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Abstract— With the advances in wireless multimedia
communication technologies and the rise in end-user ex-
perience expectations, meeting the Quality of Experience
(QoE) requirements of the mobile multimedia user has
become challenging for content providers and wireless
carriers. In this research, we chalk up a QoE-sensitive
multimedia data pricing economic model, by pricing the
quality of the data rather than the quantity of the
data. Utility maximization problem between the content
provider (sells multimedia content), wireless carrier (pro-
vides transmission service) and the mobile user (requests
multimedia data) is modeled using the proposed frame-
work. We then formulate the aforementioned problem as
a two-stage Stackelberg game and derive the Nash E-
quilibrium using backward induction method. Simulation
study show that each player can obtain optimal strategy
where the Stackelberg equilibrium exists stably. Finally,
the proposed smart pricing mechanism was tested against
the traditional uniform pricing scheme and the results
indicate that better utilities can be achieved by leveraging
the proposed scheme.

Index Terms—Quality of Experience (QoE), Smart mul-
timedia pricing, Stackelberg game, Wireless multimedia
communications.

I. INTRODUCTION

The current Cisco Visual Networking Index (VNI) forecast
projects global IP traffic to nearly triple from 2017 to 2022.
Virtual Reality (VR) and Augmented Reality (AR) traffic are
expected to increase 12-fold between 2017 and 2022 globally,
a CAGR of 65 percent [1]. With such explosive growth in
multimedia traffic, meeting the QoE requirement of the mobile
user becomes the biggest concern for content providers due to
bandwidth constraints. This is because low multimedia quality
leads to poor QoE which in turn leads to reduced usage of
the applications/ services and hence reduced revenues [2].

Digital video compression techniques have been predom-
inantly used in multimedia communication. High Efficiency
Video Coding (HEVC), also known as H.265 is the state-
of-the-art video compression standard in which the video is
divided into GOP (Group of Pictures) and encoded. Each
encoded video stream contains I (Inter frame), P (forward
predicted frames) and B (bi-directional predicted frames). The

B frames can be predicted or interpolated from an earlier
and/or later P frame while the P frame can be predicted from
the I frame [3]. I frames are more important than P frames
because the transmission errors of I frames will infect the
successful transmission of subsequent P frames. Therefore, the
multimedia frames have unequal importance. Different mul-
timedia packets have different bandwidth requirements and
different communication energy consumption attain certain
QoE for the end user [4].

Recently, Smart Media Pricing (SMP) was conceptualized
to price the QoE rather than the binary data traffic in multi-
media services [5]. In this research work, we leverage the
concept of SMP to chalk up a QoE-sensitive multimedia
pricing framework, to allocate price according to the quality
of multimedia frames purchased by / transmitted to the mobile
user.
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Fig. 1. Three party interaction of economic modeling between content
provider, wireless carrier and mobile user.

Fig. 1 shows the typical economic multimedia service mod-
el in wireless multimedia communication. The mobile user
requests multimedia content with certain QoE requirement
and pays the content provider. The content provider leases
the channel from wireless carriers to transmit the requested
content. The wireless carrier allocates resources to the mobile
user to provide the multimedia service at requested QoE level.
In this paper, we propose a Stackelberg game based decision-
making scheme to determine the equilibrium between the cost
paid by mobile user and multimedia quality achieved.

There has been rapid evolution in pricing practices among
Internet service providers (ISPs) in the U.S. and other inter-
national markets, particularly in moving away from flat-rate
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pricing to improve their revenue [6]. Several pricing concepts
such as priority pricing, Paris-Metro pricing, smart-market
pricing, responsive pricing, expected capacity pricing, edge
pricing, and effective bandwidth pricing have been proposed
to tackle issues of network congestion and profit maximization
[7]. These methods, however, do not take into consideration
several important parameters such as, multimedia quality
achievable under same network condition and users personal
preference for a multimedia content.

Smart media pricing for allocating price according to mul-
timedia distortion reduction [4] and wireless multimedia relay
communication to provide incentives to devices participating
in content forwarding [9] have been investigated. The ser-
vice model between provider, carrier and mobile users was
modeled as a best response game and Nash Equilibrium was
derived for the non-concave utility function [8]. In this work,
we focus on developing a multimedia quality aware pricing
strategy to achieve the pledged QoE for the mobile users.

The rest of the paper is organized as follows. In section
II, the interplay between the content provider, wireless carrier
and mobile user is mathematically modelled and the utility
functions are formulated. The profit maximization problem
is then converted to a two-stage Stackelberg game and an
algorithm to determine the Nash equilibrium is devised in
section III. In section IV, we present the simulation results.
Finally, we draw conclusions in section V.

II. SYSTEM MODEL

The three-party interaction shown in Fig. 1 is reduced
into a two-party game, by integrating the content provider
wireless carrier alliance (in short, provider carrier alliance).
The provider and carrier typically negotiate a deal behind the
scene and form an alliance. Therefore, the interplay between
the provider-carrier alliance is not the scope of this paper. The
Fig. 2, shows the interaction between the provider carrier
and the mobile user. In the proposed model the provider-
carrier dynamically decide the cost per bit y; for requested
multimedia data. Since each frame has unequal importance,
the mobile user has the flexibility to determine the number of
bits y; to purchase for a given cost.

Content Provider — Wireless

Carrier Alliance p
28 Mobile User

Transfer multimedia content to meet user’s QoE.
Decides cost per bit of multimedia frame.

Request multimedia content. Decides # of bits to
purchase to maximize QoE.

Fig. 2. System model for spectrum allocation in QoE centric wireless
multimedia communications

The multimedia QoE achieved by the user is determined
by the number of bits purchased. Fig. 2, also shows the

relationship between I, P and B frames. Therefore, for a lower
cost y;, the user is willing to purchase the B frames and P
frames which maximize their QoE whereas at a higher cost,
the user is interested only in purchasing the I frame. In this
section, we define the utilities of the provider-carrier alliance
and the mobile user. The terminologies packet and frame are
used interchangeably in this paper.

A. Utility of mobile user

The mobile user requests a sequence of frames j = 1,2,,m
with unequal importance from the content provider over the
wireless channel offered by the wireless carrier. The QoE is
defined as a function of multimedia media quality described
by Peak Signal to Noise Ratio (PSNR) and the Packet Error
Rate (PER). The PER Py is defined as the number of error
packets after forward error correction divided by the total
number of received packets. P is related to the Bit Error
Rate (BER) and the bit length of the corresponding packet l.

P,=1-(1— BER)" (1)

Let ¢; and [; denote the multimedia quality and the bit
length of the j" frame. The set of ancestor frames which
the j** frame refers to is denoted by m;. For each frame j,
the QoE is related to the multimedia quality, bit length and
the successful transmission probabilities of its ancestor frames
and can be modeled as a logarithmic function [10]

m
QoFE = aylog | as qulj H (1= Pg)+azy+ay
j=1 kem;
2)
where a1,as,as and a4 are positive system parameters
used to fine-tune the QoE model and ~y is the users personal
preference of a certain multimedia content. For example, some
users could have a greater affinity towards a soccer match
video, while some users may not be interested in soccer at
all. These users would have different values for +. The effect
of v on the QoE model is further discussed in the simulation
study.

The mobile user pays content provider with ., for
delivering multimedia QoE. This can be modeled as the
product of the cost per bit of data transmitted y; and the
amount of multimedia transaction bits ;.

'(/Juser = Zyjlj €))
j=1

The optimization on the mobile users is to purchase the
right number of packets (bits) that maximizes its utility,
subjected to bit length constraint. The utility is defined as
the total QoE gain subtracted by the financial cost paid by
the user.
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Uuser = a1 lOg a2 Z qjlj H (1 - Pk) +azy +aq

j=1 kem;

-2 il
j=1
@
st. Uyser > 0

lmin < l] < lmaw

where [, and [,,,4, represent minimum number of bits to
encode the multimedia data and the maximum number of bits
that can be supported within a frame.

B. Utility of the provider-carrier allience

The content provider and the wireless carrier will negotiate
a commission rate for leasing the wireless channel resource, in
order to achieve the pledged QoE for the end user. The utility
of the provider-carrier alliance Up¢ could be estimated as the
total revenue charged from the mobile user subtracted by the
operational cost of provider and the carrier.

UPC = '(/)user - ’(/}provider - wcarrier (5)

The payment received from the user 1., is modeled in
equation (3). The operational cost of the provider 1, ovider
is a function of source coding control as shown in equation
(6), where « is the cost per bit of source coding control.

wprovider = Z q; lj (6)
=1

The cost on the wireless carrier side can be modeled as
logarithmic function of successful transmission probabilities
of the ancestor frames

wca'rrier = /B Z IOg H (1 - Pk') (7

j=1  kem;

where 5 denotes the operating cost of the wireless carrier.
The optimization problem for the provider-carrier alliance
is to set the proper cost per bit of multimedia data that
maximizes its utility.

Upc =) yjlj—ad ali—BY log [T A -F) ®
j=1 j=1

j=1 kEﬂ'J’

st. Upc >0

III. STACKELBERG GAME ANALYSIS

In this section, we first normalize the utility equations
(4) and (8) to reduce the number of adjustable parameters.
Then the utility maximizing problem between the provider-
carrier and the user is be modeled as a two stage Stackelberg
game to determine the Nash Equilibrium of the game. Nash
equilibrium of the game is defined as the set of strategies,
one for client and one for the service provider such that both
players have no incentive deviating from that strategy [11].

On the mobile user side, the user controls the number of
multimedia frames (bits) to purchase in order to maximize
their utility subject to the total multimedia bit constraint
2?21 l; < L. Optimality can is reached by taking the equality
condition as shown below. By choosing a higher value for
L, the user can achieve higher multimedia quality at higher
financial cost.

=L 9)

The per-bit cost y; for each packet would achieve optimal
solution, however, the feasibility of achieving such a global
solution would be impractical for a large amount of mul-
timedia packets within a number of user flows. Therefore,
instead of finding the Nash Equilibrium per-bit cost y; for
each packet, we can simplify the proposed model to determine
the single sub-game perfect Nash Equilibrium base price yg
that leads to the best utility at provider-carrier alliance side.

We define the normalized base price yo as the unit quality
gain for each multimedia bit. As shown in Fig. 2, a multimedia
frame in a GOP has a dependency on the ancestor frames and
the descendent frames to decode their data. The set of frames
whose decoding depend upon the successful decoding of
packet j, is defined as 7. Then the per-bit cost of multimedia
packet j can be presented as

Yi=v > G (10)
kE‘n'j/

The above equations (9) and (10) can be used to simplify
the utilities of the user (4) and provider-carrier (8) defined in
the previous section as shown below

Uuser = a1 IOg (a2L Zq] H (1 - Pk) + as”y + a4)

j=1 kem,
—yLl >
k€7rj/

(11)

m m
Upc=yoL Y ax—aL» ¢ —BY log [ 1-P)
j=1

kETrj/ Jj=1 kem;
(12)

The two-stage game is solved using backward induction.
We begin by converting the utility functions into the best
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response functions and then we look for mutual best response
{L*,y¢}. Mutual best response is the set of strategies which
produce the most favorable outcome for a player, taking other
players’ strategies as given [11].

A. Best response of the mobile user

In stage I, as the leader of the Stackelberg game, the
provider-carrier offers a real-time cost for multimedia frames
yo to the users. In stage II, as a follower in Stage I, the user
decides the amount of multimedia data L to purchase based on
the offer from provider-carrier. It can be proved that utility of
the user for downloading the j*" packet is concave for given
cost yg and L,,;n < L < Ly,q, by computing the second
order derivative of the utility function.

OUpser araz 3270, qj erﬂ (1=Py)
OL 7 axL} 7L, q; er,r](l Pk)+a3’y+a4 (13)
—Yo ZkEﬂ'j/ dk
2
82Uuser o a’la% Z;’;l QJQ erﬂ'j (1 - Pk)

asLy i1 45 [ken, (1 — Pi) +asy +as
(14)
Since a; is positive system parameters and all the other
terms in the equation are squared, we have the second
derivative 2 g “—75< < 0. Therefore, the utility function of user
is concave and the best response of the user L* that would
maximize their utility can be computed by equating the first

1 1 aUuseT —
derivative <= = ()

araz Y7L g [ier, (1 = Pr) —y Z g =0
ClzLZ;n:l qj errj (1= Py)+asy+aq 0 k

kern!
(15)
The equation (15) can be solved to derive the fixed rela-
tionship between the users multimedia requirement L and the
cost charged by the provider-carrier alliance yg. Therefore,
the user always purchases L* number of frames based on
equation (16) in order to achieve maximum utility.

ajaz 3070, g4
Yo Xpent Ik
J

az 32501 G5 e, (1= Pr)

—az’y — a4

L(yo) = (16)

B. Best response of the carrier-provider alliance

The carrier-provider being rational knows the amount of
multimedia frames the user would purchase L*, such that
their utility is maximized for any given cost yo. Therefore,
the utility of the user shown in equation (12) can be rewritten
in terms of yy as shown below.

Upc = yoL (yo) Z ar — oL (yo) Z
ke j=1

—BZlog H (1— Py)

RET;

7

It is hard to prove the concavity of the second order
derivative of the utility equation above. Therefore, we have
used Newton method in a way similar to [4] to find the best
response ¥o*.

Lemma 1: A real function which is differentiable must be
a continuous function [13].

Lemma 2: A continuous real function on a closed interval
must contain a maximum value and a minimum value [13].

Taking the first derivative of the equations (16) and (17)
with respect to g, it can be observed that the utility function
of the provider-carrier is both real and differentiable as
illustrated in equation (18) and (19). The result coupled with
Lemma 1, proves that the utility function is continuous.

aUPC =L (yo) Z Qk+ Yo Z Qk_aZQJ

ayO kEﬂ' v kETI' v
(18)
oL (yo) ay
= — (19)
9yo Y3 Len,, U

Since a1, yo and g, are all positive, the first order derivative
of the best response function ag;y()) < 0 at all times. This
shows that the function is monotonically decreasing. The
multimedia length is constrained as Ly < L < Lyjax.

Y0 min
B ajaz 327 5 HkEﬂ'j (1—Px) (20)
[aszax Z}”:l 4 er” (1—Pk)+u3’)’+u4} Zk,e'rr]./ 9k
yO max
araz 370 q; Hk:E'rrj(l_Pk) (21)

[aszm 2T a erwj (1*Pk)+a3'v+a4] Zke,rj, qk

Therefore, it can be inferred that the best response
for the base cost gy is confined within a close interval
{Y0min < ¥y < Yomax}- Lemma 2 proves the existence of
maximum value which can be determined using a generic
global searching algorithm.

C. Stackelberg Game Theoretic Equilibrium Algorithm

Based on the above analysis of the proposed two stage
game, we present an iteration based global searching algo-
rithm to implement the smart pricing scheme. The algorithm
looks for the mutual best response price and multimedia pack-
et length {L* yo*} for the provider-carrier and the mobile
user respectively.

The computing complexity of the proposed Stackelberg
smart media pricing game algorithm is O(M ), which com-
prises of the maximum iteration steps M to determine the
optimal value. Since the best response value for multimedia
frame length L* and the base price 30", we can make a
two-dimensional searching table and update the values in
the table during sparse time periods between the multimedia
transmission. The computation complexity and the latency
between the data transmission can be reduced by determining
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the mutual best response directly by searching the table
whenever the game needs to be performed.

Algorithm 1 QoE Sensitive Pricing - Stackelberg Algorithm

1) Initialization:

1.1. Initialize the system parameters a1, a2, a3z and aq.

1.2. Set the user preference value for given multimedia content v €
[0, 1].

1.3. Define the base cost o and the multimedia quality ¢;, j €
[1,m] and qx, k € 7rj/.

1.4. Set the physical channel parameters: length of frame L and
packet error rate Py, k € ;.

2) Iterations:

2.1. The algorithms solve for the best responses { L*, yo™* }. Thereby,
determining the utilities of the provider-carrier alliance and the
mobile user {Upc, Uyser }-

2.2. Setthe Upc = Uuyser = L* =yo* = 0.

23. Let X = Yo min : M : YOomax

24. For i=1: M

2.5. Set yo = x(1)

2.6. Compute the probable utility for provider-carrier Upc (yo)
according to equation (17)

2.7. if Upc (yo) > Upc

2.7.1 Update Upc = Upc (yo)

272 Setyo™ = yo

2.7.3 Calculate the optimal frame length to purchase based on
equation (16)

2.7.4 Determine the value of Uyser according to equation (11)

2.8. End if

2.9. End for

3) Output:

The algorithm searches the closed interval space [Y0,,in>Y0maz)

and determines the Nash equilibrium {L*,yo*}. The corresponding

utilities are {Upc, Uuser }

IV. SIMULATION STUDY

In this section, we evaluate the performance of the proposed
QoE - sensitive multimedia pricing framework. The video
sequence for simulation is Foreman with H.265 coder. The
I-frames successful transmission only relies on itself, while
the P-frames refer to the previous I-frame and P-frames. The
systems parameters used to fine tune the QoE model al ~ a4
were chosen as 3.8, 4.9, 3.6 and 3.5 respectively based on the
large number of subjective video quality tests conducted by
K. Yamagishi, et.al [13]. The bit error rate (BER) was set at
le-6 and the maximum iteration steps M as 200. The initial
values for v and 3 are 0.1 and 4 respectively.

In the previous section, we have mathematically proved that
the utility of the mobile user is concave for any price yo,
declared by the carrier-provider alliance. The Fig. 3, shows
that the utility of the user versus the amount of data purchased
for base price yo = 0.4, 0.5 and 0.6 respectively. The QoE of
the mobile user requesting multimedia content is modeled as
a function of users personal preference as shown in equation
(2). For a fixed base price yo=0.4, the value of ~ is altered
to demonstrate the impact of personal preference on the users
QoE in Fig. 4. It can be observed that for low data rates, the
impact of « is significant.

Fig. 5 shows the normalized utility of provider-carrier
alliance for base price y: yo = 0.4, 0.5 and 0.6 respectively.
The figure illustrates that the utility is proportional to the
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amount of data purchased and how the Nash Equilibrium
fails if the provider-carrier deviate from their pledged base
price. Fig. 6 shows the utility of the provider-carrier when we
change the operation cost of the wireless carrier 5 and content
provider « respectively. It can be observed that for a fixed
price o, the utility decreases linearly with increasing 5 and
«. Therefore, it can be infered that the different initialization
of the constant parameter does not affect the proposed utility
equations.

The proposed QoE-sensitive multimedia pricing scheme
allocate different prices to frames based on the packet length
and PSNR. We compare our scheme with throughput based
traditional pricing scheme (equal frame importance). In this
scheme, each frame uses the same PSNR and bit length i.e.
the resource is sold with a fixed price. The utility gain of
the user for both these schemes are shown above in Fig. 7.
It can be observed that our scheme outperforms the uniform
pricing scheme significantly. This is because the frames are

strategically priced (regular packers are incented with lower
price while important packets are granted higher price) using
Stackelberg game, so as to enhance the overall QoE of user.

V. CONCLUSION

In this paper, we leverage the Smart Media Pricing (SMP)
framework and propose a new QoE-sensitive multimedia
economic pricing model solvable by Stackelberg game theory.
The contemporary video coding scheme such as H.265 encode
video frames with unequal importance. This diversity allows
us to price the multimedia frames based on the quality
importance rather than the date size. The interactions between
wireless carrier content provider alliance and the end user
were modeled and solved as a two-stage Stackelberg game.
We present an iterative algorithm to determine the Nash
Equilibrium of the proposed scheme using backward induction
method. Simulation results indicate that higher utilities can be
achieved by adopting the proposed QoE-sensitive multimedia
economic pricing model.
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