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Abstract — A model is described and implemented, with the purpose of representing non-equity collaboration dynamics among 
small and medium enterprises (SMEs). In the real world these links are stable, but not strong. In this context the strong links are 
joint-ventures and participation exchanges, while non-equity collaboration (as a consortium) are stable, but leaving each enterprise 
as an autonomous entity. In particular, the governance of SMEs remains independent, but in the long term we observe a co-
evolution of strategies among the enterprises which take part in the collaborative network. These activities could be the basis for a 
network formation and/or impact the topology of an existing network. In this work an agent based model is introduced, aiming to 
explore the dynamics behind network formation among SMEs. 
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I. INTRODUCTION 

The features of Socio-Economical environment in which 
the enterprise acts considerably affect its productive choices, 
the decisional models, internal organization and the relations 
with other enterprises.  The key point of every Economical 
activity should be an aptitude to second and favour market 
changes. 

Today, enterprises operate in dynamic markets where 
acquisition problems of productive factors constantly change 
along with the new technologies, customers’ needs, peculiar 
features of demand in different sectors,  internal situation of 
the enterprise (financial, economical and organizational), 
social conditions of the country, and so on. 

Concentration is the typical phenomenon of present 
industrial society; the enterprises try to reach a more 
profitable dimension of their structures. Technical progress, 
media and transport improvement favour markets 
enlargement and increase general demand: this, in turn, is 
reflected by an increase of production and a search for the 
optimal size of competitors. 

The goal is to create scale economies by subdividing the 
fixed production costs onto an ever increasing quantity of 
products, but also to gain advantages in purchases, 
integration of productive processes, production 
diversification, research of funding, creation of distribution 
process, limitation of competition. Not always, though, 
collaboration brings an effective improvement in 
Economical and Financial areas: by increasing enterprise 
dimensions, scale diseconomies could occur, like 
organizational inefficiencies, bureaucracy, managerial limits, 
overproduction and so on. This makes it necessary to modify 
the enterprise structure, by reducing or restructuring it, in 
order to make it economical. 

Other elements that further accelerated this process, also 
in the sectors of services and commerce, are: the tendency 

towards a standardization in consumptions for industrialized 
countries, the incredible development of Information 
Technologies, the introduction of Euro currency. The 
mentioned sectors, during the past decades suffered less from 
the competition of multinational operators. 

The small and medium enterprises (SMEs), that didn’t 
achieve a dimension which could have allowed them to 
effectively compete with the multinational groups, had to 
look for aggregation forms. In this way, they could achieve 
scale economies to face competition, while keeping a certain 
level of independency. The driving factors behind the 
creation of links among autonomous enterprises have been: 
the search for an ideal dimension to compete on national and 
international markets and the desire to keep the ownership of 
the enterprises. At the beginning these collaborations among 
enterprises were unstructured configurations, but they soon 
evolved towards more complex and regulated forms, like 
consortiums. 

The spreading of such collaboration forms, that were 
sometimes considered unfit for the scarce stability of links 
among the participants, didn’t  prevent the process of 
creation of entrepreneurship groups, formed by merger and 
acquisitions. This particularly happened in those sectors in 
which the opportunity of a strategic and operative centralized 
guidance, is higher. 

Many operations of concentration among enterprises 
have been favored by the fact that many of them belonged to 
the same consortium; they have been able to know each 
other and to make some of their processes homogeneous and 
to analyze possible complementarities and synergies.  

This kind of connections have been for the SMEs an 
effective way of successfully competing, while retaining a 
good degree of independence.. 

In order to empirically study how an enterprise network 
is formed among SMEs, an agent based model is used. Agent 
based simulation is an effective paradigm for studying 
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complex systems. It allows the creation of virtual societies, 
in which each agent can interact with others basing on 
certain rules. In this way, a social system can be observed as 
if it were a laboratory study, by repeating the experiments all 
the needed times, and changing just some parameters, by 
leaving all the others still (coeteris paribus analysis), 
something that would be impossible in the real system. The 
agents are basic entities, endowed with the capacity of 
performing certain actions, and with certain variables 
defining their state. In the model presented here, the agents 
are reactive, meaning that they simply react to the stimuli 
coming from the environment and from other agents, without 
cognitively elaborating their own strategies. An agent based 
model consists of a multitude of software agents (both 
homogeneous or heterogeneous), each type being endowed 
with particular local properties and rules, put together within 
an environment, formally described as a set of parameters 
and rules. When the model is formally built and 
implemented, emergent results can be observed, thus 
inferring cause-effect relations by simulating different core 
scenarios. 

In the present work, social network theory is briefly 
analyzed. Then, the comprehensive agent based model used 
is formally introduced, and it is discussed how it can be 
employed to study how a network among enterprises arises, 
when the firms individually do not feature a size allowing 
them to compete with the biggest companies. Some 
empirical results coming from the model are given and the 
future work in this direction is discussed.   

II. SOCIAL NETWORKS 

A social network is a social structure made of nodes 
(which are generally individuals or organizations) that are 
tied by one or more specific types of interdependency, such 
as values, visions, ideas, financial exchange, friendship. 
Social network analysis views social relationships in terms of 
nodes and ties. Nodes are the individual actors within the 
networks, and ties are the relationships between the actors. 
These concepts are often displayed in a social network 
diagram, where nodes are the points and ties are the lines. 

The idea of drawing a picture (called a “sociogram”) of 
who is connected to whom for a specific set of people is 
credited to. Moreno 33, an early social psychologist who 
envisioned mapping the entire population of New York City. 
Cultural anthropologists independently invented the notion 
of social networks to provide a new way to think about social 
structure and the concepts of role and position 38, an 
approach that culminated in rigorous algebraic treatments of 
kinship systems 34. At the same time, in mathematics, the 
nascent field of graph theory 27 began to grow rapidly, 
providing the underpinnings for the analytical techniques of 
modern social network analysis. The strategic network 
perspective avers that the embeddedness of enterprises in 
networks of external relationships with other organizations 
holds significant implications for enterprise performance 
25. 

Specifically, since resources and capabilities such as 
access to diverse knowledge 9, pooled resources and 

cooperation 48, are often acquired through networks of 
inter-firm ties, and since access to such resources and 
capabilities influences enterprise performance 45, it is 
important from a strategy perspective to examine the effect 
of network structure on enterprise performance 23. 
Relationships between enterprises and their partners affect 
enterprises’ alliance-building, behaviour and performance 1 
39. There is evidence that enterprises’ network positions 
have an impact on their survival 4, innovativeness 1, 
market share and financial returns 41. However, evidence 
remains mixed on which particular patterns of inter-
organizational relationships are advantageous for enterprises. 
One of the key ideas currently dominating the literature is 
Burt’s 8 open network perspective, according to which an 
enterprise can obtain important performance advantages 
when exploiting relationships to partners that do not maintain 
direct ties among one another. The absence of direct ties 
among a firm’s partners (the presence of structural holes) 
indicates that these partners are located in different parts of 
an industry network, that they are connected to 
heterogeneous sources of information, and that their 
invitations to jointly exploit business prospects present the 
focal enterprise with access to diverse deal-making 
opportunities 32. Several studies have shown that 
enterprises improve their performance as a result of 
maintaining relationships, whereas other studies have shown 
negative performance effects of firms’ maintaining positions 
in open networks 15. 

The evidence reviewed shows that network 
configurations are dynamic and principally guided by the 
choices of partners and their network management 
capabilities and are beyond the direct influence of policy 
intervention. The evidence suggests that network 
infrastructures can have an indirect positive or negative 
impact on network configurations and can consequently 
encourage or hinder the development of certain forms of 
network relationships. 

A. Connections and link formations 

The tie formation represents the type of relationship 
among the actors thanks to the connection existence and the 
typology of the link, a small group of actors become a 
network. Many analysts adopt a “relational “or “social 
cohesion” approach that focuses on the direct and indirect 
connections among actors. There are two kind of approach 
that describe how the actors decide to start and develop the 
connection with other actors. First approach explains certain 
behaviors or processes through the fact of social connectivity 
itself, as well as through the density, strength, symmetry, 
rage, and so on, of the ties that bind firms’ relationships may 
be symbiotic, the resources accessed and status obtained 
through one tie making ties with other firms possible and/or 
valuable 39 45. Partnering decisions are also influenced 
by strategic considerations such as the ability to play one 
partner off against another 9 43 48, the desire to create 
an appropriate mix of new and old ties 28 7, or the need 
to maintain a manageable alliance portfolio size 30 and 
composition 17.  
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Another important line of network research employing 
relational analysis concerns itself with process of recruitment 
to social movements. Its point of departure is a study 44 
that suggest how individuals with pre-existing with other 
actors are more likely to be contacted and recruited than 
individuals without such ties are; individual with few or 
weak ties to alternative networks are more likely to respond 
favourably to these recruitment efforts compared with 
individuals with strong commitments to countervailing 
network.. 

Within networks, the evolving pattern of relationships – 
the network structure – shapes opportunities and constraints. 
Adopting Burt’s definitions 10, the pattern of network ties 
surrounding social actors is a “causal spark” that can 
promote or hinder action. Networks take shape as actors 
enter into collaborative relations based on information about 
the quality, trustworthiness and status of potential partners 
obtained through experiences in their own and their partners’ 
past relationships.  

Partner selection research examines mechanisms of 
relationship formation and thus provides knowledge of how 
network structures emerge and change. In this context, firms 
treats partner selection as a risk-uncertainty problem. 
Specifically, firms’ decision makers are conceived to follow 
a logic of reducing uncertainty and risk in their exchanges by 
engaging past partners in repeated ties and forming new ties 
with partners’ partners based on referrals 37 26, rather 
than seeking riskier and more uncertain non-local ties 
beyond these bounds 5 29. As a result of this preference 
for ties with past partners and their partners, firms’ ties tend 
to congeal into dense, stable, and constraining local clusters 
47 24. Thus, partner selection research tends to 
emphasize inertia in partner choice and network stabilizing 
mechanisms 12 29. 

Relatively partner selection several researches emphasize 
myopic partnering and network inertia 38 12 21. 
However, decision makers do not inevitably reproduce their 
past relationships 2 36. As a result of its focus on the risk 
and uncertainty reduction partnering logic, partner selection 
research supplies few insights into the forces driving partner 
and network change. Baum et al. 6 attempted to generalize 
the risk-avoidance model of partner selection by adopting the 
performance feedback model from organizational learning to 
specify conditions under which risk-taking is more or less 
likely to occur, and thus the conditions under which firms’ 
decision makers would select new partners and change their 
network. 

Consistent with learning theory predictions, the risk and 
uncertainty avoidance pattern of partnering with past 
partners and their partners was more likely when firm 
reached its performance aspirations, but more likely to select 
partners with which it had no prior direct or indirect contact 
when performance fell below aspirations, or greatly 
exceeded them. 

Study of tie dissolution is needed to augment models of 
network dynamics, as the implications of partnering patterns 
will remain clear until termination patterns are better 
understood 42. 

B. Local links and clusters 

Local link formation implies that new partners are found 
through an actors’ existing network and that the new partners 
is already known to other partners “in the neighborhood”. 
The overall network structure resulting from local link 
formation is a network composed of dense “cliques” of 
actors, which indicates that they are highly connected to each 
other. Having a more central and autonomous structural 
position in a network provides firms with access to 
resources, learning opportunities and reduces uncertainty. 
Regarding the formation of new linkages Gulati 22 finds 
that the process of new tie creation is heavily embedded in 
an actors’ existing network: this means that new ties are 
often formed with prior partners or with partners of prior 
partners, indicating network growth to be a “ local” process, 
where strategic collaboration are path dependant 34. 
Particularly when considering inter-firm alliances, new link 
formation is considered “risky business” and actors prefer 
alliances that are embedded in a dense clique were norms are 
more likely to be enforceable and opportunistic behaviour to 
be punished 22 39 20 3. 

However, distant link formation implies that new 
linkages are created with partners whom are not known to 
the existing partners of an actor. In the social sciences, 
Grannovetter 19 was the first to differentiate between local 
ties in dense cliques (strong ties) and distant ties that bridge 
these cliques (weak ties). More precisely, the author argue 
that distant linkages “serve as crucial functions in linking 
otherwise unconnected segment of the network” 18. At the 
level of the firm, Burt 9 shows that distant linkages that 
serve as bridges between dense local cliques of firms, can 
provide access to new source of information and favourable 
strategic negotiations positions (“structural holes”), which 
improves the firms” position in the network and industry. 

 

C. Strenght of weak ties 

“The strength of weak ties,” is the title of a 1973 article 
by Granovetter 18: weak ties as a concept describes the 
nature of a relationship between nodes in terms of the 
consequences for an entire network. Hence “weak ties” 
serves as a bridge between concepts that describe 
relationships and those that describe entire networks. Perhaps 
the most authoritative statement of the idea is Granovetter’s 
1982 reprise 19. “…Our acquaintances (“weak ties”) are 
less likely to be socially involved with one another than are 
our close friends (“strong ties”). Thus the set of people make 
up on any individual and his acquaintances will constitute a 
low-density network (one in which many of the possible ties 
are absent), whereas the set consisting of the same individual 
and his close friends will be densely knit. Ego will have a 
collection of close friends, most of whom are in touch with 
one another – a dense “clump” of social structure. Ego will 
[also] have a collection of acquaintances, few of whom know 
one another. Each of these acquaintances, however, is likely 
to have close friends in his or her own right and therefore to 
be enmeshed in a closely knit clump of social structure, but 
one different from Ego’s…”. 
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Weak ties have two characteristics: 
weak ties facilitate the flow of information from 

otherwise distant parts of a network; 
weak ties help to integrate social systems. 
We will analyze each details. 
1)Weak ties facilitate the flow of information from 

otherwise distant parts of a network: individuals with few 
weak ties will be deprived of information from distant parts 
of the social system and will be confined to the provincial 
news and views of their close friends. 

2) Weak ties help to integrate social systems: social 
systems lacking in weak ties will be fragmented and 
incoherent. New ideas will spread slowly, scientific 
endeavours will be limited and subgroups that are separated 
by race, ethnicity, geography or other characteristics will 
have difficulty reaching a modus vivendi 19.  

The importance of weak ties is asserted to be that. This 
ties are disproportionately likely to be bridges as compared 
to strong ties, which should be underrepresented in that role. 
This does not preclude the possibility that most weak ties 
have no such function. It must be the case that (1) something 
flows through these bridges – they actually serve as conduits 
bearing information and influence to groups they otherwise 
would not get, and (2) whatever it is that flows actually plays 
some important role in the network. A flow can occur only 
under some circumstances. Passing along information or 
exercising influence should not be too costly to the weak tie 
that constitutes the bridge, otherwise, strong ties that are 
willing to bear the cost will be more effective in making the 
bridge.  

Granovetter’s 18 20 influential “strength of weak ties” 
thesis maintains that weak ties are often more important in 
spreading information or resource because they tend to serve 
as bridges between otherwise disconnected social group; 
strong ties lead to less efficient transmission processes 
because a large number of actors in the strong tie network 
also know each other, as well as knowing the focal actor. 

To clarify the relevance of tie strength it will be useful to 
consider two dimension social relationships: information and 
influence. Collaboration thus requires, first and foremost, 
that corporate actors have access to information. Consistent 
with the “strength-of weak ties’ thesis, both the transmission 
rate and availability of such disparate information will be 
higher for individuals relying on weak network ties rather 
than strong ties. 

 

D. From weak ties to clustering 

 
Within a social network, enterprises can generate clusters 

characterized by stronger ties 
Clustering is definable as the tendency of vertically 

and/or horizontally integrated firms in related lines of 
business to concentrate geographically, or, to a more general 
extent, virtually 11. 

Cluster policies are an example of pro-active industrial 
policy with shared responsibilities among actors; besides, the 
agglomeration of firms and their suppliers can confer 
competitive advantage to the enterprises involved. 

There are many social and economic reasons leading to 
clusters creation. The main economic drivers of cluster 
formation in particular industries include 14: 

proximity to markets. Despite low-cost international 
transportation, being near to markets can be important in 
cluster development (products that are not easy to transport, 
that require continuous interaction with customers).  

Supplies of specialised labour. The existence of 
specialised pools of labour, such as occur around many 
universities. 

Presence of input and equipment suppliers. A high 
frequency of exchanges between co-located capital goods 
producers and users. 

Availability of specific natural resources. 
Economies of scale in production. Such economies may 

allow only a small number of efficient-scale plants in a given 
market. 

Availability of infrastructure. Some types of 
infrastructure may also be quite specific, such as with certain 
transport or tourist facilities, further encouraging 
agglomeration. 

Low transaction costs. When firms and their suppliers 
operate near to each other, and the frequency of interaction is 
high, the costs of negotiation and contract enforcement may 
be reduced.  

As a consequence, there is an improvement of 
information access. This is straightforward: when many 
enterprise are integrated, than the information system is 
usually shared or, if individually managed, it allows an easier 
communication among them. Enterprises, when aggregated 
in clusters, can share, for example: product and market 
information, product design, marketing policies, training, 
recruitment services, human resources, skills, purchasing 
(lower prices for raw material and supplies), transportation 
and delivery (for geographical clusters), quality control, 
testing facilities, financing (credit guarantees at collective 
level), sponsorships 49. Many of the mentioned can be 
considered as “competences”. That’s why the model takes as 
its basic unit for link creation the generic “competence 
exchange” among two enterprises. Of course this is true 
during the external exploration phase, where an enterprise is 
looking for the best partner to create a new link, or to 
strengthen an existing one. Though, also the internal 
exploration is very important since it can allow an enterprise 
to develop a new competence, that will be used later on to be 
exchanged, thus constituting a new link with another firm 
31. 

The price-independent preferences of both the market 
and its participants are based on each ones perception of the 
other rather than the market simply being the sum of all its 
participants actions as is usually the case. So, the cluster 
effect is a usually cited example of emergence. 

 

III. NON EQUITY COLLABORATIONS: CONSORTIUM IN 

ITALIAN EXPERIENCE 

Before Non equity organizations  (consortiums in various 
juridical forms) are one of the most widely used ways for 
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setting up formalized collaborations among the enterprises 
that aim to share resources and results, with the goal of 
reaching economies of scale (both financial and related to 
knowledge). 

A consortium has the goal of creating value for the 
enterprises part of it, even when they also have external 
activities and create product and services not only for the 
other participants. 

The choice of formalizing collaborations derives from 
some basic choices and reasons; the opportunity of disposing 
of a structure which is co-participated by others, on which to 
converge financial resources, both immaterial and material 
ones, where these are significant. 

Another important element is the need of creating rules 
for controlling the contributions of associates, and the 
benefits to be divided among them, along with rights and 
modes for material and non material assets to be gained. 

When collaborative forms get more significant and 
pervasive for the value chain, the enterprises should count on 
clear and well defined rules, able to reinforce the trust 
towards the consortium and the associates. 

These fundamental aims are to keep into the highest 
consideration when managing consorted forms since, if they 
are perceived as not properly correspondent or protected by 
the consortium they could bring to situations of crisis, with 
consequences in terms of efficacy and efficiency or even 
with the risk of dissolution of the consortium itself 13. 

The advantages that enterprises, especially if small and 
medium dimensions, can derive from non equity forms of 
collaboration lie in the possibility of using the consorted 
form to share investments, higher external visibility and 
share and leverage reciprocal knowledge. 

When facing deep changes in the competitive scenarios, 
that require an higher innovation and internationalization to 
compete successfully, the more pro-active SMEs 46 search 
for collaborative forms that, though preserving as much as 
possible their independence, allow them to react to the 
challenges of the globalization. 

It is possible to observe that many investments made by 
consortiums among SMEs are mainly centered – particularly 
in recent years – on fields considered more risky, since 
characterized by an higher intangible content (e.g. research 
and development, promotion of collective brands, 
internationalization projects and so on). 

These investments are less easily accessible by individual 
SMEs, both for the high financial amount and for the higher 
difficulties in obtaining funds with the usual forms of getting 
into debts. The financial constrain often represents a non 
negligible problem for SMEs, when facing medium term 
investment programs, considered at high risk, for which it’s 
difficult to set “asset financing” operations. 

Besides in some countries, like Italy, non equity forms 
like consortiums can have some financial and fiscal 
facilitations. 

Being able to share operative and financial risks, by 
reaching a critical mass of investments, allowing the 
enterprises to pursue the creation of strategic intangible 
resources in their industries is a primary goal in formalized 
forms of cooperation, but in order to realize efficient 

programs it is necessary to have a common orientation to 
address resources and strengths towards goals with returns 
that are not necessarily in the short period, thus supporting 
the risk. 

Non equity forms also have among their primary goals 
that of realizing a politics of knowledge management, 
facilitating the bi-directional flows both between the 
consortium and its associates, and among the associates 
themselves. Consortiums also feature some points of 
weakness, that could invalidate their efficiency and the 
capability to evolve in line with the needs of the market in 
which they operate. 

An issue is that of the short term orientation. The links 
within a consortium are often weaker than equity ones, and 
this can bring to decisions oriented to the short term, in order 
to get a wider consensus and avoid the recess of the 
participants, thus scarifying longer term programs. 

In order to limit such problematic it’s advisable an 
accurate selection of the participants and, in order to keep 
common strategic orientations, the creation of statutory rules 
that punish opportunistic behaviors or situations of 
decisional stall. 

Another limit is the need of having a wide consensus 
among the associates to take decisions, with insufficient 
proxy for managerial organisms. This limit is embedded into 
many non equity organizations, since the convinced adhesion 
of a significant part of the associates is appropriate so that, 
also individually, they carried on what decided and designed 
for the whole consortium.  

If the associates perceive the consortium as a distant 
reality or merely prescriptive, they could slow down or 
compromise the realization of common strategies or worsen 
the image of the alliance, also abroad, as a strategic group. 

In order to conjugate a wide consensus and decisional 
rapidity the consortium should have clear and accepted rules, 
but it’s also necessary that an effective communication 
strategy is carried on for strategies and activities. 

Trust is an essential value for “hyperarchic” 
organizations 16, both towards the directional organisms 
and towards other participants to the consortium. This kind 
of trust regards various aspects, among which also the 
expectations about the life-span of the consortium itself, that 
shouldn’t be lower than the time needed to realize the set 
goals. 

A rule system that, even allowing flexibility and 
dynamism to the individual enterprises, could sanction 
opportunistic behaviors – that would harm the consortium – 
can contribute to keep an atmosphere of reciprocal trust. The 
enterprises accept to give sensible information, to delegate 
strategic functions of their value chain, if and only if the trust 
is not mined. 

A controversial topic about non equity links is about their 
capability of facilitating integrations among the associates, 
with the typical M&A dynamics. 

Belonging to the same consortium can actually facilitate 
the aggregation among the associates, to the extent of 
creating real clusters. The main reasons are: 

the higher knowledge created among the participants, 
compared to that towards external enterprises 
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a wider process uniformity among the consorted 
enterprises, that usually is realized with the adoption of 
common procedures, suppliers, technology and brands 

the interest of the whole consortium if favoring 
integration process among associates, in order to avoid the 
acquisition by other external enterprises 

The two initial motivations especially regard the 
reduction of informative asymmetries and the reduction of 
costs and risks of the integration process, that are among the 
most frequent causes of failure for M&A operations.  

Speaking about the interest of the consortium in keeping 
knowledge, market and financial resources within its 
structure, this strategy finds a counter altar in the opportunity 
of avoiding dimensional imbalance, that would affect the 
governance. 

The two opposed needs find realization in rules that, on 
the one side make easier such operations among the 
associates, when compared to those regarding external 
player. On the other side they avoid that the excessive 
contractual and corporative power of a consortium could 
lower the sense of belonging for those associates that are not 
the bigger ones. 

 

IV. THE AGENT BASED MODEL 

The model has been developed by prof. Marco Pironti 
and dr. Marco Remondino, at the e-Business L@B, 
University of Turin. It is built in pure Java, thus following 
the Object Oriented paradigm. This is particularly suitable 
for agent based modelling, since the individual agents can be 
seen as objects coming from a prototypal class, interacting 
among them basing on the internal rules (methods). While 
the reactive nature of the agents may seem a limitation, it’s 
indeed a way to keep track of the aggregate behaviour of a 
large number of entities acting in the same system at the 
same time. All the numerical parameters can be decided at 
the beginning of each simulation (e.g.: number of 
enterprises, and so on). 

Everything in the model is seen as an agent; thus we have 
three kinds of agents: Environment, Enterprises and 
Emissaries (E³). This is done since each of them, even the 
environment, is endowed with some actions to perform. 

 

A. Heat Metaphor 

In order to represent the advantage of an enterprise in 
owning different competences, the “heat” metaphor is 
introduced. In agent based models for Economics, the 
metaphor based approach 40 is an established way of 
representing real phenomena through computational and 
physical metaphors. In this case, a quantum of heat is 
assigned for each competence at each simulation turn. If the 
competence is internal (i.e.: developed by the enterprise) this 
value is higher. If the competence is external (i.e.: borrowed 
from another enterprise) this value is lower. This is realistic, 
since in the model we don’t have any form of variable cost 
for competencies, and thus an internal competence is 
rewarded more. Heat is thus a metaphor not only for the 
profit that an enterprise can derive from owning many 

competences, but also for the managing and synergic part 
(e.g.: economy of scale). Heat is also expendable in the 
process of creating new internal competences (internal 
exploration) and of looking for partner with whom to share 
them in exchange of external competences (external 
exploration). At each time-step, a part of the heat is scattered 
(this can be regarded as a set of costs for the enterprise). If 
the individual heat gets under a threshold, the enterprise 
ceases its activity and disappears from the environment. 

At an aggregate level, average environmental heat is a 
good and synthetic measure to monitor the state of the 
system. 

 
The environment is regarded as a meta-agent, representing 
the world in which the proper agents act. It’s considered an 
agent itself, since it can perform some actions on the others 
and on the heat. If features the following properties: a grid 

(X,Y), i.e.: a lattice in the form of a matrix, containing cells; 
a dispersion value, i.e.: a real number used to calculate the 
dissipated heat at each step; the heat threshold under which 

an enterprise ceases; a value defining the infrastructure level 
and quality; a threshold over which new enterprises are 

introduced; a function polling the average heat (of the whole 
grid). The environment affects the heat dispersion over the 
grid and, based on the parameter described above, allows 

new enterprises to join the world. 
 

B. Enterprises 

This is the most important and central type of agent in the 
model. Its behaviour is based on the reactive paradigm, i.e.: 
stimulus-reaction. The goal for these agents is that of 
surviving in the environment (i.e.: never go under the 
minimum allowed heat threshold). They are endowed with a 
heat level (energy) that will be consumed when performing 
actions. They feature a unique ID, a coordinate system (to 
track their position on the lattice), and a real number 
identifying the heat they own. The most important feature of 
the enterprise agent is a matrix identifying which 
competences (processes) it can dispose of. In the first row, 
each position of the vector identifies a specific competence, 
and is equal to 1, if disposed of, or to 0 if lacking. A second 
row is used to identify internal competences or outsourced 
ones (in that case, the ID of the lender is memorized). A third 
row is used to store a value to identify the owned 
competences developed after a phase of internal exploration, 
to distinguish them from those possessed from the beginning. 
Besides, an enterprise can be “settled”, or “not settled”, 
meaning that it joined the world, but is still looking for the 
best position on the territory through its emissary. The 
enterprise features a wired original behaviour: internally or 
externally explorative. This is the default behaviour, the one 
with which an enterprise is born, but it can be changed under 
certain circumstances. This means that an enterprise can be 
naturally oriented to internal explorative strategy (preferring 
to develop new processes internally), but can act the opposite 
way, if it considers it can be more convenient. While in the 
present model the agents are stochastic (with a different 
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probability distribution decided at the beginning of the 
simulation for the two agents’ classes), cognitive agents will 
be added shortly, using reinforcement learning techniques to 
optimize their behaviour and make it more realistic. 

Finally, the enterprise keeps track of its collaborators 
(i.e.: the list of enterprise with whom it is exchanging 
competencies and making synergies) and has a parameters 
defining the minimum number of competencies it expects to 
find, in order to form a joint. The main goal for each 
enterprise is that of acquiring competences, both through 
internal (e.g.: research and development) and external 
exploration (e.g.: forming new links with other enterprises). 
The enterprises are rewarded with heat based on the number 
of competences they possess (different, parameterized 
weights for internal or external ones), that is spread in the 
surrounding territory, thus slowly evaporating, and is used 
for internal and external exploration tasks.  

 

C. Emissaries 

These are agents that strictly belong to the enterprises, 
and are to be seen as probes able to move on the territory and 
detect information about it. They are used in two different 
situation: 1) if the enterprise is not settled yet (just appeared 
on the territory) it’s sent out to find the best place where to 
settle. 2) If the enterprise is already settled and chooses to 
explore externally, an emissary is sent out to find the best 
possible partners. In both cases, the emissary, that has a field 
of vision limited to the surrounding 8 cells, probes the 
territory for heat and moves following the hottest cells. 
When it finds an enterprise in a cell, it probes its 
competencies and compares them to those possessed by its 
chief enterprise verifying if these are a good complement 
(according to the parameter described in the previous 
section). In the first case, the enterprise is settled in a cell 
which is near the best enterprise found during the movement. 
In the second case, the enterprise asks the best found for 
collaboration). A link is created among two enterprises if at 
least one competence may be exchanged among them. Be 
CM(a) the competences missed by enterprise a, and CM(b) 
those missed by enterprise b, the exchanged number of 
competences will be the minimum between CM(a) and 
CM(b). The strength of the link among two enterprises will 
be proportional to the number of exchanged competences, 
and will vary during the simulation (e.g.: after enterprise a 
acquires a new competence that b is missing and vice versa). 
While moving, the emissary consumes a quantum of heat, 
that is directly dependant on the quality of infrastructures of 
the environment. 

 

D. Main Iterations 

The main iterations for the simulation model are 
described in this section. 

At step 0, a lattice is created (X, Y). A number n of 
enterprises are created, k of them internally explorative and 
n-k of them externally explorative. X, Y, n, and k are set by 
the user, before the simulation starts. 

At step 1, the environment checks if some enterprise 
reached the minimum heat threshold; if so, removes it from 
the world. After that, each enterprise, if idle (not doing 
anything) decides what behaviour to follow. 

At step 2, all the enterprises that selected to be EE move 
their emissary by one cell. All the IE ones work on the R&D 
cycle (one step at a time). 

At step 3, the EE enterprises check if the emissary 
finished its energy and, in that case, ask the best found 
enterprise for collaboration (they can receive a positive or 
negative reply, based on the needs of the other enterprise). 
The IE enterprises check if R&D process is finished and, in 
that case, get a competence in a random position (that can be 
already occupied by an owned competences, thus wasting the 
work done). 

At step 4, the environment scatters the heat according to 
its parameters. Loop from step 1. 

 

V. QUALITATIVE RESULTS 

 
While the main object of this paper is to present the 

model itself as a tool for studying the aggregation into 
networks of SMEs, in the present paragraph some insights 
will be given about preliminary results obtained from the 
model itself. The presented ones will be mainly qualitative 
results, although the model can give many quantitative 
individual and aggregate results.  

 
The model can give the following different kinds of 

outputs, when running in “normal” mode: 
1) a real-time graph, depicting the social network, in 

which the nodes are the enterprises, whose colour represent 
the behaviour they are following at a given step, and the 
links are the ties indicating two or more enterprises mutually 
exchanging one or more competences. 

2) A set of charts, showing in real time some core 
parameters, namely: average heat in the environment, 
number of links (in the network), number of links (average), 
number of enterprises doing internal exploration, number of 
ceased enterprises since the beginning, number of born 
enterprises since the beginning, number of available 
competences (overall), total number of skills possessed at the 
beginning, obtained by external exploration, obtained by 
internal exploration. 
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Figure 1.  Figure 1: Network formation 

 
In figure 1, an existing district is analyzed (A1); the 

enterprises are mainly small sized ones, and some 
collaborations already exist. The evolution (A2) is carried on 
by the model, by considering the introduction of new players 
in the market. Since internal research and development is 
often too expensive for SMEs, the tendency is that of 
creating new links thus creating a cluster, in which the 
enterprises exchange their competences. Though, they 
remain autonomous, in the sense that no enterprise is 
acquired by another one.  

 

 
Figure 2.  Figure 2: Many non-equity links 

 

 
 

Figure 3.  Figure 3: Same scenario after 2 simulated years 

 

VI. CONCLUSION 

Small and medium enterprises often have to face the 
fierce competition coming from bigger and wealthier 
companies. One of the most effective policies to overcome 
this threat is that of organizing themselves into networks and 
clusters, while maintaining a good level of independency. 

The second aspect regards spending resources like time 
and money: the development of new internal processes is 
usually time and resource consuming and is difficult to 
attain, especially when referring to radical cases. Though, 
SMEs often build a network for competences exchange 
among them, and a very important variable when considering 
the strategies performed by an enterprise; once possessed, 
the advantage can be exploited or shared. In the first case, 
the enterprise can gain customers and money, by being the 
only one (or among the few ones) possessing it. But it risks 
to lose its advantage as soon as other players can develop it. 
Another strategy is that of sharing the process innovation, in 
exchange for other competencies and/or money. 

Non equity forms of collaboration, realized through 
formalized structures (like consortiums) can carry on an 
important function for SMEs competitiveness. 

The growing competition, introduced by market 
globalization, is an important motivation to realize 
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aggregative forms that, by preserving the independence of 
individual enterprises, allow to make less penalizing the 
limits due to the small dimension and consequence financial 
limits. 

Consortiums can also carry on investments in material 
and, most of all, immaterial activities, and in projects with a 
higher risks, that would be difficultly faceable by an 
individual enterprise. 

Investments for technological innovation, 
internationalization and communication can constitute an 
effective help for associates. However it’s necessary that, 
besides a keen selection of the participants, also clear and 
shared rules are defined, for the consortium itself and the use 
of consorted goods and services. 

This regulation should grant the consortium operative 
and decisional slenderness, though preserving a strong sense 
of participation for the associates and deterring opportunistic 
behaviors by the participants, that could mine the trust 
towards central organization and the associates themselves. 

Trust is indeed a fundamental value in such 
organizations, in order to preserve a strategic medium term 
trend and to allow the enterprises to adhere to the politics 
decided within the consortium and delegate to it some 
strategic functions of their value chain. 

Also the role of favoring equity links among the 
participants is not to be underestimated. The associates that 
with the time being have improved their reciprocal 
knowledge and uniformed some management processes can 
thus reduce the risks of informative asymmetry and 
integration, typical of the M&A actions. 

In this work a model is presented, allowing to analyze the 
main dynamics behind this phenomenon, by varying some 
core parameters. 

A well established network can attract new players, that 
will probably bring new knowledge and competences in it. 

The model is formally discussed in detail, and so the 
agents composing it. While studying quantitative results is 
beyond the purpose of this work, a qualitative analysis is 
briefly described, and the network graph, one of the 
graphical outputs supplied by the model, is analyzed: in 
order to show how network dynamics emerge from the 
model and its parameters, settable by the user. 

The model is comprehensive and its scope is wide. In 
future works other features will be described in detail, and 
quantitative analysis will be carried on in order to study real-
world cases (e.g.: existing industrial districts and so on) and 
the underlying dynamics that lead to their creations. 

Besides, a new feature will be implemented in the model, 
referred to as “shock mode”, allowing the user to stop the 
model at a given step, and change some inner parameter. For 
example, it will be possible to add a specific competence to 
one enterprise only, so that it’s the only one in all the 
network possessing it. In that way it becomes possible to 
study how and based on which dynamics this specific 
competence spreads on the network and which kind of 
competitive advantage it gives, in terms of central position in 
the network and bargaining power to obtain other 
competences not possessed internally. 

Another very interesting future research will regard the 
implementation of game-theoretical like dynamics into 
collaboration domain. The agents will be embedded with a 
form of reinforcement learning and will change their own 
strategy according to a perception, biased according to their 
original belief and predisposition. 
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Abstract - In wireless communication systems, equalization process is needed to suppress the inter-symbol interference (ISI) caused 
by multipath channels.  Conventional equalization techniques use training signals.  Blind Methods are of great importance in the 
digital signal communication systems as they allow channel equalization at the receiver without the use for training signals. A 
receiver, comprising an adaptive filter, performs blind equalization using a modified form of the constant modulus algorithm 
(CMA). This modified form of CMA is referred to as phase compensating CMA (PC-CMA). PC-CMA includes a phase-
compensating term in the tap updating algorithm of the equalizer such that convergence to a straight constellation is achieved 
without the need of a rotator.  
 
Keywords - Blind Equalization, CMA, ISI, constellation. 
 
 

I. INTRODUCTION 

 The term "wireless" has become a generic and all-
encompassing word used to describe communications in 
which electromagnetic waves or RF carry a signal over part 
or the entire communication path. In 1895, Guglielmo 
Marconi opened the way for modern wireless 
communications by transmitting the three-dot Morse code 
for the letter ‘S’ over a distance of three kilometers using 
electromagnetic waves. From this beginning, wireless 
communications has developed into a key element of 
modern society. From satellite transmission, radio and 
television broadcasting to the now ubiquitous mobile 
telephone, wireless Communications has revolutionized the 
way societies function.  
 First, wireless communications relies on a scarce 
resource – namely, radio spectrum – the property rights for 
which were traditionally vested with the state. In order to 
foster the development of wireless communications those 
assets were privatized. Second, use of spectrum for wireless 
communications required the development of key 
complementary technologies; especially those that allowed 
higher frequencies to be utilized more efficiently. Finally, 
because of its special nature, the efficient use of spectrum 
required the coordinated development of standards. Those 
standards in turn played a critical role in the diffusion of 
technologies that relied on spectrum use. Radio spectrum is 
used for a wide range of services. These can be broken into 
broad classes as Broadcasting services, Mobile 

Communications of voice and data, Fixed, Satellite, 
Amateur radio and Other Uses including military, 
meteorological and scientific uses.

 

 
 A wireless communication system has a number of 
advantages, not least the mobility of the devices within the 
environment. It is a simple matter to relocate a 
communicating device, and no additional cost of rewiring 
and excessive downtime is associated with such a move and 
also exist drawbacks.  In wireless communications, the 
transmitted signal is modified by three physical 
mechanisms: inverse distance power loss, shadowing and 
multipath propagation. It is also corrupted by additive noise. 
Inverse distance power loss causes the received signal 
strength to decrease with increasing distance from the 
transmitter. Shadowing accounts for slow bulk signal 
strength variations, as when the receiver is obscured from 
the transmitter by buildings, hills, or tunnels. Both power 
loss and shadowing merely attenuate the received signal and 
have little influence on equalizer design.   Multipath 
propagation, due to the presence of multiple paths between 
transmitter and receiver can severely distort the transmitted 
signal. Time-varying multipath fading is a problem 
encountered in digital wireless communications. The 
transmitted signal propagates to the receiver along multiple 
paths. Several copies of the signal, experiencing various 
delays due to the different lengths of the paths, are received. 
The signals sum coherently or incoherently, and, together 
with other undesired phenomena, result in inter-symbol 
interference (1SI). This can affect the received signal so 
severely that the transmitted symbol sequence cannot be 
recognized. The effects of the ISI can be mitigated in the 
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receiver, either with direct equalization or channel 
estimation. 
 In blind equalization, the adaptive filters of a receiver 
are converged without the use of a training signal. As 
known in the art, there are two techniques for blind 
equalization: one is referred to herein as the “reduced 
constellation algorithm” (RCA) [1] and the other technique 
is the so-called “constant modulus algorithm” (CMA)[2][3]. 
However, for all blind equalization approaches the most 
fundamental performance issue are the ability to achieve 
reliable initial convergence else the adaptive filter may 
converge to a wrong solution such as the well-known 
“diagonal solution.”  
 We have discovered a technique for use in blind 
equalization of an adaptive equalizer that reduces the rate of 
occurrence of a diagonal solution. In particular, and in 
accordance with the invention, a receiver performs blind 
equalization by using a tap updating algorithm that includes 
a phase-compensating term.  
 In an embodiment of the invention, a receiver 
comprises an adaptive filter having a two-filter structure. 
The receiver uses a modified form of the CMA algorithm to 
perform blind equalization. This modified form of CMA is 
referred to herein as phase compensating CMA (PC-CMA). 
PC-CMA includes a phase-compensating term in the tap 
updating algorithm of the equalizer such that convergence to 
a straight constellation is achieved without the need of a 
rotator. 

 
Figure: 1 Illustrative block diagram of a portion of a communications 

system embodying the principles of the invention. 
 

  Other than the inventive concept, the elements 
described below and shown in the figs. are well-known.  
Also, as used herein, an adaptive filter is, e.g., a fractionally 
spaced linear equalizer, which is hereafter simply referred to 
as an FSLE equalizer or, simply, an equalizer. An 
illustrative high-level block diagram of a portion of a 
communications system embodying the principles of the 
invention is shown in fig. 1. For illustrative purposes only, it 
is assumed that receiver receives a CAP (carrier less, 
amplitude modulation, phase modulation) signal, which can 
be represented by:   
  
    )()](~)([)( tnTtpbnTtpatr n

n

n     (1) 

where an and bn are discrete-valued multilevel symbols, p (t) 
and p(t) are impulse responses which form a Hilbert pair, T 
is the symbol period, and ξ(t) is additive noise introduced in 
the channel[4] .It is assumed that the CAP signal in equation 
(1) has been distorted while propagating through 
communications channel and experiences inter symbol 

interference (ISI). This ISI consists of intra channel ISI (a or 
b symbols interfering with each other) and inter channel ISI 
(a and b symbols interfering with each other). The purpose 
of receiver is to remove the ISI and minimize the effect of 
the additive noise ξ (t) to provide signal r` (t). The inventive 
concept is illustratively described in the context of a phase 
compensating CMA (PC-CMA) blind equalization 
algorithm for use within receiver. 
 At this point, before describing the inventive concept, a 
brief review is provided of adaptive filters and some blind 
equalization algorithms. If the reader is familiar with this 
background, simply skip-ahead to the section entitled 
“Phase Compensating CMA.”  
 
 

II. ADAPTIVE FILTERS & BLIND EQUALIZATION 
 

 
 

Figure: 2 Illustrative block diagram of a prior art phase-splitting equalizer 
 

 An illustrative phase-splitting   equalizer is shown in 
fig. 2. It is assumed that   equalizer operates on an input 
signal that can be characterized as having N dimensions. In 
this example, N=2, i.e., the input signal comprises two 
component dimensions: an in-phase component and a 
quadrature component. (It should also be noted that the term 
“channel” may also be used to refer to each dimension, e.g., 
the in-phase dimension is also referred 5 to as the in-phase 
channel) FSLE equalizer comprises two parallel digital 
adaptive filters implemented as finite impulse response 
(FIR) filters. Equalizer is called a “phase-splitting FSLE” 
because the two FIR filters converge to in-phase and 
quadrature filters.  The two FIR filters share the same 
tapped delay line, which stores sequences of successive 
Analog-to-Digital Converter (A/D) samples rk. The 
sampling rate 1/T` of A/D is typically three to four times 
higher than the symbol rate 1/T and is chosen in such a way 
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that it satisfies the sampling theorem for real signals. It is 
assumed that T/T`= i, where i is an integer. 
 The output signals of the two adaptive FIR filters as are 
computed at the symbol rate l/T.  The equalizer taps and 
input samples can be represented by a corresponding N-
dimensional vector. As such, the following relationships are 
now defined: 

],......,,[ 1 Nkkk
T

n rrrr             (2) 

],......,,[ 10 N
T

n cccc            (3) 

],......,,[ 10 N
T

n dddd            (4) 

  
where the superscript T denotes vector transpose, the 
subscript n refers to the symbol period nT, and k= (i) (n). 
Equation (2) (3) and (4) are the vectors of A/D samples in 
delay line, in-phase tap coefficient and quadrature tap 

coefficient respectively.  Let Yn and nY
~

 are the computed 

output signals of the in-phase and quadrature filters, 
respectively, and:  
 

n
T

nn rcY                         (5) 

n
T

nn rdY ~
                           (6) 

 

 The X/Y display of the output signals Yn and nY
~

 or, 

equivalently, of the complex output signal Y=Yn+j nY
~

` is 

called a signal constellation. After convergence, ideally the 
signal constellation consists of a display of the complex 
symbols An=an+jbn (which were sent from the transmitter) 
corrupted by some small noise and ISI.  
 Referring back to fig. 2, FSLE equalizer can be 
characterized as having two modes of operation, a normal 
mode (steady state) and a start-up mode (non-steady state). 
In the normal mode of operation, the decision devices, i.e., 
slicers compare the equalizer complex output samples, Yn` 

(where Yn=Y+j nY
~

), with all the possible transmitted 

complex symbols, An (where An =an+jbn), and select the 
symbol 

nÂ  which is the closest to Yn.   The receiver then 

computes an error, En, where En=f (Yn`, nÂ ). 

 For example: 
                     

nnn AYE ˆ                                
(7)                               

 This is used to update the tap coefficients of equalizer. 
The most common tap updating algorithm is the LMS 
algorithm, which is a stochastic gradient algorithm that 
minimizes the mean square error (MSE), which is defined 
as:  
       ].~[][]ˆ[][ 2222

nnnnn eEeEAYEEE                  (8)  

   

 In equation (8), E [.] denotes expectation and en and en 
are the following in-phase and quadrature errors:  

 

nnn aye
                                            (9) 

nnn bye


 ~~                                      (10) 

 
 The tap coefficients of the two adaptive filters are 
updated using the above-mentioned least-mean-square 
(LMS) algorithm, i.e.  

 

nnnn recc  1                                      (11) 

nnnn redd ~
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                                   (12) 

 
where α is the step size used in the tap adjustment 
algorithm. In contrast to the steady state mode of operation, 
the start-up mode is used to converge the tap coefficient 
values to an initial set of values. In some systems a training  
sequence is used during start-up (i.e., a predefined sequence 
of An symbols), from which the receiver can compute 
meaningful errors En by using the equalizer output signal Yn 
and the known sequence of transmitted symbols An. In this 
case, tap adaptation is said to be done with respect to an 
“ideal reference.”  
 However, when no training sequence is available, 
equalizer has to be converged blindly. This usually 
comprises two main steps. First, a blind equalization 
algorithm is used to open the “eye diagram,” i.e., achieve 
initial convergence. Then, once the eye is open enough, the 
receiver switches to, e.g., the above-described LMS tap 
adaptation algorithm to obtain final steady-state 
convergence. The switch between the two kinds of 
algorithms are controlled by so called schedule-driven or 
event-driven counters  The philosophy of blind equalization 
is to use a tap adaptation algorithm that minimizes a cost 
function that is better suited to provide initial convergence 
of equalizer than the MSE represented by equation (8).  
 The cost functions used for blind equalization 
algorithms   and the LMS algorithm minimizes different 
quantities. As see in equation (8), the cost function of the 
LMS algorithm is given as: 

 

]ˆ[
2

nn AYECF              (13) 

 
 In equation (13), the LMS algorithm uses the sliced  

symbols, Â n, to achieve convergence. However, with a 
blind start-up, due to the severe corruption of data, the cost 
functions used for blind equalization algorithms need to use 
a constant R, which is statistically related to the sliced 

symbols Â n. For instance, the cost function of CMA is: 
 

])[( 222
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Illustrative techniques for the computation of R can be  
found in [5]. For CMA, the tap coefficients of the two 
adaptive filters are updated according to:  
 

nnnnn rRYyCC )( 22

1                           (15) 

nnnnn rRYydd )(~ 22

1                   (16) 

 
      The two-dimensional CMA cost function does not 
contain any information about the phase rotation of the 
constellation. Thus, it leaves an arbitrary phase offset after 
convergence. One proposed solution is to include a rotator 
and a counter-rotator after the equalizer [7]. The desired 
phase rotation is: 
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where Δ n


 is an estimate of the real phase error of the 

constellation, Y’n is the rotated equalizer output signal and 
A`n is the sliced complex symbol. The rotated equalizer 
output signal is further defined as: 
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where Yn=yn+jy`n, Cn=cn+jdn. In matrix form, the function 
of the rotator/de rotator is described by:  
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      Equation (20) indicates that the rotator implementation 
requires evaluation of sine/cosine functions. Unfortunately, 
even after convergence with CMA (i.e., the equalizer has 
been switched to using a standard LMS tap adaptation 
algorithm for steady-state operation), a rotator is still 
needed—which results in a higher implementation cost for 
CMA compared to other blind equalization schemes that do 
not require rotators.  One approach for dispensing with the 
rotator was presented in [6]. However, this algorithm is  
limited to fractional equalizers and is not an integral part of 
the updating.  
 
 

III. PHASE COMPENSATING CMA (PC-CMA) 
 
 As noted earlier, when blind equalization is used with 
an adaptive filter, e.g., a phase-splitting equalizer, 
sometimes it converges to a wrong solution called diagonal 
solutions. Therefore, and in accordance with the invention, 
we have discovered a technique for use in blind equalization 

of an adaptive equalizer that reduces the rate of occurrence 
of a diagonal solution. In particular, and in accordance with 
the invention, a receiver performs blind equalization by 
using a tap updating algorithm that includes a phase-
compensating term.  
 The new blind equalization algorithm is called phase 
compensating CMA (PC-CMA). In PC-CMA, CMA is 
modified to use a tap updating algorithm that includes a 
phase compensating term. Thus, rotation of a constellation 
is achieved for a CMA-based algorithm without the use of a 
rotator. Further, since the constellation rotation is embedded 
in the blind equalization algorithm, it will automatically be 
switched off when using the standard LMS algorithm in 
steady-state operation, which results in a lower steady-state 
cost than for traditional CMA.  From equation (19), we have 
realized that a phase- compensating rotation of the 
constellation can be achieved with an equalizer having tap 
weights described by C’n instead of a filter with taps Cn 
followed by a rotator. That is,  
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where  T

n
j

n
T

n CerC n '


 
 
 The steps leading to an iterative gradient algorithm for 
converging the initial tap weights Cn towards the final tap 
weights C’n are mathematically described below. Using 
equation (21), the rotated output Y’n+1 is given by:  
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      Replacing the definition of θ`n+1 in equation (18), and 
using C,n+1 = Cn+μΔCn. Equation (22) is rewritten as:  
 

(23)                                                                            
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which shows that the updating of the rotator can be replaced 
by an additional modification of the tap weights Cn. It 
should he noted that equation (23) uses the assumption that 
the step size parameter α is a small number such that the 
small-angle approximation holds, i.e., 
 Neglecting the last term with a second-order quantity 
in equation (23), yields:  
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      The tap updating algorithm of the new equalizer, C’n+1 is 
obtained from equations (22) and (24) as follows:  
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      Taking the real and imaginary parts of equation (25), the 
following adaptation algorithms for the in-phase and 
quadrature phase tap coefficients result: 
 

(26)     )'''(' 1 nnnnn dccc 
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    (27) 

 
      The above equations show that the equalization and  

phase-rotating tap adaptation can be done simultaneously.  
Merging the standard CMA with the tap adaptation of 

equations (26) and (27) give the tap updating algorithms of 
PC-CMA as: 
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      In the PC-CMA scheme, the de-rotation of a tilted 
constellation is done by the use of the Δθ`n term in equations 
(28) and (29). This parameter is the same for both the in-
phase (I) and quadrature (Q) channels such that both I and Q 
filters will de-rotate the constellation in the same direction, 
thus avoiding the diagonal solution. The value of the error 
correction term, or step size, μ in equations (28) and (29) is 
best determined by simulation. 
 An illustrative block diagram of a phase-splitting 
equalizer in accordance with the principles of the invention 
is retrieved from fig. 2 from this invention concept, tap 
updating elements (which represent equations (28) and (29)) 
update the coefficients of filters respectively. 
 Illustrative embodiments of the inventive concept are 
shown in figs. 3 and 4 for use in receiver of fig. 1.  

 
Figure: 3 Block diagrams of a portion of a receiver embodying the 

principles of the invention 
 

 Fig. 3 illustrates an embodiment representative of a 
digital signal processor that is programmed to implement an 
FSEE in accordance with the principles of the invention. 
Digital signal processor comprises a central processing unit 
(processor) and memory. A portion of memory is used to 
store program instructions that, when executed by processor 
, implement the PC-CMA algorithm. Another portion of 
memory is used to store tap coefficient values that are 
updated by processor in accordance with the inventive 
concept. It is assumed that a received signal is applied to 
processor, which equalizes this signal in accordance with 
the inventive concept to provide a output signal. Also, a 
digital signal processor may additionally process received 
signal before deriving output signal.)Also, it should be 
noted that any equalizer structures, such as that described 
earlier, can be implemented by digital signal processor in 
accordance with the inventive concept. 

 
Figure: 4 Illustrative block diagrams of a portion of a receiver embodying 

the principles of the invention (alternative method). 

 
 Fig. 4 illustrates another alternative embodiment of the 
inventive concept. Circuitry comprises a central processing 
unit (processor) and an equalizer. The latter is illustratively 
assumed to be a phase-splitting FSLE as described above. It 
is assumed that equalizer includes at least one tap-
coefficient register for storing values for corresponding tap 
coefficient vectors. Processor includes memory, not shown, 
similar to memory of fig. 3 for implementing the PC-CMA 
algorithm. Equalizer output signal is applied to processor . 
The latter analyzes equalizer output signal, in accordance 
with the inventive concept, to adapt values of the tap 
coefficients, via signaling, in such a way as to converge to a 
correct solution.)  
 A blind start-up procedure in accordance with the 
principles of the invention for use in receiver of fig. 1 is 
shown in fig. 5. 
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Figure: 5 Illustrative blind start-up procedure in accordance with the 

principles of the invention 
 

 In receiver uses the PC-CMA cost function with its 
corresponding tap updating algorithms to begin blind 
convergence of an equalizer, e.g., equalizer of fig. 4. In step 
2 of fig 5, a decision is made whether to switch from the 
PC-CMA algorithm to the LMS adaptation algorithm or to 
continue using the PC-CMA algorithm to converge the 
equalizer. Typically, this is referred to in the art as 
determining if the eye is open enough (as noted above)  and 
if the originally tilted constellation has been de rotated to a 
straight constellation (e.g., by checking if Δθ`n from 
equation (17) is a small number. Step 2 of the blind start-up 
procedure can be schedule-driven, event-driven, or both. 
With a schedule-driven approach, the switch between so two 
different tap updating algorithms occurs after some fixed 
number, M, of iterations (which can be determined by a 
counter, for example). This approach presumes a certain 
amount of eye-opening and that the constellation has been 
adequately rotated after M iterations. With an event-driven 
approach, the switch occurs when a certain quality of eye 
opening and constellation rotation is achieved. This can be 
done, for example, by continuously monitoring values of 
MSE and Δθ`n and making the switch when the values of 
MSE and Δθ`n are below some thresholds. If the eye has 
been opened enough and the constellation has been 
adequately rotated, receiver switches to the LMS Adaptation 
algorithm in step 3 of fig 5. The foregoing merely illustrates 
the principles of the invention and it will thus be appreciated 
that those skilled in the art will be able to devise numerous 
alternative arrangements which although not explicitly 
described herein, embody the principles of the invention and 
are within its spirit and scope. For example, although the 
inventive concept was illustrated herein as being 
implemented with discrete functional building blocks, e.g., 
FIR etc., the functions of any one or more of those building 
blocks can be carried out using one or more appropriately 
programmed processors or processing circuitry, e.g., a 
digital signal processor; discrete circuit elements; integrated 
circuits; etc.  Also, this technique is not limited to the CMA 

algorithm.  Any blind equalization algorithm that leaves a 
tilted constellation after convergence can be combined with 
the phase correction technique described here. 
 

Table: 1 Comparison of Blind algorithms 
 

S
l
.
N
o 

ALGORITHM PERFORMANCE Remarks 

1 GODARD 

No training 
sequence used, 
The Godard 
algorithm is more 
robust than any 
other algorithm and 
it attains a mean-
square error that is 
lower than any 
other algorithm. 

Convergence is 
slow 

2 SATO 

It was introduced  
to deal with one 
dimensional 
multilevel  signals 

Only related to 
some systems 

3 CMA 

Uses no training 
sequence, the 
convergence is 
better than 
conventional 
algorithms with 
reduced iterations.  
The CMA is a 
carrier-phase 
independent blind 
algorithm that is 
based on the signal 
modulus. 

More iterations 

4 FS-CMA 

It is also uses no 
training sequences 
and it also reduces 
the iterations than 
CMA 

 

5 PC-CMA 

The conventional 
CMA converges to 
a wrong solution 
such as the well-
known “diagonal 
solution.”.   Here 
reduces the rate of 
occurrence of a 
diagonal solution. 
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IV. SIMULATION RESULTS 
 
 

 
 
                            Figure: 6 Sent signal constellation  
 

 
 

Figure: 7 Received Signal Constellation. 
 
 
 
                     
 
 
 
 
 
 
 
 
 
 
Figure: 8.1 Standard CMA Constellation Diagram at the Equalizer Output 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure: 8.2 Phase Compensating CMA Constellation Diagram at the 
Equalizer Output. 

 
 

Figure: 9 Comparison between the Standard CMA and the Phase    
Compensating CMA. 

 
 Here are brief comparisons of the existing and the 
proposed algorithm. Table 1 gives the comparison of these 
existing algorithms. Godard (1980) was the first to propose 
a family of constant-modulus blind equalization algorithms 
for use in two-dimensional digital communication systems.  
The Godard algorithm minimizes a non-convex cost 
function.  This algorithm is designed to penalize deviations 
of the blind equalizer output from a constant modulus. The 
constant is chosen in such a way that the gradient of the cost 
function is zero when perfect equalization. This algorithm is 
considered to be the most successful blind equalization 
algorithms. The Godard algorithm is more robust than any 
other algorithm with respect to the carrier phase offset. This 
important property of the algorithm is due to the fact that the 
cost function used for its derivation is based solely on the 
amplitude of the received signal.    
 The idea of blind equalization in M-ary PAM systems 
dates back to the pioneering work of Sato (1975). The Sato 
algorithm consists of minimizing a non-convex cost 
function, where the transversal filter output is an estimate of 
the transmitted datum of input. This estimate is obtained by 
zero-memory nonlinearity. The Sato algorithm for blind 
equalization was introduced originally to deal with one 
dimensional multilevel (M-ary PAM) signals, with the 
objective of being more robust than a decision-directed 
algorithm. Initially, the algorithm treats such a digital signal 
as a binary signal by estimating the most significant bit; the 
remaining bits of the signal are treated as additive noise 
insofar as the blind equalization process is concerned. The 
algorithm then uses the results of this preliminary step to 
modify the error signal obtained from a conventional 
decision-directed algorithm. 
 The Fractionally spaced equalizer adapted by the 
constant modulus algorithm (FSE-CMA) still achieves 
"reasonable" equalization. Its performance equals that of the 
non-fractional CMA, with a slightly shorter baud-length 
equalizer than the FSE, applied to the part of the channel 
lacking disparity.  



R B TADISETTI et al: BLIND EQUALIZATION COMPARISIONS  WITH MODIFIED CMA . . .  

DOI 10.5013/IJSSST.a.12.02.02                                                                                  ISSN: 1473-804x online, 1473-8031 print 18

 
 

Figure: 10 Comparison of Blind algorithms and MSE curves 

 
 

V. CONCLUSION 
 
 A method for use in a communications receiver, which 
is comprising of an adaptive filter having associated N tap 
coefficient vectors; and circuitry for adapting at least one of 
the N tap coefficient vectors by using a modified form of a 
constant modulus based algorithm that uses a tap updating 
algorithm that includes a phase compensation term and   the  
 method comprising of: equalizing a signal with an adaptive 
filter and blindly converging at least one of N tap coefficient 
vectors of the adaptive filter by using a modified form of a 
constant modulus based algorithm that uses a tap updating 
algorithm that includes a phase compensation term 
 The theory and methods can be applied to antenna 
array-based wireless communications systems for high 
bandwidth efficiency. 
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Abstract — This article gives a brief overview of the basic notions of switched fuzzy systems, their model construction and stability 
analysis, followed by the proposed concepts for building simulation algorithms for this type of systems. Using these concepts we have 
shown the whole process of modelling, stability analysis and design of stabilizing switching fuzzy logic controllers for the hovercraft-
vehicle as a typical nonholonomic system. MATLAB Simulator (Simulink model) and special MATLAB functions for the switching 
fuzzy controller of the hovercraft vehicle, along with the numerous simulation results, verify the correctness of the proposed concepts. 
Using this typical nonholonomic system we have also explored the good performance of switched fuzzy systems in comparison to the 
ordinary T-S fuzzy systems. 
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I. INTRODUCTION 

Switched systems are special class of hybrid dynamical 
systems, which consist of a set of continuous-time or discrete-
time subsystems and a rule that coordinates the switching 
among them. The last couple of decades have witnessed an 
enormous growth of interest of the class of switched systems 
in combination with the even larger class of hybrid systems 
[1], [2], [3], [4], as these systems have a wide range of 
potential applications. 

From the middle of the 1980’s, there have appeared a 
number of analysis/synthesis problems for Takagi-Sugeno (T-
S) fuzzy systems [5], [6], [7]. 

Succeeding the remarkable developments in theory, 
applications, and the industrial implementations of fuzzy 
control systems, recently switched systems have been 
extended further to encompass switched fuzzy systems [8]. 

In general, a switched fuzzy system involves fuzzy 
systems among its sub-systems or an alternative fuzzy-
switching law, or the both (least explored case). Resent 
developments in this area promote a new direction in the 
control of dynamic systems [9], [10], [11], [12], [13], [14], 
[15], [16], [17], [18], [19] and it is clear that the field of 
switched fuzzy systems is becoming very popular. 

To our best knowledge, it may well be found that up to 
know the most of the research in this area is focused on 
representation modelling, stability analysis and controller 
design, that guarantees stabilization and certain system 
performance. We are expecting that these results can be used 
as a good platform for solving real world control problems. 
Thus, in this paper we are proposing the simulation scheme 
algorithms that can be used in modelling and design of 

switching fuzzy controllers for real world systems and we 
continue with exploring the performance of switched fuzzy 
control systems. The model of a hovercraft vehicle (a typical 
nonholonomic system that can not be stabilized by any 
continuous feedback control law) is used to verify the 
proposed simulation schemes as well as to prove the good 
performance of switched fuzzy systems. 

Since in [20] and [21] we have given a detailed overview 
of the achievements in the field of switched fuzzy systems, 
followed by the comparative study for this kind of systems 
(different approaches in their model construction and 
challenges associated with the stability analysis and 
stabilization), here, we have provided a discussion of some of 
the key principles of the joint concept. This paper is an 
extension of the study given in [22]. 

To begin with, in Section II we give a brief overview of 
the basic concepts of switched fuzzy systems and their 
representation modelling. Appropriate stability analyses for 
this type of systems are given in Section III. In Section IV we 
outline the proposed concept for building simulation 
algorithms for switched fuzzy systems. In Section V the 
dynamics of a hovercraft vehicle as a typical nonholonomic 
system is given. For the purpose of later comparison, in 
Section VI we have given the whole process for building 
normal (non-switched) T-S fuzzy controller for the hovercraft 
vehicle, showing that with this type of controllers the control 
purpose can not be achieved. Using the proposed simulation 
schemes from Section IV, in Section VII we present the 
whole process of modelling and design of the switching fuzzy 
controllers for the hovercraft vehicle. We conclude this 
section with numerous simulation results, proving the good 
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performance of switched fuzzy control systems. In Section 
VIII we give the essential conclusions of this study. 

II. CONCEPTS OF SWITCHED FUZZY SYSTEMS AND 

REPRESENTATION MODELLING 

The idea for switched fuzzy systems was putted forward 
by Palm and Driankov in 1998 [8]. Tanaka et.al. according to 
their previous research in the field of T-S fuzzy systems, for 
the purpose of control of more complicated real systems such 
as multiple nonlinear systems, switched nonlinear hybrid 
systems, and second order nonholonomic systems, introduced 
new type of model-based fuzzy systems - switched fuzzy 
systems [9]-[11]. The main aim of this design approach was 
to lose the “curse of dimensionality” - the complexity of a 
system makes the number of rules of a fuzzy model 
exponentially increase. Differently from the ordinary T-S 
fuzzy model, the switching fuzzy model given in [9]-[11] has 
locally Takagi-Sugeno fuzzy models (local fuzzy rule level) 
and switches them according to the premise variables, i.e., 
states, measurable external variables and/or time (region rule 
level). In general, the switching fuzzy model has two key 
features. One is to switch local T-S fuzzy models represented 
in each region. The other is to decrease the number of rules 
which fire simultaneously in comparison with an ordinary 
fuzzy model. Moreover in [9] a stable fuzzy switching control 
design is presented, where the design conditions are based on 
“common” quadratic Lyapunov function (CQLF), expressed 
in linear matrix inequality (LMIs - [7], [24]) form. The same 
idea is extended further in [10] where the switching controller 
is constructed by naturally extending the idea of the parallel 
distributed compensation (PDC) [7], [25]. 

Parallel to these results, authors in [15] propose T-S fuzzy 
model which differs from existing ones in the literature and is 
based on the fuzzy controller switching. Switching PDC 
controller is designed for a linear fuzzy system based on the 
switched systems model, i.e. every sub-controller is a PDC 
controller. Continuous way and discrete way are adopted to 
establish the stability results. First, sufficient conditions for 
asymptotic stability are presented and then, stabilizing 
switching laws of the state-dependent form are designed. 
Different from [15], where the controller switching strategy is 
employed to the ordinary T-S fuzzy model, authors in [16]-
[18] propose switched fuzzy model for continuous ([16], [17]) 
and discrete case ([16]-[18]). The switched fuzzy model is 
seemingly similar to the model proposed in [9]-[11], but there 
is a crucial difference (the details for these, along with the 
detailed comparative study for these two approaches, are 
given in [21]). 

Even though there many different approaches on 
representation modelling of switched fuzzy systems, the 
typical design procedure, which is present in most of the 
works, consists of the following steps. First, the whole state-
space nR  is partitioned on m  regions, and every region is a 
switched sub system. While functioning, this is the level 
where via the appropriate switching law an appropriate sub 
system is chosen to be on. The sub system on every region 

i  is represented by a suitable model. When the subsystems 
of the switched system are represented as T-S fuzzy systems 

the system is switched fuzzy system. T-S fuzzy system 
partitions the space in the corresponding region into fuzzy 
sub-regions. In that way, the whole state-space is partitioned 
into many fuzzy sub-regions, where every sub-region is 
represented by a local model. The local model can be linear 
or nonlinear, continuous time or discrete time. 
 

 
Figure 1.  Sketch map of switched fuzzy system [19]. 

The sketch map of switched fuzzy system, regarding the 
state-space partitioning, is depicted on Fig. 1. In there, i  
denotes the state-space area of the i -th switched subsystem. 

il  denotes the l -th fuzzy sub-region in the region i . In 
fact, the switched fuzzy systems partition the i  region into 

l  fuzzy sub-regions  iili  ,,,,1 . There is a local 
linear/nonlinear model in every fuzzy sub-region. The model 
for every switched region m ,,1  , which consists of local 
linear/nonlinear models, is composed by linking the local 
models with fuzzy membership functions. When local model 
in fuzzy sub-region satisfies the switching law, switching to 
the i -th subsystem is made. In this way, stability of the 
switched fuzzy system, as a whole, is ensured. 

For better understanding the concept of switched fuzzy 
systems, we will proceed by presenting one of the two basic 
analytical representations, analysed in [21], the so-called 
“switched fuzzy system with levels of structure”, given in 
[9]-[12]. The purpose for choosing this type of representation 
modelling is that the analysis given in this paper is based on 
this type of modelling. 

The model in [9]-[12] has local T-S fuzzy models and 
switches them according to the premise variables, i.e., states, 
measurable external variables and/or time. The switched 
fuzzy model from [9]-[12] is given with:  
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      THEN           

 is  and  and  is  IF           

  RulePlant  Local

THEN

 is  and  and  is  IF

  Rule Region

 

(1) 

In (1), m  is the number of regions partitioned on the 
premise parts space;   tzN ij  is a crisp set; r  is the number 
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of rules of the local models; iljM  is fuzzy set;   nRtx   is the 

state vector,   mRtu   is the input vector,   qRty   is the 

output vector, nn
il RA  , mn

il RB  , and nq
il RC  ; 

      tztztz p,,1   are known premise variables that can be 

functions of the state variables, external disturbances, and/or 
time.   tzN ij  is a crisp set, where: 

    


 


wo

Ntz
tzN ij

ij .,0

,1 . (2) 

From (1), it is clear that the switched fuzzy model has two 
levels of structure: region rule level and local fuzzy rule level. 
The region rule is crisply switched according to the premise 
variables. In other words, the membership functions   tzN ij  

in the premise parts of the region rules are crisp sets. 
The switched fuzzy model (1) is inferred by fuzzily 

blending the linear system models      tuBtxAtx ilil   and 
switching the global T-S fuzzy models, defined on every 
region. 

Given a pair of     tutx ,  and  tz , the final output of the 
fuzzy system is inferred as follows: 
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l
ililili tuBtxAtzhtztx

1 1
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It is clear from (2) and (5) that 
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 . This means that    1tzi  if 

and only if  tz  belongs to “Region i ”. The regions satisfy: 




m

i
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1

21  Region Region Region Region  (6) 

mimiiiii ,,1,,,1,, 212121        Region Region , where 
  denotes the universe of discourse. 

In [9], authors propose a new PDC to design a stable 
switching fuzzy controller for the switched fuzzy system (1). 
The idea for designing a PDC controller is a natural 
extension of the same concept, used for the ordinary T-S 
fuzzy systems (see for example [7]). 
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           THEN           

 is  and  and  is  IF           

  Rule Control Local

THEN

 is  and  and  is  IF

  Rule Region

 (7) 

 
Finally, the overall fuzzy controller is represented by: 
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i
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l
ilili txFtzhtztu

1 1

  (8) 

By substituting (8) into (3), the fuzzy control system can 
be represented as: 
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(9) 

III. STABILITY ANALYSIS AND CONTROL DESIGN 

Compared with the results on stability of switched 
systems and those of T-S fuzzy systems, the results on 
switched fuzzy systems are very few. Similar to the stability 
analysis for model based T-S fuzzy systems ([7]) and 
switched systems ([1]-[3]) alone, stability analysis of 
switched fuzzy systems has been pursued mainly based on 
Lyapunov stability theory but with different Lyapunov 
functions. One of them is the so-called common (or global) 
quadratic Lyapunov functions, another one is the so-called 
piecewise quadratic Lyapunov functions, and the third one is 
the so-called fuzzy (or non-quadratic) Lyapunov functions. 

Regardless of the different Lyapunov functions that are 
used, the typical design procedure, common for most of the 
papers, concerning switched fuzzy systems, includes the 
following: 

 Stability analysis and derivation of asymptotic 
stability conditions for autonomous system; 

 Synthesis of the parameters of the predefined 
controllers that will stabilize the system [9]-[14], as 
well as (or) derivation of stabilizing switching laws 
(signals) that will stabilize the system [15]-[19]. 

As in Section II we outlined one of the two typical 
approaches for representation modelling of switched fuzzy 
systems, here we will summarise the conditions for 
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asymptotic stability for this kinds of models, as well as the 
conditions for designing controllers for stabilizing this kind 
of systems. Detailed analyses on the stability results of 
switched fuzzy systems, based on the different types of 
Lyapunov functions, are given in [21]. 

Considering the literature related to T-S fuzzy model 
based systems ([5], [7]) it can be well found that the Linear 
Matrix Inequalities (LMIs - [7], [24]) play an important role 
in stability analysis of this kind of systems. Very natural, 
authors in [9]-[12], extend their previous works, considering 
stability of ordinary T-S fuzzy systems (expressed in the 
form of LMIs - see [7]), in the field of switched fuzzy 
systems. Bellow, we will address the stability conditions for 
the open-loop system (model (1)), as well as the stability and 
relaxed stability conditions for the closed-loop system 
(model (9)), given in [9]-[12]. 

A. Stability Conditions of Switched Fuzzy Model with 
Levels of Structure 

To begin with, we show a stability condition (based on 
quadratic Lyapunov function (10)) for the switched fuzzy 
system (1), when 0u . 

      tPxtxtxV T , 0P . (10) 

Note that Theorem 1 is taken from [13] and [14], 
although it addresses the stability problem given in [12]. 

Theorem 1 [12] ([13] and [14]): The switched fuzzy 
system (1), for 0u , is asymptotic stable if there exist a 
positive definite matrix P , satisfying the following LMI 
conditions: 

0 il
T
il PAPA , il, . (11) 

The condition (11) is easily derived by taking the time 
derivative of equation (10) along the trajectories of the 
system (1). 

B. Stable Controller Design of Switched Fuzzy Model with 
Levels of Structure 

Here we will focus on the LMI stability conditions as well 
as LMI relaxed stability conditions for the closed-loop system 
(9) - system that consists of the switched fuzzy model (1) and 
the appropriate PDC controller, given with (7). The LMI 
stability conditions are obtained with respect to 1 PX  and 

XFM ilil  (note that these LMI conditions correspond to the 
LMI (relaxed) stability conditions for the ordinary T-S fuzzy 
model-based systems given in [7]). The PDC fuzzy controller 
design is to determine the local feedback gains ilF  in the 
consequent parts. As it is mentioned in [7] and [9], although 
the PDC fuzzy controller (8) is constructed using the local 
design sense, the feedback gains ilF  should be determined 
using the global design sense (stability conditions for the 
global stabilization of the system). 

Theorem 2 [9], [10] (stability): The switched fuzzy model 
(3) can be stabilized via the PDC switching fuzzy controller 

(8), if there exist a common positive definite matrix X , such 
that: 

0 ilil
T
il

T
ilil

T
il MBBMXAXA , (12) 

for mi ,,2,1  , rl ,,2,1   and 

0



ilik
T
ik

T
ilikil

T
il

T
ik

ik
T
ikil

T
il

MBBMMBBM

XAXAXAXA  (13) 

for all i  and kl   excepting all the pairs  kl,  such that 

      0tzhtzh ikil , t , where 01  PX , XFM ilil  . 
Proof: See [9] and [10]. 
According to Theorem 2, stability analysis of the 

switched fuzzy control system is reduced to a problem of 
finding a common P. If r, that is the number of IF-THEN 
rules, is large, it might be difficult to find a common P 
satisfying the conditions of Theorem 2. In Theorem 3, these 
conditions are relaxed. 

Theorem 3 [9], [10] (relaxed stability): Assume that the 
number of rules that fire for all t  is less than or equal to  , 
where r1 . The switched fuzzy model (3) can be 
stabilized via the switching PDC fuzzy controller (8), if 
there exist a common positive definite matrix X  and a 
common positive semi-definite matrix iY , such that: 

  01  iilil
T
il

T
ilil

T
il YMBBMXAXA  , (14) 

for mi ,,2,1  , rl ,,2,1   and 

0

2




ilik
T
ik

T
ilikil

T
il

T
ik

ik
T
ikil

T
ili

MBBMMBBM

XAXAXAXAY
, (15) 

for all i  and kl   excepting all the pairs  kl,  such that 

      0tzhtzh ikil , t  and 1m , where 01  PX , 

XFM ilil  , 0 XXQY ii . 
Proof: see [9], [10] and [12]. 
Except stability (relaxed stability) theorems for the 

switched fuzzy system (1), authors in [9]-[12] also present 
the conditions for the constraints on control inputs. These 
conditions match the corresponding ones for ordinary T-S 
fuzzy systems, given in [7]. 

Consider each input variable, i.e. [9]-[12]: 

           
 


m

i

r

l
ililikkk txFtzhtzEtuEtu

1 1

  (16) 

where  
fk

kE
            


1

010 . 
Theorem 4 [11], [12] (constraints on the control inputs): 

Assume that the initial condition  0x  is known. The 
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constraint   kk tu 
2

 ( fk ,,2,1  ) is enforced at all times 

if the following LMIs hold: 

 
 

0
0

01














Xx

xT
, 0

2














IME

EMX

kilk

k
T
il


, l , i , k , (17) 

where 01  PX  and XFM ilil   are LMI variables. 
Proof: See [12]. 

IV. PROPOSED SIMULATION ALGORITHMS 

In this section we will present the proposed concepts for 
building simulation algorithms for switched fuzzy control 
systems which is the main contribution of the presented work. 

First, we present the whole process for designing the 
switching fuzzy controller for the given nonlinear system. 
This is given on Fig. 2. As it is obvious from Fig. 2, first we 
have to find the switched fuzzy model for the nonlinear 
system, after what (using certain conditions) we will 
synthesize the appropriate switching PDC controllers. The 
final aim is to generate stable controllers which will satisfy 
certain stability conditions given in a form of LMIs (e.g. 
using Theorem 2 or Theorem 3). 

 

...

...

Nonlinear System

Identification Using 
Input/Output Data

Physical model

Partition of the state 
space into m regions

T-S fuzzy 
model 1

T-S fuzzy 
model 2

T-S fuzzy 
model m

Switched T-S 
fuzzy model

One possibility for 
accomplishing this task 

is to use sector 
nonlinearity method

Stable PDC 
Controller 2

Stable PDC 
Controller 1

Stable PDC 
Controller m

When designing the local 
PDC controllers, global 
stability conditions are 

used

 
 

Figure 2.  Switching fuzzy controllers design. 

Next, we propose one possible way for finding this stable 
switching fuzzy logic PDC controllers (using MATLAB), 
after what, with the appropriate Simulink model, we can 
make the performance analyses simulations. The necessary 
steps are represented on Fig. 3. After the local switching 
controllers are generated (using the algorithm on Fig. 3), 
according and for the appropriate switched T-S fuzzy model 
(Fig. 2), they can be used for controlling the real nonlinear 
system. Choosing the appropriate controller in certain 
moment (switching among these controllers) is made 
according the conditions which define the certain region 
selection. This is shown on Fig. 4. In every region there is an 
appropriate stable PDC controller which is synthesized using 
the design procedure given on Fig. 3. 

 

Parameters that define the linear systems in every 
region, initial conditions and design constraints 

LMI Design 
(“Robust Control 

Toolbox” -
MATLAB)

Design of T-S 
PDC 

controllers

Simulink 
model

Performances

Fil

 
 

Figure 3.  Steps for controller design and performance evaluation for the 
given switched fuzzy model. 
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predefined 
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...

u x

 
 

Figure 4.  Control of a real system with previously designed controllers, 
according the procedure given on Fig. 3. 

V. HOVERCRAFT VEHICLE (HV) AS A TYPICAL 

NONHOLONOMIC SYSTEMS 

A hovercraft is a craft capable of travelling over surfaces 
while supported by a cushion of slow moving, high-pressure 
air which is ejected against the surface below and contained 
within a "skirt". 

 
 

Figure 5.  The model of a hovercraft vehicle [9]. 

From Fig. 5 it is obvious that if we apply the same force 
to both motors, the vehicle will go straight, and if different 
force is applied, the vehicle will turn. 

According to hovercraft model of Fig. 5, the following 
state-space model of the hovercraft vehicle is given in [9]: 

       tft
M

tytx 11 sin
1   ,      txtytx 12    

     tf
I

l
ttx 23

sin   ,      txttx 34   

(18) 
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where      tftftf LR 1 ,      tftftf LR 2 ,   is the angle 
of the vehicle; l  is the distance between the gravity and fans; 
  is the angle between the gravity and fans; Rf  and Lf  are 
the forces generated by the right and left side fans, 
respectively; M  and I  are the mass and the inertia, 
respectively. The control purpose is   0lim 


ty

t
 and 

  0lim 


t
t

 , by manipulating  tfR  and  tfL . 

Using the theory for nonholonomic systems in [1], it can 
be easily shown that the hovercraft vehicle, with the model 
(18), is a typical nonholonomic system. Nonholonomy 
means that the system is subject to constraints involving 
both, the position and velocity, whereupon it is shown that 
this systems can not be stabilized by any continuous 
feedback law [1].  

Moreover, for proving this conclusion we will try to 
stabilize the system with the continuous control law (based 
on the T-S fazzy model), and then we will design a switching 
controller, based on the switched fuzzy-logic model. 

VI. T-S FUZZY MODEL BASED CONTROL FOR THE HV 

A. T-S Fuzzy Model for the Hovercraft Vehicle 

The design of T-S fuzzy model for the hovercraft system 
will be made according to the presented design procedure 
for building T-S fuzzy models in [7]. 

The main feature of the T-S fuzzy model given in [7] 
(equation 2.1 – Chapter 2) is to express the join dynamics of 
each fuzzy implication (rule) by a linear system model. 

We replace the equations (18) with an ordinary T-S 
fuzzy model. The idea of sector nonlinearity is employed in 
the T-S fuzzy model construction ([7] - Chapter 2). 

To begin with, we replace   tsin  with a fuzzy model 

representation. By considering that     t , the 

range of   tsin  is given with     11sin t  (this is 
visible from Fig. 6-a): 

      
                            a)                                            b) 

Figure 6.  a) Nonlinearity   tsin , for     t ; b) 

Membership functions  1v  and  2v . 

Subsequently, the nonlinear function   tsin  can be 
converted into the following fuzzy model representation: 

    



2

1

sin
i

ii btvt  , (19) 

where 

      121  tvtv  . (20) 

From (19) and (20) the membership functions   tv 1  and 

  tv 2  are calculated as: 

     
2

sin1
1

t
tv

 
 ,      

2

sin1
2

t
tv

 
 , (21) 

and they are plotted on Fig. 6-b. 
We construct the following fuzzy model by utilizing the 

representation (19) and the membership functions (21). 
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(22) 

The model (22) can be given in the following condense 
form: 
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where: 
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Following the design procedure in [7] (equation 2.1 – 
Chapter 2), the T-S fuzzy model is represented as: 

         



2

1i
iii tuBtxAtvtx  . 

B. Design of T-S Fuzzy Logic Controller 

The fuzzy logic PDC controller for the T-S fuzzy model 
(23) can be designed according the design procedure in [7] 
(equation 2.23 – Chapter 2), having the form: 

 

   txFtu
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1,

:1

 THEN                    

 is  IF                    

   rule Control

  

   txFtu
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2 ,
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 THEN                    
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  ruleControl


 

(24) 

From (23), it is obvious that the design process depends 
on the local feedback gains 1F  and 2F , which can be 
obtained if there is a feasible solution to the LMI stability 
design conditions given in [7] (equations 3.15 and 3.16 – 
Chapter 3). 

The linear matrix inequalities, adequate for the T-S 
fuzzy model (23) and the PDC control scheme (23), are 
given in the form: 
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where the feedback gains iF  ( 2,1i ) and the common 
matrix P  can be derived according the equations: 

11 ,   XMFXP ii , (25) 

using the resulting values of X  and iM . 
Using the LMI toolbox in MATLAB the matrices P  

and iF  ( 2,1i ) are calculated as: 
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Even though the solution seems to be feasible, this 
controller can not stabilize the system and achieve the 
control purpose. This was expected, as the hovercraft 
vehicle is typical nonholonomic system, and it can not be 
stabilised with any type of feedback continuous control law. 
Moreover, this is visible from the fact that: 
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This means that the first control input  tf1  never 

contributes for achieving the control purpose. Given that, if 

the initial conditions are    Tx 7085.10100  , only 

control input  tf2  influence the system performance, 
which tries to turn the vehicle from state 2/   into the 
state 0 , but 1y , t . This is shown on Fig. 7. 

 
Figure 7.  Simulation results using the PDC controller for the T-S fuzzy 

model, for the hovercraft vehicle, for initial conditions 

   Tx 5.10100  and ( M=0.1, 4/  , I=0.5, l=0.1). 

In the next Section we will show that the control purpose 
will be achieved by designing the switched fuzzy model 
based controller. 

VII. T-S SWITCHED FUZZY CONTROLLER DESIGN FOR A 

HV 

In this section we will use the proposed simulation 
algorithms from Section IV (Fig. 2 and Fig. 3), in order to 
build switched fuzzy controller for the hovercraft-vehicle as 
a typical nonholonomic system. After synthesizing the 
appropriate local controllers we can build Simulink model 
(Fig. 4) and explore the performance of the given control 
system. This scheme for constructing the simulation 
environment can also be used for other nonlinear systems. 

A. Switched Fuzzy Model 

The switched fuzzy model that we will derive (according 
to the procedure represented on Fig. 2) will satisfy the form of 
the switched fuzzy model with levels of structure, given with 
the equations (1). 
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To make a switched fuzzy model for the nonlinear system 
(18), assume that    179179t . We divide the premise 
variable space into three regions with nonnegative constant 
d (in [23] we have shown that the state-space partitioning 
into different regions has considerable influence to the 
control performance of the switched fuzzy system). 
Therefore, the switched fuzzy model has three regions 
(Region 1-3) according to the premise variable  t . The local 
nonlinear dynamics in each region is represented by a T-S 
fuzzy model. We will use sector nonlinearity concept ([7]) to 
determine the local linear models in every region. () 

Region 1 (   dt  ): In this region (    179dt  ), the 
nonlinear function   tsin  can be rewritten as 
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12 a . 

Region 2 (   dtd   ): 
In this region, we fix the first input, i.e.   Ctf 1 , where 

C  is a positive constant. This implies    
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Region 3 (   dt  ): In this region (    dt 179 )the 
nonlinear function   tsin  can be rewritten as 
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By aggregating the above results, according the relation 
(1), we construct the following switched fuzzy model for the 
hovercraft model (18): 
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(26) 

 

where    
 








tf

tf
tu

2

1  and           txtxtxtxtx 4321 , 





















0100

0000

0001

0000

32311211 AAAA , 























0100

0000

0001

000 21

21

a
M

C

A , 























0100

0000

0001

000 22

22

a
M

C

A , 

























00

sin
0

00

0
1

11

11

I

l

a
M

B 
, 

























00

sin
0

00

0
1

12

12

I

l

a
M

B 
, 























00

sin
0

00

00

2221

I

lBB  , 

























00

sin
0

00

0
1

31

31

I

l

a
M

B 
, 

























00

sin
0

00

0
1

32

32

I

l

a
M

B 
. 

 
The defuzzification is carried out according the relation (3), 
whereas for this case we get: 
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B. Controller Design via Switching PDC 

The switching fuzzy controller of PDC type for the 
switched fuzzy model (26) can be designed according the 
relation (7), having the form: 
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(28) 

 

The overall fuzzy controller is obtained according the 
relation (8), and in this case it has the form: 
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From (29), it is obvious that the design process depends 
on the local feedback gains ilF , which can be obtained if 
there is a feasible solution to the LMI stability conditions 
given with Theorem 2. 

The linear matrix inequalities, adequate for the switched 
fuzzy model (23) and the PDC control scheme (23), are 
given in the form: 
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where the feedback gains ilF  ( 3,2,1i , 2,1l ) and the 
common matrix P  can be derived according the equations: 

11,   XMFXP ilil , (31) 

using the resulting values of X  and iM  from (30). 

Using the proposed simulation scheme on Fig. 3, i.e. 
using the LMI toolbox in MATLAB, we have got feasible 
solution for the values of matrices P  and ilF  ( 3,2,1i , 

2,1l ), in the form: 
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Fig. 8 shows the values of the control variables y  and  , 
using the switching PDC controller. In this case, unlike the 
case when ordinary T-S fuzzy controller is used, it is clear 
that the control purpose (   0lim 


ty

t
 and   0lim 


t

t
 ) is 

achievable. 

 

Figure 8.  . Values for   and y, when the LMI conditions according the 

Theorem 2 are used. Initial conditions are    Tx 5.10100  and ( 

M=0.1, 4/  , I=0.5, l=0.1, C=0.5, 50/d ). 
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Figure 9.  . a) Control inputs  tfR  and  tfL ; b) Region selection. 



VESNA M OJLESKA et al: SUPERIOR PERFORMANCE OF SWITCHED FUZZY CONTROL SYSTEMS: AN . .  

DOI 10.5013/IJSSST.a.12.02.03                                                                                  ISSN: 1473-804x online, 1473-8031 print 28

Showing this it is obvious that the use of switching fuzzy 
controllers is worthwhile in comparison of ordinary T-S 
fuzzy controllers which are continuous feedback control 
laws. However, if we view the control effort, i.e. the values 
of  tf R  and  tf L , (see Fig. 9-a), it is obvious that they 
have very high amplitudes. The respective switching signal 
that selects the appropriate region during the control period 
is shown on Fig. 9- b. 

 

 
Figure 10.  . Values for y, using the control signals, shown on Fig. 12. 

 

 
Figure 11.  . Values for  , using the control signals, shown on Fig. 12. 

 
For constraining the control inputs  tf R  and  tf L , we 

can use the LMI conditions given with (17). Please note that 
the LMI conditions (17) depend on the initial conditions, so 
whenever we would like to change the initial conditions it 
would be necessary to recalculate the feedback control gains 
according the design process on Fig. 3. 

Fig. 10 and Fig. 11 show the values of the control 
variables for the four different constraint inputs, given on 
Fig. 12-a,b,c,d. It is obvious that as much as the control 
inputs are constraint, as hard as the control purpose is 
achieved. 
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Figure 12.  . Control inputs  tfR  and  tfL  and the appropriate switching 

signal, when the joined LMI conditions according the Theorem 2 and 

Theorem 4 are used. Initial conditions are    Tx 5.10100  and ( 

M=0.1, 4/  , I=0.5, l=0.1, C=0.5, 50/d ). 

 

VIII. CONCLUSION 

We have shown that the proposed mechanism for 
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solvable with other types of controllers. Among many 
questions that arise considering the performance of switched 
fuzzy systems is the state-space partitioning. In [23] we have 
shown that the state-space partitioning into different regions 
has considerable influence to the control performance of the 
switched fuzzy system. 
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Abstract — Variable selection is an important task in machine learning and data mining applications. In many real world problems 
a huge volume of data is often available which corresponds to a large number of variables. When developing a model for 
classification, clustering or other applications, the search of an optimal subset of relevant input variables is crucial. In this paper an 
automatic variable selection method, which combines Genetic Algorithms and Self Organizing Maps, is proposed for classification 
purposes. The Genetic Algorithm is used to select the most relevant input variables and to set some relevant parameters of a 
classifier implemented through a Self Organizing Map. This method has been tested with several datasets belonging to the UCI 
repository.  The results of the tests are presented and discussed in this paper. The proposed approach provides a good classification 
accuracy and contributes to the comprehension of the phenomenon under consideration.  

Keywords - variable selection, feature selection, genetic algorithms, Self Organizing Maps, classification 

 

I. INTRODUCTION  

Input variables selection is an important task within the 
whole process of developing a multivariate model through 
the exploration of a database that gathers data describing a 
particular phenomenon or process.  

Variable selection is an important data pre-processing 
step in several fields, such as machine learning [1] [2], data 
mining [3], medical data [4] and pattern recognition [5, 6]. 

The main aim of this work is to select a subset of 
variables among all the available ones to be fed as input to a 
SOM-based classifier. Such variables should hold the highest 
informative content with respect to the input-output mapping 
which is to be developed. An effective selection process 
results in the creation of a well performing classifier [7]. On 
the contrary, an incorrect selection of the model input 
variables negatively affects the performance of the system. 
Variable selection should be able to point out all the 
variables affecting the phenomenon under consideration. 
Non relevant variables should not be selected. On one hand, 
the missed selection of one or more relevant variables 
prevents the model to represent some salient input-output 
interactions and, consequently, decreases the model 
performance. On the other hand, the selection of non relevant 
variables leads to the creation of an over-dimensioned 
network which is more difficult to train and can show 
generalization problems.  

The problem of variable selection is particularly 
important when coping with datasets concerning real world 
problems, when a low number of measurements of all the 
potential input variables is collected [8]. In these cases the 
number of potential inputs of the classifier is considerable 

with respect to the number of patterns to be exploited for 
model parameters tuning, i.e. in the neural network training 
phase. 

In this paper a new method for variable selection within a 
classification problem is presented. The method is based on 
the use of a Genetic Algorithm (GA) [9] for the selection of a 
set of variables to be explored by a classifier which is based 
on the use of labeled Self Organizing Map (SOM) [10]. 

The SOM, although originally developed for coping with 
clustering tasks, has also been used with success for 
classification purposes [11]. This particular use of the SOM 
exploits its capabilities of reproducing the topology and 
distribution of the training data in a lower dimensional space. 
In this context a membership class is assigned to each 
reference vector of the SOM on the basis of the class which 
the input samples belong to. 

Here a labeled SOM is exploited for using the SOM as a 
classifier. With respect to the standard SOM, its labeled 
version includes class information related to each neuron by 
which it was formed. This label is assigned on the basis of 
the class of the training data. The learning algorithm of this 
classifier can be divided into two steps: in the first one the 
standard, unsupervised training of the SOM is performed so 
as to generate a clusters map preserving topology and 
distribution of the training data. In the second step, training 
data are re-fed as inputs to the net together with the class to 
which they belong. This is done in order to assign a cluster 
to each corresponding class from the majority of the 
samples which have fired each neuron. 

This approach has been widely used in different 
frameworks and has proved its superior efficiency with 
respect to other classifier-based approaches. For instance, in 
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[12] the labeled SOM is used for classifying remote sensing 
data in a geo-science application and the classification  
performance is shown to be higher than the one of 
maximum likelihood as well as standard neural networks-
based methods. In [13] a medicine related task consisting of 
the classification of DNA is faced by means of the labeled 
SOM while in [14] a labeled SOM is combined to another 
neural network of the multi-layer perceptron type for the 
classification of hand written digits. 

Here we select the variables to be fed as input to a 
classifier based on a labeled SOM. This is done on the basis 
of the obtained classification performance, which is 
measured through a suitable performance index. In other 
words, such index represents the objective function to be 
optimized through the GA. 

The paper is organized as follows: Sec. II proposes an 
overview of the literature results concerning variable 
selection. In Sec. III a method based on the use of GAs 
coupled with a Self Organizing Map (SOM) is described. 
Sec. IV presents the results of some tests of the efficiency of 
the proposed method on five datasets coming from the UCI 
repository. Finally, in Sec. V, some final considerations are 
proposed. 

This paper is an extended version of the paper entitled "A 
GA-based approach for selecting the most relevant input 
variables in classification tasks" which was presented by the 
same authors at the 4th European Modeling Symposium EMS 
2010. 

II. STATE OF ART 

Variable selection is a generic pre-processing step which 
is commonly performed within the development of models 
aiming at different tasks. In literature several works can be 
found where variable selection has been performed for 
function approximation [15], classification [16-18] and 
clustering [19] coupled to a variety of systems: neural 
networks [20], regression models [21] and decision trees 
[22]. Finally, variable selection can be a useful tool for 
knowledge extraction from a database, especially when 
developing a model related to a process or phenomenon 
which is not completely understood, as it highlights the 
variables that actually affect the investigated phenomenon.  

The problem of the selection of a subset of potential 
input variables which are supposed to affect some output 
variables can be faced by means of two different approaches 
[23-24]: 

 
 feature extraction, 
 feature selection. 

 
Feature extraction-based methods perform a 

transformation of the input space (and consequently of the 
original variables) in order to create a different feature set 
which should be more significant than the original and 
eventually more compact. A widely known example of 
feature extraction techniques is the Principal Component 
Analysis (PCA) [25], which performs a linear transformation 
of the original set of variables. The problem using a feature 

extraction-based approach is that the information of the 
original input variables is lost in the new configuration. 

The feature (or variable) selection methods can be further 
divided into three categories: filters, wrappers and embedded 
methods. 

 
Filters methods exploit a statistical test in order to 

perform the selection. On the basis of such tests a pertinence 
index is calculated for each variable. The variables which are 
characterized by high pertinence are finally selected. These 
methods are independent of the learning algorithm used to 
eventually train or tune the developed model.  They are also 
computationally affordable but they can be affected by over-
fitting problems. A generic scheme of a filter method is 
shown in Fig. 1. 

An input variables subset is created through a subset 
generation process. The process can begin with an empty 
initial set or with the whole dataset and then several search 
strategies are applied. 

The created subsets are assessed by a heuristic filter 
among which are informational gain [26], mutual 
information [27], correlation measure [28, 29], maximum 
relevance [30].  

When the score or the optimum number of selected input 
variables is reached, the process finishes and the variables 
subset is assessed through an induction algorithm. Also the 
filter approaches select the best subset regardless of the 
classification algorithm chosen.  

A simple approach consists of ranking the input variables 
on the basis of their relevance and performing a simple 
threshold comparison for the selection of the final input 
variables subset. In [29] the best variable subset is selected 
by measuring both the correlation between each variable and 
the class as well as the correlation among the selected 
variables. Finally, the relevant variables are obtained without 
redundancies [31]. Correlation methods such as the Pearson 
Correlation coefficient calculation [32] can only detect linear 
dependency between a variable and a target and are usually 
adopted for microarray data analysis [33]. Another common 
approach for variable selection task is the use of information 
theoretic criteria. 

 

 
Fig 1. Generic scheme of filters approach 
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 The Mutual Information (MI) [34] between each 

variable and the target is calculated to obtain a measure of 
dependency between the density of each variable and the 
density of the target. Several approaches which include 
information theoretic criteria to the variable selection 
problem are proposed in literature [35-38]. 

 
Wrapper methods, which have been presented in [39], 

exploit the performance of the learning machine in order to 
select a subset of inputs according to their predictive power. 
Wrappers require more computational power with respect to 
filters but can take into account not only the relevance of the 
single selected variable but also its redundancy with respect 
to the other selected variables. Wrappers can require a high 
computational burden, as the learning machine is trained in 
order to test the various sets of candidate input variables. 
Figure 2 shows the flow diagram of a generic wrappers 
method. 

In the wrapper approach [40-42] the created subsets are 
assessed through an induction algorithm. Wrapper 
approaches identify the subset of input variables which give 
the best classification function in terms of accuracy or of 
another performance indicator. In the wrapper approach the 
machine learning can be considered as a black box and the 
input variable selection can be performed also through a 
brute force method, although this approach is 
computationally complex. Actually an exhaustive approach 
to variable selection is not always feasible. In fact, if there 
are n potential inputs, there are 2n possible subsets to test 
and, consequently 2n training procedures to accomplish. 
When n is high, the exhaustive search becomes impractical. 

A common search strategy includes the sequential 
algorithms, which are simple and universal [43]. This search 
strategy, called Greedy search strategy, can work in two 
directions: forward selection and backward elimination. 
Sequential Forward Selection (SFS) starts with an empty set 
of variables. These variables are progressively included into 
a larger subset. At each step the best candidate, in terms of 
accuracy of the learning machine used, is added to the 
selected set. This iterative procedure continues until there is 
no further improvement in accuracy. On the other hand 
backward elimination starts with all available variables and 
progressively deletes the least promising one. The Greedy 
search strategies require at maximum n(n+1)/2 trainings and, 
as forward selection starts with a small features set, it is less 
expensive than the backward elimination, if it stops early. In 
comparison, in filter approach there is no search and only n 
training procedures are required. 

This approach is more expensive than the filter approach, 
because the induction algorithm is trained for each subset but 
selected subsets are more significant than those selected in 
the filter approach where the selection depends on features 
redundancy or relevance. 

 

 
Fig 2. Generic scheme of wrappers approach 

 
Embedded methods, in contrast to filter and wrapper 

approaches, do not separate the learning phase and the 
variable selection phase. They also perform variable 
selection during the training of the learning machine [40]. 
This combination is very efficient in terms of both 
computational cost and appropriate selection of variables. 
However, it requires specifically designed learning methods 
and systems. The advantages of embedded methods include 
the interaction with the classifier and a higher computational 
complexity with respect to wrapper methods. Feature 
selection is integrated in the machine learning part and is 
used for model generation. 

There are some embedded methods which are also nested 
subset methods and perform forward selection or backward 
elimination. At each step only one feature is considered to be 
added or removed) requiring only n trainings. The embedded 
approach can reach the similar performance of the wrapper 
methods with the same low computational cost of the filter 
methods. Xiao et al. [44] proposes a novel Embedded 
Feature Selection Filter (EFSF) which exploits the sequential 
feature selection method, by incrementally adding the most 
important variables. This approach exploits the mass 
function to combine information obtained from variables in 
an embedded way, by reducing the computational cost from 
the original SFS. In Figure 3 a generic scheme of embedded 
methods is shown.  

 

 
 

Fig 3. Generic scheme of embedded approach 
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When treating large datasets, filter methods considering 
many attributes are the best approach, as wrapper methods 
are too expensive. On the other hand, when the dimension of 
dataset is moderate, wrapper or embedded methods are 
preferable, as they provide a higher accuracy with respect to 
filter methods. 

Some hybrid models are also proposed in [45-46], which 
combine and take advantages from several approaches. 

 

III. GA FOR THE SELECTION OF SOM INPUT 
VARIABLES 

 
The basic idea that lies behind the approach proposed 

here for variable selection consists in exploiting the search 
capabilities of GA in order to find the best performing 
combination of input variables in terms of the accuracy of 
the classifier. Moreover GAs are used in the present case not 
only for the selection of the variables to be used by the 
network but also for setting some parameters of the SOM 
itself. In particular the varied parameters are as follows: 

 
- Dimension of the net 
- Topology function 
- Distance function 
- Steps for neighborhood to shrink to 1 
- Initial neighborhood size.  
 
During the search process the GA explores and evaluates 

the classification performance of different combinations of 
variables and network parameters and finally returns the 
optimal one. 

Within the GAs framework, each candidate set of input 
variables and SOM parameters is coded into a so-called 
chromosome, as depicted in Figure 4. 

 
 

The first part is devoted to the specification of those 
variables which are exploited by the SOM and is coded by 
means of a binary array, where each bit corresponds to a 
potential input variable: 1-valued bits represent a variable 
which has been selected, 0-valued bits correspond to non 
selected variables. The second part of the chromosome 
specifies the SOM dimension by the means of two integer 
values stating the dimension of the employed two-
dimensional SOM. The third part of the chromosome 
specifies how neurons are originally arranged in physical 
positions according to a topology function.  

 

 
Fig 4. Scheme of the chromosome structure: part of the chromosome is 

devoted to the coding of the variables selection, the  
remaining part to the SOM  parameters. 

 
The topology function can arrange the neurons in three 

different ways, namely grid, hexagonal or random topology, 
which are coded by an integer number (1, 2 and 3, 
respectively). The fourth part is an integer value (which can 
assume three different values, i.e. 1, 2 and 3) that identifies 
the distance between neurons. The three available options 
are: Euclidean distance, link distance (a layer distance 
function used to find the distances between the layer's 
neurons) and Manhattan distance. 

The GA initially creates a population of 20 chromosomes 
which are evenly distributed on the search space. Afterward, 
the GA evaluates their goodness through the fitness function. 
Here the fitness function provides a number f in the range 
[0,1] representing the rate of correct classifications achieved 
by the labeled SOM. This is trained by means of the selected 
variables and is dimensioned according to the dimension 
coded in the chromosome. More in detail, for the evaluation 
of a candidate solution the fitness function performs the 
following steps: 

 
1. The SOM is created according to parameters 

specified by the candidate solution and trained by 
using the training dataset as input including only the 
selected variables. The SOM is trained on the basis of 
the standard algorithm presented by Kohonen in [47]. 
Once the training is completed, the labeling phase 
takes place and each neuron is associated to a target 
class. The class assigned to an arbitrary neuron 
corresponds to the class to which the majority of the 
patterns associated to the neuron belong. 

 
2. The accuracy of the labeled SOM, which also 

represents the fitness of the GA, is calculated by 
simulating the classification of the observations of the 
training set as follows: Each pattern is associated to a 
neuron of the SOM according to the metric distance 
used during the SOM training. Afterwards the pattern 
is classified as belonging to the label/class to which 
the corresponding neuron is associated. It is also 
possible that a pattern is associated to a neuron whose 
class is not decided due, for instance, to the balance 
of the labels gathered during the labeling phase. In 
this case the result of the classification is determined 
on the basis of the labels associated to the neurons 
lying in the vicinity of the winning neuron.  This is 
done in order to exploit the capabilities of the SOM in 
maintaining the distribution and topology of the 
original input space. A concise scheme of the 
operation pursued by the fitness function is depicted 
in Figure 5. 
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Fig 5. Flow-chart representation of the operations performed by the fitness 
function in order to evaluate the goodness of candidate solutions. 

 
 

3. During the optimization, the process implements the 
GAs crossover and mutation in order to explore the 
space of the solutions and exploit the knowledge 
acquired during the search. The crossover operation 
involves two parent chromosomes and produces a son 
candidate solution that inherits genes from both 
parents. In particular, as far as the binary part (see 
Figure 6a) of the chromosome is concerned, in order 
to determine each gene of the son, the corresponding 
gene of both parents is considered. If the parents have 
the same value (0/1) for that gene, the son inherits the 
same value; otherwise it inherits a value randomly 
chosen between the ones characterizing the parents. 
The same procedure is applied to select the genes of 
the integer part of the chromosome (see Figure 6b).  

 

 
 
Figure 6a. An example of the employed crossover operation in the  

binary part of the chromosome. 
 
 

 
Figure 6b.  An example of the employed crossover operation in the  

integer part of the chromosome. 
 

The mutation operator randomly modifies a gene of 
the selected chromosome and switches it from 1 to 0 
or vice versa in the binary part, while adds or 
subtracts a number in the integer part of the 
chromosome. In particular, concerning the net 
dimension, the topology function, the distance 
function and initial neighborhood, the mutation 
operator randomly adds or subtracts 1 according to 
the maximum or minimum allowed value. 
Concerning the step parameter the criterion is the 
same but the value 10 (instead of 1) is randomly 
added or subtracted. 

 
4. The eventual verification of the stopping condition is 

checked. If such condition is verified, the solution 
with the best fitness function is returned, which 
corresponds to the best of the input variables and 
SOM parameters set, otherwise steps 1 to 3 are 
iterated. 

 
As far as the stopping condition of the GAs is concerned, 

two criteria have been applied. The algorithm stops after the 
achievement of a predetermined number of iterations or 
when the accuracy of the classification achieved by the best 
performing chromosome reaches the unitary value. Figure 7 
depicts a synthetic scheme of the GA-based selection of 
input variables for the labeled SOM-based classifier. The 
advantage of the proposed method lies in synergy between 
the GA, which is used for the selection of the variables to be 
used, and the classifier (in this case a labeled SOM for the 
classification purpose) exploiting the selected variables. The 
combined work of GAs and labeled SOM affects both the 
variables selection and the parameters of the classifier. 
Furthermore the use of GAs in this framework provides very 
fruitful results due to exploration capabilities of this method. 
GAs, in fact, are capable of exploring the search space in an 
effective manner, by limiting the number of training 
iterations of the labeled SOM, which represent the most 
time-consuming step of the whole process.  

 

 
 

Figure 7. A flow-chart representing the  
GAs based variable selection system. 
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IV. TEST OF THE PROPOSED METHOD ON 
SEVERAL DATABASES. 

A. Datasets description 
In order to demonstrate the effectiveness of the proposed 

method, some tests have been performed by exploiting five 
datasets belonging to the UCI repository [48]. 

 
- DATABASE 1. WISCONSIN BREAST CANCER 
DATASET (WBCD). 

This medical dataset collects information concerning the 
analysis of biopsies conducted on patients who are suspected 
of breast cancer [49]. Each sample consists of a set of 9 
measures related to the analysis of the biopsy image and a 
classification variable assigning the benign or malignant 
nature of the tumor. The aim of the classifiers within this 
problem is to assign to each input pattern the correct 
diagnosis. The dataset is formed by 699 observations: 458 
(65.5%) of them correspond to benign tumors while the 
remaining 241 (34.5%) to malignant ones. 

 
- DATABASE 2. IRIS. 

This dataset [50] (widely adopted in literature especially 
in the works dealing with classification procedures and 
methods) includes 3 classes of 50 observations 
corresponding to 3 types of iris plant: setosa, versicolours, 
verginica. 

 
- DATABASE 3. LIVER DISORDERS (BUPA). 

This medical dataset (which has been made available by 
BUPA Medical Research Ltd. and is therefore indicated in 
the following as BUPA dataset) collects information about 
an analysis conducted on patients with possible liver 
disorders. The task of this analysis is to understand if a given 
male patient suffers from alcoholism. The database includes 
6 variables; the first 5 are related to blood tests while the last 
one represents the number of half-pint equivalents of 
alcoholic beverages that are drunk per day by the patient. 
The number of instance is 345 and 145 of them (42.03%) 
refer to alcoholic patients.  

 
- DATABASE 4. NEW-THYROID 

This medical dataset collects information related to an 
analysis on thyroid diseases. The aim of the analysis is to 
determine if a patient is healthy (class 1) or suffers from 
hyperthyroidism (class 2) or hypothyroidism (class 3) [51]. 
The dataset contains 5 features and 215 instances. 

 
- DATABASE 5. ZOO 

This is a simple dataset used to classify animals into 7 
different classes on the basis on their features. The dataset 
contains 101 instances and 17 input Boolean variables.  

 
Table 1 summarizes the features of the datasets that have 

been used for the tests. 
 The five datasets have been used for testing a labeled 
SOM classifier that has been designed by exploiting the 
above-described feature selection method. Each dataset has 
been initially divided into a training set (containing 75% of 

the whole observations) and a validation set (containing 
25% of the whole observations) by maintaining the 
unaltered original distribution of the target of the starting 
dataset.  
 
Table 1  Summary of the datasets that have been exploited in the tests. 
 

Dataset # instances # var. CLASSES  
WBCD 699 9 2 classes: 

C1 = 34.5% 
C2 = 65.5% 

Iris 150 4 3 classes: 

C1 = 33.3% 
C2 = 33.3% 
C3 = 33.3% 

BUPA 345 6 2 classes: 

C1= 42.03% 
C2= 57.97% 

New-thyroid 215 5 3 classes: 

C1= 69.77% 
C2= 16.28% 
C3=13.95% 

Zoo 101 16 7 classes: 

C1=40.59% 
C2=19.80% 
C3=4.95% 
C4=12.87% 
C5=3.96% 
C6=7.92; 
C7=9.901% 

 

 
B. Results 
Table 2 shows the obtained result in terms of accuracy, 
number of variables and selected SOM parameters.  
The proposed approaches reaches 100% accuracy on two of 
the five available datasets, namely the Iris and New-thyroid 
datasets, and accuracy is high also on WBCD and Zoo 
datasets. Only on the BUPA dataset the accuracy is of 78%, 
which is, however, a good result, especially if compared to 
those achieved by other classical methods. 
Table 3 shows a comparison with other classical methods, in 
particular Sequential Feature Selection (SFS) [43], 
Sequential Backward Selection (SBS) [43], Correlation 
calculation (Corr) [28, 29], Mutual Information (MI) 
calculation [27]. Additionally, the results which are obtained 
by considering all the available input variables as well as 
through the exhaustive (or brute-force) method are shown.  
 

Table 2  Summary of the tests results. 

 
Dataset	 #	

var	
Net	
dim	

Topol.	 Dist	 Steps	 In.	
Neigh	

Acc	
%	

WBCD	 5 7x3 2 2 20 4 99.3 
Iris	 3 6x2 1 3 70 2 100 
BUPA	 4 7x3 2 1 90 2 78 
New‐
thyroid	

4 4x1 2 3 62 1 100	

Zoo	 2 4x4 1 3 70 2 96 
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Table 3  Summary of the accuracy achieved through other methods. 
 

Dataset	 SFS	 SBS	 Corr	 MI	 All	
var.s	

Exhaustive	
method	

WBCD	 99.3 99.3 89.4 89.4 92.9 96.6 
Iris	 99.7 99.8 89.2 91.9 97.3 97.3 
BUPA	 78 78 65.1 75.6 74.42 75.6 
New‐
thyroid	

99.6 99.5 83.3 100 92.6 100	

Zoo	 96 96 76 84 40 96 

 
 In order to keep the computational burden of this last 
method within reasonable limits, however, not all the 
possible combinations of the model parameters have been 
tested. 
 From Table 3 it is understood that, as far as the WBCD, 
BUPA and Zoo datasets are concerned, the GA-based 
approach has the same performance of SFS and SBS 
algorithms. In particular it must be noticed that the BUPA 
dataset turns out to be the most critical, as the performance 
of all the proposed methods are significantly lower with 
respect to the ones achieved on the other considered 
datasets. 
 On the other hand, when applied to the Iris dataset, the 
GA-based approach outperforms all the other proposed 
methods. Finally, for the New-thyroid dataset, the proposed 
approach provides the same accuracy with respect to 
considering all the variables and using the MI-based 
approach. 
 
C. Discussion 
 As it is evident from Tables 2 and 3, the proposed 
approach shows performance which is better or equal to all 
the other methods.  
 The Correlation method always provides the worst 
results, which is quite reasonable, as the dependency 
between the potential input variables and the associated 
target in all the cases is evidently not linear. Also the 
adoption of all the input variables does not provide good 
results, due to the fact that the model changes depending on 
the number of variables, in order to keep the number of the 
tunable parameters within reasonable limits. This fact 
confirms that, when designing a classifier, variable selection 
is an unavoidable pre-processing step. 
 Noticeably, the exhaustive method, despite its 
computational burden and its apparent power, does not 
always achieve the same performance. This is due to the fact 
that, in order to apply it, some of the model features must be 
kept fixed, while the GA-based method is capable of 
suitably tuning a higher number of model parameters. 
As shown in Table 2 and in Table 3, the proposed method is 
able to achieve good results by exploiting a subset of the 
original variables resulting in a more compact model. The 
results obtained by the proposed selection method put into 
evidence that the method provides high accuracy in multi-
class classification problems. 

 Finally the proposed method contributes not only to the 
classification method but also to the achievement of a 
deeper comprehension of the phenomenon under 
consideration. This is because it highlights the variables 
which are more involved in the considered problem 
especially when relationships between input variables and 
classification results are very complex, namely in the cases 
where the application of AI-based classifiers (such as the 
labeled SOM considered here) is mostly advisable. 

 

V. CONCLUSION 

 In this paper, the problem of the selection of the 
variables to be used as inputs to a labeled SOM for a 
classification task has been faced by means of GAs. Through 
the proposed GA-based optimization procedure, it is possible 
to determine not only the combination of input variables 
which maximizes the classification accuracy of the classifier 
but also the optimal parameters set of the SOM. This method 
has been tested on several databases and proved its 
efficiency. In a generic problem, where a database coming 
from a real world classification task is available, but the 
knowledge of the considered phenomenon is quite poor, the 
set of variables which are selected through the proposed 
method can be interpreted by experts on the process or 
phenomenon under consideration in order to get a deeper 
insight into the way each variable affects the final 
classification. 
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Abstract—Various techniques of fitness landscape analysis for the determination of optimisation problem hardness for evolutionary 
algorithms are proposed in the literature. However, a few implementations of these techniques and their application in practice are 
described nowadays. In the paper comparative statistical and information analysis for benchmark fitness functions such as Sphere, 
Rastrigin, Rosenbrock and Ackley functions is performed. Both statistical and information measures for benchmark fitness 
landscapes are estimated and interpreted in the optimisation context. The sensitivity analysis is performed to determine how the 
conditions of experimental analysis and the noise factor will impact the target measures and their estimations. 
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I. INTRODUCTION 

Nowadays, evolutionary algorithms are often used to 
solve complex optimisation problems. However, in some 
cases they may be not enough computationally efficient. The 
hardness of an optimisation problem and the ability of the 
evolutionary algorithm to perform an efficient search of the 
optimal solution can be determined by using fitness 
landscape analysis [1-4]. The problem is hard to solve with 
an evolutionary algorithm if its fitness landscape has a large 
number of structures, which disturb a search of the global 
solution. The main landscape feature which influences the 
problem difficulty for an optimisation algorithm is the 
landscape ruggedness. To measure the degree of ruggedness 
of the problem search space, several statistical and 
information measures are proposed [5]. 

The paper presents practical implementation of the 
fitness landscape analysis techniques in order to estimate 
measures of fitness landscapes for some benchmark 
functions with the known structure. Also, the paper gives an 
analysis on how random noise in the fitness function can 
affect the measures of fitness landscapes.  

The paper is organised as follows. Section II gives basic 
information about the fitness landscape analysis, and main 
statistical and information measures of fitness landscapes are 
described. Samples of benchmark fitness landscapes are 
described in Section III. Section IV presents some results of 
an experimental analysis of statistical and information 
measures for benchmark fitness landscapes. The effects of a 
random noise on the estimates of these measures is analysed 
in Section V. In Section VI, results of optimisation 
experiments with a genetic algorithm (GA) for benchmark 
fitness functions are discussed in the context of their 
landscapes analysis. The last section presents the summary 
of performed research. 

This paper is an extended version of the paper presented 
in the UkSIM Fourth European Modelling Symposium on 
Computer Modelling and Simulation EMS2010 [6]. 

II. FITNESS LANDSCAPE ANALYSIS 

Fitness landscape consists of three main components [1]: 
the set of genotypes, the fitness function that evaluates the 
genotypes and genetics operators that define neighbourhood 
relations between the genotype sets. A landscape can be 
interpreted by a surface in a search space that defines the 
fitness for each potential solution. In this case, searching an 
optimal solution may be interpreted as walking on the fitness 
landscape surface towards the highest hill, with overcoming 
other hills and valleys. 

The structure of the fitness landscape influences the 
performance of an evolutionary algorithm. There are several 
characteristics associated with the landscape optima that 
define the structure of fitness landscapes [2] in terms of 
modality, epistasis, ruggedness, and deceptiveness. The 
modality evaluates a number of optima in a search space and 
an optima density. The epistasis refers to genotype fitness 
dependence on multiple genes interaction. Both high 
modality and epistasis lead to a more rugged fitness 
landscape. Such rugged search spaces are harder to search 
compared to a smoother landscape with low epistasis and 
modality [3, 4]. 

A number of different techniques has been developed for 
analysis of fitness landscapes by evaluating their 
characteristics. These techniques can be divided in two 
groups that provide statistical analysis and information 
analysis of fitness landscapes.  

In statistical analysis techniques, several correlation 
metrics for characterising the structure of the landscape are 
proposed. The autocorrelation function is used to measure 
the ruggedness of the landscape [7]. In case of a low 
autocorrelation between two sets of fitness points separated 
by some distance, these points have dissimilar values, and 
the landscape is more rugged. Another correlation metric 
used in practice is the correlation length. It defines a distance 
beyond which two sets of fitness points becomes 
uncorrelated [8]. The magnitude of this length indicates the 
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smoothness of the landscape. A longer correlation length 
indicates smoother landscape while a shorter would indicate 
a more rugged landscape. Fitness landscape analysis is 
performed on a sequence of fitness values obtained in a 
random walk.  

The following formulas are used for estimation of the 
fitness landscape statistical measures [4]. Autocorrelation 
function r(s) between sets of fitness points separated with s 
solutions is calculated by:  
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where fj is value of the sequence of n fitness values {fj}
n
j=1. 

Correlation length τ is defined as:  
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Information analysis is aimed to obtain more information 
about the structure of the fitness landscape, comparing to 
statistical analysis. In particular, it allows estimating the 
diversity of the local optima, modality of landscape and the 
degree of regularity of random walks [3]. Information 
analysis is performed based on the sequence of fitness values 
obtained by a random walk on the landscape. The concept of 
entropy proposed in classical information theory is used as a 
basic concept to quantify the ruggedness of a landscape. Four 
information measures are proposed in literature [3]. The 
information content and partial information content are two 
measures of the entropy or amount of fitness change 
encountered during the walk in the obtained landscape path. 
They indicate the ruggedness and the modality of the 
landscape path. The information stability ε* characterizes the 
magnitude of the landscape path slope during the walk. The 
density-basin information analyses the variety of flat and 
smooth sections on the landscape. Both statistical and 
information analysis techniques suppose that reviewed 
fitness landscapes are statistically isotropic [3]. 

The following formulas are used for estimation of fitness 
landscape information measures [3]. Information content 
H(ε) is defined as follows;  

      



qp

pqpq PPH 6log  

where the parameter ε controls the sensitivity for measuring 
the entropy H(ε) and is a real number from the interval [0, £], 
where £ is the maximum fitness difference of the sequence 
{fj}

n
j=1. Probabilities P[pq] represent frequencies of possible 

sub-blocks pq of elements from the string S(ε)= s1, s2,...,sn of 

symbols is [ 1 ,0,1]. Partial information content M(ε) is 

defined by:  
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where Φ(1,0,0) counts the slopes of the optima, that are 
represented by string S(ε). For further explanations we refer 
to [3]. 

Finally, density-basin information h(ε) is interpreted by: 
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where probabilities P[pp] represent frequencies of the sub-
blocks pp from the string S(ε) [3]. 

III. BENCHMARK FITNESS LANDSCAPES 

A. Sample fitness landscapes 

The following fitness functions used for benchmarking of 
genetic algorithms [9, 10, and 11] are selected for estimating 
and analysing statistical and information measures of 
benchmark fitness landscapes, i.e. Sphere, Rastrigin, 
Rosenbrock, and Ackley functions. 

All these functions can be defined in the same search 
domain with a similar number of variables and can be easily 
graphically interpreted for two variables. The Sphere 
function for the vector 

nxxX ,...,1  of n variables is 

defined as follows [9]:  
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i
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1,...,  

It is a continuous, convex, quadratic and unimodal function 
with one global minimum equal to fSphere = 0 in the point xi = 
0, i = 1...n, and does not have the local optima. The Sphere 
function and its contour plot are shown in Figure 1. 

Figure 1.  Sphere function with 2 variables and its contour plot. 

So called Rastrigin function has more rugged landscape and 
in case of n variables is defined by:  

     



n

i
iinRastrigin xxnxxf

1

2
1 2cos1010,...,   

In case of the function minimisation, it also has one global 
optimum in point of nixi ...1,0   with the value fRastrigin= 0. 

But this function is highly multimodal having the local 
optima produced by its cosine component (see Fig. 2). 
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0

x1  = –3,486... x2  = 0,840...

0 1 0 0 1 1  0 1  1  1   0   0  1  0   1  0  1 1  0 

Figure 2.  Rastrigin function with 2 variables and its contour plot. 

The Rosenbrock function of n variables is calculated by:  
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It is continuous, non-convex, quartic and unimodal function 
with the global minimum equal to 0 in the point xi = 1, i = 
1...n, located inside a parabolic shaped flat valley (see Fig. 
3). While the valley can be easily found, it could be difficult 
to converge to the global minimum. 

Figure 3.  Rosenbrock function with 2 variables and its contour plot. 

Finally, the Ackley function of n variables is defined by:  
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Like the Rastrigin function, it has the local optima, but the 
slope to the optima is exponential. The Ackley function is 
highly multimodal and rugged (see Fig. 4). 

Figure 4.  Ackley function with two variables and its contoir plot. 

B. Search space and neigbourhood  structure 

For all four functions a number of variables is equal to 
n=2, and a search domain is defined by: 

 2,1,55  ixi
 

Two types of solution representation are used, i.e. real-
value encoding and binary representation. In the first case 
variables x1 and x2 are coded as real numbers with a 
resolution factor of 0.01, e.g. -3,49 and 0,84 
correspondingly. Binary coded chromosomes have length of 
20, where first 10 bits code x1, but others code x2. Each 
variable is coded by a formula: 

 5
4,102


z
x  

where z is a decimal number coded with a binary string of 
10. Sample binary chromosome is shown in Fig. 5.  

 

Figure 5.  Sample of binary chromosome. 

Both statistical and information analysis techniques use 
by a random walk generated fitness sequences, where a 
mutation operator defines the way, in which solutions in a 
search space are connected topologically. For real-value 
encoding, a mutation operator changes each variable in a 
chromosome by +0.01 or –0.01 with the probability equal to 
1/3. If all variables xi stays unchanged, the mutation operator 
is re-applied until at least one variable in this chromosome 
changes its value. For binary representation, the bitflip 
operator is used that change the value of a randomly selected 
bit to the opposite value. 

Thereby eight different fitness landscapes are analysed in 
this paper, i.e. four different benchmark functions and two 
types of search space for each function. 

IV. EXPERIMENTAL ANALYSIS 

A. Single experiments  

Express analysis was performed for the Sphere, Rastrigin 
and Rosenbrock fitness landscapes with variables coded by 
real numbers. First, by a random walk the only single path in 
a genotype space was generated, and corresponding fitness 
values for compared landscapes in the phenotype space were 
determined (e.g., see Fig. 6 for Rastrigin function). Then 
autocorrelation for different functions and different lags was 
calculated by formula (1). Obtained correlograms are shown 
in Figure 7. 
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Figure 6.  Proceeded random path in genotype space. 

From statistical analysis, the Rastrigin function has more 
rugged landscape that can be also seen on the function 
contour plot. Its autocorrelation values for lags 1 and 2 are 
smaller than ones for the Sphere and Rosenbrock functions. 
Autocorrelation function for lag more than 2 tends to zero 
and does not provide any information about its landscape. 
Also, the correlation length defined by formula (2) is less for 
the Rastrigin function and equal to 2.35, while for two others 
functions the correlation length is 3.20 and 3.30 
correspondingly. Moreover, the Sphere and Rosenbrock 
functions have quite close autocorrelation values (Fig. 7). 

Figure 7.  Correlograms of Sphere, Rastrigin and Rosenbrock functions. 

Then the sequences of fitness values were transformed to 
strings of symbols S(ε) for different ε, e.g. for the Sphere 
function and ε= 0.04, S(ε) was defined as 1001011010111010010 . 
Information measures H(ε), M(ε) and h(ε) for benchmark 
landscapes were calculated according to formulas (3)-(5), 
e.g. information measures obtained for the landscape of the 
Rastrigin function are given in Table I.   

From information analysis, for Rastrigin function with a 
more rugged landscape measures of the information content 
H(ε) and the modality defined by the partial information 
content M(ε) for different ε are larger than ones for Sphere 
and Rosenbrock functions. Finally, the information stability 
for Rastrigin function is low and equal to ε*≈ 0.087. 

 

TABLE I.  INFORMATION MEASURES OF LANDSCAPE OF RASTRIGIN 
FUNCTION 

ε H(ε) M(ε) h(ε) 
0 0.552 0.444 0.373 
0.4 0.747 0.222 0.315 
0.8 0.452 0.111 0.258 
1.2 0 0 0 

 

B. Multiple experiments 

For more detailed analysis of benchmark fitness 
landscapes, a software prototype for calculation both 
statistical and information measures was developed and 
applied. To estimate structural measures of these landscapes, 
multiple experiments were performed and involved multiple 
randomly generated paths with the starting point uniformly 
distributed in the genotype space.  

In the first series of experiments, the effect of the path 
length on the statistical and information measures for 
benchmark landscapes was analysed. For each length of the 
path on the fitness landscape 10 experiments were 
performed, and measures were estimated by their average 
values. Autocorrelation functions calculated for different 
benchmark functions and lags showed identical results (Fig. 
8). While correlation measures show dependence on the 
length of the path generated by a random walk, the behaviour 
of the information content measures does not demonstrate 
this effect.   

Figure 8.  Dependence of autocorrelation on length of time series. 

In the second series of experiments, the autocorrelation 
for different benchmark landscapes and lags was defined for 
two types of solution representation. In this case, 20 
sequences of fitness values on the landscapes were generated 
by a random walk with 200 points in each. Correlograms 
obtained for real-value and binary coded benchmark 
landscapes (Fig. 9) show the higher autocorrelation for real-
value coded fitness landscapes that make easier search 
process. But the difference between correlogramms for 
different landscapes with the same representation type is 
minor.  
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Figure 9.  Correlograms for real-value and binary coded fitness landscapes. Figure 10.  Sphere function correlograms for different length values. 

Figure 11.  Information content of the Sphere  function obtained in 10 
experiments and averaged over all experiments . 

Figure 12.  Information content of the Rosenbrock function. 

 

Figure 13.  Information content for binary coded Sphere function 

Correlograms in Fig. 10 are obtained for real-value coded 
Sphere landscape and show the higher autocorrelation for the 
longer length of the path in a random work. Furthermore, the 
dependence on lag becomes less chaotic and more linear for 
large lengths, for example, when L is equal to 200. 

In the third series of experiments, different information 
measures for all benchmark landscapes and different ε values 
were estimated. 

The results show the higher information content for the 
smaller values of calculation ε with an explicit peak at 
ε=0.03 for the real-value coded Sphere function (Fig.11). 
However, at ε = 0 that provides taking into accounts any 
small movements on the landscape and L=200, information 
measures become identical and don’t give new information 
about performance of the fitness landscape. In this case, the 
information content tends to 0.388 (see Fig. 11), the partial 
information content to 0.5, and the density-basin information 
to 0.63. At the same time, smaller values of the information 
content for the Rosenbrock function (Fig. 12) compared to 
the Sphere (Fig. 11) indicate the higher degree of flatness 
with respect to rugged areas of the landscape. 

Fig. 13 illustrates the dependence of information content 
measure H(ε) on ε for different length L of the path obtained 
by a random walk on the Sphere function. The curves 
obtained showed no significant differences for the five 
different lengths L. 

C. Local landscape  experiments 

Multiple experiments were also performed for three small 
areas on the Sphere benchmark landscape located near the 
global minimum, close to the local maximum and between 
them. A starting point in a random walk in each local search 
was fixed and defined by <0.05;–0.01>, <4.49; 4.82>, and 
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<–3.71; 1.23>, correspondingly. The results obtained for the 
Sphere function show (Fig. 14) no significant sensitivity of 
the autocorrelation to a starting point location associated to 
the local structures with fitness monotonic changes. The 
magnitude of fitness change during the walk between 
neighbouring points has a big impact on the information 
content measures. Therefore information content (Fig. 15) 
shows high sensitivity to a parameter ε so that ε values need 
to be carefully defined for different local areas of the 
landscape.  

V. NOISE AND MEASURES OF LANDSCAPES 

Additional experiments were performed to define the 
affects of a random noise in fitness on statistical and 
information measures of the benchmark fitness landscape. In 
this case, the fitness function f* is described as follows: 

 f* = f + ξ 

where f is the true fitness function, and ξ is a term that 
represents noise effects not accounted in f  that is treated as a 
statistical error and assumed to be normally distributed with 
mean zero and variance σ2. 

The results of experiments with 20 runs and 200 points in 
each run show that both statistical and information measures 
are quite sensitive to noise. For the real-value coded Sphere 
function with the range of values [0; 50], a random noise has 
an explicit impact on the degree of the autocorrelation for 

σ2= 0.08. Furthermore, with increase of variance, comparing 
with the true fitness function the autocorrelation gets lower 
for shorter lags and higher for longer lags. Additionally, a 
random noise increases the entropy of the true fitness 
landscape structures. Graphs of the information content (Fig. 
17) show the entropy of these landscape structures generated 
by a random noise for different sensitivity values ε. 

VI. GA OPTIMISATION EXPERIMENTS 

To see the correlation between the results of fitness 
landscape analysis and hardness of a real problem for an 
evolutionary algorithm, a series of optimisation experiments 
were performed with benchmark fitness functions.  

GA with one point crossover with rate 0.75 and above 
described mutation operator was used to estimate a 
cumulative probability of success (CPS) [10] for different 
benchmark landscapes. Multiple optimisation experiments 
with different numbers of generations were performed for 
both binary coded and real-valued fitness landscapes. In each 
series, 100 optimisation experiments were performed with 
population of 500 chromosomes.  

The results of optimisations experiments show that for 
binary coded Sphere, Rastrigin and Ackley functions the 
global optimum is found in about 50-60% runs of more than 
20 generations. The CPS doesn’t become higher for a larger 
number of generations. In case of the Rosenbrock function 
the global optimum is found in 10-20% runs.  

Figure 14.  Autocorrelation analysis of Sphere function, for different areas 
of landscape. 

Figure 15.  Information content analysis of Sphere function, for different 
areas of landscape. 

Figure 16.  Autocorrelation of Sphere function with random noise. Figure 17.  Information content of Sphere function with random noise. 
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Figure 18.  Solutions for 2 generations with real-valued chromosomes 
(Rosenbrock function). 

Figure 19.  Solutions for 2 generations with binary chromosomes 
(Rosenbrock function). 

 
In general (except the Rosenbrock function), GA found 

solutions on the real-value coded benchmark landscape are 
better than on the binary coded landscape that was predicted 
within statistical analysis. As the autocorrelation between 
neighbourhood fitness points is higher (see Fig. 9), it is 
easier for GA to move to a point with better fitness. 
Nevertheless, optimisation experiments show that for applied 
GA the Rosenbrock function is harder than three other 
benchmark functions. This could happen due to techniques 
of fitness landscape analysis do not identify the structures 
that make search with GA difficult. Also, no information 
about crossover operator is used in fitness landscape 
analysis. To find out the reasons of the GA performance, 
dynamics of populations in different generations was 
analysed.  

Distribution of found solutions in populations in the fifth 
(crosses) and sixteenth generations (points) in the search 
space is illustrated in Figure 18 where solutions are encoded 
as real-valued chromosomes. In the fifth generation all 
solutions are located on the both sides of the valley (see Fig. 
3). But the global optimum <1, 1> is on the outer edge of the 
cloud of solutions in the sixteenth generation. Here, the 
population tends to the centre of the valley, not to the global 
optimum. This tendency was not observed for the GA 
working with binary chromosomes.  For the binary encoded 
fitness landscape of Rosenbrock function, in the fifth 
generation solutions cover all valley area and in the sixteenth 
generation population converges to the global optimum. 

For other three functions GA converge to the global 
optimum much better for both types of encoding. In the fifth 
generation solutions are located near local optimums, and in 
the sixteenth generation almost all solutions are close to the 
global optimum.   

VII. CONCLUSIONS 

Fitness landscape analysis provides efficient techniques 
for determination of the optimisation problem hardness for 
evolution algorithms. A number of different techniques and 
measures (autocorrelation, correlation length, information 

content, information stability, etc.) have been developed for 
analysing structural characteristics of fitness landscapes that 
influence performance of an evolutionary algorithm. In 
particularly, these allow measuring ruggedness of the 
landscape, estimating its modality and the diversity of the 
local optima, the degree of regularity of random walks. The 
result of this analysis is dependent on many parameters such 
as representation type of the solutions, length of the part in 
the random walk, sensitivity parameter that control 
measuring itself, etc. Also, statistical and information 
measures of fitness landscape analysis are very sensitive to 
random noise that increases the entropy of the true fitness 
landscape structures. 

Fitness landscape analysis for benchmark functions 
allows finding out relationships between the landscape 
measures and these parameters; and between the results of 
fitness landscape analysis and hardness of a real problem for 
an evolutionary algorithm by performing optimisation 
experiments with benchmark fitness functions. 

In future research, a set of benchmark functions will be 
extended, including functions that have more rugged fitness 
landscape and are complicated in structure with a variety of 
different local structures. This will provide more detailed 
information on the correlation between the fitness landscape 
analysis measures and the real hardness of evolutionary 
algorithm for these landscapes. 
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Abstract - Target tracking is one of the most important applications in WSNs. Target tracking can be analyzed from different 
aspects. Fault tolerance to any failure is an essential in this context. Hence, we introduce a novel approach toward Base Station 
(BS) oriented clustering and tracking in WSNs. Proposed method overlooks ad-hoc ability of WSNs to earn energy efficiency and 
fault tolerance. BS is a powerful energy and computational resource; therefore we burden BS with major part of clustering and 
tracking operations. We used 3-D cubic antenna to enable our sensors to receive BS packets from long distance. Also, BS has a 
good knowledge of nodes energy level, therefore BS rotates activated nodes and CH to avoid load balancing problem. To the best of 
our knowledge, this is the first time BS is employed in tracking application, hence we study proposed scheme extensively and 
demonstrate efficiency of this method using simulation results. 
 
Keywords - Target tracking, Base Station, Target Miss, Fault Tolerant 

 
 

I.  INTRODUCTION 

 Recently, the rapid developments of various 
technologies for sensing, computing and communication 
have brought a lot of momentum to the research in wireless 
sensor networks [1]. Due to their low cost and capabilities 
for pervasive surveillance, sensor networks and their 
applications have tremendous potential in both commercial 
and military environments [2]. Since nodes’ energy can be 
spent in sensing, computation or communications, most of 
the existing strategies in the literature intend to reduce 
energy consumption in the network by switching off as 
many components as possible and as long as possible [3]. 
Moving object tracking is an active research area in 
wireless sensor networks due to its practical use in a wide 
variety of applications [4], including military [5] or 
environmental monitoring [6] applications. 
 Technology advances in integrating sensing and 
communication capacities in a single node allow the 
deployment of a large number of sensor nodes in the 
surveillance field [7], which can form a double- or a triple-
sized network. The advantages of such systems are: (1) 
Better sensor reading quality thanks to the proximity of 
nodes to the detected target, (2) Fast deployment of the 
network via wireless technology, and (3) Better reliability 
due to data redundancy. However, this low-cost approach 
brings up new challenges: (1) necessity of collaborative 
communication and processing between nodes, (2) 
impossibility of using advanced signal-processing 
techniques due to limited computing resources of the 
sensor, and (3) impossibility of keeping nodes on all the 
time due to limited energy resources. 

 Object tracking sensor networks have two critical 
operations [1]: 1) monitoring: sensor nodes are required to 
detect and track the movement states of mobile objects; 2) 
reporting: the nodes that sense the objects need to report 
their discoveries to the applications. These two operations 
are interleaved during the entire object tracking process. 
Our focus, in a prior study [8, 2], has been on developing 
strategies for reducing the energy consumption in 
monitoring operations. There are some optimization 
methods in both of these operations. For monitoring, it has 
been tried to reduce the number of active nodes which 
participate in monitoring and tracking process using 
prediction methods, however this might leads to lose 
tracking accuracy. Also, a fault tolerant scheme needs to be 
integrated in the prediction algorithm in case of employing 
such methods. Any prediction or node failure in these 
methods must be handled quickly before target slip far 
away.  
 For reporting on the other hand, optimization 
techniques are applicable on different clustering and data 
fusion methods. Upon the number of nodes participate in 
the tracking process clustering phase can be the critical 
phase of the tracking from the energy consumption point of 
view. It wastes a big portion of energy, since cluster 
formation needs lots of communications depending on the 
number of activated nodes to form a cluster, also it has a 
repetitive nature due to continues mobility of the target. 
In this paper we propose a fault tolerant Base station Based 
(BS) algorithm for tracking a mobile target in WSNs. This 
algorithm exploit BS as a powerful resource from both 
energy and computation perspectives. Using new 
technologies like RFID and new antennas long range 
transmission with small antenna size have been possible 
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[9]. In our approach BS undertakes management of cluster 
formation, active nodes rotation and part of transmissions 
needed for tracking the target. In this approach ad-hoc 
ability of WSNs is overlooked to earn energy conservation, 
facilitated management of WSNs and fault tolerance to 
failures. In our method, all sensors are equipped with 3D- 
cubic antenna that allows them to receive information from 
long distances at 915 MHz radio frequency (fig. 1) [9]. 
Since BS manages the clustering and tracking processes it 
has a good knowledge of nodes energy level. This paper 
makes three significant contributions: 
 We instigate a new approach toward BS oriented target 
tracking which is the first time to our knowledge that BS is 
used in tracking process. Also, we present a novel BS 
oriented target tracking algorithm which rotates active 
nodes and CH to avoid load balancing problem. We 
propose a new recovery tracking which in case of target 
miss recaptures the target with less energy overhead 
comparing to previous techniques. We evaluated our 
method by simulating the proposed algorithm and 
comparing it against existing cluster based approaches. 
The results indicate high energy saving and lengthening 
WSN lifetime through applying the proposed approach. 
 The rest of this paper is organized as follows: In 
section 2, there is a brief survey of previous works and 
researches on different target tracking algorithms. The 
preliminary and background of our algorithm is presented 
in section 3. Section 4, discuses the proposed algorithm in 
detail and illustrates how our method contributes in energy 
conservation. Finally, sections 5 and 6, show numerical 
results of the simulation and conclusion respectively. 
 

 
Fig. 1. Illustration of the antenna used in the proposed method 

II.  RELATED WORK 

 Most works in the related literature propose a cluster 
based architecture for scalability and robustness [3], [10], 
[11]. The cluster heads (CHs) are responsible for locally 
determining the optimal set of sensors that will be 
activated so that energy spent on tracking is minimized. 
The nodes are allowed to turn off their radios as long as 
their measurements satisfy the predictions of the CHs [10]. 
At a sensor, the energy consumed in transmitting a packet 
is around twice the energy consumed in receiving it, and 
the energy consumed in receiving a packet is an order of 
magnitude higher than the energy consumed per instruction 
execution [12]. An intuitive way of reducing the global 
energy consumption is by cutting down the number of 

high-energy operations at the expense of an increase in the 
number of low energy operations. This the approach 
utilized in [12], where the PREMON algorithm is 
presented. The basic idea in PREMON is to trade increased 
computation for generating prediction models for savings 
in number of transmissions. BS monitors the readings of 
the sensors and generates prediction-models, which are 
sent to the appropriate sensors. On receiving these, the 
sensors change their working mode, sending an update to 
the BS only when their readings differ from the prediction 
by more than a threshold. Our proposed method is inspired 
from PREMON, in fact we have equipped PREMON with 
a fault tolerance technique and a load balancing technique 
which is based on PECAS.  
PECAS rotates the activated nodes to avoid load balancing 
problems and, hence, maintains network lifetime extension 
[4]. DTM & OTC [13] are designed to reduce 
communication overhead and to increase the prediction 
accuracy of the mobile nodes’ movement. DTM makes use 
of a moving tree to wake-up sleeping nodes before a 
moving event arrives. The mechanism uses a motion 
profile, which does not have sufficient accuracy to predict 
the mobile event’s movement. OTC was proposed as a way 
to overcome DTM’s prediction problem, but the 
mechanism also encounters problems with a large amount 
of communication overhead. In DPR [1], authors propose a 
technique where both BS and the sensor nodes predict the 
motion of the target based on historical information, while 
the PES scheme [2] aims at minimizing the number of 
nodes involved in the tracking process and at turning-off 
the other nodes.  

Overview 

A.  Assumptions 
 Following assumptions are made about the sensors and 
the sensor network in the development of the proposed 
target tracking algorithm: 
1. It is assumed that sensors are binary sensors and each 
sensor is aware of its own location and sensors are 
stationary. Also, BS knows the topology of the WSN. 
2. It is assumed that BS is outside of the surveillance 
field and is plugged to an unlimited energy source and is 
capable of long range transmissions through higher 
transmission power at 915 MHz frequency.  
3. Sensing ranges (RS) for all the sensors are the same 
and communication range (RC) is double the sensing 
range.  
4. All sensors are equipped with 3-D cubic antenna to be 
able to receive BS packets at 915 MHz from a long 
distance. 
 

 

 



RAHIM PASHA KHAJEI et al: AN EXTENSIVE STUDY ON BASE STATION BASED TARGET . . .  

DOI 10.5013/IJSSST.a.12.02.06                                                                                  ISSN: 1473-804x online, 1473-8031 print 48

B. Sensing and Communication Model 
 In this paper, binary sensors’ sensing disk has a radius 
of RS and binary sensing model is considered [14]. 
Sensors can detect the target once it enters to the sensing 
range of the sensor. Formally, the mode is as follows: 
 

                 (1)  

 
where Si (T) is the sensed data of the sensor Si and d (Si, 
T) is the distance between the sensor Si and the target T. 
An important assumption made in this paper is equipping 
sensors with 3-D cubic antenna.  Using this antenna, it is 
possible to have both RFID technology and miniaturized 
wireless communication equipment at the same time. The 
frequency of operation lies in the UHF RFID band, 902 
MHz–928 MHz (centered at 915 MHz). The ultra-compact 
cubic antenna has dimensions of 3cm × 3cm × 3cm, which 

features a length dimension of . The cubic shape of the 
antenna allows for “smart” packaging, as sensor equipment 
may be easily integrated inside the cube’s hollow interior. 
Binary sensors have minimal assumptions about sensing 
capabilities [7]. At this frequency long range transmission 
for BS is possible. However, sensors use 2.4 GHz for inter 
sensor transmissions and merely BS uses 915 MHz to send 
its data in one-hop and for long range. Fig.2 shows how 
BS transmit command message to lead the clustering, and 
CH replies target location hop by hop. Binary reporting, 
smart sensors also can act as binary sensors. So, proposed 
tracking algorithm is applicable to both binary and smart 
sensor networks. 
 
C. Localization 
 Assuming target T has the coordinate of (XT, YT), all 
the sensors located in a circle centered at the point (XT, 
YT) with a radius RS can detect the target. Generally, the 
centroid of the sensors that can detect the target can be a 
fair approximation for target location. The location of the 
target can be estimated using the centroid approach [15]: 
 

                                                 (2)  

where (Xi, Yi) Si and  is the coordinate of the sensors 
and the number of sensors that detect the moving target 
respectively. The estimated coordinate of the target T is 

( , ). 
 

 
 

Fig. 2. Illustration of the BS and sensors communication 
 

III. BASE STATION BASED ALGORITHM 

A. A Basic Idea  
 Considering the fact that BS has no constraint on 
energy usage, we tried to combine new technologies in 
RFID to enable long range transmissions. Equipping 
sensor nodes with 3-D cubic antenna, on one hand, and not 
having energy constraint on the BS on the other hand, 
make it possible to send data for long distances. Due to 
broadcasting inherit of BS transmissions, all sensors are 
able to hear the data, however only priory triggered and 
awakened sensors are able to receive the data packets. 
These sensors are no more in sleep state after being 
triggered. Hence, not all sensors but just awakened sensors 
consume receive energy on receiving BS data packets. 
Since sensor nodes reports estimated target location 
periodically, having both of the topology of the WSN and 
estimated target location, BS is allowed to undertake part 
of the tracking process burden and intervene in operations 
like cluster formation and leads the tracking process using 
long range transmissions. In order to do data fusion and 
data aggregation, clustering is one of the most needed 
operations. Dynamic clustering algorithms problem is that 
when target frequently changes its location, reclustering 
must be invoked and with the course of time 
communicative overhead imposed by clustering makes 
clustering to lose the initiative. In our proposed algorithm 
clustering overhead is minimized using BS. Whenever 
reclustering is needed, BS broadcasts a command message 
to announce the new CH and cluster members (CMs). BS 
chooses the nearest sensor to target estimated location as 
new CH and its one hop communicative neighbors as CMs 
(Fig. 2). 
 Then, BS forms a command packet including 
clustering information such as CH and CMs IDs and 
transmits the packet over the WSN through a long range 
transmission. It is noticeable that BS sends its data in one-
hop at 915 MHz and with a high power. Also, sensors use 
3-D cubic antennas to receive BS data. Activated sensors 
of the field receive the packet and extract the information 
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and clustering is over. Using received information about 
target new location BS decide which sensor must be the 
new CH. BS lets the sensors to be informed of the new CH 
and CMs. If any node failure causes missing the target, 
recovery operation is invoked. This phase continues until 
BS finds the target. In fact BS works in two modes: 
Normal mode and target miss mode. (Fig. 3)  
 Since BS forms the cluster and leads the tracking 
process it has a good knowledge of each node energy level. 
BS uses this information in cluster formation and tries to 
avoid determining low energy levels as CH or even 
awaken these nodes in case of severe energy degradation. 
 
B. Proposed Algorithm Working Stages 
 Fig. 3 and Fig. 4 illustrate working stages of the Fault 
Tolerant Base Station Based scheme.  
At the beginning of this algorithm, all nodes are in sleep 
mode except border nodes. When a border node finds a 
target in its sensing range it waits for a random time called 
back off time to avoid collision. Then, the border node 
sends its sensed data to the BS. 

  
Fig. 3. Working stages for BS 

 
 Upon receiving sensed data from border nodes, BS 
estimates target location. Nearest sensor to target’s 
estimated location is the candidate of being CH, however 
its energy level must be upper than a predefined energy 
level we call it α here. If candidate node energy level 
doesn’t satisfy α then the next nearest node to target will 
be candidate of being CH. This process continues until a 
candidate node satisfies α condition, otherwise BS decides 

to lower α to half of its current value. Then, BS starts to 
examine candidates one by one to find the appropriate CH. 
Some nodes of the one hop communicative neighbors of 
the elected CH should be awakened to be CMs. Number of 
CMs depends on application demand which effect energy 
consumption and tracking accuracy. Here, we assumed 
number of CMs to be three. Again, CMs’ energy levels 
needs should be upper than a predefined threshold we call 
it β here. BS seeks to find 3 nodes with energy level higher 
than β. If BS is not capable of finding such 3 nodes then it 
lowers β to half of its current value. In fact, this technique 
rotates CH and active nodes and avoids load balancing 
problem discussed in [16].  
 Since, all sensors autonomously return to sleep mode 
after a period of time, BS needs to trigger CH and CMs to 
awaken them and make them ready for receiving command 
message.  
 BS broadcasts Command message containing new 
CH’s ID, over the WSN to inform sensors about the new 
CH, subsequently other awakened sensors that are not CH 
will be CMs. Sensors work in two distinct modes shown in 
Fig. 4. However, if new CH and the latest CH are the 
same, BS won’t transmit any command message indicating 
that everything is as the same. Then, the very last CH again 
is CH for the new round, CMs just transmit their sensed 
data.  
 Once a member detects the target, it sends its scan data 
(its location and the time finding the target) to the CH. CH 
performs data fusion to get the location of the target, and 
reports to the BS periodically. Receiving tracking 
information from sensor field, BS starts to evaluate target 
location. Then, if target is not in the sense range of the 
current CH, BS dismisses current CH and choose a new 
CH as mentioned before. So far BS leads tracking process. 
However, any failure needs to be handled. In this cases 
recovery operation is invoked and BS starts to evaluate a 
capture range rc and awaken all nodes within this range. 
After broadcasting command message, BS activate target 
miss timer. If BS doesn’t receive CH’s report before timer 
expires BS assumes it as target miss. rc depends on the 
target last velocity and target maximum acceleration. If BS 
succeeds to capture the target, then tracking process starts 
from the beginning, otherwise BS doubles the capture 
range to its current value and keeps seeking the target until 
it finds the target or reach to end of the network lifetime. 
 Being triggered by BS, sensors change their state to 
sensing state and wait to receive command message. After 
receiving command message, they check to see if they 
have been announced as CH or not. If a sensor is not 
announced as CH, then it is CM. CM broadcast sensed 
information and CH receive these information from all 
CMs. Then, CH computes exact location of the target 
using (2). Finally, CH sends target location to BS. Due to 
energy conservation, CH and CMs return to sleep mode at 
this point.  
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Fig. 4. Working stages for sensors 

 
 Due to ease of clustering in the proposed algorithm, it 
is more practical and energy efficient in WSNs 
environments. This method omits much of the 
communicative overhead imposed by the previous 
algorithms. Extensive simulation results improve its 
efficiency in both of energy and lifetime point of view. 
 

IV. SMULATION RESULTS 

 To compare the performance of the proposed 
algorithm, simulations are performed. In this paper, we 
simulate a wireless sensor network consisting of a set of 
sensor nodes randomly deployed in a field of 1000×500 
m2. We developed a simulation environment in C#. Each 
sensor node is able to detect the existence of nearby 
moving target communicate with other sensor nodes in the 
vicinity and do some simple computation. Sensing range 
RS is considered 30m and communication range RC is 60m. 
Sensor nodes are aware of their location. Target is moving 
with the maximum velocity of Vmax =10m/s and target 
motion model is random waypoint. Each sensor begins 
with an initial energy of 3 J. The transmission energy is 
0.175 J and reception energy is 0.035 J, and the sensing 
energy is 1.75 μJ [17]. 
 We compared our proposed approach with traditional 
clustering approaches in the sense of consumed energy, 
network lifetime, tracking accuracy and transmitted 
packets during network lifetime that is first sensors battery 
drain out. In these comparisons, we vary the number of 
sensor nodes in the network from 1000 to 5000 sensors and 
also all scenarios have been simulated in three different 
cluster member numbers. In fact we changed cluster 
members from 3 to 5 then to 7 to investigate impact of this 
variant on different network parameters like tracking 
accuracy and network lifetime. 
 
 

A. Network Lifetime 
 Network lifetime is the most important parameter in 
comparison of majority of WSN,s applications. Actually, 
the idea is to increase this parameter using various 
methods.    
 Figure 5 and 6 show effect of increasing number of 
sensors and cluster members respectively on the network 
lifetime. Considering figure 5, it is obvious that increasing 
number of sensors enhances network lifetime using base 
station based clustering. Traditional clustering on the other 
hand shows a reduction in network lifetime. It is because, 
in traditional clustering increasing sensor numbers leads to 
additional message transmission in for clustering. We shall 
bear in mind that in traditional clustering major burden of 
clustering is on the CH. Therefore, Growth of transmitted 
messages causes much more energy consumption specially 
in CH. However, this is not the case about base station 
based clustering in which base station takeover the 
clustering. 
 

 
 

Fig. 5. Effect of number of sensors on network lifetime 

 Figure 6 illustrates effect of cluster members on the 
network life time. Increasing cluster members again leads 
to growth of message transmission. Hence, CH battery 
drains mush faster and it shortens lifetime. 
 
B . Energy Consumption 
 The second parameter that has been studied in this 
research is Energy consumption. Almost in all WSN’s 
applications energy consumption is considered and 
regardless of the fact that which parameter is improved, 
energy consumption must be kept low. Moreover, energy 
consumption should not depend on number of sensors 
since this dependency limits scalability of the network. 
 Figure 7 shows that not only base station based target 
tracking consumes less than its rival energy, but also slope 
of the diagram indicates that there is not significant 
dependency between number of sensors and energy 
consumption in base station based target tracking as 
opposed to traditional clustering. 
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Fig. 6. Effect of cluster members on network lifetime 
 
 

 
             

Fig. 7. Effect of number of sensors on energy consumption 

 In figure 8, relation of cluster members and energy 
consumption has been taken into consideration. There are 
two facts in figure 8. First, increasing cluster members 
leads to more energy usage. Second, traditional clustering 
has more energy disposal in all three cases than proposed 
method. 

 
 

Fig. 8. Effect of cluster members on energy consumption 

 
 

C. Transmitted Packets 
 Number of transmissions during tracking process in 
the field of WSN is one important factor mostly known as 
radio silence. Number of transmitted packets must be kept 
low for both energy and radio silence reasons. Number of 
transmitted packets in the proposed method is less than the 
traditional one. Transmitted packets shown in figure 9 is an 
average number and shows the ratio of actual transmitted 
packets to network life time. 
 

 
 

Fig. 9. Effect of number of sensors on transmitted packets 

 
 Obviously raising cluster members results in more 
message exchange between CH and CMs to form and 
manage a cluster. Thus, the more member a cluster have 
the more transmissions it needs (fig. 10). 
 

 
 

Fig. 10.  Effect of cluster members on transmitted packets 

 
D. Tracking error 
 Unlike to above parameters tracking error is target 
tracking specific parameter. And in particular applications 
like military application is highly important. By tracking 
error here, we mean the difference of target real and 
reported positions. As it can be understood from the figure 
11 and 12, tracking error of both methods in different 
scenarios are close and the difference can be overlooked. 
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Fig. 11. Effect of number of sensors on tracking error 

 Figure 12 demonstrates an important fact that having 
more sensors activated and used in tracking process, 
reduces tracking error and increases accuracy. 
 

 
 

Fig. 12. Effect of cluster members on tracking error 

 

V. CONCLUSION AND FUTURE WORK 

 In this paper, we investigated the feasibility of using 
BS as a central element in tracking process. We also 
developed our idea to combine different techniques and 
methods to propose a fault tolerant Base Station based 
target tracking protocol. Proposed scheme for target 
tracking saves more energy and promotes network lifetime 
too. On the other hand, this scheme reduces the number of 
transmitted packets without losing tracking quality. The 
density of the sensor nodes in the network has some impact 
on energy consumption and number of transmitted packets. 
There are still some problems in prediction accuracy of the 
target next step needs to be studied in the future. The 
current study focuses on single target tracking. In the 
future, the methods should be extended to multiple targets 
tracking in wireless sensor networks. 
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