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1.  The Need for 
Adaptation

A software system passes through a po-
tentially long software engineering cycle 
(Booch et al., 1999, or Gilb, 1998) and 
before delivery requirement engineers, 
designers and developers realize the 
components of the system. However, it is 
impossible to anticipate the requirements 
of all users, and a single best or optimal 
system confi guration is impossible. The 
active involvement of users and clear 

understanding of user and task require-
ments in the context of use is a challenge 
in the development of computer-based 
interactive systems for two reasons: fi rst, 
the potential user groups are not known 
a priori, but can only be anticipated ac-
cording to future scenarios; these groups 
need to be revised as the visions evolve 
because there may be various groups of 
potentially affected users. Second, the vi-
sions of the aspired project are far-sighted 
and not close to users’ current experienc-
es; therefore, users may not be confi dent 
and precise about their needs concern-
ing this future system. With their norm 

for “Human-centred design processes 
for interactive systems” ISO 9241, part 
210, (formerly 13407) the International 
Organization for Standardization gives 
guidance on user-centred design activi-
ties throughout the life cycle of compu-
ter-based interactive systems. One of the 
core tasks of user-centred design is to ne-
gotiate and facilitate the communication 
across the well-known user-developer 
gap while acknowledging the different 
forms of expression and different require-
ments on each side. However, despite the 
implementation of a human-centred de-
sign process, some types of modern ap-
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plications require instant adaptation due 
to their exposure to increasing contextual 
dynamics. 

1.1 Adaptation and Adaptivity

Even if the user-centred design process 
implemented in a project guarantees a 
certain degree of user acceptance and 
yields a richer understanding of the con-
text of use, the completed product’s ability 
to adapt to changing conditions still plays 
a central role for a broad acceptance. The 
operational environment will change, the 
tasks will be distinct, the end-users will be 
heterogeneous, and their competences 
and expectations will evolve. It is impos-
sible for developers to identify all possible 
requirements modifi cations. The dynam-
ics of changing conditions shifts the cus-
tomisation process of the system’s charac-
teristics from the development phase to 
its usage and operation phase and from 
the developer to the user.

For this reason, developers implement 
techniques of adaptation into the system 
in order to react to changing conditions 
as far as possible. There is an important 
differentiation between manually and 
automatically performed adaptation proc-
esses. The term adaptation decomposes 
into the two terms adaptivity and adapt-
ability. Adaptivity indicates a system that 
adapts automatically to its users accord-
ing to changing conditions; such a system 
is called an adaptive system. Adaptability 
refers to users that can substantially cus-
tomise the system through tailoring activ-
ities by themselves; such a system is called 
an adaptable system. This distinction can 
be more fi ne-grained and complemented 
by activities dedicated to the specifi c ac-
tors in the entire adaptation process. 

The aim of adaptivity is to have sys-
tems that adapt themselves to changes in 
user-related or environmental properties. 
Such automatically performed adapta-
tions base on the evaluation of the user 
behaviour and assumed user needs, or 
taking explicit user input into account. 
The objective is to assist the users by pro-
actively supplying what is actually needed. 
Adaptive systems try not to distract users 
from their primary task by searching and 
selecting information or services, as well 
as by performing extensive customisation 
tasks. Systems automatically adapt to sit-
uations where computers outperform the 

user (e.g. faster response time, identifi ca-
tion of toxic gases) or the user is unable to 
perform a specifi c task and the computer 
takes over control (e.g. unsuited clothes, 
cognitive overload).

The aim of adaptability is to empower 
end-users with or without at least limited 
programming skills to customise or tai-
lor computer systems according to their 
personal or task-specifi c requirements. 
Such adaptable systems allow for fast 
adaptations to dynamically changing re-
quirements by letting the end-users put 
their domain-specifi c expertise to the task 
of system customisation. After the user 
identifi ed a change of her needs, she is 
enabled to manually adapt the system’s 
features. This approach provides adapta-
tion methods and tools that are under the 
control of the user instead of the system. 
Therefore, adaptable systems enable us-
ers to override certain functions or correct 
decisions if the system’s model of the user 
or the environment and the reality mis-
match (e.g. refi nement of preferences, 
change modality).

Adaptive and adaptable systems are 
complementary to each other (Opper-
mann, 2005). Both methods increase the 
match between user needs and system 
behaviour once the development of the 
system has been fi nished. Thus, the sys-
tem is kept fl exible during usage.

1.2 Context and Situation

Since the term context-aware comput-
ing was fi rst introduced by Schilit and 
Theimer in 1994, a large number of fur-
ther defi nitions of the terms context and 
context-awareness has been proposed in 
the area of computer science. Each of the 
provided defi nitions introduces a consid-
erable amount of expert knowledge that 
needs to be incorporated in further re-
search. Dey’s defi nition (Dey, 2001) is in-
tended to be adequately general to cover 
the work conducted by research into in-
teraction based on context. In order to 
further constrain its universality, this gen-
eral defi nition needs to be enclosed by a 
formal and an operational part. 

Context is any information that can 
be used to characterize the situation of 
an entity (Dey, 2001). Elements used for 
the description of context information fall 
into fi ve categories: individuality, activity, 
location, time, relations. The activity pre-

dominantly determines the relevancy of 
other context information in specifi c situ-
ations. Location and time primarily drive 
the establishing of relations to other enti-
ties that enable the exchange of context 
information among entities. 

The formal additive constricts and 
clusters context information into fi ve fun-
damental categories, which facilitates the 
handling of context in concrete applica-
tions and the specifi cation of a context 
model. The operational additive of the 
defi nition qualifi es the reference to a cer-
tain task and the exploitation of context 
information (Zimmermann et al., (2007)). 
In the literature, the situation is regarded 
as a part of context. Brézillon (2002) de-
scribes a situation as “a subpart of the 
overall context“, and (Oppermann, 2005) 
defi nes situation as “the relevant context 
characteristics at a specifi c pointing time 
and space.” These two perspectives form 
the basis of the defi nition of the term 
situation in a general form:

A situation is the state of a context at 
a certain point (or region) in space at a 
certain point (or interval) in time, identi-
fi ed by a name.

A situation is considered as a struc-
tured representation of a part of the 
context, which can be named and where 
location and time are used as spatio-tem-
poral coordinates of this situation. Like a 
snapshot taken by a camera a situation 
captures the momentary profi le of the 
context attributes. A situation does not 
include the long-term development of the 
context attributes (Oppermann, 2005), 
i.e. the history, while the context covers 
the whole history of the interaction, in 
order to establish continuity. However, 
the observation that each process can be 
subdivided in periods with sequences of 
momentary situations infl uenced Coutaz 
and Rey (2002) in their understanding of 
a context at a certain point in time as a 
composition of multiple situations over a 
period of time. Thus, no situation exists 
without history. 

2.  The Methodology of 
Adaptive Systems

This section introduces the methodology 
of adaptive systems and depicts the three 
functionalities within the adaptation 
process that serve as a structure of adap-
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tivity. The intension of adaptive systems is 
the adaptation of the system behaviour 
based on inferred properties by the sys-
tem. The adaptation of system services 
and performance includes three logically 
and temporally separable functionalities. 
We express these functionalities as a trilo-
gy of the terms of a sensory, an inference 
and an effector function that build upon 
each other. Based on internal interaction 
sensors or external environment sensors, 
all incoming events are collected and re-
ported to a central unit. This central ana-
lysing unit handles the incoming event 
messages, evaluates them and generates 
decisions or proposals on adaptation ac-
tivities. The result consists of actions of 
adaptation executed by corresponding 
effectors.

The sensory function indicates the ob-
servation of the task performing users by 
the system. During this step the adaptive 
system registers all information collected 
about the user and about the context: 
the location, time, environment, domain, 
physical conditions and social actors, and 
records this data in a systematic and con-
tinuous way. 

The inference function refers to the in-
telligent analysis of the accumulated data 
through statistical methods and learning 
algorithms. Hereby, different models like 
system model, domain model, user mod-
el, task model and environment model 
represent the knowledge needed for 
drawing inferences. 

The effector function transfers the 
results of the inferences into respective 
options of operations adapting the func-
tions or the interface of the system to the 
current user’s needs. 

The distinction of the three compo-
nents, a sensory, an inference and an ef-
fector function is an analytical one. This 
distinction was motivated backwards 
from the end of the process to its begin-
ning: The adaptations performed by the 
adaptive system (effector function) must 
be in line with the needs of the user in 
the current context of use. The system 
needs to have an idea about potentially 
executable adaptations. The kernel of the 
adaptive system, the inference compo-
nent, contains mechanisms to infer these 
adaptive effects from relevant indicators. 
These indicators in turn are provided by 
the sensory function and serve as an in-
formation basis for inference algorithms 

to draw conclusions about the user be-
haviour, task and location, time, environ-
ment, domain, physical conditions and 
social actor characteristics. Like in the 
process of human apperception, percep-
tion categories are necessary, otherwise 
the recognition is “blind”. The following 
sections illustrate this threefold structure 
of adaptive systems in more detail.

2.1  Sensory: Identifying Cha-
racteristic User Attributes

Changing conditions trigger the execu-
tion of an adaptation. Therefore, sensory 
mechanisms perform an “observation” of 
the user behavior and her environment, in 
the fi rst step. Generally, the system needs 
to detect and record the characteristics 
respectively to the task over a certain time 
period. 

Types of Characteristics
Many characteristics might be taken into 
account as catalysts for such an adapta-
tion process. They can be clustered into 
three main categories: inter-individual, 
intra-individual and environmental differ-
ences.
• Inter-individual differences address 

varieties among several users along 
manifold dimensions. Physiological 
characteristics like disabilities are of 
major concern for application design-
ers if they want to have their system 
accepted by a large community. The 
consideration of user preferences like 
language, colour schemes, modality 
of interaction, menu options or secu-
rity properties, and numberless other 
personal favourite preferences is one 
of the most popular sources of adap-
tation and can be reused in different 
applications. An important prereq-
uisite for the content adaptation is 
the awareness of the user’s interests 
and disinterests. The user’s interests 
confi gure fi lters for the information 
presented to the user. Additionally, a 
broad spectrum of psychological per-
sonality characteristics exists like emo-
tions, self-confi dence, motivation, 
beliefs or idols, which are diffi cult to 
assess automatically. The same holds 
for the user’s level of factual, general 
and domain-specifi c knowledge (e.g. 
beginners or experts), which is a valu-
able source of adaptive operations. 

• Intra-individual differences consider 
the evolution and further develop-
ment of a single user, as well as the 
task over time. A static system falls 
short of changing user requirements 
as the user’s activities and goals 
evolve. In an extreme case users are 
overstrained by the system in the be-
ginning and perceive the same system 
as cumbersome and restricted as the 
user’s expertise and needs increase. 
In the same manner, the need for a 
higher fl exibility of computer systems 
is pushed by the changing of the tasks 
to be accomplished with such a sys-
tem. 

• Environmental differences result from 
the mobility of computing devices, 
applications and people, which leads 
to highly dynamic computing environ-
ments. Unlike desktop applications, 
which rely on a carefully confi gured 
and largely static set of resources, 
ubiquitous computing applications 
are subject to changes in available re-
sources such as network connectivity 
and input and output devices. Moreo-
ver, they are frequently required to 
cooperate spontaneously and oppor-
tunistically with previously unknown 
software services in order to accom-
plish tasks on behalf of users. Thus, 
the environment surrounding an ap-
plication and its user is a major source 
to justify adaptation operations.

Inter- and intra-individual differences par-
ticularly refer to adaptation effects based 
on changes in characteristics of the users. 
Jameson (2003) defi nes all systems that 
automatically perform an adaptation to 
the individual user in some nontrivial way 
as user-adaptive systems. User-adaptive 
systems must be able to observe the 
user’s behaviour, generalise these obser-
vations and make assumptions about the 
user.

Acquiring Characteristics
Traditionally and factually the user’s inter-
action with the system is the most impor-
tant dimension for adaptivity. In here lie 
the biggest inter-individual and intra-indi-
vidual varieties and in here lies the biggest 
need for adaptation during the usage of 
the system. Generally, over a certain time 
period the system needs to detect and 
record relevant indicators for adaptation 
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needs. The knowledge of how to acquire 
context information includes the selection 
of the appropriate acquisition method. 
These methods supply information that 
is provided explicitly by the user, implic-
itly through observation or from external 
sources: Questionnaires, tests, sensors or 
queries. 

Questionnaires or forms present an ef-
fective means for capture information ex-
plicitly provided by the user. The user fi lls 
in questionnaires and delivers a variety of 
valuable information to the system. This 
sort of input events oftentimes enables 
the system to learn about the user’s prop-
erties, preferences, interests, task, etc., 
since they are explicitly specifi ed by the 
user. Like questionnaires, tests are fi lled 
in by the users, in order to make infor-
mation available to the adaptive system. 
In general, tests serve as means for the 
determination of the user’s knowledge 
level, competence and expertise. In addi-
tion, third party evaluation, assessments 
and results of tests (e.g. though tutors in 
learning systems) can be supplied to the 
system. 

As additional sources of informa-
tion and technical components, sensors 
measure physical or chemical proper-
ties of the users and their environments. 
Sensors quantify temperature, humidity, 
pressure, sound, lightness, magnetism, 
acceleration, force, and many more other 
properties of the environment. Further-
more, sensors measure the user’s blood 
pressure, body temperature or eye move-
ments, as well as the location of the user 
in- and outdoor. More recently, the sen-
sors are equipped with built in microproc-
essors and are more and more capable 
of autonomously processing their signals 
(so called ‘smart sensors’ or ‘smart dust’ 
(Satyanarayanan, 2003)). In self-organiz-
ing networks (Culler and Mulder, 2004) 
sensor technologies builds ad-hoc sensor-
networks and deliver requested informa-
tion on demand. Furthermore, there ex-
ists a multiplicity of external sources like 
databases, pools or external applications 
that manage valuable information (e.g. 
user profi les, weather forecasts). Informa-
tion cannot be gained exclusively through 
direct interaction of the user with the sys-
tem or through observation of the user. 
Additional queries to external informa-
tion sources may augment the system 
with a variety of valuable information. 

The careful selection of appropri-
ate acquisition methods requires a lot of 
knowledge, since one acquisition method 
might deliver valuable information for 
one domain, but might be useless in an-
other. In addition, possible restrictions 
given by the law have infl uence on the 
selection process. Knowledge about the 
capability and limitations is indispensable 
for almost any acquisition method, and 
decisions on possible methods must base 
upon the following properties:
• Sample rate, i.e. the time span bet-

ween two acquired values.
• Value range, i.e. the span between 

the extreme values
• Scale, i.e. the minimal difference bet-

ween two values
Particularly for the sensing technologies, 
the availability of infrastructural aspects, 
like suitable technology, network connec-
tivity, computing power, storage capacity, 
and costs, plays an important role in se-
lecting an appropriate context acquisition 
method. 

The adaptation of the system con-
cerning the tasks to be processed and the 
technology to be used may often be done 
previous to the application of the system 
for a certain confi guration. For the user 
the needs for adaptation often turn out 
during the application of the system. 
This is because several users with differ-
ent dispositions make use of the system, 
respectively because during the system 
application the user changes due to fa-
miliarisation, training, mental fatigue etc. 
This identifi cation logically and temporally 
takes place as the fi rst step of the adap-
tation process. Indeed, its composition 
aligns with and implicitly depends on the 
second component, which is described in 
the following section.

2.2  Inference: Knowledge-
Based Decision Finding

The second function, inference, imple-
ments the analysis of the data recorded 
by the sensory function on the basis of 
model assumptions on user needs, heu-
ristics or ontology models of the applica-
tion domain. The way the system reacts 
or adapts its behaviour is based on the 
interpretation of certain peculiarities and 
attributes of the user’s personality, the 
degree of expertise or tasks collected by 
the sensory function. The information 

about the observed interactions serves as 
a source for inference mechanisms that 
identify the most appropriate adaptation 
operation the system should offer. Theo-
ries about personality and learning, or 
pragmatic considerations about effi ciency 
are relevant for the decision fi nding proc-
ess as well.

The implementation of knowledge-
based decision fi nding requires deriva-
tion knowledge, which encompasses 
knowledge of how to combine and proc-
ess several types of information in order 
to enrich already available information. 
The explicit input provided by the user, 
the values measured by sensors and the 
data requested from external sources of-
fer a broad range of information about 
the properties of the users and their envi-
ronments. In order to fi ll the models with 
meaningful information and to perform 
an adequate adaptation, this information 
may not be suffi cient, and thus, parts of 
this information need to be analysed, as-
sessed and interpreted. Basically, the ex-
traction of such higher-level information 
is a complicated process because bound-
ary conditions apply, double entendres 
possibly emerge, and potentially unde-
fi ned or uncertain results arise.

Inference mechanisms
The following non-exhaustive list de-
scribes techniques for derivation: 
• Statistical Models: The simplest way 

of data interpretation is based on 
statistical models, which are available 
as large software packages today. 
The use of statistical methods such 
as correlation, regression, clustering 
and time series analysis separates real 
effects from fl ukes, and thus, avoids 
misinterpretations of the user behav-
iour. Statistical coherences are depict-
ed and backgrounds are uncovered 
that emerge from interdependencies 
between events.

• Fuzzy Logic: Fuzzy logic provides logic 
operations to process fuzzy value sets 
(Zadeh, 1965), while available knowl-
edge incorporates the processing. 
These sets emerge from the fact that 
discreet values only can be seen as dis-
creet within a reachable precision of 
measurement. Fuzzy sets are based 
on vague defi nitions of sets and fuzzy 
logic enables the determination of 
membership in vaguely defi ned sets. 
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Thus, fuzzy logic constitutes a means 
of expressing uncertainty.

• Data Mining: Data Mining goes one 
step further and refers to techniques 
for fi nding interesting and useful pat-
terns and rules in huge data sets. The 
term data mining includes a number 
of technologies that allow for the 
analysis and prognosis of behaviour 
patterns and trends, and deliver in-
sights and coherences that have been 
hidden so far. Very often, data min-
ing technologies base on algorithms 
from the fi eld of artifi cial intelligence, 
knowledge management and statis-
tics. The appliance of these algorithms 
depends on the aim and the purpose 
of the desired analysis. 

• Nearest Neighbour: The nearest neigh-
bour algorithm (Duda and Hart, 1973) 
operates by storing examples or expe-
riences in a training set. A new and 
unseen instance is classifi ed through 
the assignment to the class of the 
most similar example. A prominent 
example of this algorithm is case-
based reasoning. The aim of case-
based reasoning is to copy the human 
way of solving new problems on the 
basis of solutions for similar problems 
of the past and to map this procedure 
to machine processes. Case-based 
reasoning (Aamodt and Plaza, 1994) 
may be suitable for problem areas, in 
which the knowledge of how a solu-
tion is created is poorly understood 
(Watson, 1998).

• Probabilistic Procedures: Probabilistic 
procedures like hidden Markov mod-
els or Bayesian networks offer a meth-
od of the representation of uncertain 
knowledge and resultant possible rea-
soning. They enable the compilation 
and representation of coherences, 
dependencies and independencies of 
objects in a probability network. Such 
a network contains the qualitative 
effects existing among the objects. 
Following the Bayesian theorem, the 
relevancy of an (unknown) object can 
be calculated on the basis of the sum 
of all probabilities of the effecting ob-
jects.

• Neuronal Networks: A neural network 
is an interconnected group of neurons 
that uses a mathematical model or 
computational model for information 
processing based on a connectionist 

approach to computation (Hertz et 
al., 1991). The weighted connections 
between the neurons change their 
structure based on external or internal 
information that fl ows through the 
network. During the training phase of 
the network the algorithm iteratively 
or recursively adapts the connection 
weights between the neurons based 
on the presentation of input/output 
data sets. These weights store the 
knowledge to the solution of specifi c 
problems.

• Evolutionary Algorithms: Evolutionary 
algorithms (Bäck, 1996; Bäck et al., 
1997) are approaches for solving diffi -
cult optimisation and search problems 
and are geared to the well-known 
evolutionary theory: characteristic 
descriptions of problem solutions are 
coded and constitute so-called indi-
viduals that are assessed by a fi tness 
function. Through repeated selection, 
recombination and elimination new 
and improved individuals are created 
consistently. In the course of genera-
tions the fi tness of individuals is im-
proved and optimised problem solu-
tions are reached. 

Inference mechanisms derive conclu-
sions based solely on information that 
is already known. Statisticians have de-
veloped formal rules for inference from 
quantitative data and artifi cial intelligence 
researchers develop automated inference 
systems. The selection of appropriate 
inference mechanisms requires experi-
ence and knowledge about their proper 
implementation, application, training 
and further processing of their results. 
Inference techniques address wide areas 
like search problems, planning, logical 
deduction, optimisation, and approxima-
tion methods. The adaptation process of 
these techniques to a new problem do-
main needs to take into account aspects 
such as fl exibility of the applied algo-
rithm, robustness against uncertain input, 
performance and response time, learning 
aptitude, transparency, and understand-
ability.

Modeling
The knowledge about the domain, the 
users and their tasks has to be repre-
sented in an easily accessible manner for 
the system. For this reason, the extracted 

information and derived knowledge are 
mapped to adequate models making the 
data and its meaning available for the sys-
tem. The following models are necessary 
for adaptation purposes.
• System model: Within a complex ap-

plication domain a model of the sys-
tem is needed in order to better un-
derstand, shape and control complex 
decisions. This model describes the 
system as a whole and covers specifi -
cations about what the system is and 
how it works. A system is well defi ned 
and draws a clear dividing line be-
tween itself and the environment. It 
consists of elements that are related 
to each other und that give the system 
its structure. Therefore information 
about the following components is of 
major importance: Knowledge of the 
system about itself, functionalities of 
the system, platform, and possibilities 
for interaction and errors, structures 
and branches, and help facilities. The 
system model serves as a basis for the 
defi nition of a formal semantic for the 
above-mentioned components and 
for the abstract illustration of the sys-
tem behaviour. In combination with 
the task model the system model en-
ables the clarifi cation of the user’s role 
and thus, is the fundament for adap-
tive operations.

• Domain model: The types of domains 
for adaptive systems are manifold. 
Possible application domains are e-
learning systems, hypermedia, mo-
bile services etc., each introducing a 
research fi eld with conferences and 
workshops on its own. Obviously, 
these domains share one certain as-
pect: they are interacting with a user 
or groups of users. If we treat users of 
a domain as one special kind of ob-
ject within this domain, we can list the 
components a domain is composed 
of: domain objects, attributes describ-
ing these objects, relations between 
objects and messages interchanged 
among objects. Every adaptive system 
needs to map parts of these compo-
nents to an expressive internal model, 
in order to interpret and process infor-
mation about the domain it is applied 
for. 

• User Model: The user model stores the 
knowledge that is currently available 
about a user. On the one hand, this 



23i-com1/2011

model will contain parts, such as the 
name and the age of the user, which 
can also be reused within numberless 
other domains. Other attributes like 
the user’s interests in arts are strongly 
connected with one specifi c domain 
and thus will not apply in all domains. 
As a result, the user model has to re-
fl ect a distinction between domain-
dependent and domain-independent 
information. Depending on the ap-
plication fi eld the user model may 
cover more or less relevant informa-
tion about the user like preferences, 
habits, interests, knowledge, compe-
tences, restrictions or personality char-
acteristics. Besides this distinction, the 
information covered by a user model 
is classifi ed by the frequency of its al-
ternation. Fix or very rarely changed 
attributes (e.g. name, age, but also 
personality attributes like intro-/extro-
verted) are called static attributes. On 
the other hand, there exist dynamic 
attributes that change often or even 
in regular short intervals (e.g. position, 
head orientation).

• Task Model: Task models as well as 
dialog models play a central role in 
the model-based development of user 
interfaces. Task models capture and 
refl ect knowledge about user tasks 
concerning the system. Through ab-
straction of the tackled task of the 
user such a model normally describes 
the current purpose of application of 
the system. Dialog models represent 
abstracted descriptions of the dialog 
fl ows, which are composed in appro-
priate specifi cation languages. The 
task model is built upon the results 
of the task analysis and describes the 
functionality of the given overall sys-
tem in a structured and in many cases 
modular manner. In addition, it may 
give details about the order of work-
fl ows, the purpose of the system and 
the tasks of the human. Formally, a 
task model consists of a goal, a subject 
of work, one or more tools and sup-
plies for work, one or more user roles, 
and subtasks with temporal relations. 
Modeling tasks constitutes one phase 
within the software development 
process before the system design. 
Possible methods like observations, in-
terviews and other empiric procedures 
are applied that investigate a possible 

respectively planed embedding of a 
context-aware system.

• Environment Model: The environment 
model describes the outside view of 
the system. The environment is some-
thing surrounding a user or an entity 
and giving a meaning to this object. 
This model contributes to the user 
model and stores information about 
the current situation the user acts in 
together with the preceding situa-
tions in the activity process. Its main 
purpose is to defi ne the scope of the 
system, which should neither be too 
large (infl uences time or money), 
nor too small (the system is not do-
ing what the user wants or needs). 
Information about the environment 
is shared knowledge that is explored 
and exploited by participants in the in-
teraction. Shared knowledge includes 
the domain, the users, and the interac-
tion with the system (transaction his-
tory). One distinction has to be drawn 
between static and dynamic aspects 
of an environment, respectively be-
tween knowledge that remains con-
stant throughout the interaction and 
knowledge that changes throughout 
the interaction. Presently the most im-
portant parts are space and time with 
regard to the user or an entity. Based 
on this information, recommenda-
tions may be generated that comply 
with the user’s interests as well as 
with the spatial and temporal reach-
ability (e.g. location based services). 
Other types of information about the 
environment are social (e.g., friends, 
enemies, neighbours) and technical 
properties.

2.3  Effector: Implementing 
Adaptive Behaviour

The effector function comprises the re-
alization of the adaptation activity that 
has been decided in the inference step. 
Possibly, a dialogue for clarifi cation about 
the upcoming adaptation has to be held 
with the user in advance. Effective modi-
fi cations of the system require knowledge 
about the realisation of the selected ad-
aptation method or of the entire adapta-
tion process. The methodology of the way 
how adaptation is performed constitutes 
an important aspect of the adaptation 
process. Not only has this methodology 

an effect on the content of the potential 
adaptation, but also the necessary skills of 
the user are determined that are required 
for the execution of the adaptation in the 
case of manual adaptation and for the in-
telligibility of the adaptation in the case 
of automatic adaptation.   The tighter the 
methodology of the adaptation is coupled 
with the actual usage of the system the 
easier the methodology can be applied 
and learnt. The chosen rendering of the 
adaptation immediately affects the meth-
odology. Therefore, the implementation 
of adaptive behaviour needs to consider 
the selection of the appropriate adapta-
tion target and the associated adaptation 
method. The following sections describe 
these two aspects in more detail.

Adaptation Targets
The algorithms rendering the adaptation 
method contain actuation knowledge 
about targets available for adaptation. 
An adaptation of these system parts may 
be immediately visible or noticeable to 
the user or the adaptation effects may 
be hidden from the user and display their 
impact at a later point in time. Adaptive 
applications consider fi ve properties or 
parts of the system, i.e. adaptation tar-
gets that can be tailored to the context 
and the user:
• Human-Computer Interaction, i.e. the 

modality needed to enter commands 
or data, and receive information and 
services. 

• Information Presentation, i.e. the 
methods and coding required for re-
ceiving and displaying content (front-
end).

• Functionality, i.e. the features needed 
to perform tasks (back-end) and the 
ability of the application to solve a sin-
gle task or a set of tasks. 

• Information and Service Selection, i.e. 
the information content, density and 
depth as well as the functionality and 
complexity of necessary services.

• Knowledge Base, i.e. the collection, or-
ganisation, and retrieval of the knowl-
edge about and the model of the user, 
the context and the application. 

In a ubiquitous computing system, tra-
ditional modalities for data input (e.g. 
a keyboard) are expanded by other in-
formation acquisition methods such as 
sensors. The same holds for traditional 
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information presentation displays (e.g. a 
monitor), which can be extended by every 
possible actuator that may have infl uence 
on the environment like motors or Light 
Emitting Diodes (LEDs). For example, a 
warning for the user may be rendered 
as a “Warning” writing on a monitor, 
a fl ashing red light or an alerting noise 
coming through the loudspeaker.

 Adaptation Methods
Independently from the adaptation tar-
gets mentioned above an array of basic 
methods of adaptation can be specifi ed. 
The rendering and execution of an appro-
priate adaptation method is part of the 
actuation knowledge. Additionally, these 
adaptation methods are independent 
from the way an adaptation is performed, 
i.e. manually or automatically. The basic 
adaptation methods are (with an increas-
ing complexity): 
• Null Adaptation, i.e. the simplest way 

of adaptation if there is no adaptation 
necessary. Null adaptation can also 
mean that an adaptive system leaves 
the adaptation entirely to the user. 

• Parameterisational Adaptation, i.e. 
changes that affect the internals 
of elements or components of the 
adaptation target. This adaptation 
method changes accessible values 
of these components and alters pa-
rameters in order to reconfi gure their 
behaviour. 

•  Transformational Adaptation, i.e. 
trans forming the old structure or 
composition of the adaptation target 
into a new one. This kind of adapta-
tion supports the reorganisation of 
parts of the adaptation target and 
permits modifi cation, addition and 
removal of these elements under cer-
tain conditions. 

• Generative Adaptation, i.e. the gen-
erative from-scratch (re-)program-
ming or change of the functionality of 
an element of the adaptation target. 
Such generators need to be tightly 
integrated with the adaptive system 
and might perform a generation au-
tomatically or in correspondence with 
the user. In practice, a pure automatic 
generative approach is mostly insuf-
fi cient because of the computational 
complexity of the generation process 
or because of the insuffi cient quality 
of the results it produces. 

3.  Actors in the Process 
of Adaptation

Several actors can be identifi ed, who are 
part of the realisation of the adaptation 
process. This identifi cation of actors is es-
sential to better understand the creation, 
usage and management of adaptive sys-
tems, and also to provide an accordant 
tool suite that supports each actor in its 
specifi c role in the software engineering 
process. During the entire software engi-
neering process of adaptive systems the 
same human actor may assume different 
roles. 

The fi ve main actors in the adapta-
tion process of an adaptive system are: 
the application, the user, the developer, 
the domain expert and the author. This 
distinction can be more fi ne-grained, but 
additional actors can be complemented 
by activities dedicated to the fi ve basic 
groups of actors. In the following, these 
fi ve types of actors are described in more 
detail.

The two obvious actors playing the 
main part in the adaptation process are 
the context-aware application for auto-
matic adaptation methods and the user 
for manual adaptation methods. Tradi-
tionally, the adaptive system initiates and 
executes the adaptation process. The 
user needs to be actively involved in the 
adaptation process, and thus, the user 
participates even in the application of au-
tomatic adaptation methods. Dieterich et 
al. (1993) show the interplay between the 
user and the application in the different 
phases of the adaptation process.

Prior to the delivery and operational 
use of an adaptive system, developers 
implement such a complex system fol-
lowing a structured software engineering 
process. After the requirement engineer-
ing and planning phase this third group 
of actors completes the system compris-
ing software and hardware step by step. 
The developers integrate the targeted 
adaptive and adaptable methods into the 
application in order to broaden the usage 
of the system. Additionally, the develop-
ers implement mechanisms that allow 
the user to accept or reject automatic 
adaptations proposed by the application 
or have infl uence on an automatic adap-
tation process. Developers play an impor-
tant role as an actor at adaptive systems 
because they decide on and design the 

algorithms and conditions for adaptation 
activities.

The developers should build systems 
that are usable and suit the needs of 
many users. Certain dynamics may limit 
the fi t of the application characteristics 
to the user requirements after system 
rollout. Therefore, tailoring of the system 
or adding new features might become 
necessary after the development phase 
during the operational use of the system. 
Since the time between the emergence 
of new user needs and a professional de-
velopment might be too short, domain 
experts perform the required adjustments 
and confi gurations to the system. Such 
an expert knows more about the adap-
tation possibilities than the user and has 
the better ability to execute them. As an 
interface or adapter between the system 
(or the developer) and the user, the do-
main expert (power user) might propose 
adaptation alternatives, which are neither 
automatically uncovered by the system 
nor investigated by the user. The expert’s 
knowledge about the essential methods 
and tools links to approaches like end-us-
er development (Fischer, 2002; Lieberman 
et al., 2006) addressing the confi guration 
and the further development of applica-
tions.

A domain expert can accompany 
the adaptation process from the initial 
phase on and cooperate with the users, 
which all contributes to a better fi t of the 
adaptive system with the requirements. 
Depending on the usage context of the 
application, authors administrate the 
content and services adaptive systems 
provide. In their role as domain experts, 
authors mange the information and serv-
ice repository of context-aware applica-
tions. They care for the addition of new 
information and the removal of outdated 
information, and keep the provided con-
tent and services up-to-date. The author 
creates or composes appearance of the 
context-aware application without actu-
ally knowing the entire internals of the 
application. Thus, authorship bases on 
skills regarding creativity rather than pro-
gramming. Furthermore, the author con-
ducts test runs of the application without 
any user to check whether or not the 
application presents the desired content 
and services correctly. 
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4. Conclusion 
In this paper we have presented a review 
of approaches to adaptive and context-
aware systems. For such systems we have 
proposed a model of three functions: a 
sensory function, an inference function 
and an effector function. Context-aware 
systems we have understood as an ex-
tension of adaptive systems including 
beyond user and task characteristics also 
the time and space as well as the envi-
ronment and technological infrastructure 
of the usage. Situation-awareness was 
proposed for an episode in the history of 
context-awareness where the momentary 
values of context variables are evaluated 
for adaptations not necessarily refl ecting 
the long-term history of the user. 

Special attention shall be given to the 
shared control of the adaptivity between 
the user and the system. Monitoring the 
system’s adaptive behaviour allows the 
user to be in control of the adaptivity 
and use adaptive features to augment 
his or her capabilities for more effective 
and more effi cient task performance. This 
shared control approach between user 
and system about system adaptations 
shows the complementary of adaptive 
and adaptable systems. The user decides 
about adaptations while the system pro-
poses and performs adaptations. Adap-
tive systems focus on the system’s contri-
bution for the adaptation like proposing, 
negotiating and performing adaptations. 
Adaptable systems focus on the user’s 
contribution like performing the adapta-
tion autonomously or negotiating adap-
tation with the adaptive system and de-
cide about the fi nal result. The adaptive 
aspect of system’s adaptations was the 
focus in this chapter. The relationship be-
tween adaptive and adaptable features 
establishes the contribution of adaptivity 
for the autonomy of the user: the user 
fi nds initiative and support for adapta-
tions but remains in control about the 
process and results. 

Finally several roles were discussed in 
the process of adaptations increasing the 
effectiveness and effectivity of the adap-
tations without overstraining the user. 
The roles refl ect the phases of the lifecycle 
of the system and the different compe-
tences of the human beings like devel-
oper, users and consultancies as well as 
the contribution of an adaptive system in 

reducing the effort for the end-user and 
increasing the performance of the user-
system interaction.
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