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Robust Adaptive Machine Learning
Algorithms for Distributed Signal Processing
Symeon Chouvardas∗
Department of Informatics and Telecommunications
National and Kapodistrian University of Athens
15784, Ilissia, Athens, Greece

Abstract
Distributed networks comprising a large number of nodes, e.g.,
Wireless Sensor Networks, Personal Computers (PC’s), laptops, smart
phones, etc., which cooperate with each other in order to reach to a
common goal, constitute a promising technology for several applications. Typical examples include: distributed environmental monitoring, acoustic source localization, power spectrum estimation, etc. Sophisticated cooperation mechanisms can significantly benefit the learning process, through which the nodes achieve their common objective.
In this dissertation, the problem of adaptive learning in distributed
networks is studied, focusing on the task of distributed estimation. A
set of nodes sense information related to certain parameters and the
estimation of these parameters comprises the goal. Towards this direction, nodes exploit locally sensed measurements as well as information
springing from interactions with other nodes of the network. Throughout this dissertation, the cooperation among the nodes follows the diffusion optimization rationale and the developed algorithms belong to
the APSM algorithmic family.
First, robust APSM–based techniques are proposed. The goal is
to “harmonize” the spatial information, received from the neighborhood, with the locally sensed one. This “harmonization” is achieved
by projecting the information of the neighborhood onto a convex set,
constructed via the locally sensed measurements. Next, the scenario,
Advisors: S. Theodoridis, Professor, S. Perantonis, Senior Researcher, NCSR
“Demokritos”, N. Kalouptsidis Professor.
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in which a subset of the node set is malfunctioning and produces measurements heavily corrupted with noise, is considered. This problem
is attacked by employing the Huber cost function, which is resilient to
the presence of outliers. In the sequel, we study the issue of sparsity–
aware adaptive distributed learning. The nodes of the network seek
for an unknown sparse vector, which consists of a small number of
non–zero coeﬃcients. Weighted ℓ1 –norm constraints are embedded,
together with sparsity–promoting variable metric projections. Finally,
we propose algorithms, which lead to a reduction of the communication demands, by forcing the estimates to lie within lower dimensional
Krylov subspaces. The derived schemes serve a good trade-oﬀ between
complexity/bandwidth demands and achieved performance.
Subject Area: Adaptive Learning, Distributed Signal Processing.
Keywords: Diﬀusion, Projections, APSM, hyperslabs.

1

Introduction

Distributed networks comprising a number of connected nodes, e.g., Personal
Computers (PC’s), laptops, smart phones, surveillance cameras and microphones, wireless sensor networks etc., which exchange information in order
to reach a common goal, are envisioned to play a central role in many applications. Typical examples of emergent applications involving distributed
networks are: distributed environmental monitoring, acoustic source localization, power spectrum estimation, target tracking, surveillance, traﬃc control,
patient monitoring and hospital surveillance, just to name a few [1,3,6,7,11].
All the previously mentioned applications share in common the fact that the
nodes are deployed over a geographic region providing spatial diversity to
the obtained measurements. Henceforth, the development of algorithms and
node cooperation mechanisms, which exploit the information diversity over
time and space, so that a common objective to be reached, becomes essential.
In this dissertation, the problem of distributed processing is studied with
a focus on the distributed/decentralized estimation task. A number of nodes,
which are spread over a geographic region, sense information related to certain parameters; the estimation of these parameters comprises our goal. The
main idea behind distributed processing is that the nodes exchange information among them and make decisions/computations in a collaborative way
instead of working individually, using solely the information that is locally
sensed. It is by now well established, that the cooperation among the nodes
leads to better results compared to the case where they act as individual
learners, see for example [5, 10, 13]. The need to develop node cooperation
2
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mechanisms is increased due to the presence of noise in the majority of applications. More specifically, the measurements observed at each node are
corrupted by noise, and this fact adds further uncertainty on the obtained estimates of the unknown target parameters. This uncertainty can be reduced
via the cooperation of the nodes.
In decentralized networks, the following issues have to be taken into consideration:
• Performance: A performance close to the optimal, that is the one associated with the centralized networks, which use all the available data,
has to be achieved. In other words, despite the fact that direct communication among some of the nodes cannot be established, sophisticated
cooperation mechanisms have to be developed, in order to “push” the
performance to be as close as possible to the ideal scenario.
• Robustness to possible failures: As it has been already stated, a major
drawback of the centralized topology is that if the FC fails then the
network collapses. Decentralized networks have to be constructed so
as to be robust against possible node failures.
• Bandwidth and complexity constraints: The amount of transmitted information has to be as small as possible, in order to keep the bandwidth
low. Furthermore, since in decentralized networks a central processing
unit with powerful computational capabilities is not present and usually cheap processing units comprise the nodes, low-complexity schemes
have to be developed.
• Adaptivity: In many applications, such as, source localization, spectrum sensing, etc, the nodes of the network are tasked to estimate non–
stationary parameters, i.e., parameters which vary with time. Batch
estimation algorithms, which use all the available training data simultaneously, cannot attack such problems. To this end, adaptive techniques
have to be developed, where the data are observed sequentially, one per
(discrete) time instance and operate in an online fashion for updating
and improving the estimates.
The main objective of this dissertation is to develop algorithms in the
context of adaptive estimation in distributed networks. The diﬀusion optimization rationale is adopted and the proposed algorithms belong to the
Adaptive Projected Subgradient Method (APSM) algorithmic family.
3
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2

Adaptive Robust Algorithms for Distributed
Learning

As a first step, distributed algorithms, which follow the diﬀusion rationale
and belong to the family of the Adaptive Projected Subgradient Method, are
developed. The proposed algorithms adopt a novel combine–project–adapt
cooperation protocol. The intermediate extra projection step of this protocol “harmonizes” the local information, which comprises the input/output
measurements, with the information coming from the neighborhood, i.e., the
estimates obtained from the neighboring nodes. This is achieved by projecting the vector, occurring by combining the estimates of the neighbourhood,
to a convex set, namely a hyperslab, which is constructed by exploiting locally sensed information. The steps of the algorithm can be summarised as
follows:
1. Combination Step: The estimates from the nodes that belong to the
neighbourhood are received and convexly combined with respect to the
combination weights.
2. Projection Step: The resulting aggregate is first projected onto a
properly constructed hyperslab.
3. Adaptation Step: The adaptation step is performed.
The following model is adopted. A network of N nodes is considered and
each node, k, at time n, has access to the measurements dk,n ∈ R, uk,n ∈ Rm
generated by the linear system:
dk,n = w∗T uk,n + vk,n ,

(1)

where vk,n is an additive noise process of zero mean and variance σk2 . The
goal is the estimation of the m × 1 vector w∗ .
As we have already mentioned, an APSM–based scheme, which employs
projections onto hyperslabs, is developed. The scheme is brought in a distributed fashion by following the diﬀusion rationale. Moreover, here an extra
step is added, that follows the combination stage and precedes the adaptation one. More specifically, the result of the combination step is projected
′
onto the hyperslab Sk,n
, which is defined as
′
Sk,n
= {w ∈ Rm : |dk,n − w T uk,n | ≤ ϵ′k },

where ϵ′k > ϵk and ϵk is the user defined parameter associated with the
hyperslabs, that will be used in the adaptation step at node k, i.e.,
Sk,n = {w ∈ Rm : |dk,n − w T uk,n | ≤ ϵk }.
4
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The algorithm comprises the following steps:
1. Combination Step: The estimates from the nodes that belong to Nk
are received and convexly combined with respect to the combination
weights ak,l .
2. Projection Step: The resulting aggregate is first projected onto the
′ 1
hyperslab Sk,n
.
3. Adaptation Step: The adaptation step is performed.

φk,n =

!

ak,l wl,n ,

(2)

l∈Nk

"
#
′
φk,n ,
zk,n = PSk,n
$

wk,n+1 = zk,n + µk,n

(3)
!

%

ωk,j PSk,j (zk,n ) − zk,n ,

j∈Jn

(4)

′
and PSk,n are the projection operators onto the respective hyperwhere PSk,n
&
slabs, j∈Jn ωk,j = 1 and Jn := max{0, n − q + 1}, n. As it was experimentally verified, the proposed scheme exhibits an enhanced performance, both
in terms of convergence speed as well as steady state error floor, compared
to other state of the art algorithms, of similar complexity. Finally, it was
proved that the algorithm enjoys a number of nice convergence properties
such as monotonicity, strong convergence to a point and consensus.

3

Introducing Robustness to Cope with a Failure of Nodes

Consider a scenario, in which some of the nodes are damaged and the associated observations are very noisy. More specifically, it is assumed that that
the noise is additive and white, albeit the standard deviation of the “damaged” nodes becomes larger, compared to the one of the “healthy” nodes.
In such cases, the use of loss functions, suggested in the framework of robust statistics, are more appropriate to cope with outliers. A popular cost
function of this family is the Huber cost function, e.g., [8, 12].
In the current study we employ a slightly modified version of the Huber
cost function, compared to the classical one. The diﬀerence is that in our
1

The projection of a point onto a hyperslab is provided in Chapter 3.
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context a 0–th level set is introduced, i.e., a set of points in which the function
scores a zero loss. Our goal is to find points, which lie in the previously
mentioned 0–th level set. The geometry of the Huber function is illustrated
in Fig. In contrast to the hyperslab case, the projection onto the 0–th level
set of the Huber cost function, does not admit a closed form. For this reason,
projections onto the halfspace, associated to the subgradient of the Huber
loss function, take place. We can also include the extra projection step,
described in the previous section, by introducing a modified version of the
Huber cost function and following a similar rationale as in the hyperslab
case. However, instead of projecting the result of the combination step onto
an external hyberslab, we project it onto a halfspace that is generated by
a properly modified cost function. The proposed algorithm comprises the
following steps:
!
φk,n =
ak,l wl,n ,
(5)
l∈Nk

"
#
zk,n = PH ′ − φk,n , ,
k,n
$
%
!
wk,n+1 = zk,n + µk,n
ωk,j PH − (zk,n ) − zk,n ,
k,j

(6)

(7)

j∈Jn

where PH − stands for the projection onto the halfspace associated to the Huk,j
ber loss function and PH ′ − is the previously described extra projection step.
k,j
Under some mild assumptions, the developed algorithm enjoys monotonicity, asymptotic optimality, asymptotic consensus and strong convergence to
a point that lies in the consensus subspace. Finally, numerical examples verified that the proposed scheme has an enhanced performance, compared to
the other methodologies, in a network with malfunctioning nodes.

4

Sparsity–Aware Adaptive Distributed Learning

As a next step, an APSM–based sparsity–promoting adaptive algorithm for
distributed learning in ad–hoc networks is developed. At each time instance
and at each node of the network, a hyperslab is constructed based on the received measurements; this defines the region in which the solution is searched
for. Sparsity encouraging variable metric projections onto these sets have
been adopted. In addition, sparsity is also imposed by employing variable
metric projections onto weighted ℓ1 balls. A combine adapt cooperation
strategy is followed.
6
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Let us introduce, here, the sparsity promoting variable metric projection,
onto the respective hyperslabs, with respect to the matrix Gn , defined as [14]:
(G )

PSn n (w) := w + βn G−1
n un ,

∀w ∈ Rm ,
where

(8)

⎧
dn − uTn w + ϵ
⎪
⎪
, if dn − uTn w < −ϵ,
⎪
2
⎪
∥u
∥
⎪
−1
n
⎨
Gn
βn = 0,
if |dn − uTn w| ≤ ϵ,
⎪
⎪
⎪
dn − uTn w − ϵ
⎪
⎪
, if dn − uTn w > ϵ,
⎩
∥un ∥2G−1
n

denotes the weighted norm, with definition ∥un ∥2G−1 := uTn G−1
and
n un
n
(see Appendix C). Note that if Gn = Im , then (8) is the Euclidean projection
onto a hyperslab. The positive definite diagonal matrix G−1
n is constructed
following similar philosophy as in [2, 15]. The i-th coeﬃcient of its diagonal
∥un ∥2G−1
n

|w

(n)

|

−1
equals to gi,n
= 1−α
+ α ∥win ∥1 , where α ∈ [0, 1) is a parameter, that determ
mines the extend to which the sparsity level of the unknown vector will be
(n)
taken into consideration, and wi denotes the i-th component of wn . In
order to grasp the reasoning of the variable metric projections, consider the
ideal situation, in which G−1
n is generated by the unknown vector w∗ . It is
−1
′
/ supp(w∗ ), where
easy to verify that gi,n > gi−1
′ ,n , if i ∈ supp(w∗ ), and i ∈
supp(·) stands for the support set of a vector, i.e., the set of the non–zero
coeﬃcients. Hence, employing the variable metric projection, the amplitude
of each coeﬃcient of the vector used to construct G−1
n determines the weight
that will be assigned to the corresponding coeﬃcient of the second term of
the right hand side in (8). That is, components with smaller magnitude
are multiplied with small coeﬃcients of G−1
n . Loosely speaking, the variable
metric projections accelerate the convergence speed when tracking a sparse
vector, since by assigning diﬀerent weights pushes the coeﬃcients of the estimates with small amplitude to diminish faster. The geometric implication of
it is that the projection is made to “lean” towards the direction of the more
significant components of the currently available estimate.
In the algorithm which is presented here, we go one step further, as
far as sparsity is concerned. In a second stage, additional sparsity-related
constraints, which are built around the weighted ℓ1 ball, are employed, [4].
A sparsity promoting adaptive scheme, based on set-theoretic estimation
arguments, in which the constraints are weighted ℓ1 balls, was presented
(n)
(n)
(n)
in [9]. Given a vector of weights ψn = [h1 , . . . , hm ]T , where hi >
0, ∀i = 1, . . . , m, and a positive
radius, δ, the weighted ℓ1 ball is defined as:
%m (n)
m
Bℓ1 [ψn , δ] := {w ∈ R : i=1 hi |wi | ≤ δ}. The projection onto Bℓ1 [ψn , δ],

7
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w2

Bℓ1 [hn , δ]
Bℓ1 [1m , δ]
w1

Figure 1: Illustration of a weighted ℓ1 ball (solid line magenta) and an unweighted ℓ1 ball (dashed line blue).
is given in [9, Theorem 1], and the geometry of these sets is illustrated in
Fig. 1.
The steps of the algorithm are summarized in the sequel:
!
!
##
"
(G )
(G )
wk,n+1 = PBℓ n[ψn ,δ] φk,n + µk,n
, (9)
ωk,j PSk,jn (φk,n ) − φk,n
1

j∈J

The theoretical properties of the algorithm are studied and it is shown
that under some mild assumptions, the scheme enjoys monotonicity, asymptotic optimality and strong convergence to a point that lies in the consensus
subspace. Finally, numerical examples verify the enhanced performance obtained by the proposed scheme compared to other algorithms, which have
been developed in the context of sparsity–aware adaptive learning.

5

Dimensionality Reduction in Distributed Adaptive Learning via Krylov Subspaces

In this section, the problem of dimensionality reduction in adaptive distributed learning is studied. As in the previous sections, the algorithm, to
be presented here, is based on the APSM algorithmic family. At each time
instant and at each node of the network, a hyperslab is constructed based on
the received measurements and this defines the region in which the solution
is searched for. Moreover, in order to reduce the number of transmitted coeﬃcients, which is dictated by the dimension of the unknown vector, we seek
8
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RD
φ̃k,n

Kn
φk,n = T̂n φ̃k,n
Sk,n

Kn ∩ Sk,n

PS̃k,n (φ̃k,n )

PKn ∩Sk,n (φk,n )

0
(D)

wW F
w∗

Rm

(a)

(b)

Figure 2: (a) Geometrical illustration of the algorithm for q = 1. The aggregate φk,n , which belongs in the subspace, is projected onto the intersection
of the subspace and the hyperslab, generated by the measurement data. (b)
The algorithmic scheme in the reduced dimension space, i.e., RD .
for possible solutions in a subspace of lower dimensionality; the technique
will be developed around the Krylov subspace rationale. Our goal is to find
a point that belongs to the intersection of this infinite number of hyperslabs
and the respective Krylov subspaces. This is achieved via a sequence of projections onto the property sets as well as the Krylov subspaces. The proposed
schemes are brought in a decentralized form by adopting the combine-adapt
cooperation strategy among the nodes.
The steps of the algorithm can be encoded in the following formula:
!
#
"
w̃k,n+1 = φ̃k,n + µ̃k,n
(10)
ωk,j PS̃k,j (φ̃k,n ) − φ̃k,n ,
j∈J

where the vectors tildewk,n+1 , φ̃k,n+1 belong to the reduced dimension space
and the reduced dimension hyperslab is given by: S̃k,n := {w̃ ∈ RD : |dk,n −
uTk,n T̂n w̃| ≤ ϵk , } where T̂n is a matrix, the columns of which, span the Krylov
subspace. The geometrical interpretation of the algorithm is illustrated in
Fig. 2
As in the previously derived schemes, the theoretical properties of the
algorithm are studied and it is shown that the scheme enjoys monotonicity, asymptotic optimality and strong convergence to a point that lies in
the intersection of the consensus subspace with the Krylov Subspace. Finally, numerical examples verify that the proposed scheme provides a good
9
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trade-oﬀ between the number of transmitted coeﬃcients and the respective
performance.
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Research in parametric optical amplification and
injection locking focused on high bit rate optical
communication systems applications
Markos Alexandros Fragkos*
National and Kapodistrian University of Athens
Department of Informatics and Telecommunications
alx_f@di.uoa.gr

Abstract. In this dissertation, the properties of the all-optical processes of
phase sensitive parametric amplification and injection locking, are thoroughly
investigated, through numerical simulations and experiments, in order to design
integrated optical devices that can improve the performance of coherenct
optical communications. Exploiting the phase noise suppression that the phase
sensitive parametric amplifier can provide, a novel 40 Gb/s RZ-DPSK
regenerator based on the single pump topology is proposed, which adops a
realistic solution for the all-optical generation of an idler wave identical to the
signal, dealing with the unresolved problem of the practical implementation of
the specific devices. Taking into consideration the amplitude noise suppression
and the phase replication properties of the injection locked semiconductor laser,
we propose the use of the specific device as an alternative solution for (D)PSK
and (D)QPSK signal regeneration. From the above properties, the injection
locked semiconductor laser is also proposed as an additional unit in a
DPSK/ASK receiver in order to provide better discrimination of the two
different data streams and improve the performance of the specific modulation
format.
Keywords: Parametric amplification, injection locking, coherent
communication systems, all-optical regeneration, orthogonal modulation
formats.

1 Dissertation Summary
Coherent optical communication systems that rely on phase modulation formats
such as differential phase-shift keying (DPSK), quadrature phase-shift keying (QPSK)
etc., currently emerge as an alternative to on–off keying (OOK) for long-haul
transmission. The superiority of the coherent systems is based on three fundamental
advantages: The first one originates from the balanced detection of the phase
modulated signals which offers a 3-dB improvement in receiver sensitivity over direct
detection of OOK. The second one is their enhanced tolerance to fiber nonlinearities
and basically to interchannel cross-phase modulation (XPM). And the third one is the
plethora of the advanced multi-level phase modulation formats providing enhanced
bandwidth efficiency. Nonetheless, nonlinear phase noise is the major limitation for

*Dissertation Advisor: Dimitrios Syvridis, Professor
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the performance of these systems requiring the periodic regeneration of the signal for
long-haul transmissions.! The potential for commercial deployment of phase
modulation formats has triggered worldwide the research activity on the optical
manipulation of signals modulated in phase.
The all-optical regeneration of phase modulated signals is carried out by periodic
suppression of the amplitude noise, which limits the build up of the non-linear phase
noise, or by direct phase noise suppression.
In this dissertation we thoroughly investigate the processes of phase sensitive
parametric amplification, which offers direct phase noise suppression, and injection
locking, which offers amplitude noise suppression and phase replication of the
injected signal.
In the paragraphs below we present the regenerator architectures that have been
emerged from the current investigation and provide performance improvement of
coherent optical communication systems.

2 Phase sensitive amplification
The FWM is a non-linear process that takes place inside non-linear media such as
optical fibers or semiconductor devices (e.g. lasers, optical amplifiers) and depends
on the third order susceptability of the medium. In this process, two propagating
waves (ω1, ω2), inside the medium, create a perturbation to the optical power
dependent refractive index which then modulates the phase of each wave with a
characteristic frequency that equals to the beating frequency of the two waves,
ωmod=ω2-ω1. As a result, each wave develops side-bands with spectral distance from
the central frequency equal to ωmod, which essentially leads to the generation of two
new waves (ω3=ω1-ωmod, ω4=ω2+ωmod).

(a)

(b)

Fig. 1. Gain (a) and phase response (b) of a PSA as a function of the input signal’s phase.

If four waves with the above spectral distances are being launched at the input of
the non-linear medium, then depending on the total phase difference (Δφ) between
the four waves, energy can be trasnferred from frequencies ω1 and ω2 to ω3 and ω4, if
Δφ=π/2 (parametric amplification), or vice versa, if Δφ=-π/2 (parametric absorption).
The parametric amplifiers are based on two main topologies, single and dual pump,
depending on the number of strong waves that are used in order to amplify the weak
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waves. The weak waves are called signal and idler. The presence or the absence of the
idler wave at the input of the parametric amplifier determines the phase sensitive or
phase insensitive gain of the amplifier, respectively.
Phase sensitive amplification exhibits a very interesting property. If the phase
characteristics of the idler and signal waves are identical, then the gain curve of the
amplifier as a function of signal’s phase presents periodicity equal to π, while the
phase response of the signal at the output of the amplifier is a step function with
periodicity and step both equal to π. These properties make PSA the ideal device for
all-optical regeneration of phase modulated signals.
2.1 Regenerative performance of a single pump PSA
In order to evaluate the noise suppression characteristics of the PSA, we
investigate, through numerical analysis, its behavior to sinusoidal perturbations of the
intensity and phase of the input signal. Depending on the power of the input signal,
the PSA operates in two different regimes. For low input powers, PSA operates in
linear regime in which the amplifier exhibits strong phase noise suppression (≈ 18 dB)
and high phase noise to amplitude conversion (≈ 26 dB) . For higher input powers,
PSA operates in non-linear regime in which the phase noise suppression is degraded
(≈ 12 dB) but strong amplitude noise suppression (< 12 dB) is observed while the
phase noise to amplitude conversion is strongly suppressed (≈ 20 dB). The behavior
of the PSA in these two regimes is depicted in the diagrams of figure 2.

Fig. 2. PSA response to sinusoidal perturbation

Subsequently, we investigate the regenerative capabilities of the single pump PSA
using RZ-DPSK signals. In order to evaluate its performance, we compare the quality
of the RZ-DPSK signal, which is quantified by the Q factor, at the output of three
different long-haul transmission links. The first link is a typical transmission link
without the use of any regeneration device, consisting of multiple spans of 80 km of
dispersion compensated transmission and amplification of the signal at the end of
each span. The second link is based on a popular topology which uses recurrent units
of saturated PIAs placed every 480 km along the transmission link. Finally, the third
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link uses a PSA as a regenerative unit which is placed in an intermediate point of the
transmission line.

Fig. 3. Performance comparison between three different optical transmission links for a 40
Gb/s RZ-DPSK transmitted signal.

As can be seen in the figure above, the saturated (non-linear regime) PSA exhibits
remarkable regenerative performance due to its strong amplitude and phase noise
suppression, improving the quality of the signal up to 10 dB higher than the
unsaturated PSA and the multiple saturated PIAs.
2.2 RZ-DPSK regenerator based on single pump PSA
As we mentioned before, the idler wave at the input of the amplifier has to be
identical to the signal in order to ensure the regenerative capabilities of the PSA. This
constitutes the most significant obstacle for the implementation of this device and till
now no realistic solution has been proposed, at least for the topology of the single
pump PSA. In this dissertation we propose a novel architecture of a RZ-DPSK
regenerator based on single pump PSA, in which the all-optical generation of an
identical to the signal idler wave is achieved. The topology of the proposed
regenerator is depicted in the block diagram of figure 4 and consists of three main
units. The first unit undertakes the all-optical generation of two identical and phase
locked intensity modulated RZ waves at the wavelengths λs and λi, using a PIA
implemented in a highly non-linear fiber (HNLF). The RZ pulses have the same
repetition rate as the received RZ-DPSK signal and λs is the same as the received
wavelength. The second unit is the most important unit of the regenerator as it
undertakes the all-optical and coherent transfer of the phase information of the
received signal to the phase of each one of the locally generated RZ waves. Firstly, a
delay interferometer (DI) transfers the DPSK information of the received signal to its
amplitude.
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Fig. 4. RZ-DPSK regenerator based on single pump PSA. DI: delay interferometer, OBPF:
optical band-pass filter, PCE: phase control element and PD: photodiode.

As a result, at the output of the DI we receive a RZ-OOK signal at the amplitude of
which is imprinted the phase information and the total noise (amplitude and phase
noise) of the received signal. The RZ-OOK signal is then converted into NRZ-OOK
using an all-optical technique that is based on cross-phase modulation (XPM), which
takes part in a second HNLF, and the final signal is transferred to the phase of λs and
λi using the XPM process, which takes place in a third HNLF. The two identical RZDPSK signals (λs, λi) at the output of this unit are imported into the third unit in
which, through phase sensitive amplification, the regeneration of λs is achieved. The
quality of the regenerated RZ-DPSK signal for the two different PSA operating
regimes can be observed in the eye diagrams of figure 5.

(a)

(b)

(c)

Fig. 5. 40 Gb/s RZ-DPSK signal before (a) and after regeneration for PSA operating in
linear (b) and non-linear (c) regime.

As it was expected from the analysis of the previous paragraph, the proposed
regenerator exhibits better performance when the PSA operates in the non-linear
regime improving the optical SNR of the received signal up to 28 dB.
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3 Injection locking
Injection locking refers to the frequency effects that can occur when a harmonic
oscillator (slave) is disturbed by a second oscillator (master) operating at a nearby
frequency. When the coupling is strong enough and the frequencies near enough, the
master oscillator can capture the slave oscillator, causing it to have essentially
identical frequency as the master. This process can occur in a variety of oscillators in
which the semiconductor lasers are included. In semiconductor lasers, the strength of
the coupling is proportional to the injection ratio, R, which is given by the ratio of the
injected power of master laser to the emitted power of the free running slave laser. As
injection ratio increases the locking range of slave laser broadens enabling it to follow
higher frequency perturbations of the injected signal. Through injection locking, slave
laser acquires a variety of characterics such as the ability of replicating the phase
information and suppress the amplitude noise of the injected signal, the enhancement
of its modulation frequency, the reduction of its relative intensity noise, the
suppression of its linewidth and the suppression of its side modes. Taking into
consideration the above capabilities of the injection locked laser we propose its use as
a cost effective, energy efficient and low complexity regenerator for phase modulated
signals.
3.1 Regenerative performance of a single mode semiconductor laser
Using the modified rate equations appeared in [??] we modeled the master-slave
system and investigated the phase replication and amplitude noise suppression
capabilities of a semiconductor single mode injection locked laser for different phase
modulation schemes and bit rates of the injected signal. The injection locked laser
exhibits remarkable regenerative performance demonstrating modulation scheme
transparency, supporting QPSK signals, high bit rate data replication, supporting up to
25 Gbaud/s, and strong amplitude noise suppression reaching up to 10 dB. In the
polar diagrams of figure 6 is depicted the quality improvement that the injection
locked laser can provide to a 25 Gb/s PSK and 50 Gb/s QPSK injected signal
degraded by amplified spontaneous emission (ASE) noise.

(a)

(b)

Fig. 6. Polar diagrams of PSK (a) and QPSK (b) regenerated signals of 25 Gbaud/s. Black
points correspond to master laser complex optical field and red points correspond to slave laser
complex field.
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To verify the performance of the proposed regenerator we realized the
experimental set up of figure 7 and investigated the behavior of slave laser for 10
Gb/s DPSK injected signal degraded by two different noise cases; ASE noise and
sinusoidal amplitude perturbations.
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(a)

(b)

Fig. 9. (a) BER measurement as a function of the receiver power for ASE degraded signal of
OSNR equal to 30 dB. (b) BER measurement as a function of the receiver power for a signal
degraded only by strong amplitude perturbation of 1 GHz.

Due to phase to amplitude noise conversion in the case of ASE degraded injected
signal, the power penalty that the regenerator provides is limited to 1.5 dB. On the
other hand, if the injected signal is degraded only by amplitude noise then the power
penalty increases to the remarkable value of 11 dB demonstrating error free data
recovery at the receiver.
3.2 Regenerative performance of a Fabry-Perot semiconductor laser
Using the same experimental set up as before (fig. 7), we replaced the single mode
semiconductor laser with a Fabry-Perot (FP) laser in order to evaluate its capability of
single mode emission, that injection locking can provide to it through side mode
suppression, and its regenerative performance. As can be seen in the figures below,
the injection locked FP laser demonstrates single mode operation in a bandwidth of
16.4 nm arround its central emission wavelength, with side mode suppression ratio
(SMSR) equal to 45 dB, for an injection ratio of -11 dB.

Fig. 10. Single mode operation of the injection locked Fabry-Perot laser for three
representative emission modes.
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In figure 11, the eye diagrams of the degraded by amplitude noise input and the
regenerated output differentially phase shift keying (DPSK) signal are depicted for the
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Fig. 11. 10-Gb/s DPSK eye diagrams of the input signal degraded by ASE noise at 1538.89
nm (a), 1549.09 nm (c) and 1555.29 nm (e) and the corresponding regenerated output (b, d, f).
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Figure 12 shows a series of BER measurements conducted for input OSNR equal
to 23 dB, which further prove the remarkable amplitude limitation properties of the
proposed injection locked laser amplifier. The amplitude noise level was adjusted
appropriately so as the input signal to exhibit constant BER for every wavelength
inside the investigated spectral range. The FP laser provides a reduction of 12 dB in
the required receiving power for the achievement of BER performance equal to 10-3.
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Fig. 12. BER performance as a function of the receiveing power for degraded master signal
(black trace) and the corresponding regenerated signal at the output of the slave at 1538.89 nm
(red trace), 1549.09 nm (green trace) and 1555.29 nm (blue trace).

3.3 Alternative application of injection locked semiconductor laser
Apart from its regenerative use, the injection locked laser can find a number of
alternative applications providing quality improvement and capacity enhancement of
future transmissions. In this dissertation, we propose a modified receiver based on the
injection locking technique for the performance improvement of the novel orthogonal
modulation scheme DPSK/ASK.
DPSK/ASK transmitter relies on the simultaneous modulation of both phase and
amplitude of the signal with two different data streams, which doubles the bandwidth
efficiency of the signal. Once received, the DPSK/ASK signal is driven through a 3
dB coupler into a direct detection receiver and a DPSK receiver for the demodulation
of each data stream. Due to amplitude fluctuations at the DPSK receiver, caused by
the remaining ASK information, the initial ASK extinction ratio must be kept at low
values (<3dB) in order to ensure high quality of the demodulated DPSK signal.
However, if we insert an injection locking unit at the input of DPSK receiver, the
unwanted amplitude fluctuations can be suppressed improving DPSK quality and
enabling the usage of higher ER of the ASK signal providing total performance
improvement of the DPSK/ASK tranceiver. The experimental set up of the proposed
modified receiver is depicted in the block diagram of figure 13 and its performance
compared to the typical DPSK/ASK receiver is depicted in figure 14.
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Fig. 13. Block diagram of the experimental setup. PM:phase modulator, IM: intenesity
modulator, PRBS: pseudorandom binary sequence, EDFA1: boost amplifier, EDFA2, preamplifier, EDFA3: saturated amplifier, EDFA4: injection ratio controller, VA: variable
attenuator, PD: photodiode, OBPF: optical band-pass filter, PC: polarization controller, DI:
delay interferometer, OI: optical isolator.

Fig. 14. BER measurements as a function of ER for the 10-Gb/s ASK signal after direct
demodulation (red squares) and the 10-Gb/s DPSK signal demodulated with (black circles) and
without injection locking (blue triangles).

The proposed receiver allows the usage of ER up to 8 dB maintaining the high
quality of the ASK and DPSK data streams for longer transmission lengths.
Numerical simulations of the above transeiver demonstrated the error free detection of
10 WDM DPSK/ASK channels for transmissions up to 800 km for 20 Gb/s/channel
and up to 400 km for 50 Gb/s/channel.
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4 Conclusions
In this dissertation, three novel device architecture for all-optical processing have
been proposed providing performance improvement of transmissions based on high
efficiency modulation formats.
A RZ-DPSK signal all-optical regenerator based on single pump PSA is for the
first time proposed, employing a realistic solution for the all-optical generation of an
identical to the received signal idler wave. The specific regenerator can handle RZDPSK signals up to 40 Gb/s providing SNR improvement of up to 28 dB. The
proposed regenerator can also be implemented using semiconductor optical amplifiers
leading to footprint minimization, lower energy consumption and lower complexity.
The injection locked laser is for the first time proposed as an alternative all-optical
regenerator for phase modulated signals. The specific regenerator can be placed along
the optical path or at the input of the receiver improving the quality of the signal and
reducing the required power for a given BER. It can also be placed at the output of a
PSA operating in the linear regime suppressing the amplitude noise generated by the
specific amplifier and leading to total noise suppression. The injection locked laser
regenerator provides modulation format and wavelength transparency and can handle
signals up to 25 Gbaud/s.
Finally, the injection locked laser is proposed as an additional unit at the input of
the DPSK part of the DPSK/ASK receiver allowing the usage of higher ER of the
ASK data stream, reaching the value of 8 dB, improving the total performance of the
DPSK/ASK signal and therefore enabling its use as a cost effective alternative for
channel capacity enhancement for access and metro networks.
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Abstract. In this thesis we explore recent methods for computing the Newton polytope
of the implicit equation and study their applicability to the representation change from
the parametric form to implicit. Computing a (super)set of the monomials appearing in
the implicit equation allows us to determine the interpolation space. Following this phase
we implement interpolation by exact or numeric linear algebra (applying singular value
decomposition). We evaluate the monomials at the points, most suitable for the task, thus
building a numeric matrix, ideally of corank 1, whose kernel vector contains the coefficients
of the implicit equation. We propose techniques for handling the case of higher corank.
This yields an efficient, output-sensitive algorithm for computing the implicit equation.
The method can be applied to polynomial or rational parameterizations of planar curves or
(hyper)surfaces of any dimension including parameterizations with base points. Moreover,
this technique can be used for problems such as the computation of the discriminant of a
multivariate polynomial or the resultant of a system of multivariate polynomials.
Keywords: implicitization, interpolation, Newton polytope, sparse resultant, linear algebra.

1

Introduction

The modern CAGD and CAM systems operate with several di↵erent representations of geometric
objects, where each is more suitable for some applications. For instance, parametric and implicit
representations have complementary features: with parametrization it is easy to obtain points
on the geometric object while the implicit equation allows to check quickly if a given point is
inside or outside a given object. Hence the need for the robust methods to change between the
two representations.
In this thesis we focus on implicitization, i.e. process of changing the representation of a
geometric object from parametric to implicit (algebraic). The main objective of our work was
exploring applicability of the recently developed method for computing Newton polytope of a
resultant [1,2] to computing the implicit equation.
P
Definition 1. Given a polynomial f = a ca ta 2 R[t1 , . . . , tn ], ta = ta1 1 · · · tann , a 2 Nn , ca 2 R,
its support is the set {a 2 Nn : ca 6= 0}; its Newton polytope N (f ) is the convex hull of its
support.
Let us now define the problem formally. A parametrization of a geometric object of codimension one, in a space of dimension n + 1, can be described by parametric map:
f : Rn ! Rn+1 : t = (t1 , . . . , tn ) 7! x = (x0 , . . . , xn ),
?

Dissertation Advisor: Ioannis Z. Emiris, Professor
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Fig. 1. Newton polygons N (fi ) of polynomials fi 2 Z[x, y].

where t is the vector of parameters and f := (f0 , . . . , fn ) is a vector of continuous functions,
including polynomial, rational, and trigonometric functions, also called coordinate functions.
These are defined on some product of intervals ⌦ := ⌦1 ⇥ · · · ⇥ ⌦n , ⌦i ✓ R.
Definition 2. The implicitization problem asks for the smallest algebraic variety containing the
image of the parametric map f : t 7! f (t). This image is contained in the variety defined by
the ideal of all polynomials p(x0 , . . . , xn ) s.t. p(f0 (t), . . . , fn (t)) = 0, for all t in ⌦. We restrict
ourselves to the case when this is a principal ideal, and we wish to compute its defining polynomial
p(x0 , . . . , xn ) = 0,
given its Newton polytope, or a polytope that contains it.
There have been numerous approaches to implicitization, including those based on Gröbner
bases, resultants, residues, moving lines and surfaces, and µ-bases. Our approach, presented
in [3,4,5,6], follows the standard method of interpolating the unknown coefficients of the implicit
polynomial given a superset of its monomials.
Using the recently developed method to determine potential monomials of the implicit equation we build a numeric matrix, ideally, of codimension 1, whose kernel yields (up to a nonzero
scalar multiple) the coefficients corresponding to the predicted implicit support. This is a standard case of sparse interpolation of the polynomial from its values.
Since the kernel can be computed numerically, our approach also yields an approximate sparse
implicitization method.
The kernel space of the numerical matrix may be of high dimension. We relate it to the
geometry of the predicted support, which is a superset of the true implicit support. Another
reason for obtaining a high-dimensional kernel is that the numeric evaluation of the support
monomials may not be sufficiently generic.
Our implicitization method can be applied to planar curves, surfaces, or hypersurfaces of any
dimension, given by a polynomial, rational or trigonometric parametrization, including those
with base points. Moreover, our method can be used to compute discriminants of well-constrained
systems as well as resultants, since the latter can be viewed as a special case of discriminants.
1.1

Prior work

Our implicitization algorithm is closely related to the interpolation-based method presented in [7].
We employ the same, most direct, method to reduce implicitization to linear algebra: construct
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a |S| ⇥ |S| matrix M , indexed by monomials with exponents in S (columns) and |S| di↵erent
values (rows) at which all monomials get evaluated, and compute kernel vector p of M containing
coefficients of the implicit equation. This idea was used also in [8,9]; the approach was extended
to an approximate implicitization as well.
Evaluation of the potential monomials at unitary ⌧ 2 (C⇤ )n , one of the evaluation strategies
examined in our work, was proposed in [10], Another approach, described in [11], is based on
integration of matrix M = SS T , over each parameter t1 , . . . , tn . Then, p is in the kernel of
M . This method covers a wide class of parametrizations, including polynomial, rational, and
trigonometric representations, but the size of M is large and matrix entries take big values, so
it is difficult to control its numeric corank.
In practical applications of CAGD, precise implicitization often can be impossible or very
expensive to obtain. Moreover, exact implicit equations usually are of high degree and contain
unwanted branches and singularities. Hence the need for approximate implicitization proposed
by T. Dokken [12,13]. The idea is to interpolate the coefficients using successively larger bounds
on the total degree of the target polynomial, starting with a quite small support and extending
it until a satisfying accuracy of the approximation is reached.
In order to determine the space of interpolation we have used the Newton polytope of the
implicit equation, or implicit polytope.
There are several methods for computing the implicit polytope, such as those based on tropical
geometry, or mixed fiber polytopes, for instance [14,15,9]. In this thesis the implicit polytope is
computed from the Newton polytope of the sparse (or toric) resultant, or resultant polytope, of
polynomials defined by the parametric equations. In particular, we use software tool ResPol [2]
to compute the implicit support in general case and, in the case of curves, the method presented
in [1] and implemented in Maple. We shall note, however, that our implicitization method does
not depend on the approach used to compute the implicit polytope.

2

Algorithm and implementation

In this section we present our implicitization algorithm, discuss the importance of suitable evaluation points for building the matrix and give some details on the implementation.
The main steps of our algorithm are the following:
Input: Polynomial or rational parametrization xi = fi (t1 , . . . , tn ).
Output: Implicit polynomial p(xi ) in the monomial basis in Nn+1 .
1. Determine (a polytope containing) the implicit polytope.
2. Compute all lattice points S ✓ Nn+1 in the polytope.
3. Repeat
|S| times: Select value ⌧ for t, evaluate xi (t), i = 0, . . . , n, thus evaluating each
monomial with exponent in S. This yields a matrix M .
4. Given matrix M , solve M p = 0 for kernel p.
5. Let the kernel vector pi correspond to a polynomial of least total degree.
6. Return the primitive part of polynomial p>
i ·m, where m is the set of monomials with exponent
in S.
The complexity of our algorithm is O(µ |S|2 ).
Let us describe the construction of matrix M in Step 3.
Consider S := {s1 , . . . , s|S| }; each sj = (sj0 , . . . , sjn ) is an exponent of a (potential) monomial
s
s
mj := xsj = x0j0 · · · xnjn of the implicit polynomial, where xi = fi (t)/gi (t). We evaluate mj at
some ⌧k , k = 1, . . . , µ, avoiding values that make the denominators of the parametric expressions
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⌘sji
Q ⇣
k)
close to 0, and obtain mj |t=⌧k := i gfii (⌧
. Thus, we build an µ ⇥ |S| matrix M with rows
(⌧k )
indexed by ⌧ ’s and columns indexed by mj ’s:
2
3
m1 |t=⌧1 · · · m|S| |t=⌧1
6
7
..
..
7
M =6
.
···
.
4
5
m1 |t=⌧µ · · · m|S| |t=⌧µ

We compute the kernel of the matrix M either symbolically or numerically, by applying
singular value decomposition (SVD).
2.1

Choosing the evaluation points

Experiments with curves and surfaces in the monomial basis as well as in the Bernstein basis,
show that when building the matrix M , it is important to choose ⌧ values that are suitable for
the specific instance.
Choosing ⌧ for implicitization of classical algebraic curves and surfaces, we have experimented
with
–
–
–
–

random integers in the range µ2 . . . µ2 ,
random rational numbers,
complex µ-th roots of unity,
random complex numbers modulo 1.

Random integers o↵er the most numerically stable results, however with large matrices they
result in fast growth of matrix entries. Random rational values have proved to be unreliable when
implicitizing classical algebraic curves and surfaces, although complex values are numerically
stable.
In the case of curves and surfaces in the Bernstein basis we have used evaluation by
–
–
–
–

random rational numbers,
uniformly distributed rational numbers,
complex roots of unity,
Chebyshev nodes in [0, 1]:
✓
◆
1 1
2i 1
⌧ = + cos
⇡ , i = 1, . . . , n.
2 2
2n

While for classical algebraic curves and surfaces rational numbers led to a loss of numerical
stability, here rational numbers chosen randomly in [0, 1] provide the fastest results.
Our experiments affirm the results of [13], as the evaluation with Chebyshev nodes allows
to minimize the approximation error in numerical computations. Complex roots of unity gave
the slowest timings and introduced complex coefficients into the resulting approximate implicit
equation.
2.2

Implementation

Our algorithm is implemented in Maple1 and SAGE, based on the software for computing implicit
polytopes [2], available as a C++ implementation2 . The main functions are imgen (general
1
2

http://ergawiki.di.uoa.gr/index.php/Implicitization
http://sourceforge.net/projects/respol/files/
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implicitization, applicable for curves, surfaces and hypersurfaces, requires parametric equations
and predicted polytope vertices as an input) and imcurve (for curves only, support prediction is
part of the routine).
For exact computations we prefer Maple, while for numerical ones SAGE. In our Maple implementation the computation of the lattice points in Step 2 is done, for up to four dimensions,
by routines that utilize the Maple package convex [16], whereas our SAGE implementation uses
its built-in functions for the same task. For higher dimensions we have employed the software
package Normaliz.
When the kernel computation in Step 4 is done numerically, we build a rectangular overconstrained matrix M in order to increase the numerical stability.
2.3

Accuracy of the approximate implicitization

It is important to estimate the numeric accuracy, or quality, of the result when solving numerically. We use the matrix condition number and the ratio between the two smallest singular values
to evaluate the error in the coefficient vector computed by SVD.
We employ two measures to quantify the accuracy of approximate implicitization:
(a) Coefficient di↵erence: measured as the Euclidean norm of the di↵erence of the two coefficient
vectors Vexact , Vapp , obtained from exact and approximate implicitization, after padding with
zero the entries of each vector which do not appear in the other.
(b) Evaluation norm: measured by considering the maximum norm of the approximate implicit
equation when evaluated at a set of sampled points on the given parametric object.
Both accuracy measures feature in Table 2 where we compare running time and accuracy of
our approximate implicitization against another method.

3

Results

In this section we discuss some of the key results of our work. First we prove the relation
between the size of the predicted implicit polytope and the presence of the extraneous factors
in the resulting expression. Next, we also talk about performance of the implementation of our
method compared with others and present examples of alternative, non-geometrical application
of the method.
3.1

The extraneous factors cases

By the construction of matrix M using values ⌧ that correspond to points on the parametric
surface, we have the following:
Lemma 1. Any polynomial in the basis of monomials indexing M , with coefficient vector in the
kernel of M , is a multiple of the implicit polynomial p.
The following theorem establishes the relation between the dimension of the kernel of M and
the accuracy of the predicted support. It remains valid even in the presence of base points. In
fact, it also accounts for them since then, P is expected to be much smaller of Q.
Theorem 1. Let P = N (p) be the implicit polytope and Q the predicted polytope. Then, assuming
M has been built using sufficiently generic evaluation points, the dimension of its kernel space
equals #{m 2 Zn : m + P ✓ Q} = #{m 2 Zn : N (xm · p) ✓ Q}.
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We assume genericity of the resultant whose symbolic coefficients are then specialized to the
actual coefficients of the parametric equations. If this does not hold, then the actual implicit
equation divides the specialized resultant.
In order to produce the exact implicit equation in the instance when the matrix M has
corank > 1 we propose the following:
– Reduce the predicted Newton polytope.
– Compute gcd of two or more polynomials corresponding to kernel vectors. In case of numeric
solving approximate methods for computing the gcd can be applied.
– Apply factoring, then determine which of the factors vanishes when the xi variables are
substituted by the parametric expressions.
– In practice, an actual implicit equation usually is present among the polynomials corresponding to kernel vectors. Hence the solution: sort the polynomials, return the one of the least
degree.
Example 1. Consider its parametrization:
x0 =

2st
1 t2 + s2
2s
, x1 =
, x2 =
.
2
2
2
2
1+t +s
1+t +s
1 + t2 + s 2

Predicted implicit polytope has vertices: (0, 0, 0), (0, 0, 2), (0, 0, 4), (0, 2, 0), (0, 4, 0), (4, 0, 0).
Implicit equation of the sphere being quadratic, here implicit polytope P ⇢ Q, where Q is
predicted polytope, which contains the actual implicit polytope. It contains 35 lattice points.
We build M of size µ ⇥ 35 (µ 35) of corank 10. The polynomials corresponding to the kernel
vectors are:
g 1 = y 2 + y 2 z 2 + y 4 + x2 y 2 ,
g 2 = z 2 + z 4 + y 2 z 2 + x2 z 2 ,
g 3 = 1 + z 2 + x2 + y 2 ,
g4 = x + xz 2 + xy 2 + x3 ,
g5 = yz + yz 3 + y 3 z + x2 yz,
g6 = y + yz 2 + y 3 + x2 y,
g7 = xz + xz 3 + xy 2 z + x3 z,
g8 = z + z 3 + y 2 z + x2 z,
g9 = xy + xyz 2 + xy 3 + x3 y,
g10 = 1 + 2z 2 z 4 + 2y 2 2y 2 z 2 y 4 + x4 .
Computing the gcd of two randomly chosen polynomials yields, either the actual implicit
equation p = 1 + z 2 + x2 + y 2 , or a multiple of p of degree 3.
Let us have a closer look at the numeric solving in the case of dim(kernel(M )) = 10. Applying
SVD in we obtain approximate results, i.e. polynomials with non-integer coefficients. Computing
the kernel of M approximately yields polynomials with real coefficients.
The approximate gcd of the first two is:
0.9999998548199414+0.9999999857259533x2 +1.000000000052092y 2 +1.000000000000000z 2 , which
is accurate to 7 decimal digits.
3.2

Comparison to other methods

Here we report on a comparison of our method, implemented in Maple, against existing implicitization software. All the experiments mentioned have been performed on an Intel c Core2 Duo
CPU, 2.20GHz, 3Gb memory, Maple 14.
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Table 1 features the running times for implicitization of some examples of algebraic curves by
di↵erent methods, all implemented in Maple. Namely our function imcurve, only for curves, that
includes support prediction routine, µ-bases method only for curves [17], and Maple function
Implicitize, which employs integration of matrix M over each parameter [11] and can be run in
exact and numerical mode.
Curve

degree Implicitize Implicitize Our
µ-bases
exact
numeric
software
Trisectrix of Maclaurin 3
1.92
0.064
0.02
0.016
Folium of Descartes
3
9.3
0.08
0.012
0.024
Tricuspoid
4
1.92
0.064
0.044
0.016
Bean
4
129.7
0.12
0.036
0.028
Talbot’s
6
18.98
0.252
0.324
0.072
Fifth heart
8
799.74
0.44
0.104
0.08
Ranunculoid
12
>3000
1.64
1.376
0.3
Table 1. Comparing runtimes (sec) of: Maple function Implicitize (exact and numeric), our method,
and µ-bases.

Of the three methods Implicitize, even in numerical mode, is the slowest, however the method
has less restrictions on the parametrization accepting non-rational representations. Our method
is faster than Implicitize but slower than the µ-bases method.
While in case of curves our method may not be the best choice, experiments show that for
geometric objects of higher degree and dimension it is competitive to the popular Gröbner bases
method.
Consider Table 2, where we show the results of our experiments with surfaces. Here we compare our Maple implementation imgen against Maple’s native function Implicitize in numerical
mode and implicitization using Gröbner bases in Maple.
The input consists of a family of classical algebraic surfaces, the so called Plücker’s conoid.
a
)
x0 = t, x1 = s, x2 = Re((t+I·s)
|(t+I·s)a | . By choosing appropriate values of parameter a = 2b we
obtain rational parameterizations of the surfaces with desired total degree. While implicitization
of the Plücker’s conoid is trivial task, we have chosen this example to demonstrate robustness of
our method when the properties of the surface family allow us to compute comparatively small
implicit polytope. This is the reason our exact implicitization shows here better results that
the Gröbner bases method. We should note that, compared with the Implicitize function, our
approximate method is not only faster but also more precise (we use accuracy measures (a) and
(b) as defined in [2.3]).
In general, the results of our experiments show that for low degree curves ( 6) or surfaces
( 4), Gröbner bases outperform our software. The situation is reversed for higher degree: for
instance, the ranunculoid curve (degree 12) was computed in 1.3 sec. by our method and in 7.3
sec. using Gröbner bases. For the standard benchmark of the bicubic surface (degree 18) the
timings are 42 min. and over 4 hours, respectively.
3.3

Non-geometrical applications

Our algorithm finds other applications besides the implicitization. Since the support prediction
software ResPol actually computes a resultant support, its straightforward application is to
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Table 2. Comparison of our method (exact and numerical) to Maple’s function Implicitize() and Gröbner
bases. Runtimes are given in seconds.
Surface
degree
3
5
7
9
11

Our exact Gröbner
runtime
0.016
0.031
0.016
0.046
0.031
0.078
0.046
0.078
0.078
0.141

runtime
0.031
0.032
0.046
0.063
0.078

Our numerical
Implicitize(numerical)
accuracy (a) accuracy (b) runtime accuracy (a) accuracy (b)
10 15
9.07 · 10 10 46.07
10 15
1.98 · 10 9
10
8
7
10
3.57 · 10
85.43
3.67 · 10
6.83 · 10 6
11
8
7
10
9.97 · 10
359.49 9.06 · 10
2.94 · 10 4
10
7
6
10
1.35 · 10
695.65 2.86 · 10
7.55 · 10 3
11
6
10
1.07 · 10
> 2000 -

reduce resultant computation to interpolation; this is also the premise of [18,19]. The main
di↵erence with interpolating the implicit equation is the absence of a parametric form, however,
the latter can be derived using Horn-Kapranov parametrization [20], as demonstrated below.
Example 2. Let f0 = a2 x2 + a1 x + a0 , f1 = b1 x2 + b0 , with supports A0 = {2, 1, 0}, A1 = {1, 0}.
Their (Sylvester) resultant is a polynomial in a2 , a1 , a0 , b1 , b0 .
The algorithm in [2] computes its Newton polytope with vertices (0, 2, 0, 1, 1), (0, 0, 2, 2, 0),
(2, 0, 0, 0, 2); it contains 4 points, corresponding to 4 potential monomials a21 b1 b0 , a20 b21 , a2 a0 b1 b0 , a22 b20 .
The Horn-Kapranov parametrization of the resultant yields: a2 = (2t1 +t2 )t23 t4 , a1 = ( 2t1
2t2 )t3 t4 , a0 = t2 t4 , b1 = t1 t23 t5 , b0 = t1 t5 , where the ti ’s are parameters.
We substitute these expressions to the predicted monomials, t21 t43 t25 ( 2t1 2t2 )2 t24 , t21 t43 t25 t22 t24 ,
2 4 2
t1 t3 t5 t2 t24 (2t1 +t2 ), (2t1 +t2 )2 t43 t24 t21 t25 , evaluate at 4 sufficiently random ti ’s, and obtain a matrix
whose kernel vector (1, 1, 2, 1) yields R = a21 b1 b0 + a20 b21 2a2 a0 b1 b0 + a22 b20 .
Another possible application is computing the discriminant of a multivariate polynomial.
Computation of the discriminant is a difficult problem, since explicit formulas only exist for
low-degree uni-variate polynomials. We reduce discriminant computation to sparse implicitization.
Definition 3. A-discriminant is an irreducible polynomial DA = DA (c) with integer coefficients
in the vector of coefficients c = (ca : a 2 A), defined up to sign, which vanishes for each choice
of c for which FA and all @FA /@ti have a common root in (C\{0})n .
Given A, we form the (n + 1) ⇥ m, m > n + 1 integer matrix (also called A by abuse of
notation) whose first row consists of ones, and whose columns are given by the points (1, a) for
all a 2 A.
Let B = (bij ) 2 Zn⇥(m n 1) be a matrix whose column vectors are a basis of the integer
kernel of matrix A. Then B is of full rank. Since the first row of A equals (1, . . . , 1), the column
vectors of B add up to 0.
We illustrate computation of A-discriminant by the following example from [5].
Example 3. Consider a generic polynomial of two variables of degree 3,
FA (t1 , t2 ) = c1 t1 + c2 t2 + c3 t1 t2 + c4 t21 + c5 t31
where A = {[1, 0], [0, 1], [1, 1], [2, 0], [3, 0]} ⇢ Z2 .
We build the matrix A:
0
1
11111
A = @1 0 1 2 3A
01100
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then the matrix B is as follows:
0

B
B
B=B
B
@
Let l1 =

1

s, l2 = 1 + 2s, l3 =
f1 =

1

l2 l 4
1 + 2s
=
l1 l3
( 1 2s)( 1

1
1 1
1 2 C
C
1 2C
C
1 0 A
0 1

2s, l4 = 1, l5 = s, then we have the parametrization
s)

, f2 =

l22 l5
(1 + 2s)2 s
=
2
l1 l3
( 1 s)( 1 2s)2

Support prediction yields 4 Newton polygon vertices: [0, 0], [2, 0], [3, 0], [3, 2]. The Newton
polygon has 7 lattice points. Applying our method, we obtain implicit equation B (x, y) =
x y 1.
We perform substitution following
✓
◆
l2 l4 l22 l5
(f
,
f
)
=
D
1,
1,
1,
,
,
B 1 2
A
l1 l3 l1 l32
which gives us A-discriminant of FA : DA (c) = c2 c3 c4

4

c22 c5

c1 c23 .

Conclusions

We have developed an algorithm for computing implicit equations that combines linear algebra
with promising support prediction methods. The method applies to polynomial, rational and
trigonometric parameterizations of classical algebraic equations of curves and (hyper)surfaces.
Moreover, it can be used for implicitization of geometric objects represented in NURBS form,
after converting them to the monomial base. The method works even in the presence of base
points, which are known to raise important issues for some other implicitization methods.
Our method has its limits: geometric objects have to be presented using the monomial basis and in the case of trigonometric parameterizations they have to be convertible to rational
functions.
In some instances the polynomial computed using our algorithm contains an extraneous
factor. We have analyzed such cases the and propose techniques for handling them.
While our implicitization algorithm was intended and applied in this work to implicitize
curves and surfaces of codimension 1 only, interpolation can be sufficiently applied to implicitize
space curves; this can be a challenge for future work.
Moreover, it is possible that our algorithm can be adapted in a way that, while bypassing
actual computing of the equation, e↵ectively provides an answer if the point belongs to the the
geometric object. Our method represents an implicit (hyper)surface by a kernel vector. It is
challenging to devise suitable CAGD algorithms that exploit this representation, for instance to
compute surface-surface intersection, as in [12,21].
Yet another topic for future work is approximate implicitization of piecewise parametrized
Bézier and NURBS curves and surfaces. In this thesis we have limited our experiments to implicitization of single patches of the objects represented in Bernstein basis, however the same interpolation principle can be applied to computing implicit equations of curve or surface splines. As
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demonstrated in the thesis, the need for conversion from Bernstein basis to power basis presents
a major drawback: in the NURBS format curves and surfaces are usually given by floating point
coefficients and recalculating the parametrization in power basis furthers the precision loss.
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Abstract. Automated negotiations comprise an interesting research domain for
many years. A scenario, mostly depicting real life negotiations, defines that entities act under no knowledge on the characteristics of the rest of them. This
means that their behavior should incorporate mechanisms for handling uncertainty imposed by the lack of knowledge as well as intelligent methods for
modelling every aspect of the discussed scenario. In this thesis, we adopt computational intelligence techniques in order to propose efficient mechanisms for
the definition of the behavior of entities participating in Electronic Markets. We
cover the entire framework defined in a marketplace by proposing methodologies for the definition of basic parameters together with decision making models. We take into consideration the uncertainty in such scenarios in combination
with profit maximization. The proposed models are based on Fuzzy Logic,
Swarm Intelligence, Optimal Stopping Theory and Machine Learning techniques. We describe methods for the selection of middle entities and products.
We utilize Quality of Service parameters in order to increase the efficiency of
the proposed models. We study negotiations between one buyer and one seller
as well as concurrent negotiations between a buyer and multiple sellers.
Keywords. Negotiations, Fuzzy Logic, Prediction, Neural Networks, Swarm
Intelligence, Optimal Stopping Theory

1

Dissertation Summary

Nowadays, users are confronted with a huge amount of information resources.
Apart from information, users are able to find and purchase a very large number of
products. Providers can find new ways to reach customers in an open and dynamic
environment such as Web. However, a number of difficulties are present in purchasing products. The first is the number of product resources. It is out of human capabilities to find and navigate in a huge amount of Web stores. Moreover, it is very difficult
for users: a) to collect the necessary information for various products, and b) to identi*
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fy   providers’   intentions.   For   example,   customers   cannot   be   aware   of   the   providers’  
pricing strategies. Therefore, customers should spend a lot of time and effort in order
to conclude successful transactions.
The solution to the above mentioned problems can be the combination of the intelligent agent technology with Electronic Markets (EMs). An Intelligent Agent (IA) is a
software or hardware component capable of acting in order to accomplish the tasks
delegated by its owner. EMs are virtual environments where a set of entities try to
agree upon the exchange of goods. Usually, there are groups of market members such
as: the buyers, the sellers and members that are in the middle between them helping in
their tasks. Buyers aim to buy products while sellers offer a number of specific products. Middle entities deal with administration or mediation tasks.
In this dissertation, we focus on modelling the behavior of entities as well as on the
negotiation between them. The interaction between autonomous entities for exchanging offers with the final objective of dealing for purchases can be defined as negotiation. Usually, in negotiations, entities are selfish and try to maximize their profit.
Negotiations could be either single (bilateral) or concurrent (multi-lateral). Bilateral
negotiations are related to the negotiation between a buyer and a seller. The negotiation could involve either a single issue (product characteristic) or multiple issues (e.g.,
price, delivery time, etc). Finally, a negotiation could involve a complete or an incomplete information setting related to the knowledge of the opponent characteristics
(e.g., deadline, pricing strategy, etc).
A number of research efforts focus on the discussed domain. The majority of them
are based on Game Theory while others adopt Fuzzy Logic. Both of them are used for
defining various parameters of the negotiation. However, the proposed approaches
have a number of disadvantages. For example, game theoretic models require the
definition of players’ strategies and, in many cases, assume common knowledge of
some of the characteristics of players (e.g., deadlines distribution). Additionally,
fuzzy logic schemes are based on a specific rule base that describes the actions followed at every round. The following list summarizes the use of fuzzy logic in negotiations:
for evaluating the difference of issues values or the attributes of each offer or
specific constraints in successive rounds of the negotiation.
for predicting the reservation prices (e.g., upper – lower acceptable price) of
the opponent.
for deciding the appropriate action at every round of the negotiation.
for  evaluating  the  satisfaction  level  that  an  offer  produces  in  the  players’  decision mechanism.
In this thesis, we deal with a number of open issues in negotiations. These issues
are:
The efficient definition of specific behavior parameters for each player.
The definition of the equilibrium path under no knowledge on the players’
characteristics.
The definition of an efficient decision making mechanism to be used by the
buyer and the seller.
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The definition of an efficient mechanism for selecting the appropriate products
and middle entities.
The definition of an efficient trust framework to be used in dynamic environments like EMs.
In the above listed issues, we propose specific methodologies and models. Computational Intelligence techniques can provide the basis for solving problems arising
when entities interact with each other. A real life scenario defines that entities have no
knowledge on the characteristics of other entities also involved in the EM setup. We
adopt computational intelligence techniques in order to propose efficient mechanisms
for the definition of the behavior of entities participating in EMs. We cover the entire
framework defined in a marketplace by proposing methodologies for the definition of
basic parameters together with decision making models at every step of the negotiation. We take into consideration the uncertainty in such scenarios in combination with
profit maximization. We propose decision making models that are based on different
aspects of the discussed scenario in order to reveal the optimal one. We cover the
research gap by proposing an efficient decision making mechanism, for the buyer [3]
and the seller side, based on fuzzy logic [9] and utilizing a number of parameters
(instead of using a limited number as research efforts found in the literature).
We describe methods for the selection of middle entities [4] and products [5]. The
proposed methods result the appropriate middle entity or product that best matches
the   buyers’   needs.   We utilize Quality of Service parameters in order to increase the
efficiency of the proposed model. We study negotiations between one buyer and one
seller as well as concurrent negotiations between a buyer and multiple sellers. In the
first case, we rely on the game theory principles with the objective to provide a model
that maximizes the expected profit. For the second case, we rely on Swarm Intelligence theory in order to have a framework where threads, used by the buyer, converge to the best solution (the best agreement) through a team work. Additionally,
Optimal Stopping Theory gives us the tool to change the view of the problem. Based
on Optimal Stopping Theory, we propose models trying to find the best time to take a
decision instead of finding the best action as the response to the opponent move.
Finally, we propose a technique for defining the trust level of entities [11]. The
reason is that our scenario involves an open and very dynamic environment like EMs.
The trust level of an entity affects the decision taken by the rest of them for their involvement in negotiations with her. If the entity is very trusted, then the risk of negotiations with an unknown entity (we are not sure that the entity is going to offer what
is promoting) is eliminated. From the above, we see that we try to cover all the aspects of negotiations starting from the selection of entities to negotiate with, to decision making mechanisms. We reveal the problems in the specific research area and
propose specific solutions.
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2

Results and Discussion

2.1

Negotiation Setup

At every round of the negotiation, the involved entities propose a specific price to
the opponent. Should this price be accepted, the negotiation ends with an agreement
and specific profit for both parties. The seller starts first and the buyer follows if the
proposed offer is rejected. If a player is not satisfied with the offer then she has the
right to reject it and issue a counter-proposal. If an agreement is reached then the
negotiation ends with profit for both parties. A conflict leads to zero profit for both.
In this interaction, there are two factors that affect the decision making of the entities.   The   first   factor   is   the   seller’s   cost   and   the   second   one   is   the   buyer’s   valuation  
about the product. The proposed offers have a lower limit defined by the cost (seller
side). The buyer has a specific valuation about the product and is not willing to pay
more than this value. Evidently, only in the case where the  seller’s  cost  is  smaller  than
the  buyer’s  valuation an agreement can be reached. However, the two players do not
know if this pre-condition holds true. Finally, there is a specific time horizon for the
negotiation [10]. The buyer has a specific deadline posed by her owner while the seller calculates her deadline as discussed in [7, 8]. If one of the deadlines expires and no
agreement is reached till then the negotiation ends with a conflict.
The characteristics of the buyer are: the valuation about the product (V), the discount factor (δb), the utility function (Ub), the deadline (Tb) and the pricing strategy
(pb). On every round, she proposes a price according to the following pricing strategy:
k
p b (i) p 0 V p
i T 1
(1)
0
b
where p0 is the first proposed price (usually it is a very small price) and i is the current
round. The parameter k defines the strategy and could be: patient, aggressive, neutral.
The seller negotiates for a number of products with a number of buyers. It is of
high importance  to  note  that  the  buyer  is  not  aware  of  any  of  the  seller’s  characteristics. The characteristics of the seller are: the product cost (c), the discount factor (δs),
the utility function (Us), the deadline (Ts), the intended profit (ε) and the pricing strategy (ps). Usually, the seller starts by proposing a large price which equals to c + ε and
according to her strategy she can reduce the offers as the negotiation progresses. Furthermore, she can change the strategy at every negotiation round. There can be four
types of sellers: a) neutral, b) patient, c) impatient and d) sellers that change the strategy at every round (mixed behavior). These strategies are reflected by:
1 k
(2)
p s (i) c ε (1 i Ts )
where i is the round index. The parameter k denotes the policy of the seller. An aggressive seller wants to conclude the negotiation process as soon as possible. Following this strategy, her intention is to quickly reduce her prices in order to challenge the
buyer to accept her offers. For this, we propose the strategy defined in [8]. The proposed pricing function fully adapts the resulting values to the product characteristics.
The goods, available at the seller, are ranked according to their popularity. We can
defined the product popularity based  on  Zipf’s  Law. The proposed pricing strategy is:
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ε
q 1

(3)
c
i
where q is the popularity measure. The described pricing function indicates a very
aggressive seller that tries to conclude as many transactions as she can in a certain
period of time. Based on the above described strategy, we adopt the deadline calculation process proposed in [6, 7, 8]. The seller deadline is calculated as follows:

p s (i)

T
s

(α ε (q

1))

1
q 2

(4)

where  α is  a  scaling  factor  which  depends  on  the  seller’s  strategy. If the seller follows
a patient policy the α factor assumes a relatively high value.
In [7], we present a fuzzy logic system for the derivation of the α value. The proposed system is based on parameters q, ε and the final result is the value of α. For
each parameter, specific linguistic values are defined A1 = A2 = B1 {low, medium,
high} as well as the corresponding trapezoidal fuzzy sets. Concerning the scaling
factor α, a fuzzy value low a indicates that, the seller is an impatient player which
stays for a few rounds in the BG. A medium and a high value of a indicates a medium
and high value of patience respectively. For a more fine-grained resolution of the
fuzzy linguistic values of a, we use the linguistic modifier very; very(μ(a)) = μ(a)2.
Specifically, very low a denotes that the seller wants to sell the product as soon as
possible, thus, participating in only a few negotiation rounds and very high a denotes
that, the seller is a very patient player. The strategy of the seller is mapped into a set
of fuzzy rules in order for the seller to estimate / calculate the time limit a for the
specific negotiation with a specific buyer. Finally, in [6], we propose the automatic
fuzzy rules generation from data provided by experts. The proposed methodology is
simple, yet, efficient as experiments show.
2.2

Sequential Equilibrium Definition

The outcome of the negotiation mainly depends on two issues: a) the   players’  
deadlines,  and,  b)  the  players’  strategies.  However,  as  no  knowledge  is  present,  players should predict both issues based on the offers made in order to take the most appropriate decision. Let us examine first the prediction of deadlines. We describe the
buyer side. A similar approach stands for the seller side. We consider that the buyer
could adopt a Uniform distribution for the seller deadline estimation:
P(t

where P( t

Ts

t

Ts
Δt , Δt

t

Δt ,Δt

0)

1
t max

, if 0

t

t max

(5)

0 ) represents the probability that the seller deadline is

equal to t. If  t  ≥  tmax, we consider that the probability of the seller deadline expiration
is equal to 1. For the pricing strategy distribution estimation, we adopt the known
Kernel Density Estimation (KDE) methodology. KDE is a methodology for estimating the PDF of an unknown distribution. The Kernel estimator of this distribution is
defined by the following equation:
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N

1

f̂ h (x)

K(
N hi 1

x

xi
h

(6)

)

where x is the examined variable,   N   is   the   sample’s   size, h is the bandwidth of the
kernel and K(.) is the Kernel function. In our model, we use the Gaussian function
and, thus, the probability distribution of the seller pricing strategy can be given by:
N

1

P(x)

K(
N h i 1

x

p si
h

(7)

)

In our scenario, without loss of generality and for simplicity in our calculations, we
take the bandwidth equal to 1. Thus, Equation (7) is transformed to the following:
1

P(x)

N

(x psi )2
2
e
-

1

N i 1 2 π

(8)

In the above equations, psi depicts the seller price proposed at every round of the negotiation. Based on the above analysis, we take the cumulative distribution function
of the seller pricing strategy:
CDF(x)

1

N1

1

N i 12

erf(

x

p si
2

(9)

)

Definition: After an offer made by the seller, the buyer decides on the next action to
be taken based on:
t t
D b (p s , V, t)

Accept,

if [[(Ts

t) or (Ts

t

t
1)] and (p s

t
V)] or [U b (p s )

Defect

if [(Tb

t) or (Tb

t

t
1)] and (p s

V)

t
U b (p b )]

(10)

Reject and Propose otherwise

The utility that the buyer gains at round t of the negotiation process is given by the
following equation:
t -1
t
δ b U b P(accept)

(11)

Where P(accept) represents the probability that the buyer accepts the seller offer.
Based on the KDE methodology, we can make the following proposition:
Proposition: For the negotiation model described in (10) there is a strategy combination which satisfies the sequential equilibrium. If the buyer adopts a Uniform distribution for estimating the seller deadline and the KDE for estimating the seller pricing
strategy   the   buyer   should  reject  the  seller’s  offers  at  every  round  of  the   negotiation
and accept only when:
t
ps

V

t
p b ) z'

t max (V

, if t t max
z' t max 2 z z'
t
(V p b ) z'
, if t t max
2 z z' 2 z z'

2 z
V

with
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2
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and N is the number of seller proposals till the current round.
2.3

Seller Decision Making Mechanism

In the seller side, we also propose a decision making mechanism based on fuzzy
logic. The proposed mechanism is used at every round in which the buyer proposes a
price. The decision refers to whether the seller should accept or reject the proposed
offer. The decision is based on the Acceptance Degree (AD) which shows when the
seller should accept  the  buyer’s  offer  and  depends on the following parameters: a) the
time difference between  the   current  time  of  the   negotiation  and  the  seller’s  deadline  
(t), b) the belief about  the  expiration  of  the  buyer’s  deadline  (b),  c) the absolute value
of the price difference between  the  buyer’s  proposal  and  the  upcoming  seller’s  offer  
(d), and, d) the number of buyers waiting/interacting for/with the seller (N). For the
reasoning process, an input to the fuzzy system might be described as: a round which
has increased time difference with the deadline T s is represented by the value high
(l(ui) = High), medium difference (l(ui) = Medium) or low difference (l(ui) = Low)
where ui = the time difference between the current round and the deadline of the seller. The same rationale stands for the remaining parameters. The form of the rules is:
Rj : If t is A1(j) AND b is A2(j) AND d is A3(j) AND N is A4(j) Then AD is B(j).
where Ai(j) and B(j) is the fuzzy set representing the jth linguistic value for the input
parameter i and for the output parameter AD, respectively. The linguistic expressions
of the values for the parameters t, b, d, N and AD are defined in the sets A 1 = A2 = A3
= A4 = B1 {Low, Medium, High} and we use for them trapezoidal fuzzy sets. We
consider three sigmoid functions for parameters t, d, and N in order to produce values
in the range [0,1]. Concerning the acceptance degree AD, Low AD indicates that the
seller  should  not  accept  the  buyer’s  proposal  and  make  a  counter offer, a Medium and
High AD indicates a   neutral   and   positive   attitude   to   the   buyer’s   offer.   Specially,   a  
high  AD  value  means  that  the  seller  should  accept  the  buyer’s  proposal  and  conclude  
the negotiation before the expiration of her deadline. Finally, the strategy of the seller
can be mapped into a set of fuzzy rules in order for the seller to decide if she will
accept  or  reject  the  buyer’s  offer.  Rules are defined by experts.
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2.4

Buyer Decision Making Mechanism

In this section, we focus on the buyer side and shortly describe the reasoning
mechanism adopted by her in order to decide on the acceptance or rejection of a seller’s  offer [3]. We developed a fuzzy logic system,  which  determines  the  buyer’s  reaction  to  the  seller’s  proposals.  We  define  as  Acceptance Degree (AD) the capability of
the  buyer  to  accept  the  seller’s  offer.  The  AD parameter reflects the willingness of the
buyer to accept the price for a product offered by the seller hoping to maximize her
utility. High AD degree   indicates   that   the   buyer   accepts   the   seller’s   offer   and   concludes the negotiation. Specifically, the AD degree depends on the following parameters: a) the relevance factor (r) which shows to which extend the product corresponds
to   the   buyer’s   needs,   b) the absolute value of the price difference (d) between the
seller’s  proposal  and  the  upcoming  buyer’s  offer, c) the belief (b) about the expiration
of  the  seller’s  deadline, d) the time difference (t) between the current time of the negotiation  and  the  buyer’s  deadline,  and, e) the  buyer’s  valuation (V) about the product.
The system relies on a rule base for inference. We adopt the multi-input single-output
(MISO) form of the linguistic rule Rj, with r = u1, d = u2, b = u3, t = u4, V = u5 and y
= AD, that is,
Rj : If r is A1(j) AND d is A2(j) AND b is A3(j) AND t is A4(j) AND V is A5(j) Then
AD is B(j).
where Ai(j) and B(j) are the fuzzy sets representing the jth linguistic value for the input
parameter i and for the output parameter AD, respectively. The system involves a
three-step process: a) the fuzzification step transforms the input parameter-values into
fuzzy subsets, b) using the fuzzy rule base an inference takes place for the output
value (fuzzified AD), and c) the defuzzification process converts the output of the
fuzzy inference into the crisp outputs for the parameter AD. For the defuzzification
process, we use the Center-of-Gravity (COG) approach. The linguistic expressions of
the values of the parameters r, d, b, t, V and AD are defined in the sets A1 = A2 = A3 =
A4 = A5 = B1 = {low, medium, high} while we utilize trapezoidal fuzzy for each of
them. Specifically, a linguistic value of low r indicates that, the relevance of the product   with   the   buyer’s   needs   is   low.   A   linguistic   value   of   medium r denotes that, the
relevance of the product is medium and a linguistic value of high r indicates that the
product  has  increased  relevance  with  the  buyer’s  needs.  For  a  more  fine-grained resolution of the linguistic values of r, we use the linguistic modifier very: very(μ(r))   =  
μ(r)2. We adopt three sigmoid functions in the range [0, 1] for parameters d, t, and V.
Concerning the AD, a fuzzy value of low AD indicates that, the buyer should not accept  the   seller’s  proposal  while  a   medium and a high value of AD indicate a neutral
and  positive  attitude  to  the  seller’s  offer  respectively.  Through  the fuzzy rule-base, we
imitate the human behavior when acting in a trading environment with no information
on the characteristics of the other party (i.e., the seller). Our system contains ten fuzzy
rules, which are defined by experts on the e-commerce domain. Our results (Table 1)
show an increased utility value better than those reported in the literature (maximum
value is to 0.9 with the vast majority to be equal to 0.6).
We extend the proposed fuzzy system and propose and adaptive mechanism for the
buyer side [2]. The adaptive mechanism of the buyer consists of two parts: a) the
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seller price predictor, and, b) the fuzzy controller. The price predictor is responsible
for estimating the upcoming seller proposal. The fuzzy controller receives the estimation error and the error change at every round and produces the appropriate values
for basic parameters of the buyer strategy such as the belief (b) and the pricing policy
(k). Belief shows how much the buyer beliefs that the negotiation ends at the upcoming round while the pricing policy influences the upcoming buyer price.
The seller price predictor should be objective and efficient. For this reason, we use
three sub-predictors: A linear, a polynomial and a neural network predictor. The values provided by these predictors can be linearly combined in order to produce the
final predicted price. The final predicted price is used in a fuzzy controller in order to
obtain two important parameters: the buyer pricing policy factor and the buyer belief
about the intentions and the deadline of the seller. In Fig. 1, we compare the performance  of  the  ‘simple’  fuzzy  system  with  the  adaptive  system.  Both  of  them  are  compared with an optimal stopping model. We see that the agreement percentage is at the
same level as well as the steps required for an agreement. However, the adaptive
model achieves better agreement price compared to a theoretical optimal model.
Finally, we propose a scheme for the automatic generation of the fuzzy rule base
[5]. Based on the proposed scheme, the fuzzy rule base is extracted by a number of
crisp values defining the behavior of the buyer. The discussed process is more efficient as we do not need experts to define specific rules that are very difficult to cover
all the aspects of a negotiation.
Table 1. Average intrinsic utility for the proposed fuzzy system.
V
5
20
50
80
100
150
200

Average Intrinsic Utility
0.70
0.84
0.95
0.97
0.95
0.98
0.97

Fig. 1. Comparison  between  the  ‘simple’  fuzzy  system  and  the  adaptive  case.
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2.5

Selection of Products

We extend the work presented in [2, 3] and provide a methodology for defining the
product relevance factor (r) [1]. The proposed methodology is based on the buyer
request description and the product description. The buyer request can be described
by: a) the context, b) the description of the desired product by using a set of keywords
or simple sentences and c) a set of constraints. At the seller side, we adopt a similar
approach for product description. Thus, a product description could be defined by: a)
the context, b) the description by using simple sentences and c) a set of attributes.
Every attribute has a name and a value.
The proposed methodology is based on the use of similarity algorithms. We choose
to utilize linguistic similarity as semantic techniques require more time and resources.
In order to have efficiency, we utilize a large number (16) of similarity algorithms. By
using so many algorithms, we aim to avoid extreme results (e.g., very pessimistic or
very optimistic). Every time we obtain the algorithms results, we calculate the values
variance. If the variance is over a pre-defined threshold, we reject the minimum and
the maximum value from those 16 similarity values. The final similarity value is the
average of the results. It should be noted that in case where the variance is over the
threshold we can reject the first and the last two values from the ranked list of algorithms’  values. The developer can choose the scenario that best matches to her needs.
We apply the similarity measure on the product context (request / demand) and the
product description. The request context is matched against the seller product context
and the request keywords are matched against the seller product description. The
same process is applied for matching constraints with attributes. If the request context
matches to the product context, we obtain two results: (a) keywords similarity (kFactor), and, (b) constraints similarity (cFactor). Furthermore, we combine those results
with results concerning the QoS characteristics of the product. The final relevance
factor value could be calculated  by  following  a  ‘hard’ or  a  ‘soft’ approach. Based on
‘hard’ approach the relevance factor is calculated by the following equation:
(16)
r kFactor cFactor QoSFactor
where:
c
k
cFactor
kFactor
(17)
| constraints |
| keywords |
with the number of successful matches for keywords and c is the number of successful matches for constraints. Symbols | | depict the number of keywords/constraints.
QoSFactor calculation is based on price, delivery time and seller trust. Following the
‘hard’  approach, the buyer is very pessimistic in characterizing a product as relevant
to   her   goals.   Following   the   ‘soft’ approach in the calculation process, the relevance
factor could be calculated through the following equation:
(18)
r w kFactor w cFactor w QoSFactor
1
2
3
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2.6

Concurrent Negotiations

In concurrent negotiations, the buyer could negotiate with a number of sellers trying
to achieve the best agreement. For this, she is based on a number of threads. We propose a model that utilizes the Particle Swarm Optimization (PSO) algorithm in order
to reach to the best solution (best agreement price). Each buyer thread can be considered as particle in the PSO algorithm. They should converge to the optimal solution
which is the best price for the specific group of sellers.
The buyer will accept offers that are below her valuation. Each particle initially defines its own pricing strategy. The buyer threads follow the equilibrium path. All the
buyer threads have the same deadline. Each particle negotiates autonomously with a
specific  seller.  If  an  agreement  is  “reached”  then  the  specific  thread  sends  the  agreement message to the rest of them. We consider that the communication time is negligible. The personal best position is the smallest price for which each particle negotiates with the seller. The global best is the smallest agreement price defined in a negotiation. The global best is defined when an agreement takes place. If no agreement is
present then all the particles have velocity equal to 0 and continue to propose prices
according to the pricing strategy. If a particle does not have an agreement and receives an agreement message from another particle then it switches its state and: a) if
her current negotiated price is smallest than the global best, she remains at the current
status or b) if the global best is smaller than current negotiated price, she changes the
pricing strategy in order to reach the global best position. Particles velocity is defined
when   particles   want   to   change   their   position   (an   agreement   was   “announced”   in   a  
better price). The velocity is initially calculated when an agreement is announced and
for every round after that. If the global best is not smaller than the current price the
velocity is set equal to 0 or else the velocity is calculated by the PSO algorithm. The
velocity affects the pricing strategy and the proposed by the buyer price respectively.

3

Conclusions

The interaction between autonomous entities in dynamic environments (such as
EMs) is a very interesting research issue. In this thesis, we present decision making
mechanisms for the buyer and the seller side. The mechanism utilizes fuzzy logic that
is appropriate for handling uncertainty. We also propose models for choosing the
most appropriate product in the buyer side while we analyze the equilibrium path for
the negotiation process with a seller. Moreover, we propose a prediction mechanism
for the seller pricing strategy. The prediction engine in combination with the negotiation parameters provides the necessary information for the buyer to adapt her behavior. Additionally, we study concurrent negotiations and propose the use of the PSO
algorithm. The advantage is that buyer threads through a team work find the optimal
solution. The difference of our work from the efforts found in the literature is that we
do not any coordination between threads. Experimental results show increased number of agreements in combination with the increased utility for both parties. The fuzzy
logic system is proved to be very efficient for both the buyer and the seller.
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qQ`/bTQiiBM; QM >BbiQ`B+H .Q+mK2Mi AK;2b
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++2bb iQ i?2 BM7Q`KiBQM rBi?Qmi /BbiQ`iBM; i?2 Q`B;BMH Ki2`BHX Ai Bb +H2`
i?i 2{+B2Mi BM/2tBM; M/ `2i`B2pH `2 BKTQ`iMi T`2`2[mBbBi2b Q7 Mv bvbi2K
i?i KMBTmHi2b bm+? /B;BiH +QMi2MiX PTiB+H *?`+i2` _2+Q;MBiBQM UP*_V Bb
 biM/`/ i2+?MQHQ;v i?i Bb rB/2Hv mb2/ BM BM/2tBM; /Q+mK2Mib rBi? MQiB+2#H2
`2bmHib BM +QMi2KTQ``v /Q+mK2MibX >Qr2p2`- ?BbiQ`B+H /Q+mK2Mib `2 T`QM2 iQ
 MmK#2` Q7 /B{+mHiB2b bm+? b ivT2b2iiBM; BKT2`72+iBQMb- /Q+mK2Mi /2;`/@
iBQMb M/ HQr T`BMi [mHBiv r?B+? /2+`2b2 i?2 T2`7Q`KM+2 H2p2H Q7 P*_ bvbi2Kb
(R9)- (kj)- (Ry)- (N)X
Þ

.Bbb2`iiBQM /pBbQ`, a2`;BQb h?2Q/Q`B/Bb- S`Q72bbQ`
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k

.Bbb2`iiBQM amKK`v

qQ`/ bTQiiBM; Bb M Hi2`MiBp2 K2i?Q/QHQ;v 7Q` /Q+mK2Mi BM/2tBM; #b2/ QM
bTQiiBM; rQ`/b /B`2+iHv QM BK;2b rBi?Qmi i?2 mb2 Q7 Mv P*_ T`Q+2/m`2bX h?mb rQ`/ bTQiiBM; bvbi2K ii2KTib iQ /2i2+i rQ`/b b  r?QH2 `i?2` i?M iQ 2t@
+iHv `2+Q;MBx2 i?2 +?`+i2`b b BM P*_X AM  ivTB+H b+2M`BQ- i?2 [m2`v BK;2
Bb b2H2+i2/ 7`QK  b2i Q7 T`2/2}M2/ F2vrQ`/b Q7 BMi2`2bi Q` Bb BMi2`+iBp2Hv /2}M2/
#v i?2 mb2` #v +`QTTBM;  `2+iM;mH` BK;2 `2 i?i b2`p2b b [m2`v 2tKTH2X
h?2 rQ`/ bTQiiBM; bvbi2K mb2b i?2 [m2`v M/ /2i2+ib bBKBH` rQ`/b BM /Q+m@
K2Mi BK;2b #b2/ QM BK;2 Ki+?BM; i2+?MB[m2b rBi?Qmi Mv +QMp2`bBQM Q7 i?2
BK;2b BMiQ `2/#H2 i2tiX 1ti2MbBp2 bim/B2b ?p2 b?QrM i?i BM/2tBM; i2`Kb BM
/Q+mK2Mib miQKiB+HHv mbBM;  rQ`/ bTQiiBM; bvbi2K KF2b Bi TQbbB#H2 iQ mb2
+QbiHv ?mKM H#Q` KQ`2 bT`BM;Hv i?M  7mHH i`Mb+`BTiBQM rQmH/ `2[mB`2 (kk)X
a2p2`H rQ`/ bTQiiBM; K2i?Q/b `2Hv QM  T`2@T`Q+2bbBM; bi2T r?2`2 i?2 /Q+mK2Mi
BK;2 Bb b2;K2Mi2/ BMiQ rQ`/bX h?2 b2;K2Mi2/ rQ`/b `2 i?2M +QKT`2/ iQ i?2
[m2`v BK;2 BM Q`/2` iQ /2i2+i TQi2MiBH Ki+?2bX _2+2MiHv- b2;K2MiiBQM@7`22
K2i?Q/b ?p2 #22M HbQ T`QTQb2/ i?i /Q MQi `2[mB`2 Mv b2;K2MiiBQM M/ i?2
/Q+mK2Mi BK;2 Bb i`2i2/ b QM2 2MiBiv #v@TbbBM; Mv 2``Q`b i?i Kv Q++m`
/m2 iQ TQQ` b2;K2MiiBQM `2bmHibX AM i?Bb HBM2- r2 T`QTQb2  b2;K2MiiBQM@7`22
rQ`/ bTQiiBM; K2i?Q/ 7Q` ?BbiQ`B+H T`BMi2/ /Q+mK2MibX h?2 K2i?Q/ Bb #b2/
QM HQ+H F2vTQBMi +Q``2bTQM/2M+2b M/ +QMbBbib Q7 irQ /BbiBM+i bi2Tb i?i /2i2`@
KBM2 +M/B/i2 BK;2 `2b BM Q`/2` iQ ++m`i2Hv 2ti`+i i?2 }MH #QmM/BM;
#Qt2b r?B+? BM/B+i2 i?2 rQ`/ BMbiM+2b BM i?2 /Q+mK2Mi T;2X h?2 K2i?Q/
Bb 2pHmi2/ mbBM; irQ /Bz2`2Mi /ib2ib Q7 /Bz2`2Mi HM;m;2b M/ i?2 2tT2`@
BK2MiH `2bmHib b?Qr i?i i?2 T`QTQb2/ K2i?Q/ QmiT2`7Q`K2/ bB;MB}+MiHv i?2
+QKT2iBiBp2 TT`Q+?2bX
h?2 rQ`/ bTQiiBM; HBi2`im`2 +M #2 /BpB/2/ BMiQ irQ KBM +i2;Q`B2b /2@
T2M/BM; mTQM r?2i?2` b2;K2MiiBQM Q7 i?2 /Q+mK2Mi BK;2 Bb TTHB2/ Q` MQiX
AM/22/- i?2`2 `2 b2p2`H K2i?Q/b i?i `2 #b2/ QM T;2 b2;K2MiiBQM b  T`2@
T`Q+2bbBM; bi2T- r?BH2 Qi?2`b `2 TTHB2/ /B`2+iHv iQ i?2 /Q+mK2Mi BK;2X //B@
iBQMHHv-  p`B2iv Q7 72im`2b `2 mb2/ BM Q`/2` iQ /2b+`B#2 i?2 [m2`v rQ`/ b r2HH
b i?2 /Q+mK2Mi BK;2X h?2b2 72im`2b bi`Bp2 iQ 2{+B2MiHv 2tT`2bb i?2 ;2QK2i`B+
M/ HQ+H BM7Q`KiBQM Q7 i?2 pBbmH +QMi2Mi M/ BM+Hm/2 T`QD2+iBQM T`Q}H2b- :@
#Q` 72im`2b- xQM2b M/ ;`/B2Mi@#b2/ 72im`2b- iQ MK2  72rX E2vTQBMi@#b2/
HQ+H 72im`2b ?p2 #22M HbQ bm++2bb7mHHv mb2/ BM Q`/2` iQ /2b+`B#2 /Q+mK2Mi
BK;2b b  b2i Q7 HQ+H 72im`2 p2+iQ`b i?i `2 BMp`BMi iQ b+H2 +?M;2b- BHHm@
KBMiBQM M/ /BbiQ`iBQMbX h?2 a+H2 AMp`BMi 62im`2 h`Mb7Q`K UaA6hV (RN) Bb
 r2HH FMQrM i2+?MB[m2 BM i?Bb +i2;Q`v i?i T`Q/m+2b M /2[mi2 MmK#2` Q7
/BbiBM+iBp2 72im`2b 2p2M 7Q` bKHH pBbmH Q#D2+ibX AM i?2 7QHHQrBM;- r2 bmKK`Bx2
bQK2 rQ`/ bTQiiBM; i2+?MB[m2b i?i `2Hv i H2bi BM T`i QM b2;K2MiiBQM b r2HH
b TT`Q+?2b r?2`2 MQ b2;K2MiiBQM Bb `2[mB`2/X
kXR

a2;K2MiiBQM #b2/ K2i?Q/b

h?2`2 `2 i?`22 H2p2Hb Q7 T;2 b2;K2MiiBQM i?i `2 ivTB+HHv mb2/ 7Q` /2i2+i@
BM; rQ`/b BM /Q+mK2Mib- MK2Hv b2;K2MiiBQM BMiQ HBM2b (RR)- (ky)- rQ`/b (Rk)-
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(Rj)- (kR) (k9)- (k8)- Q` 2p2M +?`+i2`b (k)- (3)X S`Q}H2 72im`2b- bm+? b mTT2` Q`
HQr2` rQ`/ T`Q}H2b- T`QD2+iBQM- /2MbBiv Q` i`MbBiBQM T`Q}H2b ?p2 #22M `2TQ`i2/
iQ bm++2bb7mHHv `2T`2b2Mi rQ`/b BM  /Q+mK2Mi BK;2 i?i ?b mM/2`;QM2 rQ`/
H2p2H b2;K2MiiBQM (kk)- (k9)X 6mbBQM Q7 KmHiBTH2 72im`2b Bb HbQ /QTi2/ BM b2p@
2`H bim/B2b BM Q`/2` iQ BKT`Qp2 i?2 rQ`/ BK;2 /2b+`BTiBQMX 6Q` 2tKTH2- BM (ke)
 KmHiBTH2 72im`2 b+?2K2 Bb mb2/ +QMbBbiBM; Q7 T`QD2+iBQM T`Q}H2b- mTT2`fHQr2`
rQ`/ T`Q}H2b M/ #+F;`QmM/@iQ@BMF i`MbBiBQMbX aBKBH`Hv- Cr?` 2i H (e) BM@
pQHp2 rQ`/ T`Q}H2b iQ /2b+`B#2 i?2 QmiHBM2 b?T2 Q7 i?2 rQ`/- bi`m+im`H 72im`2b
iQ 2ti`+i biiBbiB+H BM7Q`KiBQM HBF2 KQK2Mib Q` p`BiBQM M/ }MHHv 6Qm`B2`
+Q2{+B2Mib b  +QKT+i `2T`2b2MiiBQM Q7 i?2 72im`2b BM i?2 7`2[m2M+v /QKBMX
AM (Rk)  ?v#`B/ 72im`2 b+?2K2 #b2/ QM  +QK#BMiBQM Q7 T`QD2+iBQM T`Q}H2b M/
mTT2`fHQr2` rQ`/ T`Q}H2b Bb mb2/ 7Q` Ki+?BM; rQ`/b b2;K2Mi2/ 7`QK /Q+mK2Mi
BK;2bX AM (3)-  rQ`/ bTQiiBM; K2i?Q/ Bb T`QTQb2/ #b2/ QM K2b? 72im`2b M/ BM
(kN) M/ (jj) i?2 72im`2 b+?2K2 mb2/ Bb ;`/B2Mi@#b2/ #BM`v 72im`2bX MQi?2`
72im`2 mb2/ 7Q` rQ`/ bTQiiBM; Bb #b2/ QM bF2H2iQMb M/ Bb mb2/ BM i?2 rQ`Fb Q7
(R3) M/ (d)X :#Q` 72im`2b +M HbQ #2 TTHB2/ 7Q` rQ`/ bTQiiBM; b T`QTQb2/
BM (k)X AM GB 2i H (Rd)  rQ`/ BK;2 Bb /2+QKTQb2/ BMiQ p2`iB+H bi`QF2b M/ 
bi`QF2@#b2/ +Q/BM; b+?2K2 Bb #mBHi 7Q` HH i?2 rQ`/ BM i?2 /Q+mK2Mi /i#b2X
*QMbB/2`BM; 72im`2b #b2/QM HQ+H F2vTQBMib- i2` 2iX HX (R) mb2 aA6h 72im`2b
BM Q`/2` iQ Ki+? b2;K2Mi2/ rQ`/b 7`QK PiiQKM /Q+mK2MibX aBKBH`Hv- BM (jk)
 rQ`/ BK;2 Ki+?BM; K2i?Q/ Bb T`2b2Mi2/ mbBM; aA6h /2b+`BTiQ`b QM F2v@
TQBMib i?i `2 2ti`+i2/ mbBM; i?2 6bi@*Q`M2`@.2i2+iBQM H;Q`Bi?K (kd)X h?2b2
72im`2b `2 [mMiBx2/ BMiQ pBbmH i2`Kb UpBbi2`KbV mbBM; ?B2``+?B+H E@J2Mb
H;Q`Bi?K M/ BM/2t2/ mbBM; M BMp2`i2/ }H2X AM (jy)  rQ`/ bTQiiBM; K2i?Q/
#b2/ QM HBM2 b2;K2MiiBQM Bb T`2b2Mi2/X h?2 K2i?Q/ mb2b  bHB/BM; rBM/Qr Qp2`
2+? HBM2X h?2 Ki+?BM; Bb T2`7Q`K2/ mbBM; /vMKB+ T`Q;`KKBM; M/ bHBi bivH2
>P: 72im`2bX AM i?2 T`2pBQmb K2i?Q/b- i?2 b2;K2Mi2/ rQ`/b `2 T`2b2Mi2/ b
72im`2 p2+iQ`b M/ .vMKB+ hBK2 q`TBM; Bb M H;Q`Bi?K i?i ?b #22M 2ti2M@
bBp2Hv mb2/ iQ Ki+? rQ`/b #b2/ QM i?2b2 p2+iQ`b (k8)- (ke)- (e)- (Rj)- (RR)X Pi?2`
Ki+?BM; i2+?MB[m2b `2 #b2/ QM KQ`T?QHQ;B+H p`BMib (kR)- pQiBM; b+?2K2b
(R3)- (R)- (jk)- bBKBH`Biv /BbiM+2b (Rk)- (d)- +?`+i2` Q` bi`BM; Ki+?BM; (3)- (Rd)
M/ +Q``2HiBQM K2bm`2b (kN)- (ky)- (jj)X Pp2`HH- /Q+mK2Mi b2;K2MiiBQM `2bmHib
iQ ?B;?2` H2p2H bi`m+im`2b i?i `2 b2KMiB+HHv BKTQ`iMi M/ +M #2 7m`i?2`
2tTHQ`2/X PM i?2 Qi?2` ?M/- /2i2+iBQM K2i?Q/b #b2/ QM b2;K2MiiBQM `2bmHib
`2 BMi`BMbB+HHv T`QM2 iQ 2``Q`b HBF2 Qp2`@ Q` mM/2`@ b2;K2MiiBQM b r2HH b r2HH
b T`iBH Q++HmbBQM M/ KBb@b2;K2MiiBQMX
kXk

a2;K2MiiBQM@7`22 TT`Q+?2b

Hi?Qm;?- i?2`2 Bb  p2`v H`;2 +QHH2+iBQM Q7 Tm#HBb?2/ rQ`F +QM+2`MBM; i?2 b2;@
K2MiiBQM TT`Q+?- BM i?2 `2+2Mi v2`b i?2`2 Bb  ;`QrBM; `2b2`+? BMi2`2bi
+QM+2`MBM; b2;K2MiiBQM@7`22 K2i?Q/bX h?2`2 `2 +b2b r?2`2 /Q+mK2Mib +M@
MQi #2 b2;K2Mi2/ +Q``2+iHv H2/BM; iQ BMbm{+B2Mi `2bmHibX h?2 b2;K2MiiBQM@7`22
TT`Q+?2b Qp2`+QK2 i?2 T`Q#H2Kb bbQ+Bi2/ iQ #/ b2;K2MiiBQM `2bmHib #v
i`2iBM; i?2 /Q+mK2Mi BK;2 b  r?QH2X AM (9)  i2KTHi2 Ki+?BM; K2i?Q/
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#b2/ QM TBt2H /2MbBiB2b Bb mb2/ 7Q` HQ+iBM; rQ`/b BM /Q+mK2Mib rBi?Qmi b2;@
K2MiBM; i?2KX Hi?Qm;? i?2 K2i?Q/ T`QpB/2b `QiiBQM M/ b+H2 BMp`BM+2i?Bb Bb TTHB2/ QM HBKBi2/ 2ti2MiX AM (Re) M HT?#2i Bb mb2/ i?i Bb KMmHHv
b2H2+i2/ 7`QK 2+? /Q+mK2Mi +QHH2+iBQM T`Q+2bb2/X h?2 HT?#2i Bb mb2/ iQ +`2@
i2 rQ`/ BMbiM+2b i?i b2`p2 b [m2`B2bX h?2 72im`2b 2ti`+i2/ `2 #b2/ QM
;`/B2Mi pHm2bX AM (R8) ;`/B2Mi BM7Q`KiBQM Bb HbQ mb2/ b 72im`2b 7Q` i?2 rQ`/
BK;2bX qQ`/ BMi2`2bi TQBMib `2 Ki+?2/ ;BMbi /Q+mK2Mi BK;2b M/ i`v
iQ HQ+i2 xQM2b Q7 BMi2`2bi T`2b2MiBM; bBKBH` 72im`2bX GQ+H BK;2 72im`2b ?p2
#22M HbQ mb2/ BM b2;K2MiiBQM@7`22 K2i?Q/b i`vBM; iQ #2M2}i 7`QK i?2 b+H2 M/
`QiiBQM BMp`BM+2 i?2v Qz2` b r2HH b i?2B` `Q#mbiM2bb iQ MQBb2X am+? K2i?Q/b
mbmHHv BMpQHp2  pQiBM; b+?2K2 BM Q`/2` iQ /2i2+i M/ HQ+HBx2 TQi2MiBH rQ`/
Ki+?2b BM i?2 /Q+mK2Mi BK;2X AM i?Bb HBM2- _mbBMQH 2i H (k3) QTi aA6h 72im`2b
BM  #;@Q7@pBbmH@rQ`/b TT`Q+?X h?2 K2i?Q/ Bb TTHB2/ QM #Qi? ?M/r`Bii2M
M/ T`BMi2/ /Q+mK2MibX h?2 aA6h 72im`2b `2 2ti`+i2/ mbBM; bKHH T`2/2}M2/
b[m`2/ `2b i?i `2 bbmK2/ iQ +Qp2` KQbi Q7 i?2 7QMi bBx2bX h?2 b2`+? bT+2
/Q2b MQi +Q``2bTQM/ iQ i?2 2MiB`2 /Q+mK2Mi BK;2 #mi `i?2` iQ Qp2`HTTBM;
HQ+H Ti+?2b Q7 }t2/ ;2QK2i`vX >Qr2p2`- b2p2`H bbmKTiBQMb +QM+2`MBM; i?2
bBx2 Q7 i?2 Ti+? M/ i?2 2tT2+i2/ 7QMi bBx2b b2`BQmbHv z2+i i?2 ;2M2`HBxiBQM
M/ i?2 TTHB+#BHBiv Q7 i?2 K2i?Q/X 6m`i?2`KQ`2- b i?2 mi?Q`b K2MiBQM- i?2
T2`7Q`KM+2 Q7 i?2 bvbi2K Bb ?B;?Hv `2Hi2/ iQ i?2 H2M;i? Q7 i?2 [m2`B2/ rQ`/bX
kXj

*QMi`B#miBQM Q7 _2b2`+?

Pm` `2b2`+? +QM+2Mi`i2/ BMiQ #Qi? TT`Q+?2bX AM T`iB+mH` r2 ?p2 /2p2HQT2/
irQ K2i?Q/b i?i `2 #b2/ QM i?2 b2;K2MiiBQM TT`Q+? M/ QM2 K2i?Q/ i?i
7QHHQrb i?2 b2;K2MiiBQM@7`22 TT`Q+?X h?2 K2i?Q/b i?i `2 #b2/ QM i?2
b2;K2MiiBQM TT`Q+? b2;K2Mi i?2 /Q+mK2Mi QM rQ`/ H2p2HX h?2 }`bi K2i?Q/
mb2b bvMi?2iB+ /i iQ +`2i2 [m2`v F2vrQ`/ BK;2bX 1+? [m2`v F2vrQ`/ Bb
+`2i2/ BM  bvMi?2iB+ KMM2` mbBM; BM/BpB/mH +?`+i2` BK;2b iF2M 7`QK i?2
T`Q+2bb2/ /Q+mK2MibX h?Bb rv r2 `2 #H2 iQ +QMbi`m+i Mv [m2`v rQ`/ BK;2
r2 HBF2X h?2 72im`2 b+?2K2 mb2/ +QK#BM2b irQ /Bz2`2Mi 72im`2bX h?2 }`bi QM2
Bb xQM2b M/ i?2 b2+QM/ Bb T`QD2+iBQM T`Q}H2bX h?2 72im`2b `2 Ki+?2/ mbBM; 
bBKTH2 /BbiM+2 K2i`B+X h?2 /pMi;2 Q7 i?2 K2i?Q/ HB2b QM i?2 7+i i?i Bb p2`v
7bi BM T`Q/m+BM; M BMBiBH b2i Q7 `2bmHibX h?2b2 `2 7m`i?2` BKT`Qp2/ i?`Qm;? 
mb2`Ƕb 722/#+F T`Q+2bbX h?2 b2+QM/ b2;K2MiiBQM@#b2/ K2i?Q/ mb2b bvMi?2iB+
/i iQ +`2i2 [m2`v F2vrQ`/ BK;2b M/  +QK#BMiBQM Q7 7Qm` /Bz2`2Mi 72im`2bX
>Qr2p2`- mMHBF2 i?2 #Qp2 K2i?Q/- i?2 72im`2b `2 +QKT`2/ mbBM; i?2 .vMKB+
hBK2 q`TBM; U.hqV H;Q`Bi?KX h?2 .hq H;Q`Bi?Kb KM;2b iQ Qp2`+QK2
HQ+H /BbiQ`iBQMb #2ir22M i?2 +QKT`2/ 72im`2 p2+iQ`bX h?Bb K2i?Q/ T2`7Q`Kb
#2ii2` i?M i?2 7Q`K2` b2;K2MiiBQM K2i?Q/ #mi M22/b KQ`2 iBK2 iQ +QKTH2i2
b .hq H;Q`Bi?K TQb2b #B;;2` +QKTH2tBivX
PM i?2 Qi?2` ?M/- i?2 b2;K2MiiBQM@7`22 K2i?Q/ i?i rb /2p2HQT2/ +QK2b
iQ bQHp2 i?2 T`Q#H2K Q7 BM+Q``2+i b2;K2MiiBQMX h?2`2 `2 +b2b r?2`2 i?2 /Q+@
mK2Mib `2 MQi b2;K2Mi2/ +Q``2+iHvX h?Bb 2``Q` T2`+2Mi;2 z2+ib i?2 Qp2`HH
T2`7Q`KM+2 Q7 i?2 K2i?Q/bX h?2 b2;K2MiiBQM@7`22 K2i?Q/ /Q2b MQi `2[mB`2
i?2 /Q+mK2Mib iQ #2 b2;K2Mi2/ i Mv H2p2HX _i?2`- i?2 [m2`v F2vrQ`/ BK;2b
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`2 +QKT`2/ rBi? i?2 2MiB`2 /Q+mK2Mi T;2 BK;2bX h?2 K2i?Q/ mb2b i?2 aA6h
H;Q`Bi?K 7Q` i?2 2ti+iBQM Q7 F2vTQBMib M/ i?2B` /2b+`BTiQ`bX h?2 T2`7Q`KM+2
Q7 i?2 K2i?Q/ Bb p2`v biB/7+iQ`vX

j

_2bmHib M/ .Bb+mbbBQM

AM i?Bb b2+iBQM r2 rBHH /Bb+mbb i?2 b2;K2MiiBQM@7`22 K2i?Q/ i?i rb /2p2H@
QT2/ /m`BM; Qm` `2b2`+?X AM i?2 T`QTQb2/ K2i?Q/ r2 /QTi  b2;K2MiiBQM@7`22
rQ`/ bTQiiBM; TT`Q+? BM Q`/2` iQ Qp2`+QK2 i?2 TQQ` b2;K2MiiBQM `2bmHib i?i
mbmHHv +?`+i2`Bx2 ?BbiQ`B+H /Q+mK2MibX q2 `2 #b2/ QM aA6h 72im`2b i?i
?p2 #22M T`Qp2/ iQ T`QpB/2 `Q#mbiM2bb +QM+2`MBM; HQr BK;2 [mHBiv M/ BK;2
/2;`/iBQMX >Qr2p2`- /2i2+iBQM Q7 rQ`/ BMbiM+2b #b2/ QM /B`2+i Ki+?BM; #2@
ir22M [m2`v M/ BK;2 aA6h F2vTQBMib H2/b iQ mMbiBb7+iQ`v `2bmHibX h?Bb Bb
/m2 iQ i?2 bTiBH b+ii2`BM; Q7 Ki+?BM; +Q``2bTQM/2M+2b bBM+2  [m2`v F2vTQBMi
Kv #2 bBKBH` iQ  H`;2 MmK#2` Q7 /Q+mK2Mi T;2 F2vTQBMibX h?2b2 /Q+mK2Mi
F2vTQBMib /Q MQi  T`BQ`B #2HQM; iQ +Q``2+i rQ`/ BMbiM+2bX 6m`i?2`KQ`2- i?2
2tBbi2M+2 Q7 KmHiBTH2 rQ`/ BMbiM+2b BM i?2 bK2 /Q+mK2Mi T;2 /Q2b MQi HHQr
i?2 [m2`v BK;2 iQ #2 Ki+?2/ #v  bm{+B2Mi MmK#2` Q7 +Q``2bTQM/2M+2bX
h?2 T`QTQb2/ K2i?Q/ /Q2b MQi /QTi i?2 Q`B;BMH Ki+?BM; T`Q+2bb /2b+`B#2/
BM i?2 aA6h H;Q`Bi?K- #mi BMbi2/  irQ bi2T TT`Q+? Bb 7QHHQr2/X AM i?2
}`bi bi2T- 7Q` 2p2`v F2vTQBMi BM i?2 [m2`v F2vrQ`/ BK;2- i?2 M2`2bi E TQBMib
`2 7QmM/ BM i?2 /Q+mK2Mi T;2 BK;2X h?2b2 /Q+mK2Mi F2vTQBMib `2 mb2/
b BM/B+iQ`b BM Q`/2` iQ +`2i2 +M/B/i2 BK;2 `2bX AM i?2 b2+QM/ bi2T- 2+?
+M/B/i2 BK;2 `2 Bb Ki+?2/ ;BMbi i?2 [m2`v F2vrQ`/ BK;2X h?2 F2vTQBMi
+Q``2bTQM/2M+2b `2 mb2/ #v i?2 _La* H;Q`Bi?K BM Q`/2` iQ 2biBKi2 i?2
}MH #QmM/BM; #Qt2b BM/B+iBM; i?2 /2i2+i2/ rQ`/ BMbiM+2bX 6m`i?2`KQ`2- r2
mb2 i?2 bi`2M;i? Q7 aA6h /2b+`BTiQ`b BM  rv i?i KmHiBTH2 BMbiM+2b Q7 i?2
/2bB`2/ rQ`/ +M #2 7QmM/ QM i?2 /Q+mK2Mi T;2X
jXR

.2i2+iBQM Q7 *M/B/i2 AK;2 `2b

h?2 }`bi bi2T Q7 i?2 T`QTQb2/ K2i?Q/ BMpQHp2b i?2 Ki+?BM; Q7 i?2 [m2`v F2vrQ`/
F2vTQBMib iQ i?2 /Q+mK2Mi F2vTQBMibX h?2 Tm`TQb2 Bb iQ }M/ TQBMi +Q``2bTQM@
/2M+2b QM i?2 /Q+mK2Mi BK;2 i?i rBHH b2`p2 b BM/B+iQ`b Q7 +M/B/i2 BK;2
`2bX 6Q` 2+? F2vTQBMi Q7 i?2 [m2`v F2vrQ`/ r2 HQ+i2 i?2 E KQbi bBKBH`
F2vTQBMib QM i?2 /Q+mK2Mi BK;2X h?2 pHm2 Q7 K Bb 2tT2`BK2MiHHv /2}M2/ b
/Bb+mbb2/ BM b2+iBQM 9X G2i fq M/ fd #2 i?2 aA6h 72im`2 p2+iQ`b Q7 i?2 ith F2v@
TQBMi BM i?2 [m2`v F2vrQ`/ BK;2 M/ i?2 j th F2vTQBMi BM i?2 /Q+mK2Mi BK;2`2bT2+iBp2HvX h?2 /BbiM+2 #2ir22M i?2b2 irQ F2vTQBMib Bb +H+mHi2/ b 7QHHQrb,
d(i, j) = cos−1 (⟨fqi , fdj ⟩)

URV

r?2`2 ⟨fq , fd ⟩ /2MQi2b i?2 /Qi T`Q/m+i #2ir22M i?2 irQ MQ`KHBx2/ p2+iQ`bX
1+? TB` Q7 +Q``2bTQM/BM; F2vTQBMib /2}M2b  +M/B/i2 BK;2 `2b QM
i?2 /Q+mK2Mi T;2X aBM+2 r2 FMQr i?2 `2HiBp2 TQbBiBQM Q7 i?2 [m2`v F2vrQ`/
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F2vTQBMi BM `2bT2+i iQ i?2 2/;2b Q7 i?2 [m2`v F2vrQ`/ BK;2 r2 /2}M2  #QmM/BM;
#Qt `QmM/ i?2 F2vTQBMi QM i?2 /Q+mK2Mi BK;2 iFBM; BMiQ ++QmMi i?2 TQbBiBQM
Q7 i?2 +Q``2bTQM/BM; F2vTQBMi Q7 i?2 [m2`v F2vrQ`/ BK;2X G2i pq (xq , yq ) #2 
TQBMi QM i?2 [m2`v F2vrQ`/ BK;2 M/ pd (xd , yd ) #2 Bib +Q``2bTQM/BM; TQBMi QM
i?2 /Q+mK2Mi T;2 BK;2X G2i /t- /v #2 i?2 /BbiM+2 Q7 i?2 [m2`v F2vTQBMi 7`QK
i?2 H27i M/ i?2 iQT 2/;2 Q7 i?2 [m2`v F2vrQ`/ BK;2 `2bT2+iBp2HvX h?2 #QmM/BM;
#Qt bm``QmM/BM; i?2 +M/B/i2 BK;2 `2 Bb /2}M2/ #v Bib iQT@H27i (xmin , ymin )
M/ #QiiQK@`B;?i (xmax , ymax ) +Q`M2`b Bb ;Bp2M #v i?2 7QHHQrBM; 2[miBQMb,
scd
· dx · ts )
scq
scd
ymin = yd − (
· dy · ts )
scq
scd
xmax = xd + [(wq − xq ) ·
· ts ]
scq
scd
ymax = yd + [(hq − yq ) ·
· ts ]
scq
xmin = xd − (

UkV
UjV
U9V
U8V

r?2`2 wq M/ hq `2 i?2 rB/i? M/ ?2B;?i Q7 i?2 [m2`v F2vrQ`/ BK;2- `2@
bT2+iBp2HvX S`K2i2` ts Bb i?2 #QmM/`v bBx2 7+iQ`- r?B+? ;Bp2b 2ti` bT+2 iQ
i?2 #QmM/`B2b Q7 i?2 +M/B/i2 BK;2 `2b M/ ?b #22M 2tT2`BK2MiHHv b2i
iQ 1.1X o`B#H2b scq M/ scd `2 i?2 b+H2b Q7 i?2 [m2`v F2vTQBMib pq M/ pd `2bT2+iBp2Hv- b T`QpB/2/ #v i?2 aA6h H;Q`Bi?KX
jXk

.2i2+iBQM Q7 qQ`/ AMbiM+2b

AM i?2 T`2pBQmb b2+iBQM r2 Ki+?2/ i?2 [m2`v F2vrQ`/ BK;2 rBi? i?2 2MiB`2
/Q+mK2Mi T;2 BK;2 BM Q`/2` iQ mb2 i?2 Ki+?BM; F2vTQBMib b BM/B+iQ`b 7Q`
+`2iBM; +M/B/i2 BK;2 `2bX h?2b2 `2b +MMQi ;m`Mi22 i?i i?2v +QMiBM
i?2 [m2`v rQ`/ mM/2` +QMbB/2`iBQMX 6Q` i?Bb `2bQM i?2 F2vTQBMib Q7 i?2 [m2`v
F2vrQ`/ BK;2 `2 Ki+?2/ ;BMbi i?2 F2vTQBMib Q7 2+? +M/B/i2 BK;2 `2X
6Q` 2+? F2vTQBMi QM i?2 [m2`v F2vrQ`/ BK;2 r2 }M/ i?2 KQbi bBKBH` F2vTQBMi
QM i?2 +M/B/i2 BK;2 `2 mbBM; 1[X RX AM Q`/2` iQ 2biBKi2  KQ/2H i?i /2@
b+`B#2b i?2 2{+B2M+v Q7 i?2b2 F2vTQBMi +Q``2bTQM/2M+2b i?2 _La* H;Q`Bi?K
(j) Bb BMpQHp2/X _La* Bb M Bi2`iBp2 K2i?Q/ i?i +M 2{+B2MiHv 2biBKi2
i?2 T`K2i2`b Q7  KQ/2H 2p2M r?2M i?2 K2bm`2K2Mib +QMiBM QmiHB2`bX lbBM;
_La* i?2 MmK#2` Q7 BMHB2`b Bb +H+mHi2/- i?i Bb- i?2 MmK#2` Q7 +Q``2bTQM/@
BM; TB`b i?i `2 +QMp2MB2MiHv /2b+`B#2/ #v i?2 KQ/2HX JQ`2Qp2`- i?2 F2vTQBMi
+Q``2bTQM/2M+2b `2 mb2/ BM Q`/2` iQ +H+mHi2/  ?QKQ;`T?v i?i b2`p2b b
 i`Mb7Q`KiBQM Ki`Bt 7`QK i?2 [m2`v F2vrQ`/ BK;2 iQ i?2 +M/B/i2 BK;2
`2 THM2 (8)X h?2`2 Kmbi #2 i H2bi 7Qm` TQBMi +Q``2bTQM/2M+2b iQ +H+mHi2 i?2
?QKQ;`T?v Ki`BtX G2i Pq = (xq , yq ) #2  TQBMi BM i?2 [m2`v F2vrQ`/ BK;2
M/ Pc = (xc , yc) #2 i?2 +Q``2bTQM/BM; TQBMi BM i?2 +M/B/i2 BK;2 `2X h?2
i`Mb7Q`KiBQM #2ir22M i?2b2 irQ TQBMib +M #2 ;Bp2M #v i?2 7QHHQrBM; 2[miBQM,
Pc = HǦPq
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UeV

r?2`2 H Bb i?2 ?QKQ;`T?v Ki`BtX h?2 #Qp2 2[miBQM +M iF2 i?2 7Q`K,
⎡ ⎤ ⎡
⎤⎡ ⎤
xc
xq
h11 h12 h13
⎣ yq ⎦ = ⎣h21 h22 h23 ⎦ ⎣ yc ⎦
1
1
h31 h32 h33

h?Bb T`Q+2bb Bb TTHB2/ 7Q` HH +M/B/i2 BK;2 `2b BKBM; iQ T`Q/m+2  b2i
Q7 #QmM/BM; #Qt2b i?i `2 7i2`r`/b `MF2/ ++Q`/BM; iQ i?2B` Ki+?BM; 2{@
+B2M+vX h?2 BMHB2`b T2`+2Mi T`QpB/2b M BM/B+iQ` Q7 i?2 ;QQ/M2bb Q7 }i `2;`/BM;
i?2 _La* KQ/2HX >Qr2p2`- i?2`2 Kv #2  MmK#2` Q7 /2i2+i2/ #QmM/BM;
#Qt2b ?pBM; 2[mH BMHB2`b T2`+2Mi pHm2X AM Q`/2` iQ /BbiBM;mBb? i?2K- r2 T`Q@
TQb2 iQ /BpB/2 i?2 BMHB2`b T2`+2Mi;2 pHm2 G #v  [mMiBiv . r?B+? +Q``2bTQM/b
iQ i?2 bmK Q7 i?2 /BbiM+2b #2ir22M i?2 [m2`v M/ i?2 +M/B/i2 BK;2 `2
F2vTQBMibX h?mb- 7Q`  +M/B/i2 BK;2 `2 i?2 `MFBM; pHm2 o Bb +H+mHi2/ b
7QHHQrb,
V =
jXj

L
D

UdV

_2KQpBM; Pp2`HTTBM; _2bmHib

q2 ?p2 b22M i?i i?2 +M/B/i2 BK;2 `2b `2 +`2i2/ mbBM; i?2 TQBMi +Q`@
`2bTQM/2M+2b #2ir22M i?2 [m2`v F2vrQ`/ BK;2 F2vTQBMib M/ i?2 F2vTQBMib Q7
i?2 /Q+mK2Mi T;2 BK;2X h?2`2 `2 +b2b r?2`2 KQ`2 i?M QM2 +M/B/i2 BK;2
`2b +Q``2bTQM/ iQ i?2 bK2 rQ`/ BM i?2 /Q+mK2Mi BK;2X h?2`27Q`2- r2 2M/ mT
rBi? Qp2`HTTBM; #QmM/BM; #Qt2b- 2+? Q7 i?2K ?pBM; /Bz2`2Mi `MFBM; pHm2b
V b +H+mHi2/ #v 1[X dX PM i?2 /Q+mK2Mi BK;2- irQ #QmM/BM; #Qt2b Bi M/
Bj `2 +QMbB/2`2/ Qp2`HTTBM; B7 i?2 7QHHQrBM; 2[miBQM ?QH/b,
IoU =

B i ∩ Bj
≥ tv
B i ∪ Bj

U3V

r?2`2 tv ?b #22M 2tT2`BK2MiHHv /2}M2/ 2[mH iQ 0.3X h?2 #QmM/BM; #Qt i?i
?b i?2 H`;2` `MFBM; pHm2 V KQM; i?2 Qp2`HTTBM; #QmM/BM; #Qt2b Bb i?2 QM2
F2Ti r?BH2 i?2 Qi?2`b `2 /Bb+`/2/ 7`QK i?2 HBbiX 6B;m`2 e BHHmbi`i2b M 2tKTH2
Q7 `2bmHiBM; #QmM/BM; #Qt2b +QM+2`MBM; i?2 bK2 +M/B/i2 BK;2 `2X h?2 irQ
#QmM/BM; #Qt2b `2 +QMbB/2`2/ Qp2`HTTBM; bBM+2 i?2B` BMi2`b2+iBQM Qp2` mMBQM
`iBQM 2t+22/b i?2 i?`2b?QH/ tv - b b?QrM BM 6B;m`2 RUVX >Qr2p2`- i?2 #QmM/BM;
#Qt BM 6B;m`2 RU#V ?b  bKHH2` `MFBM; pHm2 V i?M i?2 #QmM/BM; #Qt BM eUV
M/ Bi Bb /Bb+`/2/ 7`QK i?2 HBbi Q7 #QmM/BM; #Qt2bX h?2 `2KBMBM; #QmM/BM;
#Qt2b `2 7m`i?2` }Hi2`2/ Qmi mbBM; i?2 rQ`/ H2M;i? Q7 i?2 [m2`v F2vrQ`/ BK;2X
h?2 #QmM/BM; #Qt2b r?B+? i?2 7QHHQrBM; 2[miBQM ?QH/b `2 2t+Hm/2/ 7`QK i?2
HBbi Q7 i?2 `2bmHibX
r?2`2 wb Bb i?2 H2M;i? Q7  #QmM/BM; #Qt 7`QK i?2 `2bmHib HBbi- wq Bb i?2 H2M;i? Q7
i?2 [m2`v F2vrQ`/ BK;2 M/ tw Bb i?2 i?`2b?QH/ r?B+? ?b #22M 2tT2`BK2MiHHv
b2i iQ 0.4X
|

w b − wq
| ≥ tw
wq
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UNV

UV IoU = 0.3212

U#V Vi = 0.0207

U+V Vj = 0.0183

6B;X R, _2bmHiBM; #QmM/BM; #Qt2b Bi M/ Bj 7Q` i?2 bK2 rQ`/ QM  /Q+mK2Mi
T;2 BK;2X UV h?2B` BMi2`b2+iBQM Qp2` mMBQM `iBQ- U#V h?2 #QmM/BM; #Qt Bi
rBi? `MFBM; pHm2 Q7 yXykyd- U+V h?2 #QmM/BM; #Qt Bj rBi? `MFBM; pHm2 Q7
yXyR3jX h?2 #QmM/BM; #Qt Bj Bb /Bb+`/2/ bBM+2 Bi ?b HQr2` `MFBM; pHm2 V X

jX9

1tT2`BK2MiH _2bmHib

h?2 2tT2`BK2Mib i?i r2`2 +QM/m+i2/ BM Q`/2` iQ 2pHmi2 i?2 T`QTQb2/ K2i?Q/
BM+Hm/2/ irQ /Bz2`2Mi /ib2ibX h?2 }`bi /ib2i +QMbBbib Q7 100 T;2b 7`QK
 :`22F ?BbiQ`B+H ivT2r`Bii2M #QQF 7`QK i?2 T2`BQ/ Q7 _2MBbbM+2 M/ 1M@
HB;?i2MK2MiX h?2 b2+QM/ /ib2i +QMbBbib Q7 100 T;2b Q7  :2`KM ?BbiQ`B+H
ivT2r`Bii2M #QQF Q7 1+F`ib?mb2M r?B+? rb Tm#HBb?2/ BM Rd33 M/ Bb QrM2/
#v i?2 "p`BM aii2 GB#``v (jR)X 6Q` i?2 :`22F /ib2i r2 ?p2 mb2/ b2p2M
U7V [m2`v F2vrQ`/ BK;2b b [m2`B2b M/ 7Q` i?2 :2`KM /ib2i r2 ?p2 mb2/
i2M U10V F2vrQ`/ BK;2b b [m2`B2bX
h?2 T`QTQb2/ K2i?Q/ rb +QKT`2/ ;BMbi i?2 K2i?Q/ T`2b2Mi2/ BM (9) M/
Q`B;BMH aA6hX 6B;m`2 k b?Qrb i?2 T2`7Q`KM+2 Q7 i?2 T`QTQb2/ K2i?Q/ ;BMbi
i?2 +QKT2iBiBp2 QM2b +QM+2`MBM; i?2 :`22F /ib2iX GBF2rBb2- i?2 `2bmHib 7Q` i?2
:2`KM /ib2i `2 b?QrM BM 6B;m`2 jX

6B;X k, S`2+BbBQM@_2+HH +m`p2b 7Q` i?2 /Bz2`2Mi K2i?Q/b +QM+2`MBM; i?2 :`22F
/ib2iX
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6B;X j, S`2+BbBQM@_2+HH +m`p2b 7Q` i?2 /Bz2`2Mi K2i?Q/b +QM+2`MBM; i?2 :2`KM
/ib2iX
h?2 T`QTQb2/ K2i?Q/ QmiT2`7Q`Kb i?2 +QKT2iBiBp2 K2i?Q/b bB;MB}+MiHvX
6m`i?2`KQ`2- i?2`2 Bb +H2` 2pB/2M+2 i?i B7 r2 TTHv Q`B;BMH aA6h Ki+?BM;
#2ir22M  [m2`v F2vrQ`/ BK;2 M/  /Q+mK2Mi T;2 BK;2 BM Q`/2` iQ ;2i F2v@
TQBMi +Q``2bTQM/2M+2b i?i rBHH b2`p2 b BM/B+iQ`b iQ i?2 +`2iBQM Q7 +M/B/i2
BK;2 `2b- i?2 `2bmHib `2 p2`v TQQ`X

9

*QM+HmbBQMb

h?2 `2b2`+? BK2/ i +`2iBM; K2i?Q/b 7Q` rQ`/bTQiiBM;X Pm` K2i?Q/b iQm+?2/
#Qi? b2;K2MiiBQM M/ b2;K2MiiBQM@7`22 TT`Q+?2bX AM T`iB+mH`- r2 ?p2
/2p2HQT2/ irQ K2i?Q/b i?i `2 #b2/ QM i?2 b2;K2MiiBQM TT`Q+?X h?2b2
`2  7bi K2i?Q/ i?i mb2b bvMi?2iB+ /i- mb2` 722/#+F M/  72im`2 b+?2K2
i?i +QK#BM2b irQ /Bz2`2Mi 72im`2bX h?2 K2i?Q/ T2`7Q`K2/ p2`v r2HH M/ BM
bKHH KQmMi Q7 iBK2X h?2 b2+QM/ K2i?Q/ mb2/ i?2 .hq H;Q`Bi?K BM Q`/2` iQ
bQHp2 i?2 T`Q#H2K Q7 p`BiBQMb M/ /BbiQ`iBQMb i?i Bb 7QmM/ #2ir22M rQ`/bX h?Bb
K2i?Q/- QmiT2`7Q`Kb i?2 }`bi b2;K2MiiBQM #b2/ K2i?Q/ ;BpBM; Km+? #2ii2`
`2bmHibX b 7` b i?2 b2;K2MiiBQM@7`22 K2i?Q/ Bb +QM+2`M2/- r2 ?p2 /2p2HQT2/
 K2i?Q/ i?i /Q2b MQi `2[mB`2 Mv T`BQ` b2;K2MiiBQM Q7 i?2 /Q+mK2Mi BK;2bX
h?2 [m2`v F2vrQ`/b `2 Ki+?2/ ;BMbi i?2 2MiB`2 /Q+mK2Mi T;2 BK;2X am+?
b2;K2MiiBQM@7`22 K2i?Q/b bi`iBM; iQ ;BM ;`2i ii2MiBQM bBM+2 i?2v Qp2`+QK2
i?2 T`Q#H2Kb Q7 #/ b2;K2MiiBQM M/ +M 2p2M #2 mb2/ i /Q+mK2Mib i?i
b2;K2MiiBQM 7BHb /`KiB+HHvX h?2 `2bmHib Q7 i?2 K2?iQ/ `2 p2`v 2M+Qm`;BM;
b r2HH b biBb7+iQ`vX

_272`2M+2b
RX 1b` i2` M/ SBM` .mv;mHmX Ji+?BM; QiiQKM rQ`/b, M BK;2 `2i`B2pH T@
T`Q+? iQ ?BbiQ`B+H /Q+mK2Mi BM/2tBM;X AM S`Q+22/BM;b Q7 i?2 ei? *J BMi2`M@
iBQMH +QM72`2M+2 QM AK;2 M/ pB/2Q `2i`B2pH- T;2b j9R@j9d- kyydX
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kX >X *Q M/ oX :QpBM/`DmX
h2KTHi2@7`22 rQ`/ bTQiiBM; BM HQr@[mHBiv
KMmb+`BTibX AM ei? AMi2`MiBQMH *QM72`2M+2 QM /pM+2b BM Sii2`M _2+Q;MB@
iBQM UA*S_ǶydV- T;2b 98@8j- kyydX
jX JX X 6Bb?H2` M/ _X *X "QHH2bX  T`/B;K 7Q` KQ/2H }iiBM; rBi? TTHB+iBQMb iQ
BK;2 MHvbBb M/ miQKi2/ +`iQ;`T?vX *QKKmMB+iBQMb Q7 i?2 bbQ+BiBQM Q7
*QKTmi2` J+?BM2`v- k9UeV,j3R@jN8- RN3RX
9X "X :iQb M/ AX S`iBFFBbX a2;K2MiiBQM@7`22 rQ`/ bTQiiBM; BM ?BbiQ`B+H T`BMi2/
/Q+mK2MibX AM Ryi? AMi2`MiBQMH *QM72`2M+2 QM .Q+mK2Mi MHvbBb M/ _2+Q;MB@
iBQM UA*._ǶyNV- T;2b kdR@kd8- "`+2HQM- aTBM- kyyNX
8X _X >`iH2v M/ X wBbb2`KMX JmHiBTH2 oB2r :2QK2i`v BM *QKTmi2` oBbBQMX *K@
#`B/;2 lMBp2`bBiv S`2bb- kM/ 2/BiBQM- kyyjX
eX *X oX Cr?`- X "Hbm#`KMBM- M/ JX J2b?2b?X qQ`/@H2p2H ++2bb iQ
/Q+mK2Mi BK;2 /ib2ibX AM S`Q+22/BM;b Q7 i?2 qQ`Fb?QT QM *QKTmi2` oBbBQM:`T?B+b M/ AK;2 S`Q+2bbBM; Uq*o:ASV- T;2b dj@de- kyy9X
dX SX E2iQM- >X :`22MbTM- M/ _X :QQ/KMX E2vrQ`/ bTQiiBM; 7Q` +m`bBp2 /Q+m@
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RkX hX EQMB/`Bb- "X :iQb- EX LixBQb- AX S`iBFFBb- aX h?2Q/Q`B/Bb- M/ aX CX S2`MiQ@
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Abstract. The reduction of the consumed energy in modern selforganizing communication systems in a dense urban environment is a
challenging task that requires coordination in management operations
for the most effective use of network resources. Configuration and performance optimization tasks affect energy consumption of specific components and energy-related metrics of different devices. We propose a
novel approach for energy saving and resource management in a wireless urban environment. Central to our approach is the organization of
WLAN access points into clusters to facilitate local management and
coordination. In each cluster, a cluster head access point monitors the
energy consumption changes during the transmission and reception, at
both the access point and user equipment sides, and decides on the appropriate adaptation action. The energy consumption reduction and performance improvement attained under the proposed solutions, at both
the network and the user equipment sides, is evaluated via simulation.
Keywords: network management, wireless networks, resource management, energy saving, self-organization, cognition

1

Dissertation Summary

Contrary to common belief, information and communication technologies contribute a significant portion both to world energy consumption (2-4%) and environmental pollution (2-2.5% of greenhouse gas) [1]. Wireless network energy efficiency plays a primary role in reducing the impact of communication
systems on energy consumption and environmental pollution [2]. Apart from
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an environmental responsibility, energy saving is important for the reduction of
communication networks operational costs.
In the last decade, there has been a continuous increase in the number of
wireless access points (AP) installations (e.g., IEEE 802.11) in private and
public places to cope with user mobility and capacity requirements for emerging and future Internet services. Such APs are often not part of the same administrative entity, and the configuration of their locations and operational
features are not necessarily planned for the “network welfare”. This unstructured network environment results in dense AP topologies, especially in urban
areas, with high coverage and frequency overlapping. The above in conjunction with users’ varying traffic volume and service requirements, create optimization opportunities in energy saving and wireless resources.
The need to cope with complexity that derives from the interaction of hundreds or even thousands of network devices for the identification and realization of optimization opportunities calls for a distributed and localized solution.
Self-organizing networks (SON) is considered as one of the most promising
approaches for the management of networks that operate in highly dynamic
and dense environments [3], [4].
For the deployment of a SON, each AP incorporates a Cognitive Network
Manager (CNM), where energy saving as well as Coverage and Capacity
Optimization (CCO) algorithms are placed [5]. In the context of this dissertation we present two types of a CNM a) simple CNM that is referred to as Network Element Cognitive Manager (NECM) and b) domain CNM entitled Network Domain Cognitive Manager (NDCM) [6]. NECM implements the cognitive cycle at the network element level, providing an intelligent adaptation
layer to the conventional control plane. Management problems that cannot be
addressed directly at the network element level, due to computational or
communicational constraints, are escalated to the respective NDCM level.
The NDCM incorporates the required cognitive capabilities to identify optimization opportunities and solve problems that require a greater view of network
status. The distributed software architecture of cognitive managers is described [7], [8]. We implemented the distributed cognitive framework (software
agents and artificial intelligence algorithms) that is deployed in access points
and base station of a real heterogeneous access network composed of a
Broadband Worldwide Interoperability for Microwave Access (WiMAX) BS and
WiFi AP. Interference management and load balancing through channel reselection and vertical assisted handover algorithms respectively are the management tasks of the NECM and NDCM in this experimentation phase. Useful
findings and the recommendations from the deployment of the cognitive network management architecture in a real life implementation are provided (av-
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erage utilization of processing resources, memory usage, and delay of cognitive cycle phases) [9].
Central to our approach is the organization of WLAN APs into clusters to facilitate local management and coordination. Clusters are organization structures
used for the collaborative tackling of network management problems, and
they are formed following a common known scheme. Clusters facilitate the
cooperation and the coordination of a group of network nodes for identifying
and solving network management problems. In the literature, there are several clustering algorithms, which are mainly targeting wireless sensor networks
or mobile ad-hoc networks, but the majority of them are application-specific
(e.g., energy-efficient, mobility-aware). We propose SYSTAS algorithm, for
the distributed discovery and establishment of clusters among network nodes,
based on the features of the physical network topology. The density of the
network graph and the preferential attachment model are used in order to
form logical topologies [10]. The application of the proposed algorithm leads
to the election of the head and the specification of the borders of the clusters
through the allocation of the member nodes to the elected heads. The number
of elected heads defines the number of the formed clusters. Clusters are nonoverlapping and consist of two types of nodes:
Simple member node
Head node.

•
•

The head node of each cluster has the role of a NDCM, while simple member
nodes instantiate the NECM. Both types of nodes implement CCO and energy
saving management tasks. The simulation results, using various network
graphs, show the effective cluster formation and the resulted high modularity.
In each cluster, the elected cluster head monitors usage of resources as well
as the energy consumption changes and decides on the appropriate adaptation action (Fig. 1). In this dissertation, we propose a novel approach for energy saving and wireless resources management in a WLAN urban environment, where dependencies among different types of nodes and components
are taken into account. CCO adapts network connectivity at all desired locations and provides bandwidth according to the communication needs of the
users, avoiding the overutilization and underutilization of network resources.
The Capacity Usage Ratio (CUR) of a cluster network area with n APs is defined as the fraction of the available capacity that is actually being used:
n

∑C

(1)

i

CUR =

i =1
n

∑C

max
i

i =1

67

where

Ci and C imax is the used (uplink and downlink) capacity and the max-

imum available (uplink and downlink) capacity, respectively, of AP i.
For the calculation of the degree of coverage overlap in a cluster we introduce
the overlapping factor (OF), which is based on the clustering coefficient (CC)
[11]. The correlation of the CUR with the OF of the APs in a cluster area allows for more effective interpretation of the information that CUR provides, by
taking into account the overlap level of the offered bandwidth. For this reason
we use the composite metric of Coverage Optimization Opportunity (COOP)
introduced in [12]:

COOP = CUROF

(2)

The COOP metric is useful for the identification of optimization opportunities
for low load situations, where less capacity needed, as well for high load situations, where more capacity is required. A low COOP value means that too
much capacity is provided in a very dense area, while a too high COOP value
indicates an overloaded network area, where more resources are needed.
Energy consumption is measured at both the AP and the User Equipment
(UE) side, focusing on the communication component (transmission, reception). CCO is applied via a novel scheme for the dynamic deactivation or reactivation of APs. This scheme aims at the rational usage of the radio resources
according to traffic intensity and network density. The mechanism for UE load
balancing after the de(re)-activation of an AP is also provided. The effect of an
AP deactivation on UE and other APs energy consumption is assessed, triggering an additional adaptation action in the case that an energy efficiency
problem has been detected. A scheme for multi-hop relay communication
mode is proposed for the energy saving of UE transmission phase, exploiting
local networking opportunities [13], [14], [15]. In addition, a novel channel reallocation scheme is introduced for the reduction of energy consumption during data reception phase. CCO and energy saving algorithms in a SON WLAN
have been evaluated using OPNET simulation environment.
A novel scheme for the management of the interactions of various optimization or configuration problems in a SON is proposed. We identify and resolve
conflicts on metrics and parameters (i.e., configuration actions), which arise
from the deduction phase of the cognitive managers that are placed in a SON,
in the context of the same or neighboring devices. The proposed scheme
consists of three steps. Firstly, a time series-based mechanisms is used in
order to avoid checking a configuration action (adaptations) that is triggered
by a performance metric, which value appears continuous variations due to
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temporary changes of the network area. This phase helps a SON to act
proactively on conflicts and dependencies resolving, avoiding the trigger of
adaptations that appear high uncertainty. In the next step, we check for conflicts on the triggered configurations actions. Only one “direction” per configuration action is prioritized, according to the severity and the priority of the performance metrics that trigger the corresponding configuration action. Finally,
the impact of non-conflicting configuration actions on the other performance
metrics is analyzed using a cost-benefit analysis scheme. The goal is to select
the highest priority configuration action that creates fewer conflicts among
available configuration actions and has the minimum possibility to deteriorate
other (high priority) performance metrics. The proposed scheme for the coordination of various SON problems has been tested using OPNET simulation
environment addressing CCO, energy saving, and interference tasks.

Fig. 1. Cluster head management tasks

In addition, an algorithmic framework for the extension of cognitive capabilities
in network management has been described, facilitating performance management tasks. This framework is used for the improvement of Voice over IP
(VoIP) QoS in a congested WiMAX network [16]. Despite the WiMAX related
introduction, the proposed algorithmic framework solution is not access technology specific, but is equally feasible to other wireless network technologies
as well, such as WLAN. The proposed algorithmic framework consists of the
decision making, the execution and the learning phase. The decision making
part includes the scheme for the identification of the most appropriate action
for the packet loss reduction of VoIP service; selecting between a) the change
of VoIP flows priority at the WiMAX base station, exploiting Medium Access
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Control (MAC) features, and b) the change of VoIP flows selected codec, exe
ploiting service level features. The solution and the quantification of the d
derived action (e.g., number of VoIP flows, the type of codec transition) is
achieved using either a history
history-based
based scheme that takes advantage of prev
previous events,
vents, or a heuristic approach for un-classified
un classified (i.e., unknown) situations.
A k-Means
Means learning algorithm is introduced to process the accumulated
knowledge from all applied actions and evolve the decision making scheme
[17], [18].. The performance and feas
feasibility
ibility evaluation of the proposed solution
has been tested using FIRE Panlab WiMAX experimental facility.

2

Results and Discussion

The proposed solutions for the effective utilization of network resources and
energy saving have been deployed evaluated using both a simulation envienv
ronment as well as real WiFi/WiMAX infrastructure
infrastructure.
2.1

SYSTAS: Algorithm for Cluster
Cluster-based
based Structure of a Self
SelfOrganizing Wireless Network

The distributed algorithm for the organization of APs control loops in clusters
has been evaluated in different topologies (sparse, dense
dense, and real). In the
literature, there are several clustering algorithms, which are mainly targeting
wireless sensor networks or mobile ad
ad-hoc
hoc networks, but the majority of them
is application-specific
specific (e.g., energy
energy-efficient, mobility-aware). The results
sults show
efficient
fficient discovery of clusters and resulted modularity [19],, comparing with
algorithms from the area of data mining and graph clustering algorithms.

Fig. 2. Sample Topology of 50 Nodes (a) Graph visualization, (b) Formed clusters
lusters
visualization
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2.2

Energy Saving and Efficient Utilization of Wireless Resources in a
cluster-based Self-Organizing Network

Total Energy Consumption (kJ)

After the formation of the cluster structures and the activation of NECM and
NDCM, the head AP retrieves topological, performance, and energy consumption information from the member APs. Moreover, the head receives
monitoring data that the associated UEs provide to the All these data allow
the head to build its situation awareness, which includes energy and CCO
awareness of the cluster. They both are the input for the decision-making
phase, which consists of two steps. Firstly, the head uses a rule-based
scheme in order to evaluate the existing the situation awareness and select
the appropriate adaptation. Then, the deduced configuration is resolved.
8.00
7.00
6.00
5.00
Rx

4.00

Tx

3.00

Total

2.00
1.00
0.00
AP

UE

Cluster Area

Fig. 3. Total energy consumption – Disabled energy saving and CCO

In this dissertation, we have focused on the communication component (Rx,
Tx) of both APs and UEs in a dense WLAN network (Fig. 3) [20]. The decomposition of energy consumption into device and component levels facilitates
the analysis and the identification of their dependencies.
From the obtained simulation results it is evident that coverage and capacity
optimization is a tool for achieving energy efficiency. However, the extend of
energy reduction as well as the impact on other system components (Rx, Tx)
or nodes depends on the specific network topology, the network configuration
features and traffic conditions. The simulation results for the selected topology
configuration, show that an AP deactivation action, reduces cluster level

EC AP , mainly due to the reduced energy spent for packets reception (13%
decrease) and processing. However, it increases the energy consumption of
UEs for the reception and the transmission phase ( EC UTxE , EC URxE ) under specific topology and traffic conditions (e.g., high overlap of frequency channels,
UL/DL ratio). On the other hand, the consumed energy of UEs for the reception and the transmission phases increases after APs deactivation. The
change of the selected channels in the cluster leads to the reduction of the
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energy that UEs consume for the sensing of data packets that come from
neighboring cells. APs gain also benefit from this adaptation. EC URxE and
Rx
measured in nJ/bit are improved by 35.7% and 40.5%, correspondingEC AP

ly. Furthermore, the handover of a UE to a more distant AP leads to an inTx
crease of the energy used for transmissions ( EC UE
), especially for a UE with

high UL traffic. In this case, the formation of UEs multi-hop relays improves
the energy consumption in the data packet transmission phase by 20% (Fig.
4).
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Fig. 4. Energy consumption in nJoules/bit (a) APs Rx, (b) UEs Tx and Rx phases

2.3

Coordination of Conflicts and Dependencies in Self-Organizing
Networks

In the conducted experiments that described above, the degradation of a performance metric, after the enforcement of a re-configuration is addressed by
using an additional optimization action. However, in the case that two or more
configurations actions are triggered concurrently it is important for the SON to
identify and resolve conflicts on metrics or parameters, so as to assure the
stability of the communication network. The goal of the introduced algorithmic
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scheme is to select, solve and apply the most appropriate configuration action
in a cluster area taking into account a) problems severity, b) the total performance improvement of the network nodes of the cluster, c) and the number of
reconfigurations or system’s oscillations. Simulation results show that the proposed scheme for the coordination of the self-optimization functions of thye
different cognitive cycles improve the performance of the system (throughput
BER, network side energy consumption), according to the defined priorities.
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Fig. 5. Cluster-level throughput (UL/DL)
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Energy Consumption (nJ/bit)
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2.4

Cognitive Capabilities for a Service-aware Self-Managed Network

The proposed architecture and the introduced algorithmic framework for the
extension of cognitive capabilities in a self-managed network system have
been deployed and evaluated for the improvement of VoIP QoS (packet loss,
delay, jitter) in a congested WiMAX network. The conducted experiments,
using FIRE Panlab and CORE facilities, prove the feasibility and the strengths
of our work. Both network and service side adaptation actions improve the
detected packet loss level. However, the change priority of VoIP flows at
WIMAX BS cannot reach the target PL threshold (<1%) for high PL events;
although service continuity is always satisfied. On the other hand, the VoIP
codec modification is more drastic (Fig 9.).
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Fig. 9. R-Factor after Change Priority and Change Codec adaptation

The utilization of the history of previous adaptations reduces the transitory
period and the iterations that a heuristic scheme requires for QoS improvement. The results of the learning phase show that the accuracy of the decision
making scheme is improved, avoiding adaptations that are not effective. Final-
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ly, we have showed that other QoS metrics such as delay, jitter and R-factor
are also improved by the proposed solution (Fig. 10).
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Fig. 10. R-factor vs. Number of Iterations

3

Conclusions

The efficient usage of network resources and the reduction of the consumed
energy in modern communication systems that operate in a dense urban environment are challenging tasks, due to the complexity and the spatio-temporal
dynamics of wireless networks. Self-organization is considered as one of the
most promising paradigms for the management of networks that operate in
highly dynamic and dense environments. In this thesis a novel approach has
been proposed to dynamically control the size and configuration of a wireless
network for the effective utilization of network resources and energy saving.
The energy consumption reduction and performance improvement (BER,
throughput, QoS) attained under the proposed solutions, at both the AP and
the user equipment sides, is evaluated via simulation.

4
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Abstract. The aim of this thesis is to contribute to the Open Source Software
(OSS) research by a comprehending study of the factors that determine OSS
diffusion, as well as the economic and social impact of this diffusion. The research focuses on the process of diffusion over time and assesses cause and effect relationships of the phenomenon. Firstly, it identifies and assesses the factors determining the diffusion and sustainability of OSS (cause). Secondly, it
examines the effects of this diffusion at an economic and socio-political level
(effect). At the economic level, the changes in markets structure and dynamics
as a result of the OSS diffusion are analyzed. At the socio-political level, the
study focuses on the effects in eGovernment and education.
The study grounds its results on a number of conceptual models that are
based on a theoretical background with elements from the theories of technology acceptance and diffusion of innovations (DOI), as well as from social and
economic theories. The models’ evaluation is performed with the aid of rigorous methodological frameworks of mathematics and econometrics. Results can
be a valuable input for both research and practice. For research, they provide
with more accurate, a-priori estimations of the diffusion rate and the market
competition. They also provide with the assessment of technological, social,
economic and institutional factors that determine the OSS technology diffusion.
As a result, they can become useful tools for strategic planning and policy making, in a continuously evolving and competitive environment such as the ICT
market.

1

Introduction

OSS is an alternative model of software production and use, where source code is
open for inspection, modification and distribution. OSS technology has introduced an
innovative model of software development, based on self-organized communities that
are open for participation to both users and developers. OSS innovation is twofold.
First, the innovative method of organization and management of human and technology resources of OSS communities. Second, the OSS philosophy of open participation and the values of collaboration and sharing. According to Von Hipel, OSS is an
innovation with a different value creation model, in which value is an outcome of
collective intellect achieved through the OSS community [1].
!
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Over the last years OSS has moved to mainstream, creating a rapidly evolving ecosystem that provides with thousands of software solutions. From a managerial perspective, OSS offers critical advantages that have turned it to a competitive option to
most organizations. As a result, most software production companies have reshaped
their business models and strategies so as to include OSS development procedures. It
can be deduced that OSS plays a critical role in the ICT markets. This, in turn, places
research interest in OSS at a high level.
Although its technological aspects are the object of extensive research [2-6], many
researchers have also stressed out the socio-economic changes caused by the emergence and rapid diffusion of OSS [1, 7, 8]. The multi-dimensional nature of OSS has
attracted academics from different research fields, like software engineering, economics, sociology and even political economy [3]. Studies that have performed a thorough
review on OSS [2-6], detected a severe gap in the literature concerning the diffusion
process of OSS as well as the factors that underlie this diffusion. Also, very few studies have been found to examine the factors that determine existence and long-term
sustainability of OSS products [9], which is closely related to its diffusion. This, in
turn, calls for a comprehending analysis and study of the parameters that determine
OSS diffusion and sustainability. Moreover, though the socio-economic aspects of
OSS have been extensively discussed, important research questions like the impact of
OSS on market structure and competition and the social effects of OSS, in relation to
other open initiatives, like open government and education remain unresolved.
The aim of this thesis is to fill this gap in the literature and perform a holistic analysis on the OSS phenomenon in two aspects. First, to evaluate the factors that are
critical to its diffusion and sustainability. Second, to evaluate the economic and sociopolitical effects of this diffusion. The methodologies and results of the studies implemented into the context of this thesis, are briefly presented in the following sections.

2

Sustainability of OSS

The study investigated factors that affect the long-term sustainability of OSS projects. For that purpose, the study thoroughly examined the development methodologies and processes of the SourceForge portal [10] and identified projects’ characteristics that could affect sustainability. The empirical data were queried from a database
that is provided by the University of Notre Dame (UND) for research purposes [11]
and contains full SourceForge projects’ activities. The proposed conceptual model is
based on the Unified Theory of Acceptance and Use of Technology (UTAUT) [12]
and the IS success model [13]. The model defines the metrics of the impacting factors
based on project’s characteristics and considers the performance of these metrics in
three distinct time periods. The aim of using different time segments is the evaluation
of the impact of the factors of one time period as a cause for the users’ behavior on
subsequent time periods. The model consists of a number of structural equations and
evaluates the weight of impact of the different time-dependent factors on long-term
sustainability. The methodology for the model’s evaluation is the Structural Equation
Modeling (SEM).
Results indicate that the ability to attract the users’ interest initially and active users and developers in the next period are the two critical factors for a project’s sustainability. The user’s choice is influenced by the performance and productivity of the
community. The final decision depends on the social influence exerted through dis-
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cussions of community fora. The research has been submitted to the scientific journal
‘European Journal of Information Systems (IS)’ and is under review process.

3

OSS diffusion.

The research estimates the cross-country OSS diffusion and the factors that shape
this diffusion at a country level. Taking into account the multidimensional nature of
OSS, a new theoretical framework is proposed as a lens for the identification of the
possible impacting factors. The framework consists of the theories of exogenous and
endogenous growth and institutionalism. A country is conceptualized as a socioeconomic system within which OSS growth occurs. The model is based on the idea
that the forces of growth to an economic system comprise of institutional, endogenous
and exogenous factors and is specified as:
OSSit = F(Xendog, Xexog, Xinst)

(1)

Where OSSit is the OSS growth rate determined by the three vectors of factors relevant to endogenous growth (Xendog), to exogenous growth (Xexog) and institutional
theories (Xinst), for each country i, at time t. In this sense, growth is not restricted to
economic development, but includes social, institutional and technological aspects.
Into this context, two studies were implemented.
The first study examines the OSS diffusion process at a country level, under the
prism of DOI theory and a parameterized diffusion model proposed by Dekimpe et al.
[14]. The factors shaping the diffusion were drawn from the theoretical framework
described by (1). The parameterized diffusion model allows for the comparison of
diffusion parameters across countries and the evaluation of variables that may affect
diffusion at different stages of the diffusion process. The model parameters are estimated and the significance of each of the factor is evaluated by a means of non-linear
regression methods.
Research results indicated that a country’s innovation level and human capital have
a significant effect in all stages of diffusion. An important finding is also the different
impact of the factors, depending on the diffusion stage. Technological infrastructure,
economic status and institutions are more significant at the initial stage of OSS diffusion, while a nation’s human capital and innovation activity are more important for
subsequent stages. The research has been submitted to the scientific journal ‘Information Technology and Management’ and is under review process.
3.1

Diffusion of OSS: the case of the Apache web server

Previous research in OSS diffusion is very limited [15, 16]. Taking a case study
approach, this study focuses on the diffusion process of a well established OSS, that
is, the Apache web server. The study proposes a theoretical framework that consists
of the DOI theory and the socio-economic theories as presented in (1) and aims to: (i)
Estimate and forecast the market saturation of the Apache web server and provide
with critical information for the interpretation of the diffusion process, namely the
current stage of the market with respect to its saturation level and its inflection point.
(ii) Evaluate the impact of socio-economic, country-level factors that affect the
Apache’s market saturation in different economic environments.
The theoretical framework is illustrated in Fig. 1. As shown, the research consists
of two distinct steps. Firstly, the estimation of Apache’s diffusion and market satura-
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tion is based on the mathematical modelling drawn from the DOI theory, by means of
a dynamic diffusion model [17]. The model assumes a time-variant market saturation,
able to reflect the rapid diffusion of the web servers market. Secondly, a number of
factors are evaluated for their impact on the Apache’s market saturation. The factors
are drawn out of the theories of institutionalism and exogenous and endogenous
growth, as described in (1). The study’s results are published in [18].

Fig. 1. Theoretical Framework

Estimation and forecasting of the Apache web server diffusion .
The diffusion process is estimated by the dynamic diffusion model proposed by
Mahajan and Peterson [17]. The model assumes that the saturation level N t , is not
constant, but a function of time and can be expressed as N t = f(S t ), where S(t)
represents the vector of all relevant exogenous and endogenous factors affecting N t .
The proposed model takes into account the influence of one only factor, namely, the
total market population growth (denoted by P(t)=S(t)) and assumes that the rate of
increase in the market saturation with respect to the total market population, at any
time t, is a constant. That is:
dN(t)
(2)
dP(t)

= k!

Integration of equation (2) yields (3), where k1 is the integration constant and k2 is
the growth rate of market saturation with respect to total market population.
N (t ) = f ( S (t ) ) = f ( P(t ) ) = k1 + k2 P(t )
(3)
The final formulation of the dynamic model is given by:
dN (t )
= ( a + bN (t ) ) N (t ) − N (t ) = ( a + bN (t ) )( k1 + k2 P(t ) − N (t ) )
dt

(

)

(4)

N (t = t0 ) = N 0 = 0, N (t0 ) = f 0

where N(t) refers to the cumulative number of adopters at time t. Also, a and b are the
parameters of innovation and imitation of the diffusion process, respectively. N0 represents the number of adopters at time !! and !! is the initially estimated saturation
level at time !! .The solution of the differential (4) gives the number of adopters of
Apache, at each point of time t. Moreover, P(t) can be estimated by the logistic diffusion model and thus is formed as follows:
dP( t )
(5)
= ( m + m P( t )) P − P( t ) ,
1

(

2

dt
P( t = t0 ) = P0 = 0
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)

Where ! is the population saturation level and the parameters !! , !! are the parameters of innovation and imitation. The parameters !, !! , !! are estimated using the
Nonlinear Least Squares (NLS) regression method. The estimation of !, !, !! , !! is
based on the discrete regression analogue of (4), as shown in (6) and NLS. The regression coefficients x1, x2, x3, x4, x5 give the estimates for the model parameters.
(6)
N (t + 1) = x1 + x2 P(t ) + x3 N (t ) + x4 N (t ) P(t ) + x5 N 2 (t ),
x1 = ak1 , x2 = ak2 , x3 = k1b − a + 1, x4 = k2b, x5 = −b
The cumulative number of Apache web servers, N(t), are extracted from Netcraft’ s
Web Server Survey [19]. The data span from the year 1996 to 2010 and are on a six
months basis. The total population size, P(t), of the market corresponds to the total
population of all possible web server adopters and its measure can be approximated
by the number of Internet users. This can be justified by the fact that a potential web
server adopter should firstly establish an Internet connection. The data for the Internet
users penetration are derived from the United Nations (UN) database. The estimation
of the parameters !! , !! , !, !, !! , !! was derived by 24 observations, while the next 5
observations were used as a feedback sample to evaluate forecasting. To further evaluate the dynamic model’s performance, the logistic model was used as a benchmark
model. The evaluation of the estimation and forecasting is given in Table 1.
Table 1. Evaluation of the estimation and forecasting results
Estimation

Forecasting

Observations: 24

Observations: 24

Dynamic

Logistic

Dynamic

Logistic

Model

Model

Model

Model:

0.98

0.98

0.988

0.81

MSE

9.4

9.21

15.4

78.3

MAPE

1.3

2.145

1.068

2.808

R2

The above table shows that the statistical measures (R2, MSE and MAPE) confirm
the dynamic model’s effectiveness in fitting, for both estimation and forecasting. It
can be elicited that both the dynamic and logistic models effectively estimate diffusion, yet the dynamic model has a superior forecasting ability as compared to the
logistic. This is mainly due to the time variant market potential, which captures the
growth of the market and shifts the diffusion curve up to higher values. Graphically,
the diffusion curves are illustrated in Fig. 2.
In addition, the inflection points of both the logistic and dynamic models were calculated. As shown in Fig. 2, there is big difference in the estimations with the logistic
model showing that Apache has reached the inflection point at t*= 23 (year 2007),
while the dynamic model is predicted to reach the inflection point at t*=38 (year
2014) and which is a much more realistic value. The shading parts of the figure correspond to the forecasted values of the diffusion. It can be deduced that the low value of
the constant saturation level ! (estimated at 112.81 million) of the logistic model
shapes a downward slope that increases the gap between the last observations of the
data. On the contrary, the time variant saturation level (estimated at 167.52 at t=38) of
the dynamic model shifts the curves up resulting in much better fitting, especially for
the forecasted values (time segments 25-29).This confirms the necessity for a nonconstant market saturation for the rapidly diffused Apache web server. Findings suggest that Internet penetration has a positive impact on the market potential for Apache
and that the growth of Apache has not yet reached its maximum rate (inflection
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point). As a result, the diffusion curve and the market potential are still at a growing
stage.

Fig. 2. Diffusion curves and forecasting for Apache

Socio-economic factors that determine the market potential for Apache.
Taking into account the theoretical framework in (1), the model assumes that market saturation depends on institutional, endogenous and exogenous factors and is
specified as:
! ! ! = !(! !" , ! !" , ! !" , ! ! )
(7)
it
where X is a vector of all factors relevant to endogenous growth theory, Yit a vector of all factors relevant to exogenous growth theory, Zit a vector of all factors relevant to institutional theory, for each country i, at time t. In addition, ϑi a country specific variable, which determines developed and developing countries. Market saturation N t of the Apache web server is the dependent variable, explored in terms of
possible influencing factors. The expected market saturation!! ! ! for each country i,
can be estimated by equation (3), that is,
! ! ! = ! !! + !! !! !
(8)
where Pi(t) is the number of Internet users for each country i and the parameters k1,
k2 have been estimated with the dynamic model. By substituting the values of Pi(t),
k1, k2 in (8), the expected market saturation for each country is obtained. The factors
are evaluated for their impact on the Apache market saturation, by means of a panel
data analysis of 25 countries selected so as to represent different regions and economic status. The choice for the possible influencing factors was grounded on certain
hypotheses. The statistical tests performed for the econometric model that derived out
of (7) showed evidence of endogeneity, thus the Two Stage Least Squares (2SLS)
regression with Generalized Method of Moments (GMM) and Heteroscedasticity and
Autocorrelation (HAC) errors was the most effective method.
Regression results are presented in Table 2. It can be deduced that the diffusion of
Apache depends on both endogenous and exogenous to a country factors, namely
technological infrastructure, level of skills and education and ICT trade. The institutions and rules and laws of an organized society were also found to positively affect
the growth of the Apache technology. On the contrary, regulation that promotes com-
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petition does not appear to have any impact. Finally, Apache saturation levels are
higher in developed versus developing countries, an outcome which is in accordance
with other technological innovations and the problem of digital divide.
Table 2. 2SLS GMM regression results for !(!)
Second regression: ln(!(!))
No of Observations:112
F( 9, 102)= 86.76***
Vars Coef.
S. Err.
z
lnphone
0.570
0.049
11.72***
ICTexp
0.085
0.035
2.43**
ICTtrade 0.015
0.003
4.32***
HCI
0.011
0.007
1.91*
lnOSS
0.190
0.040
4.73***
educ
0.088
0.034
2.58***
B_R
0.021
0.023
0.91
-2.60***
0.411
OECD
0.158
-7.52***
5.901
cons
0.785
IQ
0.280
0.131
2.14**
lnroyalty
TradeBar
IPR

First regression: IQ
No of Observations:112
F( 11, 100)= 66.87***
Coef.
S. Err..
t

0.179
0.137
0.094

0.039
0.043
0.023

4.63***
3.16**
4.08***

Notes: Significance levels: * = p < .10, ** = p < .05 and *** = p <. 01.

4

Economic impact of OSS diffusion.

The research focused on the impact of OSS on ICT markets structure and competition and consists of three studies. Initially, ICT market characteristics and dynamics
were explored and analyzed in relation to the OSS special economic attributes that
affect competition [20, 21]. The first study identifies and discusses the new dynamics
formed in software markets due to the emergence of OSS. The impact of OSS in
competition is further evaluated by applying the Herfindahl-Hirshman concentration
index (HHI) on market shares data in three widely used software market segments,
that is, web servers, web browsers and operating systems. HHI results indicated that
though markets exhibit concentration, there are clear upward trends in competition.
Market analysis showed that OSS has changed the strategies of most dominant software companies towards the creation of new OSS business models. This, in turn, has
created new market entries and raised competition and market dynamics [22].
Further investigation and analysis of the OSS business models (OSS BM) was
conducted in the second study. The objective of this study is to provide with a comprehensive and generic OSS BM framework that explicitly defines its structural elements, describing the deeper structure of what firms, adopting an OSS strategy, actually do. The study following the structured-case methodological approach [23] conducted two research cycles. In the first cycle, a sample of 100 popular OSS related
firms instances is considered as ‘pilots’ organizations, in order to explore the different
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possible business models cases. The instances were chosen so that to represent all
three aspects of ICT markets, i.e. software, hardware and services sectors.
The second research cycle aims to validate, evaluate and further improve the initial
findings by means of data collected from questionnaires and a workshop with eighty
two participants, experts from the Greek OSS market and Academia. The research
cycles revealed new concepts, dimensions and building blocks of the ontological OSS
BM. The elements that differentiate OSS BM from the classical business models are
the way of organizing production, the different OSS licenses, the innovative models
of profit and the OSS community. The taxonomy of OSS BM was derived by a vertical analysis of the structure "offered value". Research results were published in [24].
4.1

Analysis of the operating systems market dynamics and competition

A deeper research in the effects of OSS in markets structure and equilibria was
conducted in the field of the operating systems market. The study considers a highly
concentrated market, the desktop (DT) and laptop (LP) operating systems sector, in
order to provide some insights of the potential of OSS even in the case of high market
concentration.
Based on concepts of population dynamics and organizational ecology, the study
analyzes the evolutionary and competitive dynamics of the three leading players of
the market, namely the OSS Linux, the partly-OSS Mac OSX and the proprietary
Windows operating systems. Market evolution is estimated and forecasted by applying the Lotka-Volterra competition (LVC) model, which describes the competitive
interaction of species for a common supply [25, 26]. The model’s parameters were
estimated by applying genetic algorithms, which are adaptive heuristic search algorithms based on the mechanisms of natural systems and genetics.
The main assumption of the methodology was to consider the three software products as interacting species competing for a common source, the market itself, expressed in terms of market shares. The empirical analysis showed that, at the equilibrium, all operating systems will coexist, while the highly concentrated market will
tend to become less oligopolistic. Regarding the dynamics of the market, it was
shown that Mac OSX has the highest growth rate and is less affected by the competition with the other systems, while is more affected by its own growth dynamics. An
indirect mutualism effect, where the partly OSS Mac OSX is ultimately benefited by
the existence of Linux, could also be deduced. Windows on the other hand experiences a decrease in its share, as it faces intense competitive pressures by both Linux and
Mac OSX, with Linux being its main opponent. Results show that Linux shares are
raised mainly due to Windows users that churn to Linux. However, the low growth
rate of Linux is not expected to increase substantially, at least under the current market conditions and Windows will retain its leading position.
The above results add to the issue of the impact of OSS on competition. Firstly,
OSS has a direct impact by the emergence of quality OSS such as Linux, which can
offset the monopolistic behavior of the software market. Even in the highly concentrated DT/LP OS market, Linux not only survives but also raises its shares. Secondly,
OSS allows for the creation of new business models, like the partly OSS that enable
successful entrance in the market. The partly OSS Mac OSX paradigm shows that
Mac OSX, though a late follower, has successfully entered a highly concentrated
market.
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As one step further, the study performs a sensitivity analysis of the possible effects
on market behavior, induced by a rise in Linux adoption. Such a rise could be attributed to an organizational change of policy towards Linux adoption, as for instance
in the public sector, following a governmental initiative. In this case, the LotkaVolterra model is reformed to accommodate different adoption levels of the Linux
operating system. Results demonstrate the effects of such policy on market concentration, according to different levels of Linux adoption. Findings also reveal useful implications for practice, in terms of the role of OSS and its derivative partly-OSS products in markets with high concentration. The main outcomes, which also define the
importance of contribution of the proposed methodology, are the estimation of the
modeled system dynamics, the provision of forecasts regarding market equilibrium
and the estimation of the “churn effect”, which reflects the level of users’ switching
among the operating systems. The model also provides information on the survival or
extinction of each species due to the competition effects and the market structure at
the equilibrium. he research has been published in [27].

5

Socio-political impact of OSS diffusion.

OSS ideology carries the notions and values of freedom, transparency and openness, active participation, cooperativeness and sharing that has created a new philosophical stream. The principles of OSS have extended beyond the software and inspired other forms of “open” initiatives, such as open standards, open access, open
content, open science, open education, open government, open innovation and more.
This thesis examines the impact of OSS in two sectors that have been highly affected
by this openness: eGovernment and education.
5.1

OSS and eGovernment.

The relation of OSS diffusion and eGovernment maturity is examined at a national
level, under the prism of the theoretical framework of the socio-economic theories of
institutionalism, exogenous and endogenous growth, as presented in (1). The theoretical framework was deemed appropriate for two reasons. Firstly, because it was successfully applied for explaining OSS diffusion. Secondly, because the endogenous
growth theories and institutionalism have been widely used in the case of eGov. Into
this context, three distinct conceptual models were created and evaluated by means of
econometric methods on secondary, cross-national data.
The two of the models focus on the impact of OSS on eGov maturity and use FGLS
regression to statistically evaluate the corresponding models. Both models agree that
OSS diffusion has a significant impact on eGov maturity. It can be concluded that
OSS exerts a positive impact in eGov policies, like transparency, democracy and citizens’ active participation, which are the characteristics of the eGov’s higher maturity
levels. The first model’s results were published in [28], while the second’s in [29].
Taking one step further, the third model investigated the simultaneity in the relation
of OSS diffusion and eGov maturity. The model consists of two structural equations
that express OSS and eGov mutual effects and is evaluated by means of a Simultaneous Equations Model and 2SLS regression. Results validated the positive impact of
OSS diffusion on eGov maturity, yet rejected the assumption of a simultaneous relation. This research has been submitted to the scientific journal ‘Technological Forecasting and Social Change’ and is under review. Findings also provide with interest-
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ing information on the impact of innovation on OSS diffusion and other country level
factors that affect eGov maturity. These include institutional (governance effectiveness, freedom of the press, regulatory quality and the quality of institutions) and economic factors (ICT trade). Social development, however, exhibits the highest impact
suggesting that higher levels of living and education are essential conditions for effective eGovernment.
5.2

OSS and education.

In the education field, OSS has gained wide acceptance. A number of well known
and established OSS communities and organizations have created software properly
configured for education purposes. However, the success story for OSS, is the online
education (E-learning) and the electronic Learning Management Systems (LMS) and
Content Management Systems (CMS), with highly diffused software (e.g. Moodle,
Sakai). A combination of open content and E-learning is the Open Educational Resources (OERs).
The study, reviewing the literature identifies factors that impact the diffusion of
OSS in the education field, that is, the usual OSS advantages, like quality, costeffectiveness and compatibility. However, there are some additional factors, like the
ability for course customization by teachers and students, the low system requirements and the different levels of learning. Especially, important are the fast diffusion
of knowledge through the OSS communities, the encouragement and promotion of
collaborative and open way of learning, the promotion of open content and open education. The successful implementation of open content initiatives has lead to the development of a new education model, the open education. It can be concluded, that
the role of OSS in the digitalization of education is twofold. Firstly, it provides with
cost-effective, yet qualitative education software. Secondly, its philosophy sets the
stage for new education models based on open standards, collaboration and active
participation of both students and teachers.

6

Conclusions

The study contributes to the OSS research by the creation and development of new
methodologies for the estimation and evaluation of the OSS diffusion process and the
underlying critical factors, as well as the social and economic implications of this
diffusion. Results, as explicitly described in the previous sections, revealed that OSS
diffusion mainly depends on a country’s technological infrastructure, innovation and
education levels and social development. Also, the continuous attraction of users and
developers in OSS communities, ensure its sustainability. For the economic impact,
findings suggest that OSS plays a critical role on markets and competition, creating
new business models and structures. All prediction models applied into the context of
this thesis, were quite favorable to OSS, with steadily increasing trends of adoption.
Finally, the positive relation of OSS and eGov verify its socio-political implications.
The research conducted for this thesis provides with useful input for both research
and practice. For research, it brings in a new theoretical framework for the study of
OSS diffusion that consists of three socio-economic theories: endogenous and exogenous growth theories and institutionalism. Into this context, it has developed methodologies for (i) the estimation of the international Apache diffusion and the factors that
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impact market saturation, (ii) estimation of the cross-national OSS diffusion and the
impacting factors at different stages of the diffusion process. It also implemented a
conceptual model that is able to evaluate the critical factors for OSS sustainability.
Finally, it developed methodologies for the analysis and evaluation of the economic and socio-political impact of OSS. These include (i) the assessment of the OSS
impact on market structure and competition, (ii) the creation of a competition model
that estimates and forecasts the concentration, dynamics and the future market equilibrium of the operating systems market, (iii) the development of a holistic conceptual
framework that provides with insights into the critical ontological elements of OSS
BM and a taxonomy of the various OSS BM with an assessment of their risks and
opportunities, (iv) the creation of models for the evaluation of the relation of OSS
with eGovernment.
For practice, research results can become valuable input for strategic planning and
policy making, as they provide with more accurate, a-priori estimations of the diffusion rate, the market competition and equilibrium, in a continuously evolving and
competitive environment such as the ICT market. They also provide with the evaluation of the factors that constitute to the diffusion and sustainability of OSS, which are
important information for organizations in designing their strategies. For the enterprises, which are planning to encompass OSS into their business models, the proposed
OSS BM framework can become a useful tool. The conclusions for the relation of
OSS diffusion and eGov maturity could also be taken into account at a political level,
as they involve the assessment of technological, social, economic and institutional
country level factors.
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Abstract. The   research   conducted   during   this   thesis   involves   the   “Design, Fabrication
and Characterization of a Vibrational Piezoelectric Microgenerator”,  with  use  in  wireless  
sensor networks, to make them autonomous. At the beginning, there is a review on
some the latest cantileverd-based MEMS piezoelectric microgenerators and their
characteristics. Also, there is a small review on the field of Piezotronics and its
applications. The prototype microgenerator developed and presented in this thesis is a
combination of MEMS technology and nanostructures of the piezoelectric material ZnO,
able to convert low vibrations (~100Hz) into electricity. After, there is an extensive review
on the basic equations that have been taken into account for the optimization of the
design and fabrication processes. Arrays of vertical nanowires as well as uniform
nanotextured films of ZnO were fabricated, simulated and characterized, taking into
account the influence of each parameter. The MEMS microgenerators were successfully
fabricated, packaged and characterized to achieve optimum results. Finally, an
alternative approach on the fabrication of flexible nanogenerators is presented.
Nanogenerators with either Au or Al electrodes were fabricated on flexible substrates,
providing  power  outputs  up  to  30nWatts  on  an  external  load  of  2MΩ.
Keywords: Energy Harvesting, MEMS, ZnO nanorods, Hydrothermal Method,
Microgenerators, Flexible Nanogenerators

1 Introduction
The recent developments in the field of wireless sensor networks has attracted much
interest, enabling them for further applications such as temperature or pressure
monitoring, detection of toxic chemicals or gases or positioning of people in commercial
buildings. Developments also in the field of VLSI have resulted in low power sensor
*Dissertation Advisors: 1Aggeliki Arapoyianni, Professor – 1Dimitrios Syvridis, Professor – 2Dr.
Christos Tsamis, Researcher
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nodes (~1mW). Continuous powering these nodes is critical because it directly affects
their lifetime and proper function, making the common way of powering (batteries) quite
undesirable. Also, the total volume of the sensor node is affected by the size of the
battery. Therefore, there is a need to develop new and exciting technologies that provide
the node with the ability to harvest energy from the environment, making it selfsustainable. In this thesis, we explored the energy harvested from mechanical vibrations
in order to fabricate microgenerators, utilizing MEMS processes and piezoelectric
nanostructures.

2 Related Work
In the past few years there have been a number of publications regarding the fabrication
of MEMS piezoelectric microgenerators reporting interesting results. MEMS
microgenerators consist of a cantilever beam, usually with an end proof mass, metal
electrodes and piezoelectric films. A large number of the known MEMS microgenerators,
however, use PZT [1-4], which even though it produces great voltages due to
mechanical deformations, it is toxic and therefore, they can be no biological or
environmental applications.
ZnO was chosen as the piezoelectric material in this thesis, mainly due to its ability to
form in various nanostructures and the fact that it has no toxicity and poses no threat to
either the environment or organisms. The originality of this work rests on the
combination of MEMS processes and ZnO nanostructures to develop microgenerators to
power low-consumption electronics.

3 ZnO Nanostructures
3.1 ZnO nanorods

There are a number of known techniques used to produce plain and complex
ZnO nanostructures, however our own results were based on the hydrothermal
method. ZnO nanorods have beed fabricated on various substrates, taking into
account   all   the   necessary   parameters   involved   (temperature,   pH,   precursor’s  
concentration, time of growth) and the effects each one them has when they
change. Patterned growth of vertical ZnO nanorods has been achieved and a
thorough statistical analysis has been performed to study the morphological
characteristics of the resulting structures (Fig. 1a-b). The inset in Figure 1a
shows the verticality, while the one in 1b the different ZnO nanorods we
fabricated [5].

90

(b

(a)

)

Figure 1: (a) Patterned growth of vertically aligned ZnO nanorods. The inset shows the verticality
of the nanorods, (b) Statistical analysis of the morphology of the resulting structures. The inset
shows the different types of the resulting hexagons.

Based on the theory of chapter 2, simulations of our ZnO nanorods have been
performed, in order to calculate the piezoelectric potential drop when there were
subjected on known mechanical deformations. An extensive and novel work was
carried away, taking into account not only the morphological results above but
also   several   electrodes’   configurations,   in   order   to   achieve   the   maximum  
theoretical power output for a given area of growth. The results were well within
the range of the already published values [6].

Figure 2: Three different topologies for the electrodes on the ZnO nanowire
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Graph 1: Simulated power output for regular
hexagons with a diameter of 100nm.

Graph 2: Simulated power output for elongated
hexagons with a diameter of 300nm and the
force at both the long and the small side

Table 1: Summary of the simulated power outputs based on the morphology of the nanorods and compared
to known published values

Electrode
Topology
Total Bottom –
Total Top
Total Bottom –
Top Patch

Power (low aspect
ratio NRs)
33.44  μW/cm
0.13 pW/cm

2

2

Power (high
aspect ratio NRs)
0.47 mW/cm

2

2.47 mW/cm

Power measured from
regular hexagonal NWs
2

2

1 mW/cm
(Wang et al. 2006)

3.2 ZnO nanotextured film
Further exploiting the hydrothermal method we successfully fabricated a uniform
nanotextured ZnO film consisting of vertically aligned ZnO nanorods fused
together. The purpose was to use this easy, low-cost method to fabricated
uniform columnar films for use as active material in our microgenerators [7].

(

(a)

b)
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(d)

(c)

(e)
Figure 3: Fabrication of ZnO nanotextured films for concentrations of (a) 100mM, (b) 200mM, (c)
400mM, (d) 500mM, (e) 1000mM.

3.3 Characterization of ZnO nanotextured films

Further investigation in the fabrication of ZnO nanotextured films was carried
away, in order to identify the optimum parameters and therefore produce the film
with the best morphological and electrical characteristics. To that end, the
nanotextured film was fabricated on two sets of electrodes: (a) Interdigitated and
(b) bottom-top. I-V characteristics were performed in order to investigate the
contact between the metal and the ZnO.
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(b)

(a)
Figure 4: (a) Intedigitated electrodes, (b) Top-Bottom electrodes.

Graph 3: I-V characteristics on the IDE electrodes, based on the morphology of the resulting
nanotextured film (inset SEM pictures).
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Graph 4: I-V characteristics using bottom and
top Al electrodes.

Graph 5: I-V characteristics using bottom Al
electrode and top Au electrode.
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Results indicated that the metal-ZnO contact, when using Al as electrode, is not
Ohmic   as   expected   but   shows   signs   of   Schottky   diode.   The   microgenerator’s  
principle of operating is based on the Shottky diode between the ZnO and the
metal, so the preliminary results indicated that Aluminum can be used for making
the electrodes in the microgenerator, making the full process CMOS compatible
[8].
4 Fabrication – Characterization of MEMS microgenerators
We have successfully fabricated uniform columnar ZnO nanotextured films on
metal substrates, as they will provide the electrodes for the generator. The
proposed MEMS microgenerator is illustrated on Figure 5. It consists of a
cantilever beam made of Si, with top-bottom metal electrodes, a piezoelectric film
in between and an end proof mass. The dimensions of the cantilever and proof
mass were specifically designed so the whole system resonates at low vibrations
~100Hz.

Figure 5: Illustrated schematic of the cantilever-based MEMS microgenerator

The novelty of our microgenerator lies in both the use of SOI technology and the ZnO
nanotextured film. SOI wafers was preferred than standard Si ones, in order to simplify
the process and make use of the buried oxide as an etch-stop during the etching for the
release of the cantilever. The masks for the lithography were designed in AutoCAD and
fabricated on Aluminum-coated glasses. Figure 6 shows the front and back side of an
SOI half-etched wafer, where approximately 80 devices were fabricated.
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(a)

(b)

Figure 6: (a) Front and (b) back side of SOI wafer with cantilever-based piezoelectric
microgenerators.

A custom-made experimental setup was used to excite externally the fabricated
microgenerators, using mechanical vibrations induced by 2 speakers. Using a frequency
generator it was possible to control the vibrations and also measure the corresponding
acceleration. Each die from the wafer included 4 separate microgenerators (for future
parallel or series connection) and was wire-bonded on custom-made PCBs. The output
signal was recorded in real-time using a digital oscilloscope. Figure 6 shows the
experimental setup and a close look of the die.

(b)

(a)

Figure 7: (a) Wire-bonded die on PCB. Inset shows the size of the die. Inset shows the actual
size of the die consisting of 4 microgenerators, (b) Experimental setup for piezoelectric
characterization.
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Operation of the microgenerators was visible when the excitation was done with short
strikes (spikes on Graph 6), but in the use of sinusoid signal there was only noise (Graph
7). Still, the proof-of-concept was proven. Further investigation of the properties of the
ZnO nanotextured film was required, so we proceeded with the fabrication of flexible
nanogenerators to study these parameters more thoroughly.

5 Flexible Nanogenerators
Through the hydrothermal method we were able to successfully fabricate
nanogenerators on kapton and PET substrates with various architectures. This work was
done in collaboration with Dr. Zhong Lin Wang from Georgia Tech [9]. The ZnO
nanotextured film was used as the active material, while Au, Al and Pt were used as
metal electrodes.

(a)
	
  
Figure 8: Flexible nanogenerators with (a) Au electrodes and (b) Al electrodes.

(b)

The characterization of these devices was performed using a techno-pneumatic piston to
bend the nanogenerator, while the output signal was measured in real-time with a digital
oscilloscope. The output voltage reached in several cases Vp-p=4 Volts with Ip-p= 800nA
for controlled vibrations. Characterization of the devices occurred both in the labs of
Georgia Tech and Institute of Microelectronics, providing interesting results.
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Figure 9: Experimental setup in Georgia Tech.

Graph 8: Current output measured .
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Graph 9: Voltage ouput vs acceleration for
nanogenerators with Al electrodes.

Graph 10: Voltage output vs solution
concentration for given acceleration and film
thickness.

As indicated in Graphs 9 and 10, the voltage output is directly proportional to the
acceleration and the morphological characteristics of the nanotextured film. Optimum
concentration was 400mM with a growth time of 180min, resulting in film thickness of
~2μm. In order to have a direct comparison between the two different experimental
setups, the nanogenerators with the Au electrodes were also measured in our lab giving
the results presented in Graph 11.
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Graph 11: (Top) Voltage output of the nanogenerators with Al electrodes and Au electrodes
measured in our lab, (Bottow) Voltage output of the Au nanogenerators measured in Georgia
Tech.

Graph 11 shows the comparison between the 2 experimental setups, where it is quite
obvious that the voltage output is also depending on the manner in which the flexible
substrate is bent. Higher voltages were measured in GaTech which gives room for
further investigation and optimization of our own technique.
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The next step was to simultaneously measure the voltage and current, using different
resistive loads, in order to calculate the power output of such nanogenerators. Graph 12
shows a sample of these measurements, while in Graphs 13 and 14 the power is
presented.
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Graph 12: Voltage and Current ouput of an Al nanogenerator over a R L=2MΩ for given
acceleration.
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The power ouput is directly proportional to the acceleration, as expected and we also
observed an increase when using Au electrodes. However, the power generated from
the Al electrodes is in the same range, which suggests that use of Aluminum as
electrode is a safe and very promising choice [10].

6 Conclusions
We have presented an easy, low-cost, large-scale method for fabricating high-aspect
ratio ZnO nanorods, as well as nanotextured films with high uniformity and promising
electrical characteristics. For the first time, there has been fabrication of MEMS
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microgenerators using the ZnO nanotextured film and the proof-of-concept was proved.
Optimization of the properties of the nanotextured film occurred through the fabrication
and characterization of flexible nanogenerators, generating power up to 30nWatts.
Further investigation is required to optimize the electrical contacts and therefore the
electric properties of the nanotextured films. The flexible approach has lead into
interesting applications, such as wearable electronics or smart fibers/clothes.
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Abstract. Principal stage of the document image analysis procedure
is the binarization, according to which the pixels are classified into text
and background. It is a crucial stage that can a↵ect further stages including the final character recognition stage. This thesis is focused on document image binarization, including both binarization techniques and
evaluation methodologies. Specifically, according to the developed performance evaluation methodologies, the pixel-level ground-truth image is
constructed using a semi-automatic procedure based on the edges and the
skeleton of the characters. The new measures use (a) weights that start
from the ground truth contour and (b) the local stroke width to limit
the weights close to the character areas and to properly normalize those
weights. Experimental results prove the validity and e↵ectiveness of the
new measures for document images, while other measures concern the
image or signal processing area in general. Concerning binarization techniques, some improvements were initially proposed for the well-known
technique of Yang&Yan. To further enhance the quality of binarization
and be more robust against di↵erent types of degradations (e.g. faint
characters, bleed-through and non-uniform background), a new binarization technique was developed that was based on background estimation
and on the combination of selected global and local binarization techniques. Additionally, a binarization technique was developed for the binarization of the text areas captured from video content. This technique
is also based on the Yang&Yan binarization technique and sets low and
high values in its global parameter for the inside and outside area of the
text. Initially, the definition of the text areas is based on the baselines
of the text and at the final stage the text areas are better defined by the
convex hulls of neighbouring textual components. Furthermore, through
the document image binarization contests that we organized, a publicly
available benchmark has been created that aids in the development of
document image binarization techniques and evaluation methodologies.
Keywords: pre-processing, binarization, evaluation metrics, ground-truth
image, historical document image processing
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1

Introduction

Document image binarization (or thresholding) is the process that segments the
grayscale or color document image into text and background by removing any
existing degradations (such as bleed-through, large ink stains, non-uniform illumination and faint characters). It is an important pre-processing step of the
document image processing and analysis pipeline that a↵ects further stages as
well as the final Optical Character Recognition (OCR) stage. This thesis is focused on document image binarization, including both binarization techniques
and evaluation methodologies. Our core motivation for the binarization was to
develop an easy to tune method that could be e↵ective against characters of various sizes [1], as well as against many di↵erent degradation types [2] (e.g. faint
characters and bleed-through). Apart from the binarization of document images,
we developed a method for the binarization of textual content from video frames
[3].
As far as the developed evaluation methodologies are concerned [4, 5], we were
motivated by the fact that existing pixel-based evaluation measures concern the
image or signal processing area in general, while for document image processing
those measures do not always provide reliable results. Last but not least, using
the ground-truth construction procedure of our methodology [5], we successfully
organized Document Image Binarization Competitions (DIBCO) from 2009 to
2012 [6–10] and made publicly available the competition datasets. Therefore, we
have created a benchmark which is widely used for the development of document
image binarization techniques and evaluation methodologies.
In the following, in Section 2 we present the related works concerning the
binarization methods along with the binarization methods developed through
this thesis, in Section 3 we present the related works concerning the evaluation
methodologies along with the evaluation methods developed through this thesis.
In Section 4 we present the experimental results and finally, in Section 5, the
conclusions are drawn.

2
2.1

Binarization Methods
Related Work

Many document image binarization methods have been proposed which are usually classified in two main categories, namely global and local. Reference points
in binarization are considered the global thresholding method of Otsu [11] and
the local adaptive methods of Niblack [12] and Sauvola et. al. [13] which are
widely incorporated in binarization methods that followed, e.g. Kim et. al. [14],
Gatos et. al. [15], Lu et. al. [16]. Certain document image binarization methods
have incorporated background estimation and normalization steps, e.g. Gatos
et. al. [15], Lu et. al. [16], as well as local contrast computations to provide
improved binarization results, e.g. Su et. al. [17], Howe [18]. Other binarization
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methods, aiming in an increased binarization performance, proposed combination methodologies of binarization methods, e.g. Gatos et. al. [19], Su et. al.
[20].
As far as the video frame binarization is concerned, there exist several techniques that perform binarization on the textual content in video frames aiming in
an improved OCR performance. Many techniques [21–23] incorporate modifications of well-known binarization techniques, such as the Logical Level Technique
of [24], Otsu [11] and Sauvola et. al. [13]. Other techniques [25, 26] are based on
training using mainly SVM (Support Vector Machine) classifier or convolutional
neural network. In the most recent related work [27], the Canny edge detector
[28] was used to specify the text boundaries on the image. Then, a flood fill algorithm was used to fill the edge contour and form the characters. However, the
Canny edges can be very confusing since they also depict non-text objects. Especially, in videos with high background complexity the edges of text may connect
with background edges and hence deform the actual contour of the characters.
2.2

Improvement of Yang&Yan Method

The method of Yang&Yan [29] assumes a single stroke width for the document
image. The value of the stroke width determines the size of the windows that are
used to calculate the threshold at each point. However, characters of various sizes
may exist within a document (e.g. a newspaper with big titles). To adaptively
define the stroke width and consequently the size of the windows, we rely on
the binarization output of [15]. Then, we detect the contour points and the
skeleton using skeletonization method [30]. Afterwards, the local stroke width is
assigned to each skeleton point by measuring the distance of that skeleton point
from the nearest contour point. Then, each remaining point inherits the value
of the nearest skeleton point found. However, for machine-printed documents
that may su↵er from internal holes at their strokes, the maximum of the local
stroke widths is considered. All the aforementioned stages are shown in Fig. 1.
Another improvement is the modification of the local threshold by a factor
(T 0 = · T ). According to [1], this factor enhances the overall performance,
especially for machine-printed documents. Representative results are shown in
Section 4.
2.3

A Combined Binarization Approach

In degraded historical images, faint characters and bleed-through have quite
similar characteristics. Thus, current methods are usually robust against one
of the aforementioned degradation. In [2], we introduced a binarization method
capable of achieving high performance in many di↵erent noise types. The main
idea is to initially erase all the noisy components (false alarms) even if faint
character parts are also removed. Then, perform binarization of high Recall such
as Niblack [12] and perform combination at connected component level. In this
way, noise is erased, the faint characters are completely detected, while the noise
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1. The stages of the adaptive stroke width detection: (a) initial binary image;
(b) contour points along with the skeleton; (c) local stroke width is assigned to each
skeleton point; (d) the character stroke width image; (e) the final stroke width map
(used for handwritten documents); (f) the final stroke width map (used for printed
documents).

levels are very low. All the aforementioned stages are detailed below and are
shown in Fig. 2:
1. Niblack binarization (w=60x60, k =-0.2) and one iteration of dilation (3x3
element),
2. estimate the background, follow proposed inpainting [2] using the above
Niblack result as inpainting mask,
3. normalize original image with the above estimated background (keep the
range of the original image),
4. Otsu binarization and remove connected components of very small height,
5. calculate: (a) the stroke width map using the above binary image and (b)
the global contrast,
6. Niblack binarization with window size and parameter k based on the stroke
width map and the global contrast, respectively,
7. combination at connected component level. Large Niblack components that
correspond to only a few foreground pixels of Otsu are not considered,
8. enhance the final result using binary image of step (4) (before the components removal).

2.4

Thresholding of Video Text Areas

For the binarization of video frames, we assume that the text detection step has
already been performed and we focus on the binarization step of the detected
text boxes. We introduced in [3] a binarization technique that aims in improving
the text/background separation. The main idea is to specify the main body of
the text (Fig. 3a-3c) in order to extract valuable information concerning the textual content. The main body of the text is defined as the area which is limited by
the upper and lower baselines. Then, within the main body of the text we detect
the stroke width (SW) of the characters which is used in consecutive adaptive
binarization steps that follow. At a next step, we perform adaptive binarization
[29] with di↵erent valuation in parameters for the inside and outside area of the
main body of the text (Fig. 3d). Hence, we remove most of the non-text information but in certain cases it results in the thinning and breaking of the textual
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. The stages of the combined binarization approach: (a) original image; (b) estimated background; (c) normalized image; (d) Otsu binarization of (c) and small
components removal; (e) Niblack binarization; (f) final combined result.

parts that are outside the main text body. Afterwards, we define the entire text
body as the region inside the convex hulls of continuous connected components
(Fig. 3e) and we perform the same adaptive binarization with di↵erent valuation
in parameters for the inside and outside area of the entire text body (Fig. 3f).

3
3.1

Binarization Evaluation Methods
Related Work

Several e↵orts have been presented that strive towards evaluating the performance of document image binarization techniques. These e↵orts can be classified in three main categories (the human-oriented, the OCR-based and the
pixel-based).
In the first category, evaluation is performed by the visual inspection of one
or many human evaluators [31, 32]. For example, in [31], the amount of symbols
that are broken or blurred, the loss of objects and the noise in background and
foreground are used as visual evaluation criteria. In the second category, evaluation is addressed taking into account the OCR performance. The binarization
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. The stages of the binarization method for video text areas: (a) original image;
(b) binarization using [1] to detect the baselines; (c) main body defined by the baselines;
(d) binarization [29] of (c) along with the convex hulls of neighbouring components;
(e) main body defined by the convex hulls; (f) final bibinarization.

outcome is subject to OCR and the corresponding result is evaluated with respect to character and word accuracy [15, 27]. In the third category, pixel-based
evaluation is used by taking into account the pixel-to-pixel correspondence between the ground truth and the binarized image. In this category, the evaluation
is based either on synthetic images [33, 34] or on real images [35]. Ground truth
images from real degraded images which correspond to real “challenging” cases
for document image binarization were not publicly available. The Document Image Binarization (DIBCO) contests that were organized by us [6–10] made the
datasets publicly available after each corresponding contest.
Concerning pixel-based evaluation, several measures have been used for the
evaluation of document image binarization techniques, such as the F-Measure
(Recall and Precision), the PSNR, the Negative Rate Metric (NRM) and the Misclassification Penalty Metric (MPM) [6], the chi-square metric [36], the geometricmean accuracy [34], the normalized cross-correlation metric [35] and the DRD
(Distance Reciprocal Distortion) [37]. Some researchers have stated the need for
an improved pixel-based evaluation measure for document image binarization.
For instance, in [35], wherein the ground truth generation from several users was
studied, it was stated that there is a need for a weighted measure in relation to
the ground truth borders in order to compensate the subjectivity of the ground
truth.
3.2

Skeleton based Methodology

This method was presented in [4]. It consists of a semi-automatic procedure for
the ground-truth construction and it also introduces the use of the skeleton of
the characters for the evaluation of binarization output in terms of “Recall”.
However, the ground-truth construction procedure has certain issues which were
resolved in the latest evaluation methodology presented in [5]. Thus, in this
section we will focus on the evaluation stage and not at the ground-truth construction procedure.
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The main novelty of this method was the use of a skeletonized ground-truth to
measure the performance of binarization in terms of Recall. Due to the ambiguity
in the boundary of the characters, which is mainly created by the digitization
process, binarization methods are penalized when boundary pixels are missing.
However, the loss of pixels is much more significant when character breaking
occurs. In more details, taking into account a historical document with faint
characters (Fig. 4), F-Measure (FM) could rank in a better position a binarized
image with more broken characters and false alarms as in Fig. 4b (FM=94.37)
than a better binarized image as in Fig. 4c (FM=93.69). For Fig. 4c that contains less broken characters, higher Recall is expected than Fig. 4b. However,
the binarized image of Fig. 4c achieves lower Recall=89.78 compared to the Recall=93.77 of Fig. 4b, as a result of the more missing foreground pixels (false
negatives) which are mainly situated along the borders of the characters, making
their absence less obvious.

(a)

(b)

(c)

Fig. 4. Deviation between quantitative and qualitative evaluation using F-Measure
(FM): (a) original image; (b) binarized image with broken characters and false alarms,
FM=94.37 (Recall=93.77); (c) better binarized image, FM=93.69 (Recall=89.78).

However, the use of the skeletonized ground truth for the computation of Recall provides better evaluation results. For Fig. 4b, false negatives corresponding
to broken characters are taken into account (FMskel =95.29, Recallskel =95.62),
while false negatives situated near the contour as in Fig. 4c, are not considered at all (FMskel =98.79, Recallskel =99.64). However, the dual representation
of the ground truth could mislead the evaluation results when the binarized
image is deformed while the skeletonized ground truth can be completely detected, as shown in Fig. 5. In those cases, both Recallskel and Precision are 100
(FMskel =100), leading to erroneous evaluation. Thus, we have greatly modified
this evaluation method, as described in the following section.
3.3

Weighted Recall/Precision Methodology

The character boundary ambiguity, as we discussed in the previous section, suggests that a distance-based metric would compensate those errors, since the use
of the skeletonized ground-truth have certain limitations. However, there are a
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(a)

(b)

(c)

Fig. 5. Problematic cases concerning the skeletonized ground-truth: (a) original image; (b) ground-truth image along with the skeletonized ground-truth; (c) binarization
output wherein the skeletonized ground truth is fully detected.

few factors that should be considered when penalization weights are based on
the distance from the ground-truth contour. These factors are listed below:
– a breaking at a small/thin character part would have much less penalty than
a bigger/thicker character part;
– noise inserted among the characters would have much less penalty than attached to a single character;
– noise attached to a big/thick character is less important than attached to a
smaller/thinner character;
– noise far from the ground-truth that do not interfere with the textual content would be much grater penalized than noise among the characters that
destroys the useful textual content.
In [5], we proposed proper weighting to minimize/diminish the e↵ects of
the aforementioned factors. In particular, to measure the amount of loss, the
pseudo-Recall was introduced by which the distance-based weights are normalized according to local stroke width. In this way, each character breaking has
the same importance regardless of the local thickness. Additionally, to measure
the amount of the inserted noise, the pseudo-Precision was introduced according
to which the weights are constrained within an area that extends to the background by the corresponding stroke width of each character. In this area the
weights take values from 1 to 2, while outside this area the weights equal one. In
this way, noise that is located among the characters hs higher significance, while
noise far from the ground-truth does not get exaggerating penalty. Furthermore,
the distance between the characters is also considered to handle the cases of
noise among the characters that result in merging.
The metrics of Recall and Precision are combined into F-Measure. Hence,
the proposed pseudo-Recall/Precision are combined into pseudo-FMeasure Fps .
After many test cases examined in [5], the proposed pseudo-FMeasure o↵ers
more reliable results and it also has greater consistency to the OCR results.
Representative results are given through Fig. 6 and Table 1.

4

Experimental Results

In this section the experimental results for the binarization of document images
are shown. In the following, Fig. 7 shows representative results of the developed
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(a)

(b)

(c)

(d)

Fig. 6. (a) Original image; (b) ground-truth; (c) binarization where text is preserved
but with background noise; (d) binarization with stains among the text.
Table 1. Comparison between existing and the proposed (Fps ) pixel-based measure.
The OCR accuracy is also shown. Notice that for metrics MPM and DRD lower values
denote higher performance.

Fig. 4b
Fig. 4c
Fig. 6c
Fig. 6d

FM
94.37
93.69
90.30
91.48

PSNR
22.89
22.56
16.89
17.37

MPM
0.85
0.07
7.33
0.66

DRD
1.72
1.53
3.85
3.39

Fps OCR accuracy
95.02
98.24
93.38
92.86
92.37
87.50

methods [1] and [2]. In Table 2 the detailed evaluation results are shown using
the winning method of each DIBCO competition [6–10] as well as results from
the current state-of-the-art methods [17, 18] that used the same DIBCO datasets.
From Table 2, it is shown that the latest method presented in [2] achieves the
highest performance for the majority of the evaluation metrics.

5

Conclusions

Though this thesis, we have thoroughly studied the research area of document
image binarization by focusing not only at the development of novel binarization
techniques but also at the corresponding evaluation methods and metrics. An initial binarization method was developed that is more robust for machine-printed
documents, while it has poor performance in handwritten images. The latest binarization method achieves high performance in documents with many di↵erent
degradations types and it also achieves higher performance than state-of-the-art
methods or methods from the DIBCO contests. Furthermore, the idea of using
the baselines and the convex hulls for binarization purposes seems promising
for the video processing area. Additionally, the initial evaluation methodology
revealed some benefits of using a skeletonized ground-truth for evaluation purposes but it also revealed some drawbacks. The latest evaluation methodology
was developed on the premise that the e↵ect of flipped pixels on the image
should be considered, and not just the fact that pixels had been flipped, which
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7. (a) Original image; (b) ground-truth; (c)-(d) Ntirogiannis et. al. [1] and [2],
respectively; (e)-(f) Ntirogiannis et. al. [1] and [2], respectively for Fig. 6.

leads to more reliable document-oriented evaluation. Last but not least, using
the ground-truth construction procedure of the latest evaluation methodology,
we made ground-truth from real degraded images and organized international
document image binarization competitions. The datasets were made publicly
available after each competition and have been widely used ever since.

References
1. Ntirogiannis, K., Gatos, B., Pratikakis, I.: A modified adaptive logical level binarization technique for historical document images. In: Proc. Int. Conf. on Document
Analysis and Recognition. (2009) 1171–1175
2. Ntirogiannis, K., Gatos, B., Pratikakis, I.: A combined approach for the binarization of handwritten document images. Pattern Recognition Letters (2012) DOI:
10.1016/j.patrec.2012.09.026.
3. Ntirogiannis, K., Gatos, B., Pratikakis, I.: Binarization of textual content in video
frames. In: Proc. Int. Conf. on Document Analysis and Recognition. (2011) 673–
677
4. Ntirogiannis, K., Gatos, B., Pratikakis, I.: An objective evaluation methodology
for document image binarization techniques. In: Proc. Int. Workshop on Document
Analysis Systems. (2008) 217–224
5. Ntirogiannis, K., Gatos, B., Pratikakis, I.: Performance evaluation methodology for
historical document image binarization. IEEE Transactions on Image Processing
22(2) (2013) 595–609
6. Gatos, B., Ntirogiannis, K., Pratikakis, I.: ICDAR 2009 Document Image Binarization Contest - DIBCO 2009). In: Proc. Int. Conf. on Document Analysis and
Recognition. (2009) 1375–1382
7. Gatos, B., Ntirogiannis, K., Pratikakis, I.: DIBCO 2009: Document Image Binarization Contest. International Journal on Document Analysis and Recognition
14(1) (2011) 35–44

110

Table 2. Comparison of the proposed methods [1] and [2] to the winning method of
each DIBCO contest as well as to methods [17] and [18].
Method
Winner DIBCO09
Su [17]
Ntirogiannis [1]
Ntirogiannis [2]
Winner H-DIBCO10
Su [17]
Ntirogiannis [1]
Ntirogiannis [2]
Winner DIBCO11
Su [17]
Howe [18]
Ntirogiannis [1]
Ntirogiannis [2]
Winner H-DIBCO12
Ntirogiannis [1]
Ntirogiannis [2]

FM
91.24
93.50
84.71
94.09
91.50
92.03
70.64
94.49
80.86
87.80
91.70
80.39
92.64
89.47
76.96
95.12

PSNR
18.66
19.65
16.33
20.40
19.78
20.12
15.22
21.72
16.14
17.56
19.30
15.47
19.93
21.8
16.21
22.29

NRM
4.31
3.74
11.17
2.68
5.98
6.14
22.16
3.18
-

MPM
0.55
0.43
1.17
0.70
0.49
0.25
1.44
0.30
64.42
5.17
3.87
5.78
5.12
-

DRD
104.48
4.84
3.48
6.68
3.13
3.44
7.77
1.89

FMskel
93.58
94.85
84.22
94.32
90.18
87.28
94.84

8. Pratikakis, I., Gatos, B., Ntirogiannis, K.: H-DIBCO 2010 - Handwritten Document Image Binarization Competition. In: Proc. Int. Conf. on Frontiers in Handwriting Recognition. (2010) 727–732
9. Pratikakis, I., Gatos, B., Ntirogiannis, K.: ICDAR 2011 Document Image Binarization Contest (DIBCO 2011). In: Proc. Int. Conf. on Document Analysis and
Recognition. (2011) 1506–1510
10. Pratikakis, I., Gatos, B., Ntirogiannis, K.: H-DIBCO 2012 - Handwritten Document Image Binarization Competition. In: Proc. Int. Conf. on Frontiers in Handwriting Recognition. (2012) 813–818
11. Otsu, N.: A thresholding selection method from hray-level histogram. IEEE Transactions on Systems, Man and Cybernetics 9(1) (1979) 62–66
12. Niblack, W. In: An Introduction to Digital Image Processing. Englewood Cli↵s,
NJ: Prentice-Hall (1986) 115–116
13. Sauvola, J., Pietikainen, M.: Adaptive document image binarization. Pattern
Recognition 33(2) (2000) 225–236
14. Kim, I.K., Jung, D.W., Park, R.H.: Document image binarization based on topographic analysis using a water flow model. Pattern Recognition 35(1) (2002)
265–277
15. Gatos, B., Pratikakis, I., Perantonis, S.J.: Adaptive degraded document image
binarization. Pattern Recognition 39(3) (2006) 317–327
16. Lu, S., Su, B., Tan, C.L.: Document image binarization using background estimation and stroke edges. International Journal on Document Analysis and Recognition 13(4) (2010) 303–314
17. Su, B., Lu, S., Tan, C.L.: A robust document image binarization technique for
degraded document images. IEEE Transactions in Image Processing 22(4) (2013)
1408–1417

111

18. Howe, N.R.: Document binarization with automatic parameter tuning. International Journal on Document Analysis and Recognition (2012) DOI:
10.1007/s10032-012-0192-x.
19. Gatos, B., Pratikakis, I., Perantonis, S.J.: Improved document image binarization by using a combination of multiple binarization techniques and adapted edge
information. In: Proc. Int. Conf. on Pattern Recognition. (2008) 1–4
20. Su, B., Lu, S., Tan, C.L.: Combination of document image binarization techniques.
In: Proc. Int. Conf. on Document Analysis and Recognition. (2011) 22–26
21. Kwak, S., Chung, K., Choi, Y.: Video caption image enhancement for an efficient
character recognition. In: Proc. Int. Conf. on Pattern Recgnition. (2000) 606–609
22. Wolf, C., Jolion, J.M., Chassaing, F.: Text localization, enhancement and binarization in multimedia documents. In: Proc. Int. Conf. on Pattern Recognition.
(2002) 1037–1040
23. Merler, M., Kender, J.R.: Semantic keyword extraction via adaptive text binarization of unstructured unsourced video. In: Proc. Inter. Conf. on Image Processing.
(2009) 261–264
24. Kamel, M., Zhao, A.: Extraction of binary character-graphics images from
grayscale document images. CVGIP: Computer Vision Graphics and Image Processing 55(3) (1993) 203–217
25. Li, J., Tian, Y., Huang, T., Gao, W.: Multi-polarity text segmentation using graph
theory. In: Proc. Int. Conf. on Image Processing. (2008) 3008–3011
26. Saidane, Z., Garcia, C.: Robust binarization for video text recognition. In: Proc.
Int. Conf. on Document Analysis and Recognition. (2007) 874–879
27. Zhou, Z., Li, L., Tan, C.L.: Edge based binarization for video text images. In:
Proc. Int. Conf. on Pattern Recognition. (2010) 133–136
28. Canny, J.: A computational approach to edge detection. IEEE Transactions on
Pattern Analysis and Machine Intelligence 8(6) (1986) 679–698
29. Yang, Y., Yan, H.: An adaptive logical method for binarization of degraded document images. Pattern Recognition 33(5) (2000) 787–807
30. Lee, H.J., Chen, B.: Recognition of handwritten chinese characters via short line
segments. Pattern Recognition 25(5) (1992) 543–552
31. Trier, D., Taxt, T.: Evaluation of binarization methods for document images. IEEE
Trans. Pattern Anal. Mach. Intell. 17(3) (1995) 312–315
32. Kavallieratou, E., Stathis, S.: Adaptive binarization of historical document images.
In: Int. Conf. on Pattern Recognition. Volume 3. (2006) 742–745
33. Stathis, P., Kavallieratou, E., Papamarkos, N.: An evaluation survey of binarization algorithms on historical document images. In: Proc. Int. Conf. on Pattern
Recognition. (2008) 1–4
34. Paredes, R., Kavallieratou, E., Lins, R.D.: ICFHR 2010 Contest: Quantitative evaluation of binarization algorithms. In: Proc. Int. Conf. on Frontiers in Handwriting
Recognition. (2010) 733–736
35. Barney Smith, E.H.: An analysis of binarization ground truthing. In: Proc. Int.
Workshop on Document Analysis Systems. (2010) 27–33
36. Badekas, E., Papamarkos, N.: Automatic evaluation of document binarization
results. In: Proc. Iberoamerican Congress on Pattern Recognition. (2005) 1005–
1014
37. Lu, H., Kot, A.C., Shi, Y.Q.: Distance-reciprocal distortion measure for binary
document images. IEEE Signal Process. Lett. 11(2) (2004) 228–231

112

Landmark Detection for
Unconstrained Face Recognition
Panagiotis B. Perakis

?

National and Kapodistrian University of Athens
Department of Informatics and Telecommunications
p.perakis@di.uoa.gr; takis@antinoos.gr

Abstract. In this dissertation a novel method for 3D landmark detection and pose estimation, suitable for both frontal and side 3D facial
scans, is presented. It exploits 3D and 2D information by using local
shape descriptors to extract candidate interest points that are subsequently identified and labeled as anatomical landmarks. Additionally, a
novel generalized framework for combining facial feature descriptors that
can be used for landmark detection is introduced, and several feature fusion schemes are proposed and evaluated. However, feature detection
methods which use general purpose shape descriptors cannot identify
and label the detected candidate landmarks. To this end, a 3D Facial
Landmark Model (FLM) of facial anatomical landmarks is introduced.
Candidate landmarks, irrespectively of the way they are generated, can
be identified and labeled by matching them with the FLM. Finally, a
novel method for unconstrained face recognition is introduced. It employs the 3D landmark detector to provide an initial pose estimation
and to indicate occluded areas with missing data for each facial scan.
Subsequently, a 3D Annotated Face Model (AFM) is registered and fitted to the scan using facial symmetry to complete the occluded areas.
Using a biometric signature resulted from the wavelet representation of
the fitted AFM, the proposed method can perform comparisons among
interpose facial scans, unlike previously proposed methods that require
frontal scans.
Keywords: Biometrics, Face Recognition, Landmark Detection, Shape
Models, Shape Descriptors, Feature Extraction, Feature Fusion, Pose
Estimation, Partial Matching, Deformable Models.

1

Introduction

Biometrics is the science of establishing the identity of a person based on the
physical (e.g., fingerprints, face, hand geometry, and iris) or behavioral (e.g., gait,
signature, and keyboard dynamics) attributes associated with an individual [1].
Face recognition is the procedure of recognizing an individual from their
facial attributes or features and is one of the primary biometric modalities. Face
?

Dissertation Advisor: Theoharis Theoharis, Professor.

113

recognition has several advantages over other biometric technologies: it is nonintrusive, since the facial region is generally exposed, and potentially easy to use
[2]. Thus, research and development in face recognition followed naturally.
The performance of face recognition systems has improved significantly since
the first automatic face recognition system was developed by Kanade [3] in 1973.
Furthermore face recognition can now be performed in “realtime” for images
captured under constrained situations. Although progress in face recognition has
been encouraging, it has also turned out to be a di±cult endeavor, especially
for unconstrained tasks where view point, illumination, inter-object occlusions,
facial expressions and facial accessories vary considerably [2].

2

Challenges & Motivation

Face recognition has proved to be a very challenging task due to the numerous sources of variation in 2D and 3D facial data. These variations can be
environment-based (illumination conditions, occlusions by other objects or accessories), subject-based (pose and expression variations) and acquisition-based
(image scale, distortion, noise, spikes and holes).
The main reason for using information from 3D data in face recognition
systems is that the data acquired by 3D acquisition devices are invariant to
pose and lighting conditions, these being the major challenges with which face
recognition algorithms must cope [4].
With the increase in the availability of 3D data, several 3D face recognition
approaches have been proposed. These approaches aim to overcome the limitations of 2D face recognition by oÆering pose invariance. However, although they
claim pose invariance, they mostly utilize frontal 3D scans assuming that the
entire face is visible to the sensor (see the surveys of Bowyer et al. [5] and Chang
et al. [6]). This assumption is not always valid in real-world applications, since
unconstrained acquisition may lead to facial scans with extensive occlusions that
result in missing data due to pose variations.
Thus, existing 3D face recognition methods, fail to address large pose variations and to confront the problem of missing facial areas in an automatic way.
The main assumption of these methods is that even though the head can be
rotated with respect to the sensor, the entire face is always visible. However,
this is true only for “almost frontal” scans or “reconstructed” complete face
meshes aligned to frontal pose. Side scans usually have large missing areas, due
to self-occlusion, that depend on pose variations. These scans are very common
in realistic scenarios such as uncooperative subjects or uncontrolled environments. Therefore, to take advantage of the full pose invariance potential of 3D
face recognition, the problem of missing data must be addressed. Thus, in a
face recognition system, an initial registration step, based on landmark points’
correspondence, is necessary in order to make the system pose invariant [7, 8].
However, facial landmark detection also suÆers from the same sources of variation in 2D and 3D facial data that face recognition does [9–13]. Both 2D and 3D
facial landmark detection suÆer from occlusion, pose and expression variations.
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In addition, 2D facial landmark detection also suÆers from illumination variations. Thus, a landmark detection algorithm must be pose-invariant to address
the problem of missing facial areas and, at the same time, expression-invariant
in order to allow the registration of the various instances of the face liable to
expression variations.

3

Aim & Methodology

The uncontrolled conditions of real-world biometric applications pose a great
challenge to any 3D face recognition approach. The unconstrained acquisition
of data from uncooperative subjects may result in facial scans with significant
pose and expression variations.
In this dissertation, an integrated novel method is proposed, in order to automatically detect landmarks on 3D facial scans that exhibit pose and expression
variations, and hence consistently register and compare any pair of facial datasets
subjected to missing data due to self-occlusion in a pose- and expression-invariant
face recognition system.
The proposed landmark detection and face recognition system employs an
automatic pose- and expression-invariant landmark detector, using local facial
feature descriptors and a deformable 3D Facial Landmark Model (FLM) to ensure global topological consistency of the detected landmarks [14, 8, 15, 16].
3.1

Training of Facial Landmark Models and Feature Templates

At the training phase, a Facial Landmark Model (FLM) is created by first aligning the training landmark sets and calculating a mean landmark shape using
Procrustes Analysis, and then applying Principal Component Analysis (PCA)
to capture the shape variations [17–19]. The FLM serves as a 3D geometric
model of the landmark points. Also, templates for each shape descriptor that
represents each landmark point are calculated from training facial datasets [14,
8, 15, 16].
The shape templates serve as feature descriptors for each landmark point.
The feature descriptors that have been used, depending on the case, include
the Shape Index [20], a continuous map of principal curvature values of a 3D
object’s surface, the Spin Image [21], a local descriptor of the object’s 3D point
distribution, the Extruded Points [15], a local descriptor of a 3D object’s points
that extrude most and the Edge Response [22] descriptor, a local descriptor of
the 2D texture gradient of a 3D object.
3.2

Facial Landmark Detection

At the detection phase, the algorithm first detects candidate landmarks on the
queried facial datasets according to the similarity of the extracted facial features

115

Fig. 1. Process pipeline of landmark detection: (a) extracted candidate landmarks using feature descriptors; (b) Facial Landmark Model (FLM); (c) landmark sets consistent
with FLM; (d) resulting optimal landmark set.

with the feature templates. The extracted candidate landmarks are then filtered
out and labeled by matching them with the FLM (Fig. 1) [14, 8, 15, 16].
During the research conducted under this dissertation, several versions of the
presented generalized framework for facial landmark detection were applied. The
most important are summarized in the following:

SISI–NPSS METHOD To locate landmark points, shape index target values
for each landmark class (eye outer corner, eye inner corner, nose tip, mouth
corner and chin tip) were searched for on the shape index map. Subsequently,
the candidate landmark points of the five landmark classes that are obtained
from the shape index map were further filtered out according to the similarity
of their spin images with the spin image templates representing each landmark
class. The resulting candidate landmark points of the five landmark classes were
subsequently filtered out according to their consistency with the FLM. To find
the optimum landmark set, the product of normalized Procrustes distance £
(1–mean spin similarity) was used as a distance metric between the candidate
landmark sets and the FLM.

Fusion METHOD In this method, fusion schemes for combining landmark
features were incorporated into the landmark detection pipeline. To locate landmark points the shape index map, the spin image map and the edge response map
were fused into a resultant similarity map, each for every landmark class. The
candidate landmarks for each landmark class were searched on the corresponding resultant similarity map. Subsequently, the candidate landmark points of the
five landmark classes were filtered out according to their consistency with the
FLM. To find the optimum landmark set, the product of normalized Procrustes
distance £ (1 – resultant similarity) was used as a distance metric between the
candidate landmark sets and the FLM.
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Fig. 2. Interpose matching using the proposed method: (a) and (b) opposite side facial
scans with extensive missing data and detected landmarks; (c) generic Annotated Face
Model (AFM); (d) and (e) registered and deformed AFM for each scan (facial symmetry
used); (f) and (g) extracted geometry images.

3.3

Partial Face Recognition

The landmark detector provides an initial pose estimation (frontal, right, left)
and indicates occluded areas with missing data for each facial scan resulting
from pose variations. Facial landmark detection is a crucial first step for the
registration of the facial datasets that have to be compared [8, 15].
Subsequently, a generic Annotated Face Model (AFM) [7] is registered and
fitted to each facial probe scan, using a subdivision-based deformable model
framework. During fitting, facial symmetry is used to complete the occluded
areas of the face [8, 15]. Signature metadata are extracted using a wavelet transformation on the geometry and normal images of the fitted AFM (Fig. 2). A similarity measure between signature metadata of probe and gallery facial datasets
provide the face recognition results.

4
4.1

Experimental Results
Landmark Detection

Test Databases For the performance evaluation of the proposed landmark detector, the largest publicly available 3D face and ear databases were combined.
To evaluate the performance of the method against yaw variations, frontal, semiprofile and profile facial datasets were used. To evaluate the tolerance of the
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method against expression variations, subjects with varying degrees of expressions were included. To have a measure of the landmark detection error, the
used facial datasets were manually annotated at the queried landmark points.
For frontal facial scans, the FRGC v2 database [23, 24] was used. For side facial
scans, the Ear Database from the University of Notre Dame (UND) [25] was
used.
For the conducted experiments, the following collections of facial datasets
were created:
– DB00F: Contains 975 frontal facial scans obtained from 149 diÆerent subjects, selected from the FRGC v2 database, including subjects with varying
degrees of expressions (45.44% “neutral”, 36.41% “mild” and 18.15% “extreme”), acquired under varying illumination conditions (e.g. half of the face
shaded).
– DB00F45RL: a composite frontal-to-profile database with the datasets of
39 common subjects found in the FRGC v2 database and in the UND Ear
database. This database contains 117 (3x39) facial scans having three poses,
frontal (39 scans) and 45± left (39 scans) and right (39 scans).
– DB45L and DB45R: two semi-profile databases with 118 left and 118 right
45± side datasets, which come from 118 diÆerent subjects, obtained from the
UND Ear database.
– DB60L and DB60R: two profile databases with 87 left and 87 right 60± side
datasets, which come from 87 diÆerent subjects, obtained from the UND Ear
database.
Landmark Detection Evaluation The performance evaluation of a landmark
detector is generally presented by computing the following values, which represent the localization accuracy of the detected landmarks:
Absolute Distance Error: The Euclidean distance in physical units (e.g.,
mm) between the position of the detected landmark and the manually annotated landmark, which is considered ground truth.
Detection Success Rate: The percentage of successful detections of a landmark over a test database. Successful detection is considered as the detection
of a landmark with Absolute Distance Error under a certain threshold (e.g.,
10 mm).
Summary results for METHOD SISI–NPSS on all tested databases are presented in Table 1. The results clearly indicate that the proposed method exhibits
high accuracy and robustness both to yaw and expression variations. The mean
error is under 6.3 mm, with standard deviation under 2.6 mm on all tested facial
scans. Also note that the mean error is under 10 mm for at least 90.4% of the
tested facial scans and the facial side was correctly estimated on over 98.9% of
the tested facial scans.
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Table 1. Summary results for METHOD SISI–NPSS
Mean Error
mean stdev
∑ 10
(mm) (mm) (mm)
DB00F
5.00 1.85 97.85%
DB00F-neutral
4.52 1.51 99.32%
DB00F-mild
4.95 1.46 99.72%
DB00F-extreme 6.28 2.60 90.40%
DB00F45RL
4.97 1.92 97.44%
DB45R
5.03 1.92 96.61%
DB45L
4.75 1.91 97.46%
DB60R
4.95 1.80 96.55%
DB60L
5.30 2.49 93.10%
Database

Side
Detection
Rate

99.90%
100.00%
100.00%
99.44%
100.00%
100.00%
100.00%
98.85%
100.00%

Evaluation of Fusion Schemes The evaluation of the performance of the proposed distance to similarity mappings and fusion schemes for landmark detection
is not a straight-forward task, since there are many factors that characterize performance. As already stated, fusion techniques are expected to improve system’s
accuracy, e±ciency and robustness. An equally important characteristic of a
fusion scheme is that of monotonicity, i.e., the addition of a new feature descriptor should improve prior results. A qualitative performance evaluation of
the proposed fusion schemes according to the aforementioned characteristics is
presented in Table 2.

Table 2. Qualitative evaluation of proposed fusion schemes
Accuracy E±ciency Robustness Monotonicity
L°L1
Fair
High
Fair
Fair
L°L2
Fair
Low
Fair
Fair
L°Lg
High
Fair
Fair
Fair
Q°L1
High
High
Fair
Fair
Q°L2
High
High
High
High
Q°Lg
High
Fair
Fair
Fair
G°L1
High
High
High
High
G°L2
High
High
Fair
Fair
G°Lg
High
Fair
Fair
Fair
L°Lmax
Low
Low
Low
Low
Q°Lmax
Low
Low
Low
Low
G°Lmax
Low
Low
Low
Low
L°Lmin Unreliable
Fair
Fair
Low
Q°Lmin Unreliable
Fair
Fair
Low
G°Lmin Unreliable
Fair
Fair
Low
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Current experimental results show that, in general, the Quadratic (Q) and
Gaussian (G) mappings behave better than the Linear (L) mapping of distance
measure to similarity measure. For the Linear mapping the product rule (Lg)
behaves better than other rules. For the Quadratic mapping the rms rule (L2)
behaves better than other rules. For the Gaussian mapping the sum rule (L1)
behaves better than other rules. Quadratic and Gaussian mappings have almost
the same performance.
Accuracy improvement is more dramatic when the information fused is correlated. In correlated features the performance of one descriptor predicts to some
extent the performance of the other and strengthens the results. On the other
hand highly uncorrelated features have similarity peaks that do not coincide and
degrade the results. E±ciency improvement is achieved by excluding obvious
non-matches, reducing the number of candidate landmarks, for each landmark
class. Fusion, also, reduces system sensitivity to sample-specific, poor-quality or
erroneous descriptors.
We can thus deduce that the best performance in terms of accuracy is exhibited by the Q-L2 and G-L1 fusion schemes, with the Q-L2 exhibiting a slight
better performance than the G-L1 in landmarks’ likelihood area reduction. QL2 and G-L1 also exhibit high robustness in yaw, expression and illumination
variations, and strong monotonicity.
Also landmark localization using the Q-L2 fusion scheme improved the accuracy and robustness of the landmark detector (with 3.5°5.5 mm mean landmark
localization error), indicating the superiority of the fusion approach.
4.2

Partial Face Recognition

Test Databases
Combined UND Databases: To evaluate the performance of the proposed
partial face recognition method, a combination of the largest publicly available
3D face and ear databases was used. For frontal facial scans, the FRGC v2
database [23, 24] was used. For side facial scans, the Ear Database from the
University of Notre Dame (UND) [25] was used.
For the conducted experiments the following collections were defined:
– UND45LR: Contains 45± side scans from 118 subjects. For each subject, the
left scan is considered gallery and the right is considered probe. Total: 236
scans.
– UND60LR: Contains 60± side scans from 87 subjects. For each subject, the
left scan is considered gallery and the right is considered probe. Total: 174
scans.
– UND00LR: Gallery set has one frontal scan for each of the 466 subjects.
Probe set has two 45± side scans (left and right) from 39 subjects and two
60± side scans (left and right) from 32 subjects. Total: 608 scans.
In all cases there is only one gallery scan per subject. Also, all subjects present
in a probe set are also present in the gallery set (the opposite is not always true).
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UH Databases: In addition to the UND databases a database with data collected at the University of Houston was used. The database contains 1,075 left
and 1,075 right scans of 281 subjects. The novelty of this database is that each
pair of left and right side scans was acquired simultaneously.
For the conducted experiments the following collection is defined:
– UHDB7LR-M: Contains multiple left and right side scan pairs from 281
subjects. For each subject, one left and one right scan are considered gallery
and the rest are considered probes (1–6 left and 1–6 right scans per subject).
Total: 2,150 scans.
In all cases there is one pair of gallery scans per subject. Also, all subjects present
in a probe set are also present in the gallery set (the opposite is not always true).
The proposed method tackles the problem of matching arbitrary facial scans
(left, right or frontal). This is considerably harder than matching only frontal
scans, since a lot of the facial information is missing and it is not known a priori
whether each scan is left, right or frontal.
Matching facial scans of arbitrary side In this experiment, the performance
of the proposed partial face recognition method, using scans of arbitrary sides
for gallery and probe sets, was evaluated. This is a realistic scenario, as the side
scans (with extensive occlusions that lead to missing data) are very common in
real world applications with unconstrained acquisition. The proposed method
can match any combination of left, right or frontal facial scans with the use of
facial symmetry. Moreover, the proposed method automatically detects the side
of the scan by using the automatic landmark detector. For this experiment we
utilized the UND45LR, UND60LR, UND00LR and UHDB7LR-M databases and
the rank-one rates are given in Table 3.
Table 3. Rank-one Recognition Rate between facial scans of arbitrary side

UND45LR
UND60LR
UND00LR
UHDB7LR-M

Rank-one Rate
86.4%
81.6%
76.8%
89.1%

In the cases of UND45LR and UND60LR, for each subject, the gallery set
contains a single left side scan while the probe set contains a single right side
scan. Therefore, facial symmetry is always used in order to perform identification.
As expected, the 60± side scans yield lower results as they are considered more
challenging compared to the 45± side scans.
In the case of UND00LR, the gallery set contains a frontal scan for each
subject, while the probe set contains left and right side scans. This scenario is
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very common when the enrollment of subjects is controlled but the identification
is uncontrolled. Compared to UND45LR and UND60LR, there is a decrease in
the performance of the proposed method in UND00LR. One could argue that
since the gallery set consists of frontal scans (without missing data), there should
be an increase in performance. However, UND00LR has the largest gallery set,
making it the most challenging database in current experiments.
In the case of UHDB7LR-M, for each subject, the gallery set contains a left
and right side scan pair, while the probe set contains multiple left and right side
scan pairs. As expected, since the gallery set has two scans per subject, the performance on this database is the highest among all databases. The performance
diÆerence is substantial compared to UND00LR (89.1% versus 76.8% rank-one).
This indicates that one pair of left and right side scans is more descriptive than
one frontal scan.

5

Conclusion

In this thesis an automatic facial landmark detection methodology has been proposed. It oÆers pose invariance and robustness to large missing (self-occluded)
facial areas with respect to large yaw variations and high tolerance to large expression variations. The proposed approach consists of methods for landmark
localization that exploit the 3D facial geometry and the modeling ability of
trained landmark models. It has been evaluated using the most challenging 3D
facial databases available, which contain scans with yaw variations of up to 80±
and strong expressions. In these databases it achieved state-of-the-art accuracy
(with 4.5 ° 6.3 mm mean landmark localization error), significantly outperforming existing methods.
Also, a novel generalized framework of fusion methods and their application
to landmark detection has been presented. The proposed fusion scheme transforms features to similarities and then combines them to generate a resultant
feature similarity, which is considered as the matching score for the detection of
the queried landmarks. The proposed feature fusion framework is easily extensible to new feature-components, oÆers significant dimensionality reduction and
works equally well for features extracted from 3D or 2D facial data.
For the proposed fusion scheme diÆerent distance to similarity mappings and
diÆerent fusion rules have been evaluated. The results indicate that the quadratic
distance to similarity mapping in conjunction with the rms rule for fusion (Q-L2)
exhibits the best performance. Landmark localization using this fusion scheme
achieved state-of-the-art accuracy (with 3.5 ° 5.5 mm mean landmark localization error), indicating the superiority of the fusion approach.
Finally, a novel 3D face recognition method suitable for real-world biometric
applications was proposed. Unlike most previous methods that require frontal
scans, the proposed method can perform partial matching among interpose facial
scans, even when extensive data are missing. It exploits the 3D landmark detector
to provide an initial pose estimation and to indicate occluded areas with missing
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data for each facial scan. By using facial symmetry to complete missing facial
data, it can handle seamlessly frontal and side facial scans.
The presented method for partial face recognition is extensively evaluated
against a variety of 3D facial databases, achieving state-of-the-art performance
(with average rank-one recognition rate 83.7%), considerably outperforming existing methods, even when tested on the most challenging data, which contain
scans with yaw variations up to 80± and strong expressions.
The proposed system is suitable for real-world scenarios as the only requirement is that half of the face is visible to the sensor, and its computational cost
is low. Using a standard Intel Core 2 Duo 2.2 GHz PC, 18 sec on average are
required to process a facial scan: 9 sec to localize the facial landmarks plus 9 sec
to extract the biometric signature (geometry and normal images). The biometric
signatures can be matched at a rate of 15,000 matches/sec.
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Abstract. This thesis discusses the role of sector-specific regulators in the rapidly changing telecommunications industry. In particular, it studies the access
pricing policy which provides the optimal balance between static and dynamic
efficiency that better reflects the changing regulatory goals in a highly variable
economic and technological environment. In fact, there are three distinct phases
in the evolution of the telecommunications markets which directly affect the optimal mixture of regulatory policy. These phases are: (i) the migration from a
state monopoly market to a competitive telecommunications industry which reflects the past regulatory goal of achieving static efficiency; (ii) the migration
from service-based competition over copper access networks to service-based
competition over NGA networks which reflects the current regulatory goal of
inducing NGA investments without distorting competition; and (iii) the migration from service-based to facilities-based competition over NGA networks
which reflects the future regulatory goal of promoting dynamic efficiency. It is
obvious that a different regulatory policy is required to be implemented in each
migration phase in order to fulfill the desirable investment and competition outcomes. This thesis models the regulatory intervention in the telecommunications market and derives the access pricing policy that achieves the efficiency
goals of each migration phase.

1

Introduction

The liberalization of the telecommunications markets in the United States (US) and
Britain in the early 1980s and in Europe in the late 1990s was the result of the conventional wisdom that competition serves consumers and social welfare better than
the former state monopoly, both from a short-term perspective, where entry and investment decisions are taken as given as well as from a long-term perspective, where
these are treated as endogenous. However, the migration from a state monopoly market to a competitive telecommunications industry required the existence of a sectorspecific regulator for the restructuring process of the telecommunications sector be*
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cause the incumbent upstream monopolist was also a supplier of the final services,
and hence, there was the obvious danger that this integrated firm would seek to exclude competing providers by setting high access prices.
This fact led to a fierce debate about the terms and conditions on which competitors would have unbundled upstream access to the historical operators’   local   loop  
facilities. The reason is that regulators should achieve too many goals with only one
instrument: the determination of the access charge (i.e. the price that new entrants
should pay to the incumbent in order to have access to its local loop facilities). The
main goals of the regulatory policy are: (i) the achievement of (static) economic efficiency,   with   a   particular   focus   on   improving   consumers’   surplus,   which   is   achieved  
through low prices and high quality; and (ii) the achievement of dynamic efficiency
so that investment incentives give rise to socially optimal investment decisions.
Static efficiency concerns the short-run  regulatory  goal  to  reduce  the  incumbent’s  
market power in order to enable alternative operators (new entrants) to enter the market and compete effectively with the incumbent in the downstream (retail) market.
Unbundling of the local loop facilitates entry by allowing new entrants to have the
right to use the same network as the incumbent. As a result, both incumbent and entrants have significant incentives to invest in innovative, differentiated services. Such
service-based competition promotes productive efficiency (i.e. existing assets are
utilized efficiently) and allocative efficiency (i.e. existing resources are efficiently
allocated to the economy). Therefore, service-based competition ensures that firms
behave in a competitive manner, and hence, consumers enjoy the welfare gains from
static efficiency (lower prices, better quality and extended variety of services).
On the other hand, dynamic efficiency concerns the long-run goal of access regulation to induce firms to undertake the socially optimal (efficient) investment decisions
in terms of both timing of investments and the extent of network deployment. According to Bourreau   and   Doğan   [1], facilities-based competition, which requires investments in new competing infrastructures from the incumbents and (especially) entrants, leads to efficient investment decisions and adoption of better technologies. In
particular, facilities-based competition is regarded as the only means to achieve sustainable competition since it creates a level playing field between the incumbent and
entrants [2-4]. Facilities-based competition achieves the full benefits of competition,
and hence, consumers enjoy the full welfare gains from dynamic efficiency (maximum market growth, minimized costs, innovative technologies and services).
It is obvious that since the promotion of efficient entry is a short-run goal in the
transition from state monopoly to private and competitive market structures, access
regulation should indisputably aim at fostering service-based competition. In practice,
both in the United States and in the European Union a light regulation with unregulated retail prices combined with ex ante regulation of the upstream access component
has become dominant. The Telecommunications Act of 1996 [5] administered by the
Federal Communications Commission (FCC) as well as the European Commission’s  
Regulation on Local Loop Unbundling [6] mandated unbundled access to the metallic
local loops of incumbent operators at cost-based prices. According to Armstrong [7],
the chief benefits of cost-based access charges are two-fold. Firstly, there is no need
for information about the demand for the final services. In particular, the only information needed is the cost of providing the access which is needed for all access pric-
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ing policies. Secondly, cost-based access regulation is the only access pricing policy
that gives the correct make-or-buy signals to entrants when bypass is a possibility.
Indeed, cost-based access regulation has led to improved service-based competition
in many European countries, and hence, it seems that consumers enjoy the welfare
gains from static efficiency. However, this expectation lacks of theoretical justification since academic research has focused on studying the impact of access prices on
an  entrant’s  incentives  to  undertake  the  productively  efficient  make-or-buy decision.
This thesis contributes to the related literature by studying the conditions under which
(cost-based) access prices induce the entrant to undertake the efficient make-or-buy
decision in terms of both productive and allocative efficiency. This thesis shows that
when the only goal of regulators is to achieve static efficiency, they should simply set
the input prices at the incumbent’s   marginal   cost   of   producing   the   upstream   input  
since cost-based access prices lead the entrant to undertake the productively efficient
make-or-buy decision which is also socially optimal [8, 9].
However, in the last decade the number of internet users as well as the capacity
they demand has increased dramatically making the traditional access copper networks incapable of providing end-users with the demanded bandwidth. On the contrary, the transmission capabilities of fibre are theoretically unlimited. For this reason,
the deployment of fibre access infrastructures, the so-called Next Generation Access
(NGA) networks, has received significant interest among all operators since they are
regarded as the only future proof solution capable to handle future demand [10]. In
addition, investment in NGA networks has also attracted the interest of national governments since higher speed broadband services increase the positive impact of
broadband on economic growth, productivity at the firm level, employment growth
and   consumers’   welfare   [11–14]. However, investment in NGA networks not only
requires a huge initial fixed cost, but also is mainly sunk once the investment has been
made. This implies that potential investors are reluctant to invest in NGA networks
unless they are reimbursed for the risk they incur when investing in such networks. In
other words, cost-based access prices, which are limited to boost entry and promote
service-based competition within one network, discourage both incumbents and entrants to invest in new facilities as well as result in a substantial deviation from the
socially desirable investment outcomes implying losses in dynamic efficiency [15].
Perhaps the most challenging task for academics, governments and policy makers
is to design a regulatory policy that encourages investments in NGA networks and
promotes sustainable competition. This implies that regulators aim at facilitating the
migration from service-based competition over copper access networks to servicebased competition over NGA networks. Therefore, the related literature focuses on
proposing alternative regulatory practices which aim at achieving the current regulatory two-fold goal.
A first proposal concerns the deviation from cost-based access prices by implementing investment-contingent access charges. This thesis points out that the related
literature fails to take into account the fact that it is uncertain whether the regulator
will set an investment-contingent or a welfare-maximizing access price after the NGA
deployment. In particular, this thesis models this fact in order to study the impact of
regulatory  uncertainty  on  an  incumbent’s  incentives  to  undertake  the  socially  optimal  
investments in NGA networks [16]. It is found that when the slope of the marginal
investment cost function is not particularly steep in relation to the impact of invest-
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ments on demand, the incumbent underinvests compared to the socially optimal investment level. On the contrary, in the more realistic case when the impact of investments on demand is low in relation to the slope of the marginal investment cost function, the incumbent may overinvest or underinvest depending on the probability of
incorporating an access markup into the access price.
A second proposal concerns the deviation from the permanent regulation of access
by   implementing   alternative   regulatory   regimes   such   as   “regulatory   holidays”   and  
“sunset  clauses”.  Particular  attention  has  received  the  implementation  of  the  “regulatory  holidays”  access  regime,  under  which  the  investor is not imposed to any regulatory constraints for a pre-determined period of time. The reason for such particular
attention  is  the  implementation  of  “access  holidays”  in  the  US  broadband  markets  and  
the dispute between the German government and the European Commission (EC)
about   the   power   of   national   legislation   (which   envisioned   the   provision   of   “access  
holidays”  to  the  German  incumbent  operator)  to  limit  the  discretionary  powers  of  the  
national regulator in its exclusive right to assess whether markets should be regulated
or not under EU rules [17].
Obviously, such a regulatory policy provides significant investment incentives but
also ambiguous outcomes in terms of social welfare. This thesis contributes to the
debate  about  the  effectiveness  of  “regulatory  holidays”  to  provide  efficient  outcomes  
by studying: (i) the impact of geographic price discrimination on an unregulated monopolist’s   incentives   to   deploy   a   larger   NGA   network   and   on   the   subsequent   social  
welfare outcomes [18]; and (ii) the optimal decision of an unregulated operator to
deploy different quality NGA technologies in geographic areas which differ in their
population density [19]. It is found that: (i) the regulator should allow the monopolist
to geographically price discriminate as long as the investment cost is not extremely
low since in this case the monopolist chooses the socially optimal pricing regime; and
(ii) although a geographically differentiated NGA investment provides the unregulated monopolist with incentives to install a nationwide NGA deployment, the monopolist underinvests compared to the socially optimal levels of both quality and geographic coverage.
Even though service-based competition over NGA networks increases both static
and dynamic efficiency, the full benefits of competition are only achieved by facilities-based competition. This explains why the ultimate goal of regulators is to promote dynamic efficiency which results in maximum welfare gains, maximum market
growth and minimum production costs.
This thesis reviews the proposed regulatory approaches which aim to encourage
access seekers to invest in their own fibre-based access networks when an initial investor has already deployed an NGA network and sustainable service-based competition has been established. In addition, a comparison of these regulatory approaches
with the current regulatory framework in the European NGA market as described by
the EC Recommendation shows that the proposed regulatory approaches not only fail
to reflect the basic principles of the EC Recommendation, but also fail to take into
account the fact that the regulatory policy applied in this phase has a direct impact on
the  initial  investor’s  incentives  to  invest  in  NGA  networks [20].
For this reason, this thesis also presents an innovative theoretical approach that not
only reflects the current regulatory framework in the European NGA market, but also
encourages the initial investor (which is assumed to be the incumbent) to invest in
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NGA networks, although at the same time it incentivizes the entrants to gradually
invest in their own NGA infrastructures. It is shown that the proposed approach,
which is based on the basic principles governing a Credit Default Swap (CDS), provides an effective migration path towards facilities-based competition over NGA
networks [20].
It is thus obvious that this thesis studies the interplay between the continuously
evolving scope of telecommunications regulation and technological development by
modeling the regulatory intervention and deriving the access pricing policy that
achieves the efficiency goals of each migration phase.

2

Main thesis contributions

2.1

On the social optimality of make-or-buy decisions

Many economists argue that cost-based access prices encourage the right amount
of entry, and hence, lead to service-based competition in the downstream market. On
the contrary, Sappington [21] shows that input (or access) prices are irrelevant for an
entrant’s  decision  to  make  or  buy  an  input  required  for  downstream  production  when  
the competition between the providers in the downstream market is described by the
standard Hotelling model. According to Sappington, the reason for this striking result
is  that  previous  studies  fail  to  take  into  account  the  impact  of  a  new  entrant’s  makeor-buy decision on subsequent retail price competition. When the incumbent sells an
upstream input to the new entrant, the incumbent faces an opportunity cost of expanding   its   retail   output.   The   incorporation   of   this   opportunity   cost   into   the   incumbent’s  
total cost makes the incumbent act as if its upstream cost of production were equal to
the specified input price. Therefore, regardless of the input price, the entrant will
choose to buy (respectively, make) the upstream input whenever the incumbent (respectively, entrant) has an innate upstream cost advantage. Hence,  the  entrant’s  decision always minimizes industry costs and ensures efficient entry and utilization of the
telecommunications infrastructure. Thus, the entrant always undertakes the productively efficient make-or-buy decision.
In addition, Tselekounis, Varoutas and Martakos [8] complement the work of Sappington by studying the effectiveness of input prices on inducing the entrant to undertake the socially optimal make-or-buy decision. They show that input prices do not
have an impact on social welfare. The reason is that a marginal increase (decrease) in
the  input  price  causes  a  unit  increase  (decrease)  in  the  incumbent’s  profits  and  a  unit  
decrease (increase) in consumer surplus. As social welfare is the unweighted sum of
industry profits and consumer surplus, it is thus not affected by a marginal change in
input  prices.  Therefore,  input  prices  are  irrelevant  not  only  for  the  entrant’s  efficient  
make-or-buy  decision,  but  also  for  the  regulator’s  goal  to  maximize social welfare. In
particular, they show that regardless of the established price of the upstream input, the
entrant’s  decision  to  buy  (respectively,  make)  the  upstream  input  from  the  incumbent  
is socially optimal when the incumbent (respectively, entrant) is the least-cost supplier of the input. As a result, in the equilibrium of the Hotelling model, the entrant un-
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dertakes the efficient make-or-buy decision in terms of both productive and allocative
efficiency regardless of the regulated input price.
However, these results are found to be strongly dependent on the particular model
of downstream competition. Gayle and Weisman [22] consider the impact of input
prices  on  the  entrant’s  incentives  to  undertake  the  productively  efficient  make-or-buy
decision under alternative downstream interactions. They show that input prices are
not necessarily irrelevant in the Bertrand vertical differentiation model and are not
irrelevant in the Cournot model. In addition, cost-based input prices always result in
the productively efficient outcome. This implies that departure from cost-based input
prices  may  distort  the  efficiency  of  the  entrant’s  make-or-buy decision.
Tselekounis, Varoutas and Martakos [9] study the robustness of the result concerning the irrelevance of input  prices  to  the  entrant’s  incentives  to  undertake  the  productively and allocatively efficient make-or-buy decision when the downstream competition is not characterized by the Hotelling model but downstream interactions are better described by the Cournot or the Bertrand vertical differentiation competition model.  They  find  that  the  social  optimality  of  the  entrant’s  make-or-buy decision is affected by two crucial factors: (i) the particular level of the price of the upstream input;
and (ii) the cost differential   between   the   incumbent’s   and   the   entrant’s   unit   costs   of  
producing the upstream input. For this reason, they obtain the range of input prices
and upstream cost differential that induce the entrant to undertake the socially desirable decision. They conclude   that   the   entrant’s   productively   efficient   make-or-buy
decision is socially optimal for the set of input prices that induce the entrant to undertake the efficient decision in the case of Cournot competition and is not necessarily
socially optimal in the Bertrand vertical differentiation model.
It is thus obvious that the particular model that describes the competition in the
downstream market as well as each   provider’s   efficiency   in   producing   the   upstream  
input have a significant impact on the social optimality   of   the   entrant’s   (efficient)  
make-or-buy decision. This implies that regulators should have perfect information
about  each  provider’s  unit  cost  of  producing  the  upstream  input  and  the  way  that  the  
two providers compete in the downstream market in order to draw their optimal access pricing policy. However, when the only goal of regulators is to achieve static
efficiency (e.g. in the transition from state monopoly to private and competitive market structures), they should simply set the input prices   at   the   incumbent’s   marginal  
cost of producing the upstream input since the results of [9] show that regardless of
the type of competition, cost-based access prices lead the entrant to undertake the
productively efficient make-or-buy decision which is also socially optimal.
2.2

Investments in Next Generation Access infrastructures under regulatory
uncertainty

The related literature discusses the effectiveness of two different regulatory approaches   on   the   regulator’s   current goal to achieve the socially efficient investment
level when it sets the access price after the investment decision of the incumbent. The
first approach supports that the regulator sets a particular investment-contingent access price, which compensates the incumbent for the investment risks, in order to
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provide significant investment incentives. On the contrary, the second approach argues that the regulator deviates from such ex ante known access price (once the investments are in place) by setting the access price at the marginal cost of providing
the access in order to maximize social welfare.
Tselekounis and Varoutas [16] modeled the more realistic case in which the regulator sets the access price at the marginal cost of providing the access with some probability and gives an access markup, which equals the average cost of the investments,
with the complementary probability. Therefore, it is uncertain which of the two assumptions made in the related literature will prevail when the new access infrastructures are in place.
A non-commitment setting is used in order to take account for regulatory uncertainty. In addition, the retail (downstream) market is characterized as an unregulated
duopoly market in which the incumbent and the entrant choose quantities simultaneously and independently (i.e. firms compete á la Cournot). The level of NGA investment undertaken by the incumbent leads to an outward parallel shift in the demand,
and hence, NGA investments have a positive impact on the demand for the new fibrebased services. Furthermore, the incumbent faces a quadratic NGA investment cost
function with respect to the investment level implying that the slope of the marginal
investment cost function is linear and increasing in the investment level.
The privately and the socially optimal investment levels are derived as a function
[0,1] of incorporating into the access price an access markup,
of the probability
which equals the average cost of the investments, in order to fully compensate the
incumbent for the NGA investment risk. A first significant finding is that a marginal
increase in such probability positively affects the private investment incentives and
negatively affects the socially optimal investments. The comparison of the privately
and the socially optimal investment levels show that there is a unique positive value
of the probability of incorporating into the access price an access markup which
(respecinduces the incumbent to undertake the socially optimal investments. If
), the NGA investment level chosen by the incumbent is higher (respectively,
tively, lower) than the socially optimal one. This implies that any deviation from the
socially optimal investment level leads to welfare losses.
A second significant result is that the derived value of is significantly affected
by the impact of the investments on demand and the slope of the marginal investment
cost function. In particular, the value of is positively affected by an increase in the
impact of investments on demand and negatively affected by an increase in the slope
of the marginal investment cost function (ceteris paribus). This implies that, for a
given   slope,   higher   consumers’   valuation   for   the   NGA   services   results   in   higher ,
which in turn leads to higher efficient investment levels. In other words, higher consumer  consumers’  valuation  for  the  NGA  services  makes  the  investments  more  socially desirable, and hence, the socially optimal investment level is achieved for a higher
probability of compensating the incumbent for the investment risks. This result positively  affects  the  incumbent’s  investment  incentives,  and  hence,  the  achieved  efficient  
investment level increases as well.
On the contrary, for a given positive impact of the investments on demand, a steeper slope of the marginal investment cost function leads to lower values of . This
implies that as the NGA investment becomes marginally more expensive, the society
is better off by a lower NGA deployment which is achieved by a higher probability of
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setting the access price at the marginal cost of providing the access. Therefore, the
efficient NGA investment level is achieved for lower values of .
Combining the two aforementioned significant results leads to the main result of
Tselekounis and Varoutas [16]:
(i) When the slope of the marginal investment cost function is not particularly steep
in relation to the positive impact of investments on demand, the incumbent always underinvests compared to the socially optimal investment level. The reason
is that the critical value of the probability of including an access markup into the
access price ( ) is higher that 1. This implies that the socially desirable outcome
cannot be achieved even if the regulator commits to an access price scheme that
includes an access markup equal to the average cost of the investments. In this
1 seems to be socially desirable.
case, a higher access markup which leads to
(ii) On the contrary, in the more realistic case when the impact of investments on
demand is low in relation to the slope of the marginal investment cost function,
the incumbent may overinvest or underinvest depending on the probability of in(0,1) , and
corporating an access markup into the access price. In this case
hence, the incumbent overinvests for high probability of incorporating an access
markup into the access price and underinvests for low probability values. As a result,  the  optimal  social  welfare  outcome  cannot  be  achieved  with  the  incumbent’s  
. This implies that regulatory unprofit maximizing investment level when
certainty  significantly  affects  the  incumbent’s  incentives  to  undertake  the  socially  
optimal investments in NGA networks.
2.3

A CDS approach to induce facilities-based competition over NGA
networks

Tselekounis, Varoutas and Martakos [20] propose an innovative approach that reflects the current regulatory framework in the European NGA market as described by
the EC Recommendation. In particular, the proposed approach models the basic principles of the EC Recommendation and then assesses its effectiveness on inducing
facilities-based competition over NGA networks. This implies that this approach can
be included in the literature that departs from assessing the efficiency outcomes of the
regulation of the copper access networks. The aim of the proposed approach is to
meet the current and the future regulatory goals by tackling the initial trade-off between encouraging the incumbents to invest in NGA networks and fostering competition, while incentivizing the entrants to gradually climb the ladder of investment when
the NGA investment is proven to be successful. Therefore, the proposed approach
provides a theoretical approach to encourage the deployment of a nationwide NGA
network (i.e. maximize the potential investment outcome in terms of geographic coverage) with the ambition to finally reflect the socially desirable choice as reflecting in
an effective migration path towards facilities-based competition over NGA networks.
The structure and the implementation of the proposed approach are based on the
basic principles governing a Credit Default Swap (CDS). A CDS contract is an
agreement between two parties, the protection buyer and the protection seller. The
first party to the contract, the protection buyer, wishes to insure against the possibility
of default on a bond issued by a particular company. The company that has issued the
bond is called the reference entity. The second party to the contract, the protection
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seller, is willing to bear the risk associated with default by the reference entity. The
protection buyer of the CDS makes a series of payments (the CDS "fee" or "spread")
to the protection seller and, in exchange, receives a payoff in the event of a default by
the reference entity. If a default does not occur over the life of the contract, the contract expires at its maturity date, and hence, the protection seller does not make any
payments to the protection buyer.
In an NGA context, the incumbent, which invests in NGA networks, and the regulator agree on a business plan that allows the incumbent to recover the investment in a
nationwide NGA deployment during a certain period of time. If the investment has
not been recovered at the end of this period, the regulator commits itself that it will
compensate the incumbent for the unrecovered part of the investment. After the end
of this period, no regulatory remedies will be imposed to the incumbent (sunset
clause). In exchange, the incumbent should make periodic payments to the regulator.
However, the regulator chooses to subtract this amount from the payments that an
access seeker makes to the incumbent in order to have access to the NGA networks.
This implies that the incumbent does not pay a periodic fee to the regulator but he
subtracts this amount from the access payments he receives. If, however, the investment has been recovered before the end of the clause, the regulator does not make any
payment to the incumbent, the incumbent stops making indirect periodic payments to
the access seeker and no remedies imposed to the incumbent. In such contract, the
incumbent is the protection buyer and the regulator is the protection seller which will
compensate the incumbent in the case of a default event (i.e. if the investment has not
been recovered at the end of the pre-determined period).
In addition, the model proposes that the contract commits the regulator to apply a
certain policy during the whole pre-determined period. This policy, which concerns
the derivation of the access pricing formula as well as its evolution over time, is
known to the incumbent ex ante. In particular:
At time t 0 the incumbent and the regulator agree on a business plan that allows
the former to have recovered the investment in NGA networks at time t T with a
given probability. Or, in other words, they estimate the probability of default ( P 0 ) as
well as the corresponding unrecovered part of the investment ( X 0 ) at the end of the
pre-determined  period.  The  subscript  “0”  denotes  the  values  of  the  parameters   P t and
X t , t [0, T ] , at the time that the estimation takes place (i.e. t 0 in this case). Based
on the estimated values of X 0 and P 0 , they assess the amount of the periodic payments ( K 0 ) that the incumbent should make to the regulator. This implies that if the
estimated demand parameters at t 0 coincide with the actual ones during the whole
predetermined period T, the total amount of the periodic payments will be TK 0 . However, the regulator chooses to not receive such payments but to subtract this amount
from the access payments. Therefore, the reduced access payments that the entrant
will finally make to the incumbent from t 0 to t T are given by:
t T
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TK 0

t 0
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where W C denotes the cost-based access price, Q t represents the estimated number
of consumers served by the entrant at time t and R 0 is a regulatory parameter such
that
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TK 0
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Therefore, the access price that the entrant pays to the incumbent during the T
years is given by W 0 (W C Ro) . However, the regulator reviews this access price at
pre-determined periods. In each periodic review the regulator may increase or decrease the access price according to whether the NGA investment (at the time of each
review) is more successful (i.e. an upside case) or less successful (i.e. a downside
case) than the initial estimations.
It is shown that in an upside (respectively, downside) case, the implementation of
the basic principles governing a CDS contract requires a proper increase (respectively, decrease) in the access price through a proper decrease (respectively, increase) in
the regulatory parameter R 0 . Therefore, an endogenous access pricing rule encourages
the entrants to climb the ladder of investment in each upside case. On the contrary,
such endogenous access pricing rule provides the entrants with disincentives to invest
in each downside case. However, in the latter case,  the  regulator’s  goal  is  to  increase  
the total demand rather than to incentivize the entrant to invest in NGA networks. The
reason is that the entrant invests in NGA networks only when the NGA investment is
successful. Therefore, the regulator should first promote the success of the NGA investment and then encourage the entrant to invest in its own facilities. It is obvious
that in the downside cases the proposed approach fulfills in enhancing the diffusion
process since a lower access price facilitates service-based competition over NGA
networks. As a result, such an access pricing policy increases the probability of an
upside case in the next regulatory review.
Therefore, the proposed approach will eventually lead to the recovery of the NGA
investment at the end of the pre-determined period or even earlier. This implies that
although its limitations and its potential implementation shortcomings, the proposed
approach, which is based on the basic principles governing a Credit Default Swap
(CDS), tackles the initial trade-off between encouraging the incumbent to invest in
NGA networks and fostering competition, while it incentivizes the entrant to gradually climb the ladder of investment. As a result, the proposed approach represents an
effective path towards facilities-based competition over NGA networks.
t 0

3

CONCLUSIONS

The telecommunications industry is the most rapidly evolving network industry
since it has undergone extensive changes in recent decades. Although these changes
are mainly related to technological advancements, the regulatory policy has played a
significant role in the promotion of competition and innovation. This thesis models
the regulatory intervention in the telecommunications market and derives the access
pricing policy that achieves the efficiency goals in each of the three major migration
phases in the structure of the telecommunications industry.
Firstly, the framework during the migration from a state monopoly market to a
competitive telecommunications industry is modeled in order to study the impact of

134

access  prices  on  the  entrant’s  incentives  to  undertake  the  efficient  make-or-buy decision in terms of both productive and allocative efficiency. It is found that the particular model of competition that describes the competition in the retail market significantly affects the effectiveness of access prices to achieve static efficiency. However,
cost-based access regulation, which has been widely adopted by the regulatory authorities, is found to promote both productive and allocative efficiency regardless of
the competition conditions. Therefore, theoretical modeling shows that usage costbased prices achieve the past regulatory goal concerning the promotion of static efficiency.
Secondly, this thesis reviews the research articles which study the effectiveness of
cost-based access prices on achieving the current regulatory goal to promote servicebased competition over NGA. The related literature concludes that mandating access
to NGA networks at usage cost-based prices discourages both incumbents and entrants to invest in such networks. Therefore, the research focuses on studying alternative regulatory schemes that may promote both investments and competition. The
most significant deviation from the permanent regulation of access at usage costbased prices concerns the implementation of non-cost-based access prices.
The related literature concludes that investment-contingent access prices can induce the incumbent to undertake to socially optimal investments in NGA networks
(i.e. promote both static and dynamic efficiency) under certain conditions concerning
the demand and cost structure. However, these studies do not take into account the
fact that regulators have significant incentives to deviate from such schemes once
NGA networks have been deployed by setting a cost-based access price in order to
maximize social welfare. This thesis models this fact in order to study the impact of
regulatory  uncertainty  on  an  incumbent’s  incentives  to  undertake the efficient investments in NGA networks. It is found that the feasibility of the socially optimal outcome is not only affected by the demand and cost structure, but also by the perceived
regulatory uncertainty.
Thirdly, this thesis points out that the current and the future regulatory goal of
promoting dynamic efficiency through facilities-based competition are closely related,
and hence, a combined regulatory policy should be applied. As a result, it proposes an
innovative regulatory approach which is based on the basic principles governing a
CDS contract. It is shown that under quite general but plausible assumptions about
demand and cost factors, the proposed approach can induce an efficient migration
towards facilities-based competition over NGA networks. It is thus obvious that this
thesis not only discusses the past, the present and the future state of telecommunications networks, but also significantly contributes to the literature which studies the
optimal access pricing policy that achieves the past, the current and the future regulatory goals.
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Abstract. The present thesis aims to study resource allocation techniques in
fixed wireless networks in order to optimize their spectral efficiency as well as
to investigate alternative broadband transfer methods. A brief overview of
broadband wireless access networks with their characteristics is given and the
fundamental resource management techniques proposed in the open technical
literature are also referred. Then, a typical wireless broadband network model is
presented and a comprehensive review of the key resource management techniques proposed in the literature is given. Following this, the proposed resource
management techniques are presented and compared using proper simulation
results.
On the other hand, the analytical model of a wireless broadband traffic model over a terrestrial wireless optical link is analyzed. Its performance is extracted using analytical expressions of the average outage probability and the average error probability metrics. Appropriate simulation results are depicted as
well. Furthermore, a network architecture comprising of several high amplitude
platforms communicating with each other using optical links, is introduced in
order to transfer broadband traffic over long distances. The outage probability
performance is examined using either one-hop or multi-hop scenarios and suitable numerical results are provided. Finally, concluding remarks are summarized and suggestions for further research are indicated.
!"#$%&'(:! Resource management, interference management, free space optics, fading, turbulence, pointing error.

1

Dissertation Summary

The vision of ‘broadband to all’ has necessitated the deployment of fixed wireless
access (FWA) as an alternative technology in order to provide broadband access to
geographical areas where the cost of wired infrastructure is extremely high. Such a
technology is the Worldwide Interoperability for Microwave Access, commonly
known as WiMAX, which is based on the IEEE 802.16 standard. The continuously
______________
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growing demand for higher data rates and bandwidth-consuming services becomes a
driving force toward larger channel widths and wider spectrum block allocation consequently. Traditional frequency planning with high reuse patterns wastes the limited
available spectrum, especially in the lower regions of the WiMAX frequency operation band. Therefore a full frequency reuse in each sector of each cell is a very attractive alternative to fulfill this challenge.
However, such an approach results in high co-channel interference (CCI), which
arises from concurrent intracell and intercell transmissions, and affects significantly
the users’ quality of service (QoS). Several approaches have been proposed in the
literature for CCI reduction. An increased effort is focused on the corresponding time
domain radio resource allocation techniques (RRA) [1–4] in order to organize the
total amount of interference.
Another critical issue is the transfer of broadband traffic (e.g. WiMAX based traffic) in remote terminal stations in order to improve coverage, flexible access and reduce the cost of deployment. An effective solution is the transportation of radio signals between a central base station and multiple radio access units in optical form and
the transmission through a fiber optic. Radio over Fiber (RoF) transmission [5] has a
number of advantages but installation cost may be prohibited. Hence, it is not always
feasible its deployment in practice. In this case, the transmission of radio signals on
Free Space Optics (FSO) links combines the benefits for ease deployment in wireless
links and high capacity enabled by fiber optic technologies. Several Radio over FSO
(RoFSO) systems studies have been recently presented in the literature [6-9].
Obviously, as the terminal stations are located in increasingly greater distances satellite communications becomes a dominant alternative for broadband traffic transferring. Nevertheless, excessive high power requirements and high installation costs are
serious disadvantages and an alternative high challenging solution is to employ a
network consisting of high altitude platforms (HAPs). HAPs combine some of the
most distinctive characteristics of terrestrial wireless and satellite communication
systems, e.g., broad service areas, great capacity, low transmission delay, adequate
power consumption, etc. They are located in the stratosphere, approximately 25km
above the ground, and remain stationary, maintaining, thus, the same behavior as
geostationary satellites. However, the short distance between HAPs and ground stations, lead to lesser power demands and much smaller round trip delays, making this
technology quite attractive for broadband services in next-generation wireless communications [10].
The overall performance of outdoor FSO systems depends upon the climatological
conditions and the general characteristics of the transmission paths. Furthermore, the
transfer of broadband traffic over FSO links has not been adequately investigated in
the literature. That was one of the motivations for this thesis and the contributions
include detailed performance analysis of WiMAX RF signals transferring through two
alternative FSO technologies. At first, an FSO terrestrial link is considered where
turbulence effects for the FSO subchannel and composite fading effects for the RF
subchannel are adopted [11,12]. Then, a multi-hop HAP network is examined [13].
These HAPs take the role of terrestrial base stations and collect the WiMAX traffic
from the area they cover. They have transparent transponders that convert the WiMAX signals to optical ones and the reverse. The optical signals are transmitted from
the source to the destination HAP through inter-HAP links and the traffic is delivered
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by this way to the end users after RF conversion. In addition, the optimization of
spectral efficiency for the downlink segment of a FWA network is examined and
three effective resource allocation methods are proposed and analyzed. The basic idea
of the first proposed algorithm is the avoidance of the major interferers by using different allocation schemes for the even and odd sectors [14, 15]. This algorithm is
enhanced with the adoption of multi-mode modulation schemes [16]. Finally, the use
of alternate polarization allocation (PA), as a means to decrease the interference into
the desired signal in conjunction with a time domain RRA technique is proposed in
[17, 18]. The proposed architectures were evaluated with realistic sets of parameters
and closed form expression and simulation results are presented.

2

Results and Discussion

2.1

A RRA scheme for FWA systems with avoidance of major interferers

As it has been proposed in [3], ESRA examines a packet switched broadband wireless network using time division multiple access (TDMA) technique and time division
duplexing (TDD) with full frequency reuse. The service area is divided in hexagonal
cells and sectors are labeled from 1 to 6, counter-clockwise, in such a way that there
are no adjacent sectors bearing the same label (Fig. 1).
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Fig. 1. Major interferers for the downlink direction of the hexagonal cell layout.

The frame is divided into six subframes (SBs), which are further divided into miniframes (MF) labeled from 1 to 6. Each sector schedules packets for transmissions in
available MFs of each SB following the staggered order of Fig. 2a.
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Fig. 2. Three concurrent transmissions for sector 1 according to (a) ESRA and (b) proposed
method.

According to this order, sector 1 schedules packets for transmissions in SB 1 (denoted by a). For further packet transmissions, exploiting Base Station (BS) directional
antennas, it uses SB 4, which is the first SB of the opposite sector. The next options
for sector 1 will be the available MFs of the first SBs of the other two opposite sectors
(i.e. sectors 5 and 3) clockwise and the last two options will be the available MFs of
the first SBs of the adjacent intracell sectors (i.e. sectors 2 and 6) clockwise too. The
same procedure is applied to the other sectors. Terminals are classified into six classes
according to the number of maximum tolerable concurrent transmissions following
the staggered order of Figure 2a. For example, a class 3 terminal of sector 1 tolerates
the following three concurrent transmissions: sectors 1-4-3 in SB 1, sectors 4-1-6 in
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SB 4 and sectors 5-2-1 in SB 5 (Fig. 2a). The degree of concurrent transmissions of
each MF is defined on its label. More precisely, MF 1 allows only 1 packet transmission; MF 2 allows 2 concurrent packet transmissions and so on. Terminal classification is based on the reception quality of their location that depends on antenna characteristics (3dB beamwidth and Front-To-Back (FTB) ratio), shadowing and distance
from serving BS. The reception quality may be improved through a macrodiversity
procedure (i.e. selection of serving sector). Each MF with the same label has the same
number of timeslots in each SB (MF i has ni , i = 1, 2,…,6 timeslots in each SB). The
size of MFs is chosen to match the expected traffic load and is a mechanism to increase the overall throughput.
For a typical FWA system, throughput enhancement is achieved by upgrading the
number of higher classes’ terminals through advanced methods of major intercell and
intracell interferers’ avoidance. As shown in Fig 1, the major interferers for sector 1,
under a simple path loss model, comes from the shadowed intracell sectors 2 and 6
(due to overlapping sector antenna patterns) as well as from shadowed intercell sector
3 (because of the front lobe of sector antenna 3 that point directly to the terminals of
the tagged sector) and the opposite shadowed sector 2. Following the ESRA staggered
order (Figure 2a) for higher terminal classes (i.e. classes 4, 5 and 6) the major intracell interferers are appearing not only solely but also together.
The proposed method [14, 15] is based on a different allocation scheme for odd
and even sectors, which is examined and proposed as follows. The sector 1 schedules
packets for transmission in SB 1, as shown in Fig. 2b. If there are more packets for
transmission, it uses the available MFs of SB 4, which are the first SB of the opposite
sector, in order to exploit the BS directional antennas and the low level of interference. All sectors follow this procedure for the first two SBs. However, the next two
options for sector 1, according to the staggered order will be the available MFs of the
first SBs of the other two opposite sectors (i.e. sectors 5 and 3) clockwise and the last
two options will be the available MFs of the first SBs of the two adjacent intracell
sectors (i.e. sectors 6 and 2) counter-clockwise. This concept is applied to the odd
labeled sectors (i.e. sectors 3 and 5). On the contrary, for sector 2, the next two options will be the available MFs of the first SBs of the other two opposite sectors (i.e.
sectors 4 and 6) counter-clockwise while the last two resorts will be the available MFs
of the first SBs of the two adjacent intracell sectors (i.e. sectors 3 and 1) clockwise.
This procedure is repeated for the even labeled sectors (i.e. sectors 4 and 6). This
situation is exploited by the proposed method in order to increase the number of class
3 terminals due to the fact that each sector is interfered only by one adjacent intracell
sector in contrast with ESRA where each sector is interfered by both adjacent intracell
sectors one after the other. More explicitly, in the case of three concurrent transmissions (class 3 terminals) of sector 1, Fig. 2a presents the allocation scheme based on
ESRA and Fig. 2b the proposed scheme. Sector 1, following the ESRA staggered
order, is interfered in SB 4 by sector 6 (one dominant intracell interferer) and in SB 5
by sector 2 (the other dominant intracell interferer). On the other hand, following the
proposed staggered order, sector 1 is interfered in SBs 4 and 5 by sector 2 (i.e. the
same dominant intracell interferer). As a result, the proposed method upgrades the
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fraction of terminals that tolerate three concurrent transmissions enhancing the maximum throughput per sector.
2.2

Performance improvement of FWA systems using multi-mode modulation
schemes

The classification procedure presented in the previous section is based on the worst
case scenario, so that all users are guaranteed a minimum QoS for a given signal to
interference ratio threshold (SIRthr). However, this procedure produces a different
signal to interference ratio (SIR) for each terminal in each SB. Indeed, each class-i
terminal has i respective SIRs in i different SBs. Therefore, a SIR margin becomes
available for each terminal and i different SIR margins may be expected from SB to
SB. It is well known that a higher SIR supports a higher modulation mode and therefore a larger number of bits per symbol. Approaches proposed in [3,14,15] ignore
these SIR margins and adopt a single modulation mode according to the specific
SIRthr used in the classification procedure. The motivation of [16] is to examine the
possibility of utilizing the above SIR margins by adopting higher modulation modes.
A performance enhancement in each sector is then expected.
The adoption of different modulation modes affects the TDMA frame structure
(Fig. 3). The time sharing of MF among terminals using the same modulation mode
induces its further partition into Nmodes micro-frames, where Nmodes is the number of
the adopted modulation modes. It is noticed that one mode is assigned to each microframe. In [16] it is shown that the adoption of multiple modulation modes induces a
maximum throughput per sector enhancement exceeding 50%.
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2.3

Performance improvement of FWA systems by conjunction of dual
polarization and time domain RRA technique

The CCI reduction is a major challenge and the proposed RRA algorithms significantly improve the maximum throughput per sector. However, a further improvement
would be achieved by jointly utilizing a scheduling algorithm and an alternate polarization allocation (PA) scheme as presented in [17, 18].
The service area is divided in hexagonal cells and triangular sectors. Each sector is
equipped with its own directional antenna and labeled from 1 to 6 counter-clockwise,
in such a way that there are no adjacent sectors bearing the same label (Fig. 4). Each
sector is connected with the IP backbone network through a switching module. The
labels of three adjacent cells are rotated by 120°, in respect one another, creating a
cluster (contained in the heavy line in Fig. 4) whose pattern is repeated across the
entire service area. Adjacent sector antennas use alternate polarization so as to maximize isolation among them and increase the communication quality. Users use rooftop directional antennas pointing to their respective sector antenna following the polarization pattern. The beamwidth of a sector antenna has to be wide enough in order
to serve the entire sector, whereas the beamwidth of each terminal antenna must be
more directional to lower interference.
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Fig. 4. A representative part of the hexagonal cell layout consisting of 4 clusters.

Considering an FWA network without a PA pattern, it is clear that the most significant amount of intracell interference, for each sector, is originating from its two adjacent sectors due to the overlapping sector antenna patterns. However, under the proposed framework, each sector antenna is transmitting with orthogonal polarization
with respect to its adjacent sector antennas. Hence, the amount of intracell interference is significantly reduced and the maximum throughput per sector is further increased.
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2.4

Transfer WiMAX signals via terrestrial optical wireless links

In [11, 12] we consider a terrestrial FSO link which is used to deliver WiMAX
traffic from one geographic region to another. The overall system configuration is
composed of the optical and the wireless subsystems. We assume that the WiMAX
traffic from heterogeneous networks reaches the optical transmitter through an access
gateway. The transmitter (Fig. 5b) converts the electrical signal to laser. It is composed of a modulator, a laser driver, a light-emitting diode (LED) or laser, and a telescope as a whole. The laser propagates through the atmosphere to the receiver assuming a Gaussian beam wave model.
The receiver (Fig. 5b) uses a direct detection scheme and includes a telescope, a
filter, a positive–intrinsic–negative (PIN) photodetector, and a trans-impedance amplifier. Depending on cost restrictions and reliability requirements, a tracking and
pointing subsystem may be implemented in both sides of the communication link to
maintain transmitter–receiver alignment.
The electrical signal is guided to a WiMAX base station and delivered to the users
located there. The WiMAX standard is based on the OFDM standard utilizing a large
number of closely spaced orthogonal subcarriers.
(a)
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Fig. 5. (a) Optical and RF subsystem (b) Optical subsystem.

An appropriate channel model is adopted, which entails some of the most critical
impairments of the optical channel, i.e., attenuation, turbulence, pointing error effects,
as well as of the RF channel, i.e., path loss, shadowing, and fast fading, is taken into
account. The overall link budget and a closed-form of the outage probability of the
system are deduced. Several analytical results are depicted using a realistic set of
parameter values, to lend a helpful insight to the performance of the proposed architecture.
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2.5

Transfer WiMAX signals using an FSO multi-hop HAP network

In [13], we present a novel HAP network architecture which aims at delivering
WiMAX services to extremely far distances on Earth using multi-hop routing. HAPs
in the network take the role of terrestrial base stations and collect the WiMAX traffic
from the area they cover. They have transparent transponders that convert the WiMAX signals to optical ones and the reverse. The optical signals are transmitted from
the source to the destination HAP through inter-HAP links and the traffic is delivered
by this way to the end users after RF conversion. In such an architecture, we determine the WiMAX quality of service (QoS) by minimizing the outage probability for
the network configuration.
The source HAP (Tx HAP in Fig. 6) communicates with the destination HAP
through Ri, i=1,2,…,N -1 optical transceivers, which act as relays-nodes all being in
equidistance dO, i.e., there are N point-to-point propagation links before the laser signals arrive to the destination. Relay assisted transmission is a common technique in
wireless RF communication systems since it provides a broader and more efficient
coverage and can be used as a fading mitigation tool. Every intermediate node in a
multi-hop network acts as a router that forwards traffic towards its destination. In
[13], we consider N-1 relays where each one has knowledge of the channel state of
the previous hop. We assume the use of amplify-and-forward (AF) relays which just
amplify and forward the incoming signal without performing any sort of decoding.
These relays use less complex circuitry compared to decode and forward (DF) ones,
which decode the signal and then transmit the detected version to the destination ones.
The destination HAP (Rx HAP in Fig. 6) receives the optical power using a telescope. Optical light can be concentrated by using lenses and mirrors, or any combination of them. A filter helps to remove the background radiation from entering the Rx
which generally creates shot noise and saturates the detector. The optical signal from
the output of the filter propagates to the detector, which converts it to an RF electrical
signal using a photodetector [19]. Finally, the RF electrical signals are delivered to the
end users located in the HAP Rx area.
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Fig. 6. HAP network configuration.
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The overall performance is examined by using a channel model which incorporates
laser path loss as well as pointing error effects. A closed-form of the outage probability of the system is extracted and several analytical results are depicted adopting a
realistic set of parameter values.

3

Conclusions

In the context of this dissertation we examined advanced RRA methods for the
downlink of a FWA network as well as the transfer of broadband traffic via optical
wireless links.
More precisely, we presented a RRA which improves the ESRA method in terms
of throughput per sector by increasing the number of terminals that tolerate more
concurrent transmissions. For a typical radio environment, a 10% increment of the
maximum throughput per sector with respect to ESRA method is achieved. It’s worth
mentioning that the proposed RRA scheme performs better under realistic transmission conditions and with various types of antennas and exploits better low performance antennas, which present large beamwidths and FTB ratios.
Furthermore, the SIR margin, induced by the terminal classification procedure, in a
TDMA FWA system is examined and analyzed. An advanced frame structure is proposed, facilitating the utilization of multiple modulation mode schemes. It has been
shown that a significant throughput improvement is achieved, for various SIRthr values, used in terminal classification procedure.
The third contribution includes an integrated time domain RRA technique of concurrent transmissions and polarization alternation pattern for the downlink direction
of an FWA system. The proposed scheme presents an enhanced performance since the
PA pattern incorporation reduces significantly the impact of dominant interferers. It
must be noticed that the proposed scheme performs better under worst propagation
conditions and exploits better low-performance antennas, which present large beamwidths and small FTB ratios.
Moreover, we constructed a simple but adequate architecture to investigate WiMAX transmission over terrestrial FSO channels. The channel model considers the
laser link and the WiMAX communication system parameters used in practice. Specifically, some of the most critical impairments of the optical channel, i.e., path loss,
turbulence, pointing error effects, as well as of the RF channel, i.e., path loss, shadowing, and fast fading were taken into account, and an analytical derivation of the outage
probability was obtained. The feasibility of the proposed architecture was further
evaluated with a realistic set of parameter values and depicted using proper graphs.
The present architecture may constitute the outset of adopting and evaluating more
complicated and, at the same time, more realistic RoFSO deployment scenarios. In
this vein, the incorporation of forward error correction schemes in order to increase
the overall performance seems to be quite challenging and such an extension is a subject of ongoing research.
Finally, we presented an alternative method to deliver WiMAX services at extremely far distances on Earth by using a HAP network. A source HAP collects the

146

traffic from the multi-hop routing through a number of intermediate HAPs. HAPs
communicate with each other using laser links. After reaching the destination HAP,
the traffic is transformed in RF form and delivered to the end users on Earth. The
optical HAP transceiver and the laser inter-HAP channel, that takes account of the
pointing error statistics, were analytically described. At first, we considered the case
where the source directly communicates with the destination and then we generalized
to a relayed scenario. We particularly focused on the outage probability at the ground
users and presented proper graphical results for the performance evaluation of the
network. The obtained results can serve as a guideline for designers to predict and
evaluate a HAP network ability to deliver broadband services in practice. The analysis
conducted assuming a typical parameter set mainly used in practical systems. However, a thorough investigation is necessary in order to find the appropriate set for better
performance. The choice for example of optimum gains and the beam divergence
angle is a crucial point before the implementation process. Random angular jitter
affects the overall performance and therefore proper tracking systems need to be considered. The present analysis can be extended in a number of ways. For instance, it
would be interesting to consider nonlinear laser diodes and examine the effect of intermodulation distortion which is often present in practical laser links. Another extension is the consideration of turbulence in optical links for large inter-HAP distances.
Fading may also be included in the RF downlink link. These additions would increase
the mathematical complexity of the model but on the other hand make it much more
reliable. Since practical HAP networks are currently working using microwave links,
the idea of evaluating the performance of RF multi-hop links would be of particular
help for comparison reasons. Moreover, different types of relays may be used, e.g.,
DF, all-optical relays, etc. Finally, the investigation of a coexistence scenario between
heterogeneous HAP and satellite networks for increased overall performance appears
quite challenging.

4

References

1. X. Qiu and K. Chawla, "Resource Assignment in a Fixed Broadband Wireless System,"
IEEE Commun. Lett., pp. 108-110, July 1997.
2. T. K. Fong, P. S. Henry, K. K. Leung, X. X. Qiu and N. K. Shankaranarayanan, "Radio resource allocation in fixed broadband wireless networks," IEEE Trans. on Commun., pp.
806-818, June 1998.
3. K. K. Leung and A. Srivastava, "Dynamic allocation of downlink and uplink resource for
broadband services in fixed wireless networks," IEEE J. on Sel. Areas in Commun., pp.
990-1006, May 1999.
4. V. Tralli, R. Veronesi and M. Zorzi, "Power-shaped advanced resource assignment
(PSARA) for fixed broadband wireless access systems," IEEE Trans. on Wireless Commun., pp. 2207-2220, Nov. 2004.
5. H. Al-Raweshidy and E. S. Komaki, Radio over Fiber Technologies for Mobile Communication Networks, Artech House, 2002.
6. N. Cvijetic and T. Wang, "WiMAX over free-space optics evaluating OFDM multisubcarrier modulation in optical wireless channels," in Proc. of IEEE Sarnoff Symp.,
Princeton, NJ, USA, 2006.

147

7. N. Cvijetic and T. Wang, "A MIMO architecture for IEEE 802.16d (WiMAX) heterogeneous wireless access using optical wireless technology," in Proc. of Next Generation Teletraffic and Wired/Wireless Advanced Networking (NEW2AN), St. Petersburg, Russia,
2006.
8. A. Bekkali, C. B. Naila, K. Kazaura, K. Wakamori and M. Matsumoto, "Transmission
analysis of OFDM-based wireless services over turbulent radio-on-FSO links modeled by
gamma-gamma distribution," IEEE Photon. J., p. 510–520, June 2010.
9. S. Arnon, "Minimization of outage probability of WiMAX link supported by laser link between a high-altitude platform and a satellite," J. Opt. Soc. Am. A, p. 1545–1552, July
2009.
10. D. Grace and M. Mohorcic, Broadband Communications via High Altitude Platforms,
John Wiley & Sons, 2011.
11. Ν. Vaiopoulos, H.G. Sandalidis, D. Varoutas "WiMAX on FSO: Outage Probability Analysis", IEEE Trans. Commun., vol. 60, no. 10, pp. 2789–2795, Oct. 2012.
12. N. Vaiopoulos, H.G. Sandalidis, D. Varoutas, “Transferring WiMAX Signals via Terrestrial Optical Wireless Links” submitted for publication.
13. Ν. Vaiopoulos, H.G. Sandalidis, D. Varoutas "Using a HAP Network to Transfer WiMAX
OFDM Signals: Outage Probability Analysis", to appear in IEEE/OSA J. Optical Comm.
Netw.
14. N. Vaiopoulos, A. Vavoulas, D. Varoutas and T. Sphicopoulos, “A Radio Resource Allocation Scheme for Fixed Broadband Wireless Access Systems with Avoidance of Major
Interferers,” Wireless Personal Commun., Springer, vol. 40, No. 4, pp.479-487, March
2007.
15. A. Vavoulas, N. Vaiopoulos, D. Varoutas and G. Stefanou, “'Throughput enhancement of
Fixed Broadband Wireless Access systems through a novel Radio Resource Allocation approach,” in Proc. of European Wireless Conference (EWC2006), Athens, Greece, April
2006.
16. N. Vaiopoulos, A. Vavoulas, D. Varoutas and G. Stefanou, “Performance improvement of
Fixed Cellular Networks using multi-mode modulation schemes,” in Proc. of 18th IEEE
International Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC’07), Athens, Greece, September 2007.
17. A. Vavoulas, N. Vaiopoulos, D. Varoutas and G. Stefanou, “Co-channel interference reduction through integrated scheduling and polarization allocation for Fixed Cellular Systems,” in Proc. of 18th IEEE International Symposium on Personal, Indoor and Mobile
Radio Communications (PIMRC’07), Athens, Greece, September 2007.
18. A. Vavoulas, N. Vaiopoulos, D. Varoutas, A. Chipouras, G. Stefanou "Performance improvement of Fixed Wireless Access networks by conjunction of dual polarization and
time domain radio resource allocation technique", Int. J. Commun. Syst., vol. 24, No. 4,
pp. 483 – 491, April 2011.
19. S. Arnon, "Optical wireless communications," in Encyclopedia of Optical Engineering,
2003.

148

Connectivity Issues for Optical Wireless Networks
Alexander Vavoulas*
National and Kapodistrian University of Athens
Department of Informatics and Telecommunications
vavoulas@di.uoa.gr

Abstract. Optical Wireless Communications (OWC) networks are becoming
more and more popular for delivering broadband traffic since they are introducing significant advantages against the other alternative technologies. Operating
wavelengths range from ultraviolet (UV) to the infrared (IR) portion of the electromagnetic spectrum and present significant attenuation from channel impairments. As a result, the transmission range is significantly reduced when a single
hop is used.
Therefore, multi-hop operation, which is a common technique in wireless
radiofrequency (RF) communication systems, is adopted in order to increase the
effective distance between transmitter and receiver. To improve their reliability
connectivity issues need to be investigated. Connectivity has been investigated
in RF ad hoc networks (either one or two dimension) in contrast with OWC
networks. The present dissertation aims to examine this research area by connecting the minimum transmission range ensuring connectivity with a plethora
of parameters such as the adopted modulation and/or coding format, the transmitted power, the supported data rate and the error probability. Analytical expressions are extracted and the derived results are depicted using appropriate
figures. The outcomes constitute a valuable tool to design such networks in
practice.
!"#$%&'(:!!-connectivity, node isolation probability, multi-hop networks,
UV-C transmission, NLOS propagation, weather effects, underwater optical
wireless networks.

1

Dissertation Summary

Optical wireless has been launched as an attractive candidate technology to provide
broadband communications. The way optical wireless transceivers operate is more or
less the same as fiber optics ones; however, since laser signals are now transferred
through the atmosphere, the path loss between the transmitter and the receiver is getting raised due to a plethora of pernicious factors that appear. In this dissertation three
types of optical wireless networks have been examined: non-line-of-sight (NLOS)
optical transmission in the ultraviolet UV-C spectral region, free space optics (FSO)
______________
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in the infrared spectral region and underwater optical wireless transmission in the
visible spectral region. More details on these networks are given in the following.
Transmission in the ultraviolet UV-C spectral region (particularly from 200nm to
280nm), also known as the solar-blind band, exhibits some unique characteristics.
Firstly, most of the solar radiation is getting absorbed by the ozone in the upper atmosphere, leading to almost negligible background noise at the Earth’s surface. Secondly, the UV-C light generated from terrestrial sources is strongly scattered due to
the presence of suspended particles in the atmosphere. The insignificant background
solar radiation and the strong atmospheric scattering enable the activation of NLOS
communication links with large field-of-view (FoV) receivers which allow a large
amount of scattered light collection. Recent advances in hardware have led to the
emergence of low cost semiconductor laser diodes and miniaturized LEDs at UV-C
frequencies making this new technology a quite promising solution for short-range
communications [1].
On the other hand, FSO transfers broadband services via line of sight (LOS) links
and the common candidates operating wavelengths are 780nm, 950nm, and 1550nm.
Weather, propagation distance, scattering, absorption, turbulence, pointing error effects, laser wavelength, and data rates are some of the deterministic and random elements that contribute to the overall performance of an optical wireless link. Even if all
the deteriorating factors play a significant role, designers and implementers should
particularly take meteorological phenomena into consideration when they intend to
deploy a robust FSO network in practice. Fog, snow, and rain cause the scattering of
laser signals in the atmosphere. Scattering makes a portion of the light beam traveling
from a source deflect away from the intended receiver. Another atmospheric effect
under clear weather conditions is the turbulence induced by random changes in the
atmospheric refractive index. As a result, random phase and irradiance fluctuations
(scintillation) of the optical signals are observed at the receiver [2]. Furthermore, the
FSO links also depend on the pointing error performance. Pointing errors occur due to
mechanical misalignment or errors in tracking systems. Among all phenomena, fog
brings about the greatest repercussions since it is constituted of small water droplets
having dimensions near the size of infrared wavelengths. Snow and rain also influence the FSO performance, though their impact is significantly less than that of fog.
Note that these weather phenomena rarely occur concurrently.
Finally, underwater optical communications were based on simple point to point
links delivering composite applications such as monitoring the ocean environment,
mapping of the sea floor, and sensing purposes [3]. These systems are usually operating in the blue/green spectrum region where absorption is minimum compared to
other wavelengths. The aquatic medium contains almost 80 different elements, dissolved or suspended in pure water, with different concentrations, as well as phytoplanktons, zoo planktons and many marine organisms and plants. These components
may redirect the transmitting light or transform it into heat due to the two fundamental physical processes, namely absorption and scattering. Obviously, the light transmittance is sensitive to high wavelengths since these two physical processes have a
highly spectral dependence.
The deteriorating factors that are introduced by the propagation channel reduce
both the maximum obtainable data rate and the transmission range and an efficacious
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solution to mitigate these impairments is to employ relay-assisted techniques. In a
multi-hop transmission, the total transmission path is divided into smaller distances
between relays or hops which suffer from less loss. At each relay, the received optical
field is processed and forwarded to the next one. In that way, an effective serial relayed network can provide services at far distances. Transmission through relays is
quite a common practice in wireline and RF wireless communication systems. A
plethora of such relevant studies has appeared recently; see, e.g., the newly published
books of Uysal [4] or Dohler and Li [5].
Multi-hop networks can properly operate if connectivity between their nodes is satisfied. A fully connected network contains a path from any node to another. When
there is no path between at least one source–destination pair, the network is disconnected. Obviously, connectivity plays a critical role for wireless networking. Connectivity was mainly studied for RF wireless networks where the propagation suffers
from various severe, random in nature impairments such as path loss, multi-path fading, and shadowing [6], [7]. Another metric of network connectivity is the node isolation probability which can be defined as the probability that a random node cannot
communicate with any other nodes. Some of the studies on this topic for onedimensional relayed networks are as follows. In [8], the probability of having a wireless network composed of at most C clusters is extracted. In [9], an ad hoc network
consisting of nodes and base stations is considered, and the probability of node to
base station connectivity is derived. Analytical expressions for the probability that a
wireless network is connected are presented in [10], as well. Finally, Miorandi and
Altman [11] obtained exact results for the coverage probability, the node isolation
probability, and the connectivity distance for various node placement statistics.
In the context of optical wireless networking there appears an absence of similar
works in the open technical literature mainly due to the fact that the interest on this
specific field is nowadays in season. That was the key motivation for this dissertation
and the outcomes were the first papers in the areas of ultraviolet communications
([12], [13]), free space optics ([14]) and underwater optical communications ([15]).
The numerical results of this dissertation are of significant value for telecom researchers working toward a flexible optical wireless network deployment in practice.

2

Results and Discussion

2.1

k-connectivity issues

The multi-hop optical wireless network network can be represented as an undirected graph G with a set of vertices V and a set of edges E [16]. The set of vertices
has cardinality n and represents the set of nodes, while the set of the edges corresponds to the OWC links between the nodes. The node degree, d(u), is defined as the
number of links of a node (i.e., the number of neighbor nodes within its range). An
isolated node has a null node degree. The minimum node degree, dmin, of G is defined
as the minimum value among the node degrees. Since the nodes are placed in fixed
positions, the existence of isolated nodes is undesirable. In terms of communication
networks, the probability that each node in a multi-hop OWC network has a minimum
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node degree dmin ≥ k depends on the node density, ρ, as well as the transmission range,
R and is given by [17]
! !!"# > ! = 1 −

! !
!!! (!"! ) !!"! !
!
!!!
!!

!

(1)

A path is defined as a sequence of successive edges on G. The existence of a path
between two nodes denotes that they are connected. G is connected when a path exists
between all pairs of nodes. Similarly, we say that G is k-connected (k≥1) when k mutually independent paths exist between all pairs of nodes [16]. The conditions (1)
ensure that every node has at least one neighboring node within its range. However,
the event dmin > 0 is not a sufficient condition for ensuring the connectivity of the
network. It can be proven that, if n >> 1, then
P(G is k-connected) = P(dmin ≥ k)

(2)

for P(dmin ≥ k) almost 1 [16].
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Fig. 1. Graph connectivity: (a) non connected, (b) 1-connected, (c) 2-connected and (c) 3connected.
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2.2

k-connectivity issues for ultraviolet UV-C two-dimensional multi-hop
networks

In [12] we consider a multi-hop network configuration consisting of several NLOS
UV-C communication sensors. A typical UV-C link between a transmitter (Tx) and a
receiver (Rx) is shown in Fig. 2. Both the Tx and Rx face vertically upwards; i.e.,
they have 90° apex angle. In this scenario, the Tx transmits a signal vertically upwards having a beam divergence angle θΤ. The cone produced by the Tx beam intersects the Rx FOV cone of θR degrees. The separation between Tx and Rx is r, while
the distances from the common volume V to the Tx and Rx are r1 and r2, respectively.
A communication link is established when the optical power is backscattered by particles inside the volume produced by the intersection of the two cones and reaches the
Rx node.
Next, we assume that a number of n nodes are distributed at fixed positions on a
service area A. Each node is independently placed on the service area according to a
homogeneous Poisson point process. Assuming large values of n and A, a constant
node density, ρ=n/A, can be obtained. Under this assumption, the homogeneous Poisson point process can be obtained as the limiting case of the uniform distribution.
Consider, now, the case where all the nodes have the same transmission range R, i.e.,
homogeneous range assignment. This means that every node covers a circular region
with area A’=πR02. Every source node forwards traffic towards one or more destination nodes provided that their cones are intersected. If this does not happen, the node
is getting isolated. If the transmission range is short, the probability of having isolated
nodes increases. In contrast, assuming a large range, interference problems may appear. Apparently, if a node can communicate with more than one neighbor, the network robustness significantly increases; hence a proper selection of the transmission
range is a critical parameter for the network connectivity robustness.

Fig. 2. UV-C NLOS link geometry.
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The determination of an appropriate path loss model is critical for the kconnectivity investigation. Chen et al. in [20] proposed an empirical channel path
loss model based on a set of extensive measurements. In their study, the authors
demonstrated a communication test-bed and collected path loss measurements, for
various combinations of Tx and Rx apex angles. On the basis of these measurements,
a simple power decay model was proposed in [21] and adopted in [12].
As a result, analytical expressions for k-connectivity have been obtained, assuming
the most fundamental modulation formats, i.e., on–off keying (OOK) [27] and pulse
position modulation (PPM) [27] and adopting noise modeling for daily (Gauss model)
and nightly (Poisson model) operation. For example, eq. (3):
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presents the network k-connectivity for OOK assuming the Poisson noise model. In
(3), Pt denotes the transmitted power, Rb is the supported data rate, Pe is the error
probability, λ is the operating wavelength, h is the Planck’s constant, c is the speed of
light, η is the quantum efficiency of the optical filter and photodetector, a is the path
loss exponent and ξ is the path loss factor.
The aim of this study is to address the following question: Given a homogeneous
range assignment R, for a given modulation scheme, what is the minimum node density ρ required to achieve a k-connected network with probability close to 1?
2.3

Node isolation probability for serial ultraviolet UV-C multi-hop networks

In [13] we focus on the node isolation probability evaluation of a serial multi-hop
UV-C network and derive analytical expressions assuming the OOK and PPM modulation formats. The network consists of n transceivers (nodes), deployed at fixed positions on a service interval with length l, operating under NLOS conditions (Fig. 3).
Every node is independently placed on the service interval according to a homogeneous one-dimensional PPP. Assuming large values of n and l, a constant node density,
ρ = n /l, can be obtained. Under this assumption, the homogeneous PPP can be obtained as the limiting case of the uniform distribution [22]. Every node is equipped
with a Tx and a Rx, with elevation angles of βT and βR degrees, respectively. The
distance between a transceiver and its first neighbor is a random variable following a
generalized Gamma distribution [23]. The Tx produces a cone, which has a beam
divergence angle of θT degrees, and intersects the Rx FOV cone of θR degrees. A
communication link is established when the optical power is backscattered by particles inside the common volume, generated by the intersection of the two cones, and
reaches the Rx node.
We consider the case of homogeneous range assignment, i.e., all the nodes have
the same transmission range R. Every source node forwards traffic toward its first
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neighbor node provided that their cones are intersected. If this does not happen, the
node becomes isolated. If the transmission range is short, the probability of having
isolated nodes increases. On the contrary, assuming a large value of R, the interference level for each node may be significantly increased, thus degrading the quality of
the communication link.

θR

θT
βT

...
ni-2

θT

βR

ni-1

θR
βT

βR

ni
R

...
ni+1

ni+2

R

Fig. 3. Serial UV-C multi-hop network geometry.

A single scattering model is adopted, where each photon is assumed to be scattered
at most once through its propagation from Tx to Rx. This model has been derived by
Xu et al. in [19], as a fine approximation of the one introduced by Luettgen et al. in
[18], which is presented in an integral form. Therefore, analytical expressions for the
node isolation probability, Piso,can be obtained in terms of the system parameters (i.e.,
transmitted power, supported data rate, and probability of error), as well as the geometrical configuration parameters (i.e., Tx and Rx elevation angles, Tx full beam
divergence angle, and Rx FoV), and the node density. For example, eq. (4)
P!"#,!!" = exp −2!
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presents the node isolation probability for OOK. In (4), H(µ) denotes the composite
phase function, ke and ks are the extinction and scattering coefficients, respectively, η
is the quantum efficiency of the optical filter and photodetector, Ar is the area of the
receiving aperture and N0 is the white noise power spectral density. Obviously, an
appropriate tradeoff between the node density, ρ, and the transmission range, R, is
required to ensure a minimum number of isolated nodes. The presented results not
only investigate this trade off but also considering the impact of the transceiver geometrical configurations (elevation angles, divergence angles) and the interaction of
several parameters such as the supported data rate, the transmitted power and the
network length.
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2.4

Weather effects on node isolation probability for serial FSO multi-hop
networks

In [14] we consider a serial network architecture composed of n relays, i.e., n FSO
transceiver nodes uniformly distributed in a service interval of length l according to a
binomial point process (BPP) model (Fig. 4). The distance between a node and its k-th
neighbor follows a generalized beta distribution given by eq. (1) in [14].
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2
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...

2

3

n-1

n

!

1

nodes
Fig. 4. Serial FSO multi-hop network geometry.

In recent years, significant effort has been devoted to the development of a channel
model to predict weather effects on FSO transmission [24]. A quite effective model
for the link budget evaluation is described in [25]. According to this model, the received power is related to the atmospheric attenuation which in turn depends on fog,
haze, rain, or snow appearance.
Consequently, the node isolation probability is extracted. For example, eq. (5)

P!"#,!"# = 1 −
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(5)

gives the node isolation probability when fog is present. In (5) Θ denotes the beam
divergence and αfog the attenuation coefficient due to fog. From this equation, we can
conclude that an adequate node isolation probability for a given length, l, depends on
various network parameters and the number of nodes, n.
2.5

k-connectivity issues for underwater optical wireless multi-hop networks

In [15] we consider a three-dimensional (3D) uOWC network consisting of nodes
floating at different depths over a service aquatic volume. Each node is equipped with
six sensors with FoV of 60o in order to cover all directions and allow transmission in
three dimensions. A possible way to deploy such a network was proposed in [26].
Every sensor is placed at the bottom of the sea by an anchor and is connected with a
buoy that can be inflated by a pump. Sensors are pushed towards the surface by the
buoy. The depth adjustment can be controlled by arranging the wire length connecting
the sensor to the anchor. By properly adjusting the depth, we can also construct a one-
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dimensional uOWC network where nodes are arranged over a service length into the
aquatic medium. The one dimensional arrangement can be considered as a special
case of the general three dimensional node configuration.
The determination of the minimum achievable transmission range of each node is
critical for the design and the connectivity investigation of the network. It is found,
that this parameter is a function of network parameters (transmitted power, supported
data rate, error probability), the operating wavelength and the chlorophyll concentration as shown in (6):
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In (6), c(λ) denotes the extinction coefficient, θ0 is the Tx beam divergence angle, θ is
the angle between the perpendicular to the Rx plane and the Tx-Rx trajectory, T is
pulse duration, η is the detector counting efficiency while rdc and rbg are the sources of
additive noise due to dark counts and background illumination, respectively.
A set of analytical results is presented in order to study the connectivity behavior
of an underwater multi-hop sensor network in the 300nm–700nm spectral region for
two case studies. At first, a one–dimensional scenario is considered, where n = 100
nodes are uniformly distributed at a given service length. Secondly, a three–
dimensional scenario is considered, where n = 100 nodes are uniformly distributed at
a given service volume.

3

Conclusions

In the context of this dissertation we examined connectivity issues for three types
of optical wireless communication networks.
At first, in order to extend the coverage region for a NLOS UV-C optical communication network, the network operation via multiple node-to-node hops is proposed
and the system performance in terms of the k-connectivity property is investigated.
The effect of several network parameters, such as the node density and the probability
of error, were examined for uncoded OOK and PPM modulation schemes, assuming
Poisson and Gaussian noise models. Various numerical results were illustrated, showing a useful outcome for telecom system designers for constructing a reliable UV-C
network. Apparently, better results could be obtained by using more efficient modulation schemes, e.g., subcarrier intensity modulation, as well as incorporating coding,
e.g., repetition or convolutional codes. Moreover, the use of different deployment
geometries, e.g., use of directional beams, can obviously enhance the performance;
however, the connectivity analysis in this case is getting much more complicated and
is a subject of ongoing research.
Secondly, analytical expressions for the node isolation probability of a serial
NLOS UV-C network were presented where transceivers are distributed statistically
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on a given service interval. An effective path loss model is used and transmission with
both OOK and PPM modulation schemes was considered assuming Gaussian noise.
Several illustrative examples were depicted to show the interaction between various
parameters, including the node density, the data rate, the required amount of power to
achieve a certain error probability floor, etc. Different geometrical transceiver configurations were examined in order to obtain the node density required to achieve Piso≈ 0
as well. The adoption of other path loss models and the consideration of more effective modulation and/or coding schemes are some of the topics for further research.
Thirdly, we focused on the node isolation probability of a serial FSO network
where transceivers are placed on a given path-link following an one-dimensional
BPP. We used an effective path loss model and considered operation under the most
critical weather phenomena, e.g., fog, haze, rain, and snow. Proper design scenarios
were presented in order to reveal the interaction between the number of required
nodes, the length of the service interval, and the weather condition parameters (visibility, rainfall/snowfall rate) so that to achieve Piso≈ 0, as well. In the worst case scenario, i.e., having thick fog with a 50m visibility, a network operator needs 15 nodes
to cover a service length of 1km [13]. The work can be improved in a number of
ways, e.g., using different path loss models, considering other modulation formats,
using forward error correction schemes, etc.
Finally, we considered a underwater optical wireless communication (uOWC) configuration consisting of uniformly distributed nodes communicating with each other
using IM/DD with OOK modulation scheme. We, then, investigated the interaction
between the node density and various parameters such as error probability, wavelength, transmitted power, data rate, etc, in order to achieve connectivity. As an example, assuming the one dimensional scenario with a service length of 1km and Pe =
10-6 we find from that the required number of nodes in order to deploy a fully connected serial multi-hop uOWC network is 336 for Rb=10Mbps and 184 for
Rb=100kbps [14]. Obviously, these values would be significantly reduced by adopting
more efficient modulation and/or coding schemes. This work can be expanded in
several ways. At first, the adopted path loss model is only an approximation of the
received intensity at each node and does not capture the scattering component of the
transmitted beam. Several channel models presented in the literature, e.g., ([28] or
[29]) could be assumed and more realistic results would be obtained. Furthermore,
alternative models to describe the absorption and scattering coefficients could be
adopted. As an example, the distinction between “small” and “large” particles according to Haltrin’s model is determined by the index of refraction. However, this distinction could also be determined relative to the wavelength of illuminating resolution
[30]. Moreover, the role of channel sharing/MAC/collisions should be clarified in
case the non-isolated nodes do not operate successfully at a quoted bit rate.
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