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Abstract
There are many problems related to the Web, e.g. one is
overloaded by huge amount of information or a searcher
can get lost in information space. These problems can
be partially overcome by employing personalization. We
focus on the user modeling area and we exploit existing
knowledge, mostly from the Adaptive and Semantic Web.
We focus on creation and maintenance of the user model.
We propose three novel methods for acquisition and main-
tenance of user characteristics in the user model. The
first method is based on generating questions to be used
for user model.The second method is based on the con-
tent analysis and assumes that comparing attributes of
documents, which were found interesting for a user, can
be a source for discovering information about user’s inter-
ests. The third method is based on spreading activation.
If there are connections between information concepts of
the domain model user’s characteristics can be utilized
even for concepts that have not been visited yet. The
proposed methods were evaluated by means of software
tools that were incorporated in research projects.
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1. Introduction
Information technologies have become a part of our lives
in recent history and using services provided by the Web
have become especially popular world wide. One limita-
tion is that not everybody is computer-literate and able to
find the appropriate information effectively. Even though
the Semantic Web introduces solutions to some problems,
there are still many problems that limit the speed and ex-
tent of its expansion. Problems can be partially overcome
if we take into account a user’s particular search charac-
teristics and we exploit existing search optimization ap-
proaches that are currently used in adaptive web-based
applications. The user model in adaptive web-based ap-
plications consists of identifying user’s characteristics that
are used for personalization of layout, navigation or con-
tent. There are several approaches used to acquire user
characteristics and keep them up to date. One method
is to ask the user explicitly or observe the user’s behav-
ior while working with the application (implicit feedback).
Another useful approach is to mine the user character-
istics from logs, which can be processed on client-side
and/or server-side.

We present a contribution to the current state of the art
in the user modeling area, namely we focus on creation
and maintenance of the user model. We propose three
novel methods to acquisition and maintenance of the user
characteristics in the user model. The first method is
based on generating questions to be used for user model
updates. Particular questions are generated according to
the analyzed properties of the information concepts that
are the subject of the observed application domain. The
entire process of asking questions is driven by user-defined
rules. The second method based on the content analysis
assumes that comparing properties of documents, which
were found interesting for a user, can be a good source for
discovering information about user’s interests. Moreover,
in this methodology we impute reasons that might have
caused user’s interest in the content. The last method is
based on spreading activation. If there are connections
between information concepts (e.g., learning objects in
an educational application) of the domain model user’s
characteristics can be utilized to extend and extrapolate
beyond the known characteristics, even for concepts that
have not been visited yet.

The methods were evaluated by software tools that were
incorporated in research projects aimed at job offers (pro-
ject NAZOU [24], http://nazou.fiit.stuba.sk/), dig-
ital libraries (project MAPEKUS [6], http://mapekus.
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fiit.stuba.sk/) and learning programming domain (pro-
ject PeWePro [7], http://pewepro.fiit.stuba.sk/) that
have been conducted successfully at the Faculty of Infor-
matics and Information Technologies at Slovak University
of Technology in Bratislava in the period of 2004–2008.

2. Thesis Objectives
We propose novel approaches to automatic acquisition
and maintenance of the user characteristics that employ
semantics provided by ontological representation. The
main objectives of this work are following:

• We assume that questions can be generated auto-
matically according to the concepts in the domain
model to be used for acquiring and maintenance of
user characteristics for the user model.

• We assume that comparing properties of documents,
which users found interesting, leads to discovery of
information about users’ interests. Our goal is to
propose a method that uses content analysis (simi-
larity estimation) to determine information suitable
for the user model.

• We assume that, if well-defined connections between
information concepts are available, a user’s charac-
teristics can be changed for the concepts, even if
they have not been visited yet by the user. Our
goal is to propose a method for maintenance of user
characteristics in the user model based on relation-
ships among concepts in the domain model.

• Experimental evaluation of the proposed methods
with regard to their domain independency.

3. Adaptive Semantic Web
A way to improve efficiency in information acquisition
is a personalized approach based on user’s particularities
aimed at adaptation of the content, layout or navigation
in the information sources. The adaptation in an adaptive
application is a modification of content, style of presen-
tation and navigation, whereas the personalization is an
adaptation that is provided to the particular user.

Presently, most of the available information in the Web is
provided in a form primarily suitable for human beings,
where the choice of its representation and presentation
is up to individual information providers. Therefore, the
next stage in improving efficiency of information process-
ing is adding semantics to the content (e.g., the Semantic
Web).

3.1 Models of Adaptive Applications
There are two terms used very often – adaptivity and
adaptability . A common feature for both terms is co-
operation with the user. However, in an adaptive in-
formation source a user’s behavior needs to be observed
to obtain necessary information for personalization. In
an adaptable information source, the user’s action is re-
quired, e.g. setting up properties. Adaptive applications
consist of four main parts:

• domain model, which represents the scope for which
the application is designed to be performed;

• user model, where all the actual user’s characteris-
tics, which are necessary for adaptation, are stored;

• adaptation model, which specifies a method for the
adaptation to be accomplished;

• navigation model describes user’s possible moves a-
mong the concepts within the information space.

Since the purpose of the adaptive applications is to pro-
vide personalization, the user model is the most impor-
tant part. There are more definitions of the user model
which differ according to the way the model is used. The
user model represents beliefs about the user that include
preferences, knowledge and attributes for a particular do-
main [20]. We use the common term user characteristics
to describe preferences, knowledge, attributes and other
identifying features that are included in the user model.
The user’s environment together with the user model is
called the context model.

Adaptation in the web-based applications occurs on three
levels, namely adaptation of the content, presentation [27]
or navigation. In Brusilovsky’s works [8, 9] we find tech-
niques for adaptation divided in two groups. The first
group aggregates techniques related to the adaptation of
the presentation (including content). The second group
contains techniques for adaptation of the navigation (see
Figure 1).

Adaptive 
hypermedia 
technologies

Adaptive 
navigation 

support

Adaptive 
presentation

Inserting/
removing 
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Dimming 
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Figure 1: Taxonomy of adaptive hypermedia tech-
nologies [9].

A detailed description of these techniques is beyond the
scope of this work and is provided in [8, 9]. For the con-
tent adaptation Brusilovsky recognizes and utilizes meth-
ods like conditional content, alternative content, or sort-
ing of the content. It is possible to realize these methods
by using various techniques, namely inserting, removing,
altering, sorting, dimming fragments and stretchtext.

In this work we focus on adaptation based on the user
model (i.e., personalization) so it is important to note that
the user model must be also adapted to be continually up
to date and to provide proper information about the user
for further personalization.

3.2 Adding Semantics to Adaptive Applications
When a content presented to the user is personalized, it
is still suitable only for a human because it is designed for
use by humans. One solution is to represent the Web con-
tent in a form that is easily machine-understandable. Here



Information Sciences and Technologies Bulletin of the ACM Slovakia 3

emerges Tim Berners-Lee’s vision known as the Semantic
Web initiative [5] that tries to add semantics to knowl-
edge to make it processable by automated tools as well as
by people. Probably the easiest way to capture the mean-
ing of the content is provided by metadata. However, au-
thors of the content can use own terms to describe seman-
tics of the presented information, with resulting variation
in metadata descriptive elements which causes problems
for heterogeneous applications using various information
sources.

A more complex solution than metadata provides an on-
tology. The term ontology originates from philosophy,
namely from the study of the nature of existence. We use
Studer’s et al. definition [26], which extends Gruber’s def-
inition [16] where an ontology is a formal, explicit spec-
ification of a shared conceptualization. In the ontology
we define classes (e.g., general things), instances (partic-
ular things), relationships among those things, properties
(and property values) of things, functions, constrains and
rules. This gives the ontology much more powerful ex-
pressiveness than the metadata approach has. Another
term, which is used very often along with ontologies, is
a concept .

An example of an instance representing a part of job offer
in a job offer application domain is depicted in Figure 2.
Rectangles used in Figure 2 represent instances of con-
cepts. Every such an instance has its unique identifier,
but we present only its label for clarity (e.g., Salary).
Datatype and object properties are used to assert specific
facts about instances. Datatype properties express re-
lations between concept instances and RDF literals and
XML Schema datatypes. Object properties express re-
lations between two instances. To distinguish between
object and datatype properties a dashed line is used for
datatype properties (e.g., maxAmount). JobOffer is the
instance identifier which several properties are connected
to. For simplicity, we present only a few of them, and sur-
round multiple properties (e.g., property hasPrerequisity)
by a rounded box.

String

Programmer/Analyst

Float
60.0

JobOffer Full timehasJobTerm

hasStartDate

Salary

hasSalary

US Dollar

isInCurrency
minAmount

maxAmount

hour

perPeriod

offersPosition

hasPrerequisite

String

...

hasText

String
Any VB6 and COM 
experience is a big plushasText

Float
50.0

hasDutyLocation

Washington, D.C.

VB6 and COM

VBScript and HTML

ASP.NET
Date

2008-05-01

Figure 2: Example of an instance representing
a part of job offer.

In adaptive web-based applications, the ontologies can be
used as a mean to represent models. We focus particularly
on the user model and also on domain model which it is
interconnected with.

4. User Modeling
A user model represents various user characteristics that
can be used to adapt the content , presentation or navi-
gation of the informational materials presented. A con-
tent of the user model is described with variety of terms,
namely attributes, features, characteristics or properties
are used frequently. We use the term characteristic. The
more relevant characteristics describing the user that are
included in the user model, the more accurate and useful
is the personalization provided by the adaptive applica-
tion.

There are several approaches that can be employed in
the user modeling process. We discuss approaches (e.g.,
stereotype model, overlay model) which are the most com-
monly used and look at user modeling from different per-
spectives.

Stereotype model. The stereotype is a collection of fre-
quently occurring characteristics of users [25]. Users are
associated with one or more stereotypes that commonly
reflect a user’s knowledge, social background, computer
experience etc. The stereotype model is prone to inac-
curacy due to the need for heavy reliance on inferences.
Even for a stereotype that has been selected and applied
correctly, some inappropriate characteristics can be in-
ferred for particular user. Here, it is important to empha-
size that in this case the personalization is not performed
to the benefit of particular user, but to the selected stereo-
type in a collective sense.

Overlay model. The main idea is that a user’s knowledge
of the subject is relevant subset of the domain knowledge
and the overlay user model is an overlay over the domain
model [19, 18]. Any domain concept from domain model
has a corresponding value in the overlay model which rep-
resents the user’s knowledge of the concept. The main
drawback is the necessity of initialization. The way to
overcome this problem is a combination of overlay and
stereotype user model. There are also inherent draw-
backs, e.g. each application uses its own (different) repre-
sentations, terminology, granularity of stored information,
requirements for higher or lower safety, etc.

4.1 User Model Representation
There are several approaches to representing and storing
a user model in web-based applications. We do not discuss
representations that use proprietary formats as this would
prevent the sharing and reuse of the user model.

Non-ontological representations. Using a relational data-
base is quite straightforward, offers good performance,
and several other advantages such as security, distribu-
tion ease, data recovery, etc. Another frequently used
approach is the representation of the user model by an
XML based language. Both mentioned approaches offer
only a way to describe user characteristics and do not offer
any added value from the user modeling perspective. An
ontology-based approach to user modeling offers a way to
move user modeling from the low-level description of user
characteristics to a higher level with additional possibili-
ties.

Representing user model by ontology. The advantages
leading to using ontologies for user modeling come from
the fundamentals of this formalism. Ontologies provide
a common understanding of the domain to facilitate reuse
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and harmonization of different terminologies [20]. These
characteristics support reasoning, which is considered as
an important contribution to the ontology-based models.
By creating an ontology-based user model we increase the
probability that user characteristics will be shared among
a range of systems of the same domain.

4.2 Acquisition and Maintenance of User
Characteristics

We have already mentioned that relevant and up to date
characteristics describing the real user are needed in the
user model to perform accurate personalization. Pro-
cessing of acquisition and maintenance of characteristics
roughly follows these steps:

1. Sources identification. At this stage we need to iden-
tify sources from which we can extract information
for the user model.

2. Collecting information. There are two basic ap-
proaches to collecting information about the user
– explicit and implicit feedback [11].

3. Analyzing and extracting information. Information
acquired by observation of the user’s behavior or
implicit feedback requires further processing before
it is stored in the user model as a characteristic [4].

4. Changing the user model. User characteristics are
stored in the user model. This process is known as
initialization if there is no pre-existing characteristic
in the user model; or maintenance in the case when
that characteristic already exists in the user model
and only its value is changed.

5. Acquisition of Characteristics Based
on Questions

The method employs direct responses from the user. It
can be accomplished by filling in forms, answering ques-
tionnaires, questions, etc. We distinguish questions that
can be answered by filling their missing part or can be
answered with a positive or negative answer. We deduce
that a characteristic of the user, we are interested in, is
a part of the question. Each question contains the name
of a characteristic from the user model. The answer can
be a number, text, ordinal value, etc. The name of the
characteristic can be also contained in the answer.

At the very beginning, a list of properties for a concept
from the domain model is acquired. Each property relates
to a characteristic for which a question will be generated
(i.e., it will appear as an instance of a characteristic in the
overlay user model). Afterwards, properties can be used
for acquisition, if an instance of respective characteristic
does not exist yet in the user model, or maintenance, if an
instance of respective characteristic already exists. To be
able to generate questions we employ templates. Instead
of the name of the characteristic a special identifier is
used in the template. Following context relates to the
question – circumstances, which invoke generating of the
question and an object specifying which question should
be generated and what about. The circumstances of the
question are handled by user defined rules and the object
depends on the particular characteristic being researched
for the user model.

Unique names and priorities assigned to a question along
with its structure are stored in Characteristic binding.
Furthermore, a binding specifies a template and a noun
which will be used in the generated question as a name of
the user characteristic. A suitable template for the char-
acteristic is selected from Question templates according
to its unique identifier. Words to be used in the question
are stored in Vocabulary . The user is also provided with
a part of an answer in the case the answer is of an ordinal
value or an option type. If we deal with the maintenance,
properties are acquired with regard to rules fulfillment.
Employing a priority hierarchy also allows response to the
cases when it is appropriate to suppress the generation of
a question.

5.1 Binding Characteristics
Binding characteristics provides additional information
for the user model that is necessary to generate a ques-
tion. Such additional information for a characteristic are
unique identifier, priority, template and noun used in the
sentence, which specifies a name of the characteristic.
A characteristic can be represented as a set of concepts.
When binding its structure we consider namespaces, class-
es, datatype or object properties, and instances. Sim-
ple characteristics are represented as RDF triples. Such
a structure is easy to bind, but this is not applicable to
more complex user characteristics where characteristics
can have relationships to others, can create taxonomies, or
a characteristic which can get an ordinal value; or which
can be represented as a class or an instance.

We propose a way of assigning names to instances in re-
gard to the structure of concepts. The instances can be
named by using pattern – an instance is created according
to the defined pattern with a timestamp suffix, adjusting
desired value – an ordinal, text or numerical value can be
assigned, and name use – a defined name is used to name
an instance.

We use unique names (i.e., keys) to represent particu-
lar bindings which are stored in Characteristic binding.
A name of a key consists of an identifier specifying a type
of binding and a postfix, which is a unique number as-
signed to the key. There are several possible identifiers
that can be used, namely c (class), op (object property),
dp (datatype property), or i (instance).

In the Figure 3 an example is depicted with keys assigned
to individual parts of characteristic’s structure.

hoursPerWeek
Offer

Source

Float

UserCharacteristic LevelOrdering

relatesTo

hasSource

hasConfidence

offer value

char highest

ExACT

dp1
c4

op3

c1

op1

op2

c2

c3

Figure 3: A characteristic with assigned keys.

5.2 Rules for Question Generation
An advantage of this approach is simplicity of creating
and maintenance of such rules. We employ a well known
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principle for rules: IF [condition] THEN [action]. Re-
quired parts of the condition are a characteristic from the
user model, operator, and parameter of the condition. De-
fault action generates a question. A condition is defined
according to data types, which represent a value of a char-
acteristic. Literal values can be of several types defined
according XML Schema. An instance can get an ordi-
nal value or an option. Operators, such as less, greater,
equal as well as special operator instanceOf, can be used
in a condition. Well defined rules initiate generation of
a question in a right time, e.g. if a characteristic is older
than given time period. Another example is generating
questions with regard to a tool that is responsible for cre-
ating or updates of the characteristic. Employing priority
allows also reaction to the cases when it is appropriate to
suppress the generation of a question.

5.3 Discussion
The proposed method is based on generating questions
in natural language (here English). We employ concepts
from the domain model in the process of question gener-
ation. To evaluate the proposed method a software tool
called Explicit Actualizer (abbreviated ExACT ) was de-
veloped. The method was evaluated using the job of-
fer domain ontology (created in the course of the project
NAZOU) and ontology of scientific publications (project
MAPEKUS) with respecting user models (represented as
ontology). In both domains, we bound selected character-
istics and created templates to generate questions. Fur-
thermore, rules to manage generating questions were de-
fined. The templates were proposed with regard to their
universality, i.e. our goal was to design templates to be
used for as many questions as possible. However, the case
when too many templates are provided is not very rea-
sonable, e.g. creating one template for each question is
not very effective. We designed 7 templates for the job
offer domain that allows for generation of questions ad-
dressing 22 characteristics. For the scientific publications
domain we proposed 3 templates which allow generation
of 5 questions only what is influenced by the straightfor-
ward structure of the domain.

The main problem of feedback based solutions is that nec-
essary questions are mostly hard coded for a particular
application. However, there are some solutions that use
generation of the questions, such as dialog systems. Dia-
logue systems can provide relatively open-ended prompts,
i.e. users may provide responses that are not an exact fit
with what is expected [23]. Employment of ontology helps
to exploit well known relationships to achieve more nat-
ural communication. Sentences are generated according
to templates. The type of the template as well as the
use of proper terms is driven by rules. In [22] there is
described an approach to planning utterances in natu-
ral language that can dynamically use context informa-
tion about the environment in which a dialog is located.
The educational system OntoAIMS [13] is built upon the
OWL-OLM. OWL-OML uses a dialog agent to maintain
dialog with regard to the prepared questions. The ques-
tions are generated according to the domain concepts and
can be answered by transforming them into queries. Our
method generates questions according to a concept’s prop-
erties and provides the user with prepared answer consid-
ering the type of the question. The M-PIRO project uses
meta-data to generate text in natural language [3]. Unlike
this project, our method generates questions with regard
to concepts.

6. Acquisition Based on Content Analysis
We present a method for the comparison of instances of
ontological concepts aimed at the identification of com-
mon and different aspects for personalization purposes.
The method exploits the advantage of ontological infor-
mation representation and computes instance similarity
with regard to particular properties of concepts. In per-
sonalized applications where the user model is available,
the method also supports more accurate similarity com-
putation for individual users according to their charac-
teristics. Our method is designed with regard to domain
independency to be available for using in arbitrary do-
mains.

6.1 Recursive Traversing of Ontology Instances
The main idea of the method comparing ontology in-
stances is based on the evaluation of common property
pairs present in both instances. The rough principle of the
method illustrating comparison of two instances instanceA
and instanceB is shown in Algorithm 1. Detailed descrip-
tion of the method is provided in [2].

Algorithm 1 Recursive method basics

function getSimilarity(instanceA, instanceB)
set similarity to 0.0
set counter to 0
store properties for instanceA and instanceB
to properties

foreach property in properties do
increment counter
if property is in both instances then

store connected elements
to elementX and elementY
add
computeSimilarity(elementX, elementY )
to similarity

else
add 0.0 to similarity

end if
end foreach

return similarity/counter
end function

function computeSimilarity(elementX, elementY )
if property is datatype then

return
getDatatypeSimilarity(elementX, elementY )

else
set similarity to 0.0
add getObjectSimilarity(elementX, elementY )
to similarity
add getSimilarity(elementX, elementY )
to similarity
return mean value of similarity

end if
end function

When comparing two instances of the concepts, properties
can appear as single in both instances, multiple in both
instances, or single/multiple in one instance only.

When the property has a single occurrence in both in-
stances, then the similarity of related elements (instances
in the case of object properties or literals in the case of
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datatype properties) is evaluated using different similar-
ity metrics. The comparison of datatype properties ends
after a metric is used to compute the similarity measure
between the related literals. For object properties a met-
ric for related instances is used (e.g., taxonomy distance)
and further comparison is performed recursively on the re-
spective instances until literals are reached or until there
are no properties left.

Multiple occurrences of properties (e.g., hasPrerequisite)
in an instance are the most complex case we address. In
this case, two sets are constructed which contain elements
connected to the examined property in the first and sec-
ond instance respectively. These two sets can have dif-
ferent cardinalities – the problem is to identify similar
elements between these two sets. We use our similarity
measure to identify such element pairs, which are then
compared and the computed similarity contributes to the
total similarity between the two instances.

However, the identified pairs do not provide satisfactory
results in some cases. For example, if in the first in-
stance the hasPrerequisite property has the value“Java or
C programming” and in the second instance multiple val-
ues “Java programming” and “C programming” consistent
results are difficult to achieve. In our approach a pair with
higher similarity according to the used similarity metric
is selected (i.e., similarity with only one property’s value
from the second instances is considered), but more com-
plex heuristics can be proposed and employed to identify
a 1 : n mapping.

If single or multiple occurrence of a property occurs only
in one instance, we estimate similarity of values attached
to the property as equal zero. It is based on the similarity
definition, i.e. the similarity equals zero if two objects
are entirely different. Here, we assume that instances are
entirely different in the property, since a value is assigned
to the property in one instance only.

A variety of comparison metrics can be used to com-
pute similarities between instances or literals connected
to a property. We proposed two groups of metrics with
regard to a property’s type since they must be treated
differently due to their different nature – datatype and
object metrics. The description of the metrics is beyond
the scope of this paper.

6.2 Similarity Estimation
The total similarity between two instances of ontologi-
cal concepts is aggregated as the mean value of the sim-
ilarities computed between elements connected to par-
ticular properties. The computed similarity is symmet-
ric. Let PropertySM be a similarity measure (SM) that
is computed for elements connected to a common prop-
erty. Then similarity measure sim (InstA, InstB) for two
instances is computed as follows:

|A∩B|∑

i=0

PropertySMi (elementA, elementB)

|A ∪B| , (1)

where elementA and elementB are elements (instances or
literals) connected to the i-th property. Since there can
be datatype or object properties, we introduce the Gen-
eral similarity measure that encapsulates all the similarity

measures that are available. It is computed for elements
connected to a property (e.g., PropertySM used in the
Equation 1 is its special case). The General similarity
measure is computed with regard to the property type. In
the case of a datatype property the used metric depends
on the corresponding literal type as described above. For
object properties, the similarity measure for related in-
stances is computed as the aggregation of the label-based,
property-based and taxonomy distance similarity measure.

6.3 Personalized Similarity and User Characteristics
The aggregate of partial similarities is always the same
no matter what the context is. To improve the accuracy
of our similarity evaluation method with respect to in-
dividual users’ preferences (if a user model is available),
we introduce weights that personalize the similarity esti-
mation which are computed for particular properties and
allows us to compute personalized similarity for individ-
ual users. The weight gets a value in the range 〈1, w〉
based on the match between the property and the value
of the corresponding characteristic in the user model.

For personalization purposes, our goal is not only to com-
pute the similarity between instances but also to inves-
tigate reasons that “caused” the similarity or difference.
User preferences can be deduced from implicit and ex-
plicit user feedback (e.g., rating). We assume that if the
instance includes a property whose value the user likes,
it will likely influence his/her rating towards the higher
(or positive) values. On the other hand, properties of the
content with the values that the user dislikes will influence
rating towards lower (or negative) values.

Since we are interested in properties that significantly in-
fluence user rating and thus also total similarity, we in-
troduced two threshold values that divide properties into
three sets based on the computed similarities. If the sim-
ilarity computed for a property is greater than the posi-
tive threshold then the property is assigned to the positive
set, if the computed similarity is lower than the negative
threshold the property is assigned to the negative set.

6.4 Discussion
Experimental evaluation was performed using the soft-
ware tool called Concept Comparer (abbreviated Con-
Com). The evaluation was performed on the job offer
ontology. In the first case, only properties that are com-
mon for both instances are considered, thus other proper-
ties are ignored and do not influence the total similarity.
Using only common properties resulted in a narrow range
of similarity values – in 89 % of the cases the similarities
were in the range 0.30 to 0.75. We set the positive thresh-
old experimentally to 0.65 and the negative threshold to
0.25, but such thresholds do not produce useful proper-
ties that could be used for user characteristics discovery.
Therefore, similarity computed for all properties must be
used to acquire properties based on thresholds.

In the second experiment, a user who assessed similarity
was involved. Similarity computed for common proper-
ties was used for comparison with human estimation since
its values more accurately mimic human assigned similar-
ity values. For experiments where the user model was
involved we used similarity computed only for common
properties. The aim of the last experiment was to inves-
tigate how the user model influences similarity computa-
tion. If the compared properties are similar (i.e., for high
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values of the similarity measure) the personalized simi-
larity increases towards higher values (a positive change
in the figure), while if they are different, the personalized
similarity decreases to lower values (a negative change).

In the following text we compare proposed method to ex-
isting approaches. A method computing similarity among
instances within an ontology is described in [1]. The data
layer estimates similarity by considering simple or more
complex types, such as integer and string. We propose
datatype similarity metrics that deal with all types of
datatype properties as defined by XML Schema. An ap-
proach to ontology matching based on instances is de-
scribed in [21]. Its main idea is to derive similarity be-
tween concepts from the number of shared instances, since
the number of instances is usually greater than the num-
ber of concepts. Concepts are matched with regard to
trigram similarity of their names, though experiments
showed that it is not very effective due to the high di-
versity in the concept names. A two phase method for
instance comparison of tourism ontology concepts is de-
scribed in [15]. The advantage of this approach is that
total similarity for more than two concepts can be ex-
pressed as one number. Furthermore, the similarity of
concepts from different contexts can be computed as well.
The main drawback of this method is that a similarity on-
tology holding similarity relations between properties and
entity names from the domain ontology must be provided
in order for the similarity graph to be built.

We also performed experiments in the scientific publica-
tions domain to investigate domain independence of our
method, where the computed similarity can be useful,
e.g. for clustering algorithms, semantic annotation tools
or repository maintenance tools as well as for the recom-
mendation of similar content in recommender systems.
The aim here was to improve semantic search using per-
sonalized navigation within ontology instances that rep-
resent metadata of large information spaces [27].

7. Maintenance Based on Spreading Activation
With regard to defined connections among the concepts
in the domain model, we spread a change to other re-
lated parts of the domain model, even when the user has
not worked with these parts. In this section we describe
a method for maintenance of user characteristics that uses
spreading activation. Spreading activation principle origi-
nates from psychological studies of human memory opera-
tions. The principle is based on an idea that initial energy
(activation) of a selected node (in a graph) is spread to
other nodes.

Our method was primarily proposed for educational do-
mains where relationships among concepts and their frag-
ments are better defined than for the concepts involving
a job offer domain. However, the proposed method is not
restricted to be used only in the educational domain.

7.1 Models of Adaptive Web-Based Educational
System

Existing domain models usually consist of mutually inter-
connected learning objects that represent learning mate-
rials [10]. Having reusability of the models in mind we
divide the domain model into a knowledge item space and
a learning object space. An example of the domain model
is depicted in Figure 4. The learning object space consists

of learning objects and relationships among them. This
part of the domain model meets the standard view of the
domain model for adaptive web-based systems. A knowl-
edge item (KI) represents a topic or a key word that rep-
resent key terms of the domain. Its aim is a categorization
of available learning objects into knowledge items accord-
ing to learning goals of particular learning objects.

Our approach also supports changing learner’s charac-
teristics for the learning objects, even in the case they
have not been visited yet, as a knowledge item can be
connected to learning objects using relations prerequisite,
contain and isRelatedTo.

We use an overlay user model that models the relation of
the user to the individual parts of domain model. It con-
sists of a domain independent part and a domain depen-
dent part. The domain-dependent part consists of records
about user’s visits, interests and knowledge in current ed-
ucational course.

7.2 Maintenance by Spreading Change
While a user works with a learning object we are obtain-
ing his/her characteristics for that learning object (e.g.,
estimated interest). Since there is a connection between
learning objects and other parts of the domain model we
spread a change to other related parts of the domain
model even though the user has not worked with these
parts yet. Modeling user’s characteristics consists of the
following steps:

1. Setting respective characteristics for actual learn-
ing object (e.g., Example with I/O operations in the
Figure 4) – with regard to user’s activity with the
learning object we can find out user’s interest and
knowledge for that learning object.

2. Spreading changes of characteristic’s values from the
actual learning object to knowledge items (i.e. know-
ledge item Display and Scan).

3. Spreading changes of characteristic’s values from the
knowledge item (Scan and Display) to other related
parts of knowledge item space (Input/Output and
Files).

4. Spreading changes of characteristic’s values from the
knowledge items, which characteristics have been
changed, to related learning objects (i.e., see Exam-
ple with writing to file and Example with displaying
items of array).

7.3 Discussion
For the evaluation process a simple programming course
was created. It consisted of 16 learning objects contain-
ing simple text, exercise and explanation types. Knowl-
edge items, which learning objects are assigned to, come
from ACM classification. The knowledge item space con-
tains 1 476 topics and 4 keywords added specially for our
course. We developed an adaptive web-based educational
application that recommends learning objects according
to defined domain model. The user model is created auto-
matically based on user’s activity (i.e., number of learning
object’s visits, time spent by reading, interest).

We describe the evaluation on spreading interest which is
performed on actual learning object with regard to user’s
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Figure 4: Sequence of steps in process of change of characteristic.

feedback and consequent spreading of changes in the do-
main model. The interest gets a value from the range −3
(the lowest user’s interest) to 3 (the highest interest). The
evaluation starts with the empty user model (i.e., with no
initialized characteristics). We gradually set user’s inter-
est to 3 (to observe changes of interest for actual learning
object), then to 2 (to observe spreading change and com-
bination with previous value of interest) and at last to −3
(to verify changes also for negative values). In the first ex-
periment, the interest was adjusted for the actual learning
object and afterwards it was spread to respective knowl-
edge items, then continued spreading in the knowledge
item space and, at last, spreading of interest continued to
respective learning objects for changed knowledge items.
In the second experiment the value of interest influenced
by its initial value is tested.

There are several ways to model characteristics in a user
model. Mostly used are stereotype (e.g., Multibook) or
layered (e.g., AHA!, NetCoach) user models. In Multi-
book the stereotype can be changed after successfully
passed test. The presentation is adjusted to a stereo-
type not to a user. In the layered user model the evalu-
ation of user characteristics’ for a visited document and
for related parts of the course (characteristic propaga-
tion) is provided. Actualization can be based on author
defined rules [12] or on analysis of learner’s activity. An
alternative approach to rule based adaptation in educa-
tional hypermedia systems is described in [17]. Unlike
our approach, content to be presented is selected accord-
ing to the suitability function that estimates the suitabil-
ity of a learning object for a specific learner. We ad-
just characteristics and then provide the user/learner with
the content with the highest relevance. AHA! provides
a propagation of a characteristic’s change to other parts
of a course via prerequisite relationships between con-
cepts [12]. The propagation is based on author’s defined
rules. Defining rules for each document (or type of docu-
ments) is complicated and time consuming. Furthermore,
maintenance of the rules is necessary anytime a new docu-
ment is added and relations with other documents need to
be updated. Personal Reader is an experimental environ-
ment supporting personalized learning based on semantic
web technologies [14]. The user model (here learner pro-
file schema) provides slots for information about a learner
and is represented as a RDF document. Provided rec-
ommendations are personalized according to the current
learning progress of the user. The entire process of recom-
mending is driven by rules. Our method uses overlay user

model and maintenance of user’s characteristics is based
on spreading activation, i.e. we employed structure of the
domain model to spread changes of user characteristics.
Our approach allows modeling user characteristics in the
entire domain model and not only in the already visited
parts, thus, it provides more accurate recommendations
of learning objects to achieve more effective education.

8. Contributions
Main contribution of this work is a proposal of three
novel methods to automatic acquisition and maintenance
of user characteristics that employ semantics provided by
ontological representation. Another contribution of this
work is its aim at the methods for acquisition and mainte-
nance of user characteristics since, currently, there is less
attention paid to these problems (in comparison to adap-
tive navigation and presentation) in the adaptive hyper-
media field.

Method for acquiring user characteristics based on ques-
tions. The advantage of the method is that questions
are generated automatically for concepts from the do-
main model and afterwards answers are transformed into
characteristics. The entire process (i.e., when and what
question needs to be generated) is driven by user defined
rules that can be restricted by question’s priority. The
method was evaluated using the job offer and scientific
publications domain ontology using our software proto-
type ExACT. We designed 7 templates for the job offer
domain which allow generating questions for 22 character-
istics. For the scientific publications domain we proposed
3 templates which allow generating 5 questions.

Method for acquiring user characteristics based on content
analysis. The method is aimed at comparison of instances
of ontological concepts. The final similarity is the aggre-
gate result of the individual similarities computed for par-
ticular properties while their type is considered to select
a suitable similarity metric for each property. The intro-
duction of similarity metrics for properties allows us to
take advantage of semantics provided by ontological rep-
resentation, which allowed us to extend similarity with
personalized weights reflecting users’ individuality. Fur-
thermore, we investigated reasons (properties) that influ-
enced user evaluation of content (e.g., interest). We have
developed the software tool ConCom that automates the
proposed method. Our experiments showed that similar-
ity where all properties are considered is more suitable
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for discovering user characteristics, while similarity com-
puted for common properties only better mimics the sim-
ilarity estimated by real users.

Method for characteristics’ maintenance based on spread-
ing activation. The method is aimed at maintenance of
user’s characteristics where spreading activation is used.
We described our extension of domain model that enables
more accurate adaptation using two related parts – knowl-
edge item spaces and learning object spaces – that can
be reused across several educational applications. Infor-
mation about the user is in the user model expressed as
knowledge or interest about particular learning objects.
We developed a prototype of an adaptive web-based ed-
ucational application that recommends learning objects
from the domain model. Benefit of this approach is in
changing user’s characteristics in the entire domain model
and not only in the parts that the user has already vis-
ited. Results of our method are used in the process of
personalization and thus more accurate recommendation
of learning objects is performed what helps to achieve
more effective education.
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Abstract
Internet and World Wide Web were developed in evo-
lutionary fashion following changing requirements of the
users and usage patterns. The recent requirements on
the dynamics of World Wide Web, increased interactiv-
ity and effectiveness of cooperation introduce yet another
paradigm shift that goes deep into the architecture of
World Wide Web. A model that can be used to de-
scribe the interactions of physical and virtual worlds is
provided for better understanding of the forces behind
these changes. The target environment for the Internet
and World Wide Web is discussed; motivated by a desire
to better understand requirements of the users. The de-
scribed model and the discussion of desired environment
is used to evaluate the architecture of the Internet and
World Wide Web. Inconsistencies of World Wide Web
architecture are identified and described in detail. Ar-
chitectural improvements are proposed to solve the prob-
lems, described in a form of a new architectural styles
and constraints, especially the RRSS architectural style.
The proposed architecture is divided into several layers of
abstraction for easier understanding and maintainability.

Categories and Subject Descriptors
H.1.2 [Models and Principles]: User/Machine Systems;
D.2.11 [Software Engineering]: Software Architectures;
C.2.4 [Computer-Communication Networks]: Dis-
tributed Systems
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1. Introduction
The interaction with computer system is an important
part of our lives. The computers frequently store and
use data that describe characteristics of physical human
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beings. Yet only a few attempts had been made to provide
a model that would help to understand implications of
personal data processing.

This paper provides a basic structure of a model that may
provide insight into some of the areas that touch personal
data. Some concepts in the problem area are understood
only intuitively and this work attempts to provide more
formalized definitions and it attempts to put these con-
cepts in broader perspective. The work was motivated
by a desire to design an “identity layer” on top of current
World Wide Web architecture. However, that approach
was changed in the process of modeling the system and
analyzing the basic structure of the World Wide Web.
We have discovered that basic identity-related mechanism
must be integral part of the World Wide Web architecture
to be effective. This work describes the motivation and
the reasons for such conclusion and it provides a proposal
of the necessary changes to the architecture of the World
Wide Web.

Today’s World Wide Web was built on assumptions that
most of the shared information is public. It also expects
that only a very limited number of subjects will publish
and modify the information while many subjects will read
it. However, such situation will not hold for much longer.
Many applications build on top of the World Wide Web
are actually making it writable. Wiki, blogging, photo
and video sharing applications allow to add comments to
the resource, therefore influencing its state. The original
World Wide Web architecture has not anticipated that
most of the resources will be dynamic and many of them
non-public or semi-public.

2. State of the Art
Password authentication is a traditional method of au-
thentication, however it is inadequate for highly distribu-
ted systems [52]. To overcome the security issues of pass-
words, several One Time Password (OTP) [35, 36] and
challenge-response authentication schemes [43, 54] were
proposed. However both one time password schemes and
challenge-response schemes in general have some common
security drawbacks. When used in a plain TCP/IP envi-
ronment, connection data can be manipulated after a suc-
cessful authentication takes place. In this case the at-
tacker does not need to attack the authentication scheme
directly. These attacks can be prevented only by pre-
authenticating the server to the client by using other inde-
pendent methods and explicitly authenticating the trans-
ported data.

The Public Key Infrastructure (PKI) is a set of methods
and formats for the management of public keys and all re-
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lated data. PKI uses asymmetric cryptography methods
to achieve its goals. The international standard for the
public key certificate format is based on ITU-T X.509 rec-
ommendation [4] and is widely used in both enterprise and
Internet environments. The certificate authority affirms
certificate validity by its signature. Public key certificates
can be used in many communication systems on the In-
ternet. The most common communication protocol in
use today that employs X.509 public key certificates is
the Transport Layer Security (TLS) Protocol [27]. The
most frequently used TLS mode today is the authenti-
cated server mode. The server has an X.509 certificate
for its fully-qualified domain name (FQDN) and the client
(web browser) has a list of trusted certificate authorities.
If TLS is used in any authentication mode, it provides
only short-term security for the transported data – TLS
protects and authenticates data on the communication
channel only. If the data is stored on the target system,
they are no longer protected. Even if the data block was
received by the server in a mutually authenticated TLS
connection, server is not able to provide any proof of data
origin to the third party. The most common practical use
of the TLS protocol is to secure a WWW communication.
It is called HTTPS [49] and it is essentially HTTP pro-
tocol communicating over a TLS-secured channel. Most
of the connection-oriented protocols can be modified in
a similar way to use the TLS layer for protection.

Public key infrastructure is not well-suited to express dy-
namic trust relationship. The digital certificates used by
public key infrastructures are relatively long-lived, they
are difficult to update and revoke. Therefore the pub-
lic key infrastructure is used to express relations that
are quite static, such as binding name to an entity or to
express contractual relations between organizations. At-
tempts to use client-side certificates haven’t gained any
considerable user adoption. A low penetration of quali-
fied certificates as authentication method for government
services in European countries is a clear indication of this
phenomenon [38]. High cost of the certificates and low
benefits may be one of the reasons of low PKI adoption.
Except for low adoption there are privacy concerns of PKI
usage [25]. Once the certificate is presented, all the at-
tributes and data in the certificate are disclosed to the
verifying party. That means that the certificates should
contain only minimal amount of information to conserver
user’s privacy. However, such minimal certificates have
limited usability and even such minimal information may
expose user to a collusion attack.

Digital credentials [20] is a cryptographic system based
on secret-key certificates that was designed to overcome
some PKI problems. Although the basic principles of the
system are documented, the communication protocols and
the details of usage are not. Therefore it is not possible
to throughly evaluate digital credentials at the time of
writing this document.

Internet identity systems [21, 22, 41, 12, 13, 44, 8, 23, 37,
30] attempt to move the maintenance of user accounts
to a dedicated and shared sites, therefore lowering the
number of accounts a user has to maintain. The mecha-
nism used by such systems is a secure transfer of user’s
identifiers, attributes and current authentication status of
a user from source site (Identity Provider) to the destina-
tion site (Service Provider). The trust relationship must
be established between source and target sites for a source

site to trust the target site’s requests and for a target site
to trust the source site’s identity statements. Establish-
ing and maintaining this trust relationship is out-of-band
for most Internet identity systems.

The Internet identity systems supports one or both of
following methods. Browser-based mechanism assumes
nothing more than a plain web browser on a client-side
takes advantage of HTTP redirects to transfer security
tokens between sites. Client-based mechanism assumes
existence of special-purpose software component on client-
side (identity client) that handles the transfer of security
tokens between sites. Internet identity systems follow the
proxy-based true SSO model according to Pashalidis and
Mitchell [45].

Internet identity system suffers from a variety of prob-
lems. Source site can trivially impersonate any user that
on target site [45]. The source site is able to track the
user’s log-ons on service providers sites. While the source
site cannot track the user’s activity at these sites, the
log-ons itself may provide sufficient information to po-
tentially violate user’s privacy. Global identifiers used by
some systems can be used to correlate user activity as sev-
eral target sites, endangering user’s privacy. Some of the
systems (especially OpenID [8]) is susceptible to so-called
phishing attacks [55], made possible by the architecture,
user interface and design decisions [40]. Internet identity
systems either assume direct trust between sites (e.g. ex-
pressed by exchanging X.509 certificates) or they assume
trust implied from other system. The implied trust is usu-
ally sourced from DNS or the public key infrastructure of
HTTPS, such as in case of OpenID [8]. However, such
approach is not correct as both DNS and HTTPS struc-
tures express only name assignment and does not express
any kind of trust.

Several authors [10, 47] discuss the conceptual foundation
of anonymity and identity in computer systems. The work
of Pfitzmann and Köhntopp [46] is especially noteworthy,
building common terminology on the works of other au-
thors. However the work frequently operates with boolean
values where a scale would be more appropriate and it
does not distinguish between human actors and computer
actors in the system. The modern concept of privacy was
established by Warren and Brandeis [58] as “the right to
be let alone”. Solove [56] describes the traditional view
on privacy as an invasion paradigm and he argues that it
is no longer efficient to address the privacy risks of 21st
century. He proposes architecture based on Fair Informa-
tion Practices [1] which was a one of the sources for OECD
guidelines for the protection of privacy, that are similar to
the EU personal data protection directive [2]. Resnick et
al. [50] are discussing ad-hoc interactions on the Internet
between parties that have no previous relationship. They
propose a distributed reputation mechanisms a solution
for problems inherent in such interactions. The positive
effects of reputation systems on ad-hoc interactions are
also described by Axelrod [11], proposing evaluation of
past actions for the purpose to be used in future decisions.
He describes it as“shadow of the future”that can motivate
users to a better behavior in the present by threatening
to punish bad behavior in the future. However, Windley
et al. [59] note that there is a natural trade-off between
reputation and privacy. They argue that as reputation is
calculated from the record of past interaction, revealing
such record means that part of the subject’s privacy is
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lost. Sabater and Sierra [51] provide a review of compu-
tational trust and reputation systems, classifying them by
a variety of criteria. They note that the reputation can be
seen as global or subjective. A game-theoretic approach
to model Internet interactions based on examination of
the record of past interactions is provided by Friedman
and Resnick [33]. It is shown that the availability of cheap
pseudonyms is harmful to the level of overall cooperation
in the network. Friedman and Resnick propose the cre-
ation of once-in-lifetime certificates to mitigate the effects
of cheap pseudonyms.

World Wide Web (WWW) is a distributed global hyper-
media system that originated as simple hypertext sys-
tem in early 1990s based only on a short proposal [14].
The principles and protocols of current World Wide Web
architecture have evolved during late 1990s, resulting in
definition of URI [19] and HTTP 1.1 [31]. The architec-
ture was guided by the Representational State Transfer
(REST) architectural style described by Fielding [32] in
2000. However, there was no architectural document for
World Wide Web until 2004, when the Architecture of
the World Wide Web, Volume One [6] was published by
World Wide Web Consortium (W3C). The WWW archi-
tecture document retrospectively documented the think-
ing behind the development of World Wide Web. However
according to Fielding [32] the architecture and protocols
of World Wide Web we only roughly aligned with the
REST architectural style and inconsistencies still remain.

Current WWW browsers does not indicate the trustwor-
thiness of displayed information. The information that
browser typically display is limited to URL of the page
and indication is HTTPS usage. This leads to a success
of phishing attacks [26] because users cannot distinguish
authoritative authentication page from a fake page with
the same design. The usability study accomplished by
Dhamija, Tygar and Hearst [26] demonstrated that good
phishing site deceived 90 % of participants.

Current architecture of World Wide Web assumes that
information always comes from its authoritative source
or a trusted proxy. The HTTPS mechanism is designed
to be effective for protection of information under such
assumption. However, the usability of HTTPS is limited
when such assumption does not hold, for example in case
of on-demand data replication and migration.

Internet is a world-wide communication medium. It con-
nects almost 1.5 billion of users [9]. It is unrealistic to
assume that any significant part of such a huge popula-
tion will maintain a long-term relationships with all the
people they interact. It must be expected that signifi-
cant part of the interactions will be carried out between
people and organizations that does not know each other.
Therefore a method is needed that helps Internet users do
evaluate the trustworthiness of interaction partners and
generally any information available on the Internet. The
core of the problem lies in the architecture of World Wide
Web. World Wide Web mechanisms does not provide any
way that can assist users with evaluating trustworthiness
of communication party or reliability of information dis-
covered on the Internet.

3. Dissertation Objectives
The work is focused on the improvement of World Wide
Web architecture, especially on conceptual layers of the

architecture. The objectives of this work are defined as
follows:

• Define goals and expectations for the World Wide
Web architecture and design for a current needs and
for a foreseeable future.

• Evaluate the state, consistency and appropriateness
of World Wide Web architecture according to spec-
ified goals.

• Identify and discuss fundamental problems of WWW
architecture, especially focused on handling of user
identities and evaluating trustworthiness of commu-
tation parties and reliability of information in the
World Wide Web environment.

• Propose architectural improvements in World Wide
Web architecture on a conceptual level, leading to
improved support for evaluation of information re-
liability.

• Validate the proposed architecture and demonstrate
that the proposal can handle situations that are
problematic in current World Wide Web.

One of the primary implicit goals of this dissertation was
to keep the efforts of designing the improvements of World
Wide Web architecture feasible. We sought to provide
complete results at the conceptual level that can be re-
viewed and evaluated rather than incomplete and there-
fore non-conceptional solution of a single World Wide
Web aspect. The review and improvement of World Wide
Web architecture is definitely not an easy task, therefore
we opted to split it to several steps. This document de-
scribe the results of the first step, improving the mistakes
of World Wide Web architecture on the conceptual layer.
Therefore the objectives of this dissertation are set specif-
ically for that purpose.

4. The Model
No practical architecture can be conceived without first
understanding the concepts that underlay the architec-
ture and the needs of the people that seek to gather the
benefits of the architecture. Therefore we provide a model
that attempts to describe and explain the undercurrents
of realspace-cyberspace interactions. The model created
for the purpose of this dissertation is based on the inter-
action of two worlds: the world of human beings (called
realspace) and the world of computers (called cyberspace).
We discuss how people deal with computers and the im-
plications on the reliability of information provided by
computers. We also deal with anonymity and identity of
people in regard to data processing.

The interaction between realspace and cyberspace is made
possible by terminal devices. These devices are entities
that are part of both spaces and they convert information
from a form perceivable in one space to the form suitable
for the other space. Computer monitor, keyboard, cam-
era or independent sensor are examples of terminal de-
vices. Neither realspace nor cyberspace entities are sure
whether the terminal device operates as expected, as they
cannot perceive the other world directly. Correlation of
information from several terminal devices may increase
the confidence in the information, however the reliability
of the information always disputable.
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Based on the discussion above we can formulate following
statement:

Theorem 1. Crossing the boundary of realspace and
cyberspace is always subjective.

The entity receiving data from other space using a termi-
nal device must make its own assumptions about the rele-
vance of the data. It has to (implicitly or explicitly) eval-
uate a level of belief that the data describe what they are
supposed to describe. We consider realspace-cyberspace
interactions to be subjective (as opposed to being objec-
tive). The interaction depends on the interpretation of
the information by both realspace and cyberspace enti-
ties, on their preconceptions, predetermined behavior and
believes, on the presentation and detection capabilities of
terminal devices, on the environment and overall situa-
tion of the interaction. As any information that resides
in the cyberspace originated in the realspace and had to
pass realspace-cyberspace boundary, we may formulate
following statement:

Theorem 2. Any information coming from the cyber-
space is subjective.

Therefore the trustworthiness of the information cannot
be reliably evaluated unless its source is known. The cred-
ibility of the information source must always be consid-
ered to determine the likeness that the information is true.
Therefore we can formulate following statement:

Theorem 3. The source of the information in the cy-
berspace is equally important as the information content.

Based on the reasoning above, we do not require the user
of information should have complete knowledge about the
realspace identity of the source of information. We rather
propose that appropriate information about the source
should always be conveyed with the information content.
We also propose that the source is always taken into con-
sideration when the information is used, while the actual
mechanisms of consideration may vary.

Persons (realspace entities) acting as users of computer
systems are represented in the cyberspace by data struc-
tures. As explained in the previous sections, the computer
systems that are interacting with realspace persons have
limited capabilities of determining the person character-
istics directly. The data structures that represent users
are assembled from subjective information which is com-
monly entered to the system by the users themselves. The
data structure maintained in the computer system is in
most cases incomplete representation of realspace person,
with variable reliability.

We will use the term Subject to represent the the re-
alspace person and the term Persona to represent the cy-
berspace data structure maintained in the computer sys-
tem that is related to the person:

Definition 1. Subject is a conscious realspace entity
that is guided by a free will.

Definition 2. Persona is a cyberspace data structure
that represents some aspects of (realspace) subject or
a cyberspace entity that is governed by realspace subject.
The aspects are represented as a collection of properties
with machine-readable values.

As personas a cyberspace data structures, it follows that
the cyberspace data structures of persona can be only
a subjective representation of realspace subject.

The persona usually originates as an data structure de-
scribing one realspace person (subject). But after the
original creation, the link between the persona (cyberspace
entity) and subject (realspace entity) may not be appar-
ent. According to this, a mechanism is needed that will
allow evaluation of relations between personas and sub-
jects in a running system, long after the creation of per-
sonas. We define a concept of a world set that is a set of
all candidate subjects that could be used as a source for
personas in the system we consider, denoted as follows:

W = {S1, S2, S3, ..., Sn} (1)

We define basic concept of identity using probabilistic
mechanism:

Definition 3. Identity probability is a (Bayesian) pro-
bability that given persona describes given subject. De-
noted

iP,S

whereas P is a persona and S is a subject.

The identity probability value, as well as all other proba-
bilistic metrics defined in the document, are subjective to
a specific observer and depend on his knowledge. While
persona describes exactly one subject (by definition), the
sum of identity probabilities for specific persona and all
subjects in the world set must be 1. The following holds:

n∑

k=1

iP,Sk = 1 (2)

We can define a random variable IP with the world set
W as the collection of source states and with individual
probabilities being equal to identity probabilities of a sin-
gle persona:

P (IP = S) = iP,S , ∀S ∈W (3)

The random variable IP represents possible subjects that
the persona P may describe. Given a specific persona,
anonymity set (denoted ASP ) is a set of all possible sub-
jects from the world set for which holds that the identity
probability of the persona and the subject is greater than
zero. Can be denoted as:

ASP = {S : S ∈W ∧ iP,S > 0} (4)

This definition of anonymity set is a probabilistic exten-
sion of the definition used by Pfitzmann and Köhntopp
[47].

Definition 4. Anonymity ratio of a persona with re-
spect to world set and observer describes the relative un-
certainty in persona correspondence to a subject. Defined
as

ar(P ) =
H(IP )

Hmax
,
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whereas H(IP ) is an entropy [53] of random variable IP ,
defined as

H(IP ) = −
n∑

k=1

iP,Sk log2(iP,Sk ),

and Hmax is a maximum entropy for a random variable
with n states, that is

Hmax = log2(n).

Anonymity ratio of 1 means total anonymity: the per-
sona may describe any subject from the world set with
equal probability. The anonymity ratio will be 1 if the
observer cannot in any way distinguish the subject that
the persona describes (the probability distribution of ran-
dom variable IP is uniform). Anonymity ratio of 0 means
no anonymity: The persona describes a single specific sub-
ject. The anonymity ratio will be 0 if the observer is sure
that the persona describes a specific subject.

Definition 5. Identity ratio of a persona with respect
to world set is a probabilistic inverse of the anonymity
ratio. Defined as

ir(P ) = 1− ar(P ).

The identity ratio describes the degree of observer’s be-
lief that persona P describes some specific subject. Iden-
tity ratio of 0 means no identity: the observer cannot
infer any useful information about the subject that per-
sona describes. Identity ration 1 means total identity:
the observer is sure about the subject that the persona
describes.

Exact values of anonymity ratio and identity ratio may
be very difficult (if even possible at all) to compute in
the practice. Only the estimated values of these metrics
can usually be determined. However we may use other
metrics that can be computed in computer environment
and may provide estimations of anonymity and identity:
analogy and heterology relations and analogy probability
value that may be used to approximate anonymity and
identity in practical scenarios.

Definition 6. The personas are analogous if and only if
the observer believes that they describe the same subject.

Analogous personas describe the same subject. These per-
sonas may be two accounts in different systems that be-
long to the same user or two database records describing
the same person. The analogy defined in this determin-
istic manner may not be very useful in practice. It is
usually difficult (if possible at all) to reliably decide if
two personas are analogous, but it is usually feasible to
provide estimation on how likely it is that the personas
describe the same subject. For this reason we define the
probabilistic version of analogy:

Definition 7. Analogy probability is a (Bayesian) prob-
ability that two personas are analogous. Denoted

lP1,P2 ,

whereas P1 and P2 are personas.

Analogy probability can be seen as a degree of observer’s
belief that two personas describe the same subject.

Definition 8. The personas are heterologous if and only
if they describe different subjects.

Similarly to the concept of analogy we define a probabilis-
tic version of heterology:

Definition 9. Heterology probability is a (Bayesian) pro-
bability that two personas are heterologous. Denoted

hP1,P2 ,

whereas P1 and P2 are personas.

Two personas can only describe the same subject or two
different subjects. Therefore it follows that

lP1,P2 + hP1,P2 = 1. (5)

Analogy probability and a world set based on persona
databases may provide an estimation of anonymity/identi-
ty ratio values in practice.

5. Design Goals and Methods
Architectural model similar to the model proposed by
Fielding [32] is used as a guiding principle in this work.
The behavior of the designed system is described in forms
or constraints: what the system must do and what it must
not. Architectural style is formed as a named set of ar-
chitectural constraints.

Our goal is to propose an architecture that will support
an environment of effective cooperation. Such environ-
ment should induce the positive network effect [29]. It
should encourage the cooperation of any two entities in
the network. The cooperation should not be limited to
channel-oriented interactions, where few strong entities
mediate most of the interactions on the network. It is
expected that the environment will change as the society
changes. The designed system must address such a dy-
namic nature of the environment. No information should
be regarded as permanent. The dynamics of the informa-
tion must be taken into consideration and be reflected in
the architecture.

Three environment settings are considered: anarchy, au-
thoritarianism and environment of responsibility. Anar-
chical environments inhibit cooperation. The effect of an-
archical environment will be a wilderness where few strong
individuals will abuse the majority of others, making them
even weaker and more susceptible to domination. The
business is ineffective, as nobody can be trusted. Long-
term relationships are necessary to build-up relationships
of trust and no long-term relationships could be estab-
lished if the identity of participants is actively hidden.
The authoritarian environments do not scale, therefore
are not usable for internet environment. Even if the ini-
tial authoritarian regime cared about the well-being of
users, that motivation goal tends to be lost in the maze of
bureaucratic labyrinth. The authoritarian environments
(especially bureaucracies) suffer from a high risk of cor-
ruption, which dramatically reduces efficiency. This leads
to a centralized business model that is very difficult to
efficiently scale. The environment of responsibility em-
powers users to exercise their free will, but still makes
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them accountable for the consequence of their actions. It
attempts to find the equilibrium between colliding forces
and keep the system in that equilibrium by self-balancing
mechanisms. We seek to design an architecture that will
support the environment of responsibility.

The proposed architecture must respect privacy of users.
We adopt the proposals of Solove [56] arguing that ar-
chitectural approach is needed to remedy the problem of
privacy in the information age. He proposes architecture
based on Fair Information Practices [1] which was a one
of the sources for OECD guidelines for the protection of
privacy and which are also similar to rules defined by EU
personal data protection directive [2].

An appropriate level of trust is necessary for efficient co-
operation. The cooperation of the parties that do not
trust each other is burdened with high overhead of con-
tractual constraints, management controls and continual
checks. The lower level of information about the trust-
worthiness of the other party means higher risk for the
transaction and therefore higher cost to the controlling
and remediation mechanisms rather than investing to the
core subject of the interaction. We consider reputation as
a key mechanism how to evaluate trustworthiness of the
subjects. Interaction partners may user reputation values
to guide trust-related decisions about the other partner
without requirement for a long-term relationship. Such
a method will be necessary to maintain efficiency in glob-
ally distributed environment.

6. Architecture of the Internet
The development of Internet is an effort of a large and di-
verse group. Computer scientists, application developers,
users and many others, all are taking their part in forming
the Internet. The development of protocols and applica-
tions is not controlled by any central authority. Several
standard bodies are strongly influencing the design of the
Internet, but even those organizations are not a position
of force and control. Such environment contributed to the
evolutionary approach to the architecture of the Internet.
There is no document that describes the invariable archi-
tectural principles of the Internet, as there are no such
principles [24]. As the design of Internet is guided by
evolution and constant change, the occurrence of design
problems and architectural inconsistencies is inevitable.

World Wide Web originated in early 1990s as an dis-
tributed hyper-text system, based on TCP-based Hyper
Text Transfer Protocol (HTTP) and SGML-based Hy-
per Text Markup Language (HTML). It later evolved to
a generic delivery mechanism for information objects. At
the time of this writing is World Wide Web perceived
as a general-purpose “information space” [6]. The World
Wide Web architecture was guided by the Representa-
tional State Transfer (REST) architectural style described
by Fielding [32]. The REST style is based on the Client-
Cache-Stateless-Server style. All interactions are asym-
metric, with the roles of client and server clearly distin-
guished. The server is passive (reactive) and cannot ini-
tiate interaction. All interaction are limited to only those
initiated by client, therefore asynchronous notifications of
events from server to clients is not possible. This limita-
tion is in practice addressed by polling mechanisms, such
as RSS [5] and AJAX [34]. The server component of the
REST architecture is supposed to be stateless [32]. The
statelessness is endorsed as one of the key architectural

principles of REST. When applied to the architecture of
World Wide Web, the use of any state mechanism such
as HTTP Cookies and frames is considered an architec-
ture mismatch. However the assumption of statelessness
can hold only if the resources are immutable and fail if
any of them can be modified. The REST architecture al-
lows for modification of resources, especially when applied
to the WWW in a form of PUT, POST and DELETE
methods of the HTTP protocol [31]. If one of the in-
teractions changes state of the resource, all subsequent
interactions depend on the result of the interaction that
caused the state change. For that reason the interactions
in the REST architecture cannot be considered stateless,
as the state is present in the resources. Fielding does not
address this problem in his description of REST, however
he notes that the use of caching for resource represen-
tations may provide erroneous response. Such an error
would not be possible if REST would be entirely state-
less, in other words if the response would depend only on
the information in request.

Uniform interface is another basic principle of REST ar-
chitecture. However it was only partially reflected to the
architecture of World Wide Web. The URI [19], HTTP
[31] and HTML [3] specifications were supposed to define
the uniform REST-like interface for the World Wide Web.
However these definitions include a considerable degree
of extensibility of the definition, focusing on the syntax
of the interface and defining only the minimal semantic
meaning when needed. While this approach allows to use
the WWW mechanism for a broad range of applications,
the definitions provided in URI and HTTP specifications
are closer to definition of a network layer rather than ap-
plication interface.

The concepts of Resource and Uniform Resource Identi-
fier (URI) are central concepts in the architecture of the
World Wide Web. However only vague definitions of a re-
source are available [6]. It is obvious that resource may
be a realspace object and that resources are identified by
URIs. That implies that one of the intents of the WWW
architecture is to identify realspace objects by URIs. The
World Wide Web architecture document [6] mentions the
concept of URI owners and it recommends a good practice
for URI owners to provide representation of the resource.
It follows that realspace objects should have representa-
tion in cyberspace maintained by the owner of the URI.
Such a representation is always subjective. There is no
assurance that the URI owner is also the owner of the
realspace “resource”, therefore the representation of the
“resource” provided by the URI owner can be harmful.
This problem was recognized [16] and a solution was pro-
posed by the W3C Technical Architecture Group [17] by
not allowing to provide a representation of a resource that
is not an information resource. Although it is claimed in
the decision leaves a consistent architecture, some issues
still remain. The most obvious problem is that the above
decision makes generic concept of URI dependent on the
HTTP protocol definition. However URIs are supposed
to be protocol independent identifiers [19].

The definition of a resource is very vague. It is essen-
tially defined as “whatever might be identified by a URI”
[6]. This may lead to almost anything to be considered
a resource. Even resource representations may by them-
selves be resources (they are often identified by URIs al-
ready). Such a recursive principle gives great freedom of
choice for system implementers, but it may become very
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confusing. The situation may be easy to resolve for hu-
mans, given a specific context of the URI in the message
and the response. But if an automated reputation system
would interpret the negative feedback of a user on a spe-
cific URI, it would be difficult to distinguish whether the
image processing algorithm, photographer’s skill, model’s
look or model’s personality was meant as the target of
the opinion in case of rating a resource representing it-
self as a digital photograph. This situation is made even
more confusing by W3C recommending to avoid arbitrary
URI aliases [6] for the same resource while at the same
time recommending different URIs for something that can
easily be considered different representations of a single
resource [48].

The World Wide Web Architecture [6] document proposes
a practice to avoid URI aliases. However URI aliasing is
a common practice on the web today. It is a common
practice that several URIs identify the same resource by
using different capitalization, omitting slash characters or
using different URI schemes. This practice is clearly in
conflict with the practice proposed by World Wide Web
Architecture document [6], however it is deemed accept-
able by at least some members of W3C TAG [57]. We
consider the practice of using URIs in different schemes
to identify the same resource as harmful. The identifica-
tion of access method should be determined by the client,
it should not be a part of resource identifier. The eXtensi-
ble Markup Language (XML) [7] used for data represen-
tation on the World Wide Web introduced the concept
of namespaces. The XML namespace mechanism is used
for identification other resources as well, for example for
identification of services. The name in a XML namespace
is called Qualified Name (QName) and it is composed
from URI-formatted namespace name and free-form local
part. QNames are not URIs, however the World Wide
Web Architecture document [6] strongly recommends the
use of URIs for resource identification. Although the same
document mandated mapping between QName and URI
this practice is seldom followed, as there is no univer-
sal or recommended mechanism. We see this duality in
using QNames and URIs to identify the same concepts
(resources) as harmful to the architecture of World Wide
Web. We account the difficulties in mapping between
QNames and URIs to the unnecessary flexibility of generic
URI format, which inhibits the attempts to design an uni-
versal mapping mechanism.

The URIs using the http scheme are considered by
World Wide Web Consortium (W3C) Technical Archi-
tecture Group (TAG) to support persistence. The draft
finding of the TAG [57] claims that URIs with http scheme
support persistence as well as it is practically possible.

However, persistence of URIs with http scheme (HTTP
URIs) depends on assignment of DNS name. DNS name
assignment can be made reasonably persistent in the mid-
term scope (few years) for well-established organizations.
However it is difficult for individuals to obtain a DNS
domain under their control. Therefore it is difficult to
implement persistence for HTTP URIs scheme for indi-
vidual users. The W3C TAG draft finding on the use of
metadata in URIs [42] recommends that URIs should be
easy to understand, which is also supported by another
document [15]. This practice may be interpreted to en-
courage the use of human-readable names in URIs. How-
ever, human readable-names are often subject to change,

therefore such a practice inhibits persistence of URIs. The
URIs with http scheme can support practical mid-term
persistence for well-established organizations and host-
ing scenarios. But considering the current situation of
DNS name assignment practice the use of HTTP URIs as
general-purpose persistent identifiers is not practical.

The HTTP URIs cannot be considered pure identifiers,
as they leak several implementation-specific details. They
define the access protocol to use. Although it argued by
W3C TAG [6] that the http scheme prefix should not
be understood as definition of access protocols, the prac-
tice of distinguishing the access protocol from URI prefix
is considered acceptable by the document published by
the same organization [57]. The specification of URI [19]
states that there is a distinction between URI and URL,
but it fails to define a method to distinguish them. The
specification of HTTP URIs [31] does not provide such
mechanism either. Considering a practice common in the
Internet today and the architectural inconsistencies stated
above, we must consider HTTP URIs to be addresses for
a specific use with the HTTP protocol and not a generic
identifiers.

Current architecture of World Wide Web assumes that
information always comes from its authoritative source
or a trusted proxy. The HTTPS mechanism is designed
to be effective for protection of information under such
assumption. However, the usability of HTTPS is limited
when a parading of the “static Web” do longer apply. For
example if a massive replication and data migration mech-
anisms are used, there is no single place of data trans-
mission. The requested information may come from any
node in the network that has a replica of that informa-
tion. There is no single source of data transmission and
there are no trusted proxies.

According to the principles of WWW architecture, any
resource of relevance should be given an URI. The users
of Internet can be seen as resources and they are def-
initely resources or relevance, therefore they should be
given URIs. However, such practice is seldom used and
there is no direct support for that in the World Wide Web
standards or architecture.

The semantic web [18] is a proposed concept that builds
on top of World Wide Web principles. The goal of the
semantic web is not a distribution and hyperlinking of
human-readable documents, but it is rather focused on
the computer-processable description of objects. The ob-
jects are supposed to be described in XML-based data
languages, such as RDF [39]. The semantic web object de-
scriptions are supposed to be ordinary WWW documents
accessible using WWW protocols (usually HTTP). The
semantic web does not store realspace objects. A soft-
ware system cannot store an apple or a car. It can only
store information about the object (object description).
The problems related to this subtle difference were al-
ready identified by Berners-Lee [16]. It may also be an
incomplete claim that semantic web stores the cyberspace
objects, as the semantic web itself may only reference
them and the objects themselves could be obtained from
other systems (using non-WWW protocols). The seman-
tic web is still under development and it is not yet widely
deployed. The opponents [28] of the semantic web con-
cept describe severe obstacles to the feasibility and prac-
ticality of the semantic web deployment. Most described



18 Semanč́ık, R.: Revised World Wide Web Architecture

problems are caused by the unreliable data in the seman-
tic web. We consider the described problems as a conse-
quence of the subjectivity of crossing the realspace-cyber-
space boundary. We argue that the same problems apply
to the conventional World Wide Web. However the hu-
man consumers of World Wide Web can judge the relia-
bility of the content, while computers cannot.

7. Proposed Architecture
Proposed architecture is based on a new architectural
style RRSS, which is heavily inspired by REST style [32].
The style is combined with additional styles and con-
straints to form proposed architecture of World Wide
Web.

7.1 RRSS Architectural Style
A new architectural style, RRSS, is proposed to improve
architecture of World Wide Web. The style defines basic
constrains of structuring and representing information in
cyberspace, while taking into consideration that the ori-
gins of these information may be in realspace and also
that it may be used by realspace entities. The RRSS is
a conceptual architectural style. The RRSS architectural
style defines four basic elements: Resource, Representa-
tion, Source and Semantics. It also defines the relations
and constrains for those elements. The RRSS architec-
tural style derives directly from the empty (NULL) style.

Similarly to the authors of REST architectural style and
the World Wide Web Architecture we find it is difficult
to explicitly define a resource, as it can represent many
different types objects and concepts. However unlike the
authors of WWW architecture we want to be more specific
about the meaning of the resource. Therefore we will
define the resource indirectly by defining the properties
of the resource:

Property 1. Resource is a cyberspace entity.

Property 2. Resource can represent both realspace and
cyberspace object or concept.

Property 3. Resource is a complete, self-contained and
consistent representation of object or concept.

Property 4. Resource state is dynamic and volatile. It
cannot be assumed that a resource follows any specific
state-transition model, unless it is explicitly constrained
by additional information.

The resource could be used for a variety of purposes in
many different applications. It is not known whether it
is possible to design a single mechanism to represent any
resource in a form suitable for all current and future ap-
plications. Therefore we explicitly support polymorphism
by allowing broad range of resource representations.

Proposition 1. Resource can be represented in the cy-
berspace by any number of resource representations.

Resource representation is a cyberspace entity. If a re-
source representation is complete, self-contained and con-
sistent, it may be considered a resource. This possibility

is introducing a recursion in the model which is consis-
tent with the proposed architecture. The provision to
allow any number of representation may be a concern for
interoperability, unless a small set of mandatory represen-
tation formats is defined. This mandatory set may change
slowly over time as the system evolves, but still assure in-
teroperability of most of the software components. There
we recommend:

Proposition 2. Small number of well-defined and sta-
ble resource representation formats should be standardized
and mandated. Resource should provide at least one rep-
resentation in the standard format.

Information that forms a resource representing realspace
concept is crossing the realspace-cyberspace boundary and
therefore it must be considered subjective. We propose to
generalize that principle and apply it to all resources:

Proposition 3. Resource is always subjective.

This generalization would allow to hide the detail whether
the resource source is in realspace or cyberspace from the
users of the resource. As the resource is always subjective,
a source of the resource must be considered to evaluate
the qualities of the resource:

Proposition 4. The identification of a resource sour-
ce is an integral part of the resource.

According to the model introduced in chapter 4, resource
source is a persona. It is not required that the resource
source is a persona that represents a realspace person. Re-
source source may be a persona representing a computer
system, for example if the resource represents results of
automatic summation of database statistics. However, we
expect that many resource sources will represent realspace
persons, as resources produced by such sources will be
most meaningful and useful for the users. The resource
source persona may not represent the realspace identity of
the person. It may be a pseudonym or a persona that only
partially reveals realspace information about the person.
Such approach may allow to dynamically tune the trade-
off between privacy and revealing of information for the
purpose of inducing trust in the consumers of the infor-
mation.

The meaning of the resource may not be interpreted prop-
erly having just the resource representation. For exam-
ple user that sees a picture on his screen cannot be sure
whether the resource represents the picture or the ob-
ject shown on the picture. Therefore an unambiguous
semantic description of the resource is needed for a clear
understanding of the resource meaning:

Proposition 5. Resource can be semantically descri-
bed in a standardized computer-readable form. The se-
mantic description is mandatory for all resources and it
must be a part of any interface that is used to access the
resource.

The basic concepts guiding the use of resources in cy-
berspace should form a foundation for any of its imple-
mentation. Therefore these concepts should not depend
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on any implementation-specific detail. For example the
resources and representations should not depend on any
specific communication mechanisms, protocol or interface:

Proposition 6. The concepts of resource, resource rep-
resentations, resource source and resource semantic de-
scription must be implementation-independent.

The implementation mechanisms should be build on top
of the basic concepts specified above. The implementation
should depend on the basic concepts, not vice versa. The
implementation must provide all the basic concepts and
keep the proper relations between them. This approach
will allow to modify or replace the implementation with-
out changing the basic principles. It is relatively easy
to adapt applications to new communication mechanism,
while it is very difficult to adapt applications when the
basic operational principles change.

The RRSS architectural style does not contain any con-
straint concerning resource identification. This omission
is deliberate, as we consider resource identification as non-
essential part of the RRSS architectural style. Any im-
plementation of the style may provide their own means
for distinguishing the resource, while some implementa-
tion may use hidden or implicit identification mechanisms
(such as memory pointers). Therefore we will describe
the aspects of resource identification as a separate archi-
tectural constraint that can be optionally applied to the
RRSS architectural style. The resource identification con-
straint is defined as follows:

Proposition 7. Each resource has assigned an iden-
tifier that can uniquely and consistently identify the re-
source within the whole system.

For the purpose the reliable operation of the World Wide
Web the identifiers must be unambiguously identify the
resources. This requirement is partially expressed by the
Resource Identification constraint defined in previous sec-
tions, mandating that the identifier uniquely and consis-
tently identifies the resource. This can be further specified
in a form of more concrete constraints:

Proposition 8. Resource Identifier must identify at
most one resource.

Proposition 9. Resource identifier that was assigned
to a resource cannot be assigned to a different resource.

Proposition 10. Resource identifier scheme must not
depend on any structure or concept that underlies the im-
plementation.

Proposition 11. The semantics of the identifier must
be opaque to the client applications.

7.2 Revised World Wide Web Architecture
We propose to split the overall World Wide Web archi-
tecture to several levels of abstraction. The split may
improve the understanding and visibility to the architec-
tural concepts. Proper layering of the abstraction can

also address different goals of dynamics and interoper-
ability properties of the architecture, as explained below.
We propose following four levels of abstraction:

• Architectural Styles are the most abstract concepts.
There form a set of architectural constrains that
guide the creation of systems with appropriate prop-
erties and qualities. This layer consists of RRSS
style and Resource Identification constraint descri-
bed above, Layered Client Server, Cache and Uni-
form Interface styles described in [32].

• World Wide Web Architecture is a set of architec-
tural constraints, rules and recommendations that
define basic principles of World Wide Web opera-
tion. These principles are considered fundamental
and it is expected that they will be valid and appli-
cable for a long time. This layer is described below.

• Protocol Specifications provide specific definitions of
communication protocols, data formats and inter-
faces. These specifications are based on basic prin-
ciples, constraining them by specification of imple-
mentation details. It is expected that the protocol
specification will be continually adapted to the im-
plementation needs and that several protocols may
exist at the same time for the same purpose, with
different characteristics. This layer is described only
marginally in this work.

• World Wide Web Profiles define a set of protocols
that are required for correct cooperation of all World
Wide Web components. Profiles are mechanism for
interoperability. Profiles layer is described only mar-
ginally in this work.

World Wide Web Architecture layer is a composition of
the architectural styles from the Architectural Styles layer
supplemented by more specific architectural constraints.
The goal of World Wide Web Architecture is to provide
guidelines for developers of specifications that govern the
basic operation of World Wide Web. It also specifies
fundamental concepts of the World Wide Web, such as
Unified Resource Identifier (URI). Figure 1 illustrates the
composition of World Wide Web architecture as well as
the abstraction layers that derive from it.

The constraint that the resources must be uniquely and
consistently identified is a one of the fundamentals of
World Wide Web simple hyperlinking scheme. One doc-
ument (resource representation) may refer to another re-
source using the identifier. We define Uniform Resource
Identifier concept to fulfill such role:

Proposition 12. The resources are identified by identi-
fiers with fixed syntactic rules, called Uniform Resource
Identifier (URI).

The complete syntax and semantics of Uniform Resource
Identifiers should be part of the World Wide Web Archi-
tecture. The use of existing naming schemes for URIs
should be deprecated and a single well-defined naming
scheme should be defined. The naming scheme should
conform to the Resource Identification architectural con-
straints defined above. All entities conforming to current
URI syntax and not following the new URI scheme should
be considered Uniform Resource Locators instead.
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Figure 1: Proposed World Wide Web architecture diagram.

There is no constraint that would limit the number of
identifiers assigned to a resource. Therefore different iden-
tifiers identifying the same resource are possible. Such
identifiers are sometime called aliases. The existence of
aliases makes it impossible to evaluate the equality of re-
sources by comparing their identifiers. This situation may
be confusing for applications, as applications may refer to
the same resource without knowing that it is in fact the
same resource. To address this problem we introduce the
concept of canonical identifier:

Proposition 13. Each resource must be assigned ex-
actly one canonical Uniform Resource Identifier at any
specific time.

Canonical URI can be used as normal URI to refer to
the resource. There can be only one canonical identifier
per resource and each identifier may identify only a single
resource. Therefore it can be easily evaluated whether
two identifiers refer to the same resource by resolving the
identifiers to canonical identifiers and comparing resulting
canonical identifiers.

The WWW Architecture layer further constraints the con-
cept of resource presentation into a form that can be used
in protocol and data format definitions:

Proposition 14. Resource representation is an array
of bytes that form the content of the representation to-
gether with metadata that describe representation data
format and may describe other aspects of the resource rep-
resentation.

Based on the client-server architectural style, we define
that resource representation is a data unit transferred be-
tween client and server:

Proposition 15. Resource representations can be di-
rectly retrieved from server to clients by using access pro-
tocol.

Resources are identified by URI. However the URI should
provide no information about the location of the resource
or its representations. We also place no constraints re-
garding location of resources and resource representations,
not even the constraint that the representations of one re-
source should be placed together. Therefore we consider
it useful to define a concept that will represent address of
resource representations:

Proposition 16. Resource representations are addre-
ssed by resource representation locator.

The RRSS architectural style mandates semantic descrip-
tion of the resource. Our proposal of WWW constrains
that and defines semantic description of a resource to be
resource representation. Therefore it becomes a manda-
tory representation of a resource:

Proposition 17. Semantic description of resource is
a mandatory representation of that resource.

There must be a clean distinction between resource meta-
data and representation metadata. Our solution is to
make resource metadata a mandatory representation of
the resource. By constraining semantic description of a re-
source to the limits imposed by resource representation
we are simplifying the architecture. No additional special
mechanism is needed to handle semantic descriptions. Or-
dinary access protocol used for resource representations
can be used. This approach also allows the existence of
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several data formats for resource semantic description, for
example to address innovation (migration from one for-
mat to another) and experimental usage. However we
expect that the World Wide Web Profiles will mandate
single data format for resource semantic descriptions.

Based on the model introduced in chapter 4, we can con-
sider resource source to be a persona. As persona is a cy-
berspace entity and it can be presented using a set of cy-
berspace representation, we will constraint it the concept
of a resource source to be a resource:

Proposition 18. Resource source is a resource.

By mandating that resource source is a resource we solve
several problems:

• The resource sources can be identifier in the same
way as resources, using URIs.

• The representation of resource source can be ac-
cessed using the same mechanism as the resource
itself, supporting uniformity and simplicity of the
system.

• The mandatory representation of resource source is
a semantic description, specifying the nature of the
source.

According to the constraints of RRSS architectural style
the identification of resource source is an integral part of
the resource. Therefore a proper place in the architecture
is needed to express the relation between resource and
resource source. We consider the semantic description of
the resource as an ideal place for that, as it is a mandatory
element as its purpose is well aligned with the purpose of
resource source identification. Therefore we mandate:

Proposition 19. Identification of resource source sho-
uld be mandatory element in the resource semantic de-
scription.

The global nature of URIs may endanger privacy of per-
sonas, if used incorrectly. If a single global identifier for
a persona is used, then all visible actions of the persona
and all accessible resource published by the persona may
be correlated and an attacker may gain more informa-
tion that was consciously released by the controller of
persona. A decent level of privacy may be maintained if
pseudonyms are used instead of primary identifiers. A dif-
ferent pseudonym for the same persona may be used for
each site. Therefore the amount of information available
to the attacker is limited and the danger of exposing ad-
ditional information is lower. A simple approach to ad-
dress this problem would be to use different URIs that
identity the same resource. However, such approach will
be hindered by the mechanism for evaluating URI equiv-
alence. Such URI pseudonyms can easily be correlated
using canonical URI. One possible solution is to create
several resources that represent the persona. We can take
advantage of the recursiveness of resource representation.
We can model the original persona as a resource, while
the pseudonyms will be representations of that resource.
However, the pseudonyms are resources by themselves,

therefore they have their own canonical URIs. The canon-
ical URIs of the pseudonyms are different, therefore the
pseudonyms are not trivially linkable.

7.3 Validation of the Architecture
Proposed architecture resides mostly on conceptual level.
It is considerably abstract, with only a few concrete pro-
posals. Therefore usual architectural validation by pro-
totyping key elements is not applicable for this proposal.
The architecture is not defined in a sufficiently formal way
to mount a formal proof of correctness. Therefore we have
decided to use scenario-based validation of the architec-
ture. The scenarios used for demonstrating efficiencies of
current World Wide Web architecture were used for vali-
dation of proposed architecture. The solutions to the sce-
narios compliant with proposed architecture are provided
for each of the scenarios and the solution properties and
variants are discussed. Each solution also contain a list
of essential architectural elements used in the solution.

Although the scenario-based validation cannot prove for-
mal correctness of the architecture, it increases confidence
in the architecture appropriateness and usability in a sce-
narios that are close to practice. It is also used a checking
mechanism to uncover any obvious problems. The list of
essential architectural elements in each scenario is used to
make sure that all of proposed architectural constructs are
used and therefore none of them is obviously redundant.

The goal of the validation is to show that the proposed
architecture is an improvement over the original World
Wide Web architecture, which is demonstrated on the sce-
narios described in the dissertation.

Proposed architecture introduces a couple of drawbacks
and trade-offs. Multi-step name resolution is a direct
consequence of URI abstractness. Location-independent
identifiers naturally introduce additional level of indirec-
tion therefore increasing the overhead of name resolution.
Mandating semantic description and resource source iden-
tification introduces additional complexity to web servers.
However web applications are usually already aware of
the nature of resources they present and they usually also
know the source of the resources, therefore it may be fea-
sible to handle such additional complexity.

The proposed architecture is specified on conceptual level
only. Although the architecture was validated by walking
through a set of scenarios, it is expected that more draw-
backs will surface when the architecture will be applied
to the design of individual components, protocol specifi-
cations and profiles. We do not consider such event to be
a failure of proposed architecture as long basic architec-
tural principles holds. Such problems are expected and
once they are uncovered they should be fed back to the
architectural process, inducing changes in the proposed
architecture, following a sound iterative development ap-
proach.

8. Contributions to the Field
The motivation of this work was to discuss what went
wrong in the course of Internet evolution and to propose
and improvements that could help change the Internet to
a more desirable environment. The focus of this work was
on the most important part of the Internet: the users. To
lay the foundation for this work, we have examined the
interactions of the physical personas with computer sys-
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tems. In chapter 4 we have proposed a model that can
explain some of the aspects of such interactions. It was
demonstrated how the proposed model could be used to
evaluate such properties as identity and anonymity. We
consider the model still being in its infancy and we ex-
pect that follow-up work will substantially extend and im-
prove it. However, we have demonstrated the usefulness
of the model by applying it to the evaluation of current
World Wide Web architecture, identification of architec-
tural problems and proposals of improvements.

This dissertation have identified major problems in the
Internet architecture, especially the problems of the ar-
chitecture of World Wide Web. The major problem areas
include:

• Addresses being used for identification purposes, in-
cluding IP address and some URIs.

• Assumption that World Wide Web resources are
static.

• Weak definition of World Wide Web interfaces and
inconsistent application of architectural principles.

• Vague meaning of World Wide Web resources.

• Protocol-dependence of World Wide Web Architec-
ture.

• Inappropriate security mechanisms.

Revised architecture of World Wide Web is proposed in
chapter 7. The proposal is based on the evaluation of the
problems of current World Wide Web architecture. It is
attempt to amend the basic architectural principles and
guidelines, especially in a way that would reflect the im-
plications of the model provided in chapter 4. We have
proposed to divide the field into several four layers of ab-
straction with different requirements for design stability
and dynamics.

The architectural styles layer defines RRSS, a new archi-
tectural style inspired by the REST style. The RRSS style
builds on four basic components: Resource, Representa-
tion, Source and Semantics. While the concepts of re-
source and resource representations are adopted from the
REST architectural style, the concepts of resource source
and semantic description are our additions to the archi-
tectural style. Especially the concept of resource source is
an implication of our model on the architecture of World
Wide Web.

The RRSS architectural style, combined with other styles
is applied to the World Wide Web architecture. The result
is (still abstract) set of architectural guidelines that gov-
ern the basic principles of World Wide Web and provide
foundation for protocol specifications. The World Wide
Web architecture combines the architectural constraints
of RRSS and other styles to adapt them for the World
Wide Web environment. A redefined concept of Uniform
Resource Identifier (URI) is outlined in a form of ideas
and requirements, while specific definition of the URI is
left for future work. The concept of resource source is
specified in a more concrete form. It is defined as a re-
source representing a persona of resource owner. Such
recursiveness simplifies the principles of the model, while

not constraining its flexibility. Security and privacy as-
pects of proposed architecture are shortly discussed as
well.

The basic ideas of World Wide Web specifications and
profiles are outlined, however they are not considered to
be a focal point of this work. The end of chapter 7 sum-
marizes a set of changes to current World Wide Web ar-
chitecture document to make it compliant with proposed
architecture. A short outline of a migration process from
current World Wide Web to the proposed architecture is
also provided.

The primary principle of this work is that the crossing of
realspace-cyberspace boundary is subjective. Therefore
all information in the cyberspace should be regarded as
opinions, rather than unquestionable truths. The impli-
cation of that principle is the introduction of the concept
of source to the RRSS architectural style. This concept
is then reflected to the World Wide Web architecture in
a form of resource source identifier in a resource seman-
tic description. Such an approach will effectively make
the identity-related mechanisms an integral part of World
Wide Web architecture.

The objectives of the dissertation that were defined in
chapter 3 were met. This work makes the following con-
tributions to the research within the field of Information
and Computer Science:

• A model that describes interactions between realspa-
ce and cyberspace, especially focused on representa-
tion of personal data in the cyberspace.

• A mechanism for evaluation of anonymity and iden-
tity based on the proposed model.

• Assessment of architectural inconsistencies of World
Wide Web architecture. Both internal inconsisten-
cies and problems uncovered by the application of
the proposed model are described.

• A definition of RRSS, a new architectural style for
representing information in cyberspace while taking
into consideration their potential source and target
in realspace.

• Application of the RRSS architectural style together
with other previously described styles to a World
Wide Web architecture, resulting in a proposal of
improved architecture for World Wide Web.

9. Conclusions
The Internet and World Wide Web are revolutionary tech-
nologies. They allow people to cooperate and efficiently
share information. The Internet was not created in its
current form, it has rather evolved in time. Similar evo-
lution also applied to the World Wide Web, however that
was partially guided by the architectural principles of
REST. Such evolutionary approach worked perfectly to
address simple needs of the environment and guarantee
the survival of the Internet and World Wide Web. How-
ever, it failed to address more complex needs, such as
privacy and data authenticity.

Up until recently most of the information available on the
World Wide Web were public or intended for public us-
age. This paradigm of the “static Internet” is changing.
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Large amount of non-public information is being trans-
ferred over the Internet. This information cannot be sim-
ply classified as private or public. The classification is
of much finer grain and contains a degree of fuzziness:
share information with my friends, with magazine sub-
scribers, with business partners, with premium customers,
etc. The organization of the Internet into strictly separate
sites may also be challenged. The rise of peer-to-peer net-
works does not operate on the concept of a site. Replica-
tion and migration of data on demand is a modus operandi
of these networks. Therefore the concept of “source of
data transmission” is no longer useful for these networks.
The parading of “few publishers, many readers”has trans-
formed to “few publishers, many contributors, hordes of
readers”. The World Wide Web is no longer read-only
information system, it becomes writable. However, these
paradigm shifts are not well supported by current World
Wide Web architecture.

We have proposed an improved architecture of the World
Wide Web, adapting the basic architectural concepts to
meet new requirements. Our architectural work was guid-
ed by a model of realspace-cyberspace interactions, that
guided basic architectural ideas. The architectural form
was shaped according to its desired function, seeking to
induce good cooperation in the environment of responsi-
bility and preserve privacy of the users.

The work to reshape the World Wide Web is far from com-
plete, it is rather at its very beginning. This work lays
a basic conceptual foundation for future works that can
add more technical details, shape the specification and
test the system in practice. The architecture of Internet-
based system cannot grow on a green field. They need to
coexist with currently deployed and widely used technolo-
gies, even if the deployed technologies are far from ideal.
Our architectural proposal is formed as an extension and
improvement of existing system: World Wide Web itself.
We hope and believe that our work can help change the
thinking behind the World Wide Web architectural to be
more focused on the nature of the provided information,
more supporting to the ad-hoc cooperation of people while
preserving their privacy.
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Abstract
This paper provides studies in area of design pattern iden-
tification in existing software systems. The target was
to design and prototype specific extensions of a selected
method with better and more precise results. This paper
summarizes separate phases of a project analysis of dif-
ferent design pattern representations, analysis of different
methods, algorithms for identification of design patterns
in software systems, selection of a concrete method for ex-
tensions, design, implementation and tests of an extended
method. In this paper, the extensions like feature weight-
ing, feature filtering and additional lexicographical anal-
ysis are described. Designed and prototyped extensions
were experimentally tested on more than 3000 classes of
open source systems from different software engineering
areas. Based on the test results, the general conclusion
for designed extensions are formulated.

Categories and Subject Descriptors
H.4 [Information Systems Applications]: Miscella-
neous; D.2.8 [Software Engineering]: Metrics

Keywords
design pattern identification, structural methods, pattern
formalization

1. Introduction
Patterns are currently used in almost all software devel-
opment phases (for example analysis patterns, architec-
ture patterns, design patterns, test patterns). A pattern
describes an idea or the best practice used in many situa-
tions, in many projects. Design patterns provide solutions
to recurring design problems. Design patterns as well as
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any other patterns are traditionally described in docu-
mentation with semiformal description. This description
contains context, problem, solution and results.

In some projects, the usage of design patterns has appro-
priate documentation, but many projects miss this kind
of documentation. During service and support phase in
software development process, this kind of documenta-
tion is very important for system maintenance and sys-
tem extension. When we are talking about large software
(object-oriented) systems, maintenance of system without
appropriate documentation is complicated and difficult.
With appropriate documentation, a service team can ex-
tend the existing system quickly, fix errors and provide
good quality service and support. The problem can oc-
cur when the usage of design patterns documentation is
missing. Therefore, the major task for the service team
is to design recover, build higher level of abstraction from
source code, understand the design and architecture of
the system.

Knowledge about applied design patterns leads to better
understanding of design problems solved by software de-
signers, architects when designing software architecture.
Understanding of the design problems is a necessary step
towards informed changes of the system and of its ar-
chitecture [7]. The documentation of a design can be also
created and updated for an existing software system using
reengineering process. Software reengineering can be done
manually or by using separate software tools and utilities.
There exist many software tools for creating UML models
in reengineering process, commercial or not (for example
Rational rose, Enterprise architect, Rational XDE, To-
gether). At the moment, these reengineering tools do not
provide information about used design patterns (based on
source code). For the extraction of design pattern infor-
mation specific methods and tools must be used.

Methods for pattern identification use wide range of IT
technologies for getting results in specified time and qual-
ity. Extracting information about using design patterns
is based on searching equivalence between concrete design
pattern and part of software system. During design pat-
tern identification static-structural representation, dyna-
mic-behavioral representation or both of them can be
used. Static-structural analysis uses structural represen-
tation of design pattern and software system. In compar-
ison with dynamic analysis, static analysis is relatively
quick and simple. Static structure of a software system is
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compared with static structure of a design pattern. Static
analysis is executable on source code and structural model
too (for example class diagram). Dynamic part of the
system which is not a part of the structural model is sup-
pressed in this kind of analysis. Static analysis does not
need to run a software system, which can be an advantage
in kind of software frameworks and libraries.

Dynamic-behavioral analysis uses behavioral model (be-
havioral representation) of a design pattern and a soft-
ware system for pattern identification. Creating behav-
ioral model for a large software system is complicated and
serious problem. Mostly, software system is running in
special mode, when a tool is saving behavior of a software
system and creates internal representation of the saved
behavior. Design pattern is described in an appropriate
internal structure. Analysis is based on comparison of
saved behavior (and its structure) and design pattern be-
havior. Dynamic analysis is dependent on executed part
of the software system, when any part of the system was
not executed while creating behavior representation, pat-
terns in this part cannot be identified.

Combination of static and dynamic analysis is sometimes
used for more exact identification of used design patterns.
Firstly, candidates of patterns are created using static-
structural analysis. Afterwards dynamic-behavioral anal-
ysis is used for verification of pattern instance candidates.
Exactness of combined design pattern identification met-
hod is realized by removing pattern instance candidates
which do not satisfy dynamic aspects of identified design
pattern.

In this paper we propose set of extensions for method for
design patterns identification based on static structural
analysis realized by similarity scoring algorithm. We in-
troduce mechanisms called:

• feature weighting,

• feature filtering for an effective and precise design
pattern identification,

• semantic analysis for extended meta information a-
bout used pattern.

We also present a short case study with the comparison
of aboriginal and modified method.

2. Static Analysis
This section contains a short description of selected meth-
ods for design patterns identification. The detailed de-
scription is assigned to three methods with static-structu-
ral analysis. The last described method, using similarity
scoring algorithm, was selected for next extensions.

At first we briefly describe Browns method [4] for de-
sign pattern identification. Browns method identifies four
known design patterns from [6] based on principles of
reverse engineering. Algorithm uses information about
inheritance hierarchy, association and aggregation rela-
tionships between classes. Prechelt and Kramer in [10]
designed and developed system for identification major-
ity of design patterns in C++ source code. Based on
OMT class diagrams which represent design pattern, Pro-
log rules for identification were created. Used logical ap-
proach requires definition of new Prolog rules for each new

design pattern. Heuzeroth in [8] first time uses static-
structural analysis for getting list of candidates for design
pattern. Dynamic analysis was applied on the list of can-
didates from previous structural analysis. This approach
depends on characteristic of a concrete design pattern, for
each design pattern algorithm for static analysis needs to
be designed and after that defines rules for dynamic analy-
sis. Antoniol in [1] describes a technique for identification
of structural design patterns in software system. He de-
fines rules to constrain search space. Pattern instances are
identified based on static-structural features. The tech-
nique was tested on small and medium size software sys-
tems. The main disadvantage was low exactness which
was followed by large number of identified false positive
instances. Balanyi and Ferenc describe Columbus frame-
work usage in [2]. Columbus framework was used for get-
ting abstract semantic graph and DPML (Design Pattern
Markup Language) for description of roles in design pat-
tern. Algorithm compares roles described in DPML with
classes in abstract semantic graph. Search space is re-
duced using structural information. Technique was tested
on four medium and large size software systems. The
result was that more simple design pattern description
is, larger number of false positive instances is identified.
Costagliola in [5] describes the usage of a graphical format
as intermediate representation in the process of design
pattern identification. Design patterns are represented in
terms of visual grammar. Identification is provided using
technique for parsing visual language and parallel compar-
ison of results with pattern library. A main advantage is
the process visualization. On the other side, main disad-
vantage is absence of tool for source code transformation
to visual representation. Vokac in [12] describes depen-
dency between presence of design patterns and number of
defects. By using tool for reverse engineering source, code
is analyzed and structural metadata are created. Meta-
data are saved to database. Patterns are selected from
database with DML. Structure of selects corresponds to
structure of each design patterns. The technique was
tested on large commercial software systems. Wyuts in
[13] describes so called SOUL environment. Design pat-
terns are described as prolog predicates and programming
entities as facts. Prolog interference algorithm was used
for unification of predicates and facts, which after that
was used for entity identification. An identified entity
was in the concrete role of design pattern.

2.1 Bit-Vector Algorithm
Bit-vector algorithm is used for pattern matching in gen-
eral. Authors in [9] presented an adaptation of bio-infor-
matics bit-vector algorithm to problem of design pattern
identification. The identification of a design pattern con-
sists of parallel traversing of a program and a design pat-
tern. During the traversing of a program, the entities,
that match entities in the design pattern in structure and
in organisation, are recorded. Design patterns identifi-
cation is a combinatorial problem, requiring all possible
combinations of entities to be compared against design
pattern entities.

Created iterative bit-vector algorithm identified exact or
approximate coincidence between program and design pat-
tern represented by string. Concrete design pattern/ sys-
tem string representation contains classes (class name)
and relations between classes (creation, specialisation, im-
plementation, use, association, aggregation, composition).
In general, the length of the string representing a design
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pattern is short, less than 20 tokens, while the length of
a string representing a program might vary, depending on
the size of the system to analyse, usually thousands of
tokens.

A string is converted to a set of bit vectors (characteristic
vector) (for example if class C occurs in string, 1 occurs
in bit vector for C, otherwise 0). Characteristic vectors
are used for finding the entities playing a role in design
pattern. Iterative bit-vector algorithm iteratively reads
triplets of tokens (roles) in the design pattern string rep-
resentation and associates program entities to the roles
by resolving a unification-like problem using the charac-
teristic vectors.

The process of design pattern identification described in
[9] is composed from the following specific tasks:

• software models and design pattern models are con-
verted into digraphs (A model created on the basis
of a structure of design pattern or software system
is a graph where classes are vertices and relation-
ships between classes are oriented edges. If there
exists more than one identical relationship between
two same vertices, only one edge in graph is kept.)

• digraphs are converted to Eulerian digraphs (Di-
graph, in general, is not Eulerian digraph if it does
not contain Eulerian circle. Graph conversion con-
sists of adding dummy edges between vertices with
unequal in-degree and out-degree.)

• Eulerian digraphs are converted to strings (Eulerian
digraph contains an minimal Eulerian circuit, which
is a cycle traversing each edge exactly once. Mini-
mal Eulerian cycle is transformed to string represen-
tation, which characterizes software system/design
pattern.)

• modified iterative bit-vector algorithm on the string
representations is applied to identify exact and ap-
proximate occurrences of the design pattern.

Although the entire process is optimized for quick design
pattern identification, the representative strings of large
software systems are so long that the identification of the
design pattern can be time consuming.

2.2 Design Pattern Fingerprint
In a not-so-distant past, individuals could be identified
by external attributes only, such as height, weight, color
of hair, of eyes, of skin. Thus, it was difficult to identify
with certainty an individual uniquely, almost impossible
without eyewitnesses. This situation changed when Sir
Edward Henry devised and introduced in 1896 his classi-
fication system to identify criminals in Bengal using their
fingerprints.

In [7] authors define a method for identifying design pat-
terns based on design motives external attributes, called
design pattern fingerprint. External attributes contain
specific characteristics, for example size, filiation, cohe-
sion, coupling.

Two or more classes may have identical values for a given
set of external attributes, but two or more classes may
play the same role in different uses of the design pattern.

Authors formulate rules, a kind of fingerprints for design
patterns roles using external attributes of classes. Based
on concrete values of external attributes search space will
be reduced for example in case of:

• observer – classes in role Observer in Observer de-
sign pattern are characterized by low coupling,

• singleton – classes in role Singleton in Singleton de-
sign pattern are characterized by low coupling and
are located upper in inheritance tree.

Based on fingerprints called mechanism authors define
method for identifying design patterns in the following
steps:

• repository creation (repository of design patterns in-
stantions created in manual way)

• metric extraction (metrics mining on design pat-
terns instantions)

• rule learning (rules created based on extracted met-
rics)

• rule validation (process for removing unsuccessful
rules)

• interpretation (identification new instances of pat-
terns based on defined rules)

Metrics are counted only once for each software system.
Rules for design patterns can be repeatedly reused. On
the other side, method initialization is difficult and time
consuming. Method initialization requires large set of pat-
tern instances for rules mining. Method is more conve-
nient for reducing search space in more complex method
used for identifying design patterns in large software sys-
tems.

2.3 Similarity Scoring Algorithm
The work that we present in this paper is built on the
ideas of [11] where the author presents design pattern
detection method based on similarity scoring algorithm.
Bondel in [2] defines an iterative algorithm for calculating
the similarity between vertices of two different graphs by
similarity matrix.

In the context of design pattern detection, the similarity
scoring algorithm is used for calculating similarity score
between a concrete design pattern and analyzed system.
Let GA(system) and GB(pattern) be two directed graphs
with NA and NB vertices. The similarity matrix Z is
defined as an NB×NA matrix whose entry SIJ expresses
how similar vertex J (in GA) is to vertex I (in GB) and
is called similarity score between two vertices (I and J).
Similarity matrix Z is computed in iterative way:

1. Z0 = 1,

2. iterate an even number of times and stop upon con-
vergence,

3. Z is similarity matrix, where A, B are adjacency
matrices of graphs GA and GB.
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In [11] authors define a set of matrices for describing spe-
cific (pattern and software system) features (for example
associations, generalizations, abstract classes). For each
feature, a concrete matrix is created for pattern and for
software system, too (for example association matrix, gen-
eralization matrix, abstract classes matrix). This process
leads to a number of similarity matrices of size NB×NA
(one for each described feature). To obtain overall picture
for the similarity between the pattern and the system,
similarity information is exploited from all matrices.

In the process of creating final similarity matrix, different
features are equivalent. To preserve the validity of the
results, any similarity score must be bounded within the
range 〈0, 1〉. Higher similarity score means higher pos-
sibility of design pattern instance. Therefore, individual
matrices are initially summed and the resulting matrix
is normalized by dividing the elements of column i (cor-
responding to similarity scores between all system classes
and pattern role i) by the number of matrices (ki) in which
the given role is involved.

Using this algorithm for whole large system will be time
consuming (long time process). The process of design
pattern identification includes:

• creating one matrix N × N for one feature, where N
is number of classes in system, in pattern,

• comparing matrixes for each feature between pat-
tern and system,

• computing final similarity matrix.

Approach defined in [11] defines whole procedure for de-
sign pattern detection and identification including search
space constrains. Defined approach contains set of pre-
defined assumptions and specific steps for constraining
design pattern search space by subsystem separation. In
general, each subsystem contains only one pattern. De-
signed approach contains following four steps:

• reverse engineering for system under study (Each
systems characteristic is represented as matrix n×n,
where n is number of classes.)

• detection of inheritance hierarchies (The creation of
inheritance trees is based on all kinds of generaliza-
tion relationships. Multiple inheritance cannot be
modelled with simple tree, so if class C has multiple
parents A, B, it occurs in multiple inheritance trees
with A and with B. This step is included for con-
straining search space, patterns are divided based
on number of inheritance hierarchy.)

• construction of subsystem matrices (The creation of
subsystems is based on inheritance trees and design
pattern characteristics. If a design pattern contains
one inheritance hierarchy (for example Composite,
Decorator), one inheritance tree equals to subsys-
tem. If a design pattern contains more inheritance
hierarchies, the subsystems are formed by combin-
ing all system hierarchies.)

• application of similarity algorithm between subsys-
tem matrices and the pattern matrices (Normalized
similarity scores between each pattern role and each
subsystem class are calculated.)

• extraction of patterns in each subsystem (Usually
one instance of design patterns is present in each
subsystem.)

3. Extended Method
3.1 Final Score Counting with Weighting Extension
Main drawback of the approach proposed by Tsansalis in
[11] was a fact, that all of the structural features (like for
example presence of inheritance, presence of an abstract
class or interface) were treated equally. This resulted in
the following facts:

1. In case, that the instance of the design pattern has
some modifications, some of the structural features
can not be identified. This leads to the lower sim-
ilarity score and as a result the instance could be
overlooked.

2. Lowering the threshold score, which represent the
decision point between identifying a design pattern
and denying of a structure which is not a design
pattern, could lead us to incorrect identification of
structures, that are similar to the structure of a de-
sign pattern but are not design pattern instances.

The solution to these two problems is the application of
weighting of the structural parts of the pattern, so the
more important parts, in relation to the essence of the
design pattern, play more important role in the process of
calculating of the final score (so has higher weight). The
idea of weighting is based on a consideration, that every
design pattern has some structural features that are es-
sential for the pattern and some other structural features,
which are in most cases domain specific [3]. These other
structural features are also a part of the pattern structure,
but their modification or absence has lower impact on the
essence of the pattern (so has lower weight). For example,
when we take the Composite pattern as described in [6],
we can observe structural features:

• the presence of an abstract class,

• the presence of inheritance between Component class
and Composite class,

• the presence of collection method invocations in the
Composite class, which represents the presence of
aggregation between Composite and Component cla-
sses,

• invocation of abstract methods inherited from ab-
stract class.

Because we look at the Composite pattern as at a struc-
ture, that should provide a way of designing composite,
tree-like structure, we can assume that the presence of
collection methods invocation in the Composite class is
important to the essence of the pattern, because this fea-
ture forms the composite structure.

Based on these considerations we can divide the structural
features of design patterns into two major groups:
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1. Features, which form the essence of the design pat-
tern. These features are basic for the design pat-
tern and therefore they should be domain invariable,
so they should appear unmodified in every instance
of the pattern – base features. In the process of
similarity score calculation features from this group
should be counted with higher weight.

2. Features, which help top up the structure of the de-
sign pattern, as it is described by the catalogue (see
[6]). Into this group we can include structural fea-
tures with a higher rate of domain specific modifica-
tions and therefore these features can absent in the
pattern structure or can be modified in some way
– additional features. As absence or modification
of these features does not affect the essence of the
pattern, we should count them with a lower weight,
lowering so their importance for the final similarity
score.

In case of previous example, where Composite design pat-
tern is described with four features, similarity score is
counted in consideration of allocation of weights for indi-
vidual features (Figure 1).

Figure 1: Extensions of original method.

The application of the weighting based on the separation
of the features into two groups of importance has two
expected results:

• Lower rate of mistaken identifications of parts of the
analyzed system, which look like a design pattern
instances, but in fact are not real instances.

• At a higher threshold score we should be able cor-
rectly identify more design pattern instances, be-
cause the methodology proposed by this paper sho-
uld be less sensitive to the modification of parts of
the design pattern, by which we expect a higher rate
of domain specific modifications, or even their ab-
sence.

3.2 Instance filtering extension
Lowering threshold score means lowering method sensibil-
ity in identification modified instances of design pattern.
When threshold score is too low, almost any structure
can be identified as design pattern. On the other side
when threshold score is too high some design pattern oc-
currences can be overlooked.

Weighting extension described in the previous example
moves final score up if instance contains base features.

When threshold score is too low and class structure con-
tains some of base features, a class structure can be identi-
fied as a design pattern instance. For minimizing this kind
of false positive instances we extend an original method
with instance filtering extension. Method extensions and
their relations are conceptually depicted on Figure 2.

Figure 2: Extensions of original method.

Instance filtering extension is based on dividing features.
Base features need to be used in every instance of pattern
and additional features are domain specific, so in special
cases they can be modified or even not present. Instance
filtering extension checks possible candidates (from static
analysis with weighting) for presence/not presence of base
features. When a candidate contains every base feature
connected with an appropriate design pattern, the candi-
date is checked as a design pattern instance. On the other
side when a candidate does not contain only one of base
features, candidate is not a design pattern instance.

The application of instance filtering extension based on
the separation of the features into two groups of impor-
tance has two expected results:

• Lower rate of mistaken identifications of parts of the
analyzed system, which look like a design pattern in-
stances, but in fact are not real instances especially
in case of low threshold score.

• At a higher threshold score results will not be mod-
ified, or will be modified only in small differences,
because high final score can be obtained only with
presence of all base features. When any of base fea-
tures is missing, the final score is lower.

3.3 Lexicographical Analysis
Design patterns are not only structures, classes, relations
but design patterns add specific terminology to design
process. A main part of design pattern terminology is
connected with design pattern roles. Based on Gamma
recommendation in [6] classes need to be named using spe-
cific domain name and role name. Is this recommendation
used in real software products, in real design process?

For confirmation of usage of this recommendation we de-
sign third extension of method for pattern identification.
This extension is based on simple lexicographical analysis
of pattern terminology and concrete instance terminology.
We used existing instance representation in the method
and based on the instance model we are looking for role
names in design pattern instance terminology.

For example Composite design pattern was identified in
JHotDraw 6 framework. Class CompositeFigure plays
role of Composite in the selected instance of Compos-
ite pattern. Using simple lexicographical analysis which
finds role name in class name we can say that Gammas
recommendation was adhered.
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Lexicographical analysis was designed to identify a dif-
ference between concrete class name and role name. The
difference is expressed by using difference coefficient which
is counted by the following similarity algorithm.

Similarity algorithm is based on words lexicographical
comparison. The difference coefficient is:

• set to 0 if element (class, method, attribute) name
equals to role name; for example class name Iterator
is in role Iterator, difference coefficient is 0,

• set to length difference between element name and
role name, if role name exists in element name; for
example TestDecorator is in role Decorator, differ-
ence coefficient is
length(TestDecorator) − lenght(Decorator) = 4,

• set to lexicographical difference between element na-
me and role name plus offset constant, if role name
does not exist in element name; for example Picture
is in role Composite, difference coefficient is offset-
constant + (Picture − Composite) = 100 + 13 =
113.

Application of lexicographical analysis in this case means
only basic or first step of analysis. In the future compli-
cated rules, based on for example usage of natural lan-
guage, can be used.

4. Case Study
For testing purpose we use following four open source
frameworks from different domains (graphics, web ser-
vices, database access, web applications):

• JHotDraw 6.0 (http://www.jhotdraw.org/)
JHotDraw is a Java GUI framework for technical
and structured graphics. It has been developed as
a “design exercise” but is already quite powerful.
Its design relies heavily on some well-known design
patterns. JHotDraw’s original authors have been
Erich Gamma and Thomas Eggenschwiler. [http:
//www.jhotdraw.org/]

• Apache Axis 1.4 (http://ws.apache.org/axis/)
Axis is java framework for supporting web services
development. Axis framework was developed in mul-
tiple versions for example for implementation lan-
guages C++, Java. Axis implements JAX-RPC API,
standard for web services implementation.

• Hibernate 3 (http://www.hibernate.org/)
Hibernate is a powerful, high performance object/
relational persistence and query service. Hibernate
is intended for developing persistent classes follow-
ing object-oriented idiom – including association, in-
heritance, polymorphism, composition, and collec-
tions, express queries in its own portable SQL ex-
tension (HQL), as well as in native SQL, or with an
object-oriented Criteria and Example API. [http:
//www.hibernate.org]

• Apache MyFaces 1.2.3
(http://myfaces.apache.org/)
MyFaces is java framework for supporting web ap-
plications development using JSF technology. My-
Faces is implementation of JSF – J2EE specification
defined by JSR127 and JSR252.

Open source framework was used for availability of source
code, so automated design pattern identification can be
controlled by manual analysis. Four testing frameworks
were implemented in Java and has together 3147 classes
for testing purpose.

4.1 Original Method vs. Extended Method
Tests were realized with 2 values of threshold score:

• 1.0 – which means 100

• 0.75 – which means 75

Results of original and extended methods were controlled
by manual source code analysis. We introduce TP (as true
positive) and FN (as false negative) numbers of identified
design pattern instances.

In comparison of original and extended method with thresh-
old score 1.0 results were very similar. For design pat-
terns Prototype, Composite, Decorator and Visitor only
one difference was indentified. In case of Composite de-
sign pattern one instance was identified with the extended
method in Hibernate 3 framework in comparison with no
instance indentified with the original method.

Previous results mean that the extended method identifies
all instances which were identified by the original method.
Final similarity score of instances can be more than 1.0
(threshold score) only in special cases (e.g. Composite in
Hibernate 3). The structure of identified instance needs
to be equal to design pattern internal structure. Number
of instances identified by the extended method is at least
equal to number of instances identified by the original
method. In table Tab. 1 results of original and extended
methods for all four tested software systems with thresh-
old score 0.75 are introduced.

In comparison to the original and extended method with
threshold score 0.75 results were different in many cases.
In this case main features move final score up over 0.75
threshold score which means that the extended method
using weighting can moves final score over threshold score
– more correctly identified instances.

In case of Decorator pattern more instances were identi-
fied in Axis 1.4 framework, Hibernate 3 framework and
JHotDraw 6.0 framework. The difference between num-
ber of instances identified by the original and extended
method was from 8 (in case of Axis 1.4) to 13 (in case
of Hibernate framework) instances. In case of Composite
and Prototype design patterns, difference between num-
ber of instances identified by the original and extended
method was identified in case of JHotDraw 6.0 framework.

4.2 Result Analysis
Based on previous case study we can formulate the fol-
lowing results for weighting extension:

• Weighting extension of Tsantsalis method improves
results in case of identification modified design pat-
terns where some of features are suppressed. In this
case feature weighting extension moves final simi-
larity score of a design pattern instance up. This
results in more identified instances of the concrete
design pattern.
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Table 1: Original and extended method results (with threshold score 0.75)
Axis 1.4 Hibernate 3

TP FN TP FN
Pattern Original Extended Original Extended Original Extended Original Extended

Prototype 0 0 0 0 0 0 0 0
Composite 1 1 0 0 1 1 0 0
Decorator 0 8 0 1 1 14 0 1

Visitor 0 0 0 0 19 19 0 0

JHotDraw 6.0 MyFaces 1.2.3
TP FN TP FN

Pattern Original Extended Original Extended Original Extended Original Extended
Prototype 6 10 - - 0 0 0 0
Composite 0 1 0 0 0 0 0 0
Decorator 1 11 0 0 0 0 0 0

Visitor 1 1 0 0 0 0 0 0

• Weighting extension in its natural form cannot mod-
ify results in case of setting threshold score to 1.0.
In this case instance coincidence with design pat-
tern is 100 percent, so modifying weights of specific
pattern features cannot affect to final results. Ex-
tended method in this case identifies each pattern
instance identified by original method.

• Weighting extension of the original method moves
final score down in case of structures which are not
instances of the concrete pattern. An absence of
base feature moves final score down twice in com-
parison with an absence of additional feature. When
the structure does not include any of base features
final score is moved down markedly. The final score
in this case is lower than threshold score, which can
lead to lower number of identified instances.

• Weighting extension in its natural form cannot mod-
ify results in case of setting all features weight to 1.0.
Each feature has an impact on the final result with
equal weight (1.0) in process of counting final score
of instance.

Following results were formulated for the instance filtering
extension:

• Instance filtering has lower impact on results in case
of high threshold score (for example 0.75, 1.0). In-
stance filtering is based on presence of base features,
instances with final score higher than high threshold
score needs to include base features, otherwise in-
stances (or structures) cannot have final score higher
than threshold score.

• Instance filtering extension has higher impact on re-
sults in case of using low threshold score (0.1, 0.3).
In this case structures which have final score higher
than threshold score can miss base features, instance
filtering removes this kind of structures form design
pattern instance list.

The following results were formulated for the instance fil-
tering extension:

• Instance filtering has lower impact to results in case
of high threshold score (for example 0.75, 1.0). In-
stance filtering is based on presence of base features,

instances with final score higher than high threshold
score needs to include base features, otherwise in-
stances (or structures) cannot have final score higher
than threshold score.

Figure 3: Instance number with/without instance
filtering extension.

• Instance filtering extension has higher impact to re-
sults in case of using low threshold score (0.1, 0.3).
In this case structures which have final score higher
than threshold score can miss base features, instance
filtering removes this kind of structures form design
pattern instance list (Figure 3).

And the following results were formulated for lexicograph-
ical analysis of naming of pattern instances:

• Recommendation of Gamma for used naming con-
vention is almost not currently used. In case of 3147
analyzed classes, 399 pattern instances were identi-
fied. Rule for class naming convention was used only
in 5 percent of all identified pattern instances (Fig-
ure 4).

5. Conclusions
The proposed method is a partial solution of the prob-
lem of design pattern identification in a fully automated
way. We have designed the weighting into the process of
similarity score computation, instance filtering based on
presence (or absence) of specified structural features of
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Figure 4: Difference coefficient for patterns class
names.

design pattern and additional analysis with using lexico-
graphical distance between a design pattern terminology
and an instance terminology for additional information
about a design pattern usage.

Weighting gave us a possibility to consider the partial re-
sults in relation with the essence of the identified pattern
and later to affect the impact of the results on the final
result of the identification. The modifications, we have
made, have brought an improvement in two aspects:

• the rate of mistaken identifications of structures that
look like a design pattern is lower than the rate of
the original similarity scoring methodology,

• at a higher threshold score we are able to identify
more instances of design patterns, which means that
the proposed methodology is less sensitive to mod-
ifications of design patterns and thus is better at
identifying of modified design patterns.

The instance filtering extension has an impact on results
in special cases, when threshold score is lower and in-
stances, which are missing some basic structural features,
have higher final score than the specified threshold score.
The instance candidate is in the final list of instances only
in case that it contains specified basic structural features.

The lexicographical analysis extension adds only addi-
tional information about design pattern usage. It uses
lexicographical distance between design pattern terminol-
ogy and pattern instance terminology. The lexicographi-
cal analysis points to wrong usage of the design pattern
terminology.

Proposed extensions (especially weighting and instance
filtering) improve identification of true positive design
pattern instances.
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Abstract
This thesis presents results in two areas. The first area is
automated planning. Approaches to the domain-indepen-
dent automated planning can be divided into two groups:
STRIPS-like planning (based on operators) and HTN-
like planning (based on hierarchical decomposition). It
is widely believed, that the expressivity of STRIPS-like
planning is lower than the expressivity of HTN-like plan-
ning. This would mean that HTN-like planning can solve
more problems than STRIPS-like planning. In this the-
sis we show, that the expressivity of both approaches is
identical and that both approaches can solve all prob-
lems solvable by a finite tape Turing machine (i.e. solv-
able by a common computer). The second part of this
thesis addresses rescheduling. If we have a schedule with
unmovable deadline, we need to react on late activities by
shortening of the remaining schedule part. In this thesis,
we show that every rescheduling corresponds to a graph
cut or the superposition of several graph cuts. Based on
this fact, we designed a new algorithm for the cheapest
rescheduling. The algorithm is based on the conversion
of the rescheduling problem to the problem of minimal
graph cut.

Keywords
planning, STRIPS, HTN, expressivity, rescheduling, graph
cut, workflow system

1. Introduction
The beginning of symbolical planning is connected to the
system STRIPS (STanford Research Institute Problem
Solver) [5]. Its main goal was to separate the plan search
mechanism from the domain, for which we want to find
the plan. The domain has to be written down as a de-
scription of initial and final state of the environment and
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a description of operators that can change the state of the
environment. Every operator is described as a triple:

operator = (pre, del, adds),

where pre, del and adds are sets of literals. The set pre
contains the operator precondition, i.e. the literals that
have to be valid in the state, in which the operator can be
applied. Before an operator is executed, it is necessary to
verify that its precondition is fulfilled in the current state
of the world. The sets of literals del and adds contain lit-
erals, which are added/removed to/from the actual state
of the world after the operator is executed. That means,
that the modification of the world state is expressed by
adding literals from the adds set and removing literals
from the del set. The state space, defined this way, is
then automatically searched for a route from the initial
to the final state.

The second, equally important, approach to symbolical
planning is HTN (Hierarchical Task Network). The main
idea of this approach was introduced by the authors of
STRIPS. This idea was transformed to its present form
later, in the ABSTRIPS system [12] (which allowed to de-
fine several hierarchically ordered STRIPS domains) and
later in the HTN itself [13]. HTN-like planning is based
on tasks, which can be decomposed to simpler tasks. The
domain definition contains rules of tasks decompositions,
called task networks. Formally, a task network can be
expressed as:

((n1, α1), ..., (nm, αm), φ),

where αi is the (sub)task marked by the identifier ni and φ
is a formula describing the condition, which has to be
fulfilled before the task network can be used.

For a long time, it was assumed, that HTN-like planning
can solve more more domains than STRIPS-like planning
(i.e. it has larger expressivity). There is even a proof
for this assumption [4]. However, this assumption is not
correct and in this thesis we show, that the original proof
contains inaccuracies and that in contrast to the main-
stream opinion, STRIPS-like planning (and even the orig-
inal STRIPS) is able to solve the same class of problems
as HTN-like planning. We also show, that the expressiv-
ity of both mentioned planning approaches is identical to
the expressivity of a finite-tape Turing machine. There-
fore, with both planning approaches (including the orig-
inal STRIPS, which is more than 35 years old), we can
solve all problems solvable by a common computer.



34 Lekavý, M.: Planning and Rescheduling

Planning is an activity, which determines what steps we
need to execute to reach a goal and in what order we
need to execute these steps. Based on the plan, it is usu-
ally necessary to create a schedule of plan execution, i.e.
to determine the execution time of individual plan steps.
During plan execution, different unforeseen events may
occur, affecting and changing the plan execution. The
schedule needs to be adjusted to these changes.

There are two different groups of approaches to schedule
creation: creating new schedule from scratch if there was
no previous schedule (e.g. MicroBoss [14]); and reschedul-
ing (schedule adjustment) if the original schedule became
inaccurate and it is necessary to change it. It is possible
to use the first group of approaches (creating new sched-
ule from scratch) to adjust a schedule, but by doing it,
we loose information, which was contained in the origi-
nal schedule. Moreover, it is possible, that the number
of changes in the schedule will be higher than necessary.
Therefore, the rescheduling approaches are very impor-
tant.

Sometimes we need to adjust a schedule without changing
the total time of schedule execution (makespan). It is the
case of projects, where the schedule end is contracted and
unchangeable. If the end time of the schedule is unmov-
able, we can use 3 basic approaches. The most common
approach is to use moving of activities in combination
with robust schedule (for example Match-Up Reschedul-
ing [3, 1]). Reserves, inserted between activities, can ab-
sorb possible activities lateness. We can also transfer part
of the activities to a different organisation (subcontract-
ing), for example [2]. This is, in fact, increasing of par-
allelism. The third possibility is to allow shortening of
activities, in addition to moving of activities.

Automated approaches to schedule adjustment are usu-
ally designed for manufacturing processes control or paral-
lel computations control, where individual activities can-
not be shortened. This is the reason, why most reschedul-
ing approaches don’t allow shortening of activities as a va-
lid solution. On the other hand, in the domain of project
management, where individual activities are executed by
humans, shortening or even cancelling of activities is used
very often. However, approaches to rescheduling in the
domain of project management are usually not automated
and focus mainly on supporting a human manager, who
adjusts the schedule manually.

This thesis focuses on automated schedule adjusting in
the domain of project management, where shortening of
activities is an important instrument used to assure dead-
lines fulfilment. This thesis shows that the cheapest sched-
ule shortening corresponds to minimal graph cut in the
dependencies graph of the schedule. The thesis also pro-
poses a new approach to schedule shortening based on
this fact.

2. Thesis Goals
This thesis follows goals in two areas: in the area of plan-
ning and in the area of rescheduling.

In the area of planning, the main goal is to investigate the
expressivity of two basic symbolical planning approaches:
STRIPS-like planning and HTN-like planning. In this
context, expressivity is defined by domains, which can
be written down and solved by some approach. The main

goal is to compare the expressivity of these two approaches,
but also to delimit the expressivity of both approaches in
the context of other computational systems.

In the area of rescheduling, the main goal is to show the
relationship between schedule change and graph cut. Ad-
ditionally, the thesis focuses on the design of a new ap-
proach to schedule shortening based on graph cut. The
main goal of this approach is to allow automatical short-
ening and moving of activities, which assures the final
deadline fulfilment even if some activities fail to end in
time.

3. STRIPS-Like and HTN-Like Planning
Expressivity

There are two meanings of the term “expressivity” in the
area of automated planning. In the first meaning, it is
the set of problems (or the size of this set), which can
be expressed and solved by some system. In the case of
planning, it is the set of plans, which can be created by
some system. The second meaning of the term “expres-
sivity” describes, how simple/complicated is to describe
a problem or any other information in some system. In
this case, expressivity is usually subjective, as it is con-
nected to the way, how a human can express and write
down his/hers thoughts.

The first meaning describes, what we can write down and
solve in a given (planning) system, while the second mean-
ing describes, what efford we need to do it. This thesis
focuses on the first meaning of expressivity only, i.e. it fo-
cuses on the question, what problems we can express and
solve with the help of STRIPS-like planning and HTN-like
planning. Generally, it is assumed, that the expressivity
of HTN-like planning is larger than the expressivity of
HTN-like planning. There are two proofs, which show,
that HTN-like planning is more expressive [4].

The first proof is based on transforming the planning
problem to grammars. Subsequently, it claims, that the
STRIPS-like planning corresponds to regular grammars,
while HTN-like planning corresponds to context free gram-
mars. As an implication of this, HTN-like planning cov-
ers a larger class of domains. This proof looks very simple
and comprehensible and therefore it is very popular in the
planning community.

However, in the case of STRIPS, the transformation to
a regular grammar is not correct. The STRIPS states
(i.e. states of the world) are not atomic, but composed
of literals. It is possible to represent a state as a set
of literals (S = {L1, L2, L3, ...}). The grammar rules
for STRIPS (S0 → a01S1) are not atomic either and
can be further decomposed into: S0 = {LP1 , LP2 , ...} ∪
{L1, L2, ...} → a01(S0 \ {LD1 , LD2 , ...}) ∪ {LA1 , LA2 , ...},
where {LP1 , LP2 , ...}, {LD1 , LD2 , ...} and {LA1 , LA2 , ...}
are sets of literals forming the precondition and effects
(added and removed literals) of the action a01.

Therefore, plan derivation in STRIPS is not just a se-
quential transformation of atomic states. Contrary, it is
a transformation of composite states according to rules,
which cannot be expressed by a regular grammar.

The second proof shows, that the theoretical model of
HTN is undecidable, while STRIPS and STRIPS-like plan-
ning are decidable problems. The main reason causing



Information Sciences and Technologies Bulletin of the ACM Slovakia 35

a)

A4

A5

A3

A6

b) c)

Af2Af1

Ainit

A4start

A5start

A3start

A6start

A3end

A5end

A4end

A6end

Af2Af1

Afinal

ADAY-D

time

A3

A5

Af1

DAY-D

A4

A6

Af2

Figure 1: Simple example of schedule conversion from activities and dependencies (a) to oriented graph
(b) and splitting of activities vertices and adding of the final deadline, artificial source and sink (c).

this result is the fact that the theoretical HTN model
used in the proof uses an infinite set of symbols to mark
tasks, so it is able to create an infinite space of plans.

The theoretical model of HTN is, however, not practi-
cally usable, because of its undecidability. This is true
even with very strong restrictions of the model. There-
fore, practically used planners use different modifications,
which restrict the space of plans to be finite and change
the problem to be decidable [4]. The most common re-
strictions of HTN are:

• Restricting the plan length. If the plan length is
finite, the space of all possible plans is finite too, as
we choose of finite number of actions while adding
an action to a plan.

• Restricting the tasks to be acyclic. It is not allowed
to decompose any task into itself (after several steps
of decomposition). This way, every task can only be
decomposed up to a finite depth, which is smaller
than the total number of tasks.

• Restricting the task networks to be fully ordered.
Tasks are fulfilled sequentially one after another, so
subtasks of individual tasks cannot overlap in time.

Any of these restrictions is sufficient to make HTN-like
planning decidable and therefore practically usable. All
planners based on HTN use at least one of these restric-
tions (or their slight modifications). This is the reason,
why it is better to use the term “HTN-like planning” for
planners based on the HTN model and using one of these
restrictions, than using it for the theoretical HTN model
without restrictions. Based on this definition of HTN-like
planning, it is possible to formulate the following theorem
[8]:

Theorem 1. Every HTN-like domain can be expressed
as a STRIPS-like domain. Every STRIPS-like domain
can be expressed as a HTN-like domain. Therefore, the
expressivity of STRIPS-like planning is identical to the
expressivity of HTN-like planning.

Proof sketch 1. The plan space of a HTN-like do-
main is finite. With the help of finite number of plans,
we can reach a finite number of final states, starting from
one initial state. This means, that the state space of this
domain is finite. For a finite state-space, we can con-
struct a STRIPS-like domain by simply enumerating all
possible state transitions as STRIPS actions. As a result,
STRIPS-like planning expressivity is not smaller than the
expressivity of HTN-like planning. The second half of the
proof, showing that HTN-like planning expressivity is not
smaller than the expressivity of STRIPS-like planning, is
constructive, can be found in [4] and is based on the trans-
formation of STRIPS-like domain to a flat HTN-like do-
main, where it is possible to decompose the initial task
into any primitive task (action) and the relationships be-
tween actions can be expressed by additional restrictions
of primitive tasks

Enumerating all states in a domain is not very practical
and can lead to exponential number of actions. In the
thesis, a conversion of HTN-like domains to STRIPS-like
domains is shown, which can be made in polynomial time
and which does not change the time complexity of plan
search. The conversion is based on the idea of using the
STRIPS planner as an emulator of the HTN-like planner.
The resulting STRIPS plan corresponds to the sequence
of steps, which the HTN-like planner has to execute.

Additionally, the thesis proposes a conversion of a finite-
tape Turing machine to a STRIPS domain. The conver-
sion is based on using the STRIPS planner as an emulator
of the finite-tape Turing machine. The resulting plan con-
sists of steps, which the Turing machine has to execute
in order to halt. This conversion shows that all problems
solvable by a finite-tape Turing machine (and therefore
also solvable by a common computer) can be solved by
a STRIPS-like planner or a HTN-like planner.

4. Rescheduling and Minimal Graph Cut
Dependencies between individual activities can be repre-
sented by documents. If some activity Ause uses the doc-
ument D created by some different activity Aproduce, then
the activity Ause is dependent on the activity Aproduce.
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Figure 2: Simple example of rescheduling based on graph cut. From the initial schedule (a) we create
a dependencies graph and according to a minimal graph cut (b) we compensate the lateness of the
activities Af1 a Af2 by shortening of the activities activity A3 (c).

Execution of the activity Ause cannot start before the
activity Aproduce ends and produces the document D. If
some activities have a dependence between them, but this
dependence is not the result of producing and using of
documents, we can add an empty document, which will
represent this activity.

From the initial schedule and the information about doc-
uments transferred between activities (Figure 1a), it is
possible to create a dependencies graph. In this graph,
activities are represented by vertices, while dependencies
are represented by edges. This way, we get an acyclic
oriented dependencies graph (Figure 1b). For the needs
of rescheduling, we can remove all activities (and adja-
cent dependencies), which are not dependent on activities
Af#. Af# are the activities, which failed to finish in time
(# stands for the identifier of a failed activity).

If we want to allow shortening of activities, we need to
have edges for individual activities too. Therefore, we
divide every vertex of the dependencies graph A#, repre-
senting some activity except the activities Af#, into two
vertices: A#start and A#end. All edges, originally ending
in A#, will now end in A#start and all edges, originally
starting from A#, will now start from A#end. At the same
time, we add an edge eA# leading from A#start to A#end.

Additionally, we add the edge ADAY −D, representing the
final deadline of the schedule (Day D). ADAY −D is de-
pendent on every activity in the schedule, as all activities
need to be finished before the final deadline. Finally, we
add an artificial source Ainit and sink Afinal. We con-
nect the source Ainit to all failed activities Af#. The
final deadline ADAY −D will be connected to the artificial
sink Afinal. An example of the resulting dependencies
graph is in Figure 1c.

This way, we created a dependencies graph, where vertices
represent events in the schedule, which may be affected by
the change of duration of the failed activities Af#. These
events are the ends of the failed activities (Af#), starts
(A#start) and ends (A#end) of dependent activities and
the final deadline (ADAY −D).

For a dependencies graph created this way, we can formu-
late the following theorem [9]:

Theorem 2. Every possible rescheduling, which chan-
ges the schedule by postponing the start and/or end times
of some activities by 1 time unit, corresponds to some cut
of the dependency graph.

Proof sketch 2. We define two sets: Vchanged con-
taining vertices which are postponed in the rescheduling
and Vunchanged containing vertices which are not affected
by the rescheduling. Each event of the dependency graph
(A#start, A#end, ADAY −D, Af#; # standing for an ac-
tivity identifier) is either postponed or not, i.e. it belongs
to Vchanged or Vunchanged, while Vchanged∩Vunchanged = ∅,
as no event can be postponed and not postponed at the
same time. A graph cut is the division of a graph into two
sets, dividing two vertices (in this case Ainit ∈ Vchanged

and Afinal ∈ Vunchanged). This means that every possi-
ble combination of sets (Vchanged, Vunchanged) represent-
ing some rescheduling is a cut of the dependency graph.
At the same time, for every graph cut of the dependen-
cies graph (Vchanged, Vunchanged) there is a corresponding
rescheduling.

Similarly, it is possible to show, that every rescheduling
(changing the beginnings and/or ends of activities by ar-
bitrary time) corresponds to a superposition of several
graph cuts. The proof can be found in the thesis.

With correctly defined costs of edges in the dependencies
graph, it is possible to find the cheapest rescheduling by
finding the minimal cut in the dependencies graph. The
meanings of individual edges costs are:

• Shortening of an activity:
Cost of the edge eA# = (A#start, A#end).

• Shortening of a dependency:
Cost of the edge eAiAj = (Aiend, Ajstart) (or eAfiAj

= (Afi, Ajstart) for the failed activities).

• Moving of an activity:
Cost of the edge eA#D = (Aend, ADAY −D).

• Deadline violation:
Cost of the edge eDAfinal = (ADAY −D, Afinal).
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Figure 3: Portlet for rescheduling in the RAPORT portal. 1. Menu, 2. Status line, 3. Working schedule,
4. Generated schedule, 5. List of activities.

• Aborting a failed activity:
Cost of the edge eAinitAf# = (ADAY −D, Af#).

Edges between vertices inside the same set Vchanged or
Vunchanged correspond to activities or dependencies with
unchanged length, because either both, the starting and
ending vertex, are moved (in the case Vchanged) or nei-
ther of the two vertices is moved (Vunchanged). Activi-
ties and dependencies with edges going from Vchanged to
Vunchanged are shortened by 1 time unit, because their
starting vertex is moved, while their ending vertex re-
mains unchanged (Figure 2).

The proposed approach to rescheduling according to min-
imal graph cut was employed in the RAPORT project, for
which it was primarily designed. The RAPORT system
was created in the cooperation of the Faculty of Informat-
ics and Information Technologies of the Slovak University
of Technology in Bratislava, the Institute of Informat-
ics of the Slovak Academy of Sciences and the National
Academy of Defence. The RAPORT system [6, 11] was
designed for a pilot application: organisation of military
exercises in the Centre of Simulation Technologies (CST)
of the National Academy of Defence (NAO) in Liptovský
Mikuláš.

An important attribute of military exercises organisation
in CST NAO is, that at the day of the exercise (Day D),
all activities have to be successfully accomplished in order
to assure success of the exercise. If any activity is late,
the remaining schedule has to be shortened to avoid the
violation of the exercise time (time of the schedule end).

The approach to rescheduling by using minimal graph
cut was implemented in the RAPORT system as a sepa-
rate portlet (Figure 3). This portlet allows semiautomatic

schedule adjustment: the system offers a solution and the
user can confirm this solution, but the user is also allowed
to further modify the offered solution.

The algorithm of rescheduling by using minimal graph cut
offers several possibilities of further research and improve-
ment. It will be very useful to combine this method with
existing scheduling methods, especially with approaches
based on CPM and PERT[10]. Another possibility is to
allow restrictions, resulting from using resources by indi-
vidual activities, for example in the form of resource links,
which are a part of the critical chain method [7].

5. Thesis Contributions
This thesis has contributions in two areas:

• Determining the expressivity of STRIPS-like and
HTN-like planning:

– Expressivity of STRIPS-like planning and HTN-
like planning is identical. This means, that all
problems solvable by one of these approaches
are also solvable by the second approach. At
the same time, this thesis invalidates the gen-
erally accepted opinion, that the expressivity
of approaches based on HTN is larger than the
expressivity of approaches based on STRIPS.

– HTN-like domains can be converted to equiva-
lent STRIPS domains in polynomial time. The
conversion in the opposite direction was already
known earlier.

– The expressivity of both planning approaches
is identical to the expressivity of a finite tape
Turing machine. This means, that STRIPS-
like and HTN-like planners can solve all prob-
lems solvable by a common computer.
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• Creating of an approach to rescheduling by using
minimal graph cut:

– Proof, that every time change of a schedule cor-
responds to a cat or a superposition of cuts of
a dependencies graph.

– Creating a new approach to rescheduling based
on minimal graph cut. The approach is based
on the fact that the cheapest change of a sched-
ule corresponds to a minimal cut in a depen-
dencies graph.

– Implementation and validation of the approach
in the workflow system for military exercises
preparation RAPORT.
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Abstract
A recurrent neural network is a class of neural network
where connections between neurons form a directed cycle.
These so-called recurrent connections allow spreading in-
formation about past neural activities in network, which
enables to process temporal inputs. Although they are
theoretically equivalent to Turing machines, widespread
use is restricted due to computational expensive training
and lack of knowledge of internal representation mecha-
nism in this class of networks.

Our thesis studies properties of recurrent neural networks
while processing symbolic inputs. We focused mainly on
their relation and description of their behavior in terms
of dynamical systems. We describe the dynamics of ran-
domly initialized neural network and its relation to Mar-
kov prediction models of variable length. In the main part
of our work, we present usability of methods for visuali-
zation, clusterization and the state space analysis as an
effective tool for thorough study of recurrent networks ca-
pabilities on prediction tasks.

In experimental part of our thesis, we focus on studying
changes that emerge in training. We are mostly interested
in the change of näıve Markovian dynamics of randomly
initialized network during training in relation to various
factors such as input sequence, training algorithm, ne-
twork architecture, number of hidden units, etc.

We focused not only on simple recurrent network before
and after training, but also on the computational capa-
bilities of the new approach called echo state networks.
It uses large randomly initialized neural reservoir, which
dynamics is the subject of our interest. We demonstrate
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benefits and constrains of this currently popular approach
based on the results of our experiments and differences
identified after recurrent networks training.

Categories and Subject Descriptors
I.2.6 [Artificial intelligence]: Learning; I.2.6 [Artificial
intelligence]: Learning—connectionism, neural networks

Keywords
recurrent neural networks, symbolic sequences, dynamical
systems, analysis of dynamics, state space visualization

1. Introduction
A recurrent neural network is a class of neural network
where connections between neurons form a directed cycle.
These so-called recurrent connections allow spreading in-
formation about past neural activities in network, which
enables to process temporal inputs.

Various methods can be used for recurrent neural network
adaptation. Straightforward solution is to use basic error
back-propagation method as was used in [3]. However,
this simple method does not have to provide adequate so-
lution especially in case of difficult problems. To calculate
exact gradient one has to take information from previous
time steps into account. Two basic algorithms can ma-
nage this. The first one, which unfolds network in time,
is back-propagation through time (BPTT). Each weight
has several copies that represent time the weight was used
in forward calculation [27]. The second algorithm is real
time recurrent learning (RTRL). In this case gradient is
calculated sequentially in each time step - in real time [28].

Nowadays so-called Kalman filtering methods (KF) be-
come more popular. Classical Kalman filter is effective
recursive filter that estimates the state of linear system
from a series of noisy observations [9]. Application of KF
to nonlinear problems, such as weights adaptation of re-
current neural network, can be done by linearization using
Taylor series [26]. This approach is called extended Kal-
man filter (EKF).

Despite the highest robustness of mentioned algorithms
adaptation of recurrent networks is still difficult. One most
known problem is so-called vanishing gradient problem,
which causes network training to fail on problems where
temporal dependencies are spanning many time steps.
The solution to this problem is to use specific architecture
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with long short-term memory (LSTM), which uses spe-
cific memory cells with single recurrent connection and
input/output gates to store information for reasonable
time [6].

Since the year 2000 new approaches, represented by echo
state networks (ESN) and liquid state machines (LSM),
appeared in the field of recurrent neural network [7, 13].
ESN and LSM are neural networks with large untrained
random ”reservoir” of simple computational elements that
are used to preprocess input signal. The weights of output
neurons can be trained to read out extracted features.

Although recurrent neural networks are theoretically equ-
ivalent to Turing machines, widespread use is restricted
due to computational expensive training and lack of kno-
wledge of internal representation mechanism in this class
of network.

2. Recurrent Neural Networks
Historical development in artificial neural networks resul-
ted in various directions in research activities. The title
of our work ”Power and limits of recurrent neural ne-
tworks for symbolic sequences processing” indicates that
the basic objective is to bring new insight on the prin-
ciples of their behavior. We presume that recurrent ne-
twork is not a black box, which uses adjustable weights
to solve particular problems. Instead, we analyze their
internal mechanisms and study the way they solve parti-
cular problems. Our work is aimed on description of their
behavior in the terms of dynamical systems. We assume,
that the most important regimes of behavior can be desc-
ribed by studying neural network state space [2, 18]. Ac-
tivities of network units represent internal network state,
encode temporal information and designate the way ne-
twork transforms input to desired output. In the case of
symbolic sequences, limited set of input symbols allows ef-
fective analysis of network behavior. More precisely, each
symbolic input is related to the network state transfor-
mation. This transformation can be studied as dynamical
system, which basic characteristics are determined by so-
called fixed points [24].

The first part of our analysis was an analysis of the dyna-
mics of untrained randomly initialized recurrent network.
It has been known for some time that untrained neural
network provides similar results as Markovian prediction
models [20]. This phenomenon called Markovian architec-
tural bias of recurrent network originates from initiali-
zation of networks weights to small values. Small values
cause recurrent network activities (i.e. network state) to
organize in the state space the same way as prediction
contexts in variable length Markovian models (VLMM) [21,
22].

The basic motivation of our work is to understand how
neural network extracts knowledge about temporal depen-
dencies from input sequence to its internal representation.
More precisely, we are interested in the transformation of
näıve Markovian dynamics in relation to various factors
such as input sequence, training algorithm, network ar-
chitecture, number of hidden units, etc. For this purpose,
we use three basic methods of analysis:

Visualisation of network state clusters, and state trajec-
tories in different locations of network state space.

Clusterization, which allows us to analyze discrete version
of network state space.

Fixed points analysis, which studies network state trans-
formations while processing individual inputs.

Previously published works used mentioned methods to
analyze dynamics of small networks with two or three
hidden units [19, 1, 23]. Our work differs from these rese-
arch activities in the fact that we focused on the networks
with more hidden units. Processing of complex sequences
is usually possible only with large networks. This allows
us to focus on problems which have not been studied tho-
roughly yet.

3. Recurrent Networks as Dynamical Systems
Recurrent neural networks can be characterized as disc-
rete time dynamical system that have input, output and
state variables [2, 18, 24, 19]. The most important part of
network in our studies is hidden layer. Activities of units
in the hidden layer can be thought of as an internal ne-
twork state. For example the state s of recurrent network
is vector of real values composed of hidden unit activities.
It is a point in multidimensional space, in which number of
dimensions is equal to the number of hidden units. Basic
property of state space model is that actual state position
has to provide enough information to predict dynamical
system evolution [5].

The impact of network weights initialization to network
dynamics can be visualized by bifurcation diagram (Fi-
gure 1). Axis y of bifurcation diagram represents average
value of activities of state neurons, i.e. values savg(t) =
1
N

∑N
i=0 si(t) at time steps t = 100 to t = 150. Ran-

domly initialized weights were than scaled by coefficient
α ∈ (0, 20).
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Figure 1: Bifurcation diagrams of two randomly
initialized recurrent networks. Symbol α stands
for the scale ratio of recurrent weights.

If the network weights are initialized to small values, i.e.
α < 1, state dynamics is influenced by the stable fixed
point – attractor, which contracts states. If α is increased
enough, bifurcation occurs and dynamics is interleaving
between limit cycles and chaotic behaviors, respectively.

Markovian dynamics of randomly initialized RNN is quite
simple and can be explained by the iterated function the-
ory [10, 11]. Processing of constant input vector results in
stabilization of network state in fixed point – attractor.
Since each input symbol is encoded with different input
vector, network state is stabilized in different region for
each input symbol. Processing of symbolic sequence thus
creates fractal structure (Figure 2) [11, 10].

Organization of clusters in network state before training
corresponds to structure of prediction contexts of variable
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Figure 2: State space of näıve network while pro-
cessing random sequence of four symbols a, b, c
and d. Network state encodes information about
symbol presented at the time t, four cluster top
level. Information about previous input symbols
is also encoded: symbol at the time t − 1 (nested
clusters at 1st level), symbol at time t− 2 (nested
clusters at 2nd level), etc.

length markov model, which is called Markovian architec-
tural bias of recurrent neural networks [21, 22]. During
training process, network weights usually expand from
stable interval. Consequent bifurcations result in emer-
gence of complex behavior. Analysis of dynamic emerged
in training process is the main objective of our work.

4. Methods for Network Dynamics Analysis
Fixed point is a network state s̃ which does not change in
time.

s̃ = F (̃s) (1)

Fixed points in the network state space have essential im-
pact on the state trajectory of trained network (i.e. its
dynamics). Every fixed point can be characterized as an
attractor, repelor or saddle point (Figure 3). When ne-
twork state space contracts to a fixed point, that point
is an attractor (Figure 3a), otherwise that point is repel-
ling (Figure 3b). In some cases, the repelling point may
be contracting in one direction and expanding in another
direction, so we call it a saddle point (Figure 3c).

Although, recurrent neural networks are not linear (nonli-
nearity is introduced by activation function), linearization
can be performed to study character of fixed points. The
eigenvalues λi and eigenvectors vi of Jacobian J(̃s) (par-
tial derivative matrix) calculated at fixed point s̃ express
how system changes in time [12]. They have to satisfy fol-
lowing condition J(̃s) · vi = λi · vi and vi 6= 0, i.e.
they are expressing direction and intensity of linear con-
traction/expansion of linearized system. If the complex
eigenvalue λi lies in the unit circle, fixed point is contrac-
ting in the direction vi, otherwise is repelling. Moreover,
the non-zero imaginary part of eigenvalue is a sign of ro-
tation around the fixed point. The negative value of λi

indicates that the state is driven to/from fixed point by a
2–periodic oscillations (Figure 3c, left).

Figure 3: State space topology near the fixed point
s̃ and its relation to the eigenvalues λi of partial
derivative matrix J(̃s). a) attractor – state trajec-
tories lead state to fixed point; b) repelling point;
c) saddle – repelling in one direction and contrac-
ting in other.

Analysis of network dynamics before, during and after
training is not and simple task. To get and valuable insight
one has to examine many parameters. In our work we use
three basic methods of analysis.

Visualization of state space. Visualization is used to draw
network state space, i.e. clusters of states and cor-
responding trajectories representing internal repre-
sentation of network. State space of larger network
is visualized with linear projection to 2D/3D sub-
space which is created by using two or three princi-
pal components of PCA.

Clusterization and neural prediction model analysis. Dis-
cretization of network state space creates finite set
of clusters. Building of prediction models over this
discrete version of state space helps us to get over-
view on changes of network dynamics. Similar pro-
cess can also be used to compare different training
algorithms.

Fixed point analysis. Localization and analysis of fixed
points in the network dynamics identify changes in
training process. To identify both unstable and stab-
le fixed points Newton-Raphson method was used.
Linearization and consequent visualization of state
trajectories revealed their impact to state trajecto-
ries.

5. Adaptation of Recurrent Neural Networks
We performed several experiments related to previously
published results. The first set of experiments were focu-
sed on analysis of networks trained on next symbol predic-
tion tasks of three linguistic sequences: anbn, Christiansen-
Chater and Elman language. We also used neural predic-
tion machines to compare two different approaches of ne-
twork training: self-organizing BCM and simple recurrent
network trained by EKF.

There are three known distinctive solutions for networks
with two and three hidden units trained on next symbol
prediction of language anbn: monotonic, oscillating and
exotic [25, 1]. The first solution contains two attracting
points in opposite corners of the state space (Figure 4a).
While processing a and b inputs, the network state is mo-
ving between these two attractors, which can be inter-
preted as symbol counting. Oscillating dynamics, which
is known to achieve some kind of generalization, is per-
formed by attractor and one saddle point (Figure 4b).
In this case, counting is performed by oscillating towards
the attractive point (a-system) and from the saddle point
(b-system).
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Figure 4: Three typical solutions of counter in the
SRN state space: a) monotonic counter – two att-
ractive points; b) oscillating counter – attractor
sa and oscillating saddle sb; c) exotic counter –
attractor sa and unstable fixed point sb. First and
second network have 15 hidden units. Third ne-
twork has 5 hidden units. The eigenvalues of Ja-
cobian matrix calculated at sa and sb points are
shown as red crosses and blue dots, respectively.

Introduced methods of analysis allow us to study and
identify characteristic solutions in networks with high num-
ber of hidden units [15]. Our results showed bias of BPTT
training towards simpler – monotonic solution. On con-
trary, dynamics composed of both stable and unstable
fixed point dominated in the case of EKF training.

Similar method was used to analyze networks trained on
next symbol prediction of languages Christiansen-Chater
and Elman. In case of Christiansen-Chater sequence, we
identified that the training changes position of attractors
and increases distances between them. This allows ne-
twork to spread clusters in the network state space in opti-
mal way. Moreover, we found out, that symbols used in
identical temporal contexts (e.g. words of the same gram-
matical category) rearrange their attractive points in the
same part of the state space.

Complex chaotic characteristics of Laser sequence and
deeper recursion in Elman language requires network to
store longer temporal information. This results in the
change of attractor stability and/or creation of new fixed
points. These new points allow network to drive its state
in different parts of state space in different manner and
thus trained networks outperform Markovian prediction
models.

6. Echo State Networks
In the second part of our work, we focused on the echo
state neural networks. They use large untrained randomly
initialized dynamical reservoir to preprocess input sequ-
ence (Figure 5). Output layer of ESN is used to transform
this preprocessed input from dynamical reservoir to desi-
red output sequence. An essential condition for the ESN
approach is that dynamical reservoir must produce mea-
ningful response, i.e. network state must be an ”echo” of
input signal. This is achieved by rescaling network weights
to small values, which is apparently similar to architectu-
ral bias condition, i.e. initialization with small weights.

We used methods for dynamical system analysis to iden-
tify relation between Markovian architectural bias and

Figure 5: Dynamical reservoir preprocesses input
sequence and creates potentially interesting res-
ponse. Sparsely connected units in hidden layer
thus produce richer version of input sequence [7].

crucial echo state property of ESN. Especially random
initialization of dynamical reservoir indicates that echo
state networks use Markovian architectural bias of dyna-
mical reservoir to produce desired output [17].

It was shown, that existence of echo state in dynamical
reservoir can be achieved by setting weights in dynami-
cal reservoir to small values [7]. This procedure set ab-
solute value of spectral radius of matrix M to value less
than 1. Matrix M is composed of random values of reser-
voir neurons weights. Value of spectral radius has essen-
tial impact on existence of echo state and consequently
influences global memory characteristics of ESNs [8, 16].
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Figure 6: Visualization of the state vector compo-
nents. Each colour represents component of state
vector corresponding to information from specific
time step. Dark (blue) colour represents compo-
nent of state vector encoding input from time step
t = 1, light (red) corresponds to information from
time step t = 19. Forgetting factor depends on the
value of spectral radius |λmax| of the matrix M.

The impact of actual input to components of state vec-
tor can be easily analyzed. We set input at analyzed time
step to zero and calculate distance between old and new
state trajectory during several time steps. Impact of in-
puts was closely related to the value of spectral radius
|λmax|. For values less than 1 exponential forgetting curve
appeared (Figure 6a). It means, that inputs from the be-
ginning of sequence have only small impact on network
state at the time step t = 20. Forgetting factor was re-
lated to the value of spectral radius of matrix M. The
slowest descent appears if value of |λmax| is close to 1 and
steepest descent for values close to 0. If matrix is scaled to
value greater than 1, echo states property is not satisfied
(Figure 6b).
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7. Computational Capabilities of Dynamical
Reservoirs

When processing symbolic inputs it is convenient to initia-
lize input weights in the network according to co-occurrence
statistics of input symbols [4]. Therefore, symbols used in
similar temporal context have similar impact on activities
of neurons in dynamical reservoir. This results in better
generalization for symbols that did not appear in training
set. Network using foregoing approach for input weight
initialization is called ESN+.
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Figure 7: Distances of fixed points in the state
space of: a) ESN; b) ESN+; c) SRN. In the case of
SRN dynamics of some input symbols is composed
of cobination of several fixed points. Attractors
are marked with symbol * and saddles with sym-
bol +. For examples dynamical systems of words
john a mary are composed of two attractors and
one saddle point.

Our proposal was to enhance described initialization with
random linear transformation of input weights. Analysis
of state space organization shows that this simple enhan-
cement allows us to adjust distances between attractors
of input symbols according to specific task (Figure 7).
Results of our experiments indicate that ESN+ with li-
near transformation provides better performance compa-
red ESN+ or classical ESN. On the other hand analy-
sis of classical simple recurrent network trained by algo-
rithm EKF shows that adaptation creates in the state
space configuration of both stable and unstable fixed po-
ints, which allows network to outperform ESN and ESN+
approaches (Figure 7c).

Because results indicate that performance of ESN appro-
ach is closely related to initialization of reservoir before
training, we decided to simplify structure of reservoir con-
nections. It is based on removing recurrent connections
from reservoir. Neurons are labeled with numbers, and re-
current connections exist only between neurons with lower
index. More precisely network is unable to use recurrent
connections to store temporal information for unlimited
time. Instead, the number of hidden units in reservoir li-
mits its memory.

Results of our experiments showed similar performance of
ESN and feed forward ESN on three different prediction
tasks. Potential of FF-ESN is hidden in scaling, i.e. ad-
ding and removing neuron with maximal index. In classi-
cal ESN, removing of single neuron has significant impact
on reservoir dynamic. In FF-ESN, neuron with maximal

index does not affect network dynamics, i.e. dynamical
reservoir can be easily resized.

First technical report about ESN described simple enhan-
cement of training procedure based on state wobbling [7].
It adds small noise to input sequence, which helps network
to increase its prediction capabilities. Moreover, if pred-
icted output is used as input for next time step, network
stably reproduces desired periodical sequence. Analysis of
state space of trained ESN while generating periodical se-
quence helps us to identify relation between stability of
solution and output error and noise. We also suggest en-
hancement that uses online adaptation to find stable solu-
tion even without state wobbling. Online training process
allows us to use actual output (with prediction error) as
input signal and thus network can find stable solution.

8. Conclusion
Our experiments concentrated on the changes in the ne-
twork dynamics while processing symbolic sequences. We
can conclude that fixed-point Markovian dynamics chan-
ges during training on temporal sequences. If network is
trained on simple task, attractive points rearrange their
positions to distinct parts of state space. This change spre-
ads state clusters in the state space in an optimal way.

Moreover, if different symbols in input sequence are used
in similar temporal context, corresponding fixed points
are located in the same space after training. The change
of fixed-point stability was related to deeper recursion in
linguistic time series or longer temporal dependence in
chaotic sequences, respectively. Consequently, new fixed
points are created, and network can drive state in distant
parts of state space in a different way.

In the next part of our work, we focused on new approach
in the field of recurrent neural networks – echo state ne-
ural networks. They are based on idea of using large reser-
voir of randomly interconnected units. We performed se-
veral experiments that studied relationship between Mar-
kovian architectural bias and echo state networks. Ran-
dom initialization of dynamical reservoir and consequent
rescaling of reservoir weights to small values creates con-
tractive dynamics, which is based on single attractor. The
absence of adaptation of reservoir dynamic has major im-
pact on the computational capabilities of echo state ne-
tworks.
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Figure 8: Network state trajectory while proces-
sing chaotic sequence Laser: a) randomly initia-
lized reservoir ESN; b) classical network trained
by EKF. The state change is colored according to
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To demonstrate stated fact we visualize state trajectory
of ESN and classical recurrent network trained by EKF
algorithm on next symbol prediction task Laser. Marko-
vian dynamics of randomly initialized reservoir of ESN
includes four attractive points corresponding to four in-
put symbols (Figure 8a). This organization of state space
is present after each random initialization regardless of
number of hidden units in reservoir [14]. Position of ESN
state in the state space clusters thus always changes ac-
cording to Markovian fractal structure (Figure 2).

Dynamics of network trained by EKF algorithm is dif-
ferent. Dynamics changes and stability of fixed points is
changed and new fixed points appear. Some input sym-
bols thus employ several fixed points that drive state in
distant parts of the space in a different way (e.g. symbols
b, c on Figure 8b).

This allows network to move its state on chaotic orbit,
which consequently allows network to store information
about distant input symbols and thus overcome well-known
information latching problem. ESN with large dynami-
cal reservoir thus never achieve performance that can be
achieved by classically adopted small recurrent network.
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[20] P. Tiňo, M. Čerňanský, and L’. Beňušková. Markovian
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M. Čerňanský and M. Makula. Memory of randomly initialized
recurrent neural networks. In Cognition and Artificial Life IV,
pages 363–371, 2004. (in Slovak)
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Abstract
Recurrent neural networks in general achieve better re-
sults in prediction of time series then feedforward ne-
tworks. Echo state neural networks seem to be one al-
ternative to them. I have shown on the task of text cor-
rection, that they achieve slightly better results compa-
red to already known method based on Markov model.
The major part of this work is focused on alternatives
to recurrent neural networks training that are based on
Kalman filtration modifications. I describe in detail the
training by filters: Extended Kalman Filter, Unscented
Kalman Filter (UKF), nprKF Filter and their joint versi-
ons UKFj and nprKFj. Contribution of this work is pre-
sentation of simpler equations for individual filters, be-
cause they are modified specifically for recurrent neural
network training. Filter UKFj in context of recurrent ne-
ural networks was probably firstly described in my work.
I compare individual filters with each other and also with
gradient descent method Truncated Backpropagation Th-
rough Time (BPTT(h)). I show the results are consis-
tently better when comparing recurrent neural networks
trained by these advanced methods with BPTT(h). In the
like manner, Extended Kalman Filter achieves worse re-
sults compared to the other filters, which on the other
hand achieve comparable results with each other. I desc-
ribe how to speed up their computation by utilizing the
graphics card. My work is one of the first (if not the first)
that focuses on recurrent neural network training utilizing
the processor on graphics card. This paper represents my
dissertation summary.
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1. Introduction
The ability to predict the behavior of a system is in gene-
ral dependent on the knowledge of principles describing
given occurence. If we are able to express those princip-
les as a set of equations we can predict the behavior in
the past for a given starting conditions. This is often im-
possible or will be very time- / money-wise consuming.
In principle, we are able to predict dynamic system be-
havior in the future using observed data from the past.
Many approaches exist how to achieve this.

In my dissertation I introduce the reader into basics of
the terms: dynamical system, prediction, artificial recur-
rent neural networks. I especially address the description
of the types of recurrent neural networks and methods
for their training, and thus also how to achieve predic-
tion using them. I describe in detail the Echo state neural
networks and methods of neural networks training based
on Kalman filtration. I mention in it the objectives of my
dissertation that are in a large extent related to the field
of prediction of dynamical systems by recurrent neural
networks. I describe the methods that I chose in order to
accomplish the given objectives and I show the results of
realized experiments.

1.1 Dynamical Systems
Dynamical system in general consists of the set of states
and of the relation that determines the next state based
on past states of the system [11, 12, 2]. State is a vector
which consists of every relevant variable of the system in
such a way that the state vectors provide enough informa-
tion to predict future states. The important fact is that
the system’s states are not measured directly. We observe
only the output of the system which is determined by
the current state, so it is possible to estimate the current
state.

Dynamical systems could be described either in continu-
ous or discrete time. We will consider only the discrete
time dynamical systems in the following. Dynamical sys-
tem is discrete when it works in discrete, usually equ-
ally spaced time intervals. It does not automatically mean
that its outputs are discrete values. System’s state usu-
ally changes non-linearly by time-variant function and the
state transition can also be corrupted by noise. Similarly,



Information Sciences and Technologies Bulletin of the ACM Slovakia 47

the measurement (output vector) from the system is in
general non-linear, dependent on the current state accor-
ding to non-linear time-variant function and can also be
corrupted by noise.

The measurements from the dynamical system form a time
series. That is why we can use the methods for time series
prediction also for dynamical systems prediction.

1.2 Prediction
The aim of the time series prediction is, in short, to deter-
mine the continuation xN+1, xN+2, . . . on the basis of the
known sequence x1, x2, . . . , xN up to time N [15]. The
sequence might be created e.g. by measuring the out-
puts of dynamical system working in discrete time, or by
sampling the system working in continous time and can
have either stochastic or deterministic origin. The stan-
dard approach to prediction stems in the effort to create
a model that describes (generates) the observed sequence.

There exists a broad spectrum of classical methods for
prediction, e.g. extrapolation of trend curve, exponential
smoothing, Holt-Winters technique, Box-Jenkins metho-
dology, general exponential smoothing; ARARMA, where
the trend is filtered out by autoregressive model before
application of ARMA model, etc. The mentioned met-
hods are very useful when applicable. But their usage is
limited by the need of many practical experiences, and
with every one separately, which is very demanding, es-
pecially because each one comprises of different mathe-
matical equations and thus different parameters.

Apart from the classical methods there exists so called
structural modelling [4]. They have many things in com-
mon, but they differ in that the classical time series pre-
diction tries to describe the observed data, as opposed
to the structural modelling where the aim is to model
the hidden dynamics that produced the observed data.
That is why the classical methods are more suitable for
short-term future data prediction, whereas the structural
modelling provides long-term dynamical behavior [11].

The time series generated by non-linear dynamical sys-
tems are common in practice, that is why the non-linear
models which are able to capture their dynamics are sought-
after. It was shown that the feedforward neural networks
with finite number of neurons is universal approxima-
tor [3]. These arguments provide the basic motivation to
make use of neural networks for time series prediction,
which is not a new idea.

1.3 Recurrent Neural Network
If the output of the network is not determined solely by
the current network’s input, but also by the history of
inputs, it is necessary to seek such a structure of the ne-
twork that will be able to create the state representation
of the time context in data. It turns out the recurrent ne-
ural networks have this capability. It is possible to use also
Time delay neural network – TDNN, but its capabilities
are limited due to the fixed size of the time window. Re-
current network is any network which have certain subset
of neurons, called recurrent, that store information about
its activities from previous time steps. Values of the out-
puts of recurrent neurons from previous step are copied
into so called context neurons and are appended to the
current input vector. Neural network is thus augmented
with internal memory.

Recurrent neural networks, in contrast to the classical fe-
edforward neural networks, better handle inputs that have
space-time structure, e.g. symbolic time series. It is po-
ssible to use them for example to process the sequences of
words of languages generated by grammars, or sequences
having chaotic character, etc., which is very useful e.g. in
control of robotic systems.

Similarly as it is with feedforward neural networks, there
are no connections within the same layer (technically, the
connections are allowed but with nonzero delay). There
exist various neural networks architectures, within which
the Elman’s is the most used one – it has one hidden layer
which is recurrent.

Recurrent neural networks are trained for the next desired
vector prediction for example by using Real-time recurrent
learning method – RTRL [9]. Its essence is in the back
propagation of errors where not only space but also time
structure of data is reflected.

Another algorithm for recurrent neural network training
is Backpropagation through time – BPTT [9]. It serves
mainly for training to classify the sequences. The desired
output is provided to the network at the end of each sequ-
ence. The neural network is unfolded in time, so it has as
many hidden layers as is the number of inputs in one se-
quence. It is then trained the same as feedforward neural
network with n hidden neurons, where n is the sequence
length. The drawback of these gradient descent methods
is for example the tendency to get stuck in some local
minimum.

2. Thesis Objectives
It is possible to predict the dynamical systems using va-
rious approaches. In my research I have focused on the
field of recurrent neural networks that in general achieve
better results in prediction of time series then feedforward
networks, because it is necessary to take also time context
into account. Recurrent neural networks are still quite ra-
rely used what is probably given by the fact that their
training converges slowly to satisfactory results when we
use classical gradient descent methods. That is why one
of my work’s objectives is to focus on the alternatives of
gradient descent methods.

2.1 Echo State Networks Adaptation
One of this alternatives shows to be Echo state neural
networks. Artificial neural networks with echo states re-
present a novel view on the recurrent neural network trai-
ning. The basic idea is to use a large reservoir of untrained
recurrently connected neurons that serves as a source of
interesting signals, from which the desired output is com-
posed. That is why I want to focus on researching of their
capabilities in several experiments.

2.2 Kalman Filter Modifications
The more traditional alternative to gradient descent met-
hods are methods of training of recurrent neural networks
based on Kalman filtration. My objective is to research
what results are achieved by recurrent neural networks
trained by these advanced methods on several tasks con-
cerning the next symbol prediction in the given sequence.

I plan to compare them with one another as well as with
gradient descent methods especially from the point of
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achieved prediction quality, what is of course the most
important. The time aspect is also interesting, that is how
long the training lasts from the point of overall duration,
because these methods have various asymptotical comple-
xity, as well as from the point of needed training cycles.

2.3 Graphics Processor Utilization
Recurrent neural network training is computationally in-
tensive process. It is especially true for advanced methods
using Kalman filtration, which in general achieve better
prediction properties, but their time demands for disco-
vering suitable parameter values and final training deter
from more frequent usage. That is why I focused on re-
searching the possibility to speed up the recurrent neural
networks training, what will improve their practical app-
lication.

Recently, the suitable computational device starts to be
a “common” graphics card that is in common personal
computers. This device can nowadays be used as a copro-
cessor, because it is high-performance parallel computa-
tional device. That is why I want to focus on showing the
suitability of graphics processor utilization for the trai-
ning of various types of networks and algorithms for re-
current neural networks. I will emphasize the objective
comparison of speed with the computation solely on clas-
sical processor. I plan to achieve this by using equivalent
libraries and algorithms for graphics as well as classical
processors. This will show speed up also from the practical
view, that is by using comparable effort for implementing
given algorithm.

The important criterion is that the proposed algorithms
shall be sufficiently universal and usable also in the future,
i.e. they shall not be tied to the particular graphics pro-
cessor. As the manufacturers of graphics cards themselves
support general purpose computations on them, especially
through creation of libraries for them, it is a valid assump-
tion that the hardware structure of these cards will remain
nearly identical (they are called stream processors), not
to mention the existing programming interfaces.

3. Kalman Filter Modifications
Recurrent neural network learning is a very difficult nu-
merical problem which approaches very poorly and slowly
to satisfactory results when being solved with the classic
gradient optimisation methods on longer input sequen-
ces. That is the reason for searching for the more effective
methods of recurrent network learning. The methods ba-
sed on Kalman filtration serve as a better alternative to
classic gradient descent methods.

The Kalman filtering problem lies in jointly solving the
process and measurement equations of linear dynamical
system for the unknown state in an optimal manner [8].
Kalman filter functions in two repeating steps (after ini-
tialisation)

1. Time update, also called prediction step – we com-
pute the apriori estimation of the state and the error
covariance.

2. Measurement update, also called correction step – we
correct the state estimate obtained in the previous
step according to the new measurement.

This concept of prediction–correction is a basic principle
of Kalman filtration and is present in each type of filter
mentioned further.

3.1 Extended Kalman Filter
When the model is nonlinear, which is the case of ne-
ural networks, we have to extend Kalman filter using li-
nearisation procedure. Resulting filter is then called the
Extended Kalman filter (EKF) [2].

Neural network is a nonlinear dynamical system that can
be described by equations [2, 11]:

xk−1 = xk + rk (1)

yk = h(xk,uk,vk−1) + q k (2)

The process equation expresses the state of neural ne-
twork as a stationary process corrupted with the process
noise rk, where the state of the network x consists of ne-
twork weights. Measurement equation expresses the desi-
red output of the network as a nonlinear function of the
input vector uk, of the weight vector xk and for recurrent
networks also of the activations of recurrent neurons from
previous step vk−1. This equation is augmented by the
random measurement noise q k. The covariance matrix of
the noise rk is Rk = E[rkrTk ] and the covariance of the
noise q k is Qk = E[q kqT

k].

The basic idea of the Extended Kalman filter lies in the
linearisation of the measurement equation at each time
step around the newest state estimate x̂k. We use for this
purpose just the first-order Taylor approximation of non-
linear equation [2].

It follows that the Extended Kalman filter can be directly
used for prediction of non-linear dynamical system. The
problem is that it is necessary to know the process as well
as measurement equations, which is not always possible.
But because we know these equations for recurrent neural
network, it is beneficial to use them as a model of non-
linear dynamical system, which contains many parameters
(connection weights). Extended Kalman filter estimates
these parameters based on measurements.

We can express the neural network training as a problem
of finding the state estimate xk that minimalises the least-
squares error, using all the previous measurements. We
can express the solution of this problem as:

Kk = PkHT
k [HkPkHT

k + Rk]−1 (3)

x̂k+1 = x̂k + Kk[yk − h(x̂k,uk,vk−1)] (4)

Pk+1 = Pk −KkHkPk + Qk (5)

where x̂ is a vector of all the weights, h(·) is a function
returning a vector of actual outputs, y is a vector of de-
sired outputs, K is the so called Kalman gain matrix, P
is the error covariance matrix of the state and H is the
measurement matrix (Jacobian). Matrix H contains par-
tial derivatives of i’s output with respect to j’s weight.
Its computation is realised either using the Backpropaga-
tion algorithm in forward neural network; or using either
Backpropagation through time, Truncated backpropaga-
tion through time, or Real time recurrent learning in re-
current network.

3.2 Unscented Kalman Filter
The key element in the EKF method is the development
of the covariance matrix, which is in every step appro-
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ximated using the Taylor expansion of nonlinear func-
tion, which relates the network outputs to the weights.
The first-order Taylor linearization provides an insuffi-
ciently accurate representation in many cases, and signi-
ficant bias, or even convergence problems are commonly
encountered due to the overly crude approximation [10].

The nonlinear generalisation of the Kalman filter called
the Unscented Kalman filter (UKF) was also used with
success in various applications including the recurrent ne-
ural network training [13]. The basic principle of the UKF
is conceptually similar to the EKF, but the implementa-
tion is significantly different. No derivatives are needed,
only function evaluations, as opposed to the Taylor appro-
ximation. Of essence is a fact that this method generally
achieves better results than EKF.

The basic difference between the EKF and UKF stems
from the manner in which Gaussian random variables
(GRV) are represented for propagation through system
dynamics. In the EKF, the state distribution is approxi-
mated by GRV, which are then propagated analytically
through the first-order Taylor approximation of the non-
linear system. As already mentioned, this can introduce
large errors in the true posterior mean and covariance of
the transformed GRV.

The UKF uses so called unscented transformation, which
is a relatively new method for calculating the statistics of
a random variable which undergoes a nonlinear transfor-
mation [7]. A set of sigma points is chosen so that their
sample mean and sample covariance are the true mean
and true covariance, respectively. When propagated th-
rough the true nonlinear system, they capture the poste-
rior mean and covariance accurately to the second order
of Taylor series expansion for any nonlinearity. The EKF,
in contrast, only achieves first-order accuracy.

This method resembles the Monte Carlo-type methods,
where many samples are randomly chosen, which also are
propagated through nonlinear transformation. On the ot-
her hand, the sigma points are not chosen randomly, but
deterministically and moreover, the number of sigma po-
ints is low – 2nx +1, where nx is the dimension of random
variable (vector’s dimension) [7].

In [1] is an important statement about recurrent neural
network training by nprKF, but it is valid for the UKF
as well (which I can confirm on the basis of own experi-
ments). It is necessary to repropagate the recurrent neural
network several steps from the past with the new weights,
which is similar to the derivatives computation with the
BPTT(h). For that we obviously have to store the network
inputs and the outputs of at least recurrent neurons from
previous steps. The purpose of this is to adapt the recur-
rent neurons activations to a new weight vector.

3.3 Filter nprKF
The UKF uses sigma points and unscented transformation
for the computation of statistics of a random variable that
went through nonlinear transformation. The EKF uses
the first-order Taylor expansion. The other method, or
the other Kalman filter modification is the filter named
nprKF [13].

As with the UKF, also with this filter it is not necessary
to calculate derivatives, since the Taylor expansion is in

this case replaced by the Stirling’s formula for nonlinear
function approximation at the interval, where the function
f is approximated by the second-order terms [10]. This
formula may be interpreted as a Taylor approximation
with the derivatives replaced by central divided differences
(hence the original filter’s name – DD2). They derived this
filter’s equations for a general dynamical system, when
the nonlinearity occurs in the state equation as well as
in the measurement equation and even either process or
measurement noise may impact nonlinearly.

Even though the nprKF authors do not explicitly mention
the sigma points, they in fact also use them and even
the same number of them (2nx + 1). The analysis in [10]
confirms this, since the state estimate is identical in both
filters. But they differ in the covariance estimation. The
nprKF provides slightly better estimate – the differences
in covariance update in comparison with the UKF are
in the fourth- and greater-order of the Taylor expansion.
Covariance estimate with the UKF is therefore slightly
less accurate and may sometimes even lead to the non-
positive definite estimate [10]. As with the UKF, we need
to repropagate the network several steps for every weight
vector variation (sigma point).

3.4 Joint filters UKF and nprKF
As mentioned previously, when training recurrent neural
networks, it is necessary to repropagate the network se-
veral steps from the past for every sigma point (i.e. with
different weights).

The alternative approach lies in including the recurrent
neurons activations in the state vector, when we simul-
taneously use the UKF or nprKF for weights estimation
as well as the state estimation [13]. It is therefore ne-
cessary for thus formulated problem, which is called the
Joint Unscented Kalman Filter (UKFj) or Joint nprKFj,
respectively, to change the state equation and hence the
UKF/nprKF equations. It is worth noting that this name
is used also for the filter in which the system’s state and
inputs are concatenated into single state vector [2, 22].
This is used in the situation when we do not have the
noise-free input into a system.

I have not found the UKFj filter in the literature specifi-
cally in the context of recurrent neural network training.
I have created it on the basis of similarity with the nprKFj
filter described in [13].

The joint filters on one hand increase the computation
complexity by expanding the state vector x, on the other
hand it simplifies the computation of the network output
for various weight vectors (sigma points). The difference
in comparison with the basic versions of the filters lies only
in the time update, since the function f has become non-
linear by including additional states. Specifically for the
Elman’s architecture it is therefore sufficient to set (apart
from the weights) the hidden recurrent neurons outputs
and then just to compute the outputs of neurons in the
output layer. This interpretation is consistent with the
usual measurement equation in dynamical systems, when
the system output is a function of its state variables [13].

4. Neural Networks on GPU
Graphics processing units (GPU) in common graphics
cards have recently evolved into the powerful resource for
general purpose computing. They were originally used so-
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lely for speed up of mathematical computation involved in
graphics. New specialized algorithms were gradually ad-
ded in order to achieve better visual effects, but because
of growing complexity of these algorithms the possibility
to program GPUs was eventually added.

Thus, the possibility to program them was originally mo-
tivated to achieve faster and more realistic graphics rende-
ring. However, the computation power of this commonly
available device was still frequently used for applications
that had nothing to do with graphics. We can therefore
say the graphics card can be used as a coprocessor to the
classic central processing unit (CPU).

I show in this section how it is possible to speed up the
computations in recurrent neural networks utilizing com-
monly available graphics cards. What is important, the
proposed algorithms shall be sufficiently universal and
they shall not be tied to the particular hardware. As both
main manufacturers of graphics cards nVidia and ATI are
using the term stream processor besides the term grap-
hics card, it is evident they are built on the same prin-
ciple. While this principle remains unchanged the descri-
bed methods stay valid.

What is more, if we constrain ourselves to work only with
matrices/vectors, then the used function calls will remain
unchanged, because they adhere to the Basic Linear Al-
gebra Subprograms (BLAS) standard [25]. So, if the prin-
ciple of graphics cards for some reason changes, this in-
terface will be preserved.

4.1 Forward Signal Propagation
It is possible to speed up also the forward propagation of
signal through neural network on the graphics processor.
There are two options how to approach this problem.

If the network is organized into layers, then we can ex-
press the input propagation through network as a gra-
dual propagation of input through each layer. Utilization
of matrix operations is beneficial especially because the
libraries for graphics cards exist specifically for matrix
operations. I have used CUBLAS library which is a part
of CUDA [17].

In order to better utilize parallel processor in graphics
card, it is beneficial to propagate several inputs at once
through a layer in non-recurrent networks. We concate-
nate respective input vectors into the matrix U and com-
pute output matrix Y (W1 is weight vector):

W1U = A (6)

Y1 = f (A) (7)

It is possible to use parallel evaluation of elements in mat-
rix A by application of (sigmoidal) function f to every
matrix element and obtain thus matrix Y. If the network
has more layers, the similar computation is applied to the
other layer, just the output from previous layer augmen-
ted with a row of ones (i.e. biases) will serve as input for
next layer.

We can visualize neural network as a system of intercon-
nected nodes, i.e. as a graph, where the oriented edge may
exist between any node couple. In other words, neural ne-
twork does not have to be organized into layers. And if
the graph contains a cycle then it is recurrent network.

In this case we can modify a method for simulation of gra-
vitational interaction of N bodies [24]. In this simulation,
every body influences every other body through its gra-
vitational force, whereas the resulting gravitational force
affecting the body is a sum of individual forces. Here is
the similarity with neural networks, because, in general,
the neuron activation is a sum of outputs of every other
neuron multiplied by the connection weight.

We will simulate network operation in time steps, where in
each time step the input vector is presented to the network
and new activations of neurons are computed using the
neuron outputs from previous step. For the network with
k layers, we obtain the network output in step t+k given
the input in step t.

4.2 Echo State Networks
Recurrent neural networks with echo states (ESN) repre-
sent a novel view on the recurrent neural network training.
The basic idea is to use a large reservoir of recurrently
connected neurons that serves as a source of interesting
signals from which the desired output is composed. What
differs the Echo-state networks from the classical training
techniques is the fact that the weights of connections in
the reservoir remain constant during the training process.
Only the output weights are adapted what corresponds
with the desired output “composition” [5]. This approach
is closely related to the so-called architectural bias [14],
when the untrained networks have also useful properties.

It is necessary to carry out several steps when training
these networks.

The main part of Echo state networks is dynamical reser-
voir that typically contains hundreds, even thousands of
neurons. As the neurons in dynamical reservoir are ran-
domly interconnected, in principle, every neuron is con-
nected with every other neuron, we obtain the response
of neurons to input signal by using simulation described
in the previous section.

When we have outputs of neurons in every time step, it is
necessary to compute output weights. Linear combination
of signals from reservoir in such a way as to be as close
to the desired output as possible, can be obtained by this
computation [6]:

R = XTX (8)

P = XTY (9)

Wout = R−1P (10)

where X is matrix with signals from reservoir and Y is
matrix of desired outputs.

We can use any method to compute linear regression (“fit-
ting”of signals from reservoir onto desired outputs). I chose
this one, because inverse of matrix R can be obtained
using Cholesky decomposition, computation of which was
already studied on graphics processor [23].

5. Results
In this section, I show and comment the results of expe-
riments that I conducted using described methods.

5.1 Text Correction Using ESN
I have used the Echo state network to correct corrupted
symbol sequence in this experiment. The principle is to



Information Sciences and Technologies Bulletin of the ACM Slovakia 51

create Probabilistic finite automaton (PST) from the sta-
tes of dynamical reservoir, because then we are able to
apply Viterbi’s algorithm for text correction. The task
of repairing corrupted text (sequence of symbols) means
to find the most likely state sequence that generated the
original text [18].

I have chosen as a training sequence the books of King
James Bible, excluding the Genesis book which served as
test sequence. This choice was inspired by the article [18].
The length of test sequence was 1.9 · 105 and the length
of training sequence was 2.9 · 106. Alphabet includes 26
characters and blank space.

In order to test the prediction capabilities of Variable
length Markov model, with which I compared results,
I have created the Prediction suffix tree containing 1790
nodes. I have transformed it into probabilistic finite au-
tomaton with 13911 states.

I have used reservoir with 100 neurons for the Echo state
network. 20% of all the possible connections were initiali-
zed to uniformly random floating point numbers from the
interval (−1, 1), the other connections had zero weights.
I have scaled the matrix of internal connections to have
spectral radius close to 1, specifically 0.998. The reason is
to achieve longer short-term memory. Input weights were
chosen randomly and uniformly from the interval of inte-
gers 〈−5, 5〉.

During the creation of automaton from ESN I took every
50th state of reservoir as reactions to input training se-
quence and I created 10000 clusters by K-means method
from thus obtained 58056 states. Each cluster corresponds
to one state of automaton [19]. The next step is to find the
probabilities of transition between these states. These are
estimated based on relative frequency of transitions from
the origin state’s cluster i into the target state’s cluster
j. We sequentially present the training sequence as an in-
put to the network, we monitor the states of reservoir and
determine each state’s cluster (i.e. which cluster’s center
has the shortest Euclid’s distance to the state).

The final step is to determine the next symbol probability
distribution for each automaton’s state (cluster). This can
be achieved by presenting the training sequence and ob-
serving which symbol caused the transition into the reser-
voir’s state that corresponds to given automaton’s state
(cluster). We obtain thus for each automaton’s state the
relative frequencies of observed symbols. In majority of
cases the single symbol has the markedly highest rela-
tive frequency, so it is sufficient to remember just this one
symbol for each autoamton’s state [20]. Now we can apply
Viterbi’s algorithm.

The first 1000 symbols from the testing set (book Gene-
sis) was changed to another symbol with the probability
of 0.1, i.e. was corrupted. I noted how many from the cor-
rupted symbols were successfully corrected by Viterbi’s
algorithm, but also how many corrupted symbols were in
the end, because this algorithm can “correct” also original
symbols. That is caused by the fact that we have only
a model of the “process” which generated the text of the
Bible and it is therefore possible the different sequence
seems more probable than the correct one.

I conducted this experiment 100 times – that is always dif-
ferent around 10% from 1000 symbols were corrupted and

I computed the averages. Variable length Markov model
in average corrected 81.16 symbols from 100.12 which is
81.1% and there were 29.38 still corrupted symbols. Au-
tomaton created from the ESN in average corrected 84.32
symbols from 99.84 which is 84.5% and there were 23.6
still corrupted symbols.

The example of text correction using ESN is in Table 1.
It is an extract of 1000 symbols from the book Genesis
which was used as a testing set. We can see the successful
correction of heavilly corrupted text (e.g. the first two
words), the unsuccessful correction (e.g. word “appear”),
as well as corruption of correct word (“dry”).

I have compared two different approaches to the text cor-
rection – Variable length Markov model and Echo state
networks. Echo state networks achieved slightly better
performance, especially from the point of lower number
of corrupted symbols in resulting text. The main disad-
vantage of Echo state networks in this experiment is the
computational complexity of K-means. It is possible to
use more effective methods of vector quantization than
K-means, or to revise the Viterbi algorithm idea in such
a way that it will not be neccessary to explicitly create
probabilistic automaton. It is worth noting that after crea-
tion of probabilistic automaton from ESN the text correc-
tion itself takes less time than by the automaton created
from PST, because it has lower number of states.

5.2 Measuring predictive performance
The next symbol prediction procedure in general is the
following: we present in every time step the first symbol
in order, and the desired network’s output is the next
symbol in sequence order. I chose the Elman’s network
architecture in the experiments – i.e. the network with
one hidden layer, which is recurrent.

The predictive performance was evaluated by means of
a normalized negative log-likelihood (NNL), calculated
over symbolic sequence from time step t = 1 to T [21]:

NNL = − 1

T

T∑

t=1

log|A| p
(t)(s(t)) (11)

where the base of the logarithm |A| is the number of sym-

bols in the alphabet A and p(t)(s(t)) is the probability of

predicting symbol s(t) in the time step t. If NNL = 0,
then the network predicts next symbol with 100%, while
NNL ≥ 1 corresponds to a very inaccurate prediction
(random guessing).

This measure could also be interpreted as how well is the
given sequence compressible. Lower values of NNL mean
the given sequence can be compressed better, on the ot-
her hand higher values represent worse compressible se-
quence.

5.3 Kalman Filter Modifications
I describe in this section one of the experiments that fo-
cused on the comparison of the performance of all the
Kalman filter modifications, as well as the BPTT(h), in
the Elman’s recurrent neural network training task. The
other experiments described in my dissertation confirm
the conclusions from this experiment.

The training sequence in this experiment was generated
by the Reber automaton, where the next symbol was cho-
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Table 1: Example of text correction using ESN – differences are underlined.

Original text . . . gathered together unto one place and let the dry land appear

and it was so and god called the dry land earth. . .
Corrupted text . . . gadhetedqqogethpr unno jne p ace and eet jhe drf land appeam

and it was so nnd god alled the dry land earth. . .
Corrected text . . . gathered together unto the place and let the day land a peac

and it was so and god called the day land earth. . .

sen with 50% probability from two candidate symbols
(except when the last symbol follows). The sequence has
length of one million symbols, but for our needs are suffi-
cient the first 50000 symbols. Reber’s grammar contains 6
symbols, which we encode using the one-hot encoding and
we present them to the network as its input. This enco-
ding means that a single input is reserved for each symbol,
which we set to 1 and others to 0. The network output is
similarly one-hot encoded. The advantage is that we are
able to easily compute the NNL with this setup – it is
sufficient to normalize the output vector (i.e. the sum of
its elements equals 1) and the prediction probability of
the desired symbol is then immediately the value of that
part of the vector which is reserved for given symbol.

The prediction of symbols generated by the Reber auto-
maton is a relatively simple task, since we are able to tell
in which state we are solely from the last two symbols.
The problem therefore lies mostly in the “lucky” predic-
tion of one out of two possibilities, i.e. the neural network
after training ought to be able to predict with which pro-
bability each symbol follows. This also results in the fact
that we should not expect the NNL to be close to zero,
quite contrary, it should certainly be less than 0.5, since
we are not certain which symbol follows when there are
two options.

The recurrent neural network with three hidden neurons,
what is sufficient for this particular problem, was trained
with each method. The training process was carried out
by presenting the symbols to the network, while the we-
ight update was performed in every time step. The NNL
was computed for every 1000 symbols. I present the com-
parison of all the filters by this indicator in Figure 1.
The graph also contains the curve representing the “ideal”
NNL. We obtain it when we predict the next symbol with
the probability precisely 0.5, except for the cases when
symbol with the probability 1 follows.

We can clearly see the performance of each method (in
the sense of convergence and final result). The weakest
method has shown to be the BPTT(h) as expected. The
Extended Kalman filter converges more quickly and the
final result is better by approximately 0.01 in comparison
with the BPTT(h). The dominance of the filters UKF,
UKFj, nprKF and nprKFj is evident. The convergence of
all these four filters is rapid as opposed to the BPTT(h),
and very quick when compared with the EKF. The diffe-
rences are minimal – it is impossible to choose the “win-
ner” among them.

In further experiments with EKF and BPTT(h) I tried
several number of hidden neurons and various values for
parameter h. They showed that none of the changes to
these parameters signifficantly altered the results and the
EKF is consistently better than BPTT(h).

5.4 Extended Kalman Filter on GPU
The experiments showed the better performance of Kal-
man filter based methods as opposed to the classic gra-
dient descent method. Better performance in a sense the
lower number of training cycles are needed and especially
in a sense of better predictive results, where the gradient
descent method did not converge to such good results.
The disadvantage is the greater asymptotic computati-
onal complexity, so the training cycle performed by them
lasts longer. It is worth noting that after training is done,
i.e. when the network is ready for usage, the evaluation of
the network is then independent from the training method
used, that is lasts the same amount of time. But during
the phase of searching for suitable parameters the speed
up of the training is important and allows to try seve-
ral possibilities which adds to the overall quality of the
resulting solution.

In this experiment I focused on as objective comparison of
various implementations of the Extended Kalman filter as
possible – implemented on graphics processor and imple-
mented using automatically tuned library for the particu-
lar processor (CPU) – ATLAS [16]. This library is capable
to utilize the multicore processor in order to eventually
speed up the computation by parallel processing. ATLAS
library was configured to support threading on CPU. The
number of maximum threads was chosen to be 4 which is
the number of cores on our test machine. I have used for
this experiment processor Intel Core2 Quad CPU Q6600
2.4 GHz and graphics card nVidia GeForce 8800 GTX
having 128 parallel processors.

As the majority of graphics processors still uses single
precision floating point numbers, I focused on the impact
of this aspect as well. I compared the speed with the im-
plementation on processor using single precision floating
point representation, and I also evaluated what impact
has the potential loss of precision when compared with
double precision on achieved quality of trained neural ne-
twork.

We can express the equations of the Extended Kalman
filter for one step of training for recurrent neural network
as follows:

Kk = PkHT
k [HkPkHT

k + Rk]−1 (12)

x̂k+1 = x̂k + Kk[yk − g(x̂k,uk,vk−1)] (13)

Pk+1 = Pk −KkHkPk + Qk (14)

where x̂ is a vector of all the weights, g(·) is a function
returning a vector of actual outputs, y is a vector of de-
sired outputs, K is the so called Kalman gain matrix, P
is the error covariance matrix of the state and H is the
measurement matrix (Jacobian). Matrix H contains par-
tial derivatives of ith output with respect to jth weight.
We used Truncated backpropagation through time for this
purpose implemented on CPU.
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Figure 1: The NNL dependence of the next symbol prediction in sequence generated by Reber grammar
on the number of symbols for various recurrent neural network training methods. The ideal value of
NNL for this experiment is also displayed.

These equations contain only vector and matrix opera-
tions and represent the most computationally intensive
part of the training. That is why I used the functions
for matrix operations provided by the libraries CUBLAS
for graphics processors and ATLAS for processor. The
only thing that is not readily available is matrix inver-
sion. It is a symmetric positive definite matrix, that is
why I chose to use Cholesky factorization to compute its
inverse. Cholesky factorization on GPU has already been
studied [23], but because it is usually small matrix (its di-
mensions are equal to the number of network outputs) we
can simply compute it on the CPU. This requires an ad-
ditional transfer of data between GPU and CPU which is
a costly operation, but we already have to transfer much
bigger measurement matrix H and weight vector x, so
this should not have a big impact.

We will use the following abbreviations of corresponding
implementations in this section:

EKF GPU EKF implemented using CUBLAS library

EKF ATLASf EKF implemented using ATLAS library
with single precision functions and utilizing single thread

EKF ATLASft EKF implemented using ATLAS library
with single precision functions and utilizing four threads

EKF ATLASd EKF implemented using ATLAS library
with double precision functions and utilizing single thread

EKF ATLASdt EKF implemented using ATLAS library
with double precision functions and utilizing four threads

We trained the Elman’s recurrent neural network on the
next symbol prediction. The predicted sequence is based
on real data obtained by quantization of activity changes
of laser in chaotic regime [21]. This sequence contains four
symbols and its length is 10000. Training is performed on
the first 8000 symbols, testing on remaining 2000.

Figure 2: Speed comparison of EKF GPU relative
to other implementations. J is number of hidden
neurons and w the number of weights in recurrent
neural network. The speedup is significant for ne-
tworks with many weights even when compared
to the threaded CPU version with single floating
point precision. On the other hand it is not benefi-
cial for small networks. Gradient descent method
BPTT(h) is still faster but converges slowly and
achieves worse results

We have performed 20 training cycles in order to com-
pare the precision of various implementations in longer
run, even though the Extended Kalman filter in this case
achieves the best result on training set around the fifth
cycle already.

I present the results for the elapsed time during training of
neural networks with various numbers of hidden neurons
by each method relative to EKF GPU in Fig. 2. From
these results we can see that the implementation of EKF
on GPU provides significant speedup for larger networks,
but is not beneficial for smaller networks. This stems from
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Figure 4: Difference between achieved results of
used implementations of EKF in every training
cycle as a percentage of valid NNL interval length
(i.e. 1). Positive values mean better achievement
of first implementation than second implementa-
tion. The differences are negligible, all within 0.6%.

the fact, that the overhead of copying data from system
memory to GPU and of parallelization alone is not worth
when there is not much to compute.

The most “fair” comparison of EKF GPU is with EKF
ATLASft, because both utilize parallelization and work
with single precision floating point arithmetic. EKF GPU
achieves nearly 3 times speedup for largest network when
compared to EKF ATLASft. The most significant acce-
leration by using computation with EKF GPU – 6 times
on largest network – is achieved when compared to EKF
ATLASd, which is probably most similar to existing im-
plementations of EKF.

The achieved speedup of EKF GPU made it also more
feasible to conduct thorough experiments with larger ne-
tworks, as seen in Fig. 3. This also justifies the increasing
of number of hidden neurons for this problem, as the best
achieved result is by networks with 60 hidden neurons
(NNL=0.1156 in training cycle 4).

In Fig. 2 we can further see that method BPTT(h) is con-
sistently the fastest, whereas EKF ATLASd is generally
the slowest one. The obvious question is if the achieved
results are on the one hand worth the speed degradation
when compared with BPTT(h) and on the other hand
worth the significant speedup when compared with po-
tentially more precise EKF ATLASd. The answer is in
Fig. 3 which for each method shows the average results
when used for training 10 randomly initialized networks.
In this graph we can see the superior convergence and
achieved result of EKF when compared with BPTT(h).
We can also see the comparable results of various imple-
mentations of EKF, which is more obvious from Fig. 4. It
means the used floating point arithmetic does not play a
significant role in EKF performance in this experiment.

I experienced the numerical stability problem in my expe-
riments when computing Cholesky factorization of matrix
which became non positive definite. This was remedied
by restarting the training process with different initial
weights. Since the problem usually arose in the early trai-
ning cycles, and the training is fast, the restarting did not
cause significant delays.

6. Conclusion
In my research I have focused on the prediction of dyna-
mical systems by recurrent neural networks. I have shown
the suitability of usage of these networks trained by vari-
ous methods in several experiments with symbolic sequ-
ences. However, all the methods, except text correction,
are not limited to symbolic sequences.

The contributions of my thesis can be summarized in the
following points:

• I have shown as first the possibility to use the Echo
state neural networks on the task of text correc-
tion. This idea emerged naturally from the mutual
paper [20], where we researched this problem for un-
trained networks. Echo state networks are also un-
trained, that is why the application of the same app-
roaches on them was relatively straightforward. The
method is more easily implementable than Markov
models, with which I compared achieved results, but
is more computationally demanding and the correc-
tion is not significantly better.

• Another contribution of this work is presentation
of simpler equations for individual Kalman filters,
because they are modified specifically for recurrent
neural network training. The modification of equati-
ons is possible, because the dynamics of neural ne-
twork can be expressed by less complex equations.
Filters EKF, UKF and nprKF are expressed mostly
for general dynamical system in the literature. That
means the process and measurement noises can in-
fluence state vector, input vector, even time index
and also non-linearly, e.g. by multiplication. On one
hand it shows the broad applicability of individual
filters, on the other hand the equations describing
their function are complicated and are more nume-
rous. It is caused by the fact that here are intert-
wined the fields of automation, artificial intelligence
and mathematics, especially statistics.

I have also described in detail, implemented and
tested the effectiveness of relatively new filters Un-
scented Kalman filter (UKF), nprKF and their jo-
int versions – UKFj and nprKFj. There is no need
to compute the derivation when working with these
filters, as opposed to the Extended Kalman filter
(EKF). Beside the fact that the implementation is
thus simplified, they provide more precise system’s
state estimate.

• Filter UKFj in context of recurrent neural networks
training was probably firstly described in my work
[26]. I claim it on the basis that I have not found
the UKFj filter in the literature specifically in the
context of recurrent neural network training. I have
created it on the basis of similarity with the nprKFj
filter described in [13].

• Another contribution of my thesis is direct compa-
rison of all the filters particularly for the recurrent
neural networks training and compared them with
classic gradient descent algorithm BPTT(h). The re-
sults of the experiments with the task of next symbol
predicion showed significantly better performance of
filters UKF, nprKF, UKFj a nprKFj (which achieve
comparable results with each other) when compa-
ring with EKF. Significantly better results achieves
also the EKF in comparison with BPTT(h).
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Figure 3: The NNL dependence on the training cycles for various implementations and methods used for
recurrent network with 16 hidden neurons. The exception is EKF GPU 30 and EKF GPU 60 which is a
result for 30 and 60 hidden neurons respectively. The results show that (a) EKF is superior to gradient
descent method BPTT(h); (b) the various EKF implementations achieve comparable results (see Fig. 4);
(c) the increasing of hidden neurons is beneficial for this problem and was made more feasible by achieved
speedup.

It follows that methods based on Kalman filtration
really are the better alternative to gradient descent
methods in a sense of better achieved results [26,
27].

• Another contribution is description of my appro-
ach how to speed up computation utilizing graphics
card. Even though the methods based on Kalman
filtration achieve better results in comparison with
gradient descent methods, they have greater asymp-
totical (regrettably, as well as non-asymptotical) com-
plexity. However, even any multiple of speed boost
of computation is beneficial in practical application.
My work [27] is one of the first (if not the first) that
copes with the recurrent neural networks training
using processor on graphics card.

The main idea why to use this particular computa-
tional device is that the graphics card which allows
general purpose computing (i.e. not related to grap-
hics) is in every newer computer, including portable
ones. It thus provides speed up practically free of
charge. That is in contrast with computations utili-
zing special coprocessors, or grid.

Important fact is that my methods of implementa-
tion for graphical processor are not dependent on
some particular hardware. They rely only on the
preservation of the basic principle of current grap-
hics cards. Such a change is not expected in near
future, because they are based on stream proces-
sing of data. What is more, if we constrain ourselves
to work only with matrices/vectors, then the used
function calls will remain unchanged, because they
adhere to the BLAS standard.

We can summarize that the application of my proposed
methods can at least in mentioned tasks significantly im-
prove or speed up the prediction.
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M. Čerňanský, M. Makula, P. Trebatický, P. Lacko. Text Correction
Using Approaches Based on Markovian Architectural Bias. In
EANN 2007, Proceedings of the 10th International Conference
on Engineering Applications of Neural Networks, Thessaloniki,
Greece, Publishing Centre Alexander Technological Educational
Institute of Thessaloniki, pages 221–228, 2007.

P. Trebatický. Echo-state networks generalisation. In R. Matoušek
P. Ošmera editors, MENDEL 2005, 11th International
Conference on Soft Computing. Brno University of Technology,
pages 151–156, 2005.

P. Trebatický. Recurrent Neural Network Training with the Kalman
Filter Based Techniques. In Proc. of Abstracts of 1st
Slovak-Japanese Seminar on Intelligent Systems, Herl’any,
Slovak Republic, organized by FEI TU Košice and Waseda
University, Tokyo, Japan, 2005.

P. Trebatický. Echo-state networks generalisation. In J. Kelemen,
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Abstract
In this thesis we focused on subsymbolic approach to ma-
chine game play problem. We worked on two different
methods of learning. Our first goal was to test the ability
of common feed-forward neural networks and the mix-
ture of expert topology. We have derived reinforcement
learning algorithm for mixture of expert network topol-
ogy. This topology is capable to split the problem into
smaller parts, which are easier to be solved by an ex-
pert neural network. We have compared the quality of
strategy emergence between mixture of expert networks
and feed-forward networks. Our experiments demonstrate
that mixture of experts is able to play a game at the
same level as feed-forward networks with equal number
of weights.

The second approach derived in this work is reinforcement
learning with usage of extended Kalman filer. Extended
Kalman filter can be used for neural network training.
Its advantage is very high learning rate in terms of train-
ing cycles. We have proposed usage of extended Kalman
filter for reinforcement learning with TD(0) and Monte
Carlo method. We have compared the quality of strategy
emergence between extended Kalman filter and TD(λ)
approach. Our results show that extended Kalman filter
is able to create a game strategy after playing a consider-
ably fewer number of games.
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1. Introduction
First computers where created during second world war
and one of the first programmers was Alan Turing. Turing
is known in field of computer science for different reasons.
During and after the war Turin experimented with ma-
chine routines for chess playing. In year 1952, Arthur L.
Samuel [14] wrote a program for playing checkers. The
basic goal of his work was not a program which would
play checkers, but program which can learn how to play
it. In his work he tested two approaches – rote learning
and learning procedure involving generalization. It was
historically the first program which was able to improve
itself without any intervention of human. The biggest
challenge for artificial intelligence was the game of chess.
In 70ties and 80ties the game research was concentrated
mainly on chess and brute-force approach. It has been
shown that it is a strong correlation between search speed
and performance of the program. It resulted to speeding
up of searching algorithms in opposite to finding new ap-
proaches.

By the end of 80ties the research began to advance and
90ties it brought to us many successes. First game which
had a non-human champion was checkers. In year 1994
program Chinook [15] won world tournament between
a human and a machine. Next success followed soon af-
ter. In year 1997 the project Deep Blue won over a world
champion Garry Kasparov [1]. In this period new ap-
proaches of learning emerged, for example reinforcement
learning [17], implemented in TD-gammon [19]. Quality
of its play was comparable to bet players on the world.

Computerized game play has still domains in which we
cannot create programs which would be comparable to
human players (for example GO [11]). These are mostly
games which cannot be solved by classical approaches
of artificial intelligence because they have a very high
branching factor (player can make many different moves).
Exactly these games are then very interesting for the new
approaches in artificial intelligence.

2. Thesis Objectives
In this thesis we focused on subsymbolic approach to ma-
chine game play problem using reinforcement learning.
Compared to supervised learning, reinforcement learning
has the advantage that it does not need learning set in
form of stimulus-action. Algorithm receives only infor-
mation about game outcome. We worked on two differ-
ent methods of reinforcement learning. The first method
is aimed at mixture of expert neural networks trained
with TD(λ) rule. In the second method we used extended
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Kalman filter to train neural networks with reinforcement
learning approach. We can summarize thesis objectives to
following points:

• To find out the algorithm of reinforcement learn-
ing for the topology of the mixture of expert neural
networks. This topology is able to divide the solved
problem to the sub-tasks which can be solved by
the expert neural networks more effectively and ac-
curately.

– Verify the ability of a mixture of expert net-
works to divide a problem into the sub-problems.

– Compare the rapidity and quality of the strat-
egy creation while playing a pair symetric game,
for the mixture of the expert networks and a for-
ward neural network.

– Analyze the way that experts are specialized.

• To derive algorithm of the reinforcement learning
with utilization of the Extended Kalman Filter. The
Extended Kalman Filter can be used for the training
of the neural networks. Its advantage is the fast
speed of learning with respect to the training cycle
count.

– To desig and implement possible modifications
of the Extended Kalman Filter for the process
of the reinforcement learning.

– Compare the rapidity and quality of the abil-
ity to create a strategy while playing the sym-
metric pair game, for the Modified Extended
Kalman Filter and the TD(λ) rule.

3. Formalization of the Game
In this section, we shall deal with a formalization of the
game[18] of checkers, which can be applied to all symmet-
ric two player games (chess, go, backgammon, etc.). Let
the current position of the game be described by a vari-
able P , this position can be changed by permitted actions
– moves constituting a set A(P ). Using a move á ∈ A(P ),
the position P shall be transformed into a new position

Ṕ , P
á→ Ṕ . An inverse position P̄ is obtainable from

a position P by switching the color of all black pieces to
white and of all white pieces to black. The term inverse
position will be important for a formulation of a common
algorithm, identical for both first and second player in
a symmetric game. We shall use a multiagent approach,
and we shall presume, that the game is played by two
agents G1 and G2, which are endowed with cognitive de-
vices, by which they are able to evaluate next positions.
The formulation of the algorithm is the following (Fig. 1).

Algorithm:

1. The game is started by the first player, G ← G1,
from a starting position, P ← Pini.

2. The player G generates from the position P a set of
the next permitted positionsA (P ) = {P1, P2, ..., Pn}.
Each such position Pi from the set of these positions
is evaluated by a coefficient 0 < zi < 1. The player
selects as his next position such Ṕ ∈ A(P ), which is

evaluated by the maximum coefficient, P ← Ṕ . If
the position P satisfies condition for victory, then
the player G wins and the game continues with the
step 4.

Figure 1: Diagrammatic representation of sym-
metric 2-player game.

Figure 2: Initial position of simplified game of
checkers

3. The other player takes turn in the game, G ← G2,
the position P is generated from the inverse of the
current position, P ← P̄ , the game continues with
the step 2.

4. End of the game.

3.1 Simplified Game of Checkers
The game of checkers is played on a square board with
sixty-four smaller squares arranged in an 8×8 grid of al-
ternating colors, see fig. 2. The starting position is with
each player having 8 pieces (black, respectively white), on
the 8 squares of the same color closest to his edge of the
board. Each must make one move per turn. The pieces
move one square, diagonally, forward. A piece can only
move to a vacant square. One captures an opponent’s
piece by jumping over it, diagonally, to the adjacent va-
cant square. If a player can jump, he must. A player wins,
if one of his/her pieces reaches a square on the opponent’s
edge of the board, or captures the last opponent’s piece,
or blocks all opponent’s moves. These rules do not com-
ply with standard rules of checkers. By introduction of
these rules, we avoided a finish, when the board is oc-
cupied by a small number of pieces. Such finish would
be very difficult for a neural network to play successfully.
The difficulty for a neural network consists probably in
the necessity to plan many moves ahead in such a finish.

In our experiments we used MiniMax[12] algorithm as the
opponent. We have changed the search dept of MiniMax
algorithm to change the strength of the player. Wwe have
prune the tree in defined depth and used folloeinf heuristic
function on the leafs:

If we denote the number of our pieces on a game board
l and the number of opponent’s pieces m, then we can
denote by yn[i] the position of our ith piece along the
y axis (the axis towards the opponent’s starting part of
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game board). By ys[i] we can denote equivalent value of
the opponent’s pieces.

eval =





100 player has won
−100 player has lost

l∑
i=1

yn[i]−
m∑

j=1

(8− yn[i]) otherwise
(1)

This evaluation ensures that the MinMax will try to get
its pieces toward the opponent’s part of the game board
and it will try to prevent the opponent’s progress. The
play of our player is quite offensive.

4. Adaptation of Cognitive Device of Agent
with Temporal Difference TD(λ)-method

In this section we give the basic principles of the used rein-
forcement learning method, which currently in its tempo-
ral difference TD(λ) version belongs to effective algorith-
mic tools for adaptation of cognitive devices of multiagent
systems [12, 17]. The basic principles of reinforcement
learning are following: Agent observes the mapping of
his/her input pattern to his/her output signal of his/her
cognitive device (the output signal is often called an ”ac-
tion” or ”control signal”). Agent evaluates the quality of
the output signal on the basis of the external scalar signal
”reward”. The aim of the learning is such an adaptation
of the cognitive organ of the agent, which will modify the
output signals toward maximization of external ”reward”
signals. In many cases the ”reward” signal is delayed,
it arrives only at the end of a long sequence of actions
and it can be understood as the evaluation of the whole
sequence of actions, whether the sequence achieved the
desired goal or not. In this case, the agent must solve the
problem of temporal credit assignment, where learning is
based on differences between temporal credit assignments
for single elements of the whole sequence of actions.

In this section we outline the construction of TD(λ) method
as a certain generalization of a standard method of gradi-
ent descent learning of neural networks. Let us presume,
that we know the sequence of positions of the given agent
– player and their evaluation by a real number z

P1, P2, ..., Pm, zreward (2)

where zreward is an external evaluation of the sequence
and corresponds to the fact, that the last position Pm

means that the given agent won, draw, or lost

zreward =





1 sequence of positions won
0.5 sequence of positions draw
0 sequence of positions lost

(3)

From the sequence 2 we shall create m couples of positions
and their evaluations by zreward, which shall be used as
training set for the following objective function

E (w) =
1

2

m∑

t=1

(zreward −G (xt;w))2 (4)

We shall look for such weight coefficients of the neural net-
work – cognitive device, which will minimize the objective
function. When we would find out such weight coefficients
of the network that the function would be zero, then each
position from the sequence P1, P2, . . . , Pm, zreward is eval-
uated by a number zreward. The recurrent formula for
adaptation of the weight coefficients is as follows

Figure 3: The progress of learning of neural net-
work playing against the MinMax algorithm with
the search depth 3

w = w − α∂E
∂w

= w + ∆w (5)

∆w = α
m∑

t=1

(zreward − zt) ∂zt
∂w

, (6)

where zt = G(Pi, w) is an evaluation of t-th position Pt

by neural network working as a cognitive device. Our goal
will be, that all the positions from the sequence 2 would
be evaluated by the same number zreward, which specifies,
if outcome of the game consisting from the sequence 2 was
a win, draw, or loss for the given player. This approach
can be generalized to a formula, which creates the basis
of the TD(λ) class of learning methods

∆w =
m∑

t=1

∆wt (7)

∆wt = α (zt+1 − zt)
t∑

k=1

λt−k ∂zk
∂w

, (8)

where the parameter 0 < λ < 1.

4.1 Usage of TD(λ) Method on Checkers Games
In this section, we will describe the results achieved by
the neural network. For training and testing we used
a two-layered feed-forward network with 64 hidden neu-
rons, the learning rate 0.01 and the coefficient λ=0.9. The
network learned after each game, when it was evaluated
by 1 if it won, and 0 evaluated it if it lost. After each
100 games, the ratio of won/lost games was marked on
the graph. On the fig. 3 there is an evolution of suc-
cess of neural network learning against algorithm Min-
Max (working to the search depth 3). It is evident, that
the network learned more slowly and even after 450 000
matches achieved victory only in 65% of matches. Never-
theless, it is still an excellent result, since if the network
would play as well as our MinMax algorithm searching to
the level 3, it would win only 50% of matches.

5. Mixture of Local Experts
When solving complex task, there is almost always that
opportunity to split it into smaller subtasks. Such subtask



60 Lacko, P.: Emergence of Game Strategy in Multiagent Systems

Expert
net. N1

Expert
net. N2

Expert
net. Nt

Gate
net. Ng

Switch

Figure 4: Mixture of local experts

may be better solved by a neural network. We can create
a set of neural networks [5, 6], where every network is an
expert for some subtask from the original problem. We
will use t expert neural networks (fig. 4 :

Ni =
(
G(i), w(i), ϑ(i)

)
, (i = 1, 2, ..., t) (9)

and one network which will be used as gating network

Ng = (G(g), w(g), ϑ(g)) (10)

The purpose of gating network is to choose which expert
is best suited for solving given problem. We expect that
all networks in set Nt have same number of input and
output neurons. Gating network have the same number of
input neurons like expert networks, but number of output
neurons is t (number of expert networks).

For given combination of xI/x̂O are the outputs of ex-
pert neural networks described with a vector , the out-

put of gating network is vector x
(i)
O = (x

(i)
1 , x

(i)
2 , ..., x

(i)
t ).

All output activities are in interval (0,1), we will define
proportional coefficients pi ∈ (0, 1), they describe the re-
spond of gating network on input vector xI , proportional
coefficients are defined as softmax function:

pi =
x

(g)
i

(p)∑
(j=1)

x
(g)
j

, (i = 1, 2, ..., t) (11)

Proportional coefficients will be interpreted as probabil-
ity, that corresponding neural network will be used for
clasification. Objective function is then defined as:

E =
1

2

t∑

i=1

pi
(
x

(i)
O − x̂O

)2

=
1

2

t∑

i=1

(∑

k

(
g

(i)
k

)2
)

(12)

g
(i)
k =

{
pi
(
x

(i)
k − x̂k

)
, k ∈ VO

0, k /∈ VO

, (13)

where x
(i)
k is k output activity of i-th expert neural net-

work. The goal of mixture of experts training is to find the
weights of all expert and gatening netorks which minimal-
ize objective function. Adaptation is simmilar to adap-
tation process of feed-forward network, but equtions for
partial derivations slightly different:

∂E

∂w
(g)
ij

=
∂E

∂ϑg
i

x
(g)
j (14)

then proportional derivations ∂Ek

∂x
(g)
i

are obtained recurently

using:

∂Ek

∂x
(g)
i

= f ′(ξ{g}i )

(
g

(g)
i +

∑

l

∂Ek

∂ϑ
(g)
l

w
(g)
li

)
, (15)

where for g(g) we subtitute:

g
(g)
i =





(
1
2

(
x

(i)
O − x̂O

)2

− E
)
·
(
∑
j

x
(g)
j

)−1

, i ∈ VO

0, i /∈ VO

(16)

5.1 Training of Mixture of Experts Architecture
with TD(λ) Rule

We ant to train the mixture of expert architecture with
TD(λ) method, so objective function will be defined like
this. We are summing up errors from all m moves[10]:

E =
1

2

m∑

j=1

(
x̃

(j)
O − x̂O

)2

(17)

We then have two formulas for weights change one for
gate network:

∆w
(i)
j = α (x̃O,j+1 − x̃O, j)

j∑

k=1

λj−kpi,k
∂x

(i)
O,k

∂w
(i)
j

. (18)

and the second one for expert network weights change:

∆wj,l = α
1

2

1∥∥∥x(g)
O,j

∥∥∥
∆x̃O,j

j∑

k=1

λj−k
∂x

(g)
l,k

∂wj

(
x

(l)
O,k − x̃O,k

)
,

(19)
where ∆x̃O,j = (x̃O,j+1 − x̃O,j) and i is the index of ith
expert.

We have tested the mixture of expert architecture and
classical feed forward network. Both used the TD(λ)
learning rule while playing against MiniMax algorithm.
For training and testing of the feed forward network we
used a two-layered feed-forward network with different
hidden neurons count, the learning rate α=0.1 and the
coefficient λ=0.99. The network learned after each game,
when it was evaluated by 1 if it won, and 0 evaluated it if
it lost. After each 100 games, the ratio of won/lost games
was marked on the graph. For training and testing of the
mixture of experts architecture we used 4 experts. Ev-
ery expert was a two-layered feed-forward network with
3 hidden neurons. The gating network was two-layered
feed-forward network with 3 hidden neurons. In the Fig. 5
there is an evolution of success of neural networks learning
against algorithm MinMax (working to the search depth
2). The graph clearly shows that mixture of experts ar-
chitecture can decompose the problem of game play into
smaller parts which are then better solved by local ex-
perts. Mixture of experts was able to play at the same
level as feed-forward network with 10 hidden neurons.

To better study how experts are involved to the game, we
took 50 winning games of best trained mixture of expert
network (it winning rate was 70 %). Then we have divided
each game into three equal parts, where the first third of
moves is represented as opening phase of the game, sec-
ond the middle phase, end the third is the ending phase of
the game. For every phase we took the mean value of pro-
portional coefficients of the gating network. Results are
in table 1. It shows that first expert was used in opening
phases, in the middle game, first and second network was
used and the end phase of game was played by the fourth
expert. Expert number three was never used during the
play.
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Figure 5: Comparison of learning between feed forward networks and mixture of experts architecture
with 4 experts playing against algorithm MinMax (working to the search depth 2).

Table 1: Averages of the proportional coeficients
during game phases

1. ex. 2. ex. 3. ex. 4. ex.

opening of the game 0.65 0.21 0.05 0.09
midle of the game 0.51 0.30 0.05 0.15
end of the game 0.08 0.19 0.02 0.71

With next experiment we have tried to find out, if experts
are really specialized or if they can play by them selves
the game of simplified checkers. On figure 5 it is clear
that network with 3 hidden neurons is able to play game
of checkers against MiniMax algorithm working to depth
2 with 30 % winning rate. In table 2 are game outcomes
for experts playing by themselves (everyone has 3 hidden
neurons). It is clear, that if experts are playing by them-
selves they cannot play well. Best results where obtained
from exert which was in mixture used in ending phase of
the game (expert no. 4). Expert which was partial used
for all game parts, got good result in the game. Expert
which was used by game opening, was not able to play by
him selves. Probably he could not recognize the winning
positions, or positions which lead in the ending phase of
the games to winning. The last expert which was not
used in mixture architecture, was not able to play by him
selves.

Table 2: Experts victory rate, if they are playing
by themselves

1. exp. 2. exp. 3. exp. 4. exp.

% won 8 15 3 19

6. Utilization of the Extended Kalman Filter
for Neural Network Learning

In 1960, R. E. Kalman has published [8] his solution for
recursive filtration of linear systems discrete data. In last
few years, Kalman’s filtration receives great attention be-
cause, in its modified version, it can be used for learning

of both forward and recursive neural networks [2, 4, 21,
22].

In this section we describe the Kalman Filter and its mod-
ifications leading to the so-called Extended Kalman Fil-
ter (taken from [4] and [20, 8, 13]) which will be used
for the neural network learning. We further describe our
proposed modifications of the training process in the re-
inforcement learning. These modifications were tested on
the simplified game of checkers.

6.1 The Kalman Filter
A discrete linear dynamic system can be described by 2
equations – the state equation and the equation of obser-
vations. The state of the system can be described by the
vector xk, which is the minimal set of data that exactly
describe the dynamic system in the discrete time k.

1. The state function

xk+1 = Fk+1xk + qk, (20)

where Fk+1,k is the transfer matrix that describes
the changes from the state xk in the time k to the
state xk+1 in the time k + 1. The process noise qk

is additive gaussian noise with zero mean value and
the covariant matrix Qk.

2. The observations equation

yk+1 = Hkxk + rk, (21)

where yk is the observation in the time k and Hk is
the observation matrix. The observation noise rkis
additive white gaussian noise with zero mean value
and the covariant matrix Rk.

The Kalman filtration is a method for finding the common
optimal solution of the state equation and the observation
equation for the unknown state of the system. We can
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define this problem as trying to find the estimation of
state xi that has minimal quadratic error, with utilization
of all measured data y1,y2, . . . ,yk for k ≥ 1.

The Kalman filtration consists of two phases:

1. Prediction (on-time actualization) – a priori predic-
tion of the state and the error covariance.

x̂k̄ = Fk,k−1x̂k−1 (22)

Pk̄ = Fk,k−1Pk−1F
T
k,k−1 + Rk−1 (23)

2. Correction (actualization of observations and cor-
rection) – adjusts the estimations in compliance with
the observation yk.

Kk = Pk̄HT
k [HkPk̄HT

k + Rk]−1 (24)

x̂k = x̂k̄ + Kk(yk −Hkx̂k̄) (25)

Pk = (I−KkHk)Pk̄ (26)

6.2 The Extended Kalman Filter
The Kalman filter described in the previous section has
served for the problem of finding the state vector in the
linear dynamic system. If we intend to use the Kalman
filter for the neural network training, we need to modify
it to obtain the non-linear version of the filter. (As the
neural networks are non-linear systems). By extending
the Kalman filter with the linearization procedure, we
get the Extended Kalman Filter – EKF. This extension is
possible because the original Kalman Filter is described
by differential equations for the discrete-time system. The
behavior of the neural network can be described as a non-
linear system:

wk+1 = wk + rk (27)

yk = h(wk,xk) + qk (28)

From the equation 27 we can see that the state of a neural
network is characterized as a stationary process disturbed
by the process noise rk. The state of the network w is the
vector of the network’s weights. The observation equation
describes the output of the neural network as a linear
function of the input vector xk and the weights vector wk.
This equation is extended by the random measurement
noise qk. The measurement noise is white with zero mean
value and covariance E[qkqT

k ] = Qk. The process noise is
white with zero mean value and covariance E[rkrTk ] = Rk.

The training process of the neural network with utiliza-
tion of the Extended Kalman Filter can be characterized
as a process of estimation of the state w (the network’s
weights) with minimal quadratic error, based on the en-
tire observation history. As the state function of the sys-
tem is linear (actually, f(wk) = wk), we can describe the
training process like this:

Kk = PkHT
k [HkPkHT

k + Rk]−1

ŵk+1 = ŵk + Kk[yk − h(ŵk,xk)]

Pk+1 = Pk −KkHkPk + Qk

(29)

where

nw − number of all network’s weights,

no − number of the output neurons,

w[nW × 1]− the system’s state

(vector of all network’s weights),

h(·)[no × 1]− the output function of the network

(vector of all network’s outputs),

y[no × 1]− the vector of required output values,

K[nw × no]− the Kalman gain matrix,

P[nw × nw]− Covariant matrix of the state error,

Q[nw × nw]− Covariant matrix of the process noise,

R[no × no]− Covariant matrix of the observation noise,

H[no × nw]− The observation matrix (Jacobian).

The components of the P0 matrix are typically chosen
from 100I to 1000I (where I is the identity matrix). The
matrix Q0 is initialized by values of10−1I to 0.1I. The
components of the H matrix are obtained as the values of
the partial differentiation of the network’s outputs to its
weights. In the case of the forward network we use the
backpropagation algorithm.

6.3 Reinforcement Learning with Utilization of EKF
Our ambition is to modify the Extended Kalman Filter
in such way that we can utilize it in the process of the
reinforcement learning. In this section we will describe
the possible modification of the network’s training proce-
dure with usage of the Extended Kalman Filter, for the
reinforcement learning process. The proposed approach is
compared with the TD(λ) algorithm, on the games Tic-
Tac-Toe and simplified checkers.

In the process of reinforced learning we are trying to train
the neural network to behave like an unknown value func-
tion. In the case of games playing, the value function
gives us the evaluation of the game’s state st. This eval-
uation represents the estimation of the concrete game’s
outcome, supposing that we are in a concrete state st.
The main thought of the method is, that the whole se-
quence of states through one game (s1, . . . , sT ) should be
evaluated equally as the final outcome of the game. When
we try to write this thought down mathematically, we get
the so-called Monte Carlo learning rule [17]:

For each t = 1 . . . T :

V (st) = V (st) + α(reward− V (st)),
(30)

where α is the learning speed, V (s) is the value func-
tion (which in our case means the network’s output) and
reward is the game’s outcome.

Let us define the equations 29 as functions for EKF(input,
expected output). The learning algorithm is then very
simple:

for t = 1 až T rob EKF(s[t], reward);

The Monte Carlo method needs not to be absolutely ap-
propriate for our needs. For example, it can lead to evalu-
ation of the first move by 0 (the player has lost the game)
although that the first move is right and only leads to the
more states with possibility of user’s errorneous move.
Therefore it is better to modify the equation 30 to TD(0)
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Figure 6: Learning progress of neural network
(hidden layer with 20 neurons) using TD(λ) and
EKF against the MinMax algorithm with the
search depth 2. (Simplified checkers game)

rule [17]. This approach modifies the states‘ evaluation
function in such way that the evaluation of the state in
time t is altered according to the evaluation of the state
t+ 1.

For each t = 1 . . . T :

V (st) = V (st) + α(V (st+1)− V (st)),
(31)

where V (sT+1) = reward. The learning algorithm can be
described as:

pre t = 1 až T rob EKF(s[t], V(s[t+1]));

In the next section we confront the reinforcement learn-
ing algortihm with the utilization of EKF and the TD(λ)
algorithm.

6.4 The Achieved Results of the Reinforcement
Learning with the EKF Utilization

The testing of the learning algorithms has been performed
on the game of Simplified Draughts. The neural network
consisted of 20 hidden neurons. The learning speed for
the TD(λ) algorithm has been set to 0.1 and the λ has
been set to 0.99. The EKF has been initialized with val-
ues P0 = 100I, Q0 = 0I a R0 = 1I. Each algorithm
was tested with 10 randomly initialized weight values that
were equal for both networks. The learning of each net-
work has run once.

In the picture 6 is shown how the algorithms were learn-
ing to play against the opponent – the MinMax algorithm
of depth 2. The TD(0) EKF has converged to a good
solution quite rapidly. But it is worth to notice that
the TD(λ) algorithm was able to play on the compara-
ble level in about 500 000 games. The Monte Carlo EKF
method did not achieved the results of the previous two
approaches.

The second chart 7 shows the first 20 000 games. It can be
seen that the TD(0) EKF needed about 10000 games to
converge to the configuration that is able to win 60 % of
games. The Monte Carlo EKF achieves good results rela-
tively fast but is not able to create equally good strategy
as the TD(λ) and TD(0) EKF algorithms.
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Figure 7: Learning progress of neural network
(hidden layer with 20 neurons) using TD(λ) and
EKF against the MinMax algorithm with the
search depth 2. (Simplified checkers game – de-
tail)

7. Conclusion
Artificial intelligence has been dealing with game play
problems since the origin of computer science. In this
research field we were able to develop systems which ex-
ceed humans in playing. However, there are games in
which humans still overcome computers. In this space,
novel approaches and algorithm design emerge.

In this thesis we focused on subsymbolic approach to ma-
chine game play problem. We worked on two different
methods of learning. The first method is aimed at mix-
ture of expert neural networks trained with TD(λ) rule.
In the second method we used extended Kalman filter
to train neural networks with reinforcement learning ap-
proach.

Our first goal was to test the ability of common feed-
forward neural networks and the mixture of expert topol-
ogy. We have derived reinforcement learning algorithm
for mixture of expert network topology. This topology is
capable to split the problem into smaller parts, which are
easier to be solved by an expert neural network. We have
compared the quality of strategy emergence between mix-
ture of expert networks and feed-forward networks. Our
experiments demonstrate that mixture of experts is able
to play a game at the same level as feed-forward networks
with equal number of weights. We have demonstrated
that experts are specialized according to game part. Sin-
gle expert can not play the whole game by itself.

The second approach derived in this work is reinforce-
ment learning with usage of extended Kalman filer. Ex-
tended Kalman filter (EKF) can be used for neural net-
work training. Its advantage is very high learning rate
in terms of training cycles. We have proposed usage of
extended Kalman filter for reinforcement learning with
TD(0) and Monte Carlo method. We have compared the
quality of strategy emergence between the two proposed
extended Kalman filter methods and TD(λ) approach. In
our experiments Monte Carlo EKF method was unable
to achieve the same level of game play as the other two
methods. Game play quality is same for TD(λ) and EKF
with TD(0) method, but our results show that reinforce-
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ment learning with extended Kalman filter is able to cre-
ate a game strategy after playing a considerably fewer
number of games.
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[2] M. Čerňanský, L. Benušková. Simple recurrent network trained

by RTRL and extended Kalman filter algorithms. Neural
Network World, volume 13, No. 3, pages 223–234, 2003.

[3] S. T. Hagen, B. Krsse. Linear Quadratic Regulation using
Heinforcement Learning. In Proc. BENELEARN-98, 8th
Belgian-Dutch Conference on Machine Learning, pages
39–46, 1998.

[4] S. Haykin. Kalman Filtering and Neural Networks. New York:
John Wiley & Sons, Inc., ISBN: 0-471-36998-5, 2002.

[5] R. A. Jacobs, I. JordanM, S. Nowlan, G.E. Hinton. Adaptive
mixtures of local experts. Hinton Neural Computation, 3,
pages 1–12, 1991.

[6] M. Jordan, R. Jacobs. Modular and hierarchical learning systems.
The Handbook of Brain Theory and Neural Networks,
Cambridge, MA, MIT Press, 1995. aviable at http://www.cs.
berkeley.edu/~jordan/papers/handbook.ps.gz

(28.2.2006)
[7] S.J. Julier, J.K. Uhlmann. New Extension of the Kalman Filter to

Nonlinear Systems. In AProceedings of AeroSence: The
11th International Symposium on Aerospace/Defence
Sensing, Simulation and Controls, March 2000.

[8] R.E. Kalman. A New Approach to Linear Filtering and Prediction
Problems. Transactions of the ASME, Series D, Journal
of Basic Engineering, No. 82, pages 35-–45, 1960.
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