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Abstract—This study addresses the problem of profit
maximization between wireless service providers (WSPs) and
content providers (CPs) in wireless broadcasting systems,
while simultaneously providing high quality of experience
for end-users (EUs). We first study the profit model in
wireless broadcasting networks with a particular attention
to the heterogeneous requirements of EUs, e.g., different
display sizes and variable channel conditions. Then, we
propose a profit formulation that describes the requirements
of wireless service providers and content providers, as well
as the satisfaction of EUs that essentially depends on video
quality and service charges. We propose a new polymatroidal
theoretic framework for maximizing the resulting three-side
achievable profit through proper bandwidth allocation. Our
framework exploits two particular structures, namely the
underlying polymatroidal structure of the profit region and
the contra-polymatroidal structure of the rate region. We
then propose a profit maximization solution by finding a rate
allocation vector on the sum-rate facet that satisfies the maximal
achievable profit among the WSP, CPs, and EUs. Experiments
on different broadcasting scenarios demonstrate the effectiveness
of the proposed method. The WSP is capable of generating more
revenues by applying the proposed approach to their marketing
strategies while satisfying the demands from CPs and EUs.

Index Terms—Heterogeneous,
pricing, video broadcasting.

optimization, polymatroid,

I. INTRODUCTION
IDEO traffic over wireless networks is becoming a
dominant traffic type in mobile applications [1], which
is regarded as the most influential factor driving the need for
increasing network capacity.! At the same time, mobile de-
vices become more heterogeneous in capabilities ranging from
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smartphones with small screens to tablets with high-resolution
displays. Wireless service providers (WSPs) have to develop
new strategies along with adaptable pricing structures that
can support heterogeneous users’ requirements to meet the
rapid growing demand for video services. Pricing video-ser-
vices becomes more attractive to WSPs than the conventional
Quality-of-Service (QoS) management because it is well ac-
cepted by end-users (EUs) and content providers (CPs). In
wireless broadcasting systems, the pricing is characterized as a
framework where WSPs can impose price strategies of services
or specific QoS provisions to users. WSPs make profits by
offering network connectivity and bandwidth, which allow
content providers to provide videos for end-users [2]. EUs then
access the content of interest and select what they are willing to
pay for. This results in a complex interplay between different
parts of wireless video broadcasting systems. Therefore, there
is a need for an effective design of new pricing strategies and
resource allocation that can maximize the profit, which is a
pretty challenging task.

Current pricing schemes in wireless networks could be
roughly classified into two types, i.e., fixed pricing and dynamic
pricing, depending on usage flexibility, wireless condition
adaptability, and scalability requirements from WSPs and EUs
[3], [4]. Based on different requirements of pricing strategies
from WSPs, those two categories can be further divided into
three pricing schemes: Usage-based [5], service-based [6], and
time-dependent [7] pricing schemes. One common objective
of these pricing schemes is to allocate wireless resources to
current and future EUs, such that the overall resource utilization
can be maximized. The resource utilization could be revenues
[8], capacity usage, EUs’ satisfaction [9], transmitted power
[10], or spectrum reuse [11], [12] for example.

Generally, as the capacity of a wireless network reaches its
maximum, WSPs can control the amount of delivered content
over the network and maximize profits by selecting a proper
pricing strategy. Most current pricing schemes consider high-
bandwidth data applications and unfortunately neglect the true
nature of the traffic. For example, unlike most generic data ap-
plications, audio and video streaming services usually present
nonconvex utility properties, and such properties cannot be de-
lineated by stepwise or sigmoid functions [13] that are typically
used for characterization of consumed bandwidth in data ser-
vices. The pricing problem therefore becomes more complex
in streaming services as bandwidth presents the tradeoff be-
tween the quality of services and constraints of the streaming
applications.

At present, the problem of video broadcasting under pricing-
driven models has not been well studied, despite the fact that
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many methods have been proposed to improve video quality in
wireless networks.

From the viewpoint of video broadcasting, most video broad-
casting solutions assumed only simplistic underlying wireless
network models, and they did not consider the relationship be-
tween WSPs, CPs, and heterogeneous EUs. Contrarily, as the
demand for large-bandwidth video services becomes higher, the
requirement to drive high-resolution video streams varies with
the tradeoff between the quality and the type of resources. For
example, wireless video streaming is the most energy-consump-
tion service in user terminals due to the large proportion of video
data in transmission. Thus, many studies emphasized improve-
ment in the QoE and energy efficiency for heterogeneous wire-
less receivers, such as [14]. Recent research maximized the net
video quality through auction [15] or game theoretic approaches
[16], rather than profit maximization. More recently, Zhou et al.
[17] developed a new idea to optimally allocate the resource by
jointly considering the uncertainties of QoE models and video
playback time. One remarkable advantage of their solutions was
low complexity. Note that one of the major purposes for a broad-
casting system is to improve the QoE. However, how to define
and model the QoE is a difficult problem. Most recent research
solved this problem from different aspects, such as extended
PSNRs [18] and video summary metrics [19]. Since scalable
video broadcast/multicast services employ a single transmission
rate to cover all EUs [20], SVC streaming-based models become
a tendency compared with most existing solutions in wireless
broadcasting networks. The recent model in [21] and its exten-
sion version “Q-STAR” [22] showed efficiency in QoE mea-
sure, particularly in wireless multimedia broadcasting systems
[14]. However, it is still difficult for profit analysis on how to
satisfy the requirements of current wireless video broadcasting,
where the WSP is not only interested in its own profit but also
guarantees the QoE of EUs and the profit of CPs.

From the perspective of pricing-driven transmission, despite
recent intensive studies on revenue-based solutions, there is still
no effective approach for video service-based resource allo-
cation, except for [23]. Moreover, it is unclear how the rela-
tionship between WSPs, CPs, and heterogeneous EUs influ-
ences a wireless video broadcasting system. For example, the
work in [8] presented a rate-allocation model for traditional con-
tent (instead of using multimodals) by considering a three-way
interaction among EUs, ISPs, and CPs. The work [2] studied
the revenue maximization for Internet Service Providers (ISPs)
with time-constrained pricing in broadband access networks,
and the research in [24] examined the profit maximization for
a cognitive virtual network operator in a dynamic wireless net-
work. However, these works did not exploit detailed knowledge
of the video content nor the requirements for CPs and EUs to
offer pricing-driven video services. Going one step further, the
study in [10] formulated a resource-allocation problem for voice
users, where the willingness of the user was modeled as a step
function with respect to “Signal-to-Interference plus Noise Ra-
tios (SINRs).” Through forward-link transmit-power allocation,
their proposed system could maximize either the sum-satisfac-
tion of all broadcasting EUs or the total revenue generated from
the EUs. Interestingly, none of the above works proposed a joint
resource optimization framework where all the components of
the system as well as video clients with heterogeneous capabil-
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ities are considered together. It is therefore a challenge to de-
sign an effective pricing structure in consideration of the profits
of WSPs and CPs along with the satisfaction of heterogeneous
EUs.

This paper studies the pricing problem? for wireless broad-
casting services by considering jointly the different actors in the
system. It proposes a new polymatroidal theoretic framework,
which is effective and powerful to address three-side markets in
profit maximization problems. More particularly, we draw upon
the polymatroidal pricing structure and show how the profit can
be maximized for WSPs and CPs, while the satisfaction of EUs
is preserved. The merit of our framework is that this study pro-
vides a precise mathematical characterization of the optimiza-
tion solutions and their properties, with a unified framework
where three-side profit maximization can be sought for.

We first account for heterogenecous EU demands, for in-
stance, video spatial resolutions, time-varying channel states,
and transmission prices, which all affect the Quality of Experi-
ence (QoE) of wireless users. Second, we effectively exploit the
special polymatroidal structure of the profit regions for EUs,
CPs, and WSPs, whose three-side subsets respectively form
three polymatroidal structures. By exploiting the particular
properties of polymatroidal representation, we can maximize
the system profit by solving the rate-allocation problem with
the use of a two-tier structure: 1) an outer loop aims at the
profit maximization of the WSP and 2) an inner loop focuses
on the maximal achievable profit and satisfaction of CPs and
EUs, respectively. This two-tier optimization problem can be
efficiently solved by using greedy methods adapted to the pro-
posed polymatroidal representation. We then propose extensive
experiments to analyze the performance of our proposed profit
optimization framework for various broadcasting scenarios.
The results show that our method can improve performance
with respect to the optimization of the utility of each compo-
nent independently. In particular, our algorithm leads to almost
full utilization of network resources, subsequently bringing
satisfactory QoE for multiple heterogeneous EUs. Meanwhile,
the WSP and CPs can simultaneously obtain maximal profits,
which confirms the benefit of our joint optimization method.
With the pricing strategies solved by proposed polymatroidal
structures, the WSP is capable of computing the optimal source
rates and channel rates for each video requested by heteroge-
neous users.

In summary, the contributions of this study are listed as
follows.

* We propose a new formulation of the profit maximization
problem based on a three-side system that combines WSPs,
CPs, and EUs. Its objective is to find an optimal solution
for maximizing the user satisfaction and the overall profits
during broadcasting.

+ This study presents a new decomposition of the profit max-
imization problem by converting it into a special rate-split-
ting problem. We prove that such a problem is a special

2This work focuses on the optimization of endogenous variables {r.,y.}
(i.e., the rate vector and the error protection vector) based on observed exoge-
nous variables (i.e., the charges between WSPs, CPs, and EUs). Notably, the
exogenous variables are set by the market of WSPs and CPs, but not by the pro-
posed method. This study adapts the endogenous variables to exogenous vari-
ables, so that WSPs can select the optimal rate vector and the optimal error
protection vector to guarantee the QoE of EUs.
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covering problem that allocates both video-layer rates and
the corresponding error-protection rates to all EUs.

* We propose a novel polymatroidal representation to model
the three-side profit regions and introduce a contra-poly-
matroidal model for the rate regions. We further prove that
the polymatroidal surface represents the maximal profit
output, and that the contra-polymatroidal surface implies
the minimal required rate based on a given system profit.

*  We show that the resource optimization problem is equiva-
lent to that of finding a point at the intersection of sum-rate
facets, which satisfies the profits among the active EUs,
CPs, and WSP. We devise a fast algorithm for the compu-
tation of the general splitting-rate points on the sum-profit
facet.

*  We propose a progressive performance analysis where the
simulations are carried out over typical wireless broad-
casting scenarios with the proposed solution consistently
maximizing the final profit of the total system.

The rest of the paper is organized as follows. In Section II,
we describe the general framework along with the pricing model
considered in this paper. In Section III, we present the new poly-
matroidal along with contra-polymatroidal structures and show
that the optimal rate allocation can be obtained by solving a
family of polymatroidal optimization problems. In Section IV,
we give the detailed optimization solution. Experimental results
are provided in Section V. Finally, the conclusion and future
work are presented in Section VI.

II. PRICING MODEL

In this section, we consider a wireless video broadcasting net-
work, where a WSP transmits video content provided by CPs to
heterogeneous EUs. The following description firstly analyzes
the characteristics of EUs in wireless environments and then in-
troduces the network pricing model and the profit region.

A. User Satisfaction Model

Unlike general data traffic, video delivery systems should be
capable of providing different levels of quality through adaptive
coding and transmission. To cover heterogeneous end-user re-
quirements, they can employ Scalable Video Coding (SVC)[25]
to provide layered and scalable video streams. We use SVC to
generate spatial scalable layers to serve multiple EU groups si-
multaneously with different display capabilities. Video streams
are usually transmitted progressively and layer by layer, and
each set of layers corresponds to a group of users with the same
display quality. To handle channel losses, Forward Error Cor-
rection (FEC) is a frequently used mechanism for the flexible
protection during video transmission as it can adapt to variable
channel conditions. When bandwidth is limited, the proper de-
sign of FEC mechanisms is critical to the three-side maximiza-
tion problem considered in this paper as it dominates the QoE
of users. Before we discuss the profit maximization problem,
the following description first concentrates on how to quantify
layered transmissions by devising a metric that permits to have
multiple sessions with different QoE.

Inspired by the model in [13], [26] and [27], we develop a
rate-utility function for multiuser broadcasting based on spa-
tial scalability and FEC protection. This function is primarily
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based on a perceptual quality metric called “model for normal-
ized quality v.s. normalized spatial resolution (MNQS)” [22].
It can measure the perceptual quality of each video content.
The uniqueness of this metric is that it considers the impact of
the spatial, temporal, and amplitude resolution of a compressed
video. The function of the MNQS is

1 e 0n(E)1™

MNQS() = ~———¢;

(D
where #(7) is a model parameter with the quantization stepsize
r,and I = {1,..., L} is the index of the spatial layer of the
video content. In this work, 7 and 8(7) are fixed, and the quality
metric is simplified as a function of the spatial-layer index .
It is straightforward to prove that M NQS(I) is an increasing
function. The output of the MNQS function is related to the
video rate of the Ith layer.

Let us now consider a single-cell network, which broadcasts
layered video contents to a group of heterogeneous users. As-
sume that there are IV users that are requesting .5 video con-
tents. The quality of services for an EU is a function of the ef-
fective rate of the video that this client is served with. Then, in
a scalable broadcasting system, the quality M NQS(1) of each
user is achieved only when the data of the current layer and
the previous layers can be successfully received. Based on such
an assumption, the error protection mechanism should also be
adopted accordingly to the requirements of channel conditions.
Overall, the heterogeneity of clients and channel conditions lead
to the following characteristics. 1) The system should be ca-
pable of serving heterogeneous devices with different display
sizes. For example, the (I — 1)th, /th, and (I 4+ 1)th layers can
respectively satisfy the requirements from smartphones, tablets,
and laptops. 2) For the each layer /, various error protection rates
7,1 may be required for different clients even for the same video
source rate ;. The quality MNQS(I) of each user evolves
accordingly.

We can now analyze the utility function u, ,(-) for user n
and service s, where u,,, is a function of the source rate r,
requested by the EU (an example is shown in Fig. 1). We define
the total broadcasting rate as ¢; = 75+ = 22:1 (rok+9sk),
where r, 1, is the original video rate of the kth layer; v, 1 is the
corresponding error protection rate; r, is the total source rate,
and «, is the total FEC rate. Assume &,, is the channel erasure
rate of user n when we use Fountain coding [28], [29] to realize
FEC. Then, 7s ; can be roughly estimated as vs j > 7.1 ( ffs"n —
1), where 4 is the overhead of Fountain coding, and 4 is a fixed
small positive value. In layered coded bitstreams, the /th layer
is valid only when the current layer and all the lower layers
{1,...,1} are successfully received. We use the following two
conditions to demonstrate such dependence. There are

usn(rs) = MNQS(1,,) 2)

and

149
Vs, k,n 2 Ts.k (1

—1> Vee{l,....l}. (3)

—€n
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Fig. 1. Example of layered video transmission, where three heterogeneous EUs
are serviced. The vertical axis denotes utility rates, whereas the horizontal is
video rates. In wireless transmission, an additional -y, ; rather than basic lth
layered video-rate is required if more EUs are supported.

Fig. 2. Basic price relation among the WSP, CPs, and EUs.

B. Network Pricing Model

This subsection introduces the pricing model for wireless
videos broadcast to heterogeneous end-users. The basic pricing
relationships among the WSP, CPs, and EUs are shown in
Fig. 2. The EU requests video content from CPs through the
service platform offered by the WSP. The profit function
Vs (rs) herein describes the benefit of the content provider
associated with the content s, which is serviced at quality
Us . (1s) to EU n. We define p, ,, as the price per unit of data
that the EU n pays to the WSP for the data traffic. The function
gs,n denotes the price per unit of video data that the CP pays
to the WSP in order to cover the network cost or the storage
expense, for example. Finally, the function ¢, ,, specifies the
price per unit of video data that the EU pays to the CP for
watching the video content. Both p, ,, and g ,, are charged by
the WSP. Each transmission link between the EU and the WSP
is provided at the cost of w, ,, per unit rate. The interactions
between the WSP, EUs, and CPs is regulated by controlling the
prices—Dps n, gs,n, and ¢, ,—to decide the network traffic.3

Since we consider the transmission of scalable data over
lossy channels, we have the following properties. First, the WSP
sends additional channel coding bits of rate vy, to guarantee the
reliable transmission of the 7, video source rate. The prices

3Since the price model between WSPs, CPs, and EUs is still open, we employ
the model in [2] to build the price relation.
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that the WSP charges to CPs and EUs are only related with r,
while the cost of WSP depends on both r,; and «;. Second, in
a video delivery system, which employs the layered encoding
and transmission model, the satisfaction function shows a
stepwise shape [13], and this means bandwidth allocation could
be limited to distinct levels. Besides, the satisfaction of EUs
increases only when an additional layer can be successfully
delivered, which means that the same rate 7 is a stepsize func-
tion depending on the number of layers. For example, when the
user n requests content s, the quality u, ,,(7s) is obtained by
this user. The user should pay 7, - ., and r - p, ,, due to the
content service and wireless traffic provision, based on the basic
network pricing problem [2]. The users’ experience involves
not only the video quality but also the return of their payment.
The users always want their demands to be cost-effective, and
we devise a user profit function accordingly as follows. On the
premise that the system could allocate layered video rate 5 for
EUs with reliable transmission based on the available capacity
RBudget, the problem of maximizing the total profits of EUs
can be written as

Ppu : maxz Z(us,n(rs) —Ts " Psn Ts - @s,n)
B n
s.t. Z(rs +7s) < RBudget Vr -0,y >0
k1
“
where r = [rq,...,rg] is the video-rate vector, and ~
= [v1,...,7vs] represents the corresponding error-protection

rate vector.

The following practical example illustrates the dependency of
the CP price functions. The profit function v, ,, is often assumed
to be increasing and only dependent on the rate r,. To obtain the
exact shape of this utility function, the following procedures are
adopted. Since wireless video services have a close relation to
data rates, without loss of generality, we assume that the profit
v, » of the CP is an increasing function of the rate r5. Then, the
income becomes ¢, ., - 5. Moreover, as the services operated
by CPs involve the platforms of WSPs, they have a cost denoted
as ¢sn - 's. For a CP providing the service s, the profit function
is defined as

Vs ('rs) - Z Psn Ts —4dsnTs (5)
n

where ¢, 5, is the revenue in term of per unit rate. The following
analysis presents the case of profit vs(r;). Notably, this analysis
is still effective for other functions that share similar properties.
Since EUs have the freedom to select contents of interest, the
objective of the CP is to maximize the sum of the surpluses of
total video contents instead of individual ones. Therefore, the
profit for CPs is given by

max Z Z(TS .

5 n

s.t. Z rs < R,

K]

PCP :

Yr >0 (©)

where R, is the storage or the capacity that a WSP should re-
serve for the video content.
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Finally, the profit maximization of WSPs is on the premise
of recovering the cost for such storage or capacity provision for
the different scenarios.

maXZ Z((""s *Psn —
S.t.z Z((’I‘S *Psn — (I’S + 'Vs) : ws,n) +rs- qs,n) > 0

8

(TS + ’75) : ws,n) + s q.s,n)

Z(rs + 'Ys) < RBudget vr - 07’7 > 0

s

(7

where w; ,, denotes the cost of traffic provision. This WSP
model focuses on minimizing the operational costs when a
video rate is requested and allocated. However, the WSP cannot
tolerate unlimited requests from CPs and EUs. The same holds
for CPs and EUs. Thus, it is impossible to simultaneously meet
the optimal requirements from three sides and to separately
solve the aforementioned objective functions due to conflicts.
To simplify such a problem, firstly we combine the objective
functions (4), (6), and (7) into one expression. Then, we max-
imize such an expression from the perspective of the WSP as
the WSP plays a pivotal part in this three-side system.

Therefore, after combining (4), (6), and (7), the three-side
system profit maximization problem can be expressed as
follows:

®)

Psys :max (Ppu, Pep, Pwsp)

where T represents the transpose operator.
The following subsection shows how to maximize the three-
side profits by focusing on the WSP.

C. Profit Region Under Dynamic Rate Allocation

As mentioned above, we formulate the three-side profits by
focusing on the WSP. This means that we have to introduce a
common variable that is shared by three actors in this system, so
that we can maximize the profit by adjusting this variable. Such
a common variable is the video rate. Once an optimal video rate
is firstly found for CPs and EUs, we can subsequently explore
the profit region of the WSP. This subsection focuses on charac-
terizing such a relation between the allocation rate and the profit
region.

Let us denote R as a rate-allocation policy, which generates
a mapping from the rate space to Hi. Policy R selects a video
rate, 7, from a set of possible solutions, R. Given the charac-
teristics of EUs, R; can be interpreted as the video-source rate
allocated to EU . For a given rate-allocation policy R, we can
deduce the profit sets of EUs, CPs, and the WSP.

Let BCF specify the total profit region of CPs, and let B€P
denote the profit vector of all CPs. We canuse F = {1,...,5}
to represent the set of CPs and use A to specify a subset in £.
Consequently, B (A) represents the profit sum of all CPs in
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for the problem of (6), the total profit region for the CPs is char-
acterized by

BT (R) = ¢ BT € R BT (4)

1Al

< Z Z(‘ps,nrs — qus,n)v ACE

s=1 n

©)

According to (5), each CP earns the revenue from
the source-data rate and the content ¢,,. Let us denote
A
A(A) = 32N (9o — o) and R(A) = Y2, 7s. The
profit region of the given profit function in (5) can be rewritten
as

BE(R) = {BF cRYIBF(4) <R(4) -A(4),ACE}.

(10)
Like the profit of CPs, the total profit region BEY(R) for EUs
is given by

B (R)={ BEY € R? |B®Y(4)

|4l
j Z Z(Us,n(rs) — TsPsm — 'rssps,n)yA g E}

s=1 n
an
For the WSP, we can similarly deduce the total profit capacity
region BYWSE (R) as shown in (12), at the bottom of the page.
Since the EU pays for the services only when the video con-
tent can be successfully received. To guarantee this, as pre-
viously mentioned, the WSP adopts the FEC scheme [29] to
provide reliable and flexible video broadcasting. From (3), we
know that v, > r, (% — 1), where § is a small positive value
that can be omitted. Thus, there is y; > rs( ﬁ —1), which in-
dicates that for EU n, who is requesting content s. If the channel
erasure rate €5, < £, this EU can receive r, successfully. This
is because 7, is related to €5, which is a threshold. As long as
€s,n of an EU is smaller than this threshold, the system allocates
a channel rate to the EU. The minimal rate is obtained when ¢, ,,
is equivalent to £,. Then, (12) can be simplified as

13
Furthermore, the profit region of the WSP, BWSP (R), is sim-
plified as

Ws p

TsPsn +'rs(Is,n7 <rs + 7s)w5,n =Ts (ps,n + gs.n — 1—2

BWSP (R) — BVVSP c Ri‘BWSP (A)

4] '
< ers(ps,n + Qs.n — ]_lb%)aA CFE

s
s=1 n

the set A where the notation x(A) denotes » ;. , x(i). Then, (14)
|4
BYVSP(R) = ¢ BYST e RYBWSP(A) < YN (rs pan +7a - gan — (Ts +75) - wan), AC E (12)

s=1 n
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Notably, BSF(R), BEV(R), and BWST(R) are the sets of
achievable profits when the rates are dynamically allocated ac-
cording to a rate-allocation policy R.

III. PROFIT STRUCTURE

As mentioned earlier in Section II-C, the three-side optimiza-
tion subproblems cannot be separately resolved. To tackle the
problem, a commonly shared variable, video rates for alloca-
tion, is introduced to form new objective functions.

In the following discussion, we show that these new objec-
tive functions satisfy the properties of polymatroids and contra-
polymatroids. Consequently, a global optimal solution for the
three-side system can be found with the use of polymatroids and
contra-polymatroids. More specifically, the rate regions of the
three actors form contra-polymatroidal structures, the surfaces
of which suggest the minimal required rate. Besides, the profit
regions of these actors form polymatroidal structures, where the
surfaces represent the maximal profit output based on a minimal
required rate.

The motivation of using polymatroidal and contra-polyma-
troidal structures herein is the benefit of the duality between
them. The profit region maximization problem that is modeled
by a polymatroidal structure can be effectively solved by
converting itself into an optimal rate-allocation problem, which
can also be subsequently resolved by using the contra-polyma-
troidal structure. In this study, we explore such a dual structure
and show that it can be used to solve three-side optimization
problem of (8).

In short, the proposed solution firstly finds out solution pairs,
which are formed by the profits of CPs along with the corre-
sponding allocated videos rates, by using Lemma 3.1. Subse-
quently, the same procedure repeats for finding solution pairs
for EUs. As the possible video rates of allocation are enumer-
ated, we plug these rates into the objective function of the profit
region for the WSP, and the maximum profit can be calculated
thereby. For clarity, an example is given in Section III-C.

A. Rate Region and Contra-Polymatroidal Structure

In this subsection, we show that the rate regions of CPs and
EUs are related to contra-polymatroidal structures. Besides, we
also show that the rate regions are associated with their contra-
structures, i.e., polymatroids, which are the profit regions of the
EUs, CPs, and WSP.

Let s denote the index of CPs and RSY represent the rate
of the sth CP. For systems of multiple CPs, the sum-rate facet
has S! corner points. We use a graph G(85, £) to delineate the
relation between the corner points, where B denotes the set of
vertices, and £ specifies the set of edges. The vertices of G are
precisely the rate vectors of CPs. Obviously, the vertices have
S! permutations. Let m be a permutation in the set 5. Define
the rate vector r“F(r) € M® by rf(Pl) (m) = f(r(1)) and
P = [r(D).... w O = Fr(D), . owli ~ D)) or
i =2,...,5. According to [30], the sum-rate facet is exactly
the convex hull of these corner points, and such a facet is re-
flected by the set £.

The inner region of the sum-rate facet composes the rate re-
gion of CPs. The results of rate allocation policies r*F () € R°
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form a wide range of profits. However, finding the rate vector
that results in the maximal profit is usually an NP-hard problem.
Alternatively, we first give a feasible profit ¢o and then maxi-

mize it. The corresponding rate vector r () becomes the op-
timal solution. To describe our solution, we first need the fol-
lowing lemma.

Lemma 3.1: There exists ¢, > 0, which satisfies >~ > (rs
Psn —Ts - QS.n) Z Ca.

Proof: This lemma shows that, if we find a solution that
meets the criterion, this solution is an extreme point. The hint
about this proof is that we can focus on the derivation of the
lower bound of the inequality. The detailed proof is given in
Appendix A. Regarding how to search for a solution that fits
Lemma 3.1, we can utilize Theorem 3.2 to locate the extreme
point, namely, ¢z, of the objective function for CPs. Recall that
there are three-side variables in our system modeled by (8).
Once ¢ is found, we can simplify the original system and turn
it into a problem for the WSP and EUs.

Subsequently, we focus on finding a basic rate vector, which
satisfies Lemma 3.1. Let us denote R BCT) as the rate region of
CPs. Therefore, R°F = (RCF(1),..., RCF(S)) represents the
rate vector of the CPs. There are 2/Z! rate constraints, where
E = {1,...,S}, in any given rate vector. Denote B°F as
s 2om Us.n(rs). Then, at the achievable profit ¢,, the feasible
rate region is characterized by

R(BT) = {R°" € RT|R°F(4) > BF(4)/A(A),AC E}

(15)

where A(A) = 34 S (0un —gen)and 35 BS(I;)( i) =
¢3. The parameter 7r; is a permutation in the set £ = {1,.
and1 < 5 < S\

We now show that a subset of the corresponding rate region,
including the corner points and the sum-rate facet, forms a
contra-polymatroid. For the proof, we need the following
theorem.

Theorem 3.2: The rate region of CPs, R(B®Y), is a contra-
polymatroid.

To prove this theorem, we examine whether or not the three
fundamental properties of contra-polymatroidal structures hold,
namely, normalized, nondecreasing, and supermodular proper-
ties. The detailed proof is given in Appendix B. As long as the
rate region of CPs is a contra-polymatroid, we can use its du-
ality to find the optimal solution for CPs.

Notably, according to the analysis for the rate region of CPs, it
is sufficient to consider a more general CP profit problem stated
in (6), in terms of a contra-polymatroid with a generalized sym-
metric rate vector. The allocated rates of the CPs under a per-
mutation 7 are described as follows:

1 cp
> Ben

-5}

CP
RW(J)( ) Z; 12 (¢s,n—qs,n)
R () Zs 1 r(J)() 'Zl IBCP)() )
LCAD DD SRRV RS DD DCIRErA
(16)

By using the permutation formulated in the above equation, an
extreme point can located in the performance region of CPs.
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As the extreme point for CPs is located, we subsequently
search for the extreme point for EUs.

Denote R(B®Y) as the rate region of EUs. There-
fore, REY represents the rate vector of EUs, where
REY (REY(1),...,RPY(S)). There are 27 rate con-
straints, where £ = {1,...,5}, in any given rate vector.
Like Lemma 3.1, we also define ¢; as the achievable profit
and denote ¢; = {e1,...c1}. Then, the feasible rate region is
characterized by

R(BEU) _ {REU c RilBEU(REU) - Cl} (17)
where 37, _;s BE(} (i) = c1. The vector 7; is a new permuta-
tion in the set & = {1,...,S} and 1 < j < S!. The following
theorem shows that the rate region of EUs is also a contra-poly-
matroidal structure.

Theorem 3.3: Rate region of EUs, R(BEY), is a contra-poly-
matroid.

The idea and the proof are entirely analogous to those of The-
orem 3.2. As Theorem 3.2 is used for CPs, we can utilize the
contra-polymatroidal properties and the duality to find the ex-
treme point, i.e., ¢1, for EUs.

Based on Lemma 3.1, Theorems 3.1 and 3.2, extreme points
for EUs and CPs are located at ¢; and c¢s, respectively. This
implies that (7) can be further simplified as the profit optimiza-
tion for WSPs because the video rates allocated to CPs and EUs
are fixed. The original three-side optimization problem that ex-
hibits a conflict between the WSP, CPs and EUs is converted to
one-side problem based on the WSP.

The following subsection then focuses on finding the optimal
profit region of the WSP when those of CPs and EUs are fixed.

B. Profit Region and Polymatroidal Structure

When the sets of feasible rate regions, i.e., R(BY) and
R(BEY), respectively support given profits ¢, and ¢;, which
are contra-polymatroidal structures as shown earlier, the
achievable profit region of the WSP satisfies the property of
a polymatroidal structure under the policy R. The following
theorem substantiates such an interpretation.

Theorem 3.4: Under a given policy R, the achievable profit
region of the system, BVSF(R), is a polymatroid, as shown in
(18), at the bottom of the page.

Proof: To prove this theorem, the polymatroidal proper-
ties should be firstly verified. Those are the normalized, nonde-
creasing, and supermodular properties. For brevity, the detailed
proof is given in Appendix C.

4For consistency, we use the profit function to reflect the QoE of each user.
For the single-user case, the objective function is (4).
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EUI:CP1
B
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Dual to Contra-
Polymatroidal Rate Regions

B ()

B (R—p)f .—
Profit Region hPolymatroidal
¢ Surface
: B
B™(R-r) B™(r)  EU2:CP2

Fig. 3. Two-user example of the polymatroidal profit structure and the contra-
polymatroidal rate structure. This figure, along with Fig. 4, demonstrates that
an optimal solution exists in the region.

Based on the proof of Theorem 3.4, the profit regions
BF(R) and BEY(R) are also proved to be polymatroids,
respectively.

Theorem 3.4 proves that polymatroids satisfy three proper-
ties: Normalized, nondecreasing, and submodular. The work in
[31] provided a convenient characteristic of submodular func-
tions. That is, BEY(T) is a submodular if and only if all T
C T C T'"ands € T" T' it holds that BEY(T U {s}) —
BEY(T) > BEY(T' U {s}) — BEY(T"). Such a characteristic
is also supported in [32]. This characteristic indicates that each
of the variance reduction functions BV (s) is also submodular.
Thus, each maximal independent set is a maximum independent
set. Consequently, the proposed polymatroidal solution can be
solved in a greedy manner.

The above-mentioned proofs demonstrate that i) profit re-
gions and rate regions form polymatroids and contra-polyma-
troids; ii) profit regions are achievable when minimum rates are
given; iii) profit regions and rate regions have extreme points.
However, those proofs do not suggest any feasible approach for
locating extreme points. Before we begin with the method of
searching extreme points, we give an example below to elabo-
rate the idea in this section.

C. Example of Contra-Polymatroidal Rate Regions and
Polymatroidal Profit Regions

We propose a simple example below to demonstrate this re-
lation. As shown in Fig. 3, considering a two-user broadcasting
system, where EU1 is requesting content 1 from CP1 by using a
rate of ry, the resulting profit is B2V (r; ). EU2 is watching con-
tent 2 from CP2 with a video rate of 7, the corresponding profit
is BEY(r,). Both video services are provided by the platform of
the WSP. Although it is not possible to ideally meet all the users’
requirements in the general case, we assume that the available
capacity constraint I? satisfies B < 71 +r2. As shown in Fig. 3,
the vertical and horizontal coordinate respectively represents

|A|
BWSP (R) —

s=1 n

BYS € RYBYS(A) <D > ((rs %) Pon 75 doin =

(Ts + 'YS) : ws,n)vA CFE (18)
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Contra-Polymatroidal

hA Surface of CPs

: Contra-Polymatroidal

n |arg B ,» Surface of the WSP
i fargc, :
Achievable
Rate Region
1 largc,

Contra-Polymatroidal
Surface of EUs

14}

—
) wsP
nlarge, rlarge 12|argB

Fig. 4. Contra-polymatroidal rate structure and the achievable rate region
based on the two-user example. This figure, along with Fig. 3, demonstrates
that an optimal solution exists in the region.

the profit of an EU. The achievable maximal profit region cor-
responds to the polymatroidal surface, whereas the rate region
presents a contra-polymatroid. Both the profit region and the
rate region present the duality. Likewise, the achievable profit
region of CPs has a similar geometrical structure.

Fig. 4 illustrates the rate relation of the two EUs. The ob-
jective of the joint optimization problem in (8) includes three
maximal subproblems. Such a problem may have a decomposi-
tion-based solution. We first find a possible maximal profit cs of
CPs, where the corresponding rate region is expressed in (15).
Let us denote the rates allocated to the two users by 71| arg cs
and r3| arg ca, respectively, where the notations mean finding
a rate to maximize ¢z. Second, denote the rate regions of the
maximum EU profits by r1 | arg ¢; and r2| arg ¢1, which are also
the results of (17). Third, let us denote the feasible rate region
of the WSP by r;|arg BWSF and ry| arg BWSY. According to
Theorems 3.2 and 3.3, since the rate regions of CPs and EUs are
contra-polymatroids, the achievable rate region of the problem
presented in (8) is the intersection of three rate-regions. In the
following section, we take advantage of the polymatroidal and
contra-polymatroidal properties to give a detailed solution to
our joint profit optimization problem.

IV. PROFIT OPTIMIZATION

In the previous section, we have shown that profit regions and
rate regions form polymatroids and contra-polymatroids. Mean-
while, there exists an optimal profit solution if we can locate
extreme points in the rate regions first. Despite of the proof for
the existence of extreme points, search for extreme points is not
fully elaborated. This is the focus of this section.

The brief idea is that we can first locate the extreme points
for CPs and EUs. Subsequently, we plug the parameters of the
optimal profits for CPs and EUs into the optimization problem
of the WSP. The system is finally capable of discovering the
best solution for the WSP.

We now exploit the shadows defined above to propose a solu-
tion for the joint profit optimization problem. Let F be the set of
all the feasible rate-allocation policies among users, that is, R &
Fand F={R:) , r; < Rpudget}. Recall that R represents
the rate-allocation policy. The profit maximization problem is

casted as finding the optimal operating vector R, such that the
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system profit is maximized. We now use Lagrangian technique
to show that the profit optimization can be solved by rate allo-
cation based on a set of polymatroidal structures. Furthermore,
the computation of the boundary of the profit region and the
associated optimal rate-allocation policy can be reduced to the
form of conditional optimization problems. We first show that
the following theorem substantiates the above interpretation.

Theorem 4.1: When rates are dynamically allocated ac-
cording to policy R € F, where F is the set of all feasible
rate-allocation policies that satisfy the rate constraint F
= {R : (R(A) + T(A)) < Rpudget, Vs}, the profit regions
for the CP, the EU, and the WSP are respectively given by

EU: B*®R)= ] B*Y(R) (19)
REF
cp: BP®)= | B(R) (20)
REF
WsP: BYSP(R)= [ ] BYT(R). @1
REF
Proof- Firstly, we show that BEU(R) = |J BEV(R).

REF
For each rate-allocation policy F, that satisfies the limitation of
the bandwidth, we have B ) (R) = {BEV € RS |BEV(S) <

S
2 Z(Us,n(rg) - rfpsyn - Tf‘ﬁs,n)}

s=1 n

Thus, the profit region of EUs becomes BEV(R) C

REFy
Based on the concept of the achievable marginal profit region,

we subsequently obtain the following inner bound and outer
bound of BEV(R). Thatis, |J B®Y(R) c U B®V(R) C

REF: REF
— —EU
BPYR)yc U BV (R).
REF, ——
When k — oo, U BEY(R) —» U BV P(R).
o REF REF,,
Thus, BEY(R) = U B®Y(R). Similarly, we have
REF
B°P(R) = U B°P(R),and BY*(R) = | BWSF(R).
- REF REF

The boundary surfaces of BEY (UE), BCF(R), and BVSP(R)
LEU . Cp WSP

o]

are the closures of all C%oints R R ,and R
o EU o WSP

tively, where R R ,and R
tions to the following problems:

, respec-

are respectively the solu-

EU: mngEU(R) s.t.BEY(R) € BEY(R) (22)
CP: ml%xBCP(R) s.t. B°F(R) € BT (R) (23)

WSP: max BWSP(R) s.t. BYSP(R) € BYSP(R).
(24

The theorem shows that the individual optimal solutions for
the three actors lie on the surfaces of the closures. We can use
this theorem to search for the optimal solution that simultane-
ously satisfies the criteria if these surfaces intersect.

Ideally, the optimal solution R, for the system profit maxi-
¥ P 4 Y o EUp o CP X

mization problem in (8) is the intersectionin R, R, and
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o WSP
R . However, there exist conflicts among the EUs, CPs, and
WSP. Intuitively, the end-users wish to pay less for the services,
whereas the CPs and the WSP lean towards increasing revenues
as much as possible. Thus, the boundary surfaces of BEY(R),
BCF (R), and BYWSF (R) may not have any intersections. Conse-
quently, the achievable solution for the problem in (8) consists
in making the EUs and CPs respectively have their maximal
profits ¢; and ¢ and in maximizing the profit of the WSP. By
plugging ¢; and ¢; into (29), as a result, the whole system can
achieve overall profit maximization due to fixed rates for CPs
and EUs. We illustrate the process as follows.

According to Lemma 3.1 and the analysis of the rate region
for EUs, there exist ¢y = [cl, .c1] and ¢ :E][ch, cooea] =

0, which satisfy ¢; =< BEU( ) = BEY(R

B (R < BCP( ). Hence, what is shown in (25) and
(26), shown atC l‘ghe botto\r}nvscl)jf the page. Given a set of desired

[s]

) and ¢y <

rates R, ,R,, ,and R such that
o EU s BU 1
={R|minR (c1)} (27)
RSF = {R|min B " (c5)} (28)
o WSP
R = {R|argg max BVSP(R)} (29)
the achievable optimal solution set R(E) is
. oEU _ ,cpP o WSP
R=R, (R, (B)[R (30)
o WSP

The points R on the boundary surface of BYSF (R) are

o EU
the optimal operating points because the other points in R,
P

o]
and R, are dominated componentwise by parts of the points

on the f)oundary surface. The reason is that the WSP does not
accept any negative profit rate while maintaining a practical
system in this case. Thus, to solve the system profit problem,
the discussion on WSP profit problems is required.

The following theorem shows the computation of the
boundary of the WSP profit region and the associated optimal
rate-allocation policy.

Theorem 4.2: The boundary surface of BYWSF (R)) is the clo-

sure of all points R such that R is a solution to the problem
mentioned in (24) if and only if there exists a A € R, such that
R is a solution to the optimization problem

max BYSF A R st. BWSP ¢ BWSP(R).

€2
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Proof: Consider the set T = {(B,R) : R € R,B ¢
BWSF(R)}. It canbe verified that - (7 psn+7s qs.n— (rs+
Vs) - W )) i @ convex function. Then, the set T is a convex
set. There exist Lagrange multipliers A & IR; associated with
the rate constraint, such that R. is a solution to the optimization
problem

BWSP _\.R.

maXx

B,RcT (32)

Therefore

BWSP (ﬁ) _ U

R:y . rs+7s <RBudget

= U

R:ZS Ts +'7.s:RBudget

BWSP (R)

BWSP (R)

Let 7 be a permutation in the set 3. Based on the polymatroidal
structure of BWSF shown in (12), for any given rate-allocation
policy R, BWSF is maximized at

Bray =2 (re(1) - Pr()n + Tr(1) - dr(1) 0

—(rr) T Vr))  Wr(1)n)
By = 2 (Pr(k) * Pr(k),n + Tr(h) - Gr(k)n
—(Pr(k) T Yr (k) Wrk)n)s k=2,.,8.
This completes the proof. ]

Such a proof shows that the optimal points of the profit re-
gion all fall on the surface of polymatroids. We can solve the
problem in (24) to reach the original three-side optimization be-
cause the two other sides, i.e., CPs and EUs, are firstly tackled in
Algorithm 1. Thus, once the two sides of the three-side problem
are solved, the entire global solution can be generated. Define
F(Ts) = Zn(rs *Psn + 75 dsn — (rs + '75) : ws,n)' Con-
sider the simplified form of (14). Its derivative is I'(ry)’ =
> (D5 + g — 722). Then, (24) becomes

RBudget

mox 3 /

Define the marginal function T'(r,)* = [max,T’(r,)]",
where [z]t = max(z,0). Also, denote A = {)\y,..., A s} €
Rg. Based on the key properties of polymatroids mentioned
in [33] and Lemma 3.2 of [34], the optimal solution for the
problem of (33) is precisely the vertices V(7*) of the polyhe-
dron surface of BEU(R). Notably, 7* is any permutation such

(33)

BCP

A
BEU(R) = {BEU S |Ri|c1 j BEU j ZZ u’s n(rs) —Ts 'ps,'n -

~ (B e Wles < B (4) < R(4)- A4), A C F)

Ts: @S,n)aA - E} (25)

(26)
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that F,(Tﬂ.*(l)) > I"(r,r*@)) > 00> F,(Tﬂ.*(s)). The value
BWSP should be attained at a point that satisfies

By =2 (U (1) (T (1) + V(1) (P (1))

—(Fee(1) T Ya=(1)) - W1,n)
Bk :;(uﬂ*(k)(rr*(k)) A Vs (1) (P (k)
k=2,...,5.
(34)
For the problems in (27) and (28), the Lagrangian formula-
tions are

—(Pre ey F Ve (k) - Whon )

minR -\ ‘BEY st. BFY e BIU(R)  (35)
and
minR — Az BY st. B cBI'R).  (36)

Algorithm 1: Rate of the achievable profit region for EUs and
CPs

1: Initialization:
E={1,....,Shr={rr,=0,1<s<8S).
The step size is Ar. Compute R,.

2: Repeat

3: Select s, where s = arg max,cg \I’Tr (rs).

4: ifr, < R,

5: if Ul (rs) # 0

6: re + Ar = r,

7: else

8: Select s, where s = argmingep R 111 — rs,
Roy <75 < Ropyr 1 +1< L.

9: re - Ar = r,

10: end if

11: else

12: E—s=F.

13:  endif

14: Until

15:  E = 0, or achieve ¢; (c3 for CPs).

Then, we can compute the feasible rate regions of the
problems in (35) and (36) through the following algo-
rithms. We illustrate these two algorithms in the same form
through a generic function ¥(r,). The difference is, for EUs,
U(rs) = >, Usn(rs) — TsPsp — Ts4s,n. However, for CPs,
U(rs) =15 2., (Ysn — 4s,n). The derivative of this generic
function is ¥'(r,). Let us denote R,; as the rate of the [th
video layer sent from CP s and denote R, as the rate of CP s
when the CP satisfies the demands of all the users.

As mentioned at the beginning of Section IV, Algorithm 1 is
used to locate the extreme points for CPs and EUs. Following
Algorithm 1, we plug the parameters of these extreme points
into Algorithm 2. Thus, we can compute the feasible rate re-
gions of the problem in (29) for the WSP by using the following
algorithm.
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Algorithm 2: Rate of the maximum profit region for the WSP

1: Initialization:
E=A{1....S}hr={rss = 0,1 <5< 8}
The step size is Ar. Compute R.

2: Repeat

3: Select s, where s = arg max,cg I‘jr (rs).

4: ifr, < R,

5: ifI‘ir(rs) #0

6: re + Ar = r,

7: else

8: Select s, where s = arg min,cg Rs 41 — 75,
Rs,l S Ts S Rs,lJrl’ l + 1 S L.

9: re + Ar = r,

10: end if

11: else

12: E—s=FE.

13:  endif

14: Until

150 E =0,0ry rs > Rpudget-

Then, we can get the final optimal rate vector by computing
(30), which is also the intersection of the results of Algorithms 1
and 2. For Algorithm 1, assume the video rates of contents when
the profit region achieves ¢; are ri,...,75. Then, the com-
plexity is computed as O(Zf:1 A= ). The complexity of Algo-
rithm 2 is O(S - (%l ). The convergence of Algorithm 2
is related to the granularity of video rates, or rate partitioning.
When the marginal revenue of the objective function is con-
stant, rate partitioning is not necessary. Besides, Algorithm 2
can converge and obtain the best solution. On the other hand, if
the marginal revenue changes, the system requires fine granu-
larity of video rates.

V. NUMERICAL SIMULATION RESULTS

This section presents a simple three-side market problem with
one WSP, three CPs, and 102 EUs. We show how to obtain op-
timal transmission and resource allocations by using the model
presented in Sections II and III, along with the solution pre-
sented in Section IV.

A. Simulation Setup

In our simulation, we consider a single network, where 102
mobile end-users are serviced during video broadcasting, and
the video contents are separately provided and copyrighted
by three CPs. Furthermore, the video content provided by
these three CPs are respectively stored at the three types of
cyberspace—servers of the WSP, third-party data clouds, and
servers of the CPs. Based on connection and storage costs,
these three types of storages directly influence the revenues of
the CPs. The price {ps n,gsn,Wsn} We examine herein are
exogenous. This means that {ps ., 9s,ns wsm} are observable,
and they are set by the market of CPs and WSPs (i.e., not by the
proposed method). In a monopolistic market, the price structure
is under the complete control of a WSP or a CP. Contrarily,
in a competitive market, a WSP or a CP has no control over
the price structure but accepts the prices that are driven by
markets [2]. Typically, since the prices are different from WSPs
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to CPs, this work refers to the price structure in China Mobile
Communications CorporationS and uses it as a case study in
our simulation.

The video traffic and connections of EUs are provided by
the WSP, so the traffic and connections are homogeneous to the
WSP. Nevertheless, devices on the user side are heterogeneous
owing to different display sizes and various channel conditions.
Besides, the contents that users request are diverse. In view
of those heterogeneous requirements, the simulation uses the
H.264 extended SVC video encoder to generate layered video
streams. Such an encoder has versatility, for instance, spatial
scalability, and multicontent broadcasting capability, which can
serve various purposes.

As for the pricing parameters, notably, as mentioned earlier,
this study investigates the optimization of endogenous variables
{rs,7s} (i.e., the rate vector and the error protection vector). Re-
call that r, stands for the video rate after H.264 encoding, and
v represents additional protection rates for r; when more EUs
are serviced. For the sake of clarity, in the following simula-
tions, each CP provides different video contents. Assume three
CPs are respectively broadcasting the standard video sequences
“city,” “soccer,” and “harbor.” The spatial scalability is in QCIF,
CIF, and D1 formats for serving the users with smartphones,
tablets, and laptops. The channel state of the 102 users com-
plies with the erasure rate distribution [29]. That means that
€s,n for each user randomly falls into a predefined range be-
tween 0.0 and 0.5. Besides, such an interval is divided into five
segments in our setting for brevity. The channel coding that
we use in the simulation is Fountain Coding. The system pro-
vides three broadcasting contents and serves n = 102 mobile
users. All the users belong to three groups—Groups 1, 2, and 3.
These groups respectively correspond to the users who request
videos in QCIF, CIF, and D1 formats. As previously mentioned,
the purpose of this work is to explore the transmission scheme
under a given price structure. Thus, this work studies the price
structure parameters {ps,n, s,ns Ws.ns gpsln}, and these param-
eters are exogenous variables but not endogenous ones. Conse-
quently, the maximum profits {Pwsp, Pep, PRy} are actually
generated through adjusting the endogenous allocated rates {r;
and v, } based on observable {ps ., gs n, Ws.ns Psn -

Since this work studies the transmission problem for a three-
side market, this section conducts four sets of conditional ex-
periments for evaluation. The four sets are listed as follows.

1) Cooperative and reasonable price structure: This scenario

is a general case to illustrate an ideal market.

2) Variable price structure: This experiment assesses the ef-
fect on profits when one side (i.e., the WSP, CPs, or EUs)
changes prices arbitrarily. The corresponding resource-al-
location results are also discussed in this experiment.

3) Unreasonable price structure: This experiment conducts
a test to evaluate the performance of different pricing
schemes when the worst case of the variable price scenario
occurs.

4) Typical price structures: Since pricing plans vary in many
countries, we test three well-known broadband pricing
schemes and examine the performance of the proposed
profit model under these plans.

3“China GPRS/EDGE dataplans,” http://www.86callchina.com/gprs-cdma-
data-cards.htm
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In addition to the study of our optimization strategy, called
“Matroid-3-Side,” this section also investigates the performance
of the following typical schemes. The details are described as
follows.

1) PM-WSP: This profit-maximizing rate-allocation is rebuilt
based on the work by Li ef al.[35] under a monopolistic
WSP condition. This approach allows the WSP to choose
the most proper rate allocation according to their desirable
financial target.

2) PM-EU: Since all the profits of WSPs and CPs are in fact
generated from EUs, the final profits of WSPs and CPs in-
crease only when more EUs access the video services. In
this scheme, the user-friendly allocation [35] is used by the
WSP. Such a scheme uses a user-profit objective to domi-
nantly adjust the rate allocation when both the satisfaction
of an EU and the payment from the EU are considered.

3) PM-2-Side: This scheme was originally proposed by
Hande et al[2], and we modify it to support the com-
putation of a two-side market—monopolistic WSP with
multiple CPs.

The following sections describe the experimental results
when the above-mentioned schemes are applied to experimental
settings (1)—(3). For clarity, we employ line graphs to illustrate
the experimental results. The following discussion gives the
profit results and the corresponding rate allocation.

B. Profit Performance Analysis

1) Profit Performance Under the Cooperative and Reason-
able Price Structure: We begin by considering the ideal case in
the broadcasting network, where the price structures among the
WSP, CPs, and EUs are perfect. In such a scenario, all the profits
increase when more broadcasting rates are supplied. Neverthe-
less, although all the schemes perform well in this ideal envi-
ronment, not every scheme except ours yields maximum profits
for three sides.

2) Profit Performance Under the Variable Price Structure: In
a practical market, it is common for a WSP or a CP to change
its price policy. EUs may also change their preferences at any
time. The price changes from any side influence the profit of the
other sides. The objective of this work is to maximize the profits
through transmission control under a given price structure, no
matter how cooperative the market price becomes. To verify
this idea, we conduct the following experiment. We respectively
change the parameters ¢, p, g of the price model to examine the
outcomes under different schemes, as shown in Figs. 5, 7, and 9.
The corresponding rate assignments are illustrated in Figs. 6, 8,
and 10. When the CP increases its subscribing price ¢ for con-
tent, we can make the following observations (see Figs. 5 and 6).
First, when the available rate-resource is limited, the effective
profits of three sides under all the pricing and allocation scheme
generate the same results. Nevertheless, the assigned rates have
no significant difference. Second, when the availability of re-
sources is at the medium level, the WSP earns higher profits
by using the first scheme “PM-WSP,” whereas the CPs make
the lowest profit, no matter how ¢ changes. The second scheme
“PM-EU” takes much into account the EUs’ benefits such that
the profits of the EUs reach the maximum, but the profits of
the WSP and the CPs become lower. When the third scheme
“PM-2-Side” is applied to the system, since it allocates the rates
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in consideration of CP participation, the CP keeps at higher
profit level. However, the profits of both the WSP and EUs de-
crease. Regarding the proposed scheme “Matroid-3-Side,” as its
design is to avoid the overpriced or underpriced cases, the profit
keeps a balance among those three sides. Thirdly, when higher
broadcasting rates are adopted in the system, schemes “PM-EU”
and “PM-2-Side” do not make higher profits for the WSP. This
is unreasonable for the business operation of the WSP. Only
the first scheme “PM-WSP” and the proposed scheme “Ma-
troid-3-Side” yield higher revenues for the WSP and EUs com-
pared with schemes “PM-EU” and “PM-2-Side.” Overall, we
can conclude that schemes “PM-WSP” and “Matroid-3-Side”
are effective for WSP deployment and EU access costs. More
specifically, the proposed scheme shows the advantage of a bal-
ance between three sides, especially when medium resources
are present. Thus, the proposed scheme is more effective than
scheme “PM-WSP” and outperforms the other two schemes.
To further test the robustness of each scheme, we conduct
another experiment on variable policies. Figs. 7-10 show the
results. When the WSP charges p to the EUs, as illustrated in
Figs. 7 and 8, the profits of both the WSP and CPs do not in-
crease as the broadcasting rates rise. However, the profit of EUs
reduces, as shown in Fig. 7(c). This phenomenon is reasonable

because high prices decrease the satisfaction of users and the
subscriptions. Scheme “PM-EU” shows better profits only for
EUs but generates lower profits for both the WSP and CPs.
Closely examining the result of scheme “PM-EU” indicates that
when the system provides medium and high broadcasting rates,
the profit of the WSP reaches half the amount of revenues as
usual, compared with the other three schemes. Fourth, when the
charge to CPs is increased to ¢, as shown in Figs. 9 and 10,
such a charge has little impact on the EUs, no matter what type
of schemes is used in the system. As a whole, if high broad-
casting rates are employed, scheme “PM-WSP” and the pro-
posed scheme “Matroid-3-Side” ensure the profit of the WSP,
whereas that of CPs is reduced. Scheme “PM-2-Side” favors
CPs over the WSP because it considers the benefit of CPs more.

Finally, the findings of the above three experiments indicate
that when one side changes its price strategy, the profits of the
other two actors vary accordingly. The final profit of each actor
of the system depends on the scheme design. Schemes “PM-
WSP” and “PM-2-Side” respectively take the benefits of their
own sides into major consideration, with little consideration of
the other sides. These two schemes might have a conflict be-
tween each other. Scheme “PM-EU” pays more attention to the
benefit of EUs although it gradually dwindles the revenues of
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the WSP and CPs. Thus, scheme “PM-EU” might not be appli-
cable to practical systems. Scheme ‘“Matroid-3-Side” ensures
the benefits of the WSP and EUs while reserving a balance be-
tween three sides. Compared with the other schemes, scheme
“Matroid-3-Side” demonstrates better profit performance in a
three-side market.

3) Profit Performance Under the Unreasonable Price Struc-
ture: This test evaluates the performance of the different rate-al-
location schemes under three extreme pricing conditions. That
is, each side keeps improving its price or benefit so as to achieve

a maximum benefit. This extreme situation might lead to an un-
balanced market because excessively high prices eventually de-
crease the number of subscriptions as well as the corresponding
final sum of profits. However, it is still likely to occur in practical
markets because each side has the right to make its own choice
and adjusts the price at any time. Under the influence of unrea-
sonable price structures, there could be fluctuating turbulence in
the market, but in the end a new mechanism would take over and
stabilizes the market. We evaluate the profit performance under
reasonable price schemes in Figs. 11, 13, and 15. The corre-
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sponding rate assignments are shown in Figs. 12, 14, and 16. As
shown in Figs. 11 and 12, when CPs overcharge a subscribing
price ¢ to the EUs, imminent profit gain is available at CPs.
However, it causes the decrease of EUs. Scheme “PM-WSP”
does not relieve this unbalance. As for Scheme “PM-EU,” it re-
flects the willingness of EU profits, but the number of subscrip-
tions decreases nonetheless. Scheme “PM-2-Side” cares about
the profits of CPs and the WSP. When the traffic price p of
EUs is excessively high, as shown in Figs. 13 and 14, similar
phenomenon occurs, i.e., EU subscriptions diminish. These two
tests show that only the proposed scheme manages to tradeoff

the profits between CPs and EUs, on the premise of a profit guar-
antee for the WSP. When the WSP increases the price charged
to CPs, as shown in Figs. 15 and 16, the profit of CPs drops
quickly even when more broadcasting rates are offered later.
Among these four schemes, only the proposed scheme shows
favorable balancing abilities to share profits among the different
actors of the system.

4) Profit Performance Under Typical Price Structures:
Today, WSPs have used sophisticated pricing schemes for
broadband data access with the popularity of mobile devices
and exponential growth of video services. The above experi-
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ments demonstrated that the proposed model could guarantee
the three-side profits through transmission control, regardless
of the change of given price parameters. Next, we evaluate
the performance on typical and practical markets by testing
three well-known broadband pricing schemes mentioned in
[6], including usage-based pricing, Paris-Metro pricing, and
priority pricing.

Usage-based pricing: This pricing plan was implemented by
New Zealand, U.S., U.K., etc. Under this pricing structure, the
EU is charged in proportion to the actual volume of data usage.
In practice, the EU usually pays a flat price merely up to a prede-
termined volume of traffic. When usage exceeds such a prede-
termined volume, the EU is charged in proportion to the volume
of data consumed. Thus, the WSP can keep high profits at the
expense of the lower profit of CPs or EUs, which is shown in
Fig. 17(a)—(c). However, if the factor of EUs is over-consid-
ered, i.e., prior guarantees of the interest of EUs, it is hard to
improve the profit of the WSP even when the available rate
increases, shown in Fig. 17(a). The proposed solution marked
in “Matroid-3-side” demonstrated favorable resilience on the
three-side market.

Paris-Metro pricing: This plan is designed for adaption to
differentiated service classes. EUs have the freedom to select

desired services. This pricing structure permits the WSP to par-
tition the resources into logical traffic classes, each of which is
identical in its treatment of data packets but charges users differ-
ently [6]. Consequently, the EU pays more when selecting more
expensive services. It is fair for EUs, as shown in Fig. 18(c).
However, both the WSP and CPs would not benefit from such
a structure, as displayed in Fig. 18(a) and 18(b), because differ-
entiated video streaming services require stepwise bandwidth to
achieve the same QoE in consideration of content characteris-
tics. In such a case, an efficient rate-allocation scheme becomes
necessary because the rate vectors for multiuser broadcasting
form a sum-rate facet. Thus, the proposed “Matroid-3-Side”
model is more competent than the other three methods because
the achievable profit regions of the three sides are easy to obtain
through its contra-polymatroidal structures.

Priority pricing: This pricing scheme enables the WSP to
manage its services with priority classes. EUs request different
QoS services by packet setting. Higher priority services mean
higher payment and better quality. Since the conflict among
WSP, CPs and EUs exist, most studies begun to find the rate
equilibrium. However, the equilibrium and the associated rev-
enue from services do not hinge upon the prices of the different
priority classes. Instead, the prices have a relation with the prob-
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ability of packet loss during the transmission [6]. Thus, those
schemes with better consideration of both transmission control
and rate allocation would show more effectiveness by using
this pricing plan. Consequently, the proposed “Matroid-3-Side”
model demonstrated better profit performance among the WSP,
CPs and EUs, as shown in Fig. 19(a)—(c).

VI. CONCLUSION AND FUTURE WORKS

In this paper, we propose a framework for profit maximiza-
tion in wireless video broadcasting systems. We model the profit
maximization of WSPs and CPs, together with the integrated
QoE maximization of EUs. The relation between the WSP, CPs,
and EUs is formulated as a three-side profit problem. For the
WSP, EUs, and CPs, we exploit the polymatroidal structures for
profit region optimization and the contra-polymatroidal struc-
tures for rate region optimization, respectively. This leads to
an explicit and rapid solution for profit optimization along with
rate allocation. The experimental results demonstrate that the
proposed solution effectively maximize the profits of the WSP
along with CPs while simultaneously reserving the maximum
satisfaction of EUs. In the future, we will expand and combine
this method into a more complex broadcasting system with more
heterogeneous QoE for EUs.

APPENDIX A
PROOF OF LEMMA 3.1: EXISTENCE OF ¢2

Let T be a set of elements in £. Since ¢, ,, > gs,n, there
. T
is ‘;‘Lz‘l Youls - (Psm — Qon) > ?T‘Then, BYY(T) =
Zs:l 71(TS‘705;“ - qusm) = 25:1 Zn Ts - (ps,n -
gsn) > 0. Hence, there is a positive value cy such that

T T
max L S (repen — redan) > LY, (Fepen —
rsqsn) = 2 > 0 holds.

APPENDIX B
PROOF OF THEOREM 3.2: RATE REGION OF CP IS A
CONTRA-POLYMATROID

(i) It is normalized: Clearly, R°F(()) = 0.
(ii) It is nondecreasing: Let T and T" be two finite sets of
elements in F, and 7" C T C E. Since BF(T") =

Z‘i}l‘ S (rs - Ysm — Ts - gsn), there is REF(T') =
Sy, st Define AV = —%=— Then,

s N Psn—- 5,0
17|
R®P(T) =) "> AV
s=1 n
i 17|
=> Y Av+ Y > AV
s=1 n s=T!'+1 n
> RCP(T,).

(iii) It is supermodular: Let 7" N T = T". There is T U T
=T 4+ T —T". Then,

IT| |T|
RP(TUT)+ R (T nT) =) Y an)+> > @av)
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|T'| |7
=Y YAV +> > (Av).
s= n 8= n (37)
IT'| |7
ROV(T)+ ROV(T) =D D (AV)+ ) > (AV).
s=1 n s=1 n (38)

Combining (37) and (38) yields

RY(T"UT)+ R (T' nT) = R°*(T") + R°"(T).

Thus, RCF satisfies the supermudular property.
By combining (i), (ii), and (iii), R(BCF) is a contra-polyma-
troid. This completes the proof. O

APPENDIX C
PROOF OF THEOREM 3.4: PROFIT REGION OF EUS
IS A POLYMATROID

(i) It is normalized: Clearly, BEV((}) = 0.
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(ii) It is nondecreasing: Let T and T’ be two finite sets of
elementsin E,and 7" C T C EF ={1,2,...,5}. Define

A(U) - (us,n(rs) - rslis,n, —Ts 4,95,71). Then

IT'|

B (1) = 33 AW)
17| IT'|

BEUT) =" AW) =) ) AW)

|7
+ Y Y Aw) = BEY(T).
s=|T'|+1 n

(iii) It is submodular: Let 7" N T = T", and there is T/ U T
=T +T —T". Then,

BEY(T'UT) + BEY(T'NT)
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=Y D AW+ AQ)
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|T| IT'|
=Y ) AW+ A®D).
S= n s$= n (39)
7| IT'|
BEYU(T) + BEY(T) =YY Aw)+ Y Y A@).
(40)

Combining (39) and (40), there is
BEY(T'uT) + B*(T' nT) = BEY(T") + BEY(T).

Thus, BEY satisfies the submodular property.
After combining (i), (ii), and (iii), B(B¥VY) is a polymatroid.
This completes the proof. O
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