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The author’s research activity, following the PhD defense in 2005, is presented from a
unified interdisciplinary perspective of complex adaptive systems. The Thesis subject
lies at the crossroads of Software Engineering, Optimization Theory, Meta-heuristics,
Evolutionary Computing and Game Theory. Service adaptation - a main topic of this
Thesis - is a central concept in Software Engineering. Automatic complexity management represents an important challenge in fields such as Autonomic Computing and
Self-Organizing Networks. Meta-heuristic based approaches offer efficient solutions for
adaptation problems modeled as search/optimization problems. Multi-agent complex
systems have interesting properties that provide powerful solutions to adaptation problems when a decentralized approach is adopted.
Four main directions are investigated: a) designing a general model for the service
adaptation problem based on a centralized control approach, b) proposing models and
algorithms for complex decentralized distributed adaptive systems, c) analyzing different
perspectives in decomposing/recomposing an adaptive system in/from several modules,
and d) including psycho-social elements in the framework of technical systems.
Complexity is considered here an orthogonal aspect related to all four directions stated
before. The term complexity is used with two-fold meaning: the first one is the computational complexity as it is used in Theoretical Computer Science; the second meaning of
complexity is related to distributed decentralized complex systems composed of multiple
autonomous entities. Complexity definitions, specific problems, properties, measures,
and issues are discussed.

The most significant author’s contributions presented in the Thesis are:

• An interdisciplinary vision about complex adaptive systems of services, which also
includes psycho-social aspects.
• An approach for modeling service adaptation as an optimization problem. The
proposed model is based on the notion of service-context distance, which represents
the function(s) to be minimized/maximized by an optimization/search algorithm.
• A comparative analysis of different evolutionary optimization algorithms applied
on the QoS-aware optimization problem.
• Comparative experiments that illustrate the advantages of multi-objective optimization approach versus single-objective optimization.
• An adaptation algorithm for automatically tuning the parameters of other evolutionary algorithms.
• A solution for medical service optimization that combines QoS attributes and
transport costs.
• Two solutions for natural language based web service composition.
• A general architecture for distributed systems of services based on agents and
services.
• New models for Cognitive Radio based on Game Theory. Scenarios for TV white
spaces and small-cell open access environments are investigated.
• A framework providing an adaptive security protocol for Mobile-Cloud applications.
• A model for a dynamic market of Cloud services based on Cournot and Bertrand
games.
• Adaptive algorithms for Affective Computing applications based on ontologies and
neural networks.
• A computational model called ’Cascade Computing’ that solves the NP-complete
’sub-set sum’ problem in linear time using a digital hardware circuit. The model
was patented.
• An adaptive ’combiner-equalizer’ module for radio receivers. This module illustrates the idea of solving in one step two signal processing operations solved usually
in two distinct steps. This idea was also patented.

• An evolutionary game model called ’Social Honesty’ is proposed for analyzing
strategic social interactions in socio-technical systems.
An ecological and holistic approach is the base of the proposed vision for guiding the
future development of technical systems. Future research will continue to explore the
usage of Computational/Artificial Intelligence in general and Game Theory in particular
for solving Software Engineering and Telecommunications problems. Regarding complex
adaptive systems, there are still many challenges and unsolved issues.
Future lines of inquiry are:
• Investigating a hybrid approach for an adaptation control mechanism that will be
both function and rule based.
• Analyzing and experimenting complex adaptation scenarios, where a larger number of S-C distances are involved. Studying the search/optimization algorithms
scalability.
• Applying the service-context model to decentralized distributed scenarios. Implementing the proposed architecture model based on agents and services.
• Analyzing and comparing different distributed algorithms for complex adaptive
systems.
• Further developing the proposed adaptive security protocol framework for MobileCloud applications.
• Implementing the dynamic service’s market model and evaluating the impact of
different price models.
• Proposing a general design method for decentralized algorithms based on different
game equilibria.
• Conducting new experiments with the SmartRadio CR devices.
• Performing additional experiments with the proposed ’Social Honesty’ game.
• Finishing a mobile application for psychological therapy that is currently in progress.
• Further analyzing socio-technical interactions and proposing new game-based models.
A list of co-directed PhD theses is included in Appendix A. A research laboratory called
ASL (Adaptive Systems Laboratory) founded by the author is mentioned. The author
development plan, based on critical and creative thinking for a personalized motivationoriented learning, is presented in Appendix B.
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Chapter 1

Introduction
This Thesis presents the author main research results and contributions since November 2005 (after the PhD defense). Future lines of inquiry and a personal development
strategy are also proposed. The unifying vision and contextualization of the presented
solutions are highlighted. Theoretical sections illustrate the connections existing between the various scientific contributions.
The subject lies at the crossroad of Software Engineering, Mobile Communications,
and Computation Intelligence. Complexity Theory, Optimization Theory and Metaheuristic/Evolutionary algorithms are particularly of concern.
Four main directions are investigated:

• Designing a general model for the web service adaptation problem. A centralized
adaptation control model is considered.
• Proposing models and algorithms for distributed adaptive systems. A decentralized
multi-agent approach is considered.
• Analyzing different possibilities of decomposing and recomposing an adaptive system.
• Including the psycho-social aspects in the framework of adaptive systems.

An orthogonal aspect related to all four directions stated previously is complexity, which
is systematically analyzed for each type of analyzed system.
1
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It should be mentioned that, the type of adaptation control model should not be mistaken for the type of system architecture. For instance, a system having a distributed
architecture may still have a centralized control. In this case a super-entity has a global
vision of the entire system and may control it. A distributed control mechanism involves
multiple independent autonomous control entities (possibly belonging to different owners/providers). In this case an important aspect is how to achieve an optimal global
behavior.
Another consideration regards the optimality. In many cases, finding the optimal solution is not always possible and, when it is possible, it requires a significant computation
time. Therefore, sub-optimal solutions may be more useful in practice. This fact motivates the interest for heuristic-based approaches.

1.1

Key concepts

For a proper introduction to the subject, the basic concepts should be firstly explained.
The most important terms and concepts are defined bellow:
Service. Two main meanings are given to the term ’service’ in the field of Information
Technology (IT). In Telecommunications, ’service’ usually indicates a telephony service,
a data transport service, or a Short Message Service (SMS). In Computer Science (CS) a
’service’ is defined as a reusable software component providing application functionality
to other applications. A large number of reusable web services, designed for different
purposes, exists today: travel reservation, maps, data type converters, etc. In this Thesis
the CS definition is used.
One of the most interesting feature of service-orientated design is composability: new services (named composite services), providing new functionality, are created by assembling
(or composing) existing services. This is possible with the help of another important
service feature: reusability.
Adaptive Service. The most common analogy for an adaptive entity comes from biology:
an organism that adapts to its environment. Fields like Context-awareness, Autonomic,
Pervasive and Ubiquitous Computing use this analogy to define applications and services capable to adapt themselves to the context [Abowd et al., 1999]. The context is
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considered here from the service point of view and includes: user requirements, available
resources, physical location, social proximity, and other elements that may interact with
the service. A counter-example of adaptive system is, for instance, a washing machine
which blindly executes a predefined program - an open loop control system. An adaptive
entity is usually a closed-loop system, which is able to sense the environment, analyze,
plan and act based on some internal rules and/or goals [Kephart and Chess, 2003].
System. A ’system’ refers to a software or hardware-software application/device which
is made of several components (modules, services, agents). Web services, mobile applications, and programmable wireless devices are illustrations of considered systems. A
special attention is placed on user-system interactions.
System of Services. A system of services includes a large number of services from different
domains: human resources, transportation, provisioning, etc. This concept was proposed
by IBM (Jim Spohrer, keynote conference ICSOC 2010) [Spohrer, 2010]). A store, an
enterprise, a university, a city, all involve the co-existence and co-interaction of different
types of services. It is like an artificial ecosystem of services managed by different
providers. In practice, such a system cannot have a unique centralized control entity.
This is why self-organization/management as a mechanism and efficiency as a property
are very important features in such systems.
Adaptive System of Services. An adaptive system of services is a system that includes
adaptive services (at least one entity/part of the system is an adaptive service). Such a
system is usually decentralized and includes a large number of autonomous entities.
Complexity. The term ’complexity’ is used in the Thesis with two-fold meaning. The
first one is the computational complexity as it is used in Theoretical Computer Science.
Most of the Thesis’s contributions are related to the field of Search Based Software
Engineering (SBSE). In this case, the complexity is given mainly by the size and the
shape of the search space.
The second meaning of ’complexity’ is related to distributed decentralized complex systems. A complex system is composed by multiple autonomous entities. The psychosocial aspect may also be included in such a system. Complexity in this second meaning
is reflected on the most recent author’s contributions and connects to domains like
Multi-Agent Systems (MAS).
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Complex Adaptive Systems of Services. A Complex Adaptive Systems of Services (CASS)
is a particular type of CAS, where the entities composing the system are adaptive services
managed by intelligent agents.

1.2

Topic actuality and importance

This section underlines the topic’s actuality and importance. Web Services and Wireless
Networks are especially of concern. The necessity of an interdisciplinary approach is
discussed.

1.2.1

Services sector

In the context of global economy, the Service sector is one of the most important and
dynamic. In the service sector revenues largely exceeds other sectors such as agriculture
and goods [Spohrer, 2010]. A significant part of the services sector is represented by
software (web) services. The software services impact is expected to grow even more
in the future. Service-Oriented Computing (SOC) and Service-Oriented Architecture
(SOA) occupy a central place in Software Engineering. Automatic service composition
and adaptation represent key issues in SOC/SOA.

1.2.2

Self-Organized Networks

An increasing interest for self-management may also be noticed in Mobile/Wireless Communications. The fourth of mobile phones generation, 4G, already includes the concept
of Self-Organized Networks (SON). Self-configuration, self-optimization and self-healing
represent highly desirable network features [Yilmaz et al., 2011].
Standardization bodies such as ’3rd Generation Partnership Project’ (3GPP) and ’Next
Generation Mobile Networks’ (NGMN) started to release standards for SON [Feng and
Seidel, 2008]. ’Long Term Evolution’ (LTE), the most important 4G standard, already
includes SON features such as ’Automatic Neighbor Relation’ (ANR) detection [Feng
and Seidel, 2008] (starting with Release 8).
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Nature inspired algorithms (i.e. swarm intelligence) have been recently proposed for
addressing SON challenges [Zhang et al., 2014]. In fact, SON may be seen as the
application of Autonomic Computing principles to networks.

1.2.3

Autonomic/Autonomous Computing

Two terms having slightly different meanings appear in literature: ’autonomic computing’ and ’autonomous agents’. In the context of this Thesis, the differences between
’autonomic’ and ’autonomous’ are not very relevant. Both terms will be further used.
As noticed by researchers from IBM - the promoters of the Autonomic Computing
metaphor [Kephart and Chess, 2003] - complexity of software systems is continuously
increasing. Very high costs are related to manual systems maintenance and upgrade.
How to automatically manage the complexity and its continuous evolution is a difficult
yet important challenge.
The most common analogy for autonomic/autonomous adaptive systems is the central
nervous system: a set of sensors collects data about the service and its context, an intelligent system analyzes the data, and some actions are triggered. Even if the general
architecture of an autonomic/autonomous system is well established, the difficult problems reside in concrete details: which data to collect, how to represent them, how to
define the system ’intelligence’, how to discover which action to take. Numerous solutions for self-healing, self-configuring, self-optimizing, and self-managing systems have
been proposed, yet they are still far from solving all the existing problems.
The term ’adaptation’ include a large set of meanings. To find a general solution to the
adaptation problem remains an important challenge. The adaptation control mechanism
is a key part of an adaptive system. This mechanism may be centralized or distributed.

1.2.4

Centralized vs. distributed control models

A centralized approach is usually preferred because the control model is more simple.
However, this is not always possible because different services may be provided by different owners. A central control point is also a single point of failure. In the 2011
Fukushima disaster 3G networks failed but the Internet was still able to offer limited
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functionality yet enough to communicate with isolated people (as declared in a keynote
to CROWNCOM 2011 conference). This is another proof that distributed self-organized
systems may be more robust in unpredictable situations. In such situations cognitive
radio, self-adaptive, devices may play an important role in maintaining a reliable communication.
A decentralized distributed system is composed by several autonomous entities. In
biology there are numerous examples of insect colonies and other animal societies where
simple ’agents’ are able to manifest very complex global behavior (swarm intelligence).
Such an approach may lead to solutions to managing highly complex systems. However,
the challenge in such systems is how to design the agents in order to assure an evolution
towards a desired state, an optimal one if possible.
This where Game Theory [Osborne, 2004] comes into place and may help us to make
some predictions about the evolution of such distributed systems towards certain equilibria. Game Theory is already widely used not only in its main field, Economy, but
also in radio engineering (Cognitive Radio) [Wang et al., 2010]. Our intention is to use
it also in the Software Engineering domain, where it is less present for the moment.
GT is a mathematical framework for studying strategic interactions: one player’s payoff
depends on other player’s actions.

1.2.5

Interdisciplinary, transdisciplinary and holistic approaches

In the recent years, scientists discuss more and more about the necessity of interdisciplinary, transdisciplinary [Nicolescu, 2002], and holistic approaches. The psycho-social
aspect needs also to be included in the proposed vision of adaptive systems. Communication is first of all human-related. In practice, psychological and social aspects may be
even more important than technical ones. In his article ’Philosophy of socio-technical
systems’, G. Ropohl observes that: ’...engineers tend to ignore the social concerns of
their work, and social scientists, on the other hand, do not know very much about technology and are reluctant to consider the artificial reality of technical objects...’ [Ropohl,
1999]. This fact is a natural consequence of labor division and a direct result of the
common disciplinary approach. However, one needs to be aware that the domains’
boundaries are purely artificial. Since IT solutions are used by humans it is only natural
to be interested in human-related aspects of technical systems.
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Application fields

The contributions presented in this Thesis are mainly related (without being limited) to
the following application fields: Web Services in general and medical services in particular, Wireless Communications, Complexity Theory, Cloud Computing, Mobile Computing (including Mobile-Cloud applications), Security, Affective Computing [Picard, 1997],
Cognitive Radio, Multi-Agent Systems and Socio-technical Systems [Ropohl, 1999].

1.4

Thesis structure and main contributions

The Thesis is structured in seven chapters, two appendices and a reference list. All seven
chapters describe the most author’s significant scientific contributions. The appendices
briefly present the academic contributions and the personal development strategy.
The most important scientific contributions are:

• A general horizontal contribution of this Thesis is the interdisciplinary vision about
adaptive systems of services that includes also the psycho-social aspect. Complexity is central aspect to this vision.
• Chapter 2 explains the two meanings of complexity discussed here: computational
complexity and complex adaptive systems. The most important aspects related to
complexity are discussed: definitions, properties, measures, specific problems and
issues. A computational model called ’Cascade Computing’ is presented. The proposed model solves the NP-complete ’sub-set problem’ in deterministic polynomial
time using a digital hardware circuit. This idea was patented.
• Chapter 3 is dedicated to the idea of modeling service adaptation as an optimization problem. The proposed model is based on the notion of service-context
distance, which represents the function(s) to be minimized/maximized. Different
evolutionary optimization algorithms are tested on the QoS-aware optimization
problem. New evolutionary algorithms are proposed. The advantages of multiobjective optimization approach are investigated and comparative tests are performed. An adaptation algorithm for tuning the parameters of an evolutionary
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algorithm is proposed. A solution for medical services optimization, which includes also the transport costs is presented. Two solutions for natural language
based web service composition are briefly described.
• Chapter 4 presents aspects related to distributed adaptation mechanisms and
multi-agent models. Cognitive Radio and Cloud Computing fields are particularly
targeted. A general architecture for distributed systems of services is proposed.
Scenarios for small-cell open access environments are investigated from a Game
Theory perspective. Models for Cognitive Radio based on Cournot, Bertrand, and
Stackelberg games are presented. New types of game equilibria are investigated. A
framework providing an adaptive security protocol for Mobile-Cloud applications
is described. A game-based model for a dynamic market of Cloud services is
presented.
• Chapter 5 briefly discusses the principle of decomposing and recomposing an
adaptive system. A given system may be always decomposed in different manners.
Sometimes, instead of decomposing it is preferable to unify. A proposed adaptive
combiner-equalizer for radio receivers illustrates the idea of solving in one step two
types of signal processing operations. This idea was patented.
• Chapter 6 underlines the importance of introducing psycho-social aspects in the
framework of technical systems. Adaptive mechanisms for Affective Computing
applications based on ontologies and neural networks are presented. The ’sociotechnical system’ metaphor is briefly discussed. The role of trust in highly connected information-based networks is analyzed. An evolutionary game model for
analyzing strategic social interactions in technical systems is presented.
• Chapter 7 concludes the Thesis with brief discussions and presents the future
research directions.
• Appendix A enumerates some relevant academic contributions of the author:
several co-advised PhD theses and a recently founded research entity.
• Appendix B briefly presents the author’s personal development strategy concerning future education and research activities.

Chapter 2

Aspects of Complexity
This chapter discusses the most significant aspects related to complexity: types, definitions, specific issues, typical problems, examples, and measures of complexity. Computational complexity and complex adaptive systems are analyzed.

2.1

Computational Complexity

Computational Complexity Theory (CCT) has a key place in Theoretical Computer Science. CCT main subject is the classification of computational problems according to
their complexity or difficulty. This section is composed by two parts: the first one
presents the most important aspects related to computational complexity and the second part presents an author contribution related this domain.

2.1.1

Computational complexity - definitions and classes of problems

In CCT’s context, the meaning of ’complexity’ is related to the number of steps (time
complexity) or memory space (space complexity) necessary for an algorithm in order to
solve a computational problem.
Time complexity. The time complexity is a measure that describes how the number
of steps required by an algorithm increases with the size of the problem. A standard
notation ’O’ (called Landau’s symbol ) is used to express this measure. For instance,
O(n2 ) means that the time complexity increases four times when the problem size (n)
9
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doubles. If the time (or number of steps) T required to solve a problem is, for instance:
T (n) = 3n2 + 17n + 25 then the complexity is still O(n2 ) - the constants and the lower
terms are less important.
Space complexity. The space complexity is a measure of memory space required by
an algorithm for solving a problem. The same notation ’O’ is used to express spatial
complexity. For instance, O(N 2 ) means that the memory space required increases four
times when the problem size (N) doubles. In most cases the time complexity and the
space complexity cannot be simultaneously minimized, therefore a trade-off is necessary.
A commonly used abstract model in CCT is the Turing Machine (TM). A Turing Machine is an abstract computing machine that manipulates symbols recorded on a tape.
The Church-Turing thesis [Church, 1936], [Davis, 2006] is that, if an algorithm for solving
a computational problem exist, then the problem can be solved by a TM. The TM model
is used because it is very general and easy to be analyzed from a mathematical point
of view. Deterministic and non-deterministic TM models exist. The non-deterministic
model is obtained from the deterministic model by adding some stochastic rules (some
problems may be solved more efficiently when using probabilistic decisions).
Several classes of problems are defined function of the following criteria: a) the problem type (decision problem, function problem, counting problem, optimization problem,
etc.), b) the problem complexity/difficulty, and c) the model type (deterministic or
non-deterministic).
For instance, if we consider the time complexity, the problems of class ’P’ are solvable by
a deterministic TM in a polynomial time (T (n) = poly(n) - a polynomial function of n).
The problems of class ’NP’ are solvable by a non-deterministic TM in a polynomial time.
The problems of class ’EXPTIME’ are solvable by a deterministic TM in an exponential
time 2poly(n) . ’NEXPTIME’ is the correspondent of ’EXPTIME’ for a non-deterministic
TM.
If we consider the space complexity, the class ’L’ includes the problems solvable by a
deterministic TM in a logarithmic time, O(log(n)). ’NL’ is the correspondent of ’L’ for
non-deterministic TM. ’EXPSPACE’ is the space correspondent for ’EXPTIME’.
The relations between the classes of complexity described before is depicted in Fig. 2.1.
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Figure 2.1: Relation between classes of computational complexity.

A central preoccupation of the CCT domain is to decide if the inclusion relations between
the classes of complexity are strict or not (i.e. L =? NL, NL =? P, P =? NP, etc).
A problem H is considered to be ’hard ’ for a class C if every problem in C can be reduced
to H. This means that no problem from C is more complex than H, and an algorithm
for H can also solve any problem from C. If the problem H belongs to C then H is called
to be ’complete’, in other words H is one of the most complex problems from the class
C. For instance, ’NP-complete’ represent the class of the most difficult problems from
the NP class.

2.1.2

A computational machine that solves the NP-complete ’sub-set
sum’ problem in deterministic polynomial time

A computation model called ’Cascade Computing’ (CC), proposed for solving the classical ’subset-sum’ problem, is presented in the national patent [Dumitrescu et al., 2013].
Let Γ be a finite set of integers. The ’subset-sum’ problem is to decide if a non-empty
subset β of the set Γ exists with the property that the sum of β elements is zero (or
equal with a given number sum). The proposed CC machine has practical applications
in cryptography and optimization.
This problem is known to be NP-complete and therefore cannot be solved by a deterministic TM in a polynomial time. In other words, there is no efficient solution to solve
such a problem because the search space size increases exponentially with the cardinality
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of set Γ. The possibility solve a ’NP’ problem in ’P’ is an essential problem in CCT.
Subset-sum may be seen as special case of the ’knapsack problem’ [Martello and Toth,
1990] - another very important problem.

2.1.2.1

Brief state-of-the-art

The classical method for solving the ’sub-set sum’ problem is to use a dynamic programming algorithm [Garey and Johnson, 1979] that requires a pseudo-polynomial time and
has a spatial complexity equal to sum multiplied by the cardinal of the set Γ. However,
this algorithm is difficult to be parallelized and no efficient hardware implementation is
known.
Another approach is to use spiking neural networks [Leporati and Gutiérrez-Naranjo,
2008]. This method has the advantage to be easily parallelizable and therefore faster than
the previous sequential method. However, the number of components (space complexity)
increases exponentially with the cardinal of Γ.
A method based on optical computing [Oltean and Muntean, 2009] - a system based on
optical signals. This approach is very fast and the space complexity is proportional to
the cardinal of Γ. However, such optical systems are costly and there are an important
number of technical issues to be solved in order to implement them.

2.1.2.2

Cascade Computing machine description

The Cascade Computing general architecture is depicted in Fig. 2.2. The CC machine
is composed by: a source node S, a series of modules Mi , and a test node T (Fig. 2.2).

Figure 2.2: General architecture of the Cascade Computing machine.

Each module Mi of the CC machine architecture depicted in Fig. 2.2 has an internal
architecture as depicted in Fig. 2.3. A module Mi is composed by k cells a1 . . . ak and
a logical OR gate. All ai cell are identical. Each cell introduces a one clock delay of the
binary signal.
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Figure 2.3: Internal architecture of a module Mi used in the Cascade Computing
machine architecture.

The CC machine uses discrete binary electric signals. The source S generates a step
impulse. This impulse is transmitted to the input of the first module M 1. For each
integer of the given set, a module Mi is included in the architecture. Each of these
modules includes a number of delay cells equal to the corresponding integer value. The
modules Mi compute the partial sums.
A test node T placed at the system output checks if a solution was found. If the logic
state at the output of the last module Mi is ’1’ at a discrete time moment equal to the
given value ’sum’ it means that a solution was found. The integers are supposed to be
all positive (if they are not, a translation is applied to each value in order to have only
positive integers - the problem is equivalent).
The time complexity of the proposed system is deterministic and linear with the value
sum.
The space complexity is also deterministic and it is mainly given by the number of delay
cells, which is equal to the sum of all elements from the given set Γ, therefore it is also
linear.
A hardware implementation of the CC machine is required in order to benefit from all
its speed advantages.
An electric scheme of the device implementing the CC machine is presented in the patent
[Cremene et al., 2011a] (pending). This scheme is illustrated in Fig. 2.4 and it is based on
standard digital components (gates, counters, shift registers, etc.). A simplified example
for a set composed by three integers is considered here.
The circuit depicted in Fig. 2.4 works as follows: a clock generator generates a uniform
rectangular signal. The clock frequency gives the calculation speed: after a number
of clock periods equal to sum the decision problem is solved. Connected to the clock

Chapter 2. Aspects of Complexity

14

Figure 2.4: Electric scheme of the device implementing the Cascade Computing machine.

generator, a module composed by a flip-flop D, a NOT gate and an AND gate is used
for stopping and restarting the computation machine.
The START/RESTART button produces an impulse that starts or stops the machine
by reseting the counter and the registers. The binary counter receives the clock signal
and has the ’Load’ inputs set to ’0’. The number of bits n for the counter respects the
relation sum < 2n (in this example n = 3).
The source node (S) of the system (see Fig. 2.2) generates a ’1’ for the first clock period
and ’0’ for the rest. S is implemented using a flip-flop D with the input set on ’1’. The
negative output of the flip-flop represents the source signal.
Each Mi module (see Fig. 2.3) is composed by a shift register and an OR gate.
The test node (T) verifies if at a given moment the last Mi module output is on ’1’. T
is implemented as follows: the value sum is specified as a binary number. A comparison
bloc generates an impulse of ’1’ when the counter equals to sum. When this happens
the clock will be interrupted and the CC machine stops.
The outputs are signaled by several LEDs. If the LED corresponding to the last module
Mi is ’ON’ it means the sum may be computed and the decision problem is solved. If
the state is ’OFF’ it means that the sum cannot be computed.
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An improved solution of the CC machine, having the additional capability of identifying the parts of the subset-sum, is presented within the patent [Bartha et al., 2011]
(pending).
An electric scheme of the improved CC machine is depicted in Fig. 2.5. This implementation is also based on standard digital components (gates, counters, shift registers,
etc.). An example for a set composed by five elements is considered here.

Figure 2.5: Electric scheme of the device implementing the Cascade Computing machine with sum parts identification. A five element set example is considered.

The circuit details are not included in this Thesis, they are presented on the patent
request [Bartha et al., 2011].
Comparing to the state-of-the-art solutions, the proposed CC model is comparable to
the optical-based approach but is is much easier and cheaper to implement, being based
on general purpose digital electronic components.
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Complex Adaptive Systems

A different meaning of ’complexity’ is related to complex systems composed by multiple autonomous entities. This section presents a brief analyze of distributed complex
systems.

2.2.1

Definition and examples

A complex system is composed by multiple autonomous entities. Complex Adaptive
System (CAS) is a term introduced by John H. Holland from Santa Fe Institute [Holland,
1995]. A CAS represents a system composed by autonomous entities which interact,
aggregate, learn and adapt their behavior. Typical examples of such systems are: a city
(with all its sub-systems/public services), the brain, the biological immune system, a
colony of social insects.
Self-organization, non-linear dynamics, and emergence are the most interesting properties of complex systems.
The intelligent agent paradigm [Axelrod, 1997], [Niazi and Hussain, 2011] seems to be
the best suited as CAS base entity. Beside artificial agents, a CAS may include resources,
services, and even human agents.

2.2.2

Properties and mechanisms

Several common CAS properties have been identified [Holland, 1995]:

1. Aggregation or composition. There are two meaning for aggregation here. The
first imply to decide the characteristics of an object that are essential and the
characteristics that may be ignored (abstraction). Similar things should be put in
same classes (pattern recognition). The second sense of aggregation concerns how
a CAS acts and it is related to the emergence of a complex global behavior from
simple local actions. Several basic agents may aggregate and form meta-agents
[Holland, 1995].
2. Nonlinear dynamics. Most CASs cannot be described by linear functions. For
instance, in the classical example of a CAS composed by predators and preys
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the population dynamics is defined by nonlinear (differential) equations (LotkaVolterra model [Brauer and Castillo-Chavez, 2001]).
3. The existence of flows. Informational, resources, goods, cash or other types of
flows exist usually inside a CAS. Flows are produced, processed/transformed and
consumed by CAS entities. Effects as multiplication and recycling may appear in
these flows [Holland, 1995].
4. Diversity. Nature is the most known source of diversity and non-uniformity. A
free biological niche is always occupied, a new resource will always attract different consumers, a ’hole’ will be always filled (phenomenon called ’convergence’ in
biology [Holland, 1995]). What happens with an agent depends on the agent’s
context (elements external to the agent that may influence it), including other
agents. Sometimes symbiotic relations may appear and new types of meta-agents
may emerge.

Besides the properties stated before, several CAS mechanisms have also been identified
[Holland, 1995]:

1. Tagging. Tagging is describing an agent (type, inputs, outputs, function, etc.).
Tags make possible to check the compatibility between different entities. The
agents recognize each other by tags. Tags make possible the aggregation.
2. Internal models. An agent uses an internal representation of the external world but
also an internal decision model. A common approach to build an internal model
is to use rules. Heuristic-based algorithms are also frequently used as decision
models. Usually the internal model is problem-specific.
3. Building blocks. Building blocks are strongly related to the idea of aggregation.
How an agent can recognize an infinite number of patterns? How an agent responds
properly to an infinite number of situations? The idea is that a finite set of blocks
may lead to an infinite number of combinations of these blocks. Decomposition
combined with pattern recognition may be used for perception. Composition may
be used to generate a large number of complex actions. For instance, a large
number of actions may be triggered using a finite set of rules that may be activated
simultaneously [Holland, 1995].
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4. Adaptability. Agents may use a mechanism to evolve behavior rules. A reinforcementbased learning algorithm is proposed in [Holland, 1995]. This algorithm evaluates
how efficient is a rule and maintain a score for each rule. The rules may be
evolved using a Genetic Algorithm. New rules are created from existing rules using crossover and mutation operators. The rules (behaviors) with the best response
are promoted. Such an evolutionary mechanism is capable to generate new valid
rules as the system operates.

Emergence is a central aspect of complex systems. Emergence is the property of complex
systems to generate sophisticate structural or behavioral patterns from multiple simple
actions. Distinct levels may be identified. For instance the chemistry level emerges from
the elementary particle physics. The biological level may be considered as emergent
from the chemical level. The psychological level emerges from the biological level, etc.
In physics, the laws are not the same at microscopic level and macroscopic level. An
insect colony present a complex emergent behavior based on the coordinated action of
very simple individuals. This may be explained by the fact that a complex system is
more than a sum of entities: it includes also the relations between these entities. For
instance, in the human brain the number of neurons is about 100 billion. But they are
interconnected via trillions of synapses. It may be observed that it is the number of
interconnection which gives the complexity.
In artificial systems, emergence may be a very useful property when we want to create
a complex behavior using only simple rules.

2.2.3

Dynamics of complex systems

This section briefly presents some phenomena specific to complex systems such as: phase
transition, critical points, percolation, self-synchronization, chaos, stability, equilibria,
and convergence.

2.2.3.1

Phase transitions and critical points

In Thermodynamics (or statistical mechanics), a phase transition is a transformation of
a system from one state of matter to another state (e.g. from solid to liquid, from liquid

Chapter 2. Aspects of Complexity

19

to gas, from solid to gas) [Blundell and Blundell, 2006]. In such a system, a critical point
is a special combination of pressure and temperature with the property that a transition
between liquid and gas phases is continuous (a mixed state exists near the critical point)
and involves a modification of the internal symmetry (’second order’ transition[Altland
and Simons, 2006]).
Biological and social systems present similar behaviors. In social systems critical points
have been identified regarding the spreading of one particular behavior/strategy [Gladwell, 2000].

Phase transitions in complex systems.

Similarly to natural systems, artificial

complex systems may also have states, transitions, and critical points. A phase may
be assimilated to a pattern in a system structure and/or dynamics [Sole, 2011]. When
a certain parameter of a system is tuned and some threshold is passed this phase may
change. When a very narrow transition domain separates two distinct phases we have a
critical point [Sole, 2011].
One of the most known model used to study phase transitions is the Ising model [Brush,
1967],[Cipra, 1987], [Sole, 2011]. The model is inspired from the ferromagnetic properties
of a material (iron). When such a material is heated to a high temperature the magnetic
attraction property disappears. This fact is due to the random ordering (spin) of atoms
inside the material. At low temperature the atoms influence each other and tend to be
ordered. The temperature changes the equilibrium state between the order induced by
inter-atoms influences and the disorder introduced by thermal noise [Sole, 2011].
The Ising model may be implemented on a computer using a square lattice N × N .
Each lattice element represents an atom. Each atom may have two possible states:
spin up (+1) or spin down (-1). Each possible state of the lattice represents a system
configuration.
The total magnetization is given by the sum of all spins divided by N 2 . The magnetization is maximum when all spins are the same. It was demonstrated that an energy
function associated to the material has a minimum for this ordered configuration.
The inter-atom influence is implemented using a simple rule: an atom surrounded by
other atoms having a same spin will imitate that spin [Sole, 2011].
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The temperature effect is introduced by an exponential probabilistic function based on
Boltzmann distribution. The probability of having the system in a specific configuration
σ is:

e−βH(σ)
,
Z

P (σ) =

where:
β = (kB T )−1 , (kB is the Boltzmann constant, T is the temperature),
H(σ) is called the Hamiltonian function and represents the energy of the configuration
σ (a formula for H may be found in [Sole, 2011]), and
Z =

P

σ

e−βH(σ) is the partition function and expresses statistical properties of the

system having the configuration σ.
The simulation starts from a random configuration. Monte-Carlo method and Metropolis
algorithm [Landau and Binder, 2005] are used to iteratively update each atom (lattice
cell).
A randomly chosen spin is flipped with a probability Q given by the temperature T and
the difference ∆E of energies corresponding to the state with and without the spin flip:
− k∆ET

Q=e

B

Numerical simulations of the Ising model indicate that, for specific initial conditions
and parameter values, cluster composed by atoms having the same spin emerges. If
the temperature is slowly decreased in time the magnetization phenomenon is put on
evidence.
A narrow transition interval between zero magnetization and full magnetization is identified on the temperature axis. High magnetization fluctuations in time may be observed
in this critical interval [Sole, 2011].
A phase transition phenomenon based on a slightly different model is studied in [Néda
et al., 2006]. The analyzed model is an infinite-range ’Potts glass’ structure with unrestricted number of states [Binder and Kob, 2011]. The model can be applied in optimal
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Figure 2.6: Phase transitions in a Potts-glass structure (q is the probability to have
a specific type of bonds (+J) in the ’Potts glass’ structure and r is the normalized size
of the largest cluster). Source: [Néda et al., 2006].

clusterization problems (i.e. coalition formation in social systems). Phase transitions of
this model are illustrated in Fig. 2.6 [Néda et al., 2006].
It may be observed that the normalized size of the largest cluster, r, depends on probability q, where q is the probability to have a specific type of bonds (+J) in the ’Potts
glass’ structure. Transition intervals for q may be observed. When the number N of
system states tends to infinity, a percolation-like phase transition is found for the value
q = 0.5.
The paper [Biroli et al., 2002] analyzes a phase transition phenomenon related to the
satisfiability (SAT) problem. To solve a SAT problem means to find a solution that satisfies a set of clauses/constraints. A model inspired from Statistical Physics is proposed
in [Biroli et al., 2002].
For a 3-SAT problem, when the number N of variables grows, a phase transition appears
function of the value of alpha, where alpha represents the number of clauses per variable.
A large number of solutions can be found if alpha is inferior to 4 and almost no solution if
alpha is superior to 5. When N tends to infinity, the transition interval becomes a point:
the critical value alpha = 4.3 separates the satisfiable problems from the non-satisfiable
ones.
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Percolation and self-synchronization.

Percolation [Grimmett, 2010] is a key

phenomenon studied in complex systems. An example is the formation of a big cluster
in a system where usually only small clusters exist. Such phenomenon also involves a
phase transition and may appear for specific values of the system parameters.
Self-synchronizations is another phenomenon widely studied in complex systems composed by independent coupled oscillators [Rosenblum et al., 1997], [Néda et al., 2000].
In particular conditions independent oscillators arrive to be in-phase for a certain period
of time (i.e. claps synchronization [Néda et al., 2000]).
Sometimes small perturbations are necessary in order to obtain synchronized clusters
[Bartha and Dumitrescu, 2011]. Synchronization is also a fundamental problem in
Telecommunications domain, where such models may find an application.

2.2.3.2

Chaos and stability

A chaotic system is a system that is: deterministic (does not necessary mean predictable), nonlinear, and unstable [Smith, 2007]. Unstable means sensitive to initial
conditions (presents the ’butterfly effect’). Weather is a typical example of chaotic
system.
How can we measure how chaotic is a system? The degree of system sensitivity to initial
conditions is characterized by the Lyapunov exponent - λ. In non-chaotic systems, a
small difference in the initial conditions may lead in time to similar trajectories. In a
chaotic system an exponential difference between these trajectories appears.
Let δZ0 be the initial conditions separation/difference. The system sensitivity to initial
conditions may be approximated by an exponential function:

|δZ(t)| ≈ eλt |δZ0 |

If λ is positive it means that the trajectories are exponentially divergent and the system
is chaotic.
For a dynamic system it is important to define its phase space. A phase space is a space
(in the mathematical sense) that includes all possible states of a system. For a mechanical system, for instance, this means all possible values of position and momentum.
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Each state is represented in the phase space by one unique point. There are as many
Lyapunov exponents as dimensions of the phase space. The larger exponent is the most
significant - as it indicates the higher divergence.
Stability and convergence are usually important desired properties of a complex system.
A general principle of stability for feedback control systems says that ’a stable system
is a dynamic system with a bounded response to a bounded input’.
Linear systems are simpler and have been widely studied from the stability point of view.
For non-linear systems [Merkin, 1997] there is a stability theory proposed by Lyapunov.
According to this theorem, a system is stable if the system state x(0) starts near (at a
distance δ) an equilibrium point xe and remains forever (for any time moment t > 0)
near (at a distance ) to xe . If the system state converges in time to the equilibrium
point we have an asymptotic stability. If the system converges to the equilibrium point
in time faster than a known rate αkx(0) − xe ke−βt we have an exponential stability.
The concept of ’equlibrium’ is very important in analyzing a system stability. In the
next subsection we analyze the equilibrium notion in the framework of Game Theory.

2.2.4

Game Theory and complex systems

Game Theory (GT) [von Neumann and Morgenstern, Second Edition, 1947], [Binmore,
2007], [Osborne, 2004], [Ross, 2010] is a mathematical discipline that studies how autonomous agents take decisions. Developed for coping with economical problems, GT
has been extended to other fields. Recently an important number of contributions based
on a GT approach appeared in the Cognitive Radio field [Wang et al., 2010], [Zhang and
Guizani, 2011].
A situation may be modeled as a game if the outcome of one agent depends, not only on
his/her actions, but also on the actions taken by other agents (strategic interactions).
Numerous situations where limited resources are used in common by different competing
agents may be modeled as games.
Equilibrium is the GT key concept. An equilibrium state indicate a system stability
point. It is important if a game has stable states. In artificial agent-based systems it is
possible to avoid undesirable equilibria states by encoding within agents the right rules
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of behavior and payoff functions. For instance, Potential games [Monderer and Shapley,
1996] have been widely used for Cognitive Radio applications.
The field who studies how to design rules in order to obtain a desired behavior is called
’Mechanism Design’ (reverse Game Theory) [Reiter and Hurwicz, 2006]. Such an approach may be useful for designing rules for artificial agents.

2.2.4.1

Game definition

A game can be formally described as a system G = ((N, Si , ui ), i = 1, ..., n), where:

N represents a set of players, n is the number of these players;
for each player i ∈ N , Si is the set of actions available for player i.
S = S1 × S2 × ... × Sn
is the set of all possible situations of the game. s ∈ S is named a game ’strategy’
or a ’strategy profile’.
for each player i ∈ N , ui : S → R represents the payoff function of the player i.

The most known equilibrium concept is the Nash equilibrium (NE) [Nash, 1951], [Osborne, 2004]. This concept is formally described in the following section.

2.2.4.2

Nash equilibrium

A game is in a Nash equilibrium state if no player can improve his/her payoff by unilaterally changing his/her action. Therefore, no player has any incentive to deviate from a
NE.
Let us denote by (si , s∗−i ) the strategy profile obtained from s∗ we say that by replacing
the strategy of player i, s∗i , with si :

(si , s∗−i ) = (s∗1 , ..., si , ...., s∗n ).
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A strategy profile s∗ ∈ S is a Nash equilibrium if the inequality
ui (si , s∗−i ) ≤ ui (s∗ ),
holds ∀i = 1, ..., n, ∀si ∈ Si , si 6= s∗i .
A strict inequality leads to a strict Nash equilibrium. If the inequality is not strict we
have a weak Nash equilibrium.
Nash proven that, if a game has finite number of players and if each player has a finite
set of pure strategies to chose from, then at least one mixed Nash equilibrium exists.
An example of mixed strategy is to chose one pure strategy with a probability p and
another pure strategy with a probability (1 − p).
The Nash equilibrium is important in CAS because it represents a stable state of the
game/system. Since no player can increase its payoff by unilateral deviation, no selfish
player will have an incentive to deviate from that state. Players are expected to be
selfish in the sense that each one will try to maximize his/her payoff. The payoff is
usually expressed by a difference between a good-put/utility and a cost.
If a game has a Nash equilibrium it is possible to design a distributed algorithm that will
lead the system towards that Nash equilibrium. Such a general algorithm is proposed,
for instance, in [Pradelski and Peyton, 2012]. This means that a decentralized system
where agents use such an algorithm converges to a stable state.
But is Nash equilibrium always an optimum state for the system? Unfortunately, in
many games this is not the case.
One of the most famous game is the Prisoner’s Dilemma (PD) [Dawes, 1991]. In this
game the Nash equilibrium is far from being optimal (the reason to call this game
a ’dilemma’). Another class of games where Nash equilibria are inefficient are those
included in the ’tragedy of the commons’ class [Ostrom, 1990].
Besides Nash equilibrium, other types of game equilibria have been defined. Some
examples are presented in the next sections.
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Pareto equilibrium

Let consider two strategies s and s∗ ∈ S. A strategy s Pareto dominates another strategy
s∗ if the payoff of each player i using strategy s is greater than or equal to the payoff of
the same player using strategy s∗ , and at least one payoff is strictly greater [Cremene
et al., 2013].
A strategy profile s∗ ∈ S is Pareto efficient, when it does not exist a strategy s ∈ S, such
that
ui (s) ≥ ui (s∗ ), i ∈ N,
with at least one strict inequality.
A Pareto efficient strategy profile has the property that no other strategy can increase
one player’s payoff without decreasing any other player’s payoff [Fudenberg and Tirole,
1991].

2.2.4.4

Lorenz equilibrium

Lorenz dominance has been introduced in [Kostreva and Wodzimierz, 1999] as a particular case of Pareto dominance. Therefore, Lorenz solutions are a subset of Pareto
solutions set: the most equitable and balanced Pareto solutions.
Let s ∈ S be a strategy profile vector.

Let us consider u(1) (s) ≤ u(2) (s) ≤ ... ≤ u(n) (s) as the components of u = (u1 (s), u2 (s), ..., un (s))
sorted by increasing order.
The generalized Lorenz vector associated to s is:
L(s) = (l1 , ..., ln ),
where:

l1 = u(1) (s),
l2 = u(1) (s) + u(2) (s),
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...
ln =

Pn

i=1 u(i) (s).

For s0 , s00 ∈ S Lorenz dominates if:
s0 L s00 ⇔ L(s0 ) P L(s00 ),

where P denotes the Pareto-domination.

2.2.4.5

Joint Nash-Pareto equilibrium

Nash-Pareto and Pareto-Nash joint equilibrium concepts [Dumitrescu et al., 2009] define
game situations where players are biased towards different types of rationality: Nash or
Pareto. The two types of rationality may be associated to different agent behaviors:
either oriented towards maintaining a certain payoff, not deviating unilaterally from the
current strategy (Nash-biased) or oriented towards getting maximum payoff (Paretobiased) [Cremene et al., 2013].

Chapter 3

Adaptation through optimization
The service adaptation problem is discussed in this chapter. A centralized control mechanism is considered (the distributed control case is discussed in Chapter 4). We propose
an approach for transforming the adaptation problem into an optimization problem.
Thus, it becomes possible to design a general control mechanism for service adaptation.
Complexity issues related to search space and number of optimization objectives are
analyzed.

3.1

What is ’service adaptation’ ?

Service adaptation was informally defined in Chapter 1 using an analogy with a biological
organism, which adapts to its environment, having as goal to survive and reproduce itself.
Another definition of the term ’adaptation’ is given by a general law inspired from
Psychology [Martin H. et al., 2009]: ’Every adaptive system converges to a state in
which all kind of stimulation ceases’.
A large number of artificial adaptive services have been proposed in literature. Examples
of such systems have been investigated in [Cremene et al., 2007]. Usually, by service
adaptation we understand a modification in the service behavior and/or structure when
the service’s context changes. In general, the adaptation goal is to efficiently use available
resources and/or to obtain a higher user satisfaction.
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A common approach for service adaptation is to use rules. The most known model
is Event-Condition-Action (ECA): an event is generated from the context, a condition
is verified and a specific action is triggered. Let consider a simple service for sending
messages installed on a mobile phone. An adaptation rule may be: when the WiFi
connection drops (the event), if a GSM connection is available (the condition), then the
message will be sent by one or more SMS messages (the action).
According to this approach, the problem is reduced to the selection of the adequate
behavior from several possibilities. A rule verifies the context and service state and
triggers a specific action that is meant to put the service a new state with a higher benefit
for the user. Strategy design pattern or more sophisticated paradigms like ’multifaceted
component’ [Rarau et al., 2007] may be used for specifying the predefined behavior.
The most important inconvenient of the ECA approach is the fact that the events,
conditions and actions are service-specific [Cremene et al., 2007], [Cremene et al., 2012c].
This means that such a mechanism is not reusable from one service to another. More
important, a human expert should anticipate in advance all the rules. This is why we
call it ’adaptation by anticipation’.
Unanticipated adaptation may be achieved if the adaptation control mechanism is serviceindependent. But is it possible to design general, service-independent adaptation rules?
In [Cremene et al., 2007] we prove that this is possible if the services are semantically
described by meta-data called ’profiles’ (a similarity with the CAS tags discussed in
Chapter 2 exists).
Our research about unanticipated adaptation conducted us to the idea that the adaptation problem may be modeled as an optimization problem. Optimization is a term
with a simple and precise mathematical definition, which is not the case of the term
’adaptation’.

3.2

Solving service adaptation as an optimization problem

Service adaptation may be modeled as an optimization problem if the adaptation goal
may be expressed in terms of functions maximization or minimization [Cremene et al.,
2011b]. In this section we describe our own solution to this problem.
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In [Cremene et al., 2012c] we present a generic model of the service and its context.
We call it the Service-Context (S-C) model (Fig. 3.1). The model is represented by a
directed graph describing: the service, the context and the interactions between them.
The graph elements are:

a. Nodes corresponding to services (S) or context (C) entities. A composite service
may be described by a graph of basic services. The context is seen from the service
point of view. Three basic context entities are defined: users (U), infrastructure
elements (I) (i.e. devices, networks) and environment (E) (i.e. physical and social
environment elements).
b. Edges corresponding to interactions existent between the nodes. We define three
types of interactions:
- Informational flows interactions. Services are communicating between them
by exchanging information. Users also exchange information with services.
- Resource utilization interactions. Services consume resources provided by the
hardware infrastructure (memory, CPU, bandwidth, etc).
- Environment interactions. The environment may influence the user needs
(e.g. location effect on user preferences) or the infrastructure (e.g. the spatial
coverage or rain effect on a radio network).

Figure 3.1: The Service-Context model represents the services, the context entities
and their interactions as a directed graph. Source: [Cremene et al., 2012c]

Fig. 3.2 depicts an examples of the S-C model for a service with four components (inner
services) S1 , S2 , S3 , Si . The first three services are provided by P1 and Si is provided by
the provider P2 . S1 is a client component and it directly interacts with a user U , which is
influenced by it’s environment E (location, social environment, etc.). The infrastructure
element I is the client terminal (PC, mobile phone, etc.).
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Figure 3.2: An example of the Service-Context model.

The S-C model offers the possibility to define the Service-Context adequacy. S-C adequacy is an objective measure that indicates how well suited is a service S for a given
context C.
The S-C adequacy is a vector that includes several metrics defined for each ServiceContext attribute. An example is the ’memory’ attribute: the adequacy means that the
service should use less memory than the memory provided by the infrastructure.
Another attribute may be the ’language’: a service is adequate from the language point
of view if the user and the service use the same language. Another example may be
’location’: a location-related service is adequate if it provides information specific to
user location.
For each attribute, which is common to context and service, an adequacy measure called
S-C distance is defined. Examples of S-C attributes with corresponding distances are
described in Fig. 3.3.
The S-C adequacy may be seen as a generalization of the Quality of Service (QoS) concept. Common QoS attributes such as: response time, reputation, availability, throughput, may be used for defining S-C adequacy measures related to user-service interaction.
In order to compute the S-C adequacy a problem needs to be solved in a first place:
S-C attribute aggregation. Attribute aggregation means to automatically compute the
attributes for a composite service when the attributes of the inner services are known.
For each S-C attribute some aggregation operators are defined. Examples of such operators are given in [Cremene et al., 2007] and [Cremene et al., 2012c]. For the QoS
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Information flow distance evaluation
Attribute name

Domain

response_time

0..inf

security_level

Distance

{none, low,

d = 0 if security_level(S) >= security_level(U)

medium, high,

and ∞ else

very high}
language

{RO, FR, DE,

d = 0 if language(S) == language(U) and ∞

ES…….}

else

Resource utilization distance evaluation
Attribute name

Domain

Distance

memory

0…100%

d = memory(S) / memory(I) * 100

cpu_time

0..100%

d = cpu_time(S) / cpu_time(I) * 100

network_capacity

0..100%

d = network_capacity(S) / network_capacity(I)
* 100

Figure 3.3: Service-context adequacy expressions for different attributes described as
S-C distances. Source: [Cremene et al., 2012c]

attributes aggregation operators examples are presented in [Pop et al., 2011b] and [Suciu et al., 2012]. An example about how the physical distance may be included also as
S-C attribute is given in [Pop et al., 2011a].
A special case of S-C adequacy is based on the distance between a request expressed
by the user in natural language and the function provided by the service. In order to
compute this distance, the service needs to be semantically described. A dictionary is
used for measuring the similarity between the words used by the user and the semantic
concepts attached to the services. This problem was addressed in the papers [Cremene
et al., 2009], [Pop et al., 2009] and [Pop et al., 2010a].
In this section we have explained how the adaptation problem may be modeled as an
optimization problem by introducing the notion of service-context adequacy or distance.
According to this approach, an adaptation problem is reduced to a multi-objective optimization problem [Cremene et al., 2011b] where several S-C distance functions need
to be minimized or maximized. Since these functions may have any form, an heuristic
search algorithm may be used in this respect.
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Computational complexity aspects

Complexity issues arise in the case of optimization/search from two directions: the search
space and the number of optimization objectives. In this section we examine in more
detail these issues.

3.3.1

Search space issues

Using search/optimization algorithms makes sense only if a direct way to find the solution cannot be found. If the search space is very small an exhaustive algorithm may
solve the problem. But such an approach cannot be used for medium and large search
spaces. We analyze further the situations where the solution needs to be searched in a
large space.
A composite service is described as a process (workflow) that involves the execution of
several activities. Executing an activity means invoking a service. For each activity,
which is assimilated to an abstract service several concrete services exist. Each concrete
service has different QoS properties.
Given m abstract services and n concrete services for each abstract service, there are
nm possibilities for the same composite service, each having a different QoS. The search
space is discrete. For each abstract service one concrete service must be selected. Any
combination is possible - we have a combinatorial optimization problem. Finding the
solution with the optimal QoS is an NP-hard problem. This generally means that we
need heuristic algorithms for solving such a problem in reasonable time.
The QoS optimization problem may be seen as a particular instance case of service
adaptation. The same optimization principle may be applied for any S-C attribute. An
important aspect is to be aware about the search space characteristics. For instance, in
the case of QoS optimization problem we start from a given abstract workflow supposed
to be functionally valid. This means that any combination of concrete services - any
solution from the search space - is valid. The only difference between different solutions
is given by the QoS properties (non-functional properties).
If we try to automatically generate the abstract workflow starting from a user request we
have a completely different problem. This problem have been addressed using different
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techniques such as AI planning [Rao and Su, 2005]. We proposed a method for generating
composite services starting from a user request expressed in natural language [Cremene
et al., 2009], [Pop et al., 2009], [Pop et al., 2010a]. The AI planning and the QoS
optimization may be combined in a more complete solution for service composition and
adaptation/optimization [Pop et al., 2011a].
The initial hypothesis about the problem input may change significantly the type of
approach. Sometimes the problem is to find valid composite services by combining other
existing basic services [Pop et al., 2010b]. In this case the search space includes also
invalid solutions. This approach requires measures for the solution validity. Syntactic
matching measures [Pop et al., 2010b] or model checking tools may be used in this
purpose [Todica et al., 2012].
Is it always possible to model an adaptation problems as an optimization one? Usually
the adaptation involves a goal. Sometimes this is not explicitly expressed by the human expert. For instance, in the example with the messaging service presented before,
the adaptation goal is to keep the service functional. The functionality will be clearly
interrupted if the service tries to send the message by e-mail without having a data
connection. Utility may be a useful concept here. The utility of such a service is lower
than the utility of a service who uses the SMS when a WiFi connection is not present.
In general, any rule can be described as a utility, efficiency or cost function.
A problem may be the form of the objective/evaluation function. During the search
process it is useful to have a precise measure of how close/far is the process from a
solution.
Different solutions from the search space should have different evaluation values. The
error surface (fitness landscape) may significantly influence the optimization algorithm
performances. The form of the objective functions gives the error surface.
All techniques discussed previously share a common idea: there is a search space and in
this space an algorithm searches for a solution. This solution has specific characteristics
measured by the various distances included in the S-C adequacy concept. By transforming an adaptation problem into an optimization one, domains like Service-oriented
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Computing, Context-aware, Ubiquitous and Pervasive Computing are connected to domains like Search Based Software Engineering [Harman et al., 2012] and Computational
Intelligence.

3.3.2

Multi-objective optimization issues

A second issue related to the computational complexity in optimization problems is
generated by the number of optimization objectives. This number is given by the number
of S-C attributes. In order to reduce the number of objectives, a solution is to aggregate
all objectives into a unique global score.
Unfortunately, there is no precise theory about designing aggregation functions. Several
types of functions may be used. The most common is a linear combination (weighted
sum). When a weighted sum aggregation function is used, the optimization algorithm
finds one solution from the Pareto set [Miettinen, 1999; Kathrin and Tind, 2007]. However, there is no direct correspondence between weighting coefficients and the relative
importance of the objective functions [Miettinen, 1999]. Additionally, non-convex parts
of the Pareto set cannot be reached by minimizing convex aggregation functions [Miettinen, 1999].
In a multi-objective optimization algorithm the number of objectives may be a problem.
Most algorithms are efficient for 3-4 objectives. If more objectives exist, a many-objective
algorithm may be used [Zhou et al., 2011].
Another problem is that, multi-objective algorithms provide, not just one solution but
a set of solutions named the Pareto-optimal set. If only one solution is needed a decision making algorithm is also necessary. Comparing to single-objective algorithms, the
multi-objective ones are usually 3-4 times slower but, combined with a decision making
algorithm, they offer a more precise control of the solutions.
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The most relevant contributions related to Search-based
Software Engineering

This section presents the most relevant contributions of the author based on the use of
search/optimization algorithms for service composition/adaptation. Search-based Software Engineering is the field where all these contribution may be included.

3.4.1

QoS-based service optimization using Differential Evolution

Web service composition aims to provide new functionalities by combining existing ones.
A certain functionality may be offered by different web services, each one having different
quality of service (QoS) attributes. The goal is to find the composite service with the
best QoS. This problem is defined in details in the next section.

3.4.1.1

Problem statement

A composite service is defined by a business workflow that includes a set of abstract
services. A set of concrete service implementations exist for each abstract service. The
goal is to find the optimal combination of concrete services. A process example for a
flight booking process is illustrated in Fig. 3.4 [Pop et al., 2011b].

Figure 3.4: Example of a flight booking abstract process. Source: [Pop et al., 2011b]

The process illustrated in Fig. 3.4 includes the following abstract activities: Find Nearest
Airport for identifying the airport that is closest to the desired departure or destination
location, Propose Flight for finding all flights that match a certain criteria, Book Flight
for the actual purchase of the flight tickets and Delivery for mailing the tickets and the
receipt.
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Executing an activity means invoking a web service. For each abstract service S1, S2,
... (see Fig. 3.4), several concrete services having different QoS properties exist.
The QoS parameter set includes the following parameters: response time, reliability (r),
availability (a) and cost (c). The response time (t) or latency is a measure for the
performance of a service. It represents the round-trip time between sending a request
and receiving the response. Reliability (r) represents the capacity to ensure reliable
message delivery for services. The probability of a service to be ready for immediate use
is called availability (a). The cost (c) is the price to pay for each service request.
The QoS of a composite service is obtained by aggregating the QoS attributes of its
inner services. The aggregation operations depend on the composite service specific
architecture.
Fig. 3.5 [Pop et al., 2011b] depicts the QoS aggregation formulas for each architectural
pattern.

Figure 3.5: QoS aggregation formulas. Source: [Pop et al., 2011b]

Since ’flow’ means executing several activities in parallel, the total response time (T) is
given by the maximum response time of all executed activities. The ’sequence’ involves
to execute a service one after another therefore the total response time is a sum.
For a ’switch’ construct, the process needs to be monitored at runtime during multiple
P
executions to determine the probabilities pi associated to each case branch, m
i=1 pi = 1,
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where pi represents the probability to select case branch i. In case of the ’while’ loop
the average number of iterations k is the time multiplication factor.
To evaluate the quality of each potential solution (composite service) we consider an
Aggregate Objective Function (AOF) having the following form:

F (y) = w1 · R + w2 · A +

w3 w4
+
T
C

(3.1)

where wi are the weights that correspond to the significance of each QoS attribute for
the user and R, A, T, C are the aggregate QoS values for the composite service.

3.4.1.2

Proposed approach

A Differential Evolution (DE) based solution to the QoS optimization problem is proposed in [Pop et al., 2011b]. This NP-hard problem is well known in the SOC field. Most
of recent contributions indicate the Genetic Algorithms (GA) as the best approach for
complex workflows. We propose a new approach based on Differential Evolution (DE)
and a new encoding scheme.
Three DE variants are explored: TruncDE [Lampinen and Zelinka, 1999], XueDE [Xue
et al., 2003], and a new method called LongDE [Pop et al., 2011b]. The LongGA/DE
version is based on a genotype that facilitates discretization [Pop et al., 2011b]. We
compare these algorithms with the genetic algorithm proposed by Canfora et al. in
[Canfora et al., 2005] named IntGA. We also test a modified version of IntGA that uses
the long genotype - LongGA.

3.4.1.3

Genotype encoding (solution representation)

Let SA ={SA1 , SA2 , .., SAm } be the set of abstract services, SCi ={SCi,1 , SCi,2 , .., SCi,n }
the set of concrete services, and Qi,j =(t, r, a, c) the vector of QoS properties (response
time - t, reliability - r, availability - a and cost - c) for SCi,j .
The genome used for TruncDE and XueDE algorithms is depicted in figure 3.6. This
type of genome encoding is the same as proposed in [Canfora et al., 2005]. An array of
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integer values having the length equal to the number of abstract services in SA contains
in each cell (gene) the index of the concrete service.

Figure 3.6: Genome encoding for TruncDE and XueDE algorithms. Solution proposed
in [Canfora et al., 2005].

Most of DE discretization approaches involve either a bi-directional transformation from
a discrete domain to a continuous domain R (e.g. TruncDE) or attempt to modify the
canonical form of DE algorithm (e.g. XueDE). We propose a new genome encoding that
facilitates discretization without changing the original DE algorithm or requiring any
data transformation.
Figure 3.7.a illustrates the proposed genome encoding scheme. A gene encodes each
concrete service in SCi that can realize the abstract service SAi . The value stored in the
gene represents the preference for choosing the corresponding concrete service.

Figure 3.7: Genome encoding scheme for LongDE algorithm - a) proposed genome,
b) an example for two abstract services. Source: [Pop et al., 2011b]

For instance, if the process consists in 2 abstract services SA1 and SA2 , and for SA1
there are 3 alternatives (SC1,1 , SC1,2 and SC1,3 ) and for SA2 there are 2 alternatives
(SC2,1 and SC2,2 ), then the genome would be similar to the one depicted in Fig. 3.7.b.
The greater the value of the allele, the most likely the corresponding concrete service,
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will be selected. In our example, the preferred alternative for SA1 is SC1,2 , while for
SA2 is SC2,1 . The preferences values are initialized randomly between 0 and 1. On each
generation, these preferences are updated according to the DE algorithm.

3.4.1.4

Experimental results

Experiments were conducted for 25 scenarios that include all combinations of m ∈ {10,
20, 30, 40, 50} abstract services and n ∈ {10, 20, 30, 40, 50} concrete services. The
data for the considered scenarios is generated based on a normal distribution. Each
scenario is executed 100 times and the results are averaged. Statistical experiments are
conducted using the data from the first 500 generations of the 25 considered scenarios in
order to test the significance of the results. For each generation, the best and the mean
individual fitness is considered.
Fig. 3.8, 3.9, and 3.10 depict the evolution of the best fitness for three test scenarios.
A first scenario involves a process consisting in m=10 abstract services and n=20 concrete services per abstract service. The results are depicted in figure 3.8.

Figure 3.8: The evolution of the best fitness over 500 generations for m=10 abstract
services and n=20 concrete services. All algorithms converge within about 100 generations, LongGA and LongDE are the first to converge. Source: [Pop et al., 2011b]

It may be observed that all algorithms converge within about 100 generations. However,
LongGA and LongDE are the first to converge.
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A more complex scenario, involving m=20 abstract services and n=40 concrete alternatives is depicted in Fig. 3.9.

Figure 3.9: The evolution of the best fitness over 500 generations for m=20 abstract
services and n=40 concrete services. LongGA has the best performance. TruncDE is
the last one that converges. LongDE quickly finds good individuals, but then the best
fitness increases at a slow rate. Source: [Pop et al., 2011b]

It may be observed that all algorithms require about 200 generations to converge. Compared with the previous experiment, this indicates that, as expected, a higher problem
complexity requires more time to find a good solution. LongGA has the best performance. TruncDE is the last one that converges. LongDE quickly finds good individuals,
but then the best fitness increases at a slow rate.
The last scenario is based on a process that generates a very complex optimization
problem: m=40 abstract services, each of them having n=40 alternatives (Fig. 3.10).
The results of this experiment are quite similar to the previous scenarios. However,
some differences appear. The convergence time is longer: about 300 generations. This
is normal because the search space is much higher. LongGA finds the best solutions
in short term (until generation no. 220). In long term (more than 300 generations)
LongGA and LongDE are slightly surpassed by XueDE and IntGA. Comparing with the
previous experiments, it may be noticed that, as the complexity increases, TruncDE’s
rate of convergence decreases.
As a conclusion, the results indicate that the algorithms based on the proposed long
genotype (LongGA, LongDE) outperform the other algorithms for scenarios of low and
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Figure 3.10: The evolution of the best fitness over 500 generations for m=40 abstract
services and n=40 concrete services. Source: [Pop et al., 2011b]

medium complexity (up to 40 abstract services and 40 concrete implementations per
abstract service). Of all implemented DE variants, XueDE proved to have the most
robust behavior relative to variations of the problem complexity, the range of evolutionary parameters (population size, mutation probability, etc.) and the QoS properties
distribution.

3.4.2

Multi-objective Optimization for QoS-aware Service Composition

A multi-objective optimization approach for QoS-aware Service Composition is analyzed
in [Cremene et al., 2014a]. Selecting the QoS-optimal services for a composition flow
is a multi-objective NP-hard problem. Most of existing approaches reduce this multiobjective problem to a single-objective one. A global evaluation function that combines
different criteria into a unique score is considered. However, defining such a function
is not a trivial task and the end user solution selected from the Pareto set cannot be
predicted. Therefore, the final solution may not reflect the user preferences.
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Proposed approach

We propose a different approach [Cremene et al., 2014a] based on two steps: a) detect
the set of Pareto-optimal solutions and b) use a decision making algorithm for selecting
a solution from the Pareto set. Several evolutionary multi-objective algorithms are
evaluated. Experiments are based on real QoS data obtained from a public database.

3.4.2.2

Performance evaluation metrics

In order to compare different MO algorithms an objective evaluation measure is necessary. When comparing different algorithms we cannot rely only on one indicator [Okabe
et al., 2003]. Therefore, several different metrics are used for comparison [Coello et al.,
2007]. The most important are the following:

• The hypervolume (HV) defines the coverage area of a known Pareto Front (PF)
with respect to the objective space. It represents the sum of all rectangular areas
bounded by a reference point and (f1 (x), ...fm (x)). A higher value for Hypervolume
indicator is desired, meaning that a greater portion of the Pareto front is covered.
• The spread (S) measures the spread among the obtained PF and is defined as:
P −1
¯
df + dl + N
i=1 |di − d|
∆=
,
¯
df + dl + (N − 1) · d
where di is the Euclidean distance between consecutive solutions, df and dl are
Euclidean distances between extreme solutions and boundary solutions of the obtained PF, and N is the number of solutions from the Pareto front. If di has a large
variance ∆ can be greater than one. In the case of a good distribution (uniform
spread of solutions) all distances di are equal to d¯ and ∆ is zero.
• The set coverage (C). If X and Y are two approximations of the optimal PF, the
set coverage C(X,Y) is used to measure the percentage of solutions in Y dominated by at least one solution in X. A value of 1 indicates that all solutions in Y
are dominated by some solutions in X. If C(X, Y ) = 0 then no solution in Y is
dominated by a solution in X. When comparing two algorithms it is desirable that
the better algorithm has a higher value for C(X, Y ) and a lower value for C(Y, X).
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The metric is determined as follows:
C(X, Y ) =

|{u ∈ Y |∃v ∈ X : v ≺ u}|
|Y |

.

3.4.2.3

Comparative experimental results

A set of comparative tests meant to compare the state-of-the-art algorithms are conducted. The considered algorithms are: NSGA2 [Deb et al., 2002], SPEA2 [Zitzler et al.,
2001], MOEA/D [Zhang and Li, 2007], GDE3 [Kukkonen and Lampinen, 2005b], and
POSDE [Chang et al., 1999].
Workflows with different complexities and real QoS data are evaluated. Abstract workflows of various complexity are randomly generated. The complexity is adjusted by
increasing the number of abstract services from 10 to 30. A fixed number l of abstract
services is considered for each tested scenario. The number of concrete services k is
varied from 10 to 90.

Single-objective approaches limitations.

Fig. 3.11 and 3.12 compare the so-

lutions obtained using a single-objective optimization algorithm and a multi-objective
one. Services composition problems with two and three objectives are considered. The
results confirm that single-objective algorithms find unbalanced solutions situated in one
extremity of the Pareto set.
For the single-objective approach we use two types of global evaluation functions: a) the
function defined in [Canfora et al., 2005] and b) an additive function - a convex combination of each objective. Different weights are used. The global evaluation functions
are defined as follows:

w1 · d + w2 · a
,
w3 · t
1
= w1 · d + w2 · a +
,
w3 · t

FCanf ora =
Faditive

where wi represent predefined weights and the objectives correspond to the QoS properties: throughput - d, response time - t, and availability - a.
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Figure 3.11: Solutions found by single-objective and multi-objective optimization
algorithms. A two-objective problem is considered. All aggregation functions used
for the single-objective algorithms lead to the same type of unbalanced solutions. the
Source: [Cremene et al., 2014a]

Hypervolume-based comparisons.

Figures 3.13a, 3.13b, and 3.13c present the

average values of the normalized Hypervolume indicator for different workflows complexities (higher HV is better). All combinations of l ∈ {10, 20, 30} abstract services
and l ∈ {10, 20, ..., 90} concrete services are evaluated. In order to have statistical significance 50 independent runs are executed for each combination.
Fig. 3.13a, 3.13b, and 3.13c indicate that, on average, all tested algorithms behave very
similarly (POSDE gives slightly higher values).
The next experiment studies the HV dispersion (lower values indicate higher performance). A business workflow with 10 abstract services and 80 concrete services is considered.
Fig. 3.14 and 3.15 present box-plots of the normalized hypervolume values obtained for
each algorithm over 50 independent runs for 2 and 3 objectives, respectively. Looking at
the standard deviation of the HV average we can see that POSDE and NSGA2 are more
stable/robust than the other algorithms. Experiments have shown that this happens for
all combinations of abstract and concrete services.
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Figure 3.12: Solutions found by single-objective and multi-objective optimization
algorithm. A three-objective problem is considered. All aggregation functions used for
the single-objective algorithms lead to the same type of unbalanced solutions. Source:
[Cremene et al., 2014a]

Spread-based comparisons.

For the two-objective problem the spread indicator

have also been computed. Fig. 3.16 presents the average spread values (lower is better).
Results indicate that all algorithms assure a good diversity (POSDE yields slightly better
results in terms of spread).

Set Coverage-based comparisons.

Set Coverage quality indicator measures the

percentage of solutions found by an algorithm A that Pareto dominate the solution set
found by an algorithm B. From the average values, Fig. 3.17, we can see that, in general,
there is a difference in the solution set. POSDE and NSGA2 are the algorithms that
yield the best results. A large percentage of the found solution set Pareto dominates
the solution set given by the other optimization algorithms.

Statistical comparison.

A statistical comparison between the approximations sets

(Pareto fronts) obtained by tested algorithms is also required for an objective conclusion.
Because the data does not follow a normal distribution we performed a Kruskal-Wallis
analysis over the Hypervolume values obtained by each method over 50 independent
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Figure 3.13: Average normalized Hypervolume values (50 independent runs) for real
data web services composition, workflows with different complexities l ∈ {10, 20, 30} and
k ∈ {10, 20, ..., 90}: 3.13a - 10, 3.13b - 20, and 3.13c - 50 abstract services, respectively.
Higher HV values indicate better performance. All the algorithm behave similarly from
this point of view. Source: [Cremene et al., 2014a]

runs. Test results indicate a statistical difference between algorithms. Algorithms have
been compared using the Wilcoxon rank-sum test.
Experiments reveal that the best algorithms in terms of performance are: POSDE,
NSGA2, and GDE3. However, NSGA2 has proven to be also the slowest algorithm.
DE approaches represent a good trade-of between time complexity and performance.
POSDE proven to be the best choice in our experiments.

3.4.2.4

Decision making

A Decision Making (DM) algorithm based on user preferences is proposed. The purpose
of the DM algorithm is to select from the Pareto set a final solution based on user preferences. An hypothesis is that the user expresses his/her preferences for each objective
as weights for each QoS attribute.
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Figure 3.14: Normalized Hypervolume box-plots for a 2 objective optimization problem and a workflow with 10 abstract services and 80 concrete services. Higher the
box is, higher the dispersion is. The red line in the middle of the box represents the
mean value. A lower dispersion indicates a more stable/repeatable behavior. Source:
[Cremene et al., 2014a]
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Figure 3.15: Normalized Hypervolume box-plots for a 3 objective optimization problem and a workflow with 10 abstract services and 80 concrete services. Higher the
box is, higher the dispersion is. The red line in the middle of the box represents the
mean value. A lower dispersion indicates a more stable/repeatable behavior. Source:
[Cremene et al., 2014a]
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slightly better results.
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The DM algorithm is depicted bellow:

i. determine the equation of the line passing through the origin point and the point
defined by the weights representing the user preferences,
ii. for each solution from the Pareto set compute the distance to the line,
iii. choose the solution having the minimum distance.

Fig. 3.18 illustrates the advantages of the multi-objective approach compared to a
single-objective approach. The multi-objective algorithm finds a set of solutions from
which it chooses the one that best approximates the user preferences. The weighted
single-objective algorithm gives a solution that does not satisfy the user preferences.
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Figure 3.18: Decision making process for a workflow with m = 10 abstract services
and n = 30 concrete services. The multi-objective approach combined with the DM
algorithm is able to find a solution adapted to user preferences while the single-objective
approach is unable to find it.

Fig. 3.18a depicts a situation where both objectives have the same importance for the
user. In this case, for the first objective (throughput) the user assigns the weight w1 = 0.5
and for the second objective (availability) the weight w2 = 0.5. The line defined by the
origin (0, 0) and the point (0.5, 0.5) represents the user preferences. The solution that
is closest to this line is the compromise that best approximates the user’s preferences.
An SO approach using the same weights does not find a solution that reflects the user
preferences.
Fig. 3.18b illustrates another situation where the user favors the QoS property ’availability’. In this case the weights may be w1 = 0.3 and w2 = 0.7. The propose MO
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approach is able to find a solution that best approximates the user’s preferences in this
case too.
In conclusion, numerical experiments indicate that the proposed approach outperforms
the existing ones in terms of precision in selecting the end user solution. There is however
a price to be paid regarding the complexity: usually MO algorithms are slower than SO
algorithms. A possible solution may be to parallelize the MO evolutionary algorithms
in order to increase the convergence speed.

3.4.3

Equitable Solutions in QoS-aware Service Optimization

The contribution presented in [Suciu et al., 2012] concerns the problem of QoS-aware
service composition discussed before but proposes a slightly different approach. Even if
the QoS optimization problem is multi-objective most approaches are based on singleobjective approaches. Compared to single-objective optimization algorithms, multiobjective optimization algorithms (MOAs) have some advantages: (i) the aggregation
of objective functions is not necessary and (ii) the user has the possibility to select a
posteriori one of the Pareto optimal solutions.
However, the end user may not be an expert in decision making. Thus, providing a
large set of solutions could confuse him/her. We propose to use the concept of Lorenz
dominance [Kostreva and Wodzimierz, 1999] in order to reduce the solution set. Lorenz
solutions are equitable and well balanced [Kostreva and Wodzimierz, 1999]. An equitable
approach based on Lorenz dominance simplify the Decision Maker’s choice.
Evolutionary detection of Lorenz solution is preferred because the problem is NP-hard.
Several evolutionary heuristics may be considered for detecting Lorenz solutions by
replacing Pareto dominance with Lorenz dominance. Proposed Lorenz variants of some
common MO algorithms are presented bellow:
L-NSGA2 [Dugardin et al., 2010] is a variant of the very popular NSGA2 algorithm
[Deb et al., 2002]. L-NSGA2 is based on a µ, λ selection (µ−parents+λ−childs), favoring
good solutions through a ranking and sorting system based on Lorenz dominance. For
each solution a domination count is determined (how many solutions it dominates).
Based on this counter all solutions with rank zero are placed in the non-dominated front
and are selected to survive for the next generation.
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SLEA. Strength Lorenz Evolutionary Algorithm, SLEA [Suciu et al., 2012], is a variant of SPEA 2 [Zitzler et al., 2001]. SPEA2 is an elitist multi-objective optimization
algorithm. This algorithm uses an archive for storing the best solutions found at each
generation.
L-GDE3. L-GDE3 [Suciu et al., 2012] represents a multi-objective Lorenz variant of
GDE3 [Kukkonen and Lampinen, 2005a] proposed by Kukkonen and Lampinen in 2005.
L-GDE3 modifies the selection operator in DE by introducing the concept of Lorenz
dominance. The trial vector is selected to replace the decision vector if it dominates the
decision vector. Condition j = rand j indicates that at least one component of mutated
vector vi is selected. If the vectors are indifferent to each other (neither is better) then
both vectors are kept.
L-POSDE. L-POSDE [Suciu et al., 2012] represents a Lorenz variant of POSDE [Chang
et al., 1999] - one of the first multi-objective DE approaches. POSDE uses a secondary
population to retain the non-dominated solutions found at each generation in the evolutionary process. Diversity is achieved by a distance metric used to alter the fitness of
each individual when it is compared with the elements of the archive.
L-DEMO. L-DEMO [Suciu et al., 2012] represents a Lorenz variant of DEMO. DEMO
[Robic and Filipic, 2005] is a Differential Evolution multi-objective evolutionary algorithm. For non-constraint optimization problems it is similar to GDE3 algorithm. The
candidate solution replaces the parent only if it dominates it. If the parent dominates
the candidate, the candidate is discarded. If the candidate and parent solutions are nondominated by each other the candidate is added to the population. NSGA2 truncation
mechanism is used to reduce the population size if by adding candidate solutions the
predefined population size is exceeded.
The processes corresponding to composite web services have various complexity and are
randomly generated. The complexity is adjusted by increasing the number of abstract
services from 10 to 50.
The results indicate that L-NSGA2 have the best performances demonstrated by the
evaluation metrics. But L-NSGA2 proven to be also the slower algorithm. Therefore, DE
approaches seem to be a better choice for addressing complex problems. The results show
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that the Lorenz dominance concept reduces the number of solutions and the decision
making process is easier.

3.4.4

Adaptive multi-objective optimization algorithms for QoS-based
service composition

An evolutionary multi-objective algorithm based on decomposition is proposed in [Suciu
et al., 2013b]. The problem of QoS-aware service composition using an Evolutionary
Multi-Objective Optimization Algorithm (EMOA) approach is discussed in [Suciu et al.,
2013b] from a slightly different angle. A major challenge that arises is the dynamic
nature of the problem of web service composition. Evolutionary algorithms’ performance
is highly influenced by the parameter settings. A manual tuning of these parameters is
not an efficient solution. An algorithm for tuning these parameters may be used instead.
M OEA/D multi-objectve algorithm is considered [Zhang and Li, 2007]. M OEA/D
advantages are: scalability with the number of objectives, computational efficiency, and
high performance for combinatorial optimization problems. For coping with the dynamic nature of the QoS web service composition problem we endow M OEA/D with
an adaptation mechanism.
Some simple and powerful adaptation techniques for DE have been proposed in [Neri and
Tirronen, 2010]. We propose two adaptive variants of M OEA/D obtained by considering
the DE adaptive mechanisms: SaDE [Qin et al., 2009] and CoDE [Wang et al., 2011].
The new models are called M OEA/DC and M OEA/DS [Suciu et al., 2013b].
Algorithm comparison is performed over 50 runs. For the final population, the mean
values for the quality indicators Inverted Generational Distance (IGD) [Schuetze et al.,
2010] and Hypervolume (HV) [Auger et al., 2009] are computed. The IGD computes
the average distance of the reference Pareto set (P ∗ ) to the nearest solution in the
solution set found (A). IGD indicates the spread of A. Small values are desirable. The
hypervolume represents the surface covered by the solution set and a reference point.
High values mean that the front is near to the theoretical front and it assures a good
spread.
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The results indicate the potential of the adaptive-based approach. Better performance
is obtained when the adaptive approach is applied to standard test problems and some
business workflows of high complexity [Suciu et al., 2013b].

3.4.5

Scalarization techniques for Evolutionary Multi-Objective Algorithms

When solving a multi-objective problem, Pareto based evolutionary algorithms are usually the preferred choice. Usually they are able to find a good approximation of the
theoretical Pareto front and assure a good solution diversity. However, Pareto dominance scales badly with the number of objectives.
Decomposition based algorithms represent a good choice for many-objective problems.
Their performance is not affected in such a severe way because they solve multiple
one-objective problems. The preferred methods for combining all objectives into one
single-objective are weighted sum and weighted Tchebycheff. In [Suciu et al., 2013a] we
study the augmented, modified Tchebycheff and Lp decomposition techniques.
Differential Evolution is used as underlying evolutionary technique. Scalarization techniques behavior is observed. As basis for the comparison we use standard test problem:
WFG, DTLZ, and ZDT [Auger et al., 2011]. All problems are real valued unconstrained
and require the minimization of objective functions. The hypervolume and inverted
generational distance are computed for the obtained solution sets.
Numerical results [Suciu et al., 2013a] indicate that decomposition approaches represent
a good choice for solving a many-objective optimization problem. By solving an optimization problem in this way the exponential increase of non-dominated solutions with
respect to the number of objectives is avoided [Corne and Knowles, 2007].

3.4.6

Natural language based service composition

The service-user adequacy concept may also include the user request versus service
function as a type of S-C distance. A simple and natural way for the user to specify a
request is to use natural language. If the service is described using semantic concepts it is
possible to define a distance based on words/concepts similarity. The papers [Cremene
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et al., 2009], [Pop et al., 2009] and [Pop et al., 2010a] present two automatic service
composition solutions based on this approach.

3.4.6.1

NLSC - natural language service composition

In [Cremene et al., 2009] we propose a natural language service composition method
based on composition templates. The use of templates assures that the composition
result is always valid. The proposed system, called NLSC (Natural Language Service
Composer) is implemented on the top of a service-oriented middleware called WComp
[Tigli et al., 2009]. An intelligent home environment called Ubiquarium [Hourdin et al.,
2006] is used for the experiments.
A conceptual distance is defined as a measure of similarity between the words used in the
user request and the semantic concepts associated with services. A specialized dictionary
called WordNet [Fellbaum, 1998] is used in this purpose.
Fig. 3.19 describes the NLSC architecture.
User Request –
natural language

NLP
User Request formal description

Service created
on-demand

SC
AoA

WComp
Available
Devices/Services

Figure 3.19: NLSC architecture. Source: [Cremene et al., 2009]

The architecture includes the following modules: NLP - Natural Language Processor
- consisting in a set of tools designed for analyzing the user request. A textual or
voice-based input is supported. The NLP module transforms the user request (natural
language) into a formal request. The formal request is basically a list of concepts (bag of
words) extracted from the user request. The formal request is used by the SC - Service
Composer - to assemble a web service. SC is built on the top of the WComp platform
and it uses Aspect of Assemblies (AoA) patterns. AoA patterns may be combined and
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superposed. This AoA features make possible to compose a large number of valid web
services.
The original aspect of our proposal is the mixed approach: semantic and templatebased. Thanks to AoA composition templates it is possible to build complex composite
services, which are always valid and functional. With other approaches (interface, logic,
semantic-based) it is very difficult to create complex service structures/architectures
that are valid and work correctly. Additionally, the AoA templates can be composed
and this helps us to overcome the limitations of the traditional pattern-based approach.

3.4.6.2

NLSCd - natural language service composition with disambiguation

In order to deal with the ambiguity of the natural language current solutions impose
restrictions to user request structure and content. In [Pop et al., 2010a] we propose a
service composition system called NLSCd - Natural Language Service Composer with
request disambiguation (that is an evolution of NLSC [Cremene et al., 2009]). NLSCd
detects and compensates the natural language imperfections.
NLSCd system architecture is depicted in Fig. 3.20.

Figure 3.20: NLSCd - Natural Language Service Composer with request disambiguation - architecture. Source: [Pop et al., 2010a]

The input subsystem receives a natural language request from the user. A Natural
Language Parser extracts grammatical relations (GR) that exist between the parts of
speech in the request. The Service Prototype Builder transforms the user input into a
machine readable, formal request - a list of service prototypes.
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A semantic tier is used as a bridge between natural language and the service ontology.
In order to identify concrete web services based on their natural language prototypes,
we use the Semantic Matcher. Services in the Service Repository are annotated using
OWL-S [Martin et al., 2004].
The list of concrete services identified represents the input for the Plan Builder. First,
the Plan Builder finds other services, on which required services depend on. Second, it
matches the input values of the prototypes with the inputs of actual services. Values
for the inputs that cannot be satisfied are requested from the user. Finally, an initial
state and a goal is defined. An AI Planner uses the state and the goal to generate the
composed service.
Grammatical relations that link the predicates to the other parts of speech are used to
generate ’service prototypes’. By the means of semantic matching concrete services are
discovered, based on their prototypes. The matching operation is based on a semantic
similarity metric that deals with inaccurate requests. After requested services and their
dependencies have been identified by input types and process names, input values are
assigned to processes.
The request is supposed to be in a form of imperative. A service prototype only matches
a service from the services repository.
In order to evaluate the semantic matching performances, 23 of most common user
queries were used. Prototypes based on five of these queries and their similarity measures
with existing services are presented in Fig. 3.1. A small semantic distance corresponds
to a high similarity between two words/expressions.
Experimental results have shown that inaccurate requests can be matched in more than
95% of user queries. The proposed prototype detects the missing inputs necessary to
successfully compose the service and asks the user to supply them. This a a key feature
for a natural language based interface since natural language is usually ambiguous and
imprecise.
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Table 3.1: Similarity matching results for five queries. A small semantic distance
corresponds to a high similarity. Source: [Pop et al., 2010a]
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Chapter 4

Decentralized distributed
adaptive systems
The most significant author contributions related to distributed adaptive systems field
are presented in this chapter. The limitations of the centralized approach have been
already discussed in the Introduction chapter. A decentralized distributed approach is
more suitable to efficiently address the real world challenges raised by its inherent complexity. In decentralized systems the global coherence is obtained by local, independent
actions. How to coordinate multiple autonomous entities (agents) to converge toward a
global optimum is a key issue.

4.1

Multi-agent systems

A Multi-Agent System (MAS) [Niazi and Hussain, 2011] represents a system composed by
multiple interacting entities called agents co-located in a specific environment. An agent
is an autonomous software (or hardware-software) component incorporating algorithms
specific to the particular task meant to be solved by that agent. The autonomy is a key
agent characteristics - an agent is supposed to be able to solve a certain task without
any other external intervention.
A multi-agent system is supposed to be able to solve problems that a single agent/component/service cannot solve. In some cases, the system is multi-agent by nature if
entities having different owners interact or/and share common resources.
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The term ’intelligent’ used as attribute for an agent indicate the act that Artificial Intelligence specific algorithms are often used (reasoning, search, optimization, evolutionary
algorithms, etc.) within agents.
A related term is Agent-based Model (ABM), which is meant to study collective behavior
of agents. Such agents usually implement very simple rules and they are not necessarily
considered ’intelligent’. Usually, ABM approach is used for modeling natural systems
(i.e. social systems) while MAS models are used in Computer and Telecommunications
engineering for designing artificial systems [Niazi and Hussain, 2011].
Self-organization is a key feature of MAS. When the agents need to communicate a
common protocol/language (i.e. Knowledge Query Manipulation Language - KQML,
FIPA’s Agent Communication Language - ACL) and common knowledge (represented
usually by an ontology) are defined.
Self-recovering and self- management are other common properties of MAS. These features make MAS well suited for designing autonomic systems and complex adaptive
systems. One of the most important MAS challenges is to design the intelligent algorithms that an agent should implement.

4.2

A general architecture for a distributed system of services

The idea presented in this section was inspired from the ’smarter planet’ vision launched
by IBM [IBM, 2006]. According to this vision, systems such as: power grids, water
supply, transport systems, buildings, and others should become ’smarter’ in terms of efficiency, energy consumption, etc. Al these systems are interconnected and form systems
of services.
There is an important challenge in deploying and managing systems of services with
a large number of services from different domains. Services are parts of a complex
system. A store, an enterprise, a university, a city, etc. imply the co-existence and cointeraction of different types of services: human resources, transportation, provisioning,
etc. These services are different but they share a common environment and there is
an interdependence relation between them. A centralized management is practically
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impossible in this case. A distributed management, based on autonomous agents, is a
more realistic approach.
In order to deploy complex systems of services we need an appropriate infrastructure.
This infrastructure should solve various problems such as: interoperability, scalability,
extensibility, distributed management, flexibility and composability. A model for such
a distributed system should include also the intelligent agent paradigm.
Our study domain concerns in particular web services. Automatic composition and
execution of web services is a multidisciplinary problem involving three main areas:
SOA, Semantic Web and Computational Intelligence. SOA is an architectural model
for creating reliable distributed systems that deliver functionality as services. Semantic
Web [Shadbolt et al., 2006] is a vision of a Web that is understandable either by humans
and computers.
The Semantic Web has at its core the concept of ontology. An ontology describes concepts and relation between these concepts. Semantic web services combine the versatility
of web services with the power of semantic technologies. Web services described by semantic data offer new possibilities like automatic discovery, invocation, composition and
monitoring. Computational Intelligence offers valuable techniques for knowledge representation and problem solving. A combination of these concepts may lead to rich and
powerful applications models.
A general architecture proposed for a system composed by adaptive services is depicted
in Fig. 4.1.
The architecture main components are: OA – Observer Agent - extracts and provides
the Service-Context model (see Chapter 3). MA – Manager Agent - adapts the services
during their execution. MA uses the S-C model obtained from the OA and includes
reasoning and decision mechanisms. C – the Context - includes: users, resources, infrastructure elements, environment elements. S – the Services - may belong to different
providers, they communicate with other services.
Each Manager Agent may implement an optimization algorithm (as described in Chapter
3). But, if each agent optimizes locally some utility/cost functions specific to a particular
service, does it mean that the whole system will arrive to a global optimum? Can we
predict what happens at the system level if we know what each agent will do?
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Figure 4.1: A general architecture for a system of adaptive services that includes:
OA – Observer Agent - extracts and provides the Service-Context model (see Chapter
3); MA – Manager Agent - adapts the services during their execution; MA uses the S-C
model obtained from the OA and includes reasoning and decision mechanisms; C – the
Context - includes: users, resources, infrastructure elements, environment elements; S
– the Services - may belong to different providers.

The next section provides some answers to these important questions.

4.3

The most relevant contributions to decentralized distributed adaptive systems

A distributed system composed by independent agents may be modeled as a game.
Game Theory [Osborne, 2004] may be a useful tool for studying equilibria in games.
The engineer role is to design rules that will lead the system to desired equilibria.

4.3.1

Contributions related to Cognitive Radio

Cognitive Radio (CR) [Mitola and Maguire, 1999] is a recent research field having as main
study subject the interactions of intelligent radio devices sharing a common resource:
the radio spectrum.
Cognitive Radio (CR) is not directly related to web service’s field. However, the reason
to be interested in CR domain is represented by the large number of existing game
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theoretical applications, while in Software Engineering few GT approaches exist for the
moment.
Concretely, a cognitive radio is a radio device that can be dynamically programmed.
Parameters such as: frequency channel, emission power, modulation type, coding, may
be changed while the device is functioning. A cognitive radio is also capable of sensing its environment. For instance a CR can detect the spectrum channels with lower
interference. This capabilities enable implementing ’intelligent’ algorithms that chose
efficiently the best parameters for a radio transmission.
Typical CR applications are dynamic spectrum management and opportunistic communications. Therefore, a CR may be seen as a special kind of agent that acts in a
environment specific for radio devices: limited resources, shared channels, noise and
interference, multi-path propagation.
In [Cremene et al., 2012a] three oligopoly game models are considered and reformulated
in terms of radio access: Cournot [Varian, 2006], Stackelberg [von Stackelberg, 2011],
and Bertrand [Bertrand, 1883]. TV white-space access scenarios are considered. Besides
Nash and Pareto equilibria, a new equilibrium concept named the Nash-Pareto equilibrium is considered. Equlibria are detected using evolutionary algorithms. The maximum
number of channels a CR may access without decreasing its payoff is indicated by the
Nash equilibrium.
According to the proposed Cournot-based model, the players are the cognitive radios
attempting to access a shared frequency band W . The strategy of each player (CR)
i is the number ci of simultaneous accessed channels. A strategy profile is a vector
c = (c1 , . . . , cn ). The payoff ui (c) for a player i is given by the difference between a
goodput P (c)ci and a cost of accessing ci channels Kci . The payoff is given by the
P
formula: ui (c) = (W − nk=1 ck )ci − Kci , where K is the cost of accessing one channel.
The cost is influenced by the power necessary to transmit and also to interference that
may appear between different CR’s.
Fig. 4.2 depicts the results obtained with the Cournot game model. Equilibria are
detected using an evolutionary-based method.
The simulations for two players indicate one Nash equilibrium when each player uses 3
channels (from 10 available). In this case, the Nash solution is balanced and equitable.
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Figure 4.2: Cognitive Radios strategies and payoffs for the Cournot game scenario (2
players, W = 10, K = 1). Evolutionary detected equilibria: Nash, Pareto, Nash-Pareto,
and Pareto-Nash.

It may be also observed that the Nash equilibrium is very close to the Pareto front. This
means that a Nash solution is not an optimal one but it is very close to an optimal one.
Experiments based on Stackelberg model indicate that all users obtain maximum payoffs
if the primary users (licensed) are Nash-oriented and the secondary users (opportunistic)
are Pareto-oriented.
A crowded spectrum scenario is analyzed using the Bertrand model. These results are
described in [Cremene et al., 2012a].
Scenarios for small-cell open access environments are studied from a game theoretical (GT) perspective in [Cremene et al., 2013]. Different small-cells share a common
set of frequency channels. Each small-cell is considered to be a cognitive radio entity.
Reformulations of the discrete Bertrand game are used to model CR capacity access
competition. Stable game situations are described by game equilibria. Situations where
Nash equilibrium (NE) is both fair and Pareto-optimal are identified. Sometimes multiple NE solutions may be found. The joint Nash-Pareto solutions capture heterogeneous
player behavior. Stable and equitable states are identified for players with different
biases (Nash or Pareto).
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Adaptive services in the Cloud

Cloud Computing [Armbrust et al., 2010], [Mell and Grance, 2011] have recently gained
a very high interest. The ’cloud’ is a metaphor for the Internet. Cloud Computing
idea is that computational resources may be offered as services. A small enterprise,
for instance, which needs a computational infrastructure, may have incentives to rent
resources from the Cloud instead of buying its own hardware. The Cloud may host
various services that may be accessed remotely.
Three models of Cloud Computing have been proposed: ’software as a service’, ’platform
as a service’, and ’infrastructure as a service’. As network type, the choices are: public,
private or hybrid. Examples of cloud vendors are: Google, Amazon, Microsoft Azure,
IBM, Oracle Cloud, and others.

4.3.2.1

An adaptive security protocol

Security is an aspect very sensitive for Cloud-based applications because it delegates
this responsibility to the Cloud service provider. But can we absolutely trust a Cloud
provider?
A different approach is to give more control to the user/consumer. In [Popa et al.,
2013] we propose an adaptive framework for Mobile-Cloud applications. Mobile Cloud
Computing [Liang et al., 2010] is a model of mobile services that use Cloud resources.
For instance, an application may be distributed between a mobile device and the Cloud.
The interest to use mobile services is well known and largely spread. The interest in
using Cloud resources is mainly given by the large amount of computational power and
storage volume. A mobile device will be always more limited from this point of view.
In [Popa et al., 2013] we analyze the most important security threats. A componentbased adaptive security protocol is proposed. Each security property (authenticity, confidentiality, non-repudiation, encryption) is implemented as a basic or composite service. Instead of using a classical approach such as HTTPS for instance, a personalized
context-adapted security protocol is generated from existing security components. The
components are assembled according to a set of rules. Such a solution is more efficient in
terms of performances and costs (i.e. energy consumed from the mobile phone’s battery).
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An dynamic market of Cloud-based services

Another important aspect of Cloud Computing is the economic one. A dynamic services
market is expected to appear in the context of Cloud Computing. A service provider
may rent a certain amount of computation resources. Different pricing/cost models may
be used [Samimi and Patel, 2011]. All cost models are based on the idea that the cost is
proportional to the used resources (CPU time, memory, storage, throughput, requests,
etc.).
Let analyze a situation where two services use resources from the Cloud and offer similar
functions. Different clients may connect and disconnect dynamically to these services.
This scenario offers an example of how Game Theory may be used for studying decentralized adaptive systems.
An architecture describing a dynamic service market in the Cloud is depicted in Fig.
4.3 [Cremene et al., 2012b].

Figure 4.3: Cloud services market - a general architecture. Source: [Cremene et al.,
2012b]

This architecture includes: the Cloud that provide resources for a specific price (proportional with the amount of resources), services S1 and S2 owned by different providers
(more than two services may exist), agents As 1, As 2 that adapt the services (may change
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their QoS and decide the amount of resources to buy from the Cloud), a number of k
clients Ci that consume the services and client agents Ac i that decide what service to
use at a given instant.
Both services provide the same functionality but the QoS is different. If all clients will
chose S1 the service will be overloaded at some moment and the QoS of this service will
be degraded. At this moment, the clients will prefer to switch to S2 . Function of how
the payoff and the costs are defined different equilibria may appear in this game.
Game Theory is an appropriate tool for studying equlibria in decentralized distributed
systems. There are some reasons for studying systems as games: the services compete
for the same clients, the profit of one service depends not only on its action but also
on the other service actions. An agent responsible with a service may buy more or less
resources in advance and may increase or decrease the service’s QoS. Increasing the QoS
will make the service more interesting for the clients but will also increase the costs.
In particular, Cournot [Varian, 2006] and Bertrand [Bertrand, 1883] game models seem
to be adequate for modeling such a situation. This problem is similar to the classical
problem with two concurrent factories that produces a same product and should establish
a quantity (Cournot) or a price (Bertrand). This research direction is still work in
progress.

Chapter 5

Decomposition and unification in
adaptive systems
Sometimes, dividing a system in several distinct blocks helps to manage its complexity.
However, in other situations is preferred to unify some distinct functions. A system
may be decomposed in more than one variant. Alternative ways of dividing a system
are discussed in this chapter. A contribution that illustrates the principle of unified
computing is presented.

5.1

The limits of ’divide et impera’ principle

’Divide et impera’ it’s a simple and practical principle proven to be very effective in many
situations where a complex problem needs to be solved. By division, a complex problem
is reduced to a sum of simple problems that may be solved independently. Therefore,
a kind of structure is introduced for managing the problem. This sense of ’complexity’
concept is closer to the sense of ’complicated’.
On the other hand, a new scientific/philosophic domain named Transdisciplinary is
founded on the idea that the standard approach based on knowledge fragmentation
has inherent limits [Nicolescu, 2002]. To be super-specialized in one field means to be
ignorant in all the others. Therefore, higher the number of fields, higher the ignorance.
Since the number of fields is increasing continuously, as the knowledge accumulates, the
consequence is quite obvious and seems unavoidable.
68
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E. de Bono supplies another reason to be critic with respect to the common way of
dividing something (the entire science, a domain, a system, a problem, etc.). The ’lateral
thinking’ concept [De Bono, 2010] helps us to understand that dividing something in a
certain way is just one possibility among many other possibilities.
A graphical illustration of this idea is given in Fig. 5.1. A square may be divided in
areas with equal surface in many ways, yet only a limited set of patterns (very regularly)
is usually found by a person.

Figure 5.1: Graphical illustration of the lateral thinking concept: different ways to
split a square in pieces having same form and equal surface.

How can be sure that our division/decomposition method is the best one? It is impossible
to answer without evaluating several different alternatives.

5.2

Different perspectives on a same system - examples

System decomposition may be based on different approaches. For instance, when using
a Game Theoretical approach, multiple way to define what a player is are possible. For
instance, a ’player’ may be: a user, a service provider, a device, a group/network of
devices, etc.
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This section discusses two examples where a same system may be seen from different
perspectives. The first example concerns Aspect Oriented Programming (AOP) and the
second one the Cross Layer Design principle. The presented examples sustain the idea
that different perspectives may bring very useful insights on a system and may help to
manage its complexity.

5.2.1

Aspect Oriented Programming

Aspect-oriented Programming (AOP) [Kiczales, 1996] requires to understand first the
Component-oriented Programming (COP) paradigm [Heineman and Councill, 2001].
COP involves to separate a system in several components. This helps programmers
to split a complex application in modules that may be implemented separately and
then integrated. This is a typical application of ’divide et impera’ principle in software
engineering. Component reusability and loose-coupling are highly desired properties.
Service-oriented paradigm is based on the same principle. The idea is to find sets of
logical functions - called ’concerns’ - that may be separated. An example of concern
separation in a software application is to design distinct modules for: presentation,
business logic and data access. These are also called functional elements. Another
way to split an application is to separate the model, the view and the controller (MVC
architectural design pattern). When the modules/components are well separated, each
module may be changed without affecting the other modules.
However, as the lateral thinking principles states, a system may be always separated in
different ways.
AOP is a programming paradigm that regards a different kind of separation than the
classical component-oriented one. If the separation of concerns leads to distinct logical
modules, AOP involves a separation of cross-cutting concerns. A cross-cutting concern
- called aspect in AOP - represents a set of program elements that affect other logical
concerns. Aspects examples are: caching, logging, monitoring, synchronization, internationalization, security, and persistence. These are also called non-functional aspects.
An aspect touches several logical modules. If the modules are separated ’vertically’, aspects correspond to ’horizontal’ planes. For instance, logging is involved in each logical
module, security may be related to some vulnerable modules, etc.
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AOP comes with a set of languages (i.e. AspectJ [Kiczales et al., 2001]) and tools (i.e.
aspect weavers) meant to help the programmer in programming and changing easily a
defined aspect. COP and AOP paradigms offer different complementary perspectives on
a same system (software application).

5.2.2

Cross Layer Design

In the IT domain, for instance, a new trend called ’Cross Layer Design’ gained recently
an important interest [Fu et al., 2014]. However, the cross-layer approach may be seen
as a violation of the common division or protocol stacks in separate layers, the best
example being the OSI protocol stack.
Researchers observed that the artificial boundaries established between different layers
introduce limitations. Protocols may be globally optimized only if these boundaries are
relaxed. In particular, feedback signals should be added between different layers. An
example of application domain is the adaptive QoS.
More generally we can state that the optimization of each sub-system (module) separately does not guarantee the optimization of the entire system [Cremene, 2010]. In
order to achieve a global optimization, separate modules should exchange information
and sometimes cooperate. This means to reconsider the idea of separation. However,
the separation should not be a goal by itself but a solution to a problem that cannot be
solved in a satisfactory manner otherwise.

5.3

A unified combiner-equalizer module

Sometimes, instead of separating, a better solution may be to unify some functions that
are usually separated. An adaptive combiner-equalizer (CE) module for radio receivers
that combines diversity and equalization is proposed in [Cremene et al., 2010], [Cremene
and Cremene, 2011]. A national patent was obtained based on this idea [Cremene and
Cremene, 2011].
Fig. 5.2 depicts the scheme of the proposed adaptive combiner-equalizer. This is obtained by extending the number of inputs of a standard linear equalizer. The proposed
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CE device performs simultaneously two different functions: a Maximum Ratio Combiner
(MRC) and an adaptive equalizer.

Figure 5.2: Electric scheme of the adaptive Combiner-Equalizer. Source: [Cremene
and Cremene, 2011].

The proposed combiner-equalizer represents a time-domain single-carrier digital signal
processing solution. It has multiple inputs representing the received signal (translated
in the base-band frequency domain) and one output signal representing the resulted
equalized signal. Each input signal is introduced in a chain of delay cells (Z −1 ). The
number of delay cells per chain depends on the maximum delay that a reflected wave
may have. Concrete values for maximum delay are specified in standard propagation
channel models (WINNER-3GPP) for indoor and outdoor scenarios.
Each version of delayed signal for each input represents the input vector for a linear
neuron. Basically, the combiner-equalizer is a multiple-input linear adaptive filter. The
neuron weights are dynamically adapted using the Least Mean Squares (LMS) algorithm.
The adaptation/learning is supervized and it is based on the fact that a known training
sequence is periodically transmitted over the channel (the classical approach for training
adaptive equalizers).
Experimental results for indoor and outdoor scenarios indicate significant improvements
in terms of Signal to Noise Ratio (SNR) when multiple inputs are used.
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Fig. 5.3 depicts the combiner-equalizer performances for 2 inputs and 3 inputs. A
dispersive (Rayleigh) fading is considered.

Figure 5.3: Adaptive Combiner-Equalizer performances. Comparing to the case of
one input (classical solution) - the blue line - an important reduction of the error rate
(BER) may be observed when 2 and 3 inputs are used - the red and magenta lines. The
green line corresponds to the case of additive Gaussian noise (AWGN) channel. Source:
[Cremene, 2010].

The results indicate an important gain in the case of multiple inputs comparing to
the single-input situation. The obtained gains have been compared with values reported when the combiner and the equalizer are implemented separately. The proposed
combiner-equalizer has better performances [Cremene et al., 2010] and also a simplified
implementation since two distinct functions are offered by one block.

Chapter 6

Psycho-social aspects and
technical systems
The interactions existent between technical systems and psycho-social aspects are discussed in this chapter. The first section presents several contributions of the author
related to Affective Computing [Picard, 1997] field. The second section defines the sociotechnical metaphor Ropohl [1999]. The third section briefly discusses the trust networks
[Ziegler and Lausen, 2005]. The forth section presents a socio-technical inspired model
called ’Social Honesty’ game.

6.1

Contributions related to Affective Computing

Affective Computing (AC) [Picard, 1997] is a relatively recent research domain which
studies technical systems capable of recognizing, interpreting, processing and simulating
human affects [Tao and Tan, 2005]. AC may be considered as an extension of Contextaware Computing that it is focused on human interactions, with a special interest on
emotional aspects. AC is therefore an interdisciplinary field: it concerns Computer
Science, Psychology and Cognitive Sciences.
An ontology-based AC model for context-aware applications is proposed in [Benta et al.,
2007]. The proposed model enables the expression of complex relations between affective
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states and other context elements. Several affective spaces, basic and secondary emotional states, location, time, person activity and other context elements are considered.
Fuzzy logic expressions are allowed in this model.
OWL web ontology language [McGuinness and van Harmelen, 2004] is used as formal
description of the proposed model. A new method for deducing the the secondary
affective states [Benta et al., 2010a] from other context elements is proposed. A contextaware museum guide which reacts to users affective states is the example used as proof
of concept for this idea [Benta et al., 2007].
An AC based model for a smart home is presented in [Benta et al., 2009]. A control
mechanism allowing the smart home to learn new behavior from user’s activity is the
underlying principle of the proposed model. When the smart home behavior changes,
the user do not need to manually change the rules because these rules are automatically
updated by learning.
A tool for facial analyses called FaceReader [Loijens et al., 2012] is used for extracting
emotion-related parameters. An additional module that computes emotional valence
levels (positive, negative or neutral) was added to the commercial product named FaceReader.
In [Benta et al., 2010b] we propose a personalized ambient intelligent systems that adapts
its behavior to user needs. This model is called *BAM – *Behaviour Adaptation Mechanism. *BAM uses an adaptive neural-network as control system. *BAM supervised
training is based on user affective response obtained in real-time. The preferred service
behavior is deduced from the affective states valence (negative, neutral and positive).
User’s facial features represent the system input. The number of training examples
required in order to train the neural network is analyzed. The evolution of learning
parameters when the number of context elements increases is also studied in [Benta
et al., 2010b]. As expected, a minimum number of examples is necessary for an efficient
learning.
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Socio-technical systems

The socio-technical metaphor proposes to introduce the psycho-social aspect in the
framework of complex adaptive systems. Socio-technical Systems (STS) is a notion
firstly proposed by Ropohl [1999] from Tavistock Institute, London. STS proposes a
framework that analyzes the interactions between people and technology and have as
goal to improve the relations between humans and machines. Human and technical
aspects are both involved in a STS.
A special interest was initially focused on working conditions in industry (i.e. division of
labor). Today, this interest is much wider. The number of mobile phones is today equal
to the entire population number. Almost every person on this planet interacts directly
with the communications and computing technology.
However, we should be aware that, despite the ubiquitous presence of technology in our
life, ”engineers tend to ignore the social concerns of their work, and social scientists, on
the other hand, do not know very much about technology and are reluctant to consider
the artificial reality of technical objects” Ropohl [1999]. This idea underlines the need
to give more attention to interdisciplinary approaches.
For laws governing the systems in general are identified in Ropohl [1999]:
1. The system is more than the sum of its internal elements. This may be explained
by the fact that a system includes, not only entities, but also relations between
these entities. This represents the emergence property and it is specific to complex
systems (see Chapter 2).
2. The system’s function is determined by its internal structure. In fact we already
used this property in the S-C model where the S-C adequacy attributes of the composite service obtained by aggregation is determined by the internal architecture
of the composite service.
3. Different structures may provide similar functions (principle of equifunctionality).
Therefore, several alternative solutions may exist for a given function. This idea
underlines the importance of using different perspectives (lateral thinking).
4. One level of hierarchy is insufficient to describe the system - is the principle of
excluded reductionism. The existence of a hierarchy means that the system may be
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seen as an element of a superstructure, and every element of the structure may be
seen as a subsystem. From the social point of view, this means that understanding
an individual is not possible without regarding also his/her social context. This
property may be related to the aggregation property of CAS discussed by Holland
[Holland, 1995] (see Chapter 2).

It may be observed that some of these properties are common with the Complex Adaptive
System properties described in Chapter 2.

6.3

Trust networks

Virtual communities and networks have become attractive to many people. However,
virtual networks involve a higher degree of anonymity, which also creates uncertainty
and risk. This fact motivates the interest in examining reputation and trust that characterizes interpersonal communication [Abdul-Rahman and Hailes, 2000], [Cook, 2005].
Trust is also related to norms and social structure. Finding trustworthy partners is
important because it leads to more stable and reliable relations [Kollock, 1994].
A special case is the buyer-seller relation. Studies indicate that asymmetric information
between buyers and sellers may create problems with the quality of services and products.
This is known as the ’lemons’ problem [Akerlof, 1970].
The anonymity existent in virtual communities makes things even worse. A consequence
is that bad services/products may eliminate the good ones (Gresham’s law).
The trust problem may be also formulated for a community of artificial agents. Let
consider a decentralized distributed system composed by agents having different owners. An example may be a set of Cognitive Radio (CR) devices managed by different
providers. Since each agent is autonomous it means that it has the possibility to chose
actions that may be unfavorable to other agents. For instance, an agent may cheat or
report a misleading information to other agents in order to increase his benefit (in the
CR case this will be the bandwidth).
The trust problem was also identified in the context of semantic web where human and
artificial agents exchange information [Ziegler and Lausen, 2005]. Credibility is an essential aspect about this information. Trust metrics represent computational means used
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to evaluate relationships between agents [Ziegler and Lausen, 2005]. A trust network
may be represented as a directed graph where the nodes represents agents and the edges
represent a measure of trust between agents.
Reputation systems [Fouss et al., 2010] may help establishing more reliable relations.
Such an approach supposes to have access to identity and reputation related information.
However, a reputation system will not work when such an information is not available
or most interactions are ’one-shot’.
Alternative approaches are based on Game Theory (i.e. Prisoner’s Dilemma game),
where the evolution of cooperation is studied [Axelrod, 2006]. Community norms (i.e.
an agent A punishes an agent B who cheated on another agent C) represent an efficient
cooperation enforcement mechanism [Greif, 1989].

6.4

Strategic social interactions in technical systems

We recently proposed a model based on Evolutionary Game Theory which analyzes the
dynamics of social honest behavior [Cremene et al., 2014b]. A typical scenario is based
in a society where each agent interacts with other agents by providing/using services.
Human and artificial agents may be involved. Agents may establish an informal contract
(Service Level Agreement - SLA) for providing/using services. An honest behavior
consists in offering a service at the expected quality, whereas a dishonest behavior means
cheating by deliberately providing lower quality [Cremene et al., 2014b].
A punishment for dishonest behavior seems to be a necessary condition for promoting
and supporting the honest behavior [Axelrod, 2006], [Sigmund, 2007], [Szolnoki and Perc,
2013]. The punishment effect on the honest/dishonest behavior dynamics is analyzed
in the strategic interaction framework of Cellular Automata and Evolutionary Game
Theory (GT) [Smith, 1982]. In a game, one player’s payoff depends on the actions of all
the other players. We propose a social dilemma game, called the Social Honesty (SH)
game [Cremene et al., 2014b]. A player may chose between two strategies: ’honest’ (H)
or ’dishonest’ (D).
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Social Honesty game definition

For convenience, we call an ’H-player’ a player using the honest strategy and a ’D-player’
a player using the dishonest strategy. We assume that an incentive towards dishonest
behavior exists, yet there is also an associated risk: a probabilistic punishment for Dplayers. When both players chose the dishonest strategy only one of them will win,
yet the punishment may be applied to both of them. Dishonest behavior in one player
causes a lower payoff for the honest player with whom he/she interacts.
The payoff matrix of the Social Honesty game is depicted in table 6.1:
Table 6.1: SH game normal-form.

Player1/Player2
Honest (H)
Dishonest (D)

Honest (H)
c, c
A, 0

Dishonest (D)
0, A
B, B 0

The payoff matrix of the Social Honesty game. Two-player normal-form game.

When two H-players interact each player gets a payoff c(c > 0), which is a constant.
When an H-player interacts with a D-player, the H-player gets a payoff equal to 0. The
D-player is punished with probability p1 . S denotes the punishment severity (S > 0).
The unpunished D-players get a payoff a. a is the D-player’s advantage in an (H, D)
interaction. D-player’s payoff is expressed as a discrete random variable A that takes
the value (−S) with probability p1 and the value a with probability 1 − p1 :

A=

−S

a

p1

1 − p1




In a (D, D) interaction, the payoffs are assigned to players according to the following
rule: •

• (i ) each D-player is punished independently with probability p2 ;
• (ii ) if no player is punished, one player gets zero and the other one gets b, (b > 0),
with a probability equal to 0.5. D-players cannot win b and zero simultaneously.

In this case, the payoffs for the D-players may be expressed as discrete random variables
B and B 0 :

Chapter 6. Strategic social interactions in technical systems

B=

−S

0

b

p2

1−p2
2

1−p2
2
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and

−S
B0 = 
p2

b

0

1−p2
2

1−p2
2




To the best of our knowledge probabilistic utility is a new approach.
A standard N × N lattice model is considered. Each lattice cell represents a player.
In the majority of our experiments players are arranged on a regular lattice with joint
boundaries.

6.4.2

Experiments with Social Honesty game

The following parameters of the game are used in the experiments: a = 3, c = 2, b = 2,
and a punishment probability p = p1 = p2. The agent’s world size is 100 × 100. Results
are averaged over 100 runs in order to have statistical relevance.
The influence of local social interactions on the spreading of a particular behavior is
studied. We use numerical simulations to explore the contagion dynamics of honest and
dishonest strategies in the agent population.

6.4.2.1

System evolution in time

Fig. 6.1 depicts the evolution of the agent’s world (system) in time (rounds). Cluster
formation may be observed after a dramatic fall of H-player rate in the first rounds. In
time, the player rate remains almost constant for a given punishment probability and
severity.

6.4.2.2

Punishment probability and severity importance

Experiments indicate that punishment probability is a more important parameter than
punishment severity. These results are in accordance with the empirical evidence based
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Figure 6.1:
H-cluster formation in a 100 × 100 population after
1, 3, 20, 50, 70, 150, and 300 rounds (S = 2, p = 0.15). The initial population contains 50%, randomly distributed, D-players. Few small clusters of H-players appear
in the very first rounds, containing only 2% H-players after round 3. After 50 rounds
the H-clusters become larger (25% H-players). After 150 rounds H-clusters may be
found all over the population (57% H-players). The color code is: blue - is honest/was
honest; red - is dishonest/was dishonest; green - is honest/was dishonest; yellow - is
dishonest/was honest. Source [Cremene et al., 2014b].

on real world observations [von Hirsch et al., 1999], [Nagin and Pogarsky, 2001]. Transition intervals for punishment probability and severity have been observed in all experiments.
Fig. 6.2 depicts the transition interval obtained for punishment probability p when the
punishment severity S is constant.

Rate of H and D players [%]

100
S = 0, %H
S = 0, %D
S = 1, %H
S = 1, %D
S = 2, %H
S = 2, %D
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S = 8, %D
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Figure 6.2: Average variation of H and D-player rate with punishment
probability p. Averaged values for 100 runs are observed after 500 game rounds. The
game starts with 50%, randomly distributed, D-players. Punishment severity varies:
S = 0, 1, 2, 4, 8. For lower S, p-transition intervals become wider and translated to
higher values. The H rate becomes 100% if the punishment probability p is higher
than a specific value: 0.295 for S = 0; 0.22 for S = 1; 0.18 for S = 2; 0.135 for S = 4,
and 0.105 for S = 8. Source: [Cremene et al., 2014b].
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Neighborhood topology impact

The impact of different types of neighborhoods: von Neumann, Moore, well-mixed, and
scale-free is analyzed in this experiment. Von Neumann and Moore neighborhoods may
have different radia. In a ’well-mixed’ case everybody is neighbor with everybody. In a
’scale-free’ a spatial power-law based graph is mapped on the lattice.
100
Neumann, r = 1
Neumann, r = 2
Moore, r = 1
Moore, r = 2
Moore, r = 3
Well−mixed
Scale−free

Rate of H players
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Punishment probability, p (step = 0.0025). S =
2

0.4
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Figure 6.3: p-transition intervals for different types of neighborhoods: von
Neumann (r = 1,2), Moore (r = 1,2,3) well-mixed (everybody is neighbor with everybody) and scale-free (power law connections mapped on the lattice). Averaged values
for 100 runs are observed after 500 game rounds.

6.4.2.4

Asynchronous updating impact

Asynchronous updating impact on the p-transition interval is analyzed in this experiment. In the previous experiments all players interact synchronously: each players plays
each round with all his/her neighbors. However, real world complex systems provide
strong evidence that players do not activate synchronously. Instead, they use different
types of activation mechanisms.
Different asynchronous updating methods have been applied on cellular automata and
spatial games Cornforth et al. [2002] Newth and Cornforth [2009]. The most important
are described bellow:
The Random Order scheme defines randomly the players who will activate for every
round. If a player is not active then no interactions with other players are possible.
The Random Independent scheme defines one player to be activated for every round.
Every player is chosen randomly. Every selection is independent of any other.
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Transition intervals for asynchronous update strategies
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Clock
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Figure 6.4: Effects of asynchronous updating schemes on the p-transition
interval. Moore (r = 1) neighborhood is considered. Punishment severity is S = 2.
The initial population contains 50%, randomly distributed, H-players. Averaged values
for 100 runs are observed after 10,000 game rounds. The three asynchronous updating
methods are: Clock, Random, and a combination of these two methods called ’mixed’
(half players use ’Clock ’ and the rest ’Random’).

The Clock scheme defines a period of activation for each player by assigning a timer.
The period of activation is set at random for each player. Every round is considered
to be an increase of the timer for every player. If the timers have exceeded the period
defined, the states are updated and the timer is set to zero. The clock scheme is more
commonly encountered in biological systems.
In the Cyclic scheme, a player is chosen at each round according to a fixed update order.
This order is decided at random during initialization of the game. This method is more
common met in engineering systems rather than in nature.
Fig. 6.4 illustrates the transition intervals for three asynchronous methods. Comparing
to the synchronous updating strategy, an H rate stability is achieved after a longer time,
since there are less interactions between players.
The most significant effect of the asynchronous updating is an important modification
of the p-transition interval. While for synchronous updating scheme the p-transition
interval is (0.13, 0.18) (when S = 2), for all asynchronous update strategies the intervals
are translated to higher values. The Random scheme presents a narrower interval and
the mixed scheme a wide interval with noise (player rate instability between different
simulation runs).
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Identity effect on transition intervals
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Figure 6.5: Effects of player’s identity on the p-transition interval. Moore (r
= 1), Neumann (r = 1) and small-world neighborhoods are considered. Punishment
severity is S = 2. A synchronous updating scheme is used. The initial population contains 50%, randomly distributed, H-players. Averaged values for 100 runs are observed
after 500 game rounds. The memory size is h = 2.

6.4.2.5

Effect of player’s identity on the p-transition interval

The identity plays an important role in human society and it influences significantly
people’s decisions Akerlof and Kranton [2010]. In this experiment we introduce the
player memory and we define a player identity. The identity is considered as a resistance
of a player in changing his/her strategy. An honest player will tend to be remain honest
and a dishonest one to remain dishonest except if a repeated experience shows that the
other strategy is more successful. According to this principle, a player will imitate the
best neighbor strategy only if in 2, 3 or more rounds the same type of strategy wins,
otherwise it keeps its strategy unchanged.
Fig. 6.5 depicts the p-transition intervals for several types of Neighborhoods. The
graphics with solid line correspond to the cases without identity and the dotted lines to
cases with identity (the memory/history size is h = 2).
From these results it may be observed that the identity slightly changes the p-transition
interval to lower values, which favors the H players. What happens if the memory size
increases?
Fig. 6.6 depicts the p-transition intervals for a memory size (h) of 2 and 3. This means a
player changes its strategy if three times consecutively the other strategy wins, otherwise
it keeps the same strategy. For Moore (r = 1) we also tested a case when in 2 of 3 cases

Chapter 6. Strategic social interactions in technical systems

85

Identity effect on transition intervals
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Figure 6.6: Effects of player’s identity on the p-transition interval. Moore (r
= 1), Neumann (r = 1) and small-world neighborhoods are considered. Punishment
severity is S = 2. A synchronous updating scheme is used. The initial population contains 50%, randomly distributed, H-players. Averaged values for 100 runs are observed
after 500 game rounds. Memory sizes h = 2 and h = 3 are considered.

the same strategy wins. The results in this case were very close to the situation when
the memory size is h = 2.
Fig. 6.7 depicts the world state for different neighborhood typologies and memory sizes
(h = 2, 3, and 4). It was observed that when identity is present the H clusters are larger
and more stable. It also may be observed that, for each neighborhood type, the form of
clusters reflects the neighborhood form - some fractal like behavior appears.

6.4.2.6

Noise effect

By ’noise’ we understand here a mutation applied on the player strategy. Each round,
with a certain probability, a player will switch (mutate) its strategy. This fact will
introduce some kind of noise. The noise effect is analyzed in this experiment for different
types of neighborhood topologies. Figure 6.8 depicts the noise effect on p-transition
intervals.
For Moore and small-world neighborhoods a translation and also an extension of the
p-transition interval in the presence of noise may be observed. The ’SF small-world’
topology, which is a combination between scale-free and Moore topologies, presents a
wider transition interval in the presence of noise. The most interesting result is that,
for the scale-free topology the noise does not make a significant difference. This kind
of topology seems to be more robust to noise comparing to the others. This fact may
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Figure 6.7: World states for non-identity and identity-based players with
memory sizes of 2, 3, and 4. The initial population contains 50%, randomly distributed, H-players. The punishment probability is kept constant (p = 0.15 for Moore
(r = 1) and Small-world neighborhoods, and p = 0.18 for Neumann (r = 1)). The world
snapshots are taken when the rate evolution stabilizes (in this case, after 1500 rounds
for h = 2 and 3 and after 5000 rounds for h = 4).

Noise effect on the transition interval
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Figure 6.8: Noise effect on the p-transition intervals for different neighborhood topologies. The initial population contains 50%, randomly distributed,
H-players. Moore (r = 1), Scale-free, Small-world, and ’SF small-world’ neighborhoods
are considered. Punishment severity is S = 2. A synchronous updating scheme is used.
Averaged values for 100 runs are observed after 500 game rounds. The mutation probability is 0.0075. The noisy variants of p-transition intervals are depicted with dotted
line.
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Figure 6.9: World states for different noise levels after 500 rounds. The initial
population contains 50%, randomly distributed, H-players. Moore (r = 1) neighborhood is considered. The punishment severity is S = 2 and the punishment probability
is p = 0.15. A synchronous updating scheme is used. Different mutation probabilities
are considered in the range 0 − 0.0075.

be explained by the presence of a minority of hubs in the scale-free networks, which
will tend to impose their strategies (they are more interconnected than other player and
therefore they play more games accumulating a higher payoff).
Fig. 6.9 illustrates the effect of the noise on the cluster structure.
The effect of the noise on the cluster structure is visible in Fig. 6.9. When the mutation
probability increases the clusters become smaller in size and the H players rate decreases.
In other words, the noise is not in the favor of honest players. This fact is also confirmed
by the effect on the p-transition interval depicted in Fig. 6.8.

6.4.2.7

Final remarks about experiments with Social Honesty game

Experimental results with the SH game [Cremene et al., 2014b] illustrate how the behavior of a population of interacting individuals may be influenced by setting an adequate
punishment severity and applying it with a certain probability. Punishment probability
proven to be more important than punishment severity.
Transition intervals for punishment probability and severity have been identified in all
experiments. Punishment severity proves to be ineffective when punishment probability
is very low. Higher punishment probability makes it possible to reduce significantly
the punishment severity, with the same effect on the honest/dishonest population rate.
These results may be related to the observations about the U.S. Prohibition period
when, despite a high punishment severity, the punishment probability was very low and
thus ineffective Binmore [2006]. A higher punishment probability is necessary when the
dishonest’s advantage is higher.
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Since the asynchronous updating is closer to real situations than the synchronous one,
a conclusion may be that asynchronous interactions favor D players.
Player’s identity changes the p-transition intervals but not significantly. There are somehow some changes induced by the identity but from other points of view. For instance,
as expected, when the memory increases the evolution speed decreases because player
will not change their strategy unless several times the same opposite strategy wins.
The noise modifies the p-transition interval. The modification is different for each different neighborhood topology. In general, the transition interval becomes wider in the
presence of noise.
Honest strategy survival depends on the players’ ability to form clusters. The initial
proportion of D and H-players is less important than the initial cluster formation (groups
are stronger against aggression than isolated individuals). Small size populations seem
to be less predictable and less sensitive to punishment.
New dynamics, with a new relation between punishment probability and punishment
severity, have been revealed through the proposed model. An epidemic of honesty is
possible if model parameters are finely tuned and the cluster formation is triggered.
Policy makers, various groups and organizations, law enforcement institutions may use
such a model for fine tuning punishment severity and certainty towards favoring honest
behavior contagion.

Chapter 7

Conclusions and future work
This chapter gives an overview of the main contributions and of the envisaged lines of
inquiry following the present research.

7.1

Conclusions

An interdisciplinary unifying vision on adaptive systems, which includes also psychosocial aspects, is proposed. Services, artificial and human agents, resources and other
context-related aspects are included in the proposed models. Single-objective and multiobjective evolutionary optimization algorithms, semantic tools and game-based models
are used for solving various issues of adaptive systems. The concept of complexity is systematically analyzed for each proposed model in its many fold aspects. Computational
complexity and complex systems complexity are analyzed for centralized and distributed
control models. NP-hard and complex real world phenomena are analyzed.
Concerning web service composition and adaptation, we propose a general approach,
that of modeling the adaptation problem as an optimization one [Cremene et al., 2007],
[Cremene et al., 2012c]. This approach is based on concepts such as service-context
model and service-context distance [Cremene et al., 2007], [Cremene et al., 2012c]. Thus,
a vague concept as ’service adaptation’ is turned into a clearly defined optimization
problem having a very precise mathematical definition.
The service-context adequacy concept is very general. QoS attributes are included in
this concept as a measure of user satisfaction [Pop et al., 2011b], [Cremene et al., 2014a].
89
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The physical distance is also included in a proposed solution related to medical services
optimization [Pop et al., 2011a].
Natural-language-based service composition is another field where a user-service adequacy is defined. A dictionary based word similarity metric is used [Cremene et al.,
2009], [Pop et al., 2009], [Pop et al., 2010a] in order to measure the user-service distance. Two solutions for natural language based service composition are presented. The
first one uses composition templates to ensure a valid result. The second one is focused
on the language ambiguity and detects the missing parts form the user request.
The service-context distances represent functions to be minimized (or maximized) by
optimization algorithms. Evolutionary approaches represent efficient approaches for
problems with large search spaces. Comparative experiments with single-objective [Pop
et al., 2011b] and multi-objective optimization algorithms [Cremene et al., 2014a] are
conducted for several service composition/adaptation scenarios. Model checking, AI
planning, and optimization techniques are combined in order to produce complete service
composition and adaptation solutions [Pop et al., 2010a].
A new encoding scheme for Genetic Algorithms, based on a long genome, is proposed in
[Pop et al., 2011b]. The proposed encoding scheme increases the GA convergence speed.
This fact is important especially when a sub-optimal solution is satisfactory.
Several types of evolutionary algorithms have been tested. Comparative experiments
are presented in [Pop et al., 2011b] and [Cremene et al., 2014a]). Results indicate that
single-objective and multi-objective Differential Evolution-based algorithms provide a
good trade-off between performance and time/space complexity.
It was proven that multi-objective algorithms combined with a decision making algorithm provide an approach that is superior to the classical single-objective approach in
term of precision of selecting a solution in accordance with user preferences [Cremene
et al., 2014a]. Performance metrics and statistical analysis have been used in order to
compare the performances of different optimization algorithms.
Approaches based on Lorenz dominance have been also experimented in [Suciu et al.,
2012]. This type of approach reduces the number of final solutions found by a multiobjective algorithm to a limited set of equitable, wel balanced solutions. Thus, the
decision making process is facilitated.

Chapter 7. Discussions and Conclusion

91

A general problem of evolutionary algorithms is parameter tuning. An automatic tuning
method is proposed in [Suciu et al., 2013b]. The results indicate performance improvements when the proposed adaptive approach is applied to standard test problems and
some composite web services of high complexity.
The case of many-objective problems is analyzed in [Suciu et al., 2013a]. The result indicate that decomposition approaches represent a good choice for solving many-objective
optimization problems.
Another important domain analyzed in this thesis regards the distributed decentralized systems. Contributions concerning the field of Cognitive Radio are presented in
[Cremene et al., 2012a] and [Cremene et al., 2013]. Standard game models such as
Cournot, Stackelberg and Bertrand are used to model situations where radio devices
compete for a limited shared resource - the radio spectrum. Several types of game
equilibria are investigated and interpreted.
A framework based on a security adaptive protocol with applications in Mobile Cloud
Computing is presented in [Popa et al., 2013]. A game-based model for a dynamical
market of web services residing in the Cloud is proposed [Cremene et al., 2012b]. The
role of Game Theory in predicting the evolution of a distributed system is analyzed.
Nash equilibrium may be achieved using a distributed algorithm [Pradelski and Peyton,
2012].
The principle of using multiple perspectives in decomposing a system is discussed and
exemplified. A proposed combiner-equalizer module [Cremene et al., 2010], [Cremene
and Cremene, 2011] for radio receivers illustrates the idea of combining two operations
in one unique block. The performances of the proposed combiner-equalizer indicate
important gains when multiple inputs are used.
A holistic interdisciplinary approach may not overlook the psycho-social aspect [Ropohl,
1999]. The service-context model caters to this by including the user and its interactions
with services and context elements. Contributions to Affective Computing [Benta et al.,
2009], [Benta et al., 2010b] based on ontologies and neural networks are presented. The
social aspect is also thoroughly analyzed in a game theoretical analysis of behavior
contagion. Social dynamics are studied using a new model called ’Social Honesty’ game
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[Cremene et al., 2014b]. Experiments indicate interesting dynamics based on transition
intervals and cluster emergence.

7.2

Proposed vision and future lines of inquiry

The proposed vision is based on the idea that future development of technical systems
should take into account an ecological and holistic approach. Many technical areas
are strictly bounded to their own field, which is artificially separated from other areas.
However, as we can learn from multi-agent systems and game-based models, local optimization does not necessarily lead to an optimal global state. Therefore, a more in
depth analysis of the technical systems implications on other systems and on human
society.
A main line of inquiry to be further pursued regards the use of Computational Intelligence
and Game Theory techniques in approaching Software Engineering and Telecommunications problems.
Future work:

• Investigating a hybrid approach for an adaptation control mechanism: functionbased (utility, cost) and rule-based. In some cases it is easier to define rules and
in other cases it is preferable to define distance functions.
• Analyzing and experimenting complex adaptation scenarios, where a large number of service-context distances are involved. Scalability of search/optimization
algorithms also needs to be studied.
• Applying the service-context model to decentralized distributed scenarios. Analyzing and comparing various distributed algorithms for complex adaptive systems.
• Further development of the proposed model for the dynamic market based on
concurrent services in the Cloud and evaluate the impact of different price models.
Analyze the different game equilibria that may appear in such a system.
• Finding a general method for designing decentralized algorithms based on given
game equilibria. The evolutionary approach used in the proposed solutions is based
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on a centralized control mechanism. However, an agent-based implementation is
usually needed in practice.
• New experiments using Cognitive Radio devices (’SmartRadio’ boards).
• Finishing a mobile application for psychological therapy.
• Performing additional experiments with the Social Honesty game. New results
have already been obtained. Additional real world validation experiments are
necessary.
• A more in depth analysis of socio-technical interactions and proposal of new gamebased models.

Appendix A

Academic contributions
A.1

PhD theses co-adviser

The author is/was co-adviser to several PhD theses:

1. Emil Bucur, in progress, dir. Prof.dr.mat. Dumitru Dumitrescu, started in 2014.
2. Daniela Popa, ’Security of Mobile Cloud Applications’, dir. Prof.dr.ing. Monica
Borda, defended in 2013.
3. Suciu Mihai Alexandru, ’Evolutionary Optimization and Strategic Interactions’,
dir. Prof.dr.mat. Dumitru Dumitrescu, defended in 2013.
4. Todica Valeriu, ’Compunerea si Executia Automata a Serviciilor Web’, dir. Prof.dr.ing.
Mircea-Florin Vaida, defended in 2012.
5. Florin-Claudiu Pop, ’Compunerea si optimizarea serviciilor orientate pe nevoile
utilizatorilor’, dir. Prof.dr.ing. Mircea-Florin Vaida, defended in 2011.
6. Kuderna-Iulian Benta, ’Sisteme Senzitive la Context Personalizate Afectiv’, dir.
Prof.dr.ing. Costin Miron, defended in 2010.

Most of PhD students enumerated before have been also involved in research projects
directed by the thesis author. This fact helped them to have a better financial support
and to publish more papers.
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Adaptive Systems Laboratory

The author is head of the ’Adaptive Systems Laboratory’ (website: http://asl.utcluj.ro/asl)
affiliated to the Technical University of Cluj-Napoca.
The laboratory research topics, having as central metaphor ’adaptive systems’, concern
application domains such as: Service-oriented Computing, Mobile Computing, Wireless
Communications, Cognitive Communications, and Affective Computing.

Appendix B

Future development strategy
Several future research lines have been already proposed in the Conclusions chapter. The
intention is to continue the inquiry lines regarding the applications of optimization and
Game Theory in software and hardware-software multi-agent adaptive systems, keeping
the complexity aspect in mind.
One must be aware that PhD coordination is a also form of education. Therefore, the
pedagogical aspect should also be taken into account in addition to pure research aspects.
My future development strategy for education and research is based on several key
concepts that are: ’critical thinking’, ’creative thinking’, ’personalized education’ and
’motivation-oriented education’. These concepts are defined in the next section.

B.1

Critical and creative thinking for a personalized motivationbased learning

The key concepts used to define the personal strategy, which also represent educational
values, are the following:
’Critical thinking’ is first of all an interrogative attitude. Socrates offers one of the best
examples of critical thinking within his famous dialogues. Later, K. R. Popper introduced the concept of ’critical rationality’ [Popper, 1971], which refers to the validation
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of scientific affirmations through the test of falsification [Popper, 2002]: only those affirmations that are potentially falsifiable can be considered as belonging to an empirical
science.
In the education field, critical thinking [Browne and Keeley, 1986] may be considered
as the science of asking the right questions. A practical application of critical thinking
is offered by D. Rowntree in his book ’Learn how to study’ [Rowntree, 1998]. The very
simple yet powerful study techniques proposed in this book represent an ideal thinking
toolbox for students and researchers.
’Creative thinking’ is an approach for generating new valuable ideas. A frequent obstacle
when searching for new ideas are old ideas. Existing ideas may block new ideas that are
very different from what was established as the ’common sense’. Creativity is considered
a process that depends more on intuition than on reason. Therefore, creativity may
appear as a mysterious process, that is difficult to control. However, E. de Bono proposes
a new concept called ’lateral thinking’ [De Bono, 2010]. This concept comes with a set
of thinking methods that increase the chances to produce new ideas [De Bono, 2010].
The most important principle of lateral thinking is to generate alternative perspectives
on a same problem/object. This is equivalent to using a kind of ’breadth first search’
(lateral thinking) instead of ’depth first search’ (vertical thinking). The creativity is
very important for research and, thanks to E. de Bono, we have today several practical
tools for deliberately stimulating it.
’Fine grained time control.’ One should be aware that exploring multiple alternatives
may be costly. However, a strict and fine grained time control may be a solution to this
problem (i.e. trying to solve a creative task in only 5 to 10 minutes). This kind of time
constrained exercises values spontaneity.
’Personalized education’ is an widely accepted ideal for any education system. It is well
known that different people have different learning styles (visual, kinetic, etc.). In order
to determine the personal learning style some psychological tests may be used. With
the help of e-learning platforms such evaluation tests may be easily implemented. The
first step is to be aware of the student’s learning style. In a second step the learning
process may be adapted to specific student needs. In general, personalized education
implies additional effort and time. However, when working with a small group of master
or PhD students a personalized approach is feasible.

Appendix B. Future development strategy

98

’Motivation-oriented education’ is a new paradigm proposed by the Thesis author, based
on the idea that motivation is the first condition to any human action. A human being
is never purely rational but also emotional. Motivation is strongly related to emotions.
The student may be helped to identify his/her motivational profile (or motivational DNA
[Lowe, 2009]). Similarly to the case of learning style, some psychological tests may be
used to identify a person’s motivational profile. A student aware of its inner motivation
profile is more efficient. The same is true for a professor.
’Positive thinking.’ An important motivational factor is positive thinking [Shahbazzadegan et al., 2013]. Beside criticism, it is highly important to encourage a student in order
to lead him/her to success or high performance. To give and to receive feedback is a
very known value for managers and leaders [Bloxham, 2003] and should be also used in
education, in both directions. Negative and positive feedback needs to be wisely balanced in order to increase one’s motivation. The feeling of having an important social
role may offer a higher sense of life for a young researcher and thus may generate a
strong and stable motivation.

B.2

Education: new culture, techniques, courses, and directions

B.2.1

Cultural aspects

At this moment, traditional engineering education in Romania is in general purely
technical-oriented. Therefore, it might be a surprise for a Romanian engineer to hear
that in Japan, for instance, the arts are also included in standard engineering formation.
And Japan has one of the best rated educational system.
Research is strongly related to intuition and creativity. Since creativity is mainly based
on producing new unexpected connections [De Bono, 2010], it might be useful for PhD
students to study other domains that are not strictly related to their narrow research
subject.
An aspect existing in other academic cultures but almost absent in ours (Romanian) is
the culture of informal scientific discussions. For instance, in USA, France and other
high developed countries researchers have dedicated places (around cafe machines or
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discussion rooms) for informal interactions. A culture based on free idea sharing exists in
such places. New ideas appear from these informal spontaneous discussions. Explaining
our ideas to a person coming from a completely different domain is a useful experience.

B.2.2

Educational techniques

My intention is to continue to use the instruments of critical [Rowntree, 1998] and
creative thinking [De Bono, 2010] in my courses. The large availability of learning
materials (articles, books, video tutorials, free courses available on Internet) moves the
educational focus more on how the students learn rather than what course or book they
are reading.
A new mobile communication course, presented from a critical thinking perspective, is
in progress.
I also intend to develop (or reuse) an e-leaning web platform where motivational and
learning profile assessment modules will be integrated.

B.2.3

New courses

I propose the following new courses for engineering formation in our faculty/department:
• Learn how to study. Students should become more aware that it is highly important
to assume their own education. A course presenting efficient tools for learning
should be presented from the very first year.
• Pattern recognition.

Numerous engineering applications are based on pattern

recognition. Such a course may be introduced in the last year, as master or doctoral
course.
• Optimization. Numerous engineering applications requires optimization. Such a
course may be introduced in the last year, as master or doctoral course.

B.2.4

New directions

In my opinion, Interdisciplinary and Transdiscliplinary [Nicolescu, 2002] approaches
deserve more attention. Numerous new ideas are based on a model application from
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one domain to another domain. Courses for PhD students should be proposed on these
topics.

B.3

Research development strategy

As a professor, even more important than being socially recognized as ’successful’ is to
help other people to become successful (in a deeper sense, no just in a strict material
one). Therefore, a research/education strategy for a professor is to be as efficient as
possible in helping students to become honest successful people. However, aspects as
’honesty’ and ’success’ may be sometimes contradictory. The next sections discuss these
two issues in the academic context.

B.3.1

Research ethic

The honesty aspect is very important in research, especially because an important number of fake results are discovered with regularity in literature. Surprisingly, the highest
rated journals are not an exception. Sometimes it is the case of unintentional errors.
In other cases, the self-manipulation plays also an important role in committing ’useful
errors’. The pressure ’to publish or perish’ leads to an important number of low quality
scientific results. The number of low quality conferences and journals has increased in
recent years. All these facts indicate that, when the volume is increased the quality may
suffer. What finally counts is the benefit for the society.
In order to promote honesty in research some measures need to be taken. Examples of
proposed actions are the following:

• Exposing examples of what is and what is not ethic. Explain to students concepts
such as ’plagiarism’ and ’intellectual property’. Discuss cases of fake results reported by scientists. Remember the fact that, in science, fake results are always
discovered - it’s only a matter of time.
• Develop a cultural identity based on honesty. Make honesty a value more important than other superficial values such as: fame, social status, and material
benefits. It is highly important being a consistent personal example.
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• Applying procedures that enable other researchers to repeat the experiments in
order to validate the reported results. For instance, publishing the source code
used for experiments. When possible, validating the results published by other
researchers by repeating their experiments.

B.3.2

Research quality

A general goal of my personal development strategy is to contribute to a meaningful,
high quality education and research. A higher sense of research, related to social and
psychological aspects, should be pursued.
A first condition to achieve quality in research is to be aware of the motivation driving
the person involved in the educational process (professors and the students). The second
condition is to use thinking tools for an efficient learning process. Critical and creative
thinking paradigms offer very powerful study instruments, which make the learning
process more predictable and fruitful. A good awareness about the personal learning
style may increase learning efficiency.
The following actions are examples of support measures for sustaining a high quality
research:

• Investigating high impact research problems. Curiosity is an important motivational factor but it is more efficient when applied on relevant problems/challenges.
• Target high quality journals and conferences even if the volume of the scientific
production may decrease by doing that.
• Maintaining connections with other researchers that may provide complementary
skills and expertise. Our laboratory has active collaborations with: ’Centre for the
Study of Complexity’ of Babes-Bolyai University, ’Rainbow ’ and ’LEAT ’ research
teams from University of Nice, ’SysCom’ team from University of Savoie, and
’SensorLab’ team Josef Stefan Institute, Ljubljana.
• Promoting a stimulating environment within the laboratory. Each member should
have a personal benefit and the opportunity to develop oneself. Exchange and
flow of ideas is stirred in periodic discussions. Permanent laboratory members are
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encouraged to propose and lead their own research projects. The most important
role of the leader is to create a favorable environment for the other team members.
• Enhancing creativity by promoting an interdisciplinary vision and a personal inner
equilibrium. This may be improved by sports, arts, and meditation. A researcher
is not a machine publishing articles but a sensitive and complex human being. Psychological and social aspects may be sometimes more important than the strictly
technical ones.
• Systematically applying to public calls for national and international research
grants and projects. Proposals for Horizon 2020 are in progress. Collaborations
with the IT Cluster of Cluj-Napoca have been initiated.

In conclusion, my development strategy follows these three essential aspects: a) continuing the research lines presented in this Thesis, b) promoting the educational values
stated previously by taking the stated actions, and c) initiating new projects, identifying
the research opportunities and applying for funding.
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random access channel in 3rd generation partnership project long term evolution.

Bibliography

119

Wirel. Commun. Mob. Comput., 11(12):1507–1517, 2011. ISSN 1530-8669. doi: 10.
1002/wcm.1217. URL http://dx.doi.org/10.1002/wcm.1217.
Qingfu Zhang and Hui Li. MOEA/D: A Multiobjective Evolutionary Algorithm Based
on Decomposition. IEEE Transactions on Evolutionary Computation, 11:712–731,
2007.
Yan Zhang and Mohsen Guizani, editors. Game Theory for Wireless Communications
and Networking. CRC Press, 2011.
Zhongshan Zhang, Keping Long, Jianping Wang, and Falko Dressler. On Swarm Intelligence Inspired Self-Organized Networking: Its Bionic Mechanisms, Designing Principles and Optimization Approaches. IEEE Communications Surveys and Tutorials,
16(1):513–537, February 2014. doi: 10.1109/SURV.2013.062613.00014.
Aimin Zhou, Bo-Yang Qu, Hui Li, Shi-Zheng Zhao, Ponnuthurai Nagaratnam Suganthan, and Qingfu Zhang. Multiobjective evolutionary algorithms: A survey of the
state of the art. Swarm and Evolutionary Computation, 1(1):32–49, 2011. URL
http://dblp.uni-trier.de/db/journals/swevo/swevo1.html#ZhouQLZSZ11.
Cai-Nicolas Ziegler and Georg Lausen. Propagation models for trust and distrust in
social networks. Information Systems Frontiers, 7(4-5):337–358, December 2005. ISSN
1387-3326. doi: 10.1007/s10796-005-4807-3. URL http://dx.doi.org/10.1007/
s10796-005-4807-3.
Eckart Zitzler, Marco Laumanns, and Lothar Thiele. SPEA2: Improving the strength
pareto evolutionary algorithm. Technical Report 103, Swiss Federal Institute of Technology (ETH) Zurich, Gloriastrasse 35, CH-8092 Zurich, Switzerland, 2001. URL
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.17.2440.

