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Abstract. This paper presents a concept of adaptive
development of user interfaces in multimodal web-based
systems. Today, it is crucial for general access web-based
systems that the user interface is properly designed and
adjusted to user needs and capabilities. It is believed that
adaptive interfaces could offer a possible solution to this
problem. Here, we introduce the notion of the user profile
for classification, the interface profile for describing the
system interface, and the compound usability measure for
evaluation of the interface. Consensus-based methods are
applied for constructing the interface profiles appropriate
to classes of users.

Keywords: Web-based systems – Multimodal interac-
tion – Consensus-based interface adaptation

1 Introduction

Let us consider the following scenario (depicted in Fig. 1):
a manager of a computer company is visiting a neighbor-
ing country for a commercial conference. To be prepared
appropriately for attending this conference, the manager
is using the conference portal. It is easy to guess that the
conference portal is being used not only to consult the
general agenda of the conference and the detailed pro-
gram but also to register for the chosen sessions, as well
as for cocktails and parties. Needless to say, during such
conferences face-to-face meetings are arranged and they
can also be appointed through the portal. Quite often the
manager can be asked to meet a person who has never
been met before. It may also occur that the company rep-
resented by such a person is unfamiliar too. What the
manager should do is to find it in the Web and visit its
pages, as some official information about the potential
partner will certainly be useful.

As the manager can be offered a few meetings,
the aforementioned procedures will be repeated several
times. It is quite probable that the manager will also wish
to meet somebody at the conference. In this case he or she
will have to consult the list of the conference participants
and then ask for an appointment. Thus, visiting poten-
tial partner homepages, as well as revising his or her own
pages, will be quite important.
Having arranged all the basic conference details, the

next thing to do is to decide on accommodation and make
a reservation. Searching for an appropriate hotel or choos-
ing one from the conference offer also involves using the
Net and visiting hotel web pages. As soon as the stan-
dard, location, facilities, and price have been checked, the
manager can start on-line booking procedures.
Finally, the manager, and any accompanying person,

may want to spend their spare time visiting restaurants,
clubs, and beaches, and going sightseeing on guided tours.
To collect all the necessary information, at least several
information web-based systems will have to be visited.
The very last thing to do is to take the necessary steps to
arrange the journey to the conference place, by consulting
timetables and then booking plane or train tickets. This
obviously, can also be done on-line.
Alternatively, a car may be chosen as a means of trans-

port. While driving a car, the manager can take advan-
tage of one of the web-based e-maps to find the optimal
route to reach the destination. Possibly, he or she will take
a laptop and a handheld equipped with GSM or GPRS
modem. The manager will surely remember to download
some documents and web pages on these devices as they
can turn out to be very useful on the road.
During the journey by car, train or plane, access to

web-based information systems, such as the already men-
tioned e-maps, train information systems, like the very
well known train Travel Service Die Bahn DB , and other
systems, may be necessary. In addition, driving a car
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Fig. 1. Multimodal interaction of the manager with the conference information portal

equipped with GPS-based systems integrated with an e-
map and up-to-date road information can be very com-
fortable and enjoyable. Nowadays these systems can be
easily installed in the car. Even some compact cars can
have these devices as an option and many higher class
cars are equipped with them as a standard.
All the mentioned pre-conference preparations are

only an introduction to the high-tech world. There are
many other encounters to come at the conference. Firstly,
at the conference registration desk the manager can use
information kiosks to register and obtain further informa-
tion. Secondly, the handheld and laptop can be used to
improve working standards during and after the sessions.
During the sessions, the handheld off-line or on-line, pro-
vided that it has mobile Internet access, enables the
manager to view any information of interest, such as, for
example, the detailed up-to-date conference program, the
special guests’ homepages, and the list of chairmen, lec-
turers, tutors, and other presenters. Besides, it enables
the manager to look up all the incoming appointments,
take notes, and read the conference papers. If the circum-
stances allow it, the laptop can be used instead.
As we can see, the use of all these information sys-

tems is multimodal, with different and possibly simul-
taneous input and output modalities. They are also ac-
cessed by means of different platforms: PC’s, laptops,
handhelds, navigation systems mounted in cars, and in-

formation kiosks. On these platforms many different in-
teraction styles [23] can be used, such as direct graphi-
cal manipulation, menus, function keys, and natural lan-
guage. In the interaction, different communication me-
dia can be used: typed text and handwriting, graphics,
sound, speech, animation, and video. Also the input and
output devices can be very different: from standard CRT
and LCD to a touch screen used in information kiosks and
handhelds, a keyboard, a mouse, a touch-pad, a joystick
and a mini-joystick, a camera, a microphone, loudspeak-
ers and earphones, and other devices with special keys
and roller-keys.
These different interaction styles are accomplished by

the aforementioned communication media and devices in
all the platforms that the manager attending the confer-
ence is able to use on this specific occasion. The selec-
tion of the appropriate mode of interaction depends not
only on the device used, but also on the user’s general
preferences and the circumstances. For example, while
driving a car equipped with a navigation system, the
driver can use speech input and the system response may
be provided both in graphical and voice forms. How-
ever, while not driving, making use of more standard
forms of human computer interaction, e.g. function keys
or the touch screen as an input and the graphical out-
put on the LCD screen, would be more natural and
convenient.
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As appears in the example, the same systems, i.e.
the conference information portal, the navigation system,
and the city information system can be accessed from
many different platforms and in many different situations
by means of multimodal interaction. The mode of the
operation can be selected by the user or retrieved auto-
matically from the platform’s recent settings stored in the
system files, i.e. cookies. So these systems have to be de-
signed to serve multimodal interaction. What is worth
noticing is that these systems, with the possible exception
of the navigation system, were applied only on the occa-
sion of the conference participation, had never been used
before, and are not likely be re-used in the future by the
same user. It is also obvious that the manager is not the
only user of these systems and there are many other users.
The user population is disparate, so it is almost impos-
sible to design a single, equally appropriate user interface
for each user and each system [34]. Today’s trends in in-
formation system design, strongly supported by the Eu-
ropean Commission 6th Framework Program [9], require
further development of Universal Access systems [37].
Web-based system interfaces should be designed and

implemented in accordance with proper norms [13] and
guidelines [11]. This does not mean that their implemen-
tation is deterministic and leads to a single solution. It
is just the opposite – these guidelines can lead to the
development of very different interfaces. Differences con-
cern not only their graphic elements, such as background,
icons, and buttons, but also textual elements, sound ef-
fects, and soundtracks. Quite often these differences can
be even deeper, i.e. they can lead to the implementation
of different interaction styles as well [23].
The problems of interactive system design and devel-

opment are relevant for many scientific and technological
fields: Human Computer Interaction (HCI) and particu-
lar Interaction Styles and User Models, Artificial Intelli-
gence (AI), Natural Language Processing, or Information
Retrieval (IR), and in particular User Profiles. There are
already more multidisciplinary approaches to this prob-
lem, such us Interface Agents as emerging frommore gen-
eral Agent Paradigm [39] and Adaptive Interfaces.
In this paper, automatic interface adaptation using

consensus methods is presented. The paper is structured
as follows: In the second section two current approaches
to the development of hypermedia systems interfaces
are presented, i.e., system personalization and interface
agents. In the third section, the suggested architecture
of the adaptive interface using consensus methods is de-
fined. The section is divided into four parts. In the first
part, the notion of user profiles is introduced; in the sec-
ond, the method of user classification is presented; in
the third, the notion of the interface profile is introduced
and the measures of interface usability are discussed;
and, finally, in the fourth, the user interface adaptive
construction method is presented. In the fourth section,
the consensus determination of user profiles is explained
in detail. First, consensus methods are introduced, then

the adopted consensus model is presented, and the cor-
responding algorithms for consensus determination for
different types of attributed values are presented and ref-
erenced. Finally, consensus application to the problem of
the interface profile construction is defined. In the fifth
section, an example of the proposed architecture is illus-
trated. Conclusive remarks, along with the future work,
are addressed in the last section.

2 Current approaches to web-based systems
user interface adaptation

Today’s information systems are getting more and more
complex and their users are differentiating, so classical
HCI approaches [23, 27] are not necessarily the most effi-
cient. Also the user’s information environment is becom-
ing more and more sophisticated, so it is quite difficult for
every individual to have full control over it. Application of
interface personalization enables users to customize their
interfaces to meet their information needs and interaction
preferences. Software agents, on the other hand, enable
the delegation of some of the user’s tasks, especially those
that are repeatedly invoked and require a lot of effort.

2.1 Interface personalization

Interface personalization can be seen as part of a more
general notion of web personalization, which is defined ‘as
any action that makes the Web experience of a user per-
sonalized to the user’s taste’ (p. 142 of [21]). A more pre-
cise definition can be found on p. 113 of [16], in which per-
sonalized hypermedia application is defined ‘as a hyper-
media system which adapts the content, structure, and/or
presentation of the networked objects to the individual
user’s characteristics, usage behavior and/or usage envi-
ronment ’. Personalization is a common feature of many
web-based systems, Internet portals and many other in-
formation and entertainment services.
Usually, users can choose several of many interesting

topics or system elements. They can also set the way in
which the information is presented to them or how they
can interact with the system. First of all, the user of
a multimodal web-based system should choose the mode
of operation. For example, PC, handheld or kiosk mode
can be chosen, and then the interface layout, i.e., the spe-
cification of the location of elements on the screen, can
be created. Furthermore, the user can choose one of the
several offered interface templates, with, for example, dif-
ferent graphic (graphics, color, buttons, or background)
or sound (sounds associated with different events or back-
ground music) patterns. As a matter of fact, these tem-
plates define the user interface itself. By choosing, for
instance, templates with very dynamically reacting but-
tons, flashing colors (such as orange or shocking pink)
and loud modern music, an interface likely to be suit-
able for younger users is created. On the contrary, when
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we choose templates with rather standard buttons, toned
colors and calmer music, the resulting interfaces are pre-
sumably more suitable for more conservative users.
Mainly because of commercial purposes, i.e., place-

ment of advertisements, web-based information system
providers often collect user data. Themost popular part of
user data is demographic data. According to [16], one can
distinguish the following elements of demographic data:
record data (name, address, e-mail, etc.), geographic data
(zip-code, city, state, country), user characteristics (sex,
education, occupation), and other customer qualifying
data. These data are usually entered by the users them-
selves, or acquired from some external databases.The user
data may also contain information about the users’ know-
ledge, their skills and capabilities, their interests and pref-
erences, and also their plans and goals.
During the user’s interactions with web-based sys-

tems, the usage data can be observed and recorded to
build, along with the user data, the model of the user.
The usage data may concern selective operations that
express users’ interests, unfamiliarity or preferences, tem-
poral viewing behavior, as well as ratings concerning the
relevance of these elements [16].
Creating an appropriate model of the user is the key

feature in personalized multimedia. This is because it is
believed that if we are in the possession of full informa-
tion concerning the web presence of users, we can utilize
this information in delivering them appropriate services.
It is obvious that for different users, different presenta-
tions, content, and structures are required. In the past,
information systems were developed mainly for special-
ized applications, e.g. accounting and booking systems.
Therefore, only differences such as novel versus very ex-
perienced users were distinguished [23, 27]. In later de-
velopments, the user’s role in the system was also distin-
guished, like in the user cube [36], in which three types of
user in the tourist system were distinguished: a software
vendor, a tourist agent, and a tourist consumer.
There are very different methods for building a user

model. For some systems, information about the zip code
of living places is sufficient for drawing quite detailed as-
sumptions on people’s social status, interests, and various
purchasing behaviors. This method has its origin in the
work of Jonathan Robbin, a marketing specialist from the
U.S., who noticed over thirty years ago that the address
zip code might serve as a very good indicator of many
assumptions on people’s characteristics [28]. Even if this
method is now criticized, web-based system users are still
often asked to enter their zip code, along with answers
to more or less personal questions. Users are usually very
reluctant to provide any information about themselves
because they treat it as being too private or simply do not
want to lose time doing this. A good solution to this prob-
lem is based on automatic user information gathering and
classification.
Usage data are usually collected automatically by the

client and/or system sides by means of very different tech-

nologies ranging fromCGI, PHP, ASP, Flash and Cookies
to DoubleClick [38]. Cookies are entries stored in the spe-
cial file on the user’s local computer each time the user
enters a web page. These entries can contain a lot of dif-
ferent data and settings, such as URL’s of visited pages,
links followed by the users, data entered by them into
the forms on the pages, and interface settings made by
the users themselves. These settings can be remembered
and restored each time the user enters the system. This
is especially useful in multimodal interfaces because they
can restore the most recent settings made on a particu-
lar platform. These data, however, can also be used to
identify the user’s preferences and interests, which, if ap-
propriately identified, can serve, for example, for adver-
tisement placement or information delivery (e.g. weather
information based on the user’s address).

2.2 Interface agents

System personalization is a facility that is provided for
the user by the web-based system. However, there are
also solutions that are determined more by the users and
are designed to serve primarily their purposes. These so-
lutions are called interface agents. Interface agents can
also be seen as an alternative to system personalization,
because they do not require filling in online forms and
questionnaires [32]. Maes defines an interface agent as an
agent that acts as a kind of intelligent assistant to a user
with respect to some computer application [39]. Interface
agents are also defined as Personal Service Assistants that
act as mediators between the human and the cyberspace
and are able to personalize the interface by monitoring
and sensing users’ capabilities [1]. The interface agents
developed at MIT [10] act primarily by observing their
users, and by applying some machine learning mechan-
isms. For each new situation, the agent computes the
distances between the current state and each past state
stored in the memory. While, together with these past
states, corresponding actions taken by the user in the
past are stored, a recalled action which bears the largest
resemblance to the current situation, or in other words,
which has the smallest distance from it, is selected. The
distance function can be constructed in many different
ways, for example, as a sum of weighted features describ-
ing the particular state.
An interface agent should meet several requirements.

Features such as adaptivity, autonomy, and collabora-
tion are essential for all agents. Some researchers also add
another requirement, namely robustness, defined as an
ability to perform in restricted conditions [5]. To prop-
erly predict the user’s intents, interface agents must work
on accurate user model, which are difficult to achieve.
There are many different reasons for this, but the most
important are differences between users and their behav-
ioral changes over time. Having defined some metrics and
functions, such as precision, reactive, and autonomy met-
rics, as well as usability measures, it is possible to predict
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the user’s intentions and to model the user’s behavior.
Some authors [10] identify the uncertainty of these met-
rics and sometimes suggest consulting the user before
making a decision.
In some cases, adaptive interfaces are composed not

from a single agent, but rather from sets of agents that
usually are simple processes that run ‘in the background’
and all together compose the interface implementation.
Generally, interface agents try to help the users by assign-
ing them a particular user’s model, comparing their activ-
ities with the population of other users and offering ap-
propriate assistance. Some of them, as mentioned above,
also take into account the user’s prior interaction with the
system. Both methods are focused on a specific applica-
tion and its environment [15]. For some researchers, in-
terface agents are even perceived as an opposite solution
to HCI achievements, and especially direct manipulation
for improvement of user’s tasks performed with computer
assistance.
Interface agents are becoming very useful not only

because of the ever increasing complexity of user inter-
faces [32], but also because of the increasing number of
näıve users [30]. We can find many applications of inter-
face agents. For example, Letizia, an autonomous inter-
face agent for Web browsing [17], records URL’s of visited
pages and constructs the user profile out of them. Then,
using a simple keyword-frequencymeasure, adopted from
the field of Information Retrieval, the agent searches the
neighborhood of pages currently visited for potentially
relevant pages. Another type of interface agent is Apt
Decision, which learns the user’s real estates rental pref-
erences to suggest appropriate apartments [32]. The Apt
Decision agent uses the initial profile provided by the user
as well as descriptions of apartments extracted from offers
the user has analyzed so far.
Another type of interface agent is collaborative fil-

tering agents, also called recommended systems, which
are built on the assumption that a proper way to find
the relevant content for a particular user is to find other
people that resemble the current user in some way, and
then recommend titles that those similar people like [4].
These ideas are of course not completely new. They were
already developed in the field of the Information Re-
trieval in the 1960’s. Collaborative filtering implementa-
tions use many methodologies, which have been divided
into two classes [4], namely memory-based algorithms
andmodel-basedmethods. Methods belonging to the first
class are correlation, vector similarity, default voting, in-
verse user frequency, and case amplification, while the
second class includes cluster methods and the Bayesian
Network Model. Bayesian belief networks can represent
cause-and-effect relationships between nodes, which are
weighted to express how they affect each other. One of
the most interesting aspects of belief networks is their
non-determinism, which enables the most reasonable so-
lution to be inferred from the given network of relation-
ships, probabilities, and trade-offs inherent in the situ-

ation. The experiments presented in [4] have shown that
Bayesian networks with decision trees and correlation
methods are the best performing algorithms. A good ex-
ample of a commercial application of an interface agent
using Bayesian belief networks is the Microsoft Office 97
Office Assistant [12]. These implementations have been
further developed, namely into the MS Agent, which is
part of the Microsoft .NET technology.

3 Adaptive interface architecture
for multimodal web-based systems

Adaptivity is one of the obligatory features of interface
agents [5]. However, so far most applications concentrate,
despite the name, more on the task to be done by the user
with the help of the agent than on improving the pro-
cess of the interaction itself. On the other hand, adaptive
hypermedia [16] are more interesting in this respect, as
they concentrate on the adaptation of information con-
tent, presentation, and structure. This adaptation is ne-
cessary because of universal usability challenges, namely
the variety of interface platform technology, the diversity
of users, and gaps in the user’s knowledge [31]. We must
also remember that users, their preferences and informa-
tion needs, as well as their knowledge, are changing all the
time. Therefore, the model of the adaptive system should
take such factors into account.
Many web-based systems can be personalized by the

users themselves. But, because of gaps in users’ know-
ledge about the system, the process of personalization
is quite often time consuming, boring, and not very ef-
fective. That is why we postulate the use of an adaptive
system that will be able to offer for each new user of
a particular web-based system, an adapted interface con-
structed accordingly to settings that have already been
made by users somehow similar to the current one. There-
fore, we propose to build an architecture in which the
user’s platforms form a multi-agent system. Agents col-
lect information about the environment, i.e., users, in
the form of the user profiles. These profiles may consist
of both the user as well as usage data [16]. Further de-
tails about this matter will be provided in Sect. 3.1. Users
whose profiles are very much alike form a class of users.
The classification methods will be presented in Sect. 3.2.
Users of web-based systems are often extremely dis-

parate. They have different interests, information needs,
and interaction preferences. As a consequence, for dif-
ferent classes of users different user interfaces are most
suitable [33]. As explained above, users of such systems
are able to personalize them to suit their preferences by
selection of different settings of information content and
structure, as well as of presentation. These settings are
called the interface profile. Because of the great differ-
ences among the population of users, while interacting
with the same interface, they may achieve completely dif-
ferent performance and satisfaction measure values [14].
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These measures that provide the basis for overall inter-
face usability are described in detail in Sect. 3.3.
Each interface agent, besides the user profile, also

stores the interface profile of each web-based system with
the corresponding compound usability measure values.
This information forms the agent’s knowledge, which can
be used to compose more efficient interface than the de-
fault one, for each novel user belonging to the same class
of users. The agent’s knowledge, because of the nature
of human computer interaction, is often inconsistent, i.e.,
for different users, even belonging to the same class, dif-
ferent interface settings can have equal usability measure
values. In this situation the necessity of reconciling the
agent’s knowledge states arises. By applying user inter-
face usability measures, it is possible to find consensus
between the agent’s knowledge states, and so determining
more efficient interfaces for new users in the adaptive way.
As the domain of consensus methods may not be famil-
iar to specialists in the field of interactive systems, a short
introduction is provided in Sect. 4.
In Sect. 3.4, the adaptive interface constructionmethod

is described thoroughly.

3.1 User models and profiles

The user model can be defined as a user’s description from
the design point of view that delivers information on the
user’s behavior and task performance [27], or as a collec-
tion of the user’s habits and projections of how the sys-
tem may work [35], which are necessary to adapt a com-
puter system to the modeled user’s needs [36]. Building
an appropriate user model requires knowledge from sev-
eral scientific disciplines, such as psychology, pedagogy,
sociology, anthropology, and ergonomics. Models are usu-
ally based on a specific theory. This can be an explanatory
theory that explains only observed human behavior, or an
empirical law that allows simple quantitative predictions
to be made, or, finally a dynamic model of more complex
user actions. The combination of all these approaches is
called the Human Virtual Machine [23].
To create an appropriate user model we can take into

account achievements of psychology, i.e., models of hu-
man information processing such as information process-
ing subsystems, cycle times, and task performance. Quite
often information systems address specific social environ-
ments. Sociological and anthropological theories of hu-
man behavior should therefore be applied, because soci-
ological factors can have a greater influence on human
behavior and task performance than cognitive ones.
Tasks that are performed with the help of computer-

ized systems are becoming more and more complex. So,
to complete them, specific sequences of different actions
should be made. Organization theories should be imple-
mented to address this aspect.We can introduce problem-
solving models, such as the Theory of Human Problem
Solving by Newell and Simon, or the more specific Nor-
man’s task performance [23].

We must remember that the solutions offered by HCI
approaches concentrate upon statistically centered inter-
face adaptation to the so-called average user. Nowadays,
however, systems are used by users who are very differ-
ent from each other, and this kind of approximation be-
comes inefficient. Luckily, the emergence of AI (Artificial
Intelligence) user modeling techniques and methodolo-
gies has enabled a shift from traditional, rather implicit,
user model representation used in software engineering
to more explicit ones [36]. Traditional user models can
be considered as static because once they have been de-
veloped and tailored into the software system they cannot
be updated automatically during system operation. To-
day’s interface agents, as well as adaptive hypermedia
applications, are provided with a current state of know-
ledge or beliefs representing the user model in a form that
enable some changes in the system operation, and espe-
cially the user interface, to be made.
Collecting the user data, along with the usage data, is

a key feature of personalized hypermedia [16], described
also in Sect. 2.1. In our architecture, we propose to call
these data the user profile. As the agent resides on each
platform used by the user, some basic information about
the system platform itself is also placed in the profile as
part of the usage data. These data can contain the name
of the platform (e.g., PC, Mac, or iPAQ), as well as of
the operating system (e.g., MS Windows, Mac OS, or
Pocket PC), and, additionally, more detailed information
on screen resolution, sound, and manipulation devices.
In our architecture we assume that in many cases the
user data entered by the user is completely unavailable
because of the user’s general reluctance in doing so. How-
ever, if they are available, they can be used properly. In
our architecture, the user profile is used only for finding
similar users and not for deriving from these data any
stereotypes used to model the system itself. System per-
sonalization is made by the users themselves, and we only
find appropriate consensus of these settings and deliver it
to the new users who belong to the same class.

3.2 User classification

User classification is a very well-known problem that has
been dealt with by many information retrieval special-
ists since early 1960’s [29]. Today, in the era of the e-
economy and of the development of Information Society,
this research is being continued [8, 18]. In e-business it is
very important to gather as much information as possible
about users, i.e. potential clients. The users’ data files
can be very large, so to extract some useful information
from them the methods of data mining are widely used.
Clustering is a central process in data mining [8]. As the
results of research in this field can be extremely valuable
for e-business, it is obvious that much of them will never
be published.
To classify users, we can use different types of user

data or usage data. Usage data for web-based systems
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may simply contain user’s browsing history, i.e., the list of
URL’s of visited documents. Usage data, however, could
also contain other more qualified actions, such as filling-in
different forms that are part of the pages, joining mail-
ing lists, purchasing any goods that are offered on the
Web, etc. One of the easiest forms to describe users can be
the URL’s of visited pages or keywords from these pages.
These data are then transferred into attribute-vectors
with real values. These could be simple binary vectors,
denoting the presence or absence of a specific feature in
the user profile or vectors with keyword frequencies in
visited pages [29]. These vectors can also contain other
data types from the user profile. They could be in numer-
ical form, such as age, in binary form, e.g., sex where 0
denotes male and 1 female (or opposite), but also in typ-
ical text form, e.g., education, address, etc. These types
of data can be transformed into binary values by using
modified attributes that denote attribute value pairs. It
is also possible to represent attribute values by means of
fuzzy values.
The process of user classification results in grouping

the heterogeneous set of users U = {u1, ..., un} into dis-
joint subsets of the set U by some measure of similarity
or distance. Finding an appropriate measure, as well as
a user’s representation, are key problems of user classi-
fication. The implementation of classification/clustering
methods is also essential. We can distinguish three major
types of clustering algorithms [8]: hierarchical, Euclidean
or similar metric space, and similarity matrix.
The most popular are those algorithms that belong to

the family of Euclidean or similar metric space clustering.
Their common property is that of delivering information
about each user from the setU in the form of an attribute-
vector, in which all the values are real numbers and for
which it is possible to distinguish a metric function to
measure the distance between them, i.e., the Euclidean
distance. Very popular among these measures is the co-
sine distance function [29]:

d(uj , uk) =

m∑
i=1

uj,i ∗uk,i√
m∑
i=1

(uj,i)
2
m∑
i=1

(uk,i)
2

, (1)

where uj and uk are vectors of real values ofm attributes
describing users j and k, respectively. However, it is also
possible to use some similarity functions instead of dis-
tance functions. Many different similarity functions can
be found, e.g., in [29]. The similarity function used in the
Dattola classification algorithm [6, 29] is shown below:

s(uj , uk) =
m∑
i=1

min(uk,i, uj,i) . (2)

The clustering optimization criteria can be described as
finding a partition of the set U into p disjoint subsets
Ci i= 1, . . . , p of users such that the distance among all

the members of each class – d(Ci) is minimal:

d(Ci) =
r∑
j=1

r∑
k=1

d(uj , uk) , (3)

where r =Card(Ci);
or the distance between all p classes as stated below is
maximal:

d(Up) =

p∑
i=1

i−1∑
j=1

d(Ci, Cj) , (4)

where

d(Ci, Cj) =
r∑
l=1

q∑
k=1

d(ul, uk) (5)

and r =Card(Ci), and q =Card(Cj).
It is obvious that one can build analogous criteria for

the similarity functions. As has been proved, the compu-
tational complexity of the problem of partitioning the set
U with n users into two classes is exponential with respect
to n. So, practically, other sub-optimal but more efficient
algorithms should be used. They are usually based on the
selection of some initial partition, as for example in the
Dattola method [6], presented below:

Start
In the beginning we divide the set U = {u1, . . . , un} of
n users into k initial classes: C1,1, C1,2, . . . , C1,k. For
all the classes we calculate the centroid. The centroid
of the class Cj is denoted as Oj = {oj,1, oj,2, . . . , oj,m},
where

oj,s =

{
0 if fj,s = 0 ,

b− rj,s otherwise ,
(6)

where b is a constant assumed priori.

fj,s =
∑
ui∈Cj

ui,s , (7)

rj,s = (1+max{fj,t : t= 1, 2, . . . ,m}−fj,s) . (8)

Then in t−1 iteration we have the partition Ct−1,1,
Ct−1,2, . . . , Ct−1,k, with adequate centroids Ot−1,1,
Ot−1,2, . . . , Ot−1,k. Let T be the threshold used to
construct new classes Ct,j , which is determined in the
following way:

Ct,j = {ai : s(ai, Ot−1,j)≥ T and

s(ai, Ot−1,j) = max{s(ai, Ot−1,l) (9)

for l = 1, 2, . . . , k}} .

All the user profiles that were not included into any
class should be inserted into the set Lt of isolated ob-
jects. A new centroid is determined as described above
if the following condition is fulfilled:∑
ai∈Ct,j

s(ai, Ot,j)>
∑
ai∈Ct,j

s(ai, Ot−1,j) , (10)
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Otherwise the centroid preserves its value (Ot,j =
Ot−1,j).
The iteration ends when for a particular t and all
j = 1, 2, . . . , k, Ot,j =Ot−1,j occurs. Then the objects
from the set of isolated objects Lt are treated as a sep-
arate class or joined to those classes to which they are
most similar.
End .

The type of partition that is presented in the Dattola
algorithm could be especially useful in classifying web-
based systems users. When a new user comes to use the
system, it is necessary to calculate only the similarity
values of the user and all the centroids. When we find
the class with the greatest similarity function value, we
add the user profile to this class and calculate the new
centroid for it as described in (6) and then we check the
condition described in (10). If it is true, we start the Dat-
tola classification algorithm with the given partition, cen-
troids and new greater set of users. Otherwise we leave the
partition as it is.

3.3 Compound usability measure

A key concept in HCI is usability, which focuses on mak-
ing interactive systems easy to learn and use [27]. Al-
though it is very important, this feature is very difficult to
measure. Usability is also a general quality concept used
in the international standard ISO 9241 (Part 11) [14],
in which it is defined in the following way: ‘Usability of
a product is the extent to which the product can be used by
specific users to achieve specific goals with effectiveness,
efficiency, and satisfaction in a specific context of use’.
Effectiveness expresses: ‘the accuracy and completeness
with which users achieve specified goals’, while efficiency
considers: ‘the resources expended in relation to the accu-
racy and completeness with which users achieve goals’ and
finally satisfaction reveals the user’s ‘comfort and accept-
ability of use’. We can see from its definition that usability
is a compound concept and, as a consequence, its measure
should reflect this.
Interface evaluation is not straightforward and could

not be measured by a simple function. Quite often differ-
ent empirical methods are used, but analytical methods
or combination of different methods are also applied. Us-
ability factors usually represent different users’ relations
with the interface, i.e., how the user interacts with it, the
related mental efforts, or the interface’s ergonomic at-
tributes. In most information systems, however, we must
consider also other parties than the users themselves, such
as system providers, ISP’s, content providers, and adver-
tising agencies that are also involved in the whole life-cycle
of the interactive system. So it is believed that the effi-
ciency of the system could be considered from very differ-
ent points of view. In the ISO definition of system usabil-
ity these objectives could be included in the effectiveness
part, in which the accuracy of completing the stated goals
is taken into account.We should remember, however, that

the objectives of these different parties could be contradic-
tory. For example, web portal users usually do not want to
see any advertisements, but the systemproviders live from
selling the advertisement placing.
Each web-based system could be built and maintained

for different reasons, mainly profit. A web portal can earn
money on advertisements, an Internet shop can sell dif-
ferent goods, or an Internet auction server can enable the
exchange of different goods between their users, and so
on. Each of these applications has different goals, and
hence different factors express the achievement of these
goals. Additionally, the goals of their users are different,
e.g., finding relevant information, finding desired goods to
buy, or selling their own items.
Usually, for web portals, the more time users spend

on browsing the portal pages the better because, in the
meantime, they have at least visual contact with adver-
tisements. So for such systems, the usability measures
should consider metrics such as the number of pages vis-
ited, the number of advertisements sent to the user, the
number of clicks on links presented on the advertise-
ments, the frequency of visits on the site, etc. Of course,
some of these metrics could be normalized by dividing
them by the total number of items.
Besides the system effectiveness, which reveals the

system’s achievement of different goals and objectives,
the efficiency is connected with resources spent, as well
as the completeness and accuracy of goal achievement.
For e-shops, the most important measure is the amount
of money spent by the user. There are, however, other
possible factors that should be considered in the usabil-
ity measures, such as the number of visits to the shop, the
number of visited pages, the number of goods that were
put into the basket, the speed of shopping, the utilization
of lists and retrieval mechanisms of goods, the purchase of
goods on special offer, etc.
For e-auction sites, like eBay, usually there is no

charge for browsing, bidding on or buying items, but
clients have to pay fees to list and sell items. Neverthe-
less, some start-ups in the field of e-auction business or
auctions that cooperate with web portals cannot charge
any fees. Usability measures of any on-line trading center
should consider the number of sold and bought items, the
number of bids made by the user, the number of auctions
the user took part in, the frequency of bids made by the
user, the number of items on sale, etc.
The last element of system usability, i.e., user satis-

faction, is the most subjective factor. The most popular
way for measuring its values is by asking the users, for
example by questionnaires. There are also some more ob-
jective forms of measuring users satisfaction, for example
by observing users behavior while they interact with the
system [14].
In our model of adaptive multimodal web-based sys-

tems, a single usability measure value is needed, but be-
cause of its complexity we need some compound measure.
An interesting example of a compound measure can be
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found in the area of the interface agents [5]. The utility
function is defined as follows:

Urequirements : ω
n×Rn×H→R , (11)

where for each previous action or event denoted as h ∈H,
ω ∈ [0, 1] is a weighting factor for each of n requirement
metrics R, and R is a set of real numbers. This meas-
ure could also be applied as a compound measure of the
system usability, where R metrics express values of ef-
fectiveness, efficiency, and user satisfaction in using the
system.

3.4 Adaptive user interface construction by means
of knowledge states reconciliation

The adaptive user interface construction functions like
many Internet-based systems in the client-server mode.
The client side, as the interface agents, is responsible for
the interaction with the user and communicates with the
server side not only for exchanging content information,
but also for exchanging data necessary for the interface
construction. The general schema for interface construc-
tion is quite simple. At every start of the interaction with
an interactive system, the agent checks whether there al-
ready exists an interface profile for that system, which is

Fig. 2. General architecture of the consensus based adaptive interfaces in multimodal web-based systems

efficient enough for the user making use of this particular
platform, which means the compound usability measure
value is above the specified threshold. If this condition
is satisfied, the interface is generated and presented to
the user. If it happens that a user is using the particu-
lar system on the particular platform for the first time, or
if prompted, the user agrees to modify the interface set-
tings, the user profile containing the platform settings is
sent to the server where the user is classified. Then the
server, applying consensus-based methods creates a new
interface profile for the given platform settings and sends
it back to the client (agent). Moreover, every user in-
teraction with the system is evaluated, by means of the
usability measures [14], and the evaluation results, to-
gether with any updates of the user profile made by the
users themselves, are sent to the server for further pro-
cessing. If there are too few interface profiles constructed
for a particular user, new ones are generated randomly
and presented to the new user. The schema is also shown
in Fig. 2, and the method of consensus-based interface
profile determination is presented in the following section.
The interface profile, as mentioned before, consists

of different parameters that are used in the particular
interface construction. For every system, as well as for
every platform, this process should be designed sepa-
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rately. Therefore, in this paper only some general ideas
concerning this matter can be presented. The potential
interface attributes that can be selected range from quite
simple ones, such as fonts, styles, colors and sizes, back-
ground colors or graphics, buttons in the form of icons
or text, to more complex ones, such as parameters of
sets of fonts (their correlation), interface templates (for
example, themes in Microsoft FrontPage), or styles of
button animation. These can also be more general pa-
rameters such as used metaphors, or attributes describing
information content and its hierarchy.
The method of consensus-based interface profile de-

termination is based on the following two assumptions:
first, it is possible to construct the distance function be-
tween all the values of each attribute, and second, the
adaptively constructed interface is consistent.

4 Consensus determination for interface profiles

The first applications of consensus methods can be found
in the social and sociological sciences. They have been
used for standardization and working out agreements in
solving conflicts [7]. A conflict is most often understood
as a situation in which at least two bodies have differ-
ent opinions on the same matter. Consensus methods
are particularly useful for systems in which uncertainty
of information is assumed, but decision making is nev-
ertheless required. Consensus theory concerns two very
distinct problems [2]. First, searching for a latent struc-
ture and reconciling disagreeing data. In this case, the
data versions are considered as reflecting (not necessarily
correctly) an unknown structure. The discards are due to
measurement problems, missing information, or errors in
evaluation criteria, or the heuristic nature of algorithms.
In the second case, the data versions differ from each
other because they are obtained in different ways (ob-
servations, experiments, etc.), and the proper version is
unknown. Up to now, in the related literature, all solved
consensus problems have been characterized by two ap-
proaches. The first concerns three properties: concrete
structures of data versions [3, 7, 19, 20], i.e., transitive ref-
erence relations, equivalence relations, n-trees , semilat-
tices, weak hierarchies, etc.; concrete distance (or similar-
ity) functions defined on the basis of the structures; and
concrete consensus choice functions. The most often used
consensus function is called the median, which minimizes
the sum of distances between the consensus and given
data versions [20]. The other approach refers to using ax-
ioms to determine the positions of elements in a ranking,
or to determine a class of consensus functions [26].
It is known that Bayesian networks are a good tool

for classification. A classification task using Bayesian net-
works is most often based on finding the classes them-
selves from a given set of unclassified objects. Once such
a set of classes has been found they can be the basis for
classifying new objects. However, to use this tool as a clas-

sification task one should have a procedure that enables
the conditional probabilities representing the degrees of
membership of objects in given classes to be determined.
If the consensus choice task formulated above was treated
as a classification task, then of course Bayesian networks
would be applied, but under the condition that the num-
ber of profiles forming the basis of the consensus choice is
large enough. The reason is that only in this case can the
probabilities be determined as credible. However, if the
number of the profiles is not large enough, then Bayesian
networks are not useful.
We can see that in all the approaches mentioned above

the structures of versions are omitted (abstract consen-
sus) or defined concretely (concrete consensus). If the
structures are defined, they are uniform in the sense that
the data versions are determined on the basis of the same
universe of elementary objects. For example, if partitions
(i.e., equivalence relations) are the structure of data ver-
sions, then all of them should be partitions of the same
set whose elements are indivisible. However, in the re-
lated literature there is a lack of attribute paradigm. It
means that the elements of the universe that is the basis
of the data versions considered for consensus choice are
not objects with varied features described by attributes,
but have only one feature. In this work we assume that
the data versions representing the conflicting content are
built by means of some universe of tuples representing po-
tential objects or events, etc. The tuples are represented
by a set of different attributes and their values, each of
which is a set of elementary values. In other words, we
use multi-valued attributes to represent data versions.
One should underline that the attribute paradigm is very
convenient for describing real world objects, and is very
often used. It even seems to be irreplaceable in database
models, from hierarchical to object-oriented ones, or in
knowledge representation.
The situation of inconsistency of interface agent pro-

files considered in this work can be treated as a conflict
because, for the same user class, the agents propose dif-
ferent instances for the interface profiles. Thus, we can
employ the consensus methods for solving the problem.
We will use multi-valued attributes for representing this
kind of conflict, and propose consensus choice algorithms
for determining consensus.

4.1 The model of consensus

4.1.1 Basic notions

We assume that a real world domain is described by
means of a finite set A of attributes and a set V of at-
tribute elementary values, where V =

⋃
a∈A Va (Va is the

domain of attribute a). Let
∏
(Va) denote the set of sub-

sets of set Va and
∏
(VB) =

⋃
b∈B

∏
(Vb) for any B ⊆A.

We accept the following assumption. For each attribute
its value is a set of elementary values from Va, thus it is
an element of set

∏
(Va). By an elementary value we mean
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a value which is not divisible in the system. Thus it is
a relative notion. One can assume, for example, that time
units, numbers, partitions, etc., are elementary.
We define the following notions: let B ⊆A, and let

a tuple of type B be a function r : B→
∏
(VB), where

(∀b ∈B)(r(b) ⊆ Vb). Instead of r(b) we will write rb, and
a tuple of type B will be written as rB . The set of all
tuples of type B is denoted by TY PE(B). A tuple is ele-
mentary if all attribute values are empty sets or 1-element
sets. The set of elementary tuples of type B is denoted by
E-TY PE(B). An empty tuple whose values are all empty
sets is denoted by the symbol φ. A partly empty tuple
with at least one empty value is denoted by the symbol θ.
A non-empty set R of tuples of type B is called a rela-
tion of type B, thus R ⊆ TY PE(B). A sum of 2 tuples
r and r′ of type B is a tuple r′′ of type B(r′′ = r∪ r′)
such that (∀b ∈ B)(r′′b = rb ∪ r

′
b). A product of 2 tuples

r and r′ of type B is also a tuple r′′ of type B(r′′ = r∩
r′) such that (∀b∈B)(r′′b = rb∩r

′
b). Let r, r

′ ∈ TY PE(B).
We say that tuple r is included in tuple r′ (that is r ≺ r′),
iff (∀b ∈B)(rb ⊆ r′b).

4.1.2 Definition of conflict system

We assume that a real world domain is commonly con-
sidered by agents that are placed in sites of a distributed
system. The subjects of agent interest consist of events
occurring in the world. The task of the agents is based
on determining the values of event attributes (an event
is described by an elementary tuple of some type). The
elements of the system defined below will describe this
situation [25].

Definition 1. A conflict system is a quadruple:

Conflict_Sys= (A,X ,P ,Z )

where:

• A – is a finite set of attributes, including a special at-
tribute Agent; each attribute a ∈A has a domain Va
(a non-empty and finite set of elementary values) such
that values of a form a subset of Va.; values of the
attribute Agent are 1-element sets, which identify the
agents.

• X – is a finite set of conflict carriers, X = {
∏
(Va) :

a ∈A}.
• P – is a finite set of relations on carriers fromX . Each
relation is of some type A (for A ∈A and Agent ∈A).

• Z – is a finite set of logic formulas for which the model
is a relation system (X ,P).

The purpose of Definition 1 relies on representing two
kinds of information, namely information about conflicts
in the distributed system, which require solving, and in-
formation needed for consensus determination.
In the conflict system, an event is described by an el-

ementary tuple of type B ⊆A\{Agent}. The values of
attributes represent the parameters of the event. For ex-

Table 1. An example tuple

Region Time Wind_Speed

r1 8 a.m. 10 m/s

ample, the tuple presented in Table 1 describes the event
“In region r1 at 8 a.m. the wind speed is 10m/s”.
Relations belonging to set P are classified in such

a way that each of them includes relations represent-
ing similar events. For identifying relations belonging
to a given group, the symbols “+” and “−” are used
as the upper index. If P is the name of a group, then
the relation P+ is called a positive relation (i.e., it con-
tains positive knowledge) and P− a negative relation
(i.e., it contains negative knowledge). If r ∈ P+, then
we have the following interpretation: in the opinion of
agent rAgent one or more events included in rA should
take place. If r ∈ P−, then we say that in the opin-
ion of agent rAgent none of the events included in rA
should take place. The same agent cannot simultaneously
state that the same event should take place and should
not take place, as the same event cannot be classified
by the same agent into positive and negative relations
simultaneously.

4.1.3 Conflict profiles

We define a conflict situation containing information
about a concrete conflict as follows:

Definition 2. A conflict situation is a pair 〈{P+, P−},
A→ B〉, where A,B ⊆A, A∩B �= φ and rA �= θ and
r′A �= θ for every tuples r ∈ P

+ and r′ ∈ P−.

According to the above definition, a conflict situation
consists of agents (conflict body) which appear in rela-
tions P+ and P− (conflict content) representing the pos-
itive and negative knowledge of agents referring to sub-
jects represented by set A of attributes. These relations
are the basis of consensus. Expression A→B means that
the agents do not agree when referring to combinations
of values of attributes from A with values of attributes
from B, and the purpose of the consensus choice is that
for a tuple type A at most one tuple of type B should be
assigned.
For a given situation s, we determine the set of agents

which take part in the conflict as follows:

Agent(s) = {a ∈ VAgent : (∃r ∈ P
+)(rAgent = {a})

∨ (∃r ∈ P−)(rAgent = {a})},

and the set of subject elements (or subjects for short) as
follows:

Subject(s) = {e ∈E−TY PE(A) : (e �= θ)

∧ [(∃r ∈ P+)(e≺ r)

∨ (∃r ∈ P−)(e≺ r)]}.
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The set Subject(s) then includes subject elements
that have been occupied by agents. For example, for
the situation 〈{Wind+,Wind−}, {Region} → {T ime,
Wind_Speed}〉 the subjects are the regions for which the
agents present their forecast for time and speed of the
wind. Now for each subject e ∈ Subject(s) let us deter-
mine sets with repetitions Profile(e)+ and Profile(e)−

which include the positive and negative knowledge of
agents on subject e, as follows:

Profile(e)+ = {rB∪{Agent} : (r ∈ P
+)∧ (e≺ rA)},

P rofile(e)− = {rB∪{Agent} : (r ∈ P
−)∧ (e≺ rA)}.

These sets are called positive and negative profiles of
a given conflict subject e.

4.1.4 Consensus definition and determination

Below we present the definition of consensus [25].

Definition 3. Consensus on subject e ∈ Subject(s) of
situation s = 〈{P+, P−}, A→ B〉 is a pair of two tuples
(C(s, e)+, C(s, e)−), where C(s, e)+, C(s, e)− ∈ TY PE
(A∪B) and the following conditions are fulfilled:

a) C(s, e)+A = C(s, e)
−
A = e,

b) C(s, e)+B ∩C(s, e)
−
B = φ,

c) Tuples C(s, e)+ and C(s, e)− fulfil logic formulas
from set Z ,

d) One or more of the following postulates are satisfied:

P1. C(s, e)+B ≺ ∪
r∈profile(e)+

rB and

C(s, e)−B ≺ ∪
r∈profile(e)−

rB .

P2. ∩
r∈profile(e)+

rB ≺ C(s, e)
+
B.

and
∩

r∈profile(e)−
rB ≺ C(s, e)

−
B .

P3. For s′ = 〈{P ′+, P ′−}, A→B〉 and
s′′ = 〈{P ′′+, P ′′−}, A→B〉

if C(s′, e)+B ∩C(s
′′, e)+B �= θ

then C(s, e)+B = C(s
′, e)+B ∩C(s

′′, e)+B
where s= s= 〈{P ′+∪P ′′+, P ′−∪P ′′−}, A→B〉.

P4. For s′ = 〈{P ′+, P ′−}, A→B〉 and
s′′ = 〈{P ′′+, P ′′−}, A→B〉

if C(s′, e)−B ∩C(s
′′, e)−B �= θ

then C(s, e)−B = C(s
′, e)−B ∩C(s

′′, e)−B
where s= 〈{P ′+∪P ′′+, P ′−∪P ′′−}, A→B〉.

P5. For x ∈ Profile(e)+ and xB �= C(s, e)
+
B there exists

a natural number n such that
x= C(s′, e)+B where s

′ is a situation with the same
subject A→B, in which
Profile′(e)+ = Profile(e)+∪{n∗x}.

P6. For x ∈ Profile(e)−, xB �= C(s, e)
−
B there exists

a natural number n such that

x= C(s′, e)−B where s
′ is a situation with the same

subject A→B, in which
Profile′(e)− = Profile(e)−∪{n∗x}.

Some remarks should be made about the above pos-
tulates. The first postulate states that the consensus
should be included in the sum of profile′ elements, that
is, the so-called knowledge closure. The second postu-
late requires knowledge consistency, meaning that the
common part of profile elements should be included
in the consensus. Postulates P3 and P4 are the Con-
dorcet consistency condition for choice. Postulates P5
and P6 state that if a tuple x is not a consensus of
a profile, then it should be a consensus of a new pro-
file including the old profile and a sufficient number of
tuples x.
The following theorem should enable a consensus sat-

isfying all postulates P1–P6 to be determined [25].

Theorem 1. If there is a defined distance function ϕ
between tuples of TY PE(B), then for a given subject e
of situation s= 〈{P+, P−}, A→B〉, tuples C(s, e)+ and
C(s, e)−, which satisfy conditions (a)–(c) of Definition 3
and minimize the expressions

∑
r∈profile(e)+

ϕ(rB , C(s, e)
+
B)

and
∑

r∈profile(e)−
ϕ(rB , C(s, e)

−
B), should create a consen-

sus satisfying all postulates P1–P6.

4.2 Consensus determination for user profiles

For our web-based information system we specify the pa-
rameters of the conflict system as follows:

• A= {Agent, System,Class,A1, A2, . . . , An},

where:

Agent represents interface agents,
Class represents classes of users, and
A = {A1, A2, . . . , An} is a set of attributes describing
the interface profiles for user service.

• P = {Profile+, P rofile−}, where
Profile+, P rofile− ⊆

∏
(VAgent) ×

∏
(VInterface) ×∏

(VClass)×
∏
(VA1)×

∏
(VA2)× . . .×

∏
(VAn).

We interpret a tuple of relation Profile+, for example,
〈Agent : a1, Class : c1, A1 : a1, A2 : a2, . . . , An : an〉 as fol-
lows: in the opinion of agent a1 the appropriate interface
profile for serving users from class c1 on the web-based
information system should be the tuple 〈A1 : a1, A2 :
a2, . . . , An : an〉. A tuple 〈Agent : a2, Class : c1, A1 :
a′1, A2 : a

′
2, . . . , An : a

′
n〉 belonging to relation Profile

−

means that according to agent a2, for users from class c1
the profile 〈A1 : a′1, A2 : a

′
2, . . . , An : a

′
n〉 has unacceptable

usability.

• Z : Logical formulas representing conditions that have
to be satisfied by the tuples belonging to the relations
from P .
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A conflict situation is then defined as follows:

s= ({Profile+, P rofile−}, {Class}

→ {A1, A2, . . . , An}).

The set {Profile+, P rofile−} is then the basis of con-
sensus, the set of attribute {Class} represents the con-
sensus subject, and set {A1, A2, . . . , An} describes the
content of consensus. Methods for consensus determin-
ation are provided by the algorithms described in the next
subsection.

4.3 Algorithms for consensus determination

All algorithms briefly presented below are reported in the
Appendix.

4.3.1 Algorithm for number intervals

The idea of the first algorithm is that, for given intervals,
the consensus interval must be a sub-interval of the min-
imal interval, which contains the given intervals. First,
the minimal interval is calculated (Step 2). Next, each
sub-interval of the minimal interval is checked and is de-
termined to be the consensus if it minimizes the sum of
the distances (Steps 3 and 4). The distance function be-
tween number intervals is defined as follows [24]:

∂1(i, i
′) =

{
|i∗− i′∗|+ |i∗− i′∗| for i∩ i′ �=∅ ,

max{i∗, i′∗}−min{i∗, i′∗}+1 for i∩ i′ =∅ .

4.3.2 Algorithm for rankings

The idea of this algorithm relies on the following steps:

– Transformation rankings (as binary relations on some
set) to binary matrices A(k) as the input of the algo-
rithm.
– The calculation of the sum of weights for each pair of
elements so as to order them in the consensus ranking
(matrixB).
– The transformation of matrixB into ranking E .

4.3.3 Algorithm for sets of values

The idea of this algorithm relies on accounting for the
number of occurrences of each element in the given sets. If
the count is bigger or equal to half of the given sets, then
the element should appear in the consensus.

5 An example

Let us return to the situation described in the introduc-
tion. We considered a manager who was planning to take
part in a conference. As was described, in order to be
prepared for this conference he had to use several multi-

modal web-based information systems. So let us consider
one of them, namely the information system S of the city
that hosts the conference. There are many different things
that can be of special interest to city visitors and inhab-
itants, for example, public transportation, museums, ho-
tels, cinemas, shopping centers, boutiques, etc. Different
users can be interested in different information. For ex-
ample, younger visitors could be interested in information
on discos, whereas older users could be interested luxuri-
ous restaurants.
We assume that system S has already been used by

a large number of users who have made some system
settings in the process of personalization. These settings
have been stored by their agents and evaluated to be
appropriate (included in Profile+) or inappropriate (in-
cluded in Profile−) for their users. The system settings
that consist of the interface parameters and the infor-
mation content can be described by the set of attributes
A and their values. The overall interface template, the
number of text columns or the window size, as well as in-
formation topics, described in Sects. 2 and 3.3, can serve
as typical elements of the setA. So the conflict system can
be defined as follows:

• A = {Agent, Class,Window_size, Sound_volume,
Number_of_col., T emplate, T opics}

• X = {
∏
(VAgent),

∏
(VClass),

∏
(VWindow_size),∏

(VSound_volume),
∏
(VNumber_of_col.),

∏
(VTemplate),∏

(VTopics)}, where VAgent = {a1, . . . , a8}; VClass =
{c1, c2}; VWindow_size = {240 × 320, 640 × 480,
800 × 600, 1024 × 768}; VSound_volume = [0, 1];
VNumber_of_col. = {1, 2, 3}; VTemplate = {classical,
normal,modern, vanguard}, VTopics = {restaurants,
boutiques, shoppingcenters, publictransport, discos,
cafes,museums, hotels}.

• P = {Profile+, P rofile−}, where relations Profile+

and Profile− are presented in Tables 2 and 3.
• Z = {(Window_size=240×320)⇒(Number_of_col.
=1); (Template= classical)⇒(Sound_volume= 0)}.

For situation s = 〈{Profile+, P rofile−}, Class→
{Window_Size, Sound_volume, Number_of_col.,
Template, Topics}〉 the set of subject is Subject(s) =
{〈Class : c1〉, 〈Class : c2〉} and the profiles are presented
in Tables 4–7.
The distance functions between tuples of the above

relations are defined as follows. We assume that in sets
VWindow_size, VNumber_of_col., and VTemplate it is pos-
sible to define the following linear orders 〈240× 320,
640×480, 800×600, 1024×768〉, 〈1, 2, 3〉, and 〈classical,
normal,modern, vanguard〉, respectively. Thus, the dis-
tance between two values of one of the above sets may be
determined as the difference between their positions in
the order. For measuring distances between values of set
VSound_volume one may use the Euclidean metric. Lastly,
values of the attribute Topics in the above relations are
subsets of set VTemplate. Thus the distance of these sets is
defined as the cardinality of their symmetrical difference.
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Table 2. Relation Profile+

Agent Class Window_size Sound_volume Number_of_col. Template Topics

a1 c1 240×320 0 1 classical {restaurants, museums, hotels}
a2 c2 800×600 0.3 2 normal {boutiques, cafes, galleries, museums}
a3 c1 240×320 0.7 1 normal {public transport, museums, cafes, boutiques}
a4 c2 1024×768 0.4 3 vanguard {shopping centers, cafes, discos, museums}
a5 c2 1024×768 0.4 3 vanguard {boutiques, shopping centers, galleries, museums}
a6 c1 240×320 0.8 3 normal {pubs, museums, cafes}

Table 3. Relation Profile−

Agent Class Window_size Sound_volume Number_of_col. Template Topics

a2 c1 640×480 0 1 classical {hotels, discos, galleries, museums}
a5 c2 640×480 0.3 1 vanguard {public transport, museums, cafes, shopping centers}
a6 c1 800×600 0.7 2 vanguard {shopping centers, museums, hotels}
a7 c2 240×320 0 1 normal {boutiques, cafes, crème, museums}
a8 c1 640×480 0.6 2 modern {shopping centers, cafes, discos, museums}
a3 c2 240×320 0.2 1 modern {boutiques, cafes, shopping centers, hotels}

Table 4. Relation Profile(c1)+

Agent Window_size Sound_volume Number_of_col. Template Topics

a1 240×320 0 1 classical {restaurants, museums, hotels}
a3 240×320 0.7 1 normal {public transport, museums, cafes, boutiques}
a6 240×320 0.8 3 normal {public transport, museums, cafes}

Table 5. Relation Profile(c1)−

Agent Window_size Sound_volume Number_of_col. Template Topics

a2 640×480 0 1 classical {hotels, discos, galleries, museums}
a6 800×600 0.7 2 vanguard {shopping centers, museums, hotels}
a8 640×480 0.6 2 modern {shopping centers, cafes, discos, museums}

Table 6. Relation Profile(c2)+

Agent Window_size Sound_volume Number_of_col. Template Topics

a2 800×600 0.3 2 normal {boutiques, cafes, galleries, museums}
a4 1024×768 0.4 3 vanguard {shopping centers, cafes, discos, museums}
a5 1024×768 0.4 3 vanguard {boutiques, shopping centers, galleries, museums}

Table 7. Relation Profile(c2)−

Agent Window_size Sound_volume Number_of_col. Template Topics

a5 640×480 0.3 1 vanguard {public transport, museums, cafes, shopping centers}
a7 240×320 0 1 normal {boutiques, cafes, galleries, museums}
a3 240×320 0.2 1 modern {boutiques, cafes, shopping centers, hotels}

The distance between two tuples belonging to the above
relations is defined as the sum of distances between values
of corresponding attributes.
In this way the consensus satisfying postulatesP1–P6

can be determined (Table 8).

In the consensus the values of attributes Window_
size, Number_of_col., and Template are determined
by Algorithm 2, values of attribute Sound_volume by
Algorithm 1, and values of attributes Topics by
Algorithm 3.
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Table 8. The consensus

Consensus Window_size Sound_volume Number_of_col. Template Topics

C(s, a1)
+ 240×320 0.7 1 normal {public transport, museums, cafes}

C(s, a1)
− 640×480 0.6 2 modern {shopping centers, discos, hotels}

C(s, a2)
+ 1024×768 0.4 3 vanguard {boutiques, galleries, shopping centers}

C(s, a2)
− 240×320 0.2 1 modern {museums, cafes}

We interpret the first tuple of the consensus as the
best profile for the service for users from class a1; the sec-
ond tuple can be interpreted as the profile that should not
be used for users from class a1. For the third and fourth
tuples the interpretation is similar. One can see that the
conditions of Definition 3 and formulas from set Z are
satisfied by the consensus.

6 Conclusions

Adaptive user interfaces are becoming more and more
popular among different web-based information services.
The ever growing complexity of such systems, as well
as the growing number of users, along with the limited
user knowledge in using each particular system, bring
about requirements for elaborating design solutions that
enable systems to adapt to user needs, preferences and
the system platforms used. Most of the solutions com-
monly applied are commercial ones and quite often their
methodologies are rather confidential. In this paper we
have presented a complete general methodology for con-
structing adaptive user interfaces for multimodal web-
based systems. More precise procedures, however, can
be developed and applied only for a particular system
application.
Thepotential application of themethodpresentedhere

is quite promising. We hope that in the near future we
will be able to evaluate this method by implementing it in
a running application. The application shown in our ex-
ample, i.e., the conference portal, is one of the candidates.
At present we are working on different adaptive web-

based applications. One is a conference information sys-
tem to be used for a national conference on multimedia
and web-based applications, as well as other conferences
organized by our University. For the interface construc-
tion we are using mainly Flash, but also other technolo-
gies, such as XML,WAP, and ASP. The potential users of
that system are quite differentiated but cannot be easily
defined. They have different sexes, ages, positions (from
students to full professors), and educational backgrounds
(e.g., computer and information scientists, electronics,
and librarians). They are, however, difficult to classify
manually. Many of the conference participants also took
part in past conferences, so their papers can be used for
extracting data. Based on the keywords from their past
papers, as well as abstracts and full texts from current pa-
pers, we can compose their profiles. The final efficiency of

the system could be evaluated by filling in questionnaires
during or after the conference.
The system will be accessed from PC platforms, but

in the future handhelds with GPRS-based Internet access
or UMTS platforms can also be considered. This will be
possible since Flash, the selected technology for interface
implementation, can also be used on many different plat-
forms such as PC’s, information kiosks on the conference
site, and handhelds.
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Appendix

Algorithm 1
Given: Set J (with repetitions) of n number intervals,
J = (ij |ij ∈ I, j = 1, 2, . . . , n), and distance function ∂1.

Result: Consensus i = (i∗, i
∗) satisfying postulates

P1–P6.

Program

BEGIN
If n= 1 then set i= i1 and go to END else
Create interval i′ = (i′∗, i

′∗) such that
i′∗ =min{ij∗|ij = (ij∗, i

∗
j ) ∈ J} and

i′
∗
=max{i∗j |ij = (i

∗
j , i
∗
j ) ∈ J};

Set S =
∑
l∈J ∂1(i

′, l)/∗ serving to determine such i
that the sum

∑
l∈J ∂1(i, l) is minimal ∗/

For k∗ = i
′
∗ to i

′∗ do
For k∗ = k∗ to i

′∗ do
Begin
Create interval k = (k∗, k

∗);
Calculate D1(k) =

∑
l∈J ∂1(k, l);

If D1(k)< S then set i= k and S =D1(k);
End;

END.

Algorithm 2.
Given:

• m binary matrices A(k) (for k = 1, . . . ,m) of dimen-
sion n×n representing rankings of n values.

• MatrixW of dimension 1×m representing the weights
of the interfaces, the values of which belong to the in-
terval [0,1].

Result: MatrixC of dimension 1×n representing consen-
sus satisfying postulates P1–P6.

Program

Var
B : array[1..n, 1..n] of real;
E : array[1..n] of {0,1};
BEGIN

For i := 1 to n do for j := 1 to n do B [i, j] := 0;
For l := 1 tom do
For i := 1 to n do
For j := 1 to n do
B [i, j] :=B [i, j]+A(l)[i, j]∗W [l];
For i := 1 to n do
For j := 1 to n do
Begin
If B [i, j]< (m/2) then B [i, j] := 0;
If B [i, j]≥ (m/2) then B [i, j] := 1;
End;
For i := 1 to n do E [i] := 0;
For i := 1 to n do
Begin
k := 0;
For j := 1 to n do k := k+B [i, j];
k := n−k+1;
If E [k] = 0 then E [k] := i
Else
Begin
l := k+1;
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While E [l]> 0 do l := l+1;
E [l] := i;
End;
End;

C :=E
END.

Algorithm 3.
Given: Collection K of k subsets sj of a finite set X =
{x1, x2, . . . , xn}
Result: Consensus s∗ satisfying postulates P1–P6.

Program

BEGIN
s∗ :=∅;
For i := 1 to n do
Begin
Determine Occ(i) as the number of
occurrences of element xi in the sets
of collectionK;
If Occ(i)≥ n/2 then s∗ := s∗∪{xi}
End;

END.


