Information Sciences and Technologies
Bulletin of the ACM Slovakia

March 2011
Volume 3, Number 1

J. Kadlec

Code Characterization for Automated User Interface
Creation

M. Španìl

Delaunay-based Vector Segmentation of Volumetric
Medical Images

K. A. Lázár

A Formal Language Theoretic Approach to
SSelf–Organizing Networks

21

J. Tvarožek

Bootstrapping a Socially Intelligent Tutoring

33

1
9

M. Tvarožek Exploratory Search in the Adaptive Social Semantic Web

42

M. Barla

Towards Social-based User Modeling and Personalization

52

P. Bartalos

Effective Automatic Dynamic Semantic Web Service
Composition

61

R. Dobai

Test Generation for Asynchronous Sequential Digital
Circuits

73

continued on back cover

Aim and Scope of the Information Sciences and
Technologies Bulletin of the ACM Slovakia

ACM Slovakia offers a forum for rapid dissemination
of research results in the area of computing/informatics
and more broadly of information and communication sciences and technologies. It is primarily a web based bulletin publishing results of dissertations submitted at any
university in Slovakia or elsewhere, perhaps also results
of outstanding master theses. Besides that, conferences
that meet bulletin’s expectations with regard to scientific rigor are invited to consider publishing their papers
in the bulletin in form of special issues. Besides the web
version of the bulletin, a paper version is available, too.
The Bulletin aims:
• To advance and to increase knowledge and interest in the science, design, development, construction, languages, management and applications of
modern computing a.k.a. informatics, and more
broadly of information and communication sciences
and technologies.
• To facilitate a communication between persons having an interest in information and communication
sciences and technologies by providing a forum for
rapid dissemination of scholarly articles.
Scope of the Bulletin is:
• original research in an area within the broader family of information sciences and technologies, with
a particular focus on computer science, computer
engineering, software engineering and information
systems, and also other similarly well established
fields such as artificial intelligence or information
science.
Types of contributions:
• Extended abstracts of doctoral dissertations.
This is the primary type of article in the Bulletin.
It presents main contributions of the dissertation in
form of a journal paper together with separate section with list of published works of the author. In
Slovakia and the Czech Republic, it corresponds to
typical length of so called autoreferat. In fact, it is
envisaged that publishing the extended abstract in
the Bulletin makes autoreferat obsolete and eventually can replace it completely. It should be noted
that by publishing it in the Bulletin, the extended
abstract will receive a much wider dissemination.
Exceptionally, at the discretion of the Editorial
Board, the Bulletin may accept extended abstracts
of other than doctoral theses, e.g. Master theses,
when research results reported are sufficiently worthy of publishing in this forum. Rules and procedures of publishing are similar.
• Conference papers. The Bulletin offers organizers of interesting scientific events in some area
within the scope of the Bulletin to consider publishing papers of the Conference in the Bulletin as

its special issue. Any such proposal will be subject
of discussion with the Editorial Board which will
ultimately decide. From the scientific merit point
of view, method of peer reviewing, acceptance ratio
etc. are issues that will be raised in the discussion.
Besides that the Bulletin may include other types of contributions that will contribute to fulfilling its aims, so
that it best serves the professional community in the area
of information and communication sciences and technologies.

Editorial Board
Editor in Chief
Pavol Návrat
Slovak University of Technology in Bratislava, Slovakia
Associate Editor in Chief
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Tomáš Hruška
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Abstract
Automatic generation of the user interface can simplify
development of the computer applications. It can help in
the development for various target platforms or in simpler
testing and algorithm debugging as the user interface can
be created for the actual code and platform taking into
account many properties. Process of the automatic generation of the user interface can be supported by the data
and code characterization. In this article, an innovative
approach using the data and code characterization is presented. The characterization taxonomy, the mechanisms,
and algorithms describing how the data and code characteristics are loaded, the way how objects are transformed
into abstract and specific user interface elements, and the
process of finalizing user interface is briefly described. As
an example, simple media player is described in every step
of the user interface generation process.

Categories and Subject Descriptors
H.5.2 [User Interfaces]: Automatic creation; D.2.0 [Software Engineering]: Source code characterization

Keywords
user interface, data characterization, code characterization, automated user interface creation

1. Introduction
Creation of user interfaces in various applications is getting more and more complicated. Users request high quality user interfaces and complex applications that are user
friendly. Users also expect to have same applications on
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various devices such as phones, PDAs, notebooks and
others. Creation of interface of application that can be
portable between various platforms is very difficult, leading in creation of multiple user interfaces which are based
on expected device’s capabilities and features. Creation
of such user interfaces is problematic, leading to increased
time of application development. That is why a concept
of automatic generation of user interfaces was developed.
Automatic user interface generation systems promise to
simplify an application programmer’s design tasks by providing a set of design rules [3] and effectiveness criteria
[11]. To establish these criteria, it is necessary to understand which of the properties of the information to be
visualized are related to user interface design and how
they are related. This task is called data characterization
[19, 21]. With flexible data characterization it is possible
to create automatic presentation systems. These however
do not allow creation of rich user interfaces. To create
rich user interface with possibilities of various operations
over the characterized data, a code characterization is required.
With complete data and code characterization, application programmer is able to describe application code that
will be used for automatic user interface generation [7].
Because automatic user interface generation is very complex process requiring artificial intelligence, current user
interface management systems are using designer made
user interfaces [4, 8, 13]. Such user interface management
systems benefit from current code which is independent
on user interface which can be simply modified for use
with various devices having different presenting capabilities. Also code can be modified independently from user
interface design or its components which increases maintainability of application.

2.

2.1

Previous Work

Characterization

First data characterization taxonomy was proposed by
Mackinlay [11] who was using data properties to guide
automatic design of visual presentations. The taxonomy
was primarily designed for quantitative data. This taxonomy was later extended by Roth and Matis [19] to
address more complex quantitative data. Arens, Hovy
and Vossers [2] developed a vocabulary that was able
to describe multimedia information. Wahrend and Levis
[20] introduced partitioning of data into several categories
such as shape and structure. Zhou and Feiner [21] restructured taxonomy into six domains, introducing data role
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and data sense. While data role characterized data based
on user information seeking goals, data sense represented
user interpretation preferences.

2.2

Generating of User Interface

Number of the systems exists from 1980’s that use various techniques for generating of user interface. A level
of automation provided by these systems varies from the
programming abstraction (e.g. UIML [1]) to design tools
(e.g. ProcSee [18]), through the mixed systems requiring
partial assistance from user interface designer (TERESA
[16]). Such systems that provide some mechanisms to automatically generate user interface often use simple rulebased approach where every type is matched to the specific user interface element (e.g. UBI [14]). Some systems
rely on the type-based declarative model of the information exchanged through the user interface called Abstract
User Interface [17]. In many cases, a user interface was
specified explicitly (e.g. UIML) or inferred from a code
[7]. Some systems include additional information about a
high level task or dialogue model (e.g. ConcurTaskTrees
[15]) or the task models [5]. Other systems generate the
user interface using constraint satisfaction and optimization (e.g. Supple [6]).

3. Thesis Objectives
The main objective of this thesis is to define approach for
automated user interface generation that would be simple
to use and allow automated creation of user interface for
various platforms.

4. Code Characterization
Code characteristic is expressed using annotation tags
that are divided into five dimensions: command category, command attribute, command parameter, command
sense and event. Command category represents a set of
operations or commands that can be executed with the
object. Command attribute defines basic properties of the
operations and defines various usage options. Command
parameter describes properties and options for command
parameters. Command sense distinguishes how should
be commands treated. Events define optional reactions of
user interface on internal object changes. Code characterization is proposed for object-oriented environment and
that is why each piece of information is supposed to be
object. Each object belongs to data domain and has data
type as defined for data characterization in [21] which
was slightly modified and extended to support code characterization presented here. Each data characterized object can define public methods that can be characterized
using code characterization. Because of object-oriented
environment, every inherited object inherits public data
and methods including data and code characterization.
Because taxonomy for data and code characterization is
flexible, new types of methods or relations can be easily
added to the taxonomy. Following subsections describe
code characterization taxonomy in more detail.

4.1

Command Category

Command category defines set of operations or commands
that can be executed on the object. A typical example of
command category can be set of methods that allow playing, stopping, pausing of recorded data (might be audio or
video playback, or any other data that object can replay
or record). Set of such commands have usually default
symbolic representation and users are used to this concept

from real world or other applications. Command categories can be easily defined in XML format and extend
existing set of categories. Categories can be represented
in user interface using concept of Smart-Templates [12]
which contain information about default symbolic representation and also default user interface design. Because
object can be of various categories, multiple categories
can be defined for single object. Following categories are
basic for most applications and should always be implemented.

4.1.1 Collection
Collection contains methods for adding, removing and selecting items contained in object. With this category it is
possible to create various objects that act like collections
of various data with possible multi-selections and other
functions. Add or Remove methods can add or remove
objects of various types and do necessary checking before
added or removed object is processed. This functionality
was almost impossible with data characterization only.

4.1.2 Storage
Storage defines methods for saving, opening, and creation
of contents. Methods are usually represented by common
symbols (e.g. save by diskette icon) and are very important in applications that want to add functionality of
creation of new objects and their saving or loading.

4.1.3 Navigation
Methods in navigation are most usually used for moving
of cursor in collections. Navigation defines actions for
previous or next item, first or last item. Navigation can be
defined separately from collection, because it can control
cursors in various collections at once. A typical example
is media player with playlists: user can select one playlist
and let play next media file from selected playlist.

4.1.4 Media Player
This category defines methods for start (play), stop and
pause of playback. This methods are usually represented
by standard symbols and should be always implemented
in default order.

4.1.5 Clipboard
Clipboard is widely used technique for data copying and
moving. Clipboard category describes methods that can
be used for this purpose and that is why user interface can
offer this functionality to user. Typical clipboard methods
are copy, paste and cut, storing selected data to clipboard
for other applications that may use them.

4.1.6 Draggable
Object with method that belongs to draggable category
informs that object can be dragged. When object can be
dragged, user interface allows user to drag certain objects
to another objects. Altough object can be data characterized to be draggable, it is missing method that could
process the drag request. This method now can be characterized using code characterization.

4.1.7 Droppable
Object containing methods with droppable category contain logic of checking whether dragged object can be
dropped and acquiring dropped object. Because drag
and drop operations require some logic that cannot be
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achieved by data characterization, draggable and droppable categories are needed.

4.2

Command Attribute

Attributes express various information about methods
that are implemented by the objects. Although it might
seem that information according to each of the method are
very different, they have quite lots of common attributes
that need to be defined for proper creation of user interface. If some object implements a method that should be
visible in user interface, basic attributes such as name,
description, or importance should be defined.

4.2.1

Name

Name attribute contains name of the method that should
be presented to user in user interface. Name is not required for methods that already have its category, because
it already has name attribute. Name attribute can also
be specified in multiple languages so that user can choose
which of the languages he prefers.

4.2.2

Description

Description describes method and acts like a tip for the
user. When user wants to call certain command from
menu or from other part of user interface, system can
display or play short help for the command based on the
capabilities of the device or user preferences.

4.2.3

Importance

Some commands are more important than others. It is
good practice to make such commands more accessible. In
graphical user interfaces, important commands are placed
to toolbars or tool strips so that user can easily access
them. Importance attribute represents how important
some commands are and whether it should be somehow
highlighted or placed in user interface to a location where
it is easily accessible.

3

parameters are basic parameters that are important for
proper calling of selected method. An example can be
drawing to image. Method that can draw a line has three
main parameters: color, starting point and ending point.
User interface based on parameter characterization knows
that form, which is displaying the image, has a color
palette to which is related color in draw line method. User
interface will not require user to specify this parameter
manually and take the value from the color palette. Because points are data characterized and related to image,
user interface knows that the location should be taken
from the displayed image and when user selects draw line
command, user interface expects user to select two points
in the area. After both points are selected, command is
executed. Following parameters are important for proper
parameter characterization.

4.3.1 Name
Describes name of the parameter and is similar to name
in command attribute. Name is not always required but
is very important in user interfaces that are not based on
visual interfaces (e.g. for blind people).

4.3.2 Description
Description acts as a tip for the parameter. It is also
similar to description in command attribute.

4.3.3 Relation
Relation is important for the parameters because it describes relation between parameter and another object in
environment. When relation is specified, user interface
automatically takes result of relation as input for the parameter. An example is color from color palette. Drawing
methods require color which is taken from color palette
automatically.

4.3.4 Default value

Representation defines a symbol that represents certain
commands. Representation is especially important for
commands that have high importance. Representation
can be defined as icon or image. For commands that belong to a category is representation most usually defined
in category definition file. In this case, another definition
of representation overrides default representation.

Some parameters, most usually quantitative, require certain value. Although user can change the value, sometimes it is more convenient to show user some kind of
default value that can be used for the command too. An
example is number of passes of some computational task.
Although user can specify much greater value, algorithm
can have good results in five passes. Maximum and minimum values are boundaries which can be specified in data
characterization for the parameter data type [21].

4.2.5

4.4

4.2.4

Representation

Dependence

Every method in the code has some dependencies that
must be satisfied before the code is executed. This is most
usually checked by developer programming user interface.
In automatic user interface generation, user interface has
to know when is command enabled or disabled. So dependence expresses conditions which have to be satisfied to
allow execution of selected command. Dependence is very
important because without proper dependence checking,
user can have access to unavailable commands. An example can be playing of media file although there is no
media file open.

4.3

Command Parameter

Almost every implemented method has some parameters.
Parameters init method and method most usually works
with available parameters or internal variables. That is
why its characterization is very important. Following

Command Sense

Sense helps to distinguish how are methods executed. By
default, user selects command, user interface asks for parameters and method is executed with all specified parameters. Such default sense is called command. When
tool sense is specified, user interface runs method again
and again as long as the command in context is selected.
Typical example is selecting some tool - e.g. a draw line
tool - from toolbox. As long as user keeps up with specifying points in the image or as long as the tool is selected,
user interface calls draw line command repeatedly and
user draws lines. Command and tool sense cover most of
the types of method executions and that is why various
types of user interfaces can be generated.
For some objects there also exists default action that can
be executed whenever user selects the object and launches
default action. In graphical user interfaces this is most
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usually done by double-clicking. For blind users, there is
usually voice command run or open. In this case, it is
possible to specify which command is default and should
be used in such cases.

4.5

Event

Events represent a mechanism that informs user interface
or application code that there have been some changes
in the data from the user or from the application code.
Although various approaches exist for implementing such
behavior using callbacks [10], TAPS [3] or ORB [13], event
mechanism is very simple and works well for duplex communication. Base event, that should be implemented for
every object is changed. Such event should be executed
always when application code changes data of certain object. Because user interface cannot detect changes in data
without having checked every available public property,
signaling data change using change event is significant to
increase performance of application. For data, that have
data characterization with high dynamic transience [21],
user interface can check its state very often and optimize
the performance. Event mechanism can be used for static
data or data with low dynamic transience.
Because user interface set the data that are changed in
user interface immediately to the object’s properties, it
is not necessary to inform object about changes in public
data. However for languages that do not support concept
of properties (e.g. C++) it is necessary to implement
set method that should be characterized by userChanged.
This event contains also definition for what data is event
designed so that user interface can react correctly when
user changes any data.

5. Generating User Interface
The approach is based on data and code characterization
described above and is combining rule-based concept for
the interface abstraction from the characterized code and
constraint satisfaction and optimization for choosing interface objects. General description of this approach was
presented in [9].
The first step based on the approach is the code characterization. The characterized code is analyzed and the
user interface is automatically created from the analysis,
considering the properties of the platform, device, user
preferences, and the user context. The next step is a rulebased creation of the user interface abstraction using the
abstract interface objects. Then, the abstract interface
objects are converted to the specific interface objects using the optimization and constraint satisfaction. Finally,
the user interface is instantiated. Individual steps of the
approach will be demonstrated on a ”simple media player”
example.

5.1

Data and Code Characterization

The first step in the approach is the characterization of
both the data and code. The data and code characterization is a process of annotation of the data and code with
a special tags described above carrying important information for the future user interface generation process.
The characterization can be stored in a separate file or
a directly in the source files (see listing 1) and compiled
and linked to the library or assembly.

Figure 1: Code characterization taxonomy.
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Listing 1: Example of a characterized code in C#
[ DataType ( Atomic ) ]
[ DataDomain ( Measurement , ”Time ” ) ]
[ D a t a C o n t i n u i t y ( Continuous ) ]
[ D a t a T r a n s i e n c e ( Dynamic ) ]
[ DataImportance ( 0 ) ]
[ CodeName ( ”Time L i n e ”) ]
[ CodeDependence ( ” I s M e d i a f i l e O p e n e d ”) ]
[ ParameterRange ( 0 , 0 ) ]
p u b l i c ulong CurrentPosition { get ; s e t ; }

Listing 2: Creation of characterization tree
1
2
3
4
5
6
7
8
9
10
11

5.1.1

Example

A possible characterization of selected data and code will
be demonstrated on a simple media player. Media player
consists of a playlist with media files to play, play, pause,
stop, next, and previous buttons, and a timeline to see
and jump into selected part of media file. Media player
also has functions allowing adding of media files and directories and removal of selected items from the playlist
or clearing the list.
Method AddMediaFile(string mediaFile) can be code characterized by Category(Collection(Add, playlist)) so that
method is add method for the playlist and user interface can group this list with this command together. Attribute(Name(”Add media file”)) describes name to present
to the user, Attribute(Description(”Adds selected media
file to playlist.”)) is a tooltip for the user, Attribute(
Importance(High)) to have the control quickly available.
Representation remains the same as specified in category
and there is no dependence for the addition of a media file. Parameter(mediaFile, Name(”Media File”)) defines name of parameter, data characterization consist at
least of type(Atomic) because path to file is not divisible, domain(Entity(Path(”*.mp3”)) defines that string is
a path that should be specified by the user. With this
data and code characterization, user interface will show
user a default exploring window and allows selection of
files with .mp3 extension. AddMediaFile method loads
files that were selected by the user from explorer window and launches event OnPlaylistChanged which is characterized as Event(OnChanged(playlist)). This will let
user interface update contents of the list. Method that
would allow addition of whole directory can be characterized alike except that mask for the Path will be different.
Play method that starts playing of selected item in the
list will be of Category(MediaPlayer(Play)) so there is
no need for name, description or representation specification as it is already done in the category. Play is dependent ona method that checks if list contains any items
- Attribute(Dependency(IsSelectedItem)). When object
changes, this method must be reevaluated to enable or
disable the Play command. When user adds items to the
list using the Add media file command, the Play button
and other buttons that are dependent on IsSelectedItem
will be available and user can start playing media files in
the list.

12
13
14
15
16
17

Loading Code Characteristics

After the code and data characterization is done, the data
and code characteristics should be loaded into a characterization tree. The characterization tree reflects well the
structure of the data types and their properties and can
be used for the creation of the abstract interface objects.
A process of the creation of the characterization tree is
shown in listing 2.

L o a d C h a r a c t e r i s t i c s ( t r e e , dataType )
{
i n s t a n c e = new C h a r a c t e r i s t i c s ( ) ;
P a r s e C h a r a c t e r i s t i c s ( i n s t a n c e , dataType ) ;
f o r e a c h ( v a r i a b l e i n dataType )
{
v=L o a d C h a r a c t e r i s t i c s ( v a r i a b l e , i n s t a n c e ) ;
i n s t a n c e . Data . Add( v ) ;
}
f o r e a c h ( method i n dataType )
{
m = L o a d C h a r a c t e r i s t i c s ( method , i n s t a n c e ) ;
m. Params = ParseParams ( method ) ;
i n s t a n c e . Code . Add(m) ;
}
tree . Insert ( instance ) ;
}

First, an instance of the structure holding the characterization data is created (3). Second, attributes are parsed
and stored in the structure (4).
Next, every variable is parsed recursively (7). If the variable has already been parsed, a reference to the node is
saved. Similarly, for the methods, every method is parsed
(12) including its parameters and stored in the tree (16).
The resulting characterization tree of the media player is
shown in the figure 2.

5.3

Creating Abstract Interface Objects

The Abstract Interface Objects (AIOs) are used to represent a user interface structure. They do not represent
specific user interface elements but rather indicate what
should be the data or code meaning in the terms of the
user interface (the data structure can be e.g. represented
as a container with a public data). The process of creation is rule-based with domain limitation and takes into
consideration user context and preferences. The process
of creation of AIOs is presented in the listing 3. AIO
database is loaded, including all the rules for every AIO.
The characterization tree is parsed and for every node in
the tree AIO is picked (4) and initialized (5). Initialization for every kind of AIO can be different.
Listing 3: Creation of AIO tree
1
2
3
4
5
6
7
8
9
10
11
12
13

5.2

5

14
15
16
17
18
19
20
21
22
23
24

LoadAIODatabaseFromEepository ( ) ;
CreateAIOs ( char , p r e f s , c o n t e x t )
{
s e l e c t e d A I O=E v a l R u l e S e t ( char , p r e f s , c o n t e x t ) ;
s e l e c t e d A I O . I n i t i a l i z e ( char , p r e f s , c o n t e x t ) ;
c h a r . AIO = s e l e c t e d A I O ;
f o r e a c h ( dch i n c h a r . Data ) {
CreateAIOs ( dch , p r e f s , c o n t e x t ) ;
s e l e c t e d A I O . Add( dch . AIOs ) ;
}
f o r e a c h ( cch i n c h a r . Code ) {
i f ( cch has c a t e g o r y &&
smart t e m p l a t e e x i s t s ) {
cch . AIO=GetSmartTemplate ( cch . c a t e g o r y ) ;
cch . AIO . Link ( cch ) ;
} else {
cch . AIO=E v a l R u l e S e t ( cch , p r e f s , c o n t e x t ) ;
i f ( cch . Params > 0 )
d l g=CreateDialogAIO ( ) ;
f o r e a c h ( param i n cch . Params )
CreateAIOs ( param , p r e f s , c o n t e x t ) ;
}
cch . AIO . Add( d l g ) ;
}
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Figure 2: The characterization tree of the simple media player
To support a default behavior for commands, a smart
template concept [12] is used (13) which groups commands of similar category together. For the methods that
require attributes, a dialog AIO is created and filled with
AIOs representing each parameter respectively (16).
Figure 3 demonstrates the resulting AIO tree created from
the characterization tree. The main media player object
is represented by a container, playlist as a collection, and
seek-bar as a time measurement (both are sub-objects of
media player class).
The methods were linked together into three main AIOs
thanks to smart template. The Playlist entry was placed
separately during the collection initialization because it is
used for the internal representation of a collection items
and is not explicit part of the media player interface.

Listing 4: Creation of CIO tree
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

5.4

Creating Specific Interface Objects

The specific interface objects (CIOs) contain information
about the specific user interface element that will be used
in the final user interface. The AIO tree with a user interface structure is used to choose the best CIO for every
data or code element. The presented process is generally
enumeration of all the possible ways of choosing and inserting user interface elements. The best solution with
the smallest effort needed for the interaction is chosen.
This process is described in listing 4. The first step is
evaluation of a cost function (3). The cost function evaluates the effort of the user in the interaction with current
user interface objects in his current context and specified device. When the current cost is worse than the best
solution found so far, conversion will not continue.
The second step is checking if all the AIOs were converted
to the CIOs and saving solution (5). The third step enumerates all the CIOs available for the concrete AIO (10).
Each of these CIOs is applied to the user interface without
violating constraints. AIO conversion is repeated for sub
AIOs recursively (11). AIOs with a higher importance
are always placed first. Finally, the CIO is removed from
the user interface (19) because it can be replaced by other
CIO in the last step of previous recursion.

23
24
25
26
27
28
29
30

ConvertToCIOs ( ChTree , AIO , Context , D e v i c e )
{
i f ( C u r r e n t C o s t ( ChTree , Context , D e v i c e ) >=
BestCost ) r e t u r n ;
i f ( A l l C I O s Ap p l i e d ( ) ) {
B e s t C o s t = Cost ;
BestCIOs = ChTree . CIOs ;
return
}
CIOs = GetCIOs (AIO , Context , D e v i c e ) ;
f o r e a c h (CIO i n CIOs ) {
i f ( ApplyCIO (CIO , AIO , D e v i c e ) ) {
subAIOs = GetSubAIOs (AIO ) ;
SortByImportance ( subAIOs ) ;
f o r e a c h ( subAIO i n subAIOs ) {
ConvertToCIOs ( ChTree , subAIO ,
Context , D e v i c e ) ;
} } }
UndoLastCIO ( ) ;
}
AIOsToCIOs ( )
{
f o r e a c h ( SubTree i n ChTree ) {
while ( true ) {
ConvertToCIOs ( SubTree , SubTree . AIO ,
Context , D e v i c e )
i f ( ConversionComplete ( SubTree ) ) b r e a k ;
R e g r o u p L s t I m p o r t a n c e C o n t a i n e r ( SubTree ) ;
} } }

Figure 4 demonstrates the result of the conversion to the
CIOs. Main class is represented by the Form (window),
containing ListView for the playlist, track bar for the seekbar and the smart templates for categorized commands.

5.5

Instantiating

Instantiation creates instances of CIOs and is responsible
for generation and registration of events. The instance of
every CIO is created so that instances have the same subobjects as CIO nodes. Then, the parameters of the CIO
are set to the instance. The CIOs representing a data register their dependencies on other objects, events for value
changes of the data and the user interface instance. CIOs
representing a code register their dependencies and implementing routines calls, generate events to show asterisks
and code to show a dialog for input of the parameters if
required.

Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 3, No. 1 (2011) 1-8

7

Figure 3: AIOs generated from the characterization tree

Figure 4: Created CIOs from the AIO tree
interface generation process can shorten development time
and allow developers to test new methods and functions
as the application is being developed even in early stage of
development. The proposed taxonomy and its usage lead
to benefits in the user interface design. The key benefits
of the proposed characterization taxonomy are:
• no expert skills required,
• application code independence on user interface,
• simple application extensibility,
• good maintainability and readability of the application code,
Figure 5: Created CIOs from the AIO tree

• more effective and faster algorithm development,
• independence on user interface generation process,

Figure 5 shows final user interface generated from CIO
tree in figure 4. All CIOs were placed in the top-bottom
and the left-right order representing highest to lowest importance.

6. Conclusion

• platform independency.
The taxonomy is ideal for creation of user interfaces on
multiple platforms. Automated user interface generation
process can generate optimal user interface for any device.

The goal of this work was to define approach for automated user interface generation that would be simple to
use and allow automated creation of user interface for
various platforms. This goal was fulfilled.

Acknowledgements. This work has been supported by
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A taxonomy and processes proposed and described in this
work allow new way of application development. While
developers were forced to redesign user interface every
time a major change in the application has been done,
using code characterization together with automated user
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Abstract
Image segmentation plays an important role in medical
image analysis. In this paper, a novel segmentation technique based on the 3D Delaunay triangulation is presented. A modiﬁed variational tetrahedral meshing approach is used to adapt a tetrahedral mesh to the underlying CT volumetric data so that image edges are well
approximated in the mesh. In order to classify tetrahedra into regions/tissues whose characteristics are similar,
three diﬀerent clustering schemes are proposed. Finally,
several methods for improving quality of the mesh and its
adaptation to the image structure are also discussed.

view from any angle. This is an improvement over the
traditional investigation of two-dimensional grayscale images.
Substantial step of many image understanding methods is
a segmentation that divides an image into parts that correspond to tissues of particular types. The segmentation
is one of the most important steps in the analysis of the
medical image data. The precise segmentation is crucial
for 3D modeling of tissues and anatomical structures. In
relation to the geometric modeling of human tissues, all
medical image segmentation algorithms can be classiﬁed
into two groups:

Categories and Subject Descriptors
I.3 [Computer Graphics]: Computational Geometry
and Object Modeling; I.4 [Image Processing and Computer Vision]: Segmentation

Keywords
Medical imaging, computed tomography, volumetric data,
image segmentation, surface reconstruction, Delaunay triangulation, variational tetrahedral meshing, clustering.

1. Introduction
Medical imaging devices like the Computed Tomography
(CT) and Magnetic Resonance (MRI) can be used to inspect patient body from the inside. These imaging devices
produce image data detailing human anatomy. The medical image data can be used to create three-dimensional
surface models of human anatomy. The advantage of a
surface representation is that it gives a three-dimensional
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• techniques based on raster segmentation – a pixel
value in the segmented image denotes label of an
image region, or particular tissue type;
• and vector-based segmentation – region boundaries,
and perhaps the internal structure, are represented
as a set of vector graphic primitives (i.e. lines, curves,
polygons, etc.).

Raster-based Segmentation Techniques. Many 2D/3D
segmentation algorithms can be found in the literature
(Fuzzy C-means clustering [27], Hidden Markov Fields [22],
Watershed transform [15], neural networks, etc.). In these
cases, an algorithm such as Marching Cubes [21] is applied
to reconstruct surfaces from the raster segmented data.
Further, decimation and smoothing [30] of the model are
required and may not be elementary. Applied smoothing
and decimation methods may not shrink signiﬁcant edges
and corners and they must preserve volume of the original
model.
Vector-based Segmentation. Most widely used vector
segmentation methods are based on deformable models [38]. Numerous researchers have explored application
of deformable surface models to volumetric medical images [4]. A deformable surface model capable of segmenting complex internal organs such as the cortex of the brain
has been proposed [23]. There is also a second type of deformable models – the geometric models, best known is
the Level–Set method [9].
In general, deformable models are robust against noise
and boundary gaps. These models are also capable of
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positions within the mesh and allow for global changes
in mesh connectivity during energy minimization. This
meshing algorithm allows to create graded meshes, and
deﬁnes a sizing ﬁeld prescribing the desired tetrahedra
sizes within the domain.

2. Tetrahedral Meshing
Many applications have speciﬁc requirements on the size
and shape of elements in the mesh. Aim of the isotropic
meshing is to locate vertices so that the resulting mesh
consists of almost regular tetrahedra (∼ all faces are equilateral triangles). In addition, the element size is close to
a predeﬁned size constraint. One of the existing methods
to create the points in accordance with the size speciﬁcations contained, creation of points along the edges [12],
will be discussed here.

Figure 1: Comparison of the traditional rasterbased segmentation (black labeling) and the proposed vector segmentation method (underlined).

adjusting themselves to signiﬁcant variability of human
anatomy. Main disadvantage is that they require manual
initialization and interaction during the segmentation.

1.1 Unstructured Meshing
A mesh generation [12] aims at tessellation of a bounded
3D domain Ω with tetrahedra. Algorithms for 3D mesh
generation have been intensively studied over the last
years. Basically, three main families of algorithms have
been described:
• octree methods [39],
• advancing front methods [17],
• and Delunay-based methods [6, 1].
Zhang et al. [39] presented an algorithm to extract adaptive and quality 3D meshes directly from volumetric image data. In order to extract tetrahedral (or hexahedral)
meshes, their approach combines bilateral and anisotropic
diﬀusion ﬁltering of the original data, with contour spectrum, iso-surface and interval volume selection.
The isosurface stuﬃng algorithm [19] was presented that
ﬁlls an iso-surface with a uniformly sized tetrahedral mesh.
The algorithm is fast, numerically robust, and easy to
implement because, like the Marching Cubes, it generates tetrahedra from a small set of pre-computed stencils.
A variant of the algorithm creates a mesh with internal
grading. However, the algorithm does not permit grading
of both surface and interior tetrahedra.
In this paper, a vector segmentation technique based on
the variational tetrahedral meshing (VTM) approach, proposed by Alliez et al. [1], is presented. The VTM approach uses a simple quadratic energy to optimize vertex

(a)

(b)

Figure 2: Triangular mesh constructed by the
plain incremental method [12] (a) and result of
the isotropic meshing (b).
According to [12], control space H(Ω) (so called sizing
ﬁeld) is a function hP deﬁned at any point P (x, y, z) of
space. This function speciﬁes the size of the elements in
the mesh. Let AB be an edge having endpoints A and
B. Length of the edge in the control space metric can be
calculated as follows:

lH (AB) = ∥AB∥

1
h(A)

+
2

1
h(B)

,

(1)

where ∥AB∥ is the real distance between A and B. The
size h(P ) is the desired length of all the edges originating
from the point P deﬁned by the control space. The key
idea of the algorithm is to create new points along existing
edges and obtain nearly regular tetrahedra having edges
of unit length in the control space.

Construction of the points along the edge AB. Let T
be a threshold value T < 1. If lH (AB) < T , the edge is
not divided, otherwise a new point in the middle of the
edge AB is introduced. Both obtained sub-edges are recursively tested and divided if necessary, until we have a
sequence of points Q0 . . . Qn such that lH (Qi , Qi+1 ) < T ,
where Q0 = A ∑
and Qn = B. The smallest index i satisi
fying criterion
j=0 lH (Qj , Qj+1 ) > 1 is found and the
point Qi is introduced to the mesh as new vertex. Iterating this process and comparing the sum to the increasing
values 2, 3, . . . results in construction of several new points
along the edge.
Applied to every edge in the current mesh, a large set of
points is obtained. This set must be ﬁltered to discard all
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to a medial axis Sk (Ω). The medial axis, or skeleton
of the domain, is the locus of all centers of maximal
balls inscribed in the boundary. Given the local feature size on the boundary, we need a controllable way
to extrapolate this function to the interior. The function hP = minS∈δΩ [Kd(S, P ) + lf s(S)] satisﬁes this criterion [1]. The parameter K controls gradation of the
resulting ﬁeld, K = 0 being the uniform case.

3. Delaunay-based Vector Segmentation
a)

Based on the introduced principles, the Delaunay-based
vector segmentation (shortly VSeg) is proposed as follows:

b)

Figure 3: Results of the proposed vector segmentation method: surface extracted directly from
the tetrahedral mesh (a); cut through the tetrahedral mesh (b).

points too close to any other before adding points to the
mesh.

2.1 Variational Meshing

1. Data preprocessing – Noise reduction by means
of the 3D anisotropic (or bilateral ﬁltering).
2. 3D edge and corner detection – Candidate vertices lying on region boundaries, meaningful edges
and corners are located.
3. Initial Delaunay triangulation – Tetrahedral
mesh is constructed from the sampled set of candidate vertices by the common Incremental method [12].

Many approaches based on energy minimization [10] have
been proposed as a powerful tool in meshing. In this
paper, a vector segmentation technique, built upon the
VTM approach [1], is presented. A simple minimization
procedure alternates two steps:

4. Iterative adaptation – The triangulation is
adapted to the underlying image structure by means
of isotropic edge splitting and variational meshing.

• global 3D Delaunay triangulation optimizing connectivity,

5. Mesh segmentation – Final classiﬁcation of tetrahedra into image regions according to results of some
data clustering method.

• and local vertex relocation,

3.1 Data Preprocessing

to consistently and eﬃciently minimize a global energy
over the domain. It results in a robust meshing technique
that generates high quality meshes in terms of minimal
dihedral angles.
To extend the approach to allow isotropic meshing, the
sizing ﬁeld H is introduced. A mass density in space
can be deﬁned and used in computation of the optimal
vertex position. This density should agree with the sizing
ﬁeld. Alliez et al. use a one-point approximation of the
sizing ﬁeld in a tetrahedron and deﬁnes the mass density
as being 1/h3 since the local volume of a tetrahedra should
be roughly the cube of the ideal edge size. In geometric
terms, the optimal position of the interior vertex Xi in its
1–ring neighbourhood can be expressed as:

An important part of the vector segmentation is adaptation of the tetrahedral mesh to an image structure which
is derived from the found image edges. The adaptation
process is strongly aﬀected by quality of the edge detection. Therefore, it is highly recommended to ﬁlter the
input data in order to deal with noise in the data.
In the preprocessing step, a 3D anisotropic ﬁltering [26]
is applied to the volumetric data. Gerig et al. [13] described an extension of the anisotropic ﬁlter into 3D space.
Anisotropic (or bilateral [31]) ﬁltering performs piecewise
smoothing of the image, and its strength lies in the fact
that object contours and boundaries are not only preserved, but even improved.

3.2 3D Edge and Corner Detection
Xi∗

= ∑

1

∑

|Tk |
Tk ∈Ωi h3 (Gk ) Tj ∈Ωi

|Tj |
cj .
h3 (Gj )

(2)

where Gk is the centroid of tetrahedron Tk and cj is the
circumcenter of tetrahedra Tj . Alliez et al. presented a
default sizing ﬁeld robust for a large spectrum of mesh
types. Deﬁnition of the sizing ﬁeld is built on the notion
of local feature size that corresponds to the combination
of domain boundary curvature and thickness as well.

Sizing Field. The local feature size lf s(P ) at a point P
of domain boundary is deﬁned as the distance d(P, Sk (Ω))

The triangulation starts from a set of candidate vertices
distributed over the entire image. These candidates can
be found by various image edge detection algorithms [5,
2, 26] extended to 3D space.
Because of the complex nature of medical image data,
detection of meaningful edges that form boundary of desired tissues may be very problematic. Character and
strength of edges diﬀer between tissues. Moreover, extremely thin and weak edges may be present in the image
data. In practice, this leads to highly sensitive setting
of the edge detector that, unfortunately, results in many
false detections. In this paper, a simple tissue-selective
edge detection approach is proposed to partially reduce
this undesired eﬀect.
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Figure 4: Sampled initial set of vertices found by
the edge and corner detection.

Figure 6: Final tetrahedral mesh after the iterative adaptation. Parameters of the sizing ﬁeld
were chosen to be K = 0.8 and Tavg = 70mm.

3.3 Iterative Adaptation
Fundamental phase of the proposed segmentation method
is adaptation of the tessellation mesh to cover the underlying image structure. The following steps are repeated
until the triangulation satisﬁes some convergence criterion
(or just several times):
• Isotropic edge splitting - creation of points along
existing edges introduces new points to the mesh,
• Variational meshing - optimization of the tessellation grid by means of vertex moving,
• Boundary reﬁnement - creation of new vertices
along image edges to guarantee that all edges are
well approximated by the tessellation grid.

Figure 5: Scheme of the tissue-selective edge detection.

Tissue-Selective Edge Detection. The edge detection is
divided into separate steps per concrete tissue type. Before the detection starts, the image data are pre-processed
using the power-law contrast enhancement [14] technique
to increase contrast of the desired tissue against all others.
Then edges of the highlighted tissue are detected. In the
end, all found edges from all diﬀerent tissues are merged
together into a single image (see Fig. 5). In our experiments, the well known Canny edge detector [5] extended
to 3D space has been used in each step.

3D SUSAN Corner Detector. In order to respect significant features in the volumetric data during the meshing,
we have modiﬁed the Susan corner detector [29] extending its functionality into 3D space. The Susan (Smallest Univalue Segment Assimilating Nucleus) detector was
originally developed to locate feature points in 2D images. Analogous to Smith and Brady, the modiﬁed 3D
SUSAN places a spherical mask R over the voxel v0 to
be tested (the nucleus). Every voxel v ∈ R is compared to the nucleus using the distance function cv Final
response of∑
the SUSAN detector [29] is proportional to
n(R) = N1
vi ∈R cvi , where N is the number of voxels
within a spherical mask R used as a normalization factor
(see [29] for more details).

During the iterative adaptation, new vertices are gradually introduced to the mesh. The idea is to grow the
mesh (in the sense of number of vertices) until a predeﬁned limit is reached. An advantage of such progressive
concept is that computational expensive operations like
vertex removal are not necessary.
Before a new vertex is inserted to the mesh, several constraints are checked – minimal length of edges that will
arise (Lmin ), minimal dihedral angle inside newly created tetrahedra (αmin ), etc. In practice, these constraints
guarantee that chosen parameters like minimal edge length
will be satisﬁed in the ﬁnal mesh. Moreover, it prevents
failures caused by a limited precision of math operations.

3.3.1 Isotropic Edge Splitting
In this phase, the isotropic meshing algorithm creating
new points along existing edges and another well known
technique of tetrahedral mesh optimization, splitting of
maximal/longest edge [12], are combined together. Instead of maximal edges, those edges crossing signiﬁcant
image edges are divided. A new vertex is inserted to the
mesh at the point of intersection of both edges. The whole
isotropic edge splitting process can be brieﬂy formulated
as follows:

1. Sequentially process every edge AB in the current
triangulation T i :
• Find all intersection points Pi of the edge and
image edges.
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• Introduce the sub-edges AP1 , P1 P2 , . . . , Pn B in
the triangulation.
• Divide all sub-edges in the sense of isotropic
meshing algorithm (Sec. 2).
2. Filter the set of newly created points to discard vertices too close to any other point respecting the control space metric.
3. Insert points to the mesh T i → T i+1 .
To prevent degradation of the mesh, the angle between the
tetrahedron et edge and the image edge ei is computed.
The splitting operation is performed only if the angle is
greater than a given threshold α > 10◦ . Edges that are
almost parallel with an image edge remain unchanged.

Control Space. The control space, so called sizing ﬁeld,
prescribes length of edges in the mesh. In our case, the
control space enforces creation of larger tetrahedra inside
image regions and smaller ones along region boundaries
(image edges). The control space H(Ω) can be deﬁned in
the same way as the sizing ﬁeld given in Sec. 2.1. However,
instead of the conventional domain boundary, we deﬁne
the control space to respect found image edges. Thus, we
generate the control space diﬀerently:
1. Estimate distance transform from all detected image
edges ﬁrst.
2. Find local maxima of the distance transform in order to identify medial axis.
3. Evaluate local feature size lf s(P ) on image edges
using inverse distance transform propagating value
from the medial axis.
4. Generate control space distributing lf s(P ) from
edges.
This sizing ﬁeld is relative. It describes the inhomogeneity of the required edge length. The real edge length is
proportional to this relative value, and depending on the
prescribed number of vertices. Such relative sizing is satisfactory for variational meshing, but it must be normalized
for the isotropic edge splitting algorithm. The normalization is simply given by: h′P = hP Tavg ∑ N hv , where Tavg
v∈Ω
is the desired average tetrahedron edge size. If the point
P lies exactly on an image edge, the control space value
may be very small. Therefore, the minimal control space
value Lmin must be also speciﬁed in practice.
Setting smaller K results in a visible gradation of the
mesh not only inside the domain, but also on boundaries.
The local feature size derived from medial axis takes more
importance. As the K increases, the gradation depends
more on the distance from the boundary, the gradation
aﬀects only interior parts of the mesh.

3.3.2 Variational Meshing
The variational meshing phase, alternating connectivity
and geometry optimization, is an important part of the
algorithm. The mesh energy is minimized by moving each
interior vertex to its optimal position within its 1-ring
neighborhood (Fig. 9). Further, the energy is minimized

a)

b)

Figure 7: Variational tetrahedral meshing – the
initial mesh (a); the same mesh after 3 iterations
of the VTM algorithm (b).

by computing the 3D Delaunay triangulation of these new
sites optimizing the connectivity of vertices.
All boundary vertices are treated diﬀerently. In order to
identify the current boundary vertices, each voxel Vi lying
on an image edge is examined. Its nearest vertex Sj in
the mesh is located, and the distance d(Vi , Sj ) as well as
the coordinates of Vi (multiplied by the distance d) are
accumulated at that vertex. To deal with corner points,
the distance d is weighted according to the point type.
Corner points have the weight signiﬁcantly greater than
edge points, thus the closest vertex is attracted directly
in place of the image corner. Afterwards, vertices with
a non-zero distance sum are those boundary vertices we
are looking for. These vertices are moved to the average
value they each have accumulated during the pass over all
edge voxels.

3.3.3 Boundary Refinement
The boundary reﬁnement increases quality of the mesh
in the sense of image edges approximation. Similarly
to other Delaunay reﬁnement methods, new vertices are
added to the mesh to guarantee this criterion. In the ﬁrst
step, an algorithm similar to the identiﬁcation of boundary vertices during the variational meshing is applied to
locate proper places for new vertices:
1. Prepare an array of accumulators containing coordinates and distance of the edge point closest to each
vertex. Initialize the distance to some large value
dmax .
2. For each voxel Vi lying on an image edge:
(a) Locate its nearest vertex Sj .
(b) Compare the distance d(Vi , Sj ) with the value
currently stored in the corresponding accumulator.
(c) If the distance is smaller, exchange the values
in the accumulator.
In the second step, all accumulators that contain a distance lower than dmax are investigated. If there is a vertex
with an accumulated value that is not itself located on an
image edge, a new vertex is added to the mesh in place
of the closest image edge point – the coordinates in the
accumulator.

Dealing with Slivers. The variational meshing technique
produces well shaped tetrahedra through the domain. Unfortunately, slivers could appear near the domain boundary. Recently, two powerful techniques [20, 32] capable of
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the feature space. Most common choice is the Manhattan
or the Cosine distance function. An alternative is the use
of criterions described in Sec. 3.4.1.

Feature Extraction. In fact, the ﬁrst two components of
a tetrahedron’s feature vector are mean pixel value µ(ti )
and intensity variance σ(ti ) of voxels inside the tetrahedron. Others may cover image texture/shape properties
and spatial conﬁguration of adjacent tetrahedra:

• features derived from gray level co-occurrence matrices [33],
• histogram of Local Binary Patterns (LBP) [25],
Figure 8: Result of the tetrahedral mesh segmentation phase – orthogonal cut through the classiﬁed mesh.

eliminating almost all slivers in the mesh were proposed.
Both algorithms are based on explicit random perturbation of vertices incident to slivers.
Towards creation of a sliver-free mesh, after each iteration
of the adaptation scheme, the mesh is repeatedly tested
for slivers, and new vertices lying in the center of sliver
circumspheres are inserted to the mesh with a small random perturbation. If such addition does not eliminate
the sliver, or generates new one, the vertex position is
perturbed again. Such vertex perturbation continues until an optimal position is found, thus the sliver can be
successfully removed.

• wavelet features [34], etc.
The feature extraction is problematic if a tetrahedron is
relatively small, just a few voxels are available. Simple
grouping of adjacent tetrahedra into larger units may reduce this problem. Another solution is to reject classiﬁcation of small tetrahedra, and use only relevant portion
of the data. These non-classiﬁed tetrahedra, that appear
mostly near to region boundary, will be assigned to particular regions in a next merging phase.

3.4.1 Agglomerative Merging
Topology of the tetrahedral mesh is suitable for image segmentation techniques such as region growing and merging. Instead of pixels and the traditional 4– and 8– pixel
connectedness, tetrahedra adjacency is incorporated.

3.4 Mesh Segmentation
Within the mesh segmentation phase, all tetrahedra are
classiﬁed into individual image regions. Every tetrahedron ti of the mesh is characterized by its feature vector.
Individual features detail image structure of the tetrahedron, and perhaps its close neighborhood. Feature vectors
may be grouped by the help of any conventional unsupervised clustering technique. Actually, three diﬀerent
algorithms were used for the unsupervised clustering of
feature vectors into a certain number of classes:
• Fuzzy C-means (shortly FCM ) algorithm [28],
• Gaussian Mixture Model optimized by the popular Expectation-Maximization (EM-GMM ) algorithm [24].
• Min-Cut/Max-Flow graph-based algorithm [3].
First two techniques do not take into account any spatial/global information about the tetrahedra. Improvements can be made by incorporating global principles.
Viewing the mesh as undirected graph allows to use graph
algorithms (graph cuts, path-based clustering, etc.) for
the segmentation. In this sense, the Min-Cut/Max-Flow [3]
algorithm is used to cut a graph whose edges are evaluated
according to a similarity of two adjacent tetrahedra.
The similarity of two adjacent tetrahedra (i.e. two feature
vectors P and Q) can be deﬁned as a distance function in

(a)

(b)

(c)

Figure 9: Tetrahedra adjacency (a); vertex 1–ring
neighborhood (b); and tetrahedron 1–ring neighborhood.
In the vector segmentation scheme, the agglomerative region merging [18] is used to assign non-classiﬁed, small
tetrahedra into already known segments. The agglomerative merging starts with a partition of the volumetric data
into N regions (each region consists of one or more tetrahedra), and sequentially reduces the number of regions by
merging the best pair of regions among all possible pairs
in terms of a given criterion. This merging process is repeated until the required number of segments is obtained.
In practice, performance of this algorithm can be improved by a simple weighting of the similarity of two adjacent regions according to the number of voxels in both
regions:

C(ri , rj ) =

Ni + Nj
S(ri , rj ).
Ni Nj

(3)
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4. Experimental Results
The vector segmentation was mainly designed for segmentation of volumetric medical images towards anatomical
modeling of fundamental tissues (i.e. soft and bone tissue) and their surfaces. In order to evaluate precision,
advantages and disadvantages of this method, number of
experiments on real medical CT data, as well as on artiﬁcial volumetric data, were carried out. However, due
to the complexity and variability of medical images, the
testing was divided into several separate tasks.
(a)

(b)

Figure 10: Surfaces extracted from the segmented
mesh: an original surface without ﬁltering of small
isolated parts (a); artifacts that sometimes appear
close to sharp edges and must be ﬁltered (b).

If the ﬁnal number of regions is unknown, the stopping
criterion for the merging should be a ratio between similarities Ct−1 and Ct of last two merged pairs of regions.
To prevent early termination of the algorithm, approximately ﬁrst 10% of all possible merges are made without
any checking of this termination criterion.

Similarity Measures. Let ti and tj be two feature vectors
extracted for a group of adjacent tetrahedra, or a single
tetrahedron. Similarity measure is a function whose value
is greater as the diﬀerence between two feature vectors decreases. Basic similarity measures are the mean intensity
value and statistical test of the similarity based on voxel
value variance:
1
|µr − µrj |2 ),
2ρ2 i
σ(ri )σ(rj )
Sσ (rj , ri ) =
,
σ 2 (ri,j )

Sµ (rj , ri ) = exp(−

(4)
(5)

where the parameter ρ aﬀects sensitivity of the measure
and σ(ri ) is the variance of intensity in the region ri and
σ(ri,j ) is the variance of intensity in a joint region ri ∪ rj .
Due to noisy input data and classiﬁcation errors, some
isolated tetrahedra, classiﬁed to a region diﬀerent from
its neighbors, may appear in the segmented mesh. This
kind of misclassiﬁcation can be reduced using a simple
ﬁltering scheme similar to the median ﬁltering [14].

3.4.2 Surface Extraction
Once the mesh is properly segmented, surface of any region Rk can be easily extracted. All tetrahedra through
the mesh are traversed looking for boundary faces. The
boundary faces can be intuitively identiﬁed as faces between two diﬀerent regions. The extracted surface is closed
and its mosaic conforms to the chosen parameters of the
meshing – minimal required edge length Lmin , coeﬃcient
K that controls gradation of the mesh, and the desired
average tetrahedron size Tavg .
After the extraction, small isolated parts of the surface
may be ﬁltered to obtain a single closed surface if required.
Moreover, to avoid artifacts that rarely appear on the
surface, the ﬁnal surface can be ﬁltered for sharp spikes
(Fig. 10).

4.1 Surface Accuracy
In case of the anatomical modeling, an error between
reconstructed surfaces of human tissues and a ”ground
truth” must be minimal to guarantee correctness of
a planned surgery. The following evaluation compares
surfaces produced by the vector segmentation algorithm
against ones made by the traditional Marching Cubes (MC)
method followed by mesh smoothing and mesh decimation
steps. Since the smoothing is crucial for overall precision
of the surface, two standard approaches were tested:
• Taubin’s smoothing algorithm [30] that maintains
the volume of the mesh (MC+Taubin),
• HC algorithm [37] that preserves sharp edges and
corners in the mesh (MC+HC ).

The MC algorithm produces very large meshes. Hence, after the smoothing, the Quadric Edge Collapse decimation
algorithm, a variant of the well known edge collapse algorithm based on quadric error metric proposed by Michael
Garland and Paul Heckbert [11], was used to reduce size
of the mesh – the number of triangles. This re-meshing
technique and both the utilized smoothing methods are
implemented in the MeshLab [8] tool.

Artificial Data. Artiﬁcial volumetric data of basic solids
such as rectangular solid, cylinder, cone, semi-sphere, pyramid and the Stanford bunny were generated for the testing. An idea of this measurement is to rasterize a solid
into 3D raster, reconstruct surfaces from obtained artiﬁcial volumetric data, and evaluate an error between the
reconstruction and the original surface.
The error between reconstructed surface and the original model was estimated using the Metro [7] tool. The
Metro allows to compare the diﬀerence between a pair
of surfaces (e.g. a triangulated mesh and its simpliﬁed
representation) by adopting a surface sampling approach
and point-to-surface distance computation. The approximation error between two meshes is deﬁned as the distance between corresponding sections of the meshes. The
mean distance and the maximum distance between the
two meshes are presented as measures of the surface accuracy.
Fig. 11 shows histograms of error distribution for surface models of diﬀerent level of detail as returned by the
Metro tool. Apparently, the VSeg method outperforms
both the smoothing-based methods. However, the diﬀerence is more evident for smaller meshes. As the number of
faces increases, the error distribution of the VSeg method
moves towards the MC+HC method. Direct meshing of
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(a)

(b)

Figure 13: Error distribution on the reconstructed
surface. The mean error of the VSeg method (a)
over the entire surface is lower then the error of
MC+HC method (b). On the other hand, the
maximum error is larger along the sharp edges.
Figure 11: Histograms of the surface approximation error for two meshes with a diﬀerent level of
detail (number of faces) – the bunny model.

Figure 14: Cut through tetrahedral meshe colored
according to the tetrahedra quality and histogram
of minimal dihedral angles.
Figure 12: Overall surface approximation error –
whole set of test data.

volumetric image data seems to be more accurate approach then post-processing methods smoothing reconstructed surfaces without any relationship to the original
image data.
Fig. 12 illustrates the overall mean approximation error
and the maximal error depending on the number of faces
in the mesh. The same behaviour as with the bunny
model can be seen. The VSeg method outperforms the
smoothing-based methods for smaller meshes up to 20k
faces. As the number of faces increases, the mean error of
the VSeg method grows too. For meshes larger the 35k
faces, the surface approximation error exceeds the error
of the MC+HC method.
The question is why the performance decreases with the
increasing number of faces? The answer lies in the iterative adaptation of the mesh to the underlying image
structure. To obtain a more detailed surface, the minimal
allowed edge length Lmin must be decreased. However,
the resolution of the raster data is limited. Decreasing
the Lmin down to the real size of a single voxel causes the
relocation of vertices along image edges to not perform
optimally. In the extreme case, the optimal vertex position is calculated as an average of a single ”edge” voxel.
An interesting eﬀect of the number of faces to the maximal error is notable in Fig. 12. In general, the maximal error, or maximal distance between sampled points

on compared surfaces, is much greater for surfaces obtained by the VSeg method than the ones produced by
the MC-based approaches. The isotropic meshing generates high quality meshes with almost regular tetrahedra.
Therefore, close to the sharp surface edges, the ﬁnal mesh
approximates the surface very roughly because of the limitation of tetrahedra shape and also the chosen minimal
edge length (Fig. 13).

4.2 Mesh Quality
The proposed iterative mesh adaptation scheme was developed to produce high quality meshes suitable for many
practical applications. Not only for the surface reconstruction of a desired tissue, but also for simulations that
takes the internal structure of the tissue into account. The
quality of produced meshes is discussed in this chapter.

Minimal Dihedral Angles. The original VTM approach
produces well shaped tetrahedra inside the domain. However, poorly shaped tetrahedra and slivers may appear
close to the boundary. Unfortunately, the same problem
appears in case of the VSeg meshing method. Meshes
in Fig. 14 are colored according to the quality of tetrahedra. Clearly, the quality of tetrahedra decreases as getting
closer to the boundaries – the red shading moves towards
blue. Even thought the embedded sliver elimination algorithm removes a large number of poorly shaped tetrahedra, it does not ensure that all slivers will be successfully
eliminated. This is the reason why tetrahedra of a low
quality (αmin < 3◦ ) are still present in all histograms.
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During the segmentation, clustering techniques group only
relevant, suﬃciently large tetrahedra. Very small tetrahedra (fewer then 5–15 voxels) remain unclassiﬁed. These
non-classiﬁed tetrahedra are assigned to particular regions
in the subsequent merging phase (Sec. 3.4.1) which uses
a linear combination of both presented simple similarity
measures.

Figure 15: Illustration of slivers (αmin < 3◦ ) that
still remain in tetrahedral meshes.

Ground Truth. Manual segmentation of medical images
is a very complicated task. Not unfrequently, the segmentation made by diﬀerent people varies. Every expert
has his own view of the data and the correct segmentation. In order to quantify this phenomenon, one of the
datasets were segmented by four diﬀerent experts. Tab. 1
summarizes the obtained results.
Table 1: Diﬀerence between manual segmentations of the same dataset provided by four experts
(the F-measure).
Soft/Bone tis. Man1 Man2 Man3 Man4
Man1
0.921 0.965 0.896
Man2
0.974
0.949 0.971
Man3
0.993 0.979
0.922
Man3
0.978 0.979 0.982
-

(a)

(b)

Figure 16: Quality of surfaces reconstructed using
the VSeg method (a) and the MC+HC method.
Histograms show distribution of dihedral angles.

One of the objectives was to provide meshes also suitable
for numerical simulations. The presence of slivers may
cause instability of such simulations. A smallest dihedral
angle should be guaranteed. Recently, J. Tournois [32]
has presented a new modiﬁcation of the original VTM
algorithm that particularly solves this problem and produces almost sliver free meshes.

4.2.1 Surface Quality
Quality of the extracted surface can be examined from two
diﬀerent sides. In the previous section, the approximation
error of the surface has been studied. Here, the quality
of surface with respect to the shape of triangles is brieﬂy
summarized.
Fig. 16 compares surfaces extracted from tetrahedral meshes
(the VSeg method) against surfaces obtained from the
MC+HC method. Contrast between both methods is evident. The VSeg approach itself produces well shaped
triangles along the entire surface, and moreover size of triangles is automatically adjusted according to a local complexity of the surface. Deﬁnitely, the MC meshes on the
righthand side may be improved by existing re-meshing
techniques, but such kind of post-processing increases the
approximation error again.

4.3 Mesh Segmentation
The mesh segmentation phase was tested on several CT
data sets clustering tetrahedra with respect to our requirements – surface reconstruction of main tissues (i.e.
bones). The results were compared against manually annotated data – the ground truth.

An important issue is that the average error between two
manual segmentations of the same data is about 0.96,
measured by the F-measure of goodness which is described
below. Occasionally, the error grows up (the F-measure
decreases under) 0.92.

F-measure. A way to match a segmentation to the ground
truth is needed in order to evaluate performance of a
segmentation algorithm. Many sophisticated measures of
segmentation accuracy can be found in the literature [16].
An often used measure of segmentation goodness is the
F-measure [35]. The F-measure combines recall r and
precision p with an equal weight in the equation of the
form:
Fmeasure =

2rp
Tp
Tp
, p=
, r=
r+p
Tp + F p
Tp + F n

(6)

where p is the number of correctly labeled voxels (so called
true positives Tp ) divided by the total number of voxels
labeled as belonging to the same region. The recall r is
deﬁned as the number of true positives divided by the
total number of elements that actually should belong to
the positive class. A perfect score of the F-measure is 1,
in the worst case the measure is equal to 0.

4.3.1 Meshing Segmented Data
Without too much eﬀort, the Delaunay-based segmentation can be applied to already segmented data. Fig. 17
shows an error between the obtained mesh and the segmented volumetric data. The F-measure rates how precisely the mesh approximates the original data. To compare this diﬀerence, all tetrahedra are rasterized into the
volume data of the same size as the original one.
Results show that the error depends on initial setting of
the meshing, it generally grows for meshes with larger
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Figure 17: Surface reconstruction error when
meshing pre-segmented data. The red line implies
the error observed when several people labeled a
same CT data set manually (see Tab. 1).

Figure 19: Segmentation error of the VSeg
method – three alternative clustering methods are
compared to the straight FCM clustering of volumetric data (voxel FCM ).

sonable results. Because the method takes spatial image
structure more into account, results of this graph method
overcomes other techniques.
Figure 18: Surfaces reconstructed from presegmented data. In the red areas of the surface,
small anatomical structures are weakly approximated because their size is relatively small compared to a prescribed minimal edge length.

tetrahedra. However, if adequate meshing parameters
were chosen, the value is almost the same as the error, or
variations, produced by diﬀerent people when segmenting a same dataset (Tab. 1). In practice, large portion
of this error is caused by limitations of the meshing process. All image structures smaller than the chosen minimal edge length Lmin are lost. The mesh cannot approximate structures so small (Fig. 18).

4.3.2 Segmentation of Medical CT Data
In the last experiment, three diﬀerent unsupervised clustering techniques (FCM, GMM+EM and Min-Cut/MaxFlow ) were applied to meshes in order to classify tetrahedra into individual regions/segments. Fig. 19 recapitulates results of the mesh segmentation. All parameters
of the meshing phase were experimentally set to optimal
values (most often K = 1.5, Tavg = 50 and Lmin = 1.5).
Results show that all clustering techniques are able to
distinguish soft tissue. When compared to the manual
segmentation, the VSeg method provides precise segmentation of the same quality as the voxel-based FCM clustering of the original image data. The segmentation error
of soft tissues is comparable to the variation of manual
segmentation of the same dataset by diﬀerent individuals.
Not the worse results occur in case of bone segmentation
from the head3 dataset. The VSeg method still produces
quite good results. However, the measured error of the
bone tissue segmentation signiﬁcantly grows (i.e. value of
the F-measure decreases) for the second dataset. Only the
graph-based Min-Cut/Max-Flow algorithm provides rea-

Due to the thickness of the cortical bone and regarding
resolution of CT data, very thin edges are present in the
image data which are practically undetectable by conventional edge detection techniques without more knowledge
of the data. Therefore, such kind of (non)edges is not well
approximated during the meshing process which causes
more errors in the ﬁnal mesh segmentation. This nature
of some medical CT data is also one of the reasons to
allow manual corrections of the mesh segmentation.

4.4 Runtime Statistics
Basic runtime statistics can be found in Fig. 21. The
measurement was divided into four stages: preprocessing
of input data (i.e. anisotropic ﬁltering), initialization of
the meshing (the edge and corner detection; generation of
the control space), iterative adaptation of the mesh, and
the mesh segmentation. All phases take approximately
25 − 50 minutes on a standard PC with Intel Core2Duo
2.54GHz processor depending on a concrete size of the
data and speciﬁc parameters of the meshing algorithm.

Figure 21: Runtime statistics of the VSeg method.
In fact the runtime of the vector segmentation is not very
impressive. In comparison with traditional surface reconstruction techniques like the MC algorithm (+ subsequent
smoothing), the VSeg method loses. These techniques are
able to reconstruct surfaces in a much less time – just
about minutes. However, such comparison is a bit unfair.
Beside the surface, the VSeg method produces more com-
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Figure 20: Surfaces and tetrahedral meshes extracted from CT data by the VSeg method. Meshing
parameters were chosen K = 1.5, Tavg = 50mm, and Lmin = 1.5mm.
prehensive representation of the data – tetrahedral mesh
– which may be useful for many other tasks. Aim of the
thesis was to prove the concept of volumetric data segmentation based on Delaunay meshing. Not much attention was paid to the optimization of the implementation.

5. Conclusions
This paper presents a technique for segmentation of volumetric medical images aimed at surface reconstruction of
fundamental human tissues (i.e. bone and soft tissues).
This technique of vector segmentation is based on the 3D
Delaunay triangulation. Tetrahedral mesh is used to partition the volumetric data. Such direct meshing of volumetric image data appears to be more accurate approach
then traditional techniques which start with a surface extraction followed by the decimation and smoothing without any relationship to the original image data. Nevertheless, the idea of the vector segmentation has several
other advantages.
A more eﬀective representation of the image structure
is obtained which approximates the original raster data.
The mesh representation decreases complexity of the subsequent segmentation because of processing a reduced number of tetrahedra instead of a large number of voxels.
The proposed vector segmentation can be successfully used
for surface reconstruction of desired tissues, as well as for
meshing of the interior structure of the tissues for the numerical simulation. Obtained results show that the current concept works very well for certain CT data and is
applicable to anatomical modeling of a human skull or
soft tissues (i.e. craniectomy in case of traumatic brain
injury). For the purpose of plain surface reconstruction
from an already pre-segmented data, the VSeg method
produces surfaces of more than reasonable quality and
can be used as is.

However, several inconveniences can be still found in the
method that are not very favourable from the practical
point of view. Even thought the quality of reconstructed
surfaces is suﬃcient for many applications, the quality of
produced tetrahedral meshes is not as good as it could
be. Slivers still appear close to region boundaries, and
the method does not guarantee minimum dihedral angle
in the mesh.
Another disadvantage can be found in the edge detection
step which is crucial for precise approximation of image
boundaries. The proposed tissue-selective edge detection
works well for selected CT data. However, many parameters of the detection must be tuned to provide desirable
results for other type of CT data. The edge detection limits potential application of the method in other research
ﬁelds when diﬀerent kind of volumetric data is used. Theses aspects of the proposed vector segmentation technique
should be addressed in the future work.
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Abstract
In our work we give a formal language theoretic approach
to model various self–organizing networks. First, we describe peer–to–peer networks with the aid of networks of
parallel multiset string processors. We establish the connection between the growth of the number of strings being present during the computation at the components
of these networks and the growth function of a developmental system. The formal language theoretic model
can be employed to incorporate network security requirements. Secondly, we apply regulated rewriting devices in
eco–grammar systems to illustrate the search strategies
of Internet crawlers. If we ignore the aging of the web,
then these systems determine the class of recursively enumerable languages. Whereas if the web pages may become obsolete, then the eﬃciency of the cooperation of
the agents decreases considerably. We use simulations to
study the behaviour of our model crawlers. We compare
the selective learning algorithm to the linear function approximation based reinforcement learning algorithm. Finally, we extend the conditions of dynamic team constitution in eco–grammar systems to represent network cluster
formation. From the language classes that these systems
generate, we deduce the diﬃculty of the problem they can
solve.
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1. Introduction
The concept and the reality of self–organizing networks
have come to pervade modern society. Scientists from a
range of disciplines have been pursuing questions on the
particularities of self–organizing networks (see, e.g. [3],
[13], [19]).
We model self–organizing systems as a set of units subject to change. The units are connected to and interact
with each other through directed edges or links, therefore these systems can be called networks. An alliance
is a distinguished set of units. In this paper, we use a
diﬀerent terminology for each alliance depending on the
nature of the underlying framework. A unit may belong
to more than one alliance. The memory of the alliance
is the set of links between the members of the given alliance. The work of the alliance is characterized by the
rules aiming at the optimization of rewards obtainable by
the alliance. The work of the alliance may also include the
reward sharing rules. The self–organizing property means
that new dependencies may be formed during the work of
the alliance on the basis of the interactions between the
units and the rewards that the units collect. The system
is selective provided that the reward sharing rules induce
competition among the units.
Our work addresses self–organizing systems that compile to the scale–free small world model [2]. We model
self–organizing networks at syntactical level as well as reveal some semantical and experimental aspects related to
them.
At syntactical level, we employ devices from grammar systems theory. The theory of grammar systems deals with
formal language theoretic constructions suitable for modelling distributed and decentralized computation [5]. In
grammar systems the components, which are Chomsky or
Lindenmayer grammars in the majority of cases, work together, communicate and cooperate according to a prede-
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ﬁned protocol or a protocol emerging during the function
of the system. The protocol that guides the collaboration
plays an essential role in the model. The properties of
a system are determined through the individual and the
collective behavior of its members. It can be veriﬁed that
rather simple component grammars following a simple cooperation strategy may achieve complex behaviour.
At experimental level, we utilize the methods of selective
learning and value estimation under evolutionary pressure [4]. In selective learning alternative solutions coexist and while organisms compete for space and resources,
the more eﬃcient solutions are maintained. We apply
evolutionary learning within the framework of reinforcement learning to improve decision making. In a typical reinforcement learning problem the learning process
is motivated by the optimization of the expected value of
the long–term cumulated proﬁt of the actual state (state
value) or the state–action pair (state–action value) [18].

2. Aims of the Research
When modelling particular self–organizing networks, we
examine the following issues:

1. Can certain phenomena that characterize self–
organizing networks be described by formal language theoretical tools, by constructions from grammar systems theory in particular? Among the results that we achieve using the terminology of grammar systems theory, which ones contribute to the
development of certain areas of current research on
self–organizing networks? How can the grammatical description that we employ to characterize self–
organizing networks in our work be extended, what
are the future research directions?
2. How can we deﬁne the components and the rules
of the cooperation of the components of the formal
language theoretical constructions applied to model
the self–organizing networks?
3. How large is the generative power that we regard
as a characterization of the behaviour and the measurement of the degree of complexity of grammar
systems?

3. Peer–to–Peer Networks
First, we model peer–to–peer (P2P) networks with the aid
of networks of parallel multiset string processors [8]. In
our work, we rely on the deﬁnitions and standards of the
JXTA–based P2P systems [1, 10]. The members of P2P
networks, referred to as peers, have equal status, meaning that a peer can either request a service (a client trait)
or provide a service (a server trait). Peers self–organize
themselves into peer groups. A peer group is a collection
of peers that have agreed upon a common set of services.
Both peers and peer groups can oﬀer network services.
Peers communicate with each other by messages and use
asynchronous and unidirectional message transfer mechanisms, called pipes, for service communication. Advertisements describe and publish the existence of network
resources in the system.
Deﬁnition 1 A network of parallel multiset string processors with teams of collective and individual ﬁltering (a
Tci NPMPF0L system) of degree n, n ≥ 1, is a construct

Γ = (V, (t1 , Θ1 , Ξ1 ), . . . , (tn , Θn , Ξn )),
where
• V is an alphabet, the alphabet of the system,
• ti = {ci,1 , . . . , ci,ri }, 1 ≤ i ≤ n, ri ≥ 1, is a team
component, the i–th team, where
– ci,j = (Pi,j , Fi,j , Ψi,j , Υi,j ), 1 ≤ i ≤ n, 1 ≤ j ≤
ri , is the j–th component of the i–th team of the
network, or in other words, the (i, j)–th component of the network, where
∗ Pi,j , 1 ≤ i ≤ n, 1 ≤ j ≤ ri , is a ﬁnite
and complete set of pure context–free rules
over V (i.e. rules of the form A → α with
A ∈ V , α ∈ V ∗ , and for each A ∈ V , there
is a rule A → α in Pi,j ), the production set
of the (i, j)–th component,
∗ Fi,j ∈ V ◦ , 1 ≤ i ≤ n, 1 ≤ j ≤ ri , is
a non–empty ﬁnite multiset of strings, the
multiset of axioms of the (i, j)–th component, and
∗ Ψi,j = {ψi,j 1 , . . . , ψi,j si,j }, Υi,j =
{υi,j 1 , . . . , υi,j oi,j }, 1 ≤ i ≤ n, 1 ≤ j ≤ ri ,
where ψi,j k , υi,j l , 1 ≤ k ≤ si,j , 1 ≤ l ≤ oi,j ,
are context conditions over V ∗ , called an
exit ﬁlter and an entrance ﬁlter, respectively, of the (i, j)–th component,
• Θi = {θi1 , . . . , θipi }, Ξi = {ξi1 , . . . , ξiqi }, 1 ≤ i ≤ n,
where θij , ξik , 1 ≤ j ≤ pi , 1 ≤ k ≤ qi , are context
conditions over V ∗ , called an exit ﬁlter and an entrance ﬁlter, respectively, of the i–th team.
A component, which is a multiset string processor, corresponds to a peer, while a team to a peer group in a P2P
system. An element of Fi,j ∈ V ◦ , 1 ≤ i ≤ n, 1 ≤ j ≤ ri ,
may either be an advertisement or a message. We have
chosen multiset string processors as components, since in
P2P networks multiple instances of an advertisement or
a message may exist on peers, and all the receivers take
away their own copy. In the case of an advertisement,
ﬁlters θij , ξik , 1 ≤ i ≤ n, 1 ≤ j ≤ pi , 1 ≤ k ≤ qi , limit access to advertisements available to every multiset string
processor (collective ﬁltering of information), whereas ﬁlters ψi,j k , υi,j l , 1 ≤ i ≤ n, 1 ≤ j ≤ ri , 1 ≤ k ≤ si,j , 1 ≤
l ≤ oi,j , to those advertisements that are available only
to the components of the given team (individual ﬁltering
of information). In the case of a message, ﬁlters θij , ξik ,
1 ≤ i ≤ n, 1 ≤ j ≤ pi , 1 ≤ k ≤ qi , are the pipe endpoints
referred to as the output pipe (the sending end) and as
the input pipe (the receiving end) at collective information ﬁltering level, whilst ﬁlters ψi,j k , υi,j l , 1 ≤ i ≤ n, 1 ≤
j ≤ ri , 1 ≤ k ≤ si,j , 1 ≤ l ≤ oi,j , are the pipe endpoints
referred to as the output pipe (the sending end) and as the
input pipe (the receiving end) at individual information
ﬁltering level, respectively.
According to the type of the ﬁlters and the type of
the productions sets we distinguish diﬀerent classes of
Tci NPMP systems. We denote by TcX iY NPMPZ the
class of Tci NPMP systems with (X)–type collective and
(Y )–type individual ﬁlters, where X, Y ∈ {reg, rc} and
Z ∈ {0L, D0L, F0L, . . . }.
The Tci NPMPF0L system functions by changing its states.
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Deﬁnition 2
By a state (or a conﬁguration) of a Tci NPMPF0L system Γ = (V, (t1 , Θ1 , Ξ1 ), . . . , (tn , Θn , Ξn )), n ≥ 1,
as above (see Def.
1), we mean a tuple s =
(M1,1 , . . . , M1,r1 , . . . , Mn,1 , . . . , Mn,rn ), where Mi,j ∈ V ◦ ,
1 ≤ i ≤ n, 1 ≤ j ≤ ri , is called the state of the
(i, j)–th component and it represents the multiset of
strings present at component (i, j) at that step. s0 =
(F1,1 , . . . , F1,r1 , . . . , Fn,1 , . . . , Fn,rn ) is called the initial
state of the system.
Deﬁnition 3 (Conﬁguration transmission.)
Let Γ = (V, (t1 , Θ1 , Ξ1 ), . . . , (tn , Θn , Ξn )), n ≥ 1, be
a Tci NPMPF0L system, as above (see Def. 1). Let
s1 = (M1,1 , . . . , M1,r1 , . . . , Mn,1 , . . . , Mn,rn ) and s2 =
′
′
′
′
, . . . , Mn,r
) be two states of Γ.
, . . . , M1,r
, . . . , Mn,1
(M1,1
n
1
We say that
1. s2 is derived from s1 by a rewriting step in Γ, written
as
(M1,1 , . . . , M1,r1 , . . . , Mn,1 , . . . , Mn,rn ) ⇒
′
′
′
′
(M1,1
, . . . , M1,r
, . . . , Mn,1
, . . . , Mn,r
),
n
1
′
if Mi,j = {{αi,j 1 , . . . , αi,j gi,j }}, Mi,j
= {{βi,j 1 ,
∗
. . . , βi,j gi,j }}, where αi,j k , βi,j k ∈ V , αi,j k ⇒ βi,j k
in Pi,j , 1 ≤ i ≤ n, 1 ≤ j ≤ ri , 1 ≤ k ≤ gi,j .

2. s2 is derived from s1 by a communication step in Γ,
written as
(M1,1 , . . . , M1,r1 , . . . , Mn,1 , . . . , Mn,rn ) ⊢
′
′
′
′
, . . . , Mn,1
, . . . , Mn,r
),
(M1,1
, . . . , M1,r
n
1
if for every 1 ≤ i ≤ n, 1 ≤ j ≤ ri ,

′
Mi,j
= Mi,j ∪ Ci,j ∪ Ii,j ,

where Ci,j = {{γ | γ ∈ Mk,l , θkx (γ) = true, ξiy (γ) =
true, 1 ≤ k ≤ n, 1 ≤ l ≤ rk , 1 ≤ x ≤ pk , 1 ≤
y ≤ qi , (k, l) ̸= (i, j)}}, and Ii,j = {{γ | γ ∈
Mi,k , ψi,ku (γ) = true, υi,j v (γ) = true, 1 ≤ k ≤
ri , 1 ≤ u ≤ si,k , 1 ≤ v ≤ oi,j , j ̸= k}}.
Cond. 1 of Def. 3 corresponds to the publication or the
update of the advertisement, or the compilation or the
modiﬁcation of the message. We apply parallel rewriting
rules, since the entire advertisement or message can be
modiﬁed at a given time step. The rewriting steps may
produce some identical strings.
In Cond. 2 of Def. 3, if Ci,j ̸= ϵ and Ii,j = ϵ, then
component ci,j performs the collective, if Ci,j = ϵ and
Ii,j ̸= ϵ, then the individual, if Ci,j ̸= ϵ and Ii,j ̸= ϵ,
then the simultaneous collective and individual ﬁltering
mechanism. If Ii,j = Ci,j = ϵ, then none of the strings
is allowed to penetrate the entrance ﬁlters of ci,j and the
entrance ﬁlters of the team ci,j belongs to.
The components communicate the copies of the strings
at their disposal. If the string to be communicated is an
advertisement, then a component can apply either for an
advertisement that may be available to arbitrary member of an arbitrary team (collective ﬁltering mechanism),
for an advertisement that may be available only to the
members of the team the given component belongs to
(individual ﬁltering mechanism), or for both of the previous two types of advertisements (simultaneous collective
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and individual ﬁltering mechanism), in case some context
conditions are met. Should the string to be communicated be a message, it might be transferred either via the
pipe that connects two components belonging to arbitrary
teams (collective ﬁltering mechanism), via the pipe that
connects two members of the team the given component
belongs to (individual ﬁltering mechanism), or via both of
the previous two types of pipes (simultaneous collective
and individual ﬁltering mechanism), provided that some
context conditions are satisﬁed. In the case of a message,
the satisﬁability of the given context condition means that
the component intent on sending/receiving the message is
able to send/receive it.
By a computation C in Γ we mean a sequence of states
s0 , s1 , . . . , where sk ⇒ sk+1 , if k = 2j + 1, j ≥ 0, and
sk ⊢ sk+1 , if k = 2j, j ≥ 1.

3.1 Information Dynamics
In the following, by using the previous formalism we characterize the dynamics of information in P2P networks.
Deﬁnition 4 Let Γ = (V, (t1 , Θ1 , Ξ1 ), . . . , (tn , Θn , Ξn )),
n ≥ 1, be a Tcrc irc NPMPFD0L system and let
(t)
(t)
(t)
(t)
(M1,1 , . . . , M1,r1 , . . . , Mn,1 , . . . , Mn,rn ) be the state of Γ
at step t during the computation in Γ, where t ≥ 0, ri ≥
1, 1 ≤ i ≤ n.
1. Function m : N0 → N0 deﬁned by m(t) =
∑n ∑ri
(t)
i=1
j=1 card(Mi,j ), for t ≥ 0, is called the population growth function of Γ.

2. Function mi,j : N0 → N0 deﬁned by mi,j (t) =
(t)
card(Mi,j ), for t ≥ 0, is called the population growth
function of Γ at node (i, j), 1 ≤ i ≤ n, 1 ≤ j ≤ ri .
3. (Communication functions.)
c
(a) Function f(i,j)(k,l)
: N0 → N0 deﬁned by
(t−1)

c
f(i,j)(k,l)
(t) = card({{γ ∈ Mi,j
| θix (γ) =
true, ξky (γ) = true, 1 ≤ k ≤ n, 1 ≤ l ≤ rk , 1 ≤
x ≤ pi , 1 ≤ y ≤ qk , (k, l) ̸= (i, j)}}), for
c
t = 2k′ , k ′ ≥ 1, and f(i,j)(k,l)
(t) = 0 otherwise, is called the communication function of
Γ from node (i, j) to node (k, l) using collective
ﬁltering.
i
(b) Function f(i,j)(i,k)
: N0 → N0 deﬁned by
(t−1)

i
f(i,j)(i,k)
(t) = card({{γ ∈ Mi,j
| ψi,j u (γ) =
true, υi,kv (γ) = true, 1 ≤ k ≤ ri , 1 ≤ u ≤
si,j , 1 ≤ v ≤ oi,k , j ̸= k}}), for t = 2k′ , k ′ ≥ 1,
i
and f(i,j)(i,k)
(t) = 0 otherwise, is called the
communication function of Γ from node (i, j)
to node (i, k) using individual ﬁltering.

The population growth function of Γ, m, describes the
increase in the number of pieces of information in the network, the population growth function of Γ at node (i, j),
mi,j , the increase in the number of pieces of information
at node (i, j), and the communication function of Γ from
c
i
node (i, j) to node (k, l) ((i, k)), f(i,j)(k,l)
(f(i,j)(i,k)
), the
increase in the number of pieces of information during the
communication between node (i, j) and node (k, l) ((i, k))
using collective (individual) ﬁltering at a given time step,
respectively.
The change of the rewritten and the communicated string
collections can be described by developmental systems.
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Theorem 1 Let Γ = (V, (t1 , Θ1 , Ξ1 ), . . . , (tn , Θn , Ξn )),
n ≥ 1, be a Tcrc irc NPMPFD0L system. Then a D0L system H = (Σ, ω, h) can be constructed, such that
1. m(t) = f (t), where m is the population growth function of Γ and f is the growth function of H;
2. mi,j (t) = card(h̄i,j (ht (ω))) for some erasing homomorphism h̄i,j : Σ → Σ, where mi,j is the population
growth function of Γ at node (i, j);
3. (communication functions)
c
(a) f(i,j)(k,l)
(t) = card(h̄(i,j)(k,l) (ht (ω))) for some
erasing homomorphism h̄(i,j)(k,l) : Σ → Σ,
c
where f(i,j)(k,l)
is the communication function
of Γ from node (i, j) to node (k, l), t ≥ 0, 1 ≤
i, k ≤ n, 1 ≤ j ≤ ri , 1 ≤ l ≤ rk , (k, l) ̸= (i, j),
using collective ﬁltering;
i
(b) f(i,j)(i,k)
(t) = card(h̄(i,j)(i,k) (ht (ω))) for some
erasing homomorphism h̄(i,j)(i,k) : Σ → Σ,
i
where f(i,j)(i,k)
is the communication function
of Γ from node (i, j) to node (i, k), t ≥ 0, 1 ≤
i ≤ n, 1 ≤ j, k ≤ ri , j ̸= k, using individual
ﬁltering.

Theorem 1 describes the construction of communication
graphs by means of communication functions. By the theory of D0L systems [16], several results can be obtained.
In the ﬁrst place, the population growth function of a
Tcrc irc NPMPFD0L system is either exponential or polynomially bounded, which is decidable. Secondly, the alphabets of the words generated by the D0L system H
of Theorem 1 form an almost periodic sequence. Consequently, we can claim that after some time the function
of these P2P networks results in the saturation of information. Lastly, for any two Tcrc irc NPMPFD0L systems,
the sequence and language equivalence problems are decidable. It implies that in practice, it is decidable for two
P2P networks whether they function in the same manner
concerning the dynamics of information.

3.2 Security in P2P Networks
Our approach can also be used to detect and eliminate
certain types of network protocol–based attacks, such as a
special denial–of–service attack, the SYN ﬂooding attack
against the TCP/IP handshake protocol.

3.2.1 SYN Flooding Attack
We investigate two diﬀerent scenarios of the SYN ﬂooding
attack.
In the ﬁrst scenario the attacker pk with IP address pk
sends N (N ≥ 1) SYN messages to pl . As a response to
each SYN message, pl issues a SYN–ACK message and
waits for the corresponding ACK message. Since pk is a
corrupt peer, it will not send any acknowledgement to pl .
Our model detects and terminates connections with peers
that has initiated the TCP/IP handshake but will not
acknowledge its establishment. We introduce a counter
that increases by one each time a malicious connection is
initiated by the underlying peer. If this counter reaches a
threshold N , then the honest peer refuses to accept any
further communication with the malicious peer. The use
of the counter allows us to terminate the communication
with the malicious peers in a timely manner. To detect

the SYN ﬂooding attack, we need to check the multisets
at the appropriate components. The second peer receives
either an unexpected message (which it refuses), nothing
or the acknowledgement. In the ﬁrst two cases the counter
should be increased by one.
In the second scenario peer p1 sends a SYN(p̄) message
to peer p2 , where p̄ is a spoofed IP address. In reply to
message SYN(p̄), peer p2 sends message SYN–ACK to p̄,
which in turn issues an ERROR message. The second
scenario is the special case of the ﬁrst one, since issuing the ERROR message corresponds to the transmission
of a non–expected message. In the second scenario, the
SYN ﬂooding attack can be handled immediately. The
limitation of our approach is that if p̄ has to respond to
an unexpected message, it may result in exhausting the
resources of p̄.

3.2.2 Access Control
Our model can enforce simple access control requirements.
We can deﬁne for each peer the strings that are permitted to be sent and to be received, therefore our ﬁlters can
be utilized to limit traﬃc ﬂow. Herein we show how to
employ our model to support Discretionary Access Control (DAC) [17] via ﬁlters. The DAC can be described by
a tuple: (subject, object, ±access mode), where subject
is the active entity permitted (denied) access to or provides an other entity with access to a resource object in
the mode access mode. We propose the use of the following notation: (peer, string, ± < direction >) to express
DAC information ﬂow requirements. peer corresponds to
subject, string to object, and ± < direction > deﬁnes
whether the string is permitted or denied to enter (in)
or leave (out) a ﬁlter of a peer. For instance, if in the
P2P network (peer, string, +in) and (peer, string, +out)
hold, it means that the sender is able to transmit a string,
which can be either a message or an advertisement, to
the receiver. The denial (peer, string, −in) does not let
the string in and (peer, string, −out) does not let it out,
hence preventing potential malicious attacks and keeping
the string conﬁdential, respectively.

4. Internet Crawlers in Quest of Novel Information
Secondly, we describe the behaviour of Internet crawlers
seeking novel information on the World Wide Web. Owing to the scale–free small world nature of the web [2] to
locate novel information often requires strenuous eﬀorts,
hence the need of the elaboration of eﬃcient crawling algorithms [15].

4.1 Eco–Foraging Systems
In the formal language theoretic framework, we employ
a certain regulated rewriting device in variants of eco–
grammar systems [6], called eco–foraging systems. First,
we deal with eco–foraging systems with no lifetime associated with the web pages, i.e. we ignore that during
web crawling some pages may become obsolete. The web
environment represents the continuously changing World
Wide Web domain.
Deﬁnition 5 The web environment with n foragers, n ≥
1, is a construction
E = (VE , TE′ , PE ),

Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 3, No. 1 (2011) 21-32

such that
• VE is a ﬁnite alphabet, VE = VM ∪ TE′ ∪ VN ∪ V̄N ,
∪
∪n
(i)
with VN = n
i=1 Ni and V̄N =
i=1 Ni , where

Deﬁnition 6 A programmed eco–foraging system with
appearance checking (an FEGPRac system) of degree n,
n ≥ 1, is a construction
Γ = (E, A1 , . . . , An , cinit ),

– VM is a ﬁnite set,

(i)

– Ni = {Xi,1 , . . . , Xi,si }, Ni
(i)
Xi,si },
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(i)

= {Xi,1 , . . . ,

1 ≤ si , 1 ≤ i ≤ n, are ﬁnite alphabets,
∪k
– TE = j=1 Nij , and for some k, 1 ≤ k ≤ n,
{i1 , . . . , ik } ⊆ {1, . . . , n},
– TE′ = {Z ′ | Z ∈ TE },

such that
• E = (VE , TE′ , PE ) is the web environment (see
Def.5),
(i)

– VM , TE′ , VN , and V̄N , are pairwise disjoint sets,
• PE = {PE1 , . . . , PEr }, where PEq , 1 ≤ q ≤ r, is a
ﬁnite set of rules of the following forms:
– Y → α, where Y ∈ VN , α ∈

• Ai = (Ni ∪ Ni , Si , Ri ), 1 ≤ i ≤ n, is the i–th forager, a programmed grammar scheme with appearance checking, where
(i)

– Ni ∪Ni is the nonterminal alphabet of the i–th
forager (see Def.5),

VN∗ ,

– Si ∈ Ni is the start symbol of the i–th forager,

(i)

– Z (i) → β, where Z (i) ∈ Ni , 1 ≤ i ≤ n, and
β ∈ VN∗ ∪ VN∗ Z (i) VN∗ ,

– Ri is a ﬁnite set of triplets of the following
forms:

(j)

– Z (j) → Z ′ , Z ′ → Z ′ , where Z (j) ∈ Nj , 1 ≤
j ≤ n, Nj ⊆ TE , Z ′ ∈ TE′ and Z ∈ TE ,

(i)

∗ (li,1 : Si → Si , σi (li,1 ), ψi (li,1 )),
σi (li,1 ) ⊆ {li,1 , . . . , li,si }, ψi (li,1 ) = {li,1 },
is called the initial rule of the i–th forager,

∗
– U → γ, where U ∈ VM and γ ∈ VN∗ VM
VN∗ .

∗ (li,k

Moreover, any rule set in PE is complete, i.e. for
any c ∈ VE , there is at least one rule in any PEq ,
1 ≤ q ≤ r.
In Def. 5, VE is the alphabet of the web environment,
i.e. the web pages that can be altered through the joint
action of the foragers and the web environment. VE con(i)
sists of the union of all alphabets Ni and Ni , 1 ≤ i ≤ n,
′
TE and VM . The elements of Ni represent the web pages
(i)
that can be identiﬁed, while those of Ni the web pages
that were actually visited by the i–th forager. TE corresponds to the web pages that should be visited by the
foragers, TE′ describes that those web pages that should
be visited were really recognized by the foragers and reinforced later by the environment. The symbols from VM
characterize how the web environment works, i.e. they
cannot be rewritten by any of the agents. PE is the set
of all rule sets PEq , 1 ≤ q ≤ r, where each PEq is a set of
rules (the so–called evolution rules): it describes the update of a non–visited web page, of a visited one and some
other kinds of rewritings, respectively. In particular, rules
of the form Y → α, where Y ∈ VN , α ∈ VN∗ , correspond
to the update (insertion of new web page(s) into the environment, the deletion or the substitution of some part of
the environmental state) of a non–visited web page, rules
(i)
of the form Z (i) → β, where Z (i) ∈ Ni , 1 ≤ i ≤ n, and
∗
∗ (i) ∗
β ∈ VN ∪ VN Z VN , describe that the actually visited
web page has been deleted or left unaltered and at the
same time some new web pages may have been inserted,
(i)
rules of the form Z (i) → Z ′ , Z ′ → Z ′ , where Z (i) ∈ Ni ,
′
′
1 ≤ i ≤ n, Ni ⊆ TE , Z ∈ TE and Z ∈ TE , represent that
the web pages visited by the foragers are reinforced by
the environment, rules of the form U → γ, where U ∈ VM
∗
and γ ∈ VN∗ VM
VN∗ , express that symbols from the ﬁnite
set VM have been rewritten and/or some new web pages
have been inserted.
We impose some constraint on the rules of the agents of
the eco–grammar systems to describe the search strategy
of these agents.

:

Xi,k
(i)
{Si },

→

Xi,k
∈

(i)

Xi,k , σi (li,k ), ψi (li,k )),
(i)

Ni \ {Si }, Xi,k

∈

(i)

Ni

\

2 ≤ k ≤ si , with σi (li,k ) ⊆
{li,1 , . . . , li,si }, ψi (li,k ) ⊆ {hi,2 , . . . , hi,si },
or
(i)
(i)
∗ (hi,k : Xi,k → Xi,k , σi (hi,k ), ψi (hi,k )),
(i)

(i)

(i)

Xi,k ∈ Ni \ {Si }, 2 ≤ k ≤ si ,
with σi (hi,k ) ⊆ {li,1 , . . . , li,si }, ψi (hi,k ) ⊆
{hi,2 , . . . , hi,si }, where
· Label(Ri ) = {li,1 , . . . , li,si , hi,2 , . . . ,
hi,si } is the set of labels of the rules
in Ri .

• cinit = (l1,1 , . . . , ln,1 ; ωinit ) is called the initial conﬁguration of Γ, where li,1 is the label of the initial rule of the i–th forager, 1 ≤ i ≤ n, ωinit =
z1 Sj1 z2 . . . zk Sjk zk+1 , Sjh ∈ Njh , zl ∈ VE∗ , 1 ≤ h ≤
k, 1 ≤ l ≤ k + 1, and for some k, 0 ≤ k ≤ n,
{j1 , . . . , jk } ⊆ {1, . . . , n}. The string ωinit is called
the initial state of the web environment of Γ or the
initial environmental state.
In Def. 6, the agents or foragers are special programmed
grammar schemes with appearance checking. Si ∈ Ni is
the ﬁrst web page that the i–th agent has to visit. The
agents have two types of rules except for the initial step.
(i)
Si → Si is the initial rule of the i–th agent. Not until the
forager has discovered the ﬁrst web page, will it be able
to go to any of its subsequent rules. At subsequent steps,
(i)
the rules of the i–th agent have the forms Xi,k → Xi,k ,
(i)

(i)

Xi,k ∈ Ni \ {Si }, Xi,k ∈ Ni
(i)

(i)

Xi,k ∈ Ni

(i)
Xi,k ,

(i)

(i)

(i)

(i)

\ {Si }, or Xi,k → Xi,k ,

\ {Si }, 1 ≤ i ≤ n, 2 ≤ k ≤ si . Rules
(i)

(i)

(i)

Xi,k ∈ Ni \ {Si }, Xi,k ∈ Ni \ {Si }, 1 ≤
Xi,k →
i ≤ n, 2 ≤ k ≤ si , describe that the i–th agent tries to
(i)
(i)
visit a not yet discovered web page. Rules Xi,k → Xi,k ,
(i)

(i)

(i)

Xi,k ∈ Ni \ {Si }, 1 ≤ i ≤ n, 2 ≤ k ≤ si , on the other
hand, express that the i–th agent jumps to a web page
that it has discovered previously. As the initial state of
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the web environment, ωinit indicates, initially, we do not
suppose that every agent is able to commence its work.
The foragers have to apply their initial rules when they
start their work.

4.1.1 The Power of Eco–Foraging Systems
The class of recursively enumerable languages is exactly
the same as the class of languages generated by programmed eco–foraging systems with appearance checking:

In the sequel, we deﬁne the way in which eco–foraging
systems work.

Theorem 2 L(RE) = L(FEGPRac ).

Deﬁnition 7 Let Γ = (E, A1 , . . . , An , cinit ) be a
FEGPRac system of degree n, n ≥ 1. An (n + 1)–tuple
c = (k1 , . . . , kn ; ωE ), where ki ∈ Label(Ri ), 1 ≤ i ≤ n,
ωE ∈ VE∗ , is called a conﬁguration of Γ. ωE is the state
of the web environment of Γ in conﬁguration c or the environmental state in conﬁguration c.

It signiﬁes that the foragers communicating only through
the environment are able to identify any computable set
of the environmental states.

Deﬁnition 8 Let Γ = (E, A1 , . . . , An , cinit ) be a
FEGPRac system of degree n, n ≥ 1 (see Def.5), and let
′
) be two
c1 = (k1 , . . . , kn ; ωE ) and c2 = (k1′ , . . . , kn′ ; ωE
conﬁgurations of Γ. We say that c1 directly derives c2 in
Γ, written as c1 =⇒Γ c2 , if the following conditions hold:
′′
1. ωE = u1 αi1 u2 . . . uk αik uk+1 and ωE
= u1 βi1 u2 . . .
uk βik uk+1 , where for some k, 0 ≤ k ≤ n,
(j)
{i1 , . . . , ik } ⊆ {1, . . . , n}, αij ∈ Nj ∪ Nj , βij ∈

4.2 Eco–Foraging Systems with Time
Secondly, we move on to eco–foraging systems with web
pages having lifetime. We modify the alphabet of agents
to keep track of the aging of the web environment. If the
lifetime of a web page is 0, it means that the web page is
no longer recognizable by any of the foragers.
Deﬁnition 10 The web environment with n foragers
with time, n ≥ 1, is a construction
E = (VE , TE , PE ),

(j)

Nj , 1 ≤ j ≤ k, uh ∈ VE∗ , 1 ≤ h ≤ k + 1,

2. (kij : αij → βij , σ(kij ), ψ(kij )) ∈ Rij and ki′j ∈
σ(kij ), 1 ≤ j ≤ k,
3. there is no m ∈ {1, . . . , n} \ {i1 , . . . , ik }, such that
(km : αm → βm , σ(km ), ψ(km )) ∈ Rm can be applied
to u1 u2 . . . uk+1 ,
′
4. km
∈ ψ(km ) for m ∈ {1, . . . , n} \ {i1 , . . . , ik },

′
5. ωE
= v1 βi1 v2 . . . vk βik vk+1 , where u1 . . . uk+1 =⇒
v1 . . . vk+1 is a 0L rewriting according to some PEq ,
1 ≤ q ≤ r, PEq ∈ PE .

In Def. 8, the programmed grammar schemes determine
the next rule to be applied on the basis of the previous
one(s). If the forager has managed to identify a news element, then it will seek a novel one. If the attempt of the
forager is not successful and it has not yet commenced its
work, then it will try to visit its ﬁrst web page again. If
the crawler fails to discover a web page diﬀerent from the
initial one, then it will go to a web page that it has discovered previously. If the forager has managed to identify
the previously discovered web page, then it will go to a
not yet visited page, otherwise to a visited one.
The next state of the web environment is determined both
by the action rules of the foragers and the set of rules of
the web environment. The actions of the foragers have
priority over the evolution of the web environment. The
foragers have to perform their actions simultaneously.

such that
• VE is a ﬁnite alphabet, where VE = VM ∪ TE ∪ VN ∪
∪
∪n
(i)
V̄N with VN = n
i=1 Ni and V̄N =
i=1 Ni , n ≥ 1,
where
– VM is a ﬁnite set,
∪s i
∪ti,j
– Ni =
k=0 Ni,j (k) =
j=1 Ni,j , Ni,j =
∪ti,j
k=0 {Xi,j (k)},
∪si
∪ti,j (i)
(i)
(i)
(i)
– Ni =
k=0 Ni,j (k) =
j=1 Ni,j , Ni,j =
∪ti,j
(i)
{X
(k)},
i,j
k=0

– TE is a ﬁnite alphabet, and

– VM , TE , VN and V̄N are pairwise disjoint sets,
• PE = {PE1 , . . . , PEy }, where PEq , 1 ≤ q ≤ y, is a
ﬁnite
set of rules of the following forms, VNmax =
∪n ∪
sp
r=1 Np,r (tp,r ), tp,r ≥ 1, 1 ≤ i ≤ n, 1 ≤ j ≤
p=1
si , 1 ≤ k ≤ ti,j :
– Xi,j (k) → Xi,j (k − 1), where Xi,j (k −
1), Xi,j (k) ∈ Ni,j ,
∪
– Y → α, where Y ∈ n
i=1 Ni , and α ∈ (TE ∪
VNmax )∗ ,
(i)

Deﬁnition 9 The language generated by an FEGPRac
system Γ = (E, A1 , . . . , An , cinit ) is deﬁned by L(Γ) =
{u | cinit = (l1,1 , . . . , ln,1 ; ω) =⇒∗Γ (k1 , . . . , kn ; u), u ∈
∗
T ′ E }.
The language family generated by FEGPRac systems is
denoted by L(FEGPRac ).

(i)

(i)

(TE ∪VNmax )∗ ∪(TE ∪VNmax )∗ Xi,j (k −1)(TE ∪
∗

VNmax ) ,

(i)
Xi,j (k

− 1) ∈

(i)
Ni,j ,

– Xi,j (0) → Xi,j (0), Xi,j (0) ∈ Ni,j ,
(i)

The transitive (and reﬂexive) closure of =⇒Γ is denoted
∗
by =⇒+
Γ (=⇒Γ ). If no confusion arises, then subscript Γ
can be omitted.

(i)

– Xi,j (k) → β, where Xi,j (k) ∈ Ni,j , and β ∈

(i)

(i)

(i)

– Xi,j (0) → Xi,j (0), Xi,j (0) ∈ Ni,j , or

– U → γ, where U ∈ VM and γ ∈ (TE ∪VNmax )∗ ∪
(TE ∪ VNmax )∗ VM (TE ∪ VNmax )∗ .

Moreover, any rule set in PE is complete, i.e. for
any c ∈ VE , there is at least one rule in any PEq ,
1 ≤ q ≤ y.
If the lifetime of the web pages is included, then the interpretation of the various components of the web environment is analogous to the one presented for Def. 5.
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Therefore herein we emphasize only the diﬀerences. The
alphabet of an agent also contains the information about
the lifetime of the web pages that the agent is able to recognize. We assign a maximal lifetime to each web page.
If the environment rewrites a web page and the web page
will still be present in the environmental string, then the
lifetime of the web page will be reduced by one regardless
of whether any agents have managed to identify the web
page or not. The lifetime of the newly introduced web
pages is maximal (in VNmax ). We do not assign lifetime
to the elements of VM and TE . Furthermore, TE is disjoint from VM , VN and V̄N . While in Def. 5 the elements
of TE can be rewritten by the agents, in this deﬁnition
they can be changed by the environment only.
Deﬁnition 11 A programmed eco–foraging system with
appearance checking with time (an FEGtime
PRac system) of
degree n, n ≥ 1, is a construction
Γ = (E, A1 , . . . , An , cinit ),
such that
• E = (VE , TE , PE ) is the web environment with time
(see Def.10),
(i)

• Ai = (N̄i ∪ Ni , Si , Ri ), 1 ≤ i ≤ n, is the i–th forager, a programmed grammar scheme with appearance checking, where
(i)

– N̄i ∪ Ni is the nonterminal alphabet of the i–
th
= Ni \ Ni (0), where Ni (0) =
∪siforager, N̄i ∪
si
j=1 Ni,j (0) =
j=1 {Xi,j (0)} (see Def.10),

– Si ∈ N̄i is the start symbol of the i–th forager,
Si = Xi,1 ,

– Ri is a ﬁnite set of rules of the following forms:
(i)
Si (k

∗ (li,1 (k) : Si (k) →
− 1), σ∪
i (li,1 (k)),
sp
ψi (li,1 (k))), with σi (li,1 (k)) = q=1
lp,q ,
{lp,1 , . . . , lp,sp }
⊆
{li,1 , . . . , li,si },
ψi (li,1 (k)) = li,1 , 1 ≤ k ≤ ti,1 , is called
the initial rule of the i–th forager, where
li,j = {li,j (z) | 1 ≤ z ≤ ti,j }, 1 ≤ j ≤ si ,
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• cinit = (l1,1 (t1,1 ), . . . , ln,1 (tn,1 ); ωinit ) is called the
initial conﬁguration of Γ, where li,1 (ti,1 ), ti,1 ≥ 1,
is the label of the initial rule of the i–th forager
with the corresponding maximal time, 1 ≤ i ≤ n,
ωinit = z1 Xj1 (tj1 )z2 . . . zk Xjk (tjk )zk+1 , Xjh (tjh ) ∈
N̄jh , tjh ≥ 1, z1 ∈ TE∗ ∪ TE∗ VM TE∗ , zl ∈ TE∗ , 1 ≤
h ≤ k, 1 ≤ l ≤ k + 1, and for some k, 0 ≤ k ≤ n,
{j1 , . . . , jk } ⊆ {1, . . . , n}. The string ωinit is called
the initial state of the web environment of Γ or the
initial environmental state.

In Def. 11 when the agent tries to visit a not yet discovered web page employing rules of the form Xi,j (k) →
(i)
(i)
(i)
Xi,j (k − 1), Xi,j (k) ∈ N̄i , Xi,j (k − 1) ∈ Ni , 1 ≤ i ≤
n, 1 ≤ j ≤ si , 1 ≤ k ≤ ti,j , then the lifetime of the web
page will be decreased by one, if the application of the
rule has been successful. Should the agent go to a web
page that it has discovered previously using rules of the
(i)
(i)
(i)
(i)
(i)
form Xi,j (k) → Xi,j (k − 1), Xi,j (k − 1), Xi,j (k) ∈ Ni ,
1 ≤ i ≤ n, 2 ≤ j ≤ si , 1 ≤ k ≤ ti,j , then the lifetime of the
corresponding web page will be reduced by one again. In
the axiom, the lifetime of the nonterminal letters of those
agents that are able to commence their work is maximal.
Notice that ωinit contains at most one symbol from VM .
In the sequel, we deﬁne the way in which eco–foraging
systems with time work.
Deﬁnition 12 Let Γ = (E, A1 , . . . , An , cinit ), be an
FEGtime
PRac system of degree n, n ≥ 1 (see Def. 11). An
(n+1)–tuple c = (q1,j1 (k1,j1 ), . . . , qn,jn (kn,jn ); ωE ), where
qi,ji (ki,ji ) ∈ Label(Ri ), 1 ≤ ki,ji ≤ ti,ji , 1 ≤ i ≤ n,
1 ≤ ji ≤ si , and ωE ∈ VE∗ , is called a conﬁguration of Γ.
ωE is the state of the web environment of Γ in conﬁguration c or the environmental state in conﬁguration c.
Deﬁnition 13 Let Γ = (E, A1 , . . . , An , cinit ), 1 ≤ ti,1 ,
1 ≤ i ≤ n, be an FEGtime
PRac system of degree n (see
Def. 11). Let c1 = (q1,j1 (k1,j1 ), . . . , qn,jn (kn,jn ); ωE ),
′
′
′
′
′
c2 = (q1,j
(k1,j
), . . . , qn,j
(kn,j
); ωE
) be two conﬁguran
n
1
1
′
tions of Γ, 1 ≤ ki,ji , ki,j
≤
t
,
1
≤
i ≤ n, 1 ≤ ji ≤ si ,
i,j
i
i
′
and ωE , ωE
∈ VE∗ . We say that c1 directly derives c2 ,
written as c1 =⇒Γ c2 , if the following conditions hold:

(i)

∗ (li,j (k) : Xi,j (k) → Xi,j (k − 1), σi (li,j (k)),
(i)

ψi (li,j (k))), Xi,j (k) ∈ N̄i \ {Si }, Xi,j (k −
(i)

(i)

1) ∈ Ni \ ∪
{Si }, 2 ≤ j ≤ si , with
sp
lp,q , {lp,1 , . . . , lp,sp } ⊆
σi (li,j (k)) = q=1
∪sp
′
{li,1 , . . . , li,si }, ψi (li,j (k)) =
q ′ =2 hp,q ,
{hp,2 , . . . , hp,sp } ⊆ {hi,2 , . . . , hi,si }, where
li,j = {li,j (z) | 1 ≤ z ≤ ti,j }, 1 ≤ j ≤ si ,
hi,j ′ = {hi,j ′ (z) | 1 ≤ z ≤ ti,j ′ }, 2 ≤ j ′ ≤
si , or

(i)
Xi,j (k −
(i)
(i)
1), σi (hi,j (k)), ψi (hi,j (k))), Xi,j (k), Xi,j (k−
(i)
(i)
1) ∈ Ni \ {S
∪sip }, 2 ≤ j ≤ si , with
σi (hi,j (k)) = q=1 lp,q , {lp,1 , . . . , lp,sp } ⊆
∪s
{li,1 , . . . , li,si }, ψi (hi,j (k)) = qp′ =2 hp,q′ ,

∗ (hi,j (k)

:

(i)

Xi,j (k)

→

{hp,2 , . . . , hp,sp } ⊆ {hi,2 , . . . , hi,si }, where
li,j = {li,j (z) | 1 ≤ z ≤ ti,j }, 1 ≤ j ≤ si ,
hi,j ′ = {hi,j ′ (z) | 1 ≤ z ≤ ti,j ′ }, 2 ≤ j ′ ≤
si , and
· Label(Ri ) = li,1 ∪ . . . ∪ li,si ∪ hi,2 ∪ . . . ∪
hi,si is the set of labels of Ri .

′′
1. ωE = u1 αi1 (ki1 )u2 . . . ur αir (kir )ur+1 and ωE
=
u1 βi1 (ki1 − 1)u2 . . . ur βir (kir − 1)ur+1 , where for
some r, 0 ≤ r ≤ n, {i1 , . . . , ir } ⊆ {1, . . . , n},
(j)
(j)
αij (kij ) ∈ N̄j ∪ Nj , βij (kij − 1) ∈ Nj , 1 ≤ kij ≤
tij , 1 ≤ j ≤ r, uh ∈ VE∗ , 1 ≤ h ≤ r + 1,

2. (qij (kij ) : αij (kij ) → βij (kij − 1), σ(qij (kij )),
ψ(qij (kij ))) ∈ Rij and qi′j (ki′j ) ∈ σ(qij (kij )), 1 ≤
j ≤ r,
3. there is no m ∈ {1, . . . , n} \ {i1 , . . . , ir },
such that (qm (km ) : αm (km ) → βm (km −
1), σ(qm (km )), ψ(qm (km ))) ∈ Rm can be applied to
u1 u2 . . . ur+1 , 1 ≤ km ≤ tm ,
′
′
(km
) ∈ ψ(qm (km )) for m
4. qm
′
{i1 , . . . , ir }, 1 ≤ km
≤ t′m ,

∈

{1, . . . , n} \

′
5. ωE
= v1 βi1 (ki1 − 1)v2 . . . vr βir (kir − 1)vr+1 , where
u1 . . . ur+1 =⇒ v1 . . . vr+1 is a 0L rewriting according to some PEq , 1 ≤ q ≤ y, where PEq ∈ PE .
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The function of a programmed eco–foraging system with
time is analogous to the function of a programmed eco–
foraging system without time (see Def. 8), therefore
herein we present only the diﬀerences. In Def. 13, the
agents that participate in the derivation will reduce the
lifetime of the web pages they come across. The lifetime of
the web pages remaining still present in the environment
or being introduced at the given step, will be modiﬁed by
the environment as it is described in the remark following
Def. 10.
The transitive (and reﬂexive) closure of =⇒Γ is denoted
∗
by =⇒+
Γ (=⇒Γ ). If no confusion arises, then subscript Γ
can be omitted.
Deﬁnition 14 The language generated by an FEGtime
PRac
system Γ = (E, A1 , . . . , An , cinit ) is deﬁned by L(Γ) =
{y | cinit = (l1,1 (t1,1 ), . . . , ln,1 (tn,1 ); ωinit ) =⇒∗Γ
(q1,j1 (k1,j1 ), . . . , qn,jn (kn,jn ); y), y ∈ TE∗ }.
The family of languages generated by FEGtime
PRac systems
is denoted by L(FEGtime
).
PRac

4.2.1 The Power of Eco–Foraging Systems with
Time
The language family determined by unordered scattered
context grammars of ﬁnite index is equal to the language
family generated by programmed eco–foraging systems
with time with appearance checking:
Theorem 3 Lf in (USC) = L(FEGtime
PRac ).

4.3 Simulations
In the simulations, we distinguish two types of agents:
the foragers/the crawlers and the reinforcing agent (RA).
The foragers crawl the web and send the addresses (URLs,
Uniform Resource Locators) of the selected documents to
the RA or another forager. The foragers seek either novel
information, irrespective of the topic, or novel information on diﬀerent topics. The RA schedules the work of
the foragers: it launches the foragers consecutively for an
equal number of times. In eﬀect, it acts as a central reinforcing agent: it delivers positive reward only to the
ﬁrst sender of a document. Each forager visits the linked
URLs in a predeﬁned order. We collect real data from the
Web and create diﬀerent graph topologies through link
reorganization: scale–free worlds (SF), scale–free small
worlds (SFSW) and random world environments (RWE)
[2, 14]. In our work, we extend the previous study of
the behaviour of Internet crawlers [15], where neither the
crawlers had direct communication abilities, nor where
the topics speciﬁed.

4.4 Weblog Algorithm
Each forager possesses a weblog consisting of the URLs
with their associated weblog values in descending order
and performs its activity periodically. At the beginning
of a period, the forager selects randomly a URL from
the best elements of the weblog. The sequence of visited
URLs between two restarts forms a path. In eﬀect, the
weblog value of a URL estimates the expected sum of rewards along the path after a visit to the underlying URL.
The weblog will be altered before a new path starts. The
weblog value of a URL already in the weblog is modiﬁed
towards the sum of rewards of the remaining part of the
path, whilst that of new one is the actual sum of rewards

that can be collected along the rest of the path after a
visit to the given URL. The high weblog value of a URL
indicates an abundance of relevant documents around it.
Consequently, it is advisable to launch a search from that
URL.

4.4.1 Weblog Algorithm–Based Crawl
Each document is characterized by an N = 50 dimensional vector. The components of the vector are
mapped nonlinearly onto the interval [0, 1]. The vector
is computed by the probabilistic term–frequency inverse
document–frequency (PrTFIDF) text classiﬁer method
[12], generated on a previously downloaded portion of
the Internet. Every crawler has a randomly chosen N
dimensional weight vector. At a given URL, the crawler
calculates the scalar products of its weight vector and all
vectors belonging to the documents at the frontier (the
list of linked but not yet visited URLs found during the
crawl along the actual path). Then the forager moves to
(one of) the maximum scalar product valued URL(s).

4.5 Reinforcement Learning
A forager can estimate the long–term cumulated
value/proﬁt of a URL according to the reinforcements
obtained after the visit to the URL. The (immediate)
proﬁt is the diﬀerence between the rewards and the penalties received at any given step. In fact, the immediate
proﬁt characterizes a step to a URL in a myopic manner. Foragers employ an adaptive linear value estimator
(ALE) [18] to overcome this short sightedness. They follow the policy maximizing the expected long–term cumulated proﬁt (LTP) in lieu of the immediate.

4.5.1 RL–Based Crawl
The forager performs a step according to ALE. The weight
vector is trained by the ALE to improve the crawl. At
a given URL, the forager computes the scalar products
of its weight vector and all vectors belonging to the documents at the frontier. Then it greedily moves to (one
of) the highest scalar product valued URL(s). After the
step has been performed and the sum of the components
of the immediate reward (cost of a step, cost of sending
a document, rewards received for novel and topic relevant documents) has been calculated, then the error of
our state value estimation δ can be computed as follows:
δ = a − γ(b + c), where a denotes the LTP of the previous
URL, b the LTP of the actual URL, c the immediate reward and 0 < γ < 1 the discount factor. The estimation
is perfect in case there is no error. Otherwise, the weight
vector has to be modiﬁed, in proportion to the sign and
the magnitude of the error. This method is called temporal diﬀerencing (TD) [18]. The procedure gives rise to
adaptive crawl. At the beginning of each period, the forager continues the previous path.

4.6 The Combined Algorithm
The weblog–based selective learning and the function
approximation–based reinforcement learning can be combined. The selective learning modiﬁes the starting URL
lists of the crawlers, whilst RL updates the weight vector
of the crawler.

4.7 Sending of Documents
Crawlers apply a threshold for document sending. A
downloaded document will be sent provided that it is novel
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and its value passes the threshold. Neither do all the sent
documents invoke positive rewards. If a sent document invokes a positive reward, then the document is a relevant
(sent) document. The value of a document is the scalar
product of the sending weight vector and its
PrTFIDF vector. Sending can be adaptive, for instance,
if the crawlers use the PrTFIDF vector of a document and
adjust the components of the sending weight vector, i.e.
the sending weights, by averaging the weights of the relevant documents. In a changing world, the moving window
averaging might improve performance. Two cases can be
distinguished according to the estimation of the weights
used for document sending: the crawlers may send the selected documents (i) to the RA, or (ii) to another forager.
In the latter case, if the crawler forwards the document to
the RA, then the value of the document has to pass the
sending threshold of both crawlers. This condition can
be weakened provided that crawlers communicate their
sending weights to their partners.

4.8 Topic–Specific Crawlers
Topic–speciﬁc crawlers are rewarded only for the sent documents belonging to a particular topic. We deﬁne the
topics by means of keyphrases. The keyphrases are determined by the keyphrase–extracting algorithm [11]. A
crawler is rewarded in case the extracted keyphrase set
of the sent document contains all keyphrases of a given
topic.

4.9 Experimental Results
We perform the following types of experiments (see
Fig. 1):
1. Experiments without communication:
(a) There is no communication between the
crawlers. The documents are relevant, if they
are found within 24 hours of their respective
time stamps. In this experiment, the previous
results of [15] have been reproduced (+ signs
in Fig. 1, case reproduced ).
(b) Topic–speciﬁc experiments without communication (◦ signs in Fig. 1, case no comm).
2. Topic–speciﬁc experiments with communication:
(a) Both types of document sending, i.e. sending
to the RA and sending to other crawlers, are
adaptive (▽ signs in Fig. 1, case learn all ).
(b) Sending a document to the RA is adaptive,
but the situation is more straightforward: each
crawler sends its learned weight to the other
crawlers and the crawlers utilize the weights
they receive in the direct communication of
the documents (△ signs in Fig. 1, case send
learned ).
(c) Averaged weights of the previous experiment
are used in both types of communication (×
signs in Fig. 1, case good all ).
We can observe that in the topic–speciﬁc case the relative performance of the combined learning algorithm has
improved in SFSWs, in SFWs and in RWE. If the task
has become more complex and the work sharing has been
enforced by the environment, then the combined learning
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Figure 1: Results in diﬀerent worlds, with and
without communication and with diﬀerent learning mechanisms. Notations: +: reproduced, ◦: no
comm, ▽: learn all, △: send learned, and ×: good
all, SFSW: scale–free small world, SFW: scale–
free world, RWE: random world environment,
WL: crawling applying the weblog algorithm, RL:
crawling utilizing reinforcement learning, WL +
RL: the combined algorithm.
algorithm is at least equal, even superior to both the selective and the reinforcement learning algorithms in most
cases. Furthermore, the communication has ameliorated
the performance by a large margin and adaptive communication has proven to be advantageous in the majority
of the cases.

5. Agents Participating in Network Cluster Formation
Finally, we model the behaviour of agents participating in
network cluster formation based on local means [14]. In
networks characterized by the small world phenomenon
and by high clustering coeﬃcients, information propagation occurs in a highly eﬃcient manner. The communicating and collaborating agents create a hierarchical network
structure. We extend the conditions of dynamic team constitution [7]. To this end, we recall the notion of simple
eco–grammar systems:
Deﬁnition 15 A simple eco–grammar system (a SEG
system) with n agents, n ≥ 1, is a construct
Γ = (VE , PE , R1 , . . . , Rn , ω),
where
• VE is a ﬁnite alphabet, the alphabet of the system,
• PE is a ﬁnite and complete set of pure context–free
rules over VE (i.e. rules of the form a → α with
a ∈ VE , α ∈ VE∗ , and for each a ∈ VE , there is a
rule a → α in PE ), the set of developmental rules of
the environment,
• Ri , 1 ≤ i ≤ n, is a ﬁnite set of pure context–free
rules over VE , the set of action rules of the i–th
agent,
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• ω ∈ VE+ is the axiom, the initial state of the environment.
A string over VE∗ is called the state of the environment
or the environmental state. A SEG system functions
through changing its environmental states. The environmental states are altered both by the action rules of the
agents and by the developmental rules of the environment.
dom(Ri ) denotes the set of symbols appearing on the left–
hand side of the rules of Ri , i.e. dom(Ri ) = {a | a → x ∈
Ri }. In fact, dom(Ri ) corresponds to the set of symbols
that can be modiﬁed by an action of the i–th agent.
By a team in a SEG system Γ we mean a set of agents.
For a team in a SEG system, we deﬁne the derivation
mode as follows:
Deﬁnition 16
For a SEG system Γ = (V, PE , R1 , . . . , Rn , ωE ), a team
T = {Ri1 , . . . , Ris }, and two environmental states ω, ω ′ ,
we deﬁne the direct derivation step (written by ω |=T ω ′ )
as follows:
′
= y1 z1 y2 . . .
• ωE = x1 a1 x2 . . . xs as xs+1 and ωE
ys zs ys+1 , for some s, 1 ≤ s ≤ n, ah ∈
VE , xj , yj , zh ∈ VE∗ , 1 ≤ h ≤ s, 1 ≤ j ≤ s + 1,

• ah → zh ∈ Rih , {i1 , . . . , ih } ⊆ {1, . . . , n}, 1 ≤ h ≤
s,
• yj = xj is either the empty word, or xj ⇒PE yj , 1 ≤
j ≤ s + 1, is a 0L rewriting.
Before introducing the various dynamic team constitution modes, we review the concept of the level of competence/excitation of an agent.
Deﬁnition 17 Let Γ = (V, PE , R1 , . . . , Rn , ωE ) be a SEG
system as above. For an environmental state ω ∈ V ∗ ,
the level of competence/excitation of Ri , 1 ≤ i ≤ n,
with respect to ω is deﬁned as follows: lev(Ri , ω) =
card(alph(ω) ∩ dom(Ri )), i.e. the number of diﬀerent
symbols from ω belonging to dom(Ri ). We say that Ri
is competent with respect to ω, if lev(Ri , ω) ≥ 1 holds.
Informally, the level of competence/excitation of an agent
with respect to the environmental state expresses the
number of diﬀerent symbols occurring in the environmental state that can be replaced by that agent.
Deﬁnition 18 Let Γ = (V, PE , R1 , . . . , Rn , ωE ) be a SEG
system as above, ω ∈ V + , and T = {Ri1 , Ri2 , . . . , Rim },
with ij ∈ {1, 2, . . . , n}, 1 ≤ j ≤ m ≤ n, be a team of
agents in Γ, where each member of T is competent with
respect to ω. Then T is formed according to condition
d♢q with respect to ω, q ∈ N0 , ♢ ∈ {≤, =, ≥}, if for
all Rij , Rik ∈ T , ij , ik ∈ {1, 2, . . . , n}, 1 ≤ j, k ≤ m ≤ n,
|lev(Rij , ω)−lev(Rik , ω)|♢q and there is no Rl , 1 ≤ l ≤ n,
such that Rl is not an element of T , Rl is competent
with respect to ω and for all members Rir of T , ir ∈
{1, 2, . . . , n}, 1 ≤ r ≤ m ≤ n, |lev(Rir , ω) − lev(Rl , ω)|♢q
holds.

other in their levels of competence/excitation by at
most/exactly/at least q (cases ≤, = and ≥) belong to the
same team. Observe that singleton teams, i.e. teams
consisting of one member, may also be formed and not
necessarily one team can satisfy the condition of team
constitution in team mode d♢q , ♢ ∈ {≤, =, ≥}, q ∈ N0 .
Moreover, in team constitution mode d=q , q ∈ N, the
teams can only have two members.
Deﬁnition 19 Let Γ = (V, PE , R1 , . . . , Rn , ωE ) be a SEG
system as above, ω ∈ V + , and T = {Ri1 , Ri2 , . . . , Rim }
a team of agents in Γ, where ij ∈ {1, 2, . . . , n}, 1 ≤ j ≤
m ≤ n, and each Rij is competent with respect to ω. Then
T is formed according to condition c♢q with respect to
ω, where ♢ ∈ {≤, =, ≥}, q ∈ N0 , if card(dom(Rij )) −
lev(Rij , ω)♢q, 1 ≤ j ≤ m ≤ n, and there is no Rl , 1 ≤ l ≤
n, such that Rl is not an element of T , Rl is competent
with respect to ω and card(dom(Rl )) − lev(Rl , ω)♢q.
Def. 19 could be interpreted as follows: an agent is a
member of a given team, if the agent is competent with respect to the environmental state and the cardinality of the
set of symbols appearing on the left–hand side of the rules
of the agent diﬀers from its level of competence/excitation
by at most/exactly/at least q (cases ≤, = and ≥).

Deﬁnition 20 Let Γ = (V, PE , R1 , . . . , Rn , ωE ) be a SEG
system as above, ω ∈ V + , T = {Ri1 , Ri2 , . . . , Rim },
ij ∈ {1, 2, . . . , n}, 1 ≤ j ≤ m ≤ n, a team of agents
in Γ, where each member of T is competent with respect to ω. Let ∅ =
̸ VB , VC ⊆ V , VB △VC , where △ ∈
{⊆, =, ⊇}. Then T is formed with respect to ω according
to condition t△VB , △ ∈ {⊆, =, ⊇}, if for all Rij ∈ T ,
ij ∈ {1, 2, . . . , n}, 1 ≤ j ≤ m ≤ n, (ω)VC ∈ dom(Rij )+
and there is no Rl , 1 ≤ l ≤ n, such that Rl is not an
element of T , Rl is competent with respect to ω and
(ω)VC ∈ dom(Rl )+ is satisﬁed.
In Def. 20, in case of team constitution mode t=VB , ∅ ̸=
VB ⊆ V, the agent is a member of the team provided that
the agent is competent with respect to the environmental
string and the string obtained from the environmental
string through the deletion of the letters not belonging to
a certain subset VB , is an element of the set of strings that
can be produced employing the set of symbols appearing
on the left–hand side of the rules of the given agent. Team
constitution modes t⊆VB and t⊇VB , where ∅ ̸= VB ⊆ V,
may be interpreted analogously.
Condition d=0 in Def. 18 is the same as condition e,
condition c=0 in Def. 19 as condition c and condition
t=VB , ∅ ̸= VB = V , in Def. 20 as condition t in [7].
Deﬁnitions 18, 19 and 20 describe the some possible cases
of cluster formation [14].
Deﬁnition 21
For a SEG system Γ = (V, PE , R1 , . . . , Rn , ωE ) as above,
and for two environmental states ω, ω ′ , we say that ω directly derives ω ′ in Γ in team derivation mode α, where
α ∈ {d♢q , c♢q , t△VB | ♢ ∈ {≤, =, ≥}, △ ∈ {⊆, =, ⊇}, q ∈
α
N0 , ∅ =
̸ VB ⊆ V }, denoted by ω =⇒Γ ω ′ , either ω |=T ω ′
for some team T formed according to condition α in Γ,
or, if such a team does not exist, then ω =⇒PE ω ′ .
α

In Def. 18, those agents that are competent with respect to the environmental state and diﬀer from each

The reﬂexive and
transitive closure of relation =⇒Γ is
α ∗
denoted by =⇒Γ . If no confusion arises, then Γ can be
omitted from the notation.

Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 3, No. 1 (2011) 21-32

The language of a SEG system is the set of all environmental states reachable from the initial conﬁguration by
a sequence of direct derivation steps.
Deﬁnition 22 The language generated by a SEG system
Γ = (V, PE , R1 , . . . , Rn , ωE ), n ≥ 1, in team derivation
mode α, for α ∈ {d♢q , c♢q , t△VB | ♢ ∈ {≤, =, ≥}, △ ∈
{⊆, =, ⊇}, q ∈ N0 , ∅ ̸= VB ⊆ V }, is deﬁned by L(Γ, α) =
α ∗
{y | ωE =⇒Γ y}.
In the sequel, the class of languages generated by SEG systems with at most n agents using team derivation mode
α is denoted by L(SEG(n, α)), where α ∈ {d♢q , c♢q |
♢ ∈ {≤, =, ≥}, q ∈ N0 }. For an alphabet V and for
some ∅ ̸= VB ⊆ V , △ ∈ {⊆, =, ⊇}, we denote by
L(SEG(n, t△VB )) the class of languages produced by SEG
systems with at most n agents using team derivation mode
t△VB . By deﬁnition we consider a 0L system as a SEG
system with no agent. Furthermore, we set L(SEG(α)) =
∪
♢q ♢q
,c
| ♢ ∈ {≤, =, ≥}, q ∈
n≥0 L(SEG(n, α)), α ∈ {d
∪
△VB
△VB
N0 } and L(SEG(t
)) =
)) for
n≥0 L(SEG(n, t
some ∅ =
̸ VB ⊆ V , △ ∈ {⊆, =, ⊇}.

5.1 Hierarchies and Relationships
Through their actions, the agents contribute to the solution of diﬀerent tasks. From the language classes that
these systems are capable of generating, we deduce the
diﬃculty of the problem they can solve given the various
team constitution modes.

5.1.1 Hierarchies
Our aim is to establish whether or not the language hierarchies induced by the number of agents are inﬁnite.
Theorem 4 Language hierarchies L(SEG(n − 1, c♢q )) ⊆
L(SEG(n, c♢q )), ♢ ∈ {≤, =, ≥}, q ≥ 0, and
L(SEG(n − 1, α)) ⊆ L(SEG(n, α)), where n ≥ 2, α ∈
{d=0 , d≥0 , d≤q , d≥1 | q ≥ 0}, are inﬁnite.

5.1.2 Finite Languages
Finite languages satisfying certain conditions can be generated by SEG systems functioning in given team modes.
Theorem 5 Let V be an alphabet. Then, for any ﬁnite
language L = {x1 , . . . , xn }, where xi ∈ V ∗ , 1 ≤ i ≤ n,
• in team derivation mode d=q and d≥q , q ∈ N, it
holds that L ∈ L(SEG(d=q )) and L ∈ L(SEG(d≥q )),
provided that q + 1 ≤ card(alph(xi )) for all i, 1 ≤
i ≤ n;
♢0

≤q

• in team derivation modes d and d , ♢ ∈ {≤, =,
≥}, q ∈ N, it can be veriﬁed that L ∈ L(SEG(d♢0 ))
and L ∈ L(SEG(d≤q ));
• in team derivation modes c♢q , q ∈ N0 , ♢ ∈ {≤,
=, ≥}, it can be proved that L ∈ L(SEG(c♢q ));
̸ VB ⊆ V , in team derivation mode
• there is VB , ∅ =
t△VB , △ ∈ {⊆, =, ⊇}, such that the statement L ∈
L(SEG(t△VB )) is valid.

5.1.3 Regular and Context–Free Languages
The families of languages generated by SEG systems functioning in various team modes are incomparable with the
family of regular languages and context–free languages.
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Theorem 6 The following assertions can be veriﬁed:
• for each ϑ ∈ {d♢q , c♢q | ♢ ∈ {≤, =, ≥}, q ∈ N0 },
the family L(SEG(ϑ)) is incomparable with L(REG)
and L(CF);
• for each alphabet V with card(V ) ≥ 2, there exists VB , ∅ ̸= VB ⊆ V, such that the family
L(SEG(t△VB )), △ ∈ {⊆, =, ⊇}, is incomparable
with L(REG) and L(CF).

5.1.4 L Systems
The families of languages generated by SEG systems
working in certain team modes are incomparable with the
family of T0L languages.
Theorem 7 The claims below are valid:
• for each α ∈ {d♢q , c♢q | ♢ ∈ {≤, =, ≥}, q ∈ N0 },
L(SEG(α)) and L(T0L) are incomparable;
• for each alphabet V , there exists VB , ∅ ̸= VB ⊆
V, such that L(SEG(t△VB )), △ ∈ {⊆, =, ⊇}, and
L(T0L) are incomparable.

5.1.5 The Power of Team Cooperation
Team cooperation leads to quite a large computational
power. The following theorems hold:
Theorem 8 A language L over an alphabet T is recursively enumerable, if and only if it can be obtained as
L = L′ ∩ T ∗ for some L′ ∈ L(SEG(α)), where α ∈
{c=q , c≤q | q ∈ N}.
Theorem 9 A language L over an alphabet T is recursively enumerable, if and only if it can be obtained as
L = L′ ∩ T ∗ for some L′ ∈ L(SEG(d=q )), q ∈ N.
Theorem 10
For any recursively enumerable language L ⊆ T ∗ , there
exist a SEG system Γ = (V, PE , R1 , . . . , Rm , ωE ), m ≥ 1,
and VB , ∅ ̸= VB ⊆ V , such that L = L′ ∩ T ∗ holds, where
L′ ∈ L(SEG(α)), α ∈ {t=VB , t⊇VB }.

6. Conclusions and Further Considerations
In this work we have given a formal language theoretic
approach to various self–organizing networks. We have
described these networks at syntactical level as well as we
have argued some semantical and experimental aspects
related to them.
First, we have modelled peer–to–peer networks with the
aid of networks of parallel multiset string processors. We
have established the connection between the growth of the
number of strings being present during the computation
at the components of these networks and the growth function of certain types of developmental systems. We have
formalized security rules that conform to self–organizing
dynamic systems and allow intra– and intercommunity
collaborations. To protect P2P networks against undesirable eﬀects, we can equip peers with one–step buﬀers,
called apprentice peers. The peer the apprentice belongs
to is said to be its master peer. The apprentice peer
maintains the list of the peers that send faulty information to its master. The apprentice sends this list to the
master peer at each time step. Afterwards, the master
peer controls its inputs and outputs subject to the list,
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rewritten according to the actual information received
from members of the P2P network. The maintenance
of the list of peers is inspired by Internet crawler experiments (see, e.g. [15]), where the list of good URLs corresponds to the list of friends of the respective Internet
crawler, with whom it is worth communicating. If the
crawler receive faulty (insigniﬁcant or obsolete) information from an URL, then its friend list is updated. The
maintenance of such lists has proven to be very eﬃcient
in scale–free small world networks [15]. Owing to the fact
that apprentice peers introduce memory into the system
and enable feedback, they render P2P networks adaptive.
Furthermore, task–based dynamic conﬁguration as well
as the execution of pipelined operations are also possible.
Our approach guarantees quick and eﬃcient local analysis
of the security requirements, thus reducing the need for
global veriﬁcation.
Secondly, we have proposed programmed grammar
schemes for the description of the behaviour of Internet
crawlers seeking novel information. We claim that if we
ignore the aging of the web pages in the model, then systems with rather simple component grammars suﬃce to
identify any recursively enumerable language. Whereas if
the web pages may become obsolete, then the eﬃciency
of the cooperation of the agents decreases considerably.
Additional beneﬁts could be reaped as a result of the formalization of web spidering by means of grammars with
other types of controlled derivations [9]. We have also examined the extent to which communication makes a goal–
oriented community eﬃcient in diﬀerent graph topologies
through simulations.
Finally, to model the behaviour of agents organized into
clusters, we have imposed various conditions on the determination of the simultaneously active groups of agents in
simple eco–grammar systems. From the language classes
that these systems are capable of generating, we may deduce the diﬃculty of the problem the agents can solve.
We have investigated how these simple eco–grammar systems given the various team constitution modes are related to the language classes of the Chomsky hierarchy
and developmental systems and whether they are able to
produce any recursively enumerable language. The properties of simple eco–grammar systems with dynamically
formed teams of agents using other derivation modes are
the subjects of further research.
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We present an approach for computer supported education in the form of a socially intelligent learning environment that is available online. It integrates problem solving and instructional materials into individual and group
learning scenarios. A Wizard-of-Oz-driven computer tutor accompanies students to maintain their motivation
within the learning environment. The agent can hold
off-task conversations and guide students to appropriate
learning opportunities. Its tutoring strategy is devised
by a reinforcement learning control method that operates
on socially motivated state and action spaces induced by
the human wizard whose interface facilitates rapid prototyping of relevant states and taking appropriate actions. To make the learning algorithm feasible, states
are grouped into equivalence classes according to wizard
selected state features, and contextual and linguistic reflection is employed to adjust the immediate action to the
current learner’s situation. The feasibility study of the
socially intelligent agent demonstrated that students who
engaged with the agent attained higher learning gains and
liked the system more. The bootstrapping of the socially
intelligent tutoring strategy was evaluated in simulated
student scenarios. Evaluations suggest that our approach
for using computers to support students in the learning
process is technologically viable.
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1. Introduction
Learning can be quite time consuming and unexciting.
Even with some of today’s best computer supported instructional technology, students engage in gaming behaviors associated with less learning [2]. Time spent on task
and motivation as key factors of effective learning need to
be sustained but contemporary tutoring systems seem to
be failing in this respect; all too many students drop out
due to low motivation. Can computer tutors build trust
and respect with students that would motivate them to
learn at all? When used properly, today’s computer supported instructional technology can produce significant
achievements [8]. How do we make children use them
appropriately?
This work aims to provide at least partial answers to these
questions through explorations in building and evaluating
an online learning environment which features a socially
intelligent tutoring agent that tries to sustain students’
motivation and help them learn. The tutoring agent engages in off-task conversations with students before and
after the instructional activities, manages relationships
with students, monitors their (social) behavior, and recommends suitable learning activities. The approach was
evaluated by conducting experiments in the domain of
middle school mathematics. Evaluations suggest that our
approach for using computers to support students in the
learning process is useful and technologically viable.

2. Related Work
Tradeoffs between motivating students vs. providing them
with actual learning experiences are still researched [5].
Various approaches for improving student’s motivation
and learning have been proposed: addressing emotional
and affective states of students [9], narrative-centered environments with story-based learning [20, 17], and adaptive web-based systems [21, 3]. The affective support
seems hard to realize in practice and currently remains
limited [4], and since narrative-centered story-based approaches completely alter the way teaching occurs as compared to traditional classrooms or even a typical ITS interface, their use in traditional domains such as mathematics and computer science is not exactly straightforward.
The social context of individual students is important in
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learning, as putting students together in a collaborative
group does not necessarily guarantee success [23]. Friends
engage in more extensive conversations and have been
found to be more supportive and critical that non-friends
[11]. Additionally, expert human teachers in a tutoring
session not only watch task-oriented performance indicators, but also closely monitor the motivational indicators
[13].
People react to computer agents in fundamentally social ways. Several interesting effects in text-only humancomputer interfaces have been demonstrated [18] such as
computers which praise rather than criticize their users
are preferred, users prefer the computer to match them
in personality, and users prefer computers that become
more like them over time rather than those which maintain a consistent level of similarity.
In order to develop socially intelligent agents, socially relevant interaction tactics for tutoring agents to accomplish
motivational goals have been proposed [12]. Agents capable of improving motivation over longer periods of time
have also been proposed [7]. Major research efforts also
continue to explore politeness and its role in effective tutorial dialogue, motivating students and learning [15, 16].
In evaluation of affective gendered learning companions, it
was found out that using artificial male tutors resulted in
better attitudinal and emotional states and consequently
better learning for both male and female students [1]. Yet
another approach to supporting social interactions is a
structural one, and suggests that complex natural language processing methods are not necessary to sufficiently
support social interaction during collaboration [22].
An approach combining the Wizard-of-Oz design with
reinforcement learning of dialog strategy overcomes the
need of an initial corpus [19]. Dialog strategies are represented as Markov decision processes [14] in this approach.
The method bootstraps a simulated environment using
Wizard-of-Oz data and trains the optimal reinforcement
learning policy in this environment; first a small representative corpus is collected (using a Wizard-of-Oz experiment) from which a simulated learning environment (the
user model) is constructed, and finally the optimal reinforcement learning policy is devised through interaction
with this simulated environment. In the evaluation, reinforcement learning policy has received significantly more
rewards than the baseline policy learned by C4.5 decision
trees and JRIP rule induction. In addition, human users
rate the policy 10% better on average.
All in all, research suggests that intelligent tutors can
maintain the appearance of being socially intelligent by
carefully selecting the appropriate words at the appropriate time, not requiring the presumably unavoidable labor
intensive language processing methods. In our approach
we attempt to follow these observations.
In the last few years, the technology-enhanced learning
landscape has been influenced by the emergence of social
networking. Facebook, the most prominent social networking site, is actively used by more than 500 million
users [29]. In common with other social sites, users can
create their own personal profiles on Facebook by providing information that falls into predefined categories
(e.g. contact information, work and education informa-

tion). They can post pictures, participate in discussions,
view other peoples profiles, and communicate with others
using public or private messages, link with each other to
become ”friends,” or create and join groups.
The potential for educational use of such sites seems tempting. Teachers can create their own profiles, a course page,
and use Facebook’s functions (e.g. discussion boards,
instant messaging) to run the course. However, Facebook does not appear to diminish or eliminate barriers
between teachers and students. Students use Facebook
for student-to-student exchanges but are less likely to use
it in teacher-student interactions [26]. Students using an
on-line Facebook course tend to engage in passive activities such as viewing others’ profiles and reading comments
instead of active actions, as, for example, commenting
and sending a message [25]. In addition, only 66% of the
students sampled consider it acceptable to have teachers on Facebook. Acceptance has huge gender differences
– 73% of men in the sample consider this acceptable as
opposed to only 35% of the women. Issues arise as to
what is appropriate for teacher-student interactions. For
example, students feel uncomfortable poking or befriending teachers; they also feel uncomfortable when teachers
poke or befriend them. Neither Facebook nor other social
networking sites have been designed with an educational
purpose in mind, and educators find it difficult to adjust
to them [6].

3.

Learning Environment

We propose a novel learning framework in which a socially
intelligent agent (tutor) guides students through appropriate instructional activities. The tutoring strategy is
improved continuously using a socially augmented reinforcement learning method. In addition to the ordinary
exploratory part of reinforcement learning, human wizards provide improved guidance in the state and action
spaces. In the evaluation, we observed that a reasonable
number of human actions are sufficient to bootstrap the
tutoring strategy that is followed by the wizard.
In order to enable socially intelligent instruction, the tutoring strategy operates on top of socially augmented
components that constitute the learning environment: (1)
problem solving, (2) course notes, and (3) off-task social
dialogs. The components are, then, integrated by the tutoring strategy. A conceptual diagram of a student working in the proposed learning environment is provided in
Figure 1.

3.1 Overview
The student begins with a dialog (with the tutoring agent)
in which his immediate goals are determined, and combined with long-term goals and tendencies; the tutor recommends a learning activity to pursue. In order to do
that, the user and student models are employed. Either
study of course notes or problem solving is selected. For
group mode learning activities, students can assemble collaborative groups from their available friends; anonymous
introductions can be facilitated by the tutoring agent. Interactions between users are restricted to friends or tutorrecommended students only; hence a student does not
come into contact with any entity to which his/her relationship cannot be predicted.
In problem solving, task templates are employed to enable novel approaches for the structuring of task solutions,
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Figure 1: Learning activities with admissible transitions (arrows), which are facilitated by the tutoring
agent.
and in personalization of task descriptions. Course notes
are analogous to traditional reading materials augmented
by a highlighting facility that works as social cues. The
off-task dialog facility is primarily human wizard-driven
and in theory, would work without automated support.
Even so, we propose novel ideas for facilitating the reuse
of knowledge (put in by human wizards) across different students: virtualized scaling-events timeline provides
the baseline user model which is used by feature detectors to recognize patterns that constitute the states in
the state space employed by reinforcement-learning tutoring. Contextual reflection can then detect parameters
in human wizard actions and is capable of executing actions in different contexts in which they were originally
used. Similarly at a lower level, linguistic reflection tailors the language produced to the context at hand. This
design allows students to use their imaginations and use
the social dialog facility to request almost anything from
the tutor; at the same time they are able to utilize the
generic learning facilities that are found in contemporary
learning systems. The heart of our approach, then, is
in the state-action view facilitated by the (1) off-task social capabilities of the tutoring agent which in turn are
made possible via (2) novel user and student models of
real-life social context, (3) careful Wizard-of-Oz design
linked with reinforcement learning of human-like tutoring
interaction strategy, and (4) robust underlying learning
activities. All of this assumes that ”human-like” is the
”socially intelligent” we seek.
The proposed methods that constitute the learning environment work together as depicted in Figure 2. Individual and collaborative problem solving activities employ
structured tasks; the basic tree-structured task model is
an extension of the task model used in pseudo-tutor environments [10]; and the prioritized branches task model
is an extension of the basic model in order to model more
complex tasks effectively. Tasks are modeled in parametric templates that use on-the-fly generation of new task
instances to discourage cheating, and enable personalization to a student and to a group of students. A method for
evaluating collaboration can be used both as a metacognitive tool to support learning, and a way to detect suitable collaboration peers for group formation. The study
of course notes can also take advantage of parametric descriptions – it can be tailer to the student’s context.
The learning-related activities are complemented with nonlearning (user) activities. The core model to represent
user’s social context, past events, future goals, etc is the

virtualized scaling-events timeline along with the conceptual ontology, feature detectors, and contextual and linguistic reflections. The method for bootstrapping the tutoring strategy is used to induce a strategy followed by
human wizards. Using this strategy, the computer tutor
can automatically guide students to appropriate learning
activities, and assemble suitable collaborative groups.

3.2 Problem solving
Tasks are problem solving exercises that can be used to
acquire units of knowledge (e.g terms, concepts, procedures). Task descriptions consist of subtasks that are
structured according to solution paths by the content author. The descriptions are parameterized and allow the
content author to specify interdependencies between individual parameters. Students use primarily free-text to
answer questions; these answers are judged according to
categories for which the content author can specify scaffolding messages. If a student answers incorrectly, he/she
may be prompted to correct the mistake. A student who
answers correctly may be challenged with a more difficult
question about the current task, or may continue with
another task.
The basic model of tree-structured tasks does not require
a fine grained cognitive problem solving model which is
difficult to create, but rather, allows content authors to
design simple structured exercises quickly. The improved
model allows students to follow multiple solution branches
prioritized according to their abilities and tutoring goals.
Together with task parameters that allow for procedural
solution, this is a shift toward a full tutoring system.
In the tree-structured model, solution paths for a particular task are structured in a tree T = (V, E) with vertices V = {S1 , S2 , ..., SN } corresponding to subtasks that
students may solve at one time or another during task
solution, and directed edges E corresponding to possible
student answers for respective subtasks. The tree’s leaves
represent terminal subtasks at which the solving of the
task is finished. S1 is the initial subtask in which the task
administration begins. When a student reaches a subtask,
the subtask description is displayed. Whenever the subtask is non-terminal the student is required to provide an
answer. A default next subtask defaulti is designated for
each non-terminal subtask Si to enable continued solving
of the task when an unanticipated student answer is received. These unexpected answers will be used by content
authors later to improve the task tree.

Computer tutor
Tutoring
strategy

Human
wizard

Group
formation

Individual study
of course notes

Social
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Figure 2: The components and methods proposed in the socially intelligent tutoring environment.
The tree-structured task model is relatively easy to use.
The order of subtasks and hints (embedded in subtasks’
descriptions) is set in advance by the content author and
allows the student’s experience during problem solving to
be designed precisely. On the other hand, it does not allow any kind of adaptation until the task is completely
solved. Analogous models are used in pseudo-tutor systems such as Assistments which uses a more simplified
model that neither allows parameter specification nor answering judging scripts but instead, uses simple text descriptions, and matches student responses to predefined
textual patterns [10].
The tree-structured task model may be impractical to
use for more complex tasks that involve independent aspects of a single solution that will be accounted for in
the solution path tree. The prioritized branches task
model overcomes this limitation by traversing relevant
tree’s branches sequentially according to their priorities.
In this improved model, each edge e is assigned a priority value prioritye that describes the relative significance
of the particular solution branch with respect to other
branches. The branch (edge) that is matched as relevant
to the student’s solution path at the current node is put
into a priority queue that selects next subtask as the subtask with the highest priority (for an example, see Figure
3). The order of traversal in this model is determined by
branch priorities specified by the content author. During
the task design process, the content author must decide
on the priority values of the respective branches. Typically, the priority of a sub-branch will be given a higher
designation than the priority of the parent branch when
the sub-branch is necessary to solve the parent branch;
a lower sub-branch’s priority value signifies an optional
part of the solution.
In our approach to collaborative problem solving, students first attempt to solve sub-tasks separately. They
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20
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Figure 3: Example prioritized branches task, the
order of subtasks is shown by the dashed line.
Matched edges are displayed in bold, and subtasks
administered with dark background.
consult each others’ solutions only after they have worked
out their own answers. After the work on the entire task
has been completed, users are prompted to give both feedback on the effectiveness of the problem solving session
and peer feedback concerning their teammates. In the
dissertation, we present a method for evaluating collaboration that is used continuously during collaboration to
monitor the process and is used to guide students as a
meta-reflective tool, and a method for personalizing tasks
to the group’s/user’s (social) context. These methods are
not discussed here due to brevity.

3.3 Course Notes
Course notes are rich content documents describing concepts (knowledge units) susceptible to study. Knowledge
organized in documents for students to read/study does
not proclaim the need for a student model. Typically
these documents are available from legacy repositories,
and can be readily used within a learning environment
without the need to create/use any model of the user.
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3.4 Off-Task Dialog
Students interact individually with the socially intelligent
tutoring agent through an off-task social dialog facility.
The dialogs are the primary source of data for the user
model. Within the dialogs, either learning-related (task)
or learning-unrelated (social) topics are discussed. In
our approach, learning-related dialogs are reserved for the
structured learning activities (problem solving and course
notes) in which tutor’s responses are pre-scripted in the
activities’ descriptions. Social topics require a degree of
freshness in tutor’s utterances that must be ensured in
order to reflect the constantly changing social context of
the student. We present a novel model of social life used
to hold social conversations with students. In practice,
conversations are not fully automated, and require the
presence of human wizard operating in a Wizard-of-Oz
design. Our model of social life is capable of reusing collected knowledge across students so that the manual load
on the human wizards is kept at a manageable level even
when multiple students are serviced.
The major aspect of the proposed model is a temporal
representation of student’s activities, plans, thoughts, etc
in a timeline; timelines of different students may provide
useful information for each other. See Figure 4 for an
example timeline. Initially, the human wizard detects
patterns in student’s behavior, and plots the conceptual
knowledge into the timeline of events for that particular
student. An event can be anything that occurred at a
time for the particular student, e.g. mouse click, submission of a subtask answer, or a school trip in the outside
world. The timeline organizes events as intervals sorted
by time. A group of nearby (in terms of time) events
constitutes a state; different states can be compared with
each other, on the basis of the conceptual similarity of
the events occurring within the states. Let us consider
two states A and B which are similar. The idea then is:
whenever there is an event E which occurs in the state A,
but is not yet plotted in the timeline near B, it may be
considered as a new candidate event for addition to B’s
timeline at B’s time. Similarly, for actions performed by
human wizards: actions that wizards execute at a particular state suggest a recommended action to execute at
similar states. Thus, similar groupings of events at different timelines are opportunities for reuse. Human wizard
can perform an action of following three types:
1. user interface action (e.g. mouse click, window close);
2. learning action (e.g. recommend a learning activity,
finish exam administration); and
3. social activity (e.g. plot an event to student’s timeline, which may include a recommendation for an
action to pursue).

Tuesday
school
get up

Scale

Due to this advantage, most contemporary e-learning environments are organized around simple student models.
In our approach to learning, we consider course notes as
a fallback from problem solving activities. If a student is
not capable to continue solving problems, an easier option is to read about what exactly the student should be
doing during problem solving in the first place. Course
notes are represented using the same custom rich content
markup language as task descriptions. Moreover, existing
documents can be readily used without lengthy formatting, while fancier formatting is available once the need
to improve the material arises.
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Figure 4: Example timeline with events at various
scale and time, scaling rules are shown as hyperedges.
The virtualized scaling-events timeline is a model of user
activity. The socially intelligent tutor makes decisions
concerning a particular person at various points in time.
The events in the person’s timeline at a time point constitute the state of affairs concerning the particular person
from the point of view of the tutor. In other words, in
a given state (for the person) the tutor can choose to
execute an action.
Given that a state denotes a set of features relevant to
tutor’s decision making process, how can we reuse the
knowledge put in by human wizards (such as actions taken)
in different states? Let context denote the other features
detected at a particular situation, i.e. the state contains
the relevant ones, and the context contains all the other
features that were recognized by feature detectors. It is
not that the contextual features are useless; on the contrary, they are important in tailoring the action to the
particular context. Once the distinction between state
and contextual features is established, a method to adjust
actions (that were originally executed in another context)
for executing in a different context can be employed –
contextual reflection. The method is based on template
actions. In effect, when wizards execute an action in a
context they mark the action’s contextual parameters (parameters that depend on contextual features). The next
time the action is invoked, the parameter values are filled
according to the values of the contextual features in the
actual situation. Linguistic reflection is a special type of
contextual reflection used for language generation.

3.5 Transitions
Transitioning between components (learning activities) is
student-directed or tutor-directed. A student can change
the learning activity rather easily; it is as simple as clicking an item in a menu. We describe the way in which
the tutor facilitates the transitions and what needs to be
done on the part of the learning environment for a transition to happen. We explore the goals of tutoring and how
the tutor can plan to meet these goals. Then, we analyze
individual transitions from off-task to on-task and back,
from problem solving to course notes and back, and from
individual mode to social mode and back.
A socially intelligent tutor has to provide both cognitive
and motivational help. In order to do so, the goals of
the tutoring strategy are multidimensional: task vs. nontask, individual vs. social. The tutor can operatively
attribute a different importance to each dimension and
hence, adjust the tutoring strategy to the actual requirements of the students situation. Consequently, we distin-
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guish four basic goals: emotional, social, individual learning, and group learning. Obviously, different actions meet
different types of goals. For example, a peaceful studenttutor dialog may satisfy the emotional needs of one student, while a week-long trip out of town with friends may
be the only way to satisfy the social needs of another
person. The role of the socially intelligent tutor is to
recognize how these goals can be satisfied for a particular student since a prescribed amount of activities to
meet the goals may not work for everyone to the same
extent. The simplest representation of a goal for each
goal type is a scalar value in R that expresses the current
demand for a particular activity. Although a complex hierarchy/ontology of goals of each type could certainly be
designed, at the end, we need to summarize the needs to
a single scalar value in order for the tutor to optimize the
student’s activities by optimizing (minimizing) the value.
The issue of transitioning from off-task to on-task is usually an issue of motivation. When the student feels adequately motivated, he can start working on learningrelated content. Otherwise, motivation must be improved
so that the student can learn at all. The students current level of achievement and his/her learning profile are
the primary factors used to determine transitions between
problem solving and course notes. Some prefer more active learning (problem solving) and others prefer more
passive (course notes) learning. However, this should not
prevent the socially intelligent tutor from transitioning
the student out of his comfort zone to teach him to be a
more balanced learner. A change between individual and
social modes is often due to student motivation and the
student’s level of ability; tutoring goals also play a small
role, i.e. that we want to instruct and assess students for
both the ability to work individually as well as in a team.
Some people need to work with others to feel motivated;
others are lone learners.

3.6 Evaluation Studies
A student begins working with the socially intelligent
learning environment by engaging in a welcome conversation with the tutor. The tutor is personified by a person
to whom the student can relate. Either a human wizard
guides the computer tutor so it can select an action, or the
computer tutor automatically follows the devised tutoring strategy. The proptotype environment offers various
learning activities as described previously. A student can
work both actively (problem solving) or passively (course
notes), and individually or in collaboration with others.
During problem solving, the student is presented with a
subtask to solve in a linear manner. When an answer is
submitted, its correctness is judged, and a new subtask for
the student to solve is displayed allowing the student to
scroll all the way back to the beginning and see the course
of action he/she took. A free text prompt is typically
used to answer subtasks; other elements such as drawing
canvas, drop-down boxes, and radio buttons are used for
structured interactions. In the social mode, students can
work on problems in groups. Additional interactions such
as synchronous messaging within the group, and a voting
facility are utilized (Figure 5).
In both the individual and social modes, each students
actions are transmitted to the server. They are retransmitted to other participants – students, wizards – who
are involved with the particular student. Technically, the
user interface widgets operate in a multi-user mode that

enables multiple users to participate in a single user interface. For example, when the tutor instructs the student
to press a button which the student is unable to find, the
tutor may use either the student’s mouse pointer or introduce a new mouse pointer and click the button on behalf
of the user
In the feasibility study of the socially intelligent agent,
when students were tasked to work with the system during an algebra class, we observed that students reveal on
average 1.56 (st.dev 1.75) features about themselves in
a social conversation with the tutoring agent, and only
about 56% of the students engage with the tutoring agent
at all. Students that engaged in a conversation with the
tutoring agent exhibited higher learning gains. The not
engaged group showed relatively low learning gain 3.7%
vs. 12.3% exhibited by the engaged group. This effect
however may also be due to their previously higher motivation, and cannot be attributed to the conversation with
the intelligent tutor alone. We need to further investigate
the motivational state of students before the experiment,
and examine the role the tutor can play, if any, in motivating students that were not motivated before. In summary, students that engaged in social off-task dialogues
with the tutor were more effective in solving problems correctly (57% vs. 37%), and liked the system more (4.22 vs.
2.86), suggesting that learning environments may produce
higher learning gains by ”being friends” with the students,
providing them with socially relevant motivation.

4. Bootstrapping a Tutoring Strategy
The components of our learning environment can operate
in individual and social modes and provide diverse opportunities for instruction. The role of the socially intelligent
tutor, then, is to identify an appropriate learning activity
for each student at a given time. In other words, the tutor recognizes the student’s state and performs an action
that guides him/her to the appropriate learning activity.
In this chapter, we propose a method that integrates the
individual components into a tutoring strategy, i.e. a policy that can select an appropriate action for the tutor to
take in the learning environment. The proposed method
for bootstrapping a socially intelligent tutoring strategy
is based on reinforcement learning that is modified to be
able to optimize the policy for a single student efficiently
as well as when rewards for many students need to be
considered, i.e. the method is suitable for social learning
environments in which a large number of students participate. In the dissertation, we: (1) describe the state-action
view of how the learning environment can be interpreted
as a reinforcement learning problem; (2) present the reinforcement learning method for a solitary student; and
(3) augment the method with a social graph in order to
handle large number of students efficiently
Reinforcement learning is a machine learning approach
that induces the optimal policy for an agent to follow in
a stochastic environment while, at the same time maximizing cumulative rewards [24]. The agent repeats the
following steps indefinitely: At each step:
• the agent observes the environment recognizing the
current state;
• selects an action to perform;
• a reward (scalar in R) may be received from the
environment; and
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Figure 5: Collaborative problem solving free-text task answer with voting mechanism (in Slovak).
• the environment changes according to the action executed.

4.1 Overview
The idea is to observe which actions produce positive rewards, and progressively calculate better estimates of action utility values in each state. Ultimately, the policy
should be able to select ”good” actions in each possible
state.
How do we translate our learning environment to this formalism? We cannot possibly hope to observe what students actually do at their computer desks; we can only
observe the actions that students have performed within
the learning environment. For that purpose, we have already proposed a detailed model of student activity, the
virtualized scaling-events timeline. Feature detectors can
recognize similar situations in the timeline; human wizards select the relevant features that make up the states
which, in turn, constitute the state space for an individual
student in our learning environment. Actions user interface actions, learning activity actions, or social actions
on timeline that are executed in the learning environment are based on action templates that were originally
performed by human wizards, i.e. there is no ”chaotic” exploration of the state and action spaces. Finally, at times
when an activity produces positive/negative results, multidimensional rewards (discussed in 3.4.1) are received.
To find a globally optimal tutoring strategy, the computer
tutor cannot follow two independent goals at once but
needs to assign weights to the respective reward dimensions. For example, an individual learning-only strategy, a
group learning-only strategy, an emotional-only, a socialonly, or a weighted combination of any of these strategies
can be followed, but in the end, a single scalar reward in
R must be received after executing an action.
The expected utility values computed by the algorithm
provide a way to look ahead so as to plan for future actions; after a reward has been received, the utility values at the previous state are updated. Importantly, this
approach, Q-learning [28], does not require a model of
the environment (obviously, we cannot predict outcomes
of actions that are only recommendations for the stu-

dent). In addition to traditional exploitation (selecting
the best possible action at a state) and exploration (selecting a random action) we extend the reinforcement learning method with human wizard interventions (Figure 6).
Wizard actions are welcome at any time, but the assumption is that because the wizard is a real person his/her
actions are expensive. As a result, we are interested in
minimizing the number of human wizard actions required
to learn the optimal policy.
We propose a novel approach that integrates the individual components of the learning environment. It employs
a socially-augmented reinforcement learning method to
ascertain those actions that are appropriate for given situations. The learning policy is driven by human wizards
that guide reinforcement learning into the exploration of
relevant states and actions. A tutor following the induced
policy is, in effect, simulating human decisions and becomes a socially intelligent computer tutor provided that
the human wizards perform socially intelligent actions.
Due to excessive computational requirements, the generic
reinforcement learning approach is not applicable to learning optimal policy in a large population of students. We
propose a modified algorithm that in the case of a social
scenario (when multiple students environments must be
considered) aggregates the individual states of other students into a combined shared state, thus reducing the
state space to a manageable size. Hence, the proposed
method can run efficiently even when a large population
of students is serviced.
The environment’s state and action spaces are practically
infinite. In a face-to-face tutoring session, the human tutor may employ any enlightened tutoring approach; obviously the computer tutor cannot tractably enumerate
and explore all the options available in the computer setting. Therefore, guidance by human wizards in exploring
applicable actions is indispensable for the computer tutor
to obtain knowledge of the relevant states.

4.2 Evaluation
We evaluated the proposed method in a series of simulated scenarios: individual, social-only, and mixed sce-
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Figure 6: Reinforcement learning approach enhanced with Wizard-of-Oz action selection.
narios. The scenarios simulate a wizard’s decisions using
a hidden model of the environment allowing us to explore
the way in which the number of wizard actions affects
bootstrapping efficiency. Absent any wizard actions, the
bootstrapping algorithm cannot find the optimal policy in
a reasonable period of time. As little as 5% wizard participation is sufficient to find the optimal tutoring policy;
greater wizard participation (in guiding exploration) results in faster learning of the optimal policy.
For a solitary student, to reach 90% of the optimal policy, the wizard must be used for at least 10% of the decisions. For an 80% policy only minimal wizard participation is necessary. In the social-only scenario (the tutor
services M students), we observe, that with at least some
(>0%) wizard participation, roughly 85% of the expected
maximum policy can be learned. Interestingly, the sweet
spot is again between 5% and 10%, with a 10% wizard
rate being sufficient to induce a good tutoring strategy
rapidly. The results suggest that the reinforcement learning method augmented with the social graph can indeed
detect appropriate peers for social interactions. Moreover, 5% of wizard participation is sufficient to detect the
optimal peers relatively quickly.
In the mixed scenario (where students can perform both
individual and social actions, influencing each other), the
interaction between individual and social actions caused
the bootstrapping method to take longer. Wizard participation of 10% is sufficient to attain 85% to 90% of the
theoretical maximum expected mixed (social and individual) policy. Higher wizard participation does not affect
the quality of the policy identified but only improves the
learning speed, and can produce a good policy very early
in the bootstrapping process.

5. Conclusions
Todays learning environments do not engage students to
the extent that is desirable. Two key aspects of effective learning environments are student motivation and
the time that students spend learning; we explored approaches to support them.
We investigated components of effective learning environments, and proposed an approach to bootstrap a socially
intelligent tutoring strategy that operates on top of these
components. An automated computer tutor that follows
the strategy can select appropriate learning activities for
students. The method is designed to be able to balance
individual and social, and cognitive (on-task) and affective (off-task) activities. Combined with the off-task dialog facility guided by human wizards, the proposed bootstrapping method is designed to provide novel interaction

patterns to students for a relatively long period of time in
order to maintain their motivation and increase the time
students invest in study.
The learning environment presented was designed to provide students with socially relevant interventions that would
motivate learning. The environment consists of a redesign
of typical learning components so that diverse social interaction possibilities are available (to the students). Both
problem solving and course note facilities are able to operate in individual (for a single student) or social (for group
of students) modes.
The core contributions are:
• novel extensions of problem solving and course notes
learning activities that enable student to work on
personalized content in both individual and group/social
mode;
• novel model of user’s social context (past events,
future goals, etc) that facilitates knowledge reuse
across different students; and
• novel method for bootstrapping a socially intelligent
tutoring strategy which can balance individual and
group activities, and assemble suitable collaborative
groups.
The proposed approach puts humans in the loop, and
requires non-trivial human participation to sustain longterm operation; for example, student answers need to be
judged, and the dialog facility requires human wizards to
identify previously not encountered interaction patterns.
However, the evaluations suggest that the fruits of this
approach may be worth it: (1) problem solving robustness discourages surface approaches to learning; (2) socially engaged students show higher learning gains; and
(3) the bootstrapping of a tutoring strategy (followed by
the human wizards) can find a balance between individual
and group/social activities, and learning vs. non-learning
activities for students.
Acknowledgements. This work was partially supported
by the Cultural and Educational Grant Agency of the Slovak Republic, grant No. KEGA 028-025STU-4/2010, the
Scientific Grant Agency of SR, grant No. VG1/0508/09
and it is a partial result of the Research & Development
Operational Program for the project Support of Center of
Excellence for Smart Technologies, Systems and Services
II, ITMS 26240120029, co-funded by ERDF.

Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 3, No. 1 (2011) 33-41

References

[1] I. Arroyo, B. Woolf, J. Royer, and M. Tai. Affective gendered
learning companions. In 14th International conference on
Artificial Intelligence and Education (AIED 2009), 2009.
[2] R. Baker, A. Corbett, K. Koedinger, and A. Wagner. Off-task
behavior in the cognitive tutor classroom: when students game the
system. In Proceedings of the SIGCHI conference on Human
factors in computing systems, pages 383–390. ACM, 2004.
[3] M. Barla, M. Bieliková, A. B. Ezzeddinne, T. Kramár, M. Šimko,
and O. Vozár. On the impact of adaptive test question selection for
learning efficiency. Computers & Education, 55:846–857,
September 2010.
[4] E. Blanchard, B. Volfson, Y. Hong, and S. Lajoie. Affective
Artificial Intelligence in Education: From Detection to
Adaptation. In Proceeding of the 2009 conference on Artificial
Intelligence in Education: Building Learning Systems that Care:
From Knowledge Representation to Affective Modelling, pages
81–88. IOS Press, 2009.
[5] K. Boyer, R. Phillips, M. Wallis, M. Vouk, and J. Lester.
Balancing cognitive and motivational scaffolding in tutorial
dialogue. In Intelligent Tutoring Systems, pages 239–249.
Springer, 2008.
[6] C. Cain, C. Seals, and J. Nyagwencha. Social networking teaching
tools: A computer supported collaborative interactive learning
social networking environment for k-12. In J. Sanchez and
K. Zhang, editors, Proceedings of World Conference on
E-Learning in Corporate, Government, Healthcare, and Higher
Education 2010, pages 1612–1617, Orlando, Florida, USA,
October 2010. AACE.
[7] J. Cassell and T. Bickmore. Negotiated collusion: Modeling social
language and its relationship effects in intelligent agents. User
Modeling and User-Adapted Interaction, 13(1):89–132, 2003.
[8] A. Corbett. Cognitive computer tutors: Solving the two-sigma
problem. User Modeling 2001, pages 137–147, 2001.
[9] S. Craig, A. Graesser, J. Sullins, and B. Gholson. Affect and
learning: an exploratory look into the role of affect in learning
with AutoTutor. Learning, Media and Technology,
29(3):241–250, 2004.
[10] M. Feng, N. Heffernan, and K. Koedinger. Addressing the testing
challenge with a web-based e-assessment system that tutors as it
assesses. In Proceedings of the 15th international conference on
World Wide Web, pages 307–316. ACM, 2006.
[11] W. Hartup. Cooperation, close relationships, and cognitive
development. 1996.
[12] W. Johnson. Interaction tactics for socially intelligent pedagogical
agents. In Proceedings of the 8th international conference on
Intelligent user interfaces, pages 251–253. ACM, 2003.
[13] M. Lepper and J. Henderlong. Turning" play" into" work" and"
work" into" play": 25 years of research on intrinsic versus
extrinsic motivation. 2000.
[14] E. Levin, R. Pieraccini, and W. Eckert. A stochastic model of
computer-human interaction for learning dialogue strategies. In
Fifth European Conference on Speech Communication and
Technology, 1997.
[15] R. Mayer, W. Johnson, E. Shaw, and S. Sandhu. Constructing
computer-based tutors that are socially sensitive: Politeness in
educational software. International Journal of Human-Computer
Studies, 64(1):36–42, 2006.
[16] B. McLaren, S. Lim, D. Yaron, and K. Koedinger. Can a Polite
Intelligent Tutoring System Lead to Improved Learning Outside
of the Lab? In Proceeding of the 2007 conference on Artificial
Intelligence in Education: Building Technology Rich Learning
Contexts That Work, pages 433–440. IOS Press, 2007.
[17] S. McQuiggan, J. Rowe, S. Lee, and J. Lester. Story-based
learning: the impact of narrative on learning experiences and
outcomes. In Intelligent Tutoring Systems, pages 530–539.
Springer, 2008.
[18] B. Reeves and C. Nass. How people treat computers, television,
and new media like real people and places. CSLI Publications and
Cambridge university press, 1996.
[19] V. Rieser and O. Lemon. Learning effective multimodal dialogue
strategies from wizard-of-oz data: Bootstrapping and evaluation.

41

In Proceedings of ACL, pages 638–646. ACL, 2008.
[20] J. P. Rowe, S. W. McQuiggan, J. L. Robison, and J. C. Lester.
Off-task behavior in narrative-centered learning environments. In
Proceeding of the 2009 conference on Artificial Intelligence in
Education: Building Learning Systems that Care: From
Knowledge Representation to Affective Modelling, pages 99–106.
IOS Press, 2009.
[21] M. Šimko, M. Barla, and M. Bieliková. ALEF: A Framework for
Adaptive Web-based Learning 2.0. Key Competencies in the
Knowledge Society, pages 367–378, 2010.
[22] A. Soller. Supporting social interaction in an intelligent
collaborative learning system. International Journal of Artificial
Intelligence in Education (IJAIED), 12:40–62, 2001.
[23] A. Soller, B. Goodman, F. Linton, and R. Gaimari. Promoting
effective peer interaction in an intelligent collaborative learning
system. In Intelligent Tutoring Systems, pages 186–195. Springer,
1998.
[24] R. Sutton and A. Barto. Reinforcement learning: An introduction.
The MIT press, 1998.
[25] B. Teclehaimanot and T. Hickman. Student-teacher interaction on
facebook: What students find appropriate. In T. Bastiaens,
J. Dron, and C. Xin, editors, Proceedings of World Conference on
E-Learning in Corporate, Government, Healthcare, and Higher
Education 2009, pages 3181–3190, Vancouver, Canada, October
2009. AACE.
[26] T. L. Towner and C. L. Munoz. Letâs âŸfaceâ it: Facebook as an
educational tool for college students. In J. Sanchez and K. Zhang,
editors, Proceedings of World Conference on E-Learning in
Corporate, Government, Healthcare, and Higher Education 2010,
pages 1953–1958, Orlando, Florida, USA, October 2010. AACE.
[27] N. Wang, W. Johnson, R. Mayer, P. Rizzo, E. Shaw, and
H. Collins. The politeness effect: Pedagogical agents and learning
outcomes. International Journal of Human-Computer Studies,
66(2):98–112, 2008.
[28] C. Watkins and P. Dayan. Q-learning. Machine learning,
8(3):279–292, 1992.
[29] M. Zuckerberg. 500 million stories, the facebook blog, 2010.

Selected Papers by the Author
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Eﬀective access to and sharing of information has become
one of the most crucial needs of present day society directly aﬀecting daily operation of many businesses and
private individuals. To cope with issues such as information overload, unavailability of information, navigation problems and user diversity, and to facilitate the
slow adoption of the Semantic Web, we devised an enhanced faceted semantic browser with support for multiparadigm exploration, personalized recommendation and
adaptive view generation. We employ facet and restriction selection, ordering and annotation to address information overload and user guidance, and adaptive view
generation with incremental graph visualization to enable end-user grade exploration of semantic content. We
present the highly promising results of several user studies
performed with our browser prototypes in the job oﬀers
and digital image domains, which conﬁrm the viability
and practicality of our approach in terms of improved
task times and user understanding of the explored information space. Based on our ﬁndings, we claim speciﬁc
contribution to exploratory search and to the adoption of
the Semantic Web.
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1. Introduction
The information technology domain encompasses the access to, processing, organization and visualization of information together with the corresponding software and
hardware infrastructure. Information technology has become a vital and indispensable part of daily life, shifting focus from the manufacturing of physical goods toward the creation, organization and sharing of information, thus giving rise to the Information age.
In this respect, the Web has become a global ubiquitous
socioeconomic space providing information, services and
facilitating both private and business communication with
an estimated 1.8 billion users (survey by Miniwatts Marketing Group, 2010). Many use the Web daily as an integral part of their work, ultimately making the human
society as we know it today dependent on the storage,
availability and exchange of information on the Web. Due
to the constant growth, complexity and size of the Web,
several issues hamper online user experience:
• information overload (i.e., too much information being available),
• the lack of information availability (i.e., the required
information is available somewhere in the Web, but
unavailable to users who need it),
• the navigation problem (i.e., users losing track of
their position in the information space eﬀectively
“getting lost in hyperspace”),
• ignorance of user diversity (i.e., the fact that sites
are created to suit the “average user”).
These issues along with the evolution of the Web in terms
of novel usage means and user expectations such as exploratory search, social networks, interactive applications
or user created content together with the impact of the
Web on the human society resulted in the emergence of
Web Science as a new research ﬁeld [5].
The constant improvement of web-based applications and
information access and processing is also the focus of several web initiatives. The Semantic Web aims to provide
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better search and browsing capabilities by enabling machine readability of information on the Web taking advantage of ontologies [13]. Adaptive Web approaches aim
to learn about user preferences and adapt the user experience to the speciﬁc needs of individuals [3], while the
Social Web aims to facilitate communication, collaboration, interaction and sharing on the Web by exploiting
social wisdom to improve individual user experience [14].
The Exploratory search initiative aims to provide users
with better tools for advanced information seeking tasks
such as learning, investigation and analysis [8].
Although each of these initiatives addresses diﬀerent problems and aspects of the Web’s development, if successfully
combined together they are likely to produce synergetic
eﬀects, which are already starting to surface. Ultimately,
their combination would transform the current Web as
we see it today into an entirely new and mature Adaptive
Social Semantic Web of tomorrow.
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and topic. It does not however provide social recommendation support nor supports navigation or orientation after selecting a search result (i.e., once the user leaves the
original search engine). Moreover as VisGets uses its own
crawling and indexing engine it cannot be eﬀectively used
for general web search or Semantic Web exploration.
The BrowseRDF faceted browser provides elementary facet
generation capability over simple RDF data [10]. It automatically identiﬁes facets in source data based on several
statistical measures, but oﬀers only very limited interaction options and does not consider semantic metadata
provided in the more expressive RDFS and OWL formats. Similarly, Tabulator enables users to browse Linked
Data [2]. While Tabulator enables users to take advantage of diﬀerent visualizations (e.g., map, calendar), it
oﬀers only very limited search support. Other Semantic
Web browsers / query builders such as Disco Hyperdata
browser or Zitgist Dataviewer oﬀer even less user support
and are thus useful only to experts.

Since there has been little cross-fertilization between these
initiatives, our aim is to combine and extend their respective approaches into a highly interdisciplinary solution in
order to facilitate Semantic Web adoption. We aim to
devise an end-user grade exploratory search approach for
seamless exploration of both semantic and legacy web content with speciﬁc focus on faceted browsing, user interface
generation, advanced search and visualization.

Neither of these approaches can be eﬀectively used for
complex interactive exploration of Semantic Web content,
which in addition to advanced (faceted) querying needs
to support interactive information visualization, personalization and exploration of graphs (Semantic Web being
a graph). Here, also graph visualization and interaction
approaches must be considered as described in [12].

2. Background and related work

3. Framework for exploratory search

To facilitate our goal of providing and improving enduser grade exploration of the Semantic Web, we need to
address querying, visualization and exploration of Semantic Web resources via a combination of approaches from
diﬀerent ﬁelds. Typically, the information retrieval process consists of a search query, the successive navigation
in the results and result exploration, with optional later
revisitation of previously discovered results. We explore
the faceted browsing paradigm [11], since it seamlessly
combines these steps and has already been shown to be
very promising and generally accepted amongst end-users.
In order to better understand user behaviour in faceted
browsers, Kules et al. performed a user study examining how searchers interact with faceted browsers. The
study discovered that facets were an integral part of the
exploration experience accounting for about one half of
the time spent on actual search results [6]. We examine exploration capabilities and user support provided by
faceted browsers and aspects of acquisition, search and
visualization of history entries and metadata [9].
Wilson and schraefel performed a study comparing three
prominent exploratory browsers – Flamenco, mSpace and
RelationBrowser++ [22]. While Flamenco and RelationBrowser++ are more traditional faceted browsers, mSpace
takes advantage of RDF data (native to Semantic Web)
to provide users with a set of customizable ﬁlters that can
be used to visualize a subspace of a high dimensional information space. The RelationBrowser++ is tailored to
exploration of large statistical data and persistently displays all facets at the top unlike Flamenco, which hides
exhausted facets [24].
VisGets is an advanced visualization and querying solution for legacy web data [4]. It crawls the Web and gathers
news articles, and in turn enables users to interactively explore the data based on three dimensions - time, location

To address the issues outlined in section 1, we devised a
comprehensive faceted exploration browser for the Semantic Web, which acts as an integrated tool for search when
it acts like a client-side semantic search engine front-end,
and for navigation when it supports navigation across a
collection of “pure” information artifacts accessed via a
semantic endpoint. We employ these principles [16]:
• Semantic information space representation
• Personalized recommendation
• Multi-paradigm exploration
• Adaptive view generation
We build upon the opening-midgame-endgame paradigm
used in Flamenco [23] and extend it into comprehensive
multi-paradigm exploration approach. We add user support for the individual stages of the information seeking
process and populate them with additional complementary approaches to facilitate end-user grade exploration
experience (see Figure 1, explained in following sections).
The opening stage is populated with several views that
can be used to initiate and exploratory search session.
Our classical view augments the traditional keyword-based
search window with a tag-based overview of the information space content (tags correspond to information artefact types). The faceted view corresponds to our faceted
browser interface without any selections. It is mostly used
when we already have some information about user preferences and are thus able to provide a personalized set
of initial facets for exploration. The history view supports information revisitation via the Semantic history
map, which semantically organizes a user’s search and
browsing history.
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Opening

Midgame

Endgame
Content rendering
(table/image view)

Keyword-based search
(full-text search)

Visual navigation
(graph view)
View-based search
(faceted search)

Content authoring
(annotation view)

Content-based search
(query-by-example)

Revisitation support
(history view)

Orientation support
(search history tree)

Figure 1: Overview of our multi-paradigm exploration approach showing the scope and applicability of
individual sub-approaches to specific stages of the exploration process. Search approaches span primarily
the opening and midgame (blue), content viewing, annotation and browsing approaches focus on the
endgame (green), while support approaches span all stages (orange).
After the initial query, users proceed to the midgame
stage where they continuously reﬁne their query and explore the search results. This is done mainly via our
enhanced faceted browser by extending the faceted view
from the opening with list and matrix result view, the
search history tree (provides orientation and history support), and the graph view (enables users to interactively
explore the properties and relations between individual
information artefacts).

Facet processing is extended with facet recommendation,
which includes the adaptation, annotation and recommendation of facets and restrictions, which improve orientation and guidance support, reduce information overload
and alleviate some disadvantages of faceted classiﬁcation.
If the set of available facets is insuﬃcient, we use dynamic
facet generation to add new facets at run-time on a per
user basis thus allowing the user to reﬁne the search query
and improving support for open information spaces.

Although typically user sessions end with the endgame,
we see the opening-midgame-endgame as an iterative process which allows users to return to a previous stage. We
thus populate the endgame with tools that enable the user
to get a better understanding of the information space, to
shape it or to simply view its contents in a natural way.
This includes a nested table view (displays the properties of individual information artefacts), specialized image view (enables users to view photos similarly to popular web-based photo galleries), graph view (enables users
to interactively view the information artefacts as a graph
showing their relations and attributes), and annotation
view (allows users to see a list of existing or optional properties of individual information artefacts and edit them).

4.1 Model for relevance evaluation

4. Personalized recommendation
We extend the typical request handling of faceted browsers
with additional steps that perform speciﬁc tasks. We
extend search results processing with result recommendation which includes support for result annotation and
adaptation. We employ external tools that evaluate the
relevance of individual search results, e.g., by means of
concept comparison with the user model. Subsequently,
we reorder search results or annotate them with additional
information. For example, in the domain of scientiﬁc publications, we can display the suitability of an article, based
on its estimated relevance to the user’s research, as background colour or via emoticons.

Our browser logs events that occurred as results of user
interaction with the current state of the browser via a
specialized semantic logging service which preserves the
semantics of events as opposed to traditional web server
logs, which store them only implicitly in request URLs.
The acquired events are processed by a separate user modelling back-end [1] and in turn retrieved as an updated
user model, which drives our personalization engine. Each
logged event uses our event ontology to specify the semantics of the respective user action and also references the
domain and user ontologies as required.
The user modelling back-end provides us with several
sources of adaptation, which we employ with diﬀerent
weights depending on how closely related they are to the
current user task:

1. In-session user behaviour – user navigation, facet
and restriction selection during the current user session (i.e., user clicks). Frequent use of speciﬁc items
indicates higher relevance to the current task and/or
user interest in the corresponding domain concepts.
2. Short/long term user model – user characteristics
acquired during multiple sessions described by their
relevance to the user and the conﬁdence in their estimation in the range <0,1>.
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3. Similar/related user models are assumed to belong
to users with similar needs and are thus used for
relevance evaluation if user speciﬁc data is unavailable or has low conﬁdence. Social user context can
be exploited by assigning custom weights to speciﬁc relations between users resulting in social recommendation.

tools that evaluate the relevance of individual search results, e.g., by means of concept comparison with the user
model or via the evaluation of (explicit) user feedback.
Subsequently, we reorder the search results or annotate
them with additional information.

4. Global usage statistics computed from the overall
relevance and usage of individual domain concepts
(e.g., facets, restrictions, target objects – be it images, publications or job oﬀers) from all user models.
The overall “popularity” of facets and restrictions increases the likelihood of their recommendation for a
speciﬁc user, especially if his or her speciﬁc preferences are unknown or have low conﬁdence.

We generate user interfaces for each step of the exploratory
search process (query construction, result browsing, resource exploration). We generate:

4.2 Facet recommendation
With personalization, we empower users to make their
own decisions more eﬀectively via additional annotations
while also providing sensible means of automatic adaptation. As opposed to most existing approaches, we perform personalization primarily on the client side (i.e., in
the client browser), which has two beneﬁts – personally
sensitive data is kept entirely on the client side thus preserving privacy, server-side services need not have support
for adaptation as it is performed by our browser on the
client side, thus providing personalization for all information resources at no additional cost [17].
Facet recommendation distinguishes three types of facets
adapted at run-time to the speciﬁc needs of individual
users – active facets, inactive facets and disabled facets.
The adaptation process ﬁrst determines the relevance of
individual facets and restrictions in our relevance model
and then uses it in these steps (visualized in Figure 2):
1. Active facet selection – the total number of active
facets is reduced to a relatively low number, e.g. 2 or
3 facets, since many facets are potentially available
in complex information spaces. Active facets are
selected based on relevance, recency and number of
accesses. The rest of the facets is made inactive or
left in disabled state.
2. Facet and restriction ordering – all facets are ordered in three groups (i.e., active, inactive, disabled)
in descending order based on their relevance with
the last used facet always being at the top. Restrictions are ordered alphabetically as alternative orderings based on relevance or the number of matching
search results were not well accepted by users as
they made it diﬃcult to search for speciﬁc items.
3. Facet and restriction annotation – active facet restrictions are annotated with the number of matching instances, the relative number of matching instances by means of font size/type, or directly recommended (e.g., with background colour or the “trafﬁc lights” metaphor) eﬀectively providing shortcuts
to deeply nested restrictions. Additional tooltips
can describe individual facet/restriction meanings
(e.g., the rdfs:comment annotation in ontologies).
Search result recommendation extends the processing of
search results with support for personalized result ordering, annotation and view adaptation. We employ external

5. Adaptive view generation

• Faceted browser interfaces for advanced query construction and modiﬁcation.
• Result overviews for eﬀective presentation of selected
result attributes.
• Graph-based exploration views for incremental horizontal exploration of semantic resources and their
relations with other resources.

5.1 Facet generation
During facet generation, we examine metadata describing
the information space, identify object and literal facet
templates, and select either an enumeration or hierarchical restriction template to use based on ontological metadata. The facet construction stage determines the interaction mode based on the overall number of potential
restrictions; list mode is used for a small number of predeﬁned values (e.g., days of the week), search mode is used
for large numbers of values (e.g., all cities on Earth). If
an ordering of values is deﬁned in the ontology for object
values, we also create restriction intervals to cover continuous values (e.g., real numbers or dates). The last facet
mapping stage selects a suitable user interface widget to
render the generated facet in the faceted browser, and
maps the constructed facet and restriction values onto the
widget. The widget provides facet visualization (see Figure 3) and handles user interaction, forwards events and
facet metadata to the server back-end, which provides the
corresponding querying services for the generated facet.
Facet generation thus deﬁnes these facet properties [18]:
• A facet template, which corresponds to a pattern
found in domain metadata and speciﬁes the overall
type and behaviour of the facet.
• A restriction template, which deﬁnes how the individual restrictions in the facet are constructed and
mapped onto the domain ontology.
• A query template, which deﬁnes how the back-end
query engine creates database queries and maps them
onto facet restrictions.
• A visualization and interaction template (i.e., the
corresponding widget type), which binds the facet to
the graphical user interface and handles user input.

5.2 Result overview generation
We generate two result overviews – the ListView shows
thumbnails and properties of individual results (see Figure 3, top left), while the MatrixView shows thumbnails,
provides additional information in tooltips, and in addition oﬀers a generated editing pane for modiﬁcation of
individual result attributes (see Figure 3, bottom right).
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Figure 2: Example of facet adaptation, annotation and restriction recommendation showing active, and
inactive facets (left), also showing a list view of search results with attributes and additional operations
(right).
ListView shows attributes of a speciﬁc result directly derived from the domain ontology visualized as label-value
pairs. For multi-value properties such as Type in Figure 3, a column with all values is shown. We either show
all result properties to maximize information or apply personalization to select only the most relevant properties.

5.3 Annotation view generation
Similarly to result overviews, we generate the annotation
view (accessible from result overviews) separately for each
speciﬁc result type. We identify all applicable properties
from the domain ontology metadata, construct editing
widgets based on property types (e.g., text boxes with
language selection or auto-complete combo boxes, with
single/multi-value support). Properties with existing values are shown ﬁrst, while properties without values are
shown at the bottom (see Figure 3, bottom left).

6. Multi-paradigm exploration
Multi-paradigm exploration is principal to approach as it
integrates a set of search, navigation and visualization approaches into a comprehensive exploratory search solution
as outlined in Figure 1.

6.1 Searching and browsing
The classical view is based on the initial screens of existing
web search engines such as Google or Bing. In addition
to the search box, we employ a tag cloud-based multipurpose view that can correspond to:
• Information artefact types thus giving users an idea

of what kinds of information can be explored (e.g.,
photos, events, regions).
• Tags (topics) of recently added or modiﬁed information artefacts thus giving users an overview of what
new information is available
• Popular information artefacts eﬀectively providing
social (either global or community based) recommendation and providing users with an overview of
current trends.
Since prior work by Kules et al. has shown that users
mostly use the facets and the result overview when working with faceted browsers, we focused mainly on their
improvement [6]. Our faceted view (adaptation details described in sections 4 and 5) integrates these approaches [20]:
• Faceted browsing based on the traditional layout
with facets on the left, query at the top and results
in the centre.
• Adaptive search result overviews (list view, matrix
view) providing users with quick and easy understanding of the current result set.
• Search history tree based on interactive graph visualization for orientation and history support.
• Query-by-example via search result rating or similarity search (performed via external tools) which
improves querying capability of users and supports
the exploration of similar information artefacts.
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Figure 3: (A) Generated facets with a list-based result overview showing all result properties (top left).
(B) A matrix result overview with image thumbnails and the correspondingly generated annotation pane
for collaborative content creation (bottom right).
• Optional keyword-based full text search as a complementary approach to faceted- and content-based
search. Note that in the semantic web environment,
there normally is no full text to search so keyword
based search is limited to the labels and comments
of resources.

6.2 Result exploration
During the endgame of the exploration process, users need
see and understand the properties (i.e., actual content) of
the discovered information artefacts. We provide three
types of exploration views:
• Textual attribute exploration via the nested table
view for visualization of information properties and
the annotation view for their modiﬁcation.
• Relation exploration via the graph view for interactive exploration of relations between resources.
• Content viewing via the image view, which renders
associated content (i.e., photos) in a native way.

Textual result exploration. The table view recursively
renders the properties of individual search results in a
nested table thus providing users with an exhaustive visualization of the details associated with a given resource.
Compared to some other existing approaches, which only
provide direct properties, the nested visualization improves
user orientation by maintaining the context of resources,

as normally one would have to click a link to view properties of other resources thus losing the original context.
The annotation view supports collaborative content creation by allowing authorized users to create new information artefacts, modify or optionally delete existing ones
via a generated form-based interface (see Figure 3, bottom left). The view is speciﬁc for each resource type and
shows ﬁrst properties with existing values and next properties corresponding to the given resource type without
values. Users can either enter entirely new values or select pre-existing values from drop-down menus. Moreover,
users can remove property values or entire resources, create new resources and even alter the schema of the repository (in ontologies schema and data are treated equally).

Content-sensitive result exploration. We employ domain
speciﬁc visualizations based on resource type to support
“natural” access to information artefacts. Since we also
worked with an image collection, we devised a specialized
image view, which enables users to view the photos similarly to popular web-based photo galleries. Image view
supports image manipulation features such as zoom, rotate or slideshows, it shows image thumbnails and can
also display basic image attributes.

Visual relation exploration. We provide visual result exploration support via a graph-based visualization of resource properties. The graph exploration view consists of
the graph visualization window, predicate ﬁltering win-
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Tvarožek, M.: Exploratory Search in the Adaptive Social Semantic Web

Figure 4: Example of our tree-based history visualization showing an initial keyword query (top left)
and the successive faceted query refinements (left). The rest of the interface shows the list of available
facets (centre) and the list of search results (right).
dows and an options toolbar (see Figure 5). Users can
access the view either directly by typing in the URI of
the node they wish to explore, or by exploring a result
found in faceted view.
The graph view is generated directly from a domain ontology showing individual resources and their relations, also
taking advantage of relevance evaluation from the personalization engine. Relations are intentionally visualized as
separate nodes connecting resources to reduce information overload when one relation can have multiple values
and to improve graph layout.

6.3 Revisitation and orientation support
The history view provides a tree-based visualization of
search and browsing history that improves user orientation within complex navigation sessions and provides revisitation support for previously discovered (distributed)
information during exploratory search sessions. We continually record user actions performed within our browser
(e.g., facet selections, result exploration) and construct a
tree of query modiﬁcations and result visits (see Figure 4).
The tree is shown to users while they are browsing and
also stored for future reference and processing [21]. We
devised two integrated approaches to revisitation support:
• Search History Tree – an in-session tree-based history visualization,
• Semantic History Map – an interactive, semantically
organized, graph-based visualization of longer-term
browsing history that shows the original context of
individual history entries.
Our method records user sessions (i.e., queries and visited
web resources), identiﬁes and separates individual user
goals (i.e., coherent user sessions with similar terms), preserves their context by persistently storing history trees
corresponding to relations between queries and visited
web resources, and ultimately synthesizes navigable graphs
from extracted terms, visited resources and user goals.

7. Evaluation and discussion
To validate our approach we performed experiments with
two prototypes of our faceted semantic browser Factic.
We used our initial prototype to evaluate the usefulness
our facet personalization approach in the job oﬀers domain via a user study and to gather feedback on its design [15]. We then created a second, improved prototype,
which extended the original functionality with support
for facet generation, additional result visualization and
the graph exploration view, while also addressing performance and usability issues of the ﬁrst prototype [19].
Since analytical validation of user-centered approaches is
diﬃcult if at all possible, also considering the novelty of
the exploratory search ﬁeld and immaturity of methodologies for task design and browser evaluation [7], our evaluation goals focused on user studies and proof of concept
validation of our individual approaches.
Our ﬁrst study was in the job oﬀers domain, where our approach proved to be particularly suitable, since it is a very
complex information space with several deep hierarchical classiﬁcations (e.g., regions or positions) and intricate
concept relations. Our evaluation showed that adaptive
selection of active facets (i.e., fully rendered) and recommendations can signiﬁcantly reduce information overload
(i.e. the number of facets a user must examine) and thus
total processing time which depends roughly linearly on
the number of displayed facets. However, the number
of clicks increased since the right facets were not always
active and thus had to be manually enabled. This resulted in shorter refresh times and consequently shorter
total task times [17]. Despite the very positive feedback
and highly promising results, we encountered scalability
issues with remote repositories due to repository querying limitations and network delays, which we addressed
in our second prototype.
Our second study was in the digital image domain. We
generated facets from the available data and examined
how the browser behaved and whether the interface was
still usable for its intended purpose in terms of usability
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Figure 5: Example of our generated graph-view exploration interface. Dark nodes represent individual
resources, white nodes correspond to relations (top). Hovering over nodes shows the attributes of a
node (center); additional tools include zooming, spatial expansion, node hiding and history (right), with
additional filtering options for languages and data/schema only visualization (bottom).
and performance. The experiments proved that the approach was viable for interface generation with minimal
performance impact. The user study with the graph exploration interface was also successful as most users were
able to accomplish their assigned tasks within a reasonable timeframe. Furthermore, users managed to answer
75% of the questions correctly leaving 25% false answers
(this also includes answers that were close to the correct
ones, but not exactly right). Based on these results, we
concluded that graph-based exploration is viable for Semantic Web browsing as most users were able to accomplish the given tasks despite having no prior experience
with a similar interface [18].

8. Conclusions and future work
Today, eﬀective access to information has already become
crucial to many aspects of daily life both in the corporate
environment and in personal life. Our main focus was the
development of novel methods for navigation and presentation, and the combination of approaches from the Semantic Web, Social Web and Adaptive Web initiatives.
To improve and maintain our current information access
capabilities, we devised a novel comprehensive approach
to multi-paradigm faceted exploration of Semantic Web
content with speciﬁc contribution to:

• Multi-paradigm exploration – integrating view-based,
content-based and keyword-based search with advanced adaptive visualizations and incremental graph
exploration of both content and browsing history.

• Personalized recommendation – devising a method
of facet and restriction adaptation based on semantic logging of user action and continuous evaluation
of the devised ontological user and relevance models.
• Exploratory interface generation – devising a method
for facet identiﬁcation in ontological metadata, its
transformation into interface widgets and their mapping onto the ontological querying back-end (e.g.,
semantic search engines).
Our results in the job oﬀers and digital image domains
have shown the viability of the proposed approaches (personalization, faceted interface generation, graph exploration) for their intended purposes in terms of their practicality (i.e., it can be done) and improved user experience
(i.e., improved task times, better understanding of the
information space, eﬃcient resource revisitation). Consequently, based on our ﬁndings we have improved upon
the current state of the art in exploratory search in the
Semantic Web by empowering end-users with access to
semantic information spaces via an end-user grade exploratory browser for the Semantic Web with interfaces
for eﬀective query formulation, result overview browsing
and individual result exploration.
We see the extension of our approach with support for
legacy web content, i.e., for speciﬁc pages (e.g., personal
browsing history) or for whole web sites (e.g., generating
a faceted browsing interface for a typical corporate web
site), and for interactive content exploration as a possible
direction for future work.

50
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Abstract
As the Web grows and the amount of available information increases, new problems such as information overload or lost-in-hyperspace problem emerge. The solution
is to shift from “one-size-fits-all” approach and to provide personalized surfing experience, which would take
into account differences among users. These differences
are captured in a user model, a structure holding all relevant user-related information. We present contributions
in both data collection and processing stages of user modeling process, focusing on open corpus web-based systems, where the content can be dynamically added or
changed and we have no content available in the design
stage of the web-based system. We introduce two methods falling within the scope of data collection stage, a
method for comprehensive logging of user activity on the
Web with preserved semantics, which combines client side
and server side logging into a stream of user events with
clearly defined meaning, and a method for capturing logs
of “wild” Web surfing based on a specialized proxy sever.
The second group of methods, devoted to actual user
model creation within an open corpus environment consists of a method for user model inference based on rules
expressing navigational patterns, a method for term-based
open corpus user modeling, which can be applied to capture user’s interest across the third-party web-sites and
web-based systems. We proposed also a method for finding relations between terms based on folksonomies, which
supports our term-based user modeling approach. The
proposed methods were evaluated by means of software
tools that were incorporated in research projects aimed
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1. Introduction
There is no doubt that the Internet and its most-popular
service World Wide Web have changed our everyday lives.
Especially the Web has become an ubiquitous source of
information, a communication tool, shopping mall etc.
Ubiquity of the Web along with the rise of user-generated
content of Web 2.0 result in an incredible growth of the
amount of available information, which bring new problems such as information overload or lost-in-hyperspace
problem. These are addressed by personalization, which
takes into account individual characteristics of an individual to tailor the presentation, recommend navigation or
adjust the functionality of the web-based system.
If we want to be able to provide a user with a personalized experience within our web site, we need to base our
personalization on some type of user profile, an instance
of a user model. The model can represent various features of the user as an individual such as demographic
information (age, education level, interests, preferences,
knowledge etc.) or can represent the overall context of
user’s work, including platform, bandwidth or location.
Recently, the Web and its research got fascinated by a social phenomenon. Not only that people are more present
on the Web, as they got the tools such as wikis, blogs,
social tagging systems or social applications, which allows them to actively participate on the creation of web
content, but we discovered the power of masses, wisdom
of crowds, which can be used to organize the web content
and to provide personalized recommendations using social
relationships and group membership. The key are communities, either having real-life back-end or pure virtual
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ad-hoc communities of people sharing a common property at the given time [8]. While usage driven adaptation, mainly in form or statistics-based recommendations
is becoming very popular way of navigation, especially in
news portals (e.g., simple recommendation of the most
visited content within a time window), other forms of
social recommendations, which would take into account
various aspects of a personalized user community are still
rather seldom. The challenge is how to represent, build
and use a user model for a dynamically changing, often
user-generated content.
In this work, we present a contribution in the field of user
modeling for adaptive web-based systems, focusing on a
shift from static, closed-corpus application domain into
dynamic, vast and thus open-corpus application domains
such as the Web is. We also target on enrichment of the
user model as well as the user modeling process by socialrelated information. This can be shrink down into two
major goals:
• proposal of novel approaches to collection of data
about user, which are independent of the chosen domain, separate thoroughly the data collection from
the subsequent inference of higher level characteristics and are at the same time unobtrusive from the
user’s perspective.
• proposal of novel approaches to user model representation and inference, which respect the openness
and dynamics of the information space. We aim at
investigating the potential of navigational patterns
in the dynamic information spaces as the means of
navigation are rather constant even if the content is
changing dynamically. We concern to explore such
representations of domain and user models, which
would allow for automatic and unobtrusive acquisition of these models in the vast and dynamic environment and provide a suitable basis for subsequent
personalization of information space exploration.

2. User Modeling
User model represents all kind of information related to
user and user’s context, which are required in order to
provide personalized user experience. It can hold various
features of the user (user characteristics) as an individual
such as demographic information (age, education level,
interests, preferences, knowledge etc.), or can represent
the overall context of the user’s work, including platform,
bandwidth or location.
Current adaptive web-based systems use mostly the following two types of user models [6, 5]:
• stereotype group model – is the simplest form of a
user model, which maps the individual user onto one
of (usually) predefined groups. All members of the
group would experience the same “personalized” system. The most simple form of a stereotype model is
a scalar model [10], expressing only one user characteristic (usually level of knowledge) by a single value
on a particular scale (e.g., good, average, none).
• overlay individual model – is currently the most popular user model representation, where the model reflects user characteristics related to individual parts
of a domain model – it adds a layer with user-related
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information on the top of the domain model for each
user.

The advantage of stereotype group model is its ease of
use and relatively simple initialization. The user can be
assigned a stereotype (group membership) according to
answers of few questions or eventually according to the
initial behavior in the system. Disadvantage of stereotype
group model lies in limited personalization possibilities.
In fact, there is no personalization at all, as we can only
speak about an adaptation when the system does not consider the user as an individual, does not build and maintain a user model and is based purely on rather coarsegrained stereotypes (which is often the case if we define
stereotypes manually). This results in “one-size-fits-all”
problem of personalization for all users within one stereotype.
An overlay individual model deals with this kind of a problem, when a personalized system creates a separate user
model for each user. The challenge of overlay user modeling is in the complicated acquisition of user model. While
in case of a model based on stereotypes, the only required
task is to assign a stereotype to the user, overlay user
modeling must discover and assign a user-related information to each element of a domain model. When considering maintenance of user models, it is easier to detect and
react to a change in one stereotype compared to a change
in one of many user characteristics related to particular
domain elements. Another problem of overlay model lies,
which we need to deal with, is its increased demand for
system resources as the number of user increase.
The solution of the aforementioned issues lies in employment of specialized approaches, which are a must in case
of a large or even open information spaces. One way is to
create a more loose coupling of user and domain models,
where characteristics relate to types and/or attributes of
concepts, not the concepts themselves. Another solution
could be the use of different strategies for user model acquisition, which would use distinct layers within the overlay user model. Like that, we can create one overlay only
in such parts of the information space which were already
visited by the user and use information from this layer to
set or update information in another layer covering the
rest of the information space [23].
The latter mentioned approach shows us a very important
aspect of layering furthermore the overlay user model.
Each user model consists of at least an evidence layer
(called also usage data layer [7]) holding facts about user
interactions with the system. Even if this layer does not
hold any user characteristics, it can be used as a basis for
personalization. Next, we can add additional layers representing higher level characteristics coming from different
sources or inferred by employing different strategies with
various reliability and accuracy.

2.1 User Modeling Process
User Model life cycle is defined by a sequence of actions
performed by an adaptive web-based system during user’s
interaction. The process is depicted in the Fig. 1.
We separate the user modeling process into three distinct
stages, as defined in [6]:
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Figure 1: User model life cycle derived from [6].
1. data collection, when an adaptive system collects
various user-related data such as forms and
questionnaires filled-in by the user, logs of user
activity within the system, feedback given by the
user to a particular domain item, information
about user’s context (device, browser, bandwidth,
etc.). All these information represent observable
facts and are stored in an evidence layer of the
user model. The facts can be supplied also from
external sources, for instance we can acquire
information about user relationships with other
users from an external application for social
networking.
2. user model inference, when an adaptive system processes the data from the evidence layer into higher
level user characteristics such as interests, preferences or personal traits. It is important to mention
that these are only estimates of the real user characteristics.
3. adaptation and personalization is the actual use of
a user model (both evidence and higher level characteristics layer) to provide a user with personalized
experience when using an adaptive system. The success rate of the supplied adaptation effect gives us
a feedback about an accurateness of the underlying
user model.
The process has a cyclic character, as an adaptive system
continuously acquires new data about the user (influenced
by already performed adaptation and thus by a previous
version of the user model) and continuously refines the
user model to better reflect reality and thus to serve as a
better base for personalization.
An adaptive system must handle specific problems related
to each step of the process. In data collection we must find
a balance between user privacy and amount and nature
of data which is required in order to deliver a successful personalization. We must find such sources of data,
which do not pose additional extra burden on the user
and design data collection process in such a way, which is
unobtrusive and runs automatically in background.
The main challenge of the actual user model inference is
(apart from actual transformation of user action history
into user characteristics) maintenance of user characteris-

tics, which should keep pace with user personal development, changing interests and knowledge.

3. Sources for User Modeling
Whole user modeling process stands and falls by the quality of data (facts) related to the users that an adaptive
system is able to gather. If we aim at automated user
modeling process, which poses no extra burden on user
herself, Data collection stage of the user modeling process is obviously based on user activity logging where two
main approaches exist: the use of standard web server logs
or the deployment of proprietary logging/reporting solutions often tailored to the needs of specific systems. User
model creation is based either on explicit user feedback
or on automatic discovering user characteristics based on
collected data.
Standard web server logs are commonly used as input for
various data mining techniques in Web Usage Mining [13]
whose results are mostly common sequential patterns or
clusters of users and pages. These techniques match the
active user session (or her previously stored profiles) to
usage patterns of user groups. Because of their social
aspect, they do not reveal characteristics of an individual user, which is of our prime interest. Web server logs
cannot be used directly and require very complex preprocessing, trying to identify all accesses of an individual
user within a particular session [12]. Use of proxy servers
and tunnels makes this task non-deterministic, producing
only estimations of log interpretation. More, web server
logs are often incomplete due to the caching mechanism of
web browsers, which usually do not re-request a resource
which was accessed earlier during previous sessions. As
a result, server side logs cannot serve as a satisfactory
standalone source of all user behaviour evidence.
To address some shortcomings of this approach and to
capture information about purely client-side interactions
(e.g., hovering on tooltips) client-side logging methods
were proposed. Most are either pure client-side only systems [19] or standalone desktop applications communicating with a server [15]. Standalone client-side applications
can provide a high level of detail but may present serious threats to user privacy. The use of standard client
web technologies such as JavaScript or Java applets [14]
appears to be more suitable due to its restricted scope of
operation and higher user acceptance though still without
event semantics.
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Pure client-side only solutions suffer from the loss of control over the logging process as users can disable their
execution. Therefore, it is suitable to combine both client
side logging with server side logging.

3.1 User Activity Logging with Semantics
We proposed a method of server-side event logging that
allows for the logging of events with defined semantics by
both server-side and client-side tools and for the integration of these events into continuous streams of events for a
particular user and user session. Moreover, since only individual presentation/interaction tools “understand” the
semantics of events that they process we propose them
to be responsible for the logging of their own events by
means of a specialized logging interface (Figure 2, bottom
right).
We believe that the combination of the two approaches
is necessary, since we have no direct control over the execution of client-side logging mechanisms (no data can be
gathered if the user disables monitoring on the client side).
The combination with the server side logging mechanisms
guarantees that at least some data is always available.

3.1.1 Client-side Logging
Client-side logging captures events that occur entirely on
the client-side (such as Load, Click or Mouseover ) during
user interaction with elements on the displayed pages and
also captures precise time-related data about individual
actions which might be missed by server-side logging. For
each captured event, we collect the following data: type
of event, time when it occurred and the context of the
captured event, e.g. what link was followed.
Furthermore, additional events invisible to the server-side
might be captured such as Change, invoked when the content of a form control changes. The sequence of such
events indicates the order in which a user fills a form.
Another example is the Scroll event, invoked when the
user scrolls the content of a page.

3.1.2 Server-side Logging
We decided not to rely on standard web server logs, which
lead to an application-dependent user modeling solution,
but propose a proprietary server-side logging approach,
similar to user modeling servers described in [17, 11].
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modeling and adaptation independently of the web-sites
a user is currently visiting. In other words, we need to
shift the whole personalization layer towards the client
side. However, at the same time we want to maintain a
centralized logs of user activities, which serves as a basis for collective wisdom inference when analyzing surfing
behavior of groups of users.
We evaluated a specialized HTTP-based proxy service as
a most suitable host of a personalization layer [2]. As
it has control over user requests and responses from the
Web, it can perform all needed operations. As we mentioned earlier, a comprehensive log of user activity should
result from a combination of server-side and client-side
logging. This is also the case of our proxy-based solution.
When proxy server is sending a web page to the client,
it injects a tracking javascript into it, which updates the
server with information about time user spent actively on
the page, amount of scrolling, which user did on the page
or amount of copy into clipboard actions user performed.
All this client side information are added to a record with
url, ip address, timestamp and referrer.

4. Open Corpus User Modeling
Traditional methods and techniques for user modeling and
personalization require a limited set of documents, which
need to be described by respective metadata at design
time (and often manually) [9]. Such closed corpus approaches can not effectively keep pace with dynamics of
our world, not to mention the Web, where information are
constantly being updated as well as outdated. Closed corpus adaptive systems, which can provide personalized access to only limited set of resources are competing against
all dynamic and virtually unlimited resources, which can
be however accessed only by one-size-fits-all paradigm.
Open corpus adaptive web-based systems tries to solve the
problem by incorporating metadata and external models, which exist independently of the information space
of hyperlinked documents. If concepts from these models can be linked to the document space at run-time, we
can model user characteristics related to those concepts
instead of documents themselves.

4.1 User Model Inference based on Navigational Patterns

Server-side logging aggregates events from various sources
and stores their semantics which mostly include references
to concepts from a domain model. To further separate
log analysis from log creation we devised a common event
ontology that defines the semantics of individual events
and their attributes. Furthermore, to evaluate the reasons
behind user actions we also log the description of display
state of the user interface at the time when an event took
place (what was displayed). This allows us to analyze user
decisions (i.e., occurred events) based on what the user
saw in the web browser interface (i.e., what her reasons
were).

Our approach to data collection described in section 3.1
allows us to employ multiple reasoning agents to process the records of user interactions and update the user
model. We proposed a method built around rule-based
approach to analysis of user logs [4], i.e. a specialized
rule formalism for capturing interesting patterns of usersystem interaction and a user modeling inference agent
driven by these rules. Externally defined rules represent
heuristics, which link interesting navigational patterns
with sets of changes to be applied on the user model if
an occurrence of the pattern is detected. The inference
process overview is depicted in Fig. 3.

3.2 User Data Collection for Ubiquitous User Modeling on the Web

We evaluated the combination of described data collection and user model inference in different application domains – online job offers (project NAZOU, nazou.fiit.
stuba.sk) and digital libraries and scientific publications
(project MAPEKUS, mapekus.fiit.stuba.sk). We performed an experiment in the job offers domain with hypothesis that the effort required to retrieve desired job

If we want to shift the personalized browsing experience
from few isolated web applications, each performing its
own user modeling process and thus building its own proprietary user model, we need to find a way how to do user
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Figure 2: Web-based IS architecture of the personalized presentation layer.
offer will decrease if the user uses the system for a longer
period time or revisit the system. The hypotheses was
proved as we indeed observed lower click count in the revisiting user session compared to the first one indicating
successful adaptation via navigational shortcuts based on
the user model acquired during the first session (which
was still updated in the second session). Moreover, the
initially identified characteristics were reinforced in the
second session while only few new ones were found indicating consistent user behaviour (i.e., good estimation of
characteristics on the same search goals).
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representation of the domain (which is the Web) – we need
to acquire metadata about any web document visited by
the users. The Semantic Web, which would be a natural candidate for such metadata, cannot be used for this
purpose as there is still not (and probably never will be)
enough of heavyweight semantics present on the Semantic
Web when compared to the normal Web [22, 16]. Therefore, we need to rely on a lightweight conceptualization,
which can be discovered automatically by machines and
which can benefit also from knowledge emerging in online social systems (e.g., knowledge encoded within folksonomies).
Our user model is defined as a hypergraph H := ⟨V, E⟩,
with a set of vertices V = A ∪ P ∪ T and P ∩ T =
∅, A ∩ P = ∅, A ∩ T = ∅ and a set of binary edges
E = {(a, p, t) | a ∈ A, p ∈ P, t ∈ T }, where A represents
a set of user accesses to pages A = {a1 , ...ak }, P represents
a set of pages P = {p1 , ..., pl } and T represents a set of
terms T = {t1 , ..., tm }. Pages and terms can be considered
as a lightweight domain model, while user accesses add
user model overlay on the top of it.

Changes
references
Rules
Domain
model

Figure 3: Overview of user characteristics acquisition process. Data from presentation tools and
client-side logging are stored in a database of user
actions. LogAnalyzer tries to detect (1) occurrences of predefined patterns and optionally stores
intermediate results (2). The heuristics associated
with the detected pattern (3) predict the update
of characteristics stored in a user model (4).

4.2 Term-based User Modeling for “wild” Web adaptation
If we want to employ a model for the purpose of personalization in such a vast and dynamic environment as the
whole Web is, we need to create a universal and flexible

Such a term-based user model holds mainly facts, evidence of user accesses to web pages along with lightweight
conceptualization of those web pages and implicit feedback indicators informing about user’s interests. The
main purpose of this model is to serve as a basis for virtual communities detection, which would allow for employment of community-based personalization to enhance
the browsing experience. However, terms stored within
the model can serve also as an indicator of user interests, supposing that as the time flows, the terms which
represent user interests occur more often than the others.

4.2.1 Terms Acquisition
Our approach to terms acquisition follows the standard
process for web document modeling [20] divided into two
stages:
1. document pre-processing,
2. actual term extraction
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In document-preprocessing stage, first an HTML page is
processed in order to strip-off all the HTML markup and
leave only main textual content, omitting navigational
parts, banners etc. Second, the text is translated into
English (if it is not already in this language) as majority
of available extractors work only with English texts.
The second step, actual term extraction, is performed by
invoking and combining results of different term
extractors providing relevant terms for given text or
URL. These extractors could be either online web
services available through different kinds of API (usually
REST-based) such as OpenCalais (opencalais.com)
or Alchemy (alchemyapi.com) or locally invoked
algorithms and libraries.
We realized the method within our enhanced proxy platform, already mentioned in section 3.2. Figure 4 depicts the complete term-based user modeling process with
client-side logging and on-the-fly metadata (term) extraction.
We conducted an experiment on a small dataset of
English and other language web-pages (having a
representative of technical and non-technical texts and
different writing styles) to evaluate efficiency of different
available extractors. There is no clear winner among the
evaluated extractors and it seems that they are, in
effect, mutually eliminating their weakness, which means
that they could be effectively used in a combination. For
instance, when pure NLP oriented approaches fails, the
semantically-enhanced services such as OpenCalais or
tagthe.net are able to achieve fair results and vice versa.
More details can be found in [3].
In order to evaluate the user modeling process in real
world conditions, we developed an enhanced proxy server,
which allows for realization of advanced operations on the
top of requests flowing from a user and responses coming
back from the web servers all over the Internet and a set
of personalization tools – proxy plugins, which take advantage of term-based user model to deliver personalized
surfing experience.
One of the plugins was enhancing the google search engine service by disambiguating search queries according
to user context [18]. Apart from ordinary search results,
it was also providing results coming from optimized and
disambiguated queries. This time, we used term-based
user models as a basis for construction of social networks
and virtual communities of proxy users. We observed
that users clicked and stayed on the results coming out
from the extended queries in 54.7% of cases, which is
a significant improvement against normal googling pattern of our users without any recommendations, where
they stayed only on 27.4% of all clicked results, which
mean that our recommendations were meaningful. As
the whole search optimization was driven by automatically constructed open corpus user model using terms extracted from the visited web-pages, we can conclude that
our approach is able to extract useful metadata from the
web pages, produce a good enough user models which provide good basis for ad-hoc virtual communities creation
and subsequent community-based personalization.

4.2.2 Term Hierarchy Creation
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When considering term-based user models in a (term- or
tag-based) Web 2.0 environment, we are facing the need
to be able to compare various terms, tags and keywords.
We might need to compare user characteristics or even
whole user models, represented by terms, to find similarities between users, which could serve for user model
maintenance as well as for more complex tasks such as
online community creation or recommending. We might
also need to compare the domain items represented by
terms (e.g., a web page) in order to evaluate the explicit
or implicit feedback and update the user model appropriately.
The raise of the tagging systems naturally provoked increase of interest in analysis of folksonomy data among
researchers. We are aware of various approaches in deriving additional knowledge from folksonomies for different
purposes. We believe that relationships between keyword
and tags coming out of a folksonomy have a great potential for user modeling purposes, as the relationships are
based on users’ point of view – on the real usage of these
tags and not on an artificially created linguistic knowledge.
We proposed a method for finding relationships between
tags [1], which combines three distinct approaches:
1. Deriving of parent-child relationships between tags
from a given folksonomy.
2. Determining similarity between tags by applying
spreading activation on the top of the folksonomy
graph.
3. Interconnecting tags by additional semantic relationships as well as enriching the whole tag corpus
by adding external keywords; both coming from the
Wordnet lexical database.
The proposed approach to creation of hierarchy from a
folksonomy hypergraph is based on a rather simple assumptions of set theory, similarly to [21]. However, Mika
does not take into account contextual conditions nor popularity of the tags. It seems that it was performing acceptably only on a small chosen domain (such as keywords
related to semantic web).
We evaluated the approach on datasets of two popular
online folksonomies – one obtained from delicious bookmarking site (http://delicious.com) and the other from
a system for tagging and searching for scholarly papers
CiteULike (http://citeulike.org).
We executed the algorithm for deriving parent-child
relationships between tages several times on both
folksonomies with different thresholds for establishing or
discarding a relationship and were observing the
resulting trees. The manual inspection of resulting
hierarchies proved the viability of our approach, where
meaningful relations between keywords were created,
which would definitely provide a good basis for a
tag-based user modeling. The quality of the result
depends highly on the configuration of the algorithm.
The proposed method has even broader potential, as our
representation of user model, holding all evidence of user
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Figure 4: User Modeling process based on an enhanced proxy platform.
actions while surfing on the Web, is similar to folksonomy hypergraphs coming from social bookmarking systems. By applying the method on the logs of user actions,
we can directly reveal the hidden relationships between
different users as well as pages and their terms.

5. Conclusions and Contributions
We need to get used to a fact that the we need a machine assistance in order to work with large amount of dynamically changing information efficiently. Only machineperformed personalization allows us to keep pace with
increasing amount of information. The majority of the
current Web is however built using “one-size-fits-all” principle without any kind of personalization. Even more,
those web-based systems, which are in effect personalized
are often based on their proper models without any real
possibilities to share and reuse user-related information
across the Web.
In this thesis, we proposed methods which bring novel
approaches to user modeling process. We focused on an
open corpus user modeling, an approach which handles
vast and dynamic information spaces such as the web is.
Our main goals were to alleviate incorporation of the user
modeling process into legacy web-based systems by extending a standard presentation layer by a user modeling sub-layer. Next, we were looking for solutions, which
would bring the personalized experience to the ordinary
everyday browsing on the Web by ubiquitous user and
community modeling.
More specifically, we proposed and evaluated
• a method for comprehensive logging of user activity
on the Web with preserved semantics. The method
was published in Computing and Informatics journal [4], where we defined principles of turning the
presentation layer of a web-based system into an
adaptive one and presented a use case on the application of job offer portal.
• a method for capturing logs of “wild” Web surfing
based on a specialized proxy sever. The method

was presented at international WWW/Internet 2010
conference [3] where we showed how we can achieve
a valid term-based model by combining various approaches to terms extraction.
• a method for open corpus user model inference
based on rules expressing navigational patterns.
The method was published in Computing and
Informatics journal [4], where we showed how user
model can be build and maintained regardless of
the chosen application domain, considering only
user’s navigation.
• a method for term-based open corpus user modeling, which can be applied to capture user’s interest across the third-party web-sites and web-based
systems. The method was presented at international User Modeling, Adaptation and Personalization conference, UMAP 2010 [18], where we showed
how a term-based user model with implicit interest
indicators can server as basis for virtual communities detection. We showed a potential of such virtual communities to deliver efficient personalization
while surfing the “wild” Web on a use case of a personalized search engine.
• a method for finding relations between terms,
which supports our term-based user modeling
approach, based on folksonomies. The method
was presented at International Conference on
Collective Computational Intelligence, ICCCI
2009 [1], where we showed how a set theory
approach applied on a folksonomy can reveal
hierarchical relationships between terms.
The proposed methods represent a contribution in the
field of user modeling for adaptive web-based systems,
more specifically in all parts of the user modeling process.
New method for logging of user activity with preserved
semantics combined with proposed method for rule-based
user model inference allows for straightforward transformation of user’s clickstream within the web-based system
into a set of user model updates. More, the method can
be setup to make very quick initial estimates of the user
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model according to the defined navigational patterns and
is thus useful for both user model maintenance and initialization, to reduce cold-start problem.
We believe that social-based personalization is the key to
finally deliver ubiquitous personalized experience to every website. We do not need to completely “understand”
the content, but rely on behavior of visitors to distinguish
what is interesting and what is not. However, we need to
“understand” the content to the extent that allows us to
cluster visitors accessing the content into virtual communities, to find users with similar interests so that they can
mutually benefit from their community wisdom. This is
exactly what we were aiming at by proposing the methods grouped around term-based user modeling, plugged
in our specialized proxy server. They contribute to ubiquitous user modeling and open up various possibilities for
community-based personalization.
The importance of new methods for open corpus personalization is even more visible, if we realize that traditional
closed corpus web-based systems are being replaced by
the systems driven by Web 2.0 principles. The most important one from our point of view is the support for
user-generated content, which eliminates the difference
between the roles of a Web producer and a Web consumer.
Majority of web-based systems are thus becoming opencorpus and cannot directly apply traditional methods and
techniques for closed corpus user modeling.
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Web services are a popular technology used when diverse
software system integration is in demand. The ability to
make some functionality available through the Web has
inspiring consequences. One of the intensively researched
areas is the study how Web services can be used to dynamically create a functionality, based on the actual requirements. The basic idea is that multiple Web services
can be combined together to form a composite service supplying more complex needs. The composition is realized
automatically, on the fly, based on the actual goal. To
facilitate this kind of Web service utilization, additional
metadata depicting the functionality of single services is
required. These metadata are provided in a form of semantic annotations. Our work deals with selected subproblems of the automatic dynamic semantic Web service
composition. The sub-problems include the proper description of the behavior of Web services, management
of the changes in the service environment, and handling
multiple composition requests arriving continuously.
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1.

Introduction

Web services are showing to be important in the IT world.
This concerns both the practice and research. In practice,
the Web service technology allows to make diverse software systems interoperable, independently on the platform and place they operate on. Thus, Web services play
important role in a development of distributed applications. The benefit is also a reuse of loosely coupled, pervasive software components. In the research area, Web
services are a concept, studied from several view points,
to develop approaches providing a functional content on
the Web in a sophisticated manner. This leads to a more
interactive Web, allowing finding and using high quality
services. The aim is to deliver huge number of Web services providing a comprehensive functionality, covering
various areas, from E-Government to entertainment.

To be able to supply varying user goals, arriving continuously, the composition must be dynamic. This means that
it is performed on the fly, based on the actual user goal.
Due this, it is desired to realize it in automatic manner,
i.e. by an intelligent software. This requires that the Web
services are present together with a machine processable
description. The knowledge available in these descriptions
must unambiguously define what functionality the service
provides, what are the required inputs and produced outputs. These aspects of the Web services are studied in
the context of Semantic Web services.
The actual arrangement of multiple services, based on a
given goal, is a high computation demanding process. Different methods, having their base in artificial planning approaches, are usually applied here. Considering the processing of the semantic metadata of services, optimization
of the composition according to the QoS (Quality of Ser-
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vice), the problem tends to be NP-hard. The number of
Web services, which are considered to be composed, is expected to be high and rising. Thus, the performance and
scalability issues have high importance in the area too.
This paper presents an extended summary of dissertation. We provide an overview of the field of Web services composition. We focus on issues related to semantics, artificial intelligence planning, and quality of services. This is followed by the objectives of the dissertation. Then, we overview the basic concepts of our methods, used to achieve the introduced objectives. In this
context we presents also a summary of the evaluation of
our approach. After this, we present and discuss the contributions of the thesis. Finally, we conclude our work.
The paper includes also a list of selected papers of the
author.

2. State of the Art
The Web was primarily designed for use by humans. The
need of automatic processing of Web resources by machines brought forward a need for machine processable
representations of semantically rich information: a vision
at the heart of the Semantic Web [12]. The additional
metadata, depicting the semantics, concerns both the content information and services available on the Web. The
added metadata are used to enhance the processing of
Web resources (documents, services). The base of the
semantic enrichment is to bind the elements of Web resources to domain terms defined within an ontology. In
the case of Web services, the semantic annotation primarily focuses on the inputs and outputs. Web services
which are provided together with semantic annotations
are called Semantic Web services [14, 15, 27, 31, 41].
Several Web service annotation languages have been proposed to be used for representation of the semantic metadata. The most known are: OWL-S 1,2 , WSML3,4 , USDL,
and WSDL-S 5 [29, 35, 25, 33].
During composition, the semantics helps to discover and
arrange services in a meaningful manner, according to the
given goal [17, 40, 10, 42]. Several works propose that, to
correctly understand the behavior of a Web service, it is
not enough to have the semantic information concerning
the I/O. A more natural way to express some behavior is
by a cause-effect paradigm. Due this, Web services should
have defined the pre-/post-conditions to better express
what they do. This kind of service modelling helps to
improve the way how the user expresses his goal, service
discovery, and composition [10, 42]. On the other side,
considering the pre-/post-conditions of the services makes
the composition problem more challenging.
The pre-/post-condition aware service composition is addressed in [24, 23, 39, 28, 21]. Slight differences can be
observed between these approaches concerning the definition of a condition. Some approaches allow to define only
a conjunction of predicates. Others allow to use also the
logical disjunction to depict some alternative conditions.
The expressivity of the conditions is important considering the complexity of the approach. The processing of
1

http://www.daml.org/services/owl-s/1.0/owl-s.html
http://www.w3.org/Submission/OWL-S/
3
http://www.wsmo.org/wsml/
4
http://www.w3.org/Submission/WSML/
5
http://www.w3.org/Submission/WSDL-S/
2

the pre-/post-conditions presents a challenge also from
the performance point of view.
The approaches to Web service composition assume that
the semantic metadata of services is correct. Unfortunately, it is showing that the creation and maintenance of
ontologies and the semantic metadata of Web resources
still deals with problems. Moreover, even if we have
correct ontologies, it is not assured that any intelligent
software will be able to understand the semantics the
same way. These problems are studied as a field ontology
matching, or alignment [16]. Several methods, estimating the semantic relation of two concepts, associated with
web service elements, had been developed [45, 43, 9, 44].
These help to make the processing of the semantics more
precise.
The core problem of automatic web service composition,
which is to design a prescription based on which the proper
services are invoked in the right order, is equivalent to
the artificial intelligence planning problem. This means
that the basic idea behind different artificial intelligence
planning methods could be applied to service composition. The most important are State-space based planning,
Graph based planning, Backward chaining, Planning based
on logical programming, Rule-based planning, and Hierarchical task network planning. The problem of finding a
suitable composite service can be solved by transforming
it to a particular planning problem [34, 32]. If we consider additional requirements, specific for the web service
composition, the planning approaches must be adapted
and enhanced.
The artificial intelligence planning approaches are the base
for most of the existing Web service composition methods. The most used from them are different refinements
of state-space search and planning graph [19, 20, 26, 36,
38, 11, 21]. The approaches based on these methods usually perform the QoS driven composition. Their benefit
is that we can enhance them to meet the particular needs
of the Web service composition. For example, the search
can be enhanced to include optimization according to a
desired property. These approaches had also shown to be
the best option when performance is an issue.
Several Web service composition methods base also on
logical programming [24, 23, 39, 28]. These usually deal
with the pre-/post-condition aware service composition.
They benefit from the use of existing components such as
the reasoners. The attention here is given to the translation of the problem into a logic programming domain and
the interpretation of the results. Although that the logical programming based approaches natively support the
processing of the pre-/post-conditions, they are harder to
enhance to deal for example with the QoS. We have also
less control over the performance of the approach, since it
depends on the used reasoner. These issues are easier to
deal with, when state-space planning or graph plan based
approach is used. On the other side, these do not give us
support to deal with the pre-/post-conditions.
A special and often used method, to compose services, is
hierarchical task network planning. It is suitable in domains where the hierarchical decomposition of the problem can be applied. Due the diversity of the Web service
composition problem (e.g. if it is QoS aware, or if it considers the pre-/post-condition), there is no absolute win-
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ner considering different planning approaches. Instead of
putting all the approaches into a position of competitors,
we should see them as complementing. Which approach
should be used depends on the concrete situation. There
also exist approaches combining different methods to exploit the benefits of each of them [28, 21]. These are
showing to be useful when various aspects of the Web
service composition are considered at the same time.
The optimization of the service composition, according
to the QoS, is in attention of several approaches. Their
aim is to, beside the functional properties of Web services, consider also the non-functional attributes. Based
on these, from all the possible solutions, we select that
one, which has to best total asset considering the QoS.
The QoS include various attributes, which are represented
numerically, or can be transformed into a numerical representative. Usually, the technical attributes such as response time, throughput, availability are considered. Each
attribute has defined aggregation rules. Based on these,
we calculate a global QoS value for the whole composition. During this we consider the QoS values of single
services used in the composition [48, 47, 2, 26, 36].
To get an overall quality measure representing the quality
in one number, we calculate a uniform quality representative based on a utility function. It aggregates different
QoS attributes, whose values might be of different units
and ranges. The resulting value is used to rank the compositions. The calculation of the utility function is usually based on Multiple Attribute Decision Making method,
having its origin outside of the QoS driven service composition [46]. This method is based on scaling and weighting
[48, 2, 38]. The scaling allows a uniform measurement
of multi-dimensional attributes, independently on their
units and ranges. The weighting allows to express preferences over different quality attributes.

3. Goals
The aim of this thesis is to deal with the problem of automatic dynamic semantic Web service composition. The
main objective is to deal with problems related to the
following issues:
• Functional aspects of Web services. Proper representation of the functional aspects of Web services is
crucial for automatic Web service composition. The
existing approaches exploit additional meta-data depicting the semantics of the I/O parameters to describe the service behavior. This approach shows to
be insufficient. The proposed solutions are oriented
to express the pre-/post-conditions of Web services.
Our aim is to clearly define the pre-/post-conditions
and show that it is a feasible way to compose services while considering their pre-/post-conditions.
• QoS optimization. Beside the functional requirements, the user is usually interested also in nonfunctional properties of Web services. Hence, the
QoS optimization during service composition is important. We deal with a service composition aware
of the QoS and capable to find the best solution
considering them.
• Changes in the service environment. The Web service environment is frequently changing in time. New
services are deployed, some of them are removed.
The changes relate also to the QoS attributes, whose
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values might evolve in time. Our goal is to develop
a composition approach capable to react to these
changes and thus providing a solution reflecting the
actual situation in the service environment.
• Effectiveness. As the Web in general grows, also
the set of Web services which are available in repositories is rising. We deal with the problem of performance and scalability of the composition process
considering large number of services to be searched
and composed.
• Composition system. Our aim is not only to develop
a composition method, but also to design a composition system realizing it.
• Continuing user query arrival. In real scenarios, the
composition system must dynamically compose services based on the actual user goal. The composition
queries may arrive from multiple users. We study
the behavior of the composition system due continuing user query arrival, while reacting also to possible
frequent changes in the service environment.

4.

Fast and Scalable Web Service Composition

The basic steps of the composition process are:
• finding the initial services,
• finding the final services,

• design of the control-/data-flow of the composite
service along with QoS optimization.
The initial services are those having all inputs provided
by the user. Thus, they can be potentially executed which
means that if they are helpful to satisfy the user goal, we
can include them in the composite service.
By finding the final services, we determine which services
directly produce the user goal, i.e which services have
outputs and post-conditions required in the user goal. If
these services have provided all inputs by the user, the resulting composite service includes only the final services.
Usually, this is not fulfilled. In general, we have to deal
with construction of a composite service including the initial, final, and intermediate services. The initial services
produce outputs and conditions required by the intermediate services. The intermediate services include multiple
interconnected services producing the outputs and conditions required by the final services.
The overall composite service prescribes the order in which
the individual services must be executed and how the outputs are passed to services requiring them as inputs. Usually, multiple composite services can be found which taking the provided inputs produce required results. To find
a solution satisfying the user needs the best, we consider
the QoS characteristics of the individual services and select a solution with the optimal aggregated QoS value of
the given attribute.
The finding of the initial, final, and intermediate services
requires to evaluate the compatibility of two i) concepts,
and ii) conditions. The semantic types are considered
between pairs consisting from inputs provided in the user
goal and service inputs, service outputs and inputs, or service outputs and outputs required in the user goal. Analogically to semantic types, we need to consider also the
pre-/post-/goal-conditions.
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Figure 1: Overview of the composition process.
The computations required to compose a service satisfying the user goal might be significantly time consuming. There are several issues affecting the computation
demands:
• number of services in the registry,

• number of service inputs, outputs6 ,

• complexity of the pre-/post-/goal-conditions,

• the interrelations between services resulting from
their compatibility,
• the fact if we look for the optimal solution from QoS
point of view, or not.
In general, several operations required during service composition have a complexity exponentially rising based on
certain parameters. Some examples are the design of
the control-/data-flow of the composite service, or evaluation of the compatibility between two conditions. To be
able to compose services in acceptable time, sophisticated
methods overcoming the high computation demands must
be developed. The main issues making our approach
good performing are preprocessing, effective data structures and algorithms.
The preprocessing is crucial to quickly respond to composition queries. In our approach, we perform preprocessing
before responding to user queries, see top of Fig. 1. During it, we analyze the actual service set and build data
structures which are used to quickly answer the query.
All the important computations, which can be done without the knowledge of the user goal, are realized during
preprocessing.
The most important is that we evaluate which services are
compatible and can be chained. Based on the compatibility check a directed acyclic graph (DAG) of services
is build. Each service is represented by a node. If two
services can be chained, there is a directed edge from the
ancestor to the successor service. During chaining evaluation, we consider also possible data adaptation operations,
6

services might have multiple outputs in general

which are performed if the outputs must be adjusted to
fit the inputs. These operations include composition, decomposition, listing, and list arrangement.
The still remaining task is the finding of the initial, final services, and the design of the data-/control-flow, see
bottom of Fig. 1. These can be completely realized only
when the user goal and the provided inputs are known.
Fig. 1-a) concerns the compatibility evaluation. When
looking for the final services, we need to find services producing the required data and having a post-condition implicating the goal condition, i.e. have results compatible
with a user goal. Fig. 1-b) relates to the creation of the
control-/data-flow and the optimization according to the
QoS. During all these tasks, the effective data structures,
built during preprocessing, are used to realize these tasks
quickly. During the operation of the composition system,
the update of the data structures could be required to
handle the dynamic changes in the service environment.

4.1

Concepts and Conditions Compatibility Evaluation

As mentioned before, during the service composition we
have to deal with the compatibility evaluation between
concepts and conditions. Considering two concepts and
conditions, the question is if the first concept subsumes
the second, and if the first condition implicates the second. The compatibility check is required during preprocessing when the directed acyclic graph of services is built
and during querying when we look for the initial, and final services. More precisely, the problem is reformulated
to finding of services having outputs and post-conditions,
or inputs and pre-conditions which are compatible with a
given concept and condition. In other words, we have a
pair of a given concept and condition, and look for a set
of services being compatible with them.
In the case of finding the initial services, the aim is to find
services having inputs associated with concepts subsuming the concepts associated with the inputs provided by
the user. When looking for the final or ancestor services
(during DAG building), the given concepts are those associated with outputs required by the user or the inputs of
the successor services. The aim is to find services with
outputs associated with concepts subsuming the given
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concept. Considering the conditions, the found services
must also have a post-condition implicating the given condition. The given condition is the goal-condition, or the
pre-condition of the successor service.
The finding of services having inputs, or outputs associated with the given concept is much simpler than evaluating the implication between two conditions. Since the set
of services which are considered during the composition
is known already before we process a composition query,
we can create effective data structures during preprocessing which makes the finding of the services fast. We use
two hash tables with the same structure. The first is used
to find services having outputs associated with the given
concept and the second is for services having inputs associated with the given concept. In both of them, the
keys are all existing concepts and the values are lists of
services. In the first case, the list includes services having outputs associated with the concept used as a key. In
the second case, the list includes services having inputs
associated with the concept used as a key.

equivalent based on the properties, which are considered
in that encoding. Based on the encoding, we can quickly
decide if two conditions are compatible, or not.
The experimental results concerning compatibility evaluation are presented in Tab. 1–3. The complexity of the
conditions is depicted by the average sizes of the disjunctions (Str) and conjunctions (str), considering the conditions transformed into disjunctive normal form. The time
is presented in milliseconds.
Tab. 1 presents the compatibility evaluation times
achieved using the RDB based approach. Tab. 2 present
the results of the encoding based approach. In Tab. 3
we see how much times is the encoding based approach
faster than the RDB based approach. In any test case,
the encoding based approach showed to be more effective. However, as the complexity of the conditions rises,
the difference is smaller. Hence, the RDB based approach
scales better than the encoding based approach.

By using the hash tables, created during preprocessing,
we achieved that the finding of the services producing, or
requiring data associated with the given concept is done
in constant time, i.e. the complexity of this procedure is
O(1). The finding requires only to get the item in the
hash table stored under the key equal to the given concept. Hence, the finding of the final services, neglecting
the post-/goal-conditions, is done in Θ(|O0 |) time at all
(|O0 | is the number of required outputs, defined in the user
goal). Analogically, the finding of the initial services requires Θ(|I 0 |) time (|I 0 | is the number of provided inputs,
defined in the user goal).

Our second approach to condition implication evaluation
is based on encoding some specific properties of the conditions. We precalculate several characteristics of the conjunctions and their elements. The selection of characteristics is based on our analysis of what can be relatively
easy to calculate and strongly specific for a conjunction
and variables appearing in it. The characteristics are encoded as a unique number having such a property that,
any two subjects of encoding having the same code are

Table 1: RDB approach
|Str|
12
20
30
a

37

5
10
15
20

185
277
309
569

aa
a
|str|

aa
a

72
120
220
345

116
167
255
366

150
251
288
382

Table 2: Encoding approach
|Str|
12
20
30
37
aa
|str|
aa
5
17
24
37
49
10
23
45
63
82
15
42
75
100 141
20
64 111 159 213

aa
a

If it is required to check also the condition implication,
it is always performed after the concept compatibility
check. Instead of finding services producing desired postcondition in the whole service registry, we only check
whether the services producing data associated with the
required concepts, satisfy also the post-condition restriction, i.e. we filter the found services based on post-conditions. This way we avoid wasting time by evaluating
condition implication in those cases, when despite the result, we cannot use the service because of incompatible
data from semantic point of view.
We have developed two approaches to evaluate the condition implication. The first bases on relational databases
(RDB) and the second uses condition encoding. The RDB
based approach stores the data structures in a relational
database. To find services having a post-condition, implicating a defined condition, a query is performed. The
results of the query are processed programmatically, to
evaluate the mapping between the variables appearing in
the two conditions as the predicate arguments. After this
step, all the fitting services have been found.
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Table 3: Comparison

aa
aa |Str| 12
aa
|str|
a
5
10
15
20

4.2

4.24
5.22
5.24
5.39

20

30

37

4.83
3.71
3.40
3.30

4.05
3.98
2.88
2.40

3.78
3.38
2.19
2.67

Control- and Data-flow Design

In general, a composite service satisfying a user goal consists of several services, which must be executed in a specific order. This section explains the process of finding
services which are used in the composition to produce
data for the final services, if these are not provided in the
user query. In general, this set in not empty. The empty
set refers to a situation that all the final services have inputs provided in the user query. Usually, this set consists
of several interconnected services.
Our approach is based on two processes. The first selects
services which have provided inputs and thus can be used
in the composition. The second selects services which
cannot be used because they do not have provided all
inputs. The inputs are provided in the user query, or as
an output of another usable service. The second process
is not necessary to find a composition. It is used only
to faster the selection of the usable services, which is a
necessary process.
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Services
10 000
20 000
30 000
40 000
50 000
60 000
70 000
80 000
90 000
100 000

Table 4: Experimental results.
Composition time (msec)
Number of code line crosses
Par Seq
NoUnusab
Par A Seq A NoUnusab A Par B Seq B
6
7
97
991
976
30 767
552
149
11
19
336
1 728
1 611
53 686
831
263
42
49
718
3 041
3 018
72 825
539
319
29
44
932
1 144
1 136
52 368
606
204
22
49
1 022
1 674
1 661
55 542
376
248
60
94
1 454
2 613
2 581
62 142
1 361
199
82
106
2 070
1 577
1 413
76 288
751
254
76
75
2 806
2 194
2 174
76 390
602
290
173
222
2 613
3 299
3 262
50 183
471
329
121
179
3 009
2 711
2 667
75 202
895
256

To select usable services, forward chaining is realized. In
its base, it is a graph planning approach, starting with the
initial services. During it, we also select the best provider
for each input of all services from the QoS point of view.
After, the solution is read backward, starting with the
final services. The backward reading continues through
each input, which is not provided in the user query, over
all services already in the read composition. Considering
QoS, we select those providers of the inputs having the
best aggregated value of a particular QoS attribute. We
do not deal with calculation of the uniform quality representative of the composite service, providing a unified
view to the quality of the composition.
To speed up the select usable services process, we propose
service space restriction. Its aim is to select services which
are unusable. A service is unusable, if at least one of
its inputs is not provided in the user query, neither as
an output of the ancestor services. The process lies on
identification of such services, for which there is at least
one input not provided by any available service, i.e. the
only case when it is usable is when the respective input is
provided in the user query. These services are identified
during preprocessing. We call them user data dependent
services.
Our experiments show, that our approach is capable to design the control-/data-flow in acceptable time, even if the
number of considered services rises up to 100 000, see the
experimental results presented in Tab. 4. This is possible
due the effective data structures and preprocessing. The
experiments also show, that the service space restriction
dramatically improves the performance. We have been
experimenting with different configurations of the composition process concerning the service space restriction.
First, the restriction is performed in parallel with selection of the usable services (denoted as P ar). Second, the
usable services are selected after the restriction is finished
(denoted as Seq). Third, the service space restriction is
not applied (denoted as N oU nusab).
To clarify the reason of the improvement, caused by service space restriction, we measured also how much times
did the execution of the select usable services process cross
two parts of the algorithm, denoted as A and B, which
are in the two most inner loops of it. The decrease of
the crosses explains the improvement of the composition
time. It is caused by the fact that we do not waste time
by processing services, which are not usable in the composition. The P ar configuration presents an improvement
from 15 to 46 times in terms of composition time and
adequate improvement in terms of the number of crossing parts A, B. From all the configurations, it performed

NoUnusab B
5 079
9 249
12 325
8 438
12 023
11 645
12 713
11 230
11 025
14 589

the best. The Seq configuration performs slightly slower.
According to a case when no service space restriction is
applied, both P ar and Seq configuration present dramatic
improvement.

4.3

Dynamic Changes in The Service Environment

As it is true for the Web in general, also Web services
change in time. New services are deployed, some of them
are removed. Moreover, the non-functional properties of
services may change frequently. The aim is to find a
composite service with the best global QoS characteristic. The composition system must flexibly react to these
changes. The solution should reflect the current situation in the service environment. If the changes are not
managed, it may happen that the designed composition
does not use the right services, it includes services which
are already not executable, or are not optimal from QoS
point of view. Hence, we do not achieve the satisfaction
of the user goal, based on which the composition is realized. On the other side, the dynamic changes of services
require updating the data structures of the composition
system, before we start new composition. Thus, the dynamic changes affect the composition time. To avoid too
much delay, the updates must be realized quickly.
There are three types of changes we consider in the service
environment:
• adding a service,

• removing a service,

• change of the QoS of a service.
The change of the service QoS characteristics are managed
in constant time, independently on the number of services.
It requires only changing the values of the QoS attributes
in the data structure, representing the corresponding service. The updates required because some service is made
(un)available are divided into two cases.
If a new service is made available, we have to analyze
its I/O and pre-/post-conditions, to be able to connect
it into a DAG of services data structure. If some service
is removed, we have to disconnect it from DAG. Since
existing services might go down temporally, it is not desired to disconnect and re-connect it all the time. Instead
of doing this, we can set a flag of a service, denoting its
availability, which is considered during the composition.
Thus, we know if it can be used, or not. Since the setting
of the flag is done in constant time, this operation does
not cause performance problems.
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Web services
10 000
20 000
30 000
40 000
50 000
60 000
70 000
80 000
90 000
100 000

Table 5: Operation times (in msecs).
Add Remove Reinitialization Composition
0.84
1.68
1.86
4.95
0.92
2.84
4.46
14.8
1.02
4.82
10.2
46.3
1.53
7.88
13.8
35.9
1.13
5.81
19.6
37.3
2.12
10.3
25.6
93.6
1.39
9.11
27.1
88.0
1.48
13.3
29.5
64.3
1.86
9.46
30.0
271.8
1.89
12.0
51.1
152.4

In Tab. 5 we see our experimental results concerning the
changes in the service environment. It presents the times
required to add a new service, and permanently remove a
service, compose services, and reinitialize the system required after each composition. As we can see, the time required to add/remove a service is significantly lower than
the composition time. This is necessary in practical scenarios, where the services are changing dynamically. Our
approach showed to be able to handle this requirement.

4.4
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Continuing Query Arrival

To fulfill the requirement that the composition system
must be able to process multiple continuously arriving requests, we built it as a queuing system with different type
of requests [1]. The composition and the different type of
update requests are collected in separate queues. It works
as depicted in Fig. 2. When the system starts, it initializes
its data structures based on currently available services.
After, it is waiting for update requests, or user queries
(1). These are collected in queues and processed according the first in first out rule. The updates are managed
with higher, non-preemptive priority, i.e. the composition
is not interrupted if an update request arrives. If an update request arrives (2), i.e. new service is available, some
service becomes unavailable, or the QoS characteristics of
some service had changed, we update the affected data
structures. When all the changes are managed (3), the
system is ready to process a new user request. If a new
query has already been received, the system processes it
immediately (4). Otherwise, it goes to waiting state (5).
Here, it again waits for an update request, or composition
query (6). The composition is followed by the reinitialization (7). After, we manage update requests, if some
had arrived (8). If not, we process a new user query for
composition (9), or go to the waiting state (10).
As just introduced, the base of the composition system is
collecting the requests and their processing one after the
other. This means that, if considering a single instance of
the composition system, it happens that some requests are
not processed immediately. This causes that the overall
processing time of a request, is longer than the pure time
spent by composition. The overall processing time in this
context is called the sojourn time. The additional delay
is dependent on the actual load of the system. While the
interarrival time between the individual requests is long
enough, the system is stable and the additional delay in
processing time is low. In this case also the queue size is
low. Note that there is a linear dependency between the
sojourn time and the queue size. If the requests arrive
too frequently, the system is not capable to process them
quickly enough (even if it works on 100%) and becomes
overloaded. In this case the system is unstable. Both the

sojourn time and the queue size rise, in time, eventually
to infinity.
Fig. 3 presents the experimental results concerning the
processing of continuing composition requests. It depicts
the sojourn time according to the mean interarrival times
of the requests. We had been experimenting with two
distributions of the interarrival times: exponential and
uniform. In real scenarios we assume that the requests
are continuous and independent, thus occur according to a
Poisson process. In this case, the interarrival times follow
exponential distribution.
The experiments show, that the composition is stable, if
the mean interarrival time of the requests is more than
a double of the pure composition time. In this case, the
additional delay causes that the sojourn time is no more
than a twice of the composition time. This means that
the system is capable of long-term, stable performance
and processes the requests still in acceptable time. If the
mean interarrival times between the requests is less than
a double of the composition time, the system tends to be
exhausted and unstable.
During our experimentation with continuing arrival of requests, we tested also how is the performance of the composition system affected by the dynamic changes in the
service environment. Beside the composition requests, we
generated also service changes, i.e. adding and removal of
services. Fig. 4 shows, that our system is capable to process the changes effectively, without causing significant
delay in the sojourn time of composition requests. This is
true also in the case that the changes are very frequent,
e.g. each 10 msec. This proves that our system handles
the changes in the service environment effectively.

4.5

Composition System Architecture

Based on the defined requirements, we designed a software architecture of the composition system as presented
in Fig. 5. The system is divided into two main subsystems. The first includes components responsible for the
preprocessing (bootstrap) phase. The second is responsible for the user querying phase. The functionality of the
system is provided via the following interfaces:
1. initialize(wsdlURLs, owlURLs, wslaURLs): initializes the composition system based on the initial web
service set.
2. startQuery(wsdlQuery, callbackURL): invokes the
composition process for the defined goal.
3. stopComposition(): stops the current composition
process (could be used in the case when the system
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Figure 2: Composition system life cycle.
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Figure 3: Sojourn time: uniform distribution at left, exponential distribution at right.
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Figure 4: Effect of dynamic changes in the service environment.
is unable to realize the composition in acceptable
time).
4. updateQoS(wsID, QoS, value): updates the defined
QoS attribute value of a given service.
5. addService(wsdlURL, owlURL, wslaURL): adds a
new service into the internal data structures.
6. removeService(wsID): removes a service from the internal data structures.
The Bootstrap subsystem is coordinated by the System
initializer. Via the initialize interface, this component is
directed to start the bootstrap process realizing the preprocessing. During it, the System initializer step by step
calls the WS Reader, Data structure builder, and Compatibility evaluator. WS Reader is responsible for reading
the service description documents (WSDLs, OWLSs, and
WSLAs). It parses these documents and the read information are processed by the WS processor. After the basic

analysis of web services is done (including e.g. the identification of the user data dependent services), the basic
data structures are built. Then, the Compatibility evaluator evaluates which web services are compatible. After
the bootstrap finishes, the system is ready to compose the
web services which are actually available.
The User querying subsystem is managed by the Process
manager. Via the startQuery interface, this central component provides the composition functionality. It is also
responsible for calling a call back web service submitting
the resulted composition. After receiving the composition
query, the Process manager puts it into a corresponding
queue. Based on the behavior depicted in Fig. 2, immediately when the composition could start, the Composition
realizer runs the composition. It runs parallel threads
to execute the selection of unusable and usable services.
Each process operates over data structures managed by
the Data structure manager. After the solution is found,
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Figure 5: Composition system architecture.
the Solution generator retrieves the solution from the data
structure and serializes it into the required format (e.g.
BPEL). After this, the call back web service is invoked to
submit the solution.
If an update request is received via some of the dedicated
interfaces, the Process manager puts it into a corresponding queue. Immediately as it is possible, the Service updater processes the request. It involves the Compatibility
evaluator (only in the case of adding a service) and Data
structure manager to realize the required changes in the
data structures.
The composition system can be used in two manners.
First, its functionality can be accessed via a Web service
providing operations corresponding to the defined interfaces. In the second case, the composition system implements a JAVA application programming interface (API)
usable within another software system. In this case, the
interfaces correspond to class methods (in the sense of
object oriented paradigm).

5. Contributions
The contributions of our work, according to the defined
objectives of the thesis, are summarized in the following
points:
1. precise definition of pre-/post-conditions of Web services and condition compatibility evaluation [5, 7, 4],
2. feasible pre-/post-condition aware service composition [5, 7, 4],
3. fast and scalable QoS-driven control-/data-flow design of the composite service [6, 7, 8],
4. prompt updates of the internal data structures due
changes in the service environment [8],
5. software design of the composition system [6],
6. examination of the overhead in the composition time
due continuing composition query arrival [8],
7. evaluation of the effect of frequent changes in the service environment [8],
Regarding the Functional aspects of Web services, we contribute by point 1) and 2). We show that the pre-/post-

condition aware service composition, as formally defined
in the thesis, is feasible.
The QoS optimization is covered in point 3). Our approach proves that the requirement to optimize the exploratory Web service composition, according to the QoS,
could be satisfied.
Effective handling of the Changes in the service environment is satisfied by point 4) and 7). We confirm that it
is possible to effectively manage the changes of the service environment, requiring a change in the internal data
structures used during the composition process. Moreover, this is possible to achieve also when considering continuing arrival of update and composition queries, which
can be thus processed without unacceptable delay.
The Effectiveness is a general objective of our work and
each of our contributions concerns this issue. Our results
show that the performance issue can be handled in the
context of each additional (functional) requirement. It is
possible to realize automatic dynamic Web service composition in acceptable time, even if the QoS and pre-/postcondition are considered, the queries arrive continuously,
and we must also react to changes in the service environment. Considering the effectiveness of condition compatibility evaluation, we proposed two approaches, based on a
relational database and encoding, which show to be good
performing even for complex formulae. In the context
of QoS-driven control-/data-flow design, we developed a
method of service space restriction, which could be applied also in other approaches, and showed significant improvement in performance when it is applied.
The objective to develop a Composition system relates to
the point 5). To satisfy all the (non)functional requirements to Web service composition, we designed our composition tool as a queuing system. It consists from several
modules, realizing individual tasks, which are coordinated
to avoid inconsistency and incorrect results.
How we deal with the Continuing user query arrival is
addressed by contribution 6). We showed that the natural
overhead, caused by multiple tasks requiring processing,
is in our approach low enough and the processing time
remains acceptable.
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All the work presented in this thesis is done with strong
focus on the effectiveness. The aim was to propose solutions which can be applied even in large scale problems. One of the most influential issue, but not the only
one, is the number of Web services which are considered
during the composition. To make an imagination about
the number of currently available Web services, we made
an overview of some public repositories. The number of
services which can be found in these repositories is from
some thousands up to some ten thousands. The largest
one, called Seekda 7 , included at August 2010 more than
28 000 service descriptions, as claimed by the repository
provider. To process this number of services, the performance of the approaches must be really good. Moreover,
since the number of available services rises, scalability is
an important isssue too.
Our work contributes by an approach to effective QoS
driven composition showing promising results in terms of
effectiveness and scalability [6, 7, 8]. We have been experimenting with different data sets, created by a third
party tool, consisting from 10 000 up to 100 000 services.
Our composition system was able to process these service
sets and presented good performance in any of the test
cases. The performance scales well depending on the size
of the service repository. Even in the hardest case, the
composition time is less than 200 msecs. From the user
point of view, we consider this time as acceptable.
The fact that our approach performs well is supported also
by achievement of good results at the Web Services Challenge 2009. Web Services Challenge is a world competition aimed at developing software components and/or intelligent agents that have the ability to discover pertinent
Web services and also compose them to create higherlevel functionality8 . The competition presents an international forum where research groups from all over the
world can test and compare their results. It provides a
unique opportunity to evaluate different approaches under
common conditions. To participate the competition, an
implementation fulfilling the defined requirements must
be provided for the organizers, so they can run and evaluate it. In 2009 the Web Service Challenge focused on
automatic Web service composition considering the QoS
[22]. The approaches were evaluated at two levels. First,
the performance was tested. Second, the composition systems were evaluated from the architecture point of view
by a committee.
Considering performance, even during the hardest test
set at the competition, consisting from 15 000 services,
our implementation of a composition system found a solution in acceptable time – in less than 300 msecs. The
time includes a call of the composition system from a
client application, composition, transformation of the result into BPEL format, and realization of a callback from
the composition system to submit the result back to the
client application. We achieved the third place in this
category. The two approaches, scored better than our,
performed better considering the first four test sets. In
the hardest test set, one of the approaches showed an increase in the composition time to more than 900 msecs.
From this it can be assumed that the approach does not
scale well regarding the number of services. The rest of
7
8

http://Webservices.seekda.com/
http://ws-challenge.georgetown.edu/wsc09

the approaches presented problems even with the easier
test sets. Most of them did not found the solution in a
given time limit (5 minutes) even for the basic test cases.
Our approach which took part at the challenge was only
a preliminary version of the current one. We were able to
improve its performance in more that one order of magnitude considering the composition time. Due this, we
believe that the our approach is one of the best performing from any known ones.
In the architecture category, our approach won the competition. Our composition system was considered as the
best, having additional features making it more practically applicable.
To make our approach more closer to practical usage, we
dealt also with handling changes in the Web service environment. We considered the change of the QoS attribute
values, adding a new service, and removing a service from
a service repository. These changes are a natural phenomena and its crucial to be able to manage them effectively.
Only a little research attention was devoted to these issues. We have designed an algorithm performing updates
in our data structures based on the changes in the service
environment. Our experiments show that the changes are
handled quickly. This is important to assure that the
composition reflects the current situation in the service
set and the composition time is not significantly affected.
The performance of our composition system was evaluated also in a scenario when multiple queries may be independently sent to the composition system. These are
collected in a queue and processed one by one. Composition and update queries are considered, each collected in
a separate queue. Hence, our composition system can be
modelled as a queuing system with different type of requests. We have analyzed how the system behaves when
queries are sent with different frequencies. The results
show that the system can manage and remain stable also
if the queries arrive frequently, e.g. 100 per a second.

6.

Conclusions

The aim of our thesis was to contribute to the field of
automatic dynamic semantic Web service composition. It
focuses on service description able to capture its functionality more precisely. This is done by defining the
pre-/post-conditions of services in terms of predicate logic
formulae. The approach achieves much better results in
the way of more meaningful compositions. Without consideration of the conditions, the composition may result
in an inappropriate solution, not satisfying the user goal
from functionality point of view. Beside the functional
aspect of the service composition, we dealt also with the
non-functional properties. These are important too, to
achieve user satisfaction. In this thesis we had shown,
that it is possible to realize a pre-/post-condition aware,
QoS driven composition, even if large-scale service repositories are considered. This is a crucial issue to make
the overall service composition idea a reality. Moreover,
in practical scenarios, the service composition must deal
with the changes in the service environment and be able
the process multiple queries from different users. We had
shown that these issues can be handled effectively too.
Our work was presented and published at reputable conferences [3, 4, 5, 6, 7, 8, 18].
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Our approach can be used to solve the part of the whole
Web service composition problem. To achieve practical
applicability, further issues must be addressed and solved.
The current research shows that the basic idea of Web
service composition is vigorous. However, it focuses only
to a part of the whole problem. Real use cases must
be identified and studied to realize what exactly are the
further requirements, which are necessary to deal with in
practical scenarios.
On the other side, there are still problems requiring attention. We believe that the developed methods are already advanced enough to bring benefits when applied in
real life. The essential thing is to provide tools, frameworks, and guidelines supporting the whole life-cycle of
Web services and composition systems. These must make
convenient different processes such as the software design
of the Web services [30], their semantic annotation, and
provision of the composition capabilities [37, 13].
Acknowledgements. This work was partially supported
by the Slovak Research and Development Agency under
the contract No. APVV-0391-06, the Scientific Grant
Agency of SR, grant No. VG1/0508/09 and it is a partial result of the Research & Development Operational
Program for the project Support of Center of Excellence
for Smart Technologies, Systems and Services II, ITMS
26240120029, co-funded by ERDF. We would like to thank
to the organizers of the WS-Challenge 2009 to provide a
great forum progressing the research of Web services composition.

References

[1] I. Adan and J. Resing. Queueing Theory. Eindhoven University of
Technology, 180 pages, 2002.
http://www.win.tue.nl/\%7Eiadan/queueing.pdf,
downloaded in April, 2010.
[2] M. Alrifai, T. Risse, P. Dolog, and W. Nejdl. A scalable approach
for qos-based web service selection. In Service-Oriented
Computing 2008 Workshops, pages 190–199. Springer-Verlag,
2009.
[3] P. Bartalos and M. Bieliková. Enhancing semantic web services
composition with user interaction. In SCC ’08: Proc. of the 2008
IEEE Int. Conf. on Services Computing, pages 503–506. IEEE
CS, 2008.
[4] P. Bartalos and M. Bielikova. Adapting i/o parameters of web
services to enhance composition. In NWESP ’09. Fifth
International Conference on Next Generation Web Services
Practices, 2009., pages 17 –22, 2009.
[5] P. Bartalos and M. Bieliková. Fast and scalable semantic web
service composition approach considering complex
pre/postconditions. In WSCA ’09: Proc. of the 2009 IEEE
Congress on Services, Int. Workshop on Web Service Composition
and Adaptation, pages 414–421. IEEE CS, 2009.
[6] P. Bartalos and M. Bieliková. Semantic web service composition
framework based on parallel processing. In Int. Conf. on
E-Commerce Technology 2009, pages 495–498. IEEE CS, 2009.
[7] P. Bartalos and M. Bieliková. Qos aware semantic web service
composition approach considering pre/postconditions. In Int.
Conf. on Web Services 2010, pages 345–352. IEEE CS, 2010.
[8] P. Bartalos and M. Bieliková. Effective qos aware web service
composition in dynamic environment. In Int. Conf. on Information
Systems Development 2010. Springer, 2010, Accepted.
[9] U. Bellur and R. Kulkarni. Improved matchmaking algorithm for
semantic web services based on bipartite graph matching. IEEE
International Conference on Web Services, 0:86–93, 2007.
[10] U. Bellur and H. Vadodaria. On extending semantic matchmaking
to include preconditions and effects. In ICWS ’08: Proceedings of
the 2008 IEEE International Conference on Web Services, pages
120–128, Washington, DC, USA, 2008. IEEE Computer Society.

71

[11] R. Berbner, M. Spahn, N. Repp, O. Heckmann, and R. Steinmetz.
Heuristics for qos-aware web service composition. In ICWS ’06:
IEEE Int. Conf. on Web Services, pages 72–82. IEEE CS, 2006.
[12] T. Berners-Lee, J. Hendler, and O. Lassila. The semantic web.
Scientific American, pages 34–43, 2001.
[13] M. B. Blake, W. Tan, and F. Rosenberg. Composition as a service.
IEEE Internet Computing, 14(1):78–82, 2010.
[14] J. Cardoso and A. P. Sheth. Semantic Web Services, Processes and
Applications. Springer, 2006.
[15] F. Curbera, R. Khalaf, N. Mukhi, S. Tai, and S. Weerawarana. The
next step in web services. Commun. ACM, 46(10):29–34, 2003.
[16] J. Euzenat and P. Shvaiko. Ontology Matching. Springer Verlag,
Berlin Heidelberg, 2007.
[17] K. Fujii and T. Suda. Semantics-based dynamic service
composition. IEEE Journal on Selected Areas in
Communications, 23(12):2361 – 2372, dec. 2005.
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Abstract
The dissertation thesis is aimed at test generation for
asynchronous sequential digital circuits, contributes to
their time- and cost-eﬀective testing, and indirectly supports their wider application, which improves the performance, the power consumption and the electromagnetic
emission of future digital circuits. The main scientiﬁc contribution is design of the new test generator (optimized
for test length and area overhead) for wide spectrum of
asynchronous sequential digital circuits. The contributions are identiﬁcation of unacceptable signal transitions
before test generation, reduced number of generated test
patterns for combinational representation, eﬀective state
justiﬁcation on the gate level, fast (optimized for test
length) sequential fault propagation to outputs and effective fault simulation. Experimental results conﬁrmed
the generation of optimal tests with good fault coverage and without application of any method for increasing
the testability. The developed methods can be used with
wider spectrum of circuits than other recently developed
test generators, and at the same time their eﬀectiveness
ensures fast test generation.

Categories and Subject Descriptors
B.7.3 [Reliability and Testing]: Test generation

Keywords
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1. Introduction
Today’s digital circuits are mainly synchronous because
they are well supported in commercial computer-aided
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design tools. However requirements against digital circuits are growing rapidly which causes many diﬃculties,
e. g. high power consumption and electromagnetic interference. Asynchronous sequential digital circuits (ASDCs)
are able to overcome the limitations of synchronous circuits but the problem of testing emerges when it comes to
their practical use. The methods for testing synchronous
circuits is a well explored area, but the testing of ASDCs
still faces many challenges [1, 31].
ASDCs perform self-synchronization and hence an external clock signal is not required. Another major diﬀerence is in use of other memory elements, ﬁrst of all Celements [19]. C-element holds the output value while
diﬀerent logic values are on inputs, or sets it to the equal
input value.
These fundamental diﬀerences may result in oscillations
(signal values on feedbacks never stabilize), races (signal
values on feedbacks change simultaneously) or hazards.
Hazards are unwanted temporary signal value changes;
and require attention during design and test also. Basically, they are results of varying delays along the paths
in circuit. The temporary change of the assumed stable value is called static hazard. The dynamic hazard is
deﬁned as an unwanted multiple signal transition replacing the single one. Hazards can arise also in synchronous
circuits but they disappear before the clock period ends,
therefore they do not cause any problem [14].
Test pattern generation (TPG) is the process of generating test patterns to test the circuit, usually performed by
an automatic test pattern generator (ATPG). The test
patterns are generated to detect a desired set of faults.
ATPGs for synchronous circuits target various fault models, e. g. stuck-at faults (SAFs), stuck-open faults, bridging faults, delay faults. ATPGs for ASDCs were published
mainly for SAFs [27, 10]. Delay faults of ASDCs [28, 12]
are delay constraint failures and should not be confused
with delay faults of synchronous circuits.
The TPG process is more simple if design-for-testability
(DfT) methods [32] were previously applied to the sequential circuit. These methods are intended to ensure faster
fault activation and test response evaluation by increasing
controllabilities and observabilities with additional circuit
elements; therefore a negative side eﬀect is the signiﬁcant
area overhead. Time-frame expansion methods [3] are
used when DfT methods are not acceptable (e. g. the
ASDC could become nonfunctional due to timing constraint violation). The area overhead is eliminated in this
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case, but the test is longer because the fault is activated
and propagated to an observable point by a sequence of
test patterns.
Test patterns generated by an ATPG are evaluated by
fault simulation with the goal to determine the fault coverage (ratio of detected and undetected faults). The fault
simulation of combinational and synchronous sequential
circuits is a well explored area. The basic methods are
the serial, the parallel, the deductive and the concurrent
methods. The serial method is based on evaluating the
circuit’s response individually for every fault. The parallel method simulates simultaneously more than one fault.
Deductive and concurrent methods are propagating the
lists of detectable faults in the circuit. Every fault is considered with only one simulation overpass, hence deductive and concurrent methods are the fastest among these
fault simulation methods [21].
The aim of the dissertation thesis was to improve the
TPG for ASDCs and to contribute to the time- and costeﬀective testing of ASDCs. The developed methods support indirectly the wider application of ASDCs, which improves the performance, the power consumption and the
electromagnetic emission of future digital circuits. The
main scientiﬁc contribution is development of the new
method for TPG (optimized for test length and area overhead) for wide spectrum of ASDCs. The contributions
are identiﬁcation of unacceptable signal transitions before TPG, reduced number of generated test patterns for
the combinational representation (CR) of ASDC, eﬀective state justiﬁcation on the gate level, fast (optimized
for test length) sequential fault propagation to outputs
and eﬀective fault simulation.
The rest of the paper is organized as follows. Section 2
contains closely related research results to TPG and fault
simulation of ASDCs. Goals of the dissertation thesis
are outlined in Section 3. Section 4 is dedicated to the
new TPG method. The new fault simulation method is
described in Section 5. Section 6 analyzes the achieved
results and Section 7 concludes the paper.

2. Related work
Many multi-valued logics have been developed and published for hazard detection starting with 3-valued till even
27-valued ones [2]. These logics are intended to represent
every possible kind of hazards besides the stable logic values and transitions. Algorithms were also developed to
determine if a combinational circuit is hazard-free even
without examining every gate, therefore providing eﬃcient hazard detection [15, 17]. These multi-valued logics
and hazard detection algorithms are able to determine if
the existence of hazards is possible under the given circumstances, but are unable to determine all possible hazardous conditions. Usually they provide many information about hazards but were developed for combinational
circuits only, hence they do not consider ASDCs.
TPG for combinational circuits is a well explored area.
Usually 5-valued logic {0, 1, X, D, D} is used for considering SAF in the circuit (where 0 is logic false; 1 is logic
true; X is undeﬁned/do-not-care value; D is logic true in
fault-free and logic false in faulty circuit; and D is logic
false in fault-free and logic true in faulty circuit). Considerable advance in TPG performance was achieved in the
last decades starting with D algorithm [23], PODEM [13],

FAN [11] and followed by others [3]. These algorithms are
based on search for a test pattern which ensures the detection of the desired fault (the output of the circuit will
be diﬀerent in the faulty and the fault-free state). The
faulty signal D/D is assigned to the fault site and the fault
eﬀect is propagated to primary outputs (POs). The propagation is based on creation of sensitive paths along which
the faulty signal can be propagated. The sensitive path
is created by assigning logic values to the gates along the
path and by propagating the D-frontier. The D-frontier
is the set of logic gates with a faulty signal on an input
and an undeﬁned value on the output. Initial objects
containing the required value assignment are created and
propagated in the circuit by a process called backtrace.
The ﬁnal objects after this propagation are used to assign
a value to some place in the circuit. The value assignment
cannot be determined always uniquely and can cause conﬂict of logic values. This conﬂict is called inconsistency
and is tried to be resolved by backtracks. The backtrack is
the process of assigning the opposite value at some place
in the circuit where previously a decision of value assignment was made. A process called implication is used after
every value assignment for determination of every other
value uniquely implied by this assignment. If every sensitive path from the fault site to POs goes through the
same logic gate then it is preferable to assign immediately the values supporting the fault propagation at that
logic gate. This process is called the unique sensitization
and is intended to speed up TPG.
Usually the ASDCs are represented in a form acceptable
as input to TPG algorithms for combinational circuits.
This form is called CR of ASDC and is intended to represent the ASDC in the environment of combinational
ATPGs. The CR is constructed in two steps: (1) Every
memory element is replaced by a set of simple gates. This
set represents the function of the memory element without
altering the function of the ASDC (the set and the original
memory element have the same delay and the structure
of the set does not create new hazards). (2) The feedbacks are cut into pairs of pseudo-primary inputs (PPIs)
and pseudo-primary outputs (PPOs) denoted as (P P I0 ,
P P O0 ), (P P I1 , P P O1 ), . . . , (P P In−1 , P P On−1 ), where
n is the number of feedbacks. These PPIs and PPOs
are recognized by the combinational ATPG just like the
regular primary inputs (PIs) and POs, and are specially
handled only by the embracing sequential ATPG.
Many TPG algorithms for ASDCs were developed and
published [9, 30, 22, 16, 27, 10]. SPIN-TEST [27] is a
complete ATPG for SAFs of ASDCs. Hazard detection
is performed using 13-valued logic during fault simulation [29]. SPIN-TEST transforms the ASDC into CR and
uses ATALANTA [18] (derivate of FAN) to generate every possible test pattern for every SAF of this CR. ATALANTA performs this step by returning to every possible
place where value assignment decision was made previously (through exhaustive number of backtracks). This
principle is in contradiction with the requirement of fast
TPG (backtrack number reduction), so ATALANTA is
slower in this operational mode by many order of magnitude. SPIN-TEST performs forward state justiﬁcation
and sequential fault propagation. It uses the A* search algorithm [24] to generate the sequence of test patterns for
a selected SAF. The goal for the state justiﬁcation is to
reach one of the states speciﬁed by test patterns (obtained
from ATALANTA) for the targeted SAF from the initial

Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 3, No. 1 (2011) 73-83

state of ASDC. Every state is considered at the same
time because it is not possible to know in advance which
state is the easiest to justify. Every possible assignment
to the PIs (represents a test pattern) is considered for
every state, and for every state a cost is computed. This
cost predicts the number of patterns required to reach the
goal after the acceptation of the given test pattern, and
is based mainly on the number of diﬀerent bit positions
between the next state and the goal states, and on the
range of corresponding diﬀerent PPOs from the PIs (this
aﬀects how easily these values can be changed). The test
pattern with the lowest predicted cost is selected, and the
examination continues with the next state. The sequential fault propagation is performed similarly; the goal is
to ﬁnd a state when the faulty signal is on a PO. The
cost is computed based on the range of the PPOs with
a faulty signal from the POs. SPIN-TEST uses the A*
search algorithm which results in a shorter test sequence
in comparison to depth-ﬁrst search [24] (where always the
furthest state from the initial state is explored ﬁrst and
a closest one is considered only if the search is unsuccessful in the previous direction), but can not guarantee the
shortest test length.
IB-TPG [10] is the most general method ever proposed
for the ASDCs and is based on PODEM [13]. In the contrast to SPIN-TEST, it does not transform ASDC into
CR. The feedbacks are removed using a DfT method [4].
C-elements remain in the circuit and their hold/set functions are determined. The possible previous states in the
justiﬁcation process are identiﬁed based on these functions. The possibility of hazards is examined during this
identiﬁcation. The generated test sequence is hypothetically shorter or equal than that of SPIN-TEST (because
backward state justiﬁcation is used together with breadthﬁrst search [24] — all of the states reachable with s test
patterns are examined before the states reachable with
s + 1 test patterns). The sequential fault propagation is
missing in IB-TPG; the fault is considered as undetected
if the fault is propagated to a PPO and not to a PO. IBTPG can be used only for ASDCs with C-elements and
together with DfT methods.
The algorithm proposed in [9] is based on D algorithm and
improves the test quality by considering faults even inside
C-elements. Buﬀers are inserted to feedbacks and a new
time frame is assumed when D algorithm reaches these
buﬀers. Going back one time frame is executed when
an inconsistency occurs. The method in [30] deals with
timing constraint violations. It is not a general method,
therefore it is applicable just to a smaller class of ASDCs.
The ATPG in [22] represents the ASDC as synchronous
ﬁnite-state machine and uses methods of synchronous circuits to generate test for the ASDC. The method in [16]
is based on D algorithm and is limited to a speciﬁc gate
library and DfT environment.
SPIN-SIM is a serial fault simulator for the speed-independent (SI) ASDCs [29, 26]. SPIN-SIM adopts the 13valued logic [2] to improve the hazard detection accuracy
and maintains the relative order of causal signal transitions using time stamps. The time stamp includes only a
signal group ID and a time. The group ID is used to indicate causal transitions; signal transitions with a causal
relation are assigned to the same group ID. The relative
order of the causal transitions is recorded in the time ﬁeld,
which is incremented when the transition propagates.
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3. Goals of the dissertation thesis
Many TPG methods were developed for ASDCs however these methods have many disadvantages: (1) The
most signiﬁcant problem of current methods is insuﬃcient support of diﬀerent types of ASDCs. (2) Generated tests are optimized for length only with application
of DfT methods. This results in increased area overhead
which may negatively inﬂuence the timing constraints of
ASDCs. (3) Hazards are detected ineﬀectively just in the
ﬁnal phase of TPG. (4) Current ATPGs generate unnecessarily every test pattern for the CR of ASDC and
(5) perform fault simulation the least eﬀective way.
The main scientiﬁc goal of the dissertation thesis was to
contribute to time- and cost-eﬀective testing of ASDCs
with development of the new ATPG which (1) can be
used for diﬀerent types of ASDCs, (2) generates shorter
tests, (3) does not require DfT area overhead.
The dissertation goals were: (1) to identify the hazards
before TPG, (2) to decrease the number of generated test
patterns for CR of ASDC, (3) to justify the state in a universal way, (4) to propagate the fault sequentially using
the shortest test, (5) to speed up the fault simulation.

4. The new test pattern generation method
The new developed test pattern generator is designated
as TACTLESS (aTpg for Asynchronous CircuiTs incLuding brEadth-ﬁrSt Search) [7]. TACTLESS generates the
test sequence for a given ASDC according to Figure 1.
The ASDC is transformed into CR, the fault list is prepared, and hazardous signal transitions are identiﬁed. A
fault in the CR is selected and a test pattern is generated
for this fault by the new developed method. Another
fault is selected if the fault is untestable (undetectable).
The sequential TPG begins after the successful TPG for
CR. The state deﬁned by the test pattern is justiﬁed (sequence of test patterns is generated which initialize the
ASDC to this state from the undeﬁned state). The sequential fault propagation takes place after the successful
state justiﬁcation (sequence of test patterns is generated
which propagates the fault eﬀect from PPO to a PO if it
is necessary). The TPG for CR is repeated if the state
justiﬁcation or the sequential fault propagation is unsuccessful. The new deductive fault simulator is used after
the test sequence has been generated; every detected fault
is removed from the fault list and TPG continues with the
next fault. The logic value of port P P O0 will be denoted
as ⟨P P O0 ⟩ throughout the paper.
Definition 1. The ordered n-tuple S = (s0 , s1 , . . . ,
sn−1 ) is the state of ASDC with n feedbacks if ∀q ∈ {0, 1,
. . . , n − 1} : sq = ⟨P P Oq ⟩.
Definition 2. Sa is the previous state of Sb and Sb is
the next state of Sa if at least one pattern exists for the
PIs of ASDC which changes the state from Sa to Sb .
Definition 3. State Su = (su0 , su1 , . . . , sun−1 ) is the
undeﬁned state of ASDC with n feedbacks only if ∀q ∈ {0,
1, . . . , n − 1} : suq = X.
Definition 4. The process of ﬁnding a sequence of test
patterns for PIs of ASDC which will initialize the ASDC
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Start

Table 1: Values of the new 6-valued logic
Symbol
0
1
X
T
T
H

ASDC transformation into CR
Fault list preparation
Identification of hazards

Fault list

Fault
TPG for CR

fail

pass
fail State justification
pass
fail Sequential fault propagation
pass
Fault simulation

End

Meaning
logic false
logic true
do-not-care value
0 → 1 or 1 → 0
inverse to T
all hazard types

yes

Every fault
examined?

no

Figure 1: Flowchart of TACTLESS
to state S from the undeﬁned state Su is called state justiﬁcation of S.
Definition 5. The process of ﬁnding a sequence of test
patterns for PIs of ASDC which will propagate the faulty
signal from the PPO to a PO is called sequential fault
propagation.
Definition 6. The state justiﬁcation of S is considered forward if the space of possibilities is searched in the
direction from the undeﬁned state Su to S, and is called
backward if the search is performed in the opposite direction.
Definition 7. The sequential fault propagation is considered forward if the space of possibilities is searched in
the direction from PPOs to POs, and is called backward
if the search is performed in the opposite direction.

4.1 Identification of hazards
Current ATPGs are able to detect hazards only in the
ﬁnal phase of TPG (by fault simulation). The detection
results in the repetition of the entire TPG process. This is
very ineﬀective because not only TPG for CR is executed
again but state justiﬁcation and sequential fault propagation too. The contribution of TACTLESS in this area
is identiﬁcation of hazardous signal transitions before the
TPG process. The hazardous signal transitions are not
accepted during the sequential TPG, therefore the number of insuﬃcient test sequences is reduced. However, not
every hazard can be identiﬁed in advance; e. g. hazards
can be invoked by faults too. These remaining hazards
are detected by fault simulation.
A new 6-valued logic A6 was developed for hazard identiﬁcation. Every value of this logic is intended to represent

two subsequent logic values on the given circuit line. Table 1 enumerates the values of the proposed A6 logic. This
new logic does not recognize the direction of transitions
because it is not necessary to know it during hazard identiﬁcation. Another unique characteristic of this 6-valued
logic is that every type of hazard is denoted as H. Again,
it is suﬃcient to know if a hazard arises somewhere inside
the circuit and propagates to an output. The logic operations on the proposed 6-valued logic are deﬁned in [7].
Hazard vectors (Deﬁnition 8) are used in TACTLESS to
identify possible hazards.
Definition 8. Let k be the number of PIs and n the
number of PPIs for a given CR of ASDC, then the vector
(a
, . . . , ak−1 , b0 , b)1 , . . . , bn−1 ) where ar ∈ A6 ∧ ar =
( 0 , a1(t)
⟨P Ir ⟩ → ⟨P Ir ⟩(t+1) for all r ∈ {0, 1, . . . , k − 1} and
(
)
bq ∈ A6 ∧ bq = ⟨P P Iq ⟩(t) → ⟨P P Iq ⟩(t+1) for all q ∈ {0,
1, . . . , n − 1}, is the hazard vector representing transition
of logic values on PIs and PPIs in two subsequent steps
t and t + 1 if it is causing a hazard on at least one PO
and/or PPO.
A new algorithm was developed for hazard identiﬁcation
with the A6 logic. The ﬂowchart of the proposed algorithm was published in [7]. Hazard vectors are identiﬁed
in CR for every PO and PPO. Hazard value H is assigned
to them and backward propagation (in direction from outputs to inputs) is executed. Values are assigned to the
gate inputs based on logic operations. Usually more than
one possibility exists for justiﬁcation of the given value.
The ﬁrst possibility is assigned to the gate inputs and the
others are inserted into the stack for later evaluation. The
assignments continue in the direction to CR inputs. Another assignment possibility is examined from the stack if
a contradictory (inconsistent) assignment is detected on a
fanout. The hazard vector (values on CR inputs) is saved
after the assignments are ﬁnished and the inputs of CR
are reached. The search for hazard vectors continues with
another assignment possibility from the stack. All of the
hazard vectors are found for the current examined CR
output with assigning every possibility from the stack.
This process is repeated for every CR output. Hazards
are considered on the PPOs too, therefore hazardous signal transitions are not allowed neither on the feedbacks of
ASDC. Similarly, the hazard vectors contain signal transitions on PPIs also, which will eliminate hazards caused
by state changes.
The space search would become unacceptably extensive if
every meaningless possibility is considered for gate output
justiﬁcation. Heuristic 1 and 2 were developed to reduce
eﬀectively this space under the assumption of single input
changes (SICs). If during TPG only SICs are considered
then these heuristics does not interfere with identiﬁcation
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of every hazard. Firstly, if only one transition can occur
on the CR inputs then on the inputs of a given gate more
than one transition can occur only if those gate inputs
are reachable from a fanout; and these transitions can be
of opposite direction only if this fanout reconvergence is
of inverse polarity. This implication is used to limit the
consideration of hazardous gate outputs by Heuristic 1.
Secondly, hazards can be propagated just from hazard
origins (Deﬁnition 9). This is used to reduce the number
of hazardous gate inputs by Heuristic 2.

Heuristic 1. Assign transitions of opposite directions
T, T at the gate with inputs I0 , I1 , . . . , Ij−1 only to Io
and Ip : o, p ∈ {0, 1, . . . , j − 1} ∧ o ̸= p and if Io and Ip
are reachable with diﬀerent polarity from a fanout (reconvergence with inverse polarity).

Definition 9. The j-input gate with inputs I0 , I1 , . . . ,
Ij−1 is called hazard origin if ∃ at least one Io and Ip :
o, p ∈ {0, 1, . . . , j −1}∧o ̸= p, such Io and Ip are reachable
with diﬀerent polarity from a fanout.

Heuristic 2. Assign hazard value H at the gate with
inputs I0 , I1 , . . . , Ij−1 only to Io : o ∈ {0, 1, . . . , j − 1}
and if Io is reachable from at least one hazard origin.

4.2 Test pattern generation for CR of ASDC
New TPG method was developed for CR of ASDCs [8].
This method is based on FAN which was developed for
combinational circuits. TPG methods for combinational
circuits cannot be directly used for ASDCs. The new
method diﬀerently handles PIs, PPIs, POs and PPOs;
considers complex gates and uncontrollable/unobservable
lines of ASDCs. The proposed method extends the existing strategies of FAN and contains new algorithms for
successful TPG for CR of ASDCs. The contributions in
this area are: (1) development of the new method based
on FAN, (2) generation of test patterns one-by-one according to the requirements from state justiﬁcation and
sequential fault propagation (another test pattern is generated only if the previous one was insuﬃcient), (3) generation of better test patterns for CR of ASDC (the test
pattern is better if by a shorter test is possible to justify
the state and propagate the fault eﬀect to a PO).
A new deﬁnition supporting complex gates is proposed
for the lines in ASDC. This deﬁnition eliminates inconsistencies at complex gates in the fanout-free part of the
circuit. The line of the circuit can be free or bound. A
bound line is a line which is reachable from a fanout point
while a free line is not reachable from any. A free line is
a head line if it is adjacent to some bound line.

Definition 10. Let the Boolean function F of variables x1 , x2 , . . . , xk be in disjunctive normal form (DNF)
with s conjunctions representing the k-input complex gate
G, then mark the input xi of G for every i ∈ {1, . . . , k}
as a head line and the output F and all of the subsequent
lines in the direction of signal propagation as bound line
if xi is free line and xi ∈ Xg ∧ xi ∈ Xh , g ̸= h, where
g ∈ {1, . . . , s}, h ∈ {1, . . . , s}, Xg is the set of variables of
conjunction mg , Xh is the set of variables of conjunction
mh .
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4.2.1 New strategies for test pattern generation
Existing strategies of FAN were extended with the following new ones to ensure the eﬀective and successful TPG
for ASDCs.
The new strategy for the early identiﬁcation of undetectable faults is not necessary for the correct execution of
the TPG but could make it more eﬀective. The necessary
condition for the fault detection is to assign the fault-free
value to the fault site. This strategy helps to identify if
this condition is not met.

Strategy 1. Consider the stuck-at-one (stuck-at-zero) fault as undetected if it is on a 0-uncontrollable ( 1uncontrollable) line.

New strategies eliminate some problems during unique
sensitization of ASDCs by suggesting execution of backtrack when inconsistency occurs with a previously implied
logic value or at a complex gate with an inner fanout. It
is advised to execute multiple backtrace if none of logic
gates can be uniquely sensitized. This will allow to assign
both values if required (by backtrack).

Strategy 2. If the required fault propagation is not
possible during unique sensitization then backtrack should
be executed.

Strategy 3. If unique sensitization is not possible for
any logic gate then multiple backtrace should be executed.

New strategies for determination of ﬁnal objectives advise
to execute backtrack in two more cases: (1) When the set
of initial objects is empty before the multiple backtrace
(this could happen when the set of unjustiﬁed lines is
empty and the D-frontier cannot be propagated because
of uncontrollable lines). (2) When the set of head lines
is empty after the multiple backtrace (this could happen
when none of the unjustiﬁed lines can be justiﬁed).

Strategy 4. If the set of initial objects is empty before
the multiple backtrace then execute backtrack.

Strategy 5. If the set of head lines is empty after the
multiple backtrace then execute backtrack.

The new strategy for multiple backtrace allows to stop the
multiple backtrace at free lines and feedbacks. Stopping
at free lines is important because the multiple backtrace
can miss the head lines in the presence of complex gates
with inner feedbacks. Stopping at feedbacks is necessary
because the test pattern should be generated for CR of
ASDC.

Strategy 6. Add the current object to the set of head
lines during the multiple backtrace if the line is head, free
or is connected to a PPI.

78

Dobai, R.: Test Generation for Asynchronous Sequential Digital Circuits

4.2.2 New algorithms for test pattern generation
Algorithm FAN executes many propagations of diﬀerent
types. These propagations are ensured by many speciﬁc
algorithms, e. g. multiple backtrace. These algorithms
were replaced in the proposed new method by new ones
to support ASDCs.
Testability measurements (controllabilities and observabilities) were previously used in ATPGs for combinational
and synchronous sequential circuits. These measurements
for complex gates of ASDCs are computed in the proposed
ATPG as follows. Firstly, controllabilities are determined
for every logic conjunction in DNF of the given complex
gate. This computation is based on application of the
existing rule for the logic gate AND. Consequently the
controllability is computed for the output of the complex
gate by application of the rule for the logic gate OR to
previous results. Secondly, observabilities are transferred
from the output of the complex gate to the conjunctions
in DNF of this gate (rules of the logic gate OR are used).
Consequently the observabilities are determined for every
gate input with application of rules of the logic gate AND
to previous results.
The backward implication is the process of assigning uniquely implied logic values in the direction to POs and
PPOs. The justiﬁcation process of free lines is very similar with only one diﬀerence. Assignments during the justiﬁcation of free lines are not necessarily unique. When
more than one possibility exists then the assignment is
executed randomly. The logic value at the output of the
complex gate is justiﬁed/implicated as follows:
• X — The undeﬁned value is not justiﬁed or implicated.
• D or 1 — The logic (fault-free) value 1 at the gate
output is justiﬁed by setting one gate input to value
1 while this assignment together with the values on
other inputs for the same conjunction in DNF implicate the value 1 at this conjunction. When this
assignment is not possible then an inconsistency occurred. When there is more than one possibility
then the assignment is not unique. The assignment
is executed by the multiple backtrace in this case
during the backward implication, or a random one
is selected during the justiﬁcation of free lines.
• D or 0 — The logic (fault-free) value 0 at the gate
output should be implicated by setting one gate input while this assignment should be supported by
other inputs for the same conjunction. When there
is a logic 1 implied at least on one conjunction then
an inconsistency occurred. When this assignment
is not unique than multiple backtrace follows during the backward implication, or a random one is
selected during the justiﬁcation of free lines.
Initial objects supporting the fault propagation through
complex gates are created as follows. Conjunctions in
DNF of the given complex gate are analyzed. If the analyzed conjunction does have an input with a faulty signal
then for every other inputs of this conjunction objects requesting logic value 1 are constructed. If the conjunction
does not have a faulty input then an object requesting
logic value 0 is created on that input where 0 is the easiest to control.

The algorithm for the multiple backtrace was extended
by the new process for the propagation of objects through
complex gates. The input to this process is the object for
the gate output. Outputs of the proposed process are the
objects for gate inputs. The object is propagated to conjunctions in DNF of the given complex gate. The number
of requested values 1 is preserved only for that conjunction
where value 1 is the easiest to control. The created new
objects for conjunctions are propagated further to gate
inputs. During this propagation the number of requested
values 0 is preserved only for the easiest 0-controllable
input of the given conjunction.
The new algorithm developed for unique sensitization supports also complex gates. The sensitization is not always possible uniquely. The sensitization should not be
executed for the complex gate where sensitive paths go
through more than one conjunction in DNF of the given
gate. This algorithm handles diﬀerently conjunctions with
and without a sensitive path. Logic value 1 is assigned for
every fault-free input of conjunction with a sensitive path.
Supporting the propagation through the complex gate by
the conjunction without a sensitive path is ensured by
changing one undeﬁned value X to value 0. When there is
more than one input with value X in the given conjunction
then the sensitization is not possible uniquely.

4.3 State justification
Backward state justiﬁcation is executed by TACTLESS
after the test pattern for CR has been generated. The
state required by this test pattern is justiﬁed performing breadth-ﬁrst search [24]. Backward state justiﬁcation together with breadth-ﬁrst search guarantee shortest test lengths. The contribution of TACTLESS in this
area is state justiﬁcation on the gate level (TACTLESS
can be used with any ASDC and is not limited to Celements; simple gates are used hence it is just the matter
of ASDC transformation into CR) and stepwise composition of state graph (it is possible to ﬁnd interconnection
with the existing part of the graph, which can make the
later state justiﬁcations more eﬀective).
{(
) (
Definition 11. Let V = s0 , s1 , . . . , sn−1
sq ∈
)
}
AN ∧ sq = ⟨P P Oq ⟩ for all q ∈ {0, 1, . . . , n − 1} denote
{(
the state set based on N-valued logic AN and Γ = a0 , a1 ,
) (
)
. . . , ak−1
a ∈ {0, 1, X} ∧ ar = ⟨P Ir ⟩ for all r ∈ {0,
}r
1, . . . , k − 1} denote the test pattern set of ASDC with
n PPOs and k PIs, then the directed graph{G = (V, E, Ψ)
with V as the ﬁnite set of vertexes, E ⊆ (u, v) | u, v ∈
}
V ∧ u ̸= v as the ﬁnite set of edges and Ψ : E → Γ
as the edge labeling function is the state graph of(ASDC)
with state logic AN if ∀(u, v) ∈ E : test pattern Ψ (u, v)
changes the ASDC from state u to state v.
Definition 12. The state graph G of ASDC with state
logic A3 = {0, 1, X} is the justiﬁcation state graph.
Definition 13. Let G = (V, E, Ψ) be the justiﬁcation
state graph of the ASDC and ut is a state, then for every (u0 , u1 ),( (u1 , u2 ),) . . . (, (ut−2 , u)t−1 ), (ut−1
( , ut ) ∈ E the
)
sequence Ψ (u0 , u1 ) , Ψ (u1 , u2 ) , . . . , Ψ (ut−2 , ut−1 ) ,
(
)
Ψ (ut−1 , ut ) is the sequence of test patterns for state
justiﬁcation of state ut if ∀o, p ∈ {0, 1, . . . , t} (uo , up ∈
V ∧ o ̸= p) : uo ̸= up and state u0 is the undeﬁned state.
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The ﬂowchart of the proposed state justiﬁcation was published in [7]. Path in the justiﬁcation state graph is attempted to be found from the undeﬁned state to the required state and if this search is successful then the sequence of test patterns for state justiﬁcation is reported;
and the state justiﬁcation ends. If the path does not exist yet then the previous states (together with the corresponding test patterns) are determined and put into list
L (the algorithm for identiﬁcation of previous states is
described later). Every item from L is examined and is
added as an edge to the state graph if the transition is
not hazardous (two subsequent states and test patterns
are combined into one vector of 6-valued logic; this vector
is evaluated based on the hazard vector list; the list was
previously generated as it was described in the previous
subsection). The state part of this item is placed in the list
D for later breadth-ﬁrst evaluation. Every previous state
will become evaluated while list L is becoming empty. A
new state from list D becomes the current (the state selection is executed according to breadth-ﬁrst principle)
and its previous states are examined. This process is repeated until every state from D is not considered and the
undeﬁned state is not found. The path in the state graph
is attempted to be identiﬁed again. The justiﬁcation sequence is reported if this search is successful. Otherwise,
generation of another test pattern for CR is suggested to
the embracing sequential TPG. It is possible to ﬁnd a
connection to the existing part of the graph where a path
was previously identiﬁed. The TPG time is reduced in
this case because it is unnecessary to continue the search.
An algorithm very similar to that one proposed for hazard
identiﬁcation is used for identiﬁcation of previous states.
The diﬀerences are the following: (1) Standard 3-valued
logic {0, 1, X} is used instead of A6 logic. (2) The values
for PPOs (the state) are assigned all at once instead of individual processing of the outputs. (3) The current SAF is
considered inside the CR. (4) The vector deﬁned by PPIs
is considered as previous state, and the vector deﬁned by
PIs as the pattern required to change the previous state
to the current state.

4.4 Sequential fault propagation
TACTLESS uses forward sequential fault propagation if
the fault is propagated to PPOs instead of a PO by the
test pattern for CR. The test sequence assembled before is supplemented by the sequential fault propagation
sequence which ensures the propagation of faulty signal
from the PPOs to a PO. The forward sequential fault
propagation performed together with breadth-ﬁrst search
ensures shortest test sequences [24]. The recently published ATPGs for ASDCs either do not deal with sequential fault propagation or can not guarantee shortest test
sequences.
The algorithm for sequential fault propagation is very
similar to that of state justiﬁcation. The diﬀerences are
the following: (1) Diﬀerent state graph is used (Deﬁnition 14) which considers faulty signals in the state because
the search is conducted to propagate further these faulty
signals. Therefore, the search is interrupted in the direction of states without any faulty signal. (2) The sequential fault propagation sequence is interpreted according to
Deﬁnition 15. (3) Not previous states but next ones are
searched for.
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Definition 14. The state graph G of ASDC with state
logic A5 = {0, 1, X, D, D} is the state graph for sequential
fault propagation.
Definition 15. Let G = (V, E, Ψ) be the state graph
for sequential fault propagation of the ASDC, then for every (u0 , u1 ),( (u1 , u2 ),) . . . (, (ut−2 , u)t−1 ), (ut−1
( , ut ) ∈ E the
)
sequence Ψ (u0 , u1 ) , Ψ (u1 , u2 ) , . . . , Ψ (ut−2 , ut−1 ) ,
(
)
Ψ (ut−1 , ut ) is the sequential fault propagation sequence
for state u0 if ∀o, p ∈ {0, 1, . . . , t}(uo , up ∈ V ∧ o ̸= p) :
uo ̸= up and a faulty signal ( D or D) is in state ut on at
least one PO.
The next states are determined by exhaustive simulation
of every test pattern for the given state. This would results in a huge space search without another feature of
the inner ATPG for CR, i. e. the faulty signal propagation is performed in the direction closest to a PO which
means POs have higher priorities than PPOs, and if the
propagation to a PO is impossible then the signal is propagated to that PPO from which the further propagation
to a PO will be the easiest. This results in a relatively
short sequential fault propagation, and represents another
contribution in comparison to other ATPGs for ASDCs
because their external ATPGs for CR does not consider
ASDCs.

5. The new fault simulation method
The new fault simulator was developed for ASDCs [6].
This fault simulator is used in TACTLESS for determination of detectable faults. The proposed fault simulator
is able to detect hazards and oscillations too.
The new method was developed for faster fault simulation of ASDCs because the existing methods are based on
the slowest method (on the serial method). The proposed
method is based on the deductive method which was previously used for combinational circuits only. The fault
simulator propagates the list of detectable faults through
feedbacks (when the fault lists diﬀer on the input and output side of the feedback and when the maximum number
of sequential propagations is not reached).
Existing rules for the propagation of fault lists were extended by the developed new algorithm supporting complex gates of ASDCs. This algorithm is universal and can
be used for any complex gate represented with Boolean
function in DNF. The list of detectable faults is determined based on fault lists on inputs of the given gate.

5.1 Fault list propagation through complex gates
The deductive fault simulator is based on the propagation
of detectable faults in the circuit. The list of detectable
faults is necessary to propagate through logic gates. This
propagation is executed according to existing rules [21].
Existing rules for logic gates are insuﬃcient for ASDCs
which can contain complex gates too. The new method
developed for complex gates is able to determine detectable faults at the output of the complex gate if the fault
lists are known for the inputs. The ﬁrst conjunction in
DNF of the given complex gate is analyzed. Logic values
and fault lists of this conjunction are processed according
to rules for the logic gate AND. The result (faults) is
placed to the set A or B based on the evaluated logic value
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Table 2: Fault coverage comparison for random test
SAF coverage
Circuit name
SAFs
serial
deductive
[25]
[26]
method
method
alloc outbound
58
92% 100.0% 100.00%
100.00%
chu133
60
97%
96.9%
98.33%
98.33%
chu150
40
82%
97.1%
95.00%
95.00%
converta
56
46%
91.9%
96.43%
96.43%
dﬀ
34
79%
85.7% 100.00%
100.00%
ebergen
46
95.7% 100.00%
100.00%
half
34
100.0%
94.12%
94.12%
hazard
40
86%
97.0% 100.00%
100.00%
master read
132
46%
97.7%
95.45%
95.45%
mp forward pkt
66
95% 100.0% 100.00%
100.00%
nak pa
76
91% 100.0% 100.00%
100.00%
nowick
50
98% 100.0% 100.00%
100.00%
ram read sbuf
84
89% 100.0% 100.00%
100.00%
rcv setup
36
93% 100.0% 100.00%
100.00%
rpdft
26
92% 100.0% 100.00%
100.00%
sbuf ram write
82
78% 100.0% 100.00%
100.00%
sbuf send ctl
66
49%
94.9%
98.48%
98.48%

of the current conjunction. The set A is used when this
value is 1. In the other case the faults are placed into the
set B. This process is repeated for every conjunction but
the faults are placed with set operations into these sets.
Faults of the conjunction with value 1 are put into the
set A using operation intersection, i. e. A = Ap ∩ Z where
Ap is the previous content of the set A and Z is the fault
list of the given conjunction. Fault of the conjunction
with value 0 are put into the set B using operation union,
i. e. B = B p ∪ Z where B p is the previous content of
the set B and Z is the fault list of the given conjunction.
Sets A and B after the analysis of every conjunction will
contain faults which will be used to determine the fault
list for the output of the given complex gate. The rules
for the logic gate OR are applied to these sets, i. e. the
ﬁnal list will be the content of the set B if there is not
any conjunction with logic value 1, or otherwise it will be
A − B.

5.2 Fault list propagation in ASDCs
The new fault list propagation algorithm developed for
ASDCs is based on the algorithm for synchronous sequential circuits. The main diﬀerence is that more than one
simulation overpasses are executed. These overpasses are
repeated until logic values and fault lists on corresponding
PPIs and PPOs are not the same, or until the maximum
number of overpasses is not reached (for oscillation detection). This number is speciﬁed by the user. The next
diﬀerence is the use of the 13-valued logic for hazard detection.

6. Results
TACTLESS was implemented in C++. The evaluation
was executed with a set of SI control circuits [20] synthesized by Petrify [5] and with a set of quasi-delay-insensitive (QDI) datapath circuits [33]. The results were
compared to the published results of SPIN-TEST [27] and
IB-TPG [10], the two newest available ATPGs for ASDCs,
and to the two most recent fault simulation methods [26,
25] for ASDCs.

6.1 Fault simulation of random test
The developed and implemented fault simulator was tested also with a random test pattern generator. Table 2
shows achieved fault coverages with 200 random test patterns (published results for the other fault simulators were
achieved with 10000 test patterns). This number was determined as the lower limit without a fault coverage loss.
Fault coverages are approximately the same than for other
methods.
Table 3 compares the serial and the deductive method
based on the execution time. The new deductive method
is faster by 60%–80% than the previously used serial method. The serial method was faster in some cases (chu133,
converta, half ) because of the used fault dropping. When
a fault coverage near to 100% is reached then the serial
fault simulator will be working with a smaller fault list
than the deductive method (which works always with the
full fault list). In this case the serial fault simulator will
be faster. However, this imperfection is eliminated by use
of deterministic tests.
Table 4 contains the memory requirement comparison for
the random test. The results are not accurate for some
circuits (chu150, nak pa) because of low execution times.
In these cases lower memory requirements are reported
for the deductive simulator. Another reason can be the
use of relatively small circuits. The memory requirement
of the deductive simulator (in the worst case) is just by
14% higher than for the serial one.

6.2 Deterministic test pattern generation
Table 5 compares the SAF coverages of TACTLESS with
SPIN-TEST and IB-TPG for SI and QDI circuits. SPINTEST outperformed the others, but TACTLESS and IBTPG follow diﬀerent goals (shortest test length, wider
spectrum of ASDCs). The SAF coverages of SPIN-TEST
are in average just slightly better. TACTLESS computes
them based on the total number of SAFs, therefore full
SAF coverage cannot be achieved like with SPIN-TEST
(SPIN-TEST works with redundancy-checked SAF list).
TACTLESS performed in some cases better and in other
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Table 3: Execution time comparison for random
test
Circuit name
alloc outbound
chu133
chu150
converta
dﬀ
ebergen
half
hazard
master read
mp forward pkt
nak pa
nowick
ram read sbuf
rcv setup
rpdft
sbuf ram write
sbuf send ctl

CPU time [s]
serial
deductive
method
method
0.19
0.07
0.23
0.29
0.09
0.07
0.18
0.26
0.05
0.00
0.07
0.01
0.08
0.13
0.05
0.01
0.70
0.39
0.24
0.04
0.32
0.08
0.14
0.05
0.25
0.06
0.07
0.02
0.04
0.00
0.15
0.01
0.19
0.10

Time
reduction
63%
-26%
22%
-44%
100%
86%
-63%
80%
44%
83%
75%
64%
76%
71%
100%
93%
47%

Table 4: Memory requirement comparison for
random test
Circuit name
alloc outbound
chu133
chu150
converta
dﬀ
ebergen
half
hazard
master read
mp forward pkt
nak pa
nowick
ram read sbuf
rcv setup
rpdft
sbuf ram write
sbuf send ctl

Memory [kB]
serial
deductive
method
method
1668
1700
1680
1780
1660
1552
1560
1744
1548
1672
1552
1700
1548
1680
1552
1692
1732
1964
1584
1608
1684
1612
1664
1704
1688
1756
1660
1664
1536
1640
1688
1748
1684
1728

Memory
increase
2%
6%
-7%
12%
8%
10%
9%
9%
13%
2%
-4%
2%
4%
0%
14%
2%
3%

cases worse than IB-TPG, but TACTLESS does not require support by any DfT method, therefore the area
overhead is avoided, but sometimes the fault coverage
is reduced too. The reason for lower fault coverages of
TACTLESS is caused also by TPG for CR [8]. There are
many uncontrollable/unobservable lines in CR, and the
faults on those lines will be undetectable if undeﬁned initial values are assumed. Possible solutions for increasing
the fault coverage are: (1) modiﬁcation of the TPG for
CR to work with the initial values of ASDCs, and (2) use
of DfT methods.
Table 6 compares TACTLESS to IB-TPG regarding test
lengths. The test lengths were not published for SPIN-
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TEST. Again, TACTLESS performed in some cases better and in other cases worse than IB-TPG, but it is important to realize that TACTLESS executes sequential fault
propagation too and does not require support by any DfT
method (which would reduce the test lengths). Hence, it
is possible to reduce the test lengths of TACTLESS with
application of DfT methods. TACTLESS generates test
patterns randomly before the deterministic phase. The
random test pattern generation phase [6] ends when the
latest test pattern does not detect at least 3 new SAFs.
The increase of this number according to our experiments
will not result in higher number of random test patterns
nor in better SAF coverage because only the most easily
detectable SAFs could be covered with this condition and
the others always require deterministic TPG.

7. Conclusion
The aim of the dissertation thesis was to improve TPG of
ASDCs and to contribute to their time- and cost-eﬀective
testing. Developed methods support the wider application of ASDCs, which improves the performance, the
power consumption and the electromagnetic emission of
future digital circuits.
The main scientiﬁc contribution is development of the new
method for TPG (optimized for test length and area overhead) for wide spectrum of ASDCs. The contributions are
(1) identiﬁcation of unacceptable signal transitions before
TPG, (2) reduced number of generated test patterns for
CR of ASDC, (3) eﬀective state justiﬁcation on the gate
level, (4) fast (optimized for test length) sequential fault
propagation to outputs, (5) eﬀective fault simulation.
It is possible to increase the fault coverages by improving the inner ATPG for CR. This improvement should
be aimed at modiﬁcation of FAN algorithm to work with
the initial values of ASDCs. The use of DfT methods together with TACTLESS oﬀers a way to further improve
the fault coverages and to reduce the test lengths. Another interesting improvement would be an extension of
TACTLESS to handle other fault models too.
Acknowledgments. This work was supported by Slovak
national project VEGA 2/0135/08 Reliable Architectures
and Digital Systems Testability.
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Abstract

1.

Design patterns introduced very useful way of improving
the quality of the software development processes. There
were introduced several solutions trying to support developers with their utilization. In our work we will describe two approaches supporting their employment: first
one is dealing with their instantiation, the second one
is dealing with their recognition in the existing source
code. Our first approach presents the support for pattern instance creation in semi automatic way. The main
idea of this approach is that the developer should suggest
the pattern occurrence and specify the desired variants
of the pattern he wishes to employ. The valid pattern
instance customized to meet all user requirements in the
most ideal way will be created by the CASE tool. The
second approach focuses on improvement of the recognition processes that often suffer by too high false-positive
recognition ratio (they mark some code fragments as the
pattern instance, but in reality they are not). To reduce
this ratio we have incorporated the dynamic analysis that
is being focused of examination of the system execution
into the overall recognition process.

Design patterns [6] became very interesting topic in the
computer engineering science. Inspired by the work of
architect Christopher Alexander [2], they try to present
novel approach in software development process. Alexander was dealing in his work with fundamentals of the architecture processes that are being applied for centuries.
He described the general knowledge shared between the
builders as patterns which are defined as three part rules
connecting the context of the problem, offered solution
and consequences in which the solution results. As the
situation of common knowledge is similar in different disciplines (including the architecture and the computer science), the idea of patterns (considered are three part rule)
was adopted also in software engineering. Among others, there became very popular the work of GoF [6], who
identified and formally defined 23 design pattern dealing the object oriented software design and development.
The original ideas of Christopher Alexander are dealing
with the pattern language which offers the possibility to
form ( = design and build) the building only by connection of cooperating patterns that together form the whole.
The patterns defined by the GoF also offer the possibility
to cooperate together, but such possibility is not crucial
while in the most pattern occurrences they are standing
alone integrated only with the other parts that do not
represent any pattern. Therefore we have to say that due
the introduction of software patterns, the idea of the pattern language has not been fulfilled yet in the software
engineering.
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Introduction

However the pattern introduction even without fulfillment
of pattern language is very important step in the software
engineering. It formalizes the way of some knowledge
sharing which contributes to the efficiency and quality of
the overall software development process. When the developers are familiar with patterns, they are familiar not
only with the widely used and verified solutions, but also
with consequences of such solutions’ applications. Therefore the utilization of the design patterns between the
developers became preferred. Even modern programming
languages like Java of C# accompanied several patterns
into their structure (e.g. Iterator, Observer, Prototype).
Soon there were introduced structured descriptions of patterns that could stand as a basis for automation of the
typical pattern processes which are:
• Creating of pattern custom instances
• Recognizing pattern instances in existing codes
• Validating existing pattern instances
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concretization process. When the pattern instance is correctly specialized, its concretization is often based more
on pattern structure description than on developer’s skills.
It means that there is a space for automation of this process.

2.1.1 Pattern roles, domain dependency

Figure 1: Two dimensional space of generality and
abstraction [12]
In our work we are focusing on first two processes. We will
introduce our approach dealing the pattern instance creation driven by the developer’s suggestion of the pattern
presence. Later we will describe the pattern instances
recognition approach that presents the improvement of
the overall process by application of the dynamic analysis.

2.
2.1

Pattern instance creation
Process of the pattern instance creation

Process of the pattern instance creation means the application of the solution offered by the pattern to the environment of the developed software system. We distinguish two activities that are necessary to follow out while
creating the pattern instance [12]: abstract and general
pattern instance needs to be concretized and specialized.
At the first moment both activities seem to be similar,
but it is not so. Each one moves the first idea of the
pattern application to the final instance, while it is necessary to follow up both, to be able to declare the pattern
instance as the correct one. Differences between these activities are presented in the Figure 1, where the degrees of
generality and abstraction are being presented in two dimensional space (degree of generality horizontally, degree
of abstraction vertically).
The created instance is becoming more concrete when
it contains more building blocks creating the correct instance. To the starting abstract idea of the pattern application there are subsequently being added classes, their
attributes, methods and relations until instance becomes
complete. Specialization of the instance means the movement of the general pattern description to the context
of the developed system. The specialization follows such
modifications of the pattern instance that make the instance domain specific and subsequently specific for the
current software system. As the examples of the specialization steps we can consider definitions of roles’ participants count, naming of the participants or creating the
relations between participants according to the domain.
In our approach we look for possibilities for automation
of the pattern instance creation. We see higher potential
in the process of concretization than in process of specialization. The specialization is based on the ability of
developer to move the pattern to the particular target
software environment. It can be seen as a domain based
pattern description, what we consider as almost impossible to be performed by the machine. There can be found
only minimal space for automation of this process. On the
other hand, there is a potential for tool based support of

Patterns are often being described as a collection of cooperating roles. These roles can be often divided into two
groups: roles dealing with the domain of the created software system (domain roles) and roles performing the pattern’s infrastructure (infrastructure roles). The domain
roles can be considered as the “hot spots” while they can
be modified, added or deleted according to the requirements of the particular software environment. The roles
performing the pattern infrastructure are not changing
frequently between the pattern instances. Their purpose
is to glue the domain roles together to be able to perform
desired common functionality.
One of the main contributions of the whole pattern approach is that it allows thinking at the higher level of
abstraction. Developers do not have to always keep in
mind all details about the solution, they can work with
the pattern instance as with single unit hiding unnecessary complexity. When the developer thinks about applying the pattern to the project, first thing he needs to
decide is how to connect pattern instance to the context
of the software. He does so be specifying the domain
roles’ participants. The other issues are often second-rate
at that moment. The Table 1 describes selected patterns
and their roles from the perspective of the domain dependency.

2.1.2 Pattern variability
As the pattern variability we understand the possibility to
provide patterns functionality in slightly different ways.
Each variant of the pattern has its own pros and cons
and therefore the decision which variant to select does
not need to be easy. Selecting the proper variant is part
of pattern instantiation process, when the developer customizes the instance according his needs. General understanding of the patterns does not always satisfy the ideas
of their authors. Many developers understand design patterns only as constant templates with strictly specified
purpose of each class, attribute or method. However the
original idea was to discuss a problem and offer a solution. Examples provided with pattern description were
never meant as the only best solutions. Their purpose
was to provide hint, to show one of many possible ways
of idea realization.
From the perspective of tool based support of instantiation, it is very difficult to create support for instantiation
of pattern with very general solutions. It would be very
difficult (if it is even possible) to automatically instantiate fully functional Memento that would fit to the rest of
the system. On the other hand there are minimal difficulties for pattern with strictly defined structure keeping
minimal space for variability. Pattern such as Singleton
can be automatically instantiated with minimal efforts, in
such cases the simple template based instantiation would
be sufficient. For the majority of patterns the simple template based approach cannot cover all known variability,
such approach cannot be considered as sufficient. In the
Table 2 we present examples of possible variabilities of
selected GoF design patterns.
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Pattern
Composite

Domain dependent roles
Leaf and its Operations

Chain of Responsibility

HandleRequest, Ancestor

Decorator

Concrete Component, Concrete Decorator

Description
Leafs and their operations provide all domain dependent
functionality. Everything else is just infrastructure allowing
the hierarchical access to the leaf instances.
The domain dependent is the business logic processing the
event and the ancestor to which should be the unprocessable
event passed.
The domain dependent are the Concrete Component (which
often exists before Decorator pattern application) and functionality of Concrete Decorator participants that provide extended functionality to the Concrete Component.

Table 1: Specialization of the domain dependent pattern roles
Pattern
Abstract Factory

Chain of responsibility

Flyweight

Variability description
Class structures do not differ much. Majority of variants are dealing with realizations
of ConreteFactories: they can be implemented normally or as Singletons, they can
employ Factory Method or Prototype patterns.
References to the successor can be maintained commonly in Handler or custom for
each ConcreteHandler. Handler can be a class with default forwarding functionality
or just an interface.
The Flyweight interface can be omitted.

Table 2: Examples of possible variants of pattern instances

2.2

Our approach of the tool based support

describes possible solutions, but does not specify directly the only proper. The user will be able to
choose the way of realization of selected pattern features, the proposed approach will be able to identify the most proper realizations of the remaining
features that will correspond to the developer’s decision.

In the previous sections we have described why should we
consider the tool based support for the pattern instance
creation and where are the spots for the automation. In
this section we will describe how can be such automation provided. For our approach we have estimated the
following goals:
• The entire creation process will be based on the
model transformation, based on the principles suggested by the Model Driven Architecture initiative.
In our case we let the user specify the overall system
model where he should suggest the pattern instance
occurrence. The tool will subsequently provide the
transformation that replaces the instance suggestion
by the regular pattern instance created according
the developer’s needs respecting the relations to the
rest of the model.
• The creation process should support the concretization process. We assume that the developer’s suggestion of the pattern occurrence contains its specialization information by presence or suggestion of
particular participants. If he does not specify some
parts, the tool should identify the proper solution
according the pattern description and supplement
it.
• The support for the creation process is not meant
to be a onetime event. The proposed method will
allow repeated processing of the same instance to
be able to provide support also for modifications of
existing instance.
• The tool support will be general, driven exclusively
by the pattern descriptions and developers inputs.
The approach will not contain any pattern specific
solutions.
• The overall process will reflect the variability of possible solutions offered by the patterns. Each pattern

2.3

Proposed method

In this section we will introduce the proposed method of
pattern instance creation fulfilling the goals that we have
set. Basically it can be divided into two quite independent
steps: Identification of the proper pattern configuration
and Supplementation of the missing participants. One of
the outputs of the first step is the concrete template of
the pattern’s solution corresponding the developer’s requirements which is subsequently the important input for
the second step.

2.3.1

Identification of the proper pattern confuguration

As mentioned in previous sections patterns are not simple units with the only one valid template. Most of them
are highly customizable allowing changes in their example
templates in many different ways. Very important part
of the pattern instantiation process is the identification of
the proper pattern configuration. Pattern structure can
be formed in several variants. Each of them results in
some consequences with their own pros and cons. Some
variants are independent from the others, some are not,
for example the occurrence of a variant A can require the
occurrence of a variant B. In our approach we utilize the
feature modelling technique [4] known from the product
line engineering to capture all variants and relations between them.
We do not want to force the developers to provide information about each feature whether he wishes to employ it
or not. We give him a chance to specify which features he
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wishes to employ and the rest of the configuration is set by
the method. The final configuration has to fulfil all constraints defined by the feature model, so if the developer’s
requirements do not meet these constraints, he has to be
asked to change his preferences. Developer specifies desired variants and the tool reasons the entire pattern configuration. The reasoning is performed by the Constraint
Specification Problem (CSP) solver, when the whole feature model and user requirements are transformed into
constraint problem [3] that stands as an input for the
solver. As the CSP solver we chose Choco CSP [1] which
is an open source Java based software.
It is able to return all possible pattern configurations
meeting the developer’s requirements but it is not able
to distinguish which one of them is the most appropriate. For example if the developer does not specify any
variant, the probability of getting the “default” configuration is the same as getting any other configuration. Such
situation would not be acceptable for the real world utilisation of an approach. It is important to return as simple
configurations as possible. When the developer does not
ask for some variant application, he should get the default one. When he asks for some variant, it should be
utilized but the rest of the pattern should stay in default
configuration as much as it is appropriate. To be able to
provide such solution in our approach we have introduced
following features:
• Extension the feature models by the weighting of
particular variants. In this way it is possible to order variants according their appropriateness. Original feature model does not offer possibility to weight
the variants (it only allows specification of “default”
variant) therefore we had to customize it according
our needs. The positive values present the level of
appropriateness to utilize such variant. The negative values mean preference of no application of such
variant - they are being used when we do not prefer
application of some optional variant.
• The reasoning process incorporates the weights captured in the model. The CSP solver counts the fitness level of each plausible configuration and returns
the best one.
Extended feature model by the weights for the Composite
design pattern is depicted in the Figure 2.
The final pattern configuration sets the pattern template
customized for proper situation. It is provided by reduction of the general pattern template which contains all
roles including the conditions specifying when these roles
should be applied (which feature needs to be part of the
configuration to activate the variability dependent role).
The customized pattern template contains only the roles
that are present for all configurations (ones without any
condition) and the roles which’s condition are true (required features belong to the final configuration). The
Figure 3 contains such general template for the Composite pattern. The result of this step is final configuration
and pattern template customized for the configuration.

2.3.2

Supplementation of the missing participants

The developer’s suggestion of the pattern instance occurrence (the intput of the overall process) can be considered as an incomplete instance with missing participants.

Figure 2: Feature model example capturing the
Composite pattern variability
The goal of this final step of the instantiation process is
the supplementation of the missing participants to form
a valid instance meeting user requirements. The supplementation is being driven by the custom pattern template
derived in the previous step that specifies all roles which
participants are necessary in the final instance and all relationships between them. As the roles we do not consider
only ones typically played by classes but also ones which
participants are attributes or methods.
The relations between the roles specify the inner structure constraints that need to be fulfilled in the valid instance. As the example of such constraints we can present
the Composite pattern where the roles Operation of the
Component and Operation of the Leaf are linked together
via overriding/implementation relationship. As the result
for each Component’s Operation participant there has to
exist corresponding Leaf’s Operation participant. Such
constraints are key for the machine based instantiation
process. In this place we need to remark that the roles
can belong to more than one constraint. For example in
the Composite pattern the count of participant of role
Leaf’s Operation is dependent on count of participants of
roles Leaf and Component’s Operation. We say that the
dimension [10] of the Leaf’s Operation is two because it
is part of two different constraints.
Our algorithm of instance supplementation is based on sequential complementation of the missing participants to
meet the custom pattern template and all its constraints.
To store the information about all pattern participants
the algorithm utilizes the n-dimensional structure where
n is the maximum dimension of all pattern roles (the GoF
pattern do not have roles with dimension higher than
2). We call this structure Participant Constraint Matrix
(PCM) while the dimensions of the matrix correspond to
pattern constraints and its concrete lines represent the
instances of such constraints. Example of partially filled
Participant Constraint Matrix is depicted in the Figure
4. It represents the situation when the suggestion of
the Composite pattern contains participants Leaf1 with
method Operation1 and Leaf2 with method Operation2.
The purpose of the algorithm is to add the missing participants to fill each cell of the PCM, the result is a pattern
instance meeting all constraints defined by custom pattern template. It takes these steps:
1. Add participants of non-constrained roles. Create
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Figure 3: General Role based template of the Composite pattern extended by variability roles

Figure 4: Initial Pattern Constraint Matrix for
incomplete instance of the Composite pattern
the participants of the roles that are not concerned
in any constraint and are not yet present in the
model.
2. Create the empty Participant Constraint Matrix according to the definition of constraints resulting from
custom pattern template.
3. Initialize the PCM according the current pattern instance.
4. while (the PCM contains empty fields)
(a) Add participant to fill one empty field of PCM.
Select one empty field of the PCM and create the participant that will fit to this field.
When selecting the empty fields, start with the
ones with lower dimension and prefer class participants then continue with association and
method participants.
(b) Add information related to the added participant and connect it with related participants
The example algorithm’s input and rusult are depicted in
the Figure 5.

Figure 5: Example models before and after the
overall process execution

2.4

Realization

The presented approach was realized as the plug-in of the
Rational Software Modeler which is based on open source
platform Eclipse. It was enhanced by the special view
that enables the developers to specify their requirements
dealing the pattern variability. The view contains list of
all variants with the combo boxes allowing the user to
set the required value. Each combo box also contains the
value “I do not care” by which the developer let the tool
select proper realization of the variant. The view also
shows the actual configuration containing the values for
each variant, so the developer can se eafter each change of
his preferences how this change influenced the remaining
configuration. The tool also provides code source code
generation for pattern participants which we have created by utilization of the Java Emitting Templates (JET)
framework . The screenshot of the customized CASE tool
is depicted in the Figure 6.

2.5

Evaluation

Metric that would precisely and plausibly present how the
approach improves software development process probably does not exist. For this reason we have decided to
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code for further changes. However, if the developer
is not aware of this possibility, it can happen that
when he tries to complement the similar functionality he will not utilize the convenience of their presence, but he will create own solution representing a
parallel one to an existing instance. This may again
increase the complexity of the solution without any
positive aspect.
• The threat of damage of the pattern instance’s structure - the other risk of ignoring the pattern presence
in the project is that the inappropriate interventions
may damage its internal structure and thus the sense
of its employment. In that case, the presence of the
damaged instance can be considered as complication
rather than an asset.

Figure 6: Screenshot of the customized CASE tool
present the opportunities and improvement of the proposed approach by the case study and experiment. The
case study proved that the approach is applicable not even
for first time instance creation but also during the maintenance phase to provide changes in the existing pattern.
It also showed that the approach is suitable even for cooperating pattern instances.
The main objective of the experiment was to prove the
usability of the approach. We have asked IT skilled professionals to accomplish the programming task with and
without the tool. We were monitoring the time they
needed to accomplish both tasks and the count of written and generated lines of code. The experiment proved
that tool shortened the time needed to finish the task,
and generated considerable amount of code that was utilized in the final solution. Together the case study and
experiment proved that the proposed approach satisfied
the goals we have estimated and represents good solutions
for pattern instantiation process.

3.

Recognition of the design pattern instances

Another equally important activity concerning the design
patterns is recognition of their instances in the existing
software. With the rise of pattern initiative popularity
their utilization in the real world software grows. In certain situations (eg failure to comply name convention)
pattern instance can blend with the rest of the system so
it becomes unidentifiable “at the first sight”. If such situation happens together with other negative factors such as
lack of documentation at the design or source code level,
or changes of the key project persons, it can easily happen that the instance of the pattern will remain hidden for
other developers. With the increasing size and complexity of nowadays software we cannot underestimate similar
scenarios, while the probability of their occurrence is not
inappreciable. The absence of information about the presence of design patterns instances in the code increases the
risk of these complications:
• Unnecessary complexity - solutions offered by design patterns are not straightforward, they are more
complex preparing the code for possible changes in
the future. If these positive pattern aspects are not
utilized, their presence only increases unnecessary
complexity and understandability of the overall solution without further positive effect.
• Ignoring the benefits resulting from the pattern presence - as mentioned previously, one of the advantages that pattern solutions offer is readiness of the

Keeping the presence of these risks in mind together with
increasing complexity of software systems which is directly increasing the likelihood of threats arising from
those risks, recognition of pattern instances in existing
software became one of the most important initiatives
around the design pattern issues.

3.1

Existing approaches

There were presented several approaches dealing the recognition of pattern instances in the existing source code.
Each one introduced its own method or improvement dealing the recognition process. In general we can say that the
overall process can be divided into two phases: analysis
of the existing system and analysis evaluation.
During the analysis of the existing system there is being formed the model representing the examined system
tracking the important values for the system description.
Analysis forms can be divided into these groups:
• Static analysis is being focused on fundamental
class structure and relations between them (eg. attributes, methods, their parameters and return values, associations between classes, generalizations,
etc.). Problem of the static analysis is that it is focused only on fundamental code structure that regularly does not contain enough information needed
for reliable pattern identification. It is not rare when
the some code that does not represent any pattern
has the same code structure as the solution offered
by the pattern. In such situation the analyzing tool
often marks this code fragment as recognized pattern instance - this situation is being called falsepositive recognition. What is worse, even some design patterns have very similar structure, and therefore it is almost impossible to distinguish them using
the static analysis. The problematic pairs are for example Strategy vs. State or Decorator vs. Chain of
Responsibility.
• Semi-dynamic analysis is being focused on behavioral of the examined methods. It is often followed by the static analysis that identifies candidates of instances, the goal of semi-dynamic analysis is to confirm or disprove the accuracy of the
candidate. The semi-dynamic analysis can evaluate the control flow, where it focuses for example on
specific operation calls or object instantiation. The
realization of this kind of analysis is more difficult
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• The recognition process will be based on all three
analysis phases. The goal of dynamic analysis will
be to confirm or decline the candidates identified by
the previous ones.

than the realization of the static one. The problem is that there exist a lot of different ways how to
write the same method functionality and therefore
the decision whether method provides desired functionality can be ambiguous. Interesting approach
focused on semi-dynamic analysis was presented in
[11].
• Dynamic (run-time) analysis is being focused on
evaluation of program behavior during its execution.
Its goal is again to confirm or decline the candidates
of the previous analyses. The reasons for dynamic
analysis is that previous analysis do not have to give
exact result, while just the source code based analysis do not have to provide enough information about
the method behavior. Only its execution can give
clear results that are indisputable. It is not easy to
realize good dynamic analysis. It is quite difficult
to attach to a process that is being executed due to
standard protection of the operating systems. Also
it is necessary to execute the evaluated method and
execute it repeatedly in different contexts to be able
to capture its real behavior. These are the reasons
why the today’s research does not focus on the dynamic analysis a lot. Dynamic analysis was utilized
in approaches [9] and [14].

The second phase of the pattern instance recognition process is the evaluation of the analysis phase results that often represent large set of values describing the examined
system. It is necessary to compare these values with the
pattern descriptions and identify the similar fragments
that can mean the recognized pattern instances. The typical ways of evaluation are:
• standard value comparison - applicable when the
pattern and analyzed system are being described by
the set of exact values allowing the comparison; example approach presented in [8]
• sub-graph search - applicable when the patterns and
analyzed system are described as graphs
• similarity scoring - means looking for a parameterized level of similarity, the exact similarity is not
necessary; example approach presented in [13]
• logic programming - patterns and analyzed system
are being described as facts and rules, the prolog
based interpret provides the recognition; example
approach presneted in [15]
• machine learning - the tool is permanently learning
from its previous results and expert’s feedback to
improve its results; example approach presneted in
[5]

3.2

Our approach

The previous research earned success in several different
approaches of the recognition process but till nowadays
there was introduced just little effort in dynamic analysis
approach. Therefore we decided to provide improvement
in this field of analysis. We have estimated goals for our
approach that we find as necessary for good dynamic analysis. These goals are:

• There will be estimated such criterions of dynamic
analysis that would allow its automatic realization
without necessity of any human support (except of
regular usage of the analyzed system during its execution). Therefore the values of this criterions have
to be automatically recordable and they have to provide relevant information for recognition process improvement.
• The recognition process will be driven by the pattern descriptions, there will be no custom code for
any pattern.

3.3

The method

The core of the method is based on the graph comparison.
It means that the catalogue contains pattern descriptions
in a form of graph and also the results of the each part of
analysis phase will by graphs describing the analyzed system. Comparison of these graphs leads to the recognition
of the pattern instances in the analyzed code.

3.3.1

The analysis phase

During the analysis phase we create the graph that contains all required information needed for further instance
recognition. The graph does not contain only the edges
and vertexes, each vertex can be also extended by the set
of properties that will help to describe it more precisely.
During the static analysis we establish the main structure
of the graph. We set these vertexes: Type - for all classes,
interfaces or enumerations of the analyzed system, Operation - for all methods and constructors, Data - for all
attributes, parameters and return values and Event for
all c# events. These vertexes are being connected between themselves by the edges: Parent (connecting the
class with its methods and attributes), Base type (representing inheritance / implementation relation between
Types), Returned type, Parameter (connecting the Operation and Type), Field type (specifying the Type of Data
vertex). For each vertex there is also kept information
whether the element it represents is the static and the
type of its accessibility (Public/Private/Protected).
The purpose of the semi-dynamic analysis is to extent the
graph by the information about method behavior. We
do not examine the exact order of execution steps, while
such order can differ a lot even when providing the same
functionality. In our approach we focus only on important code elements that will give us relevant information
for pattern recognitions, like operation calls ot attribute
modifications. We also keep information whether these
code elements were part of conditioned or looped block.
Such information can be important for successful recognition of many patterns, for example:
• instance creation within the Singleton’s getInstance()
should be conditioned
• in the Proxy pattern the call for RealSublect within
the Proxy’s Request should be conditioned
• in the Composite pattern the Composite’s Operation calls for Components’ Operation should be
looped
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Metric
Count of instances

Count
of
operation
invokes

Count
of
call invokes

Count
of
attribute
changes

Description
Metric specifies the count of instances
of the type. For example the Singleton
should have only one instance, or the count
of Prototype pattern’s ConcretePrototype
should be higher or equal as the count of
Clone operation invokes.
Metrics specifies the overall count of concrete operation invokes.
This metrics
should prove for example that the conditional execution really lowers the invocation count or the looped execution increases it.
Metrics specifies the exact count of operation A calls from operation B. This metrics is important when its values are being compared with the Count of operation
invokes. For example in the Proxy pattern the count of Proxy’s Request invokes
should be higher or equal as the count of
RealSubject’s Request calls from this operation.
Metrics specifies the exact count of attribute’s value changes. For example the
Singleton’s Instance attribute should be
changed only once.

Table 3: Metrics of dynamic analysis

The examination of conditioned or looped blocks accepts
all possible variants of their implementation. We do not
examine their forms of realization or the condition expressions, because it is quite difficult to identify their real
purpose due the many forms of their possible implementations. We will be satisfied with flag, whether the code
element is being executed in the conditioned or looped
block. In this situation we are aware that such decision
can have negative impact on the preciseness of the analysis but the difficulties associated with more detailed examination force us to accept this drawback.
As the final part of the analysis phase stands the dynamic
analysis. Its purpose is to examine the execution of the
analyzed system to provide additional information that
will be useful for pattern recognition. Again, as there
are many possible ways of programming the same functionality, tracking the execution of the program step by
step would lead to information overload with questionable results. During the execution of the system there are
available lots of information, collecting all of them would
lead to the huge amount of data to be evaluated. This
would be very time consuming, as for analysis as well as
for the evaluation. Therefore we decided to filter all information and track only those that are really relevant
for our purpose. For this reason we have defined several
metrics describing the important parts of the methods
behavior. They are closely described in the Table 3.

3.3.2

Analysis evaluation

The result of the analysis phase is the graph describing
the analyzed system. Purpose of the analysis evaluation
is to identify all pattern instances from this graph. We do
so by sub-graph search in the graph. As the sub-graphs
stand the graph based descriptions of the patterns, as
the graph stands the graph of the analyzed system. For
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the search we utilize standard algorithms provided by the
existing software solutions.

3.4

Method realization

The presented method was realized and aimed for the utilization in the .Net environment. For the static analysis
we have employed the reflexion that is standard part of
.Net framework. Semi-dynamic analysis was realized on
the level of intermediate code written in Common Intermediate Language (CIL) that is being generated by the
.Net family compilers. This code is being similar by its
structure to the standard instruction languages. In this
code we have searched the instructions that are modifying the control flow. By their analysis we were able to
identify the operation calls together with the information
whether they are part of conditioned or looped block.
The biggest challenge was the realization of the dynamic
analysis. We have utilized the Profiling API that is purposed for the monitoring of the .Net family software during its execution. With this API we were able to track the
instance creation and operation invocation based metrics.
To track the “Count of attribute change” metric we had
to employ different approach. We have customized the
Just-in-time compiler (which compiles the CIL code to
the native code) to add a logging code after each attribute
modification. This logging code logs attribute modifications so after finishing the execution we are able to count
all attribute changes.
For the analysis evaluation phase we have utilized the tool
GrGen.Net [7] for the sub-graph search in graphs. The
GrGen.Net is an open source research project focused on
sub-graph search domain.

3.5

Method evaluation

To evaluate the method and its realization by the tool
we have preceded several experiments. In the first one
we used as the inputs sample code of pattern instances
for the c# languages. The tool identified all of them correctly. The second experiment was focused on the pattern recognition among the tool that realizes the analysis.
We decided for such experiment because it is non-trivial
software in which we know about all utilized instances.
Therefore we were able to check whether the tool have
found all instances in the system and whether all identified blocks of code really stand for pattern instances.
To evaluate the positive impact of the dynamic analysis, we ran our experiment in two steps: first one without and second one with dynamic analysis. By comparing these values we were able to distinguish whether the
dynamic analysis helped to reduce the number of falsepositive identifications. The experiment results were following: The semi dynamic analyzes recognized all pattern instances together with 2 false recognitions for the
Composite instances. After the repeated execution with
dynamic analysis, the results were correct: all instances
were recognized and all recognitions were standing for
pattern instance. The dynamic analysis successfully eliminated all false recognitions without harming the correct
ones. In this case the elimination meant only two falsepositive recognitions, but this was also caused by successful semi-dynamic analysis that eliminated more falsepositive recognition earlier.
In the third experiment we have tested our tool on the existing open source software. As the “samples” we chose the
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Paint.Net (software for picture modification) and SharpDevelop (CASE tool). To check the positive impact of the
dynamic analysis we again let the tool recognize instance
without and with the dynamic analysis. The results of
examination with dynamic analysis were again the subset of the results without it. So we can say that its
utilization really led to the result elimination. Subsequently we checked the results for they correctness and we
can confirm that results after the dynamic analysis really
stood for pattern instances and code fragments eliminated
by the dynamic analysis were false-positive recognitions.
However we were not able to check whether the tool had
recognized all instances because they occurrence was not
documented, so we were not able to get the full list of
their presence that could be compared with the results of
the tool.
The experiments successfully prove the positive impact of
the dynamic analysis on elimination of the false-positive
recognitions and consequently on the preciseness of the
entire recognition process. We can say that all three goals
that we set for our approach were successfully met.

4. Conclusions
In the previous sections we have described approaches introducing the improvements for processes among design
pattern. The first one was dealing with the pattern instantiation driven by the suggestions of the developer.
Utilization of this approach has positive impact in several
aspects. Developers do not need to perform similar activities when instantiating the pattern. They need to focus
only on the instance specialization, the rest is provided
by the tool. The approach also respects the variability of
the patterns; it allows the developers to specify the way of
realization of the selected variants. The tool subsequently
identifies the most proper solution for such requirements
and customizes the final pattern instance according it.
What is more, even the list of all possible variants informs
the developer about the all possibilities and so helps him
to employ the best of the pattern’s solution.
The second approach was dealing with the pattern recognition process where it introduced the improvement by
reducing the false positive recognitions ratio. The approach incorporates the dynamic run-time analysis which
helped to eliminate the false recognitions significantly. Its
positive impact is noticeable mostly for bigger systems
with higher probability of occurrence of the code fragments that results such false recognition. The improvement against the existing approach stands in its universality: it introduced the universal metrics so it can be
driven strictly according the pattern descriptions and its
execution can be automated.
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77–80, Pol’ana, 2007. Seňa : PONT s.r.o. (In Slovak)

Web information retrieval inspired by social insect
behaviour
∗

Anna Bou Ezzeddine

Institute of Informatics and Software Engineering
Faculty of Informatics and Information Technologies
Slovak University of Technology in Bratislava
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Abstract
This work is focused on retrieving information from Web,
which represents the biggest source of information that
could be used by human. In the process of retrieving useful information, new approaches have been established by
using different principles and theories. Methods of solving problems inspired by nature or biologically are used in
Informatics quite frequently. Their potential is confirmed
in proposing new and making the well-known methods of
solving various kinds of problems more effective. Inspired
by social insect’s behaviour and building upon an analysis
of related works, we proposed in our work an upgrading of
a chosen bee hive model used for retrieving information.
The implemented model represents a multiagent system,
which uses a bee as a thematic agent for retrieving information from Web. In our work we used an adapted
model in order to follow (trace) a story that is developing
on the Web that represents a new approach in retrieving
information. In this case the time of publishing the story
is also important according to the event it is related to.
In order to retrieve an increased number of documents of
higher quality in the process of searching, we proposed a
hierarchical interconnection among several bee hive models. The advantage of the proposed solution in searching
with the help of bee hive’s metaphor compared to conventional searching are higher flexibility, more effective
source searching that changes during the time and an opportunity to react dynamically to these changes.
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1.

Introduction

The World Wide Web (the Web for short) has impacted
on almost every aspect of our lives. It is the biggest and
most widely known information source that is easily accessible and searchable. It consists of billions interconnected documents called Web pages, which are authored
by millions of people. Since its inception, the Web has
dramatically changed our information seeking behaviour.
The Web has also become an important channel for conducting businesses and provides convenient means for us
to communicate with each other. It is a virtual society.
The World Wide Web is defined as a wide-area hypermedia information retrieval initiative aiming to give universal access to a large universe of documents [9].
In simpler terms, the Web is an Internet-based information network that allows users of one computer to access
information stored on another one through the world-wide
network called the Internet.
Social insects living in colonies like ants, bees, termites,
wasps are known for their organizational skills, without
any central organization [5]. The organization of whole
colony is affected by an individual interaction between
each other, the interaction between an individual and environment and behaviour of individuals themselves [2].
This work deals with Web information retrieval, while the
main part is focused on methods inspired by the behaviour
of social insects. It is built on the knowledge described in
several publications and focuses on the description of the
possible improvements of different approaches.

2.

Methods inspired by the behaviour of social
insects

To solve complex problems, scientists have often been inspired by the behaviour of animals which is observed in
nature. At first view the behaviour of individuals may
seem very primitive, but as a whole, they can simply and
very effectively solve complex problems. A frequent example for inspiration is the problem with collecting food
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by ants, bees or fish. If the observed simple rules are later
transferred to the algorithm, they create a simple but very
effective means for solving various complex problems.
In the field of artificial life, social insects have a key position, mainly due to the relative simplicity of behaviour
of individuals in connection with complex collective behaviour. Communities or colonies of social insects are
able to develop the means to solve the problems collectively. The complexity of these tasks exceeds the individual’s ability. They are able to solve tasks with no central
leadership, with absence of the fixed structures given before, despite the existence of significant internal noises.
Intelligent behaviour of social insects is generated through
indirect communication among individuals of colony known
as the principle of stigmergy. Word stigmergy by [1] was
used in 1950 to name types of interactions between social
insects, which originated for example during the construction of termite mounds, ant hills by ants, hives by bees.

Modifications and improvements of the referred system
[12] were presented in [19]. The authors noticed a deficiency of the model [12] in the way a bee is initially
assigned a food source. They introduced a dispatch room
into the model and the model has been further parametrized
by initial distribution of bees. Resulting from these modifications, they achieved a decrease in the number of bees
needed and reduced a probability of abandomning a lasting source of quality.
The model [19] uses a set number of bees to find the best
sources by evaluating them and using social interaction
to agree upon the best of the sources. The mechanism of
interaction is shown in Fig. 1.

User query

Dispatch room

1  PDsi

Dance?

Stigmergy is a mechanism of spontaneous indirect coordination between individuals of the community. It is a form
of self-organization, where the colony creates complex, apparently intelligent structures without any necessity of
central planning and management. It supports effective
cooperation between the very simple animals, which do
not have to have memory and intelligence. This deadlinestigmergy has been later transferred to other fields including science.
In [3] authors deal with the description of self-organization
of the bee colony. The colony selects the best source of
nectar by using simple rules. The bees fly off to the environment and find food for the colony. When a bee locates
food, returns with it to the hive, while bringing the other
bees a report of the food source.

Hive

1 P
Dance floor

3. Bee hive metaphor

sourcei

Leave?

sourcej

PXsi
s

PF j

sourceM

Follow?

Auditorium

1  PF j
s

Figure 1: Model of bee community behaviour by
[19]
Model parameters:
• the total number of bees in a model N (BIOR+BISB);
• initial distribution of bees:BIOR represents the number of bees in the auditorium, BISB number of bees
that fly off into the resource base;
• maximum dancing time for a food source MDT, particular dancing time is dependent on the quality of
the source (M DT ∗ quality);

In [27] authors discuss modeling of collective food gathering by bees. Individual-oriented model is constructed
to simulate the collective behaviour of real bees during
collecting food. Each bee follows the same set of rules of
conduct. Intention of the drafters was to create a simulation model, which is going to achieve similar results to
those which were published in [25].

On the basis of the mathematical model of [4] there was
devised in [10] and presented in [11],[12] a prototype of
multi-agent recommender system, using the metaphor of
social insect colony behaviour - honey bee dancing. The
authors were inspired by [24] and [23] but used different
approaches to solve the problem. This issue was discussed
also in [13].

source1
si
X

Authors in [25] experimentally proved that a decision which
a bee makes in process of searching food is based on very
limited information obtained from sources visited before.
Despite such a simple behaviour of each bee, the colony
chooses the best source of food. The source is selected by
an extent of dancing for a better source and an abandonment of poor quality source.

The mathematical model which represents the dynamic
interaction between bees in the process of carrying food
from two sources is described in [4].

Source base

PDsi

• maximum time that a bee spends in the observatory
OT, is fixed, but the bee before ending of this time
may be seduced by another bee;
• information noise NOISE, accuracy in exchanging
information between a dancing bee and an observing
bee;
• evaluating error of the source quality ERR.

3.1

Mechanisms of the model

When a user inputs a search query, the bees leave the
dispatch room and they are randomly assigned to the
sources. After a bee has collected enough food it returns
to the hive. She makes a decision, whether she is going
to stay with the source, or abandon it. The probability
of staying with the source is equal to the quality of the
visited source, if expressed as a number within <0, 1>.
If a bee decides to stay with the source, she makes another
decision, whether to forage further, or to start dancing for
the source. Again, the probability of deciding to dance is
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equal to the quality of the source. If the bee decides to
start dancing for the source, it moves to the dance floor
and starts dancing. The length of a dance depends on
a set parameter of the model called ’maximum dancing
time’ and quality of the source. The better the source is,
the longer the bee dances. The bees that decide not to
dance return to the same sources they visited before and
continue foraging.
If a bee decides to leave the source, she moves into the
auditorium to observe the dancing bees, for a set amount
of time that depends on a set parameter of the model
called observation time. She then considers the sources
being propagated at the dance floor by the dancing bees.
The chance of choosing a propagated source is equal to
the number of bees dancing for the source in the total
number of bees. If a bee fails to choose from the propagated sources within the observation time, she transfers
into the dispatch room and israndomly assigned to some
source. This is important, because if we have fewer bees
than sources, we will need a mechanism to find and subsequently propagate those initially unassigned sources.

3.2
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• There is a high convergence of bees to a limited number of sources in the model. Increasing the parameter N (100) makes an increase in the quality of the
sources, but not the amount of promoted sources at
the end of search.
• Increasing the number of bees does not replace the
need for the recommended parameter settings M DT =
2 and OT = 2. Even with higher numbers of bees
(100), improved search results in different M DT ,
OT set points are not guaranteed.
• By setting of appropriate values of parameters M DT
and OT the probability of obtaining the highest
quality sources increases. The values of these parameters do not provide a balanced promotion of
sources according to their quality.
Fig. 2 shows relatively fast promotion of the finest source
(m1z80 98 %), but also a substantial suppression of sources
(m1z74 96 %) and (m1z64 95 %), whose quality was only
marginally lower. In this search model parameters have
these values: N = 30, M DT = 2, 0T = 2, 10000 sources.

Experiments with model

We continued with experiments using the modified model
[20], [21]. We have made several experiments with the parameters of the model, searching for relevant information
in the documents database, calculating PageRank websites. We presented the model extending in [17].
Inspired by the model [22] and papers by [26], [8], [6] we
successfully used designed model in stochastic optimalization of mathematical functions [16],[18]. This issue is
beyond the scope of this work, therefore we do not present
detailed results.

3.3

Model parameters

Bee hive model is based on the probability of bees transferring into certain states (dancing, observing, collecting
bee). The search results which we receive by this model
are to a large extent influenced by the way the model
parameters are adjusted.

3.3.1

Parameters N, MDT and OT

We have implemented a graphical user interface to test
the suitability of parameters settings N , M DT , OT . We
can draw the following conclusions from the test results.
• Dancing time affects the speed of convergence to
the promoted source. By increasing of M DT parameter, the number of bees promoting the source
changes slowly.
• Observation period of dancing bees affects the rate
of convergence to the appropriate source. By increasing the parameter OT bees more converge to
the one and look less for new sources. (Increasing
OT increases the probability of following the dancing bees, thus following sources that have already
been found.)
• Reducing of dancing time and dancing observation
causes improvement in quality of search. We get satisfactory search results in terms M DT = 2, OT = 2,
with a smaller number of bees (30), too. Decreasing OT is for quality of search more important than
reducing M DT .

Figure 2: Experiment: Enforcement of the finest
source.
The aim of our changes is to make bees promoting the
sources steadily according to their quality during the search.
In this way we ensure an equal distribution of bees and
searching around the sources according to the source quality.

3.3.2 Parameter suitability source
Introducing the parameter named suitability is a way to
reduce the convergence to a single source and distribute
sources for bees according to their quality. Bees visit
various sources according to the suitability. Suitability
of source i (DESIRE Di ) is the value from the interval
< 0, 1 > and it is calculated according to equation 1:
Di = Qi − k ∗

(DBQi )2
(N )2

(1)

where Qi is the quality of source i, DBQi is the number
of bees dancing for the source i, i ∈< 1, M >, where M
is the number of sources, N the number of all bees.
By simulation of the adjusted model, we found that assigning a constant k of 0.5 will achieve even distribution
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of bees and promotion of appropriate sources according
to their quality. After the proposed adjustments the bees
were evenly distibuted between several sources.
Suitability of the proposal of that change in the model is
demonstrated in Fig. 3.

When a bee flies outside the hive to the Web page, she
estimates its quality and with the probability q she stays
with the current page, with probability 1 − q she follows
one of the links on the page to visit a new source. Then
she flies back to the hive with her current source with
probability q or stays outside the hive and searches for
better sources with the complementary probability. The
bee cannot stay outside the hive forever, therefore we used
the concept of energy. Every time the bee visits some
source, the energy will increment by the quality of the
source and decrement by a specified parameter. If the
bee has no more energy (energy <= 0) she shall return
to the hive.
The model has been applied to the problem of tracking a
developing story dynamically [15], [14] with a considerable
success. The bees have been able to follow a developing
story on the Web on-line, recommending Web pages containing very relevant material (news, commentaries etc.)
as they were emerging.

4.1

Quality calculation

The quality calculation is divided into three components.
Each of them can reach their maximal value given by the
parameters. The sum of these parameters should be equal
to 1.
Figure 3: Experiment: Equitable distribution of
bees between multiple sources of food.
We found a high degree of convergence to a very limited
group of sources (1-2) while testing the initial model. By
setting the parameters M DT and OT to 2 suitably, we
found a high probability of finding the best sources by
using not a high number of bees (30).
Modification of the model by using the parameter suitability of source allows us to obtain a wider range of results.
Adjustment consists of the introduction of variable assessments of individual sources, based on the number of bees
involved in collecting and dancing for the source. In this
way, we ensure the distribution of all the bees throughout
all time of searching for more sources evenly.

4.

Web Search

In [7] authors present a comprehensive overview of the
current state of algorithms simulating bee swarm intelligence. Different ways of using bee colony in information
systems are described in detail. As stated in [7], the priority of our research is Web searching, i.e. on-line searching
inspired by the bee swarm behaviour.
We applied our model successfully to the domain of online Web crawling. The aim was to appoint the agents
to download the quality pages and to use these pages in
system for tracking the evolving story (e. g in the newspapers).
The bees acted as crawlers, their environment was the
Internet and their food sources were Web pages. Outside
the hive, the bees moved from page to page using the
hyper-links searching for new quality pages. Due to their
decision making and communication in the hive the bees
were able to focus on the more promising sites but kept
the ability to react dynamically on the changes in their
environment.
Fig. 4 displays behaviour outside the hive bee colony.

The count quality component counts the query occurences
n on the page and using the QCOU N T parameter calculates the quality according to the following formula:
qcount =

2(n +

−1

1
2QCOU N T

)

+ QCOU N T

(2)

The header quality searches all pages headers and page title for query occurence.It then chooses the minimal header
number (for case of < title > it was 0 ..., < h6 > it was
6) and calculates the quality according to the formula:
qheader = QHEADER − h ∗

QHEADER
HEADERM AX + 1

(3)

where QHEADER is the maximal value allowed for header
quality, h is the minimal header number and HEADERM AX
is the maximal header number we want to take into account.
The Flesch readability index is an integer indicating how
difficult is to understand the document. It is computed
according to the formula:
F I = 206.835 − (1.015 ∗ ASL) − (84.6 ∗ ASW )

(4)

where ASL is average sentence length (syllables/words),
ASW is average number of syllables per word (words/sentences).
We compute Flesch’s readability index only in the case if
at least one of the two before mentioned qualities was of a
non zero quality. The source obtains this partial quality if
Flesch’s readability index was from the interval < 0, 50 >.

4.2

Web story

According to A. N. Whitehead, the founder of symbolic
logic, an event is defined as something that happens. Event
- a story is an essential element of (physical and mental)
events, which can be observed in a period of time. In this
interval, it is possible to track the creation, qualitative
changes and in the case where the whole event happened
in the past, also extinction of events. Tracking the developing story is a new approach of information searching
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Figure 4: The behaviour of the bee hive outside the hive [17]
based on searching, sorting and arranging time information associated with a specific event.
We used the model described above to perform story tracking, an activity performed upon Web on-line. Aim of the
on-line search is not to obtain a single piece of information, the aim is to find a relevant set of pages which would
form together a story. This should not be a general search
engine. Instead, it is supposed to be used on news portals
or any other sites containing frequently updated or added
information. The best application is for headline stories
where new information is being added very often.
Thus our aim was to devise a method implementable on
a personal computer that would be capable of supplying documents related to the developing story as they are
emerging on the Web for several hours or days. It seems
that any such method must include searching the Web.
After collecting a set of related documents, it is necessary
to filter and cluster the data set. News portals contain
mainly articles, annotations, discussions, blogs and symposia. Articles are important from the aspect of information tracing. Information that was found and sorted was
classified according to the publication date.
We used the event of earthquake in Haiti that has been
widely monitored by media, at the time as a developing
story. In our experiment, three news portals represent
the start Web pages: www.pravda.sk, www.sme.sk and
www.ta3.com. The key words that we looked for were:
earthquake and Haiti.
The process of following the story was divided into three
parts. The first part is represented by an experiment that
took place from 13th January 2010 10:00 a.m. to 14th
January 2010 4:00 p.m.
We used parameters and the settings from the table 1.
In the first part 9327 Web pages were found, out of which
1066 were of non zero quality. Web pages of non zero
quality where divided into 5 classes: informative pages,

Table 1: Parameters used in Web story
Number of bees
30
Maximal dancing time
2
Maximal time in auditorium 2
Default energy
1
Energy decrement
0,05
Max. count quality
0,7
Max. header quality
0,15
Max. header number
3
Flesch’s readability index
0,15

list of articles, discussions, blogs, graphic contents. Discussions and blogs are irrelevant because they represents
only reactions to the event. The list of articles has no
informative value, but is important for page discovery.
During the first part of experiment 217 informative pages
with a quality higher than 60 percent were found. The
most frequently used words on those 217 informative Web
pages were: disaster, tragedy, victims, OSN, chaos, help.
13 pages with quality higher than 90 percent were recommended to the user. These Web pages were classified
according to the published date extracted from the page.
The second part of the experiment took place 16th and
17th January 2010 always at the same time: from 8:00
a.m. to 5:00 p.m. 11439 Web pages were found, 1193
with non zero quality. 298 informative Web pages with
the quality higher than 60 percent were found. The most
frequently used words which occured on the Web pages after 16th January 2010 8:00 am were: cadavers, indigence,
looting, despair, water, help. Gradually, it was recommended to user 36 informative pages with quality higher
than 90 percent during this experiment.
The last part of the experiment took place from 18th to
21th January 2010, always at the time from 6:00 p.m. to
11:00 p.m. 12576 Web pages were found, out of which
1271 of non zero quality. 327 informative Web pages possesing a quality of above 60 percent were found, 66 Web
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pages was recommended to user. The most frequently
used words on the Web pages after 18th January 2010
6:00 p.m. were: water, collections, help, charity, putrefaction, physicians.
When repeating the experiment twice or three times, the
algorithm found almost all the Web pages that were marked
as relevant by the previous algorithm run, hence supporting a hypothesis that our method based on the modified
bee hive model is quite robust.

5. Proposing a hierarchy
We contemplated an opportunity of linking several hives
to a certain structure by creating a hierarchy, which allows
mutual communication not only between individuals in
the hive, but also between hives. We hypothesize that
an appropriate combination of several hives can improve
search results.
We used a regular tree structure, where nodes represent
hives and tree leaves represent bees as introduced in [18]
and [16]. Each bee is a part of the first level of hive and
each hive (except the root hive) is part of some higher
level (parent) hive. So, bees are present only at the lowest
level.

5.1

Bee and hive in a hierarchical hive

Behaviour of a bee in the hive and outside of it is not
changed in a hierarchical hive compared behaviour of bee
in the original model.
Behaviour of the hive (except for the root one) within its
parent hive is very similar to the behaviour of a bee in a
hive.
There is a horizontal communication among entities at the
same level of hierarchy. Only descendants of one parent
can communicate.
Bees communicate only through dance in dance room in
their hive, the bee hives by dancing in dance room in their
parent hive.
Vertical communication represents communication between
the superior and inferior (between bee and hive, hive and
its parent hive). In this communication, only directly adjacent entities at different levels (parent, child) can communicate with one another. According to the location of
entities in the hierarchy, there are several kinds of communication relations possible, i.e. bee - hive, offspring
hive - parent hive, hive - root hive. Vertical communication takes place through abstract bees (AB) in the dance
room. Actually, these bees do not exist outside the dance
room. Number of abstract bees (db) promoting source qz
depends on the quality of the source qz ∈ h0.1i and AB
parameter.
db = qz ∗ AB

(5)

Each beehive dance room includes the dancing bees from
this hive and the abstract bees, promoting parental hive
(except the root one). The source, for which most bees
will dance in the dance room, will be evaluated as the best.
This source will be promoted by dance between sources
on the same level or by abstract bees in their offspring
hives.

5.2

Story tracking using a hierarchical hive

The event that was tracked was the earthquake in Haiti
in 2010.
We used three-level hierarchy (1-2-3-2-10) with 120 bees
at the lowest level in this experiment.
The experiment was performed on 27th April 2010 from
2:00 to 12:00 p.m. In this experiment, we downloaded
35247 pages of which 2875 have non-zero quality. We
performed the same experiment on 28th April 2010 at the
same time with a beehive without hierarchy to compare
searching quality.
We searched 140 sites, which present 86.4% from previously searched sites (162) with a quality higher than 90%
while a similar number of pages (35711) was downloaded.
Table 2 shows the total number of pages with quality
higher than 90% looked up in different stages.
Table 2: The number of looked up sites in various
stages of the search
search
page with quality higher than 90 %
1st search stage
1st Phase
13
2nd Phase
13+23
3rd Phase
13+23+30
2nd search stage
hierarchical model
13+23+30+96
basic model
8+15+25+93
When comparing the results of these searches, we found
that the original model was not able to find especially
earlier published sources. We sought only 8 sources in
the first phase (61.54% of sources compared to the hierarchical model), 15 newly discovered sources in the second
phase (65.22%), 25 newly discovered sources in the third
phase (83.33%), 93 newly discovered sources found in the
second stage (96.88%).
It is to be noted that by using a hierarchical model, searching speed does not improve, but we can observe an increase in precision search and discovery of more quality
sources.

6.

Conclusions

The proposed modified model represents a multiagent system which uses a bee as a topical agent for searching information on the Web.
Searching for information from websites by the method
using the metaphor of the bee hive is a new look at options
and ways to search. The modified model was used to track
current events:
• earthquake in Haiti,
• the fall of the Polish government aircraft
• floods in Australia.
Experiments ran for several hours to days, during which
we have sought, evaluated and recommended the highest quality sources to the user. The searching was online. The search was not stopped in local extremes. The
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user has an opportunity to change the quantity and quality of the displayed and recommended sources, which are
grouped by quality and date of publication during the
search.
We achieved an increase in the amount of searched quality
sources by using hierarchical hive.
From the experiments we can conclude the following:
• the method is able to look for Web pages and evaluate the quality of the found Web pages automatically,
• it can collect relevant pages,
• it can reconstruct the story backwards in time,
• it can monitor the story that is developed during
the search,
• it provides statistical results about the searching
process,
• by means of this method we can obtain the most
frequently used words on time distinguishable Web
pages.
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P. Návrat, M. Kováčik, A. Bou Ezzeddine, V. Rozinajová. Information
retrieval using honey bees. In Znalosti 2007, University of
Technology in Ostrava, ISBN 978-80-248-1279-3: 63–74, 2007.
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