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Zhangyu Guan, Member, IEEE, Tommaso Melodia, Member, IEEE, and Dongfeng Yuan, Senior Member, IEEE

Abstract—Physical-layer cooperation allows leveraging the
spatial diversity of wireless channels without requiring multiple
antennas on a single device. However, most research in this field
focuses on optimizing physical-layer metrics, with little consid-
eration for network-wide and application-specific performance
measures. This paper studies cross-layer design techniques for
video streaming over cooperative networks. The problem of joint
rate control, relay selection, and power allocation is formulated
as a mixed-integer nonlinear problem, with the objective of
maximizing the sum peak signal-to-noise ratio (PSNR) of a set of
concurrent video sessions. A global optimization algorithm based
on the branch and bound framework and on convex relaxation of
nonconvex constraints is then proposed to solve the problem. The
proposed algorithm can provide a theoretical upper bound on the
achievable video quality and is shown to provably converge to the
optimal solution. In addition, it is shown that cooperative relaying
allows nodes to save energy without leading to a perceivable
decrease in video quality. Based on this observation, an uncoor-
dinated, distributed, and localized low-complexity algorithm is
designed, for which we derive conditions for convergence to a Nash
equlibrium (NE) of relay selection. The distributed algorithm is
also shown to achieve performance comparable in practice to the
optimal solution.

Index Terms—Cooperative communication, rate control, relay
selection, video streaming.

I. INTRODUCTION

HE NOTION of spatial diversity refers to the idea of
using multiple transceiver antennas to effectively cope
with fading in wireless channels. The underlying principle is
that different propagation channels can be established with mul-
tiple transceiver pairs between a transmitting and a receiving
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node. By sending signals that carry the same information
through different channels, multiple faded copies of the same
information can be obtained at the receiving node. The com-
munication link reliability can then be considerably improved
since, roughly speaking, the probability that all channels go
down at the same time is low, resulting in higher data rate or
lower power consumption.

Spatial diversity is traditionally exploited by using mul-
tiple transceiver antennas (i.e., multiple-input—-multiple-output
(MIMO) [2]). However, equipping a mobile device with mul-
tiple antennas may not be practical since the minimum required
separation between the antennas is dictated by the operating
radio wavelength. The concept of cooperative communica-
tions has been therefore proposed to achieve spatial diversity
without requiring multiple transceiver antennas on the same
node [3], [4]. In cooperative communications, in their virtual
multiple-input—single-output (VMISO) variant, each node is
equipped with a single antenna and relies on the antennas of
neighboring devices to achieve spatial diversity. There is a
vast and growing literature on information and communication
theoretic results in cooperative communications. The reader is
referred to [5], [6], and references therein for excellent surveys
of the main results in this area. However, the common objective
of most research in this field is to optimize physical-layer
performance measures (i.e., bit error rate and link outage
probability) from a broad system perspective, without con-
sidering in much detail how cooperation interacts with higher
layers of the protocol stack to improve network performance
measures. For example, [7] and [8] investigate the achievable
rates and diversity gains of cooperative schemes focusing on
a single source and destination pair. Some initial promising
work on networking aspects of cooperative communications in-
cludes studies on medium access control protocols to leverage
cooperation [4], [9]-[12], delay-centric cooperation [13],
cooperative routing [14]-[16], optimal network-wide relay se-
lection [17]-[19], and optimal stochastic control [20]. In these
works, the main emphasis is not on the impact of cooperation
on end-to-end video delivery. Moreover, different from [8],
which derived the capacity for interference-aware cooperative
relay networks, and different from most of the above works that
consider interference-free network, i.e., orthogonal channels
have been established a priori (e.g., [17] and [18]), we focus
on interference-limited cooperative networks.

This paper studies cross-layer design techniques for video
streaming over interference-limited cooperative wireless net-
works with distributed control. Specifically, we study strategies
for joint control of the video encoding rate at the application
layer, relay selection, and power control at the link and physical
layers to maximize the sum peak signal-to-noise ratio (PSNR) of
multiple concurrent video sessions. Cooperative video delivery
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has attracted significant attention [21]-[24]. For video delivery,
video quality is measured in terms of PSNR, which is a func-
tion of delay and throughput. Higher data rates result in higher
video encoding rates and hence higher video quality, but at the
same time cause higher delays. Higher delays result in higher
packet losses because of violations of delay constraints, and
consequently cause lower video quality. Therefore, delay and
throughput need to be optimized jointly for high-quality video
delivery.

The main contributions of this paper can be outlined as

follows.

1) We first formulate the problem of joint rate control, relay
selection, and power control for video streaming in coop-
erative networks. The problem turns out to be a nonlinear
(nonconvex) and combinatorial optimization problem [i.e.,
a mixed-integer nonlinear problem (MINLP)].

2) Since MINLPs are in general NP-hard, we develop a so-
lution algorithm with provable convergence based on the
branch and bound (B&B) [25] framework and on relax-
ation of nonconvex problem constraints. The proposed al-
gorithm searches for an e-optimal solution iteratively. At
each iteration, we relax the original nonconvex problem to
a series of convex problems. We show that the proposed
algorithm provides guaranteed convergence to the optimal
solution.

3) In addition, through well-crafted numerical simulations,
we show that cooperative relaying allows nodes to transmit
at lower power without leading to a perceivable decrease
in video quality. Intuitively, this happens because the ef-
fect of power control in interference-limited wireless net-
works is mitigated by cooperative relaying. Based on this
observation, we design an uncoordinated, distributed, and
localized low-complexity algorithm.

4) We study and demonstrate convergence of the distributed
algorithm to a Nash equilibrium (NE) of relay selection
and rate control. We compare the performance of the dis-
tributed algorithm to the optimal algorithm and show its
excellent video quality performance in practice.

The rest of the paper is organized as follows. In Section II,
we discuss related work in detail. In Section III, we briefly
describe the communication system model and introduce the
problem formulation. The centralized algorithm is described in
detail in Section IV, while our distributed algorithm is then dis-
cussed in Section V. Examples and numerical results are dis-
cussed in Section VI. Finally, we draw the main conclusions in
Section VII.

II. RELATED WORK

Resource allocation has long been an important research
topic [26], [27], and there exists a solid body of works ad-
dressing resource allocation in cooperative networks at different
layers of the protocol stack [4], [9]-[11], [13]-[20], [28], [29].
For example, Yang et al. [29] consider a system model where a
relay node can be shared by multiple source—destination pairs.
They propose an optimal algorithm that runs in polynomial time
to solve the relay assignment problem to maximize the total
capacity of all source—destination pairs. Sharma and Hou [14]
study a joint problem of relay node assignment and multihop
flow routing, with the objective to maximize the minimum
rate among a set of concurrent sessions. Additionally, several
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important papers have considered cross-layer design in coop-
erative networks (see [4], [16], [18], and [20]). For example,
the authors of [4] proposed a cross-layer framework to exploit
virtual MISO links in mobile ad hoc networks. Yeh et al. [20]
formulate and solve an optimal stochastic control problem
with cooperative relays. Cooperative communication has also
been studied in the context of dynamic spectrum access or
cognitive radio. For example, Zhang et al. [30] demonstrate
that the network throughput in cooperative networks can be
increased by jointly exploiting spatial and spectrum diversity.
In this paper, we further consider the multimedia quality of
information (Qol) at the application (APP) layer and jointly
optimize the video rate control, relay node selection, and power
control.

There are several excellent contributions in cooperative
video delivery. For example, Mastronarde et al. [21] proposed
a solution based on cooperative coding, which warrants a
uniformly better experience to the video users and needs
relatively modest changes to the multiple access cross-layer
optimization framework proposed by Fu and van der Schaar
in [31]. Alay et al. [22] studied layered video multicast in
a two-hop cooperative infrastructure-based networks, while
Khalek and Dawy [23] derived the optimal resource allocation
solution for energy efficient scalable video distribution over
cooperative multihop networks. Xiao et al. [24] proposed
a joint source-channel coding (JSCC) framework for video
transmission. In this paper, we focus on optimizing the sum
video quality of different video sessions by designing both
centralized and distributed solution algorithms.

We rely on advanced optimization theoretic notions to de-
sign globally optimal and distributed algorithms, respectively.
Applying optimization theory to solve complex resource allo-
cation problems in cooperative networking has also received
previous attention. Hou et al. [18] designed an optimal algo-
rithm for joint flow routing and relay selection based on the
branch-and-cut framework. Rossi et al. [19] proposed a focused
real-time dynamic programming (FRTDP) approach to study
the stochastic shortest-path problem in cooperative networks.
Here, we design an optimal solution algorithm based on a com-
bination of branch-and-bound framework and convex relaxation
techniques. Different from [18], we study optimization of coop-
erative networks based on the signal-to-interference-plus-noise
ratio (SINR) interference model, and different from [19], we
focus on multiple concurrent flows.

III. PROBLEM FORMULATION

We consider a decentralized single-hop video streaming net-
work, where each source node compresses a video sequence at
a given rate. The scenario considered is, for example, represen-
tative of a multimedia sensor network [32]. The video content
is enqueued at the source node buffer and then transmitted to
the destination through a direct or cooperative link. If the video
packet is not received before a predefined playout deadline, the
packet is dropped. Video packets can also be dropped because
of transmission errors caused by interference or channel fading.
Cooperative communication techniques may be employed on
each link to potentially increase the channel capacity, e.g., co-
operative relaying, distributed space time coding, coded coop-
eration, and virtual spatial multiplexing. In this paper, we focus
on decode-and-forward cooperative relaying.
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There are multiple potential relay nodes, and each video ses-
sion can select one of them (or none) as a relay node. The trans-
mission time is divided into consecutive time slots, and if a
session uses cooperative relay, a transmission is completed in
two time slots. In the first time slot, the source node broad-
casts its information to both destination and relay nodes, and
in the second, the relay node forwards the received information
to the destination. There are two common cooperation strate-
gies: amplify-and-forward (AF) and decode-and-forward (DF)
[3]. In AF, the relay simply amplifies the received signal and
forwards it to the destination. With DF, the relay first decodes
the received signal, then forwards it if it can be successfully de-
coded. In this paper, we concentrate on the DF strategy. How-
ever, the proposed ¢-optimal algorithm can be extended to AF as
discussed in Section I'V. Distributed algorithms can be designed
accordingly. The objective of the problem is to maximize the
sum of the video qualities (expressed as the sum-PSNR) of mul-
tiple concurrent video sessions by jointly regulating the video
encoding rate for each session, adjusting the transmission power
for each source and relay node, and selecting the optimal relay
node for each session. We start by introducing the link capacity
model for direct transmission and for cooperative relaying in
Section III-A, and the video distortion model in Section III-B.
Then, in Section III-C, we formulate the MINLP problem.

A. Link Capacity

Denote S as the set of video sessions and R as the set of
potential relay nodes. Define the vector of relay assignments as
a={ws,|s €S,r € R}, where g, = 1 iff relay node r is
selected as relay for video session s, and ¢, = 0 otherwise.
Assume that each video session can select at most one relay in
each cooperative transmission and each relay can at most be
selected by one video session. We have

as,» €{0,1} VseS, VYreRrR )
o, <1 VseS ®)
rER
da, <1 VreR (3)
sES

Denote the maximum transmission power of each source and
relay node as P} . and P ., respectively. Then, it must hold

max max?

P,>0 VseS 4)
P.>0 YreR 5)
Py <PL. Vs€S (6)
P.<Ph.. VreR @)

where P, and P, denote the transmission power of source s and
relay r, respectively. Moreover, if a relay is not selected by any
session, its transmission power should be zero so it does not
cause interference to other nodes, otherwise it takes a value from
[0 P ..]- Therefore, we have

max
( E OéS,T -

sES

1) P.=0 VYreR. ®)

In the proposed e-optimal solution algorithm in Section IV, the
constraint (8) will be used to search for a feasible solution, while
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it can simply be omitted in the convex relaxation. Note that
the omission does not affect optimality of the proposed algo-
rithm since the constraint can be explicitly satisfied by setting
the transmission power of a relay node not selected by any ses-
sion to zero in the two-stage convex relaxation.

Now, assume that multiple concurrent transmissions are
allowed on the same portion of the spectrum, e.g., through
code division multiple access (CDMA) or time-hopping im-
pulse-radio ultrawideband (TH-IR-UWB). Denote the total
available bandwidth as B and the spreading gain as x. We
only consider long-term channel state information (CSI) and
assume that the additive white Gaussian noise (AWGN) power
perceived at each relay and destination node is equal to o2.

The link capacity C; for session s can be expressed as

reR reR

(€))

-]

where Chy and CF,,, represent the direct link capacity and
cooperative link capacity for session s, respectively.

1) Direct Link Capacity CZ,,: In the case where session s
uses only a direct link, i.e., ), . @ts» = 0, we have

5.8

. XG50 Fs
Clq = DBlog, (1 + === (10)
; 7% + I
where G, represents the average channel gain from the source
node of session s to the corresponding destination node, and 1]_,
is the average interference perceived at the destination node,
which can in turn be expressed as

Z : SIC, W 2 : rly,r
Idst,s + ]dst,s'

wES , w#s reR

(11)

s _
Idst, -

In (11), I5Y denotes the interference at the destination of ses-

sion s caused by the source of session w, and I’;2"" denotes
the interference at the destination of session s caused by relay
node 7.

Interference on each link depends on power allocation and
relay selection at each individual node, but also on the network
scheduling strategy (i.e., the relative synchronization of trans-
mission start times between different network communication
links). To keep the model treatable, the interference at each re-
ceiver can be approximated in different ways, e.g., worst-case
approximation assuming that all source and active relay nodes
cause interference in both time slots, or average-based approx-
imation, which considers the average effect of each interferer
over the two time slots. Our investigation reveals that the av-
erage-based approximation approximates reality very well—in-
depth validation of the average-based interference model is dis-
cussed in detail in Appendix A. The interference caused by the
source of session w to the destination of session s can be ex-
pressed as

Sre,w w,s 1 s
Idzt::b = <1 Z (zu,,r> G’:z’dpu,-l—g (Z au,v,ﬁ> Gl Pu

rER re€R

direct link cooperative link
(12)

where P, represents transmission power of the source node of
session w.
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The other component in (11), I52", represents the interfer-
ence generated by relay node r at the destination of session s

when it is used by another video session, i.e.,
rly,» _ 1
Idst,s - 5 z : Qy, TGIQ(IP

WES w#s

(13)

where G5, is the average channel gain from relay r to the des-
tination of session s.

2) Cooperative Link Capacity Cf,,,,: Assume that the DF
cooperative relaying mode is employed at each relay node. If
session s uses the cooperative link, i.e., Y s r = 1, we
have

reER

Cop = 5

coop

1 : & 5
2 min (OsQrf Csr?d) (14)
where U3, is the capacity from source s to the selected relay
node, and (¢, is the capacity achieved through maximal ratio
combining of the received signals at the destination [3].

The link capacity from source node to relay node is modeled

as

X 5 au G,
reR

o" +Za” 11}

reR

C2,, = Blog, | 1+

(15)

where G is the average channel gain from the destination of
session s to relay r, I:l " is the interference perceived at relay r
assuming that it is selected by session s, and consists of two
components as

T,s,sr(‘
Irly

Iy = I (16)

107 represents the component of /" caused by aﬂ

rly
other source nodes, and 1’ ¥ represents the component of 1
caused by relay nodes. The two components can be expressed
as

where

=y (12) Gl P

wWES Ww#s reR

)

direct link

1 u,r
ty 2 (Z a) GElPe  (17)
weS,w#s \reR
cooperative link
1
r.s,rl U, T
L 1D DI B SRR FCr Tt

uE€R uFr \weS w#s
where G5
relay 7.
Finally, the link capacity achieved through maximal ratio
combining of the received signals at the destination in (14) can

be expressed as

" represents the average channel gain from relay w to

5,8 .S
(Gmps + E : s 0 G oo P )
reR

14 p
(0% + 1)

or2a = Blogy

(19)
where I3, is defined in (11).
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B. Video Distortion Model

The video quality is measured in terms of PSNR, which is
a monotonically decreasing function of the mean-square error
(MSE) [33]

PSNR; = 1010g,¢(Dmax/Ds)- (20)

In (20), PSNR, represents the PSNR of video session s, D,
is the corresponding video distortion, and Dy, is a constant
parameter representing the maximum of possible distortion.
Video distortion is caused by the interplay of lossy video
compression, denoted as D ., and distortion caused by video
packet loss, denoted as D}

enec?

los?

D DZIIL + Dbe' (21)

D, . is a function of the video encoding rate R, modeled
as [33]
N
Di (R)=Di+——"—— Dy>0, Ry> R VseS
eue( ) 0+(R5_R8) 0> U, > Iy 5€
(22)

where Dj, R, and 8, are video-specific parameters.

Packet loss is caused by transmission errors and violations
of the playout deadline caused by queuing delay. We denote
the packet error rate for video session s as PJ... In this paper,
we consider constant P2 for each session and assume that
each session varies its physical-layer transmission scheme adap-
tively (e.g., modulation, coding) such that the transmission error
probability is independent of the specific transmission strategy.
For the sake of simplicity, we employ a simple M /M /1 model
as in [34]—our model can be easily extended to account for
more sophisticated delay models, e.g., a Chernoff-bound-based
model [35]. The average queuing delay 73, of video session s
can then be expressed as [36]

T(;ly = L:/(Cs — R;) (23)

where L, and I?, are the average packet length and video en-
coding rate, respectively, and C; represents the link capacity
available to session s as defined in (9). The probability that the
queuing delay of a packet video session s exceeds the playout
deadline 77, measured in seconds, can be written as

(€.~ R)T/Ls

Pdly =e (24)

The distortion caused by packet loss Dj . in (21) can then be
formulated as

Dlos_k ( err+( Prr)Pdl\)

where k, is a parameter representing the sensitivity of a video
sequence to packet loss, which can be measured offline or esti-
mated in real time.

(25)

C. Sum-PSNR Maximization Problem

We can now formulate the problem of maximizing the sum-
PSNR of multiple video sessions by jointly controlling the video
encoding rate, power allocation, and relay selection, subject to
a set of constraints as follows.

* Minimum rate: Each video session requires a minimum

encoding rate 7§ for video session s, i.e.,

R,>R, VseS. (26)
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* Link capacity: The video encoding rate for each video ses-
sion cannot exceed the available link capacity

R, <O, Vs € S. 27)
* Queuing delay: The average queuing delay for each video

session cannot exceed the playout deadline,! i.c.,

Tay < T4 Vs € S. (28)
By substituting (23) into (28), we have
L
R, <Oy — =, 29
< Ts (29)

Therefore, the link capacity constraint in (27) is implied by
the queuing delay constraint.

*  Maximum transmission power: The transmission power of
each source and relay node is limited by the maximum
transmission power as in (6) and (7).

* Relay selection: Relay assignment has to satisfy con-
straints expressed as in (1)—(3).

Define P = {P,, P, |Vs € S,r € R}, R = {R;|Vs € S},
and @ = {w; | s € S, € R} as the vectors of power alloca-
tion strategy, video encoding rate, and relay selection strategy,
respectively. Then, the problem can be formulated as

Given: G5, G G, Ry, Dy, 6,
PI?laX’ PI':Ia.X’ 71/"/ s e 57 71’7T E R (30)
Find: o,P,R (31)
Maximize [ = Z PSNR, (32)
s€ES
Subject to :  (1)—(22), (24)—(26), (29). (33)

It is worth pointing out that, although the problem formulation in
this section focuses on video streaming only, it can be extended
to account for heterogeneous traffic sources. Additionally, the
formulated problem in (30)—(33) can be easily extended to in-
corporate fairness among users, €.g., by maximizing the sum of
weighted PSNRs or the sum of log(PSNRs) without changing
concavity of the objective function. Other forms of fairness e.g.,
max-min, will be considered in our future research.

IV. OPTIMAL SOLUTION ALGORITHM

The problem formulated in Section III-C is a nonlinear, non-
convex combinatorial problem. In general, MINLP problems
are NP-HARD, i.e., no existing algorithm can solve an arbitrary
MINLP in polynomial time. We propose a solution algorithm
based on the branch-and-bound framework and on convex re-
laxations. The algorithm is designed to solve the problem at
hand with very low complexity in practice compared to an ex-
haustive search. This is the first algorithm that addresses optimal
video rate control, relay selection, and power control in interfer-
ence-limited wireless networks. In this section, we present de-
tails of the proposed algorithms, B&B framework, convex-re-
laxation, local search, and variable partition.

!According to (23) and (28), the worst-case value of Pj,, in (24) can be as
large as ¢!, and the resulting individual video quality might become unaccept-
able. To enforce constraints on the quality of each individual user, one may add
a constraint for each session imposing that the packet loss rate be lower than a
given threshold. In this case, the resulting optimization problem might be infea-
sible, i.e., there may be instances in which the worst-case performance cannot
be guaranteed for all users at the same time.
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A. Overview of the Proposed Algorithm

We develop a nonheuristic method for global optimization
of the problem introduced in Section III. The proposed algo-
rithm searches for a globally optimal solution with predefined
precision of optimality [25]. If we denote the globally optimal
sum-PSNR objective function as f*, 0 < e < 1 as the opti-
mality precision, then the algorithm searches for an e-optimal
solution f, which satisfies f > ¢f*, with € being arbitrarily
close to 1.2

Denote Qo = {P,R.a} as the original search space, in-
cluding all possible combinations of video rate control, power
allocation, and relay selection. The proposed algorithm main-
tains a set of subdomains @ = {Q; C Qp,i = 1,2,...},
where ¢ represents the iteration step of the algorithm. For any
Q;, consider UP( - ) and LR( - ) as the upper and lower bounds
on sum-PSNR over Q;. We refer to UP(Q;) and LR(Q;) as the
local upper bound and local lower bound, respectively.

The B&B framework requires that, for given Q;, the UP(Q,)
and LR(Q;) should be easy to calculate. To determine UP( - ),
we rely on relaxation, i.e., we relax the original nonconvex com-
binatorial problem into two convex problems assuming that:
1) the network is interference-free; and 2) relay assignment is
fixed. Because of these two assumptions, the solution of the re-
laxed convex problem may not be feasible, e.g., the video en-
coding rate cannot be supported by the underlying network. For
LR(-), we locally search for a feasible solution starting from
the relaxed solution and set the corresponding sum-PSNR as
the local lower bound. The convex-relaxation method and local
search strategy will be described in detail in Sections IV-B and
IV-C, respectively.

The proposed algorithm searches for the e-optimal solution
iteratively. At each iteration, the algorithm maintains a global
upper bound UP, 1, and a global lower bound LR 11, on the sum-
PSNR such that

LR < f7 < UPg. (34

At the beginning, i.e., ¢ = 0, the set of subdomains @ is initial-
izedto {Qo},i.e., @ = {Qo}, and UPyy, and LRy, are initial-
ized to be UP({Qy) and LR(Qy), respectively. The algorithm
partitions Qg into two subdomains. For example, by assuming
that relay 1 is assigned to session 2, Qg can be divided into Q1 =
{a,P,R|a21 = 1} and Q3 = {a, P,R| 31 = 0}. Details
of the partition strategy will be discussed in Section IV-D. For
Q;, ¢ = 1,2, the algorithm calculates UP(Q;) and LR(Q; ), re-
spectively. If UP(Q;) < LRy, this indicates that the globally
optimal solution f* is not located in Q;. Hence, Q; is removed
from Q. Then, the algorithm updates the global upper and lower
bounds as follows:

(35)
(36)

UPgp = max{UP(Q;). i = 1,2}
LR, = max{LR(Q;),i =1,2}.

We use UP,y, to drive the branch and bound technique and use
LRp, to check how close the obtained solution is to f* and

2The proposed algorithm itself is optimal in the sense that the optimal algo-
rithm can be obtained by setting ¢ arbitrarily close to 1. However, this may result
in increased time and space complexity of the algorithm. In practice, € is usu-
ally set to a value smaller than 1, and we call the resulting solution e-optimal
solution. With the above understanding, in this paper we use optimal for gen-
eral description of the algorithm, while we use €-optimal to refer to a specific
solution.
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decide when to terminate the algorithm. If LRgy, > € - UPgp,
the algorithm terminates and sets the optimal sum-PSNR to
f = LRgp. Otherwise, the algorithm chooses one subdomain
from @ and further partitions it into two subdomains, calculates
UP(-) and LR( - ), and updates the UP 1, and LR, as in (35)
and (36). In our algorithm, we select the Q; with the highest
local upper bound from @, i.e.,

i = arg max UP(Q;). 37)

As the domain-partition progresses, the algorithm converges
to the optimal sum-PSNR f. This can be guaranteed by the fol-
lowing two properties of our B&B method.3

1) As i — oo, the measure of Q; € @ goes to 0, and the

transmission strategy in Q; becomes fixed. For example,
as the partition progresses, more relay selection variables
o, become fixed to 0 or 1, and the allowed transmission
power for P, and P, will be limited to a domain of smaller
measure. As « — oc, each Q; € @ contains only fixed
relay selection, power allocation, and video encoding rate.
2) As the measure of Q; € @ goes to 0, the gap between
UP(Q;) and LR(Q;) also approaches 0. In Section IV-B,
the original problem is relaxed to a standard convex prob-
lems, whose upper bound UP(Q;) decreases monotoni-
cally with decreasing measure of Q;. As i — oc, the
UP(Q;) converges to LR(Q;) with a fixed transmission
strategy.
Based on the update criterion of UPgy, and LRy, in (35) and
(36), the gap between UP,y, and LR, converges to 0. Fur-
thermore, from (34), UP,1, and LR, converge to the globally
maximal sum-PSNR f*.

B. Convex Relaxation

In this section, we derive a relaxation of the original problem
through convex relaxations of nonconvex constraints. Through
the proposed relaxation, at each iteration of the algorithm, the
problem can be solved in polynomial time on a restricted do-
main using standard convex optimization techniques to provide
an upper bound on the sum-PSNR.

First, we need to state the following proposition.

Proposition 1: The objective function in (32) is a concave
function of video encoding rate R and link capacity C.

Proof: We need to show that the individual PSNR
is a concave function of the video encoding rate R
and link capacity C. Then, the sum of concave func-

tions is a concave function. For the sake of concise-
ness, denote the total distortion as f(R,C) and set
g(R,C) = Inf(R,C). Since PSNR = 10logyq Dax/f,

we have PSNR = 10log;y Dmax — 11[1]09(12, C'). Hence, we
only need to show that (2, C') is convex. This can be proven
based on the property that a function is convex if and only if it
is convex when restricted to any line in its domain [37]. ]

Based on: 1) Proposition 1; 2) the fact that PSNR is nonde-
creasing with respect to C; and 3) the composition property that
preserves convexity [37, Ch. 3.2.4, p. 83], to relax the original
problem to a convex problem, we only need to relax C, such
that it is a concave function of P, P, and « ,., and hence the
queuing delay constraint in (29) becomes convex.

From the link capacity model in Section III-A, we can see that
the expression of the overall link capacity, defined in (9)—(19),

3A formal proof of the convergence of branch and bound can be found in [25].
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is rather convoluted. To simplify the convex relaxation, we de-
signed a two-stage method that results in two mutually exclu-
sive relaxations depending on the associated domain partition.
In each stage, the original problem is relaxed to be a convex op-
timization problem, and a solution (which might be infeasible
and is referred to as relaxed solution) can be obtained by solving
the problem. This relaxed solution will then be used as a starting
point to search for a feasible solution. The key idea of the relax-
ation method can be intuitively illustrated as follows.4

1) Stage 1: For a given subdomain Q;, if the relay selection

strategy «, , in Q; is not fixed for all s and r, we only
relax cv, ., but assume that the network is interference-free.
Denote the relaxation in this stage as RLX 1.
2) Stage 2: Given a subdomain @Q;, if the relay selection
strategy oy, in Q; is fixed for all s and 7, we relax P, and
F,.. Denote the relaxation in this stage as RLX 2.
Next, RLX 1 is taken as an example to show how to relax the
original problem formulated in Section III to be convex, while
relaxation for RLX 2 can be performed similarly.

RLX 1: Based on the assumption of interference-free net-
work, each node can work at its maximum transmission power,
and the link capacity is a function of a, , only. Then, the link
capacity from source to destination (', defined in (10), from
source to relay C,, defined in (15), and the combined capacity
C'? o4 defined in (19), can be relaxed (by ignoring the effect of
1nterference) as

‘:2(1 =B 10%‘2 (1 + XGzQZPI:lax/ GZ) (38)
C5, = Blog, (1 + XP‘r:'np/ o ) (39)
:r?d =B ]'OgZ (1 + X (GsQiIPI;lax P‘:mp)/az) (40)

: s,r
respectively, where 7, = >, cr Goan Phax®s,» and Pl =
r,s r
ZrER GerPmax(ybﬂ
The cooperative link capacity C

coop» defined in (14), can be
expressed with two constraints as

5 1 &
Ccoop < 5 /s2r (41)
and
1
C:oop < EC:I'Zd' (42)
Notice that the C',,,, is nondecreasing with C%, and C ;.

We also need to relax the overall link capacity C; defined in
(9). We first relax the relay selection strategy by allowing each
relay to be assigned to multiple video sessions, and vice versa,
allowing each video session to use multiple relays. Then, the
constraint in (1) can be rewritten as

At <oy, <ol VseSreR (43)

where o) and a7 are the lower and upper bounds on c -,

respectively. At the first iteration, they are set to

min __ =0

max __
s, =1

ENA

&) and « Vs eS8, reR. (44)

Denote CZ Cmin a5 an upper and lower bound for

('oop 7 ~'coop,s

Cloop> respectlvely, and further denote the nonlinear item in
), as.r with 32:% . Then, according to the reformulation

4Tighter and uniform relaxation for both cases can be obtained (at the ex-
pense of higher complexity) to solve the resulting relaxed problem. The reader
is referred to [38] for additional details of relaxation techniques.

coop coop*
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and linearization technique (RLT) [38], 52:7 can be relaxed

coop
using four linear constraints as

(00 = aar) (C&%5.5 = Cloup) 20 (45)
(027 = e ) (Cloop — Clogpss) = 0 (46)
(e, = o) (CES o = Cloop) 20 (47)
(s = 027) (Cloop — Cips) 2 0- (48)
The lower bound for C7,,, can be simply set to be Cé‘gi)“pvs =
0. An upper bound can be obtained as

e = o ma (OB, O ) (49)
where  CI5% = Blog,(1 + XPJﬁlapxg /c?) and
O3y, =  Blogy(l + x(GLyPh.c + pPRax )/a?),
with PR = mdx(G’ZZ'I Praxasy), ¥s € S and

Hﬁx—qg«mﬁﬂﬂ??ywes.

So far, we have completed the convex relaxation of stage
RLX 1. Consequently, the overall link capacity C, in (9) can
be expressed as

C, = (1 — Z ozs’v,.)
reR

and we have following proposition.
Proposition 2: The original problem formulated in (30)—(33)
is relaxed to a convex optimization problem in standard form.
Proof: Through relaxation, we have the following.
1) Cs in (50) is linear function of av ., Cfy 4, and G220,
i) CS 2 in (38) is a constant.
iii) G5, defined in (45)—(48) is constrained by a; , and
C’joop through four linear functions.
iv) C%, in (39) and C,, in (40) are concave functions of
Qg e
v) The two linear constraints, (41) and (42), result in a
convex domain.
Together with Proposition 1, the relaxed problem is a convex
optimization problem in standard form. [ |

iQd + Z [(‘oop

reER

(50)

C. Local Search Method

At each iteration of our algorithm, we solve the RLX 1 or
RLX 2 using interior-point algorithms [39]. However, the op-
timal relaxed solution may not be feasible. For example, in the
case of RLX 1, the optimal «f ,. is likely to take an intermediate
value between 0 and 1. As introduced in Section IV-B, we refer
to the e-optimal solution found in this way as “relaxed solu-
tion,” and we locally search for a feasible solution starting from
the relaxed solution. The local search is based on the fact that
the power allocation in the relaxed solution is always feasible.
A feasible value of ¢, ,» can be set to its closest integer, i.e.,

(51)
Note that because of the constraints in (2) and (3), there exists
at most one 7 over all s € S, and one s over all r € R, such
that round(a ,.) = 1. Then, a feasible power allocation can
be obtained by setting P, to zero for all relay nodes that are not
selected by any sessions, i.e., P. = 0 for each » with Z Qg p =
sES

@, = round(ay ,.).

0.

Given a feasible power allocation and relay selection, a fea-
sible Oy, Cioop» and further Cs can be calculated using (10),
(19), and (9), respectively.
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Given C,, the optimal video encoding rate R, for session s
can be calculated by solving the following convex problem:

Find: 12, Vse S
Maximize » PSNR,
seS
Subject to :  (26), (29). (52)

If the above problem is feasible, the optimal sum-PSNR is set
as the local lower bound LR(Q;). Otherwise, it indicates that,
for the present power allocation and relay strategy, there does
not exist a video encoding rate { R, s € S} satisfying the con-
straints of minimum video encoding rate and maximum queuing
delay for all video sessions. In this case, the local lower bound
is set to 0.

D. Domain Partition

Because of the relaxation in RLX 1 and RLX 2, in general
there will be a performance gap between the local upper and
lower bounds over each subdomain. In our algorithm, this gap is
iteratively decreased by iteratively partitioning each subdomain
into two smaller subdomains.

We first need to select a subdomain from @ to be partitioned.
Considering that the global upper bound is equal to the highest
local lower bound, we select the Q; with the highest local upper
bound to be partitioned, such that the global upper bound be-
comes smaller as partition progresses. To partition Q; into two
subdomains, we need to select a variable among v, ,., P, and
P,., and then partition it from a middle value of its domain. Here,
only variables that affect the sum-PSNR directly are partitioned,
i.e., no intermediate variables are partitioned.

The variable partition is carried out corresponding to the two
stages of relaxation. At the beginning of the algorithm, there is
only one domain Q) in @, and the relay selection is not fixed.
In this case, the RLX 1 is employed to calculate the local upper
bound. Denote o} ,. as the relaxed solution to e, ... Then, vy~ -
is selected for partltlon overall s € S and r € R such that

max o,

seS,rer O (53)

Qgr pr =
where o, ,. represent the original relaxed solution that have not
been fixed through the rounding operation in (51). Since a higher
value of «; , indicates that relay + is more likely to be assigned
to video session s, the above criterion fixes the relay assignment
decision with the highest value of «, ... Recalling the relay se-
lection constraints (1)—(3), i.e., each session can select at most
one relay and each relay can be selected by one session, the se-
lected cry+ .+ can be partitioned by setting

( I’Ild)\ = O V'{‘ E 7?"/ r # lr* (54)
(y;lgx =0 Vse€8,5s#£ 5" (55)
i =1 (56)
for the first new subdomain and
i =0 (57)

for the second new subdomain. The local upper and lower bound
on sum-PSNR over two new subdomains are calculated by using
RLX 1 and then local search, respectively. Finally, the two new
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subdomains are added into @ or pruned according to the prune
strategy described in Section IV-A.

After a certain number of variable partitions, in the selected
Q, the relay selection strategy could be fixed. In this case, Q; is
partitioned by partitioning P, or FP,., and RLX 2 is employed to
calculate the local upper bound over the two new subdomains.
The partition can be carried out as follows. Denote

APy = max (Pl — Prin) (58)

Al = max (P — Prin} - (59)
If AP,« > AP,-, P, is partitioned by setting

Piusluow = P + AP [ 2 (60)
for the first new subdomain, and

Piialuew = Pa + AP [ 2 (1)

for the second new subdomain. Otherwise, the P,.. is partitioned
similarly. Here, P2 |uew and P2 |,ew mean the upper and
lower bounds for P in the new subdomains, respectively.

It is worth pointing out that variables can also be selected and
partitioned in alternative ways. For example, one could select
the « - that is the least likely to be assigned, or partition P
from its relaxed solution. Moreover, we can also first partition
Py or P, and then partition o ,. However, different variable
partition methods do not affect the optimality of our algorithm,
while they may affect the convergence speed. Alternative par-
tition methods will be investigated in our future work to seek
for faster convergence. We also notice that as the partition pro-
gresses, the relay selection strategy becomes fixed in each sub-
domain. Moreover, the gap between the upper and lower bounds
for each P, and P, converges to 0. That is, the proposed algo-
rithm has guaranteed convergence.

So far, we have designed an optimal algorithm for de-
code and forward cooperation based on a combination of
the branch and bound framework and convex relaxation
techniques. As stated in Section III, this can be (nontriv-
ially) extended to the amplify and forward case, where
the link capgcity, denoted as Car, can be expressed as
Car = Slogy(l + SINRw + sRpingody) with
SINR4q4, SINR,,, and SINR.4 representing the SINR corre-
sponding to the links from source to destination, source to relay,
and relay to destination, respectively. Since the expression of
Car is rather complicated and nonconcave in general, it re-
quires the design of an ad hoc convex relaxation method. This
can be done by applying our proposed two-stage relaxation
method again to relax the corresponding objective function
and constraints so that they result in a convex optimization
problem. Then, at each stage, the RLT can also be applied to
relax those nonconvex items using a set of linear constraints.

V. DISTRIBUTED ALGORITHM

In this section, we propose a distributed solution algorithm
for solving the problem formulated in Section IIl. Then, in
Section VI, we evaluate the distributed algorithm by comparing
it to the centralized algorithm proposed in Section IV.

The distributed algorithm is designed to achieve an NE
point in the feasible domain [40]. The Nash equilibrium is a
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well-known notion from noncooperative game theory often
used as a tool for designing distributed algorithms in complex
wireless communication systems [41]-[43]. There are two
important characteristics of an NE solution: 1) At any NE so-
lution point, no user has incentives to deviate from the current
transmission strategy unilaterally; and 2) each user’s utility is
maximized, given the transmission strategies of all other users.

Considering that in cooperative wireless networks, the inter-
ference among video sessions depends on both power control
and relay selection strategy, we design our distributed algorithm
assuming that each source and relay node always transmits at
maximum transmit power and relies on cooperative relaying for
interference reduction. Then, we apply the distributed algorithm
to different wireless networks and evaluate its performance by
comparing it to the proposed centralized e-optimal solution al-
gorithm in Section I'V.

With fixed maximum transmission power, the problem
of video rate control and relay selection can be formulated
as a game, in which each video session is a player. Each
player optimizes its own video quality by selecting the best
relay node and also deciding the optimal video encoding
rate. Denote the vector of relay selection strategies for video
session s € S asa; = (a,,), » € R, and the vector of
relay selection strategy for all video sessions except s as
oy = (qws), 7 € R, w € 8§ w # s. Further define
the vector of video encoding rates of all sessions except s as
R_, = (R,), w € 8 w # s. Then, the objective of the
game is to find an NE solution for relay selection, denoted as
o* £ (o, a* ), and video encoding rate, denoted as R*, such
that for each video session, say s € S

(o, R:) = argmax PSNR (a,, Bs,a” ,,R" )
o, R

Subject to : (1)—(3), (26), (29). (62)
To this end, we propose an iterative best-response-based algo-
rithm. In each iteration, each node locally optimizes its own
video quality by solving the optimization problem in (62), with
given fixed video encoding rate and relay selection strategy for
all other video sessions. Each node continues to locally optimize
its transmission strategy until any deviation from its last solu-
tion would imply a decrease in its performance.

Recall that the objective function of PSNR, is a concave
function of video encoding rate and underlying link capacity.
With given fixed transmission power of all source and relay
nodes, and also relay selection strategy for all other video ses-
sions except s, the overall link capacity for video session s in
(9) can be reformulated as a linear function of relay selection
variable ¢y, 7 € R

C, = <1 _ Z aS’r) C:Qd + Z aS,TCs(j)Zp

rcR reR

(63)

where CZ,; and CZ0, are constant and represent the capacity
of direct link and cooperative link if relay node 7 is used by
video session s, respectively. Since composition preserves con-
vexity [37], the objective function of PSNR, is also a concave
function of o, ., 7 € R.

Considering that PSNR; is also a monotonically increasing
function of the underlying link capacity, maximizing PSNR,

can be decomposed into two subproblems: 1) maximizing link
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capacity by solving a linear optimization problem with objective
function defined in (63); and 2) maximizing PSNR; by solving
a convex optimization as follows:

Find: R,
Maximize PSNR,
Subjectto :  (26), (29). (64)

Without loss of generality, we assume that in the first

subproblem, C%y # C%r,. 7 € R and CLL, #
Cotns ¢ € R, 7 # q. Then, constraint in (1) is equiv-

alentto 0 < «a,, < 1, s € S, r € R. Hence, constraints
in (1)-(3), (26), and (29) form a convex domain set, and the
problem formulated in (62) is a convex optimization problem.
This implies that in each iteration of the distributed algorithm,
each node only needs to solve a convex optimization problem,
which can be done in polynomial time through well-established
techniques (i.e., interior-point algorithms [39]).

Theorem 1: The best-response-based distributed solution al-
gorithm converges to an NE solution of relay selection game if
the number of relay nodes is large compared to the number of
video sessions and any two sessions in S are located sufficiently
far away from each other. In this case, the relay selection game,
which is in general a quasi Nash equilibrium (QNE) problem,
reduces to an NE problem.

Proof: Proof of the convergence to NE is shown in
Appendix-B. ]

It is worth pointing out that the resulting NE is not neces-
sarily an efficient working point. In our future research, we will
seek to derive algorithms designed to provably select efficient
Nash equilibria. In this paper, we verify the high efficiency of
the solution obtained by our distributed algorithm via simula-
tion. In Theorem 1, it is reasonable to assume large number of
relay nodes compared to the number of video sessions. Since
video transmission usually requires high-capacity links, within
a given communication area and a portion of the spectrum, the
number of concurrent video sessions must be limited. Addition-
ally, the theorem provides a sufficient condition that guarantees
convergence of the distributed relay selection algorithm to an
NE with a limit on the effect of interference. Although for an
arbitrarily given cooperative network it is usually not easy for
the sufficient condition to be satisfied, the proposed distributed
algorithm performs very well even when there is interference,
which will be verified through numerical results in Section VI.

VI. SIMULATION RESULTS

A. System Setup

In this section, performance evaluation results are presented
for the proposed centralized and distributed algorithms. We con-
sider a single-hop wireless communication network with area
of 1000 x 600 m?. Different network scales are considered in-
cluding NV nodes, with N = 10, 20, 30, 50, and 100. Nodes are
randomly distributed in the communication area. The path-loss
coefficient between node s and node d is given by G2, =
|ls — d||~*, where ||s — d|| represents the distance [m] between
the two nodes, and 4 is the path-loss factor. AWGN noise power
is setto 107 mW for each node. The bandwidth of the available
spectrum is set to B = 200 kHz, and the spreading gain is set
to x = 10. The maximum transmission power for each source
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TABLE I
VIDEO PARAMETERS

[Video [ Do [ @ [ Ro [Por [ K [ To [ L |
FM_ | 038 [ 2537 | 183 | 0.01 [ 750 | 350 | 3040
MD 0 857 | 0.67 0 30 | 350 | 3040

and relay node is set to 1000 mW. Two video sequences are con-
sidered, Foreman (FM) and Mother and Daughter (MD), which
are characterized by intense and moderate rate variability. We
use the mathematical model described in Section III-B to cal-
culate the PSNR with given video parameters and link capacity,
which can be calculated with given SINR. The parameters of
the two video sequences are reported in Table I, where the units
of Ry, T, and L are kb/s, ms, and bits, respectively. Moreover,
we implement a slot-level simulator using MATLAB and per-
form the proposed algorithms for each given network topology.5
We first show convergence and complexity analysis for the pro-
posed centralized and distributed algorithms. Then, we present
example results of rate control, relay selection, and power con-
trol. Finally, we compare the performance of the two algorithms.
All results presented in this section are obtained by averaging
over 30 independent simulations.

B. Convergence and Complexity Analysis

Convergence performance of the proposed e-optimal algo-
rithm is illustrated in Fig. 1(a) for different video sessions, total
number of nodes, and optimality precision. Network parameters
are set to (FM, MD, 30, 98%)6 for the top figure, (FM, MD, FM,
30, 95%) for the middle figure, and (FM, MD, 100, 90%) for the
bottom figure. The optimality precision is defined as the ratio of
global lower bound on sum-PSNR to the global upper bound. In
all three cases, the centralized algorithm converges to the pre-
defined optimality precision.

Complexity of the terms of the e-optimal algorithm is evalu-
ated in average number of iterations, and accumulation proba-
bility of required number of iterations is shown in Fig. 1(b) in
the case of (FM, MD, 30, 95%). We can see that the number of
iteration varies from 7 to 3000 with an average of 752. We ob-
serve that around 80% of simulations can be finished in less 500
iterations. Recall that our algorithm searches for the e-optimal
solution by partitioning the original domain into a series of sub-
domains. Since there are two video sessions and 30 nodes, we
have two source nodes and 26 potential relay nodes, and then
the number of relay selection variables s, s € S, r € R,
is 2 X 26 = 52. Quantize the maximum transmission power of
1000 mW using a step of 100 mW, then each source or relay
node has 10 possible choices of transmission power. Then, total
number of possible transmission strategies can be calculated as
252 % (24 26)! =~ 1.3 x 10%", which is too large to search the
original domain exhaustively. Therefore, compared to exhaus-
tive search, the proposed centralized algorithm is quite efficient
in computational complexity.

5In this paper, we focus on networks whose topologies vary slowly so that
it suffices to perform the algorithms for a time duration much longer than each
cooperative transmission.

5(FD, MD, 30, 98%) refers to two sessions transmitting FD and MD, respec-
tively, N = 30 and € = 98%. Similarly, (FM, MD, FM, 30, 95%) indicates
three video sequences transmitting FM, MD, and FM, respectively, N = 30
and € = 95%.
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Fig. 1. (a) Convergence performance of the centralized algorithm. Parameters of video sequences, total number of nodes V', and maximum optimality precision €
are (top) (FM, MD, 30, 98%), (middle) (FM, MD, FM, 30, 95%), and (bottom) (FM, MD, 100, 90%). (b) Complexity performance of the centralized algorithm in
the case of (FM, MD, 30, 95%), measured in accumulation probability of required number of iterations to converge. (¢) Convergence performance of the distributed
algorithm given in individual PSNR. Parameters are (FM, MD, FM, 20) for top figure and (FM, MD, FM, 50) for bottom figure.
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Fig. 2. Example of a 20-node network.

Convergence performance of the proposed distributed algo-
rithm is evaluated with three video sessions, FM, MD, and FM,
and in cases of total number of nodes of 20 and 50, respectively.
Results indicate that the distributed algorithm converges very
fast, i.e., within three iterations on average in both cases. Two
examples of the convergence curves are shown in Fig. 1(c) for
20 (top) and 50 (bottom) nodes, respectively; we can see that
the distributed algorithm converges in less than five iterations
in the examples.

C. Example Results of Resource Allocation

We now discuss example results of the two algorithms with
fixed network topology shown in Fig. 2.

1) Example of Achieved Sum-PSNR: First, we show two ex-
amples of the achieved sum-PSNR obtained using e-optimal so-
lution algorithm. In the first experiment, there is only one video
session (S1, D7), which transmits video sequence FM. The re-
sult of the execution of the proposed algorithm is shown in
Fig. 3(a). In this case, the e-optimal PSNR is 35.2 dB. 2y is
selected by S7 as the relay node. The transmission powers of
51 and Rag are 1000 and 1000 mW, respectively. The achieved
link capacity and corresponding optimal video encoding rate are
306.4 and 241.9 kb/s, respectively. In the second experiment,
there are two video sessions (S;, D;). 4 = 1,2, which transmit
the video sequences FM and MD, respectively. Precision of op-
timality is set to € = 98%. In this case, the e-optimal sum-PSNR
is 79.38 dB. The individual PSNRs for the two video sessions
are 34.9 and 44.4 dB, respectively. Rs is selected by S as the
relay node, while R;5 is selected by S5 as the relay node. The
transmission powers of S1, So, 229, 212 are 561, 998, 980, and

TABLE II
EFFECTS OF RELAY SELECTION, POWER ALLOCATION, VIDEO RATE CONTROL
IN THE CASE OF TWO VIDEO SESSIONS

Source Relay Relay
Power (mW) Node Power (mW)
B&B 1000 1000, 1000| R4, Rii, & 1000, 1000, &
woPC: 1 | 1000, 1000, 1000| R4, R11, @ 1000, 1000, &
woPC: 2 | 500, 500, 500 | R4, Ri2, @ 1000, 1000, @
woPC: 3 | 1000, 1000, 1000| R4, Ri2, @ 500, 500, @
woPC: 4 | 500, 500, 500 | R4, Ro, @ 500, 500, @
woRS: 1 | 887, 889, 325 | o, @, O g, O, o
woRS: 2 | 986, 967, 1000| Rs, @, < 100, @, ©
woRS: 3 | 833, 999, 325 | &, Ri2, @ g, 986, @
woRS: 4 | 542, 734, 991 | Rs, Ri2, @ 454, 101, @
woRC: 1 | 1000, 1000, 1000| @&, @, o g, o, O
woRC: 2 | 945, 889, 216 | Ri1,Ri9, @ 381, 606, @
woRC: 3 | 1000, 1000, 1000| Rs3, Ri9, @ 1000, 1000, &
woRC: 4 | 606, 831, 493 | R4, R11, @ 606, 719, @
Capacity Video Sum
(kb/s) Rate(kb/s) PSNR (dB)
B&B 140, 310, 1189 94, 261, 1098 112.4
woPC: 1 140, 310, 1189 94, 261, 1098 1124
woPC: 2 | 112, 334, 1066 73, 284, 977 111.3
woPC: 3 | 90, 333, 1272| 56, 283, 1179 109.9
woPC: 4 | 109, 175, 1139| 70, 137, 1048 107.9
woRS: 1 | 93, 159, 917 | 59, 124, 830 106.0
woRS: 2 | 72, 211, 80 45, 170, 49 96.5
woRS: 3 | 89, 320, 840 | 28, 44, 38 110.2
woRS: 4 | 52, 344, 111 | 24, 293, 72 97.5
woRC: 1 | 72, 162, 1210| 30, 50, 100 92.5
woRC: 2 | 72, 230, 878 | 50, 200, 300 104.4
woRC: 3 | 69, 351, 1198| 50, 300, 500 106.3
woRC: 4 | 123, 337, 1069| 100,300, 1000 109.5

944 mW, respectively. The achieved link capacity and corre-
sponding optimal video encoding rate are 285.9 and 222.9 kb/s
for video session 1, and 430.4 and 370.3 kb/s for video session 2.

2) Effects of Video Encoding Rate, Relay Selection, and
Power Allocation: Next, we examine the effects of relay selec-
tion, power allocation, video rate control, as well as the number
of video sessions on the sum-PSNR. In this experiment, three
video sessions are employed, FM, MD, and FM. Results of the
proposed algorithm are compared to three cases: exhaustive
search without relay selection (woRS), search without power
control (woPC), search without rate control (woRC). Results
are shown in Table II.

When the proposed algorithm is employed, R4 and R;; are
selected as relay for session 1 and 2, respectively. Session 3 uses
direct transmission. All source and relay nodes transmit at the
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maximum power. The achieved sum-PSNR is 112.4 dB. Due to
the existence of session 3, Rsg and R5 are unsuitable to be relay
for session 1. In the case of woPA, we fixed the transmission
power of each node to the maximum power. We can see that
the sum PSNR decreases as the maximum transmission power
decreases. When all nodes transmit at 500 mW, the decrease
in the sum-PSNR is about 4.5 dB compared to the proposed
algorithm. In this case, it is also desirable for sessions 1 and
2 to use relays.

In the case of woRS, a session selects the node that is located
between source and destination as relay. If 125 is selected, the
sum-PSNR decreases considerably. This is because Ry causes
interference to the destination of session 3. If no relay is used,
the decrease in sum-PSNR is over 6 dB. Therefore, the relay
should be selected considering its interference to other sessions.
In the case of woRC, we can see that as the video encoding
rates deviate considerably from the optimum, the sum-PSNR
decreases significantly.

3) Effects of Different Number of Video Sessions: In
Table III, we show the effects of the number of video sessions
on relay selection, power allocation, and rate control. At most
of four video sessions are employed, FM, MD, FM, and MD.
We can see that relay selection is greatly influenced by the
number of active sessions. For example, when S = 2, Ry and
Rqo are selected by S; and S> as relay, respectively. When
S = 3, 51 will not select Ry any longer because Rog will
cause high interference to Dj if selected. Instead, S; selects R4
as the relay. A similar phenomenon happens when session 4
becomes active. From the table, we observe that the nodes
usually transmit at the maximum power, except when S = 2.
Actually, in the case of S = 2, if the maximum power is em-
ployed, the sum-PSNR increases slightly and also lies within
the optimality precision.

TABLE III
COMPARISON OF PROPOSED ¢-OPTIMAL ALGORITHM IN THE CASE OF
DIFFERENT SESSION NUMBER

Source Power (mW) Relay Node
1000, —, —, — R0, — —, —
561, 998, —, — Rao, Ri2,—,—
1000, 1000, 1000, — Ry, R, @,—
1000, 1000, 1000, 1000 | R4, @, @,

Relay Power (mW) Capacity (kb/s)
1000, —, —, — 306, —, —, —
980, 944, —, — 285,430, —, —
1000, 1000, @, — 140, 310, 1189, —

1000, ©, @,
Video Rate (kb/s)

136, 190, 1182,635
Sum (Individual) PSNR (dB)

242,—,—,— 352 (352,———)
222, 375, —, — 794 (349, 444,— )
94, 261, 1098, — 112.4 (31.6, 42.8, 38.0,—)

W[ ol | | Tnl| | ol Do | Tal| B @ N | Ty

91, 151, 1091, 573 156.1 (27.9, 37.1, 37.8, 45.2)

4) Effects of Transmission Power: The effects of transmis-
sion power are further explored in Fig. 3(b) and (c). We see that
enabling cooperation among nodes can result in a significant
improvement in the sum-PSNR. Moreover, when cooperation is
enabled, transmitting at the maximum power can lead to a slight
increase in sum-PSNR. That is, cooperation can allow nodes
to work at lower power without causing much decrease in the
sum-PSNR. This is important in wireless multimedia ad hoc and
sensor networks, where power efficiency is also of paramount
importance.

D. Performance Evaluation for the Distributed Algorithm

Performances for the proposed centralized and also dis-
tributed algorithms are shown in Fig. 4(a) in terms of
sum-PSNR. Results are obtained by averaging over 30 times
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of independent simulations. In the figure, the algorithm with
fixed maximum transmission power and without cooperation
is employed as bottom-line performance. Two video sessions
of FM and MD are employed, and total number of nodes is
set to 20 and 30, respectively. We can see that the proposed
centralized algorithm can achieve the highest sum-PSNR. In
the case of 30 nodes, an improvement of greater than 2 dB
can be achieved compared to the algorithm with fixed power
and without cooperation. Sum PSNR achieved by the proposed
distributed algorithm is very close to the centralized algorithm
in the case of 20 nodes. Compared to the algorithm with fixed
power and without cooperation, the distributed algorithm can
achieve about 1.5 dB of improvement by using cooperative
relaying in the case of 30 nodes.

The proposed two algorithms are also evaluated in terms
of average transmission power, and corresponding results
are shown in Fig. 4(b). From the figure, we can see that the
proposed centralized algorithm results in the lowest average
transmission power. This is achieved by using cooperative
relaying since the transmission time for each source and relay
is half compared to the case of direct transmission, and con-
sequently, the total transmission power becomes more evenly
distributed over the whole network. This is extremely important
in wireless multimedia sensor networks to avoid depleting the
battery of a single node and hence to avoid bottleneck links.
Average transmission power is also given in Fig. 4(b). We
can see that even if the maximum transmission power is used
for each source and relay node, the distributed algorithm can
achieve more even power consumption through cooperative
relaying than in the noncooperative case.

E. Effects of Cooperative Relaying With Higher Interference

In this section, we study effects of cooperative relaying to the
video quality in a larger network by setting the number of video
sessions to six and 10, respectively. In the first experiment, there
are six video sessions with three transmitting FM and the others
transmitting MD. Sum PSNR of the six sessions is given in
Fig. 4(c) by averaging over 30 times of simulation. Given an ar-
bitrary network topology, it is possible that the minimum rates
of all six sessions cannot be guaranteed simultaneously, and the
sum PSNR is set to zero in this case. From Fig. 4(c), we can
see that when there is no relay node, the distributed algorithm
reduced to fixed power and noncooperative, and the centralized
e-optimal algorithm performs the best by using power control.
As the relay number increases, the effects of power control are
reduced, and performance of the distributed algorithm is very
close to the e-optimal algorithm.

In the second experiment, we use 10 video sessions, with six
transmitting FM and the others transmitting MD. We found that
it is very hard to generate a network topology that can satisfy
the minimum rates of all sessions simultaneously. In this case,
admission control is needed, or more spectrum should be used
to support large number concurrent sessions.

In the third experiment, we consider a network with com-
munication area of 200 x 200 m? (which is much smaller than
1000 x 600 m? used in above), 10 nodes in total, and two video
sessions of MD and FM. As aresult, the average interference be-
tween any two randomly located nodes in the network becomes
much higher than that in previous experiments. Results show
that the centralized e-optimal solution algorithm could achieve
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an average sum PSNR of 83.1 dB, while the distributed algo-
rithm achieves 80 dB, which is more than 97% of the e-op-
timum. That is to say, a good performance still can be achieved
by applying the proposed distributed algorithm in interference-
dominated cooperative networks.

VII. CONCLUSION

In this paper, we studied cross-layer design techniques for
video streaming cooperative multimedia wireless networks. We
formulated the joint control of the video encoding rate, relay
selection, and power allocation as a nonconvex and combina-
torial problem. Then, we proposed a global solution algorithm
based on a combination of branch and bound and convex re-
laxation of the original problem, which is proven to converge to
the optimal solution. Moreover, we have shown that through co-
operative relaying, nodes are allowed to work at lower level of
average transmission power without decrease in the sum video
quality. We also proposed an iterative distributed algorithm in
which each iteration can be executed in polynomial time and the
overall algorithm converges very fast in practice. The proposed
algorithm can be directly applied to a scenario with multiple co-
existing preestablished source—destination pairs and can be also
used to optimally control resource allocation for an independent
set of transmissions with primary interference constraints (i.e.,
no transmitters and receivers in common) periodically sched-
uled by a separate scheduling algorithm, where idle nodes can
be used as potential relays.

It is worth pointing out that in this work we focus on studying
the problem of joint rate control and relay selection from an
information-theoretic perspective, i.e., we do not make any
assumptions on the actual modulation and coding scheme.
In future work, we would like to consider real transmission
techniques—e.g., specific modulations, SNR thresholds—and
implement the proposed algorithm on a GNU Radio/USPR2
testbed available at SUNY Buffalo.

APPENDIX

A. Validation of the Average-Based Interference Model

We validate the average interference model by comparing it
to the exact interference in practical cooperative wireless net-
works. Let us consider a cooperative network having multiple
sessions that use cooperative relaying. Then, for a wireless link /
that uses direct transmission only, the interference measured
at its destination node comes from all source and relay nodes
that transmit in the first time slot, while it comes from other
source and relay nodes in the second. Then, the average ca-
pacity of the wireless link C,., can be calculated as Cy, =
%(Cslotl + Cyot2), where Cyot1 and Cylorn represent the ca-
pacity in the first and second time slot, respectively.

We let C,y, represent capacity of the wireless link { calcu-
lated using the average-based interference model, and then we
compare it to Ces. A communication area of 500 x 500 m? is
considered, and the number of interfering cooperative sessions
varies from 2 to 16 in increments of 2. The other simulation
parameters are set as in Section VI. Results of the comparison
in terms of (Cj”—:‘: are shown in Fig. 5(a) (Average/Exact). Every
point was plotted by averaging over 10% simulations. The value
of Clyg is slightly lower but very close to that of Ciea, €.g.,
around 98% and 97% of C... can be achieved when Ny = 2
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Fig. 5. (a) Comparison between the average-based/worst-case interference
model and exact interference. (b) Cumulative probability of the capacity ratio
corresponding to the average-based interference model.

and Ny = 16, respectively. We observe that the value of %
decreases very slightly as the number of interfering sessions in-
creases, implying that the accumulation of average performance
degradation caused by the average-based interference model is
negligible. Similar results can be also observed when wireless
link [ also uses cooperative relaying. For comparison, we also
compare the worst-case approximation and the synchronization
case. The performance of the worst-case approximation model
deteriorates significantly as the number of interfering nodes in-
creases, and less than 80% of the real capacity can be achieved
when there are 16 interfering nodes. We also plot the cumula-
tive probability of the capacity ratio corresponding to the av-
erage-based interference model in Fig. 5(b). A capacity ratio
larger than 0.9 can be achieved with probability of 93%, 88% for
Nits = 2 and 16, respectively. Based on the above discussion,
we can conclude that the average-based interference model pro-
vides a good approximation of the exact interference in practical
cooperative wireless networks, especially when the number of
interfering sessions is not large.

B. Proof for Convergence to NE for Distributed Algorithm

We only need to show that the relay selection problem for-
mulated in Section V can be reformulated as a VI problem, and
show that the proposed distributed algorithm converges to a VI
solution that is also an NE solution.

VI Formulation: To this end, we assume that R, (R!, =
¢, Yw,s € S, w # s. The assumption is realistic since in
a cooperative wireless network where the number of relay
nodes is comparable or larger than the number of video
sessions, relay selection for a video session only affects in-
terference caused by this video session to the other sessions.”
Then, the overall link capacity C's in (63) can be rewritten as
Cs = a5005q + 2.er ¥s.rCidop» and the constraint in (2)

can be rewritten as Z ogr <1, Vs € S. It can be proven

rer,
that the domain set oef the relay selection problem is compact
and convex, and that the utility function of each session is con-
tinuously differentiable. Under these conditions, the problem
of joint relay selection and video rate control in Section V can

TMultiple sessions may possibly want to select the same relay node as co-
operative relay even in a network with only a limited number of sessions. The
resulting NE problem is a QNE problem, where the domain sets of all sessions
are coupled with each other and more advanced techniques, e.g., pricing-based
algorithms, are needed to derive the equilibrium point. In this paper, we focus on
standard NE analysis and leave the QNE for future work. Readers are referred
to [44] for more details of QNE analysis.

1185

be reformulated as a VI problem, and there exists at least one
VI solution [45, p. 175, Theorem 2.4.4].

In the following, we present a sufficient condition for the dis-
tributed algorithm to converge, that can be derived based on the
framework in [46]. We represent PSNR, in (20) using U, for
simplicity. Then, the gradient vector of session s with respect

— { 9U,

R
to as can be written as J, (U,) = (aw - , where I?; rep-

. r=1 ..
resents the number of potential relay nodes in set R s. Similarly,
we represent the gradient vector of session g, with g € S, as

Z\ R,
Jo, (Uy) = 9Us )" Furthermore, denote the Jacobi ma-
g g Doy s

trix of Jo (Us) and i;g (U,) with respect to s as Ja,a, (Us)
and Jo, e, (Uy), respectively. Here, Jp o, (Us) is namely the
Hessian matrix session s. Then, we can define a matrix [7];;
as follows [v],, = = ifs =g

59 — 35, otherwise ’ 5
infaecx )‘least(Jasas(U%)) and ﬁ;?;ax = SUPgex |ngm3(Ug)Hs
with Ajeast(A) representing the eigenvalue of A with the
smallest absolute value. Then, to guarantee the convergence
of the proposed distributed algorithm, we only need to show
that the matrix [y]., is a P-matrix [46]. It can be shown that,
for given transmission parameters (e.g., potential relay nodes
of each session, maximum transmission power), there exists a
threshold L, < oo that can be calculated numerically, e.g., by
using a bisection-based iterative method, to verify whether v,
is a P-matrix or not at each iteration.

min A

where 7 =
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