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Abstract—Wireless network infrastructures such as Wireless
Mesh Networks (WMNs) are increasingly applied for various
applications. Increasing complexity concerning configuration,
organization, management and maintenance is a major issue in
WMNs. Self-X has been recognized as a key feature to address
and overcome this complexity problem. Despite the demand on
evaluating WMNs in terms of Self-X capabilities, we did not
find in literature any evaluation model that can be applied on
WMNs. In this paper, we propose a novel model to evaluate
the Self-X capabilities of WMNs. In our model, we develop three
“performance functions” which include major system properties:
autonomy, availability, and Quality of Service (QoS) in general. In
addition, we define “acceptance criteria” for those “performance
functions” which are necessary to show if the WMN performs
acceptably well. The proof of concept shows more practically that
combining performance functions and acceptance criteria enable
evaluating a WMN concerning Self-X capabilities.

I. I NTRODUCTION
Wireless network infrastructures such as Wireless Mesh
Networks (WMNs) are increasingly applied for various applications. Compared to conventional wired network infrastructures, WMNs offer several advantages, among others: scalability, flexibility and cost efficiency [1]. Thus, mesh technology is
used to form flexible network infrastructures based on various
and even heterogeneous wireless network technologies. The
drawback of this development is the increasing complexity
of the used network infrastructures in terms of configuration,
organization, management and maintenance.
Self-X has been recognized as a key feature to address and
overcome this complexity problem. With respect to Self-X,
several aspects of WMNs which caused the complexity problem can be operated automatically and without human intervention. Thus, with the help of Self-X capabilities complexity
of the WMNs will be reduced in a transparent way for the
operator and the user.
In several publications, definitions for Self-X capabilities (such as self-organization, self-configuration, selfmanagement, ...) have been introduced [2], [3], [4], [5], [6].
Regrettably, the given definitions are not applicable to evaluate
any system in general or WMNs in particular. Therefore, we
introduce a novel evaluation model for Self-X capabilities in
WMNs in this paper. In the contrary to existent definitions, we
provide detailed specifications on each parameter necessary to
afford the evaluation of WMNs concerning Self-X capabilities.

The remainder of the paper is organized as follows: section
II introduces the related work. Section III presents a system
architecture we use for WMNs. In section IV, we define the
terminology we use for our evaluation model which will be
proposed in section V. A proof of concept for our proposed
evaluation model is given in section VI. Finally, we conclude
our work in section VII.
II. R ELATED W ORK
Research on adaptive systems and subsequently on systems
with Self-X properties has been done since the 1960s. Zadeh
[2] gave a first definition on adaptivity in 1963. In his
definition, he pointed out that “all systems are adaptive and
the question is what they are adaptive to and what extent”.
Furthermore, he assumed that a primary characteristic of an
adaptive system is its ability to “perform acceptably well”. His
assumptions include the existence of “performance function”
and “criterion of acceptability” to find out if the performance
of a system is acceptable. Unfortunately, further specifications
are not provided. Another mathematical definition on selforganizing systems was proposed by Lendaris [3] in 1964.
Therefore, he defined the term system and differentiated
between different input types of the system, namely regular
inputs and control inputs. He pointed out, that only systems
without control inputs are self-organizing. Due to the abstract
and very general character of the definition, it is difficult to
use this definition to evaluate a concrete system in general.
In recent years, some novel definitions on Self-X capabilities were proposed. Berns and Ghosh [5] introduced definitions
for several Self-X capabilities (in their work referred as
Self-*) on basis of a generic template. Furthermore, they
investigated the relationship among some Self-X properties.
Another definition of self-managing and self-organizing systems was proposed by Mühl et al. [6] on basis of Zadehs and
Lendaris work. In addition to the proposed definition, they
also introduced a system classification. Unfortunately (as well
as in Zadehs work), aspects which are necessary to evaluate a
concrete system are not specified in sufficient detail.
To the best of our knowledge, we did not find out any
definition for Self-X in WMNs. Additionally, none of the given
definitions is appropriate to evaluate a system in general an
especially WMNs. Therefore, we propose a novel evaluation
model to evaluate the Self-X capabilities of WMNs.

III. S YSTEM A RCHITECTURE

Figure 1.

General architecture of wireless mesh networks

Several network technologies such as WLAN (IEEE
802.11), WPAN (IEEE 802.15), WiMAX (IEEE 802.16), and
UMTS-LTE support mesh functionality in their networking
concepts. Moreover, the wide spread of mesh technology
enables using heterogeneous WMNs in several use cases,
such as mesh networking between WLAN and UMTS nodes
to increase the service availability range. In that respect, in
this section we describe the functionalities of WMNs by
using four main logical units and combinations thereof: (1)
Relay/Router Station (RS), which establishes peer links with
RS neighbours; (2) Mobile Station (MS), which is connected
via BS to the network; (3) Base Station (BS), which connects
MSs to the network; (4) Gateway Station (GS), which acts as
interface between two different communication technologies,
e. g. between wireless and wired network. Consequently, the
following components can be addressed in each mesh technology, as shown in fig. 1: (1) Mesh MS (MMS): MS+RS
(Mesh client); (2) Mesh BS (MBS): BS+RS; (3) Mesh GS
(MGS): GS+RS; (4) Mesh RS (MRS): RS (Mesh router).
These components have different names in different network
technologies, e. g. IEEE 802.11s (mesh WLAN) [7] defines
the components Mesh Point, Mesh Access Point and Mesh
Portal Point. However, in this paper we concentrate on a pure
mesh networking in which only the functionality of MRSs will
be considered, independent of the heterogeneity of WMNs.
Therefore, we use in the following sections the generic term
mesh node (MN), regardless if the node is a MMS, MBS,
MGS or MRS.
IV. T ERMINOLOGY AND D EFINITIONS
For a better understanding of the presented evaluation
model for WMNs, the basic terminology and definitions are
introduced in this section.
A. Adaptive System
Our system definition extends the definitions introduced in
[2], [3], and [6].
Definition 1 (System): A system S is a tuple S =
(I, O, B) with input interface I, output interface O, and
behaviour B.
As shown in fig. 2, the input interface defines the external
input of the system. An input function i(t) : T → dom(I)

is a time-dependent vector-valued function, where dom(I) is
the range of values of I. In practice I consists of regular
inputs (environmental changes and disturbances) and control
inputs (input from an external controller or human). Let R be
the set of all regular inputs and Cext the set of all external
system control inputs. So I = R ∪ Cext . Furthermore there
are additional internal system controls Cint . So the set of all
system controls C = Cext ∪ Cint .
Definition 2 (Adaptive System): A system S = (I, O, B)
is adaptive with respect to a set I ⊆ I, a performance
function p, and an acceptance criterion W if and only if
∀(i ∈ I) : o = B(i) ⇒ p(i, o) ∈ W.
The performance function p evaluates the performance of
the system. The acceptance criterion W checks whether the
exhibited performance is acceptable. In [2] and [6], p and
W are not further specified. However, the given (informal)
requirement is that the system “performs acceptably well” [2].
To evaluate a system in general and a WMN in particular it
is necessary to define what “performs acceptably well” means.
Thus, the performance function p and acceptance criterion W
have to be specified. Therefore, in this paper we concretize
the specification of Self-X in WMNs.

Figure 2.

WMN System Model

B. Wireless Mesh Network
To represent a WMN at a specific point of time, we use a
time-dependent, connected graph G(t) = (V (t), E(t)) for our
evaluation model. Furthermore, a directed graph can be used
to describe WMNs, especially due to the asymmetric character
of wireless communication links. However, to simplify the
consideration of Self-X in our model, we use an undirected
graph representation. Graph G(t) consists of the set of all MNs
mi (t) referred to as vertices V (t) and the set of all active one
hop connections between the MNs mi (t) referred to as edges
E(t). Let M be the set of vertex indices and N the set of
natural numbers:
V (t) = {mi (t) | i ∈ M}
E(t) = {ei,j (t)} with

(1)

ei,j (t) = {mi (t), mj (t) | i, j ∈ M, i 6= j,
A MN mi (t) may have more than one communication interface. Therefore, we define the set of all communication
interfaces of mi (t) as R(mi (t)) = {ri,a (t) | i ∈ M, a ∈
N}. Thus, the set of edges of G(t) can also be defined
as E(t) = {ei,j (t) | i, j ∈ M, i 6= j} with ei,j (t) =
{ri,a (t), rj,b (t) | i, j ∈ M, i 6= j, a, b ∈ N}. However, for
purpose of simplification we do not use communication interfaces within our model. As already mentioned, we assume that
G(t) is connected. Consequently, there exists at least one path

z(mu (t), ..., mv (t)), mu (t), mv (t) ∈ V (t), u, v ∈ M, u 6= v
between mu (t) and mv (t) for every pair of distinct vertices.
Time dependency is required because of possible failures
within the WMN (e. g. a MN, a communication interface
or a communication link may fail). Failures may occur due
to several circumstances such as hardware errors, insufficient
energy, interferences, and so on. In consequence of the time
dependency of G(t), we additionally introduce a set of possible alternative graphs SA = {GA (t)}. An alternative graph
GA (t) is a connected graph that exists at another point of time
than G(t). Based on V (t) of G(t), an alternative graph GA (t)
introduces the possibility into our model that one or more MNs
or communication interfaces fail. Thus, an alternative Graph
GA (t) consists of a set of vertices VA (t) = V (t)\VF (t), where
VF (t) is the set of failing MNs of G(t), VF (t) ⊆ V (t) and
VA (t) ⊆ V (t). The definition for the set of communication
interfaces RA (mk (t)), mk ∈ VA (t), k ∈ M of GA (t) is
analogue to the definition of R(mi (t)) of G(t). Additionally,
every alternative graph is based on the set of edges of G(t),
but we include the possibility into our model that one or
more edges fail (due to failures of communication interfaces
or MNs, failures of edges e.g. interferences are modelled as
failures of MNs or communication interfaces) and that one
or more edges can be added. An example where adding a
new edge to the existing set of edges of G(t) is necessary,
is the extension of the range of a communication interface
which allows the set up of a new communication link (e.g.
by increasing the transmission power of the communication
interface). Thus, an alternative Graph GA (t) consists of a
subset EA (t) of an extended set of edges E ∗ of graph G(t).
For the extended set of edges E ∗ we assume that every MN
mi , mj ∈ V has a direct connection c(mi , mj ) where i 6= j.
Thus, G∗ = (V, E ∗ ) is the complete graph referred to G(t).
This definition implies that an alternative Graph GA (t) is a
connected subgraph of the complete graph G∗ . The definitions
of EA (t) and E ∗ imply that a subgraph with EA (t)∩E(t) = ∅
may occur.
GA (t) = (VA (t), EA (t))
VA (t) = V (t)\VF (t), VA (t) ⊆ V (t), VF (t) ⊆ V (t)
EA (t) ⊆ E ∗

(2)

E ∗ = {{mi , mj } : mi , mj ∈ V, i 6= j; i, j ∈ M}
The set SA = {GA (t)} is the subset of all connected
subgraphs of G∗ . Due to the fact that not every possible
set of edges EA (t) ⊆ E ∗ can be set up in practice (due to
constraints like transmission power, line of sight, heterogeneity
of used communication technologies and frequencies, and so
on) the set SA of the possible alternative graphs GA (t) can
be relatively small.

A. Performance Function
With respect to [2], we define our performance function p
for Self-X evaluation of WMNs as a vector with real-valued
components. We include three main aspects as evaluation
parameters into our performance function p:
(1) autonomy
(2) availability
(3) QoS
The named aspects can be considered as direct consequence
of the Self-X capabilities of the system. A high grade of
autonomy, the maximization of availability of the WMN (and
MNs respectively) and the improvement of QoS (latency, jitter,
bandwidth, packet loss) within the network are the main goals
which should be achieved by applying Self-X in a WMN.
Therefore, these aspects are essential indicators for the Self-X
capabilities within WMNs. Thus, the performance function p
in our model is compound of α for autonomy, β for availability
and γ for QoS.
1) Autonomy: MNs within WMNs can act autonomously
related to various aspects, e. g. acting without the intervention
of humans [8], having no central control system and / or having
a self-sufficient power supply. In general, “autonomy is the
ability to function as an independent unit or element over
an extended period of time, performing a variety of actions
necessary to achieve pre-designated objectives while responding to stimuli produced by integrally contained sensors” [9].
In other definitions, additional aspects related to autonomy
are highlighted, among others: “... a central controller for
directing and coordinating individual elements is absent” [10]
and “autonomy is the capability to act without the help of an
outside source, particularly a human” [11].
We consider autonomy in a similar way. Although we
take power supply in terms of autonomy into account, we
do not integrate this aspect in our model because there is
no direct relation to the Self-X capabilities of the WMN in
sense of communication. Thus, we propose a performance
function α to evaluate autonomy on basis of system controls
C of the WMN. Referred to the predefined terminology, we
differentiate between external control input cext (t) and internal
system controls cint (t) as shown in equation (3). The functions
cext (t) and cint (t) are defined analogue to i(t).
(
cext (t) from external controller or human
i(t) =
(3)
r(t)
otherwise (data input)
cint (t) = internal control input
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According to the external and internal controls of the WMN,
we defined the performance function α to evaluate autonomy:
(
|Cint |
if |C| > 0
|C|
(4)
α(G(t)) =
1
otherwise

To enable the possibility to evaluate WMNs on basis of the
shown definitions, we specify the performance function p and
the acceptance criterion W in further detail.

Obviously, 0 ≤ α ≤ 1. The higher α, the higher is the grade
of autonomy within the WMN. If α = 1, complete autonomy
of the WMN is indicated.

2) Availability: Availability is the property of a WMN to
ensure continuous operation. To achieve this goal, the major
concern is to ensure connectivity between the MNs within
the WMN, despite possible failures. In other words: if a
MN, a communication interface or a communication link of
a WMN fails, the rest of the network should stay connected
or should build up new connections to ensure the connectivity
and therefore the availability of every remaining MN within
the network. We consider availability as directly dependent on
connectivity within a WMN. Therefore, our performance function β (representing the availability of the WMN) describes the
ability of the WMN to ensure connectivity. This means, even if
a subset of MNs VF (t) ⊆ V (t) fails, the generated alternative
graph Gv (t) is connected.
In that respect, the connectivity evaluation of a WMN
must consider the network topology robustness as well as
the network configuration capabilities. Firstly, the robustness
of a network topology G(t) can be determined through the
minimum degree (or valency) δ(G(t)). If a subset of MNs
VF (t) ⊆ V (t) fails and |VF (t)| ≤ δ(G(t)), the generated
alternative graph GA (t) remains connected. Secondly, the
capabilities of network configuration determine the network
ability to keep the connectivity, especially when this connectivity cannot be ensured by only the network topology, such
as when |VF (t)| > δ(G(t)), GA (t). Due to the extended set
of edges EA (t) ⊆ E ∗ of GA (t) it is still possible that new
alternative connections for GA (t) will be set up after failures
in G(t). Usually, the network configuration capabilities enable
0
0
using SA ⊆ SA , where the subset SA describes all SA subgraphs that the network configurations and equipements
allow. Accordingly, the performance function β(G(t)) can be
defined as:
(
1
if (|VF (t)| < δ(G(t)))
(5)
β(G(t)) = |S 0 |
A
otherwise
|SA |
3) Quality of Service (QoS): From QoS perspective, SelfX capability of a connected WMN can only be determined
in accordance with QoS requirements defined by the WMN
operator. These requirements can be used as thresholds for
QoS parameters (latency, jitter, packet loss and bandwidth)
in relation with applications and services being operated
over the related WMN. The QoS level can be determined
in accordance to the rule: “the lower the value of latency,
jitter and packet loss, and the higher the bandwidth of a
wireless link, the better the QoS of that link”. Thus, the QoS
parameters latency l, jitter j, packet loss p and bandwidth b,
expressed as Q = (l, j, p, b), must not exceed the thresholds
of QO = (lmax , jmax , pmax , bmin ) specified by the WMN
operator, for at least one path z(mu (t), ..., mv (t)) in G(t)
for every pair of distinct vertices. Accordingly, we define the
following factor for simplifying QoS evaluation for path z:


θl (z(mu (t), ..., mv (t)))
θj (z(mu (t), ..., mv (t)))

Θ(z(mu (t), ..., mv (t))) = 
θp (z(mu (t), ..., mv (t))) (6)
θb (z(mu (t), ..., mv (t)))

where:
l(z(mu (t), ..., mv (t)))
lmax
j(z(mu (t), ..., mv (t)))
θj (z(mu (t), ..., mv (t))) = 1 −
jmax
(7)
p(z(mu (t), ..., mv (t)))
θp (z(mu (t), ..., mv (t))) = 1 −
pmax
bmin
θb (z(mu (t), ..., mv (t))) = 1 −
b(z(mu (t), ..., mv (t)))
θl (z(mu (t), ..., mv (t))) = 1 −

and the required QoS parameters defined by network operator
must not be equal to zero. These QoS factors enable the
quantified performance evaluation of selected paths, where
each path satisfies QoS requirements of operator only when
0 ≤ θ ≤ 1 for all QoS parameters. In this case, the greater the
value of θ in G(t) for all used paths, the greater the Self-X
capability of the related WMN.
To simplify the comparison between paths satisfying QoS
requirements but having different QoS characteristics, and
to make sure that the same path is considered for the
four QoS parameters, we introduce a quantified path weight
g(z(mu (t), ..., mv (t))) defined as follows:
y = dim(Θ(z(mu (t), ..., mv (t))))
y
(8)
1X
θi (z(mu (t), ..., mv (t)))
g(z(mu (t), ..., mv (t))) =
y i=1
Based on that, we define the QoS related performance function
γ(G(t)) for the whole graph G(t) as follows:


γl (G(t))
γj (G(t))

(9)
Γ(G(t)) = 
γp (G(t)) = Θ(z(mu (t), ..., mv (t)))
γb (G(t))
Where there is at least one path between every pair of distinct
vertices mu (t), mv (t) ∈ V (t) with:
g(z(mu (t), ..., mv (t))) = min{g(z(mu (t), ..., mv (t)))}
(10)
B. Acceptance Criteria
The acceptance criterion W is introduced in [2] by the
relation p ∈ W. In that respect we discuss the acceptance
criterion W from the network operator point of view, where
the network operator’s requirements form the basis for determining the thresholds for the defined performance functions:
autonomy (α) and availability (β), as described in equation
(11). For QoS (Γ) the minimum thresholds are 0 according to
the operator specified QO , the maximum values are 1.

 

αthr (G(t))
αmin
Woperator (G(t)) =
=
(11)
βthr (G(t))
βmin
Accordingly, we recognize the Self-X capability of a WMN,
when values investigated for performance functions in related
WMN are changing in certain range during the examined
time. This value range is determined based on the performance
requirements provided by network operator.

Table I
E VALUATION RESULTS FOR THE EXAMPLE WMN
performance
α
β
γl
γj
γp
γb
Figure 3. WMN Setup; a) WMN before failure, b) WMNa after failure (cases
1 and 2), c) WMNa after failure (case 3)

VI. P ROOF OF C ONCEPT
We define the network G(t) as shown in fig. 3a) and assume
the following settings: Every MN has a single communication
interface. All communication links are set up, active, based
on IEEE 802.11 and have QoS capabilities as specified in fig.
3. We apply VoIP (ITU-T G.711) as test application in our
WMN including the following assumptions: 64 kbit/s bit rate,
30 ms frame size which leads to an IP-payload of 280 byte
(G.711: 240 byte + IP: 20 byte + RTP: 12 byte + UDP: 8 byte).
Thus there is 74 kbit/s IP-Traffic. In addition, we specify
the possibility to make five simultaneous VoIP calls between
m1 and m5 which leads to a threshold for bandwidth of
10 ∗ 74 kbit/s = 740 kbit/s. The maximum thresholds for the
other QoS parameters are derived using G.711 requirements
as well. Thus QO = (150 ms, 60 ms, 1 %, 0, 74 M bit/s).
Furthermore, we specify that αmin = 0.5 and βmin = 0.3.
After WMN G(t) is set up, a failure occurs at m3 at a certain
time t. Thus, the network topology and the QoS capabilities
of the network change (including several actions/inputs within
the network). We consider and evaluate three possible cases
for the resulting WMN (Ga (t)) after the failure of m3 . All
cases have a routing table update for every MN in common:
1) The MNs m2 and m4 of the WMN increase their transmission power automatically and establish an alternative
communication link between m2 and m4 . The resulting
WMN is shown in fig. 3b).
2) The MNs m2 and m4 of the WMN increase their transmission power according to control input by humans or
an external controller. The resulting WMN is the same
as in case 1.
3) The MNs have not the ability to increase their transmission power. Thus, no alternative links can be set up. The
resulting WMN is split as shown in fig. 3c).
We apply our evaluation model on proposed cases, where
all performance functions are calculated according to the
equations in section V. The results (table I) allow the following
conclusions:
1) Autonomy: In case 1 and 3 the WMN reacts completely
autonomous (shown by α = 1) whereas in case 2
human intervention occurs (shown by 0 < α ≤ 1). For
calculating α, each action/input was taken into account.
More specific, we counted the increasing of transmission
power per MN, the connection setup per pair of MNs
and the routing table update per MN.

G(t)
1.00
1.00
0.93
0.33
0.50
0.96

Ga (t) case1
1.00
0.33
0.91
0.08
0.10
0.88

Ga (t) case2
0.75
0.33
0.91
0.08
0.10
0.88

Ga (t) case3
1.00
0.00
-

2) Availability: Despite the failure of m3 the rest of the
network remains connected in case 1 and 2. In case 3 the
network is split. For calculating β, we considered |SA |=3
and |SA 0 |=1, where network configurations enable only
the connection {m2, m4} in case 1 and 2.
3) QoS: The cases 1 and 2 show that QoS in Ga (t) is
slightly deceased compared to G(t) due to the used
backup link. In case 3, no services are available. The
network is split.
The results show that the WMN in case 1 has higher Self-X
capabilities than in case 2, while WMN in case 3 is not Self-X
capable.
VII. C ONCLUSION
In this paper we introduced a novel evaluation model for
Self-X in WMNs. Other than known definitions for Self-X,
our evaluation model includes specifications for performance
functions and acceptance criteria to evaluate autonomy, availability and QoS (latency, jitter, packet loss and bandwidth) of
a WMN. In that respect our proof of concept has shown more
practically that combining performance functions and acceptance criteria enables the evaluation of a WMN concerning
Self-X capabilities.
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