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Univerzity Karlovy v Praze
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souhlasu vydavatele.
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Supervisor:

PROF. RNDR. JANA ZVÁROVÁ, DRSC.
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Abstract

Microarrays present new powerful technique
for high-throughput, global transcriptomic
profiling of gene expression. It permits to
investigate the expression levels of thousands of
genes simultaneously. The global snapshots of
gene expression, both among different cell types
and among different states of a particular cell
type can help in identifying candidate genes that
may be involved in a variety of normal or disease
processes. This promises to provide insight into
the pathophysiology of human syndromes such
as cardiovascular diseases, whose etiologies
are due to multiple genetic factors and their
interaction with the environment.

Microarrays also present new statistical
and bioinformatical problems because the data
are very high dimensional with very little
replication. Almost all research employing
microarray expression analysis depends heavily
on statistical analysis to extract the most useful
information from the huge number of data points
generated.

The aim of this paper is to present
possibilities of use of microarrays for identifying
candidate genes for cardiovascular diseases
and specially attention is devoted to statistical
methods for identifying differentially expressed
genes from microarray data.

Keywords: microarray, gene expression,
cardiovascular diseases, microarray data, SAM,
Bayes T-test, samroc, Zhao-Pan method.

1. Introduction

Identification of genetic determinants that predispose
to common diseases such as cardiovascular diseases
is a major challenge for current biomedical research.

Despite recent advances in molecular and statistical
genetics and the availability of complete genome
sequences of humans and animal models, however,
the underlying molecular pathogenic mechanisms for
these disorders are still largely unknown. Nowadays
a valuable tool for increasing our understanding
of the regulatory and functional complexity of the
molecular basis of multifactorially determined diseases
is expression profiling.

Gene expression profiling is a logical next step after
sequencing a genome: the sequence tells us, what the
cell could possibly do, while the expression profile
tells us, what it is actually doing now. Genes contain
the instructions for making messenger RNA (mRNA),
but at any moment each cell makes mRNA from only
a fraction of the genes it carries. If a gene is used to
produce mRNA, it is considered ”on”, otherwise ”off”.
Expression profiling experiments involve measuring the
relative amount of mRNA expressed in two or more
experimental conditions. This is because altered levels
of a specific sequence of mRNA suggest a changed
need for the protein coded for by the mRNA, perhaps
indicating a homeostatic response or a pathological
condition. Therefore gene expression profiling can help
in identifying candidate genes that may be involved in
a variety of normal or disease processes. Additionally,
characterization of genes abnormally expressed in
diseased tissues may lead to the discovery of genes that
can serve as diagnostic markers, prognostic indicators or
targets for therapeutic intervention.

The development of several gene expression profiling
methods, such as comparative genomic hybridization
(CGH), differential display, serial analysis of gene
expression (SAGE) and gene microarray, together with
the sequencing of the human genome, has provided
an opportunity to monitor and investigate the complex

PhD Conference ’08 5 ICS Prague



Jana Adášková Methods for Identifying Candidate Genes

cascade of molecular events leading to cardiovascular
diseases [2]. High-throughput technologies can be
used to follow changing patterns of gene expression
over time. Among them, gene microarray has become
prominent because it is easier to use, does not require
large-scale DNA sequencing, and allows for the parallel
quantification of thousands of genes from multiple
samples. Nowadays gene microarray technology is
rapidly spreading worldwide and has the potential
to drastically change the therapeutic approach to
patients affected with cardiovascular or others complex
diseases [3]. Therefore, it is important to know the
principles underlying the analysis of the huge amount
of data generated with microarray technology.

2. Microarray technology

Microarray technology takes advantage of hybridization
properties of nucleic acid (DNA or RNA) and uses
complementary molecules attached to a solid surface,
referred to as probes, to measure the quantity of specific
nucleic acid transcripts (mRNA) of interest that are
present in a sample, referred to as the target. The
molecules in the target are labelled, and specialized
scanner is used to measure the amount of hybridized
target at each probe, which is reported as an intensity.
The raw or probe-level data are the intensities of
each spot on the hybridization array, from which the
initial concentrations of the corresponding transcripts
are inferred.

Various manufacturers provide a large assortment of
different platforms. The different platforms can be
divided into two main classes that are differentiated by
the data they produce. The high-density oligonucleotide
array platforms produce one set of probe-level data
per microarray with some probes designed to measure
specific binding and others to measure non-specific
binding. The two-color spotted platforms produce two
sets of probe-level data per microarray (the red and
green channels), and local background noise levels are
measured from areas in the glass slide not containing
probes [4]. Despite the differences among the different
platforms, the steps of microarray data analysis are
similarly to all microarray technology.

3. Microarray data analysis

Microarray experiments produce a huge amount of data.
A single microarray run can produce between 100,000
and a million data points, and a typical experiment may
require tens or hundreds of runs [5]. Microarray data
analysis consist of three parts: (i) data preparation, in
which data are adjusted for the downstream algorithms;
(ii) algorithm selection for data analysis; and (iii)
interpretation, in which the results from the algorithms
are explained in a biological context. In Fig. 1 are shown
the major phases of microarray data analysis (colored
icons) and their connectivity (arrows) in the microarray
workflow process.

Figure 1: Microarray data analysis.
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3.1. Low-Level analysis

Primary image data having been collected from
a microarray experiment. The aims of the first
level of analysis, so-called low-level analysis or
data preprocessing, are image analysis, background
elimination, filtration, normalization and data
transformation, all of which should contribute to the
removal of systematic variation between chips, enabling
group comparisons.

Image analysis permits us to convert pixel intensities
in the scanned images into probe-level data. Many
image-processing approaches have been developed,
among which the main differences relate to how
spot segmentation, distinguishing foreground from
background intensities, is carried out [4]. Another
important preprocessing step is normalization.
Normalization involves comparing different microarrays
relative to some standard intensity value. This could
be the overall intensity of the microarray, the overall
intensity of all of the genes on the microarray,
the intensity of so-called housekeeping genes (the
expression of which are supposedly constant), or
spiked targets, containing a known and constant
amount of a labelled control. Negative normalization
controls might be represented by target sequences from
a different organism. Several normalization approaches
have been introduced, and are discussed elsewhere [4].
Data are often then subjected to log transformation to
improve the characteristics of the distribution of the
expression values.

3.2. Statistical analysis

Microarrays present new statistical problems because
the data are very high dimensional with a very small
number of replications. A common task in analyzing
microarray data is to determine which genes are
differentially expressed across two tissue samples or
samples obtained under two experimental conditions.

In early days, the simple method of fold changes was
used. Simple and intuitive, this method, involves the
calculation of a ratio relating the expression level of
a gene under control and experimental conditions. An
arbitrary ratio (usually 2-fold) is then selected as being
”significant.” Because this ratio has no biological merit,
this approach amounts to nothing more than a blind
guess. The selection of an arbitrary threshold results in
both low specificity (false positives, particularly with
low-abundance transcripts or when a data set is derived
from a divergent comparison) and low sensitivity (false
negatives, particularly with high-abundance transcripts
or when a data set is derived from a closely linked
comparison) [6]. It is now accepted that the use of the
fold change method should be discontinued.

Since then, many more sophisticated methods have been
proposed (e.g. Chen et al 1997, Efron et al 2000, Ideker
et al 2000, Newton et al 2001, Tusher et al 2001, Lin
et al 2001, Pan et al. 2001) [3]. It has been also noticed
that data based on a single array may not reliable and
may contain high noises. As the technology advances,
microarray experiments are becoming less expensive,
which make the use of multiple arrays feasible. Most,
if not all, statistical tests can be modified accordingly
for a multiple comparison adjustment.

In this section I would like to review more in detail
two types of parametric methods (such as T-test
and Bayes T-test) and three types of non-parametric
methods (such as samroc, SAM, and a modified mixture
model proposed by Zhao and Pan) recently used for
identifying differentially expressed genes in microarray
data. Suppose that the experimental data consist of
measurements ygi under two conditions, where i (i =
1, 2, ..., k) denotes the i-th array, g (g = 1, 2, ..., G)
denotes the g-th gene, and k1 and k2 are the number of
arrays for each condition, that is, k = k1 + k2. Let the
sample means and the sample variances of ygi’s for gene
g under two conditions be denoted as yg1, s2

g1 and, yg2,
s2

g2 respectively. Here, diff is the difference between yg1

and yg2, and sg and Seg represent the pooled standard
deviation and the standard error of the diff across the
replicates for the gene, respectively.

3.2.1 T-statistics: The two sample T-statistics
with two independent normal samples without assuming
the equal variances between two samples could be
written as follows:

tg =
diff

Seg

, Seg =

√
s2

g1

k1
+

s2
g2

k2

A gene with very small variance due to its low
expression level contributes to have large absolute t-
value regardless of the mean difference under two
conditions, and thus this gene can be selected as the
differentially expressed gene although it is not truly
differentially expressed. To overcome this problem
of the traditional T-test, various methods have been
proposed. Among these methods, there are SAM and
samroc (see below).

3.2.2 Bayes T-test: Baldi and Long [7]
developed a Bayesian probabilistic framework for
microarray data analysis. Their statistics is used to
solve small variance problems in low expression level
and uses the parametric Bayesian method to have
the parameters (mean, standard deviation and so on.)
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for T-statistics. This statistics is well known for its
effectiveness in analyzing the samples having small
size, but it still heavily depends on the parametric
assumption. Bayes T-test uses the estimate of parameters
such as population mean (μ) and variance (σ2) by
Bayesian method instead of sample mean and sample
variance of the traditional T-statistics. The mean of
posterior estimate in each group is given as

μj = μnj , σ
2
j =

νjσ
2
nj

νj − 2
,

where the mean of the posterior estimate (μnj) is
a convex weighted average of the prior mean (μ0j) and
the sample mean yj for group j, j = 1, 2, that is,

μnj =
λ0j

λ0j + kj

μ0j +
kj

λ0j + kj

yj

The hyperparameters μ0j and σ2
j /λ0j can be interpreted

as the location and the scale of μj , respectively, and kj is
the sample size for each group. σ2

nj is posterior variance
component and posterior sum of squares is

νjσ
2
nj = ν0jσ

2
0j+(kj−1)s2

j+λ0jkj/(λ0j+kj)(yj−μ0j)
2,

and the posterior degree of freedom is vj = v0j + kj .
In Bayes T-test, the hyperparameters for the prior v0j

and σ2
0j can be interpreted as the degree of freedom and

scale of σ2
j , respectively [7]. Owing to the complicated

theoretical background, I will not discuss it here in
more detail. This statistics is currently implemented
in the Limma software package [8] as part of project
Bioconductor accessible at www.bioconductor.org .

3.2.3 Significant analysis of microarrays
(SAM): To avoid the small variance problem of
T-test, SAM uses a statistics similar to T-statistics and
the permutation of repeated measurements to estimate
the false discovery rate [9]. At low expression levels,
the absolute value of tsam can be high because of small
values in Seg . The shortcoming of the traditional T-test
is that genes with small sample variances due to the low
expression levels have high chance of being declared
as the differentially expressed genes. Thus SAM added
a small positive constant a to alleviate this problem. The
SAM statistics is

tsam =
diff

Seg + a
, Seg = sg

√
1

k1
+

1

k2
,

where the value for a is chosen to minimize the
coefficient of variation. SAM is similar to the method
by Efron et al. [10], which use a to be equal to the
90th percentile of the standard errors of all the genes.
SAM assigns a score based on changes that is related to
the standard deviation of repeated measurements for that
gene. Genes with scores greater than a cutoff value are
determined to be significant.

3.2.4 Samroc: Broberg [11] proposed
a method for ranking genes in the order of likelihood of
being differentially expressed, which is often called as
samroc. The main purpose of this method is to estimate
the false negative (FN) and false positive (FP) rates.
The procedure sets out to minimize these errors. The
samroc method is similar to SAM, although an added
constant in the denominator of the statistics is different.
The proposed statistics is

tsam =
diff

Seg + b
.

Main interest is to find the optimal constant b for
given significance level of α. This procedure proposed
a criterion, which is the distance of points on the curve
to the origin, for choosing a good receiver operating
characteristic (ROC) curve. ROC curve allows users
to compare the FP error rate and FN error rate of
various test statistics without involving P -values. This
minimizes the number of genes that are falsely declared
positive and falsely declared negative for a given
significance level of α and a value b [11].

3.2.5 Zhao-Pan method: Zhao and Pan [12]
adopted a modified non-parametric approach to
detect the differentially expressed genes in replicated
microarray experiments. The basic idea of this non-
parametric method lies in estimating the null distribution
of test statistics, say Zg , by directly constructing
a null statistics, say zg , such that the distribution of
zg is the same as the distribution of Zg under the
null hypothesis. This avoids the strong assumptions
about the null distribution of the parametric methods.
A common problem with these methods is that the
numerator and the denominator of zg and Zg are
assumed to be independent of each other. In practice,
this independency is violated by zg , and zg and Zg are
used to overcome this problem. For more details refer to
the Zhao and Pan [12].
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Method Sample Distributional Equal variance
assumption
between groups

T-statistics Large Strong Unequal
B-statistics Small Strong Unequal
SAM Small None Equal
samroc Small None Equal
Zhao-Pan Large Weak Equal

Table 1: The main features of the statistical methods .

Table 1 summarizes main features of the previous
described methods in the context of sample size,
distributional assumption, and variance condition
between two groups. In general, SAM, samroc and
Bayes T-test are known to work well with the small
sample size, and T-statistics and Zhao-Pan method
are known to perform well with large sample size.
This difference may be related to the fact that SAM
and samroc do not need any distributional assumption,
whereas the others need distributional assumptions for
the analysis. Of these five methods, SAM, samroc and
Zhao-Pan method require the equal variance assumption
between two groups.

3.3. High-Level analysis

High-level microarray analysis is required to identify
groups of genes that are similarly regulated across
the biological samples under study. A variety of
mathematical procedures have been developed that
partition genes or samples into groups, or clusters, with
maximum similarity, thus enabling the identification of
gene signatures or informative gene subsets. Methods
for classification are either unsupervised or supervised.
Supervised methods use existing biological information
about specific genes that are functionally related
to ”guide” or ”test” the cluster algorithm. With
unsupervised methods, no prior test set is required. The
most commonly employed unsupervised classification
methods are the clustering techniques [13]. However
discussion of these techniques more in detail is beyond
the scope of this paper.

Conclusion

Nowadays comprehensive gene expression approaches
like microarrays have fundamental role in providing
basic information integral to biological and clinical
investigation of complex diseases such as cardiovascular
diseases. The statistical analysis of microarray data is
probably the most difficult problem associated with
the use of these technique. We can see, that the
selection of the significant genes heavily depends on
the choice of the testing methods. We can also see
that the performance of the testing methods is affected

by sample size, distributional assumption, the variance
structure and so on (see Table 1). Therefore, to obtain
the reliable testing results for detecting significant genes
in microarray data analysis, we first need to explore
the characteristic of the data and then apply the most
appropriate testing method under the given situation. It
is also important to choose the measure of differential
expression based on the biological system of interest and
particular problem specification. In a situation where the
most reliable list of genes is desirable, the best approach
may be to examine the intersection of genes identified
by more methods.

In our future work we would like to apply the
statistical methods described in this paper to the real
microarray dataset from project of Centre of Biomedical
Informatics (The goal of this experiment is to
identify genes that are differentially expressed in acute
myocardial infarction patients and cerebrovascular
accident patients) and compare selected top significant
genes by each of testing methods and also compare
it with reference selected candidate genes (from
well-curated publicly available databases), which are
believed to be truly differentially expressed.
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Institute of Computer Science of the ASCR, v. v. i.
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Abstract

The paper introduces a logical framework
for representing costs of program runs in
fuzzified propositional dynamic logic. The costs
are represented as truth values governed by
the rules of a suitable t-norm fuzzy logic.
A translation between program constructions
in dynamic logic and fuzzy set-theoretical
operations is given, and the adequacy of the
logical model to the informal motivation is
demonstrated. The role of tests of conditions in
programs is discussed from the point of view
of their costs, which hints at the necessity of
distinguishing between the fuzzy modalities of
admissibility and feasibility of program runs.

1. Introduction

It has been argued in [1] that t-norm fuzzy logics can
be interpreted as logics of resources or costs, besides
their usual interpretation as logics of partial truth.
Particular instances of costs are the costs of program
runs: typically, a run of a program needs various kinds of
resources like machine time for performing instructions,
operational memory or disk space for data, access to
peripheries or special computation units, etc. Depending
on the amount of the resources needed, some runs of
programs can be more costly than others. The most
usual logical model of programs and program runs is
presented by propositional dynamic logic, which will
be used as a basis for the present generalization. The
aim of this paper is to sketch a logical framework for
handling the costs of program runs by means of fuzzy
logic, with programs modeled abstractly in propositional

dynamic logic, and present some basic observations on
the proposed model.

The paper has the following structure: A brief
description of t-norm fuzzy logics and their cost-
based interpretation is given in Sections 2 and 3. The
apparatus of propositional dynamic logic is recalled
in Section 4. A combination of these approaches,
leading to a model of costs of program runs in
fuzzified propositional dynamic logic, is given in
Section 5. The role of tests of conditions in programs,
which necessitates distinguishing the feasibility and
admissibility of program runs in fuzzified propositional
dynamic logic, is discussed in Section 6.

It should be noted that the paper only presents an initial
sketch of the proposed approach to logical modeling of
program costs. The work on this approach is currently in
progress and a more comprehensive elaboration is being
prepared, with Marta Bı́lková and Petr Cintula as co-
authors.

2. T-norm fuzzy logic

In this section we give a short overview of the most
important t-norm fuzzy logics that will be needed later
on. Only the standard semantics of t-norm fuzzy logics
is presented here, as it suffices for the needs of this
paper. For more details on t-norm logics, including their
axiomatic systems and general semantics, see [2, 3].

In the standard semantics, formulae of t-norm fuzzy
logics are evaluated truth-functionally in the real
unit interval [0, 1]; i.e., propositional connectives
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are semantically realized by operations on [0, 1]. In
particular, the connective called strong conjunction &
is in t-norm fuzzy logics realized by a left-continuous
t-norm, i.e., a left-continuous binary operation on [0, 1]
which is commutative, associative, monotone, and has
1 as its neutral element. The most important (left-)
continuous t-norms are

x ∗G y = min(x, y) Gödel t-norm

x ∗Π y = x · y product t-norm

x ∗Ł y = max(0, x + y − 1) Łukasiewicz t-norm

Every left-continuous t-norm ∗ has a unique residuum
⇒∗, defined as

x⇒∗ y = sup{z | z ∗ x ≤ y},

which interprets implication → in the logic L(∗) of the
left-continuous t-norm ∗. If x ≤ y, then x⇒∗ y = 1; for
x > y the residua of the above three t-norms evaluate as
follows:

x⇒G y = y

x⇒Π y = y/x

x⇒Ł y = min(1, 1− x + y)

Further propositional connectives of L(∗) are interpreted
in the following way:

• Negation ¬ as ¬∗x = x⇒∗ 0

• Equivalence↔ as

x⇔∗ y = min(x⇒∗ y, y ⇒∗ x)

• Disjunction ∨ as the maximum, and

• Weak conjunction ∧ as the minimum

Optionally, the delta connective Δ is added to L(∗) with
standard interpretation Δx = 1 if x = 1, and Δx = 0
otherwise. (We shall always use t-norm logics with Δ in
this paper.) The algebra

[0, 1]∗ = 〈[0, 1], ∗,⇒,∨,∧, 0,Δ〉

defining an interpretation of propositional t-norm logic
is called the t-algebra of ∗ (with Δ).

Formulae that always evaluate to 1 are called tautologies
of the logic L(∗). The formulae that are tautologies of
L(∗) for all ∗ from some class K of left-continuous t-
norms form the t-norm logic of the classK. In particular,
Hájek’s [2] logic BL is the logic of all continuous t-
norms and the logic MTL of [3] is the logic of all left-
continuous t-norms: these general logics capture rules

valid independently of a particular t-norm realization
of &. The proofs in this paper will be carried out in the
logic MTL, thus sound for all left-continuous t-norms.

Propositional t-norm logics can be extended to their
first-order and higher-order variants. These are needed
for mathematical reasoning about fuzzy properties and
will be employed later in this paper. For the formal
apparatus of first-order fuzzy logic I refer the reader to
[2]; Higher-order fuzzy logic has been introduced in [4]
and described in a primer [5] freely available online.
Here we shall only recall that the quantifiers ∀,∃ are
respectively realized as the infimum and supremum of
the truth values, and that higher-order logic is a theory
of fuzzy sets and relations with terms {x | ϕ(x)}, each
of which represents the fuzzy set to which any element
x belongs to the degree given by the truth value of the
formula ϕ(x).

3. Fuzzy logics as logics of costs

In fuzzy logic, truth values x ∈ [0, 1] are usually
interpreted as degrees of truth, with 1 representing
full truth and 0 full falsity of a proposition. As
argued in [1], the truth values can also be interpreted
as measuring costs, with propositional connectives
representing natural operations on costs. Under this
interpretation, we abstract from the nature of costs (be
they time, money, space, or any other kind of resources)
and only assume that they are linearly ordered and
normalized into the interval [0, 1].

(The assumption of linear ordering can actually be
relaxed to more general prelinear orderings, which
cover most usual kinds of resources. In particular,
direct products of linear orderings fall within the class,
which allows vectors of costs, e.g., pairs of disk space
and computation time, to be represented within this
framework. In general, the cost-interpretation of fuzzy
logic is based on the fact that most common resources
show the structure of a prelinear residuated lattice.
However, for simplicity we shall only consider linearly
ordered costs that can be embedded in the real unit
interval here.)

Under the cost-based interpretation, the truth value 1
represents the zero cost (“for free”) and the truth value 0
represents a maximal or unaffordable cost. Intermediary
truth values represent various degrees of costliness, with
the usual ordering of [0, 1] inverse to that of costs
(the truth values can thus be understood as expressing
degrees of truth of the fuzzy predicate “is cheap”).
Strong conjunction & represents the fusion of resources,
or the “sum” of costs. Various left-continuous t-norms
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represent various ways by which costs may sum, and
particular t-norm logics thus capture the rules that
govern particular ways of cost addition. For example,
the Łukasiewicz t-norm ∗Ł corresponds to the bounded
sum of costs: assume that costs sum up to a bound b > 0;
if we normalize the interval [0, b] to [0, 1] with the cost
c ∈ [0, b] represented by 1 − c/b ∈ [0, 1], then the
bounded sum on [0, b] corresponds to the Łukasiewicz
t-norm on [0, 1], since

(1− x) ∗Ł (1− y) = 1− (x + y)

unless the bound 0 (representing b) is achieved.
Similarly the product t-norm corresponds to the
unbounded sum of costs (via the negative logarithm),
with 0 representing the infinite cost. The Gödel t-norm
corresponds to taking the maximum cost as the “sum”,
which is also natural for some kinds of costs (e.g., the
disk space for temporary results of calculation, which
can be erased before the program proceeds). Other left-
continuous t-norms correspond to variously distorted
addition of costs, possibly suitable under some rare
circumstances.

Obviously, disjunction and weak conjunction
correspond, respectively, to the minimum and maximum
of the two costs. The meaning of implication is that of
surcharge: the cost expressed by A → B is the cost
needed for B, provided we have already got the cost
of A. (Observe that if the cost of B is less than or equal
to that of A, then indeed A → B evaluates to 1, as we
have already got the cost of B if we have the cost of A;
i.e., the “upgrade” from A to B is “for free”, which is
represented by the value 1.) The equivalence connective
represents the “difference” (in terms of &) between two
costs, and negation the remainder to the maximal cost.

Tautologies of a given t-norm logic represent
combinations of costs that are always “for free”. More
importantly, tautologies of the form A1 & . . .&An → B
express the rules of preservation of “cheapness”, as their
cost-based interpretation reads: if we have the costs
of all Ai together, then we also have the cost of B.
Particular t-norm fuzzy logics thus express the rules
of reasoning salvis expensis, in a similar manner as
classical Boolean tautologies of the above form express
the rules of reasoning salva veritate.

In the following sections we shall apply this
interpretation of fuzzy logic to a particular kind of
costs, namely the costs of program runs as modeled
in propositional dynamic logic.

4. Propositional dynamic logic

Propositional dynamic logic (PDL) provides an abstract
apparatus for logical modeling of behavior of programs.
For details on PDL see [6, 7].

PDL models programs as (non-deterministic) transitions
in an abstract space of states. (As such, PDL programs
can represent any kind of actions over an arbitrary
set of states, not only programs operating on the
states of a computer; the applicability of both PDL
and the present approach is thus much broader
than just to computer programs.) Programs can in
PDL be composed of simpler programs by means
of a fixed set of constructions (the usual choice is
that of regular expressions with tests, by which all
common programming constructions are expressible),
applied recursively on a fixed countable set of atomic
programs (representing, e.g., the instructions of a
processor). Propositional formulae of PDL express
Boolean propositions about the states of the state space,
and include, besides usual connectives of Boolean logic,
modalities corresponding to programs, by means of
which it is possible to reason about programs and their
preconditions and postconditions.

Formally, the sets Form of formulae and Prog of
programs of PDL are defined by simultaneous recursion
from fixed countable sets of atomic formulae and atomic
programs as follows:

• Every atomic formula is a formula; every atomic
program is a program.

• If ϕ and ψ are formulae, then ¬ϕ and (ϕ ∧ ψ)
are formulae (meaning not ϕ resp. ϕ and ψ). The
abbreviations �, ⊥, (ϕ ∨ ψ), (ϕ → ψ), and
(ϕ ↔ ψ) are defined as usual in Boolean logic,
with usual conventions on omitting parentheses.

• If α and β are programs, then α∗, (α ∪ β), and
(α;β) are programs (meaning repeat α finitely
many times, do α or β, and do α and then β,
respectively, where or and finitely many means a
non-deterministic choice).

• If ϕ is a formula and α is a program, then [α]ϕ is
a formula (meaning ϕ holds after any run of α).
The expression 〈α〉ϕ abbreviates ¬[α]¬ϕ.

• If ϕ is a formula, then ϕ? is a program (meaning
continue iff ϕ).

The semantic models of PDL are multimodal Kripke
structures 〈W,R, V 〉with W a non-empty set (of states),
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R : Prog → 2W 2

an evaluation of programs by
binary relations on W (representing possible transitions
between states by the program), and V : Form → 2W

an evaluation of formulae by subsets of W (namely, the
sets of verifying states), such that

V¬ϕ = W \ Vϕ (1)

Vϕ∧ψ = Vϕ ∩ Vψ (2)

V〈α〉ϕ = Rα
← Vϕ (3)

Rα;β = Rα ◦Rβ (4)

Rα∪β = Rα ∪Rβ (5)

Rα∗ = R∗
α (6)

Rϕ? = Id ∩ Vϕ (7)

where ◦ denotes the composition of relations, ← the
preimage under a relation, R∗ the reflexive and transitive
closure of R, and Id the identity of relations. A formula
ϕ is valid in the model iff Vϕ = W , and is a tautology
iff is valid in all models.

PDL is sound and complete w.r.t. the axiomatic system
consisting of all propositional tautologies, the axioms

[α;β]ϕ↔ [α][β]ϕ (8)

[α ∪ β]ϕ↔ [α]ϕ ∧ [β]ϕ (9)

[α∗]ϕ↔ ϕ ∧ [α][α∗]ϕ (10)

[ϕ?]ψ ↔ (ϕ→ ψ) (11)

[α](ϕ→ ψ)→ ([α]ϕ→ [α]ψ) (12)

and the rules of modus ponens (from ϕ and ϕ → ψ
infer ψ), necessitation (from ϕ infer [α]ϕ), and induction
(from ϕ→ [α]ϕ infer ϕ→ [α∗]ϕ).

For simplicity, we shall not consider expansions of
PDL by further program constructions like intersection,
converse, etc.

5. Modeling the costs of program runs

PDL does not take costs of program runs into
consideration. In PDL, possible runs of a program α
are modeled as transitions from a state w to a state
w′ such that Rαww′. The relation Rα representing the
program α is binary (crisp): thus the states w′ are either
accessible or unaccessible from w by a run of α. In
practice, however, it often occurs that although a state
w′ is theoretically achievable from w by α, the run of
α from w to w′ is not feasible—e.g., is too long (for
example, needs to perform 10100 instructions, a frequent
case in exponentially complex problems), requires too
much memory, etc. Obviously, such unfeasible runs
should not play a role in the practical assessment
whether some condition ϕ can or cannot hold after

the possible runs of α. Nevertheless, classical PDL
cannot exclude such unfeasible runs, as there is no sharp
boundary between feasible and unfeasible runs (i.e., the
feasibility of runs is a fuzzy property).

A more realistic model can be obtained by considering
costs of program runs, by means of which we can
measure their feasibility. A simple model, which
nevertheless covers many common situations, would
assign the triple α,w,w′ such that Rαww′ in a model
of PDL a real number Cαww′ representing the cost of
the run of α from w to w′. The cost thus would be
represented by a function

C : Prog ×W 2 → [0,+∞],

i.e., we are weighting the arrows in the co-graph of Rα

by their costs; we assign the cost +∞ to impossible
runs with ¬Rαww′. The cost of a run of α1;α2; . . . ;αn

going from w0 through w1, w2, . . . to wn would be a
function f (most often, the sum) of the costs of the
runs of αi from wi−1 to w1. If there are different paths
between w0 and wn through which α1;α2; . . . ;αn can
run, we are interested in the cheapest path, i.e., the run
of α;β from w to w′ will be understood as costing

Cα;βww′ = inf
w′′

f(Cαww′′, Cβw′′w′). (13)

This model would allow us to work with the costs of
program runs in the expanded models of PDL and define
and investigate many useful notions related to costs by
means of classical mathematics and logic. Nevertheless,
since the important property of feasibility of a program
run is essentially a fuzzy predicate, we shall recast
this model in terms of the cost-based interpretation of
fuzzy logic. This will allow us to employ fuzzy logic
for a convenient definition of feasible runs and use
the apparatus of fuzzy logic for reasoning about the
costs on the propositional level, by replacing classical
rules of reasoning with those of fuzzy logic. For a
methodological discussion of this approach see [4, 5, 8,
9].

Thus we shall assume that the structure of costs
is that of some t-norm algebra (see Section 3 for
possible extension to more general algebras). Then,
instead of weighting the arrows in the co-graph of Rα

with costs, we can directly replace Rα with a fuzzy
relation R̃α ∈ [0, 1]W

2

, with the truth values of R̃αww′

representing the cost of the run of α from w to w′.

Since the sum of costs now translates to conjunction in
a suitable t-norm logic and since we are interested in the
cheapest runs if more paths are possible, (13) now
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translates to

R̃α;βww′ ≡ (∃w′′)(R̃αww′′ & R̃βw′′w′) (14)

with logical symbols interpreted in a t-norm fuzzy logic,
i.e., in semantics,

R̃α;βww′ = supw′′(R̃αww′′ ∗ R̃βw′′w′)

It can be observed that the formula (14) has exactly the
same form as in classical PDL where Rα;β = Rα ◦Rβ ,
since by definition

(Rα ◦Rβ)ww′ ≡ (∃w′′)(Rαww′′ & Rβw′′w′) (15)

The only difference between (14) and (15) is that
the relations in (14) are fuzzy, and that the logical
operations are (therefore) interpreted in a t-norm fuzzy
logic instead of Boolean logic. This is in fact a general
feature of using the framework of formal fuzzy logic that
natural definitions usually take the same form as in the
crisp case, only with the logical symbols reinterpreted
in fuzzy logic (cf. [4, 5, 8, 9]): we shall see that
further definitions will follow this pattern, too. Indeed,
analogously to (15) it is usual [10] in fuzzy logic to
define the composition of fuzzy relations R̃ and S̃ as

(R̃ ◦ S̃)ww′ ≡ (∃w′′)(R̃ww′′ & S̃w′′w′), i.e.,

≡ supw′′(R̃ww′′ ∗ S̃w′′w′)

Consequently, we can write

R̃α;β = R̃α ◦ R̃β

in our setting, in full analogy with the definition (4) of
Rα;β in classical PDL.

Similarly it is natural to assume R̃α∪β = R̃α ∪ R̃β

as in (5), where (R̃ ∪ S̃)ww′ is defined for any fuzzy
relations R̃, S̃ as R̃ww′ ∨ S̃ww′, since the cost of a run
of α ∪ β between w and w′ should be the smaller of
the two costs of the runs of α and β between the same
states (which in [0, 1]∗ is represented by the larger of
the two truth values). Analogously one verifies that the
cost of α∗ is represented by the transitive and reflexive
closure R̃∗

α of the fuzzy relation R̃α defined as usual in
the theory of fuzzy relations [10], in full analogy to (6).

The reinterpretation in fuzzy logic of (3), which expands
to

V〈α〉ϕw ≡ (∃w′)(Rαww′ & Vϕw′) (16)

yields a very natural modality expressing that after a
feasible run of α the condition ϕ can hold. (Notice that
this definition reflects the motivation for taking the costs
of program runs into account, described in the beginning
of this section.)

It can be observed in (16) that even if Vϕ is crisp, a
fuzzy Rα will yield a fuzzy V〈α〉ϕ. Thus, because of
the interplay of programs and formulae in PDL, our
fuzzification of programs necessitates a fuzzification of
formulae as well. A model of our fuzzified PDL is thus
a triple 〈W, R̃, Ṽ 〉, where W is a non-empty crisp set
of states, R̃ maps programs α to fuzzy relations R̃α ∈

[0, 1]W
2

, and Ṽ gives fuzzy sets Ṽϕ ∈ [0, 1]W of states
which fuzzily validate ϕ (i.e., Ṽϕw is the truth value of
ϕ in w).

Thus in the fuzzified (16), which reads

Ṽ〈α〉ϕw ≡ (∃w′)(R̃αww′ & Ṽϕw′), (17)

the subformula R̃αww′ can be understood as expressing
the fuzzy proposition “w′ is cheaply accessible from
w by a run of α” (which is a fuzzy-propositional
reading of the cost represented by R̃αww′) and Ṽϕw′

as the fuzzy proposition “ϕ holds in w′” (viz, to the
degree expressed by Ṽϕw′). Both R̃αww′ and Ṽϕw′

can thus be understood as fuzzy propositions, and their
combination in a single formula thus does not present
a type mismatch: we only assume that the cost is
represented by a truth value of the fuzzy proposition “the
run is cheap”, and that the mapping of costs to [0, 1]∗ is
such that the conjunction ∗ of truth values coincides with
summation of costs. (This assumption is more natural
if Ṽϕ for non-modal ϕ are assumed to be crisp, since
then the fuzziness of Ṽψ for modal ψ arise exactly
from considering the costs R̃αww′ in (16). However, in
many real-world applications of fuzzified PDL it may
be desirable to have non-modal formulae fuzzy as well:
then, if different algebras of degrees are needed for
Ṽ and R̃ in a particular model, one can use suitable
direct products of t-norm algebras; I omit details here.)
Particular interpretations ∗ of & and particular mappings
of actual costs under consideration to [0, 1]∗ will then
yield concrete ways of calculating the truth values of this
expression in particular models; importantly, however,
the rules of general fuzzy logics like BL or MTL
allow deriving theorems on program costs that are valid
independently of a concrete representation in [0, 1]∗.

Returning to (16), one can observe that again it coincides
with the usual definition of preimage of a fuzzy set in a
fuzzy relation (see, e.g., [11]). Thus we can write

Ṽ〈α〉ϕ = R̃α
← Ṽϕ,

again in full analogy with (3).

The derived semantical clause for [α]ϕ, which in the
classical case reads

V[α]ϕw ≡ (∀w′)(Rαww′ → Vϕw′), (18)
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yields in the fuzzy reinterpretation

Ṽ[α]ϕw ≡ (∀w′)(R̃αww′ → Ṽϕw′), (19)

a useful fuzzy modality expressing that after all feasible
(or cheap enough) runs of α the fuzzy condition ϕ will
hold. (Similar comments as in the case of 〈α〉ϕ are
applicable.) The operation defined by (18) for crisp Rα

and Vα and by (19) for fuzzy R̃α and Ṽα is denoted by
←� and called the subproduct preimage in [11], where
it is studied as a particular case of BK-subproduct 	.
(These notions were introduced by Bandler and Kohout
in [12] for crisp relations and generalized for fuzzy
relations in [13]. Further references to the literature on
←� and its properties in fuzzy logic are given in [11].)
Thus we can write

V[α]ϕ = Rα
←� Vϕ

Ṽ[α]ϕ = R̃α
←� Ṽϕ

respectively for crisp and fuzzy PDL. Notice that
unlike in classical PDL, [α]ϕ and 〈α〉ϕ are no longer
interdefinable in fuzzified PDL, as the clauses (17) and
(19) do not generally satisfy Ṽ¬〈α〉ϕ = Ṽ[α]¬ϕ in fuzzy
logic, unless the negation ¬ is involutive. Both [α] and
〈α〉 therefore need to be present in the language of
fuzzified PDL as primitive symbols.

As an example of theorems that can be proved in our
framework, we shall check the soundness of the axioms
(8)–(12) and the three inference rules of classical PDL in
our fuzzified PDL semantics. The validity of the axiom
(8) in any model M = 〈W, R̃, Ṽ 〉 is proved as follows:

M |= [α;β]ϕ↔ [α][β]ϕ

iff Ṽ[α;β]ϕ = Ṽ[α][β]ϕ

iff R̃α;β
←� Ṽϕ = R̃α

←� Ṽ[β]ϕ

iff (R̃α ◦ R̃β) ←� Ṽϕ = R̃α
←� (R̃β

←� Ṽϕ),

where the last identity is an easy property of ←�, see [11,
Cor. 5.17].

Similarly, the validity of the axiom (9) is proved by

M |= [α ∪ β]ϕ↔ [α]ϕ ∧ [β]ϕ

iff Ṽ[α∪β]ϕ = Ṽ[α]ϕ∧[β]ϕ

iff R̃α∪β
←� Ṽϕ = Ṽ[α]ϕ ∩∧ Ṽ[α]ϕ

iff (R̃α ∪ R̃β) ←� Ṽϕ = (R̃α
←� Ṽϕ) ∩∧ (R̃β

←� Ṽϕ),

where the last identity is again an easy property of ←�,
see [11, Cor. 5.16]. Notice that weak conjunction ∧ is
in order in the fuzzy version of (9), corresponding in the
proof to min-intersection defined for any fuzzy sets Ũ , Ṽ
as (Ũ ∩∧ Ṽ )w ≡ Ũw ∧ Ṽ w.

In order to verify the axiom (10), we need a few
definitions and lemmata. First, define for any fuzzy
relation R̃ its iterations

R̃0 = Id (20)

R̃n+1 = R̃ ◦ R̃n (21)

for all n ∈ N. Furthermore, the union
⋃
A of a crisp or

fuzzy set A of fuzzy relations is in higher-order fuzzy
logic defined as(⋃

A
)
ww′ ≡ (∃R̃)(AR̃ & R̃ww′).

Obviously, for any fuzzy relation R̃,

∞⋃
n=0

R̃n = R̃0 ∪
∞⋃

n=1

R̃n = Id ∪
∞⋃

n=1

R̃n

by (20). It can trivially be verified that by definitions,
Id ←� Ṽ = Ṽ , thus also R̃0 ←� Ṽ = Ṽ , for any fuzzy
relation R̃ and any fuzzy set Ṽ . Finally, it can be proved
(cf. [10]) that the transitive and reflexive closure R̃∗ of
a fuzzy relation R̃ is in fuzzy logic characterized in the
same way as in classical mathematics, viz

R̃∗ =
∞⋃

n=0

R̃n = Id ∪
∞⋃

n=1

R̃n

Now we can show the soundness of (10), which amounts
to the general validity of Ṽ[α∗] = Ṽϕ∧[α][α∗]ϕ. We have
the following chain of identities, justified by definitions
and previous lemmata:

Ṽ[α∗]ϕ = R̃α∗
←� Ṽϕ =

=
( ∞⋃

n=0

R̃n
α

)
←� Ṽϕ

=
(
Id ∪

∞⋃
n=1

R̃n
α

)
←� Ṽϕ

= (Id ←� Ṽϕ) ∩∧

(( ∞⋃
n=1

R̃n
α

)
←� Ṽϕ

)

= Ṽϕ ∩∧

((
R̃α ◦

∞⋃
n=0

R̃n
α

)
←� Ṽϕ

)
= Ṽϕ ∩∧ Ṽ[α;α∗]ϕ = Ṽϕ∧[α][α∗]ϕ.

Notice again that weak conjunction is in order in
fuzzified (10).

The soundness of the rule of induction amounts to the
validity of inferring

Ṽϕ ⊆ R̃∗
α

←� Ṽϕ from Ṽϕ ⊆ R̃α
←� Ṽϕ.
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By induction, we shall prove that from Ṽϕ ⊆ R̃α
←� Ṽϕ

we can infer Ṽϕ ⊆ R̃n
α

←� Ṽϕ for all n ∈ N, i.e., by [14,
Lemma B.8(L5)],

Ṽϕ ⊆
⋂
n∈N

(R̃n
α

←� Ṽϕ),

which is by [11, Cor. 5.16] equivalent to the required

Ṽϕ ⊆
(⋃

n∈N

R̃n
α

)
←� Ṽϕ.

The first step Ṽϕ ⊆ R̃0
α
←� Ṽϕ of the induction is trivially

valid by R̃0
α

←� Ṽϕ = Id ←� Ṽϕ = Ṽϕ. For the induction
step, we need to infer

Ṽϕ ⊆ R̃n+1
α

←� Ṽϕ from Ṽϕ ⊆ R̃n
α

←� Ṽϕ,

i.e., by [14, Th. 4.3(I14)],

(R̃n
α ◦ R̃α) → Ṽϕ ⊆ Ṽϕ, from R̃α

→ Ṽϕ ⊆ Ṽϕ.

By [11, Cor. 4.14], the former is equivalent to

R̃α
→ (R̃n

α
→ Ṽϕ) ⊆ Ṽϕ,

which follows from R̃α
→ Ṽϕ ⊆ Ṽϕ by monotony of →

w.r.t. ⊆ [11, Cor. 4.7].

A discussion of the test construction is postponed
to Section 6; therefore we shall skip checking the
soundness of the the axiom (11). The soundness of the
rule of modus ponens and the axioms of propositional
logic is demonstrated in [15], as 〈W, Ṽ 〉 forms the usual
intensional semantics for fuzzy logic. The soundness
of the rule of necessitation amounts to the validity of
inferring W ⊆ R̃α

←� Ṽϕ, i.e., R̃α
→ W ⊆ Ṽϕ, from

W ⊆ Ṽϕ; but since R̃α only operates on W , it is
immediate that R̃α

→ W ⊆W ⊆ Ṽϕ.

On the other hand, the axiom (12) fails in fuzzy PDL,
as it is well known (already from [2]) that fuzzified
Kripke frames do not in general validate the modal
axiom K. Since also the interdefinability of 〈α〉 and [α]
fails for non-involutive negation, dual axioms and rules
for 〈α〉 need to be added to a prospective axiomatic
system of fuzzified PDL. I omit the discussion of these
axioms here; it can nevertheless be hinted that since the
relationship between the semantic clauses for 〈α〉 and
[α] is that of Morsi’s duality [16] (combined with the
duality between fuzzy relations and their converses), the
formulation and soundness of the dual axioms and rules
for 〈α〉 can be obtained from the axioms and rules for
[α] automatically by the same duality.

6. The role of tests

In classical PDL, tests ϕ? have the role in branching
complex programs: they are employed in definitions of
such programming constructions as if–then–else, while–
do, or repeat–until. They do not themselves affect the
state in which a program run is, but bar a further
execution of the program if their condition is not met. A
straightforward fuzzification of the semantic condition
(7), R̃ϕ? = Id ∩ Ṽϕ, would interpret tests in fuzzy
PDL as programs which do not change the state, but can
decrease the “passability” of the run through the current
state according to the truth value of the condition ϕ.
This, however, does not correspond to the primary
motivation of R̃αww′ as the cost of the run of α from
w to w′: the condition ϕ may be cheap to test, but can
have a low truth degree in w, or vice versa. The two
roles of the truth value yielded by the test ϕ? do not
match in fuzzy PDL: the truth degree of ϕ should affect
the possibility of further execution, while the cost of
performing the test of ϕ should contribute to the overall
cost of the run of a complex program. Neither of the
two roles can be sacrificed, since the former is necessary
for branching the program (by the fuzzy if–then–else
and cycle constructions), while without the latter we
would be unable to distinguish between feasible and
unfeasible runs (which was our primary motivation for
the fuzzification of PDL).
Unless we want to stipulate that the conventional
complexity (or cost) of a test be identified with the truth
value it yields, thus equating the accessibility of paths
of program execution with their costs (by which the
actual cost of performing the computation is replaced by
a different conventional measure), we may have to admit
that the identification of the feasibility (or cost) value
with the value of accessibility was too bold and that
these two fuzzy relations on W have to be distinguished.
If we denote the fuzzy accessibility relation by R̃α and
the feasibility relation by C̃α, then the test ϕ? would
contribute to R̃α by the truth value of ϕ, while to C̃α by
the cost of performing the test. For instance, performing
a test of a difficult tautology may contribute a lot to the
cost of the run, while not decreasing the “correctness”
degree of the run at all. We may then distinguish the
modality 〈α〉R̃ϕ expressing that there is a “correct” run
to a state where ϕ holds from 〈α〉R̃∩C̃ϕ expressing
that there is a “correct feasible” run validating ϕ (all
conditions understood fuzzily). Their semantic clauses
are, respectively:

Ṽ〈α〉R̃ϕw ≡ (∃w′)(R̃αww′ & Ṽϕw′)

Ṽ〈α〉R̃∩C̃ϕw ≡ (∃w′)(R̃αww′ & C̃αww′ & Ṽϕw′)

The apparatus of costs of program runs thus appears
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to operate best on PDL with fuzzified accessibility
relations of programs, whose truth degrees do not
express the degrees of feasibility (or costs) of
program runs, but the degrees of their admissibility
(or “correctness”, in the sense of the satisfaction
of conditions passed through). The fuzzification of
admissibility can be developed independently, without
regarding costs of runs at all, thus making the same
idealization as regards costs as classical PDF, i.e., with
equating feasibility and admissibility of runs. Such
fuzzification only generalizes the framework of PDL
to permit fuzzy conditions like “if the temperature is
high, do α” (which may be quite useful in real-world
applications) and a measure of “correctness” of some
transitions between states by programs (capturing for
instance such phenomena as rounding numerical results
etc.).
Adding moreover the apparatus for costs then makes
the (already fuzzified) model more realistic by the
possibility of distinguishing not only (the degree of)
correctness, but also (the degree of) feasibility of (more
or less correct) runs of programs. The double nature
of tests regarding the truth and cost degrees, however,
seems to exclude the possibility of adding the apparatus
of costs directly to crisp rather than already fuzzified
PDL, unless we forbid tests on feasibility (e.g., of the
form (〈α〉R̃∩C̃ϕ)?), which automatically fuzzify the
admissibility of runs.
Various kinds of restrictions on tests (e.g., allowing only
tests of atomic formulae, non-modal formulae, formulae
not referring to feasibility, etc.) would, however,
strongly affect the requirements on the models and
their properties. An elaboration of these considerations
is left for future work, as are the problems of
axiomatizability of such systems of fuzzy PDL and a
detailed investigation of their properties.
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[9] L. Běhounek and P. Cintula, “Fuzzy class
theory as foundations for fuzzy mathematics,” in
Fuzzy Logic, Soft Computing and Computational
Intelligence: 11th IFSA World Congress, vol. 2,
(Beijing), pp. 1233–1238, Tsinghua University
Press/Springer, 2005.

[10] L. A. Zadeh, “Similarity relations and fuzzy
orderings,” Information Sciences, vol. 3, pp. 177–
200, 1971.
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[14] L. Běhounek, U. Bodenhofer, and P. Cintula,
“Relations in Fuzzy Class Theory: Initial steps,”
Fuzzy Sets and Systems, vol. 159, no. 14, pp. 1729–
1772, 2008.

[15] L. Běhounek, “Fuzzification of Groenendijk–
Stokhof propositional erotetic logic,” Logique et
Analyse, vol. 47, no. 185–188, pp. 167–188, 2004.

[16] N. N. Morsi, W. Lotfallah, and M. El-Zekey, “The
logic of tied implications, part 2: Syntax,” Fuzzy
Sets and Systems, vol. 157, pp. 2030–2057, 2006.

PhD Conference ’08 18 ICS Prague
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Abstract

Process modelling has proven itself as a
useful technique for capturing the work practice
in companies. In this paper, we focus on its
usage in the domain of medical care. We analyze
the problem of the simulation of processes
and present an approach based on agent-based
simulations. We formally define an enhanced
process language, the algorithm transforming
these enhanced processes into the definition
of agents’ behavior, and the architecture of
the target multi-agent system simulating the
modeled processes in some environment. The
example of usage is given in the form of
a critiquing expert system proposal that uses
formalized medical guidelines as the knowledge
base.

1. Introduction

Process modelling is a widely used technique offering
a simple and understandable view on the work practice
within a team or a company, and it is mainly utilized by
managers and executives in various fields of industry.
The area of medical care also offers an opportunity for
process modelling, and its usage in computer systems,
such as hospital information system (HIS) or workflow
management systems (WfMS). However, there are many
problems with applying this proved technique into the
medical care [1], hence it is not as spread as it could be.
In our work, we focus on the simulation of processes
in general, we study the possibility of using agents and
multi-agent system for this purpose, but we also want to
apply these state-of-the-art methods into a development
of an expert system for physicians that would use
processes as a knowledge base.

In the area of processes in medical care, most of the
authors distinguish two main categories [1]. Firstly,
there are processes that directly relate to treatment of
a patient (e.g. describing treatment of a patient with
a chronic ailment), and secondly there are processes
that relate to organizational duties (e.g. the process of a
reservation of a clinical bed for a patient within different
hospital facilities). In our approach, however, we do not
differentiate between these two types of processes and
we try to work with them in the same way as a set of
process diagrams and use them together. The reason for
combining different sources of knowledge is to enable
validation of applied procedures, on a general level, as
well as with a local practice in a hospital, that can differ
in each facility and that is captured as clinical processes.

The main goal of this paper is to summarize all
aspects necessary for agent-based process simulation in
a medical environment leading to an critiquing expert
system. Therefore we firstly discuss more exhaustively
processes and process simulation and its specific
characteristics in the medical domain in Secion 2, where
we also reason about the advantages that utilization of
agents can bring into the field of process simulations. In
Section 3 we present formal definitions of our enhanced
processes. We describe the architecture of a multi-
agent system that can simulate these processes in an
environment in Section 4. Then in Section 5 we propose
the vision of the whole expert critiquing systems, that
can use this approach, and conclude in Section 6.

2. Process Modelling in Medicine

The work practice (i.e. duties of employees and
organizational procedures – such as a specification of
an activities’ order, an assignment of employees as
well as necessary resources to these activities, etc.) is
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usually captured using a set of processes describing the
functioning of a work team or the whole company. These
processes can be stored as a document in a textual form,
and often these documents also contains their models,
made using some of process modelling languages,
as visual diagrams, which improve understanding and
lucidity of the information.

There are several studies [1, 2, 3] that analyze the
problems of applying process modelling or usage of
workflow management systems in medical care. They
all agree that the implementation of this approach can
improve current problems with organization, reduce the
time of hospitalization and finally reduce the costs.
However, they also point out, that till now is the usage of
processes rather low and insufficient. The main reasons
were identified as more complex processes than in other
fields of industry, or problems with interoperability
resulting from inconsistencies of databases and used
ontology or protocols. Finally, real processes in medical
care are very variable hence the system that uses them
has to be prepared for such a dynamic environment
and multiple variations of similar processes. This factor
prohibits us from applying standart workflow systems,
that can not handle exceptions nor irregular situations.

As we have already stated, processes in medical care
can be seen in several levels. Using terminology from
[1] we can differentiate the organizational processes
and the medical treatment processes. The latter type
can be seen as medical guidelines that represent the
recommended diagnosis and treatment procedures for
a patient in a specific area of healthcare. They are
approved by medical experts in related field based
on the newest studies, literature reviews, and expert
knowledge. There have been several surveys aimed at
the importance of guidelines and generally they are
considered to be a useful method for standardizing the
medical practice, improving quality of treatment [4], or
lowering the patient’s medical expenses [5]. Currently,
the guidelines are being approved as a document (i.e.
in a textual form), which prohibits one from using them
directly in a computer-based system – such as hospital
information system, or an expert system helping a
physician or a patient. Hence there has been a significant
focus on the formalization of medical guidelines into a
formal language [6]. Many formal languages have been
developed, such as ASBRU [7], EON [8], GLIF [9], or
PROforma [10]. They are all quite different and based on
different foundations, but they are all trying to capture
the same thing – the recommended process of treatment
of a patient in the specific area of healthcare.

In order to achieve corresponding simulation of
processes, we need to simulate both of these types, as

they affect each other – an organizational process is
strictly limited by patient’s health conditions, on the
other hand, a physician has to take specific clinical
processes and hospital organization into consideration
when treating a patient. Furthermote we use both
types in the same way – i.e. formalized using the
same theoretical foundations, but in possibly different
languages. In spite of several other proposed approaches
(e.g. like in [11]), we do not try to convert one formalism
into other one (e.g. formalize medical guideline using
a business process modelling language), but modify
existing formal languages in order to capture all
necessary information for the agent-based simulation.

2.1. Using Agents in Simulations of Processes

Generally, we are interested in a simulation of processes
in a certain environment by means of agents and we
want to create a multi-agent system that would be
coordinated and organized by a set of processes. Let us
therefore discuss the advantages and disadvantages of
this approach.

Using agents to simulate processes in companies is
a promising alternative to standard process simulation
methods based on statistical calculations [12]. There are
several studies addressing this issue [13, 14, 15], and
they all highlight the advantages, that agents are more
accordant with people, they can be autonomous, they
can plan their assignments and they can distribute and
coordinate their activities. However, in practice, there
are not many existing applications that would interpret
a process language in a multi-agent system and let
agents be guided directly by modeled processes. In some
cases, even though the agents are supposed to simulate
processes, their behavior is hand-coded depending on
processes (e.g. in [14]) using some standard decision
mechanism (e.g. rules, FSM, etc.). Several approaches
in the area of WfMS were discussed in [16] or
even processes modelling in [17], however no existing
implementation or transforming algorithm for agents’
behavioral definition was presented. In both these cases
authors try to cover much wider concepts (e.g. different
views on a single process by different agents, concept
of trust etc.) which prohibits them from proposing the
universal MAS architecture and algorithm interpreting
the processes into behavior of agents. Therefore we
introduced a new approach to a process simulation in
[18] that defines a universal multi-agent system and
transforming algorithm that enables process simulation
by means of reactive autonomous agents.

When we closely focus on using agents in process
simulation in medical care, we can see that several
problems, mentioned in previous section, can be
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overcome. When agents represent the hospital staff or
patinets, they do not have only to follow the modeled
processes, but also their own pre-defined goals, hence
the exceptions or interruptions of process execution can
be handled much easier. Furthermore, using enhanced
processes described in [18], the variability of processes
can be assured.

3. Formal Definition of Agent-based Process
Simulation

In order to correctly define multi-agent system that
simulates modeled processes we firstly need to properly
define processes modeled in process diagrams.

Definition 1: We call a seven-tuple D =
(P, S,E,C,O,A,R) a process diagram, when:

• P is a non-empty set of processes (activities).

• S is a set of passive states that describes current
state of environment.

• C is a set of connectors that can split or join the
control flow.

• E ⊆ ({P, S,C} × {P, S,C}) is a non-empty set
of control edges that connect processes and define
a control flow of a diagram.

• O is a set of objects from the environment. Each
object has a set of parameters that can be modified
by processes.

• A is a non-empty set of roles of agents that
participate in activities.

• R ⊆ ({P,O,A}×{P,O,A}) is a set of auxiliary
edges (relations) connecting agents and objects
with processes.

• Process diagram is a directed graph G = (V,X),
where V = (P ∪S∪C∪O∪A) and X = (E∪R)

Furthermore, when D is a process diagram, and

• pv is a set of vertexes preceding to the vertex v;
pv = {n ∈ V ; (n, v) ∈ E}

• sv is a set of vertexes succeeding to the vertex v;
sv = {n ∈ V ; (v, n) ∈ E}

following conditions have to hold:

• The sets of vertexes P, S, C, O, A are pairwise
disjoint. The same condition holds for the sets of
edges E and R.

• There is at most one edge outgoing of and
incoming to each node except connectors;
∀v ∈ {V \ C} : (|pv| ≤ 1) ∧ (|sv| ≤ 1)

• Logical connectors have at least one incoming and
at least one outgoing edge. We distinguish exactly
two types of connectors – splitters and joiners.
We thus define two disjoint subsets of the set of
connectors as: C = T ∪ J , where T ∩ J = ∅.
Now the following corollaries hold:

– splitters – connectors that have exactly one
incoming edge and at least two outgoing
edges; ∀t ∈ T : (|pt| = 1) ∧ (|st| > 1)

– joiners – connectors that have at least
two incoming arc-edges and exactly one
outgoing arc-edge; ∀j ∈ J : (|pj | > 1) ∧
(|sj | = 1)

This definition of process is quite universal. It is based
on EPC language definition [19] that is widely used
in business process modelling. However, it is extended
in order to cover other specific languages as well,
specifically GLIF, that we use to formalize medical
guidelines. We use three control entities (processes,
states and connectors) that forms the control flow, and
two auxiliary entities (agents, objects) that describe
processes in more detail. Note, that in definition of
relations (the set R), we allow the connections between
different roles as well. This corresponds to definition of
organizational hierarchy in a team using roles (e.g. Jane
is a nurse and she also is a general employee).

Now, let us define the enhancements for a general
process language identified in [18], in order to be able
to properly simulate them using a multi-agent system.

Definition 2: We say, that D′ = (P, S,C,E,O,A,R)
is an enhanced process diagram, when for each p ∈ P
hold:

• Opi
= {o ∈ O; (o, p) ∈ R} is a set of input

objects of the process. Following properties of
each input object have to be specified:

optional – relation that represents whether
this object is necessary for executing the process
or not

utilization – float number representing the
amount of usage of the input object in order to
use it in several processes at the same time
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• Opo
= {o ∈ O; (p, o) ∈ R} is a set of output

objects of the process. If an output object is not
also an input object, the process creates a new
object in the environment.

• Ap = {a ∈ A; (a, p) ∈ R} is a set of roles of
executing agents. Following properties have to be
specified for each role:

optional – a relation that represents whether
this agent is necessary for executing the process
or not

utilization – a float number representing the
amount of agent’s utilization in order to enable the
possibility of multi-tasking of agents

replace – a relation that represents whether
agent should be replaced by another agent
possesing this role when it interrupts the
execution of this process, or not

• location – an optional characteristic represented
by one of the input objects. As we are running
the simulation in a certain environment, there can
be a need for executing each process at precise
location (e.g. an examination should be executed
in the appropriate room of hospital that can be
modeled as a virtual world for the visualization
of the whole simulation).

• priority – an integer number representing the
priority of the process

• transition function – a description of the course
of the activity as such. Let Xi be the domains
of changing parameters of output objects of the
process. Then we say, that

fp
Opi

: IN �−→ (X1, X2, . . . , Xm)

is a transition function of the process that for each
timestep (a natural number) returns the actual
values for each changing parameters of the output
objects.

These enhancements are mostly natural and
correctly specify input and output objects with their
characteristics, or participating agents. Note, that we
allow cooperation of several agents on a single process
( | Ap |≥ 1 ), and we introduce multi-tasking of agents
as well.

We explain the definition of the transition function, that
represents the course of the process. We use a concept
of mathematical functions that can be defined for each
output effect of a single process separately, meaning we
are modeling several courses of changes in time – one

for each output parameter (e.g. the state of a patient
examination request can change during an execution
of a single process from “new” through “verified”
to “prepared”). Thanks to using general mathematical
functions we can determine the precise state of all output
effects at any time and we are able to apply partial results
into a virtual world when an interruption of the process
occurs. Because all of the described functions have only
one input variable – discrete time – we can transform the
set of functions as a single multidimensional transition
function of the process. Finally, according to a real-
life practice, we expect the real course of the function
during the simulation to depend on the actual state
of environment and input objects (e.g. if we have
some of the optional input objects we need less time
to accomplish a tas). Hence the transition function is
parametrized by these aspects.

4. Multi-agent System for a Process Simulation

In previous section we defined the enhanced processes
nad now let us define a multi-agent system (MAS),
that simulates them. Firstly we present an existing
MAS architecture, which was proved usefull as
prototype implementation in [18], following by several
enhancements that we want to implement in our
current approach in order to improve the course of the
simulation as such.

Figure 1: The architecture of the MAS simulating enhanced
processes.

The organizational scheme, shown in Figure 1, represent
a multi-agent system that can simulate processes
captured in a formalism for enhanced processes. We
differentiate several types of agents, but there are three
main groups. The first one is an agent representing
the environment in which the simulation proceeds.
Secondly, there are executing agents that correspond
with the modeled hospital staff (e.g. physicians) that
act within the environment. Finally, we identify three
types of auxiliary agents (control, coordinating and
role agents) which help to organize executing agents
in case of more complicated scenarios. Communication
of agents uses the blackboard architecture, where every
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agent is able to read and write facts (e.g. activation
of specific processes for an execution agent, etc.) at
the common blackboard. As the decision mechanism
for the execution agents, the hierarchical reactive plans
were used, as they are easy to automatically generate
from process diagrams and they can define reasonably
complex behavior of an agent.

Let us now describe the functioning of the system.
For auxiliary agents, we present their behavior in the
pseudocode, that for brevity handles with only one
instance of process diagrams in the system. In the
implementation, however, several instances of the same
process diagram can be active. Firstly, we focus on
a simple scenario – simulation of a single process.
An executing agent reads from the blackboard a set
of currently allowed actions (they are allowed entirely
based on progress in process diagrams), it autonomously
chooses one of them on the basis of its internal rules,
priority of the processes, the ability to satisfy the
input conditions, and commits itself to execute it. It
asks the transition function of the process, what is the
expected finish time of this instance of the activity (as
it can depend on the actual values of input objects
parameters), and after the specified time it applies the
target values of the effects of the activity as provided by
the transition function and marks the activity as finished
at the blackboard. However, during the execution of the
activity, the agent can suspend its work (e.g. because it
needs to accomplish a task with higher priority). At the
time of the occurrence of this suspension, the agent asks
the transition function for actual values of all effects and
reflects the partial changes in the environment.

Algorithm 1 Rules for the control agent
1: if ∃p ∈ P : finished(CoordAgent, p) then
2: choose processes P ′ ⊆ P subsequent to p

according to the process rules
3: if P ′ �= ∅ then
4: remove(finished(CoordAgent, p))
5: for all p′ ∈ P ′ do
6: store(active(CoordAgent, p′))
7: end for
8: end if
9: end if

Described scenario was the simplest one, however in
more advanced cases, the three auxiliary agent types
are used. The control agent is the one who controls
the correct order of the process execution according
to the process diagrams and sets the set of currently
allowed activities. We can demonstrate its behavior
using pseudocode shown in Algorithm 1. Note, that

movement in the process chain in line 2 can contain
several steps or possibly splitting or joining the flow
using a connector.

In the case of cooperation of several agents in a process
execution, the coordinating agent takes responsibility
for notifying the correct subordinate agents (lines 1–4),
it selects which agent is so called master agent (i.e. the
one, that actually modifies objects used in the process;
lines 5–6), and monitors the progress of the execution
(lines 8–27). Coordination agent is also necessary in the
case of an interruption, when it chooses one of the other
participating agents to be the master agent (lines 16–25):

Algorithm 2 Rules for the coordinating agent
1: if ∃p ∈ P : (active(CoordAgent, p) ∧

(¬∃a ∈ Ap,∃p
′ ∈ P : ¬optional(a, p) ∧

active(a, p′) ∧ (priority(p′) > priority(p))))
then

2: for all a ∈ Ap do
3: store(active(a, p))
4: end for
5: choose one a ∈ Ap

6: store(master(a, p))
7: end if
8: for all p ∈ P do
9: if (∃a ∈ Ap) : (active(a, p) ∧master(a, p) ∧
¬working(a, p)) then

10: if finished(a, p) then
11: remove(finished(a, p))
12: for all a′ ∈ Ap do
13: remove(active(a′, p))
14: end for
15: store(finished(CoordAgent, p))
16: else if interrupted(a, p) then
17: if ¬optional(a, p) then
18: for all a′ ∈ Ap do
19: remove(active(a′, p))
20: end for
21: else
22: choose one a′ ∈ {e ∈ {Ap \ a} :

working(e, p)}
23: store(master(a′, p))
24: end if
25: end if
26: end if
27: end for

Finally, we describe the role agents. We are using
the concept of roles, hence the role agent reads the
set of currently active processes for the given role
(set by the coordinating agent, line 1) and activates
them for selected executing agent (lines 2–4). When
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an interruption occurs and the suspended agent should
be replaced, a role agent is responsible for notifying
another executing agent possessing the same role (lines
11–14).

Algorithm 3 Rules for a role agent
Input: a is this role agent; Exa is a set of executing

agents that posses this role
1: if (∃p ∈ P ) : active(a, p) ∧ ¬working(a, p) then
2: choose one e ∈ {c; c ∈ Exa ∧

(¬∃p′ ∈ P : working(c, p′) ∧
(priority(p′) > priority(p)))}

3: remove(interrupted(a, p))
4: store({active(e, p)), deleg(a, e, p), working(a, p)})
5: end if
6: for all p ∈ P do
7: if ∃e ∈ Exa : deleg(a, e, p) ∧ ¬working(e, p)

then
8: if finished(e, p) then
9: remove({active(a, p), deleg(a, e, p)})

10: store(finished(a, p))
11: else if ¬finished(e, p)∧replace(a, p) then
12: remove({active(e, p), deleg(a, e, p)})
13: choose one e′ ∈ {c; c ∈ Exa \ {e} ∧

(¬∃p′ ∈ P : working(c, p′) ∧
(priority(p′) > priority(p)))}

14: store({active(e′, p), deleg(a, e′, p)})
15: else
16: remove(working(a, p))
17: store(interrupted(a, p))
18: end if
19: else if working(a, p) ∧ ¬active(a, p) then
20: for all e ∈ Exa : deleg(a, e, p) ∧

active(e, p) do
21: remove({active(e, p), deleg(a, e, p)})
22: end for
23: end if
24: end for

4.1. Transforming Algorithm

Let us now describe how the set of rules for an executing
agent is automatically generated and how its action-
selection mechanism works.

As we have already stated, we are using the reactive
architecture for execution agents, hence each goal of
the plan is represented by a fuzzy if-then rule. For each
process the executing agent can participate in, one rule is
automatically generated. These rules are for each agent
ordered by the descending priority of the activities and
they create the first level of hierarchical architecture
of the agent. The second layer is created by several
sets of rules, where each set is related to one first-level

rule. This second-level set of rules represents several
partial activities that are necessary to execute according
to the conventions in the environment (e.g. transporting
movable objects to the location of the execution of the
process), and one rule for executing the simulation of
the activity as such (modeled by a transition function as
described in Section 3). Except the last one, the nature
of these rules depends on the conventions that hold in
the virtual world and therefore cannot be generalized.

Figure 2: A hierarchy of reactive plans of each executing
agent

The condition of a first-level rule is created as a
conjunction of all constrains related to properties of
input objects and agents (i.e. correct values of their
utilization (whether they can execute this activity)
and possibly other attributes, such as the state of an
patient etc.), and activation of an appropriate process.
Moreover, if an input object or a participant is not
mandatory, related conditions do not need to hold in
order to fire the rule.

4.2. Improved Architecture of the MAS

The architecture presented in previous section can
successfully simulate modeled processes and as such
can suit our intention to create an expert critiquing
system based on the simulation of clinical processes
and formalized medical guidelines. However, several
issues can be improved in previous approach. First of
all, the control and coordination of execution agents
using specialized auxiliary agents together with a
blackboard architecture is quite stiff and it partially
limits the autonomy of executing agents. Moreover, in
order to enhance executing agents with planning or
advanced architectures, much more organization-related
communication would be needed.

Therefore we propose a new architecture that, according
to our experiences gained during implementation
and testing the previous one, should emphasize
more the positive concepts of agents paradigm and
enable implementation of further improvements and
functionality, such as planning and better executing
agents coordination. Currently, we do not change the
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reactive architecture of the executing agents as there is
not known correct interpretation of common knowledge
in form of processes for more deliberative agents. We
argue that processes have stronger conceptual meaning
than a plan library for an agents, as not only an agent
knows what actions it needs to execute, but also what
actions other agents should execute and how their
actions would affect the state of the environment. This
remains an open problem which we want to address in
further research.

Figure 3: The improved architecture of the MAS simulating
enhanced processes.

The schema of the new architecture is shown in
Figure 3. Both control and coordinating agent were
replaced by a set of agents – for each of modeled
process one process agent is automatically generated.
Each of them is responsible for executing one type of
activity (possibly several instances of one process) and
the duties of removed auxiliary agents are distributed
within this set. Note that in the new architectural
schema, the blackboard is no longer used. The simplified
organizational concept enables the possibility of usage
the direct messaging as well as a standard concept of the
Contract-Net Protocol (CNP) [20].

The pseudocode of a process agent is shown in
Algorithm 4 and it presents how a it acts in the
simulation. Note that the pseudocode is reduced
(several lines regarding the responses to rejections are
omitted). We can see, that agent keeps to the CNP
and each process agent, when notified (lines 2–6),
finds appropriate role agents (lines 25–26 and 11–15),
monitors the progress of the master agent in case of
cooperation, and passes the information of the success to
the next process agent(lines 16–24). Other agents, role
and executing, are acting in the same way, except the
changes in the communication.

Let us point out the advantages, that these modifications
can bring. The key change is the shift from
the blackboard architecture to the direct messaging
within agent community together with using standard
protocols. At the cost of increasing the overall number

of agents we simplify the communication within agents
(compare the organizational communication issues in
control and coordinating agent with process agents).
Moreover, we expect easier integration of planning that
can be added as further communication within process
and role agents (e.g. one process agent knows, what the
subsequent processes are, hence it can notify appropriate
agents in advance and negotiate executing some of the
auxiliary actions (see the second-level rules in Section
4.1) to save time).

Algorithm 4 Rules for a process agent
Input: p is a process assigned to this agent; Ip is the set

of currently active instances of p; mi master agent
of the process for i ∈ Ip; Xi is a set of returned
proposals for i ∈ Ip asdasd

1: for all msg ∈ IncMsgQueue do
2: if msg is activation of i then
3: Ip = Ip ∪ i
4: mi = ∅
5: i is new
6: Xi = ∅
7: else if msg is proposal for i then
8: Xi = Xi ∪msg
9: end if

10: end for
11: if CFPTimeOut ∧Xp �= ∅ then
12: choose one agent, mi, from Xi

13: sendAcceptProposal(i,mi)
14: i is started
15: end if
16: for all i ∈ Ip do
17: if i is finished then
18: Ip = Ip \ i
19: for all p ∈ (sp ∩ P ) do
20: sendActivation(success(i), a)
21: end for
22: else if i is interrupted ∧{Ap \mi} �= ∅ then
23: Xi = ∅
24: sendProposal(i, Ap)
25: else if i is new then
26: sendProposal(i, Ap)
27: end if
28: end for

5. Future Work

So far we discussed processes, problems related to
their simulation, and proposed a solution based on a
multi-agent system. Now we present the vision of the
critiquing expert system which can profit from these
methods.
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The critiquing system runs in the background of the
standard applications of HIS and controls the inserted
data about a patient. From these data values it tries
to recognize a medical guideline that physician is
following and furthermore recognize the state of the
patient. After a successfull matching, it further predicts
the future progress of possible patient’s treatment with
respect to the guidelines and database of existing cases
in the facility. This prediction follows the next steps in
guidelines (note, that patient can have several diseases
hence we need to take all of them into consideration) and
tries to simulate the future actions of the physician and
in case of missing current data value (e.g. a result from
an examination that patient have not undergone yet) the
approximation using similar patients from the database
is made. Also, this prediction would be probabilistic,
hence multiple branches of the guidelines would be
evaluated. Therefore, in case of for example omitting an
optional examination, physician can be alerted by the
system that similar patients had results that negatively
affect their further progress. Finally, the simultaneous
work with several guidelines for different diseases can
bring attention of the physician that treatment of a
disease she/he is focused on can conflict with another
treatment that this patient is going through.

In this system, we want to combine several existing
techniques. For a guideline recognition we want to
use ideas from existing plan recognition techniques
(such as using Bayesian network), and for guideline
simulation we want to apply the approach described
in this paper. However, the advantage of usage of
agents for a guideline simulation purpose (and the
whole system as such) is not so evident. We argue
that focusing on distributed artificial intelligence can
simplify the implementation and also the adaptivity of
the system (e.g. learning of the specialized process
agents). Finally, in the future a system designed on such
general principles could also be integrated into more
advanced HIS based on processes, which could help to
plan and organize work in a hospital facility with a close
relation to specific patients’ treatment.

6. Conclusions

In this paper we presented an approach to an agent-
based simulation of processes in an environment and
described its possible utilization in medical care –
specifically in the development of an critiquing expert
system that would use formalized medical guidelines as
a knowledge base. We formally defined processes and
their enhancement which helped us to closely describe
the functioning of the multi-agent system that simulates
the processes and finally, we presented our vision of
application of this approach in medicine.

Because such a direct usage of processes to control
a multi-agent system has not been till now a not
very explored area, there are several open issues:
further improvement of the architecture of the MAS,
implementation of planning and learning, or using more
deliberative decision mechanisms for executing agents.
In the following work we want to address some of
them and prove the usefulness of this method by
implementation of the working critiquing system that
would help the physician with their work.
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Abstract

We show by standard automated theorem
proving methods and freely available automated
theorem prover software that axiom (A2),
stating that multiplicative conjunction implies
its first member, is provable from other axioms
in fuzzy logics BL and MTL without using
axiom (A3), which is known to be provable from
other axioms [1]. We also use freely available
automated model generation software to show
that all other axioms in BL and MTL are
independent.

1. Introduction

Among propositional fuzzy logics Hájek’s basic logic
BL [3] and Esteva and Godo’s monoidal t-norm based
logic MTL [2] play prominent roles. BL, which was
introduced as a common fragment of Łukasiewicz,
Gödel and product logics, is the logic of continuous t-
norms1 and their residua2. However, in [2] was shown
that the minimal condition for a t-norm to have a
residuum is left-continuity and authors proposed logic
MTL, which was later proved to be the logic of left-
continuous t-norms and their residua.

Standard Hilbert style calculus for BL comes from
Hájek. Esteva and Godo slightly addapted this system
for MTL by replacing one axiom by three other axioms.
Generally, both systems are almost identical. In a short
note by Cintula [1], it was shown that axiom (A3),
stating commutativity of multiplicative conjunction, is
provable from other axioms and thus redundant. Lehmke
proved that also axiom (A2), stating that multiplicative
conjunction implies its first member, is provable from
other axioms by using his own Hilbert style proof
generation software [4]. However, the proof used

axiom (A3) and thus was not a proof of independence
of both axioms (A2) and (A3).

We use a well known technique of automated theorem
proving to encode the Hilbert style calculus of a fuzzy
propositional logic into classical first order logic, and
standard automated theorem proving software to prove
axiom (A2), without using axiom (A3), in BL and MTL.
Moreover, by an easy application of similar technique
and standard automated model generation software we
show that none of the other axioms is redundant in BL
and MTL, independently of presence of axioms (A2)
and (A3).

The interest of this paper is solely in above stated
properties of Hilbert style calculus of BL and MTL. The
technique used to obtain them can be in our case used
completely naive.

The paper is organised as follows. In Section 2 we set
up notation and terminology. In Section 3 we give a
brief exposition of techniques used to obtain presented
results. Section 4.1 contains the proof of derivability
of axiom (A2) for MTL and Section 4.2 for BL. In
Section 5 the semantic proofs of independence of other
axioms are presented.

2. Preliminaries

We will touch only a few aspects of the theory. For
simplicity of notation, we use fuzzy logic for fuzzy
propositional logic and first order logic (FOL) for
classical first order logic. First order fuzzy logics and
classical propositional logic are not discussed in this
paper.

We define standard Hilbert style calculus for the Basic
1A t-norm is a binary function � on linearly ordered real interval [0, 1] which satisfies commutativity, monotonicity, associativity and 1 acts as

identity element.
2The operation x ⇒ y is the residuum of the t-norm � if x ⇒ y = max{z | x � z ≤ y}.
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Logic (BL) and the Monoidal T-norm based Logic
(MTL), which consist of axioms and modus ponens
as the only deduction rule. The language of BL and
MTL consists of implication (→), multiplicative (&) and
additive (∧) conjunctions and a constant for falsity (0).

Definition 2.1 We define the basic logic BL as a Hilbert
style calculus with following formulae as axioms

(A1) (ϕ→ ψ)→ ((ψ→ χ)→ (ϕ→ χ)),

(A2) (ϕ & ψ)→ ϕ,

(A3) (ϕ & ψ)→ (ψ & ϕ),

(A4) (ϕ & (ϕ→ ψ))→ (ψ & (ψ→ ϕ)),

(A5a) (ϕ→ (ψ→ χ))→ ((ϕ & ψ)→ χ),

(A5b) ((ϕ & ψ)→ χ)→ (ϕ→ (ψ→ χ)),

(A6) ((ϕ→ ψ)→ χ)→ (((ψ→ ϕ)→ χ)→ χ),

(A7) 0→ ϕ.

The only deduction rule of BL is modus ponens

(MP) If ϕ is derivable and ϕ→ψ is derivable then ψ is
derivable.

Let us note properties stated by each axiom,
following [3]. Axiom (A1) is transitivity of implication.
Axiom (A2) states that multiplicative conjunction
implies its first member. Axiom (A3) is commutativity
of multiplicative conjunction. In BL, additive
conjunction ϕ ∧ ψ is definable as ϕ & (ϕ → ψ). The
equivalence of these two formulae is the divisibility
axiom. Axiom (A4) is commutativity of additive
conjunction. Axioms (A5a) and (A5b) represent
residuation. Axiom (A6) is a variant of proof by cases,
and states that if both ϕ→ψ and ψ→ϕ implies χ, then
χ. Axiom (A7) states that false implies everything.

Definition 2.2 Hilbert style calculus BL− is obtained
by dropping axioms (A2) and (A3) from BL.

We obtain a Hilbert style calculus of the monoidal
t-norm based logic MTL by weakening properties on
additive conjunction. In BL, we define ϕ ∧ ψ as an
abbreviation for ϕ&(ϕ→ψ). In MTL, we define additive
conjunction directly by three new axioms which state
that additive conjunction is commutative, implies its first
member and one implication of divisibility property.

Definition 2.3 We obtain the monoidal t-norm based
logic MTL by replacing axiom (A4) in BL by following
three axioms

(A4a) (ϕ & (ϕ→ ψ))→ (ϕ ∧ ψ),

(A4b) (ϕ ∧ ψ)→ ϕ,

(A4c) (ϕ ∧ ψ)→ (ψ ∧ ϕ).

Definition 2.4 Hilbert style calculus MTL− is obtained
by dropping axioms (A2) and (A3) from MTL.

2.1. First order logic and automated theorem
proving

A FOL model is a pair 〈D, I〉, where domain D is a set
of elements and I is an interpretation of symbols of a
language.

In FOL, terms are defined inductively as the smallest
set of all variables and constants closed under function
symbols in given language. We will have only one
predicate symbol Pr and thus all our atomic formulae
have a form Pr(t), where t is a term. A literal l
is an atomic formula (positive literal) or a negative
atomic formula (negative literal). A clause C is a finite
disjunction of literals. Specifically, a Horn clause is a
clause with at most one positive literal. All clauses will
be for our purposes implicitly universally quantified.
Unification of literals l and l′ is a substitution σ which
gives lσ = l′σ. So called most general unifier of l and l′,
denoted mgu(l, l′), is a unification σ such that for every
unification θ of l and l′ exists a unification η satisfying
θ = (σ)η.

The standard FOL automated theorem proving strategy
is resolution [5]. We can transform a problem of Γ � ϕ
to the problem of deciding whether set {Γ,¬ϕ} is
contradictionary. Let σ = mgu(l, l′), then resolution
calculus with (binary) resolution rule

C ∨ l D ∨ ¬l′

(C ∨D)σ

and factoring rule

C ∨ l ∨ l′

(C ∨ l)σ

is refutational complete [5], which means that for
every contradictionary set eventually find a derivation
of empty clause which represents a contradiction.
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3. Usage of ATP methods

There is a well known technique for encoding
propositional Hilbert style calculus into classical FOL
through terms. The key idea is that formula variables in
axioms and rules are encoded as universally quantified
first order variables and propositional connectives as
first order function symbols. Moreover, we use one
unary predicate which says which terms are provable
(encoding of axioms) and how another provable term
can be obtained from provable terms (encoding of rules).
It is evident that our axioms and modus ponens rule
can be encoded easily. However, for more complicated
axioms and rules problems may arise.

For simplicity of notation, we write FleL instead of the
set of all formulae in language L.

Definition 3.1 Let L be BL or MTL or their fragment.
We define term encoding f : FleL → FleFOL.

First, a function f ′ : FleL → FleFOL is defined
recursively as follows

f ′(ϕ) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0f ϕ is 0,

f ′(ψ)→f f ′(χ) ϕ is ψ→ χ,

f ′(ψ) &f f ′(χ) ϕ is ψ & χ,

f ′(ψ) ∧f f ′(χ) ϕ is ψ ∧ χ,

Xψ ϕ is a formula variable ψ,

where &f , ∧f and→f are new binary function symbols,
written for better readability in infix notation, 0f is
a new FOL constant and Xψ is a new FOL variable
for every formula variable ψ, but the same for every
occurrence of ψ in the encoded formula.

Second, formula f(ϕ) is the universal closure of formula
Pr(f ′(ϕ)), where Pr is a common new unary predicate
saying which terms are provable.

Finally, let ϕ1, . . . , ϕn � ψ be a propositional rule
(in our case just (MP)), we define term encoding f
into classical FOL as the universal closure of formula
(f ′(ϕ1) ∧ . . . ∧ f ′(ϕn)) ⇒ f ′(ψ), where ∧ and ⇒
are standard logical connectives for conjunction and
implication in classical FOL and function f ′ is defined
as above.

Example Let us have a system with axioms (A2), (A3)
and the only rule (MP). This propositional system will
be formalised, for better readability with X and Y
instead of Xϕ and Xψ , in FOL as follows

(A1f ) (∀X,Y )Pr((X &f Y )→f X),

(A2f ) (∀X,Y )Pr((X &f Y )→f (Y &f X)),

(MPf ) (∀X,Y )(Pr(X) ∧ Pr(X →f Y )⇒ Pr(Y )).

Before stating a crucial lemma we make some remarks.
For a set of formulae Γ, we define f(Γ) as a set of all
f -translated formulae from Γ. We write f(MP ) for the
term encoding f of modus ponens rule.

By an easy observation we realize that all translated
axioms and modus ponens translation, written in form
of disjunction, are Horn clauses.

Lemma 3.2 Let L be BL or MTL or their fragment with
the set of axioms Δ, Γ arbitrary set of formulae, and ϕ
arbitrary formula, both in language of L. Then Γ �L ϕ,
if and only if f(Δ), f(Γ), f(MP ) �FOL f(ϕ).

Proof: A Hilbert style proof of ϕ from Γ can be
easily translated into a Hilbert style proof of f(ϕ)
from f(Δ), f(Γ) and f(MP ) in classical FOL using
generalisation rule, if �FOL ψ then �FOL ∀xψ, and
�FOL ∀xψ→ ψ.

The opposite direction can be shown by using a
resolution refutation. It is an easy observation that only
Horn clauses occur in such a resolution refutation.
And this fragment has a property that given resolution
refutation can be reordered in such a way that a
backward translation gives a proof of ϕ in Γ.

Demonstrating the independence of some axiom, we
are also interested in unprovability. There is a standard
model theoretical technique for proving that some
formula ϕ is unprovable from a set of formulae Γ. From
soundness theorem in FOL it is enough to show a FOL
model in which all formulae from Γ are true and formula
ϕ is false. By previous lemma we can easily transform
a problem of unprovability ϕ from Γ in a Hilbert style
calculus to a problem of finding classical FOL model in
which f(Δ), f(Γ), f(MP ) and ¬f(ϕ) are true.

We have thus transformed the problem of provability
of formula in propositional fuzzy logic Hilbert style
calculus into FOL and we can try to solve it by
standard automated theorem proving software. We
can use a theorem prover for showing that some
formula (in an encoded form) is provable from other
formulae using given rules, or a model generator
software to find a model which demonstrates its
unprovability. Traditionally, both computations are
executed in parallel.
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Generally speaking, because of undecidability of FOL,
this technique cannot be fully satisfiable. Moreover,
abilities of automated theorem provers and automated
model generators are very limited and highly dependent
on software configuration. However, several results were
obtained by this or similar techniques, which proved its
usability, see for instance Wos’s papers [6].

We are not going to describe technique used by
automated theorem provers and model generators,
because these systems are rather complicated. For our
experiments we used freely available E prover in version
0.999-0013, which is based on superposition (restricted
paramodulation) calculus. For building models we used
freely available Paradox 2.34 finite model finder which
iteratively tries to find finite models by transforming a
given problem into SAT problems.

Tuning software for obtaining results can be highly
complicated. Nevertheless, for all our results standard
configuration is sufficient as well as almost any state
of the art prover or model generator. However, the
presented form of results was obtained by experimenting
with software configuration and some configurations are
better suited for direct extraction of proofs in Hilbert
style calculus.

4. Provability of axiom (A2)

We present a proof of axiom (A2) separetely for
MTL− and BL−. Both proofs are obtained by proving
weakening formula ϕ → (ψ → ϕ) which immediately
gives a proof of axiom (A2). We note that the original
prover proofs were slightly adapted.

4.1. MTL−

First, we present proof for MTL−which is shorter.
It may look surprising, because MTL− is weaker
than BL−. However, for the proof of axiom (A2),
axioms (A4a)–(A4c) are evidently better suited than
axiom (A4).

Lemma 4.1 The following formulae are provable in
MTL−:

(a) (ϕ & (ϕ→ ψ))→ ϕ,

(b) (((ϕ→ ψ)→ ϕ)→ χ)→ (ϕ→ χ),

(c) ϕ→ (ϕ→ ϕ),

(d) ϕ→ (ψ→ ϕ).

Proof:

a)

1: ((ϕ & (ϕ→ ψ))→ (ϕ ∧ ψ))→ (((ϕ ∧ ψ)→ χ)→ ((ϕ & (ϕ→ ψ))→ χ)) (A1)

2: ((ϕ ∧ ψ)→ χ)→ ((ϕ & (ϕ→ ψ))→ χ) by (A4a), 1

3: (ϕ & (ϕ→ ψ))→ ϕ by (A4b), 2

b)

4: ϕ→ ((ϕ→ ψ)→ ϕ) by (a), (A5b)

5: (((ϕ→ ψ)→ ϕ)→ χ)→ (ϕ→ χ) by 4, (A1)

c)

6: ((ϕ→ ((ϕ→ ψ)→ ϕ))→ ϕ)→ (ϕ→ ((ϕ→ ψ)→ ϕ)) by 4, 4

7: ϕ→ (ϕ→ ((ϕ→ ψ)→ ϕ)) by 6, (b)

8: ((ϕ→ ((ϕ→ ψ)→ ϕ))→ χ)→ (ϕ→ χ) by (7), (A1)

9: ϕ→ (ϕ→ ϕ) by 8, (b)

3http://www.eprover.org
4http://www.cs.chalmers.se/˜koen/folkung/
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d)

10: ((ϕ→ ϕ)→ ψ)→ (ϕ→ ψ) by (c), (A1)

11: ((ϕ→ (ψ→ (ϕ & ψ)))→ ϕ)→ (((ϕ & ψ)→ (ϕ & ψ))→ ϕ) by (A5b), (A1)

12: ϕ→ (((ϕ & ψ)→ (ϕ & ψ))→ ϕ) by 11, (b)

13: (ϕ→ (ϕ→ ϕ))→ ((((ϕ→ (ϕ→ ϕ)) & ψ)→ ((ϕ→ (ϕ→ ϕ)) & ψ))→ (ϕ→ (ϕ→ ϕ))) 12

14: (((ϕ→ (ϕ→ ϕ)) & ψ)→ ((ϕ→ (ϕ→ ϕ)) & ψ))→ (ϕ→ (ϕ→ ϕ)) by (c),13

15: ((ϕ→ (ϕ→ ϕ)) & ψ)→ (ϕ→ (ϕ→ ϕ)) by 14, 10

16: (ϕ→ (ϕ→ ϕ))→ (ψ→ (ϕ→ (ϕ→ ϕ))) by 15, (A5b)

17: ψ→ (ϕ→ (ϕ→ ϕ)) by (c), 16

18: ((ϕ→ (ϕ→ ϕ))→ ϕ)→ (ψ→ ϕ) by 17, (A1)

19: ϕ→ (ψ→ ϕ) by 18, (b)

Now by application of (A5a) we immediately obtain

Corollary 4.2 Axiom (A2) is derivable in MTL−.

Let us note that we do not use axioms (A4c), (A6)
and (A7). On the contrary, all other axioms are
necessary, which can be demonstrated by Section 5
methods.

Corollary 4.3 (see Cintula [1]) Axiom (A3) is deriv-
able in MTL−.

It is worth pointing out that axiom (A3) can be proved
by similar technique used to prove axiom (A2).

4.2. BL−

We are going to prove a similar lemma for logic BL−.
Let us note that we will use axiom (A6) and axiom (A7),
which are not necessary, but shorten the proof, whereas
all other axioms are necessary.

Lemma 4.4 The following formulae are provable in
BL−:

(a) ϕ→ ϕ,

(b) (ϕ & (ϕ→ 0))→ ψ,

(c) (ϕ & ψ)→ ψ,

(d) ϕ→ (ψ→ ϕ).

Proof:

a)

1: ((ϕ→ ϕ)→ (ϕ→ ϕ))→ (((ϕ→ ϕ) & ϕ)→ ϕ) (A5a)

2: (((ϕ→ ϕ)→ (ϕ→ ϕ))→ (((ϕ→ ϕ) & ϕ)→ ϕ))→ ((((ϕ→ ϕ)→ (ϕ→ ϕ))→ (((ϕ→ ϕ) & ϕ)→ ϕ))→
(((ϕ→ ϕ) & ϕ)→ ϕ)) (A6)

3: (((ϕ→ ϕ)→ (ϕ→ ϕ))→ (((ϕ→ ϕ) & ϕ)→ ϕ))→ (((ϕ→ ϕ) & ϕ)→ ϕ) by 1, 2

4: ((ϕ→ ϕ) & ϕ)→ ϕ by 1, 3

5: (((ϕ→ ϕ) & ϕ)→ ϕ)→ ((ϕ→ ϕ)→ (ϕ→ ϕ)) by (A5b)

6: (ϕ→ ϕ)→ (ϕ→ ϕ) by 4, 5
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7: ((ϕ→ ϕ)→ (ϕ→ ϕ))→ (((ϕ→ ϕ)→ (ϕ→ ϕ))→ (ϕ→ ϕ)) (A6)

8: ((ϕ→ ϕ)→ (ϕ→ ϕ))→ (ϕ→ ϕ) by 6, 7

9: ϕ→ ϕ by 6, 8

b)

10: ((ϕ→ ψ)→ (ϕ→ ψ))→ (((ϕ→ ψ) & ϕ)→ ψ) (A5a)

11: ((ϕ→ ψ) & ϕ)→ ψ by (a), 10

12: (((ϕ→ ψ) & ϕ)→ ψ)→ ((ψ→ χ)→ (((ϕ→ ψ) & ϕ)→ χ)) (A1)

13: (ψ→ χ)→ (((ϕ→ ψ) & ϕ)→ χ) by 11, 12

14: (0→ (ψ→ ϕ))→ ((0 & ψ)→ ϕ) (A5a)

15: (0 & ψ)→ ϕ by (A7), 14

16: ((0 & ψ)→ ϕ)→ (((χ→ (0 & ψ)) & χ)→ ϕ) 13

17: ((χ→ (0 & ψ)) & χ)→ ϕ by 15, 16

18: (((ϕ→ (0 & ψ)) & ϕ)→ χ)→ ((ϕ→ (0 & ψ))→ (ϕ→ χ)) (A5b)

19: (ϕ→ (0 & ψ))→ (ϕ→ χ) by 17, 18

20: (ϕ & (ϕ→ 0))→ (0 & (0→ ϕ)) (A4)

21: ((ϕ & (ϕ→ 0))→ (0 & (0→ ϕ)))→ ((ϕ & (ϕ→ 0))→ ψ) 19

22: (ϕ & (ϕ→ 0)→ ψ by 20, 21

c)

23: ϕ→ ((ϕ→ 0)→ ψ) by (b), (A5b)

24: (ϕ→ ((ϕ→ 0)→ ψ))→ ((((ϕ→ 0)→ ψ)→ χ)→ (ϕ→ χ)) (A1)

25: (((ϕ→ 0)→ ψ)→ χ)→ (ϕ→ χ) by 23, 24

26: (ϕ→ ψ)→ (0→ ψ) by (A7), (A1)

27: (((ϕ→ 0)→ ψ)→ (0→ ψ))→ (ϕ→ (0→ ψ)) 25

28: ϕ→ (0→ ψ) by 26, 27

29: ϕ→ (ψ→ (ϕ & ψ)) by (a), (A5b)

30: (ϕ→ ϕ)→ (ψ→ ((ϕ→ ϕ) & ψ)) 29

31: ψ→ ((ϕ→ ϕ) & ψ) by (a), 30

32: (ϕ→ (0→ ψ))→ ((χ→ χ) & (ϕ→ (0→ ψ))) 31

33: (χ→ χ) & (ϕ→ (0→ ψ)) by 28, 32

34: ((ϕ→ ϕ) & ((ϕ→ ϕ)→ (0→ ψ)))→ ((0→ ψ) & ((0→ ψ)→ (ϕ→ ϕ))) (A4)

35: (0→ ψ) & ((0→ ψ)→ (ϕ→ ϕ)) by 33, 34
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36: ((ϕ & ψ)→ (0→ χ))→ (ϕ→ (ψ→ (0→ χ))) (A5b)

37: ϕ→ (ψ→ (0→ χ)) by 28, 36

38: (ϕ→ (ψ→ (0→ χ)))→ (((ψ→ (0→ χ))→ ξ)→ (ϕ→ ξ)) (A1)

39: ((ψ→ (0→ χ))→ ξ)→ (ϕ→ ξ) by 37, 38

40: (ϕ→ (0→ ψ))→ (((0→ ψ)→ χ)→ (ϕ→ χ)) (A1)

41: ((ϕ→ (0→ ψ))→ (((0→ ψ)→ χ)→ (ϕ→ χ)))→ (ξ→ (((0→ ψ)→ χ)→ (ϕ→ χ))) 39

42: ξ→ (((0→ ψ)→ χ)→ (ϕ→ χ)) by 40, 41

43: (ϕ→ (((0→ ψ)→ χ)→ (ξ→ χ)))→ ((ϕ & ((0→ ψ)→ χ))→ (ξ→ χ)) (A5a)

44: (ϕ & ((0→ ψ)→ χ))→ (ξ→ χ) by 42, 43

45: ((0→ ϕ) & ((0→ ϕ)→ (ψ→ ψ)))→ (ϕ→ (ψ→ ψ)) 44

46: ϕ→ (ψ→ ψ) by 35, 45

47: (ϕ & ψ)→ ψ by 46, (A5a)

d)

48: ((ψ & χ)→ χ)→ (((ϕ→ (ψ & χ)) & ϕ)→ χ) 13

49: ((ϕ→ (ψ & χ)) & ϕ)→ χ by (c), 48

50: (ϕ→ (ψ & χ))→ (ϕ→ χ) by 49, (A5b)

51: ((ϕ & (ϕ→ ψ))→ (ψ & (ψ→ ϕ)))→ ((ϕ & (ϕ→ ψ))→ (ψ→ ϕ)) 50

52: (ϕ & (ϕ→ ψ))→ (ψ→ ϕ) by (A4), 51

53: ϕ→ ((ϕ→ ψ)→ (ψ→ ϕ)) by 52, (A5b)

54: (((ϕ→ ψ)→ (ψ→ ϕ))→ χ)→ (ϕ→ χ) by 53, (A1)

55: ((ψ→ ϕ)→ (ψ→ ϕ))→ (((ϕ→ ψ)→ (ψ→ ϕ))→ (ψ→ ϕ)) (A6)

56: ((ϕ→ ψ)→ (ψ→ ϕ))→ (ψ→ ϕ) by (a), 55

57: ϕ→ (ψ→ ϕ) by 56, 54

Now again by application of (A5a) we immediately
obtain

Corollary 4.5 Axiom (A2) is derivable in BL−.

Corollary 4.6 (see Cintula [1]) Axiom (A3) is deriv-
able in BL−.

It is worth pointing out that axiom (A3) can be again
proved by similar technique used to prove axiom (A2).

5. The independence of axioms

We know that axioms (A2) and (A3) are redundant
in BL and MTL. Is any other axiom redundant in
BL or MTL? We answer this question negatively for
every remaining axiom by presenting a model and a
valuation which make the axiom false, but all other
axioms including (A2) and (A3) and modus ponens rule
are true in the model. It means that none of the axioms
but (A2) and (A3) is redundant in original systems BL
and MTL. We obtain immediately that all axioms in
BL− and MTL− are independent.
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All models are finitely valued structures with elements
labeled by natural numbers, presented in form of truth
tables. Let us note that in all models except for (A7) we
interpret constant 0 as the minimal element 0 and truth
as the maximal value in a model, e.g. in a four member
model it has value 3.

The important point to note is that checking falsity of
axiom in a given model under a given valuation is an
easy task. On the other hand, to show that all other
axioms are true in the model, exhausting checking is
sometimes needed. Fortunately, for computer it is an
easy task. We naturally do not present these proofs.

For shortening the presentation we present models
for BL and MTL at once. Only models for logic
specific axioms (A4) and (A4a)–(A4c) are presented
separately. Moreover, we prefer the same definition for
multiplicative and additive conjunction.

We start by a group of axioms common to BL and MTL.

5.1. Axiom (A1)

For showing the independence of axiom (A1) we need a
model in which implication is not transitive. We present
such a model which falsifies axiom (A1) for valuation
ϕ = 1, ψ = 0 and χ = 2.

&,∧ 0 1 2 3
0 0 0 0 0
1 0 0 0 0
2 0 0 0 0
3 0 1 0 3

→ 0 1 2 3
0 3 3 3 3
1 3 3 1 3
2 3 3 3 3
3 1 1 1 3

Table 1: Truth tables for (A1)

5.2. Axiom (A5a)

First of the residuation axioms (A5a) fails evidently for
ϕ = 2, ψ = 1 and χ = 0. Both conjunctions are defined
separately.

& 0 1 2 3
0 0 0 0 0
1 0 0 2 2
2 0 2 0 2
3 0 2 2 3

∧ 0 1 2 3
0 0 0 0 0
1 0 1 1 1
2 0 1 1 1
3 0 1 1 3

→ 0 1 2 3
0 3 3 3 3
1 1 3 3 3
2 2 3 3 3
3 0 2 1 3

Table 2: Truth tables for (A5a)

5.3. Axiom (A5b)

To demonstrate the independence of axiom (A5b),
much easier model than for axiom (A5a) is needed.
A two valued model with classical implication and
both conjunctions false for all values is sufficient.
Axiom (A5b) fails for ϕ = 1, ψ = 1 and χ = 0.

&,∧ 0 1
0 0 0
1 0 0

→ 0 1
0 1 1
1 0 1

Table 3: Truth tables for (A5b)

5.4. Axiom (A6)

The independence of axiom (A6) can be easily shown
by an algebraic arguments. It represents prelinearity and
logics without prelinearity have been already studied.
Moreover, MTL without axiom (A6) represents Höhle
Monoidal Logic ML. Nevertheless, we present our
standard semantic argument. Axiom (A6) fails for ϕ,ψ
and χ represented by 1, 2 and 3.

&,∧ 0 1 2 3 4
0 0 0 0 0 0
1 0 1 0 1 1
2 0 0 2 2 2
3 0 1 2 3 3
4 0 1 2 3 4
→ 0 1 2 3 4
0 4 4 4 4 4
1 2 4 2 4 4
2 1 1 4 4 4
3 0 1 2 4 4
4 0 1 2 3 4

Table 4: Truth tables for (A6)

5.5. Axiom (A7)

It is evident that axiom (A7) is independent of other
axioms, because of new symbol 0. For demonstration
it is enough to interpret 0 as truth and all connectives
classically. In such model, axiom (A7) easily fails and
all other axioms are evidently true.

&,∧ 0 1
0 0 0
1 0 1

→ 0 1
0 1 1
1 0 1

Table 5: Truth tables for (A7)

Now we present BL and MTL specific cases.
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5.6. Axiom (A4)

If we take ϕ ∧ ψ as an abbreviation for ϕ & (ϕ→ ψ),
axiom (A4) represents commutativity of additive
conjunction in BL. For ϕ = 1 and ψ = 2, additive
conjunction is not commutative.

& 0 1 2 3
0 0 0 0 0
1 0 0 0 1
2 0 0 0 2
3 0 1 2 3

→ 0 1 2 3
0 3 3 3 3
1 2 3 3 3
2 2 2 3 3
3 0 1 2 3

Table 6: Truth tables for (A4)

We show the independence of axioms (A4a)–(A4c) by
small models, in which axioms (A1)–(A3) and (A5a)–
(A7) are evidently true, because of & and→ definition.
Therefore to complete the proof it is sufficient to
show the (in)validity of axioms (A4a)–(A4c) in the
corresponding truth tables only.

5.7. Axiom (A4a)

Axiom (A4a) fails for ϕ = 1 and ψ = 1, but axioms
(A4b) and (A4c) are evidently true.

& 0 1
0 0 0
1 0 1

∧ 0 1
0 0 0
1 0 0

→ 0 1
0 1 1
1 0 1

Table 7: Truth tables for (A4a)

5.8. Axiom (A4b)

Axiom (A4b) fails for ϕ = 0 and ψ = 1, but axioms
(A4a) and (A4c) are evidently true.

& 0 1
0 0 0
1 0 1

∧ 0 1
0 0 1
1 1 1

→ 0 1
0 1 1
1 0 1

Table 8: Truth tables for (A4b)

5.9. Axiom (A4c)

Axiom (A4c) fails for ϕ = 1 and ψ = 0, but axioms
(A4a) and (A4b) are evidently true.

& 0 1
0 0 0
1 0 1

∧ 0 1
0 0 0
1 1 1

→ 0 1
0 1 1
1 0 1

Table 9: Truth tables for (A4c)

Corollary 5.1 All axioms but (A2) and (A3) are
independent of each other in BL.

Corollary 5.2 All axioms but (A2) and (A3) are
independent of each other in MTL.

It is worth pointing out that the independence of
axioms could be presented also by studying some known
algebraic structures, which has several indisputable
theoretical advantages. On the other hand, our approach
seems to be easier for presentation.

6. Summary and conclusion

We presented the complete solution of dependence
and independence of axioms in prominent fuzzy
propositional logics BL and MTL by using simple
technique from automated theorem proving. Also other
similar problems can be solved using these methods and
state of the art theorem provers and model generators.

Nevertheless, our approach has several drawbacks. First,
abilities of current theorem provers are limited and
in some situations even short proofs are inaccessible
for them without special settings. Second, abilities of
automated model generators are also very limited, e.g.
infinite models are highly problematic.
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Ústav informatiky AV ČR, v. v. i.
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Abstrakt

V návaznosti na plochu pod ROC křivkou
jakožto obvyklou mı́ru kvality klasifikátoru
zavádı́me plochu pod počátečnı́ částı́ ROC
křivky, která je mı́rou kvality klasifikátoru
zaměřeného na dosaženı́ nı́zké chybovosti na
negativnı́ch (background) přı́padech. Tato mı́ra
je použita jako cı́lová funkce při změkčovánı́
rozhodovacı́ch stromů pomocı́ optimalizace. Pro
optimalizaci je použit algoritmus Nelder-Mead.
Experimenty na datech ,,Magic Telescope”
ukazujı́ účinnost této metody.

1. Úvod

Změkčovánı́ hran v rozhodovacı́ch stromech umožňuje
zlepšenı́ klasifikátoru při zachovánı́ většiny dobrých
vlastnostı́ rozhodovacı́ch stromů. Změkčené stromy
oproti klasickým mohou dosahovat lepšı́ho poměru
správné / chybné klasifikace a dalšı́m přı́nosem je
spojitost výstupu klasifikátoru. Zachována zůstává
snadná interpretovatelnost modelu a přı́močará
převoditelnost na systém pravidel (v přı́padě
změkčeného stromu půjde o fuzzy-pravidla).
Nevýhodou je zvětšenı́ pamět’ové náročnosti modelu
a hlavně časové složitosti jak učenı́, tak klasifikace.

Zde se budeme zabývat změkčovánı́m jakožto
postprocessingem stromů zı́skaných standardnı́
metodou CART [2]. Základnı́ tvar změkčenı́ je stejný,
jako je v metodě C4.5 [6], ale lišı́ se způsob určenı́
(učenı́) parametrů, tj. hranic intervalů změkčenı́.
Zatı́mco C4.5 určuje parametry změkčenı́ pomocı́
směrodatné odchylky klasifikačnı́ chyby nezměkčeného
stromu bez ohledu na to, jaký efekt má změkčenı́ na
chovánı́ klasifikátoru, my budeme hledat změkčenı́
pomocı́ optimalizace výsledků změkčeného stromu.

Při změkčovánı́ pomocı́ optimalizace je pro kvalitu
výsledného klasifikátoru i pro rychlost optimalizace
zásadnı́ volba cı́lové funkce. Použitı́ relativnı́ho počtu
chybných klasifikacı́ se ukázalo jako nevhodné, protože
to je funkce po částech konstantnı́ a má velké
množstvı́ lokálnı́ch minim. Varianty založené na
sumaci transformované diference spojitého výstupu
klasifikátoru a očekávané klasifikace pomohou zı́skat
spojitou funkci, ale stále trpı́ problémem lokálnı́ch
minim a pro jejich optimalizaci byla použı́vána metoda
založená na simulovaném žı́hánı́, jak bylo popsáno v [3],
tento algoritmus je však časově velmi náročný.

V tomto přı́spěvku ukážeme využitı́ plochy pod
počátečnı́ částı́ ROC křivky jakožto cı́lové funkce pro
optimalizaci změkčenı́ rozhodovacı́ho stromu. Ukazuje
se, že pro takovouto optimalizaci je možné použı́t
simplexový algoritmus (Nelder-Mead) [5], což vede
k podstatně rychlejšı́mu učenı́, než předchozı́ přı́stup se
simulovaným žı́hánı́m.

2. ROC křivka a plocha pod křivkou

ROC křivka (Receiver Operating Characteristic
curve) je standardnı́m nástrojem pro analýzu chovánı́
klasifikátoru. V této sekci uvádı́me předevšı́m
informace podstatné pro dalšı́ vysvětlenı́ změkčovánı́
rozhodovacı́ch stromů. Čerpáme zejména z [4] a dalšı́
literatury.

Pro klasifikátor, který rozděluje data do dvou třı́d
(nazývejme je pozitivnı́ a negativnı́, někdy též
signal resp. background), ROC křivka ukazuje vztah
relativnı́ho počtu správně klasifikovaných pozitivnı́ch
vzorů a relativnı́ho počtu chybně klasifikovaných
negativnı́ch vzorů (signal acceptance vs. background
acceptance) při různě nastavené ,,citlivosti”.
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Pokud výstupem klasifikátoru je pro každý datový
vzor x reálné čı́slo ,,response” R(x), přičemž jeho
vyššı́ hodnota reprezentuje vyššı́ pravděpodobnost,
že předložený přı́pad je pozitivnı́, potom různé
nastavenı́ citlivosti odpovı́dá různým volbám hodnoty
prahu, kterým oddělujeme přı́pady, jež podle response
považujeme za pozitivnı́ od přı́padů, které zařadı́me
k negativnı́m.

Plocha pod ROC křivkou (Area Under Curve, AUC)
je skalárnı́m vyjádřenı́m kvality klasifikátoru. AUC
klasifikátoru, který zařadı́ všechny vzory správně, je
rovna jedné. Čı́m je hodnota nižšı́, tı́m je klasifikátor
horšı́. AUC pro náhodný klasifikátor je 1/2. Hodnoty
v intervalu 〈0, 1/2) by charakterizovaly klasifikátor
horšı́ než náhodný.

Máme-li množinu, jež obsahuje P pozitivnı́ch vzorů
x+

1 , . . . ,x+
P a Q negativnı́ch vzorů x−

1 , . . . ,x−
Q a

definujeme-li funkci

g(u, v) =

⎧⎨
⎩

1 když u > v
1/2 když u = v
0 když u < v

potom z této množiny vypočteme

AUC =
1

PQ

P∑
i=1

Q∑
j=1

g
(
R(x+

i ),R(x−
j )
)

3. Metoda změkčovánı́

Mějme nezměkčený rozhodovacı́ strom, který pro
vstupnı́ vzor x = (x1, . . . , xm) testuje ve vnitřnı́ch
uzlech vj , j = 1, . . . , s podmı́nky tvaru

xkj
≤ cj (1)

V listech jsou uloženy hodnoty response z intervalu
〈0, 1〉. Klasifikace tı́mto stromem probı́há tak, že pro
předložený vzor se počı́naje kořenem stromu testuje
nerovnost (1), je-li splněna, pokračuje se v levém
podstromu, jinak v pravém podstromu, dokud nenı́
dosaženo listu, který určı́ výslednou response.

Odpovı́dajı́cı́ změkčený strom bude mı́t stejnou
strukturu, hodnoty response v listech zůstanou stejné,
ale každý vnitřnı́ uzel bude kromě hodnot kj , cj

z podmı́nky (1) určovat reálné parametry změkčenı́
aj , bj ≥ 0. Potom definujeme změkčujı́cı́ funci fj jež
lineárně interpoluje body uvedené v tabulce:

t −∞ −aj 0 bj ∞
fj(t) 1 1 1/2 0 0

Response změkčeného stromu je definována rekurzı́vně:
v listu stromu je pro libovolný vstupnı́ vzor response
daná hodnotou uloženou v tomto listu. Jinak pro strom
s kořenem vj a vzor x je výsledkem průměr response
levého a pravého podstromu vážený hodnotami rj,x a
(1− rj,x), kde rj,x = fj(xkj

− cj).

Úlohou změkčovánı́ je pak určenı́ parametrů aj , bj , j =
1, . . . , s, k čemuž použı́váme optimalizaci funkce
založené na tom, jak změkčený strom s danými
parametry klasifikuje vzory z trénovacı́ množiny.

V mnohých skutečných klasifikačnı́ch úlohách (včetně
klasifikace dat ,,Magic Telescope” použitých v našich
experimentech), je podstatné dosaženı́ nı́zké úrovně
background acceptance. Protože background acceptance
tvořı́ horizontálnı́ osu ROC křivky, charakterizuje
chovánı́ klasifikátoru při nı́zkých hodnotách background
acceptance počátečnı́ část ROC křivky. Naše metoda
proto použı́vá jako cı́lovou funkci pro optimalizaci
plochu pod nejmenšı́ částı́ ROC křivky, jež pokrývá
celou oblast, kde background acceptance nenı́ většı́, než
zvolená hodnota 0 ≤ Θ ≤ 1. Tuto částečnou AUC
označujme AUCΘ.

Předpokládejme dále bez újmy na obecnosti, že vzory
v množině, z nı́ž počı́táme AUCΘ, jsou očı́slovány tak,
aby

R(x+
1 ) ≥ R(x+

2 ) ≥ · · · ≥ R(x+
P )

R(x−
1 ) ≥ R(x−

2 ) ≥ · · · ≥ R(x−
Q)

Označme ϑ nejvyššı́ hodnotu prahu, při nı́ž je hodnota
background acceptance alespoň Θ:

ϑ = R(x−
ΘQ�)

Dále počty pozitivnı́ch a negativnı́ch přı́padů, jejichž
response je alespoň ϑ označme:

Pϑ = max
{
i; R(x+

i ) ≥ ϑ
}

Qϑ = max
{
j; R(x−

j ) ≥ ϑ
}

Potom

AUCΘ =
1

PQ

Pϑ∑
i=1

Qϑ∑
j=1

g
(
R(x+

i ),R(x−
j )
)

Tato hodnota je vypočtena lehce modifikovaným
algoritmem pro výpočet standardnı́ AUC uvedeným
v [4].

Pro optimalizaci cı́lové funkce je použit simplexový
algoritmus pro minimalizaci (Nelder-Mead) [5].
Minimalizuje se −AUCΘ vypočtená z trénovacı́ch dat.
Algoritmus vyžaduje, aby ve vstupnı́m prostoru měly
všechny dimenze stejnou škálu, tedy aby jednotkový
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krok v libovolném směru měl vždy přibližně stejný
význam. Použitá škála byla definována následovně:
Nejprve celý prostor ve všech směrech omezı́me
nejzazšı́mi trénovacı́mi vzory, tak zı́skáme základnı́
hyperkvádr. Když v uzlu vj podmı́nka (1) rozděluje
hyperkvádr vyššı́ úrovně, který je v proměnné xkj

omezen hodnotami zj,1, zj,2, kde zj,1 < cj < zj,2,
potom za jednotkový krok v parametru aj resp. bj

považujeme cj − zj,1 resp. zj,2 − cj . Zároveň jako
iniciálnı́ hodnoty parametrů pro změkčovánı́ se použijı́:

a0
j =

1

4
(cj − zj,1); b0

j =
1

4
(zj,2 − cj)

4. Výsledky experimentů

Pro experimenty byla použita data ,,Magic Telescope”1,
která jsou zkoumána také v [1] a [3]. Trénovacı́
množina obsahovala 12680 vzorů, byla rozdělena na dvě
části v poměru velikostı́ 2:1, prvnı́ část byla použita
pro růst stromu a druhá část jako validačnı́ množina
pro prořezávánı́. Strom byl vytvořen metodou CART,
velikost stromu je možno řı́dit nastavenı́m parametrů
prořezávánı́ (viz [2]).

Pro změkčenı́ byla použita výše popsaná metoda
s parametrem Θ = 1/10, jakožto data pro výpočet
částečné AUC byla použita celá trénovacı́ množina. Pro
hodnocenı́ zı́skaného klasifikátoru byla použita testovacı́
množina o velikosti 6340 vzorů.

Obrázky 1 a 2 ukazujı́ zı́skané části ROC křivek pro
vybrané stromy. Na obrázcı́ch je čárkovaně vyznačena
ROC křivka nezměkčeného stromu na testovacı́ch
datech; tečkovaná je ROC křivka změkčeného stromu
na trénovacı́ch datech, tzn. jedná se o křivku, která
figurovala v cı́lové funkci; plnou čarou je ROC křivka
změkčeného stromu na testovacı́ch datech.

Z obrázků je patrné, že změkčený strom je v oblasti
nı́zké úrovné background acceptance lepšı́ klasifikátor,
než nezměkčený strom.Takové chovánı́ se ukázalo jako
typické i na dalšı́ch stromech.

5. Závěr

Plocha pod částı́ ROC křivky se ukazuje jako
vhodná cı́lová funkce pro změkčovánı́ rozhodovacı́ch
stromů pomocı́ optimalizace. Tuto cı́lovou funkci lze
optimalizovat metodou Nelder-Mead, což proti doposud
zkoumaným cı́lovým funkcı́m optimalizovaným pomocı́
simulovaného žı́hánı́ vede k významnému snı́ženı́
časové náročnosti změkčovánı́. Dalšı́m přı́nosem je

možnost preferovat nı́zkou background acceptance
klasifikátoru.

V dalšı́m výzkumu se zaměřı́me na laděnı́ parametrů
optimalizačnı́ho algoritmu a budeme ještě zkoumat
modifikace cı́lové funkce. Pozornost bude také
věnována skutečnosti, že v provedených experimentech
byla na menšı́ch stromech zkoumaná část ROC
křivky vypočtené z testovacı́ch dat lepšı́, než ROC
z trénovacı́ch dat. Tento aspekt je viditelný na obrázku
2 a byl pozorován i na dalšı́ch stromech.
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Obrázek 1: Části ROC křivek pro strom se 45 vnitřnı́mi uzly

0.00 0.02 0.04 0.06 0.08 0.10

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

bkg.acc

si
g.

ac
c

Obrázek 2: Části ROC křivek pro strom s 10 vnitřnı́mi uzly

1http://wwwmagic.mppmu.mpg.de
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Abstract

A hybrid system is a dynamic system that exhibits both continuous and discrete behavior. With hybrid systems
we can model traffic protocols, networking and locking protocols, microcontrollers and many other systems where a
discrete system interacts some continuous environment. Usually in such applications there are some states that will
be dangerous for the system or its user. Hence, for a hybrid system we define some states as unsafe. Verification is
an algorithm that, for a safe hybrid system, proves that no unsafe state will be reached. In our work we improve the
method for verification of hybrid systems by constraint propagation based abstraction refinement proposed by Stefan
Ratschan and Zhikun She. Hybrid systems often contain variables with linear time evolution, which we call clocks.
We introduce hyperplane barriers into the abstraction of hybrid system, which we can compute from linear clock
constraints. This will give us more precise information about the hybrid system and saves us computation steps. Later
we will extend the method also to non-linear constraints using interval arithmetics.
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Abstract

Uncertainty querying of large data can be
solved by providing top-k answers according
to a user fuzzy ranking/scoring function.
Usually different users have different fuzzy
scoring function – a user preference model.
Main goal of this paper is to assign a user a
preference model automatically. To achieve this
we decompose user’s fuzzy ranking function
to ordering of particular attributes and to a
combination function. To solve the problem
of automatic assignment of user model we
design two algorithms, one for learning user
preference on particular attribute and second
for learning the combination function. Methods
were integrated into a Fagin-like top-k querying
system with some new heuristics and tested.
These user preference models can be used by
an artifical agent, which automatically selects
objects that are most suitable for the user and
present them to the user. The agent’s proposal
can be modified by the user, making a feedback
for the agent in this way. This feedback is crucial
for better representation of user preferences.

The abstract was originally published in paper
[5]. Due to the copyright issues, only the
abstract is presented here, extended with second
paragraph containing newer issues.
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Within the last 15 years there has been increasing
interest in the use of the classification and regression tree
(CART) analysis as competitive means to the logistic
regression. Especially when modeling biomedical data,
a common goal is to develop a reliable clinical decision
rule, which can be used later to classify patients
into clinically relevant categories. In these situations,
the logistic regression does not always prove to be
the best choice. Instead we use CART, which is the
binary recursive partitioning method used to construct
classification and regression trees. In such trees the
classification of each patient is simpler and more evident
to clinicians and medical doctors. Furthermore, the
advantage of tree-base methods is that it does not
require that one parametrically specify the nature of
the relationship between the predictor variables and
the outcome. The assumption of linearity made in
generalized linear models is also relaxed.

Logistic regression works well in modeling categorical
data in various fields. However, the interpretation of
its results is not always straightforward and logistic
regression equations are sometimes difficult to use in
clinical practice, especially in situations in which the
outcome variable has more than two levels or when
there is too many predictor variables with unknown
interactions etc. In these situations one usually uses
stepwise procedures such as forward or backward
selection or its combinations to obtain a feasible model.
However, not depending on the choice of testing criteria
(F-test, AIC, BIC, Mallows’ Cp) this is not sometimes a
good choice because it leaves or omits all interactions
in the model in situations where we expect some
significant onces. Another problem is with interpretation
of sequentially used p-values and biased tests.

We use both methods, CART and logistic regression, in
acute myocardial infarction (AMI) in-hospital mortality
modelling. Our data were available on a sample of

patients with acute myocardial infarction consecutively
admitted to six municipal hospitals in the Czech
Republic during the years 2003–2007. Data were
obtained by yearly retrospective chart reviews. The
registry hospitals were: Čáslav, Kutná Hora and Znojmo
in years 2003–2007, Jindřichův Hradec and Pı́sek in
2004, Chrudim in years 2005–2007. All of them are
non-PCI hospitals from geographically different rural
regions of the Czech Republic and collaborate with
different PCI centers.

There was 3185 cases of patients who in the time period
2003–2007 presented with AMI to one of the registry
hospitals, but since it was not possible to identify
patients who were present more than once during the
five years period (with more than one AMI), we omit
all the cases in which it is not possible to uniquely
discriminate one patient from another. For this task we
use the categorical variables such as date of birth, date of
MI, in-hospital mortality, previous MI, gender and local
hospital. This process yielded 312 AMI cases which is
9.8 % of all the data. This leaves 2873 observed patients
with AMI. In our data there is also more than one
hundred cathegorical and continuous predictor variables
with various mechanisms and amounts of missing data.
We discuss the impacts of missing data on models
obtained from both conventional logistic regression and
cart data modelling.

The purpose of this study is to compare the predictive
ability of logistic regression with that of regression
tree methods in our sample and to discuss the impact
of missing data on models obtained from logistic
regression and CART. Great deal of effort is also
dedicated to the interpretation of the results in clinical
practice. We use repeated split sample validation
using our dataset of patients hospitalized with acute
myocardial infarction.
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Abstrakt

Běžně bývá zdrojový kód programovacı́ch
jazyků uložen v textových souborech, které
jsou snadno editovatelné, ale nereprezentujı́
přı́mo strukturu zdrojového kódu. V tomto
článku zkoumám koncept ukládánı́ a práce se
zdrojovým kódem (jazyka Python) ve formě
stromu přı́kazů hierarchicky uspořádaných
podle syntaxe, což přinášı́ výhody v reprezentaci
dodatečných informacı́ popisujı́cı́ zdrojový kód
a při práci s nimi.

Dále v článku popisuji knihovnu pro
práci se zdrojovým kódem v tomto formátu,
kterou jsem vytvořil. Tato knihovna umožňuje
efektivně zpracovávat zdrojový kód v navržené
reprezentaci (importovat existujı́cı́ zdrojový kód
do stromu přı́kazů, načı́tat, ukládat, upravovat a
vizualizovat strom přı́kazů).

1. Úvod

Nástroje pro práci se zdrojovým kódem jako:
automatické doplňovánı́, navigace v kódu, různé
generátory kódu nebo nástroje pro refaktorizaci1

potřebujı́ znát syntaktickou strukturu zdrojového kódu
pro svoji práci. Jsou situace, kdy je potřeba některé
informace vztažené ke zdrojovému kódu uchovávat i
mezi jednotlivými kroky editace.
Přı́kladem může být informace o tom, kdo editoval
naposled danou část kódu, která by se měla zachovat
při editaci jiné části kódu.
Dalšı́m přı́kladem mohou být informace zı́skané od
uživatele pro provedenı́ refaktorizace, které by bylo
vhodné zachovat, pokud se neměnı́ jejich platnost.
Je tedy vhodné takovéto informace uchovávat a

upravovat společně se zdrojovým kódem. Zdrojový kód
by také měl být vhodně strukturován, aby se změny
v něm daly izolovat na konkrétnı́ mı́sto a nebyla tak
ovlivněna platnost výše uvedených informacı́ v jiných
částech.
K uchovánı́ těchto dodatečných informacı́ lze využı́t

komentáře ve zdrojovém kódu. Komentáře ale nejsou
navrženy k uchovánı́ většı́ho množstvı́ strukturovaných
dat. Nezachycujı́ strukturu dat a při editaci zdrojového
kódu mohou uživateli překážet.
Ve své diplomové práci jsem proto navrhl strukturu,

která uchovává zdrojový kód v hierarchické formě
stromu přı́kazů uspořádaných podle syntaxe jazyka.
Tato struktura zachycuje základ syntaktického stromu,
ale bez jeho detailnějšı́ struktury. Umožňuje ke
zdrojovému kódu uchovávat dodatečné informace a
zároveň umožňuje dotazovat a editovat kód přı́mo v
této struktuře.

Praktickou realizacı́ výše uvedeného návrhu je
knihovna, která umı́ zpracovávat zdrojový kód přı́mo v
navržené struktuře. Existujı́cı́ kód umı́ do dané struktury
převést a v nı́ ho upravovat a uchovávat. Knihovna také
umı́ kód v dané struktuře zobrazit. Postupy použité
při návrhu struktury a při implementaci pro jazyk
Python se dajı́ aplikovat na jakýkoliv jiný strukturovaný
programovacı́ jazyk.

2. Strom přı́kazů

Zdrojový kód je možné reprezentovat za pomoci
stromu složeného z přı́kazů (viz. obr. 1). Přı́kazem
chápu terminály vzniklé přepisem nonterminálu
simple stmt (např. přiřazenı́, volánı́ funkce, metody,
komentář).

1Refaktorizace představuje malé změny programu neměnı́cı́ jeho funkčnost, které majı́ za cı́l zlepšit jeho přehlednost a rozšiřitelnost. Tyto
změny jako přejmenovánı́ proměnné, přesun metody do jiné třı́dy, atd. lze mnohdy provádět automaticky. V dynamicky typovaných jazycı́ch (jako
je Python) je to však obtı́žnějšı́ a některé informace nutné pro provedenı́ refaktorizace lze zı́skat pouze od uživatele.
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Blokovým přı́kazem rozumı́m řádku s definicı́ metody,
třı́dy, podmı́nky, cyklu. Blokové přı́kazy mohou
obsahovat dalšı́ přı́kazy a blokové přı́kazy.

Přı́kazy jsou složené z logických tokenů. Logický

token je posloupnost stejného typu tokenů2 jazyka
Python. Rozlišuji tyto základnı́ typy logických tokenů:
komentář, identifikátor, klı́čové slovo a nerozlišené
tokeny. Rozdělenı́ přı́kazů na logické tokeny umožňuje
snadněji dotazovat těla přı́kazů.

Obrázek 1: Přı́klad na strom přı́kazů

3. Scénáře použitı́ stromu přı́kazů

3.1. Dotazovánı́ kódu

Zdrojový kód ve stromu přı́kazů lze lépe dotazovat
než textový soubor a zároveň je snadněji editovatelný
než syntaktický strom (který však zachycuje vı́ce
podrobnostı́):

• Z komentářů a dokumentačnı́ch řetězců3

obsažených ve stromu přı́kazů lze generovat
dokumentaci ke zdrojovému kódu.

• Strom přı́kazů lze rozšı́řit a umožnit v něm
uchovánı́ informacı́, jaké identifikátory jsou v
konkrétnı́ch částech kódu použı́vány, jakého jsou
typu, zda jsou lokálnı́ nebo globálnı́, atd.

• Pokud jsme schopni určit a do kódu
poznamenat vazby mezi identifikátory, lze
pak implementovat vlastnosti jako automatické
doplňovánı́ zdrojového kódu (nabı́dku kódu k
doplněnı́ na základě mı́sta, kam kód vkládáme)
nebo nástroje pro zrychlenı́ navigace v kódu (skok
na dalšı́ použitı́ nebo definici identifikátoru).

3.2. Transformace kódu

• Kód (se všemi rozšiřujı́cı́mi informacemi) lze
měnit transformacemi ve stromu přı́kazů, a proto
lze např. provádět refaktorizace přı́mo v navržené
struktuře.

• Pokud převádı́me kód ze stromu přı́kazů do
textové podoby, lze ho filtrovat, a to i na
základě syntaxe (např. lze jednoduše smazat
dokumentačnı́ řetězce). Při výstupu lze kód
doplňovat automaticky vygenerovaným kódem.

• Pomocı́ transformacı́ lze vynutit jednotné
formátovánı́ zdrojového kódu. Takže např.

identifikátory mohou mı́t specifický tvar. Do
jazyka je možné zavést rozšiřujı́cı́ vlastnı́
syntaktické konstrukce a pomocı́ transformacı́ je
při vytvářenı́ výstupu převést na přı́kazy jazyka
Python.

• Lze registrovat změny mezi jednotlivými verzemi
souboru na základě pozice v syntaktickém stromu
(a ne pouze na základě čı́sla řádky). Tı́mto
způsobem lze vytvořit nástroje diff a patch.
Program diff vytvořı́ na základě dvou verzı́
souboru tzv. patch soubor, který obsahuje rozdı́ly
mezi verzemi.
Program patch umı́ aplikovat tento soubor na
staršı́ verzi původnı́ho souboru a zı́skat tak novějšı́
verzi. Pokud patch soubor reprezentuje mı́sta
změn na základě syntaxe, je možné jej použı́t i na
odlišnou verzi původnı́ho souboru, pokud zůstala
zachována přibližně stejná syntaktická struktura
tohoto souboru.

3.3. Editace kódu

• Zdrojový kód reprezentovaný stromem přı́kazů
lze spolu s rozšiřujı́cı́mi informacemi vytvářet,
editovat a přı́mo dotazovat (bez nutnosti vytvářenı́
nezávislých pomocných struktur, které by pak
bylo třeba synchronizovat s měněným zdrojovým
kódem).

• Ke zdrojovému kódu lze připojovat libovolné
dalšı́ rozšiřujı́cı́ informace. Napřı́klad informace
z programů pro práci se zdrojovým kódem,
jako je debugger, profiller a kontrola chyb. Tyto
informace pak lze spolu s kódem vizualizovat.

• Při vytvářenı́ kódu v této struktuře je možné
sledovat editačnı́ změny (tedy kdo a kdy změnil
konkrétnı́ přı́kaz) a zı́skat tak konkrétnějšı́

2nejmenšı́ jednotka syntaktické analýzy, např. klı́čové slovo, operátor nebo čı́slo
3řetězec nacházejı́cı́ se hned za definicı́ třı́dy nebo metody, který sloužı́ k jejı́mu popisu
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informace, než jsou dostupné ze systému správy
verzı́.

4. Struktura vytvořené knihovny

Knihovna pro zpracovánı́ kódu ve formě stromu přı́kazů
je rozdělena do několika vrstev, přičemž spodnı́ vrstvy
jsou nezávislé na vyššı́ch a dajı́ se tedy bez nich použı́t.

4.1. Objektová struktura

Základnı́ vrstvou knihovny jsou objekty reprezentujı́cı́
přı́kazy jazyka (Python) a rozšiřujı́cı́ informace.
Z nich vytvořenou stromovou strukturu lze uložit do
souboru typu XML a také z něj nahrát. Strom přı́kazů
se skládá z objektů pro reprezentaci blokového přı́kazu,
přı́kazu, logických tokenů a rozšiřujı́cı́ch vlastnostı́.
Logika pro procházenı́ stromu přı́kazů je oddělena od
objektů tvořı́cı́ch tento stromu.

4.2. Syntaktický analyzátor

Jednou z nejdůležitějšı́ch částı́ knihovny je syntaktický
analyzátor (parser) [3] zdrojového kódu jazyka Python.
Jedná se o parser vybudovaný nad standardnı́m
pythonským tokenizérem.
Výhodou našeho parseru je, že narozdı́l od standardnı́ho
pythonského parseru zachovává formátovánı́
zdrojového kódu spolu s komentáři a pamatuje si pozice
přı́kazů v souboru.
Analyzátor rozpoznává pouze základnı́ strukturu
syntaktického stromu (od kořene po nonterminál
simple stmt). Pokud někde vznikne chyba v
důsledku špatné syntaxe vstupnı́ho textu, pokusı́ se z
nı́ analyzátor sám zotavit. Ve většině přı́padů pomocı́
ignorovánı́ nečekaných tokenů. Analyzátor lze tedy
použı́t i pro vkládánı́ nového textu do stromu přı́kazů.

4.3. Vrstva transformacı́

Nad vrstvou základnı́ch objektů se nacházı́ objekt
Document (viz. obr. 2), který umožňuje na stromu
přı́kazů provádět různé transformace.

Obrázek 2: Objekt Document

Mezi základnı́ transformace patřı́ odstraněnı́ přı́kazu,
přidánı́ přı́kazu a přesun přı́kazu. Ostatnı́ transformace

jsou tvořeny pomocı́ těchto základnı́ch. Provedenı́
základnı́ transformace může způsobit vznik události,
která se šı́řı́ ve stromu přı́kazů směrem k listům a
umožňuje tak aktualizovat údaje, které se provedenı́m
transformace změnily.
Rozlišuji události on set a on clear. Prvnı́ se
volá při změně nebo vytvořenı́ nějakého přı́kazu
a druhá naopak při odstraněnı́ přı́kazu. Všechny
transformace jsou implementovány pomocı́ návrhového
vzoru přı́kaz (Command pattern [2]). Transformace
lze vracet a skládat dohromady. Složené transformace
pak lze vrátit najednou. Ve stromu přı́kazů lze také
vyznačit oblast mezi dvěma přı́kazy se společným
rodičem a na všechny přı́kazy v této oblasti aplikovat
transformace zároveň. Mimo to objekt Document
umožňuje využı́vat vlastnosti, které se ve stromu přı́kazů
uchovávajı́ jen tehdy, pokud se jejich nastavenı́ lišı́ od
základnı́ho. Tyto vlastnosti umožňujı́ snı́žit pamět’ové
nároky knihovny.

4.4. Vizualizace

Nejvyššı́ vrstva vizualizace je rozdělena na dvě části:

• Obecnou vizualizačnı́ komponentu, která
poskytuje rozhranı́ pro zobrazenı́ stromu přı́kazů
a prováděnı́ operacı́ na něm. Obecná vizualizace
obsahuje také systém hierarchických menu,
která umožňujı́ implementovat ovládacı́ rozhranı́
nezávisle na použité zobrazovacı́ knihovně.

• Specifickou implementaci vizualizačnı́
komponenty s využitı́m multiplatformnı́ knihovny
wxWidgets. Knihovnu WxWidgets, která se
stará o vlastnı́ zobrazenı́, jsem si vybral, protože je
zdarma dostupná pro platformy Windows, Linux
i MacOS.

Vizualizačnı́ komponenta umı́ zobrazit strom
přı́kazů do lineárnı́ho formátu komponenty pro
vkládánı́ textů knihovny wxWidgets (viz. obr.
3). Objekt Document při změnách stromu
přı́kazů, výběru přı́kazů nebo kurzoru umı́ volat
nadřazený objekt, který se postará o vizualizaci
těchto změn. Tı́mto objektem je většinou právě
vizualizačnı́ komponenta.

Pokud ve stromu přı́kazů provedeme změny, umı́
vizualizace efektivně zobrazit pouze tyto změny.
Komponenta pro vkládánı́ textů, kterou zobrazenı́
realizuji, umožňuje vymazat část textu a vložit text
na určenou pozici. Určenı́ pozice v této komponentě
provádı́m pomocı́ vlastnosti, která je nastavena ke všem
přı́kazům a určuje úroveň odsazenı́ přı́kazu (hloubku ve
stromu), délku přı́kazu v textu a vzdálenost přı́kazu od
svého rodiče v textu.
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Obrázek 3: Ukázka vizualizace stromu řádek

5. Přı́klady použitı́ vytvořené knihovny

5.1. Syntaktický analyzátor

Následujı́cı́ přı́kazy na obrázku 4 převedou řetězec
test code (obsahujı́cı́ kód jazyka Python) na strom
přı́kazů.

test_code = \
’’’class A:

def prvni(self):
print ’prvni’

def druha(self):
print ’druha’

def treti(self):
print ’treti’

’’’
from document import Document
from plugins import SplittingParser
root = SplittingParser().parse_string(test_code)
document = Document()
document.insert_source_tree(root)

Obrázek 4: Volánı́ parseru

ClassLine Aclass :

CodeLine

def _ prvni ( self )

print ’prvni’

CodeLine

def _ druha ( self )

print

DefLine

CodeLine

def _ treti ( self )

print

DefLine

DefLine

CodeRoot

:

:

:

_

’druha’_

’treti’_

Obrázek 5: Objekty reprezentujı́cı́ kód

Samotný převod realizuje objekt SplittingParser.
Vrchol stromu přı́kazů pak přiřadı́me objektu
Document, který se stará o manipulaci s tı́mto

stromem. Na obrázku 5 jsou v obdélnı́cı́ch vyznačeny
typy objektů, které tvořı́ strom přı́kazů. V oválech
nalevo od každého přı́kazu jsou pak vypsány tokeny
jazyka Python, které ho tvořı́. Barva oválu označuje typ
tokenu. Tokeny stejného typu vyskytujı́cı́ se za sebou
jsou reprezentovány jednı́m objektem.

5.2. Uloženı́ do souboru

Přı́kazy na obrázku 6 provedené po přı́kazech na
obrázku 4 uložı́ strom přı́kazů do XML souboru (obr.
7) a pak ho z něj znovu načtou.

document.save(’vystup.pyt’)
document = Document()
document.load(’vystup.pyt’)

Obrázek 6: Přı́kazy pro uloženı́ a nahránı́ dokumentu

Odpovı́dajı́cı́ XML soubor je rozdělen na hlavičku a
tělo. V hlavičce je umı́stěno mapovánı́ jmen v souboru
na verze a názvy v programu. V těle je pak uložen strom
přı́kazů. Každý přı́kaz a token je uložen pomocı́ html
tagu entity. Rozdı́lné názvy v souboru a programu
použı́vám z důvodu délky těchto názvů.

Při nahránı́ souboru se pomocı́ DOM parseru4 načte celý
soubor a pro každé jméno entity se za pomoci hlavičky
vybere objekt “importer“, který převede serializovaná
data na aktuálnı́ verzi objektu. Tı́mto způsobem je
zajištěna kompatibilita se staršı́mi verzemi uložených
dat.

<source ver="0.1">
<head>

<mapping>
<map name="classline"

eid="plugins.code.ClassLine" ver="1" />
<map name="defline"

eid="plugins.code.DefLine" ver="1" />
<map name="code"

eid="base.CodeToken" ver="1" />
<map name="croot"

eid="plugins.code.CodeRootLine" ver="1" />
<map name="keyword"

eid="base.KeywordToken" ver="1" />
<map name="name"

eid="base.NameToken" ver="1" />
</mapping>

</head><entity name="croot" uid="int_2">
<list name="lines">
<entity name="classline" uid="int_3">

<list name="tokens">
<entity name="keyword" text="str_class" />
<entity name="code" text="str_ " />
<entity name="name" text="str_A" />

...

Obrázek 7: Obsah XML souboru
4Document Object Model parser - syntaktický analyzátor, který převede XML soubor na jeho objektovou reprezentaci v paměti
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František Jahoda Metainformace ke zdrojovému kódu

5.3. Editace

Objekt Document umı́ strom přı́kazů transformovat.
Prvnı́ odstavec kódu (obr. 8) vytvořı́ v dokumentu výběr
mezi ukazateli start a end. Dalšı́ přı́kaz pak tento
výběr přı́kazů vymaže. Poslednı́ přı́kaz pak vše vrátı́ do
původnı́ho stavu.

root = document.get_root()
start = document.get_traveller(root[0][0])
end = start.copy()
end.go_next_sibling()
document.set_selection(start, end)

document.delete()
document.undo()

Obrázek 8: Přı́kazy pro editaci dokumentu

5.4. Rozšı́řujı́cı́ informace

Strom přı́kazů lze rozšı́řit o libovolné dalšı́ informace.
V následujı́cı́m přı́kladu (obr. 9) zavádı́m skupinu
informacı́, která bude reprezentovat, kdo a kdy
změnil naposledy konkrétnı́ přı́kaz. Tato skupina je
reprezentována objektem EditMark a musı́ být
odvozena od třı́dy Entity. Ke každému přı́kazu ve
stromu přı́kazů se naváže jedna instance této skupiny
(přı́kaz, ke kterému je instance skupiny navázána nazvu
kontrolovaný přı́kaz). Nově vytvořené třı́dě je potřeba
nastavit identifikátor v XML souboru, jednoznačný
identifikátor v programu a verzi ukládaných dat.

Metoda serialize ukládá perzistentnı́ data
vlastnosti EditMark do XML souboru a metoda
deserialize se stará o nahránı́ těchto dat z XML
souboru. Při změně kontrolovaného přı́kazu se zavolá
metoda on set, která vlastnosti nastavı́ aktuálnı́ údaje.

Důležitý je poslednı́ řádek přı́kladu, který knihovně
řı́ká, jakým způsobem má vytvořit objekt této skupiny
vlastnostı́, pokud na jeho data narazı́ v XML souboru.
Proto je potřeba tento řádek provést před jakýmkoliv
nahrávánı́m souboru.

class EditMark(Entity):
name = ’editmark’
entity_id = ’plugins.editmarks.EditMark’

version = Version(’0.1.0’)

def on_set(self, root, source):
#aktualizuj udaje
...

def serialize(self, doc):
e = Entity.serialize(self, doc)
doc.serialize_type(e, ’editor’,

self.editor, int)
doc.serialize_type(e, ’time’,

self.time, datetime)
return e

def deserialize(self, e, doc):
Entity.deserialize(self, e, doc)
self.editor = doc.deserialize_type(e,

’editor’, int)
self.time = doc.deserialize_type(e,

’time’, datetime)

register_importer(EditMark.entity_id,
DefaultImporter(EditMark))

Obrázek 9: Přı́klad rozšı́řujı́cı́ vlastnosti

6. Závěr

Vytvořená knihovna pro práci se zdrojovým kódem ve
stromu přı́kazů je volně k použitı́ [4] pod licencı́ BSD
pro vytvářenı́ nástrojů pro práci se zdrojovým kódem.
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Abstract

This paper presents an overview of
the techniques used to solve constrained
optimization problems using evolutionary
algorithms. The construction of the fitness
function together with the handling of
feasible and infeasible individuals is discussed.
Approaches using penalty functions, special
representations, repair algorithms, methods
based on separation of objective and constraints
and multiobjective techniques are mentioned.

1. Introduction

Evolutionary algorithms have been successfully used
in a range of applications. [1] Majority of the
papers presented pertain to unconstrained optimization
problems. As [2] argues, virtually all real problems
are constrained. Thus, the study of constraint-handling
methods that can be used with evolutionary algorithms
is an important subject.

Evolutionary algorithms are based on a analogy with the
evolution process occurring in nature: The individuals
have genes that encode the solution. The individuals
are compared with others and those that perform
better (have higher fitness) get higher probability of
propagating their genes into the next generation. The
genes of the offspring population are the product of
applying genetic operators to the genes of their parent
individuals.

For an evolutionary algorithm, the following is needed:

• A representation of the potential solution (an
individual).

• A way of initializing the population of the
individuals.

• Genetic operators that act on the (parent)
population – typically recombination and
mutation.

• Selection operator that chooses which individuals
propagate to the next generation.

Evolutionary algorithm can be formally defined as
follows (based on [1]):

Definition 1 (Evolutionary algorithm) The following
algorithm is called an Evolutionary Algorithm:

1. t← 0

2. initialize:

P0 =
{
a0, . . . , aμ(0)

}
⊆ I

3. while ( ι ((P0, . . . , Pt)) �= 1 ) do

(a) recombine:

P ′
t ← r

(t)

φ
(t)
r

(Pt)

(b) mutate:
P ′′

t ← m
(t)

φ
(t)
m

(P ′
t )

(c) select: if χ = 1:

Pt+1 ← s
(t)

(φ
(t)
s )

(P ′′
t )

else:

Pt+1 ← s
(t)

(φ
(t)
s )

(P ′′
t ∪ Pt)

(d) t← t + 1
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where:

• I �= ∅ is the individual space

• a0, . . . , aμ(0) is the initial population

•
(
μ(i)
)
i∈N0

is a sequence of the parent population
sizes

•
(
μ′(i)

)
i∈N0

is a sequence of the offspring
population sizes

• ι :

{(
Iμ(i)

)t

i=0

∣∣∣t ∈ N0

}
→ {0, 1} is the

terminating criterion

• χ ∈ {0, 1} chooses between (μ, λ) and (μ + λ)
selection method

•
(
r(i)
)
i∈N0

is a sequence of recombination
operators:

r(i) : Ξ(i)
r →

[
Iμ(i)

→ Iμ′(i)
]

where Ξ
(i)
r is the set of recombination parameters

and θ
(i)
r ∈ Ξ

(i)
r

•
(
m(i)

)
i∈N0

is a sequence of mutation operators:

m(i) : Ξ(i)
m →

[
Iμ′(i)

→ Iμ′(i)
]

where Ξ
(i)
m is the set of mutation parameters and

θ
(i)
m ∈ Ξ

(i)
m

•
(
s(i)
)
i∈N0

is a sequence of selection operators:

s(i) : Ξ(i)
s →

[
Iμ′(i)+χμ′(i)

→ Iμ(i+1)
]

where Ξ
(i)
s is the set of mutation parameters and

θ
(i)
s ∈ Ξ

(i)
s

In this paper we focus on applying evolutionary
algorithms to constrained optimization problems. By
this we mean the following:

min
x∈Ω

f(x) (1)

subject to:

gi(x) ≤ 0 ∀i ∈ {1, . . . , ng} (2)

hj(x) = 0 ∀j ∈ {1, . . . , nh} (3)

where the set Ω is the search space. Let n denote the
total number of constraints:

n = ng + nh

The constraints (3) and (2) implicitly define the feasible
set Φ:

Φ =
{
x ∈ Ω|gi(x) ≤ 0 ∧ hj(x) = 0

∀i ∈ {1, . . . , ng} ,∀j ∈ {1, . . . , nh}
}

We make no additional assumptions about the feasible
set. In general it can be a non-convex, even a
disconnected set.

Defining Υ = Ω − Φ, it can be stated that the search
space Ω is partitioned into two disjoint sets: the feasible
set Φ and the infeasible set Υ.

The level of violation of the constraints (2) and (3) by a
point x ∈ Ω can be measured as follows:

Gi(x) = max {0, gi(x)} (4)

Hj(x) = |hj(x)| (5)

Note that for all x ∈ Φ

Gi(x) = 0

Hj(x) = 0

for all i ∈ {1, . . . , ng}, j ∈ {1, . . . , nh}.

An equality constraint hj(x) = 0 can be transformed
into inequality constraints in the following way:

|hj(x)| ≤ ε

where ε is a small constant specifying the tolerance.

This approach allows the equality constraints to be
treated as inequalities, which can be useful for methods
that do not treat equality constraints separately.

2. Fitness function

The fitness function is a function F : I → R that
evaluates the individuals according to how well they
solve given problem.

The design of the fitness function can be a non-trivial
task even for an unconstrained problem. In case of
constrained problems, the design of a good fitness
function is even more difficult. In [2] the following
points guiding the design of the fitness function are
listed:

1. How should two feasible points be compared?

2. How should two infeasible points be compared?
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3. How are the functions for feasible and infeasible
points related? Should feasible points be always
”better” than infeasible ones?

4. Should infeasible points be considered harmful
and removed from the population?

5. Should infeasible points be ”repaired”?

6. If individuals are repaired, should this repaired
individual be used only for evaluating its fitness
(Baldwin effect) or should the individual be
replaced (Lamarckian evolution)?

7. Should infeasible individuals be penalized?

8. Should the algorithm start with a feasible
population and keep the feasibility throughout the
run of the algorithm?

During the run of the algorithm, the population
can generally contain both feasible and infeasible
individuals. In the end though, the answer must be a
feasible solution, as the infeasible individual, no matter
its fitness from the point of view of the evolutionary
algorithm, is not a solution to the original problem.

An obvious method of ensuring this works by removing
all the infeasible solutions, so that the population never
contains an infeasible individual. While this method has
been used, in many problems it does not work. (See
section 3 for more information on this approach.)

This leads to the conclusion that the evolutionary
algorithm should allow the infeasible individuals in
the population. Because of this, a decision has to be
made on how to compare the feasible and the infeasible
individuals.

One way to tackle this task is to define the fitness
function as follows:

F (x) =

{
FΦ(x) x ∈ Φ
FΥ(x) x ∈ Υ

(6)

When evaluating FΦ, the actual value of the constraints
should not be important, as the point is in the feasible
set. When evaluating FΥ, the question is if the value of
the objective function f should be taken into account.
FΥ should react to the fact that the solution is not
feasible and direct the search into the feasible set. Yet,
should it be based on the amount of the violation, or
should it only reflect the number of violated constraints?

While the inclusion of the objective f in FΥ might help
guide the search, sometimes (in case the objective is

not defined outside of the feasible region Φ) this is not
possible.

It should be noted that in some evolutionary algorithms
the fitness function is not explicitly needed. For
example, if the evolutionary algorithm uses the
tournament selection, all that is needed is an ordering
relation defined over the individual space I. Still, this
does not relieve us of the burden of satisfactorily
answering the aforementioned questions.

An overview of some of the methods that were used to
solve constrained optimization problems follows. The
methods differ by how they answer the aforementioned
questions.

3. Penalty functions

The oldest and most common approach to solving
constrained optimization problems using evolutionary
algorithms is the use of a penalty function. The method
is based in the idea of adding to the objective function
f a function that penalizes solutions laying in the
infeasible set, thus decreasing their fitness.

There are two basic options: interior penalty functions
– this approach starts from a feasible solution and the
penalty function is defined so that its value approaches
to infinity as the solution moves towards the boundary
of the feasible set, and exterior penalty functions – this
approach starts from any (generally infeasible) point in
the search space and the penalty is used to guide the
search into the feasible set.

An advantage of the exterior approach is that it does not
require an initial feasible population.

The generic formula for the fitness function with an
exterior penalty is:

F (x) = f(x) + P (t)(x) (7)

where P (t) : I → 〈0,+∞) is the penalty function
satisfying for all x ∈ Φ and for all t ∈ N0:

P (t)(x) = 0

A problem with this approach is the choice of the
value of the penalty: Too small penalty value does
not discourage the algorithm from the infeasible set,
possibly resulting in an infeasible optimum. On the
other hand, too high penalty value might prohibit
the algorithm from crossing the feasible set boundary
(which might be useful or even necessary in case the
feasible set is non-convex or disconnected) and from
exploring the boundary of the feasible set.
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In [3] author suggests the relation between an infeasible
individual and the feasible set plays an important role
in the penalization. There are several ways how this
relationship could be reflected in the penalty function:

1. the penalty is constant – the individual is being
penalized for being infeasible

2. the penalty reflects the amount of constraint
violation

3. the penalty reflects the effort needed to make the
individual feasible

This method was advanced in several directions in order
to tackle this issue:

static penalties In this approach, the value of the
penalties is independent of the generation number.
Typical choice for P (t) is:

P (t)(x) =

ng∑
i=1

aiGi(x)β +

nh∑
j=1

bjHj(x)γ

with β, γ ∈ {1, 2}, ai, bi positive constants
called penalty factors and Gi, Hj as defined in (4)
and (5).

dynamic penalties In this approach, the value of the
penalties is dependent on the generation number.
Typically, the penalties rise over time. This
enables the population to explore the search space
(low penalties) and eventually move into the
feasible set. An example of this approach is:

P (t)(x) = (ct)α

⎛
⎝ng∑

i=1

aiGi(x)β+

nh∑
j=1

biHj(x)γ

⎞
⎠

annealing penalties This method was inspired by
simulated annealing: The penalties change when
the algorithm gets stuck in a local optimum.
The penalty rises over time to penalize infeasible
solutions in the end of the run of the algorithm.

adaptive penalties Within this approach, the penalty
uses the previous states of the algorithm: The
penalty with respect to a constraint is increased
if all the individuals in the previous generation
were infeasible. The penalty is decreased if all
the individuals in the previous generation were
feasible.

co-evolutionary penalties In this approach, there are
more populations, for example a population for

the evolution of solutions and a population for the
evolution of the penalty factors. A co-evolution
scheme is then used.

death penalty This is a simple method that works
by eliminating all the non-feasible individuals
form the population. While it can be easily
implemented, it tends to work only if the feasible
set is a reasonably large subset of the search space
and when the feasible set is convex. [2]

Another approach in this category works by focusing the
search on the boundary of the feasible set Φ. According
to [1], many real-world tasks have optimum for which
at least some constraints are active, so the focus on the
boundary of the feasible set seems reasonable. The way
the border is explored is by varying a penalty and thus
forcing the individuals to cross between the feasible and
the infeasible set.

The main disadvantage of the penalty methods is
their dependency on multiple parameters. While some
guidance has been provided, often the parameters have
to be empirically determined. [1] Also, penalty methods
often do not perform well when the problem is highly-
constrained or when the feasible set is disconnected. [2]

4. Special representations

This approach tackles the optimization problem by
designing a special, problem-dependent, representation
of the individuals. This in turn calls for special operators
to be used on those individuals. The operators used
typically preserve the feasibility of the population. The
motivation behind this approach is to simplify the
feasible set Ω.

The representation is problem-specific. While the
approach was successfully used on specific problems, it
is difficult to generalize this approach.

5. Repair algorithms

This approach works by repairing infeasible individuals.
Two ways are possible: The repaired individual is used
only to evaluate the fitness of the original, or the
infeasible individual is replaced with the repaired one.

The resulting individual is not necessarily feasible, but
the amount of constraint violation is reduced.

This method was generalized into the area of
constrained multiobjective evolutionary optimization
in [4] and [5].
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The repair approach often has problems with keeping
the diversity of the population. Also, the repair operator
can sometimes introduce a strong bias into the search
process. [3]

6. Separation of constraints and objectives

The following approaches do not mix the objective
and the constraints together. There are several different
methods reported in [2] and [3].

6.1. Superiority of feasible points

In this approach feasible individuals are always
considered superior to infeasible ones.

One way to ensure this is to map the objective function
onto a bounded-above interval, e. g. (−∞, 1) and
specify the fitness function like:

F (x) =

{
f(x) x ∈ Φ
L(x) x ∈ Υ

(8)

where L : Υ → (1,+∞) is a function measuring the
level of constraint violation.

An interesting adaptation that does not require the
objective to be bounded-above is:

F (x) =

{
f(x) x ∈ Φ

f
(t)
max + L(x) x ∈ Υ

(9)

where f
(t)
max = maxx∈P(t)∩Φ f(x) and L : Υ → R

+ is
a function measuring the level of constraint violation.

A different way to ensure the feasible points are always
superior is to use tournament selection with the rules
(x and y denotes the individuals being compared) from
table 1.

Table 1: Tournament selection for the superiority of feasible
points method

x ∈ Φ y ∈ Υ x is preferred over y
x ∈ Υ y ∈ Φ y is preferred over x
x ∈ Φ y ∈ Φ decide based on f(x) and f(y)
x ∈ Υ y ∈ Υ decide based on constraint

violation

6.2. Behavioral memory

This method requires a linear ordering of the constraints.
Then it proceeds as follows:

1. initialize the population randomly

2. evolve the individuals to minimize the violation
of the first constraint; stop when the percentage
of individuals feasible with respect to the first
constraint surpasses given percentage

3. j → 2

4. while j ≤ n do:

(a) evolve the individuals to minimize the
violation of the j-th constraint while
removing individuals which do not satisfy
any of the constraints 1 . . . j; stop when
the percentage of individuals feasible with
respect to the j-th constraint surpasses given
percentage

(b) j → j + 1

5. evolve the individuals to minimize the objective
f while removing infeasible individuals from the
population (death penalty – see section 3)

This approach is similar to the lexicographic ordering
approach mentioned in subsection 7. A drawback is
that the initial ordering of the constraints influences the
results obtained.

Those methods do not work well when the size of the
feasible set is relatively small (when the constraints
are difficult to satisfy). Another problem mentioned in
[3] is the difficulty of maintaining the diversity of the
population.

An interesting point to make is that those approaches
never evaluate the objective on infeasible points, making
it interesting for problems with hard constraints.

7. Multiobjective techniques

The technique works by transforming the original
constrained optimization problem into an unconstrained
multiobjective problem, turning the original constraints
into additional objectives. The problem (1) – (3) turns
into:

min
x∈Ω

(f,G1(x), . . . , Gng
(x),H1(x), . . . , Hnh

(x))

(10)

The ideal solution of (10) is an xideal ∈ Φ such that:

f(xideal) = minx∈Φf(x)

Gi(x
ideal) = 0 ∀i ∈ {1, . . . , ng}

Hj(x
ideal) = 0 ∀j ∈ {1, . . . , nh}

Unlike in actual multiobjective optimization, here we
are not interested in finding good trade-offs between
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the objectives (the original objective (1) and the
constraints): Any feasible point might be acceptable,
no matter the actual value of the constraint violation
values. On the other hand, a global minimum that lies in
the infeasible set is no solution to the original problem,
even if it means a good trade-off in the multiobjective
problem.

In [6] a min-max-like approach was described: The
evolutionary algorithm uses the tournament selection
with the rules (x and y denotes the individuals that are
compared) according to table 2.

Table 2: Tournament selection for the min-max approach
in [6]

x ∈ Φ y ∈ Υ x is preferred over y
x ∈ Υ y ∈ Φ y is preferred over x
x ∈ Φ y ∈ Φ decide based on f(x) and f(y)
x ∈ Υ y ∈ Υ select the individual having

the smallest maximal constraint
violation.

8. Conclusion

This paper presents several ways of handling constrains
together with evolutionary optimization. Majority of the
approaches does need to evaluate the objective outside
the feasible set, which renders the methods unusable
for constraints that cannot be relaxed. Handling such
problems with evolutionary algorithms seems therefore
like an interesting option for further research.
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Abstract

A class of incompressible fluids whose
viscosities depend on the pressure and the
shear rate is considered. The existence of
weak solutions for flows of such fluids under
different settings was studied lately. In this
short note, two recent existence results are
adverted and their direct generalization into
different setting is indicated; in this setting
the corresponding energy estimates are derived
showing the existence of a solution to an
approximate system. A minor correction to one
of the referred papers is also stated.

1. Introduction

The Newtonian homogeneous incompressible fluid is
described by Navier-Stokes equations, where a linear
relation between the stress tensor and the symmetric
part of the velocity gradient is assumed, with a given
constant called viscosity. However, in many important
applications a non-Newtonian model is required. In this
short note, the existence of a weak solution for steady
flows of fluids with the viscosity increasing with the
pressure and decreasing with the shear rate is addressed.

1.1. Fluid model

The theoretical analysis of the following problem is
considered: Find the pressure and the velocity (p,vvv) =
(p, v1, . . . , vd) : Ω → R

d+1 (Ω ⊂ R
d being an open

bounded domain, d ≥ 2) solving the equations:

divvvv = 0 in Ω , (1)

div(vvv ⊗ vvv)− div[ν(p, |D(vvv)|2)D(vvv)]

= −∇p + bbb in Ω , (2)

(∇ denotes the Eulerian spatial gradient, D(vvv) =
1
2 (∇vvv + (∇vvv)T ) the symmetric part of the velocity
gradient) completed by:∫

Ω

p dxxx = 0 (3)

and by the Dirichlet boundary condition

vvv = ϕϕϕ on ∂Ω , (4)

where ϕϕϕ : ∂Ω → R
d and bbb : Ω → R

d are given. We
shall denote the system (1)-(4) by Problem (P). Standard
notation1 concerning function spaces is used.

For the viscosity ν(p, |D|2) the following assumptions
are considered:

A1 For a given r ∈ (1, 2), there are positive constants
C1 and C2 such that for all symmetric linear
transformations B, D and all p ∈ R

C1(1 + |D|2)
r−2
2 |B|2 ≤

∂[ν(p, |D|2)D]

∂D
· (B⊗B)

≤ C2(1 + |D|2)
r−2
2 |B|2 ,

where (B⊗B)ijkl = BijBkl.
1For 1 ≤ r ≤ ∞, the symbols (Lr(Ω), || · ||r) and (W1,r

(0)
(Ω), || · ||1,r) denote the standard Lebesgue and Sobolev spaces (with zero trace on

∂Ω). If X(Ω) is a Banach space of functions defined on Ω then (X(Ω))∗ denotes its dual space. Also, X(Ω) := X(Ω)d = {uuu : Ω → R
d; ui ∈

X(Ω), i = 1, . . . , d}. Further, (W−1,r′

(Ω), || · ||−1,r′ ) := (W1,r
0 )∗, where r′ = r

r−1
. We use the Einstein summation convention in the text.
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A2 For all symmetric linear transformations D and for
all p ∈ R∣∣∣∣∂[ν(p, |D|2)D]

∂p

∣∣∣∣ ≤ γ0(1 + |D|2)
r−2
4 ≤ γ0 ,

with

γ0 <
1

Cdiv,2

C1

C1 + C2
≤

1

2Cdiv,2
.

The constant Cdiv,q originates in the following problem,
which is instrumental in the proof of the existence: For
g ∈ Lq(Ω) given,

∫
Ω

g dxxx = 0, find zzz solving

divzzz = g in Ω, zzz = 000 on ∂Ω . (5)

For q ∈ (1,∞), the bounded linear Bogovskii operator
B : Lq(Ω) → W

1,q
0 (Ω), assigning zzz := B(g) the

solution of (5), fulfills

||zzz||1,q = ||B(g)||1,q ≤ Cdiv,q||g||q . (6)

Moreover, if g = divfff , with fff ∈W1,q(Ω) and fff ·nnn = 0
on ∂Ω, then

||zzz||q = ||B(divfff)||q ≤ Ddiv,q||fff ||q . (7)

Note that the assumptions (A1) and (A2) determine
the fluid model to be shear-thinning and allow it to
be pressure-thickening. Examples and more details can
be found e.g. in [1]. Note also that the following
inequalities result from (A1) and (A2), see [1, 2] for
their proofs. First,

ν(p, |D|2)D : D ≥
C1

2r
(|D|r − 1) , (8)

|ν(p, |D|2)D| ≤
C2

r − 1
(1 + |D|)r−1 (9)

holds for all symmetric D and all p ∈ R. Then, defining

I1,2 := (10)∫ 1

0

(
1 + |D1 + s(D2−D1)|2

) r−2
2 |D1 −D2|2 ds ,

there hold
C1

2
I1,2 ≤

(
ν(p1, |D1|2)D1 − ν(p2, |D2|2)D2

)
: (D1 −D2) +

γ2
0

2C1
|p1 − p2|2 , (11)∣∣ν(p1, |D1|2)D1 − ν(p2, |D2|2)D2

∣∣
≤ C2

(
I1,2
) 1

2 + γ0 |p
1 − p2| . (12)

1.2. Results

The model described above has been systematically
studied in last decade or more; the reader is kindly asked
to find references given in [1] and [2].

In [1], the existence of a weak solution to Problem
(P) including the non-homogeneous Dirichlet boundary

condition (4) was proved, either for small data or
assuming the inner flows:

ϕϕϕ ·nnn = 0 on ∂Ω . (13)

The proof is given for d = 2 or 3 and for

3d

d + 2
≤ r < 2 .

The lower bound relates to the fact, that with r ≥ 3d
d+2

the solution is a possible test function in the weak
formulation and a standard monotone operator theory is
applicable, supplied by proper estimates on the pressure.
Within the proof, the following ε-approximate system is
utilized, replacing equation (1) by

− εΔp + divvvv = 0 in Ω,
∂p

∂nnn
= 0 on ∂Ω (14)

for ε > 0. The solution to Problem (P) is obtained by
the limit ε→ 0.

Recently in [2], the theory was extended to the case

2d

d + 2
< r ≤

3d

d + 2
,

considering the homogeneous Dirichlet boundary
condition

ϕϕϕ = 000 on ∂Ω .

The starting point is the following η, ε-approximate
system, replacing (1) by (14) and replacing (2) by

η|vvv|2r′−2vvv + div (vvv ⊗ Pvvv)
− div [ν(p, |D(vvv)|2)D(vvv)] = −∇p + bbb

}
(15)

for η > 0, where P is a projection to divergence-free
functions.

The goal of the presented paper is to follow these two
results and to study the existence of a weak solution to
Problem (P) with

r <
3d

d + 2
and subject to non-homogeneous Dirichlet boundary
condition. Section 2 derives the energy estimates for
the corresponding η, ε-approximate system, thereby
showing the existence of its weak solution. In Section 3,
the main existence theorem is merely stated, the
remaining parts of the proof–the limit procedures ε→ 0
and η → 0–being left to the reader, referring to [2]. The
theorem assumes non-homogeneous Dirichlet b.c. with
small data, its corollary then treats inner flows with large
data. In the last section, some minor correction to [1] is
mentioned.

2. Energy estimates

The main result of this paper is the following variation
of Lemma 4.1, which is the starting point of the result
established in [2].
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Lemma 1 Let ε, η > 0 be arbitrary. Let Ω ∈ C0,1, d ≥ 2 and bbb ∈W−1,r′

(Ω) be given. Let

2d

d + 1
< r < min

{
2,

3d

d + 2

}
(16)

and the assumptions A1 and A2 be satisfied. There are certain positive constants H1, H2 which depend on r, Ω, C1,
C2 and bbb and which are small enough such that they meet the inequality (23). Let there exist λ ≥ 1 and ΦΦΦ ∈W1,r(Ω)
such that, with q := rd

r(d+1)−2d
,

divΦΦΦ = 0 in Ω, trΦΦΦ = ϕϕϕ and ||ΦΦΦ||q ≤ H1λ
r−2 and ||∇ΦΦΦ||r ≤ ||ΦΦΦ||1,r ≤ H2λ . (17)

Then there exists a couple (p,vvv) satisfying

vvv = uuu + ΦΦΦ, uuu ∈W
1,r
0 (Ω) ∩ L2r′

(Ω) and p ∈W1,2(Ω) ∩ L2
0(Ω) , (18)

ε

∫
Ω

∇p · ∇ξ dxxx +

∫
Ω

ξ divvvv dxxx = 0 for all ξ ∈W1,2(Ω) , (19)

η

∫
Ω

|uuu|2r′−2uuu ·ψψψ dxxx +

∫
Ω

ν(p, |D(vvv)|2)D(vvv) : D(ψψψ) dxxx−

∫
Ω

(vvv ⊗ vvv) : ∇ψψψ dxxx

−
1

2

∫
Ω

(divuuu)uuu ·ψψψ dxxx =

∫
Ω

p divψψψ dxxx + 〈bbb,ψψψ〉 for all ψψψ ∈W
1,r
0 (Ω) ∩ L2r′

(Ω) .

⎫⎪⎬
⎪⎭ (20)

Moreover, the following estimates hold:

ε ||p||21,2 + η ||vvv||2r′

2r′ + ||D(vvv)||rr ≤ C < +∞ , (21)

||ν(p, |D(vvv)|2)D(vvv)||r′ ≤ C < +∞ and ||p|| 2dr
r(d−2)+d

≤ C(η) < +∞ . (22)

Proof: Note that all integrals make sense:

vvv ∈W1,r(Ω) ∩ L2r′

(Ω) ⇐ ΦΦΦ ∈W1,r(Ω) ∩ Lq(Ω), where q > 2r′ since r <
3d

d + 2
,

ξ divvvv ∈ L1(Ω) ⇐ ξ ∈W1,2(Ω) ↪→ Lr′

(Ω) since r >
2d

d + 2
,

ν(p, |D(vvv)|2)D(vvv) : D(ψψψ) ∈ L1(Ω) ⇐ vvv,ψψψ ∈W1,r(Ω) and since (9).

The pair (p,vvv) fulfilling (18)-(20) can be found as a limit of Galerkin approximations. The proof uses Brouwer’s fixed
point theorem, the compact embedding argument, the monotonicity conditions (11), (12) and Vitali’s theorem. Here
the first steps are provided in detail and, in time, the remainings are referred to [1].

Take {αk}∞k=1 and {aaak}∞k=1 any bases of W1,2(Ω) and W
1,2
0 (Ω), respectively. Define the Galerkin approximations as

follows:

pN :=
∑N

k=1 cN
k (αk − 1

|Ω|

∫
Ω

αk dxxx)

vvvN := ΦΦΦ +
∑N

k=1 dN
k aaak =: ΦΦΦ + uuuN

}
for N = 1, 2, . . . ,

where cccN = (cN
1 , . . . , cN

N ) and dddN = (dN
1 , . . . , dN

N ) solve the algebraic system

M([cccN , dddN ]) = 000 ,

withM : R
2N → R

2N being a continuous mapping:

Mk([cccN , dddN ]) := ε

∫
Ω

∇pN · ∇αk dxxx +

∫
Ω

αk divvvvN dxxx , k = 1, 2, . . . , N

MN+l([ccc
N , dddN ]) := η

∫
Ω

|uuuN |2r′−2uuuN · aaal dxxx−

∫
Ω

(vvvN ⊗ vvvN ) : ∇aaal dxxx−
1

2

∫
Ω

(divuuuN )uuuN · aaal dxxx

+

∫
Ω

ν(pN , |D(vvvN )|2)D(vvvN ) : D(aaal) dxxx−

∫
Ω

pN divaaal dxxx− 〈bbb,aaal〉 , l = 1, 2, . . . , N .
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The basic estimate is obtained by testing the equation by (pN ,uuuN ) as follows. First, realize that (recall divvvvN =
divuuuN )

M([cccN , dddN ]) · ([cccN , dddN ]) = ε ||∇pN ||22 + η ||uuuN ||2r′

2r′

=:Iconv︷ ︸︸ ︷
−

∫
Ω

(vvvN ⊗ vvvN ) : ∇uuuN dxxx−
1

2

∫
Ω

(divuuuN ) |uuuN |2 dxxx

+

∫
Ω

ν(pN , |D(vvvN )|2)D(vvvN ) : D(uuuN ) dxxx− 〈bbb,uuuN 〉 .

Since 1
2

∫
Ω
(divuuuN ) |uuuN |2 dxxx = −

∫
Ω
(uuuN ⊗ uuuN ) : ∇uuuN dxxx, it follows that

Iconv = −

∫
Ω

(ΦΦΦ⊗ΦΦΦ + ΦΦΦ⊗ uuuN + uuuN ⊗ΦΦΦ) : ∇uuuN dxxx ,

which implies (using Hölder’s, Korn’s and embeddings inequalities and using r > 2d
d+1 )

|Iconv| ≤ ||∇uuuN ||r
(
2 ||uuuN || rd

d−r
||ΦΦΦ||q + ||ΦΦΦ||22r′

)
≤ C ||D(uuuN )||2r ||ΦΦΦ||q + C ||D(uuuN )||r ||ΦΦΦ||

2
q ,

where q = dr
r(d+1)−2d

> 2r′. Throughout this text, the symbols C denote positive, generally different constants.
Further, ∫

Ω

ν(pN , |D(vvvN )|2)D(vvvN ) : D(uuuN ) dxxx =

∫
Ω

ν(pN , |D(vvvN )|2)D(vvvN ) : (D(vvvN )−D(ΦΦΦ)) dxxx

≥
C1

2r

∫
Ω

|D(vvvN )|r dxxx−
C1

2r
|Ω| −

C2

r − 1

∫
Ω

(1 + |D(vvvN )|)r−1|D(ΦΦΦ)|dxxx

≥ C ||D(uuuN ) + D(ΦΦΦ)||rr − C − C ||D(ΦΦΦ)||r ||1 + |D(uuuN ) + D(ΦΦΦ)| ||r−1
r .

Using |a + b|r−1 ≤ |a|r−1 + |b|r−1 due to r − 1 < 1, it follows∫
Ω

ν(pN , |D(vvvN )|2)D(vvvN ) : D(uuuN ) dxxx ≥ C ||D(uuuN ) + D(ΦΦΦ)||r
(
||D(uuuN )||r−1

r − ||D(ΦΦΦ)||r−1
r

)
− C − C ||D(ΦΦΦ)||r

(
1 + ||D(uuuN )||r−1

r + ||D(ΦΦΦ)||r−1
r

)
≥ D ||D(uuuN )||rr − C ||D(ΦΦΦ)||r ||D(uuuN )||r−1

r − C ||D(ΦΦΦ)||r−1
r ||D(uuuN )||r − C ||D(ΦΦΦ)||rr − C .

Finally, since |〈bbb,uuuN 〉| ≤ C ||bbb||−1,r′ ||D(uuuN )||r and noticing that there holds ||∇pN ||2 ≥ C ||pN ||1,2, we arrive at

M([cccN , dddN ]) : ([cccN , dddN ]) ≥ εC ||pN ||21,2 + η ||uuuN ||2r′

2r′ + D ||D(uuuN )||rr

− C ||D(uuuN )||2r ||ΦΦΦ||q − C ||D(uuuN )||r ||ΦΦΦ||
2
q − C ||D(uuuN )||r−1

r ||∇ΦΦΦ||r

− C ||D(uuuN )||r ||∇ΦΦΦ||r−1
r − C ||∇ΦΦΦ||rr − C − C ||D(uuuN )||r .

At this point the assumption (17) is recalled and, denoting ρ := ||D(uuuN )||r/λ, the following is observed:

M([cccN , dddN ]) : ([cccN , dddN ]) ≥ εC ||pN ||21,2 + η ||uuuN ||2r′

2r′ + Dρrλr

− Cρ2λ2H1λ
r−2 − CρλH1λ

2r−4 − Cρr−1λr−1H2λ− CρλHr−1
2 λr−1 − CHr

2λr − Cρλ− C

≥ εC ||pN ||21,2 + η ||uuuN ||2r′

2r′ + Dρrλr

− CH1ρ
2λr − CH1ρλ2r−3 − CH2ρ

r−1λr − CHr−1
2 ρλr − CHr

2λr − Cρλ− C .

Since 1 ≤ λ ≤ λr and λ2r−3 ≤ λr, this can be rewritten as

M([cccN , dddN ]) : ([cccN , dddN ]) ≥ εC ||pN ||21,2 + η ||uuuN ||2r′

2r′

+ λr

[(
D

2
ρr − Cρ− C

)
+

(
D

2
ρr − CH1ρ

2 − CH1ρ− CH2ρ
r−1 − CHr−1

2 ρ− CHr
2

)]
.
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Define E > 0 such that D
2 Er − CE − C ≥ 0. The values of C, D and E define the following constraint, which is

assumed to be fulfilled by the constants H1 and H2:

D

2
Er − (CE2 + CE)H1 − CEr−1H2 − CEHr−1

2 − CHr
2 ≥ 0 . (23)

Note that, since D
2 Er > 0, some H1, H2 small enough to meet (23) can be found. Note that the values of C, D, E

and consequently H1 and H2 depend only on C1, C2, r, Ω and bbb.

It follows that the inequality

M([cccN , dddN ]) : ([cccN , dddN ]) ≥ 000 (24)

holds for any [cccN , dddN ], provided that ||D(uuuN )||r = E. Moreover, there exists some C > 0 independent of ε and η,
such that (24) holds also for any [cccN , dddN ], provided that ε ||pN ||21,2 ≥ C or provided that η ||uuuN ||2r′

2r′ ≥ C. Applying
Brouwer’s fixed point theorem, a solution (pN , vvvN ) of the Galerkin approximate system is obtained, fulfilling the
estimate (21)

ε ||pN ||21,2 + η ||vvvN ||2r′

2r′ + ||D(vvvN )||r ≤ C <∞ , (25)

where C does not depend on ε neither on η. The estimate (22)1

||ν(pN , |D(vvvN )|2)D(vvvN )||r′ ≤ C <∞ (26)

then follows from (9).

With the estimates (25)-(26) in hand, the limit passage N →∞ follows exactly the steps given e.g. in [1]; the compact
embedding, the monotonicity (11) and Vitali’s theorem are used and a couple (p,vvv) is found, which solves (18)-(20)
and fulfills the estimates (21), (22)1.

In order to obtain an estimate for pressure uniform with respect to ε, test the equation (20) with ψψψ := B(|p|s−2p −
1
|Ω|

∫
Ω
|p|s−2p dxxx), denoting s := 2rd

r(d−2)+d
. Note that

||ψψψ||1,s′ ≤ 2Cdiv,s′ ||p||s−1
s

||ψψψ||2r′ = ||ψψψ|| ds′

d−s′
≤ C ||ψψψ||1,s′ , r ≤ s′ and s ≤ r′ .

Since
∫
Ω

p divψψψ dxxx = ||p||ss, this yields

||p||ss = η

∫
Ω

|uuu|2r′−2uuu·ψψψ dxxx−

∫
Ω

(vvv⊗ vvv) :∇ψψψ dxxx−
1

2

∫
Ω

(divuuu)uuu·ψψψ dxxx +

∫
Ω

ν(p, |D(vvv)|2)D(vvv) :D(ψψψ) dxxx− 〈bbb,ψψψ〉

≤ η ||ψψψ||2r′ ||uuu||2r′−1
2r′ + C ||ψψψ||1,s′ ||vvv ⊗ vvv||s + C ||D(uuu)||r ||ψψψ||2r′ ||uuu||2r′ + C ||ψψψ||1,r(1 + ||D(vvv)||r)

r−1

+||bbb||−1,r′ ||ψψψ||1,r ≤ C(η) ||ψψψ||1,s′ ≤ C(η) ||p||s−1
s ,

which finally implies (22)2

||p|| 2dr
r(d−2)+d

≤ C(η) <∞ . (27)

�

3. Existence theorem

Lemma 1 allows to establish the following results. First,
the generalization of Theorem 1 stated in [1] and of
Theorem 2.1 stated in [2] can be formulated:

Theorem 2 Let Ω ∈ C0,1, d ≥ 2 and bbb ∈ W−1,r′

(Ω)

be given. Let

2d

d + 1
< r < min

{
2,

3d

d + 2

}

and the assumptions A1 and A2 be satisfied. Let there
exist λ ≥ 1 and ΦΦΦ ∈ W1,r(Ω) fulfilling (17), with H1

and H2 meeting the inequality (23).
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Then there exists at least one weak solution (p,vvv) to
Problem (P) such that

vvv = uuu + ΦΦΦ, (p,uuu) ∈ L
dr

2(d−r)

0 (Ω)×W
1,r
div,0(Ω) ,

and such that, for all ψψψ ∈ C∞0 (Ω)d,∫
Ω

ν(p, |D(vvv)|2)D(vvv) : D(ψψψ) dxxx

−

∫
Ω

(vvv ⊗ vvv) : ∇ψψψ dxxx =

∫
Ω

p divψψψ dxxx + 〈bbb,ψψψ〉 .

For the proof, the reader is asked to follow the
complete procedure given in [2], starting with the above
established Lemma 1 and using the method of Lipschitz
approximations of Sobolev functions, developed in [3,
4].

The assumptions (17) on the non-homogeneous
Dirichlet boundary condition contains, deliberately, the
“free” parameter λ ≥ 1. This allows, due to Lemma 3 in
[1], to proceed to the following analogy of Corollary 4
in [1] concerned with the inner flows:

Corollary 3 Let Ω and bbb be the same as in Theorem 2.
Let the assumptions (A1) and (A2) be satisfied with

d = 3

and with

2−
1

d
=

5

3
< r <

9

5
=

3d

d + 2
. (28)

Let ϕϕϕ = trΦΦΦ for some ΦΦΦ ∈ W1,q(Ω) ∩ L∞(Ω),
q = rd

r(d+1)−2d
, where ϕϕϕ satisfies (13)

ϕϕϕ ·nnn = 0 on ∂Ω .

Then there is at least one weak solution to Problem (P).

A short proof given in [1] is reproduced here. The goal is
to find ΦΦΦη, η ∈ (0, 1〉 and λ ≥ 1 such that the condition
(17) is fulfilled, i. e.

||ΦΦΦη|| rd
r(d+1)−2d

≤ H1λ
r−2 , (29)

||ΦΦΦη||1,r ≤ H2λ . (30)

Then the assertion follows from Theorem 2.

For any η ∈ (0, 1〉, Lemma 3 in [1] gives a suitable
extension ΦΦΦη of the boundary data ϕϕϕ and the estimate

||ΦΦΦη||q < Hη
1
q , (31)

||ΦΦΦη||1,q < Hη
1
q
−1 , (32)

where q ∈ (0,∞) and where H depends only on Ω
and ΦΦΦ. Since r > 2− 1

d
, an s can be found such that

r − 1

r
< s <

r(d + 1)− 2d

rd(2− r)
.

Setting λ := η−s this means that for any positive
constants H , H1 and H2, suitable η ∈ (0, 1〉 can be
found such that

H1λ
r−2 = H1η

s(2−r) > Hη
r(d+1)−2d

rd ,

H2λ = H2η
−s > Hη

1−r
r .

For such η, the assertions (29)-(30) follow from (31)
and (32).
�

4. Further notes

Note that in comparison to Theorem 1 in [1], its
assumption (15) is not of any use here and is simply
missing in Lemma 1 and Theorem 2. This is, however,
not a generalization of the previous result but merely a
correction of a mistake. The energy estimates procedure
provided in [1] is formulated in terms of vvvN instead of
uuuN , which is (in the context of applying Brouwer’s fixed
point theorem) not correct. The author apologizes for
this inconvenience.

Note that the constraint r > 2 − 1
d

does not allow
to extend the result for inner flows in case of two
dimensions, because 2 − 1

d
= 3

2 = 3d
d+2 . In

three dimensions, while the “homogeneous Dirichlet”
Theorem 2.1 in [2] holds for r down to 2d

d+2 = 6
5 , the

“small data” Theorem 2 requires 2d
d+1 = 3

2 < r and the
“inner flows” Corollary 3 assumes 2− 1

d
= 5

3 < r.
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Abstrakt

V tomto přı́spěvku je popsán přı́stup k
virtuálnı́ integraci dat využı́vajı́cı́ současných
principů, metod a nástrojů sémantického webu.
Přı́stup pracuje s daty ve formátu RDF a
předpokládá dostupnost ontologiı́, které je
popisujı́. Ontologie jsou základem pro všechny
kroky prezentovaného integračnı́ho procesu.
Jsou využity jak k určenı́ vztahů mezi daty
a poskytovaným integrovaným pohledem, tak
i k zápisu nalezených korespondencı́. Ty jsou
dále použity při zpracovánı́ dotazů kladených na
integrovaná data.

1. Úvod

Úloha zpracovánı́ dat z různých (i distribuovaných)
datových zdrojů je známa vı́ce než 40 let. Tato úloha
je označována jako integrace dat a je předmětem
mnoha výzkumných pracı́ a projektů zabývajı́cı́ch se
celou škálou typů dat - od dat relačnı́ch databázı́
přes obecná (heterogennı́) data. Současným velmi
rozšı́řeným tématem je integrace dat pocházejı́cı́ch z
webu, přı́padně dat sémantického webu.

V přı́padě webových dat je obvykle použı́vána tzv.
virtuálnı́ integrace dat [18]. Tento přı́stup je někdy
také označován jako integrace pomocı́ pohledů či
pomocı́ mediátorů. Je založený na tom, že se na data
poskytne globálnı́ integrovaný pohled (který je ovšem
virtuálnı́), mı́sto aby byla úloha řešena vytvořenı́m
nového materializovaného zdroje. Definovaný pohled
zprostředkovává přı́stup k datům, která zůstávajı́ fyzicky
uložena v původnı́ch zdrojı́ch, nicméně dı́ky němu je
možné původnı́ data zpracovávat takovým způsobem,

jako kdyby byla uložena na jednom mı́stě, v jednom
zdroji, v jednom prostředı́, se stejným schématem atd.

Abychom vı́ce omezili obecný typ dat, která chceme
integrovat, zaměřı́me se na data sémantického webu.
Integrace takovýchto dat může vycházet z toho,
že na sémantickém webu by měla být počı́tačově
zpracovávatelná data. Současnými prostředky a
technikami, které jsou využı́vány k podpoře této
myšlenky je jazyk XML, model RDF a OWL ontologie.
Na základě hlavnı́ motivace sémantického webu -
umožnit zpracovánı́ dat bez nutnosti lidského zásahu,
mohou tedy přı́stupy řešenı́ integrace založené na těchto
principech očekávat lepšı́ zautomatizovánı́ řešené úlohy.

Současné projekty v této oblasti se zaměřujı́ hlavně
na využitı́ ontologiı́. Ontologie mohou být použity v
mnoha krocı́ch integračnı́ho procesu. Nejčastěji jsou
ovšem využity ve fázi hledánı́ korespondencı́ mezi
integrovanými daty. Tento článek popisuje přı́stup,
ve kterém jsou ontologie kromě výše uvedeného
použity také k definovánı́ nalezených korespondencı́.
Součástı́ popisu přı́stupu je nejen jak zı́skat potřebné
korespondence a jakým způsobem je v ontologii zapsat,
ale také jak je poté využı́t při zpracovánı́ dotazů.

Článek je organizován následovně: Část 2 poskytuje
základnı́ popis obecného přı́stupu virtuálnı́ integrace
dat, v podrobnostech se pak dále orientuje na přı́stup
založený na ontologiı́ch a prezentuje ideu využitı́
ontologie jako prostředku k popisu vztahů mezi
jednotlivými elementy zdrojů. Část 3 pak popsaného
přı́stupu využı́vá při zpracovánı́ dotazů. Srovnánı́ s
jinými ontologicky zaměřenými přı́stupy je předmětem
části 4. Celý článek shrnuje část 5.
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2. Integrace dat s využitı́m ontologiı́

Běžným způsobem jak kombinovat data pocházejı́cı́ z
velkého množstvı́ zdrojů nebo ze zdrojů s relativně
často se měnı́cı́m obsahem je virtuálnı́ integrace dat.
V takovém přı́stupu řešenı́ úlohy integrace zůstávajı́
data uložena v původnı́ch zdrojı́ch a přı́stup k nim
je umožněn prostřednictvı́m integrovaného pohledu
nebo pomocı́ rozhranı́ integračnı́ho systému, který
takový pohled poskytuje. Z této myšlenky vyplývá
hlavnı́ výhoda přı́stupu: nevytvářı́ se kopie dat v
novém materializovaném zdroji - nenı́ třeba se zabývat
aktuálnostı́ dat a nemusı́ být řešeny pamět’ové nároky.
Proto je tento způsob často volen pro webová data.

Obrázek 1: Virtuálnı́ integrace dat

Základem přı́stupu na Obr. 1. jsou datové zdroje. Vyššı́
vrstva je reprezentována komponentami označovanými
jako wrappery - ty přı́slušı́ k lokálnı́m zdrojům. Každý
wrapper poskytuje přı́stup ke zdroji a plnı́ funkci
rozhrannı́ mezi lokálnı́m prostředı́m zdroje a prostředı́m
integračnı́ho systému.

Vlastnı́ jádro integrace představuje integračnı́
systém, který použije uživatel, chce-li přistupovat
k integrovaným datům. Uživatel formuluje své
dotazy v prostředı́ globálnı́ho pohledu prezentovaného
systémem. Protože však dotaz musı́ být vyhodnocen
nad daty ve zdrojı́ch, jejichž prostředı́ může být
naprosto odlišné, musı́ systém dotaz nějakým způsobem
zpracovat, než jej může vyhodnotit nad zdroji, aby
mohl vrátit odpověd’ uživateli. K umožněnı́ požadované

funkcionality jsou definovány korespondence mezi
globálnı́m a jednotlivými lokálnı́mi prostředı́mi.

Integračnı́ proces je možné vidět jako kolekci úloh,
které spolu zajistı́ žádaný výsledek. Základnı́mi kroky
ve virtuálně řešené integraci jsou:

• matching - úloha hledánı́ korespondencı́ mezi daty

• mapovánı́ - způsob, jak zaznamenat nalezené
korespondence

• dotazovánı́ - úloha vyhodnocenı́ dotazů za pomoci
informacı́ uložených v mapovánı́

V prezentovaném přı́stupu jsou uvažována data
pocházejı́cı́ ze sémantického webu. Proto jsou
předpokládány zdroje obsahujı́cı́ RDF data vyjádřená
pomocı́ syntaxe XML. Dalšı́m důležitým předpokladem
jsou OWL ontologie popisujı́cı́ integrované zdroje.
Presentovaný přı́stup těžı́ z dostupných informacı́
obsažených v ontologiı́ch, proto je jejich dostupnost
klı́čovým předpokladem tohoto způsobu řešenı́
integrace dat.

2.1. Korespondence mezi daty

Při hledánı́ vztahů mezi daty obsaženými v různých
datových zdrojı́ch lze nalézt různé typy vzájemných
korespondencı́. V obecném přı́padě může jeden element
jednoho zdroje korespondovat s jednı́m nebo vı́ce
jinými elementy (i jiných zdrojů), může korespondovat
s kombinacı́ elementů, nebo nemusı́ korespondovat s
žádným jiným elementem. V této souvislosti se obvykle
při hledánı́ korespondencı́ použı́vá pojem kardinalita,
která pro určitou korespondenci vyjadřuje, kolik
elementů mapovaných schémat do vztahu vstupuje.
Kardinalita korespondence může být 1:1, 1:N, N:1,
N:M. Většina existujı́cı́ch přı́stupů využı́vá kardinalit
1:1 nebo 1:N.

Prezentovaný přı́stup uvažuje vztahy následujı́cı́ch
kardinalit:

• 1:1 - při vzájemném porovnávánı́ dvou schémat.
Tento přı́pad vyjadřuje, že element jednoho
schématu je ve vztahu s jednı́m elementem
druhého schématu.

• 1:N - při porovnávánı́ jednoho schématu s vı́ce
dalšı́mi schématy. Tento přı́pad je možné vidět
jako množinu korespondencı́ kardinalit 1:1.

Uvažovaným vztahem mezi daty jsou následujı́cı́ druhy
korespondencı́:
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• Is-a hierarchický vztah (tj. jeden element je
obecnějšı́ než druhý, nebo naopak) - tento druh
je označen jako ⊆, resp. ⊇.

• Ekvivalence mezi elementy - tento druh je
označen jako =.

• Disjunktnost - tj. mezi elementy nenı́ žádná
souvislost.

Výsledek úlohy hledánı́ vzájemných vztahů mezi
schématy, tedy nalezené korespondence, se často
označuje jako mapovánı́. Obecně může mapovánı́
představovat libovolná struktura. Kromě napřı́klad
použı́vánı́ mapovacı́ch pravidel jako tvrzenı́ pro
elementy globálnı́ch a lokálnı́ch schémat (at’ už ve
formě 1-1 pravidel či pohledů), které jsou orientovány
na konkrétnı́ řešenou úlohu, je možné využı́t složitějšı́ a
dokonce standardizovanou strukturu, jenž by pokrývala
všechna mapovánı́. K popisu mapovánı́ mezi elementy
schématu globálnı́ho pohledu a schémat lokálnı́ch
zdrojů bude použita ontologie OWL.

K popisu mapovánı́ bude v závislosti na typu
vztahu využit odpovı́dajı́cı́ konstrukt. Abstraktnı́m
mechanismem pro seskupovánı́ popisovaných zdrojů v
OWL je třı́da (class). Zdrojem na webu je jakákoli
identifikovatelná entita. Proto bude pojetı́ owl:Class
použito pro korespondenci elementů:

• Is-a hierarchický vztah, tj. element1 ⊆ element2,
lze vyjádřit pomocı́ podtřı́d. Přı́slušným rysem
OWL je rdfs:subClassOf, který umožňuje
vyjádřit, že extenze jedné třı́dy je podmnožinou
extenze jiné třı́dy.

• Vztah ekvivalence, tj. element1 = element2, lze
v OWL vyjádřit s owl:equivalentClass.
owl:equivalentClass umožňuje vyjádřit,
že dvě třı́dy majı́ stejnou extenzi. V tomto přı́padě
může být také použit rdfs:subClassOf tak,
že definujeme element1 jako podtřı́du třı́dy
element2 a současně element2 jako podtřı́du třı́dy
element1.

• Disjunktnost (neboli tvrzenı́, že extenze
jedné třı́dy nemá žádné společné prvky
s extenzı́ jiné třı́dy) lze vyjádřit pomocı́
owl:disjointWith.

2.2. Hledánı́ korespondencı́ v přı́padě sdı́lené
ontologie

Důležitým předpokladem prezentovaného přı́stupu je
dostupnost ontologiı́, které popisujı́ integrovaná data.

Ke každému uvažovanému zdroji je tedy předpokládána
existence nějaké popisujı́cı́ ontologie. Situace přitom
nemusı́ být taková, že jeden zdroj je popsán právě
jednou ontologiı́, ale zdroj může být popsán vı́ce
ontologiemi, přičemž každá z nich jej popisuje pouze
částečně, nebo naopak jediná ontologie může popisovat
data vı́ce zdrojů současně.

V nejjednoduššı́m přı́padě je popis všech zdrojů
dostupný v jediné ontologii. Tato ontologie je lokálnı́mi
zdroji sdı́lena a pokrývá popis všech lokálnı́ch dat.
Vztahy mezi elementy nenı́ třeba hledat - mohou být
nalezeny přı́mo v této ontologii.

Uvažujeme-li dřı́ve zmı́něné typy korespondencı́, je
možné přı́stup založit na is-a hierarchii definované
sdı́lenou ontologiı́. Některé vztahy nemusı́ být v
ontologii vyjádřeny přı́mo, ale je možné je z
ontologie zı́skat využitı́m tranzitivity is-a vztahu. Je-
li napřı́klad použit přı́stup k ontologii jako grafu s
třı́dami popisujı́cı́mi jednotlivé pojmy jako uzly a
s orientovanými hranami vyjadřujı́cı́mi existenci is-
a vztahu, korespondenci nepopisuje pouze existujı́cı́
hrana, ale také ohodnocená cesta v grafu.

V přı́padě, že jsou elementy disjunktnı́, znamená to,
že v is-a hierarchii neexistuje žádná cesta a nenı́ tedy
nutné nějaký vztah hledat. V praxi vede tato situace
ke stejnému efektu, jako když je vztah hledán, ale
žádný nenı́ nalezen. Ovšem je vhodné tuto informaci
o disjunktnosti dále uchovávat, protože může být
dále využita při rozšiřovánı́ přı́stupu napřı́klad o dalšı́
usuzovánı́ apod.

2.3. Obecný přı́pad hledánı́ korespondencı́ založený
na ontologiı́ch

Obecně nemusı́ být ontologie, která by popisovala
všechna zpracovávaná data, dostupná. Některé zdroje
mohou sdı́let některé pojmy, avšak sdı́lenı́ všech pojmů
všemi zdroji nelze předpokládat. Je třeba pracovat
obecně s vı́ce ontologiemi. Sloučenı́m všech ontologiı́,
které popisujı́ integrované datové zdroje, zı́skáme
”novou” sdı́lenou ontologii, a tak je tento obecný přı́pad
převeden na předchozı́.

Slučovánı́m ontologiı́ se zabývá řada výzkumů v
oblastech ontology alignment a ontology merging
[5] a je tedy možné využı́t některou ze známých
metod. V souvislosti s ontologemi, pojmy alignment
a merging spolu úzce souvisı́. Pro oba jsou také
relevantnı́ úlohy hledánı́ korespondencı́ (matching)
a mapovánı́ (mapping). Ontology alignment obvykle
označuje stanovenı́ binárnı́ch vztahů mezi dvěma
ontologiemi. To umožňuje definovat způsob, jak tyto
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ontologie sloučit. Výsledkem ontology merging je nová
integrovaná ontologie.

Metodami pro ontology merging, jež je možné
při hledánı́ sdı́lené ontologie použı́t, se zabývá
mnoho výzkumných projektů, napřı́klad Chimaera [7],
PROMPT [12], FCA-MERGE [16], HCONE [6]. V této
fázi integračnı́ho procesu je možné využı́t některý z
již vytvořených nástrojů. To je výhoda, která vyplývá
z faktu, že k zachycenı́ potřebných vztahů využı́váme
standardizovaný nástroj.

3. Dotazovánı́ nad integrovanými daty

Vytvořenı́ mapovánı́ uvedené v předchozı́ kapitole
je stěžejnı́ úloha, jejı́ž výsledek hraje důležitou roli
při přı́stupu k datům pomocı́ dotazů. Dotazy jsou
tvořené nad poskytovaným pohledem (využı́vajı́ jeho
jazyk, schéma apod.). Pro vyhodnocenı́ dotazu nad
daty uloženými v lokálnı́ch datových zdrojı́ch je třeba
původnı́ dotaz nějakým způsobem zpracovat.

Zpracovánı́m dotazu [13] se zabývajı́ dva základnı́
přı́stupy. Prvnı́m je přepisovánı́ dotazů (query rewriting)
- dotaz je dekomponován na části odpovı́dajı́cı́ lokálnı́m
zdrojům. Ty jsou dále přepsány tak, aby byly vyjádřeny
v prostředı́ přı́slušného lokálnı́ho zdroje. Nad zdrojem
jsou pak vzniklé lokálnı́ dotazy vyhodnoceny a ze
zı́skaných lokálnı́ch odpovědı́ je následně sestavena
globálnı́ odpověd’, která je vrácena jako odpověd’ na
původnı́ (uživatelův) dotaz.

Druhou možnostı́ je odpovı́dánı́ dotazů (query
answering), která nijak nespecifikuje, jak má být daný
dotaz zpracován. Jejı́m cı́lem je využı́t všechny dostupné
informace k zı́skánı́ odpovědi na dotaz. Přı́kladem může
být hledánı́ takových dat, u nichž lze dle dostupných
znalostı́ usuzovat, že jsou hledaným výsledkem.

V konkrétnı́ situaci, kterou se zabývá tento článek,
jsou uvažována RDF/XML data. RDF/XML data
jsou obsažena v původnı́ch zdrojı́ch a jsou také
prezentována jako data integrovaného pohledu. V obou
přı́padech - na lokálnı́ i globálnı́ úrovni - je tedy jako
dotazovacı́ prostředek využı́ván jazyk SPARQL. Úlohou
je globálně vyjádřený kladený dotaz vyjádřit v takové
formě, aby bylo možné dotaz vyhodnotit nad zdroji.

K přepsánı́ globálnı́ho dotazu do přı́slušných lokálnı́ch
subdotazů je využito mapovánı́ zachycené v ontologii.
Z této ontologie jsou patrné uvažované vztahy
mezi pojmy použitými v dotaze a pojmy, které
použı́vajı́ lokálnı́ zdroje. Přirovnáme-li ontologii ke
grafu, ve kterém jsou pojmy zobrazeny jako uzly
a vztahy mezi nimi jako ohodnocené hrany, lze

přepsánı́ pojmu, který byl v dotaze použit, zı́skat
z ontologie následujı́cı́m způsobem: všechny pojmy,
do kterých vede z daného pojmu cesta ohodnocená
uvažovanými vztahy korespondence (např. ekvivalence
nebo hierarchie) jsou relevantnı́ a použitelné při přepsánı́
dotazu. Každého kandidáta na přepsánı́ tedy zı́skáme
průchodem grafu ontologie od daného pojmu přes hrany
korespondencı́.

Nenı́ nutné využı́vat pouze hrany vyjadřujı́cı́
ekvivalenci. Napřı́klad při uvažovánı́ hierarchie pojmů
lze využı́t také is-a vztah. Jde přitom o pravidlo,
jehož princip je dobře znám napřı́klad v objektově
orientovaném programovánı́: potomek může zastoupit
svého předka. Chceme-li uvažovat bohatšı́ škálu
korespondencı́, je třeba přepisovacı́ mechanismus
doplnit o adekvátnı́ mechanismy, aby bylo možné
vztahů v přepisovánı́ využı́t.

Zvolený způsob zpracovánı́ dotazů v prezentovaném
přı́stupu je popsán následujı́cı́mi přepisovacı́mi
algoritmy. Základnı́ situacı́ je tzv. jednoduchý dotaz,
tj. dotaz obsahujı́cı́ pouze jednoduchou podmı́nku na
požadovaná data trojice RDF, RDF trojice v dotaze
nijak nekombinujeme. Dotaz tedy nenı́ třeba rozkládat
a zı́skané odpovědi nenı́ třeba kombinovat. Globálnı́
odpověd’ zı́skáme přepsánı́m lokálnı́ch odpovědı́ do
globálnı́ho prostředı́.

Algoritmus 1 Přepsánı́ jednoduchého dotazu I

vstupy: globálnı́ dotaz, mapovacı́ ontologie
výstupy: lokálnı́ dotazy, lokálnı́ odpovědi, globálnı́
odpověd’

- pro každý pojem t generuj množinu všech možných
přepsánı́ pojmu r(t)
- použitı́m všech r(t) generuj množinu všech možných
přepsánı́ dotazu, tj. množinu všech lokálnı́ch dotazů
- všechny lokálnı́ dotazy vyhodnot’ nad všemi lokálnı́mi
zdroji a zı́skej lokálnı́ odpovědi
- využitı́m reversnı́ho přepsánı́ vrat’ odpovědi v
globálnı́m prostředı́, tj. globálnı́ odpověd’

Základnı́ přı́pad nemusı́ nutně vést k situaci, že by
odpovědı́ musela být jediná trojice RDF. Hledaná
data mohou být obsažena ve vı́ce zdrojı́ch. Dá-
li každý takový zdroj odpověd’, jsou všechny tyto
zı́skané RDF trojice součástı́ výsledku, který zı́skáme
jejich sjednocenı́m. Může následovat dalšı́ zpracovánı́
výsledku, napřı́klad odstraněnı́ duplicit. V této fázi je
též možné, že odhalı́me nekonzistenci v datech zdrojů.

Uvedený algoritmus je možné (a je to dokonce
žádoucı́) dále zefektivňovat. Ptáme-li se všech zdrojů
s využitı́m všech možných přepsánı́, je jednak
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u některých kombinacı́ zdrojů a dotazů předem
očekávána prázdná množina s odpovědı́ a jednak narůstá
počet všech možných přepsánı́ dotazu. V přı́padě
jednoduchého dotazu s podmı́nkou na jedinou trojici
jde o zanedbatelný fakt, ovšem ve složitějšı́ch přı́padech
při kombinovánı́ trojic či kladenı́ složitějšı́ch podmı́nek
objem lokálnı́ch dotazů neúnosně narůstá.

V optimalizované formě postupu přepisovánı́ je proto
zohledněn fakt, zda je daný pojem zdrojem podporován
či nikoliv, tedy dotaz je přepisován přı́mo do formy
pro konkrétnı́ datový zdroj. Využity jsou tedy pouze
podporované pojmy neboli relevantnı́ k danému zdroji.
Takovou informaci je možné zı́skat přı́mo z ontologie
zdroje, schémata zdroje, nebo také předzpracovánı́m
zdroje, pokud je požadováno tuto množinu co nejvı́ce
omezit. To je velmi efektivnı́ v přı́padech, kdy je
podporovaná ontologie mnohem rozsáhlejšı́ vzhledem
ke zdroji, schéma obsahuje velké množstvı́ nepovinných
prvků a podobně.

Algoritmus 2 Přepsánı́ jednoduchého dotazu II

vstupy: globálnı́ dotaz, mapovacı́ ontologie, množiny
podporovaných pojmů pro každý zdroj
výstupy: lokálnı́ dotazy, lokálnı́ odpovědi, globálnı́
odpověd’

- pro každý pojem t generuj množinu všech relevantnı́ch
přepsánı́ pojmu r(t)
- použitı́m všech r(t) generuj množinu všech
relevantnı́ch přepsánı́ dotazu, tj. množinu všech
lokálnı́ch dotazů
- všechny lokálnı́ dotazy vyhodnot’ nad všemi lokálnı́mi
zdroji a zı́skej lokálnı́ odpovědi
- využitı́m reversnı́ho přepsánı́ vrat’ odpovědi v
globálnı́m prostředı́, tj. globálnı́ odpověd’

V přı́padě, že globálnı́ dotaz obsahuje složenou
podmı́nku, napřı́klad při kombinaci vı́ce RDF trojic,
je nutné složený dotaz nejprve rozdělit do vı́ce
jednoduchých dotazů s jednoduchými podmı́nkami.
Zı́skané jednoduché odpovědi je nutné před vrácenı́m
odpovědi adekvátnı́m způsobem opět složit. Rozklad
dotazu na jednoduché dotazy je určen strukturou
podmı́nek na data RDF. Obecně jde napřı́klad o
kombinaci sjednocenı́m či průnikem, adekvátnı́ složenı́
je tedy průnik odpovědı́, či jejich sjednocenı́.

Při rozkladu složeného dotazu však nejde pouze o
podmı́nku specifikovanou v dotaze. Ovlivněn bude také
požadovaný výstup - jde-li v dotaze o kombinaci trojic,
je nutné, aby v jednoduché odpovědi byly obsaženy
prvky, přes které je pak skládána globálnı́ složená
odpověd’. Před vlastnı́m rozkladem dotazu je proto
nutné tyto výstupy (pokud nejsou uvedeny) doplnit.
Při rozkladu dotazu pak nenı́ rozdělena jen vlastnı́
podmı́nka, ale také výstupy tak, aby každý jednoduchý
dotaz obsahoval pouze vzájemně relevantnı́ části.

Algoritmus 3 Přepsánı́ složeného dotazu

vstupy: globálnı́ dotaz, mapovacı́ ontologie, množiny
podporovaných pojmů pro každý zdroj
výstupy: globálnı́ jednoduché dotazy, lokálnı́
jednoduché dotazy, lokálnı́ jednoduché odpovědi,
globálnı́ odpověd’

- rozloženı́m složených podmı́nek na jednoduché rozlož
dotaz na jednoduché dotazy
- pro každý jednoduchý dotaz přepisovacı́m algoritmem
zı́skej jednoduché odpovědi
- jednoduchých odpovědı́ sestav globálnı́ složenou
odpověd’

Celý proces zpracovánı́ dotazu pomocı́ uvedených
přepisovacı́ch algoritmů, včetně zpracovávaných dat v
jednotlivých fázı́ch je znázorněn na Obr. 2.

4. Srovnánı́ přı́stupů

Integrace dat je složitá úloha, která zahrnuje celou sadu
podúloh, které je třeba řešit, abychom v konečné fázi
zı́skali požadovaný výsledek. I jednotlivé fáze procesu
integrace jsou značně obsáhlé a speciálně se jimi zabývá
řada výzkumných článků.

Přı́stupy, které se věnujı́ hledánı́ korespondencı́ [10],
[14], [15], se dajı́ klasifikovat dle úrovně informacı́,
kterou o datech využı́vajı́. Jedná se o metody pracujı́cı́
na úrovni instancı́ (korespondence mezi schématy
zdrojů), na úrovni použı́vaných pojmů (lingvisticky
založené metody, zpracovánı́ slov jako řetězců znaků)
nebo na úrovni struktury (grafové metody). Velmi častá
je ovšem kombinace těchto přı́stupů a uplatňujı́ se i
funkce, vyjadřujı́cı́ podobnosti srovnávaných dat [11],
[17], [19].
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Obrázek 2: Zpracovánı́ dotazu
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V tomto pohledu by se mohlo zdát, že přı́stup popsaný
v tomto článku je značně odlišný. Podobné metody
jako při hledánı́ korespondencı́ se však uplatňujı́ při
slučovánı́ ontologiı́, jichž prezentovaný přı́stup využı́vá.
Podobnosti lze tedy nalézt, jsou pouze řešeny na
jiné úrovni. Toto převedenı́ úlohy integrace dat na
úlohu slučovánı́ ontologiı́ [9] mimo jiné umožnı́ využı́t
výsledků jiných projektů (např. vytvořených nástrojů) a
vı́ce zautomatizovat operace probı́hajı́cı́ v procesu.

Na rozdı́l od úlohy hledánı́ korespondencı́ řešenou
“tradičnı́m” způsobem, kde je často nutná lidská
interakce v konečné fázi při určenı́ skutečně
korespondujı́cı́ch dat, jsou všechny korespondence
zı́skané z ontologie s určitostı́ přijaty. Nenı́ na ně
nahlı́ženo nejprve jako na kandidáty, nebot’ zde nenı́
žádný odhad korespondencı́ - všechny z nich jsou v
dané ontologii definovány. Je však nutné poznamenat, že
i v tomto přı́padě je možné, že je určenı́ korespondencı́
řešeno lidským zásahem, a to v přı́padě využitı́ externı́ho
nástroje při sloučenı́ ontologiı́. Ačkoliv při odvozovánı́
vztahů schémat ze sdı́lené ontologie žádnı́ kandidáti
nevznikajı́ a korespondence jsou přı́mo určeny, v
obecném přı́padě mohou vznikat právě při řešenı́
podúlohy hledánı́ sdı́lené ontologie pomocı́ existujı́cı́
metody, která s kandidáty pracuje.

K vyjádřenı́ mapovánı́ lze použı́t od jednoduchých
1-1 mapovacı́ch pravidel vyjadřujı́cı́ch přı́mou
korespondenci mezi elementy, přes mapovánı́ konceptu
na dotaz nebo pohled [2], až po pomocné mapovacı́
struktury. Různé projekty obvykle použı́vajı́ vlastnı́
pojetı́ mapovánı́, často je následován přı́stup definice
mapovánı́ LAV (Local As View), GAV (Global As
View), či jejich kombinace GLAV [8].

Zpracovánı́ dotazů je pak přı́mo ovlivněno volbou
mapovánı́. Podle složitosti jak uvažovaných dotazů, tak i
mapovánı́ se odvı́jı́ velmi individuálně konkrétnı́ podoba
přı́stupu k dotazům, napřı́klad Inverse rule algorithm [3],
Bucket algorithm a jeho vylepšenı́ v systému MiniCon
[13], či Styx [1].

Podobnost prezentovaného přı́stupu lze nalézt v přı́padě
algoritmu Styx, který také využı́vá vztahů předek -
potomek při zpracovánı́ dotazů. Inspirován algoritmem
Styx byl algoritmus použitý v systému VirGIS [4]
integrujı́cı́m geografická data. V něm je udržováno
mapovánı́ separátně pro každý zdroj a tak je dosaženo
dotazovánı́ na relevantnı́ pojmy. Na rozdı́l od toho
přı́stup prezentovaný v tomto článku pracuje s
mapovánı́m jako celkem a separátně udržuje pouze
informace o podpoře částı́ pro každý zdroj. To, že celé
mapovánı́ je obsaženo v jediné struktuře, umožňuje
efektivnı́ obohacovánı́ mapovánı́ při zjištěnı́ dalšı́ch

korespondencı́, při přidánı́ nového zdroje do systému
či při reakci na změnu některého ze zdrojů. Vše
bez nutnosti přepracovat již zjištěné mapovánı́ nebo
dokonce mapovat každý zdroj znovu.

5. Závěr

Článek popisuje přı́stup k řešenı́ úlohy virtuálnı́
integrace dat pomocı́ ontologiı́. Ontologie je využita
nejen ke zı́skánı́ informacı́ při hledánı́ souvislostı́ mezi
daty, ale sloužı́ i jako prostředek k zachycenı́ nalezených
korespondencı́.

Užitı́ ontologie pro mapovánı́ umožňuje řešit změny a
obohacovánı́ systému doplněnı́m ontologie mapovánı́
bez nutnosti zasahovat do již existujı́cı́ch částı́. Přinášı́
také možnost znovupoužitı́ i v jiných úlohách či
situacı́ch. Navı́c, bude-li v budoucnu třeba zachytit i
dalšı́ typy vztahů mezi elementy, může být ontologie
dále využita, nebot’ je schopna zachytit různé typy
vztahů.

Mapovánı́ popsané v ontologii sloužı́ dále jako klı́čový
zdroj ve fázi zpracovánı́ dotazů. Pro zodpovězenı́ dotazů
kladených na integrovaná data je v článku prezentován
mechanismus, s nı́mž je daný dotaz z globálnı́ úrovně
rozložen a přepsán tak, aby mohl být vyhodnocen
nad fyzickými daty. Využitı́m představeného přı́stupu
integrace je tak možné pracovat s daty na globálnı́ úrovni
bez toho, aby uživatel musel řešit, ve kterém zdroji a v
jaké podobě se dotazovaná data nacházı́.
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Abstract

This paper provide introduction to genetic
algorithms and to fitness landscape. It also gives
a survey of fitness landscape approximation
techniques. Principles of genetic algorithm are
described followed by characterization of fitness
landscape including its basic features. Summary
of improving genetic algorithms performance
by approximation of fitness landscape is given
including survey of often used approximation
models.

1. Introduction

Genetic algorithm can be seen as a tool for solving
optimization problems. It is very robust and can be
applied to many complicated problems. Robustness of
genetic algorithm is paid by computational complexity.
This can be partially reduced in some cases with
approximation techniques. In second part of this paper
genetic algorithm itself is explained. Third part is
introduction to fitness landscape generally and in the
fourth part some exact approaches to fitness landscape
approximation are introduced. At the end of this paper,
future work is discussed.

2. Genetic Algorithm

The main idea of genetic algorithms is based on
Darwin’s Evolution theory. According this theory all
animals and humans are developed from primitive
organisms. The basic principle of this theory is based
on natural selection. The natural selection says that
individuals who are better adapted to surrounding
conditions have grater chance of survival and therefore
grater chance to reproduce themselves. So after many
generations there will be a population where these better

individuals will predominate. By crossing and mutating
new individuals arise. The nature actually solves an
optimization problem by this. It tries find out the optimal
solution of the fitness function or in other words an
organism which is well adapt to surrounding conditions.

In the nature, there is another very important
mechanism, it is the genetics. The information about
parent is passed to the offspring coded in molecule of
deoxyribonucleic acid - DNA. In genetic algorithms
there are many possibilities how to code solutions. Often
used coding is real coding where solution is represented
as a sequence of real numbers. Second possibility is
to code solution as a sequence of values which are
taken from finite sets, the binary coding belongs to this
class. Binary coding means that all components of the
sequence are taken from the set of size two.

Before we describe the genetic algorithm itself, let
us clear some terminology. Every solution is called
phenotype. Coded phenotype we call genotype. For
coding it is usually used binary string of fixed length.
This mapping should be explicit at least from genotype
to phenotype. Every single genotype we call individual
and set of individuals which we will work with we call
population. An offspring rise from the population by
applying the selection and genetic operators (mutation
and recombination) and that offspring became a new
generation by replacing the old population.

2.1. Basic algorithm

Following algorithm represents basic genetic algorithm.

1. initialization

2. evaluation

3. while(stopping criterion)
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(a) selection

(b) recombination

(c) mutation

(d) evaluation

4. end while

We describe all steps in detail now.

2.1.1 Initialization: In initialization the
first generation is created. Every single genotype in
population is randomly generated. When there is a
chance of receiving an inadmissible solution one can
randomly generate phenotypes and then transform them
to genotypes. Population size is usually constant throw
the computation and it is important parameter of the
algorithm.

2.1.2 Stopping criterion: Most commonly
used stopping criterion is reaching certain number of
generations. Sometimes it is convenient to stop the
algorithm after some predefined time and get the best
solution found till that point. In some cases, the needed
level of fitness is known and the algorithm is stopped
after such solution is found.

2.1.3 Evaluation: Evaluation is a simple
computing of the fitness function value for each
individual in the population. Fitness functions often
represent complex problems and therefore this step
of the genetic algorithm takes usually the most of
computing time.

2.1.4 Selection: Selection should ensure that
better individuals will survive to the next generation
and worse individuals do not. Here again, there are a
lot of strategies to choose from, we will describe the
famous one named roulette wheel. In this approach,
each new individual is chosen from the old population
randomly. Chances of individuals in the old population
to be chosen are in the same ratio as their fitness values.

2.1.5 Mutation: A realization of mutation
depends on used coding. In the case of binary coding,
one position in the string is randomly chosen and its
value is changed from 0 to 1 or from 1 to 0. In the case
of coding by finite sets new value is chosen randomly.
In the case of real coding, new value is often chosen
randomly with Gaussian probability distribution.

2.1.6 Recombination: Recombination
operator represents principle when the genetic code
of childe is a combination of genetic information

of its parents. We hope, by doing this that we get
a better solution then its parents are. The most
widely used recombination is so called one point
crossover. One point crossover randomly chooses
number i ∈ {1, L− 1} and from patents (x1, ..., xL)
and (y1, ..., yL) makes children (x1, ..., xi, yi+1, ...yL)
and (y1, ..., yi, xi+1, ...xL) as you can see in figure 1.

Figure 1: Example of one point crossover for binary string of
length 9.

3. Fitness landscape

In this section, we will describe fitness landscape and
some of its features. Before we define fitness landscape,
we have to introduce configuration space first. More
details about configuration spaces and fitness landscapes
can be found in [11].

3.1. Configuration space

In fitness landscape, mutual distance relations between
data points, and therefore between their fitness values,
are very important. For formalizing this, we now define
configuration space.

Definition 1 Configuration space C is pair (X, d).
Here d stands for a distance measure and X denotes
the set of all coded solutions.

When fitness function is a function of real variables,
then X is a set of vectors of real numbers and d
could be Euclidean distance measure. Corresponding
configuration space is then Euclidean space. When
inputs for fitness function are values from finite sets,
Euclidean distance measure can not be used. For dealing
with this, we first define Neighborhood structure.

Definition 2 Neighborhood structure for individual s
and operator m is the set of individuals Nm(s) ⊆ X
that can be reached from s by single application of a
genetic operator m.

When there is no need of distinguishing between
operators is not necessary, we omit the index and write
simply N(s). Now we can define the distance measure
on X induced by operator m.
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Definition 3 Function dm : X × X → # ∪ ∞ is a
distance measure on X induced by operator m when
∀s, t, u ∈ X following conditions hold:

• dm(s, t) ≥ 0

• dm(s, t) = 0⇔ s = t

• dm(s, t) ≤ dm(s, u) + dm(u, t)

• dm(s, t) = 1⇔ t ∈ Nm(s)

First three conditions (non negativity, definiteness and
triangular inequality) hold for every distance measure,
the forth condition represent connection with genetic
operator. X (set of vectors of values from finite sets)
together with distance measure on X form configuration
space called combinatorial space. Combinatorial spaces
can be represent with graphs, where vertices represent
individuals and edge (a, b) means that individual b can
be reached from a by single application of genetic
operator.

Figure 2: Configuration space for binary string of length 3 (left) and for binary string of length 4 (right).

In figure 2, two examples of combinatorial configuration
spaces are shown. On the left, there is a graph of
space for binary string of length 3 and traditional
mutation which change one bit. Such a graph forms
a three dimensional cube, on the right site of the
picture is case for coding by binary strings of length
4 which form a four dimensional cube. Besides binary
strings, permutations also form and important group
of combinatorial spaces. For more information about
combinatorial spaces and permutation problems see [7].

Figure 3: Illustration of a graph of recombination
configuration space with complex vertices.

In case of recombination as a genetic operator, situation
is more complicated because then we have more then
one parent and more then one child, usually two
parents and two children. For dealing with this, extended
vertices can be used, one vertex in a graph then represent

set of individuals (figure 3).

Second possibility is make edges more complex. Edge
then became hyperedge which is subset of set of vertices
and represents all individuals which can be results of
recombination of certain parents (figure 4).

Figure 4: Illustration of a graph of recombination
configuration space with complex edges.

Disadvantage of this approach is that it can not be
recognized which parents belongs to which children.
By adding mapping from sets of parents to hyperedges,
which solves the problem, one get structures that are in
literature known as P-structures (figure 5).
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Figure 5: Illustration of a graph of recombination
configuration space using P-structures.

3.2. Fitness landscape

A configuration space together with a fitness function
form Fitness landscape.

Definition 4 Fitness landscape is a triple (X, f, d)
where X denotes set of all coded solutions, f is a fitness
function and d stands for a distance measure.

From this point, it can be seen that changing the operator
has a big influence on the fitness landscape. Changing
the operator means changing neighborhood structures
and therefore the position and mutual distances of local
optimums.

Fitness landscape for a two dimensional Euclidean
configuration space can be seen as a surface with local
optimums in peaks/bottoms of hills/valleys, see figure
6. Individuals then can be seen as points on such a
landscape and genetic algorithm computing is then a
movement of points on the surface.

Figure 6: Example of a fitness landscape for a two dimensional Euclidean configuration space.

3.3. Basic features of fitness landscape

Now we describe some basic features of fitness
landscape which help us describe different landscapes.

3.3.1 Local optimum: When the configuration
space is Euclidean space, local optimum is defined as
usual.

Definition 5 Vector s is a local minimum of function f
if ∃ε∀t |t− s| < ε : f(s) ≤ f(t).

The local maximum is defined correspondingly. For
combinatorial spaces, the following form of definition
is more common.

Definition 6 For landscape L(X, f, d) vector s is a
local minimum if f(s) ≤ f(t)t ∈ N(s), where N(s)

denotes neighborhood structure for vector s.

Number of local optima in fitness landscape could
be used as a measure of fitness rudeness. Generally
higher number of local optima indicates a difficult
optimization problem. Clearly just one local optimum
which is therefore global optimum means usually an
easy problem for a genetic algorithm. Actually not
just for a genetic algorithm but such problems are
easy for other optimization techniques which probably
will be able to find optimum in shorter time then a
genetic algorithm in that case. However, even among
problems with one local optimum, there are some
difficult problems.

3.3.2 Basin of attraction: When we talk
about local optima, it is not just the number of
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them what is matter. Another important feature is
the size of the surface area from where optimization
algorithm tends to reach certain local optimum - basin
of attraction. For a formal definition of a basin of
attraction, we need understand to term adaptive walk
first. Adaptive walk for minimization is a sequence of
points from the configuration space (z1, . . . , zn) defined
by steepest descent algorithm where z1 is starting
point and in each step the neighbor zk+1 ∈ Nk

is chosen that f(zk+1) ≤ f(zi) ∀zi ∈ Nk where
Nk = {zj : zj ∈ N(zk) ∧ f(zj) < f(zk)}. Algorithm
terminates when zk is a local minimum. Adaptation of
an algorithm for maximization problems is clear. In a
Euclidean space, one can use gradient to help choose
the direction of the next step of walk, then it is called
gradient walk.

Definition 7 Basin of attraction B(s) for a local
optimum s is set of x ∈ X such that exist adaptation
walk (z1, . . . , zn) where z1 = x and zn = s.

The size of a basin of attraction corresponds to value of
local optimum. Larger basin usually means higher local
maximum, respectively a deeper local minimum. For the
estimation of basin size one can use average length of
the adaptation walks that ends in corresponding local
optimum. The length of adaptation walk is the number
of elements in the sequence. Small number of large
basins indicate an easy problem, on the other hand, lot
of small basins indicate a rude fitness landscape.

3.3.3 Examination techniques: Besides
already mentioned techniques of examination fitness
landscape like estimation of number of local optima
or estimation of sizes of basins of attraction, there
are other methods. One of them is based on the
examination of a random walk, for details see [10].
Another method is spectral analysis. In the case of a
Euclidean configuration space can be used traditional
Fourier transform for the decomposition of a fitness
landscape to a linear combination of trigonometric
functions. Similarly in the case of binary coding, Walsh
transform can be used for decomposition to a linear
combination of Walsh functions. For more details about
spectral analyses of fitness landscape, see [8, 9].

4. Fitness landscape approximation

Facing some problem, three levels of approximation
can be used. The higher level of approximation is the
problem approximation when the original problem is
replaced with a problem approximately same but easier
to solve. Fitness function approximation is using an

approximation model of fitness function instead of the
original. We will discuss this approach in details later
in this paper. The last approximation level used in
evolutionary algorithms is evolutionary approximation.
Fitness inheritance and fitness imitation methods belong
to this class. In fitness inheritance, individuals from
offspring inherit fitness values from their parents.
Fitness imitation method divides individuals to clusters.
One individual in the center of each cluster is evaluated;
fitness values of other individuals in the same cluster are
estimated based on that evaluated value. In following,
we assume Euclidean configuration space. Another
introduction to fitness landscape approximation is given
in [1].

4.1. Goals of fitness landscape approximation

The most computationally expensive part of genetic
algorithm is usually a population evaluation by
computing fitness function. The main idea of fitness
landscape approximation is to build a model of fitness
landscape and use it instead of the original fitness
function. The goal of computation using a fitness
landscape model is speed up convergence of genetic
algorithm. Fulfilling that leads to either reaching a
better solution in the same computational time or
reaching a solution of the same quality level in shorter
computational time.

The other often mentioned motivations for using a
fitness landscape model are absence of explicit model
for fitness computation (e.g. evaluation depends on
human user) and noisy fitness function. Approximation
should smooth out the original noisy fitness function
and therefore such a model represents an easier fitness
landscape for genetic algorithm.

4.2. Evolution control

One of the main questions is how many individuals
should be evaluated by the original fitness function.
Here, we want to satisfy two contradictory goals. On
one hand, we want to evaluate as few individuals as
possible to save computational time, on the other hand
we want to evaluate as many individuals as possible
to make the model more precise so it do not lead the
algorithm to a false optimum. Techniques for solving
that, we call evolution control and we will present some
of the most widely used principles. More information
about evolution control can be found in [4].

4.2.1 Individual based: In individual based
evolution control, some individuals are evaluated in
each generation. Here, the problem of which individuals
should be chosen rises. Again, we want to satisfy two
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contradictory goals, exploration and exploitation. One
can choose the best individuals for local search in a
promising area or individuals from an area where just
few original fitness values are known to improve the
model in that part and search for new promising areas.

4.2.2 Generation based: In generation based
approach all individuals in the population are evaluated
in the same time and then the model is used for
several generations. This approach can be used with
an advantage when a parallel computation of fitness
function is possible.

4.2.3 Fixed: Fixed evolution control means
that the frequency of evaluation and the number of
evaluated individuals are set by parameters of algorithm
and they do not change during the computation. This
approach is simple and easy to implement comparing to
adaptive methods.

4.2.4 Adaptive: In contrast to the fixed
evolution control in adaptive evolution control, the
frequency of evaluation and the number of evaluated
individuals are changing during computation and they
are trying to adapt for actual situation. Widely used
adaptive generation based evolution control approach is
surrogate approach. In surrogate approach, the model
is build at the beginning and used till the convergence
criteria is reached. Then the whole generation is
evaluated by the original fitness function and the model
is updated.

4.3. Approximation models

Quality of approximation depends a lot on used model.
Survey of often used models is given in this section.
Another survey of fitness landscape approximation
methods can be found in [5].

4.3.1 Polynomials: The simplest
approximation model is polynomial model where the
fitness function is approximated by polynomial of
certain order based on data set with known fitness
values. The most widely used polynomial is third or
second order polynomial.

4.3.2 Neural Networks: Neural network is
a set of simple computational units (neurons) which
are linked to each other. The most widely used
type of neural network is multilayered perceptron. In
multilayered perceptron, all neurons are organized in
layers, where just neurons from neighboring layers are
connected so output of one layer is input for the next
one. The number of layers and the number of neurons

in each layer have to be chosen. Then weights of all
connections are set up by process called training, where
set of known function values is used. Neural network
can be then used for estimating fitness values.

4.3.3 Gaussian processes: This approach
builds probabilistic model over data set with known
fitness values. Then the model is used for prediction
of mean and standard deviation of fitness values of
new data. The vector of known function values �tN
is one sample of multivariate Gaussian distribution
with joint probability density p(�tN | �XN ) where �tN =

(t1, t2, . . . , tN ) and �XN = (x1, x2, . . . , xN ) is a
vector of inputs. Similarly for N + 1 data points
it is p(�tN , tN+1| �XN , xN+1). By applying the rule
p(A|B) = p(A,B)/p(B), we get probability density
for tN+1 as

p(tN+1| �XN+1,�tN ) =
p(�tN+1| �XN+1)

p(�tN | �XN )
. (1)

From this equation one can get mean as

t̂N+1 = �kT C−1
N

�tN (2)

where correlation matrix C and vector �k are defined
by correlation function c : X × X → #. Example of
correlation function follows:

c(xi, xj) = α ·exp

(
−

1

2

n∑
k=1

(xi,k − xj,k)2

r2
k

)
+β (3)

where xi,k denotes k-th element of input xi, rk is
length scale in k-th dimension, α and β are parameters.
Elements of C and �k are Cij = c(xi, xj) and ki =

c(xi, xN+1). Variance of p(tN+1| �XN+1,�tN ) is given by

σ2
tN+1

= κ− �kT C−1
N

�k (4)

where κ = c(xN+1, xN+1). More details can be found
in [2].

4.3.4 Kriging models: The idea of Kriging
model is combining global and local model.

U = a(x) + b(x). (5)

In this equation U is model of original fitness
function, a(x) represents an average behavior along all
configuration space and b(x) represents a short distance
influence. For global part of the model, the polynomial
of low order is often used. Other possibilities are to use
trigonometric series or a constant function. The b(x) is
defined as follows:

b(x) =

N∑
n=1

[bn ·K(h(x, xn))] (6)
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where h(x, y) stands for distance measure of normalized
vectors:

h(x, y) =

√√√√ L∑
i=1

(
xi − yi

xmax
i − xmin

i

)2

(7)

where xmax
i respective xmin

i are maximum, respective
minimum, value in ith dimension. Many functions can
be used as K function. The simplest model based on
linear function is defined as follow:

K(h) =

{
1−
(

h
d

)
if h < d,

0 otherwise.
(8)

Where d is parameter controlling the distance of
influence of b(x). When smooth model is required,
function K has to satisfy following conditions:

• K(0) = 1,

• K(d) = 0,

•
(

∂K
∂h

)
h=0

=
(

∂K
∂h

)
h=d

= 0.

Another possibility is use Gaussian process as b(x).
Details about Kriging model can be found in [6, 3].

5. Conclusion

Approximating fitness landscape is approach which
speeds up a convergence of genetic algorithm for
problems with a markedly time consuming fitness
function evaluation. This area is studied in many works
yet still there are a lot of questions to answer, for
example how to set up parameters or appropriate size
of population. Approximation of combinatorial spaces
deserve a deeper study as well as spaces with both types
of variables, real variables and variables with values
from finite sets. Very promising approach for these
spaces appears to be Gaussian process model.
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Abstract

This paper describes procedures of
development of an electronic health record for
shared healthcare which include implementation
of communication standard HL7 v.3, its
application in the environment of existing
hospital information systems (HIS) and
modeling the semantics of the transferred data.
The main part of the solution is so called
HL7 broker that serves as a mediator in the
communication between the two incorporated
systems and implements procedures defined
in the HL7 v.3 standard. Data models which
describe the systems communicating wit
communicating with7 broker are based on the
original data models implemented in HISes
and are in the proper form, demanded by the
HL7 standard. In order to achieve the semantic
interoperability of incorporated system the
creation of mapping of existing data models
to international nomenclatures was necessary.
Finally the possibilities of usage of international
standards and nomenclatures in comparison to
the national ones are discussed.

1. Introduction

My contribution describes the results of the project
called ”Information technologies for development of
continuous shared health care” supported by Czech
national programme ”Information Society” that are
covered by the thema of my doctoral thesis – semantic
interoperability among systems of electronic health
record (EHR). One of goals of the project was to
design and implement environment of communicating
systems, which would create a base for lifelong EHR of
the patient. There are participating two different EHR
systems - MUDR EHR [1] and hospital information
system (HIS) WinMedicalc 2000 [2]. International

standards and nomenclatures were utilised in order to
achieve semantic interoperability of concerned systems.

2. Incorporated medical systems

In order to fullfil the main goal of the project an analyzis
of the semantics of both participating EHR systems
had to be done. The MUDR EHR focuses on efficient,
reliable and modular way of data storage and is intented
to be part of a more complex system as it does not
contain modules engaging in catering services, human
resources, drug supply etc. WinMedicalc 2000 is a full
featured HIS and for the purpose of the project the
interest was limited on its EHR part.

The abbreviation MUDR stands for MUltimedia
Distributed Record, which is a pilot solution of
structured electronic health record, developed in the
Department of Medical Informatics ICS AS CR.
MUDR EHR uses a special graph structure called
knowledge base and data files to represent the stored
information [3]. The WinMedicalc 2000 stores its
data in a relational database and thus uses Entity-
Relationship model [4] to represent its information
model. Preparation of the semantic content of both
EHRs in the field of cardiology started from the
same modeling basis - the set of important medical
attributes for the diagnosis of cardiological patients
named the Minimal Data Model for Cardiology [5].
In the MUDR EHR, the modeling process resulted
in creating of a part of the knowledge base - the
knowledge domain called PATIENT, consisting of
basic administrative data, allergy information, family
history, social history, subjective information, physical
examination, laboratory examination, personal history,
treatment information and history of cardio-vascular
diseases.

The model of WinMedicalc 2000 system consists
of basic administrative information, cardiological
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examinations (e.g. ECG examination, Holter monitor,
stress test ECG etc.), laboratory examination, physical
examination and family history. Each of these data
(except administrative information) are connected to a
clinical event, that binds together the object and subject
of the event, i.e. the patient and the physician. Clinical
event contains further information such as place where
the event took place (e.g. ward, emergency room).
Moreover, WinMedicalc 2000 system covers a broader
scope than just clinical data (e.g. catering services, bed
management), but these are out of the concern so they
are left out.

3. Solving communications

After an initial survey in the field of international
communication standards the HL7 v.3 [6] was chosen
to enable the data exchange among EHRs. Due to the
complexity of the HL7 standard it would be in real
life too exhausting to comprehend the whole standard.
Therefore the implementation is divided in several parts.
The communication was based on:

• creating local information models (LIMs)
describing the semantic structure of EHR (for
this purpose a modelling application named
MODELAR was developed)

• establishment of HL7 brokers for each
information system

• implementation of supporting modules (we call
them LIM fillers) as parts of the participating
systems

A sample communication scenario (see Fig. 1) is based
on situation when HIS2 enquires particular data from
HIS1 and it is already known which data are going to
be transferred. The first step is to retrieve data from the
database of HIS1. The LIM filler on the side of HIS1
transforms this data into a LIM message described by a
relevant LIM template. LIM templates are described by
XML-Schema language and are embedded in the LIM
filler. Data proceed in a secure way to the HL7 broker
via the SOAP protocol bound to HTTPS protocol using
web-services technology. The HL7 broker transforms
the data into HL7 message instance according to
mapping definitions between the LIM model of HIS1
and HL7 balloted messages. The instance of HL7
message is sent to the receiver of the data which is
stated in the header of the LIM message. The accepting
HL7 broker transforms the incoming HL7 message into
a LIM message according to HIS2. The HIS2 gradually
polls (by using web-services) the broker for new data,
which in this case will be successful, otherways it gets
a message that says that there are no messages. The
LIM filler on the side of HIS2 transforms the received
LIM message into internal form suitable for storage into
its database. The last step of the communication is the
storage of received data into HIS2’s database.

Hospital information systems contain sensitive data thus
the access control and security is one of key issues. In
proposed solution a secured HTTP connections are used.
The access control is managed by HIS themselves as it
was this way before the HL7 communication extensions.
All extensions of the HIS developed in the frame of this
project are transparent to the hosting HIS as much as
possible.

Figure 1: Communication scenario between HIS1 and HIS2.
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Connecting a HIS to HL7 communication environment
brings a need of dealing with data originating outside
of the system. On the other side the system must deal
with a new user type or role – the HL7 user. There was
a need to store the foreign data separately and mark it
clearly that it originates in HL7 communication. In case
of querying data from other HIS over HL7 there had to
be done an access control exception for testing purposes
since the main goal of the project was to design and test
the communication possibilities of the HL7 standard.
The access control and overall manipulation with data
originating from different hospital is gowerned by law,
which is still not in the suitable from. Incoming queries
have right to read all data about particular patient that
are intended to be shared, which are for testing purposes
almost all of them. In real life usage a sophisticated
access control policy would be needed.

3.1. Describing EHR semantics

The HL7 v.3 standard methodology introduces a
reference model (Fig. 2) that should serve as a basis for
all semantic objects modelled during the whole process
of implementation of communication among EHR
systems. Both MUDR and WinMedicalc 2000 systems
have been described on a semantic level by classes
derived from those in the reference information model.
This produced so called local information models

(LIMs) of each EHR which are conceptually very close
to HL7 D-MIMs (domain message information model).
Classes from these models represent collected variables.
Moreover, beside the similar concepts both LIMs use
also the references to established code systems (LOINC
[7], NCLP [8]), giving the possibility of the precise
specification of semantics.

3.2. HL7 broker

The main motivation for creating the HL7 broker
was to disengage vendors of EHR systems from
comprehending and implementing all parts of the HL7
standard, thus saving financial resources. The HL7
broker serves as a configurable communication interface
for the EHR system. The configuration is made by a
XML file containing the LIM model of a particular
EHR.

After creating LIM models for both EHR systems
involved in the project, the next step was to produce so
called LIM templates. These templates consist of classes
defined in LIM model which are arranged in a tree
structure. Each LIM template represents one integrated
part of the EHR system the LIM model describes, e.g.
physical examination, medication, ECG data. Having
LIM templates the configuration of HL7 broker by
mapping classes from LIM models to fragments of
balloted HL7 messages could be completed.

Figure 2: Reference Information Model defined in the HL7 v.3 standard.

PhD Conference ’08 78 ICS Prague



Miroslav Nagy HL7-based Data Exchange in EHR Systems

The HL7 broker plays a role of an entry point to a
HL7 network or some sort of a gateway. The HL7
network consists of HL7 brokers which communicate
with each other. The HL7 brokers support peer to
peer communitaction and broadcasts are possible as
well. New HIS is added into the HL7 newtwork after
implementing all three steps mentioned at the beginning
of this section. The HL7 broker connected to the new
HIS is added to the set of existing HL7 brokers.

3.3. EHR communication modules

Both EHR systems had to be extended by programatic
parts supporting the communication with a particular
HL7 broker. We call these parts LIM fillers as their main
task is to fill in LIM templates with actual data, thus
creating LIM message instance.

Secondary task of a LIM filler is communication with
the HL7 broker via SOAP protocol. Therefore, a SOAP
client had to be implemented on both EHRs. Each filler
was created independently but on a similar basis as a
pluggable module.

3.4. Classifications and code lists

Uniqueness of term definitions and their
precise denomination are necessary for semantic
interoperability. We have found that current
classification of medical terms is not optimal.
Insufficient standardization in medical terminology
represents one of the prevailing problems in processing
of any kind of medical-related data.

Various classification systems, nomenclatures, thesauri
and ontologies have been developed to solve this
problem, but the process is complicated by the existence
of more than one hundred incompatible systems. The
most extensive current project that supports conversions
between major classification systems and records
relations among terms in heterogeneous sources is the
Unified Medical Language System (UMLS) [9].

During the development of MUDR EHR and MDMC,
the UMLS Knowledge Source Server was used to
evaluate the applicability of international nomenclatures
in the Czech medical terminology. During the analysis,
we found that approximately 85 % of MDMC concepts
are included in at least one classification system. More
than 50 % are included in SNOMED Clinical Terms
[10].

Each information system uses its internal code-lists.
There are plenty of them in the information systems
and standards. To avoid necessity to implement them
in the HL7 broker, a web application enabling each

information system developer to define and maintain
their own code-lists has been developed. The same
mechanism can be used to import the HL7 code-lists.
Each code-list is characterised by its name, technical
name, version, administrator and user of the code-list
(HL7, WinMedicalc, MUDR).

The web application allows the user to define relations
between values of individual code-lists describing the
possibility to convert value from one code-list to value
from the another one. The allowed relation types are
equivalence, generalization or specialization.

The entered data about code-lists can be utilized
by SOAP method Translate(val, A, B), where
val is the value from code-list A and B is the destination
code-list. The method returns the value from B which
is equivalent or generalization of the value val from
A. This method can be used by core of HL7 broker
to convert values from messages according to required
code-lists.

3.5. Communication interface between MUDR EHR
and HL7 broker

Communication between electronic health record and
HL7 broker is similar in both participating systems,
therefore in the following text the MUDR EHR part will
be described.

Communication between MUDR EHR and HL7 broker
is based on SSL secured SOAP protocol. The HL7
broker provides several methods (sendLimMsg(),
ackLimMsg(), getLimMsg()) for transfer of the
data between MUDR EHR and HL7 broker. These
methods are exposed by the web-service of the HL7
broker as operations and are described in web-services
definiton language (WSDL) file in the following form:

The data are transported in the form of a message
described by the LIM template – LIM message instance.
Several LIM templates are defined, e.g. administrative
data, ECG or laboratory results. There are two
communication modes - querying mode and passive.

In the query mode the MUDR EHR receives a special
LIM template with a query from the HL7 broker.
This LIM template contains only several entered values
serving as an identifier of the demanded information –
query parameters. After information retrieval from the
local database of MUDR EHR, the information is sent
back to the HL7 broker in the form of LIM message.

The passive mode is used to import the content of the
LIM message (with all the required data) into the target
EHR.
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...
<portType name=’svc-porttype’>

<operation name=’ackLimMsg’>
<input message=’tns:ackLimMsgRequest’/>
<output message=’tns:ackLimMsgResponse’/>

</operation>

<operation name=’getLimMsg’>
<input message=’tns:getLimMsgRequest’/>
<output message=’tns:getLimMsgResponse’/>

</operation>

<operation name=’sendLimMsg’>
<input message=’tns:sendLimMsgRequest’/>
<output message=’tns:sendLimMsgResponse’/>

</operation>
</portType>
...

The combination of both modes enables the EHR
application triggered by the user request to ask for the
data from the other EHR via HL7 broker, wait for the
incoming data and store them into its own database
structure. Such data should be flagged as externally
received.

The result of a query in the EHR initiated by the received
LIM template could consist of a several LIM messages
according to the query specification. In this case the
individual messages will be sent to the HL7 broker in
sequence with the last message marked as the final one.

4. Results

Communication between participating EHR systems is
realized via the HL7 v.3 communication standard. Local
information models describing semantical structure of
both EHRs were created in order to support semantic
interoperability. Each LIM is derived from the HL7
RIM. The message exchange is realized via HL7 brokers
which communicate with corresponding EHRs by using
web-services technology based on SOAP protocol.

5. Discussion

The majority of healthcare information systems in the
Czech Republic uses so called Data standard of the
Ministry of health (DASTA) [8] and National code-
list of laboratory items (NCLP)[8], as a communication
platform. These standards are developed by the
producers from many companies, faculties, research
institutions in the Czech Republic. DASTA is based on
a predefined limited set of structured data, especially
from the field of laboratory examinations, which is
possible to transfer by the standard messages. The
benefit of the DASTA is its simplicity, allowing an
easy implementation of the interface and realization

of a communication among information systems. This
simplicity however limits its use, in case the information
not covered by the actual standard version is to be
transferred. The communication of structured general
clinical information is not covered satisfactorily by the
DASTA and it is usually limited to transfer of the free
text messages. On the other side, the possible extension
of the standard by another data is much easier on the
national level than on the international one.

HL7 v.3 offers the general methodology and tools for
the realization of communication between information
systems in healthcare and covers this area with a large
scale of generality. The large extent of the standard and
existing relations to other standards and classifications
are a bit demotivating for the developers with the
minimal experience with standards of this scale. On the
other side, this extensiveness and universality allows
to represent the majority of the situations and entities
appearing in the data exchange process in healthcare.
Thanks to references to external classifications and
nomenclatures the HL7 standard provides the method to
accurately specify the semantics of the communicated
data without the need for ad hoc agreement of
communicating parties about the exact meaning of
individual elements in the transferred messages.

NCLP and DASTA have only a minimal relations
to international classifications and standards. The
communication of Czech hospital information systems
with other healthcare information systems on the
european or international level is not possible without
the adherence to the international standards and
classifications. Unfortunately, their use in the national
environment is very limited without existing Czech
localization of a high quality. Such translation would
be very expensive and time consuming, but on the
other hand it would significantly extend the integration
possibilities of Czech eHealth activities into the
international context.

6. Conclusion

The structured form of information stored in EHR is
an inevitable prerequisite for semantic interoperability
establishment among various EHR systems. The
research work in the scope of the project ”Information
technologies for development of continuous shared
health care” demonstrated one possible concept of
solving the problem of distributed medical environment.
The developed concept is based on international
standards and nomenclatures which can be applied as
a system for shared lifelong electronic patient’s health
documentation.
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Abstract

The notion of preference poses a new
prospect of personalization of database queries.
In addition, it can be exploited to optimize
query execution. Indeed, a novel optimization
technique involving preference is developed,
and its algorithm presented.

1. Introduction

Preference provides a modular and declarative means
for relaxing and optimizing database queries. It is a
concept that needs a special framework for embedding
in the relational data model: on the one hand, the
framework should be rich enough to capture various
kinds of preference to provide database users with
an expressive language to formulate their wishes,
and, on the other hand, robust enough to allow for
possibly conflicting preferences as the assumption of
consistency of complex preferences is hard to fulfill in
practical applications.

To reach the above goal we consider sixteen kinds
of preferences, some of them allowing for expressing
uncertainty. Also, basic preference combiners (Pareto or
lexicographic composition) are taken into account.

To embed the notion of preference into relational query
languages, a preference operator, parameterized by
user preference, is defined: it filters out not all the bad
results, but only worse results than the best matching
alternatives and returns the perfect match if present

in the database, otherwise, it delivers best-matching
alternatives, but nothing worse!

Optimization strategy of pushing the preference
specification down the query execution tree is governed
by both algebraic properties of the preference operator
and logical properties of user preference that always
is expressed over a set of possible states of the
world. This strategy is based on the assumption that
early application of the preference operator reduces
intermediate results and thus minimizes the data flow
during the query execution.

2. Embedding Preference in Relational Query
Languages

2.1. Preference Operator

A new, preference operator is added to the relational
algebra. Its expressive power depends on the
expressivity of the language for expressing user
preference – its single parameter.

Definition 1 (Preference operator) Let U denote a
universe and WP ⊆ W a set of the most preferred
worlds with regard to a preference specification P over
a set W of possible worlds. The preference operator ωP

is a mapping ωP : V → 2V from a set V of discourse
into the powerset 2V of V :

ωP(v) = {v′ ⊆ v|∃u ∈ U∃w ∈WP : u |= w ∧ v′} .
(1)
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It is important to point out that the preference
specification parameter P allows for complex
preference compound from elementary preferences
of various kinds. We take into account locally
optimistic, locally pessimistic, opportunistic, and careful
preferences, whose terminology and motivation has
been introduced in [1]. Moreover, we consider another
two binary choices: a preference can be strict or non-
strict and can be evaluated without or with a ceteris
paribus proviso, a concept introduced by von Wright [2].
Altogether, we get sixteen various kinds of preference.

On the one hand, this complex preference specification
parameter yields a large expressivity, however, on the
other hand, it makes the preference operator absent
from algebraic properties fundamental for realizing the
algebraic optimization strategy that is based on early
application of the most selective operators of relational
algebra. Thus a more general technique has to be
developed.

2.2. Optimization

Algebraic optimization strategy involving the preference
operator must provide a transformation (of a given
database query) under which the preference operator,
which is the last operator to be applied, is invariant.

Example 1 Let R be a database schema and I its
instance consisting of two relation instances I1, I2.
Suppose a user expresses their requirements through a
database query

q(I) = πX(I1 ∪ I2) (2)

over I and their preferences (wishes) through a
preference specification P over the set

W = 2q(I) (3)

of possible worlds. Then, the preference operator
ωP

(
q(I)

)
evaluated over (2) returns the best matching

alternatives with regard to the user preferences.

Suppose the preference operator is invariant under the
following transformation of q(I) to q′(I):

q′(I) = πX

(
ω
P(I1) ∪ ω

P(I2)
)

, (4)

where ω
P(Ii) is a preference operator derivative

filtering out “bad” tuples. Then, the preference operator
ωP

(
q′(I)

)
evaluated over (4) returns the best matching

alternatives with regard to the user preferences:

ωP

(
q′(I)

)
= ωP

(
q(I)

)
.

The query execution trees are depicted in Fig. 1, where
data flow between the computer’s main memory and
secondary storage is represented by the drawing width.

ωP

πX

∪

I1 I2

ωP

πX

∪

ω
P ω

P

I1 I2

(a) Before pushing (b) After pushing

Figure 1: Improving the query plan by pushing the preference
operator down the query execution tree

Supposing that relation instances I1 and I2 are too big
to fit into the main memory and using the number of the
secondary storage I/O’s as our measure of cost for an
operation, it can be seen that the strategy of pushing
the preference operator can improve the performance
significantly.

Note that to push the preference specification P down
the expression tree, a special derivative ω

P of the
preference operator ωP realizing its filtering potential
has been introduced. Unlike the preference operator (cf.
1), it is a mapping ω

P : V → V from a set V of
discourse – a set of all possible tuples over a given
relation scheme – into itself. Most importantly, it fulfills
the following property:

ωP

(
ω
P(I)

)
= ωP(I) ,

i.e., it filters out bad tuples of a given relational instance
I without affecting the value of the preference operator.

Furthermore, observe that ωP and ω
P have an identical

value of the preference parameter. This value – a user
preference P over W – however, is usually expressed
over the result of a query (3). Does it mean that
we need to have computed (3), and thus also (2),
before we are able to evaluate (4)? The answer has
to be searched for in the definition of the semantics
of preference specification [3] and is provided by the
following proposition 1.

In brief, a preference specification has the constructive
semantics defined by means of a disjunctive logic
program (DLP). In the following, W stands for the
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Herbrand universe for the DLP assigned to a preference
specification P , and gP for a mapping that can be
computed from models of the DLP. Note that models
of the DLP can be computed using single exponential
time on the cardinality of W, which , in turn, depends
exponentially on the number of elementary preferences
composing the preference specification P . This number,
however, is supposed to be small, usually between five
and ten. Finally, fP stands for a mapping that can be
expressed as a first order query.

Lemma 1 Let q denote a database query – a mapping
q : inst(R) → inst(S) from a set of database instances
over a database schema R to a set of relation
instances over a relation schema S. Given a preference
specification P over a set W of possible worlds, there
exist a finite set W and a mapping gP : 2W → 2W such
that the following properties hold for all subsets W

′ of
W if W = 2q(I):

gP(W′) ⊆W
′ , (5)

gP(W′) ⊆ f−1
P (supp) ⊆W

′ ⇒WP = 〈W′P〉W ,
(6)

where fP : W → {unsupp, supp} is a function
returning supp for every w ∈W that, loosely speaking,
is “supported” by P over W , and

〈W′P〉W = {w ∈W | ∃w ∈W
′P : w ⇒ w} . (7)

Proposition 1 Suppose I, W, fP , and gP are as in
Lemma 1. Then, the mapping hP : 2W → 2W:

hP(W′) =
(
W

′ − gP(W′)
)
∪
(
gP(W′) ∩ f−1

P (supp)
)

(8)
has a fixpoint Wfix such that Wfix ⊇ f−1

P (supp).

Proof: It follows readily from (5) that ∀W′ ⊆
W : hP(W′) ⊆ W

′. As W is finite, it is clear that
∀W′ ⊆ W ∃n ∈ N [i ≥ n ⇒ hi

P(W′) = hn
P(W′)],

i.e., hn
P(W′) is a fixpoint of hP . Now the observation:

∀W′ ⊆ W [W′ ⊇ f−1
P (supp) ⇒ hP(W′) ⊇

f−1
P (supp)] completes the proof.

The following corollary follows readily from (6) and
from the observation

hP(W′) = W
′ ⇐⇒ gP(W′) ⊆ f−1

P (supp) .

Corollary 1 Suppose q and P over W are as
in Lemma 1. Then, Wfix being the fixpoint from
Proposition 1 and W = 2q(I), the following equality
holds:

WP = 〈WP
fix〉W .

So the answer is: partially. To evaluate the preference
operator derivative ω

P , it suffices to find a relevant part
of the query result. Intuitively speaking, this relevant
part is subsumed by the fixpoint of (8) (Corollary 1)
and computed by stepwise pruning the special set W

(Proposition 1).

3. An Algorithm

The above corollary is the key to effective computation
of (4) in the above example:

Algorithm 5 Preference operator filtering tuples
Input: q : inst(R)→ inst(S),P, I
Output: ω

P(I1)
1: Wfix := W

2: while change do
3: compute gP(Wfix)
4: if ∃w ∈ gP(Wfix) : fP(w) = unsupp then
5: remove such w from Wfix

6: end if
7: end while
8: compute W

P
fix

9: ω
P(I1) := I1

10: for all t ∈ I1 do
11: if ∀w ∈W

P
fix : w⇒ ¬t then

12: remove t from ω
P(I1)

13: end if
14: end for

On line 1, W depends solely on preference specification
P . It is independent of the set W over which P
is expressed, and thus it also is independent of the
input database instance I. The while block computes
a fixpoint of (8): the function gP can be computed in
exponential time on input W, and the function fP can be
expressed as a first order query over I. On line 8, W

P
fix

can be computed in exponential time on input W. In the
for block, the input relation instance I1 is filtered: on
line 11, the logical condition follows from Corollary 1
and analysis of (1) and (7).

4. Related Work

The study of preference in the context of database
queries has been originated by Lacroix and Lavency
[4]. They, however, don’t deal with algebraic
optimization. Following their work, preference datalog
was introduced in [5], where it was shown that concept
of preference provides a modular and declarative means
for formulating optimization and relaxation queries in
deductive databases.
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Nevertheless, only at the turn of the millennium this
area attracted broader interest again. Kießling et al.
[6, 7, 8, 9, 10, 11] and Chomicki et al. [12, 13,
14, 15] pursued independently a similar, qualitative
approach within which preference between tuples is
specified directly, using binary preference relations.
They have laid the foundation for preference query
optimization that extends established query optimization
techniques: preference queries can be evaluated by
extended – preference relational algebra. While some
transformation laws for queries with preferences were
presented in [11, 6], the results presented in [12] are
mostly more general.

In brief, Chomicki et al. and Kießling et al. have
embedded the concept of preference into relational
query languages identically: they have defined an
operator parameterized by user preference and returning
only the best preference matches. This embedding is
similar to ours. However, their operator differs from
our preference operator by the parameter: Chomicki
et al. and Kießling et al. consider such preference
that the operator is partially antimonotonic with
respect to its relational argument. By contrast, the
preference parameter we consider is more complex
and consequently, this property is not fulfilled by
the preference operator. As a result, most algebraic
properties presented by the above authors don’t apply to
the preference operator. Specifically, the commutativity
and distributivity properties do not hold, and thus the
optimization strategy presented in this paper has to rely
on different techniques.

Moreover, Chomicki et al. and Kießling et al. are
concerned only with one type of preference and don’t
consider preferences between sets of elements. In terms
of logic of preference, they only take into account
preferences between singleton worlds1. In this sense,
their approach is subsumed by the approach presented in
this paper, and, in particular, the introduced optimization
technique can be applied to the their preference
relational algebra.

A special case of the same embedding represents skyline
operator introduced by Börzsönyi et al. [16]. Some
examples of possible rewritings for skyline queries are
given but no general rewriting rules are formulated.

[3] is preliminary contribution building on recent
advances in logic of preference. Employing non-
monotonic reasoning mechanisms, it takes into account
various kinds of preferences. The embedding of
preference in relational query languages is based on

a single preference operator parameterized by a user
preference. By contrast to the presented approach, it
is assumed that user preference always is expressed
over a fixed “universal” domain – a powerset of
a universal relation2. Consequently, the preference
operator has “nice” algebraic properties including
conditional commutativity and distributivity. As a result,
an optimization strategy of pushing the preference
operator down the query expression tree could been
developed [17].

A slightly different goal is pursued in [18], where the
relational data model is extended to incorporate partial
orderings into data domains. The partially ordered
relational algebra (PORA) is defined by allowing the
ordering predicate to be used in formulae of the selection
operator. PORA provides users with the capability of
capturing the semantics of ordered data. A similar
approach to preference modelling in the context of
web repositories is presented in [19]: a special algebra
is developed for expressing complex web queries.
The queries employ application-specific ranking and
ordering relationships over pages and links to filter
out and retrieve only the “best” query results. In
addition, cost-based optimization is addressed. Also in
[20], actual values of an arbitrary attribute are allowed
to be partially ordered according to user preference.
Accordingly, relational algebra operations, aggregation
functions and arithmetic are redefined. However, some
of their properties are lost, and the query optimization
issues are not discussed.

A comprehensive work on partial order in databases,
presenting the partially ordered sets as the basic
construct for modelling data and proposing the
embedding of the notion of partial order in relational
data model by means of realizer, is [21]. Aiming at an
effective representation of information representable by
a partial order and proposing a suitable data structure,
[22] builds on this framework. Other contributions aim
at exploiting linear order inherent in many kinds of data,
e.g., time series: in the context of statistical applications
systems SEQUIN [23], SRQL [24], Aquery [25, 26].
Various kinds of ordering on power-domains have also
been considered in context of modelling incomplete
information: a very extensive and general study is
provided in [27].

By contrast to the above qualitative approach, in the
quantitative approach [28, 29, 30, 31, 32, 33, 34],
preference is specified indirectly using scoring functions
that associate a numeric score with every tuple. On the
one hand, this approach enables expressing quantitative

1A singleton world is a world containing a single element.
2Here, the term universal relation denotes that unique relation instance over a relation schema that contains all possible tuples over that schema
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aspects of preference, e.g., its strength, however, on
the other hand, expressivity of the qualitative aspect of
preference is restricted to the weak order – a special case
of the partial order.

5. Conclusions

The paper deals with the optimization of relational
queries using the concept of preference. It builds on the
recent leading ideas that have contributed to remarkable
advances in the field:

• Preferences are embedded into relational query
languages by means of a single preference
operator returning only the best tuples in the sense
of user preferences. By considering the preference
operator on its own, we can, on the one hand,
focus on the abstract properties of user preference
and, on the other hand, study special evaluation
and optimization techniques for the preference
operator itself.

• An optimization strategy is based on the
assumption that early application of a selective
operator reduces intermediate results and thus
reduces data flow during the query execution.
Pushing the preference operator, based on its
algebraic properties, is a well known technique
realizing this strategy.

Furthermore, to express a user preference, we employ
the language introduced by Kaci and van der Tore
[35], who have extended propositional language with
sixteen kinds of preference. In their non-monotonic
logic framework, we can capture complex preference,
including preference between sets, yet the preference
operator parameterized by such complex preference
doesn’t fulfil the commutativity and distributivity
properties. For this reason, the optimization strategy
needs to employ different technique: computing
preference models over a stepwise pruned special set
W until the fixpoint is reached and then using a special
preference operator derivative to filter out “bad” tuples.

In conclusion, the main contribution of the paper
consists in presenting the optimization strategy of
pushing the user preference down the expression tree
and introducing the algorithm for its implementation.
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Abstrakt

Od počátku 90. let 20. stoletı́, kdy
se systematicky začaly vyvı́jet nástroje
a metodika pro zaváděnı́ medicı́ny založené na
důkazech (EBM) do klinické praxe, došlo ke
značnému rozvoji informačnı́ch zdrojů a služeb
zaměřených na podporu EBM. Současně
docházelo k posunu ve vztahu uživatelů
k internetu. Webové technologie, které dřı́ve
byly v rukou profesionálnı́ch programátorů,
se přiblı́žily uživatelům natolik, že zanikla
hranice mezi autory obsahu a čtenáři. Tento
jev, v poslednı́ch letech popisovaný jako Web
2.0, je zdrojem cenného poznánı́ (”wisdom
of crowds”, ”collective knowledge”). Tato
práce vycházı́ z principů medicı́ny založené
na důkazech a využı́vá nástroje Webu 2.0
pro vytvořenı́ nového informačnı́ho zdroje,
který naplňuje pevná kritéria EBM a současně
umožňuje využitı́ prvků Webu 2.0 podporujı́cı́ch
sdı́lenı́ znalostı́ a komunikaci jeho uživatelů.
Výsledkem je systém pro budovánı́ databáze
poznánı́ vzniklého na podkladě systematického
výzkumu doplňovaná názory a praktickými
zkušenostmi členů dané virtuálnı́ komunity.

Klı́čová slova: vědecké lékařské informace,
medicı́na založená na důkazech, EBM, podpora
klinického rozhodovánı́, informačnı́ zdroje, Web
2.0, nová média

1. Úvod

Informačnı́ zdroje odpovı́dajı́cı́ pravidlům medicı́ny
založené na důkazech (EBM) musı́ splňovat několik
základnı́ch kritériı́:

- Aktuálnost (nejnovějšı́ informace, pravidelná
aktualizace)

- Validita (metodologická správnost)

- Klinická relevance (odpovědi na klinické otázky)

- Rychlá dosažitelnost a praktičnost (elektronická
forma, snadné vyhledávánı́)

S ohledem na výše uvedené nároky vznikly pro
potřeby EBM některé specifické dokumenty, mezi
něž patřı́ předevšı́m tzv. sekundárnı́ zdroje odvozené
analýzou a syntézou primárnı́ch časopiseckých článků,
tj. originálnı́ch studiı́. Za nejspolehlivějšı́ primárnı́
zdroje jsou považovány randomizované kontrolované
studie, které stojı́ na vrcholu tzv. pyramidy důkazů
(obr. 1). Ze stejných důvodů se informačnı́ zdroje
zaměřené na podporu EBM v klinické praxi postupně
vyvı́jely a v současnosti je lze rozdělit do pěti
základnı́ch skupin (viz pyramida ”5S”, obr. 2, [6]). Při
vyhledávánı́ odpovědı́ na klinické otázky se doporučuje
začı́nat u sekundárnı́ch zdrojů a postupovat od vrcholu
pyramidy směrem k jejı́mu základu.

Obrázek 1: Pyramida důkazů.
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1.1. Sekundárnı́ informačnı́ zdroje pro podporu
EBM

Mezi sekundárnı́ zdroje v kontextu terminologie
medicı́ny založené na důkazech patřı́: systematické
přehledy, CATs (Critical Appraised Topics), BETs (Best
Evidence Topics), POEMs (Patient Oriented Evidence
that Matters), klinická doporučenı́ (CPGs, Clinical
Practice Guidelines) a Ekonomické analýzy.

a. Systematické přehledy (systematic reviews)
Podle současných kritériı́ medicı́ny založené na
důkazech jsou systematické přehledy v daném čase
nejkvalitnějšı́ zdroje informacı́ o určitém tématu nebo
klinické otázce a stojı́ tedy na vrcholu dřı́ve již zmı́něné
pyramidy důkazů (obr. 1). Vznikajı́ v metodicky
přesně definovaném a reprodukovatelném procesu,
jehož součástı́ je pečlivé a důkladné vyhledávánı́
primárnı́ch vědeckých dokumentů (publikovaných
i nepublikovaných), kritické posouzenı́ jejich validity
(k dalšı́mu zpracovánı́ jsou vybrány pouze studie
odpovı́dajı́cı́ stanoveným kritériı́m) a často i následné
statistické zpracovánı́ (metaanalýza). Cı́lem tohoto
procesu je minimalizovat riziko systematické chyby
(bias) a zı́skat tak co možná nejspolehlivějšı́ závěry.

Tvorbou systematických přehledů se zabývá napřı́klad
Cochranova spolupráce (Cochrane Collaboration),
která vytvářı́ a čtvrtletně aktualizuje tzv. Cochranovy
systematické přehledy. Jsou obsahem Cochranovy
databáze systematických přehledů (The Cochrane
Database of Systematic Reviews, CDSR) v Cochranově
knihovně. V úvodu každého takového dokumentu
najdeme datum poslednı́ho prohledávánı́ informačnı́ch
zdrojů a datum poslednı́ podstatné provedené změny.

b. CATs, BETs, POEMs
CATs (Critical Appraised Topics) a BETs (Best

Evidence Topics) jsou kratšı́ dokumenty shrnujı́cı́
důkazy na úzce specializovanou klinickou otázku
(terapeutický postup, diagnostický test ap.). Dokumenty
tohoto typu najdeme v databázı́ch mateřských univerzit,
organizacı́ a institucı́, napřı́klad v CATbank (Centre for
Evidence-Based Medicine, Oxford) nebo na Evidence-
Based Pediatrics Web Site (University of Michigan).

POEMs (Patient-Oriented Evidence that Matters)
jsou takové důkazy, jejichž výsledky jsou významné
z hlediska pacienta (morbidita, mortalita, kvalita
života) na rozdı́l od tzv. DOEs (Disease Oriented
Evidence), které se zabývajı́ charakteristikami nemoci
(patofyziologie, etiologie). Články typu POEM
vycházejı́ v každém čı́sle Journal of Family Practice
a jsou základem pro Family Medicine Journal Clubs.

c. Klinická doporučenı́ (clinical practice guidelines)
Klinická doporučenı́ jsou systematicky vyvı́jené
dokumenty pro podporu rozhodovánı́ o patřičné
léčebné péči v konkrétnı́ klinické situaci. Bývajı́
vytvářeny a aktualizovány odbornými asociacemi nebo
klinickými skupinami a publikovány v odborných
časopisech, na internetových stránkách odborných
společnostı́ či patřičných vládnı́ch rezortů nebo
pomocı́ účelového tisku. Najdeme je rovněž ve
specializovaných databázı́ch (např. Evidence-Based
Medicine Guidelines).

d. Ekonomické analýzy (economic analyses)
Ekonomické analýzy jsou dokumenty, které pomocı́
formálnı́ch kvantitativnı́ch metod srovnávajı́ alternativnı́
postupy z hlediska nákladů a výsledků. Rovněž tento
druh informacı́ najdeme v přı́slušných databázı́ch,
napřı́klad v NHS Economic Evaluation Databaze
(NHS EED) vytvářené v Centre for Reviews and
Dissemination při Univerzitě v Yorku.

Obrázek 2: Evoluce informačnı́ch zdrojů pro podporu EBM.
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1.2. Evoluce informačnı́ch zdrojů pro podporu EBM

Vývoj specializovaných informačnı́ch zdrojů pro
podporu EBM lze znázornit pomocı́ pětistupňové
pyramidy (”5S”, obr. 2, [6]):

Studie (studies): jednotlivé originálnı́ články
vyhledatelné v tradičnı́ch biomedicı́nckých databázı́ch,
jako jsou Medline, EMBASE nebo CINAHL. Klinické
studie je možné vyhledávat také přı́mo v registrech,
jako jsou Cochrane Central Register of Controlled Trials
nebo Current Controlled Trials.

Syntézy (syntheses): systematické přehledy
a metaanalýzy všech dostupných a srovnatelných
originálnı́ch studiı́ zabývajı́cı́ch se danou
problematikou. Mezi prameny typu syntézy patřı́
Cochranovy přehledy a přehledy non-Cochranova typu,
jako jsou např. CATs (Critically Appraised Topics) nebo
BETs (Best Evidence Topics).

Synopse (synopses): stručné (často jednostránkové),
výstižné a přehledné popisy (strukturovaná abstrakta)
systematických přehledů nebo originálnı́ch studiı́.
Spolu s nı́že uvedenými souhrny jsou považovány za
nejpraktičtějšı́ soubory informacı́ pro lékaře v klinické
praxi. Synopse najdeme ve specializovaných časopisech
(např. ACP Journal Club, Evidence-Based Medicine
nebo Evidence-Based Cardiovascular Medicine)
a databázı́ch (např. v databázi DARE, Database of
Abstracts of Reviews of Effects, která zahrnuje studie
hodnotı́cı́ efektivitu léčebných postupů).

Souhrny (summaries): vycházejı́ ze synopsı́, syntéz
a studiı́ a integrujı́ všechny dostupné důkazy na
dané klinické téma. Na rozdı́l od synopsı́, syntéz
a studiı́ tak poskytujı́ informace relevantnı́ pro danou
klinickou situaci z vı́ce aspektů a jsou tedy v určitém
smyslu ”EBM učebnicemi”. Patřı́ sem napřı́klad Clinical
Evidence, PIER (Physicians’ Information and Education
Resource) nebo UpToDate.

Systémy (systems) jsou softwarové aplikace pro
podporu rozhodovánı́, které automaticky propojujı́
nejnovějšı́ a v dané době nejspolehlivějšı́ klinické
důkazy s informacemi o konkrétnı́m pacientovi
(elektronický zdravotnı́ záznam).
Dokumenty dosahujı́cı́ potřebné metodologické kvality
však ještě musı́ být navı́c klinicky relevantnı́. Je
zřejmé, že vyhledánı́ patřičně kvalitnı́ch a současně
relevantnı́ch dokumentů podle výše uvedeného modelu
nenı́ v tradičnı́ch biomedicı́nských databázı́ch snadné
a vyžaduje dobrou znalost dotazovacı́ho jazyka dané
databáze. Jistou pomůckou jsou předdefinované filtry.
V databázi PubMed se jedná o tzv. PubMed Clinical
Queries.

Pomocı́ Clinical Queries je možné vyhledávat jednak
studie podle klinických kategoriı́ (Clinical Study
Category), jako jsou etiologie, diagnóza, terapie,
prognóza a návody pro klinické předpovědi, jednak
lze hledat systematické přehledy (Systematic Reviews).
Kromě pravých systematických přehledů Cochranova
typu tento filtr selektuje navı́c také metaanalýzy,
přehledy klinických studiı́, články zaměřené na
evidence-based medicine, konference formulujı́cı́
shodná stanoviska a praktická doporučenı́ (guidelines).

1.3. Web 2.0

Termı́n Web 2.0 byl poprvé použit Timem O’Reillym
a zástupci MediaLive International při plánovánı́
konceptu pro prvnı́ konferenci na téma aktuálnı́ situace
a nových trendů na poli internetu, která se uskutečnila
v roce 2004 [9], [11]. Konference s názvem Web 2.0 pak
dala podnět pro nespočet diskuzı́ o tomto kontroverznı́m
pojmu, předevšı́m však ale poukázala na skutečnost, že
od roku 2000 poněkud stagnujı́cı́ internetové podnikánı́
nabı́rá nový směr.

Od prvnı́ho vyslovenı́ termı́nu Web 2.0 bylo vykonáno
mnoho pokusů o vyjádřenı́ jasné definice tohoto pojmu,
které se - stejně jako termı́n samotný - vyznačujı́ jistou
vágnostı́ a provokujı́ odbornou i laickou internetovou
veřejnost k dlouhým diskuzı́m o jeho pravé podstatě
a smysluplnosti. Podle O’Reillyho definice z řı́jna
2006 je Web 2.0 revoluce v podnikánı́ v počı́tačovém
průmyslu způsobená posunem k internetu jako
platformě a pokus porozumět pravidlům vedoucı́m
k úspěchu na této nové platformě. (”Web 2.0 is the
business revolution in the computer industry caused
by the move to the internet as platform, and an
attempt to understand the rules for success on that new
platform.”) [8].

Ačkoliv termı́n Web 2.0 navozuje dojem, že se jedná
o novou verzi Webu, nejedná se o ”upgrade” celosvětové
sı́tě z hlediska technických specifikacı́. Jde spı́še
o nové přı́stupy a způsoby využitı́ stávajı́cı́ch webových
technologiı́, jejichž výsledkem je tzv. druhá generace
webových služeb a na webu založených komunit
(Community 2.0), které dı́ky aplikacı́m založeným na
sociálnı́m software (social software) posilujı́ spolupráci
a sdı́lenı́ informacı́ mezi uživateli (př. social networking
sites, wikis nebo folksonomie) [11]. Pro Web 2.0 jsou
charakteristické projekty, které použı́vajı́ technologie
a principy zaměřené na uživatele služeb, a to často
až do té mı́ry, že jim umožňujı́ podı́let se na obsahu
či tvorbě projektu [11]. Typická je proto změna
komunikačnı́ho modelu z dřı́ve běžného ”one to
one” na dnes stále častějšı́ ”many to many”. Obsah
webových stránek už tak nenı́ tvořen pouze webmastery
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a jednotlivými autory, ale samotnými uživateli a jejich
skupinami (”user-powered content”). Ruku v ruce s tı́m
jdou aplikace, které by bylo možné souhrnně nazvat
”reputačnı́ systémy”. Ty umožňujı́ uživatelům hodnotit
a potažmo doporučovat (nebo naopak nedoporučovat)
ostatnı́m členům dané komunity jednotlivé produkty
či přı́spěvky (at’ už jde o výrobky nebo nejrůznějšı́
texty). Reputačnı́ systémy majı́ různou podobu od
diskuze pod přı́spěvkem v blogu či jiném publikačnı́m
systému přes hlasovacı́ systém s ikonou ”Vote it”
nebo ”Digg it” apod. až po sofistikované miniaplikace
automaticky analyzujı́cı́ počet hlasů přidělených
jednotlivým přı́spěvkům a nabı́zejı́cı́ nejlépe hodnocené
přı́spěvky jako dalšı́ informaci navı́c. Vedle vyjádřenı́
kladného hlasu některé z těchto systémů umožňujı́
také přı́spěvek zavrhnout, označit jako nepřijatelný
či nepatřičný (”Bury it”, ”Flag it as inappropriate”),
takže ”čištěnı́” komunitou nesystematicky přidávaného
obsahu může být opravdu velmi účinné a výsledná
kolekce textů, obrázků nebo jiných formátů pak může
v přı́padě dostatečné návštěvnosti webových stránek
dosahovat nečekané kvality.

2. Cı́l práce
Cı́lem této práce bylo vytvořit platformu pro
průběžně doplňovanou databázi dokumentů
naplňujı́cı́ch požadavky EBM na metodologickou
kvalitu a klinickou relevanci, propojit tento obsah
s prvky Webu 2.0 a umožnit uživatelům kromě
snadného sledovánı́ přı́růstku do databáze a jejı́ho
prohledávánı́ navı́c také komunikovat o jednotlivých
článcı́ch, hodnotit je slovně nebo pomocı́ pětistupňové
škály a využı́vat dalšı́ prvky charakteristické pro Web
2.0.

3. Metodika a popis sytému
Pro ukládánı́ a správu záznamů byl vybrán
redakčnı́ systém určený pro publikovánı́ blogu od
společnosti Google známý pod názvem Blogger
(www.blogger.com). Jako základ pro obsah systému
byly s ohledem na své postavenı́ v pyramidě důkazů
(viz výše) vybrány systematické přehledy doplněné
metaanalýzou, které jsou pilı́řem postupně vznikajı́cı́,
plnotextově prohledatelné databáze. Doplňujı́cı́mi
informacemi systému jsou pak přehledy publikacı́
nejnovějšı́ch kontrolovaných klinických studiı́
a přehledy dalšı́ch klinicky významných článků z oblasti
diagnostiky, etiologie a prognózy nemocı́, varovánı́
publikovaná vybranými státnı́mi úřady pro kontrolu
léčiv a cı́lené vyhledávače lékařských doporučenı́
a klinických studiı́ dostupných na internetu.

3.1. Bibliografie s abstrakty systematických
přehledů a metaanalýz

Cochranovy i non-Cochranovy systematické
přehledy jsou průběžně vyhledávány v databázi

MEDLINE/PubMed. Dokumenty jsou filtrovány
s ohledem na jednotlivé klinické specializace s pomocı́
terminologie MeSH. Vyhledané dokumenty jsou před
samotným vloženı́m do systému ještě zvlášt’ posouzeny
z hlediska relevance a popsány značkami (tagy),
které charakterizujı́ jejich obsah. Měsı́čně je zakládáno
několik desı́tek dokumentů, přičemž tento počet kolı́sá
předevšı́m v době aktualizace Cochranovy databáze
systematických přehledů (4x ročně). Vedle služby
nabı́zejı́cı́ filtrovaný přehled nejnovějšı́ch článků
(resp. jejich bibliografických záznamů, ve většině
přı́padů včetně abstraktů) publikujı́cı́ch klinicky validnı́
a relevantnı́ důkazy tak vzniká navı́c kumulativnı́
databáze, kterou je možné prohledávat plnotextově
nebo tematicky (pomocı́ značek/tagů přidělovaných při
zakládánı́ dokumentů do sytému).

3.2. Upozorněnı́ na články hodnocené postpublikačně
s ohledem na potřeby klinické praxe

Existujı́ dvě významné služby zaměřené na třı́děnı́
a hodnocenı́ publikovaných článků s ohledem na
potřeby klinické praxe a kritéria EBM: McMaster
Premier Literature Service (PLUS) a Faculty 1000
Medicine. Na vybrané (veřejně dostupné) dokumenty
z těchto informačnı́ch zdrojů je poukazováno
formou citacı́ s webovými odkazy do databáze
MEDLINE/PubMed.

a. McMaster Premier Literature Service (PLUS)
je knihovnicko informačnı́ servis, jehož
podstatou je systematické prohledávánı́
110 vybraných biomedicı́nských časopisů,
identifikace potenciálně významných článků,
které z metodologického hlediska splňujı́
kritéria EBM, a následné hodnocenı́ těchto
článků lékaři v praxi z hlediska jejich klinické
relevance a praktického dopadu. Takto vybrané
a ohodnocené články je poté možné zı́skávat
pomocı́ e-mailové alertnı́ služby nebo vyhledávat
přı́mo v McMasteské databázi, kde je rovněž
možné procházet seznam nejvı́ce čtených článků.
Služba je provozována ve spolupráci se známým
nakladatelem odborné lékařské literatury BMJ
Publishing Group a distribuována jako BMJ
Updates+ (www.bmjupdates.com). Na základě
McMaster PLUS je založena i služba Medscape
Best Evidence poskytovaná serverem Medscape,
který je součástı́ sı́tě profesionálnı́ch portálů
WebMD Health Professional Network. Pro účely
této práce jsou ze služby McMaster PLUS
vybı́rány nejvı́ce sledované články.

b. Faculty 1000 Medicine je služba dalšı́ho
známého nakladatele v oblasti odborné
biomedicı́nské literatury, kterým je BioMed
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Central (www.f1000medicine.com). I ona je
založena na postpublikačnı́m vyhodnocovánı́
článků, byt’ pro jejich výběr i hodnocenı́ samotné
existujı́ jiná pravidla než v přı́padě výše uvedných
BMJ Updates+. Tato služba upozorňuje na
nejzajı́mavějšı́ a nejvlivnějšı́ články z oblasti
medicı́ny na základě doporučenı́ téměř 2500
přednı́ch vědců a kliniků z 18 oborů, kteřı́ je
vybı́rajı́, hodnotı́ a přidělujı́ jim tzv. F1000 faktor.
Pro potřeby této práce jsou využı́vány články,
které jsou podle členů Faculty 1000 Medicine
natolik významné, že měnı́ pohled na dosavadnı́
klinickou praxi (”articles that change clinical
practice”).

3.3. Upozorněnı́ na nejnovějšı́ výsledky randomizo-
vaných kontrolovaných klinických studiı́ a na dalšı́
klinická témata prostřednictvı́m technologie RSS

RSS (Really Simple Syndication) je technologie
použı́vaná k publikovánı́ (resp. také sledovánı́) často

aktualizovaného obsahu. RSS dokument (tzv. feed nebo
kanál) obsahuje bud’ část obsahu z patřičné webové
stánky nebo plný text. Aktualizovaný obsah je pak
možné automaticky odebı́rat pomocı́ agregátoru neboli
RSS čtečky.

Zdrojem obsahu pro tuto část systému je opět
databáze MEDLINE/PubMed (www.pubmed.gov),
přičemž výběr článků je prováděn na základě
filtrů odpovı́dajı́cı́ch tzv. Clinical Queries (viz
výše) [2], [3], [4], [12], [13], [14].

Pro účely popisovaného systému byl zvolen odběr názvů
(titulků) nejnovějšı́ch článků vyhledávaných podle nı́že
uvedených filtrů. Přehledy titulků jsou agregovány do
webové miniaplikace (obr. 3), v nı́ž je možné titulky
prohlı́žet a v přı́padě zájmu prokliknout na celý abstrakt
přı́mo do databáze PubMed.

Obrázek 3: RSS čtečka nejnovějšı́ch článků vybraných z databáze PubMed.

Filtr pro články týkajı́cı́ se léčby:
(randomized controlled trial[Publication Type] OR
(randomized[Title/Abstract] AND controlled[Title/Abstract]
AND trial[Title/Abstract]))

Filtr pro články týkajı́cı́ se diagnostiky:
(specificity[Title/Abstract])

Filtr pro články týkajı́cı́ se etiologie nemocı́:
((relative[Title/Abstract] AND risk*[Title/Abstract])
OR (relative risk[Text Word]) OR risks[Text

Word] OR cohort studies[MeSH:noexp] OR
(cohort[Title/Abstract] AND stud*[Title/Abstract]))

Filtr pro články týkajı́cı́ se prognózy:
(prognos*[Title/Abstract] OR (first[Title/Abstract]
AND episode[Title/Abstract]) OR cohort[Title/Abstract])

Filtr pro návody na klinické předpovědi:
(validation[tiab] OR validate[tiab])
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3.4. Upozorněnı́ a varovánı́ vybraných státnı́ch
úřadů pro kontrolu léčiv

Nepublikovaná data přicházejı́cı́ z klinické praxe
formou hlášenı́ o nežádoucı́ch účincı́ch léků státnı́m
úřadům pro kontrolu léčiv jednotlivých zemı́ jsou
podchycena v popisovaném systému pomocı́ RSS
kanálů přı́mo ze stránek patřičných úřadů. V této fázi
byly do systému zahrnuty farmakovigilančnı́ zprávy ze
třı́ institucı́:

a. Státnı́ úřad pro kontrolu léčiv (ČR),
www.sukl.cz

b. Medicines and Healthcare products
Regulatory Agency (UK), www.mhra.gov.uk

c. Food and Drud Administration (USA),
www.fda.gov

Obrázek 4: Oblak štı́tků (tag cloud) a možnost prohlı́ženı́
článků podle témat.

3.5. Prvky Web 2.0

a. Štı́tky (tagy)
Vybrané články jsou při zakládánı́ do systému

označovány štı́tky (tagy), pomocı́ kterých mohou
být prohlı́ženy tematicky souvisejı́cı́ články. Relativnı́
četnost štı́tků je vizualizována ve formě tzv. oblaku
štı́tků (tag cloud, obr. 4), který usnadňuje orientaci
v obsahu databáze.

b. Komentáře
Pod každý přı́spěvek mohou uživatelé vkládat své
komentáře a doplňovat tak odborný obsah systému
vybı́raný z databáze MEDLINE/PubMed a vytvářet
tak složky zvané v terminologii Web 2.0 jako ”user-
generated content” a ”soft peer-review” [10] (viz také
nı́že). Tento uživateli vytvářený obsah mohou zájemci
sledovat jednak přı́mo pod články, jednak mohou názory
a komentáře k článkům odebı́rat do svých RSS čteček
prostřednictvı́m RSS kanálů. S ohledem na zaměřenı́
systému se očekává, že komentáře budou mı́t odborný
charakter a budou poskytovat praktické pohledy na
komentovaná témata a hodnocenı́ článků založená
na osobnı́ch zkušenostech. Diskuze je zcela otevřená
pro všechny uživatele systému, z důvodu prevence
zneužitı́ či vandalizmu je však požadována registrace
komentátorů prostřednictvı́m Gmail účtu nebo Open ID.

c. Hodnocenı́ článků
Do systému byl implementován nástroj pro hodnocenı́
článků z pohledu uživatelů. Články je možné hodnotit
v pětistupňové škále (1-2 hvězdičky: špatné hodnocenı́,
3-4 hvězdičky: dobré hodnocenı́, 5 hvězdiček:
vynikajı́cı́ hodnocenı́). Výsledky hodnocenı́ při
dostatečném počtu uživatelů sloužı́ jako jistá alternativa
oficiálnı́ho recenznı́ho procesu (tzv. ”soft peer-
review” [10]) a umožňujı́ rychle určit v množstvı́
článků, které z nich majı́ nejvyššı́ hodnocenı́ a tedy
nejvı́ce stojı́ za pozornost. (Na tomto mı́stě je však
nutné připomenout, že jde o hodnocenı́ článků, které
samy již prošly oficiálnı́m recenznı́m procesem a jsou
z hlediska kvality na vysoké úrovni. Hodnocenı́
komunity však přidává dalšı́ aspekty, jejichž podrobný
rozbor by ale byl již mimo původnı́ zaměřenı́ tohoto
článku.) Uvedený nástroj současně automaticky
vyhodnocuje nejvýše oceněné články a nabı́zı́ jejich
přehled na postrannı́m panelu (”The most popular
posts/articles”), stejně jako doporučuje dalšı́ dobře
hodnocené články přı́mo pod jednotlivými záznamy
(”Recommended posts/articles”, obr. 5) a umožňuje
tak využitı́ dalšı́ho prvku charakteristického pro Web
2.0, kterým je ”vytěžovánı́ společného poznánı́”
dané komunity (”collective knowledge”, ”wisdom of
crowds”).
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Obrázek 5: Hodnocenı́ článků uživateli a nabı́dka dalšı́ch dobře hodnocených článků.

d. RSS kanály
Systém nabı́zı́ RSS kanály pro nově přidané články
i komentáře k nim, které uživatelé mohou průběžně
sledovat prostřednictvı́m svých RSS čteček.

e. Komunitnı́ záložky
Systém je vybaven propojenı́m každého článku s vı́ce
než dvaceti službami pro zakládánı́ a sdı́lenı́ on-line
záložek (social bookmarking websites) a umožňuje tak
uživatelům jednak praktický přı́stup k takto založeným
EBM textům z jakéhokoliv mı́sta vybaveného
připojenı́m k internetu (a neomezuje tedy uživatele na
jejich lokálnı́ programy pro ukládánı́ a správu odborné
literatury typu Reference Manager ap.) a dále umožňuje
tzv. virové (česky v tomto kontextu častěji tzv. virálnı́)
šı́řenı́ nejvı́ce ceněných článků prostřednictvı́m
internetu. Lze předpokládat, že vzhledem k charakteru
publikacı́ vybı́raných do sytému může mı́t tato posledně
jmenovaná funkce velký význam pro šı́řenı́ a zaváděnı́
nejnovějšı́ch vědeckých poznatků do klinické praxe.

4. Závěr

Přı́nos popisovaného systému v kontextu současné
nabı́dky informačnı́ch zdrojů, služeb a systémů
zaměřených na potřeby EBM je očekáván jednak
v rovině rozšı́řenı́ nabı́dky specializovaných
informačnı́ch zdrojů pro podporu klinického
rozhodovánı́, jednak v rovině propojenı́ tohoto zdroje
s prvky a nástroji Webu 2.0.

Jak bylo uvedeno výše, začı́najı́ v poslednı́ch letech
vznikat systémy zaměřené na postpublikačnı́ evaluaci
biomedicı́nské literatury. Mezi nejvýznamnějšı́ patřı́

Faculty 1000 Medicine, BMJ Updates+, Medscape Best
Evidence nebo Ophthalmology+, jež nabı́zejı́ filtrované
informace zaměřené na bezprostřednı́ využitelnost
v klinické praxi. V době exponenciálnı́ho růstu
informacı́, kdy lékaři čelı́ tzv. informačnı́mu paradoxu
(tzn. přetı́ženı́ informacemi, přičemž právě potřebné
informace jsou nedostupné [1]), je jejich praktický
význam vysoký.

Paralelně vznikajı́ iniciativy využı́vajı́cı́ nástroje
a služby Webu 2.0 pro potřeby vědecké komunity,
biomedicı́nské obory nevyjı́maje (Věda 2.0, Medicı́na
2.0). Na vzestupu jsou nová publikačnı́ a komunikačnı́
média, spolu s nimiž stoupá objem uživateli vytvářeného
obsahu. Sociálnı́ software a sociálnı́ sı́tě umožňujı́
snadné a rychlé sdı́lenı́ informacı́ a pružnou komunikaci,
dı́ky čemuž je rychlost šı́řenı́ nových poznatků
nesrovnatelně vyššı́ a doba od formulace vědeckých
závěrů k jejich uvedenı́ do všeobecného povědomı́ se
zkracuje.

Tato práce kombinuje oba výše uvedené principy.
Výsledkem je nástroj pro poskytovánı́ informačnı́ho
servisu a budovánı́ kumulativnı́ databáze publikacı́
splňujı́cı́ch nejpřı́snějšı́ kritéria EBM, který navı́c
umožňuje využitı́ vlastnostı́ charakteristických pro
Web 2.0. Vedle předem daných a explicitně prověřených
pravidel pro výběr článků zařazovaných do systému
nabı́zı́ tedy i možnost pro vyjádřenı́ názoru komunity
uživatelů a v jistém smyslu tedy i dalšı́ rovinu
postpublikačnı́ho hodnocenı́ článků (viz výše zmı́něné
”soft peer-review”). Systém zahrnuje v současné
době dva nástroje umožňujı́cı́ interakci s komunitou
uživatelů: hodnocenı́ pomocı́ pěti hvězdiček a vyjádřenı́
slovnı́ v rámci komentářů pod články. Dále systém
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zahrnuje možnost vyhledávánı́ lékařských doporučenı́
a randomizovaných klinických studiı́ pomocı́ cı́lených
vyhledávačů, informace o nejnovějšı́m obsahu
z vybraných informačnı́ch zdrojů, k dispozici je rovněž
možnost odebı́ránı́ nejnovějšı́ho obsahu pomocı́ RSS
kanálů a ukládánı́ vybraných článků do osobnı́ch
i sociálnı́ch webových záložek.
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Motivation. In 1999, a group of people led by Kristofer
Pister from University of California, Berkeley, presented
an idea of a so-called smart dust (cf. [5], [11], [6], [12]).
The smart dust is a network of computers of extremely
small scale—each computer should have size of 1 mm3

and even smaller if technology permits. The ultimate
goal was to have each computer the size of a dust mote.

It is anticipated that these motes could be easily
distributed in a target area by e.g. dropping them from
an airplane. The deployed motes would then serve to
monitor the target area as to the temperature, humidity,
amount of precipitation. This information may help in
agriculture to ensure better yield. Or the motes are
dropped in a perimeter of a secured area and using
auditory and electromagnetic sensors they discover
unwanted intruders. Other applications could be in a
health industry for monitoring the physical conditions
of patients and the movements of patients in a hospital
building. The project concentrated mainly on technical
issues connected with the need to use or develop new,
very efficient components from which to build the
motes.

Concurrently with the Smartdust project a similar
computing paradigm appeared at MIT Computer
Science and Artificial Intelligence Laboratory. The
respective idea—called amorphous computing—was
also introduced in 1999. Amorphous computing
assumes that large number of simple, identical devices
(thousands or millions of them) will be randomly
scattered over a target area. The question connected with
amorphous computing was how to organize and program
these devices so that they cooperate and, as a whole,
perform some useful action (see [1], [2], [3]).

The two paradigms, Amorphous computing and Smart
dust, are similar in that both assume very simple

devices used in large numbers. The difference between
Amorphous computing and Smart dust is in the assumed
method of communication. Smart dust assumes optical
transmission, which is a long-range communication over
uni-directional links and the light beam is sent into some
direction. On the other hand, Amorphous computing
assumes that the devices communicate by radio, which
is a short-range communication over bi-directional links
and the signal is broadcast omnidirectionally.

A recent review [10] discusses various techniques to
take smartdust in sensor networks beyond millimeter
dimensions to the micrometre level. For communication
purposes, so-called nanoradios are considered (cf. [4]).

Our approach. Neither in the Smartdust nor in the
amorphous computing project attention was paid to
the recursive-theoretical, or computational complexity
aspects of the underlying new computational paradigm.
The core of the new paradigm can be aptly summarized
as sensing, computing, communication, and mobility.
In order to study the respective issues three things are
needed: (i) a detailed mathematical, or computational,
for that matter, model capturing the main features
of the respective paradigm communication protocols;
(ii) communication protocols enabling message passing
within the network of processors, and (iii) proof of the
universal computing power of the resulting model.

In a series of papers, we have gradually developed
models of amorphous computing that, in the order of
their increased generality, cover the main features of
various types of amorphous computers.

All models possess universal computing power which
was shown by simulating other universal computing
models known from the computability theory. In our
first results we have shown simulation of a cellular
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automaton and parallel Turing machine ([7], [8]). Our
later model simulated RAM ([9], [13], [14]). Recently,
we have shown that our work can also be extended to
nano computers that communicate by sending special
signaling molecules ([15]). Till late it remained an
open problem if it was possible to have reliable
computation on so-called flying amorphous computer,
i.e., on such a computer whose computing nodes
are constantly moving causing constant changes of
possible communication links. The model of the flying
amorphous computer will be part of the PhD thesis that
is being finished now. Here we briefly introduce the
model and the obtained results.

Model. The flying amorphous computer consists of N
identical nodes (a node of our amorphous computer
corresponds to a mote of a Smartdust model). Each node
is modelled as a RAM with a fixed number of registers
of size O(log N) bits. Thus, each register can hold a
number in the range 0 to N . The memory of all the
nodes is initially empty. All nodes are randomly placed
in a target area of a square shape. Each node is randomly
assigned a direction vector determining the direction in
which the node at hand moves with constant speed. All
nodes move with the same speed; however, each node
moves in a different direction. If a node reaches the
border of the target area, it bounces off the edge like
a billiard ball and continues moving in the mirrored
direction. This ensures that the nodes do not leave the
target area. The model of the communication captures
the properties of a simple radio. There is a transmission
range r. All nodes that are at distance at most r from
a node are called neighbours of that node. A node can
either send a message or receive. If a node is receiving
and exactly one of its neighbours is sending, the message
is transferred. If two or more neighbours are sending,
there is a collision and the message is not transferred.
No node can recognize the state of collision from the
state of no transmission.

Communication protocol. For our model we have
developed a special communication protocol that
works under the minimal requirements as far as
the computational and communication functionalities
of the individual nodes are concerned. These
functionalities are: finite-state memory, randomness,
asynchronicity, anonymity of processors, and one-way
communication without a possibility of signal reception
acknowledgement.

Using this protocol, any node can start broadcasting
a message to its neighbours. These neighbours will
then broadcast the same message to their neighbours
and so on until the message finally covers the whole
amorphous computer. Due to the movement of nodes

this communication mechanism is unreliable—it is not
guaranteed that a message will be delivered to all nodes
of the computer. There is even no guaranty that a
message will be delivered at all to any node. Therefore
all algorithms designed for an amorphous computer
must cope with this unreliability. Of course, in the
case of always failing communication our amorphous
computer could not compute anything. Therefore we
have to make an assumption that communication will
not keep failing all the time—rather, it is always the
case that from time to time communication will be
successful. We say that an amorphous computer is lively
flying if it posses the following property: a sequence of
a message broadcastings from one node to some other
node always succeeds in delivering the message at hand
to some other node after an unknown, but finite number
of attempts. Note that the lively flying condition does
not allow to derive any time estimates on how long
will a computation take. Nevertheless, it at least allows
proving termination and correctness of our algorithms.

Universality. The property of universality is shown
by giving an algorithm simulating a unit-cost RAM
with a high probability. The first algorithm to be run
on an amorphous computer is the address assignment
algorithm. One of all nodes is selected and address 1 is
given to it. Then one node from the rest is selected and
address 2 is given to it. The process continues untill all
addresses up to N are assigned. Then the input data can
be stored into the nodes by an external operator. Now
we can start the simulation of a unit cost RAM using
O(N) registers. There is one special node called base
node, which simulates the control unit of the RAM. All
other nodes simulate the memory registers of the RAM.
When a read or write to register is required, the base
node broadcasts a message to all nodes and the node
with particular address performs the reading or writing
of its internal memory. To cope with the unreliability
in communication we require that an acknowledgement
from a target node is sent and received by the base
node. Therefore the cycle of sending an instruction by
the base node and its waiting for an acknowledgement
is repeated until the acknowledgement is obtained. Only
then the simulation of a RAM computation can resume
by processing the next RAM instruction. In this way it is
guaranteed that there are no errors in the simulation and
thanks to our assumption on the lively flying amorphous
computer we also can prove simulation termination in
finite, but unknown time.
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počı́tače sestaveného z jednoduchých
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Abstrakt

Článek popisuje mezinárodnı́ klasifikačnı́
systém SNOMED CT, jeho využitı́, základnı́
komponenty a hierarchie. Dále popisuje
Minimálnı́ datový model pro kardiologii a
využitı́ systému SNOMED CT v tomto datovém
modelu.
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SNOMED CT, Minimálnı́ datový model pro
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1. Úvod

Vymezenı́, pojmenovánı́ a třı́děnı́ lékařských pojmů
nenı́ dosud optimálnı́. Pro jeden pojem existuje často
vı́ce než deset synonym. Vhodný kódovacı́ systém
ale rychle poskytne jednoznačný kód pro libovolný
biomedicı́nský poznatek. Tato práce je zaměřena na
klasifikačnı́ systém SNOMED Clinical Terms, pomocı́
jehož konceptů jsme zakódovali atributy v Minimálnı́m
datovém modelu pro kardiologii.

2. SNOMED CT

SNOMED Clinical Terms R© (SNOMED CT R©) [1,
2, 3] je komplexnı́ klinická terminologie, která
poskytuje klinický obsah a expresı́vnost pro klinickou
dokumentaci a výkaznictvı́. Může být využit pro
kódovánı́, vyhledávánı́ a analyzovánı́ klinických
dat. SNOMED CT vzniknul sloučenı́m terminologiı́
SNOMED Reference Terminology (SNOMED RT),
kterou vytvořila College of American Pathodologists
(CAP) a Clinical Terms Version 3 (CTV3), kterou
vyvinul National Health Service (NHS) ve Velké
Británii. Tato terminologie obsahuje koncepty, termı́ny
a vztahy s cı́lem přesně vyjadřovat klinické informace
napřı́č celým zdravotnictvı́m.

3. Využitı́ terminologie SNOMED CT

Zdravotnické softwarové aplikace se zaměřujı́ na sběr
klinických dat, na propojenı́ klinických znalostnı́ch
databázı́, zı́skávánı́ informacı́ a také na shromažd’ovánı́
a výměnu dat. Informace ale mohou být zaznamenány
různými způsoby v různou dobu a na různých mı́stech.

Standardizované informace zlepšujı́ analýzu. SNOMED
CT poskytuje standard pro klinické informace.
Softwarové aplikace mohou využı́vat koncepty,
hierarchie a vztahy jako společný referenčnı́ bod pro
analýzu dat. SNOMED CT sloužı́ jako základ, na kterém
mohou zdravotnické organizace vyvinout efektivnı́
aplikace, aby mohly provádět výzkum ze závěrů,
hodnotit kvalitu péče a náklady na nı́ a aby mohly
navrhnout efektivnı́ lékařská doporučenı́ pro léčbu.

Standardizovaná terminologie může přinést výhody
lékařům, pacientům, administrátorům, softwarovým
vývojářům a plátcům. Klinická terminologie může
pomoci poskytovatelům lékařské péče tak, že jim
poskytne jednodušeji dostupné a kompletnı́ informace,
které náležı́ k procesu zdravotnické péče (chorobopis
pacienta, nemoci, léčby, laboratornı́ výsledky, atd.) a
proto vyúst’ujı́ v lepšı́ výsledky v péči o pacienta.
Klinická terminologie může umožnit poskytovateli
lékařské péče identifikovat pacienty podle zakódované
informace v jejich záznamech a tı́m usnadnit dalšı́
vyšetřovánı́ a léčbu [4].

4. Základnı́ komponenty terminologie SNOMED
CT

4.1. Koncepty

V rámci SNOMED CT znamená
”
koncept“ klinický

význam, který je identifikován jedinečným numerickým
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identifikátorem (ConceptID), který se nikdy neměnı́.
Koncepty jsou reprezentovány jedinečným, pro člověka
čitelným

”
Zcela specifickým názvem“ (Fully Specified

Name) (FSN). Koncepty jsou formálně definovány ve
vztazı́ch k dalšı́m konceptům. Tyto

”
logické definice“

poskytujı́ explicitnı́ význam, který může počı́tač
zpracovat a dotazovat se na něj. Každý koncept má
také skupinu termı́nů, které pojmenovávajı́ koncept
způsobem čitelným pro člověka.

Koncepty představujı́ různé stupně klinického detailu.
Koncepty mohou být velice obecné nebo mohou
představovat zvyšujı́cı́ se specifické úrovně detailu,
kterým se také řı́ká zvyšujı́cı́ se granularita. Zvyšujı́cı́
úrovně granularity zlepšujı́ schopnost kódovat klinická
data v náležité úrovni detailu.

Obrázek 1: Úrovně granularity

Koncepty ve SNOMED CT majı́ jedinečné numerické
identifikátory, které se nazývajı́ ConceptID. ConceptID
neobsahuje hierarchické nebo implicitnı́ významy.
Numerický identifikátor neukazuje žádnou informaci o
povaze konceptu.

Přı́klad: 367416001 je ConceptID pro koncept angina
pectoris (disorder).

4.2. Popisy (druhy, označenı́)

Popisy konceptu (concept descriptions) jsou termı́ny
nebo názvy, které jsou přiděleny konceptu ve SNOMED
CT.

”
Termı́n“ v tomto kontextu znamená frázi,

která je použita k pojmenovánı́ konceptu. Jedinečné

DescriptionID identifikuje popis. Násobné popisy
mohou být spojeny s konceptem, který je identifikován
svým ConceptID.

Přı́klad: Několik popisů spojených s ConceptID
22298006:

• Zcela specifický název: Myocardial infarction
(disorder)
DescriptionID 751689013

• Preferovaný termı́n: Myocardial infarction
DescriptionID 37436014

• Synonymum: Cardiac infarction
DescriptionID 37442013

• Synonymum: Heart attack
DescriptionID 37443015

• Synonymum: Infarction of heart
DescriptionID 37441018

Každý z výše zmı́něných popisů má jedinečné
DescriptionID a všechny tyto popisy jsou spojeny s
jednı́m konceptem (a jednı́m ConceptID 22298006).

4.2.1 Druhy popisů:

Fully Specified Name (FSN) (Zcela specifický název)

Každý koncept má jeden jedinečný FSN,
který má poskytnout jednoznačný způsob, jak
pojmenovat koncept. Účelem FSN je jednoznačně
identifikovat koncept a objasnit jeho význam.
Neznamená to nutně, že představuje nejčastěji
použı́vanou nebo přirozenou frázi konceptu. Každý
FSN je ukončen

”
sémantickým přı́vlastkem“, který

je v závorce na konci konceptu.
”
Sémantický

přı́vlastek“ označuje sémantickou kategorii, do které
koncept patřı́ (např. Disorder (choroba), Organism
(organismus), Person (osoba), atd.). Napřı́klad
Hematom (morfologická abnormalita) je FSN, které
představuje popis toho, co patologové vidı́ na úrovni
tkáně, zatı́mco Hematom (choroba) je FSN, který
označuje koncept, který by použili praktičtı́ lékaři pro
kódovánı́ klinické diagnózy hematomu.

Preferred Term (Preferovaný termı́n)

Každý koncept má jeden preferovaný název,
který zachycuje obvyklé slovo nebo frázi, kterou
pojmenovávajı́ koncept kliničtı́ lékaři. Napřı́klad
koncept 54987000 Repair of common bile duct
(procedure) (obnova žlučovodu (procedura)) má
preferovaný termı́n Choledochoplasty (plastika
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žlučovodu), který představuje obvyklý název, který
použı́vajı́ kliničtı́ lékaři k popisu této procedury.

Na rozdı́l od FSN nemusı́ být preferované termı́ny
jedinečné. Občas se může stát, že preferovaný termı́n
pro jeden koncept může být synonymem nebo
preferovaným termı́nem pro jiný koncept.

Přı́klad: Cold sensation quality (qualifier value)
(druh pocitu nachlazenı́ (hodnota kvalifikátoru)) má
preferovaný termı́n Cold (nachlazenı́). Common cold
(disorder) (běžné nachlazenı́ (choroba)) má synonymum
Cold (nachlazenı́).

V obou přı́padech představuje cold (nachlazenı́)
obvyklou klinickou frázi, která se použı́vá k zachycenı́
významu FSN.

Synonyma

Synonyma představujı́ dalšı́ doplňkové termı́ny, které
představujı́ stejný koncept jako FSN. Synonyma, stejně
jako preferované termı́ny, nemusı́ být jedinečné.

Přı́klad: Některá synonyma, která jsou spojena s
ConceptID 22298006, který má FNS Myocardial
infarction (disorder) jsou:

• Synonymum: Cardiac infarction
DescriptionID 37442013

• Synonymum: Heart attack
DescriptionID 37443015

• Synonyum: Infarction of heart
DescriptionID 37441018

4.3. Vztahy

Koncepty ve SNOMED CT jsou propojovány pomocı́
vztahů. Existujı́ čtyři druhy vztahů, které mohou být ve
SNOMED CT přiřazeny konceptům:

• defining (definujı́cı́),

• qualifying (vymezujı́cı́),

• historical (historické),

• additional (doplňkové).

Každý koncept ve SNOMED CT je logicky definovaný
svými vztahy k jiným konceptům.

5. Hierarchie

Koncepty SNOMED CT jsou organizovány do
hierarchiı́. Koncept klasifikace SNOMED CT je

”
Root

concept“ (kořenový koncept). Koncept zahrnuje koncept
nejvyššı́ úrovně (supertyp) a všechny koncepty pod nı́m
(jeho subtypy). Protože jsou hierarchie klesajı́cı́, tak
koncepty uvnitř nich se stávajı́ vı́ce a vı́ce specifickými
(nebo-li granulovanými).

”
Subtypy“ (nebo-li

”
potomci“)

jsou potomci
”
supertypu“ (nebo-li

”
rodiče“).

Přı́klad: Streptococcal arthritis (disorder) (streptokoková
artritida (choroba)) je subtypem konceptu Bacterial
arthritis (disorder) (bakteriálnı́ artritida (choroba)).

”
Supertypy“ jsou předky

”
subtypu“.

Přı́klad: Bacterial arthritis (disorder) je supertyp
Streptococcal arthritis (disorder).

Mezi nejvyššı́ hierarchie patřı́:

• clinical finding (klinický nález),

• procedure (procedura),

• observable entity (pozorovatelná entita),

• body structure (struktura těla),

• organism (organismus),

• substance (substance),

• pharmaceutical/biologic product (farmaceutický/biologický
produkt),

• specimen (vzorek),

• special concept (speciálnı́ koncept),

• physical object (fyzický předmět),

• physical force (fyzikálnı́ sı́la),

• event (událost),

• enviroments/geographical locations (prostředı́/geografická
mı́sta),

• social context (sociálnı́ kontext),

• situation with explicit context (situace s
explicitnı́m kontextem),

• staging and scales (fáze a měřı́tka),

• linkage concept (spojovacı́ koncept),

• qualifier value (hodnota kvalifikátoru) a

• record artifact (artefakt záznamu).
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Hierarchie Klinický nález obsahuje sub-hierarchii
Disease (nemoc). Koncepty, které jsou potomci Disease
(nebo disorders (choroby, zdravotnı́ potı́že)), jsou vždy
abnormálnı́ klinické stavy.

Koncepty Procedura představujı́ aktivity, které jsou
prováděny při péči o zdravı́. Tato hierarchie představuje
širokou škálu aktivit, včetně, ale ne pouze, invaznı́ch
procedur (odstraněnı́ nitrolebečnı́ tepny (procedura)),
podávánı́ léků (očkovánı́ proti černému kašli
(procedura)), zobrazovacı́ procedury (ultrasonografie
prsu (procedura)), vzdělávacı́ procedury (osvěta o dietě
s nı́zkým obsahem soli (procedura)) a administrativnı́
procedury (přenos lékařských záznamů (procedura)).

Situace s explicitnı́m kontextem byla až do července
2006 nazývaná kategoriı́ závislou na kontextu. Tato
hierarchie byla potom přejmenována, aby lépe popsala
význam konceptů v této hierarchii. Koncepty v
hierarchii Procedura a Klinické nálezy mohou v
klinickém záznamu představovat podmı́nky a procedury,
které ještě neproběhly (např. plánovaná endoskopie
(situace)); podmı́nky a procedury, které se vztahujı́
k někomu jinému než k pacientovi (např. rodinná
anamnéza: diabetes mellitus (situace)) nebo podmı́nky
a procedury, které se objevily v jiné době než v
přı́tomnosti (např. záznamy o dřı́vějšı́ splenektomii
(situace)). Ve všech těchto přı́padech je klinický
kontext upřesněný. Druhý přı́klad, ve kterém je
důraz konceptu kladen na jinou osobu než na
pacienta, může být vyjádřen ve zdravotnı́m záznamu
kombinacı́ záznamu v

”
rodinné anamnéze“ s hodnotou

”
diabetes“. Specifický kontext (v tomto přı́padě rodinná

anamnéza) by byl vyjádřen strukturou záznamu. V
tomto přı́padě kontextově závislý koncept Rodinná
anamnéza: diabetes mellitus (situace) by se nepoužil,
protože informačnı́ model už aspekt diabetu mellitu v
rodinné anamnéze zachytil.

Na koncepty v hierarchii Pozorovatelná entita můžeme
pomýšlet jako na ty, které zastupujı́ otázku nebo
proceduru, které mohou podat odpověd’ nebo výsledek.
Napřı́klad levý ventrikulárnı́ koncový diastolický tlak
(pozorovatelná entita) by mohl být interpretován jako
otázka:

”
Co je to levý ventrikulárnı́ koncový diastolický

tlak?“ nebo
”
Co je to měřený levý ventrikulárnı́

koncový diastolický tlak?“. Pozorovatelné veličiny jsou
elementy, které mohou být použity k zakódovánı́
elementů na kontrolnı́m seznamu nebo jakýkoli element,
kterému může být přidělena hodnota. Barva nehtu
(pozorovatelná entita) je pozorovatelná veličina. Šedé
nehty (nález) je nález. Jedno z využitı́ pozorovatelných
entit v klinickém záznamu jsou záhlavı́ v šabloně.
Pohlavı́ (pozorovatelná entita) může být využito k
zakódovánı́ sekce šablony

”
pohlavı́“, kde by si uživatel

vybral
”
muž“ nebo

”
žena“.

”
Ženský rod“ by potom

znamenal nález.

Koncepty Struktura těla zahrnujı́ normálnı́ i abnormálnı́
anatomické struktury. Normálnı́ anatomické struktury
mohou být použity ke specifikaci mı́sta na těle,
které se týká nemoci nebo procedury, např. struktura
mitrálnı́ chlopně (struktura těla). Morfologické změny
normálnı́ch struktur těla jsou vyjádřeny sub-hierarchiı́
Struktura těla, změněná od své původnı́ anatomické
struktury (morfologická abnormalita). Přı́klad může být
polyp (morfologická abnormalita).

Hierarchie Organismus zahrnuje důležité organismy
v lidské a zvı́řecı́ medicı́ně. Organismy se ve SNOMED
CT použı́vajı́ také při modelovánı́ přı́čin nemocı́.
Jsou důležité ve veřejném zdravotnictvı́ pro podmı́nky
podléhajı́cı́ ohlašovacı́ povinnosti a pro protokoly
o nakažlivých nemocech v klinických systémech
podpory rozhodovánı́. Sub-hierarchie organismu
zahrnujı́ napřı́klad zvı́ře (organismus), mikroorganismus
(organismus), rostlina (organismus). Přı́klad konceptu
Organismus je lišejnı́k (rostlina) (organismus).

Hierarchie Substance zahrnuje koncepty, které se
použı́vajı́ pro zaznamenávánı́ aktivnı́ch chemických
složek léků, potravin a chemických alergenů,
nepřı́znivých účinků, toxicity nebo informacı́ o otravě
a pokynů lékařů a sester. Koncepty z této hierarchie
představujı́ obecné

”
substance“ a chemické složky

Farmaceutického/biologického produktu (produkt),
který je v separátnı́ hierarchii. Nicméně, sub-hierarchie
Substance také zahrnujı́ napřı́klad substanci těla
(substance) (koncepty, které vyjadřujı́ substance těla);
dietnı́ substanci (substance) a diagnostickou substanci
(substance). Přı́kladem je insulin (substance).

Hierarchie Farmaceutický/biologický produkt stojı́
odděleně od hierarchie Substance. Tato hierarchie má
jasně rozlišovat léčiva (produkty) od jejich chemických
složek (substance). Napřı́klad Diazepam (produkt).

Hierarchie Vzorek zahrnuje koncepty, které představujı́
entity, které jsou zı́skány (většinou od pacienta) během
vyšetřenı́ nebo analýzy. Vzorky mohou být definovány
atributy, které specifikujı́: normálnı́ nebo abnormálnı́
struktura těla, ze které jsou zı́skány; procedura, která se
použı́vá ke sběru vzorků; zdroj, ze kterého byly sebrány
a substance, ze které se skládajı́. Přı́kladem je vzorek
z prostaty zı́skaný jehlovou biopsiı́ (vzorek).

Koncepty v hierarchii Fyzický předmět zahrnujı́ přı́rodnı́
a umělé předměty. Jednı́m z použitı́ těchto konceptů
je modelovánı́ procedur, které použı́vajı́ různá zařı́zenı́
(např. katetrizace). Přı́kladem konceptu v této hierarchii
je filtr duté žı́ly (fyzický předmět).
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Koncepty v hierarchii Fyzická sı́la jsou zaměřeny
zejména na vyjádřenı́ fyzických sil, které mohou hrát
roli jako mechanismus zraněnı́, napřı́klad střı́davý proud
(fyzická sı́la).

Hierarchie Událost zahrnuje koncepty, které zastupujı́
výskyty (vyjma procedur a zásahů). Přı́kladem těchto
konceptů je bioteroristický útok (událost) nebo
zemětřesenı́ (událost).

Hierarchie Prostředı́ a geografická mı́sta obsahuje
různé druhy prostředı́ a také názvy mı́st jako jsou země,
státy a regiony, napřı́klad Kanárské ostrovy (geografické
mı́sto), rehabilitačnı́ oddělenı́ (prostředı́) nebo jednotka
intenzivnı́ péče (prostředı́).

Hierarchie Sociálnı́ kontext obsahuje sociálnı́ podmı́nky
a okolnosti, které jsou důležité pro zdravotnictvı́.
Patřı́ sem rodinný stav, ekonomický stav, etnické a
náboženské dědictvı́, životnı́ styl a povolánı́. Tyto
koncepty představujı́ sociálnı́ aspekty, které ovlivňujı́
zdravı́ a léčbu pacienta. Mezi sub-hierarchie Sociálnı́ho
kontextu patřı́: etnická skupina, povolánı́, osoba,
náboženstvı́/filosofie a ekonomický status.

Hierarchie Fáze a měřı́tka je rozdělena na sub-
hierarchie jako jsou hodnotı́cı́ škála a fáze nádoru.

Hierarchie Spojovacı́ koncept obsahuje koncepty,
které se použı́vajı́ pro vazby. Dělı́ se na sub-
hierarchie uplatněnı́ vztahu a atribut. Sub-hierarchie
uplatněnı́ vztahu umožňuje použitı́ konceptů klasifikace
SNOMED CT ve výkazech HL7, které prokazujı́ vztahy
mezi výkazy. Přı́kladem konceptu uplatněnı́ vztahu je
má vysvětlenı́ (uplatněnı́ vztahu). Koncepty, které se
odvozujı́ od této sub-hierarchie jsou použı́vány ke stavbě
vztahů mezi dvěmi koncepty klasifikace SNOMED
CT, jelikož ukazujı́ druh vztahu mezi těmito koncepty.
Některé atributy mohou být použity k logické definici
konceptu (definujı́cı́ atributy). Tato sub-hierarchie také
zahrnuje nedefinujı́cı́ atributy (jako ty, které se použı́vajı́
ke sledovánı́ historických vztahů mezi koncepty) nebo
atributy, které mohou být užitečné k modelovánı́ definic
konceptů, ale které nebyly ještě použity v modelovánı́
dřı́vějšı́ch konceptů ve SNOMED CT.

Hierarchie Hodnota kvalifikátoru zahrnuje některé
koncepty, které se použı́vajı́ jako hodnoty pro atributy
SNOMED CT, které nejsou zahrnuty nikde jinde ve
SNOMED CT. Nicméně tyto hodnoty pro atributy
nejsou omezeny pouze na tuto hierarchii a mohou
být nalezeny i v jiné hierarchii. Přı́kladem konceptu
této hierarchie je levý (hodnota kvalifikátoru) nebo
jednostranný (hodnota kvalifikátoru).

Jednou ze sub-hierarchiı́ Speciálnı́ho konceptu je
Nečinný koncept, který je supertypem pro všechny

koncepty, které byly ukončeny a ukazujı́ na aktivnı́
koncept v terminologii.

Artefakt záznamu je entita, která je vytvořena osobou
nebo osobami, aby poskytla dalšı́m lidem informace
o událostech a stavech různých záležitostı́. Většinou
je záznam nezávislý na svých jednotlivých fyzických
doložených přı́kladech a skládá se z jednotlivých
částı́ informacı́ (většinou slov, slovnı́ch spojenı́ a vět,
ale také z čı́sel, grafů a dalšı́ elementů informacı́).
Artefakty záznamu nemusı́ být kompletnı́ zprávy nebo
kompletnı́ záznamy. Mohou být částı́ většı́ch artefaktů
záznamu. Napřı́klad celkový zdravotnı́ záznam je
artefakt záznamu, který také může obsahovat dalšı́
artefakty záznamu ve formě jednotlivých dokumentů
nebo zpráv, které na druhou stranu mohou obsahovat
jemněji granulované artefakty záznamů jako jsou sekce
nebo dokonce záhlavı́ sekcı́.

6. Minimálnı́ datový model pro kardiologii

Minimálnı́ datový model pro kardiologii (MDMK)
[5, 6, 7, 8] byl sestaven v letech 2000–2004 v
rámci výzkumného centra EuroMISE - Kardio.
Kardiologie je velice rozsáhlý obor a proto byl MDMK
zaměřen pouze na aterosklerotická kardiovaskulárnı́
onemocněnı́. Cı́lem tohoto datového modelu je
vytvořenı́ minimálnı́ho souboru znaků, které je potřeba
sledovat u pacientů z hlediska aterosklerotického
kardiovaskulárnı́ho onemocněnı́, aby mohl být pacient
následně zařazen mezi osoby nemocné či rizikové.
MDMK se skládá z osmi skupin znaků. Na začátku
je rodinná anamnéza, následuje sociálnı́ anamnéza
a toxikománie, osobnı́ anamnéza, současné obtı́že
možného kardiálnı́ho původu, dosavadnı́ léčba, fyzikálnı́
vyšetřenı́ a blok parametrů EKG.
Na základě MDMK byla vytvořena softwarová aplikace
ADAMEK (Aplikace Datového Modelu EuroMISE
centra - Kardio). Po jejı́m dokončenı́ byl od března 2002
zahájen sběr dat v ambulanci preventivnı́ kardiologie
EuroMISE centra, která je spravována Městkou
nemocnicı́ Čáslav. V současné době jsou v databázi
ADAMEK zaznamenána data o 1289 pacientech.

7. Atributy MDMK zakódované pomocı́ SNOMED
CT

Tabulka 1 ukazuje několik přı́kladů atributů
z Minimálnı́ho datového modelu, kterým bylo přiděleno
ConceptID z klasifikačnı́ho systému SNOMED CT.
Prvnı́m předpokladem kódovánı́, je ale přeloženı́ názvu
atributů do anglického jazyka, jelikož v současné době
existuje pouze americká, britská, španělská a německá
verze.
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Atributy z MDMK English equivalent
SNOMED CT
(Concept ID)

rodinný stav
svobodný/á Marital status: single, never married (finding) 125725006
ženatý/vdaná Legally married (finding) 36629006
vdovec/vdova Widowed (finding) 33553000
rozvedený/á Divorced (finding) 20295000
jiný Other

žije sám Lives alone (finding) 105529008
nejvyššı́ dosažené vzdělánı́

základnı́ Educated to secondary school level (finding) 224297003
Continued education to sixth form (finding) 224298008

středoškolské Received higher education (finding) 224299000
Received polytechnic education (finding) 224301007
Received higher education college education (finding) 224302000

vysokoškolské Received university education (finding) 224300008
alergie na léky Drug allergy (disorder) 416098002

Allergic reaction to drug (disorder) 416093006
hypertenze Essential hypertension (disorder) 59621000

High blood pressure (& [essential hypertension]) 194757006
Essential hypertension NOS (disorder) 266228004

hyperlipoproteinémie Hyperlipoproteinemia (disorder) 3744001
Fredrickson type IV hyperlipoproteinemia (disorder) 238085009
Fredrickson type I hyperlipoproteinemia (disorder) 238086005
Familial type 5 hyperlipoproteinemia (disorder) 34349009
Familial hyperlipoproteinemia (disorder) 238038003
Familial type 3 hyperlipoproteinemia (disorder) 398796005
Fredrickson type IIa hyperlipoproteinemia (disorder) 397915002

ischemická choroba srdečnı́ Ischemic heart disease (disorder) 414545008
dušnost Asthma (disorder) 187687003
bolest na hrudi Dull chest pain (finding) 3368006
palpitace (Palpitations) or (awareness of heartbeat) or (fluttering of heart) 161965005
otoky Swelling or edema (finding) 248477007
synkopa Syncope (disorder) 271594007
klaudikace Claudication (finding) 275520000
hmotnost On examination - weight NOS (finding) 162770007

Height and weight (observable entity) 162879003
výška Body height measure (observable entity) 50373000
tělesná teplota Body temperature finding 105723007

Body temperature (observable entity) 276535009
obvod pasu Abdominal girth measurement (procedure) 48094003
dechová frekvence Respiratory rate (observable entity) 86290005

Tabulka 1: Atributy z MDMK

8. Závěr

Efektivnı́ péče o zdravı́ vyžaduje dobré informace.
Bezpečná a vhodná výměna klinických informacı́ je
nezbytná k zajištěnı́ kontinuity péče o pacienty a to
v různých časech, na různých mı́stech a u různých
poskytovatelů zdravotnı́ péče. Současné zdravotnické
informačnı́ systémy umožňujı́ sbı́rat různé klinické
informace, jsou propojeny s klinickými znalostnı́mi

databázemi, mohou vyhledávat data, shromažd’ovat
data, analyzovat data, vyměňovat si data a majı́ i plno
dalšı́ch funkcı́. SNOMED CT může poskytnout základy
pro tyto funkce. Informačnı́ systémy mohou využı́t
koncepty, hierarchie a vztahy jako společný referenčnı́
bod. SNOMED CT ale může i překročit přı́mou
péči o pacienty. Tato terminologie může, napřı́klad,
usnadnit podporu rozhodovánı́, statistické zpracovávánı́,
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sledovánı́ veřejného zdravı́, zdravotnický výzkum a
analýzy nákladů.

Mapovánı́ terminologie v aplikacı́ch elektronického
zdravotnı́ho záznamu na mezinárodně použı́vané
klasifikačnı́ systémy je základem pro interoperabilitu
heterogennı́ch systémů elektronického zdravotnı́ho
záznamu.
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Abstrakt

Vize sémantického webu byla představena
před skoro již 10 lety, avšak žádná z jejı́ aplikacı́
prozatı́m nedokázala oslovit takové množstvı́
lidı́, jaké dnes použı́vá web v současné podobě.
Přı́spěvek se věnuje možnostem sémantického
webu a přı́nosům, které může přinést pro
koncové uživatele. Nejprve podává přehled o
současných technologiı́ch i jejich použitı́ a
následně diskutuje možnosti plynoucı́ z použitı́
odkazů v prostředı́ sémantického webu tak, jak
je známe z webu současného, tedy rozšiřujı́cı́,
zpřesňujı́cı́ či udávajı́cı́ kontext prezentované
informace.

1. Vyhledávánı́ a vize sémantického webu

Současný web čelı́ mnoha problémům. Mezi
ty nejstěžejnějšı́ patřı́ problematika vyhledávánı́
relevantnı́ch informacı́ na webu. Ta je dnes většinou
řešena pomocı́ tzv. information retrieval nástrojů [1],
které pracujı́ s inverznı́mi indexy uchovávajı́cı́
(četnost) výskytu jednotlivých slov v (webových)
dokumentech. Relevance dokumentu je pak stanovena
pomocı́ kosinové mı́ry reflektujı́cı́ podobnost mezi
zadanými klı́čovými slovy a slovy obsaženými v daném
dokumentu.

Tato relevance však nic neřı́ká o kvalitě poskytovaných
dat. Proto bývá rozšı́řena o dalšı́ nepřı́mou mı́ru
udávajı́cı́ odhadnutou kvalitu dat prezentovaných v
dokumentu. Jednou z takových měr je Page-Rank [2],
který je založen na předpokladu, že dokumenty
prezentujı́cı́ kvalitnı́ data jsou častěji odkazovány
z jiných (kvalitnı́ch) dokumentů. Zavedenı́m této mı́ry

se podařilo uspořádat (vůči klı́čovým slovům relevantnı́)
dokumenty i podle jejich kvality.

Dı́ky značné redundanci dat na současném internetu
však ani takové uspořádánı́ nemusı́ vést ke zlepšenı́
vypovı́dacı́ schopnosti výsledku hledánı́. Na většinu
dotazů dnešnı́ vyhledávače vrátı́ desetitisı́ce odkazů;
koncový uživatel mnohdy stěžı́ analyzuje prvnı́ dvacı́tku
odkazů a ostatnı́, i z hlediska úspory času, zcela
ignoruje. To vede k faktu, že zı́skánı́ kompletnı́
informace pomocı́ současných vyhledávacı́ch nástrojů je
velmi obtı́žné, ne-li nemožné.

Nejen tento problém se snažı́ vyřešit vize sémantického
webu [3, 4], která umožňuje definovat vedle samotných
dat i metadata k jejich popisu. Jinými slovy nedefinuje
pouze objekty jako takové, ale vymezuje popis objektu
pomocı́ ostatnı́ch (stejným způsobem popsaných)
objektů. Napřı́klad popis třı́dy dı́tě je možné vztáhnout
k popisu třı́dy osoba.

Dokumenty sémantického webu se skládajı́ z RDF1

trojic

(object, predicate, subject) ∈ (R∪B)×R× (R∪B∪L)

kde [5]

• R značı́ množinu tzv. resources identifikujı́cı́
popisované objekty;

• B značı́ množinu tzv. blank nodes, které
sami o sobě nemajı́ žádný význam, sloužı́cı́ch
k identifikaci složitějšı́ch (vı́cearitnı́ch) struktur;

• L značı́ množinu literálů. Ta může být dále
rozšı́řena o informaci o použitém přirozeném
jazyku či terminologii.

1Resource Description Framework
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Každý resource R je, dle definice, identifikován pomocı́
URI, např. ve tvaru

http://example.com/ontologie#dite

Vyhledávánı́ v prostředı́ sémantického webu se
primárně soustředı́ na vytvářenı́ indexu ukazujı́cı́, který
resource je popsán ve kterém dokumentu. Prohledávánı́
takových indexů ale může být spojeno s odvozovánı́,
např. při hledánı́ instancı́ třı́dy osoba zahrnout i instance
třı́dy dı́tě.

Současný sémantický web se spı́še orientuje na vytyčenı́
pojmů pomocı́ ontologiı́; je známé nasazenı́ vize
sémantického webu v prostředı́ webových služeb, kdy
jejich ontologický popis umožňuje kooperaci mezi
dı́lčı́mi webovými službami. Sémantický web je ale
i odpovědı́ na otázku, jak najı́t na webu kompletnı́
informaci samotnou, ne pouze odkazy na nı́, tak, jak se
dělajı́ dnešnı́ vyhledávače.

2. Formáty použı́vané na webu

Za prvnı́ formát webových dokumentů lze považovat
HTML2, který rozšı́řil formátovaná data o hypertextové
odkazy. Tento formát je postaven na SGML, dnes
se většinou použı́vá jako základ striktnějšı́ XML3.
Fragment takového HTML dokumentu může být
ilustrován napřı́klad pomocı́:

<div class=’item’>
<img src=’disk.samsung.spinpoint-F1-500GB.jpg’

alt=’Disk Samsung Spin Point F1 500GB’/>
<div>Disk Samsung Spin Point F1 500GB</div>
<ul>
<li><b>Product No</b>:

HD202IJ</li>
<li><b>Interface:</b>

SATA-II</li>
<li><b>Space:</b>

500GB</li>
<li><b>RPM:</b>

7200</li>
<li><b>Warranty</b>:

36 months</li>
<li><b>Price</b>:

1273 CZK</li>
<li><b>Price incl. VAT</b>:

1557 CZK</li>
<li><b>Produced by:</b>

<a href=’http://www.samsung.com/global/business/hdd/productmodel.do?
group=72&type=61&subtype=63&model_cd=240&ppmi=1155’>Samsung</a>

</ul>
</div>

Takovýto fragment dokumentu může být zaindexován
fulltextovými vyhledávači, jako relevantnı́ je možné
vybrat klı́čová slova SATA-II, HD202IJ, Samsung, Spin
Point F1, 500GB. Pakliže koncový uživatel zvolı́ některé
z těchto klı́čových slov, dřı́ve či později by měl ve
výsledku vyhledávánı́ narazit na odkaz na dokument

obsahujı́cı́ tento fragment. Pokud si uživatel bude chtı́t
vybrat tento disk z nabı́dky všech prodejců, nezbude mu
nic jiného, než projı́t ručně všechny tyto prodejce.

Naopak dokumenty sémantického webu jsou
předurčeny pro dalšı́ strojové zpracovánı́. Vzhledem
k tomu, že se prozatı́m nepodařilo v dostatečné mı́ře
prosadit publikovánı́ dat ve formátech sémantického
webu, uchýlilo se konsorcium W3C, definujı́cı́ standarty
v oblasti webu, v roce 2004 k návrhu rozšı́řenı́ formátu
HTML o dalšı́ atributy RDFa4. Účelem rozšı́řenı́
je zavést možnost sémantické anotace přı́mo do
HTML dokumentů. Stejný fragment by pak vypadal
následovně:

<div aboat=’HD202IJ-in-my-shop’ class=’item’
xmlns:disk-ont=’http://example.com/disk-ont’
xmlns:myshop=’http://myshop.com’>

<img src=’disk.samsung.spinpoint-F1-500GB.jpg’
alt=’Disk Samsung Spin Point F1 500GB’ rel=’picture’/>

<div property=’disk-ont:Name’>Disk Samsung Spin Point F1 500GB</div>
<ul>

<li><b>Product No</b>:
<span property=’disk-ont:Product-ID’>HD202IJ</span></li>

<li><b>Interface:</b>
<span property=’disk-ont:Interface’>SATA-II</span></li>

<li><b>Capacity:</b>
<span property=’disk-ont:Capacity’500GB</span></li>

<li><b>RPM:</b>
<span property=’disk-ont:Disk-rpm’>7200</span></li>

<li><b>Warranty</b>:
<span property=’disk-ont:Warranty’> 36 months</span></li>

<li><b>Price</b>:
<span property=’myshop:Price’>1273 CZK</span></li>

<li><b>Price incl. VAT</b>:
<span property=’myshop:Price-inc-VAT’> 1557 CZK</li>

<li><b>Produced by:</b>
<a href=’http://www.samsung.com/global/business/hdd/productmodel.do?

group=72&type=61&subtype=63&model_cd=240&ppmi=1155’
rel=’disk-ont:Producer’>Samsung</a>

</ul>
</div>

Z takto anotovaného dokumentu lze pomocı́ XSLT5

transformace (obecně transformujı́cı́ jeden XML
dokument na jiný dokument) zı́skat přı́mo popis
vlastnostı́ disku v RDF. Zı́skaný fragment RDF
dokumentu pak bude

<rdf:Description rdf:about=’HD202IJ-in-my-shop’
xmlns:disk-ont=’http://example.com/disk-ont’
xmlns:myshop=’http://myshop.com’>

<disk-ont:Picture rdf:resource=’disk.samsung.spinpoint-F1-500GB.jpg’/>
<disk-ont:Name>Disk Samsung Spin Point F1 500GB</disk-ont:Name>
<disk-ont:Product-ID>HD202IJ</disk-ont:product-ID>
<disk-ont:Interface>SATA-II</disk-ont:interface>
<disk-ont:Capacity>500GB<disk-ont:capacity>
<disk-ont:Disk-rpm>7200</disk-ont:disk-rpm>
<disk-ont:Warranty>36 months</disk-ont:warranty>
<myshop:Price>1273 CZK</myshop:price>
<myshop:Price-inc-VAT> 1557 CZK</myshop:Price-inc-VAT>
<disk-ont:Producer
rdf:resource=’http://samsung.com/global/business/hdd/productmodel.do?

group=72&type=61&subtype=63&model_cd=240&ppmi=1155’ />
</rdf:Description>

Ani toto rozšı́řenı́ se prozatı́m nedočkalo velkého ohlasu
mezi producenty dat, a tak koncovı́ uživatelé zůstávajı́
bez možnosti efektivně (automaticky) zpracovávat data
v současné době schovaná uprostřed formátovánı́.

2HyperText Markup Language
3Extensible Markup Language
4Resource Description Framework Attributes
5Extensible Stylesheet Language Transformations
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3. Distribuované prostředı́

Web jako takový je distribuované prostředı́, ve kterém
kdokoliv může publikovat cokoliv. Web si koncovı́
uživatelé navykli použı́vat; pakliže najdou zajı́mavý
dokument, jisto jistě prozkoumajı́ i odkazy vedoucı́
z tohoto dokumentu. I z tohoto důvodu se navigaci
uživatele po webových stránkách věnuje značná
pozornost a je jednı́m z hlavnı́ch kritériı́ hodnocenı́
kvality (přı́stupnosti) webu.

Všimněme si, že každý resource v sémantickém
webu je identifikován pomocı́ URI. Co by se však
stalo, kdyby namı́sto (virtuálnı́ho) URI dokument
odkazoval stejně jako je to u současného webu na jiný
webový dokument obsahujı́cı́ detailnějšı́ informace o
popisovaném objektu? Ve zvoleném přı́padě by výrobce
disků publikoval na adrese http://example.com/sata-II-
disks.rdf dokument popisujı́cı́ napřı́klad sérii disků.
Přı́klad fragmentu takového dokumentu necht’ je
následujı́cı́

<disk-ont:disk rdf:ID=’HD202IJ’
xmlns:disk-ont=’http://example.com/disk-ont.rdf’>

<disk-ont:picture rdf:resource=’disk.samsung.spinpoint-F1-500GB.jpg’/>
<disk-ont:Name>Disk Samsung Spin Point F1 500GB</disk-ont:Name>
<disk-ont:product-ID>HD202IJ</disk-ont:product-ID>
<disk-ont:interface>SATA-II</disk-ont:interface>
<disk-ont:capacity>500GB<disk-ont:capacity>
<disk-ont:disk-rpm>7200</disk-ont:disk-rpm>
<disk-ont:warranty>36 months</disk-ont:warranty>

</disk-ont:disk>

přičemž jednotlivé vlastnosti mohou být definovány
v externı́ ontologii http://example.com/disk-ont.rdf:

<rdfs:Property rdf:ID=’disk-ont:Name’>
<rdfs:label xml:lang=’en’>Product Name</rdfs:label>
<rdfs:label xml:lang=’cs’>Označenı́ produktu</rdfs:label>
...

</rdfs:Property>

Jak je patrné, tato ontologie může obsahovat popisy
vlastnostı́ v různých jazykových mutacı́. Ty mohou
být následně využity pro generovánı́ HTML verze
dokumentu, viz předchozı́ přı́klady.

Samotný obchod pak pouze deklaruje, že prodává daný
disk a tuto informaci pouze rozšı́řı́ o specifika obchodu
jako jsou cena, zkušenosti nakupujı́cı́ch a podobně:

<myshop:disk rdf:ID=’HD202IJ-in-my-shop’
<myshop:ProductDetail

rdf:resource=’http://example.com/sata-II-disks.rdf#HD202IJ’/>
<myshop:Price>1273 CZK</myshop:price>
<myshop:Price-inc-VAT> 1557 CZK</myshop:Price-inc-VAT>

</myshop:disk>

Tento model distribuce dat má několik výhod.
Prvnı́ výhodou je nižšı́ redundance dat, v původnı́
architektuře každý prodejce musel uvádět veškerá
data. Pro poskytovatele obsahu (at’ výrobce či

obchodnı́ka) pak odpadá nutnost znovu zpracovávat
data - pokud obchodnı́k bude použı́vat značenı́ výrobce
(ontologii poskytnutou výrobcem), má výrobce jistotu,
že nedocházı́ ke klamánı́ koncového zákaznı́ka se
strany prodejce, naopak prodejce může deklarovat
(např. elektronickým podpisem výrobce), že jı́m
zprostředkovávaná data jsou ověřena. Obecně tı́mto
postupem může být budována důvěra mezi subjekty
publikujı́cı́ data na webu.

Dalšı́ výhoda se uplatnı́ u vyhledávánı́. Pokud se
zákaznı́k rozhodne pro daný disk, hledá již pouze
prodejce, kteřı́ tento disk nabı́zejı́. Vzhledem k tomu,
že disk je vždy identifikován pomocı́ URL na straně
výrobce, je takové vyhledávánı́ téměř triviálnı́.

Toto zjednodušenı́ vyhledávánı́ je způsobeno tı́m,
že nenı́ potřeba (heterogennı́) data od různých
prodejců integrovat. Integrace dat [6], neboli hledánı́
korespondencı́ mezi daty vı́ce zdrojů a jejich následné
spojovánı́, sama o sobě představuje velmi těžkou
a obecně automaticky [7] neřešitelnou úlohu. Čı́m
složitějšı́ (a expresivnějšı́) je popis objektů, tı́m je
složitějšı́ i integračnı́ proces. Dı́ky tomu, že je objekt
jednoznačně identifikován cı́lovou URL odkazu, nenı́
potřeba data integrovat v takovém rozsahu (integrujı́ se
pouze atributy specifické pro daného prodejce).

V neposlednı́ řadě současné prohlı́žeče webových
dokumentů umožňujı́ zpracovat libovolný XML
dokument a zobrazit jej bud’to pomocı́ kaskádových
stylů CSS a nebo pomocı́ XSLT transformace. Tato
funkcionalita umožňuje stáhnout XML dokument
obsahujı́cı́ pouze prostá RDF data, v jehož hlavičce je
uvedeno, jakým způsobem majı́ být data zformátována.
V přı́padě XSLT transformace XML dokumentu do
XHTML formátu je použita následujı́cı́ hlavička:

<?xml version=’1.0’ encoding=’utf-8’?>
<?xml-stylesheet type=’text/xsl’ href=’rdf2html.xslt’?>

kde rdf2html.xslt je šablona popisujı́cı́ transformaci
z RDF trojic do HTML dokumentu. Tuto transformaci
provede přı́mo prohlı́žeč a zobrazı́ jejı́ výstup. Koncový
uživatel tak vůbec nepozná, že si neprohlı́žı́ klasickou
webovou stránku, ale RDF dokument. Bohužel, tato
technologie, byt’ je již dlouhodobě podporována všemi
přednı́mi webovými prohlı́žeči, nebývá užı́vána, nebot’
současné vyhledávače nejsou schopni takto publikovaná
data zpracovat. Tento způsob značně minimalizuje
objem nutných datových přenosů, což je vhodné
napřı́klad u mobilnı́ch zařı́zenı́.

Dalšı́ výhodou distribuované architektury a potažmo
celého sémantického webu je fakt, že k takovýmto
dokumentům mohou velmi jednoduše přistupovat

6Asynchronous JavaScript and XML
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aplikace označované jako Web X.0. Tyto aplikace
postupně načı́tajı́/modifikujı́ zobrazovanou stránku
pomocı́ AJAX6 technologie, na straně prohlı́žeče
spouštěných javascriptových programů umožňujı́cı́ch
interakci mezi uživatelem a poskytovanými daty.
Na jednotlivé RDF dokumenty lze pohlı́žet jako
na tzv. REST7 webové služby [8] volané AJAX
programy. Zásadnı́ nevýhodou této technologie je
nemožnost indexace obsahu (neb aktuálně zobrazená
data neodpovı́dajı́ žádné URL, na kterou by se mohl
uživatel později odkázat).

Tuto potencionálnı́ nevýhodu lze obejı́t publikovánı́m
jak RDF dokumentu formátovaného pomocı́ XML,
tak statické HTML stránky, která vznikla identickou
transformacı́ na straně serveru. Tedy uživatel má
možnost zı́skat odkaz na (přibližně) stejný obsah
reprezentovaný statickou HTML verzı́, u které je
uvedena korespondence s původnı́m RDF dokumentem
(napřı́klad i pomocı́ RDFa rozšı́řenı́) a dalšı́ navigace
(hledánı́ podobných produktů, vı́ce detailů, konkurenčnı́
prodejci) je zprostředkována již v rámci aktivnı́ složky
obsahu stránky.

Použitı́ distribuované architektury tak, jak je popsána
výše, v praxi narážı́ na pomalé odezvy webových
serverů (čas potřebný k navázánı́ spojenı́ je podstatně
většı́ nežli čas potřebný k samotnému přenosu
dat). Tento problém lze vyřešit bud’to efektivnı́m
cacheovánı́m načtených dokumentů, které navı́c může
být podpořeno postupným načı́tánı́m obsahu pomocı́
AJAX aplikace.

4. Odhad struktury dat

Sémantický web umožňuje popisovat vlastnosti objektů
pomocı́ vztahů. Tyto vztahy jsou definovány obecně
pomocı́ resource - každý návrhář ontologie může
použı́t své vlastnı́ zavedenı́ vlastnostı́. Tento fakt
obecně velmi ztěžuje jakékoliv složitějšı́ operace,
včetně integrace ontologiı́. Z tohoto důvodu se mnohé
nástroje poohlı́žı́ po podstatně jednoduššı́ch, byt’ méně
popisných formalismech.

Vzhledem k nedostatku dat ve formátu sémantického
webu je žádoucı́ najı́t způsob, jak využı́t data
z webových stránek a extrahovat je do formátu
sémantického webu (napřı́klad anotacı́ pomocı́ RDFa
atributů). Pro anotaci je však potřeba znát strukturu
dat; ta na webových stránkách nebývá uvedena a pak
nezbývá nic jiného, než se ji pokusit odhadnout.

Strukturu dat lze popsat mnohými formalismy,
ilustrujme ji na přı́kladu formalismu inspirovaném
relačnı́mi databázemi [9]. Struktura dat je odhadnuta

analýzou extensionálnı́ch funkčnı́ch závislostı́ platných
na dané množině dat.

Funkčnı́ závislost mezi dvěma atributy je integritnı́
omezenı́ zajišt’ujı́cı́ jednoznačnou odvoditelnost
hodnoty atributu na pravé straně při znalosti hodnoty
atributu na levé straně. Přı́kladem funkčnı́ závislosti je
napřı́klad

Stát → Měna

Samotné záznamy jsou popsány v odpovı́dajı́cı́ relaci.
Všimněme si, že unárnı́ funkčnı́ závislost8 je možné
popsat pomocı́ odpovı́dajı́cı́ trojice

(Stát, implies, Měna)

Abychom mohli stejným způsobem zavést i vztahy
mezi hodnotami atributů, je vhodné pro každou funkčnı́
závislost definovat jejı́ instance [10]

A1 → A2 ∈ F � (A1, A1(t))→ (A2, A2(t)) ∈ I

kde

• A1, A2 ∈ R jsou atributy relace R

• A(t) je zobrazenı́ přiřazujı́cı́ záznamu t hodnotu
atributu A

Nazveme-li dvojici atribut-hodnota elementem (A, v),
pak je možné tyto instance rovněž vyjádřit jako vztahy
mezi elementy, které jsou popsány pomocı́ trojic

((A1, v1), implies, (A2, v2))

Takováto reprezentace dat ve formátech sémantického
webu je vhodná v přı́padě, že nenı́ zajištěna korektnost
odhadnuté struktury dat. Pokud je odhadnutý model
označen jako korektnı́, je možné data transformovat do
formy [11]

(v1, name(A1 → A2), v2)

kde name je funkce pojmenovávajı́cı́ funkčnı́ závislosti.
Pokud se přidržı́me zvolené funkčnı́ závislosti,
přı́kladem výsledku trasformace instance může být
trojice

(Česká Republika, has-a-Měna, Česká koruna)

Tyto trojice mnohou být uloženy do XML formátu.
Napřı́klad

<state rdf:ID=’CeskaRepublika’>
<has-a-Mena rdf:resource=

’CeskaKoruna.rdf#CeskaKoruna’/>
</state>

7Representational State Transfer
8Unárnı́ funkčnı́ závislost je funkčnı́ závislost mezi jednoduchými atributy (t.j. s aritou 1)
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Obrázek 1: Ukázka stránky experimentálnı́ho portálu

Obrázek 2: Rekonstrukce záznamu
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Jistě popis dat zı́skaný odhadem jejich struktury
z množiny vstupnı́ch dat nebude dosahovat expresivity
známé z lidmi tvořených ontologiı́, avšak poskytuje za
lehce splnitelných podmı́nek RDF dokumenty jistým,
pro technická data postačujı́cı́m, způsobem. I takto
jednoduchý popis dat může být použit pro učenı́
extrakčnı́ch metod, které zı́skávajı́ anotovaná data z
webových stránek [12, 13, 14]

V současné době je experimentálně provozován portál
shromažd’ujı́cı́ informace o sportovnı́ch utkánı́ch,
kdy struktura dat byla odhadnuta z dat několika
heterogennı́ch zdrojů a data uložena na základě této
struktury. Ilustrace portálu je na obrázcı́ch 1 a 2.

5. Závěr

Přı́spěvek se snažı́ shrnout aktuálnı́ trendy, problémy
a technologie jak na současném webu, tak v prostředı́
webu sémantického. Zvláště se pak věnuje problematice
vyhledávánı́ dat, diskutuje souvisejı́cı́ problémy a
navrhuje jejich řešenı́.

V sekci 2 ukazuje na přı́kladu fragmentu HTML
dokumentu, jak může být zaindexován pro fulltextové
vyhledávánı́. Ukazuje použitı́ rozšı́řenı́ RDFa, které
umožňuje anotovat části HTML dokumentu. Pokud
jsou hodnoty anotovány, je možné automaticky převést
takový HTML dokument do RDF dokumentu a ten dále
zpracovat dalšı́ nástroji.

Sekce 3 pak inovativně diskutuje výhody distribuce
dat dokumentů sémantického webu, kdy resource
nenı́ reprezentován pouze URI, ale URL obsahujı́cı́
detailnějšı́ informace o odkazovaném objektu. Zásadnı́
výhodou tohoto přı́stupu je, že odpadá nutnost jinak
velmi obtı́žné, automaticky téměř neřešitelné, integrace
dat jednotlivých zdrojů. Celý problém je ilustrován na
přı́kladě.

Jelikož v současné době nejsou k dispozici taková data
požadovaného rozsahu a zaměřenı́, sekce 4 navrhuje
problém řešit pomocı́ metod odhadu struktury dat a
tyto metody využı́t pro základnı́ definici popisu dat
prostřednictvı́m formátů sémantického webu.

Pokud by se podařilo myšlenky prezentované v článku
naplnit, celá vize by našla uplatněnı́ pro širokou
veřejnost dnes použı́vajı́cı́ internet.
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Katedra pravděpodobnosti a matematické statistiky
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V klasické teorii výběrových šetřenı́ jsou předmětem
studia převážně parametry charakterizujı́cı́ konečnou
populaci, jako např. úhrn nebo průměr N pevných
hodnot. Někdy však může nastat situace, kdy bychom
rádi výsledky zobecnili na jiné populace, nebo i tutéž
populaci v jiném čase. Navı́c, připustı́me-li, že sesbı́raná
data nemusı́ být zcela spolehlivá, vidı́me, že je vhodné
chápat naše pozorovánı́ jako realizace náhodných
veličin. Takto přistupujı́ k datům klasické statistické
metody. Ty však předpokládajı́, že je k dispozici prostý
náhodný výběr, což v kontextu výběrových šetřenı́
zpravidla nenı́ možné.

Proto je někdy potřebné zvolit postup analýzy dat,
který kombinuje oba tyto přı́stupy, tedy modifikovat
metody tak, aby zohledňovaly dané výběrové schéma.
Rozdı́l v přı́stupu teorie výběrových šetřenı́, klasických
metodách a našem postupu (kombinace obojı́ho) je
schématicky popsán na obrázku 1.

Obrázek 1: Přı́stup teorie výběrových šetřenı́, klasických
metod a kombinace obojı́ho.

V přı́spěvku definujeme následujı́cı́ výběrové schéma.
Máme náhodný vektor (Y,W ), kde Y představuje
sledovanou veličinu a W stratum v populaci. Jedinci
patřı́cı́ do stejného strata majı́ stejnou pravděpodobnost
zahrnutı́ do výběru, avšak mezi straty se tato
pravděpodobnost může lišit.

Pořı́dı́me-li výběr podle popsaného schématu,
zastoupenı́ jednotlivých strat neodpovı́dá skutečnému
poměru v populaci. To je potřeba zohlednit ve
stanovovánı́ odhadů parametrů a jejich vlastnostı́.
Např. odhad střednı́ hodnoty Y má podobu váženého
průměru pozorovánı́, kde váhy jsou převrácenou
hodnotou empirických pravděpodobnostı́ výběru.
Rozptyl takového odhadu se skládá ze dvou členů.
Prvnı́ z nich odpovı́dá rozptylu, který bychom
obdrželi, kdybychom pozorovali celou populaci, druhý
představuje penaltu za to, že máme k dispozici pouze
výběr.

Tento přı́stup rozvı́jı́me dál a popisujeme modifikaci
maximálně věrohodných odhadů. Zde je nutné vážit
skórové statistiky v rovnicı́ch pro odhad parametrů.
Uvádı́me konkrétnı́ výpočet pro lineárnı́ model a
výsledek ilustrujeme na malé simulačnı́ studii.
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This work deals with the problem of designing
adaptive embodied agent. We have considered several
adaptive mechanisms. In our previous work, we have
been examining mainly Evolutionary robotics (ER).
We utilized local unit network architecture called
radial basis function (RBF). This network has more
learning options, and (due to its local nature) better
interpretation possibilities [10, 11] than multilayer
perceptron networks.

The lack of theoretical insight into Evolutionary
Algoritm is the most serious problem of the previous
approach. We summarize our experiences and do
the comparison with to Reinforcement Learning
(RL) - another widely studied approach in Artificial
Intelligence.

The RL is based on dynamic programming [5]. It
has solid theoretical backgrounds built around Markov
chains and several proven fundamental results. On the
other side, theoretical assumptions cannot be often
fullfiled in the experiments.

RL is focusing on agent, that is interacting with
the environment by its sensors and effectors. This
interaction process helps agent to learn effective
behavior. These kinds of tasks are commonly studied
on miniature mobile robots of type Khepera [2] and E-
puck [1].

Probably the most commonly used algorithm of RL is Q-
learning. However, in real life applications, state space is
too big and convergence toward optimal strategy is slow
with Q-learning algorithm. RL suffers from the curse of
dimensionality. Therefore, several improvements have
been suggested to speed up the learning process.

A lot of efforts have been devoted recently to
rethinking the idea of states by using function
approximators [6], defining notion of options and

hierarchical abstractions [4]. Dzeroski in his work [9]
suggests to combine RL with Inductive Logical
Programming. In this method, called Relational
Reinforcement Learning, agent can ”reason” about
states. This way, complexity of state space can be
reduced significantly.

The distinction between classical RL and Relational
Reinforcement Learning is the way how gained
experiences (knowledge) are represented. In classical Q-
learning algorithm, tuples <situation, action, reward>
are stored in a pure sequential manner. In relational
version of the algorithm, they are stored in the
structure called Logical decision tree [7]. We have used
logical decision trees as implemented in the programs
TILDE [7] from package ACE-ilProlog [8].

In the past, performance of Relational Reinforcement
Learning have been experimentally evaluated on
deterministic tasks and games only [9]. We are focusing
on noisy environments with high degree of uncertainty.
As we will show, even in these conditions, Relational
Reinforcement Learning can find satisfactory solution.

We present a case study of these two approaches on
maze exploring and multi-robot light searching task.
Experiments with both real and simulated miniature
Khepera and E-puck robots will be described and
discussed. Knowledge in the form of if-then rules
is extracted from the trained RBF neural networks
and compared to the relational RL transition table
representation. Several performance measures are
studied and compared for both approaches.

Our architecture enables agent to make reactive
decisions with background planning and reasoning
about the states. Thus, it is combining old-fashioned
planning based on logical programming with behavior
based robotics.
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Abstract

Classifier aggregation is a method for
improving quality of classification – instead
of using just one classifier, a team of
classifiers is created, and the outputs of the
individual classifiers are aggregated into the
final prediction. Common methods for classifier
aggregation, such as mean value aggregation
or weighted mean aggregation are static, i.e.,
they do not adapt to the currently classified
pattern. In this paper, we introduce a formalism
of dynamic classifier systems, which use the
concept of dynamic classification confidence
in the aggregation process, and therefore they
dynamically adapt to the currently classified
pattern. The results of the experiments with
quadratic discriminant classifiers on four
artificial and four real-world benchmark datasets
show that dynamic classifier systems can
significantly outperform both confidence-free
and static classifier systems.

1. Introduction

Classification is a process of dividing objects (called
patterns) into disjoint sets called classes [1]. Many
machine learning algorithms for classification have
been developed – for example naive Bayes classifiers,
linear and quadratic discriminant classifiers, k-
nearest neighbor classifiers, support vector machines,
neural networks, or decision trees. If the quality of
classification (i.e., the classifier’s predictive power) is
low, there are several methods we can use to improve it.

One comonly used technique for improving
classification quality is called classifier combining [2]
– instead of using just one classifier, we create and
train a team of classifiers, let each of them predict
independently, and then combine (aggregate) their

results. It can be shown that a team of classifiers can
perform better in the classification task than any of the
individual classifiers.

There are two main approaches to classifier combining:
classifier selection [3, 4, 5] and classifier aggregation
[6, 7]. If a pattern is submitted for classification, the
former technique uses some rule to select one particular
classifier, and only this classifier is used to obtain
the final prediction. The latter technique uses some
aggregation rule to aggregate the results of all the
classifiers in a team to get the final prediction.

A common drawback of classifier aggregation methods
is that they are static, i.e., they are not adapted to the
particular patterns that are currently classified. In other
words, the aggregation is specified during a training
phase, prior to classifying a test pattern. However, if
we use the concept of dynamic classification confidence
(i.e., the extent to which we can “trust” the output of the
particular classifier for the currently classified pattern),
the aggregation algorithms can take into account the
fact that “this classifier is not good for this particular
pattern”.

Surprisingly, such dynamic classifier systems are not
used very often in classifier combining. However, there
has already been some work done in the field of dynamic
classifier systems – Robnik-Šikonja and Tsymbal et al.
[8, 9] study dynamic aggregation of random forests [10],
i.e., dynamic classifier systems of decision trees. The
authors report significant improvements in classification
quality when using dynamic voting compared to simple
voting. However, they study dynamic classifier systems
only in the context of random forests, and they use only
confidence measures based on the so-called margin.

In this paper, we provide a general formalism
of dynamic classification confidence measures and
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dynamic classifier systems, and we experimentally
study the performance of confidence-free classifier
systems (i.e., systems that do not utilize classification
confidence at all), static classifier systems (i.e., systems
that use only “global” confidence of a classifier), and
dynamic classifier systems (i.e., systems that adapt to
the particular pattern submitted for classification).

The paper is structured as follows. In Section 2,
we introduce the formalism of classifier combining,
namely in Section 2.1, we define basic concepts of
classification, in Section 2.2 we introduce the concept
of classification confidence, and we introduce three
dynamic confidence measures, in Section 2.3 we deal
with classifier teams and ensembles, and in Section 2.4,
we finally define classifier systems and show several
examples of dynamic classifier systems. In Section
3, we experimentally investigate the suitability of
the proposed dynamic confidence measures, and the
performance of the proposed dynamic classifier systems.
Section 4 then concludes the paper.

2. Formalism of Classifier Combining with
Classification Confidence

2.1. Classification

Throughout the rest of the paper, we use the following
notation. LetX ⊆ Rn be a n-dimensional feature space,
an element �x ∈ X of this space is called a pattern, and
let C1, . . . , CN ⊆ X , N ≥ 2, be disjoint sets called
classes. The index of the class a pattern �x belongs to
will be denoted as c(�x) (i.e., c(�x) = i iff �x ∈ Ci). The
goal of classification is to determine to which class a
given pattern belongs, i.e., to predict c(�x) for unknown
patterns.

Definition 1 We call a classifier every mapping φ :
X → [0, 1]N , where [0, 1] is the unit interval,
and φ(�x) = (μ1(�x), . . . , μN (�x)) are degrees of
classification (d.o.c.) to each class.

The d.o.c. to class Cj expresses the extent to which the
pattern belongs to class Cj (if μi(�x) > μj(�x), it means
that the pattern (�x) belongs to class Ci rather than to
Cj). Depending on the classifier type, it can be modelled
by probability, fuzzy membership, etc.

Remark 1 This definition is of course not the only way
how a classifier can be defined, but in the theory of
classifier combining, this one is used most often [2].

Definition 2 Classifier φ is called crisp, iff ∀�x ∈ X ∃i,
such that:

μi(�x) = 1, and ∀j �= i μj(�x) = 0.

Classifier φ is called normalized, iff

∀�x ∈ X :
N∑

i=1

μi(�x) = 1,

where φ(�x) = (μ1(�x), . . . , μN (�x)).

Remark 2 Normalized classifiers are sometimes called
probabilistic [6]. However, they do not need to be
based on probability theory, so we will call them just
normalized.

Definition 3 Let φ be a classifier, �x ∈ X , φ(�x) =
(μ1(�x), . . . , μN (�x)). Crisp output of φ on �x is defined
as φcr(�x) = arg maxi=1,...,N μi(�x).

2.2. Classification Confidence

Classification confidence expresses the degree of trust
we can give to a classifier φ when classifying a pattern
�x. It is modelled by a mapping κφ.

Definition 4 Let φ be a classifier. We call a confidence
measure of classifier φ every mapping κφ : X → [0, 1].

The higher the confidence, the higher the probability
of correct classification. κφ(�x) = 0 means that the
classification may not be correct, while κφ(�x) = 1
means the classification is probably correct. However,
κφ does not need to be modelled by a probability
measure.

A confidence measure can be either static, i.e., it is a
constant of the classifier, or dynamic, i.e., it adjusts itself
to the currently classified pattern.

Definition 5 Let φ be a classifier and κφ its confidence
measure. We call κφ static, iff it is constant in �x, we call
κφ dynamic otherwise.

Remark 3 Since static confidence measures are
constant, independent on the currently classified
pattern, we will omit the pattern (�x) in the notation,
i.e., we will denote them just κφ.

Remark 4 In the rest of the paper, we will use the
indicator operator I , defined as I(true) = 1, I(false) =
0.
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2.2.1 Static confidence measures: After the
classifier has been trained, we can use a testing set
(i.e., a set of patterns on which the classifier has not
been trained) to assess its predictive power as a whole
(from global view). These methods include accuracy,
precision, sensitivity, resemblance, etc. [1, 11], and we
can use these measures as static confidence measures. In
this paper, we will use the Global Accuracy measure.

Global Accuracy (GA) of a classifier φ is defined as
the proportion of correctly classified patterns from
the testing set:

κ
(GA)
φ =

∑
�y∈M I(φ(�y)

?
= c(�y))

|M|
, (1)

whereM is the testing set of φ.

2.2.2 Dynamic confidence measures: An easy
way how a dynamic confidence measure can be defined
is to compute some property on patterns neighboring
with �x. Let N(�x) denote a set of neighboring training
or validating patterns (we can use both training and
validating set for computing N(�x), but it is usually
better to use validating set, because if we use training
patterns, the results will be biased). In this paper, we
define N(�x) as the set of k patterns nearest to �x under
Euclidean metric. Now we will define three dynamic
confidence measures which use N(�x):

Euclidean Local Accuracy (ELA) measures the local
accuracy of φ in N(�x):

κ
(ELA)
φ (�x) =

∑
�y∈N(�x) I(φcr(�y)

?
= c(�y))

|N(�x)|
, (2)

where φcr(�y) is the crisp output of φ on �y.

Euclidean Local Match (ELM) is based on the ideas
from [12], and measures the proportion of patterns
in N(�x) from the same class as φ is predicting for
�x:

κ
(ELM)
φ (�x) =

∑
�y∈N(�x) I(φcr(�x)

?
= c(�y))

|N(�x)|
, (3)

where φcr(�x) is the crisp output of φ on �x.

Euclidean Average Margin (EAM) is defined as
mean value of the margin [10, 8, 9] in N(�x):

κ
(EAM)
φ (�x) =

∑
�y∈N(�x) mg(φ(�y))

|N(�x)|
, (4)

where the margin is defined as mg(φ(�y)) =⎧⎪⎨
⎪⎩

μc(�y)(�y)− max
i=1,...,N
i�=c(�y)

μi(�y) if φcr(�y) = c(�y),

0 otherwise.
,

(5)
where φ(�y) = (μ1(�y), . . . , μN (�y)), and φcr(�y) is
the crisp output of φ on �y.

The dynamic confidence measures defined in this
section have one drawback – they need to compute
N(�x), which can be time-consuming, and sensitive
to the similarity measure used. There are also
dynamic confidence measures, which compute the
classification confidence directly from φ(�x), e.g., the
ratio of the highest degree of classification to the
sum of all degrees of classification. However, our
preliminary experiments with such measures with
quadratic discriminant classifiers and random forests
show that such confidence measures give very poor
results.

Remark 5 All the previous confidence measures are
model-indifferent, i.e., they could be used for any
classifier. However, measures which take into account
specific aspects of the classification method could be
designed – for example, Robnik-Šikonja and Tsymbal
et al. [8, 9] use dynamic confidence of a decision tree
in a random forest [10] as average margin computed
on instances similar to the currently classified pattern,
where the similarity is based on specific aspects of
random forests. Such model-specific measures could use
the information from the classification process better
than model-indifferent measures. However, due to space
constraints we do not deal with model-specific measures
in this paper.

2.3. Classifier Teams

In classifier combining, instead of using just one
classifier, a team of classifiers is created, and the
team is then aggregated into one final classifier. If
we want to utilize classification confidence in the
aggregation process, each classifier must have its
confidence measure defined.

Definition 6 Classifier team is a tuple (T ,K), where
T = (φ1, . . . , φr) is a set of classifiers, and K =
(κφ1

, . . . , κφr
) is a set of corresponding confidence

measures.

If a classifier team consists only of classifiers of
the same type, which differ only in their parameters,
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dimensionality, or training sets, the team is usually
called an ensemble of classifiers. For this reason
the methods which create a team of classifiers are
sometimes called ensemble methods. The restriction to
classifiers of the same type is not essential, but it ensures
that the outputs of the classifiers are consistent.

Well-known methods for ensemble creation are bagging
[13], boosting [14], error correction codes [2], or
multiple feature subset methods [15]. These methods
try to create an ensemble of classifiers which are both
accurate and diverse [16].

Since the main focus of this paper lies in studying
classification confidence, we will not study these
methods here, and we will just assume in the rest of the
paper that we have constructed a classifier team (T ,K)
of r classifiers using some of these methods.

If a pattern is submitted for classification, the team of
classifiers gives us two different informations – outputs
of the individual classifiers (a decision profile), and
values of classification confidences of the classifiers (a
confidence vector).

Definition 7 Let (T ,K) be a classifier team, T =
(φ1, . . . , φr), K = (κφ1

, . . . , κφr
), and let �x ∈ X . Then

we define decision profile T (�x) ∈ [0, 1]r,N as

T (�x) =

⎛
⎜⎜⎜⎝

φ1(�x)
φ2(�x)

...
φr(�x)

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

μ1,1 μ1,2 . . . μ1,N

μ2,1 μ2,2 . . . μ2,N

. . .
μr,1 μr,2 . . . μr,N

⎞
⎟⎟⎟⎠ ,

(6)
and confidence vector K(�x) ∈ [0, 1]r as

K(�x) =

⎛
⎜⎜⎜⎝

κφ1
(�x)

κφ2
(�x)
...

κφr
(�x)

⎞
⎟⎟⎟⎠ (7)

Remark 6 Here we use the notation T for both the set
of classifiers, and for the decision profile, and similarly
for K. To avoid any confusion, the decision profile and
confidence vector will be always followed by (�x).

2.4. Classifier Systems

After the pattern �x has been classified by all the
classifiers in the team, and the confidences were
computed, these outputs have to be aggregated using
a team aggregator, which takes the decision profile
as its first argument, the confidence vector as its
second argument, and returns the aggregated degrees of
classification to all the classes.

Definition 8 Let r,N ∈ N, r,N ≥ 2. A team
aggregator of dimension (r,N) is any mapping A :
[0, 1]r,N × [0, 1]r → [0, 1]N .

A classifier team with an aggregator will be called a
classifier system. Such system can be also viewed as a
single classifier.

Definition 9 Let (T ,K) be a classifier team, and let A
be a team aggregator of dimension (r,N), where r is the
number of classifiers in the team, and N is the number
of classes. We define an induced classifier of (T ,K,A)
as a classifier Φ, defined as

Φ(�x) = A(T (�x),K(�x)).

The 4-tuple S = (T ,K,A,Φ) is called a classifier
system.

Depending on the way how a classifier system utilizes
the classification confidence, we can distinguish several
kinds of classifier systems.

Definition 10 Let (T ,K) be a classifier team. (T ,K) is
called static, iff

∀κ ∈ K : κ is a static confidence measure.

(T ,K) is called dynamic, iff

∀κ ∈ K : κ is a dynamic confidence measure.

Definition 11 LetA be a team aggregator of dimension
(r,N). We call A confidence-free, iff ∀T ∈ [0, 1]r,N :

(∀�k1,�k2 ∈ [0, 1]r : A(T, k1) = A(T, k2)).

Definition 12 Let S = (T ,K,A,Φ) be a classifier
system. We call S confidence-free, iff A is confidence-
free. We call S static, iff (T ,K) is static, and A is
not confidence-free. We call S dynamic, iff (T ,K) is
dynamic, and A is not confidence-free.

Confidence-free systems do not utilize the classification
confidence at all (for example a team of classifiers
aggregated by simple voting). Static systems utilize
classification confidence, but only as a global property
(for example a team of classifiers aggregated by
weighted voting with constant classifier weights).
Dynamic systems utilize classification confidence in
a dynamic way, i.e. the aggregation is adapted to
the particular pattern submitted for classification (for
example a team of classifiers aggregated by weighted
voting with classifier weights computed for every
pattern). The different approaches are schematically
shown in Fig. 1.

PhD Conference ’08 118 ICS Prague
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�x

φ1

φ2

...
φr

T (�x) A Φ(�x)

(a) Confidence-free

�x

φ1

φ2

...
φr

T (�x)

Kconst

A Φ(�x)

(b) Static

�x

φ1

φ2

...
φr

κφ1

κφ2

...
κφr

T (�x)

K(�x)

A Φ(�x)

(c) Dynamic

Figure 1: Schematic comparison of confidence-free, static, and dynamic classifier systems.

Remark 7 Since confidence-free classifier systems do
not utilize the classification confidence, we will denote
them S = (T ,A,Φ), and their team aggregators will be
defined as a mapping A : [0, 1]r,N → [0, 1]N .

Many methods for aggregating the team of classifiers
into one final classifier have been proposed in
the literature. A good overview of commonly used
aggregation methods can be found in [6]. These methods
comprise simple arithmetic rules (voting, sum, product,
maximum, minimum, average, weighted average, etc.),
fuzzy integral, Dempster-Shafer fusion, second-level
classifiers, decision templates, and many others.

In the following text, we define several team
aggregators. We will use the notation from Def. 7
and Def. 9. Let Φ(�x) = A(T (�x),K(�x)) =
(μ1(�x), . . . , μN (�x)).

Mean value aggregation (MV) is the most common
(confidence-free) aggregation technique. Its
aggregator is defined as

μj(�x) =

∑
i=1,...,r μi,j(�x)

r
. (8)

If the classifiers in the team are crisp, MV
coincides with voting.

Static weighted mean aggregation (SWM) computes
aggregated d.o.c. as weighted mean of d.o.c. given

by the individual classifiers, where the weights are
static classification confidences:

μj(�x) =

∑
i=1,...,r κφi

μi,j(�x)∑
i=1,...,r κφi

. (9)

Dynamic weighted mean aggregation (DWM) has
the same aggregator as SWM, but the weights
are dynamic classification confidences:

μj(�x) =

∑
i=1,...,r κφi

(�x)μi,j(�x)∑
i=1,...,r κφi

(�x)
. (10)

Filtered mean aggregation (FM) has the same
aggregator as MV, but prior to computing the
aggregated values, the classifiers which have
(dynamic) classification confidence lower than
T ∈ [0, 1] are discarded:

μj(�x) =

∑
i=1,...,r

κφi
(�x)>T

μi,j(�x)

|{φ ∈ T |κφi
(�x) > T}|

. (11)

3. Experiments

3.1. Experiment 1 – Choosing the Right Confidence
Measure

To gain a general idea to which extent the proposed
dynamic confidence measures (ELA, ELM, and EAM)
really express the probability that the classification of
the currently classified pattern is right, we examined
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the distributions of the confidence values for correctly
classified and for misclassified patterns.

The confidence measures were tested on quadratic
discriminant classifiers [1]. The classifiers were
implemented in Java programming language and 10-
fold crossvalidation was performed to obtain the results.
We measured histograms of the local classification
confidence values for correctly classified and for
misclassified patterns from four artificial (Clouds,
Concentric, Gauss 3D, Waveform) and four real-world
(Breast, Phoneme, Pima, Satimage) datasets from the
Elena database [17] and from the UCI repository [18].
As N(�x), we used the set of 20 nearest neighbors of �x
under Euclidean metric.

The histograms of the dynamic confidence values for the
particular datasets are shown in Fig. 2. Before discussing
the results, we should say a few words about how the
results should ideally look like. We will denote the
distribution of local classification confidence values for
correctly classified patterns as “OK distribution”, and
for misclassified patterns as “NOK distribution”. The
OK distribution should be concentrated near one, while
the NOK distribution should be concentrated near zero,
and ideally, the distributions should be clearly separated.
If the distributions overlap, or if the NOK distribution
has high values near one, it means that the measure does
not really express the probability that the classification
of the currently classified pattern is right.

The results show that for some datasets, all the dynamic
confidence measures provide good separation of the OK
and NOK patterns, which suggests the measures are
suitable for using in dynamic classifier systems. The
most representative example of such behavior is the
Phoneme dataset, where the OK and NOK distributions
for all three dynamic confidence measures are clearly
separated.

For some datasets, there are notable differences in the
dynamic confidence measures – e.g., in the case of
the Satimage dataset, the EAM confidence measure
provides much better separation of the OK and NOK
patterns than the other two measures. In the case of
the Concentric dataset, the ELM confidence measure
is an obvious winner. This means that the performance
of a confidence measure is dependent on the particular
dataset, and that the choice of a confidence measure
should be always done with respect to the particular
data.

For several datasets, all three dynamic confidence
measures provided very poor separation of the OK and
NOK patterns, which raises doubts about the suitability

of the measures in dynamic classifier systems. This is
the case of the Gauss 3D or the Pima dataset.

However, we cannot make direct conclusions about
suitability of the measures just from the separation
properties of the OK and NOK patterns. To give one
example: even if the separation is good enough, the
high values of dynamic classification confidence may
be obtained on the “easy” patterns, and the low values
on the “hard” patterns. Moreover, if the classifiers
in the classifier system are “similar”, all of them
will have similar confidence on a particular pattern.
Therefore, dynamic aggregation of the system will bring
no improvement in the classification quality, since all the
classifiers appear the same for the system’s aggregator.
This may be the explanation of the result of Exp. 2
for the Phoneme dataset, where the FM aggregation
has gives very different performance for ELM and
EAM confidence measures, even if the OK and NOK
separation of the measures is nearly the same (see
Fig. 2).

3.2. Experiment 2 – Confidence-free vs. Static vs.
Dynamic Classifier Systems

In the second experiment, we compared the performance
of the classifier aggregation algorithms described in
Section 2.4. The main emphasis was given to comparing
confidence-free vs. static vs. dynamic classifier systems.
We used the same datasets as in Exp. 1.

For all the classifier systems we used, the classifier team
T was an ensemble of quadratic discriminant classifiers,
created either by the bagging algorithm [13] (which
creates classifiers trained on random samples drawn
from the original training set with replacement), or by
the multiple feature subset method [15] (which creates
classifiers using different combinations of features),
depending on which method was more suitable for the
particular dataset.

For the comparison, we designed the following classifier
systems (refer to Section 2.2 and Section 2.4 for the
description of the algorithms):

MV confidence-free system aggregated by mean value
aggregation

SWM cl. system aggregated by static weighted mean
aggregation; as a confidence measure, we used
GA

DWM cl. system aggregated by dynamic weighted
mean; as a confidence measure, we used ELA,
ELM, and EAM
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Figure 2: Histograms of dynamic confidence values of a quadratic discriminant classifier (ELA - Euclidean Local Accuracy,
ELM - Euclidean Local Match, EAM - Euclidean Average Margin) for correctly classified (OK) and misclassified
(NOK) patterns.
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David Štefka Dynamic Classifier Systems for Classifier Aggregation

Table 1: Comparison of the aggregation methods – non-combined classifier (NC), mean value (MV), static weighted mean (SWM)
using GA confidence measure, dynamic weighted mean (DWM) using three confidence measures (ELA, ELM, EAM),
and filtered mean (FM) using three confidence measures (ELA, ELM, EAM). Mean error rate (in %) ± standard deviation
of error rate from a 10-fold crossvalidation was measured. The best result is displayed in boldface, statistically significant
improvements to NC, MV, and SWM are marked by footnote signs. The (B/M) after dataset name means whether the
ensemble was created by Bagging or Multiple feature subset algorithm.

Non-Combined Conf.-free Static Dynamic
Dataset NC MV κ SWM κ DWM FM

Clouds (M) 25.0 ± 1.7 25.0 ± 2.1 GA 24.7 ± 1.6 ELA 23.4 ± 1.5 22.3 ± 1.5
∗†‡

ELM 23.2 ± 1.2 22.0 ± 2.1
∗†‡

EAM 23.5 ± 1.5 23.3 ± 1.4

Concentric (B) 3.5 ± 1.0 3.8 ± 0.6 GA 4.0 ± 0.8 ELA 3.2 ± 1.1 2.1 ± 1.3
†‡

ELM 2.9 ± 1.6 1.8 ± 0.8
∗†‡

EAM 3.8 ± 1.3 4.3 ± 1.5

Gauss 3D (B) 21.4 ± 1.7 21.6 ± 1.1 GA 21.5 ± 2.1 ELA 21.5 ± 1.4 21.7 ± 1.3

ELM 21.3 ± 2.0 22.0 ± 1.3

EAM 21.5 ± 2.0 21.7 ± 1.3

Waveform (B) 14.9 ± 2.5 15.0 ± 1.4 GA 14.8 ± 0.9 ELA 14.7 ± 1.9 15.0 ± 1.2

ELM 14.8 ± 2.5 14.5 ± 1.2

EAM 14.6 ± 2.0 15.5 ± 1.0

Breast (M) 4.8 ± 2.9 4.7 ± 2.5 GA 4.2 ± 2.4 ELA 3.0 ± 2.1 2.9 ± 1.8

ELM 3.0 ± 1.9 3.1 ± 2.1

EAM 3.2 ± 2.0 2.9 ± 1.7

Phoneme (M) 24.7 ± 1.1 23.5 ± 1.6 GA 24.0 ± 1.4 ELA 21.5 ± 1.9
∗‡

17.2 ± 1.4
∗†‡

ELM 21.2 ± 1.8
∗‡

16.9 ± 2.0
∗†‡

EAM 21.9 ± 0.9
∗

20.7 ± 1.7
∗†‡

Pima (M) 27.1 ± 4.4 25.4 ± 3.6 GA 25.0 ± 5.6 ELA 25.8 ± 6.5 24.0 ± 2.7

ELM 24.0 ± 4.1 25.0 ± 7.4

EAM 24.8 ± 6.3 23.5 ± 5.4

Satimage (B) 15.6 ± 1.7 15.5 ± 1.2 GA 15.5 ± 1.7 ELA 15.3 ± 1.6 15.2 ± 2.4

ELM 15.3 ± 1.3 14.4 ± 1.0

EAM 15.5 ± 1.2 15.0 ± 1.5

∗Significant improvement to NC
†Significant improvement to MV
‡Significant improvement to SWM

FM cl. system aggregated by filtered mean; as a
confidence measure, we used ELA, ELM, and
EAM

We also compared the systems’ performance with the
so-called non-combined classifier (NC), i.e., a common
quadratic discriminant classifier (the NC classifier
represents an approach which we had to use if we could
use only one classifier).

All the methods were implemented in Java
programming language, and a 10-fold crossvalidation
was performed to obtain the results. For the dynamic
confidence measures, we used the same definition
of N(�x) as in Exp. 1, and the threshold T for FM
aggregators was set to T = 0.8 or T = 0.9, depending
on the particular dataset (based on some preliminary
testing; no fine-tuning or optimization was done).

The results of the testing are shown in Table 1. Mean
error rate and standard deviation of the error rate of
the induced classifiers from a 10-fold crossvalidation
was measured. We also measured statistical significance
of the results – at 5% confidence level by the analysis
of variance using the Tukey-Kramer method (by the
’multcomp’ function from the Matlab statistics toolbox).

The results show that for most datasets, the dynamic
classifier systems outperform both confidence-free and
static classifier systems. For three datasets, these results
were statistically significant. FM usually gives better
results than DWM, and if we compare the three dynamic
confidence measures, we can say that ELM gives
usually the best results, ELA and ELM being slightly
worse. However, as we already discussed in Exp. 1, the
performance of the individual confidence measures is
dependent on the particular dataset. Generally speaking,
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the FM-ELM was the most successfull algorithm in this
experiment.

It should be noted that the experimental results from
this paper are relevant only to quadratic discriminant
classifiers, because for any other classifier types (k-
NN, SVM, decision trees, etc.), the dynamic confidence
measures could give quite different results.

4. Summary

In this paper, we have studied dynamic classifier
aggregation. We have introduced the formalism of
classifier systems which can be used with (dynamic)
classification confidence, and we have defined
confidence-free, static, and dynamic classifier systems.
We have introduced three dynamic classification
confidence measures (ELA, ELM, EAM), and we have
shown a way how these measures can be used in
dynamic classifier systems – we have introduced two
algorithms for dynamic classifier aggregation.

In our first experiment, we have studied the distributions
of values of the proposed dynamic classification
confidence measures for correctly classified and
misclassified patterns, which can give us a hint about
suitability of the measures in dynamic classifier systems.
The results show that the performance of the particular
confidence measure is dependent of the particular
dataset.

In the second experiment, we have compared the
performance of confidence-free, static, and dynamic
classifier systems of quadratic discriminant classifiers.
The results show that dynamic classifier systems can
significantly outperform both confidence-free and static
classifier systems.

The main contribution of this paper is the verification
that the concept of dynamic classification confidence
can significantly improve the classification quality, and
that it is a general concept, which can be incorporated
into the theory of classifier aggregation in a systematic
way.

In our future work, we plan to study dynamic
classification confidence measures for other classifiers
than quadratic discriminant classifier, mainly decision
trees and support vector machines, and to study model-
specific confidence measures for these classifier types.
We will also incorporate local classification confidence
into more sophisticated classifier aggregation methods,
for example fuzzy t-conorm integral [19].
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Abstract

While (partial) ontologies usually cover a
specific topic/area, many applications require
much more general approach to describe their
data. Ontology matching can help to transform
several such partial ontological descriptions into
a single unifying one.

The paper describes a case study of using
different methods, compares their advantages
and discusses a possibility of using particular
results for the definition of the final
ontology. Two trivial ontologies were created
(independently of any tool) and they were
matched using various selected tools.

1. Introduction

Many ontologies were, and are, created in different
areas of human activities. Ontologies often contain
overlapping concepts. For example companies may want
to use standard ontologies of certain domain community
or authority along with ontology specific for their own
company. In other words creators of ontologies can use
existing ontologies as a basis for creating new ones by
integration or merging of the existing ones.

Ontology matching is the process of finding
relationships or correspondences between entities of
different ontologies which are somehow semantically

connected. The output of a matching process is a set of
these correspondences between two or more ontologies
called an ontology alignment. The oriented version
of an ontology alignment is an ontology mapping1.
Relationships originated by ontology matching can be
used to realize the following operations on ontologies:

• Ontology Merging2– creating a new ontology
containing concepts from source ontologies
(in general overlapping – see Fig. 2). Initial
ontologies (see Fig. 1) remain unaltered.

A

B

Figure 1: Initial ontologies A and B.

• Ontology Integration – inclusion of one ontology
into another one by expressing the relationships
between both of them, creating “superontology”
connecting (partial) concepts and containing the
knowledge from both source ontologies (see
Fig. 3). One ontology remains unaltered while the
other one is modified by knowledge of the first
one.

1Ontology mapping can be seen as a collection of mapping rules (with some direction – from one ontology to another one, i.e. Source → Target).
2Ontology merging is similar to schema integration in databases.
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(A)

(B)

C

Figure 2: Merging – After merging the relationships between
the original ontologies disappear.

C – Superontology

A
B

Figure 3: Integration – First ontology is unaltered while the
second one is modified.

Whereas original ontologies are during ontology
merging replaced by a new ontology (without initiation
of direct correspondence between initial ones and
the new one)3, some documents need not reflect
this replacement, but denote original ontologies. On
the contrary, in the case of ontology integration the
superontology is logicaly connected with the initial
ontologies and in case some documents reference a
concept from an original ontology, this concept is put
over superontology. For this reason I prefer ontology
integration in practise.

Ontology matching is in most cases done manually
or semi-autoamtically, mostly with a support of some
graphical user interface. A manual specification of
ontology parts for matching is time consuming and
moreover error prone process. Therefore there is a need
for development of faster methods, which can process
ontologies at least semi-automatically.

There are several tools that support user ontology
matching. These tools use various techniques for
proposal of integration rules, some advanced ones solve
the question how to effectively combine results of
particular techniques. These techniques unwind from the
level of abstraction they work with.

Disadvantage of some of these methods is the necessity
of setting numerous parameters from which sugesstions
of integration rules unwind. In many of them the
parameters setting plays so essential role that it can not
be accomplished without deeper knowledge of concepts
desribed in partial input ontologies.

Usually every matching tool innovates ontology
matching on a particular aspect, nevertheless there exist
several similar properties (with only minor exceptions)
common to all of these tools [4]:

– Schema-based matching solutions are much more
investigated than instance based solutions. This
is partly caused by the fact instances may not be
available during ontology matching process.

– Most of the systems focus on specific application
domains (medicine, music...) as well as on dealing
with particular ontology types (RDF, OWL...).
Only few system are so general they can suit
various application domains together with generic
ones and support multiple formats. These are, for
example, COMA++ [I2] or S-Match [5].

– Most approaches take as input a pair of
ontologies. Only few systems take as input
multiple ontologies or more general structures.
These are, for example, DCM [6] or Wise-
Integrator (automatical web form data integration)
[7].

– Most of the approaches handle only tree-like
structures. Several advanced systems handle
more general graph structures. These are, for
example, COMA/COMA++ [I2] or OLA [I3]
(uses Alignment API [I1]).

– Most of the systems focus on discovering of one-
to-one alignments. But it is possible to encounter
more complicated relationships as one-to-many or
many-to-many. These relationships can manage
for example DCM (use statistical methods and is
not applicable in this study) [6] or CTXMatch2
[1].

– Most of the systems identify relationships (i.e.
Prompt [8]), some of them focus on computing
confidence measures of these relationships
(i.e. COMA++ [I2]). This is based on the
assumption of equivalence relation between
ontology entities. Only few systems compute
logical relations between ontology entities (such
as equivalence or subsumption). These are for
example CTXMatch2 [1] or S-Match [5].

3Correspondences between ontologies, provenance and other metadata can be represented by other indirect methods [11].

PhD Conference ’08 126 ICS Prague



Pavel Tyl Combination of Methods for Ontology Matching

2. Experiment

The folowing tools were used in the experiment as
representatives of “exceptions” from the previous list
– COMA++ [I2], CTXMatch [1] and Alignment API
[I1]. For demonstration of automatical suggestion of
alignment was used Prompt [8] (plugin for Protégé
system [I6]).

Our experiments were executed with the test OWL
[I4] ontologies (MyPerson.owl and MyCustomer.owl)
pictured on Fig. 4. For testing the ontologies containing
classes only were used.

Figure 4: Test ontologies.

The test ontologies were matched directly by particular
tools or by application interfaces.

Elements of the test ontologies were numbered in the
following way:

Columns Rows

1: AccountOwner 1: CustomerAddress
2: AO Address 2: Street
3: Birthdate 3: ZipCode
4: TaxExempt 4: City
5: Name 5: USState
6: Address 6: Customer
7: State 7: CPhone
8: Street 8: CName
9: City 9: CAddress

10: ZIP

Following table represents relationships that could be
subjectively expected as “ideal” on the assumption that
Account Owners are considered to be Customers (∼),
etc. Sign � means the relation of subsumption. Sign
� denotes generalization. Values in the tables then
express a confidence measure of the fact that relations
mentioned above conform. If there are some missing
rows or columns in the tables, they contained no data.

1 2 3 4 5 6 7 8 9 10
1 ∼
2 ∼
3 ∼
4 ∼
5 ∼
6 ∼
7
8 ∼
9 ∼

2.1. CTXMatch

CTXMatch2.2 [1] uses a semantic matching approach.
It translates the ontology matching problem into the
logical validity problem and computes logical relations,
such as equivalence or subsumption between concepts
and properties. CTXMatch is a sequential system which,
at the element level, uses only WordNet [I7] to find
initial matches for classes. At structure level it uses
logical reasoners (i.e. Pellet [I5]) with the help of
deductive techniques and verification of performability
of logical formulas to compute resulting matching.

Threshold value – Matching results can be filtered
by setting the threshold in the < 0,1 > range.
Relationships rated by lower value (in case of this
experiment value 0.5) are not reflected (and not
displayed in tables) for inconclusiveness.

Ontology throughpass task – Deep ontology
throughpass (hierarchical task) is denoted by the word
“hierarchy”, flat throughpass (flat task) is denoted by
the word “flat”.

Mapping – Mapping one-to-one is denoted by 1:1.
Mapping many-to-many is denoted by M:M.

The same settings for all the experiments are the
following:

– threshold: 0.5

– input format: OWL [I4]

– output format: XML [I8]

– matching method: DL (using of description logic
for deduction of possible relationships)

2.2. Alignment API

Alignment API is Java application interface that uses
methods based on processing of word strings (String-
based methods). It is used by other matching tools like
OLA [I3] or FOAM [3].

PhD Conference ’08 127 ICS Prague



Pavel Tyl Combination of Methods for Ontology Matching

Levenshtein Algorithm – The Levenshtein distance [9]
is defined as the minimal number of characters we have
to replace, insert or delete to transform one string into
another.

Smoa Algorithm – Smoa [9] is the measure dependent
on the length of “common” substrings and “not
common” substrings, when the second mentioned part
is deleted from the first one.

WordNet Database – WordNet [I7] is a leading
linguistic database of English at worldwide scale. It
groups together english words into the set of synonyms
called synsets and give their short general definitions.

2.3. COMA++

COMA/COMA++ (COmbination of Matching
Algorithms) [2] is a schema matching tool based on

parallel composition of matchers. In his graphical user
interface it offers an extensible libraries of matching
algorithms. It is possible to modify default settings
and parameters for certain ontologies in order to get
better results. Parameters and settings in this case are
not only threshold or one default string method, but
many others (for example setting of consequence of
used techniques).

2.4. Prompt

Prompt [8] is an extension plugin to the Protégé editor
[I6]. Among other operations with pairs of ontologies
(merging, extraction, versioning...) Prompt offers also
interface for transformation of one ontology to another
one and therefore it uses automatic matching at first.

Table 1: Similarity Measure CTXMatch – hierarchy – M:M.

5 6 7 8 9 10
1 � 1.0 � 1.0 � 0.56 � 0.56 � 0.56
2 � 1.0 � 1.0 � 1.0 � 0.56 � 0.56
3 � 1.0 � 1.0 � 1.0 � 0.56 � 0.56

4 � 1.0 � 1.0 � 0.56 � 1.0 � 0.56
5 � 1.0 � 1.0 � 0.56 � 0.56 � 0.56
6 � 0.67
7 � 0.67
8 � 0.67 � 0.67
9 � 1.0 � 1.0 � 0.56 � 0.56 � 0.56

Table 2: Similarity Measure CTXMatch – hierarchy + Semantic Relation – M:M.

5 6 7 8 9 10
1 � 1.0 � 1.0 ∼ 0.48 ∼ 0.48 ∼ 0.48
2 � 1.0 � 1.0 � 1.0 ∼ 0.4 ∼ 0.4
3 ∼ 0.62 ∼ 0.62 ∼ 0.4 ∼ 0.4 ∼ 0.4

4 � 1.0 � 1.0 ∼ 0.4 � 1.0 ∼ 0.4
5 � 1.0 � 1.0 ∼ 0.4 ∼ 0.4 ∼ 0.4
6 ∼ 0.53
7 ∼ 0.45
8 ∼ 0.45 ∼ 0.45
9 � 1.0 ∼ 0.62 ∼ 0.4 ∼ 0.4 ∼ 0.4

Table 3: Similarity Measure CTXMatch – hierarchy – 1:1.

1 2 3 4 5 6 7 8 9
1 � 1.0

2 � 0.39
3 � 1.0
4 � 0.56
5 � 0.56
6 � 0.39
7
8 � 0.67

9
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Table 4: Similarity Measure CTXMatch – hierarchy + Semantic Relation – 1:1.

1 2 3 4 5 6 7 8 9
1 � 1.0

2 ∼ 0.31
3 ∼ 0.62
4 � 0.4
5 � 0.4
6 � 0.31
7
8 � 0.45

Table 5: Similarity Measure CTXMatch – flat – 1:1.

5 6 7 8 9
1
2 � � ∼ 1.0

3
4 � � ∼ 1.0

5
6
7 � 1.0
8 � 1.0

Table 6: Similarity Measure CTXMatch – flat + Semantic Relation – 1:1.

5 6 7 8 9
1
2 Equiv. 1.0

3
4 Equiv. 1.0

5
6
7 � 1.0
8 � 1.0

Table 7: Similarity Measure CTXMatch – flat – M:M.

5 6 7 8 9

1 � 1.0 ∼ 0.7 � 1.0 ∼ 0.7
2 � 1.0 ∼ 0.7 � �∼ 1.0

3 � 1.0 ∼ 0.7
4 � 1.0 ∼ 0.7 � � ∼ 1.0

5 � 1.0 ∼ 0.7

6 � 1.0 ∼ 0.7
7 � 1.0 ∼ 0.7
8 � 1.0 ∼ 0.7 � 1.0 ∼ 0.7
9 � 1.0 ∼ 0.7 � 1.0 ∼ 0.7

Table 8: Similarity Measure Alignment API – Levenshtein.

1 2 3 4 5 6 7 8 9 10
1 ∼ 0.53

2 ∼ 1.0

3 ∼ 0.43

4 ∼ 1.0

5 ∼ 0.71

6 ∼ 0.5
7 ∼ 0.33
8 ∼ 0.8

9 ∼ 0.87
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Table 9: Similarity Measure Alignment API – Smoa.

5 6 7 8 9 10
1 ∼ 0.82

2 ∼ 1.0

3 ∼ 0.6

4 ∼ 1.0

5 ∼ 0.92

6
7
8 ∼ 0.89

9 ∼ 0.93

Table 10: Similarity Measure Alignment API – WordNet.

5 6 7 8 9 10
1 ∼ 0.64

2 ∼ 1.0

3 ∼ 0.86

4 ∼ 1.0

5 ∼ 0.83

6 ∼ 0.33
7 ∼ 0.6
8 ∼ 0.94

9 ∼ 0.97

Table 11: Similarity Measure COMA++ – Own settings + COMA defaults.

5 6 7 8 9 10
1 ∼ 0.69

2 ∼ 0.77 ∼ 0.78

3
4
5 ∼ 0.83 ∼ 0.61

Table 12: Similarity Measure Prompt – Automatic Matching.

1 2 3 4 5 6 7 8 9 10
1
2 ∼
3
4 ∼
5 ∼
6
7
8 ∼
9 ∼ ∼

3. Experiment evaluation

Mapping returned by tool CTXMatch with hierarchical
throughpass task identified 6 from 8 possible
relationships, but how it is visible from Table 1, next
to these relationships are with the same coefficients
of confidence detected other relationships between
ontologies, which do not correspond to any facts. In
other words it could be better to use this method for
weighing of already detected relationships than for
detection alone.

If we combine similarity measure with linguistic
analysis (Semantic Relation), see Table 2, by most
of wrong selected candidates comes to a downtrend
of rating. This downtrend is noticed even by two
nonconflicting rules, but without a detriment to
correctness.

In case of choosing one-to-one mapping by the same
method, we can do the selection of candidates in Table 3,
respectively with linguistic analysis in Table 4 based on
ratings from Table 1 and 2. By this selection initially
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wrong selected relationships are reduced , but only 2
selected relationships correspond to the facts. While flat
throughpass task (see Tab. 5) detected correctly 3 of 8
relationships, only one wrong relationship was selected
by on-to-one mapping. The lexical analysis (see Tab. 6)
does not bring any changes into the result mapping.

If we pass over the necessity of selection one-to-one
mapping (as shown in Tab. 7), ambiguity of assigning
ontology elements appears only by element 7 – State.

If we compare hierarchical throughpass task and flat
throughpass task, selection of candidates is more
restrictive (candidates have lower rating). If we focus on
the type of analysis, then methods based on Levenshtein
algorithm were able to correctly select 6 of 8
relationships with 3 wrong (see Tab. 8), methods based
on Smoa algorithm selected correctly 6 relationships
and 1 wrong (see Tab. 9). Methods using WordNet
database selected 6 correct and 3 wrong relationships
(see Tab. 10). If we compare results from these analysis
with Table 1, we can see that relationships selected
by these methods could help to solve ambiguities of
selection (i.e. by tool CTXMatch). Not least COMA++
tool detected correctly 5 of 8 relationships (see Tab. 11)
and it can be rated very positively without selection
of wrong relationship. Similarly, extension Prompt,
detected only 3 equivalences (see Tab. 12) without
marking wrong relationship. Both last mentioned tools
use combination of different methods and in term of
confidence return correct mapping rules, but at the
price of detecting incomplete set of these rule (some
relationships are not detected at all).

4. Conclusion

In our experiment evaluation we have not found any
tool that perfectly covers whole spectrum of ontology
matching tasks. It tends to necessity of using more tools
and combine their results.

From the performed study it follows (using given
tools) that it may be appropriate to make rough
outline by tool CTXMatch that can filter out candidates
with less support. Ambiguity of selection can be
solved by String-based methods (WordNet, Levenshtein
Algorithm...), which do not need to give correct results
on principle. Remarkable is really sporadic occurence
of subsumption. It can be explained by the fact that
subsumption can be detect in most cases by logical
reasoner, when it uses information about existence of
relationships between some concepts.

Our experiments reflect that tools COMA++ and
Prompt offer better portfolio of methods, which are
combined and return more accurate (but sometimes

conservative) results with the possibility that some
acceptable mappings are not proposed at all.

Therefore it is very useful to validate the results
of matching process against the data used by initial
ontologies. My future research direction will follow the
same topics.
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182 07 Prague, Czech Republic

vejmelka@cs.cas.cz mp@cs.cas.cz

Field of Study:
Biocybernetics and Artificial Intelligence

This work was supported by the EC FP6 NEST initiative project BRACCIA.

Abstract

This paper deals with the problem of
selecting the conditioning model in the
estimation of conditional mutual information
in the context of detecting directional influence
from raw time series. An approach similar to
model selection in model fitting to time series
is presented. A numerical study illuminating
the problem and showing the effectivity of the
proposed procedure is summarized at the end of
the paper.

1. Introduction

The discipline of nonlinear dynamics has proven
fruitful as many problems from meteorology [1, 2],
geology [2], life sciences [3] and physics have been
more satisfactorily understood in this framework. Time
series analysis is a frequent tool used to process the
activity records of dynamical oscillatory processes.
Methods have been developed to detect various forms
of synchronization and directional coupling from
time series. The detection of directional influence
is an important method of examining drive-response
relationships in complex dynamical systems. Paluš [4,
5] has advocated the use of the conditional mutual
information functional I(X;YT |Y ) between the two
time series as a measure of “net information flow”
between the process X and the process Y at some point
of time in the future. Conditional mutual information
has been applied in the context of phase dynamics to
phase time series which simplify the analysis of signals
[5, 6]. In this work the problem of discovering the
directionality of coupling in amplitude time series is
investigated and a method to solve one of the problems
is presented.

The conditional mutual information can be decomposed

into several terms which are interpretable in the context
of time series analysis of nonlinear dynamical systems

I(X;YT |Y ) = I(X;YT ;Y )− I(X;Y )− I(Y ;YT ),
(1)

where X and Y are the time series of the processes
X and Y respectively and YT is the time series of the
processYT , which is the processY shifted by T samples
into the future.

The term I(X;YT ;Y ) of (1) represents the total
common information in all the processes X , Y and YT .

The term I(X,Y ) represents the effect of common
dynamics and common history. Common history can
be brought about by the same noise or external
influences on the two processes. If the two processes
have narrowband spectra with close peaks, then their
time series may have some common parameters (e.g.
the period of oscillation), this increases the amount
of mutual information in the first term and must be
subtracted. If additionally the dynamics themselves,
which are represented by the equations in case of
models, share some common traits or the entire form
then this may cause similar amplitude distributions.
None of the above effects is brought about by
the influence of directional coupling. It is therefore
important to subtract these components from the term
I(X;YT ;Y ) to ensure that they are excluded from the
estimation of “net information flow”. We note here that
the mutual information I(X,Y ) can be used to detect
synchronization of the investigated processes.

The term I(Y ;YT ) represents the action of the process
upon itself and is connected to the predictability of
the process. It is imperative that this term is estimated
well and removed from the total common information.
Underestimation of this term will result in false positive
detections as strong action of the process Y upon itself
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will be misinterpreted as directional influence from the
process X . Effective estimation of this term is crucial
to the correct application of the framework for detecting
directional influence and will be the goal of this work.

The variables X , Y represent the time series of the given
processes and may in general be multidimensional.
Multidimensional time series can be either directly
measured by observing several aspects of the activity
of a dynamical process or can be constructed from a
single time series by means of an embedding technique.
A frequently used embedding technique is that of time-
delay embedding [7, 8], where equidistantly spaced
samples of a given time series are used to construct a
vector

x̄(t) = (x1(t), x2(t), ..., xK(t))
= (x(t), x(t− τ), ..., x(t− (K − 1)τ)),

(2)
where x(t) is the scalar time series of the activity
of process X and τ is the delay between successive
samples and K is the embedding dimension.

An important parameter is the number of samples the
process Y is shifted into the future. In our previous work
[9, 10] conditional mutual information is averaged for
shifts T from 1 up to two periods of the faster process
in the investigated system pair. For model systems or
systems with simple structure improvements to this
scheme are possible as there are clear patterns in the
conditional mutual information with respect to the time
shift. The estimation method used is equiquantal binning
as it has shown the best properties in model tests and has
been successfully applied to some experimental datasets
[10, 6, 2].

1.1. The intersample delay

There are multiple established techniques for selecting
the time delay τ to construct a vector representation of
the state of a dynamical system from a univariate time
series [8, 7, 11]. Kantz and Schreiber [12] have however
argued that there is no optimal way of selecting the time
delay in general. Rather the specific purpose with which
the embedding is constructed allows one to discuss and
gauge the optimality of an embedding method. The use
of an intersample delay is a way to circumvent the
problem of selecting samples that are highly correlated
and thus as a set contain a lower amount of information
about the structure of the system in state space [12].
The classical procedure requires the delay to be fixed
first and then using another method the dimension is
fixed by testing if adding more dimensions to the vector
is reasonable [13]. This is simple because samples are
considered sequentially. However we know of no apriori
reason to restrict the selection procedure in this way.

It is important to produce a model which fits the
dynamics of the time series as well as possible in a
sense that will be described later. Selecting the delay
greater than 1 in effect pre-filters the samples that can
be included in the model. If the intersample delay is say
τ = 2 then only the time series samples x(t − d), d ∈
{2, 4, 6, 8, ...} may be considered for inclusion in the
conditioning model. Since the model search procedure
is time intensive, it is advantageous to apriori restrict
the set of possible delays for performance purposes.
Additionally, a model utilizing samples close to each
other will end up modeling the temporal structure of
the time series instead of the geometrical structure of
the attractor in the state space. However these are not
rigorous arguments and counterexamples may be found
where the optimal selected model contains samples
close together.

The most frequently used method of selecting the
intersample delay is to select the first minimum of
the lagged mutual information I(Y ;YT ) where T is
the lag in samples between the original and shifted
time series of the process [14]. This is the procedure
that will be henceforth used to select an intersample
delay. There have been many other suggestions in the
literature (an overview can be found in [12]) but all of
the suggested methods are based on heuristic arguments.
Time lagged mutual information has been applied and
found to work well in many practical settings although
caution is advised as the first minimum may be spurious.

2. The model selection procedure

The purpose of this work is to select a proper vector
representation of the process Y which enables a good
estimation of the term I(Y ;YT ) in (1) as explained
in the Introduction. A good model is a model that
maximizes the expected lagged mutual information
I(Y ;Yτ ), where τ is the intersample delay selected
according to the method in the last paragraph. There are
two reasons for this choice: a single lag is necessary
because of the computational costs of computing the
full, say 50, estimates and averaging them. Secondly,
selecting too small a lag will result in temporal
correlations guiding the selection and a lag too large
will attenuate the deterministic structure between the
lagged process and the original process. Because real
dynamical processes are affected by external influences
and usually are encumbered by noise, this means that the
effects of the auto-structure of the process are attenuated
for larger distances.
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2.1. Model specification and criterion

Formally, each model M is completely specified by the
indices of the samples used in constructing the state
space vector ȳ(t) as

M = {i1, i2, ..., iK} implies that
ȳ(t) = (y(t− i1τ), y(t− i2τ), ..., y(t− iKτ)),

(3)
where K is the number of samples in the vector
and depends on M . We will denote by YM the state
space representation of the process Y using the vector
specified by M . Then the best model M∗ has the
property

M∗ = argmaxME [I(YM ;Yτ )] (4)

It is important to maximize the expectation of the mutual
information over entire reconstructed space because
the in-sample estimate would always increase if more
samples were added to an existing state-space vector.
This phenomenon is known as overfitting in the pattern
recognition community. The problem can be converted
to a problem of minimizing the conditional entropy

M∗ = argminME [H(Yτ |YM )], (5)

as H(Yτ |YM ) = I(YM ;Yτ ) + H(Yτ ) and H(Yτ ) is a
constant with respect to the optimization problem. In
fact, due to the use of the equiquantal estimator the
marginal entropy H(Yτ ) = H(Y ) = log B. As usual,
we assume the underlying processes to be ergodic for
the duration of the analysis time window and this allows
us to substitute expected values over time for expected
values over the state space.

Any admissible model can be expressed as

M = (i1, i2, ..., iK), (6)

for 0 = i1 < ij < ij+1 ≤ L, j ∈ {2, ..,K}
where L is some pre-selected maximum distance to
the farthest considered sample and K < Kmax is
the number of elements in the model. It is important
that i1 = 0 is always included in the model because
otherwise the random variables X and Y in term
I(X;Y ) in (1) would not be taken at the same instant of
time and would thus not represent the common history
of the two processes. This would give the computed
conditional mutual information different semantics and
it would not reflect the “net information flow”. This
is not a significant restriction for dynamical systems
because the action of noise, external influences and other
factors causes the process to produce new information
continuously and “forget” its initial conditions thus
rendering samples further back in time less useful for
constructing models. The threshold also limited by

computational constraints and the number of models.
The maximum size of the model Kmax is also limited
by computational constraints as the size of the model
set grows combinatorially. A more important limit is
the length of the time series itself which affects the
maximum size K of the model M which can be reliably
estimated. This however happens automatically during
the estimation process as models with too many free
parameters with respect to the length of the time series
will be poorly estimated and the expected value of the
conditional entropy will be high.

2.2. Conditional entropy and classification

It remains to show how the expectation of the criterion
[H(Yτ |YM )] can be computed for a given model M .
First, given the number of bins B, the samples of
the investigated time series are discretized using the
equiquantal scheme into the B levels. The model
specification M is then used to construct pairs

(ȳM (t), y(t + τ)), (7)

where the indices building the vector ȳi
M (t) will be

selected according to the model specification M . As the
time when the training pair occurs in the time series
will not be important, we will abbreviate the notation
of the state vector ȳi

M and the (predicted) future value to
yi

τ . When denoting the variable rather than a particular
value, the index i will be omitted. The training pairs
will be used to construct a classifier which will attempt
to model the probability distribution function (PDF) of
the state space of the underlying process. The classifier
will be a simple multidimensional histogram which will
aggregate all the training samples in its estimate of the
PDF. The goal of the classifier is to predict the future
state yi

τ from the given vector ȳi
M . This process might

seem crude but the key point is that in the estimation of
the conditional mutual information functional (1), all the
terms are estimated in exactly the same way. It follows
that any problems that the classification process will
have in estimating the PDF correctly are also expected
in the estimation of CMI. It would thus not be useful
to use a different classification scheme here because
the model fitting procedure would yield a model which
would not respect the advantages and disadvantages of
this particular estimator and could potentially have a
completely different number of free parameters.

It will now be shown that choosing a suitable loss
function results in the error rate to be an estimate of the
required criterion (conditional entropy)

L(yi
τ , ȳi

M ) = − log p(yi
τ |ȳ

i
M ), (8)

where the conditional entropy p(yτ |ȳM ) is unknown.
We must substitute an estimate of the conditional
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probability computed as

p̂(yi
τ |ȳ

i
M ) =

N(yi
τ , ȳi

M )∑
y′

τ
N(y′

τ , ȳi
M )

, (9)

where N(·, ·) is the number of occurrences of the pair in
the training set. As the pair (ȳi

M , yi
τ ) is expected to be

seen in a long sequence with probability p(ȳi
M , yi

τ ), the
expected mean error over the state space will be

−
∑

(yτ ,ȳM )

p(yτ , ȳM ) log p̂(yτ |ȳM )

−
∑

(yτ ,ȳM )

p(ȳM )p(yτ |ȳM ) log p̂(yτ |ȳM )

= Ĥ(Yτ |YM )

(10)

To further understand this result, let us relate it to
the expected error assuming we would know the true
distribution p(yτ , ȳM ):

Ĥ(Yτ |YM )−H(Yτ |YM ) =

= −
∑

(yτ ,ȳM )

p(ȳM )p(yτ |ȳM ) log p̂(yτ |ȳM )+

+
∑

(yτ ,ȳM )

p(ȳM )p(yτ |ȳM ) log p(yτ |ȳM ) =

= EYM
D(p̂(yτ |ȳM )||p(yτ |ȳM )).

(11)
The result shows that the expected error is equal to
the value of the optimal expected error (conditional
entropy) if the probability density function was known
and the mean Kullback-Leibler divergence between the
estimated and actual conditional probability density over
all the states. It is clear that the conditional entropy
is always overestimated. It is also clear that if the
model contains a higher amount of free parameters (total
histogram bins), the K-L divergence will increase as the
estimate of the conditional probability density will be
poorer and the bias will increase. This is behavior is
favorable as it penalizes overfitting of the model.

Practically this procedure still has some unresolved
problems. If a previously unseen pair (yτ |ȳM ) is
encountered during the estimation of the criterion, the
estimated conditional probability would be p̂(yτ |ȳM ) =
0 or undefined. The same would occur when a leave-
one-out procedure is applied and the training pair exists
only once in the training set. A regularization procedure
is needed to deal with these pairs. Since the conditional
probability estimate is computed from the accumulated
histogram using (9). To resolve this a fixed term Δ is
substituted for the unknown conditional probabilty in
the loss function

L∗(yi
τ , ȳi

M ) =

{
− log p̂(yi

τ , ȳi
M ) if N(yi

τ , ȳi
M ) > 0

− log Δ otherwise
(12)

Obviously if no previously unseen states are
encountered, the modified loss function gives identical
results to the original loss function. When optimizing
the model, we have elected to set Δ = 1

B
, where B is

the number of bins. This has the simple rationale that
when the particular vector ȳi

M (t) has not been seen in at
all, then equal probability is assigned to all the possible
future states yτ .

Due to the form of the loss function, the same penalty
is also assigned if the vector ȳi

M (t) has been previously
seen but not together with the given future state yi

τ . In
this case it is unclear whether 1

B
is the best choice but no

plausible argument has been found that would advocate
selecting a different value for this situation.

A complete method for selecting a model for
conditioning the CMI (1) from a given time series
has now been constructed. The method connects a
classification problem to the required criterion by using
a suitably constructed loss function which is regularized
for practical purposes.

We note here that there are many established methods
for model selection in time series analysis (and
elsewhere) such as the MDL principle [15], the Bayesian
information criterion [16] or the Akaike information
criterion [17]. These selection mechanisms however
do not optimize the required criterion. These methods
additionally assume a particular distribution family of
the probability density function of the samples or the
estimation of a likelihood function.

2.3. Including surrogates

It has been previously explained that the goal of the
selection of the conditioning model was to be able
to correctly determine directionality of coupling in as
many cases as possible. To understand the influence
of the surrogate time series on the usefulness of a
particular conditioning model, it is necessary to recount
the method of statistical testing of the estimates of
conditional mutual information.

At the core of the directionality detection method is
the estimation of conditional mutual information (1) for
different lags T . These values are averaged over the
selected lags to construct an index of directionality. This
index reacts to an increase in coupling by increasing its
value. However any directionality index also reacts to a
change in other factors involving the underlying systems
and the time series: noise levels, main frequencies,
external influences on the systems and others. The
inverse problem of determining directional influence is
much more difficult: given a value of the index, can we
infer that directional coupling exists ?
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Surrogate testing is a method of verifying if there is
sufficient evidence available to infer that directional
coupling is present in a particular direction. The method
is a simple one-sided hypothesis test with the null
hypothesis of no directional coupling. The distribution
of the index under the null hypothesis can be estimated
by evaluating the index on as many surrogate time series
as is deemed necessary and is computationally feasible.
Usually 100 or 200 surrogates are used if the analysis
is being performed offline. Surrogate time series are
time series which preserve all of the properties of the
original time series except the property being tested.
Here, directional coupling is the tested property and
surrogate time series are such time series that preserve
the dynamical structure of the individual underlying
processes but do not preserve the effect that coupling has
on the time series. This is done by somewhat altering
the temporal structure of the time series so that cause
and effect of the coupling are separated and mixed
in the time series. Common procedures which more
or less accomplish this goal include Fourier transform
surrogates [18], permutation surrogates [19], amplitude
adjusted Fourier transform surrogates [20] or twin
surrogates [21]. Each procedure is applicable in different
situations and has it’s advantages and disadvantages
[10]. If a model of the underlying system is available,
surrogate time series can be simply generated using
the model by creating two pairs of time series of the
coupled models and than taking the first time series
from the first pair and the second time series from the
second pair, these surrogates are called equation-based
surrogates. These surrogates have the ideal properties
and can be used as a standard against which other
surrogate generation schemes are compared.

It is important to note that the hypothesis test is
performed as if the surrogates had the ideal properties
listed above. This is however only an approximation
as the surrogate generation algorithm always destroys
some of the dynamical structure it its random phase.
This is a critical point for the model selection procedure.

Let this state of affairs now be related to the model
selection procedure. Ideally when selecting a model,
there would be enough data points in the source time
series so that the set of data can be split into a training
and testing set. The training set would be used to
construct the models and the testing set would be used
to obtain an unbiased estimate of the expectation of the
criterion (4) for a given model. Assuming that models of
the dynamical systems are available as much testing data
as needed could be generated (this testing data would
in fact be equivalent to the equation-based surrogates.
This would seem to be fortuitous but in practice it is
rarely the case that models of the underlying systems

are available as the most interesting applications of
the nonlinear dynamical framework are in areas where
the physics of the analyzed systems is still poorly
understood. If equation-based surrogates were available
there would be no bias in the distribution under the
null hypothesis stemming from the difference in the
dynamics in the original and surrogate time series. In
this case the conditioning model that would be optimal
with respect to criterion (4) would also be optimal for
use in the surrogate time series as they are for all
practical purposes identical to the original time series.
A leave-one-out procedure on the training set from the
original time series would the suffice to select the best
useable model.

In practice one of the above algorithms which does
not need the underlying model is used to generate
surrogates which are not identical in dynamical structure
to the original time series. A possible exception to
this rule are the twin surrogates which are difficult
to apply in practice but do well in the preservation
of the dynamical structure. Training and testing the
model using a leave-one-out scheme would thus yield
a model which is not the best possible for the evaluation
of (1) as this model would not take into account the
deformation of the dynamical structure due to the use
of the surrogate generation algorithm. This is one of
the most important practial caveats in the application
of the above method for selecting conditioning models.
It follows that creating the model on the original time
series and testing the model (computing the criterion
value) on the surrogates is what is required to obtain
the best conditioning model. It has been found that the
models selected using this procedure have less elements
than those selected using a leave-one-out scheme. This
is due to the fact that more complex models are more
sensitive to the partial modification of the dynamical
structure due to the surrogate generation algorithms.
If the surrogates would have a dynamical structure
identical to the original time series, then this procedure
would be exactly the same as would be applied in a
standard pattern recognition problem with a training and
testing set.

2.4. The final procedure

The entire procedure for model selection can thus be
summarized as:

• Input: time series with N points, no. of bins B,
maximum model size Kmax, most distant sample
L

• Compute intersample delay τ

• Generate r surrogate time series for testing
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• For each possible model M :

• Build the histogram estimate p̂(yτ |ȳM ) on the
original time series

• Estimate the expected conditional entropy on
the r surrogate time series and average the result:
this is the criterion value

• Select the model M∗ with the smallest criterion
value

The more surrogates are used, the better will be
the estimated conditional entropy. The generation
of surrogates is usually fast for most surrogate
generation algorithms but the estimation of the expected
conditional entropy is expensive for long time series and
must be repeated for each model of which there are(

L−1
K−1

)
as i1 = 0 is always part of the model.

3. Numerical studies

In this section the effectivity of the presented procedure
for selecting conditioning models will be shown on
model systems the parameters and structure of which are
known.

3.1. Rössler systems

In the first example, we will work with the famous
Rössler system pair:

ẋ1,2 = −ω1,2y1,2 − z1,2 + ε1,2(x2,1 − x1,2)
ẏ1,2 = ω1,2x1,2 + a1,2y1,2

ż1,2 = b1,2 + z1,2(x1,2 − c1,2),
(13)

where a1,2 = 0.15, b1,2 = 0.2, c1,2 = 10, ω1,2 = 1 ±
0.015 and ε1,2 is the coupling between the systems. The
systems are integrated using a Runge-Kutta 4th order
scheme with dt = 0.05 and the resulting time series
is subsampled by a factor of 6 to yield 20 points per
period of the system. Conditional mutual information
(1) is computed for lags T ∈ {1, .., 50} and averaged.
The number of bins was set to 8 which is a value that
works well for many systems [9, 10].

Fig. 1 shows the resulting curves of conditional mutual
information against coupling strength for different
selected models for the length of time series 32768
samples. The coupling strength ε1 = 0 while ε2
was varied between {0, 0.2}. Such a long time series
allows even CMI estimates with 3 elements in the
conditioning model to be computed and thus negates
any advantage a simpler model might have due to
insufficient data. The intersample delay was set to τ =

5. At the top, the model M0 = {0} was applied.
It is clearly seen here, that a single condition is not
sufficient as the CMI curve for the reverse direction is
not constant but increases considerably towards ε2 =
0.08. In the middle the model M∗ = {0, 1} was
the result of the above optimization procedure. The
bottom row is the model ML = {0, 1, 7} which was
selected by using a leave-one-out estimation method
without using the surrogate time series to test the
model. The larger model ML does not bring any
improvement over model M∗ recommended by the
model selection procedure. The curve in the direction
of coupling reacts to the coupling just as well as the
more complicated model. In the reverse direction, the
conditional mutual information is constant and close
to 0 until the generalized synchronization threshold is
reached. This is the desired behavior of the index.

Figure 1: Conditional mutual information vs. strength of
coupling for Rössler pair (13). Single condition
model (top), optimal model per the selection
procedure (center) and the model selected by the
leave-one-out procedure on original time series
data only (bottom).

Tests of detection of directionality in unidirectional
coupling using all three models listed above have
clearly shown that the model selected by the proposed
procedure involving surrogate testing was the most
effective. The proposed model has no false positives in
the tested parameter range of window sizes from 256
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points to 32768 points in powers of two and coupling
strengths ε1 = 0 and ε2 ∈ {0, 0.1}. The model
ML had very low sensitivity and did not detect almost
any directional coupling at all. The examination of the
relevant histograms of the CMI indices has revealed
that there is strong positive bias in the surrogates
in the direction of coupling which renders all the
detections negative. The model M0 on the other hand
has many false positive detections of coupling rendering
the estimates unusable.

3.2. Van der Pol systems

The coupled Van der Pol equations are frequently used
as example systems in nonlinear dynamics as they
exhibit nonlinearity (and a stable limit cycle) but not
deterministic chaos and complement other frequently
used chaotic systems, such as the Rössler system or
the Lorenz system. The nonlinearity of the Van der Pol
system can be controlled by means of a parameter. The
equations of the Van der Pol are given by

ẍ1,2−μ(x2
1,2−1)ẋ1,2+ω2

1,2x1,2+ε1,2(x2,1−x1,2)+η1,2 = 0,
(14)

where μ = 0.2 is the parameter affecting the
nonlinearity of the model, ω1,2 = 1± 0.1 sets the main
frequency of the model, η1,2 are independent white zero-
mean gaussian noise terms with standard deviation 0.1
and ε1,2 are the coupling strengths. The Van der Pol
system pair was integrated with a Heun (reverse Euler)
scheme with dt = 0.01 and subsampled by a factor of
20.

The intersample delay was comupted as τ = 5
samples. With the parameters above the model selection
procedure recommended the model M∗ = {0, 6}, i.e.
a two-dimensional model. The procedure was rerun
without constraining the selected model to multiples
of τ = 5 and instead allowed to select any indices
that are multiples of 2. Note that the prediction horizon
I(Yτ , YM ) was the same in both runs. Using this
less restrictive setting, the model selection procedure
selected the model M ′ = {0, 12} which is quite
different to the previously chosen model. This shows
that pre-selection can have adverse effects on the quality
of the selected model.

Interestingly enough, the leave-one-out procedure
selected a model M = {0, 12, 13} with τ = 1
(prediction horizon I(Y5, YM ). The selected model is 3
dimensional, although the underlying dynamical model
is only 2 dimensional. We note here that the model is
not deterministic but stochastic and contains a noise
input which is filtered by the dynamics of the system.
Additionally, the model element 0 is forced to be a part
of all models although it might not necessarily be useful

in the prediction. Either of these considerations may
explain why a 3 dimensional model was selected by the
procedure.

The curves of conditional mutual information averaged
for the lags T ∈ {17, 22} (in case of the Van der Pols
it is clear that coupling has most effect at these lags) is
shown in Fig. 2.

Figure 2: Conditional mutual information vs. strength of
coupling for the Van der Pol pair (14). Single
condition model (top), optimal model per the
selection procedure (center) and the model selected
by the leave-one-out procedure on original time
series data only (bottom).

4. Conclusion

The selection of a conditioning model for processing
amplitude series is a difficult problem and requires
careful consideration. A method for selecting a
conditioning model has been presented which attempts
to select the optimal model with respect to the problem
of detecting directional coupling.

The error of the prediction of a considered model
was connected to the criterion (time lagged mutual
information or conditional entropy) by selecting a
suitable loss function. It has been shown that the error
is positively biased with respect to the true expected
value of the conditional entropy. The bias and variance
that surrogates introduce into the directionality detection
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method have been replicated in the model selection
method by using generated surrogate time series to
estimate the criterion instead of leave-one-out cross-
validation or splitting the original time series into a
training and testing set.

Some positive results have been shown on well-
known and frequently used model systems. The
recommended models have worked better than other
reasonable choices. This has been verified by testing
the conditioning models on the actual directionality
detection problem for the considered systems. There are
still however unresolved issues such as pre-filtering of
the allowable samples to be included in the model and
the methods is still very much a work in progress.
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doktorand:

MUDR. MIROSLAV ZVOLSKÝ
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Abstrakt

Tento článek pojednává o projektu
webového Katalogu lékařských doporučených
postupů v ČR, jehož účelem je shromažd’ovat
informace o dokumentech lékařských
doporučenı́ publikovaných českými odbornými
autoritami prostřednitvı́m Internetu a poskytovat
je odborné veřejnosti pro užitı́ a podporu
rozhodovánı́ v klinické praxi a pro dalšı́ výzkum
v oblasti tvorby a formalizace lékařských
doporučenı́. Součástı́ projektu je struktura
databáze a návrh webových rozhranı́, které
ve zkušebnı́m provozu fungujı́ na internetové
adrese http://neo.euromise.cz/ddp .

1. Úvod

Lékařskými doporučenými postupy (lékařskými
doporučenı́mi, guidelines, dále jen LD) nazýváme
popis uspořádánı́ jednotlivých částı́ daného pracovnı́ho
procesu lékaře, resp. ve zdravotnictvı́ obecně.
Jedná se o právně nezávazné, vysoce odborné
dokumenty zaměřené na diagnostiku a terapii daného
onemocněnı́, mnohdy jsou ovšem pojaty komplexně
a snažı́ se postihnout celou šı́ři problematiky daného
onemocněnı́, skupiny onemocněnı́ nebo diagnostického
či terapeutického zákroku. Jejich cı́lem je sjednotit,
zjednodušit a zefektivnit péči o pacienta s použitı́m
nejnovějšı́ch a nejkvalitnějšı́ch vědeckých poznatků,
kterou je jejich prostřednictvı́m možno poskytovat
jednotně v daném územnı́m či společenském celku.
Věcně a obsahově podobnými dokumenty jsou pak
standardy léčebné péče či protokoly léčebné péče, které
bývajı́ formulovány konkrétněji, stručněji, se zaměřenı́m
na praktické použitı́ a jeho efektivitu. Terminologicky
jsou ovšem pojmy guideline, standard a doporučenı́ v
literatuře i chápánı́ zdravotnických institucı́ mnohdy
zaměňovány. [1, 2, 3, 4]

LD jsou vytvářena lékařskými autoritami na různých
úrovnı́ch - od celosvětově působı́cı́ch autorit typu
Světové zdravotnické organizace, přes odborně
vyhraněné mezinárodnı́ společnosti (např. Evropská
kardiologická společnost) a národnı́ organizace at’ již
odborné (např. Česká kardiologická společnost) nebo
zaměřené na vývoj LD napřı́č odbornostmi (NICE -
National Institute for Health and Clinical Excellence,
UK), až po dokumenty vytvářené v rámci menšı́ch
územnı́ch celků nebo jednotlivých pracovišt’. Pro
potřeby Katalogu lékařských doporučenı́ a tohoto textu
budou dále zmiňovány pouze dokumenty s minimálně
celonárodnı́ působnostı́. [5, 6, 7, 8]

Zaváděnı́ LD do použitı́ v praxi má smysl pouze
v přı́padě masového rozšı́řenı́ těchto textů v cı́lové
skupině lékařů. Jejich publikace se proto soustřed’uje
předevšı́m na odborná periodika specializovaná na
konkrétnı́ tematiku, na tématické nebo přehledové
sbornı́ky, či monografie. Publikace v elektronické
podobě přinášı́ mnohé výhody, předevšı́m v rychlosti,
ekonomice a celkové efektivitě zavedenı́ do klinické
praxe. V přı́padě publikace prostřednictvı́m služby
World Wide Web se dosahuje rychlé dostupnosti
dokumentů pro velmi širokou skupinu uživatelů
neomezenou geograficky ani počtem, nevýhodou je
nutnost zajištěnı́ kvalitativnı́ch měřı́tek na Internetu
dostupných dokumentů.[9]

1.1. Stav tvorby a publikace lékařských
doporučených postupů v ČR

Pro proces vytvářenı́ LD byly v zahraničı́ vypracovány
některé metodiky (SIGN, COGS, NICE) a nástroje
pro ověřovánı́ kvality (AGREE). Odborné společnosti
systematicky vyvı́jejı́cı́ většı́ množstvı́ LD si také
vytvořily vlastnı́ metodiku. V České republice byl v
roce 1998 zahájen projekt centrálně řı́zené tvorby LD
zaštı́těný ČLS JEP, v rámci kterého vzniklo kolem třı́
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set dokumentů LD, byl však velmi brzy ukončen. V
současnosti některé skupiny publikujı́cı́ LD a obdobné
dokumenty vytvářejı́ vlastnı́ základy metodologie jejich
tvorby (SVL, NRMSČR). [10, 12, 13]

LD jsou v současnosti v České republice vytvářeny
odbornými lékařskými společnostmi, Českou lékařskou
společnostı́ Jana Evangelisty Purkyně a Národnı́ radou
pro medicı́nské standardy ČR. Tvorbu doporučených
postupů a jejich kvalitu nekoordinuje žádný společný
orgán. Pro publikaci doporučených postupů sloužı́
bud’ tištěná odborná periodika (např. Cor et Vasa,
Vnitřnı́ lékařstvı́, Modernı́ gynekologie a porodnictvı́)
nebo samostatné publikace (viz Společnost všeobecného
lékařstvı́). Většina odborných lékařských společnostı́
publikuje doporučené postupy také prostřednictvı́m
Internetu v rámci vlastnı́ webové prezentace.

Nejvı́ce doporučených postupů je (červen 2008)
publikováno na serveru ČLS-JEP (305 doporučených
postupů), dále Česká onkologická společnost (281
včetně zahraničnı́ch), Společnost všeobecného
lékařstvı́ (34), Česká kardiologická společnost (34),
Česká dermatovenerologická společnost (36), Česká
neurologická společnost (17), Česká diabetologická
společnost (12), Česká pneumologická a ftizeologická
společnost (14), Česká revmatologická společnost (10)
a dalšı́. Některé společnosti LD nepublikujı́, nebo je
publikujı́ pouze v tištěné podobě.

1.2. Zahraničnı́ organizace a portály věnujı́cı́ se
problematice lékařských doporučených postupů a
jejich katalogizaci

Z důvodu rostoucı́ obliby Internetu jako publikačnı́ho
média pro odborné texty, jmenovitě pro LD, vznikly v
zahraničı́ jednak specializované národnı́ či mezinárodnı́
instituce pro tvorbu a katalogizaci LD, jednak těmito
organizacemi nebo přı́mo státnı́mi knihovnickými, či
zdravotnı́mi institucemi spravované webové katalogy
zaměřené na shromažd’ovánı́ a zprostředkovánı́
informacı́ o dokumentech LD a přı́mo na tyto
dokumenty odkazujı́cı́.

Metodice tvorby a obsahu LD se věnujı́ napřı́klad
projekty:

• Conference on Guideline Standardization [10, 11]

• Scottish Intercollegiate Guidelines Network [12]

• National Institute for Health and Clinical
Excellence [8]

Mezi nejvýznamějšı́ portály a katalogy shromažd’ujı́cı́
informace o zahraničnı́ch dokumentech LD patřı́:

• National Guideline Clearinghouse [15]

• National Library of Guidelines Specialist Library
[16]

• Ärtzliches Zentrum für Qualität in der Medizin -
Leitlinien.de [17]

2. Koncepce Katalogu lékařských doporučenı́ v ČR

Tvorba LD v České republice je roztřı́štěna mezi
jednotlivé zájmové skupiny, odborné lékařské
společnosti, jejich specializované sekce a dalšı́
odborné autority nebo organizace (napřı́klad organizace
záchranné služby, jednotlivı́ odbornı́ci). Dokumenty
LD jsou publikovány nejen na Internetu v elektronické
podobě, ale obecně na různých mı́stech, v různé formě
a majı́ různé kvalitativnı́ parametry.

V současné době (červen 2008) neexistuje žádná
webová ani bibliografická služba, která by monitorovala
výskyt a kvalitu textů českých LD. Zahraničnı́ služby
jsou zaměřeny na cizojazyčné dokumenty, které ne
vždy majı́ plnohodnotné použitı́ pro specifické prostředı́
zdravotnı́ho systému v České republice. Navı́c pro část
odborné a hlavně laické veřejnosti, které by nemělo
být v přı́stupu k informacı́m souvisejı́cı́m s kvalitou
zdravotnické péče bráněno, představujı́ cizojazyčné
publikace jazykovou překážku.

Cı́lem vytvořenı́ Katalogu lékařských doporučenı́ v
ČR bylo na jednom mı́stě koncentrovat informace
o českých LD, které mohou být využity napřı́klad
praktickými lékaři pro všeobecný přehled, lékaři
specialisty, autory vědeckých publikacı́, doporučených
postupů a zdravotnı́ politiky, provozovateli zdravotnı́ch
zařı́zenı́, dalšı́ odbornou veřejnostı́, přı́padně i pacienty
pro zpětnou kontrolu kvality zdravotnı́ péče či kvalitnı́
sebepéči. V neposlednı́ řadě pak mohou být informace
shromažd’ované v Katalogu lékařských doporučenı́ v
ČR využity pro vývoj systémů pro podporu rozhodovánı́
a dalšı́ch aplikacı́ lékařské informatiky a výzkum v této
oblasti.

2.1. Výběr kritériı́ pro katalogizaci, včetně
formalizace

Při tvorbě konceptu databázového záznamu pro každý
dokument LD byla brána v úvahu následujı́cı́ kritéria:

• výběr některých nejdůležitějšı́ch a v mı́stnı́ch
podmı́nkách aplikovatelných kritériı́ obsažených
v návrhu COGS [10]

• výběr kritériı́ podle National Guideline
Clearinghouse [15]
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• nejčastěji se vyskytujı́cı́ identifikačnı́ a
katalogizačnı́ údaje uváděné u českých LD

• zařazenı́ informace o existujı́cı́ formalizaci
(formálnı́m modelu postupu LD) nebo webové
aplikaci, která tuto formalizaci využı́vá

• informace o všech výskytech a variantách textu
každého LD na Internetu

Seznam parametrů sledovaných pro každý dokument
LD je podrobně uveden v části 2.3.

2.2. Technické řešenı́ katalogu

Softwarové řešenı́ katalogu vycházelo z několika
předpokladů:

• databáze by měla zajistit co nejkomplexnějšı́
pohled na každý jednotlivý dokument LD a
provázanost poskytovaných informacı́

• obsah databáze bude třeba průběžně doplňovat a
aktualizovat

• strukturu databáze a vzhled a funkčnost
webového rozhranı́ bude třeba průběžně
upravovat a doplňovat, protože v České republice
neexistuje norma ani obecný konsenzus nad
kvalitativnı́mi kritérii LD

• minimálně ve fázi vývoje nebudou k dispozici
prostředky na zajištěnı́ provoznı́ SW technologie,
proto je třeba volit zdarma dostupné technologie
na bázi volně šiřitelného software

• cı́lová skupina uživatelů obsahuje české lékaře,
vědce a specialisty (přı́padně pacienty), proto
jediným jazykem webového rozhranı́ i obsahu
databáze by měla být čeština a aplikace tudı́ž
jednojazyčná

Softwarové řešenı́ Katalogu lékařských doporučenı́ tedy
tvořı́:

• Webový server Apache 2.0

• PHP verze 5.2.3-1+b1

• Databázový systém MySQL 5.0.41-Debian2-log

• Webová aplikace v aktuálnı́ verzi 1.3 (červen
2008) v jazyce PHP a databáze MySQL

2.3. Databáze

Databáze obsahuje v aktuálnı́ verzi 1.3 celkem 32
tabulek, z nichž nejdůležitějšı́ jsou uvedeny v Tabulce
1.

Název tabulky Popis obsahu
guid informace o jednotlivých dokumentech LD
auth informace o jednotlivých autorech publikujı́cı́ch LD
socs informace o jednotlivých odborných společnostech publikujı́cı́ch LD
link informace o jednotlivých odkazech na konkrétnı́ umı́stěnı́ textu LD

Tabulka 1: Hlavnı́ databázové tabulky

Důležité pomocné čı́selnı́ky databáze Katalogu
doporučených postupů v ČR:

• čı́selnı́k klasifikačnı́ho systému MKN 10

• čı́selnı́k nomenklaturnı́ho systému MeSH

• čı́selnı́k kódovacı́ho systému DRG

• čı́selnı́k akademických titulů autorů LD

• čı́selnı́k lékařských specializacı́

• čı́selnı́k geografického určenı́ pro použitı́ LD

• čı́selnı́k jazykových mutacı́ LD

• čı́selnı́k druhu poskytované lékařské péče

• čı́selnı́k úrovně klasifikace důkazů

• čı́selnı́k typu doporučenı́ (diagnostika, terapie,
prevence apod.)

Tabulka GUID obsahuje pro každý dokument LD
následujı́cı́ informace:

• Název LD

• Plný název tištěné podoby LD

• Seznam autorů, kteřı́ se na tvorbě LD podı́leli

• Doplňujı́cı́ poznámka k autorům LD (napřı́klad
seznam oponentů, vymezenı́ kompetence autorů a
pod.)

• Kontakt na autory dokumentu (např. adresa pro
korespondenci)
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• Seznam angažovaných odborných lékařských
společnostı́, či jiných národnı́ch či nadnárodnı́ch
institucı́

• Datum vzniku dokumentu LD

• Datum poslednı́ úpravy dokumentu LD

• Status dokumentu LD ve smyslu jeho aktuálnosti

• Typ LD

• Souvisejı́cı́ kódy klasifikačnı́ho systému MKN 10

• Souvisejı́cı́ kódy nomenklaturnı́ho systému
MeSH včetně indexů udávajı́cı́ch relativnı́
relevanci

• Souvisejı́cı́ kódy systému DRG

• Seznam tématem LD dotčených lékařských
specializacı́

• Seznam specializacı́, kterým je LD speciálně
určeno

• Popis či definice cı́lové populace

• Cı́lová geografická oblast pro užitı́ LD

• Seznam odkazů na konkrétnı́ umı́stěnı́ textu LD
na Internetu

• Úroveň klasifikace použitých důkazů

• Textová poznámka k dokumentu LD

• Abstrakt dokumentu LD

• Seznam jiných dokumentů LD, které tematicky
nebo obsahově souvisejı́ s dokumentem LD a
index udávajı́cı́ hierarchický vztah k původnı́mu
dokumentu LD

• Klı́čová slova souvisejı́cı́ s dokumentem LD

• Informace o existenci formalizované verze
(dále jen formalizace) dokumentu LD, či volně
přı́stupné aplikaci, která LD zobrazuje, nebo
informace a znalosti v LD obsažené použı́vá

• Odkaz na umı́stěnı́ formalizace v Internetu

• Seznam autorů formalizace LD

• Datum formalizace LD, resp. vzniku
formalizované verze

• Poznámku k formalizaci dokumentu LD

2.4. Klasifikačnı́ systémy

Ke každému dokumentu LD je v Katalogu lékařských
doporučenı́ možno přiřadit libovolný počet kódů
nejběžněji v ČR použı́vaných klasifikačnı́ch a
nomenklaturnı́ch systémů. Těmito systémy jsou (ve
verzi 1.3 Katalogu lékařských doporučených postupů
v ČR):

• MKN 10, česká verze desáté revize mezinárodnı́
klasifikace International Classification of
Diseases

• MeSH - Medical Subject Headings v českém
překladu z roku 2000

• DRG - klasifikačnı́ systém Diagnosis-Related
Groups

2.5. Základnı́ rozhranı́ webové aplikace

Rozhranı́ aplikace pro nepřihlášeného uživatele
umožňuje následujı́cı́ funkce:

• nahlı́žet seznam a detaily informacı́ o zadaných a
aktivnı́ch dokumentech LD

• vyhledávánı́ v tomto seznamu za použitı́
jednoduchého filtru, ve kterém lze zadat:

* hledaný řetězec (prohledává se název LD,
klı́čová slova, souvisejı́cı́ pojmy z čı́selnı́ku MKN
10, MeSH a DRG)

* souvisejı́cı́ kód MKN 10

* souvisejı́cı́ kód MeSH

* souvisejı́cı́ kód DRG

* rozsah data poslednı́ aktualizace
dokumentu LD

* status dokumentu LD ve smyslu jeho
aktuálnosti

* striktnı́ cı́lová specializace pro dokument
LD

* odborná společnost, která se podı́lela na
tvorbě dokumentu LD

• procházenı́ seznamu autorů s možnostı́ zobrazenı́
detailnı́ch informacı́ včetně výpisu dokumentů
LD, na jejichž tvorbě se podı́leli

• procházenı́ seznamu odborných společnostı́ s
možnostı́ zobrazenı́ detailnı́ch informacı́ včetně
výpisu dokumentů LD, na jejichž tvorbě se
podı́lely
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• procházenı́ stromovou strukturou klasifikačnı́ho
systému MKN 10 s možnostı́ vyhledávánı́
zadánı́m části názvu a zobrazenı́ seznamu
souvisejı́cı́ch záznamů o dokumentech LD

• procházenı́ stromovou strukturou nomenklaturnı́ho
systému MeSH s možnostı́ vyhledávánı́ zadánı́m
části názvu a zobrazenı́ seznamu souvisejı́cı́ch
záznamů o dokumentech LD

• procházenı́ stromovou strukturou nomenklaturnı́ho
systému DRG s možnostı́ vyhledávánı́ zadánı́m
části názvu a zobrazenı́ seznamu souvisejı́cı́ch
záznamů o dokumentech LD

• seznam odkazů na většı́ zahraničnı́ i české zdroje
LD

• kontaktnı́ informace k projektu

• odeslánı́ krátké textové zprávy editorům/administrátorům
projektu

• odeslánı́ návrhu na zařazenı́ nového
doporučeného postupu, který dosud nenı́ v
databázi

• u každého detailnı́ho výpisu informacı́ o
dokumentu LD odeslánı́ upozorněnı́ o chybných
nebo chybějı́cı́ch údajı́ch

• prohlı́ženı́ projektů/tematických celků
doporučených postupů

2.6. Administračnı́ rozhranı́

Rozhranı́ aplikace pro přihlášeného uživatele s právy
editora umožňuje následujı́cı́ funkce:

• krom zaslánı́ zprávy editorům/administrátorům
projektu a zaslánı́ návrhu na zařazenı́ nového
dokumentu LD všechny funkce jako základnı́
rozhranı́ (2.5)

• editaci údajů o dokumentech LD, o autorech a
odborných společnostech

• přidávánı́ internı́ch poznámek k dokumentům LD

• procházenı́ seznamu chyb v dokumentech LD
hlášených uživateli

• procházenı́ seznamu zpráv od uživatelů

• procházenı́ seznamu návrhů na zařazenı́ nového
LD a vytvořenı́ záznamu o dokumentu LD z
každého návrhu

• vloženı́ informacı́ o zcela novém dokumentu LD

• vytvořenı́ požadavku na ověřenı́ informacı́ o
dokumentu LD, procházenı́ seznamem požadavků
k ověřenı́ a jejich správa

• procházenı́ seznamem odkazů na texty LD
umı́stěných v Internetu

• prohlı́ženı́ čı́selnı́ku specializacı́

• nastavenı́ systémových proměnných

• zobrazenı́ výpisu přı́stupů na stránky

• procházenı́ seznamem uživatelů a úprava
vlastnı́ch údajů včetně hesla

• kontrola správnosti odkazů mimo Katalog
lékařských doporučenı́

• vytvářenı́ a editace projektů/tematických celků
LD

• vytvářenı́ a správa seznamu ”oblı́bených”
dokumentů jednotlivě pro každého registrovaného
uživatele

Rozhranı́ aplikace pro přihlášeného uživatele s
právy administrátora umožňuje navı́c oproti editorovi
následujı́cı́ funkce:

• přidávánı́ uživatelů

• editaci údajů všech registrovaných uživatelů

• prohlı́ženı́ výpisu událostı́ v administračnı́m
rozhranı́

2.7. Zadávánı́ obsahu uživateli a komunikace s
autory - systém ověřovánı́ informacı́

Založenı́ nového záznamu o dokumentu do katalogu je
možné několika způsoby:

• registrovaný uživatel s právy administrátora nebo
editora vytvořı́ v Administračnı́m rozhranı́ nový
záznam

• návštěvnı́k stránek použije formulář pro zadánı́
návrhu na zařazenı́ dokumentu, následně editor
nebo administrátor návrh přijme, či doplnı́

• návštěvnı́k stránek použije formulář pro zaslánı́
zprávy, napřı́klad pokud nemá sám dostatek
informacı́ o umı́stěnı́ LD v Internetu, následně
editor či administrátor na základě této zprávy se
pokusı́ informace dohledat a záznam vytvořit
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Pokud editor či administrátor nemá dostatek informacı́
o dokumentu LD nebo tyto informace nepovažuje za
věrohodné, vytvořı́ záznam typu “neověřen”, který se
nezobrazuje nepřihlášeným uživatelům, a pokusı́ se
informace dohledat. Použı́t může Odeslánı́ podnětu k
ověřenı́, kdy je autorovi dokumentu LD na jeho e-
mailovou adresu odeslána zpráva s jedinečným odkazem
na speciálnı́ ověřovacı́ webové rozhranı́ Katalogu
lékařských doporučenı́, kde může všechny informace
o dokumentu LD upravit a potvrdit jejich správnost.
Editorovi (administrátorovi) se pak v administračnı́m
rozhranı́ ověřenı́ zobrazı́ jako potvrzené a on ho
může přijmout a informace o dokumentu LD potom
publikovat (zobrazit i pro nepřihlášené uživatele).

Také ve chvı́li, kdy je uživatelem, editorem či
administrátorem hlášena chyba v již zobrazovaných
informacı́ch, je možné žádost o ověřenı́ údajů autorovi
znovu odeslat.

2.8. Projekty a tematické celky

Pro možnost vytvářenı́ skupin záznamů o dokumentech
LD na základě tematické či jiné souvislosti
obsahuje Katalog lékařských doporučenı́ v ČR
sekci Projekty/tematické celky, kde může editor či
administrátor vytvářet jednotlivé projekty (skupiny)
a přidávat, či odebı́rat provázánı́ s informacemi o
jednotlivých dokumentech LD. Nad těmito projekty
sdružujı́cı́mi napřı́klad mezioborové dokumenty
týkajı́cı́ se jedné orgánové soustavy, věkové skupiny
obyvatelstva, nebo životnı́ situace lze vést diskusi
vkládánı́m textových poznámek.

3. Diskuse

V současné době je Katalog lékařských doporučených
postupů v ČR ve zkušebnı́m provozu přı́stupný
na webové adrese http://neo.euromise.cz/ddp a
obsahuje celkem 166 záznamů o dokumentech LD.
Pro dlouhodobý provoz je nutné hmotné, personálnı́
a odborné zaštı́těnı́ projektu, které je v jednánı́, v
ideálnı́m přı́padě by se v projektu angažovala některá
státnı́ zdravotnı́ autorita, která by mohla garantovat a
prosazovat kvalitu poskytovaných informacı́.

Obsahové doplněnı́ a pravidelná aktualizace katalogu je
otázkou výše uvedeného dlouhodobého provozu. Výčet
parametrů sledovaných u každého dokumentu LD je v
jistém smyslu kompromisem mezi co nejpodrobnějšı́mi
informacemi a skutečně autory poskytovanými, či
dohledatelnými informacemi. Neexistuje totiž žádná
národnı́ norma, kterou by bylo možné použı́t, výčet
parametrů lze ovšem v dalšı́ch verzı́ch systému měnit
nebo rozšiřovat. Stejně tak lze přidávat dalšı́ funkce

a z Katalogu lékařských doporučenı́ v ČR vytvořit
plnohodnotný zdravotnický informačnı́ portál, přı́padně
systém do již existujı́cı́ho portálu včlenit.

Katalog lékařských doporučenı́ v ČR může být chápán
také jako nástroj pro týmovou spolupráci v oblasti
sledovánı́ publikačnı́ aktivity v oblasti LD, analýzu a
vyhledávánı́ dokumentů vhodných pro dalšı́ zpracovánı́,
napřı́klad formalizaci LD a vyhledávánı́ informacı́
pro vytvářenı́ komplexnı́ch systémů pro podporu
rozhodovánı́ ve zdravotnictvı́.

4. Závěr

Za účelem shromažd’ovánı́ informacı́ o dokumentech
LD byl vytvořen systém Katalog lékařských doporučenı́
v ČR ve verzi 1.3, který se skládá z databáze a
webové aplikace ve dvou variantách rozhranı́ - pro
nepřihlášené uživatele a pro editory/administrátory.
Katalog eviduje údaje o dokumentech lékařských
doporučenı́ publikovaných v České republice, o jejich
autorech a lékařských společnostech, které je vytvářejı́.
Katalog v současné verzi 1.3 pracuje ve zkušebnı́m
provozu v umı́stěnı́ http://neo.euromise.cz/ddp a
obsahuje údaje o 166 dokumentech LD.
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Sokolovská 83, 186 75 Praha 8
     jako svou 248. publikaci

Obálku navrhl František Hakl
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