following property
of y∗(Tc;T).

Proposition 2: Given optimal buffering, the optimal cost
y∗(Tc;T) is a convex function of Tc.

Proof: For convenience, we can rewrite y∗(Tc;T) as

y∗(Tc;T) = −Tcεp + ỹ∗(Tc;T) (21)

where

ỹ∗(Tc;T) = T∗Wεp +
(
T − T∗W

)[
εspχ + εp

(
1− pχ

)]
. (22)

We note that pχ is a function of T∗W . On one hand, if Tc ≤ T0,
then T∗W = T0, so that T∗W is not related to Tc. That is,

∂

∂Tc
ỹ∗(Tc;T) = 0 (23)

and
∂

∂Tc
y∗(Tc;T) = −εp. (24)

On the other hand, according to (6) and (22) we have

∂

∂Tc
ỹ∗(Tc;T) = y′(Tc; 0, T) (25)

for Tc > T0, given that T∗W = Tc in this case. By Proposition 1,
the second derivative of y(Tc; 0, T) with Tc, is always pos-
itive once Tc > T̃ . Because Tc > T0 and T0 > T̃ , it is

clear that Tc > T̃ . Therefore, the positive second derivative
guarantees ỹ∗(Tc;T) and y∗(Tc;T) are convex, and the proof
is complete.

We can further derive the bounds of y∗(Tc;T) by expand-
ing (25) as

∂

∂Tc
ỹ∗(Tc;T) = (εs − εp

)[
(T − Tc)fD(Tc)− pχ (Tc)

]
. (26)

Because

(T − Tc)fD(Tc)− pχ (Tc) ≥ −pχ (Tc)

≥ −1. (27)

We have

0 <
∂

∂Tc
ỹ∗(Tc;T) ≤ −(εs − εp

)
(28)

and

− εp <
∂

∂Tc
y∗(Tc;T) ≤ −εs. (29)

Combining (24) and (29) yields the range of (∂/∂Tc)y∗(Tc;T)

as [−εp,−εs]. We note that the term (∂/∂Tc)y ∗ (Tc;T) has a
physical meaning: it shows when Tc length of playback time is
already cached for a file, how effective can additional caching
help to reduce the cost. The bounds in (29) shows that the
effectiveness of additional caching ranges from −εp to −εs.
This theoretical result collaborate the intuition that caching
essentially helps to reduce the needs of primary access (at a
cost of εp) or secondary access (at a cost of εs).

IV. OPTIMAL CACHING POLICY AT THE DEVICE LEVEL

A. Problem Formulation

This section addresses the problem of optimal caching on a
vehicular cache device, which can store multiple content files.
One content can have different encoding rates and will result
in different files. Let F be the set of all files, F = ‖F‖ be the
total number of files, and f (1 ≤ f ≤ F) be the file index. The
length of the f th file is Tf . The cache length of the f th file
is Tc,f (0 ≤ Tc,f ≤ Tf ). Each file is assigned with a weight,
which is the product of the encoding rate and popularity (i.e.,
request number or probability). We note that both the encod-
ing rate and popularity are linearly proportional to the total
number of bits transmitted when streaming a file. As the aver-
age cost of transmitting a bit can be regarded as a constant,
the cost of streaming a file is also linearly proportional to
the encoding rate and popularity. The weight of the f th file
is denoted as hf . The total cache space is denoted as S. We
consider a continuous caching scheme, which means we can
flexibly cache an arbitrary portion of a file.

The caching problem can be formulated as the following
optimization problem (P2):

Y∗ := min
∑
f∈F

hf y∗
(
Tc,f ;Tf

)

s.t.

⎧⎨
⎩

∑
f∈F

Tc,f ≤ S

0 ≤ Tc,f ≤ Tf

(30)
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where y∗(Tc,f ;Tf ) = y(T∗W;Tc,f , Tf ) is the minimum cost of
the f th file written as a function of the file length conditioning
the given Tf , f = 1, 2, . . . , F.

According to Proposition 2, the cost of each file y∗(Tc,f ;Tf )

is a convex function of Tc,f . Moreover, the cost functions of
different files are not directly related. It is easy to see that
the feasible domain of (30) is also convex, so that (P2) is a
convex optimization problem.

B. Optimal Caching Policy

Because (P2) is a convex optimization problem, we can
solve it by the Lagrangian method. For convenience of
expression, let us define

Hf
(
Tc,f

)
:= H

(
Tc,f ; hf , Tf

) = hf y∗
(
Tc,f ;Tf

)
. (31)

The Lagrangian formulation is given by

L
(
θ, Tc,1, . . . , Tc,‖F‖

) =
∑
f∈F

Hf
(
Tc,f

)− θ
∑
f∈F

Tc,f (32)

where θ is the Lagrange multiplier. The Kuhn–Tucker condi-
tion for the optimality of a solution is

∂L

∂Tc,f
= H′f

(
Tc,f

)− θ

⎧
⎨
⎩
= 0, 0 < Tc,f < Tf

≥ 0, Tc,f = 0
≤ 0, Tc,f = Tf

(33)

where

H′f
(
Tc,f

) = ∂

∂Tc,f
Hf
(
Tc,f

) = hf
∂

∂Tc,f
y∗
(
Tc,f ;Tf

)
. (34)

The optimal cache allocation scheme is given by

T∗c,f =
⎧⎨
⎩

0, θ < H′f (0)

Tc

(
θ;Tf , hf

)
, H′f (0) ≤ θ ≤ H′f

(
Tf
)

Tf , θ > H′f
(
Tf
) (35)

where the level θ is chosen to satisfy the constraint
∑
f∈F

Tc,f = S. (36)

We can see that the structure of (P2) is similar to the classic
problem of optimal power allocation in parallel communica-
tion channels [52]. The solution should therefore has a similar
rationale to the classic water-filling algorithm [52]. However,
as illustrated in Fig. 4, our problem is more complicated. Fig. 4
shows the derivative of the weighted cost H

′
(Tc,f ) as a func-

tion of the cache length Tc for three files. When the cache size
Tc is relatively small, the derivatives of the cost-Tc functions
have constant negative values. This means the cost of deliv-
ering a file reduces at a constant speed with increasing Tc.
This collaborates our previous illustration in Fig. 3, where the
cost-Tc curves are shown to be straight lines with a constant
slope of −εp when Tc is small. In Fig. 4, the slope is further
weighted by the encoding rate and popularity of each file, so
that different files have different weighted derivatives. After Tc

passes a threshold, the derivative functions increase monotoni-
cally. This means increasing the cache size gradually becomes
less effective for cost reduction. In Fig 4, there is a horizon-
tal line that represents the “water-level” θ . Depending on how

Fig. 4. Derivative of the weighted cost H
′
(Tc,f ) as a function of the cache

length Tc, intersecting with the water-level θ ( εp = 10, εs = 1, k = 1,
γ = 10, [T1, T2, T3] = [20, 30, 10], and [h1, h2, h3] = [1, 2, 3]).

the water-level intersects with the derivative functions, we can
distinguish the three cases below.
Case 1: There is no intersection because θ is smaller than the

minimum value of H
′
(Tc,1). In this case no cache

should be assigned, i.e., Tc,1 = 0.
Case 2: There is an intersection point. The optimal cache

value is then given by the x-axis value of the
intersection point.

Case 3: There is no intersection because θ is larger than the
maximum value of H

′
(Tc,f ). In this case, the file

should be cached with full length. In Fig. 4, we have
Tc,3 = T3.

The optimal solution formulated in (35) reflects these three
cases.

We can see that once the water-level θ is known, the optimal
caching length can be easily determined. Unfortunately, there
is no closed-form solution for (36), so that we have to resort
to numerical methods. We note that numerical methods used
in the classic water-filling algorithm cannot not be directly
applied to our case because the derivative function has flat
intervals (i.e., intervals with zero slope). As a result, the
Ping-Pong phenomenon could occur when we iterate the value
of θ numerically. The Ping-Pong phenomenon means the value
of θ bounces up and down around a flat interval as shown in
Fig. 4. It happens when there are still some cache space to be
allocated, but the remaining cache space is smaller than the
length of the flat interval. To this end, a modified water-filling
algorithm is proposed. The algorithm includes the following
steps.
Step 1 (Case Classification): For a given value of θ , identify

three sets of files corresponding to the three cases
explained above. Mathematically, we have

Fcase1(θ) = {f |θ < H′f (0), f ∈ F
}

(37)

Fcase3(θ) = {f |θ > H′f
(
Tf
)
, f ∈ F

}
(38)

and

Fcase2(θ) = F− Fcase1(θ)− Fcase3(θ). (39)
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Algorithm 1 Iterative Level-Resetting Algorithm for (P2)
1: //——Parameter Definition——
2: θU upper boundary of θ with �S(θU) < 0
3: θL lower boundary of θ with �S(θL) > 0
4: δθ iteration-terminating threshold with δθ → 0+
5: i iteration indicator
6: θ∗ level determined by this algorithm
7: //——Iterative Processing——
8: b← θU

9: a← θL

10: i← 0
11: repeat
12: i← i+ 1
13: θ(i) = 1

2 (a+ b)

14: �
(i)
S = �S

(
θ(i)
)

15: if �
(i)
S = 0 then

16: go to Line 23
17: else
18: if �

(i)
S < 0 then

19: b← θ(i)

20: else
21: a← θ(i)

22: until (b− a) < δθ

23: if �
(j)
S , j = 1, . . . , i tends to 0 then

24: θ∗ ← θ(i),

25: Foverlapped(θ
∗) = ∅;

26: else
27: θ∗ is equal to some −εpHf that is nearest to θ(i),

28: Foverlapped is not empty.

Step 2 (Cache Space Comparison): Calculate the total
required cache space S′. If S′ < S, θ will increase
in the next iteration, otherwise θ will decrease.

Step 3 (Iteration of θ ): Apply classic iteration methods (e.g.,
the Newton’s method) on θ till |S′−S| is smaller than
a predefined threshold.

Step 4 (Detection of Ping-Pong Phenomenon and Remainder
Cache Allocation): Track the difference �θ between
two consecutive iterations of θ . If �θ is smaller than a
predefined (small) threshold while |S′−S| approaches
a nonzero constant, it means θ is bouncing up and
down around a “flat interval” as shown in Fig. 4.
Denote �S(θ) as the remaining cache resource, then

�S(θ) = S− S′ = S−
∑

f∈Ffull(θ)

Tf

−
∑

f∈Fintersected(θ)

z

(
θ

hf
;Tf

)
(40)

where z([∂/∂Tc,f ]y∗(Tc,f ;Tf );Tf ) is the inverse function of
[∂/∂Tc,f ]y∗(Tc,f ;Tf ). The remaining cache resource will be
allocated to the file on which θ converges to.

The pseudo-code of the above iteration procedure is given
in Algorithm 1. Fig. 5 shows the average weighted cost per
unit time as a function of the cache space, which is normal-
ized to the total size of all files in F. The performance of

Fig. 5. Averaged weighted cost per unit time as a function of the normalized
cache space S, with three different caching policies [εp = 10, εs = 1, k = 1,
T ∼ U(5, 50), and H ∼ U(1, 100)].

the optimal caching algorithm is compared with two other
heuristic benchmark algorithms. One of the heuristic algorithm
allocates cache length proportional to the file length, while the
other allocates cache length equally for all files. It is assumed
that the file length is uniformly distributed in [5] and [50],
while the weighted function hf is uniformly distributed in [1].
We can see that the optimal algorithm consistently outperforms
both heuristic algorithms.

V. STREAMING RATE ADAPTATION

AT THE NETWORK LEVEL

A. Problem Formulation

This section analyzes the performance of the proposed pro-
tocol in a large scale IoV network. In particular, we are
interested in the problem of streaming rate adaptation, i.e.,
how should the (average) content streaming rate adapt to the
varying network conditions given a predefined cost budget.
We consider a scenario where the IoV use two service tiers
from a cellular network for content streaming. This is a prac-
tical scenario in 5G-enabled IoV as the cellular network is
evolving to support customizable service tiers [16]. Moreover,
we assume an ultraelastic secondary access scheme proposed
in [18], where the secondary access can only access a BS
when the BS is vacant. In other words, the secondary access
traffic has the lowest priority among all types of traffic. This
corresponds to the worst-case scenario for secondary access
in cellular networks. Hence, our analysis in this section can
serve as a performance lower bound for other secondary access
schemes.

For analytical tractability, we consider a homogeneous
network with identical BSs and vehicular users. The BSs and
vehicles are assumed to be distributed on a plane following two
independent stationary poisson point processes with intensities
λb and λv, respectively. A vehicle is associated with the near-
est BS for communication. This implies a Poisson–Voronoi
cell partition. Each BS has identical transmit power denoted
as P. We define λ = λv/λb as the vehicle/BS density ratio. It
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indicates the average number of vehicles in a cell. The BSs
are assumed to have the same vacant probability denoted as �.
This parameter indicates the congestion level of the network.

The secondary access is assumed to comply with the
following access procedure [18].

1) A secondary user periodically evaluates whether the
BS is vacant and whether the link to the user has a
good quality, i.e., the signal-to-interference-and-noise
ratio (SINR) is above a threshold φth. The probability
that a secondary user has a good link quality is called
“coverage probability” and denoted by pc.

2) If both evaluations are positive, the user is admitted into
the secondary service and proceeds to the next stage of
multiuser access.

3) Multiple contending secondary users have equal oppor-
tunities to access the vacant BS through time sharing.
The probability for a secondary user to have successful
secondary access (having good coverage and success-
ful channel contention) is called “access probability”
and denoted by pa. The overall probability for a sec-
ondary user to have secondary service is called “service
probability” and denoted by ps. We have

ps = pa�. (41)

We are interested in the delay performance of the sec-
ondary communication service. According to [18], a two-level
M/G/1 priority queuing model with preemptive-resume pol-
icy [50] is used to characterize the secondary traffic dynamic,
where the transmission of secondary traffic may be preempted
(i.e., immediately interrupted) by outages. An outage can be
caused by multiple factors such as primary traffic interruption,
bad coverage, and failure in multiuser contention. The outage
event takes a higher priority in the queue. The random arrival
interval of the outage events and secondary traffic are denoted
as αo and αs, respectively. The random durations of an out-
age event and a secondary packet transmission are denoted
as βo and βs, respectively. The four random variables αo, αs,
βo, and βs fully characterize the priority queueing model. Their
mean values are denoted by ᾱo, ᾱs, β̄o, and β̄s, respectively.
The intensities of the outage process and secondary traffic
process are characterized by ρo = β̄o/ᾱo and ρs = β̄s/ᾱs,
respectively. A stable queue requires ρo+ρs < 1. The single-
user queuing model in the temporal domain is related to the
multiuser network model in the spatial domain by a simple
equation

ρo = 1− ps. (42)

This equation means that the probability of secondary service
outage evaluated in the spatial–temporal domains should be
the same.

According to the above queueing model, the average stream-
ing rate of the secondary traffic is given by L̄/ᾱs = L̄ρs/β̄s,
where L is the random size (in bits or bytes) of a secondary
traffic packet and L̄ is its mean. Moreover, we have βs = L/R,
where R is the random transmission rate related to the SINR
of a secondary radio link. The packet size L, which is mainly
related to the application layer protocols, has a predefined
distribution in practice. Thus, L̄ can be regarded as a fixed

parameter. Moreover, the SINR at a random user also con-
verges to a fixed distribution in the interference-limited region
regardless of the BS density and transmission power [53].
Consequently, in the interference limited regime, βs can be
assumed to have a predefined distribution and its mean β̄s is
a fixed parameter. It follows that the streaming rate is linearly
proportional to ρs. Therefore, to avoiding introducing other
unnecessary parameters, we will use ρs as a measure of the
secondary traffic streaming rate.

This section aims to solve the following problem: given a
network condition and a cost limit/budget, what is the max-
imum streaming rate for secondary service? This requires us
to establish the relationship between ρs and the cost. To this
end, we need to carry out analyses in both the spatial–temporal
domains.

B. Spatial Domain Analysis

The spatial domain analysis aims to establish ps defined
in (41) as a function of network conditions. Considering a
representative case with Rayleigh channel fading and a path
loss exponent of 4, the complementary CDF of the SINR φ

perceived by a typical user in the network is given by [53]

Fφ(x) = π
3
2 λb√
x/P

e
a2√
2b Q

(
a√

2x/P

)
(43)

where Q(·) denotes the Q-function and

a = λbπ
[
1+√x arctan(

√
x)
]
. (44)

If the system is interference limited, which implies that P is
sufficiently large so that the noise is negligible, (43) can be
further simplified to [53]

Flim
φ (x) = 1

1+√x arctan(
√

x)
. (45)

A user is in coverage of the secondary service if φ > φth. The
coverage probability is therefore given by

pc = Fφ(φth). (46)

Once pc is known, the secondary access probability pa can be
evaluated according to the following proposition.

Proposition 3: The access probability of secondary service
is given by

pa = 3.5

2.5λ

[
1−

(
1+ pcλ

3.5

)−2.5
]

(47)

where λ = λv/λb is the vehicle-BS density ratio.
Proof: Let us consider the arrival of a secondary user into

a typical Voronoi cell. The number of existing users in the cell
is a random variable N. The PMF of N is given by

fN(n) =
∫ ∞

0

(λx)n

n!
e−λxfV(x)dx (48)

where fV(x) is the PDF of the random variable V that denotes
the size of a Voronoi cell normalized by 1/λ. We have [54]

fV(x) = 3.53.5

�(3.5)
x2.5e−3.5x. (49)
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Let X(0 ≤ X ≤ N + 1) be a random integer denoting the
number of in-coverage secondary users in the cell. If X = 0,
the chance to have secondary access is zero. In all other cases
of X �= 0, the chance for a random user to have secondary
access is 1/(N+1). The probability for X = 0 is (1−pc)

N+1.
The secondary access probability conditioned on N is then

pa(N) = 1− (1− pc)
N+1

N + 1
. (50)

The overall secondary access probability average over N is

pa = E[pa(N)] =
inf∑

n=0

1− (1− pc)
n+1

n+ 1
fN(n). (51)

Substituting (48) into (51) and applying the equation that

inf∑
n=0

(λx)n+1

(n+ 1)!
= eλx − 1 (52)

we can get

pa =
∫ ∞

0

fV(x)

λx
(1− e−pcλx)dx. (53)

According to the definition of fV(x) in (49), we have

∫ ∞
0

1

x
fV(x)e−ax)dx = 3.52.5

2.5
(3.5+ a)−2.5. (54)

Substituting (54) into (53) yields (47).
Once pa is known, ps can be evaluated according to (41).

C. Temporal Domain Analysis

The temporal domain analysis aims to characterize the dis-
tribution of the secondary traffic according to the queueing
model. The random delay D of a packet is the sum of the
waiting time Dw and transmission time Dt. The PDFs of
D, Dw, and Dt are denoted by fD(x), fDt(x), and fDw(x),
respectively. For an M/G/1 two-level priority queue with
preemptive-resume policy, the Laplace transform of fDt(x) and
fDw(x) are tractable in some special cases [18], [50]. Hence,
the original PDFs can be numerically obtained by the inverse
Laplace transform. Such numerical method, however, is com-
putationally demanding due to the long-tail nature of D. To
facilitate our performance evaluation, we will subsequently
propose a closed-form approximation to the PDF of D.

Our approximation exploits two facts. First, the means of
Dw and Dt are known to be [50]

D̄w = β̄sρs + β̄oρo

(1− ρo)(1− ρo − ρs)
(55)

D̄t = β̄s

1− ρo
(56)

respectively. Second, fDw(x) has an impulse at the origin and
can be written in the following form:

fDw(x) = (1− ρo − ρs)δ(0)+ (ρo + ρs)f̃Dw(x) (57)

Fig. 6. Empirical CDF and theoretical approximation of the packet delays
of the secondary traffic (M/M/1 priority queue, ρs = 0.2, βo = βs = 10−3,
k1 = 1, and k2 = 0.9).

where δ(x) is the impulse response function and f̃Dw(x) is an
unknown distribution. The PDF of D can then be written as

fD(x) = fDt(x) ∗ fDw(x) = (1− ρo − ρs)fDt(x)

+ (ρo + ρs)[fDt(x) ∗ f̃Dw(x)] (58)

where “∗” means convolution. Our approximation assumes
that fDt(x) and fDt(x)∗ f̃Dw(x) can be approximated by Weibull
distributions with shape parameters k1 and k2, respectively. It
follows that the CDF of D can be written as

FD(x) = (1− ρo − ρs)e
−(x/γ1)

k1 + (ρo + ρs)e
−(x/γ2)

k2
. (59)

The scale parameters γ1 and γ2 can be calculated by fitting
the mean values. We have

γ1 = D̄t/�(1+ 1/k1) (60)

γ2 = D̄t + D̄w/(ρo + ρs)

�(1+ 1/k1)
. (61)

Fig. 6 demonstrates the accuracy of the proposed approxima-
tion. Monte-Carlo simulations are performed for an M/M/1
two-level priority queue with preemptive-resume policy to
obtain the empirical CDFs of D. We can see that by set-
ting k1 = 1 and k2 = 0.9, a fairly good fit can be achieved
with varying ρo when β̄o = β̄s = 10−3. Trials with differ-
ent parameter settings show that the mean square error of the
approximation is about 5 ∗ 10−5 for a wide range of practical
queueing parameters.

D. Performance Evaluation

Based on (41), (42), (47), and (59), we are able to eval-
uate how the cost changes with different parameters. For
benchmark convenience, we consider an interference limited
network (i.e., P→∞) and zero SINR threshold (i.e., φth = 0).
These two extreme conditions give an upper bound on the
performance. The content length Tf is assumed to follow a
uniform distribution in [1, Tmax] (minutes). In addition, results
are only shown for Tc = 0 due to page limits. Except other-
wise mentioned, default parameter values are set to be λ = 10,
� = 0.5, εp = 10, εs = 1, βo = βs = 10−3, and Tmax = 50.
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Fig. 7. Average cost per unit time as a function of secondary traffic load
ρs with varying values of λ (� = 0.5, εp = 10, εs = 1, Tmax = 50, and
βo = βs = 10−3).

Fig. 8. Average cost per unit time as a function of secondary traffic load
ρs with varying values of � (λ = 10, εp = 10, εs = 1, Tmax = 50, and
βo = βs = 10−3).

It should be noted that this paper use minute as the time unit.
The configuration of βo = βs = 10−3 implies that the average
transmission time of a primary or secondary packet is 60 ms,
which is a realistic value according to measurements [51].
Once the delay distribution is obtained, the optimal cost per
file can be calculated according to Section III. Finally, the cost
per unit time is averaged over random values of Tf .

Fig. 7 shows the average cost per unit time as a function of
the secondary traffic load ρs with varying vehicle-BS density
ratio λ. It is observed that the cost increases from εs (i.e., the
cost of secondary access) to εp (i.e., the cost of primary access)
with increasing ρs and λ. Each density λ corresponds to a
maximum streaming rate ρs. It is interesting to observe that
the minimum cost at ρs = 0 scales linearly with λ. This means
that given a fixed cost budget, there is a maximum vehicle
density that the system can tolerate even when the streaming
rate is very small. Moreover, when λ is relatively small, ρs can
reach 80%–90% of its maximum value with a small increase
on the minimum cost. This means when the vehicle density is

Fig. 9. Average cost per unit time as a function of secondary traffic load ρs
with varying values of βo and βs (λ = 10, � = 0.5, εp = 10, εs = 1, and
Tmax = 50).

Fig. 10. Average cost per unit time as a function of secondary traffic load
ρs with varying values of Tmax (λ = 10, � = 0.5, εp = 10, εs = 1, and
βo = βs = 10−3).

relatively small, most of the network capacity can be utilized
for high speed streaming at a low cost.

Fig. 8 shows the cost function with varying BS vacant prob-
ability �, which is an indicator of the congestion level of the
network. It is observed that � has similar impacts on the cost
function as λ. Therefore, the previous discussions on λ also
suits �.

Finally, Figs. 9 and 10 show the cost functions with varying
βs/βo and Tmax, respectively. Parameters βs and βo reflect the
packet transmission time, while Tmax reflects the duration of
contents. We can see that these parameters have no impact on
the maximum streaming rate, but can still affect the minimum
cost. Generally speaking, a lower cost can be achieved when
we have a smaller packet transmission time and longer content
length.

VI. CONCLUSION

In this paper, we have investigated the issue of cost
optimization for vehicle-oriented content streaming services.
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This paper has assumed a context in which the vehicular com-
munication network has two service tiers. We have proposed a
cost-optimal streaming protocol to jointly optimize the tasks of
content streaming and content caching. An analytical frame-
work has been established to reveal how the service cost scales
in large-size networks. We have found that the maximum
streaming rate is fundamentally limited by the vehicle den-
sity and network congestion level. Moreover, given network
conditions, there is a minimum cost even when the stream-
ing rate approaches zero. The proposed protocol is shown to
be effective in reducing the overall cost of vehicular content
streaming services.

We further note that the analytical framework established in
this paper can be extended to study general cases of multiple
service tiers. Each service tier can be characterized by its band-
width limit, delay distribution, and cost. An extended protocol
is then required to handover among different service tiers and
minimize the total cost of streaming service. Such an extension
will be pursued in our future work.
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