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ABSTRACT

As developments in wireless ad hoc networks continue, there is an increasing expectation

with regard to supporting content-rich multimedia communications (e.g., video) in such

networks, in addition to simple data communications. The recent advances in multiple de-

scription (MD) video coding have made it highly suitable for multimedia applications in

such networks. In this thesis, we study three important problems regarding multiple de-

scription video communications in wireless ad hoc networks. They are multipath routing

for MD video, MD video multicast, and joint routing and server selection for MD video

in wireless ad hoc networks. In the multipath routing for MD video problem, we follow

an application-centric cross-layer approach and formulate an optimal routing problem that

minimizes the application layer video distortion. We show that the optimization problem

has a highly complex objective function and an exact analytic solution is not obtainable.

However, we find that a metaheuristic approach such as Genetic Algorithms (GAs) is em-

inently effective in addressing this type of complex cross-layer optimization problem. We

provide a detailed solution procedure for the GA-based approach, as well as a tight lower

bound for video distortion. We use numerical results to compare this approach to several

other approaches and demonstrate its superior performance. In the MD video multicast

problem, we take the similar application-centric, cross-layer approach as in the multipath

routing problem. We propose an MD video multicast scheme where multiple source trees are

used. Furthermore, each video description is coded into multiple layers in order to cope with

variation in wireless link bandwidths. Based on this multicast model, we formulate the mul-

ticast routing as a combinatorial optimization problem and apply a Genetic Algorithm-based

metaheuristic procedure to solove this problem. Performance comparisons with existing ap-

proaches show significant gains for a wide range of network operating conditions. In the last

problem, we study the important problem of joint routing and server selection for MD video

in ad hoc networks. We formulate the task as a combinatorial optimization problem and



present tight lower and upper bounds for the achievable distortion. The upper bound also

provides a feasible solution to the formulated problem. Our extensive numerical results show

that the bounds are very close to each other for all cases studied, indicating the near-global

optimality of the derived upper bounding solution. Moreover, we observe significant gains

in video quality achieved by the proposed approach over existing server selection schemes.

This justifies the importance of jointly considering routing and server selection for optimal

MD video streaming in wireless ad hoc networks.
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Chapter 1

Introduction

1.1 Wireless Ad Hoc Networks

With the recent advances in wireless technologies, wireless networks are becoming a signifi-

cant part of today’s access networks. Ad hoc networks are wireless mobile networks without

an infrastructure. Since no pre-installed base stations are required, ad hoc networks can be

deployed quickly at conventions, disaster recovery areas, and battlefields. When deployed,

mobile nodes cooperate with each other to find routes and relay packets for each other. In ad

hoc networks, a wireless link usually has high transmission error rate because of shadowing,

fading, path loss, and interference from other transmitting users. An end-to-end path found

in ad hoc networks has an even higher error rate since it is the concatenation of multiple

wireless links. Moreover, user mobility makes the network topology constantly change. Ad

hoc networks also need to reconfigure themselves when users join or leave the network. The

frequent link failures and topology changes are the key characteristics that distinguish ad

hoc networks with wireline networks and traditional cellular-based wireless networks.

Wireless ad hoc networking is an active research topic in networking research communities.

Communcations among peers in the network are achieved by multi-hop wireless communi-

cations without any prior infrastructure support. In wireless ad hoc networks, link or node

failure, fading, shadowing and other dynamics associated with mobility make reliable com-

1



Chapter 1. Introduction 2

muncations among nodes difficult. To address those problems, many researchers have been

working on routing protocols to support data communcations in ad hoc networks. However,

most of the routing schemes proposed in wireless ad hoc networks so far are network-centric,

which means the routing algorithms are based on the network layer metrics, such as num-

ber of hops, link failure probabilities, and link bandwidths. In multimedia communications,

especially for video services, performance metrics in the application layer are more impor-

tant. For example, in video applications, video quality at the receiver is a key measure of

performance. Since link failures and frequent mobility cause packet losses and degrade the

received video quality, these problems should be addressed to enable video services in such

networks. Naturally, we need to consider application layer performance in this case and

follow a cross-layer design principle when offering video services in wireless ad hoc networks.

1.2 Multiple Description Video Coding

It is a great challenge to provide video services in ad hoc networks. In ad hoc networks,

an end-to-end route may only exist for a short period of time. The frequent link failures

and route changes cause packet losses and reduce the received video quality. One common

feature of wireline and wireless ad hoc networks is that both often have a mesh topology,

which implies the likely existence of multiple paths between two nodes. If we use multiple

paths for a video session, the video stream can be divided into multiple substreams and

each substream is sent on one of the paths. Thus, the traffic is more evenly distributed in

the network and congestion is less likely to occur. The packet loss due to congestion can,

therefore, be greatly reduced. Furthermore, if these paths are disjoint, the losses experienced

by the substreams would be relatively independent. Therefore, better error resilience can be

achieved when traffic dispersion is performed appropriately and with effective error control

for the substreams. Multipath transport (MPT) provides an extra degree of freedom in

designing video coding and error control schemes.

For MPT to be helpful for sending compressed video, the video coder must be carefully

designed to generate substreams so that the loss in one substream does not adversely affect
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the decoding of other substreams. Recently, a new video coding technique called multi-

ple description coding (MDC) has been successfully developed, which has this kind of nice

feature. MDC is capable of encoding a video source into multiple independent streams (or

descriptions) such that any subset of these streams at the receiver can be used to reconstruct

the original video. In the worst case, information received from any video description can

be used to reconstruct video with acceptable quality. The quality of the reconstructed video

improves in proportion to the information received from the number of video descriptions.

This new video coding technique is drastically different from existing video coding schemes

such as layered scalable video coding, within which the successful reconstruction of the video

is highly dependent upon the most significant layer (i.e., the base layer) and the decoding of

the upper enhancement layer hinges upon the lower enhancement layers (in addition to the

base layer). MDC is also completely different from traditional single stream video coding,

whose perceived video quality at the receiver is highly susceptible to the dynamics of the

single path.

It has been recognized that MD coding matches perfectly with the wireless ad hoc network

environment for multimedia applications [38]. This is because the topology of such networks

is intrinsically mesh, within which multiple paths exist between any source and destination

pair. Although most of the paths in such networks are highly fragile (i.e., will not remain

reliable for an extended period of time), as long as the link/node failure events on different

paths are not entirely correlated, the probability of concurrent loss of all of the descriptions

will be low. Therefore, MD coding will remain effective for most of the streaming period,

while video quality improves as more descriptions are received.

For ad hoc networks operating under extreme conditions, the wireless link within such a

network is highly fragile, and there is a high degree of uncertainty that any particular path

within the network will remain reliable over an extended period of time. In this environment,

as discussed, traditional layered scalable video coding or single stream coding cannot perform

well because either scheme requires at least one relatively reliable path from the sender to

the receiver. On the other hand, the new MDC technique does not require a reliable path.

Indeed, within an MDC paradigm, as long as the link/node failure events on each path are
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not entirely correlated, it is possible to construct an acceptable quality video at the receiver

in wireless ad hoc networks.

1.3 Metaheuristic and Genetic Algorithms

Since the problems associated with MD video communications in ad hoc networks are com-

plex, and exact solutions are not obtainable in a reasonable amount of time, we suggest that

the best strategy to address this type of problem is to view the problem as a “black-box” op-

timization problem and explore an effective metaheuristic approach. The term metaheuristic

derives from the composition of two Greek words: heuristic means “to find” while the prefix

meta means “beyond, in an upper level.” It refers to the set of strategies that guide the

iterative search process, in order to efficiently explore the search space to find (near-) op-

timal solutions [16]. In particular, we find the paradigm of the genetic algorithm (GA) to

be emiently well-suited for addressing this type of a complex problem. GA is a population-

based metaheuristic that is inspired by the principle of survival of the fittest in an analogous

natural evolution context. It has intrinsic strength of dealing with a set of solutions (i.e.,

a population) at each step, rather than working with a single current solution. In general,

population-based metaheuristics can provide a natural, intrinsic way for the exploration of

the search space. At each iteration, a number of operators are applied to the individuals

of the current population to generate individuals of the population for the next generation.

In particular, GA uses operators known as recombination (or crossover) to recombine two

or more individuals to produce new individuals, and mutation (or modification) to achieve

a randomized self-adaptation of individuals. The driving force in GA is the selection of

individuals based on their fitness (in the form of an objective function). Individuals having

a higher degree of fitness will have a higher probability to be chosen as members of the

population for the next iteration.

Genetic algorithms were originally proposed by John Holland in 1975 [29], which are the prob-

abilistic optimization algorithms based on natural phenomena and biological mechanisms.

The current set of feasible solutions represents the population and each of its elements is
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viewed as an individual. In this perspective, the natural evolution of the population through

generations is simulated according to genetic inheritance and survival rules. It is assumed

that fit individuals are likely to get involved in the reproduction phase and, therefore, have

enhanced probabilities of survival. Parents’ characteristics are inherited in a probabilistic

manner.

In the terminology of GA, individuals are called genotypes, whereas the solutions that are

encoded by individuals are called phenotypes. The fundamental idea of GA is that it operates

on a finite population of “chromosomes” (solutions). The chromosomes are fixed strings,

typically, though not necessarily, with binary or integer value (“genes”) at each position

(or “locus”). Each chromosome of the population is evaluated according to some fitness

function. Members of the population are selectively interbred in pairs to produce offsprings.

Genetic operators are used to facilitate a breeding process that results in offsprings inheriting

properties from their parents. The fitter a member of the population, the more likely it is

to produce superior offsprings. The offsprings are evaluated and placed in the population,

possibly replacing the weaker members of the last generation. Thus, the search mechanism

consists of three phases: evaluation of the fitness of each chromosome, selection of the

parent chromosomes, and applications of mutation and re-combination (crossover) operators

to the parent chromosomes. The new chromosomes resulting from these operations form

the population for the next generation; the process is repeated until the system ceases to

improve. The “survival of the fittest principle” ensures that the overall quality of solutions

increases as the algorithm progresses from one generation to the next.

We find that GA is a powerful approach to address the combinatorial optimization problems

being considered in this thesis. At each iteration, both self-adaptation and cooperation take

place. Self-adaptation refers to the individuals evolving independently, which is enabled by

the mutation operator in the GA. On the other hand, cooperation implies the sharing of

the best traits among the individuals, which is in the form of the crossover operator in the

GA. Compared to trajectory (single-solution based) methods (e.g., Simulated Annealing and

Tabu Search), which merely use local search to improve an initial solution (obtained via

some constructive method), GAs have the additional advantage of being able to combine
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good solutions in order to possibly derive improved solutions. The basic assumption within

this paradigm is that good solutions often share parts with optimal solutions. Under GA,

improved solutions are sought by combining the best parts of the currently-known promising

solutions in the population.

The potential of GA in addressing networking problem has been recognized by some re-

searchers in recent years. It has been explored to address many important networking prob-

lems. These efforts have made the important first step in exploring the potential of GA for

network optimization. The research addressed in this thesis builds upon the early work on

applying GA to address network-centric problem. We aim at exploring GA’s potential to

address complex cross-layer optimization problem with objective function at the application

layer. Obviously, this problem is more complex than network-centric based GA research

as it requires knowledge not only at the network layer, but also an understanding at the

application layer (i.e., video coding capability) to fully exploit the optimization space across

layers.

1.4 Major Contributions

In this thesis, we address the important problems of enabling video transport using multiple

description video coding scheme in wireless ad hoc networks. The major contributions are

as follows.

First, we studied the important problem of optimal multipath routing for MD video. We

formulated the multipath routing problem following an application-centric, cross-layer ap-

proach. We designed a GA-based algorithm to address this multipath routing problem

and found that this approach provides near-optimal results and is superior to the existing

schemes. We also developed a tight lower bound for video distortion, which can be used to

evaluate the performance of a GA-based solution as well as to set its termination criteria.

Second, we proposed a multicast scheme for MD video over ad hoc networks, within which

multiple source trees are used. Furthermore, each video description is coded into multiple
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layers to cope with diversity in wireless link bandwidths. A similar application-centric, cross-

layer methodology was exploited. We found that GA was also highly suitable for solving the

combinatorial optimization problem based on this MD multicast routing problem. Extensive

simulations demonstrate significant gains in video quality achieved over existing approaches

for a wide range of network operational conditions.

Third, we studied the important problem of jointly selecting servers and determining opti-

mal routes for MD video streaming in wireless ad hoc networks. This task was formulated

as a combinatorial optimization problem that minimizes the received video distortion. We

derived a lower bound and an upper bound for the best achievable video distortion. Our

extensive numerical results show that the bounds are very close to each other for all cases

studied, indicating the near-global optimality of the derived upper bounding solution. Signif-

icant gains in video quality achieved by the proposed approach over existing server selection

schemes were also observed.

1.5 Thesis Outline

The general background for the problems of enabling MD video communications in wireless

ad hoc networks and their general solution approaches are presented in this chapter. The

rest of the thesis is organized as follows.

We present the study on multipath routing for MD video in wireless ad hoc networks in

Chapter 2. In Chapter 3, we present a multicast scheme for MD video in wireless ad hoc

networks. These two problems are formulated into two combinatorial optimization problems

from an application-centric, cross-layer perspective. To solve the problems, we developed

efficient GA-based solution procedures and showed their excellent performance based on

extensive simulation results. Next, a joint optimal routing and server selection problem in

wireless ad hoc networks is presented in Chapter 4. We derived a lower bound and an upper

bound for the client-end video distortion. We demonstrated the optimality of the upper

bound and its superiority to the existing algorithms. Finally, we present our conclusions and

future research directions in Chapter 5.



Chapter 2

Multipath Routing for MD Video

over Wireless Ad Hoc Networks

2.1 Introduction

Several researchers have proposed to use MD coding with multipath routing for multimedia

transport [7,8,17,26,38]. These interesting works have successfully demonstrated the efficacy

of using MD with multipath routing, assuming that the set of paths is given a priori..

However, the difficult problem of finding the best paths for the descriptions has not been

adequately addressed. In a recent work in [12], Begen et al. studied the problem of multipath

routing for MD video in the context of Internet overlay networks. The optimal routing

problem is, however, solved via exhaustive search which has an exponential complexity. To

reduce the computational complexity, a heuristic algorithm was proposed in [13]. However,

this heuristic relies on the special hierarchical structure of the Internet and overlay networks

and, thus, may not be suitable for wireless ad hoc networks.

In this chapter, we study the important problem of multipath routing for MD video in wireless

ad hoc networks. We follow a cross-layer approach in problem formulation by considering

the application layer performance (i.e., average video distortion) as a function of network

layer performance metrics (e.g., bandwidth, loss, and path correlation). We show that the

8
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objective function is a complex ratio of high-order polynomials and is non-decomposable.

Consequently, it would be hard to develop a tractable exact solution. However, we find

that a metaheuristic technique, such as Genetic Algorithms (GAs) [9], is eminently suitable

in addressing such type of complex cross-layer optimization problems. This is because GAs

possess an intrinsic capability of handling a population of solutions rather than working with a

single current solution during each iteration. Such a capability gives GAs the unique strength

of identifying promising regions in the search space (not necessarily convex) and having

less of a tendency to be trapped in a local optimum, as compared with other trajectory-

based metaheuristics (e.g., simulated annealing (SA) and tabu search (TS) [16]). Using

numerical results, we show that significant performance gains can be achieved by the GA-

based approach over trajectory-based approaches. To examine the quality of GA solutions,

as well as setting its termination conditions, we develop a simple but tight lower bound

on video distortion, which has similar computational complexity as Dijkstra’s algorithm.

Finally, we show that the GA-based multipath routing can be incorporated into many existing

distributed ad hoc network routing protocols (e.g., [19,32]), particularly the class of proactive

protocols. As an example, we present a distributed implementation based on the Optimized

Link State Routing Protocol (OLSR) [19].

The remainder of this chapter is organized as follows. In Section 2.2, we formulate a cross-

layer optimization problem for MD video over multiple paths in ad hoc networks. Section 2.3

presents a lower bound for video distortion. In Section 2.4, we present our GA-based ap-

proach and Section 2.5 shows numerical results. Section 2.6 discusses a distributed imple-

mentation of the proposed approach. Section 2.7 discusses related work and Section 2.8

concludes this chapter.

2.2 Problem Description

An ad hoc network can be modeled as a stochastic directed graph G{V,E}, where V is the

set of vertices and E is the set of edges. We assume that nodes are reliable during the

video session, but links may fail with certain probabilities. Accurate and computationally
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Table 2.1: Notation

Symbols Definitions

G{V,E} : graph representation of the network

V : set of vertices in the network

E : set of edges in the network

s : source node

t : destination node

P : a path from s to t

gi : an intermediate node in a path

{i, j} : a link from node i to node j

bij : bandwidth of link {i, j}

pij : success probability of link {i, j}

lij : average length of loss burst on link {i, j}

Rh : rate of description h in bits/sample

d0 : distortion when both descriptions are received

dh : distortion when only Description h is received, h=1,2

D : average distortion

Ton : average “up” period of the joint links

P00 : probability of receiving both descriptions

P01 : probability of receiving description 1 only

P10 : probability of receiving description 2 only

P11 : probability of losing both descriptions

xh
ij : routing index variables, defined in (2.6)

αij: “up” to “down” transition prob. of link {i, j}

βij : “down” to “up” transition prob. of link {i, j}

pjnt : average success prob. of joint links

ph
dj : average success prob. of disjoint links on Ph

Bjnt : minimum bandwidth of the shared links

θ : crossover rate

µ : mutation rate
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efficient characterization of an end-to-end path in a wireless ad hoc network (or even a

wireless link [33]) with consideration of mobility, interference, and the time-varying wireless

channels is extremely difficult and remains an open problem. As an initial step, we focus

on the network layer characteristics in this chapter, assuming that the physical and MAC

layer dynamics of wireless links are translated into network layer parameters. For example,

we could characterize a link {i, j} ∈ E by:

• bij: the available bandwidth of link {i, j};

• pij: the probability when link {i, j} is “up”;

• lij: average burst length for packet losses on link {i, j}.

In practice, these parameters can be measured by every node and distributed throughout

the network using Link State Advertisements (LSA) [19]. We focus on the bandwidth and

failure probabilities of a path, since these two are key characteristics for data transmission,

as well as the most important factors that determine video distortion (see Eq. (2.2)). Other

link characteristics, such as delay, jitter, congestion, and signal strength can be incorporated

into this framework as well (e.g., see [37]). Table 2.1 lists the notation used in this chapter.

2.2.1 Rate-Distortion Regions for MD Coding

Throughout this chapter, we use double-description coding for MD video. We consider

double-description video since it is most widely used in practice [7, 8, 12, 13, 17, 26, 38]. In

general, using more descriptions and paths will increase the robustness to packet losses and

path failures. However, more descriptions may increase the video bit rate for the same

video quality. The study in [54] demonstrates that the most significant performance gain

is achieved when the number of descriptions increases from 1 to 2, with only marginal

improvement achieved for further increase in number of descriptions.

For video coding and communications, a rate distortion model describes the relationship

between the bit rate and the achieved distortion. For two descriptions (each generated for
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a sequence of video frames), denote dh the achieved distortion when only Description h is

received, h = 1, 2, and d0 the distortion when both descriptions are received. Denote Rh the

rate in bits/sample of Description h, h = 1, 2. The rate-distortion region for a memoryless

i.i.d. Gaussian source with the square error distortion measure was first introduced in [44].

For computational efficiency, Alasti et al. in [4] introduce the following rate-distortion region

(also employed in this chapter).


















d0 = 2−2(R1+R2)

2−2R1+2−2R2−2−2(R1+R2) · σ
2

d1 = 2−2R1 · σ2

d2 = 2−2R2 · σ2,

(2.1)

where σ2 is the variance of the source. Denote P00 the probability of receiving both descrip-

tions, P01 the probability of receiving Description 1 only, P10 the probability of receiving

Description 2 only, and P11 the probability of losing both descriptions. Then, the average

distortion of the received video can be expressed as:

D = P00 · d0 + P01 · d1 + P10 · d2 + P11 · σ
2. (2.2)

2.2.2 Description Rates and Success Probabilities

As a first step to formulate the problem of optimal multipath routing, we need to know how

to compute the average distortion D as a function of link statistics for a given pair of paths.

That is, we need to compute the end-to-end bandwidth (or rate) for each stream and joint

probabilities of receiving the descriptions (see Eqs. (2.1) and (2.2)).

For a source-destination pair {s, t}, suppose we have two given paths [P1,P2] in G{V,E}.

Since we do not mandate “disjointedness” in path selection, P1 and P2 may share nodes and

links in G{V,E}. Similar to [12], we classify the links along the two paths into three sets: set

one consisting of links shared by both paths, denoted as J (P1,P2), and the other two sets

consist of disjoint links on the two paths, denoted as J̄ (Ph), h = 1, 2, respectively. Then,

the minimum bandwidth of J (P1,P2), Bjnt, is:

Bjnt =







min{i, j} ∈ J (P1,P2){bij}, if J (P1,P2) 6= ∅

∞, otherwise.
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The rates of the two video streams, R1 and R2, can be computed as:







Rh = ρ · B(Ph), if
∑2

m=1 B(Pm) ≤ Bjnt, h = 1, 2

R1 + R2 ≤ ρ · Bjnt, otherwise,
(2.3)

where B(Ph) = min{i,j}∈Ph
{bij}, h = 1, 2, and ρ is a constant determined by the video format.

The first line in (2.3) is for the case when the joint links are not the bottleneck of the paths.

The second line of (2.3) is for the case where one of the joint links is the bottleneck of both

paths. In the latter case, we assign the bandwidth to the paths by splitting the bandwidth of

the shared bottleneck link in proportion to the mean success probabilities of the two paths.

We now focus on how to compute the end-to-end success probabilities. We model each

link {i, j} as an on-off process modulated by a discrete-time Markov chain, as shown in

Figure 2.1(a). There is no packet loss when the link is in the “up” state; packet loss rate is

1 when the link is in the “down” state. Transition probabilities, {αij, βij}, can be computed

from the link statistics, as βij = 1/lij and αij = (1 − pij)/(pijlij). For disjoint portion of

the paths, it suffices to model the packet loss as a Bernoulli event, since losses on the two

descriptions are assumed to be independent. Therefore, the success probabilities on the

disjoint portions of the two paths are:

ph
dj =







∏

{i, j} ∈ J̄ (Ph) pij, if J̄ (Ph) 6= ∅, h = 1, 2

1, otherwise, h = 1, 2.
(2.4)

On the joint portion of the paths, losses on the two streams are correlated. If there are K

shared links, the aggregate failure process of these links is a Markov process with 2K states.

To simplify the computation, we follow an approach similar to [12] in modeling the aggregate

process as an on-off process. Since a packet is successfully delivered on the joint portion if

and only if all joint links are in the “up” state, we can lump up all the states with at least

one link failure into a single “down” state, while using the remaining state where all the links

are in good condition as the “up” state. Denote Ton the average length of the “up’ period.

Then,

Ton =
1

1 −
∏

{i, j} ∈ J (P1,P2)(1 − αij)
.
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(a) The Gilbert two-state link

model.
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(b) A simplified path model for double-description

video.

Figure 2.1: Link and path models.

The average success probability of the joint portion is:

pjnt =







∏

{i, j} ∈ J (P1,P2) pij, if J (P1,P2) 6= ∅

1, otherwise.

Finally, the transition probabilities of the aggregate on-off process are:






α = 1
Ton

β =
pjnt

Ton(1−pjnt)
.

Note that α = 0 and β = 0 if J (P1,P2) = ∅. The consolidated path model is illustrated in

Figure 2.1(b), where J (P1,P2) is modeled as a two-state Markov process with parameters

{α, β}, and J̄ (Ph) is modeled as a Bernoulli process with parameter ph
dj, h = 1, 2.

With the above path model, the joint probabilities of receiving the descriptions can be

computed as:






























P00 = pjnt · (1 − α) · p1
dj · p

2
dj

P01 = pjnt · p
1
dj ·

[

1 − (1 − α) · p2
dj

]

P10 = pjnt ·
[

1 − (1 − α)p1
dj

]

· p2
dj

P11 = 1 − pjnt ·
[

p1
dj + p2

dj − (1 − α) · p1
dj · p

2
dj

]

.

(2.5)

2.2.3 The Optimal Multipath Routing Problem

With the above preliminaries, we now set out to formulate the multipath routing problem

for MD video. To characterize any s–t path Ph, we define the following binary variables:

xh
ij =







1, if {i, j} ∈ Ph

0, otherwise.
(2.6)
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With these variables, an arbitrary path Ph can be represented by a vector xh of |E| elements,

each of which corresponds to a link and has a binary value. We can formulate the problem

of multipath routing for MD video (OPT-MM) as follows.

OPT-MM Given a wireless ad hoc network G{V,E} and a source destination pair s–t,

Minimize: D = P00 · d0 + P01 · d1 + P10 · d2 + P11 · σ
2 (2.7)

subject to:

∑

j:{i,j}∈E

xh
ij −

∑

j:{j,i}∈E

xh
ji =



















1, if i = s, ∀i ∈ V, h = 1, 2

−1, if i = t, ∀i ∈ V, h = 1, 2

0, otherwise, ∀i ∈ V, h = 1, 2

(2.8)

∑

j:{i,j}∈E

xh
ij







≤ 1, if i 6= t, ∀i ∈ V, h = 1, 2

= 0, if i = t, ∀i ∈ V, h = 1, 2
(2.9)

x1
ij · R1 + x2

ij · R2 ≤ ρ · bij, ∀{i, j} ∈ E (2.10)

xh
ij ∈ {0, 1}, ∀{i, j} ∈ E, h = 1, 2. (2.11)

In Problem OPT-MM, {xh
ij} are binary optimization variables. Constraints (2.8) and (2.9)

guarantee that the paths are loop-free, while constraint (2.10) guarantees the links are stable.

For a given pair of paths, the average video distortion D is determined by the end-to-end

statistics and the correlation of the paths, as given in (2.1), (2.3), and (2.5).

Clearly, the objective function (2.7) is a highly complex ratio of high-order polynomials of

the x-variables. The objective evaluation of a pair of paths involves identifying the joint

and disjoint portions, which is only possible when both paths are completely determined

(or can be conditioned on the exceedingly complex products of the binary factors x1
ij and

(1−x1
ij) with x2

ij and (1−x2
ij)). In [58], Sherali et al. considered a problem that seeks a pair of

disjoint paths in a network such that the total travel time over the paths is minimized, where

the travel time on a link might be either a constant, or a non-decreasing (or unstructured)

function of the time spent on the previous links traversed. Even for a simple special case

where all the links except one have a constant travel time (and hence linear objective terms),

this problem is shown to be NP-hard. Our problem has much more complex relationships

pertaining to the contribution of each individual link to the objective function, which depends
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K-th shared link Shared links 1,...K-1s t
Disjoint links on path 2

Disjoint links on path 1

(a) Solution x̂.

s Shared links 1,...K-1

Disjoint links on path 1

Disjoint links on path 2

t
Copy of the K-th shared link 

Copy of the K-th shared link 

(b) Solution x̄.

Figure 2.2: The two solutions have the same set of links. The only difference between them

is that a link is shared in x̂ (the K-th shared link), but not shared in x̄ (a copy is appended

to each of the disjoint portions).

in general on the other links that are included in a fashion that has no particular structural

property such as convexity. Hence, it is likely to be NP-hard as well. However, we leave a

rigorous proof of this NP-hardness to future research.

2.3 A Lower Bound for Distortion

Before describing our GA-based approach, we first construct a lower bound on the achievable

video distortion. Such a bound will be very useful in measuring the performance of a heuristic

algorithm, as well as serving as a reference for setting its termination conditions.

We find that the average video distortion D possesses the following monotonicity properties

(the proofs are presented in Appendix A):

M1 : D is non-increasing with Rh, h = 1, 2.

M2 : For two completely disjoint paths, D is non-increasing with ph
dj, h = 1, 2.

M3 : Consider the two solutions x̂ and x̄ shown in Figure 2.2. Assume (i) the two solutions

provide the same description rates (i.e., the Kth shared link is not the bottleneck link

of the two paths); and (ii) the on-off failure process of the Kth shared link is random

or bursty, i.e., αK + βK ≤ 1. Then D(x̂) ≥ D(x̄).
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0. Find the maximum end-to-end bandwidth, b∗, among all s–t paths;

1. Find the maximum end-to-end success probability, p∗, among all s–t paths;

2. Construct a solution x∗
l

=
{

Pl
1,Pl

2

}

, satisfying:

3. (1) Pl
1 is disjoint with Pl

2;

4. (2) B(Pl
h
) = b∗, h = 1, 2;

5. (3) ph
dj

(Pl
h
) = p∗, h = 1, 2.

Figure 2.3: ALG-LB: a procedure to construct a solution x∗
l that yields a lower bound for

distortion D.

The assumption in Property M3 relates to the covariance of two consecutive failure events

Xk and Xk+1 on link {i, j}:

Cov{Xk, Xk+1} =
αijβij

(αij + βij)2
(1 − αij − βij). (2.12)

If αij + βij < 1, two successive failures (or losing both descriptions sent back to back on

this link) are positively correlated, i.e., the failure process is bursty, which, we argue, is

not atypical in wireless ad hoc networks. When αij + βij = 1, two successive failures are

un-correlated, corresponding to random packet losses. When αij + βij > 1, the successive

failures are negatively correlated (called sub-bursty), which should be rare in wireless ad hoc

networks. In Figure 2.2, if the Kth shared link has bursty or random losses, then x̄ yields a

distortion no higher than x̂.

We are now ready to construct a simple, but, tight lower bound on the average video distor-

tion. Algorithm ALG-LB in Figure 2.3 is such an algorithm for this purpose. In Figure 2.3,

ALG-LB first determines the optimal end-to-end bandwidth b∗ and the optimal end-to-end

success probability p∗. It then constructs two virtual paths, which yield a distortion lower

bound. Since we are interested in a lower bound, the corresponding physical paths are not

necessarily feasible. In ALG-LB, b∗ can be found using, e.g., the algorithm in [35] with time

complexity O (|E| · log∗ |V |), where log∗ n is the iterated logarithm function; p∗ can be found

by setting link costs to log (1/pij), ∀{i, j} ∈ E, and then applying Dijkstra’s algorithm to

find the path having the minimum cost. The time complexity of finding p∗ is O (|E| · log |V |).

Proposition 1. The distortion D(x∗
l ), where x∗

l is constructed by ALG-LB, is a lower bound

for distortion D.
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A proof of Proposition 1 is available in the Appendix A.4. Note that although we show that

x∗
l dominates all disjoint and joint feasible solutions, it does not necessarily imply that the

optimal paths are always disjoint. The two optimal paths may share a “good” link to avoid

the use of low quality links. Also, D(x∗
l ) becomes an exact bound, i.e., D(x∗

l ) = D(x∗), if x∗
l

is realizable. We will illustrate the tightness of this lower bound in Section 2.5.

2.4 A GA-based Metaheuristic Approach

Although the lower bound offered by ALG-LB provides a good estimation of D, it may not

yield a pair of feasible paths for the s–t video session. In this section, we present a solution

procedure that always produces a pair of feasible and near-optimal paths.

We believe that the best strategy to address Problem OPT-MM is to explore an effective

metaheuristic approach [16]. In particular, we find that Genetic Algorithms (GA) [9] are

eminently suitable for addressing this type of complex combinatorial problems, most of

which are multimodal and non-convex.1 GAs are population-based metaheuristic inspired

by the survival-of-the-fittest principle. It has the intrinsic strength of dealing with a set

of solutions (i.e., a population) at each step, rather than working with a single, current

solution. At each iteration, a number of genetic operators are applied to the individuals of

the current population to generate individuals for the next generation. In particular, GA

uses genetic operators known as crossover to recombine two or more individuals to produce

new individuals, and mutation to achieve a randomized self-adaptation of individuals. The

driving force in GA is the selection of individuals based on their fitness (in the form of

an objective function) for the next generation. The survival-of-the-fittest principle ensures

that the overall quality of the population improves as the algorithm progresses from one

generation to the next.

Figure 2.4 displays the flow chart for our GA-based approach to the MD multipath routing

1The other two evolutionary computation (EC) metaheuristics, i.e., evolutionary programming (EP) and

evolutionary strategy, are usually used for continuous optimization problems, while GA is mainly applied to

combinatorial optimization problems [16].
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Figure 2.4: Flow chart of our GA-based approach.

problem, which includes the following components: solution representation, initialization,

evaluation, selection, crossover, and mutation. The termination condition in Figure 2.4

could be based on the total number of iterations (generations), maximum computing time,

a threshold of desired video distortion, or a threshold based on the lower bound obtained in

Section 2.3. In what follows, we use an example ad hoc network shown in Figure 2.5(a) to

illustrate the components in our GA-based approach.

Solution Representation and Initialization

To encode a feasible solution in the genetic format, we need to define a gene first and then map

a solution to a sequence of genes (i.e., a chromosome). Such encoding should be suitable for

fitness computation (which is determined by the objective function) and genetic operations.

For a routing problem, a natural encoding scheme would be to define a node as a gene.

Then, an end-to-end path, consisting of an ordered sequence of nodes (connected by the

corresponding wireless links), can be represented as a chromosome [3]. For Problem OPT-

MM, each feasible solution consists of a pair of paths (i.e., a pair of chromosomes), denoted

as [P1,P2]. An individual in this case could be a pair of vectors containing the nodes on

paths P1 and P2 (see, e.g., Figure 2.5(b)).

Before entering the main loop in Figure 2.4, we need to generate an initial population, i.e.,

a set of solutions. A simple approach would be to generate this set of solutions by randomly

appending feasible elements (i.e., nodes with connectivity) to a partial solution. Under this

approach, each construction process starts with source node s. Then, the process randomly

chooses a link incident to the current end-node of the partial path and appends the link
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(a) An example wireless ad hoc

network.
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(b) An example individual, s = 1,

t = 9.

Figure 2.5: Example network and coding of an individual.

with its corresponding head-node to augment the path, until destination node t is reached.

It is important to ensure that the intermediate partial path is loop-free during the process.

After generating a certain set of paths for s–t independently, a population of individuals can

be constructed by pairing paths from this set. Our numerical results show that a properly-

designed GA is not very sensitive to the quality of the individuals in the initial population.

Evaluation

The fitness function f(x̄) of an individual, x̄ = [P1,P2], is closely tied to the objective

function (i.e., distortion D). Since the objective is to minimize the average distortion function

D, we have adopted a fitness function defined as the inverse of the distortion value, i.e.,

f(x̄) = 1/D(x̄). This simple fitness definition appears to work very well, although we intend

to explore other fitness definitions in our future effort.

Selection

During this operation, we select individuals that have a better chance or potential to produce

“good” offsprings in terms of their fitness values. By virtue of the selection operation, “good”

genes among the population are more likely to be passed to the future generations. Several

selection schemes can be employed during this operation. For example, one possible scheme

(known as Roulette wheel selection [9]) is to select an individual based on a probability in

proportion to its normalized fitness value, i.e., Pr{choosing individual i} = f(xi)/
∑

j f(xj).

Another possible scheme (known as Tournament selection [9]) randomly chooses m individ-
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Figure 2.6: An example of the crossover operation.

uals from the population each time, and then selects the best of these m individuals in terms

of their fitness values. By repeating either procedure multiple times, a new population can

be selected.

Crossover

Crossover mimics the genetic mechanism of reproduction in the natural world, in which

genes from parents are recombined and passed to offsprings. Crossover may create new

individuals, thus exposing the search process to a new area of the fitness landscape. The

decision of whether or not to perform a crossover operation is determined by the crossover

rate θ.

Figure 2.6 illustrates one possible crossover implementation. Suppose that we have two

parent individuals x1 = [P1,P2] and x2 = [P3,P4]. We could randomly pick one path in x1

and one in x2, say P2 and P3. If one or more common nodes exist in these two chosen paths,

we could select the first such common node that exists in P2, say gr, where gr /∈ {s, t}, and

we can then concatenate nodes {s, · · · , gr} from P2 with nodes {gr+1, · · · , t} in P3 (where

gr+1 denotes the next downstream node of gr in P3) to produce a new path P23. Likewise,

using the first such node gr′ in P3 that repeats in P2 (which may be different from gr), we can

concatenate the nodes {s, · · · , gr′} from P3 with the nodes {gr′+1, · · · , t} in P2 to produce a

new path P32. It is important that we check the new paths to be sure that they are loop-free.

The two offsprings generated in this manner are [P1,P23] and [P32,P4]. On the other hand,

if P2 and P3 are disjoint, we could swap P2 with P3 to produce two new offsprings [P1,P3]

and [P2,P4].
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Mutation

The objective of the mutation operation is to diversify the genes of the current population,

which helps prevent the solution from being trapped in a local optimum. This is a significant

advantage over traditional trajectory methods. However, just as some malicious mutations

could happen in the natural world, mutation in GA may produce individuals that have

worse fitness values. In such cases, some “filtering” operation is needed (e.g., the selection

operation) to reject such “bad” genes and to drive GA toward optimality.

Mutation is performed on an individual with probability µ (called mutation rate). For

better performance, we propose a schedule to vary the mutation rate within [µmin, µmax]

over iterations (rather than using a fix µ). The mutation rate is first initialized to µmax;

then as generation number k increases, the mutation rate gradually decreases to µmin, i.e.,







µ0 = µmax

µk = µmax −
k·(µmax−µmin)

Tmax
,

(2.13)

where Tmax is the maximum number of generations. Our results show that varying the

mutation rates over generations significantly improves the on-line performance of the GA-

based routing scheme. In essence, such schedule of µ is similar to the cooling schedule used

in SA. Such a hybridized GA yields better convergence performance than a pure GA.

Figure 2.7 illustrates a simple example of the mutation operation. In this example, we

could implement mutation as follows. First, we choose a path Ph, h = 1 or 2, with equal

probabilities. Then, we can randomly pick an integer value k in the interval [2, |Ph| − 1],

where |Ph| is the cardinality of Ph, and let the partial path {s, · · · , gk} be Pu
h , where gk is

the k-th node along Ph. Finally, we can use any constructive approach to build a partial

path from gk to t, denoted as Pd
h, which does not repeat any node in Pu

h other than gk. If

no such alternative segment exists between gk and t, we keep the path intact; otherwise, a

new path can now be created by concatenating the two partial paths as Pu
h ∪ Pd

h. For the

example in Figure 2.7, we randomly choose node 5 (as gk) on path P1, and reconstruct a

new segment starting from node 5 to the destination node 9, i.e., {5, 6, 9}. The new path

created by mutation, P̂1, is the union of the first half of the original path {1, 3, 5} and the
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Figure 2.7: An example of the mutation operation.

newly-constructed segment {5, 6, 9}. The new individual is x̂ = [P̂1,P2].

2.5 Numerical Results

In this section, we present numerical results on Problem OPT-MM. In each experiment,

we generate a wireless ad hoc network topology by placing a number of nodes at random

locations in a rectangular region, where connectivity is determined by the distance coverage

of each node’s transmitter. The source and destination nodes, s and t, are randomly chosen.

For every link, the failure probability is randomly chosen from [0.01, 0.3] according to a

uniform distribution; the available bandwidth is randomly chosen from [100, 400] Kb/s

according to a uniform distribution, with 50 Kb/s steps; the mean burst length is randomly

chosen from [2,6] according to a uniform distribution. We set the GA’s parameters as follows:

the population size is 15; θ = 0.7; µ is varied from 0.3 to 0.1 using the schedule described in

Section 2.4; σ2 is set to 1, since it only affects the absolute value of distortion, but does not

affect path selection decisions. The GA program is terminated after a predefined number of

generations or after a prespecified computation time has elapsed. The best individual found

by the GA is prescribed as the suggested solution to Problem OPT-MM.

2.5.1 GA-based Algorithm versus Exhaustive Search

One important performance concern is the quality of the GA solutions. As discussed, due

to the complex nature of Problem OPT-MM, a closed-form optimal solution is not obtain-

able. However, for small networks, an optimal solution may be numerically obtained via an

exhaustive search and can be used to compare with the proposed GA-based solutions.

Table 2.2 shows the optimal distortion values found by GA (each is the average of 30 runs)
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Table 2.2: Comparison of the average distortions obtained by the GA-based routing and

exhaustive search

Topology Topology 1 Topology 2 Topology 3 Topology 4

Network Size 10-node 10-node 15-node 15-node

Global Optimum 0.3308 0.2004 0.3863 0.2969

GA (average) 0.3330 0.2004 0.3937 0.2972

GA (std. dev.) 7.6e-6 0 2.8e-5 2.9e-6

Lower Bound 0.2810 0.1832 0.3527 0.2444

and by exhaustive search for two 10-node and two 15-node networks. We find that the

solutions found by GA are very close to the global optimum in all cases. In addition,

the deviation of the GA results is negligibly small, indicating that GA executions produce

near-optimal or optimal solutions. The average computational time for GA is 0.29 s for

the 10-node network (about 60 generations) and 0.39 s for the 15-node network (about 70

generations) on a Pentium 4 2.4 GHz computer (512 MB memory) with MATLAB 6.5. For

exhaustive search, the average computational time is 58.7 s for the 10-node case and 1877 s

for the 15-node case.

We also compute the lower bound using ALG-LB for each of the networks. The results are

given in the last row of Table 2.2. We observe that the lower bounds are tight in all of the

cases, i.e., within 8% to 16% of the global optimum.

2.5.2 Comparison with Trajectory Methods

To compare the GA-based approach to trajectory methods, we implemented simulated an-

nealing (SA) and tabu search (TS), both of which have been used in solving certain network-

ing problems. SA was initially motivated by an analogy between the way a piece of metal

cools and freezes into a minimum energy crystalline structure (annealing process), and the
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search for a minimum in a more general system [2]. When SA explores the solution space,

it accepts a non-improving solution with a probability, which decreases with iterations. We

use a probabilistic acceptance function:

Pr{x̄ ← x̂} =







1, if D(x̂) < D(x̄)

exp{− |D(x̂)−D(x̄)|
ck

}, otherwise,
(2.14)

where ck is a control parameter analogous to temperature in a physical system, x̄ is the

current solution, and x̂ is a perturbation of x̄. The fashion in which ck is manipulated is

called the cooling schedule. The following cooling schedule is used in our experiments [2]:

1. c0 = 1: i.e., nearly all transitions will be accepted at the beginning of the search

process;

2. ck+1 = ω · ck: i.e., the control parameter is decremented every time when a non-

improving solution is accepted, and remains at each value for a sufficient time for the

system to “return to an equilibrium.” ω is the decay coefficient. We set ω = 0.99 for

all experiments reported in this chapter.

Compared with SA, TS explicitly uses the history of the search, both to escape from local

minima and to implement an exploratory strategy. Specifically, TS uses a tabu list to prevent

from returning to recently visited solutions, therefore avoiding endless cycling and possibly

forcing the search process to accept non-improving solutions [25]. In our experiments, we

use a tabu list of 5 for small networks (e.g., 10-node networks) and 10 for large networks

(e.g., 50-node networks). The tabu list is implemented using a First-In-First-Out queue. An

explored solution is always inserted at the tail of the queue, while if the queue is full, the

head of the queue is removed.

In Figure 2.8, we plot the evolution of distortion values obtained by GA, SA, and TS for

a 10-node network and a 50-node network, respectively. All the three metaheuristics are

terminated after running for 1 s. Upon termination, GA has evolved 210 generations in

Figure 2.8(a) and 75 generations in Figure 2.8(b); SA ran for 1500 iterations in Figure 2.8(a)

and 700 iterations in Figure 2.8(b); TS ran for 1050 iterations in Figure 2.8(a) and 550
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(a) Distortion evolution for a 10-node network.
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(b) Distortion evolution for a 50-node network.

Figure 2.8: Comparison of distortion evolution of three metaheuristic methods.

generations in Figure 2.8(b). GA has fewer iterations than SA and TS, due to its higher

computational complexity (see Section 2.6.2 for more discussions). For both networks, the

best distortion values found by GA are evidently much better than those by SA or TS.

In Figure 2.8(a), GA converges to the global optimal very quickly, while both SA and TS

are trapped at local optima (i.e., no further decrease in distortion value after hundreds

of iterations). The same trend can be observed in the 50-node network case shown in

Figure 2.8(b), although the global optimum is not obtainable here.

An interesting observation from Figure 2.8 is that for GA, the biggest improvement in dis-

tortion is achieved in the initial iterations, while the improvement gets smaller as GA evolves

more generations. Also, note that the SA and TS curves increase at some time instances (e.g,

the TS curve at 0.06 s in Figure 2.8(a) and the SA curve at 0.08 s in Figure 2.8(b)), which

implies that a non-improving solution is accepted in order to escape from local minima. We

also plot the lower bounds derived using ALG-LB in the figures, which are quite tight in

both cases.

In addition to providing much better solutions, another strength of GA over trajectory

methods is that multiple “good” solutions can be found after a single run. Such extra good

paths can be used as alternative (or backup) paths if needed.
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2.5.3 Comparison with Network-Centric Approaches

In this section, we compare our GA approach with network-centric routing approaches. In

particular, we implement two popular network-centric multipath routing algorithms, namely

k-shortest path (SP) routing (with k = 2 or 2-SP) [22] and disjoint path routing, Disjoint

Pathset Selection Protocol (DPSP) [46]. Our 2-SP implementation uses hop count as routing

metric such that two shortest paths are found. In our DPSP implementation, we set the

link costs to log (1/pij), for all {i, j} ∈ E, such that two disjoint paths having the highest

end-to-end success probabilities are found. We compare the performance of our GA-based

multipath routing with these two algorithms over a 50-node ad hoc network using a real

video clip.

There are many ways to generate MD video (see [27] for an excellent survey). We choose a

time-domain partitioning coding scheme, where two descriptions are generated by separating

the even and odd-numbered frames and coding them separately, as shown in Figure 2.9. The

first frame in each stream is coded in the intra-mode (I frame), and the following frames

are coded in the inter-mode (P frames). A 10% macroblock level intra-refreshment is used,

which has been found to be effective in suppressing error propagation for the range of loss

rates considered. This simple time-domain partitioning method is widely used in many video

streaming studies [7,8,12,17,38]. Compared with a traditional single description coder, this

coder has a comparable computational complexity. Its coding efficiency is slightly lower

than a single description coder, due to the fact that a longer motion prediction distance

is used. However, this reduced coding efficiency is well justified by the resulting enhanced

error resilience. The quarter common intermediate format (QCIF) [176×144 Y pixels/frame,

88× 72 Cb/Cr pixels/frame] sequence “Foreman” (400 frames) is encoded at 15 fps for each

description. Each Group of Blocks (GOB) is carried in a different packet. The received

descriptions are decoded and PSNR values of the reconstructed frames computed. When a

GOB is corrupted, the decoder applies a simple error concealment scheme by copying from

the corresponding slice in the most recently received frame that has not beed corrupted.

The quality of the paths found by the algorithms are presented in Table 2.3. The 2-SP algo-
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Figure 2.9: The MD coding scheme used in the numerical examples.

Table 2.3: Comparison of GA and Network-centric Routing

- P1 P2 Desc. 1 Desc. 2 Average

Loss Ratio Loss Ratio Bandwidth Bandwidth PSNR

GA 0.994 0.952 350 Kb/s 350 Kb/s 29.71 dB

2-SP 0.798 0.782 100 Kb/s 200 Kb/s 23.42 dB

DPSP 0.965 0.793 100 Kb/s 100 Kb/s 25.65 dB

rithm has the worst performance in terms of path success probabilities. The DPSP algorithm

has an improved success probability performance since it uses link success probabilities in

routing. However, it may sacrifice path bandwidth while pursuing low loss paths. As a re-

sult, it produces the lowest end-to-end bandwidths. We observe that our GA-based routing

yields paths with much higher end-to-end success probabilities and end-to-end bandwidths,

resulting in greatly improved video quality.

The PSNR curves of the received video frames are plotted in Figure 2.10. We observe that

the PSNR curve obtained by GA is well above those obtained by the aforementioned network-

centric routing approaches. Using GA, the improvements in average PSNR value over 2-SP

and DPSP are 6.29 dB and 4.06 dB, respectively. We also experiment with an improved

2-SP algorithm where link success probabilities are used in routing (as in DPSP). Even in

this case, our GA-based routing still achieves a 1.27 dB improvement over this enhanced

2-SP version, which is still significant in terms of visual video quality. To further illustrate

the significance of the improvements, we plot reconstructed Frame 235 in Figure 2.11. We

observe that the image delivered by GA has the best quality, while the video frames delivered
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(a) GA-based algorithm versus 2-SP.
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(b) GA-based algorithm versus DPSP.

Figure 2.10: PSNR curves of received video sequences.

(a) Original. (b) GA-based routing. (c) 2-SP. (d) DPSP.

Figure 2.11: Frame 235 from the original and decoded video sequences.

by 2-SP and DPSP are barely recognizable. The relatively low quality in these latter two

frames are caused by low encoding bit rates (which are determined by the bandwidths of the

paths) and high packet loss rates (which are determined by the reliabilities of the paths),

see (2.1) and (2.2). Obviously, our GA-based multipath routing offers significantly improved

performance at the application layer over the two network-centric algorithms.

An inherent issue of transmitting MD video over multiple paths is that when the paths

are unbalanced, e.g., either in bandwidth or in loss characteristics, the streams may have

different qualities. When interlaced and displayed, such unbalanced streams may cause large

variations in frame quality and yield low subjective quality (although a high objective quality,

e.g., average PSNR, may always be achieved). In Problem OPT-MM, due to the symmetry

in (2.1), our GA-based routing attempts to find a balanced pair of paths while minimizing D.

For example, the two paths found by GA as in Table 2.3 have similar success probabilities

and exactly the same bandwidth, resulting in relatively balanced descriptions. In the case
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when the descriptions are highly unbalanced, the problem can be further alleviated by using

an advanced MD coder that is capable of producing descriptions with unbalanced rates (but

with relatively equal qualities) [7], or by striping packets of the descriptions across multiple

paths to make losses of the descriptions relatively even.

2.5.4 Consideration of Mobility and Topology Changes

In addition to link/node failures, other characteristics associated with wireless ad hoc net-

works are node mobility and dynamic network topology changes. Figure 2.12 shows our

investigations for a 10-node network in a 500 m × 500 m square region and for a 50-node

network in a 1200 m × 1200 m square region. The transmission region is set to 250 m and

every node moves at a speed of 10 m/s in both networks. We used the Billiard mobility

model, where a node moves at a constant speed but at random directions. When it hits the

boundary, it bounces back to another random direction. In all of the experiments, link state

database at the source node is updated at 1 s intervals (marked by the vertical dashed lines

in the figures).

In Figure 2.12(a), we plot the evolution of the average distortion obtained by GA for the 10-

node network, as well the global optimal solution computed via an “offline” exhaustive search.

GA is able to track closely the optimal solution during this experiment: it converges to the

global optimum within a few iterations after each link state update. In Figure 2.12(b), we

plot the GA average distortion evolution for the 50-node network, as well as the lower bound

for each new topology as references (global optima are not obtainable, since an exhaustive

search is impractical for such large-sized network). Again, we observe that GA can adapt and

track the varying topology very well. After each update, a previous optimal solution may not

be optimal anymore, resulting in a sudden rise in distortion. However, after some iterations,

the GA distortion can quickly settle to a much lower value. This result is, again, due to

the intrinsic self-adaptive nature of GA, as well as the continuous nature of node mobility.

When nodes move, the fitness landscape varies gradually. It is very likely that an optimum

solution in the updated network topology lies in the neighborhood of an optimal solution of

the previous topology. GA is effective in exploring the neighborhoods of its current solutions
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(a) 10-node network.
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(b) 50-node network.

Figure 2.12: Evolution of distortion values obtained by our GA-based algorithm. The dashed

vertical lines mark time instances when link state updates were received.

to identify improved solutions.

2.6 Distributed Implementation

In addition to a centralized version of the GA-based multipath routing, we also investigate

how to develop an effective distributed implementation for practical systems. Our approach

is to implement our cross-layer routing algorithms by incorporating some proven ideas from

existing network layer ad hoc routing algorithms.

2.6.1 A Distributed Implementation Architecture

Existing routing protocols can be roughly categorized as proactive, whereby a consistent and

up-to-date view of the network is always maintained, and reactive, whereby route discovery

is performed on-demand. We believe that the proposed GA-based routing is most suitable

to be implemented within the proactive ad hoc routing paradigm. Our choice is motivated

by the following two important and practical considerations. First, it is necessary to make

quick routing decisions whenever a new MD video request arrives. The readily available route

information under a proactive paradigm is well suited for this purpose, which can reduce

session initiation delay for real-time multimedia applications. Second, for many applications
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Figure 2.13: A distributed implementation architecture of the GA-based multipath routing.

(e.g., search and rescue), it is highly desirable to maintain an accurate network topology and

link state information at an ad hoc node for administrative purposes.

Since an effective operation of cross-layer multipath routing requires the knowledge of a set

of end-to-end paths, at the core of distributed implementation are efficient means to build

and maintain network topology and link statistics databases at each node. To this end, we

find that the class of link state routing protocols, such as the Optimized Link State Rout-

ing protocol (OLSR) [19] and Topology Dissemination Based on Reverse-Path Forwarding

(TBRPF) [43], are suitable for this purpose. Figure 2.13 depicts an implementation architec-

ture of the proposed GA-based multipath routing at an ad hoc node. This implementation

works in a completely distributed manner, and thus does not depend on any central entity

in the network. We briefly describe the operations of its key modules.

Neighbor Discovery

Each node should detect its neighbor nodes to which a wireless link exists. This can be

accomplished by periodically broadcasting HELLO messages containing information about

neighbors and their link status to its one-hop neighbors. Each node continuously measures

the link metrics, such as bandwidth, loss rate, and delay. Several effective algorithms for

such measurements (e.g., those proposed in [1]) can be used for this purpose.
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Link State Updates

As with other link state routing protocols, our implementation also periodically broadcasts

link state advertisements (LSA) to the entire network to distribute network topology infor-

mation and link statistics. To reduce the control traffic overhead, we can use the MultiPoint

Relay (MPR) technique [19] to minimize the flooding of control messages. With MPR, each

node in the network selects a subset of its one-hop neighbors for retransmitting its packets,

such that (1) all of its two-hop neighbors can be covered by the retransmissions, and (2) the

number of retransmissions is minimized. It has been shown that the MPR technique can

effectively suppress control traffic overhead. Furthermore, the denser and larger a network

is, the more reduction can be achieved [19].

Link State Database

When a node receives LSAs from other nodes, it examines the message and extracts new link

state information from the messages. Then, newly-learned links, as well as their metrics, are

pooled in a link state database, which contains the learned topology of the wireless ad hoc

network and the metrics of every learned link. Each link item (along with its corresponding

metrics) is associated with a sequence number, which is set to the sequence number of

the LSA message from which this link item was learned. Therefore, a stale item will be

overwritten by a fresher item, making the link state database consistent and up-to-date.

GA-based Multipath Routing

When the link state database is available, we can apply the GA-based multipath routing to

compute a set of routes from this node to other nodes in the network, as discussed in the

previous sections. When the paths are computed, the next question is how to establish the

paths for a video session. This could be done with source routing, in which each data packet

carries the entire path in the packet header [32]. Each intermediate node forwards a packet

to the next hop node based on the path information carried in the header. With source

routing, there is no need to use routing tables in packet forwarding, and intermediate nodes
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do not need to maintain flow information for the video session. This approach is particularly

suitable for small and medium-sized networks. When network size increases, the overhead

incurred by carrying paths in the packet could be high. Consequently, a technique such

as soft flow states [30] can be used to minimize such overhead in the packet header. With

soft flow states, only the first packet contains the full path information. As the first packet

travels from source to destination, the flow state mechanism allows each intermediate node

to record the address of the next hop along this source route. Subsequent packets from the

same flow may then be forwarded along the same route without the need to carry the same

source routing information in the packet. Such per-flow state will be refreshed by a new

packet belonging to the same flow, and will expire after a timeout period.

2.6.2 Performance Issues

Link state routing protocols are quite successful in IETF standardization. In fact, two of the

three existing RFCs for MANET routing, OLSR and TBRPF, follow the link state paradigm.

It has been shown that the overhead associated with maintaining a link state database can

be effectively minimized by either using MPRs, as in OLSR [19], or by reporting partial

topology information in the LSAs and using “differential” HELLO messages that report

only changes in neighbor status, as in TBRPF [43]. Our initial distributed implementation

experience shows that, with proper design extension and changes, proactive distributed pro-

tocols can be used to build and maintain a link state database for the GA-based distributed

implementation.

Another practical consideration for the GA-based approach is computation time. Since GA

evolves a population of solutions over a large number of generations, it may have higher

computational complexity than trajectory methods or network-centric multipath routing

schemes. Our numerical results show that a properly designed GA can compute very good

routes for ad hoc networks with small and moderate sizes (e.g., 50 nodes as in Figure 2.8)

in several hundred milliseconds, which are fast enough for practical uses. Incidentally, it

has been shown in [3] that a GA-based algorithm is faster than Dijkstra’s algorithm as the

network size increases. Furthermore, our numerical results show that with GA, the great-
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est improvement in fitness value is achieved after a small number of generations, and the

improvement gets much smaller after these initial generations (see Figure 2.8). Therefore,

there is a trade-off between solution optimality and computation time. For a delay-sensitive

real-time application, GA can compute a set of “good” routes very quickly, and the appli-

cation can use these “good” routes after a very small delay. As GA continues to evolve, the

routes used by the application can be updated with newly computed better set of routes for

enhanced performance.

2.7 Related Work

Multipath routing has been an active research area over the years. Various algorithms have

been proposed to compute k-shortest paths [22], node- or link-disjoint paths [46, 58], or

braided multiple paths [41]. Given multiple paths, traffic proportioning schemes are also de-

signed to disperse traffic to the paths for an increased end-to-end throughput, load balancing,

and fast failure recovery [28]. In the area of wireless ad hoc networks, many existing rout-

ing protocols are multipath-capable (e.g., Terminode Routing [15]). However, most of these

multipath routing algorithms are network-centric: they do not explicitly address application

layer performance issues from a cross-layer perspective, as illustrated in Section 2.5.

The problem of multipath routing for multimedia communications has recently been explored

in [8,12]. In [12], Begen et al. studied the multipath routing problem in the context of overlay

networks. Although path selection is formulated as an optimization problem that minimizes

video distortion, it is actually solved by an exhaustive search over the exponential solution

space. The fast heuristic algorithm proposed in [13] attempts to speed up the computation

by resorting to infrastructure support from the underlying network, which is not available

in ad hoc networks.

The potential of GA in addressing networking problems has been recognized in recent years.

For example, GA has been explored to address various networking problems such as routing

[3,10,60], admission control [62], channel assignment [24], network design [21], scheduling [42]

and buffer management [23]. In particular, Ahn and Ramakrishna [3] applied GA to the
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shortest path routing problem and compared its performance to Dijkstra’s algorithm. The

authors presented an elegant analysis on how to determine the optimal population size for the

problem studied. These efforts have made the important step in exploring the potential of GA

for network optimization. The research in this chapter builds upon these efforts and aims

to explore GA’s potential to address the more complex cross-layer optimization problem.

This problem is more substantial than the network-centric GA problems, since it not only

requires knowledge at the network layer, but also, an understanding at the application layer

(i.e., video coding capability) in order to fully exploit the design and optimization space

across the layers.

2.8 Summary

In this chapter, we studied the important problem of optimal multipath routing for MD video.

We formulated the multipath routing problem following an application-centric cross-layer

approach. We found that a GA-based approach is eminently suitable to address such optimal

routing problems, which involve complex objective functions and exponential solution spaces.

We consequently designed a GA-based algorithm to address this multipath routing problem

and found that this approach provides near-optimal results. We also developed a tight lower

bound for distortion, which can be used to evaluate the performance of a GA-based solution

as well as to establish its termination criteria. Although a GA-based approach is a centralized

algorithm in nature, we showed that it is amenable for distributed implementation in ad hoc

routing protocols. This work provides an important methodology for addressing complex

cross-layer optimization problems, particularly those involving the application and network

layers.



Chapter 3

MD Video Multicast in Wireless Ad

Hoc Networks

3.1 Introduction

In this chapter, we study the important and more difficult problem of multicasting MD

video in wireless ad hoc networks. Although multicast routing for ad hoc networks has

been explored in prior research (see, e.g., [51, 52]), previously proposed approaches are not

quite suitable for MD video applications for several reasons. First, many existing algorithms

use a single network-layer metric in routing. But video quality is usually determined by

more than one metric, such as loss, delay, jitter, and available bandwidth. Optimizing one

metric could lead to significant degradation in the other [34]. As a result, single network-

layer metric based approaches do not necessarily offer optimal video quality. Second, many

existing protocols are based on Dijkstra’s algorithm, which requires additive routing metrics.

For multimedia-centric routing, there exists a highly complex relationship pertaining to the

contribution of any link to the video quality, which depends in general on the other links

that are included in a fashion that has no particular structural property such as additivity

and convexity. Consequently, there remain important open problems in multicast routing

for MD video in wireless ad hoc networks.

37
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We present an efficient MD video multicast scheme aiming to cope with the above issues.

With this scheme, a number of multicast trees are used, with each multicast tree supporting

one video description. Further, we propose each description be coded into a base layer and

a number of enhancement layers. Packets belonging to the same description from both the

base layer and enhancement layer are therefore transmitted on the same tree. We show that

this MD video multicast approach can effectively deal with frequent link failures and diverse

link qualities in wireless ad hoc networks. First, since a receiver is a member of multiple

trees, it is connected to the source node via multiple paths. When a path is broken due to a

failed link, the other path(s) may still be in a good condition, assuming link failures in the

network are independent. As a result, such path diversity provides enhanced error resilience

to an MD video session [6, 38]. Second, due to highly diverse wireless links, the end-to-end

bandwidths from the sender to the receivers (called path bandwidth throughout this chapter)

are also highly diverse. It is desirable to code each description into a number of layers, so

that a receiver with a high path bandwidth can subscribe the maximum number of layers of

the corresponding description that are allowed by its path bandwidth for best video quality.

Figure 3.1 illustrates the proposed multicast scheme for MD video. Since the video session is

coded into two descriptions, two multicast trees are needed. Note that each video description

is further coded into a base layer and an enhancement layer. In the example, the path from

the sender to Receiver 2 in Tree 1 has enough path bandwidth for both layers of Description

1. But in Tree 2, the path bandwidth between the sender and Receiver 2 only has enough

bandwidth for the base layer of Description 2.

Within the proposed multi-tree multi-layer scheme for MD multicast, the most difficult

problem lies in how to find multiple trees such that the overall video quality is optimized.

To address this problem, we take an application-centric, cross-layer approach to formulate

MD video multicast routing as a combinatorial optimization problem. In contrast to previous

work [48, 51, 52, 63], our objective is to optimize the application layer performance metric,

i.e., video distortion. It turns out that the optimization problem is highly complex and

is expected to be NP-complete. As a result, it is desirable to develop efficient heuristic

algorithms in practice. We find that Genetic Algorithms (GA) [9] are eminently suitable

for addressing problems of this type, which have complex objective functions and large,
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Figure 3.1: MD video multicast using two trees.

unstructured combinatorial solution spaces. We construct a GA-based solution procedure,

and demonstrate its efficacy through extensive performance studies.

The remainder of this chapter is organized as follows. In Section 3.2, we formulate the

problem of finding a pair of optimal multicast trees. In Section 3.3, we present a GA-

based metaheuristic solution procedure. Section 3.4 presents our performance studies of the

proposed approach. Related work is discussed in Section 3.5, and Section 3.6 concludes the

chapter.

3.2 Problem Formulation

We model an ad hoc network with N nodes and L links as a directed graph G(N ,L). As

we discussed in Chapter 2, accurate and computationally efficient characterization of an

end-to-end path is very difficult and still remains an open problem. So we still focus on the

network layer characteristics in this chapter, assuming that the physical layer and MAC layer

dynamics are translated into network layer parameters. For example, we could characterize

a link {i, j} ∈ L by the available capacity of link {i, j}, cij; the probability with which

link {i, j} fails, pij; the fixed, or the minimum delay of link {i, j}, τij; the mean delay of

link {i, j}, tij; and the jitter of link {i, j}, δ2
ij. We focus on bandwidth, failure probability,

and delay because these are the key characteristics of wireless links, as well as key factors
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Table 3.1: Notation

G{N ,L} : graph representation of the network

N : the set of vertices in the network

L: the set of edges

s : source node

M: the set of receivers

r : a tagged receiver

{i, j} : a wireless link from node i to j

cij : available capacity of link {i, j} ∈ L

pij : probability with which link {i, j} fails

τij : fixed, or minimum delay of link {i, j}

tij : mean delay of link {i, j}

δij: jitter of link {i, j}

d0 : distortion when both descriptions are received

dh : distortion when only Description h is received

σ2 : variance of the video source

Th : the h-th multicast tree

Ph
r : the path from s to r in Tree h

Bh
base : bandwidth of the base layer of Description h

Bh
tot : total bandwidth Description h

Rh
base : bit rate of the base layer of Description h

Rh
tot : total bit rate of Description h

P b
00 : probability of receiving both base layers

P e
00 : probability of receiving both enhancement layers

P b
01 : probability of receiving Desc. 1’s base layer only

P e
01 : probability of receiving Desc. 1’s enhancement layer only

P b
10 : probability of receiving Desc. 2’s base layer only

P e
10 : probability of receiving Desc. 2’s enhancement layer only

P b
11 : probability that both base layers are lost

P e
11 : probability that both enhancement layers are lost

Dr : the average distortion of Receiver r

xh
ij : routing index variable associated with link {i, j} in Tree h

uh
i : routing index variable associated with node i in Tree h

∆r : the decoding deadline of Receiver r
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that determine video distortion (see Section 3.2.1). Table 3.1 lists the notation used in the

chapter.

3.2.1 Rate-Distortion Model for MD Video

Similar to the problem in last chapter, a rate distortion model describes the relationship

between the bit rate and the achieved distortion. We consider a sender generating two

descriptions, each being encoded into two layers. For a receiver, denote dh the achieved

distortion when only Description h is received, h = 1, 2, and d0 the distortion when both

descriptions are received. Note that when both descriptions are lost, the distortion is σ2.

Clearly, d0, d1, and d2 are functions of the description rates. Let Rh
base be the base layer

rate and Rh
tot the total rate (i.e., the aggregate rate of the base and enhancement layer) of

Description h, h = 1, 2. For the two base layers (each from a description), denote P b
00 the

probability of receiving both base layers; P b
01 the probability of receiving Description 1’s

base layer only; P b
10 the probability of receiving Description 2’s base layer only; and P b

11 the

probability of receiving neither of these base layers. For the two enhancement layers (each

from a description), we define the probabilities P e
00, P e

01, P e
10, and P e

11 in the same fashion.

As will be shown in Section 3.2.2, we choose the base layer rates for the two descriptions such

that any receiver can have enough path bandwidths for both base layers. However, a receiver

having a low path bandwidth from a tree may not be able to receive the enhancement layer

from that tree (e.g., the enhancement layer is dropped at an upstream bottleneck link in the

tree). According to a receiver’s two path bandwidths and the rates of the layers, the layers

it can receive can be classified into the following four cases (see the example in Figure 3.1):

• Case I: it can receive base layers and enhancement layers from both trees (e.g., Receiver

1 in Figure 3.1);

• Case II: it can receive base and enhancement layers from Description 1 but only base

layer from Description 2 (e.g., Receiver 2 in Figure 3.1);

• Case III: it can receive base and enhancement layers from Description 2 but only base
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layer from Description 1 (e.g., Receiver 3 in Figure 3.1);

• Case IV: it can only receive the base layers from the two descriptions (e.g., Receiver 4

in Figure 3.1).

Then, for Case I, the average distortion can be computed as:

Dr = P b
00

{

P e
00d0(R

1
tot, R

2
tot) + P e

01d0(R
1
tot, R

2
base) + P e

10d0(R
1
base, R

2
tot) + P e

11d0(R
1
base, R

2
base)

}

+

P b
01

{

[P e
00 + P e

01]d1(R
1
tot) + [P e

10 + P e
11]d0(R

1
base)

}

+

P b
10

{

[P e
00 + P e

10]d2(R
2
tot) + [P e

01 + P e
11]d2(R

2
base)

}

+ P b
11σ

2, (3.1)

For Case II, the average distortion can be computed as:

Dr = P b
00

{

P e
01d0(R

1
tot, R

2
base) + P e

11d0(R
1
base, R

2
base)

}

+ P b
01

{

P e
01d1(R

1
tot) + P e

11d1(R
1
base)

}

+

P b
10d2(R

2
base) + P b

11σ
2. (3.2)

The average distortion for Case III can be computed similarly as (3.2) due to symmetry. For

Case IV, the average distortion can be computed as:

Dr = P b
00d0(R

1
base, R

2
base) + P b

01d1(R
1
base) + P b

10d2(R
2
base) + P b

11σ
2. (3.3)

Similarly, we have the rate-distortion region for two-description video [4] as



















d0(R1, R2) = 2−2(R1+R2)

2−2R1+2−2R2−2−2(R1+R2) · σ
2

d1(R1) = 2−2R1 · σ2

d2(R2) = 2−2R2 · σ2.

(3.4)

3.2.2 Computing End-to-End Statistics

Consider a multicast session with sender s and a set of receivers M. The session uses two

trees {T1, T2}, each rooted at sender s. Before formulating the optimal multicast routing

problem, we need to compute the average distortion Dr of a receiver r ∈ M as a function

of link statistics for a given pair of trees. Note that we do not mandate disjoint trees, which

will unnecessarily shrink the solution space for optimization.
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End-to-End Delay: For a tagged receiver r ∈ M, let the path from the source s to

r in tree Th be Ph
r , h = 1, 2. To model end-to-end delay, we follow the approach in [18].

For receiver r, the end-to-end delay on its path Ph
r , denoted as thr , could be modeled as a

“shifted” Gamma distribution:

y(thr ) =
αh

r

Γ(nh
r )

[

αh
r · (t

h
r − τh

r )
]nh

r−1
e−αh

r ·(t
h
r−τh

r ), (3.5)

for thr ≥ τh
r , h = 1, 2. The end-to-end delay from sender s to receiver r can be interpreted

as the total delay of going through nh
r nodes, each with a processing delay of τh

r /nh
r and

an exponentially distributed queueing delay (with mean αh
r ). The parameters of the shifted

Gamma distribution can be estimated from the link statistics as:






















τh
r =

∑

{i,j}∈Ph
r

τij h = 1, 2,∀r ∈ M,

αh
r =

∑

{i,j}∈Ph
r

tij−
∑

{i,j}∈Ph
r

τij
∑

{i,j}∈Ph
r

δ2
ij

h = 1, 2,∀r ∈ M,

nh
r =

(
∑

{i,j}∈Ph
r

tij−
∑

{i,j}∈Ph
r

τij)
2

∑

{i,j}∈Ph
r

δ2
ij

h = 1, 2,∀r ∈ M.

Success Probabilities: As indicated in (3.1) and (3.4), the video distortion is the highest

when both descriptions are lost, since σ2 is generally much larger than d0, d1, and d2. In

order to reduce the possibility of simultaneously losing both descriptions, the correlation

of the loss processes of the two descriptions should be minimized at best [8]. It has been

shown in previous work, e.g., [50], that packet interleaving can effectively reduce such a

correlation and achieve a significantly improved video quality at the cost of an additional

fixed interleaving delay. Consequently, we assume that video packets are interleaved with an

appropriate interval (i.e., larger than the time-scale of link dynamics) before transmission,

such that packet losses within the same frame are relatively independent.

Then, the probability of receiving a video packet before its decoding deadline ∆r by receiver

r (excluding the constant interleaving delay) from tree h is:

qh
r =

[

∏

{i,j}∈Ph
r
(1 − pij)

]

· Pr(thr ≤ ∆r), h = 1, 2.

For Case I where the receiver can receive base and enhancement layers for both descriptions,
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the joint probabilities of receiving the layers can be computed as:






























P b
00 = q1

r · q
2
r

P b
01 = q1

r · (1 − q2
r)

P b
10 = (1 − q1

r) · q
2
r

P b
11 = (1 − q1

r) · (1 − q2
r)

and































P e
00 = q1

r · q
2
r

P e
01 = q1

r · (1 − q2
r)

P e
10 = (1 − q1

r) · q
2
r

P e
11 = (1 − q1

r) · (1 − q2
r).

(3.6)

For the remaining three cases, the probabilities of receiving the base layers are the same as

in Case I. For the probabilities of receiving the enhancement layers, we have the following

according to which enhancement layer can be received: (i) Case II: P e
00 = 0, P e

01 = q1
r ,

P e
10 = 0, and P11 = (1 − q1

r); (ii) Case III: P e
00 = 0, P e

01 = 0, P e
10 = q2

r , and P11 = (1 − q2
r);

(iii) Case IV: P e
00 = 0, P e

01 = 0, P e
10 = 0, and P e

11 = 1.

Optimal Video Rates: Consider a receiver r and its two associated root paths {P1
r ,P2

r }.

We can classify the links within the two paths as the set of joint links, denoted as J (P1
r ,P2

r ),

and the sets of disjoint links, denoted respectively as J̄ (Ph
r ), h = 1, 2. The minimum

bandwidth of J (P1
r ,P2

r ) is defined as:

Bjnt
r =







B(J (P1
r ,P2

r )) if J (P1
r ,P2

r ) 6= ∅;

∞ otherwise,

where B(P) ≡ min{i,j}∈P{cij}. Then, the path bandwidths of receiver r are:






Bh
r = B(Ph

r ) if
∑2

h=1 B(Ph
r ) ≤ Bjnt

r , h = 1, 2;

B1
r + B2

r ≤ Bjnt
r otherwise.

(3.7)

The first case of (3.7) is for the situation when the joint links are not the bottleneck of the

paths, while the second case of (3.7) is for the situation where one of the joint links is the

bottleneck of both paths. In the latter case, we split the bandwidth of the shared bottleneck

link in proportion to the mean success probabilities of the two root paths.

Once the path bandwidths are found, we need to determine the optimal bandwidths of the

layers for each description. Clearly, all of the receivers should be able to receive the base

layers in order to effectively decode the descriptions. Thus, we set the base layer bandwidth

of Description h to:

Bh
base = min

r∈M
{Bh

r }, h = 1, 2. (3.8)
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The total bandwidth of Description h, Bh
tot, should be within the range

[

Bh
base, maxr∈M{Bh

r }
]

.

For a chosen Bh
tot, receivers that satisfy Bh

r ≥ Bh
tot can receive both layers of Description h;

other receivers with Bh
r < Bh

tot can only receive the base layer of Description h.

It can be shown that the average distortion of a receiver, Dr, is a non-increasing function of

the rate Bh
tot, h = 1, 2 [36]. Therefore, for a fixed Bh

tot, the total distortion of all receivers

is a piece-wise non-increasing function of B3−h
tot with discontinuous jumps at B3−h

r , r ∈ M.

An example with four receivers is illustrated in Figure 3.2, where the total distortion is

plotted as a function of B1
tot for a fixed B2

tot, assuming that Bh
1 < Bh

2 < Bh
3 < Bh

4 , h = 1, 2.

In this example, B1
base is set to B1

1 , as given in (3.8). The total distortion is the highest

when B1
tot = B1

1 , since no enhancement layer for Description 1 can be received by any of the

receivers. If we fix B2
tot and increase B1

tot, the total distortion keeps on decreasing, due to

the monotonicity property of (3.1) [36]. When B1
tot reaches B1

2 , there is a sudden increase in

the total distortion, since Receiver 2 cannot receive the enhancement layer anymore, and so

forth. We find that for a fixed B2
tot, we only need to evaluate the total distortion at three

points, i.e., B1
tot = B1

r , r = 2, 3, 4, in order to find the optimal B1
tot, which is B1

tot = B1
3 in

this example.

Figure 3.3 plots the total distortion for all feasible combinations of B1
tot and B2

tot. We find that

the same monotonicity property holds true in this case. Due to the monotonicity property

of (3.1), we only need to examine the total distortion at points {B1
i , B

2
j }, i, j ∈ {2, 3, 4},

in order to find the optimal total rates that minimize the total distortion. In general, if

there are Kh different path bandwidths in tree Th, h = 1, 2, we only need to evaluate the

total distortion at (K1 − 1) · (K2 − 1) bandwidth combinations in order to find the optimal
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bandwidth for both descriptions. Note that the associated computational burden is low,

since many wireless links operate at a small number of fixed bandwidths (e.g., K1 = K2 = 4

for a wireless LAN link).

After Bh
tot and Bh

base, h = 1, 2, are computed, the rates of the descriptions, in bits per pixel,

can be determined as:






Rh
tot = ρ · Bh

tot, h = 1, 2,

Rh
base = ρ · Bh

base, h = 1, 2,
(3.9)

where ρ = γ ·W ·H ·Rf for a video with frame rate Rf and frame size W ×H; γ is a constant

as determined by the chroma subsampling format (e.g., γ = 1.5 for the quarter common

intermediate format (QCIF)).

3.2.3 The Multicast Routing Problem

To construct the problem formulation, we define the following two sets of variables in order

to describe the choice of trees. For every link {i, j} ∈ L, define

xh
ij

def
=







1, if {i, j} ∈ Th;

0, otherwise, h = 1, 2.
(3.10)
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For every node i ∈ N , define

uh
i

def
=







number of hops from s to i, i ∈ Th

0, i /∈ Th, h = 1, 2.
(3.11)

Then, we formulate the optimal MD video multicast routing problem (OPT-MM) as follows.

OPT-MM Given a wireless ad hoc network G{N ,L} and a multicast session {s,M},

find a pair of trees {T1, T2}, such that the total video distortion of all the receivers in M is

minimized. That is:

Minimize: D =
∑

r∈MDr (3.12)

subject to:

xh
ij ≤

∑

k:{k,i}∈L

xh
ki, ∀i 6= s,∀j /∈ {i, s} : {i, j} ∈ L, h = 1, 2 (3.13)

∑

j:{j,i}∈L

xh
ji = 1, i ∈ M, h = 1, 2 (3.14)

∑

j:{j,i}∈L

xh
ji ≤ 1, ∀i ∈ N\M, h = 1, 2 (3.15)

uh
i − uh

j + N · xh
ij ≤ N − 1, ∀i, j ∈ N , h = 1, 2 (3.16)

x1
ij · R

1
tot + x2

ij · R
2
tot = (1 − ε) · ρ · cij, for some ε ∈ [0, 1],∀{i, j} ∈ L(3.17)

xh
ij ∈ {0, 1}, ∀{i, j} ∈ L, h = 1, 2 (3.18)

uh
i ∈ {0, 1, · · · , N − 1}, ∀i 6= s, h = 1, 2. (3.19)

In Problem OPT-MM, constraints (3.13)–(3.16) represent the choice of a pair of trees. More

specifically, Constraint (3.13) regulates the input-output relation of an arbitrary node, i.e.,

a node can forward a video stream only if it receives a video stream from its parent node;

Constraint (3.14) guarantees that all member nodes are connected in the tree (with a single

parent node); constraints (3.15) and (3.16) ensure the loop-free property of trees. Constraint

(3.17) guarantees that the links are stable.

In its simplest form, i.e., when there is only one receiver in the group, Problem OPT-MM

reduces to a QoS routing problem with two additive (delay and jitter), one multiplicative

(loss), and one concave (bandwidth) metrics. Such a problem has been shown to be NP-

complete in [61]. It is also worth noting that our problem is a far more complex variant of the
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Figure 3.4: The GA-based multicast routing.

traditional Steiner tree design problem [31]. Therefore, we expect that Problem OPT-MM is

also NP-complete. Furthermore, we note that for enhancing the model from the viewpoint

of solvability, there exist several ways of tightening the representation of the constraints

(3.13)–(3.19) with respect to the convex hull of feasible solutions as expounded by Sherali

and Driscoll [57], for example. While this could be useful in a mathematical programming

approach for solving Problem OPT-MM, or some relaxation thereof, we will be pursuing a

metaheuristic procedure in the sequel.

3.3 A GA-based Metaheuristic Solution

Like our solution to the problem in Chapter 2, an effective strategy to address Problem

OPT-MM is to view it as a “black-box” optimization problem and to explore an effective

metaheuristic approach [16]. We find that Genetic Algorithms (GA) [9] are also quite suitable

for addressing this complex problem. The basic framework for our GA-based multicast

routing solution procedure is illustrated in Figure 3.4. We discuss each component in the

sequel.

Coding and Initialization: Under GAs, it is critical to represent a solution in a proper

form. In our approach, a solution for Problem OPT-MM is a pair of trees. In our implemen-

tation, we use an adjacency matrix Ah to describe the connectivity in tree h, h = 1, 2. That

is, if ah
ij = 1, link {i, j} is in tree Th, h = 1, 2; if ah

ij = 0, link {i, j} is not in tree Th, h = 1, 2.

Thus, we characterize a solution for our problem as a pair of such adjacency matrices.1

1The adjacency matrix data structure has an O(N2) storage requirement. The tree-list data structure as

described in [11] can be used to reduce the storage to O(3N).
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With such encoding of solutions, we next generate an initial population. In order to make the

individuals evenly distributed across the entire search space, we take a random construction

approach. Starting with sender s, we randomly pick links emanating from s and include

them (along with the “to-nodes” at which these links are incident) into the partial tree.

Note that we only choose new links at each step for which exactly one end node is in the

current partial tree in order to avoid loops, until all member nodes are included in the tree.

After creating a number of trees in this manner, an individual can be created by randomly

pairing the trees. An unbiased initial population is thus generated.

Genetic Operations: Genetic operations operate on the individuals according to their

fitness values. The fitness of an individual f(x̄), x̄ ≡ {T1, T2}, is closely related to its objective

value. Since the objective is to minimize the total distortion, we define fitness as the inverse

of the distortion value: f(x̄) = 1/D(x̄). This simple definition appears to work very well

computationally in our simulations.

By the selection operation, we select the individuals that have more potential to produce

better offsprings in terms of the fitness value. In our implementation, we experimented with

both the Tournament scheme, where we randomly pick k = 2 individuals from the population

and choose the one having a higher fitness value, and the Roulette scheme, where each

individual is chosen with a probability in proportion to its fitness value. We found that the

differences among the individual fitness values were generally small. With Roulette selection,

the selection probabilities tend to be close to a uniform distribution, which decreases the

selection pressure and slows down the convergence. However, using Tournament selection

we are able to keep sufficient selection pressure as well as population diversity.

Crossover mimics the genetic mechanism of reproduction in the natural world, where genes

from parents are recombined and passed to the offspring. For a pair of parent individuals,

we first randomly choose a tree from each of them. Then, we find a common link in these

two selected trees and exchange the corresponding subtrees connected by this link. After

swapping the subtrees, we also check the two graphs obtained and make sure that they are

feasible, i.e., they are loop free and include all the receiver nodes. If no such common link

exists, we simply swap the two selected trees directly between the two parents. For two
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parents, crossover is performed with a probability θ, called the crossover rate.

Mutation is the key ingredient of genetic algorithms. It is used to diversify the gene pool of

the population, thus keeping the computation from being trapped at a local optimum. By

randomly changing (mutating) one or more genes in an individual, the mutation produces a

new individual with a random “jump” into a new area in the solution space. This operation

therefore enables a wider exploration. In our algorithm, we randomly choose a link in a

multicast tree (e.g., a link having a low bandwidth or a high failure probability). Removing

this link results in two subtrees. Then, we add back a link or a branch that will connect the

two subtrees with no loops. For an individual, the probability of being mutated is called the

mutation rate µ.

Termination and Output Trees: As discussed, GA evolves a population of solutions

toward the optimum. Generally, the more generations, the closer the GA solutions will be to

the optimum. The termination condition in Figure 3.4 could be based on the total number

of iterations, the maximum computational time, a threshold of desired video distortion, or

a combination of these conditions.

Upon termination, the best individual (i.e., the one having the highest fitness value f ∗) in

the final population is taken as the solution to Problem OPT-MM. Note that in the final

population, there may be more than one solution having this best-found fitness value f ∗. It

is also highly likely that there are other solutions having fitness values close to f ∗. These

solutions can be kept as back-ups for the multicast session, and can be used when the quality

of the selected pair of trees deteriorates, thus reducing the need for executing the routing

process for every tree interruption [51].

3.4 Performance Evaluation

In this section, we compare the performance of the GA-based multicast scheme with two rep-

resentative network-centric algorithms, which are based on Dijkstra’s shortest path routing

algorithm. The first algorithm, the Bounded Shortest Multicast Algorithm (BSMA) algo-
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rithm presented in [48], is designed to construct minimum-cost multicast trees with delay

constraints and has been shown to achieve the lowest cost among several existing algo-

rithms [52]. We extend BSMA to compute two trees, by running the algorithm twice, using

a link cost metric − log(1 − pij) for the first run and a link cost metric 1/cij for the second

run, in order to find a tree with the optimal loss characteristics and another tree with the

largest bandwidths. The same decoding deadline ∆ was used as a delay bound in BSMA.

In another work [51], Sajama and Haas presented the Independent-Tree Ad Hoc Multicast

Routing (ITAMAR) procedure for efficient multicast routing in ad hoc networks. ITAMAR

continuously maintains a set of multicast trees: one or more for the session to use and the

rest as backups, so that the time between a tree failure and rerouting is minimized. Among

the several algorithms proposed in [51], we implement the Shortest Path Heuristic (SPTH)

algorithm for comparison, using the link cost metric − log(1 − pij). After a pair of trees

are computed by these two algorithms, we apply the techniques in Section 3.2.2 to find the

optimal rates for the descriptions and we compute the achieved distortion using (3.1).

3.4.1 Performance Comparison

For each experiment, we generate a wireless ad hoc network by placing a number of nodes at

random locations in a square region. Connectivity is determined by the distance coverage of

each node’s transmitter. The source node s and the receivers r ∈ M are randomly chosen.

For every link, the failure probability is randomly chosen from [0, 1] with a truncated expo-

nential distribution (having a mean of 0.01); and the available link bandwidth is randomly

chosen from [100 Kb/s, 800 Kb/s] according a uniform distribution, evenly spaced at 100

Kb/s intervals. The fixed delay τij and mean delay tij of a link are set to 5 ms and 30 ms,

respectively; the jitter δij is randomly chosen from [7ms, 17ms] according to a uniform dis-

tribution, ∀{i, j} ∈ L. We set σ2 to 1, since it only affects the absolute value of distortion,

but does not affect path selection decisions.

The achieved average distortions by the various schemes are listed in Table 3.2, each being

the average of 10 runs, for different network sizes and multicast groups. We find that the
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Table 3.2: Average distortion achieved by GA and the two existing approaches

Ad Hoc Network 15-node (∆=100 ms) 30-node (∆=150 ms) 50-node (∆=250 ms)

Multicast Group Dense (12) Sparse (3) Dense (25) Sparse (5) Dense (40) Sparse (10)

BSMA 0.664 0.704 0.892 0.780 0.708 0.788

ITAMAR-SPTH 0.655 0.637 0.721 0.609 0.702 0.824

GA-based Routing 0.412 0.360 0.515 0.485 0.533 0.528

GA-based approach significantly outperformed the two network centric approaches in all of

the cases studied. This is mainly due to the fact that both BSMA and ITAMAR-SPTH

only optimize the network layer performance metrics, which does not necessarily achieve an

optimal application layer performance. An interesting observation from Table 3.2 is that the

improvement achieved by the GA-based multicast routing over other schemes is higher for

sparse multicast sessions. This is because for sparse sessions, fewer receivers are involved and

there is a greater freedom for the GA-based routing to select links, while the two network-

centric algorithms do not explore this freedom very well since they are constrained by their

shortest path routing objective.

3.4.2 GA versus ITAMAR-SPTH

Among the three schemes listed in Table 3.2, ITAMAR-SPTH has a performance closest

to the GA-based routing in terms of distortion values. Therefore, we run ITAMAR-SPTH

and the GA-based routing for a five-member group in a 15-node network, and compare

the PSNRs of the reconstructed video frames, in order to demonstrate the efficiency of

the proposed scheme. We use an H.263+ codec (originally from the University of British

Columbia (UBC)) and the 400-frame “Foreman” trace in the QCIF format. We employ the

same time-domain partitioning coding scheme as we do in Chapter 2. The video sequence is

encoded with a frame rate of 30 fps and an intra MB refresh rate of 1/10. When necessary,

the SNR scalable coding is used to code each description into two layers. We implement

the off-line rate control for the enhancement layer, which is not available in the original

UBC distribution. Each group of blocks (GOB) is transmitted in a packet to make them

independently decodable.
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The qualities of the trees found by both schemes are presented in Table 3.3. In general,

GA is comparable to ITAMAR-SPTH in terms of the success delivery ratio. This is due to

the fact that ITAMAR-SPTH uses link loss rates as the routing metric when determining

the trees. However, ITAMAR-SPTH does not consider bandwidths and delays in the algo-

rithmic design, making the delay and the bandwidth of the resulting trees unpredictable.

For example, a receiver may have an extremely high delay such that almost all of the video

packets are overdue (e.g., Receiver 3, Description 2). On the other hand, the GA-based

routing optimizes video distortion directly, which is a compound function of the link statis-

tics. Consequently, the GA-based approach achieves much higher video rates than does

ITAMAR-SPTH. Such higher video rates greatly reduce the distortion caused by the lossy

video coder. On average, the GA-based multicast routing achieves a 3.72 dB improvement

in PSNR over the ITAMAR-SPTH algorithm in this experiment.

Table 3.3: GA-based routing versus ITAMAR-SPTH

ITAMAR-SPTH (∆=100 ms) GA (∆=100 ms)

Receiver 1 2 3 4 5 1 2 3 4 5

Desc. 1 succ. ratio 95.6% 47.1% 86.2% 84.2% 99.5% 98.8% 56.6% 98.3% 98.9% 99.6%

Desc. 2 succ. ratio 99.3% 98.5% 0.2% 98.6% 99.0% 98.1% 99.6% 99.3% 97.9% 98.8%

Desc. 1 BL rate (Kb/s) 100 100 100 100 100 200 200 200 200 200

Desc. 1 EL rate (Kb/s) 0 0 0 0 300 0 300 0 300 300

Desc. 2 BL rate (Kb/s) 100 100 100 100 100 100 100 100 100 100

Desc. 2 EL rate (Kb/s) 0 0 0 0 0 300 0 300 300 300

Mean PSNR (dB) 29.53 24.16 24.38 27.55 30.95 31.64 28.63 31.43 31.75 31.70

We also plot the PSNR curves for three representative receivers in Figures 3.5, 3.6, and

3.7, respectively. The GA PSNR curves are well above the ITAMAR-SPTH curves for most

of the frames. It can be seen that the GA-based routing attempts to achieve a balanced

quality for the two descriptions, yielding a better subjective video quality. This is due to the

symmetry of the description rates and loss probabilities in the objective function (see (3.1)).

Minimizing such an objective function will drive GA to find balanced trees. It is possible

to further reduce the quality difference between the two descriptions by using advanced MD

coders. In order to illustrate the decoded video quality, we present Frame 226 obtained by
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Figure 3.5: PSNRs of received frames by Receiver 1.
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Figure 3.6: PSNRs of received frames by Receiver 2.

receivers 1, 2, and 3 in Figure 3.8. For all the receivers, the perceived quality obtained by

the GA-based routing is much better than those obtained by ITAMAR-SPTH. Specifically,

the pictures obtained by ITAMAR-SPTH for receivers 2 and 3 are barely recognizable.

One advantage of the network-centric algorithms, such as BSMA and ITAMAR, is that they

have lower computational complexity than GA-based approaches. However, the efficiency

of the GA algorithm can be improved since it is well suited for parallel computation. In

addition, our numerical results show that with GA, the greatest improvement in fitness

value is achieved after a few initial number of generations, and subsequent improvements

are much smaller after these early generations. Therefore, for a delay-sensitive real-time

application, GA can compute a set of “good” trees for the application to use after a very
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Figure 3.7: PSNRs of received frames by Receiver 3.

(a) Receiver 1, GA-based routing. (b) Receiver 2, GA-based routing. (c) Receiver 3, GA-based routing.

(d) Receiver 1, ITAMAR-SPTH. (e) Receiver 2, ITAMAR-SPTH. (f) Receiver 3, ITAMAR-SPTH.

Figure 3.8: Reconstructed Frame 226 at the receivers.
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small delay. As GA continues to evolve, the trees can be dynamically updated with newly

computed (better) trees for enhanced performance.

3.5 Related Work

The most relevant work to this research is ITAMAR by Sajama and Haas [51], which has

been discussed in detail in Section 3.4. In this section, we discuss some other related work

that contribute to further background knowledge of this investigation.

Multicasting MD video was first discussed in CoopNet [45] in the context of application-level

multicast as a means to prevent web servers from being overwhelmed by a large “flash crowd.”

In CoopNet, clients form one or more distribution trees rooted at the server for live media

streaming. Video is coded into multiple descriptions, each sent on a different tree, in order to

reduce the disruption caused by node departures. CoopNet is quite effective for large-scale

media multicasting, since it complements the client-server architecture (thus achieving the

efficiency of centralized schemes) and exploits the unique strength in scalability of peer-to-

peer networks. However, the CoopNet approach is not suitable for MD video multicast in

ad hoc networks for the following reasons. First, the main design objective of CoopNet is to

make servers robust to “flash crowds,” with video quality as a secondary consideration. As

a result, routing is performed by packing the clients into short and largely balanced trees, in

which each tree edge is actually a (possibly large) number of network links. Such a logical link

level routing approach cannot be easily translated into a physical-level link routing, which is

the primary interest in this research. Second, CoopNet routing is not optimized in terms of

video quality. As a result, such an approach cannot be optimal in ad hoc networks. Finally,

the MD coding scheme used in CoopNet generates balanced descriptions. It does not consider

the possibility that different trees may have different bandwidths. Since link qualities in an

ad hoc network are highly diverse, such an approach may make the overall performance

dependent on the quality of the worst tree. Moreover, in CoopNet, each description is not

scalable (i.e., with a fixed rate). Thus, the performance of a tree is dependent on the quality

of its worst link.
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MD video streaming has been an active research area due to MD video’s unique error re-

silience and open-loop operation capabilities [6, 8, 14, 17, 36, 38]. An empirical MD rate-

distortion model has been presented in [8] for computing average video distortions from

loss probabilities of path links. The scheme in [14] also shows how to compute the average

video distortion from link statistics in the context of overlay networks for unicast MD video

streaming. These models can be easily incorporated into the framework presented in this

chapter. Some other works focus on end-system based schemes for supporting MD video

unicast streaming for a set of given paths [17, 18, 38]. The important problem of finding

multiple paths is not addressed.

QoS multicast routing has been an active research area for many years. Most of these

problems belong to the class of minimum or constrained minimum Steiner tree problems [31],

which are well-known to be NP-complete. Various efficient heuristic algorithms have been

proposed (e.g., BSMA [48]). We refer readers to [52] for a comparison study and [40] for a

survey of multicast routing protocols in ad hoc networks. Most of the proposed algorithms

aim to find a single tree using network layer performance metrics. As our numerical results in

the previous section show, such network-centric approaches do not necessarily deliver good

performance at the application layer.

In [63], Zhang and Leung propose an orthogonal genetic algorithm for multimedia multicast

routing, which is essentially a delay constrained Steiner tree problem. An interesting experi-

mental design method, called orthogonal design, is incorporated into the crossover operation

and is shown to greatly improve the convergence speed of the GA. In our earlier work [36],

a GA-based multicast routing scheme for unicast MD video streaming is presented. In this

chapter, we study a much more difficult problem of finding a pair of trees, while optimizing

the application layer performance (i.e., MD video distortion).

3.6 Summary

In this chapter, we proposed a multicast scheme for MD video over ad hoc networks, within

which multiple source trees are used. Furthermore, each video description is coded into
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multiple layers in order to cope with diversity in wireless link bandwidths. We followed

an application-centric, cross-layer approach and formulated the MD multicast routing into

a combinatorial optimization problem. Due to the complex nature of problem structure,

we pursued to develop efficient metaheuristic algorithm instead of exact analytic solution.

We found that Genetic Algorithms are highly suitable for such problems and consequently

developed a GA-based solution procedure for the MD multicast routing problem. Extensive

simulations demonstrate significant gains in video quality achieved over existing approaches

for a wide range of network operational conditions.



Chapter 4

Joint Routing and Server Selection

for MD Video Streaming

4.1 Introduction

With the rapid advances in wireless ad hoc networking, it is expected that techniques such as

caching and server replication have great potential in providing scalable multimedia services

in wireless ad hoc networks [47], due to their great success for content delivery in the Internet

[20].

Recent advances in Multiple Description (MD) coding have made it highly suitable for pro-

viding multimedia communications in wireless ad hoc networks [5, 27, 36, 38, 39], especially

for distributed media delivery. MD for distributed storage has been suggested in [27], where

a typical user would have fast access to the local video descriptions. For higher quality, one

or more remote descriptions could be retrieved and combined with the local ones. In wireless

ad hoc networks, links are much more diverse in terms of quality (e.g., available bandwidth

and loss) than links in wireline networks: any link in an ad hoc network could be highly

fragile with dynamic state conditions. In such an environment, pure server selection-based

algorithms, although effective in the Internet, may produce low video quality if the default

route links happen to have low available bandwidth or high loss rates.

59
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In this chapter, we study the important problem of joint routing and server selection for MD

video streaming in wireless ad hoc networks. In addition to selecting a pair of servers, we

also explore optimal routing strategies to find good paths to the servers. Such a joint routing

and server selection scheme opens a new dimension of freedom for further improving the MD

video quality, since it explores a much larger solution space than existing server selection

schemes.

Specifically, we first take an application-centric, cross-layer approach to formulate the joint

routing and server selection task as a combinatorial optimization problem that minimizes

the received video distortion. This problem is highly complicated, so the exact solutions

are hard to obtain. Instead, we present schemes to compute an upper bound and a lower

bound on the best achievable video distortion based on the monotonicity properties of the

objective function. In addition, the upper bound produces a near-optimal pair of servers

and a pair of corresponding paths for the client. The proposed approach is computationally

efficient and can be easily incorporated into existing routing protocols for ad hoc networks.

Our extensive numerical results show that the upper and lower bounds are very close to each

other for all the cases studied, indicating that they are very close to the global optimum.

We also observe significant gains in video quality achieved by the proposed approach over

existing server selection schemes, which justify the importance of jointly considering routing

and server selection for optimal MD video streaming in wireless ad hoc networks.

The remainder of this chapter is organized as follows. In Section 4.2, we formulate the

joint routing and server selection task as a combinatorial optimization problem. We then

examine the properties of the objective function and present algorithms for computing an

upper bound and a lower bound for the achievable optimal distortion in Section 4.3. Our

extensive experimental studies are presented in Section 4.4. We discuss practical issues in

Section 4.5 and related work in Section 4.6. Section 4.7 concludes the chapter.
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4.2 Problem Statement

In this section, we formulate the problem of joint routing and server selection for MD video

streaming in wireless ad hoc networks. The notation used in the following presentation is

given in Table 4.1.

Following the similar network definitions as we did in the previous chapters, we model a

wireless mobile ad hoc network as a probabilistic directed graph G{V,E}, where V is the

set of vertices and E the set of edges. We assume that nodes are reliable during the video

session, but a link may fail with certain probabilities. Similarly, we focus on network layer

characteristics in this chapter, assuming that physical and MAC layer dynamics of wireless

links are translated into network layer parameters.

4.2.1 Rate Distortion Model of MD Coding

Similar to the problems of multipath routing and multicast in previous chapters, we use

the double-description (DD) coding to illustrate the problem formulation, since it is most

widely used in MD video streaming in practice [4, 5, 12, 36, 38, 39]. For two descriptions,

each generated for a sequence of video frames, let dh denote the achieved distortion when

only description h is received, h = 1, 2, and d0 as the distortion when both descriptions are

received. Also, let P00 be the probability of receiving both descriptions, P01 the probability

of receiving Description 1 only, P10 the probability of receiving Description 2 only, and P11

the probability of losing both descriptions. Then, the average distortion of a received DD

video can be expressed as [4]:

D = P00d0 + P01d1 + P10d2 + P11σ
2, (4.1)

where σ2 is the variance of the source.

Let Rh be the rate in bits per sample of description h, h = 1, 2. We use the same rate-
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Table 4.1: Notation

G{V,E} : graph representation of the network.

V : set of vertices.

E : set of edges.

Sh : server set that hosts description h, h = 1, 2.

sh : a chosen server, h = 1, 2.

u : a client node.

Ph : a path from sh to u, h = 1, 2.

{i, j} : a link from node i to node j.

bij : available bandwidth of link {i, j}.

pij : success probability of link {i, j}.

lij : average loss burst length of link {i, j}.

Rh : rate of description h in bits per sample,h = 1, 2.

d0 : distortion when both descriptions are received.

dh : distortion when only description h is received,

h = 1, 2.

D : average video distortion.

Ton : average “up” period of the joint links.

P00 : probability that both descriptions are received.

P01 : probability of receiving description 1 only.

P10 : probability of receiving description 2 only.

P11 : probability that both descriptions are lost.

xh
ij : routing index variables, defined in (4.3).

αij: “up” to “down” transition prob. of link {i, j}.

βij : “down” to “up” transition prob. of link {i, j}.

pjnt : average success prob. of joint links.

ph
dj : average success prob. of disjoint links on Ph.

x∗
u : constructed upper bounding solution.

x∗
l : constructed lower bounding solution.
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distortion region as we did in the previous chapters [4]:


















d0 = 2−2(R1+R2)

2−2R1+2−2R2−2−2(R1+R2) · σ
2

d1 = 2−2R1 · σ2

d2 = 2−2R2 · σ2.

(4.2)

4.2.2 Computing Distortion for Two Given Paths

Within the network, let there be two sets of server nodes, denoted as Sh, each hosting

description h of a video in their cache or public directory, h = 1, 2. Note that these two sets

do not have to be disjoint. If S1∩S2 6= ∅, then nodes in S1∩S2 can offer both descriptions of

the video clip. For video streaming, usually the server nodes do not perform on-line coding.

Therefore, we assume that the descriptions have fixed and balanced rates, i.e., R1 = R2 = R.

Before we mathematically formulate the problem of joint routing and server selection, we

need to compute the average distortion D as a function of link statistics for a given pair of

servers and paths. We first define the following indices for describing the choice of a pair of

paths:

xh
ij =







1, if {i, j} ∈ Ph, ∀{i, j} ∈ E, h = 1, 2

0, otherwise, ∀{i, j} ∈ E, h = 1, 2.
(4.3)

With these index variables, an arbitrary path Ph can be represented by a vector xh of |E|

elements, each of which corresponds to a link and has a binary value. Then, the bandwidth

constraints of the links can be expressed as:

x1
ij · R1 + x2

ij · R2 ≤ ρ · bij, ∀{i, j} ∈ E, (4.4)

where ρ = γ · W · H · Rf for a video with frame rate Rf and frame size W × H; γ is

a constant determined by the chroma subsampling format (e.g., γ = 1.5 for the quarter

common intermediate format (QCIF) videos).

We now consider how to compute the end-to-end success probabilities. Since we do not

mandate “disjointedness” in routing, P1 and P2 may share nodes and links. We classify the

links along the two paths into three sets: set one consisting of joint links shared by both

paths, denoted as J (P1,P2), and the other two sets consisting of disjoint links on the two
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paths, denoted respectively as J̄ (Pi), i = 1, 2. For disjoint portions of the paths, it suffices

to model the packet losses as Bernoulli events, since the losses of the two descriptions are

independent. Therefore, the success probabilities on the disjoint portions are:

ph
dj =







∏

{i,j}∈J̄ (Ph) pij, if J̄ (Ph) 6= ∅, h = 1, 2

1, otherwise, h = 1, 2.
(4.5)

On the joint portion of the paths, the losses of the two streams are correlated. In order to

capture such correlation, similar to the approach in Chapter 2, we model each link {i, j}

as an on-off process modulated by a discrete-time Markov chain, as shown in Figure 4.1(a).

There is no packet loss when the link is in the “up” state, and the packet loss rate is 1 when

the link is in the “down” state. The transition probabilities, {αij, βij}, can be computed

from the measured link statistics, as βij = 1/lij and αij = (1 − pij)/(pijlij). If there are K

shared links, the aggregate failure process of these links is a Markov process with 2K states.

In order to simplify the computation, we follow a similar approach in [5] and [12] to model

the aggregate process as an on-off process. Observe that a packet is successfully delivered

on the joint portion if and only if all joint links are in the “up” state. Therefore, we can

lump all the states having at least one link failure into a single “down” state, while using

the remaining state where all the links are in the good condition as the “up” state. Letting

Ton be the average length of the “up’ period, we have,

Ton =
1

1 −
∏

{i,j}∈J (P1,P2)(1 − αij)
.

Furthermore, the average success probability of the joint portion is:

pjnt =







∏

{i,j}∈J (P1,P2) pij, if J (P1,P2) 6= ∅

1, otherwise.
(4.6)

Finally, the transition probabilities of the aggregate on-off process are:






α = 1
Ton

β =
pjnt

Ton(1−pjnt)
.

Note that α = 0 and β = 0 if J (P1,P2) = ∅. The consolidated path model is illustrated in

Figure 4.1(b), where J (P1,P2) is modeled as a two-state Markov process with parameters

{α, β}, and J̄ (Ph) is modeled as a Bernoulli process with parameter ph
dj, h = 1, 2.
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Figure 4.1: Link and path models.

With the above path model, the joint probabilities of receiving the descriptions can be

computed as:































P00 = pjnt · (1 − α) · p1
dj · p

2
dj

P01 = pjnt · p
1
dj · [1 − (1 − α) · p2

dj]

P10 = pjnt · p
2
dj · [1 − (1 − α) · p1

dj]

P11 = 1 − pjnt · [p
1
dj + p2

dj − (1 − α) · p1
dj · p

2
dj].

(4.7)

Let a = 2−2R1 and b = 2−2R2 . For balanced descriptions, we have that a = b. The average

video distortion can be computed by substituting (4.2) and (4.7) into (4.1):

D

σ2
= 1 + pjnt ·

[

(a − 1) · p1
dj + (b − 1) · p2

dj+

(1 − α)
(a + b)(a − 1)(b − 1)

a + b(1 − a)
· p1

dj · p
2
dj

]

. (4.8)

4.2.3 The Optimal Routing Problem

With the above preliminaries, we can mathematically formulate the joint routing and server

selection problem for MD video (OPT-JRSS) as follows:

OPT-JRSS For two given server sets {S1,S2} and a given client u, find an optimal solution
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x∗ = {s∗1, s
∗
2,P

∗
1 ,P∗

2} that minimizes the average distortion D defined in (4.1). That is,

Minimize: D (4.9)

subject to:

∑

j:{i,j}∈E

xh
ij =







≤ 1, if i 6= u

= 0, if i = u
,∀i ∈ V, h = 1, 2 (4.10)

∑

j:{i,j}∈E

xh
ij −

∑

j:{j,i}∈E

xh
ji

=



















1, if i = sh

−1, if i = u

0, otherwise

, ∀i ∈ V, h = 1, 2 (4.11)

x1
ij · R1 + x2

ij · R2 ≤ ρ · bij, ∀{i, j} ∈ E (4.12)

xh
ij ∈ {0, 1}, ∀{i, j} ∈ E, h = 1, 2 (4.13)

sh ∈ Sh, h = 1, 2. (4.14)

In Problem OPT-JRSS, {xh
ij}{i,j}∈E,h=1,2 and {sh}h=1,2 are optimization variables, represent-

ing the choice of a pair of servers and the links on a pair of paths from the chosen servers

to the client. Constraints (4.10) and (4.11) guarantee that the paths are loop-free, while

constraint (4.12) guarantees that the links are stable. For a given pair of paths, the aver-

age video distortion D is determined by the end-to-end statistics and the correlation of the

paths, as given in (4.1), (4.2), and (4.7). If multiple solutions are found having the minimum

distortion, we can break ties by choosing the solution that has the largest bandwidth along

the two chosen paths (see (4.12)).

4.3 Lower and Upper Distortion Bounds

In the following, we first introduce several monotonicity properties of the objective function

(4.9). Then, we construct a lower bound and an upper bound on the achievable video

distortion.
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Figure 4.2: The two solutions have the same set of links. The only difference between them

is that a link is shared in x̂ (the K-th shared link), but not shared in x̄ (appended to each

of the disjoint portions).

4.3.1 Properties of the Objective Function

The objective function of Problem OPT-JRSS, (4.9), has the following monotonicity prop-

erties (which are similar to the monotonicity properties in Chapter 2).

Property 1. D is non-increasing with Rh, h = 1, 2.

Proof. Recall that a = 2−2R1 ≤ 1 and b = 2−2R2 ≤ 1. From (4.1) and (4.2), we have

1

σ2

∂D

∂R1

= −P00
2 ln 2 · ab2

(a + b − ab)2
− 2 ln 2 · P01a ≤ 0

Similarly, we have ∂D
∂R2

≤ 0 due to the symmetry in (4.8).

Property 2. For two completely disjoint paths, D is non-increasing with ph
dj, h = 1, 2.

Proof. For a disjoint path set {P1,P2}, we have that pjnt = 1 and α = 0. Then, we have

1

σ2

∂D

∂p1
dj

= (a − 1)

[

(1 − p2
dj)(a + b(1 − a)) + b2p2

dj

a + b(1 − a)

]

≤ 0.

Similarly, we have ∂D
∂p2

dj

≤ 0 due to the symmetry in (4.8).

Property 3. Consider the two solutions x̂ and x̄ shown in Figure 4.2. If the the on-off failure

process of the K-th shared link is random or bursty, i.e., αij + βij ≤ 1, then D(x̂) ≥ D(x̄).



Chapter 4. Joint Routing and Server Selection for MD Video Streaming 68

1. Remove link(s) {i, j} having ρ · bij < R, ∀{i, j} ∈ E to obtain

a reduced graph G(V, E′);

2. Set the cost of link {i, j} to log(1/pij), ∀{i, j} ∈ E′;

3. Find the path Pl
h

from a server sl
h
∈ Sh to u in G(V, E′) that has

the minimum cost among all paths to all sh ∈ Sh, h = 1, 2;

4. Assuming Pl
1 ∩ Pl

2 = ∅, compute D(x∗
l
), where x∗

l
= {sl

1, sl
2,Pl

1,Pl
2}.

Figure 4.3: ALG-LB: Construct a lower bounding solution x∗
l .

Proof. For solution x̂ = {s1, s2,P1,P2} in Figure 4.2(a), let there be K joint links with

parameters {αk, βk}, k = 1, · · · , K. We have:

1

σ2
[D(x̂) − D(x̄)] = pjnt · p

1
dj · p

2
dj ·

K−1
∏

k=1

(1 − αk) ·

(1 − αK − βK)(1 − pK)
(a + b)(1 − a)(1 − b)

a + b(1 − a)
≥ 0,

according to the “bursty” assumption.

4.3.2 A Distortion Lower Bound

We are now ready to construct a tight lower bound on the average video distortion. From the

monotonicity properties of D, we need to find a path pair having the best loss characteristics.

Algorithm ALG-LB in Figure 4.3 can be used to construct a solution x∗
l that yields a lower

bound for D. In ALG-LB, we set the cost of a link {i, j} to log(1/pij), ∀{i, j} ∈ E. Then,

the total cost of a path P is:

∑

{i,j}∈P

log

(

1

pij

)

= log

(

1
∏

{i,j}∈P pij

)

.

Applying a shortest path routing algorithm, we can find a path having the minimum cost,

so that then,
∏

{i,j}∈P pij is maximized. According to (4.8) and Property 2, if the paths

{P l
1,P

l
2} found in ALG-LB are disjoint, then they are the optimal solution to Problem OPT-

JRSS; otherwise, the computed distortion assuming that {P l
1,P

l
2} are disjoint will be a lower

bound of the distortion achieved by the optimal solution (according to Property 3). For the

constructed solution x∗
l , we have the following proposition holding true.
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Proposition 2. The distortion, D(x∗
l ), of x∗

l constructed by ALG-LB is a lower bound for

the average distortion D defined in (4.8).

Proof. The formation of the optimal solution x∗ = {s∗1, s
∗
2,P

∗
1 ,P∗

2} could conform with one

of the following two cases:

Case I: If x∗ is comprised of a pair of disjoint paths, then from the construction procedure,

we have that p1
dj(P

l
1,P

l
2) ≥ p1

dj(P
∗
1 ,P∗

2 ) and p2
dj(P

l
1,P

l
2) ≥ p2

dj(P
∗
1 ,P∗

2 ), where ph
dj(P1,P2) =

∏

{i,j}∈J̄ (Ph) pij for disjoint paths {P1,P2}, h = 1, 2 (see (4.5)). From Property 2, we have

that D(x∗
l ) ≤ D(x∗).

Case II: If P∗
1 and P∗

2 share K links, we can construct a virtual solution x̄∗ = [P̄∗
1 , P̄∗

2 ],

by (i) appending a copy of the shared link k to the disjoint portions of the two paths; (ii)

removing the shared link k from the shared portion, k = 1, · · · , K (see Figure 4.2). That is,

we construct a solution x̄∗ with disjoint paths and identical links to x∗ by duplicating each

shared link in x∗. Note that as a result, x̄∗ may not be realizable. By applying Property 3

repeatedly for K times, we have that D(x̄∗) ≤ D(x∗). Finally, from Case I, we have that

D(x∗
l ) ≤ D(x̄∗) ≤ D(x∗).

In ALG-LB, P l
h can be found by applying Dijkstra’s algorithm to first find the lowest cost

paths to each server in Sh, with a time complexity of O(|Sh| · |E
′| · log |V |), and then choose

the server (and the corresponding path) having the minimum cost path among all servers

in Sh, with a time complexity of O(|Sh|), h = 1, 2. Note that although the computed P l
1

and P l
2 may share links, we assume that they are completely disjoint in order to obtain a

distortion lower bound. As a result, the solution x∗
l that achieves the lower bound may not

be realizable.

4.3.3 A Distortion Upper Bound

Although the above lower bound is very useful in providing a close approximation for the

lowest achievable distortion by jointly selecting the optimal servers and the corresponding

optimal paths to them, Algorithm ALG-LB does not provide a usable set of servers and
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1. Remove link(s) {i, j} having ρ · bij < R, ∀{i, j} ∈ E to obtain

a reduced graph G(V, E′);

2. Set the cost of link {i, j} to log(1/pij), ∀{i, j} ∈ E′;

3. Find the path Pu
1 from a server su

1 ∈ S1 to u in G(V, E′) that has

the minimum cost among all paths to all s1 ∈ S1;

4. From G(V, E′), remove link(s) {i, j} having ρ · bij < 2R, ∀{i, j} ∈ Pu
1

to obtain a further reduced graph G(V, E′′);

5. Find the path Pu
2 from a server su

2 ∈ S2 to u in G(V, E′′) that has the

minimum cost among all paths to all s2 ∈ S2;

6. Compute D(x∗
u), where x∗

u = {su
1 , su

2 ,Pu
1 ,Pu

2 }.

Figure 4.4: ALG-UB: Construct an upper bounding solution x∗
u.

paths for client u. In this section, we present an algorithm to construct a feasible solution

that yields an upper bound on D.

Algorithm ALG-UB in Figure 4.4 can be used to construct a solution x∗
u that achieves an

upper bound for D. As in ALG-LB, we set the cost of a link {i, j} to log(1/pij), ∀{i, j} ∈ E.

Thus the minimum cost path has the best end-to-end loss characteristics. In addition, we also

take into consideration the link bandwidth constraints, by removing those links that do not

have sufficient bandwidth to support both descriptions when computing the optimal path to

the second server set, in order to make a feasible solution. As in ALG-LB, Pu
1 can be found

by applying Dijkstra’s algorithm with a time complexity of O(|S1| · |E
′| · log |V | + |S1|) and

Pu
2 can be found with a time complexity of O(|S2| · |E

′′| · log |V |+ |S2|). For the constructed

solution x∗
u, we have the following result holding true.

Proposition 3. The distortion of x∗
u constructed in ALG-UB, D(x∗

u), is an upper bound for

the average distortion D defined in (4.8).

Proof. Clearly, x∗
u = {su

1 , s
u
2 ,P

u
1 ,Pu

2 } is a feasible solution to Problem OPT-JRSS, since it

satisfies all the constraints (4.10)–(4.14). Therefore, D(x∗
u) must be an upper bound for D,

which is the distortion of the global optimal solution x∗.

The four-tuple {su
1 , s

u
2 ,P

u
1 ,Pu

2 } provides a usable solution to Problem OPT-JRSS. We will

show that the lower and upper bounds are very close to each other. In other words, the

upper bound is near-optimal in all of the cases that we examined.
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4.4 Numerical Results

In this section, we examine the performance of the proposed distortion bounds via a set of

experiments. In each experiment, we generated an ad hoc network topology by placing a

number of nodes at random locations in a square region. Connectivity was determined by the

distance coverage of each node’s transmitter (set to 250 m in all the following experiments).

The client node and server nodes were randomly chosen.1 For all of the experiments reported,

the success probability pij was randomly chosen from [0.9, 0.995] according to a uniform

distribution, ∀{i, j} ∈ E. We set the variance σ2 to 1, since it does not influence routing

and server selection decisions. Other parameter settings will be introduced in the following

when the results are being discussed. The computation time was in tens of milliseconds for

all the experiments performed.

4.4.1 Optimality of the Distortion Bounds

One important performance concern is the optimality of the proposed lower and upper

distortion bounds. Due to the complex nature of Problem OPT-JRSS, a closed-form optimal

solution is not obtainable. But the global optimal solution may be numerically obtained via

an exhaustive search for small-sized networks.

The distortion bounds for two 15-node networks found by ALG-UB and ALG-LB are pre-

sented in Tables 4.2, as well as the global optimal distortion values found by an exhaustive

search. We also varied the video description rate and mean burst length to examine their im-

pact. In these experiments, the available bandwidth of each wireless link bij was randomly

chosen from [128Kbps, 448Kbps] according to a uniform distribution, in steps of 64Kbps,

∀{i, j} ∈ E. We observe that for all the cases, the global optimal distortion (found by ex-

haustive search) always lies between the corresponding lower and upper bounds. In addition,

the difference between the bounds is negligible. In Table 4.2, the largest difference between

the lower and upper bounds is 0.0061, giving a relative difference of 1.3%.

1We avoided the trivial cases where the servers are within two hops from the client node.
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We also performed extensive simulations for larger sized networks (i.e., 50-, 80-, and 100-

node networks) where exhaustive search is impractical, and for different MD description

rates R. The results are shown in Table 4.3. Again, the proposed bounds were very close to

each other in all of the cases examined. In many cases, the lower and upper bounds yield

the same distortion value, implying that they are actually the global optimal solutions. The

maximum relative difference between the lower and upper bounds in Table 4.3 is 6.4% (the

80-node network with R = 384Kbps), indicating the near-global optimality of the derived

upper bounding solutions.

Clearly, the proposed bounds can provide an excellent estimation for the global optimal solu-

tion. The servers and the corresponding paths found by ALG-UB yield a highly competitive

solution to Problem OPT-JRSS. In addition, since ALG-UB is based on Dijkstra’s algorithm,

the computation time for each run was in tens of milliseconds using a Pentium-4 2.4 GHz

computer (with 512 MB memory). The proposed algorithms are computationally efficient

and are suitable for joint routing and server selection for large-sized ad hoc networks.

Table 4.2: Comparison of the proposed bounds for two 15-node networks

R = 128Kbps R = 192Kbps

lij [2,6] [10,25] [2,6] [10,25]

Upper Bound 0.5928 0.5931 0.4752 0.4758

Exhaustive Search 0.5916 0.5917 0.4721 0.4722

Lower Bound 0.5897 0.5897 0.4697 0.4697

SP 0.7976 0.7104 0.7247 0.6136

Heuristic 0.7976 0.7104 0.7247 0.6136

Distortion 0.7883 0.6846 0.7247 0.5816
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Table 4.3: Comparison of the upper and lower bounds for different networks: lij ∈ [2, 6],

∀{i, j} ∈ E

R (Kbps) 64 128 192 256 320 384

UB(50n) 0.756 0.589 0.496 0.407 0.350 0.302

LB(50n) 0.756 0.589 0.485 0.396 0.341 0.289

UB(80n) 0.755 0.596 0.478 0.404 0.348 0.316

LB(80n) 0.755 0.587 0.467 0.402 0.342 0.297

UB(100n) 0.758 0.593 0.477 0.385 0.316 0.328

LB(100n) 0.758 0.592 0.473 0.385 0.316 0.309

4.4.2 Comparison with Existing Algorithms

To compare with existing server selection schemes, we implemented the following three server

selection algorithms proposed in [5] for MD video streaming in CDN.

1. Shortest Path (SP): pick the closest server (in terms of hop count) from each server

set.

2. Heuristic: compute a score, rmn = (Lm +Ln)/2+LJ
mn, for each pair of servers {sm, sn}

having complementary descriptions, where Lm (Ln) is the path length in hop-count

(i.e., for the default or shortest path) from server sm (sn) to u, and LJ
mn is the number

of joint links. Then, choose the server pair having the lowest score.

3. Distortion: calculate the expected distortion for each server pair having complementary

descriptions. Then, choose the pair that yields the lowest distortion.

Note that although the Distortion algorithm performs a server selection based on the average

video distortion, it does not take advantage of using an optimal routing for MD video. In

other words, the distortion is computed for a server pair using two default paths (e.g., the

shortest paths) from the two servers to the client.
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The distortion value obtained by the three algorithms are also presented in Table 4.2. It

can be observed that the Heuristic algorithm usually has a performance no worse than SP,

while the Distortion algorithm has the best performance among the three. In Tables 4.2,

we can see that ALG-UB outperforms all the three existing algorithms with a significant

margin, implying that the latter three algorithms may not be suitable for wireless ad hoc

networks, although they have been shown to be quite effective in the Internet. In wireless

ad hoc networks, links have highly diverse qualities. Therefore, only considering hop-count

in server selection would not produce good perceived MD video quality. For the Distortion

algorithm, although it selects servers based on the computed distortion values, it does not

necessarily provide good results since it only considers the default routes from the servers

to the client. It may not be efficient in handling the cases when there are low quality links

(e.g., low available bandwidth or high loss rates) in the default routes.

Since the Distortion algorithm has the best performance among the three existing algorithms,

we further compared its performance with ALG-UB by transmitting MD video in a 50-node

ad hoc network. There were 10 servers in each server set. We chose a similar time-domain

partitioning coding scheme as we did in the previous two chapters.

For the experiment, the 400-frame QCIF [176 × 144 Y pixels/frame, 88 × 72 Cb/Cr pix-

els/frame] sequence “Foreman” was encoded at 15 fps and 192Kbps for each description.

The descriptions were then packetized (one GOB per packet) and transmitted over the

paths found by the algorithms.

The PSNRs of the reconstructed video frames are plotted in Figure 4.5. It can be observed

that during the period of Frame 65 to 92 and the period of Frame 270 to 290, the ALG-UB

curve suffers big drops. By examining the packet loss trace, we found that these valleys

were caused by bursty, concurrent loss of packets from both descriptions. Furthermore, the

PSNR curve obtained by ALG-UB is well above that obtained by the Distortion algorithm

for most of the frames. We also plot the decoded Frame 229 obtained by the two algorithms

in Figure 4.6 to illustrate the visual quality. It can be seen that the image delivered by

ALG-UB has a much better quality than that delivered by the Distortion algorithm. The

average PSNRs obtained by ALG-UB and Distortion are 29dB and 21.9dB, respectively. By
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Figure 4.5: PSNRs of reconstructed frames obtained by Algorithm ALG-UB and the Dis-

tortion scheme.

jointly optimizing the routing and server selection decisions, an 8.1dB gain in average PSNR

has been achieved, which demonstrates the efficacy of the joint routing and server selection

approach for MD video in wireless ad hoc networks.

(a) Frame 229 (ALG-

UB).

(b) Frame 229 (Distor-

tion).

Figure 4.6: Reconstructed Frame 229 at the client node.

4.4.3 Increasing Video Rates

We examine the impact of the description rate R in this subsection. For a 100-node network

having |S1| = |S2| = 15, we computed the average video distortion values using the algo-

rithms, while increasing R from 64Kbps to 384Kbps in steps of 64Kbps. The link bandwidth

bij was randomly chosen from [64Kbps, 576Kbps], also in steps of 64Kbps.

The computed distortion values using the algorithms are plotted in Figure 4.7. When R was

increased, there was less coding distortion caused by the lossy encoder. On the other hand,
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Figure 4.7: Average distortions for increasing description rate R. From left to right for each

value of R: ALG-UB, ALG-LB, SP, Heuristic, Distortion.

a larger R makes more links having bij < R unusable in the routing. Again, the upper and

lower bounds are very close to each other, although it can be observed that the difference

increases slightly when R gets large. In the worst case (when R = 384Kbps), the difference

between the bounds is 0.0188, giving a 6.3% relative difference. The proposed algorithms

also outperform the existing three schemes by a large margin for all the description rates

examined.

4.5 Practical Implications

In practice, the joint routing and server selection scheme can also be incorporated into

existing distributed routing protocols for wireless ad hoc networks. Existing routing protocols

can be roughly categorized as proactive, where a consistent and up-to-date view of the

network is always maintained, and reactive, where route discovery is performed on-demand.

For proactive routing protocols (e.g., OLSR [19]), we can define a new type of Link State

Advertisement (LSA), in addition to the original types that report link states and statistics,

to represent the availability of video descriptions at each node. Then, a client node can

determine the two server sets from the received LSAs and use Algorithm ALG-UB to quickly

find near-optimal servers and paths to them.

Under reactive routing protocols (e.g., DSR [32]), we can let the client node broadcast Video
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Request (VREQ) messages (rather than Route Request (RREQ) messages in the original

DSR) to the network in order to discover nodes that host one or both of the video descriptions.

Such a node, after receiving the VREQ message, will return a Video Reply (VREP) message

(rather than Route Reply (RREP) in the original DSR) to the client, carrying information on

which description(s) it has, link statistics, and path information. After receiving a number

of such VREPs, the client can construct a partial view of the network and the server sets,

and then run Algorithm ALG-UB to select the best servers along with associated routes to

them.

4.6 Related Work

Caching and server replication are common techniques for providing scalable distributed

service over the Internet. The single server selection problem, i.e., how to select a server

from a set of mirror sites for a client request so as to provide the “best” service for the client,

has been studied over the years (e.g., see [20] and the references therein). In existing server

selection schemes, either the client or the servers monitor the server loads and/or network

performance (e.g., round trip times (RTT) from the servers to the client) and then select

a “best” server that has the lowest load or the lowest delay based on these measurements

[20]. These schemes are mainly designed for data applications (e.g., web service) and do

not explicitly attempt to optimize video quality. Moreover, the important optimal routing

problem has not been addressed.

As discussed, Apostolopoulos et al. presented an interesting study of server selection for

MD video in the context of CDN networks in [5]. It has been shown that server selection for

MD video streaming provides an effective means of exploiting the path diversity provided by

CDN. As a result, significant reduction in video distortion has been observed [5]. However,

similar to existing approaches for single server selection, the proposed MD server selection

algorithms only consider default routes on selecting optimal servers. As a result, the achieved

optimal solution by the algorithms in [5] are for a much smaller solution space. Optimal

routing, which can further improve MD video quality, has not been considered.
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An empirical path distortion model was presented in [5] that computes received SD or MD

video distortion from link loss characteristics. Recently, a similar path distortion model was

introduced in [12] for MD video in overlay networks, which takes into account more link

statistics, such as delay, jitter, and bandwidth, in addition to loss. In this work, we took a

similar methodology as these papers, e.g., modeling the loss process on the joint portion of

two paths as a Markov chain and modeling the losses on the disjoint portions as Bernoulli

events.

4.7 Summary

In this chapter, we studied the important problem of jointly selecting servers and determining

optimal routes for MD video streaming in wireless ad hoc networks. We took an application-

centric, cross-layer approach to formulate the joint routing and server selection task as a

combinatorial optimization problem that minimizes the received video distortion. We derived

a lower bound and an upper bound for the best achievable video distortion. The upper bound

was demonstrated to produce a near-optimal pair of servers along with a pair of corresponding

paths. The proposed approach can be easily incorporated into existing routing protocols for

ad hoc networks. Our extensive numerical results show that the bounds are very close to

each other for all the cases studied, indicating the near-global optimality of the derived

upper bounding solution. We also observed significant gains in video quality achieved by the

proposed approach over existing server selection schemes. This justifies the importance of

jointly considering routing and server selection for optimal MD video streaming in wireless

ad hoc networks.



Chapter 5

Conclusions and Future Work

5.1 Summary of Thesis Research

In the previous chapters, we studied three important problems regarding MD video transport

in wireless ad hoc networks and proposed corresponding solutions for these problems:

• Multipath routing for MD video over wireless ad hoc networks.

• MD video multicast in wireless ad hoc networks.

• Joint routing and server selection for MD video streaming in wireless ad hoc networks.

In Chapter 2, we studied the important problem of optimal multipath routing for MD video.

We formulated the multipath routing problem from an application-centric, cross-layer per-

spective. A GA-based approach was found to be eminently suitable to address such optimal

routing problems, which have complex objective functions and exponential solution spaces.

With extensive simulation results, we found that this approach offers near-optimal solutions.

We also developed a tight lower bound for video distortion, which can be used to evaluate the

performance of a GA-based solution as well as to establish its termination criteria. Although

a GA-based approach is a centralized algorithm in nature, we showed that it is amenable for

distributed implementation in ad hoc routing protocols. This work provides an important

79



Chapter 5. Conclusions and Future Work 80

methodology for addressing complex cross-layer optimization problems, particularly those

involving the application and network layers.

In Chapter 3, we proposed a multicast scheme for MD video over ad hoc networks, using

multiple source trees. Furthermore, each video description is coded into multiple layers

in order to cope with diversity in wireless link bandwidths. The resulting MD multicast

routing problem was formulated into a combinatorial optimization problem. Due to the

complex nature of problem structure, we developed efficient metaheuristic algorithm instead

of exact analytic solution. We found that Genetic Algorithms are also highly efficient for

such problems and consequently developed a GA-based solution procedure for this problem.

Simulation studies showed significant gains in video quality achieved over existing approaches

for a wide range of network operational conditions.

In Chapter 4, we presented the important problem of jointly selecting servers and deter-

mining optimal routes for MD video streaming in wireless ad hoc networks. We took the

similar application-centric, cross-layer approach to formulate this problem as a combinato-

rial optimization problem that minimizes the received video distortion. We derived a lower

bound and an upper bound for the best achievable video distortion. The upper bound was

demonstrated to be very close to the lower bound, indicating that it produces a near-optimal

pair of servers along with a pair of corresponding paths. We also observed significant gains

in video quality achieved by the proposed approach over existing server selection schemes.

This justifies the importance of jointly considering routing and server selection for optimal

MD video streaming in wireless ad hoc networks. The proposed approach can also be easily

incorporated into existing routing protocols for ad hoc networks.

5.2 Future Research Directions

To solve multipath routing for MD video and MD video multicast problems, we proposed GA

based metaheuristic approaches. In most cases, they have demonstrated themselves to be

quite efficient solutions to this type of highly complex combinatorial optimization problems.

However, in our investigation we found sometimes they have a tendency of premature conver-
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gence, which means the evolution of GA is too fast and the final solution is suboptimal. To

combat the premature convergence problem and further improve GA’s performance, we stud-

ied some enhancement schemes and found a niching method family, including fitness sharing,

crowding and clearing, is efficient to address this problem [49, 53]. In particular, we found

fitness sharing has the best performance among them. Since most of the anti-premature

methods proposed in literature are for continuous real-number optimization problems, in

our future research, we will focus our efforts on how to combat the premature convergence

of GA in combinatorial optimization problems (the cases of the problems studied in this

thesis).

To solve the combinatorial optimization problems discussed in the previous chapters, if

we could obtain some kind of analytic solutions, it would be easier to analyze and im-

prove the performance systematically. In recent research, we found a novel Reformulation-

Linearization Technique (RLT) [55] [59] is promising to be used in our problems. RLT has

a solid mathematical foundation and can solve the optimization problems analytically. It

has been applied in many complex combinatorial optimization problems [56]. In our prelim-

inary investigation, after careful approximation and relaxation we formulated the multipath

routing for MD video problem into a quadratic programming problem. Then we may solve

the resulting quadratic programming problem using RLT [59]. We will be continuing our

research efforts on this track.
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Appendix A

Proofs

A.1 Proof of Property M1

Let a = 2−2R1 ≤ 1 and b = 2−2R2 ≤ 1. From (2.1) and (2.2), we have

1

σ2
·

∂D

∂R1

= −P00
2 ln 2 · ab2

(a + b − ab)2
− 2 ln 2 · P01 · a ≤ 0

Similarly, we have ∂D
∂R2

≤ 0 due to the symmetry in (2.1).

A.2 Proof of Property M2

For a disjoint path set {P1,P2}, we have that pjnt = 1 and α = 0. From (2.2) and (2.5), we

have

1

σ2
·

∂D

∂p1
dj

= (a − 1)

[

(1 − p2
dj)(a + b(1 − a)) + b2p2

dj

a + b(1 − a)

]

≤ 0.

Similarly, we have ∂D
∂p2

dj

≤ 0 due to the symmetry in (2.5).
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A.3 Proof of Property M3

For solution x̂ = {P1,P2} in Figure 2.2(a), let there be K joint links with parameters

{αk, βk}, k = 1, · · · , K. We then have:

1

σ2
· [D(x̂) − D(x̄)] =

∏

{i,j}∈J (P1,P2)

pij

∏

{m,n}∈J̄ (P1)

pmn

∏

{x,y}∈J̄ (P2)

pxy

K−1
∏

k=1

(1 − αk)(1 − pK)(1 − αK − βK)
(a + b)(1 − a)(1 − b)

a + b(1 − a)
≥ 0,

according to the “bursty” assumption in Property M3.

A.4 Proof of Proposition 1

The formation of the optimal solution x∗ = {P∗
1 ,P∗

2} could conform with one of the following

two cases:

Case I: x∗ is comprised of a pair of disjoint paths. From the construction procedure, x∗
l offers

higher description rates than x∗, since b∗ is optimal over all feasible paths. In addition, x∗
l

offers higher end-to-end success probabilities for the descriptions than x∗, since p∗ is optimal

over all feasible paths. Then, we have that D(x∗
l ) ≤ D(x∗) according to properties M1 and

M2.

Case II: x∗ is comprised of a pair of joint paths. Assume P∗
1 and P∗

2 share K links. Firstly,

we construct a virtual solution x̄ =
{

P̄1, P̄2

}

, by (i) appending a copy of each shared link k

to the disjoint portions of the two paths; and (ii) removing link k from the shared portion,

k = 1, · · · , K. That is, the resulting P̄h has the same set of links as P∗
h, h = 1, 2, but

P̄1 is completely disjoint with P̄2. As a result, x∗
l may not be feasible; an example of such

construction operation is shown in Figure 2.2.

Secondly, we observe that the constructed solution x̄ can provide a pair of description rates

no lower than x∗, since the K links originally shared by the two descriptions are now used

exclusively by each description. By applying Property M3 iteratively for K times, we have

that D(x̄) ≤ D(x∗).
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Thirdly, from ALG-LB, we have that b∗ ≥ B(P∗
h), h = 1, 2 (recall that B(P) is the end-

to-end bandwidth of path P). Note that B(P̄h) = B(P∗
h), h = 1, 2, since they consist of

the same set of links. Therefore, x∗
l dominates the constructed x̄ in terms of end-to-end

bandwidths (i.e., b∗ ≥ B(P̄h), h = 1, 2). Similarly, we can also show that x∗
l dominates

x̄ in terms of end-to-end success probabilities (i.e., p∗ ≥ ph
dj(P̄h), h = 1, 2). According to

properties M1 and M2, we have that D(x∗
l ) ≤ D(x̄).

Finally, we have that D(x∗
l ) ≤ D(x̄∗) ≤ D(x∗).
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