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Preface

The 6th workshop ITAT’06 — Information Technology — Applications and Theory
(http://ics.upjs.sk/itat) was held in Chata Kosodrevina, Bystra dolina
(http://www.nizketatry.sk/chaty/chkosodrevina/chkosodrevina.html/)

located 1510 meter above the sea level in Lower Tatra, Slovakia, in end of September 2006.

ITAT workshop is a place of meeting of people working in informatics from former Czechoslovakia
(official languages for oral presentations are Czech, Slovak and Polish; proceedings papers can be
also in English).

Emphasis is on exchange of information between participants, rather than make it highly selective.
Workshop offers a first possibility for a student to make a public presentation and to discuss with
the “elders”. A big space is devoted to informal discussions (the place is chosen at least 1000 meter
above the sea level in a location not directly accessible by public transport).

Thematically workshop ranges from foundations of informatics, security, through data and se-
mantic web to software engineering. In this year the emphasis is on semantics of data, information
and knowledge.

Papers are divided into following classes:

— original scientific papers;
— student papers

— tutorial and

— work in progress.

All papers were refereed by at least two independent referees. There were 39 abstracts submitted.

The workshop was organized by Institute of Informatics of University of P.J. Safarik in Kosice;
Institute of Computer Science of Academy of Sciences of the Czech Republic, Prague; Faculty
of Mathematics and Physics, School of Computer Science, Charles University, Prague; Faculty of
Informatics and Information Technology of the Slovak Technical University, Bratislava and Slovak
Society for Artificial Intelligence.

Affiliated to this event a workshop “NAZOU - Tools for knowledge acquisition and organization
from heterogeneous information sources” with separate proceedings was organized.

Partial support has to be acknowledged from the Slovak IT project “Tools for knowledge acqui-
sition and organization from heterogeneous information sources”, and projects of the Program
Information Society of the Thematic Program II of the National Research Program of the Czech
Republic 1ET100300419 “Intelligent models, algorithms, methods and tools for the semantic web
realization” and 1ET100300517 “Methods for intelligent systems and their application in data
mining and natural language processing”.

Peter Vojtds
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Inverse problems in learning from data

Véra Kurkova

Institute of Computer Science, Academy of Sciences of the Czech Republic, Prague,
vera@cs.cas.cz, http://www.cs.cas.cz/~vera

Abstrakt Theory of inverse problems has been developed
to solve various tasks in applied science such as acous-
tics, geophysics and computerized tomography. It is shown
that this theory can be also applied to learning from data.
Minimization of expected and empirical error functionals
modeling learning from examples can be formulated as in-
verse problems. This reformulation allows us to characte-
rize optimal solutions of learning tasks and to model gene-
ralization in terms of stability imposed upon solutions by
regularization.

1 Inverse problems

Tasks of finding unknown causes (e.g., shapes of functi-
ons, forces or distributions) from known consequences
(measured data) have been studied in applied science,
such as acoustics, geophysics and computerized tomo-
graphy (see, e.g., [16]), under the name inverse pro-
blems. To solve such a problem, one needs to know
how unknown causes determine known consequences,
which can often be described in terms of an operator.
In problems originating from physics, dependence of
consequences on causes is usually described by inte-
gral operators (such as those defining Radon or La-
place transforms [4], [11]).

For a linear operator A : X — ) between two Hil-
bert spaces (X, ||.]|x), (V, ||-|ly) (in finite-dimensional
case, a matrix A) an inverse problem (see, e.g., [4]) de-
termined by A is to find for g € Y (called data) some
f € X (called solution) such that

Alf) =g (1)
In 1902, Hadamard [15] introduced a concept of
a well-posed problem in solving differential equations.
Formally, well-posed inverse problems were defined by
Courant [7] in 1962 as problems, where for all data
there ezists a solution which is unique and depends on
the data continuously. So for a well-posed inverse pro-
blem, there exists a unique inverse operator A= : Y —
X. When A is continuous, then by the Banach open
map theorem [12, p.141] A~! is continuous, too, and
so the operator A is a homeomorphism of X onto ).
When for some data, either there is no solution or
there are multiple solutions or solutions do not depend
on data continuously, the problem is called ill-posed.
When A is continuous, then by the Banach open
map theorem [12, p.141] A~! is continuous, too. Conti-

nuous dependence of solutions on data cannot prevent
small variations in data to have large effects on forms
of solutions. Stability of solutions can be measured by
the condition number of the operator A defined as

cond(A) = [|A]| |A7].

When this number is large, solutions can be too sensi-
tive to data errors. In such cases, the inverse problems
are called ill-conditioned. Note that the concept of ill-
conditioning is rather vague. More information about
stability can be obtained from an analysis of behavior
of the singular values of the operator A (see, e.g., [16]).
Often, inverse problems are ill-posed or ill-conditioned.

2 Pseudosolutions and regularization

For finite-dimensional inverse problems, in 1920 Moore
proposed a method of generalized inversion based on
a search for pseudosolutions, also called least-square
solutions, for data, for which no solutions exist. His
idea, published as an abstract [22], has not received
too much attention untill it was rediscovered by Pe-
nrose [24] in 1955. So it is called Moore-Penrose pseu-
doinversion. In the 1970s, it has been extended to the
infinite-dimensional case, where similar properties as
the ones of Moore-Penrose pseudoinverses of matrices
hold for pseudoinverses of continuous linear operators
between Hilbert spaces [14].

When for some g € ) no solution exists, at least
one can search for a pseudosolution f°, for which A(f°)
is a best approximation to g among elements of the
range of A, i.e.,

1AC?) = glly = min [|A(f) = gll»-

The set S(g) = argmin(X, ||A(.) — g|ly) is convex and
so if it is nonempty, there exists a unique pseudosolu-
tion of the minimal norm f7, called the normal pseu-
dosolution [14]. So

1/ 2 = min{[|f°]lx | f© € argmin(X, | A(.) - glly)}-

For an operator A : X — Y, let R(A) = {g €
Y : (3f € X)(A(f) = g)} denotes its range and
Tara) = YV — clR(A) the projection of Y onto the
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closure of R(A) in (¥, ||.]ly). Recall that every conti-
nuous operator A between two Hilbert spaces has an
adjoint A* satisfying for all f € X and all g € ),

(f, A%g)x = (Af,9)y.

We can summarize properties of the pseudoinverse
operator as follows (see, e.g., [14, pp. 37-46] and
[4, pp. 56-60]):

If the range of A is closed, then there
exists a unique continuous linear pseudoinverse ope-
rator A* : Y — X such that for every g € Y,

A*(g) € S(9)

At = min °
A% @l = min (1770

and for every g € ), AAT(g) = mr(g) and

At = (A*A)TA* = A*(AA%)T. (2)

If the range of A is not closed, then AT is only
defined for those g € Y, for which 7 ra)(g) € R(A).

Although the dependence of pseudosolutions on
data is continuous, small errors in data may lead to
rather different solutions. A method of improving sta-
bility of solutions of ill-posed inverse problems, called
reqularization, was developed in 1960th. Among seve-
ral types of regularization, the most popular one pe-
nalizes undesired solutions by adding a term called
stabilizer. It is called Tikhonov’s regularization due to
Tikhonov’s unifying formulation [28]. Tikhonov’s re-
gularization replaces the problem of minimization of
the functional

1IAC) = al3

with minimization of

IAC) = gll3 + 72 (),

where ¥ is a functional called stabilizer and the re-
gularization parameter v plays the role of a trade-off
between an emphasis on the least square solution and
the penalization expressed by ¥.

A typical choice of a stabilizer is the square of the
norm on X, for which Tikhonov regularization mini-
mizes the functional

1AC) = gli3 + 1115 (3)

In contrast to the case of pseudosolutions, which in
the infinite dimensional case may not exist for some
data, for this stabilizer regularized solutions do always
exist. For every continuous linear operator A : X — Y
between two Hilbert spaces and for every v > 0, there
exists a unique operator

AV Y - X

such that for every g € ),

{A7(9)} = argmin(X, [|A(.) = [} +7III1%)
and

AV = (A" A4 yIx) TA* = A*(AA* +91y)7, (4)

where Iy, Iy denote the identity operators. Moreover
for every g € ), for which AT (g) exists,

lim A”(g) = A™(g)

~—0
(see, e.g., [4, pp.68-70] and [14, pp.74-76].

So even if the original inverse problem does not
have a unique solution (and so it is ill-posed), for every
v > 0 the regularized problem has a unique solution.
This is due to the uniform convexity of the functional
I3 (see, e.g., [21]). With ~ going to zero, the soluti-
ons of the regularized problem converge to the normal
pseudosolution AT (g).

3 Minimization of error functionals

In learning theory, learning from data has been mo-
deled as an optimization problem of minimization of
a functional defined by the training data over a set of
functions computable by a given computational mo-
del. The training data are described by a probability
measure and a sample of input-output data.

Formally, for X a compact subset of R¢ and Y
a bounded subset of R, and p a non degenerate (no non-
empty open set has measure zero) probability measure
on Z =X xY, the expected error functional (someti-
mes also called expected risk or theoretical error) &,
is defined for every f in the set M(X) of all bounded
p-measurable functions on X as

E,(f) = /Z (f(z) — )2 dp.

For a sample of input-output pairs of data (called
a training set) z = {(us,v;) € X xY, i =1,...,m},
a functional &, called empirical error, is defined for
a function f: X — R as

E(f) = Z(f(ui) — ;)%

1
m

To apply tools from approximation theory to in-
vestigation of optimization of these two functionals,
we express them in terms of distances from certain
“optimal” functions.

For the expected error functional &,, this function
is the regression function f, defined for z € X as

fo(x) = /Y ydp(ylz),



where p(y|z) is the conditional (w.r.t. x) probability
measure on Y. Let px denote the marginal probability
measure on X defined for every S C X as px(S5) =
p(r%(S)), where mx : X x Y — X denotes the pro-
jection, and E%X (X) denotes the Lebesgue space of
all functions satisfying [, f?dpx < oo with the £ -
norm denoted by ||.||zz. It is easy to see and well-
known that the regression function f, is the mini-
mum point of £, over M(X). Moreover, for every
fer: (X)[9,p.5)

&,(f) = /X (F(2)— fo(@)Pdpx +02 = | — fo]20 402,
(5)

So minimization of the expected error functional &,
over some hypothesis subset of Ei (X)) is a search for
a function in such a set, which minimizes Eix -distance
from the regression function f,.

Also the empirical error functional can be repre-
sented in terms of a distance from a certain function.
Let X, = {u1,...,umn} and h, : X,, — Y be defined
as

he(u;) = v;.

For X C R? containing X,, and f: X — R, denote
fu :f|Xu : Xy — R

Let ||.]|2,m denote the weighted [2>-norm on R™ defined
as [|3,, = ;5 >z, 7. Then

E:() = -l fu = hellm. (©

So minimization of the empirical error £, is a search
for a function in a hypothesis set, which has a smallest
12 -distance from the function h, defined by the sample
z of input-output pairs of data.

4 Inverse problems in learning

We show that minimizations of the expected and the
empirical error functionals can be studied as inverse
problems. But the operators modeling dependence of
data (the sample function h, and the regression func-
tion f,, resp.) on solutions (input-output functions)
differ from operators describing inverse problems from
physics. They are not defined as integrals, but they
are defined as the evaluation operator at the sample
of data z and as the inclusion of the hypothesis space
into £2(X).

To apply theory of inverse problems to learning,
we have to assume that we search for solutions of a gi-
ven learning task in some Hilbert space, denoted by
(H, ||.ll%), formed by functions defined on X C R¢9.
For the input vector u = {u1,...,uy} from the sam-
ple of data z = {(u;,v;) |i —1,...,m}, let
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Lo (K ) — (R™ 1]

denote the evaluation operator defined for all f € H
as

2,m)

L,(f) = (f(u1),. .., fum)).
It is easy to check that for every f on X,

&(f) = Z(f(ui)*vi)zzIILu(f)*'UII%,m- (7)

1
m
So the empirical error £, can be represented as

£() = Lu() =3,

and thus its minimization over H is equivalent to the
inverse problem (1) defined by the evaluation opera-
tor L,.

To express minimization of the expected error as
an inverse problem, we use the inclusion operator

T2 (M |l — (L5 (XD, -l ez )-

By (5), we have

E() =f = folzz + o5 = 17(f) = folz2 + 07 (8)

So the expected error £, can be represented as

E() = 1I() = follzz + 07

and its minimization is equivalent to the inverse pro-
blem (1) defined by the inclusion operator J.

To take advantage of the formulas (2) and (4) to
characterize pseudosolutions and regularized solutions
of these two inverse problems, we need to find some
hypothesis Hilbert spaces, on which both the opera-
tors J and L, are continuous. In the next section, we
show that such spaces not only do exist, but in addi-
tion to continuity of both these operators, their norms
can play roles of stabilizers penalizing various types of
oscillations.

5 Hypothesis spaces defined by
kernels

There exists a large class of Hilbert spaces, on which
all evaluation functionals are continuous. Spaces from
this class are called reproducing kernel Hilbert spa-
ces (RKHSs). They were formally defined by Aron-
szajn [2], but their theory includes many classical re-
sults on positive definite functions, matrices and inte-
gral operators with kernels. In data analysis, kernels
were first used by Parzen [23] and Wahba [29], who
applied them to data smoothing by splines. Girosi [13]
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used squares of norms on RKHS as stabilizers pena-
lizing high-frequency oscillations of the Fourier trans-
form.

Aizerman, Braverman and Rozonoer [1] used ker-
nels (under the name potential functions) to solve clas-
sification tasks by embedding input spaces into higher
dimensional Hilbert spaces. Such transformation of ge-
ometry increase chances for linear separation of more
types of data. Boser, Guyon and Vapnik [5] and Cortes
and Vapnik [6] farther developed this classification me-
thod into the concept of the support vector machine,
which is a one-hidden-layer network with kernel units
in the hidden layer and one threshold output unit.

Kurkova [18], [19] and De Vito et al. [10] showed
that RKHS are perfectly suited for applications of the-
ory of inverse problems to minimization of empirical
and expected error functionals.

So use of kernels in data analysis has three rea-
sons: (1) norms on RKHSs can play roles of undesi-
rable attributes of input-output functions, the pena-
lization of which improves generalization, (2) kernels
can define mappings of input spaces into feature spa-
ces, where data to be classified can be separated li-
nearly, and (3) as all evaluation functionals and inclu-
sion to Ef) (X)) are continuous, theory of inverse pro-
blems can be applied to describe pseudosolutions and
regularized solutions of learning tasks formulated as
minimization of error functionals over RKHSs.

A variety of kernel methods and algorithms are
of current interest, and their potential uses are wide
ranging; see, e.g., the recent applications-oriented mo-
nographs by Schollkopf and Smola [27] and by Cris-
tianini and Shawe -Taylor [8], a theoretical article by
Cucker and Smale’s [9] or a brief survey by Poggio and
Smale [26].

Aronszajn [2] defined a RKHS as a Hilbert space
formed by functions on a nonempty set X such that
for every x € X, the evaluation functional F,, defined
for any f in the Hilbert space as

Fu(f) = (=),

is bounded (continuous)(see also [3]).

RKHSs can be characterized in terms of kernels,
which are symmetric positive semidefinite functions
K : X xX — R, ie., functions satisfying for all m, all
(wi,...,wy) € R™ and all (z1,...,2,,) € X™,

m
Z w; wj K(z,25) > 0.
ij=1

A kernel is positive definite if for any distinct z1,. .. ,2m,

Z ’LU[LUjK(.Tml‘j) =0

i,7=1

implies that for all: = 1,...,m, w; = 0. In such a case
{K, :z € X} is a linearly independent set.

By the Riesz Representation Theorem [12, p. 200],
for every x € X there exists a unique element K, € X,
called the representer of x, such that

Folf) = (£ Ka)

for all f € X (this property is called the reproducing
property). It is easy to check that the function K :
X x X — R defined for all z,y € X as

K(z,y) = (Ko, Ky)

is a kernel.
On the other hand, every kernel K : X x X — R
generates an RKHS denoted by

M (X).

It is formed by linear combinations of functions from
{K,; : + € X} and pointwise limits of all Cauchy
sequences of these linear combinations with respect to
the norm ||.||x induced by the inner product defined
on generators as

(K, Ky>K = K(z,y).

A paradigmatic example of a kernel is the Gaussian
kernel
Ky, ) = e 1=l

on R% x R?. For this kernel, the space H, (R?) conta-
ins all functions computable by radial-basis function
networks with a fixed width equal to b.

Other examples of kernels are the Laplace kernel

K(l’, y) = e*”:b*yH?
homogeneous polynomial of degree p

K(x,y) = <x7y>p,

where (-,-) is any inner product on R?,
inhomogeneous polynomial of degree p

K(z,y) = (1+ (z,9))",

and
K(z,y) = (a®+ [z —y|*)

with & > 0 [9, p. 38].

The role of ||.||% as a stabilizer can be illustrated
by two examples of classes of kernels. The first one is
formed by Mercer kernels, i.e., continuous, symmetric,
positive semidefinite functions K : X x X — R, where
X c R? is compact.

For a Mercer kernel K, ||f||% can be expressed
using eigenvectors and eigenvalues of the compact li-
near operator



Ly : L2 (X) = L2 (X)
defined for every f € £2 (X) as

memzéﬂwm%w@

By the Mercer Theorem [9, p. 34]

2 — Ci
I£1% =Y
i=1

)
%

[

>

where the \;’s are the eigenvalues of L and the ¢;’s
are the coefficients of the representation f=3":°, ¢;¢;,
where {¢;} is the orthonormal basis of H x (X)) formed
by the eigenvectors of Lk . Note that the sequence {\;}
is either finite or convergent to zero. Thus, the stabili-
zer ||.||% penalizes functions, for which the sequences
of coefficients {c¢;} do not converge to zero sufficiently
quickly, and so it plays a role of a high-frequency filter.

The second class of kernels illustrating the role of
[|-|% as a stabilizer consists of convolution kernels, i.e.,
kernels

K(z,y) = k(z —y)

defined as translations of a function k : R — R, for
which the Fourier transform k is positive. For such
kernels, the value of the stabilizer ||.||% at any f €
Hr (R?) can be expressed as

, 1 fw)’
||f||K - (27T)d/2 /]Rd ]’%(w) dw

[13], [27, p. 97]. So the function 1/k plays a role ana-
logous to that of the sequence {1/\;} in the case of
a Mercer kernel. An example of a convolution kernel
with a positive Fourier transform is the Gaussian ker-
nel.

(9)

6 Pseudosolutions and regularized
solutions of learning tasks

As on every RKHS Hg(X), both the inclusion and
evaluation operators describing learning from data as
inverse problems are continuous, we can take advan-
tage of the formulas (2) and (4) to describe their pseu-
dosolutions and regularized solutions. The pseudoso-
lution of the inverse problem described by the opera-
tor L, can be expressed as

m

er = L?T(/U) = ZCiKuiy

i=1

(10)

where ¢ = (1, ..., ¢y ) satisfies
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c= Klu]tv,

(11)

with Klu] the Gram matriz of the kernel K with respect
to the vector u defined as

K[u]i,j = K(ui,uj).

So the minimum of the empirical error &, over
Hy (X) is achieved at the function fT, which is a li-
near combination of the representers K, , ..., K,,, de-
termined by the input data uq,...,u,,. Thus f* can
be interpreted as an input-output function of a neu-
ral network with one hidden layer of kernel units and
a single linear output unit.

For example, for the Gaussian kernel, f* is an
input-output function of the Gaussian radial-basis
function network with units centered at the input data
Ui, ..., Um. The coefficients ¢ = (cq, ..., ¢p) of the li-
near combination (corresponding to network output
weights) can be computed by solving the system of
linear equations (11).

Similarly as the function f* = >, ¢;K,, mini-
mizing the empirical error is a linear combination of
the functions K, ..., K, defined by the input data

ULy, Unm, Dy (4) the regularized solution f7 is of the
form
=3 K., (12)
i=1
where ¢ = (c],...,c]},) satisfies
& = (K[u] +ymI) v (13)

So both the functions f™ and f minimizing &,
and &, + ||.||%, resp., are linear combinations of the
representers K, ,..., K, of input data ui,...,unm,
but the coefficients of the two linear combinations are
different. For the pseudosolution, ¢ = (c1,...,¢p) is
the image of the output vector v = (vy,...,v,,) under
Moore-Penrose pseudoinverse of the matrix K[u], while
for the regularized solution, ¢” = (¢],...,¢),) is the
image of v under the inverse operator (K[u]+ymZ)~1.

This clearly shows the role of regularization — it
makes dependence of coefficients on output data more
stable. Growth of the regularization parameter - leads
from “under smoothing” to “over smoothing”. How-
ever, the size of 7 is constrained by the requirement of
fitting f7 to the sample of empirical data z, so v can-
not be too large.

The effect of regularization of the evaluation ope-
rator L, depends on behavior of the eigenvalues of
the Gram matrix K[u]. Stability analysis of the regu-
larized problem ||Ly(.) — v||2,m + 7||.||% can be inves-
tigated in terms of the finite dimensional problem of
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regularization of the Gram matrix K[u] with the pa-
rameter v/ = ~m, because the coefficient vector ¢7
satisfies ¢ = (K[u] +ymZ)~!. For K positive definite,
the row vectors of the matrix K[u] are linearly inde-
pendent. But when the distances between the data
U1, - .., Uy, are small, the row vectors might be nearly
parallel and the small eigenvalues of [u] might cluster
near zero. In such a case, small changes of v can cause
large changes of f*. Various types of ill-posedness of
K[u] can occur: the matrix can be rank-deficient when
it has a cluster of small eigenvalues and a gap be-
tween large and small eigenvalues, or the matrix can
represent a discrete ill-posed problem, when its eigen-
values gradually decay to zero without any gap in its
spectrum [16].

Practical applications of learning algorithms based
on theory of inverse problems are limited to such sam-
ples of data and kernels, for which iterative methods
for solving systems of linear equations ¢ = K[u]Tv and
¢’ = (K[u] + ymZ)~tv are computationally efficient
(see, e.g., [26] for references to such applications).

In typical neural-network algorithms, networks
with the number of hidden units n much smaller than
the size m of the training set are used [17]. In [20]
and [21], estimates of the speed of convergence of in-
fima of the empirical error over sets of functions com-
putable by such networks to the global minimum &,(f?)
were derived. For reasonable data sets, such conver-
gence is rather fast.
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Abstrakt Jiz nékolik let je zndmo, Ze XSLT programy
jsou Turingovsky uplné a Ze problém zastaveni ¢i jind sta-
tickd analyza XSLT programu je algoritmicky nerozhod-
nutelny problém. Dukazy téchto turzeni ovsem vyuZivaji
slozité konstrukce, které se v béznych XSLT programech
nevyskytugi. Tento cldnek definuje pojem grafu zdvislosti
pro XSLT program (v kombinaci s XML-schematem jeho
vstupu) a dva vzory, jejichZ pritomnost v grafu zdvislosti
indikuje, Ze by z hlediska zdvislosti program mohl byt si-
muldtorem Turingova stroje. Podstatné je pak pozorovdnd,
Ze viechny slozité konstrukce znamé z dukazu nerozhodnu-
telnosti statické analyzy XSLT programi jsou specidlnim
pripadem téchto vzori, zatimco v XSLT programech béz-
ného urcéeni se tyto vzory vyskytuji naprosto vyjimecné.
To ddvd nadéji, Ze po odstinéni pripadiu, obsahujicich tyto
vzory, je fada problémi statické analyzy na béznych XSLT
programech algoritmicky tesitelnd.

1 Uvod

Rada publikaci se v posledni dobé zaméFuje na sta-
tickou analyzu XSLT programu jako jednoho z nej-
vyznamnéj$ich programovacich jazyku rodiny XML.
Kombinace funkciondlniho jazyka se stromy a stro-
movymi gramatikami je relativné nové a fada prob-
lému statické analyzy je tedy oteviend, véetné otazky
vhodného matematického modelu XSLT programu.
Zatimco pro samotné X-Path vyrazy existuje fada vel-
mi odlisnych modela véetné atributovych grama-
tik [2,1], dosud prezentované modely XSLT jsou bud’to
vézény na podstatné omezeny fragment XSLT (nej-
castéji pro XSLT bez proménnych), nebo jsou naopak
obtizné analyzovatelné.

Tento ¢lanek predklada novy, pravdépodobné do-
sud nepublikovany, zpusob modelovani XSLT progra-
mu pomoci dvourozmérné atributové gramatiky, coz
je pojem pomérné piimocatre odvozeny z piritomnosti
dvojice stromu - stromu vstupniho XML dokumentu
a stromu reprezentujictho postup vypoctu na ném
z hlediska (rekurzivniho) voldni XSLT sablon. Stejné
jako u klasickych atributovych gramatik je zde oddéle-
na definice relace zavislost{ atributi od funkei pocita-
jicich skuteéné hodnoty atributu, coz dovoluje zkou-
mat dvourozmérné atributové gramatiky z hlediska

* Projekt programu “Informaéni spole¢nost” Tematického
programu II Ndrodniho vyzkumného programu Ceské
republiky, projekt ¢islo 1IET100300419.

grafu zavislosti, vytvofenych atributovou gramatikou
pro konkrétni stromy.

Zkoumdni grafa zavislosti vedlo k identifikaci dvou
vzoru, zvanych ,paska® a ,miiz“ jejichz pritomnost
v grafu zavislost{ indikuje, ze analyzovana atributova
gramatika je z hlediska zavislosti dostate¢nd na si-
mulaci linedrné omezeného Turingova stroje (tedy, ze
existuje jind gramatika se stejnymi grafy zéavislosti,
kterd je zminénym simuldtorem).

Zbytek ¢lanku je rozdélen takto: Sekce 2 definuje
potiebny matematicky aparat, zejména pak pojem
kartézského souéinu stromt, na ném pracujici dvou-
rozmérné atributové gramatiky a grafu zévislost{ indu-
kovanych touto gramatikou. Nasledujici kapitola po-
pisuje postup konverze DTD nebo XML-schematu
a XSLT programu na dvourozmérnou atributovou gra-
matiku. Kapitola 4 pak definuje vyse uvedené Turin-
govské vzory na pfikladech i na zpétné rekonstruo-
vanych XSLT programech.

2 Dvourozmérné atributové
gramatiky

Dvourozmérné atributova gramatika je mechanismus,
doplnujici hodnoty atributu ke kartézskému soucinu
dvou stromu. Pii analyze XSLT bude jednim z téchto
stromu vstupni XML dokument, druhy strom bude
reprezentovat vzajemnd voldni XSLT sablon v prubéhu
zpracovani daného vstupu. Z tohoto duvodu budeme
tyto dva stromy, jejich gramatiky a dalsi pojmy ozna-
¢ovat prefixy ¢ indexy D (data) a C (code).

2.1 Stromy a gramatiky

Piipustné tvary anotovaného stromu jsou definovany
upravenou formou gramatiky G = (II, R, P, S). Ko-
neénd mnozina IT definuje netermindlni symboly (ter-
mindlni symboly pro uréeni tvaru stromu nejsou za-
potiebi — listy stromtu budou tvofeny pravidly s prazd-
nou pravou stranou). S € IT je poc¢éteéni netermingl.

Kone¢na mnozina R obsahuje jména pravidel, je-
jichz obsah je definovan funkci P : R — II x IT*. Tato
definice pripousti existenci vice pravidel se stejnym
obsahem, proto budeme ve stromech uvadét namisto
netermindli jména pouzitych pravidel. Netermindly
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pak predstavuji rozhrani, ptres ktera je mozno spojovat
jednotliva pravidla.

Anotovany strom (vzhledem ke gramatice G) je
struktura T = (V, E,r,i,ro0t) s vrcholy V', oriento-
vanymi hranami E a kofenem root € V, doplnény
o jména pravidel r : V — R a indexy hran ¢ : E — IN.
Anotovany strom je ptipustny vzhledem ke grama-
tice G za téchto podminek:

— Kofen je oznacen pravidlem r = r(root) s pocéd-
teénim netermindlem na levé strané: X, o =S

— Je-li vrchol a € V oznacen pravidlem r = r(a)
ve tvaru X, o — X, 1X;2... X} 5 (), Pak z tohoto
vrcholu vede pravé n(r) hran, jejichz indexy i(e)
tvorf mnozinu 1,2, ...n(r), a pro kazdou hranu e =
(a,b) s indexem ¢ = i(e) plati X, o = X, ;, kde
' =r(b).

2.2 Kartézsky soucin stromu

Megjme dvojici D-stromu a C-stromu

Tp = (Vp,Ep,rp,ip,rootp)
Tc = (Vo,Ec,re,ic, rootc)

které jsou piipustné vzhledem ke dvojici D-gramatiky
a C-gramatiky

Gp = (IIp,Rp,Pp,Sp)
GC = (HC"RC’PC’SC)

Kartézsky soucin stromu Tp a T¢ je definovan jako
orientovany acyklicky graf TT = (V, E, r,4,root), kde

V=VpxVo
E=FEPUE®
EP = {<<'UP?UC>’ <U2Davc>>
| (WP, vl e Ep Av© € Vi)
EC = {<<UD77)10>7 <vDaUQC>>
\ WP evp A <vlc,vzc> € Ec}
r: V—-RpXxR¢
r((v?,09)) = (rp(W"),rc(v))
i : FE— 1IN
i(((f,v), (07, v9))) = ip((vf,v3))
i(((P, o), (WP, 05) = ic((vf,v8))

root = {rootp, rootc)

~—

V takto definovaném kartézském soucinu jsou hra-
ny dvou druhii: D-hrany EP a C-hrany E®. Do kaz-
dého vrcholu s vyjimkou vrcholi tvaru (v?,rootc),
(rootp,v®) a kofene vede jedna D-hrana a jedna C-
hrana. Kazdy vrchol v = (vP,v%) mé n(rp(v?)) od-
chozich D-hran a n(r¢(v®)) odchozich C-hran.

Obrazek 1. Kartézsky soucin D-stromu a C-stromu.

Obrazek 1 ukazuje piiklad kartézského soucinu jed-
noduchych stromu. D-hrany jsou kresleny svisle, C-
hrany ¢arkované vodorovné. Okolf uzlu B2 = (B, 2) je
ZVyraznéno.

2.3 Dvourozmérné atributové gramatiky

Dvourozmérné atributova gramatika pfedstavuje ana-
logii klasické atributové gramatiky ve svété kartézs-
kych souc¢int stromii. Zatimco obycejné atributové gra-
matiky déli atributy na dédiéné (Inh) a syntetizované
(Syn) podle sméru pieddvani{ informace ve stromé,
v kartézském soucinu dvou stromu prichézeji v tvahu
Ctyfi sméry predavani, a tedy ¢tyfi skupiny atributt
oznacované DInh, DSyn, CInh a CSyn. Pro zkou-
méani XSLT programu ndm vsak postac¢i pouze prvni
tii skupiny, nebof XSLT sablony nemaji vystupni pa-
rametry ani jiné moznosti predavani informaci zdola
nahoru ve stromé volani. Nésledujici definice dvou-
rozmérné atributové gramatiky tedy pro zjednoduseni
CSyn neuvazuje (a méla by tedy moznd nést ndzev
jeden-a-pul-rozmérnd).
Dvourozmérnd atributova gramatika

AG = (Gp,G¢, DInh, DSyn,CInh, Dep, W, f)

je predevsim nadstavbou dvojice gramatik Gp a G¢,
které spoleéné urcuji kartézské souciny stromu, které
budou opatfovany atributy.

Kazdy uzel v = (v, v%) kartézského soucinu bude
opatfen tfemi druhy atributt, pficemz konkrétni mno-
Zina atributu zavisi na netermindlu, ke kterému uzel
patii. Pokud je tedy uzlu v pfifazena dvojice pravidel
rP =rp(P) ar® =rc(v?), pak je mnozina atributi
urcéena na zakladé pravidel a jejich levostrannych ne-
terminala XP = X,pga X¢ = X,c g, a to takto:



DInh(XP r®) - koneéna mnozina atributii déde-
nych ve sméru D-hran

DSyn(XP,r%) - koneénd mnozina atributii synte-
tizovanych proti sméru D-hran

CInh(rP, X¢) - kone¢nd mnozina atributi déde-
nych ve sméru C-hran

V okoli uzlu v jsou zavislosti urceny atributovymi
pravidly spfazenymi s dvojici pravidel gramatik r? =
rp(P) ar® =ro(v%)

P XP - XxPxP . x5
r¢: X§ - XPX§ . X%

Podobné jako u klasickych atributovych grama-
tik definujeme vstupni a vystupni atributové vyskyty
v pravidle r = (r?, r¢):

In(r) = {{a,0) | a € DInh(XP,r¢)}
U {(a,0) | a € CInh(rP, X§)}
U{(a,i) |1 <i<nPAacDSyn(XP,r°)}

(
Out(r) = {{a,0) | a € DSyn(XL,r°)}

(a,i) |1 <i<nP Aae DInh(XP, )}
(

U {{a,4)
U{{a,i) |1 <i<n®AaeCInh(r?, XE)}

dio ds0

r(B2) a2

-— c0

@9
-

ds2 cl

Obrazek 2. Interakce atributiu ve dvourozmérné atribu-
tové gramatice.

Obrézek 2 ukazuje atributové pravidlo pro uzel B2
z obrazku 1 a jeho interakci s pravidly sousednich
uzlu prostirednictvim vstupnich atributovych vyskytu
{di0, ci0, ds1,ds2} a vystupnich {ds0, dil, di2,cil,ci2}.

Zavislosti atributu v pravidle r jsou definovany re-
laci

Dep(r) C In(r) x Out(r)
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Atributy nabyvaji hodnot z univerza W a hod-
nota kazdého vystupniho atributového vyskytu je de-
finovana funkcemi f,. (, ;. Pro analyzu XSLT budeme
pouzivat booleovské atributy. Pro posouzeni z hlediska
Turingovskych vzoru pak jsou rozhodujici zévislosti
atributtu a konkrétni funkce, jimiz jsou tyto zavislosti
naplnény, nezkoumame. Proto budeme z atributovych
gramatik extrahovat zavislostni ¢ast ve tvaru

DEP(AG) = (Gp,Ge, DInh, DSyn, CInh, Dep)

Grafem zavislosti pro konkrétni kartézsky soucin
stromu pak rozumime graf sestrojeny sjednocenim lo-
kalnich zavislosti Dep na atributovych vyskytechvsech
uzla kartézského soucinu. Graf zavislosti obecné muze
obsahovat cyklus, nize prezentovany postup konverze
XSLT programu vSak vede na dvourozmérnou grama-
tiku, kterd cykly negeneruje, ¢imz je zajisténa jedno-
znacnost vypoctu hodnot atributt. Vzhledem k ne-
existenci syntetizovanych atributi na C-hrandch se
jednotlivé vétve C-stromu vzdjemné neovliviiuji a je
tedy mozné posuzovat je oddélené. Hledané Turingovs-
ké vzory je tedy mozné zkoumat na kartézskych sou-
¢inech D-stromu a nékteré z vétvi C-stromu.

3 Abstrakce XML-schemat a XSLT

V predchozi kapitole definované pojmy ndm umozni
vyjadiit vechny potiebné struktury zXML svéta,tedy
vstupni dokumenty, jejich schemata a XSLT programy.

3.1 XML dokument

XML dokument je strom neomezeného stupné, v na-
Sem modelu je pfeveden na strom stupné nejvyse dva
standardnim trikem , first-child/next-sibling“ popsa-
nym v fadé publikaci (napt. [6]). Puvodni anotace
XML-elementy je nahrazena jmény pravidel D-grama-
tiky, ktera vyjadiuje schéma stromu. To znamenad, ze
n4s stromovy model dokumentu je (z hlediska anotace)
zavisly na pouzitém schématu.

3.2 Schema dokumentu

Pro specifikaci formatu XML dokumentt jsou pouzi-
vany formaty DTD a XML-Schema, z teoretického po-
hledu se navic rozlisuje deterministickd a nedetermi-
nistickd verze schematu (viz [4]). Nase D-gramatiky
jsou ekvivalentem nedeterministickych stromovych
automatti, které jsou nejCastéji pouzivany jako nej-
obecnéjsi abstrakce vsech forem DTD a XML-Schemat.

V prevadéném DTD ¢i XML-schematu jsou nej-
prve pro kazdy element ¢i slozeny typ abstrahovany
pripustné posloupnosti synu pomoci nedeterministic-
kych koneénych automatu. Stavy téchto automatu se
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stanou neterminaly D-gramatiky a pro kazdy ptrechod
q,e — ¢ jsou vytvorena néktera z téchto ¢tyt pravidel:

Rye:q—d"d
Rye:q— 4"
Ryc:a—d

00 .
Rq7e.q—>

q" je pocdtecni stav automatu pro syny elementu e
v kontextu stavu ¢. Pravidla R'* budou generovana,
pokud ze stavu ¢” existuje piechod, pravidla R°*, po-
kud je stav ¢" koncovy. Generovani pravidel R¥! resp.
RY0 je analogicky podminéno vlastnostmi stavu ¢'.

Z nézvu pravidla RY7 je zpétné mozno odvodit ele-
ment e, ¢imz je zajisténa moznost bezztratové repre-
zentace XML dokumentu anotovanym stromem od-
povidajicim této gramatice. Zajimavé je skutec¢nost,
7e u nedeterministickych verzi schemat muze byt je-
den dokument reprezentovan ruznymi stromy lisicimi
se pouzitymi ndzvy pravidel (a tedy i pouzitymi neter-
mindly). Jak vSak uvidime v ndsledujicich odstavcich,
reprezentace XSLT programu se chova stejné ke vsem
pravidlim pro stejné e.

3.3 XSLT program

XSLT program je nejprve zbaven slozitych konstrukei
apply-templates, choose, key, globalnich proménnych
apod. prevodem na call-template, if a dosazenim do
X-Path vyrazu. Upravy tohoto druhu byly jiz popsany
v literatuie [5,3]. Pro prehlednost a dsporu budeme
pro zapis XSLT programu pouzivat snadno srozumi-
telnou syntaxi ve stylu jazyka C.

Implicitni proménna ,,.“ predstavujici kontext je
nahrazena explicitn{ proménnou. Kazda konstrukce
Hfor-each(expr)stmt* je pritom nahrazena voldnim
f(/,expr), pticemz Sablona f je vytvorena podle to-
hoto vzoru:

template f($c,$e)
if ($c)
if ($c intersection $e) stmt($c)
f($c/first-child: :*, $e)
f($c/next-sibling: :*, $e)

V tomto piepisu proménnd $e obsahuje puvodni
node-set v hlavicéce for-each, proménnd $c nahrazuje
puvodni kontext. Iterativni charakter puvodni kon-
strukce je nahrazen rekurzivnim pruchodem vstupnim
stromem a testem piislusnosti kazdého navstiveného
uzlu vuéi proménné $e. Osy first-child a next-sibling
jsou rozsitenim X-Path, a budou, stejné jako stan-
darni osy, v nasledujicim kroku pfevedeny na atribu-
tovéa pravidla dvourozmérné atributové gramatiky.

Tento prepis by byl samoziejmé znacné neefektivni
z hlediska provadéni XSLT programu, pro ucely sta-
tické analyzy je ovSem vyhovujici.

Vlastni pfevod XSLT programu na dvourozmérnou
atributovou gramatiku je zalozen na téchto principech:

— Sablony jsou nejprve normalizovany (doplnénim
pomocnych Sablon) tak, aby kazd4 obsahovala nej-
vyse jeden piikaz if.

— Normalizované sablony jsou nahrazeny netermina-
ly C-gramatiky.

— Téla sablon neobsahujicich vétveni budou repre-
zentovana jedinym pravidlem C-gramatiky, Sablo-
nam s piikazem if budou odpovidat dvé pravidla
C-gramatiky, reprezentujici ptipady se splnénou
a nesplnénou podminkou.

— Posloupnost volani jinych Sablon v téle sablony
odpovida pravé strané vygenerovaného pravidla
C-gramatiky.

— Parametry $ablon budou nahrazeny booleovskymi
atributy ze skupiny C'Inh.Hodnota atributu u uzlu
(vP,v°) kartézského soucinu D-stromu a C-stro-
mu vyjadiuje piftomnost uzlu v” vstupniho do-
kumentu v piislusném parametru pii volani pro-
cedury reprezentovaném uzlem v¢.

— Hodnoty X-Path vyrazu ve vystupnich XSLT pii-
kazech value-of a copy-of budou nahrazeny boo-
leovskymi atributy ze skupiny DSyn s obdobnym
vyznamem jako u parametru Sablon. Tyto atributy
lze chapat jako vystup zpracovani vstupu dvou-
rozmérnou atributovou gramatikou.

— Hodnoty booleovskych X-Path vyrazu v podmin-
kach piikazu if budou nahrazenybooleovskym atri-
butem ze skupiny DSyn vyskytujicim se pouze
u korene D-stromu. Hodnota tohoto atributu bude
pii analyze chapana jako podminka pro pouzitel-
nost prislusného C-pravidla.

— Mezivysledky jednotlivych podvyrazu X-Path vy-
razu v téle Sablony budou reprezentovany boole-
ovskymi atributy ze skupiny DInh nebo DSyn
v zavislosti na zpusobu, jakym je podvyraz pouzit.

— Lokélni proménné budou vyieSeny podobnym zpu-
sobem jako podvyrazy s tim rozdilem, ze kvuli
ruznosti zpusobu pouziti muze mit lokalni pro-
ménna dva reprezentanty v obou skupinach DInh
a DSyn.

— Booleovské podvyrazy testujici neprazdnost mno-
ziny uzli nezavislé na kontextu budou nahrazeny
booleovskym atributem ze skupiny DSyn, ktery
postupné pocita disjunkci hodnot atributu repre-
zentujictho zkoumanou mnozinu. Vysledna hod-
nota tohoto atributu u kofene D-stromu odpovida
hodnoté podvyrazu.

— Booleovské podvyrazy testujici neprazdnost mno-
ziny uzla z4vislé na kontextu, tj. zavislé podvyrazy



v X-path filtrech a[b], budou reprezentoviny boo-
leovskymi atributy u kazdého D-uzlu. Hodnota to-
hoto atributu odpovida hodnoté podvyrazu v kon-
textu daného D-uzlu.

4 Turingovské vzory

4.1 Paska

Vzor nazvany ,péaska“ odpovidd piimocaré simulaci
Turingova stroje s paskou a hlavou. Péska je zde simu-
lovdana vhodnou vétvi vstupnitho XML stromu, kroky
stroje odpovidaji rekurzivnimu volan{ XSLT procedur.
Obsah péasky je zaznamenan pomoci XSLT promén-
nych a parametru (typu node-set). V nejjednodussim
piipadeé stroje s abecedou 0, 1 postac¢i jedind promén-
na: Pritomnost uzlu v proménné odpovidd jednicce
v misté pasky prislusejicim k tomuto uzlu. Viceprvko-
vé abecedy pak lze simulovatn-tici proménnych.Vstup-
ni data Turingova stroje jsou zaznamendna pomoci
abecedy elementu na vybrané vétvi vstupniho XML,
na zakladé niz se pak XSLT proménné simuldtoru ini-
cializuji.

Obrazek 3. Piiklad vzoru ,paska*.

Namisto posunu hlavy se v této simulaci rotuje
paskou a hlava zustdva na stejném misté, a to roz-
dvojena na obou koncich vybrané vétve. Pro simu-
laci Turingova stroje jsou nutné tyto schopnosti dvou-
rozmérné atributové gramatiky:

— Schopnost pirenést hodnotu viech atributi na dané
vétvi D-stromu obéma sméry. Tento pfenos nemusi
byt realizovan jednou hranou C-stromu, ale po-
sloupnosti hran. Posloupnosti pfitom museji byt
alespon dvé - pro pienos ve sméru D-hran a pro
opacny smer.
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— Schopnost prenést kone¢nou informaci mezi konci
dané vétve, tj. mezi polovinami rozdvojené hlavy.
Tato schopnost je realizovana volbou posloupnosti
hran C-stromu z nékolika moznych - tato volba
tedy jednak ovliviiuje smér rotace pasky, jednak
znak ukladany pii rotaci na vstupnim konci pasky.

Obréazek 3 ilustruje chovani vzoru ,,paska“. V né-
kterych sloupcich, tj. pro néktera C-pravidla se hod-
noty posouvaji smérem nahoru, v jinych sloupcich, pti
jiné volbé C-pravidla se posouvaji smérem dolu. Je-
den z XSLT programu odpovidajicich tomuto vzoru je
tento:

template ri($x)
if ($x/self::f and $x/self::b)
r2(//f union $x/child::*)

template r2($x)
if ($x/self::f and $x/self::b)
r2($x/child: : *)
if ($x/self::f and not($x/self::b))
r3(//f union $x/child::*)

template r3($x)
if($x/self::f and $x/self::b)
r3(//b union $x/parent: :*)
if (not ($x/self::f) and $x/self::b)
r2(//b union $x/parent: :*)

Pro funkénost vzoru je zapotiebi, aby schema vstupu
dovolovalo neomezené dlouhé vétve tvaru f - a* - b
predstavujici pasku. Abecedou pasky je mnozina 0,1
s jednickami zaznamenanymi pi{tomnosti v parame-
tru $z. Pro skutecnou simulaci linedrné omezeného
Turingova stroje je samoziejmé nutné vétsi mnozstvi
Sablon a vhodn&d kombinace operatoru not v X-Path
podminkach.

4.2 Mriz

Vzor nazvany ,,miiz“ je situace, kdy lze v grafech za-
vislosti atributovych vyskyti nalézt ¢tverec neome-
zené velikosti, tvofeny atributovymi vyskyty a;; se
zdvislostmi tvaru a;; — a;41,; & @55 — a4 41. Ta-
kovy ¢tverec muze byt v grafech zavislosti zmackéan
do kosoctverce a otocCen.

Vypocetni sily linedrné omezeného Turingova stro-
je lze u vzoru ,,miiz“ dosdhnout tehdy, pokud muze
atribut v mtizi nést znak pasky i kéd stavu, v piipadé
booleovskych atributu je tedy zapotiebi jejich znaso-
beni. Pak je mozno simulovat zachovani obsahu na
pésce ve sméru diagondly puvodniho étverce, tedy
@i j — Git1,5+1 & zaroveil posuny hlavy ve smérech
Qi3 — Qg j42 & Aj 5 — Q42 5.

Obréazek 4 ukazuje piiklad vzoru ,miiz“. Jeden z XSLT
programu odpovidajicich tomuto vzoru je tento:
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Obrazek 4. Piiklad vzoru ,,miiz*.

template r1($x)
r2($x/child: : %)

template r2($x)
r1($x/self::* union $x/child::*)

Pro simulaci linedrné omezeného Turingova stroje je
zapotiebi jednak vétsi pocet stejné Sitenych parametru
vyrazy s operatory union a intersection na kombinaci
vSech parametru.

5 Zavér

Dvourozmérné atributové gramatika predstavuje for-
malismus, pomoci néjz lze modelovat XSLT program
zpusobem, ktery vérné odrazi manipulaci s node-set
parametry v puvodnim programu. To je vyznamny
rozdil proti vétsiné dosud publikovanych praci z oboru
statické analyzy XSLT, které budto analyzu chovani
proménnych neumoznovaly, nebo omezovaly pouzité
X-Path operace.

Za tuto schopnost samoziejmé platime zvySenou
vypocetni silou modelu a tudiz algoritmickou neroz-
hodnutelnosti vétsiny problému statické analyzy. Tu-
ringovské vzory ,péaska“ a ,mfiz“ uvedené v tomto
¢lanku ukazuji dvé konkrétni pfi¢iny této nerozhod-
nutelnosti.

Vzor ,paska“ je mozné detekovat algoritmem se
slozitost{ O(exp(m? - n?)) vzhledem k velikosti XSLT
programu m a velikosti XML-schématu n. Pro de-
tekci vzoru ,,miiz“ je znam algoritmus se slozitosti
O(exp(exp(m? -n?))). Popis téchto algoritmii je bohu-
zel za hranicemi prostorovych moznosti tohoto ¢lanku.

Tato exponenciadlni a dvojité exponencidlni slozi-
tost je na prvni pohled odstrasujici, v praxi se ovSem

i takové algoritmy tuspésné pouzivaji - piikladem je
jiz desitky let pouzivany algoritmus konstrukce LR(k)
analyzatoru, v posledni dobé se pak objevuje fada al-
goritmu model-checkingu, tedy statické analyzy jedno-
duchych programu zapsanych ruznymi proceduralnimi
¢ neproceduralnimi zpusoby. Pii¢inou pouZzitelnosti
téchto exponencidlnich algoritmu je na jedné strané
skutecnost, ze skutecnd slozitost na redlnych datech
je hluboko pod trovni maximalni slozitosti, na druhé
strané rostouci schopnosti vypocetni techniky. Protoze
se jednd o problémy, jejichz vstupy jsou gramatiky ¢i
programy, je zde nadéje, ze i problémy statické analyzy
XSLT véetné detekce Turingovskych vzoru se budou
chovat obdobné.

Vyzkum Turingovskych vzoru bude tedy pokra-
¢ovat implementaci algoritmu detekce a jejich apli-
kaci na dostate¢né reprezentativni mnozinu , redlnych
dat“. Vysledkem by mélo byt jednak zméfeni skutecné
casové a prostorové narocnosti, jednak zjisténi, jak
casta je pritomnost téchto vzoru.

Hlavnim duvodem zkouméni Turingovskych vzoru
je zatim neprokazand hypotéza,ze po odstranéni XSLT
programu s témito vzory je na zbylém fragmentu XSLT
statickd analyza algoritmicky fesitelnd. Jak ukazuji
vyzkumy hranic polynomidlni statické analyzy ([4]),
nedd se ocekavat lepsi nez exponencialni slozitost, sou-
¢asny boom model-checkingu vsak ukazuje, ze podob-
né metody maji Sanci na praktické uplatnéni.
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Abstrakt V tejto prdci je prezentovany pristup k vizua-
lizdcii mnozin textovych dokumentov kombindciou hierar-
chickych samoorganizugicich sa mdp (SOM-y, konkrétne
algoritmus GHSOM) a Sammonovho mapovania. Algorit-
my na baze SOM predstavuji robustni zhlukovaciu metddu,
vhodni pre vizualizdciu vicSieho poctu dokumentov. Sam-
monovo mapovanie je nelinedrna projekénd metdda, ktord
je vhodnd nagjmd pre mensie mnoZiny objektov. V rdmci
nasej prdce bola testovand kombindcia tychto dvoch pristu-
pov tak, Ze sa najprv mnoZina textovych dokumentov rozdeli
pouzitim hierarchického SOM-u na podmnoziny suvisiacich
dokumentov, potom pre zhluky s malym pocétom dokumen-
tov bude vytvorend Sammonova mapa. Pre popis zhlukov
bola pouzita metéda pre extrakciu charakteristickych ter-
mov (slov) na zdklade informacného zisku. Pri implemen-
tdcii bola pre potreby spracovania textovych dokumentov
vyuZitd existujica kniznica JBOWL, testované mnoZiny do-
kumentov boli v anglickom jazyku.

1 Uvod

V stcasnosti existuje mnoho systémov pre zhlukovanie
a vizualizaciu textovych dokumentov a mnohé z nich
funguji na zéklade principu samoorganizujicich sa
mép (SOM, [1]). Zdkladnou vlastnostou modelov na
béze architektiry SOM je ich schopnost zachovéavat
topolégiu mapovania vstupného priestoru vo vystup-
nom priestore (mape). Casto je problémom klasickej
architektiry SOM (Kohonenova mapa) jej pevnd struk-
tura (po zacati ucenia). Model blizky klasickému mod-
elu SOM, Growing Grid (popisany Fritzkem — [2]),
umozinuje zvécsovanie povodnej SOM dynamicky po-
Cas procesu ucenia (priddvanim riadkov resp. stipcov
novych neurénov). Druhd adaptivna metéda je zaloze-
na na pouziti hierarchickej struktiry nezavislych map,
kde pre kazdy prvok mapy (neurén) je na novej irovni
pridand nova mapa, ktord potom podrobnejsie roz-
deluje priklady nadradeného (rodic¢ovského) neurénu.
Této architektira sa nazyva Hierarchical Feature Map
(HFM, [3]). Algoritmus GHSOM (Growing Hierarchial
SOM, [4]) kombinuje postupy tychto dvoch modelov
neurénovych sieti. Znamena to, ze kazdda vrstva hier-
archickej struktiry pozostava z mnoziny nezavislych
maép, ktoré adaptuji svoju velkost s ohladom na pozia-
davky vstupnych dat (prikladov prislichajicich danej
mape).

Sammonovo mapovanie [5] je nelinedrna projekénd
metoda, ktord je vhodna najmé pre mensie mnoziny
objektov. Snazi sa ¢o najvernejsie modelovat vzdiale-
nosti objektov vo vysoko rozmernom priestore vzdia-
lenostami v projektovanom, zvycajne dvojrozmernom
priestore. Vyhodou je vizualizaéna stranka projekcie,
pokial objektov nie je prili vela, ¢m je modelovanie
vzajomnych vzdialenosti (najméi pri velkom pocte atri-
biitov) znaéne problematické. Pri vizualizécii velkého
poctu dokumentov je Sammonovo mapovanie nepo-
hodIné aj z hladiska ¢asovej narocnosti.

Tato praca sa venuje vizualizacii mnoziny texto-
vych dokumentov kombinaciou hierarchickych samo-
organizujicich sa map (GHSOM) a Sammonovho ma-
povania. Kym samoorganizujice sa mapy predstavujui
robustnt zhlukovaciu metédu, vhodnu pre zhlukovanie
vécsieho poétu dokumentov, Sammonovo mapovanie
predstavuje metédu umoziiujicu zobrazit objekty ako
samostatné body na ploche, pricom sa snazi (rovnako
ako SOM-y) zachovat do uréitej miery topolégiu rozde-
lenia dokumentov na zédklade podobnosti. V rdmci tej-
to préace sa testuje kombindcia tychto dvoch pristupov.
Mnozina textovych dokumentov je najprv rozdelena
pouzitim hierarchického SOM-u na podmnoziny su-
visiacich dokumentov. Potom je pre zhluky s malym
poc¢tom dokumentov vytvorend Sammonova mapa.
Pre popis zhlukov bola pouzitd metdda pre ex-
trakciu charakteristickych termov na zdklade
formac¢ného zisku. Pri implementécii bola pre potreby
spracovania textovych dokumentov pouzitd existujica
kniznica JBOWL [6], testované mnoziny dokumentov
boli v anglickom jazyku.

V nasledujticej kapitole budi popisané metédy, kto-
ré boli pouzité v tejto préaci. V dalsich kapitolach bude
stru¢ne popisand ich spolo¢né integracia a implemen-
tacia do jednotného systému, ako aj struény popis
experimentov.

in-

2 Pouzité metddy a postupy

2.1 Predspracovanie textovych dokumentov

Predspracovanie textovych dokumentov v nasom pri-
pade pozostavalo z nasledujucich krokov:
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. Tokenizacia

. Elimindcia neplnovyznamovych slov

. Uprava slov na zékladny tvar (stemming)

. Vyber termov na zaklade ich frekvencie vyskytu

=N

V prvom kroku (tokenizdcia) je vstupny text trans-
formovany na tokeny. Tokenizacia je nevyhnutnou su-
¢astou predspracovania, ostatné kroky si volitelné (po-
uzivaju sa kvoli redukeii priestoru termov). Takto zis-
kané tokeny predstavuju zakladny slovnik spracovava-
nej mnoziny dokumentov. V nasledujicom kroku su
z tejto mnoziny odstranené neplnovyznamové slova
(,stopwords*® - spojky, Castice, zdmend, ...) porov-
nanim so zoznamom slov v tzv. stop-liste. V dalsom
kroku su zostavajuce tokeny transformované na ich
zdkladné tvary - stemy (ako napriklad ,win®, ,wins“
su transformované na jeden koren - ,win“). Dosiah-
neme tak opéatovné zmengenie slovnika (pre rézne mor-
fologické tvary zostane len koren slova - stem). Posled-
ny krok na zéklade frekvencie vyskytu slov takto upra-
veného slovnika odstrani tie slovd, ktoré sa vyskyto-
vali v texte prilis casto (nie si zaujimavé pre rozliSenie
dokumentov), resp. tie slova, ktoré sa v texte vyskytli
v prili§ malom pocte dokumentov. Preto sa ponechaju
len tie tokeny - termy, ktorych frekvencia vyskytu je
niekde medzi dvojicou nastavitelnych prahov pre mi-
nimélnu a maximélnu povoleni hodnotu frekvencie.
Skumané kolekcia dokumentov je potom reprezento-
vand pomocou dokument-term matice. Pre vahovanie
termov sme pouzili tfidf schému, ktord priradzuje kaz-
dej dvojici term-dokument reédlne ¢islo (prislusni vé-
hu) nasledovne:

. ndocs
wij = tfldfij = tfij . 10g ( ) s (1)

df;
kde tf;; je frekvencia vyskytu j-tého termu v i-tom
dokumente, ndocs je pocet dokumentov v kolekcii a df;;
je pocet dokumentov obsahujicich dany j-ty term (do-
kumentové frekvencia). Vysledkom celého procesu te-
da je dokument-term matica véh w;; vybranych ter-
mov.

2.2 Algoritmus GHSOM

Na zaciatku procesu ucenia je potrebné inicializovat
Startovaciu mapu najvyssej drovne. Mapa, ktord po-
zostdva z m x n neurénov (centier zhlukov), je inicial-
izovand nahodne spomedzi vstupnych vektorov.

Po inicializacii st ndhodne vyberané vstupné vek-
tory prezentované na vstup neurénovej siete. Pre kaz-
dy neurdn sa vypoéita aktivécia vzhladom k danému
dokumentu. Neurén s najvyssou aktivaciou (ak pou-
zijeme kosinusovi metriku, ako tomu bolo v nasom
pripade) sa oznaéf ako vitaz. Tento vektor, ako aj vek-
tory v okoli vitazného neurénu, sa adaptuji pouzitim
nasledujucich dvoch formul:

dist
"~ NGH+05
cli] =cli]+ LR-INF - (v[i] — [i]),

INF =1 (2)

(3)
kde dist je vzdialenost na mape medzi vitaznym neu-
rénom a upravovanym neurénom ¢, NGH je para-
meter susednosti. Potom INF je vypocitand miera
vplyvu (influence) daného vstupu v na upravované
vahy, LR je parameter ucenia.

Pociatoény iteraény proces (jedna iterdcia = kazdy
dokument kolekcie je vybrany ako vstupny vektor)
konéi dosiahnutim nastaveného poctu iteracii. Potom
sa vypocita variabilita kazdého neurénu mapy (vari-
abilita dokumentov priradenych danému neurénu), ako
aj variabilita celej mapy. Variabilita (strednd kvadrat-
ickd odchylka) neurénu sa vypocita ako priemernd hod-
nota vzdialenosti centra daného neurénu od vstupnych
vektorov priradenych tomuto neurénu. Potom vari-
abilita mapy je priemernd variabilita neurénov danej
mapy.

Po tychto krokoch je testovand stredna kvadraticka
odchylka (MQE) danej mapy. Ak podmienka

MQFE > 1 -mgeg (4)
je splnend (reprezentuje vztah variability danej mapy
MQEFE k variabilite celej mnoziny vstupnych vektorov
mge ), potom je potrebné pridat neurény. Preto zvo-
lend konstanta 7, reprezentuje prah pre vkladanie neu-
rénov. Pred pridanim najdeme najvariabilnejsi neurén
(tzv. chybovy neurén) a jeho najvzdialenejsieho suseda
(podia metriky vo vstupnom priestore). Potom vlozi-
me cely blok neurénov pridanim riadku resp. stfpca
neurénov medzi tuto dvojicu. Ak variabilita neurénov
mapy poklesne dostatocne, vkladanie neurénov sa
skon¢i. Inicializdcia vah novych neurénov sa ziskava
spriemernenim vah okolitych neurénov. Po kazdom
vloZeni neurénov je potrebné mapu opit preucit.

Po skonceni fazy rozsirovania mapy sa testuje kazdy
neurén mapy pre moznost expanzie vo forme novej
podmapy. Preto ak podmienka

(5)

je splnend (reprezentuje vztah variability konkrétneho
neurénu mge k mgqe ), expanzia neurénu na novi iro-
ven hierarchie sa uskuto¢ni. Parameter 75 predstavuje
prah pre expanziu neurénu. Novovzniknutd mapa ma
velkost 2 x 2. Vahové vektory st inicializované na
zéklade neurénov v okoli expandovaného neurénu, a to
spriemernenim vah daného neurénu a troch jeho suse-
dov v zavislosti na pozicii nového neurénu v mape.

V nasom pripade sme tuto podmienku doplnili
0 minimélny potrebny pocet dokumentov v zhluku,
pre ktory sa podmapa moze vytvarat (&aléi parameter
v rdmci implementécie algoritmu GHSOM).

mage > To - Mqeg



Algoritmus teda postupuje zhora-nadol a rozkladéd
mnozinu vstupnych vektorov na stale mensie skupiny.
Dostavame tak celd hierarchiu map. Koniec algoritmu
je vtedy, ak uZz neexistuje neurén (na ziadnej mape),
ktory by bolo potrebné expandovat na novi trovei.

2.3 Sammonovo mapovanie

Sammonovo mapovanie [5] je metéda nelinedrnej pro-
jekcie vysoko-rozmernych dat do priestoru nizsej di-
menzie, zvycajne do dvojrozmerného priestoru. Cie-
lom Sammonovho mapovania je transformécia, ktord
minimalizuje definovani chybovi funkciu. Sammono-
vo mapovanie sa pokiSa minimalizovat tito chybu
tym, Ze nastavi umiestnenie bodov v nizsej dimenzii
tak, aby vzdialenost medzi bodmi bola ¢o najblizsia
k vzdialenosti medzi prislusnymi bodmi vo vyssej di-
menzii. Jednoduchym pristupom k minimalizacii moze
byt napriklad nejakd gradientovd itera¢na metdda.

Predpokladajme, ze mame mnozinu n objektov rep-
rezentovanych bodmi v m - rozmernom (vysoko roz-
mernom) priestore. Cielom Sammonovho mapovania
je najst n bodov v d - dimenzionalnom priestore (kde
d < n) takym sposobom, aby korespondujice trans-
formované vzdialenosti aproximovali origindlne vzdi-
alenosti ¢o najlepsie.

Nech pre Iubovolné dva body vstupnej mnoziny
s indexami i a j (i,j = 1,...,n) je d;; ich vzdialenost
v origindlnom m-rozmernom priestore a d;; je ich vzdi-
alenost v projektovanom d-rozmernom priestore. Po-
tom kritérium na urcenie kvality mapovania v danom
kroku je navrhnuté na zaklade nasledovnej chybovej
funkcie, ktora urcuje rozdiel medzi suc¢asnym zosku-
penim n bodov v d - dimenzionalnom priestore a uspo-
riadanim n bodov v origindlnom m - dimenzionalnom
priestore (oznacuje sa aj ako ,stress function®):

1 n—1 n dr. —dy; 2
E= n—1 n ( < d* j) (6)
SN dr ==t ij
=1 j=ir1

Obor hodnét F je interval (0,1), kde 0 indikuje
bezstratové mapovanie. Dalej sa budeme zaoberaf len
zobrazenim v dvojrozmernom priestore (d = 2).

Problém najdenia spravneho zoskupenia v nizko-
rozmernom priestore je optimaliza¢ny problém, zau-
jimame sa o ziskanie takého zoskupenia aby chybova
funkcia £ dosiahla minimum. Tento optimaliza¢ny
problém je zlozity, pretoze priestor parametra je vy-
soko-rozmerny. Chybové funkcia je optimalna ked ori-
gindlne vzdialenosti dj; si ekvivalentné so vzdialenos-
tami d,;, ktoré si projektované. Vicsinou vsak ndjde-
né vzdialenosti budu skreslovat reprezenticie vztahov
medzi ddtami. Cim vécsia bude hodnota funkcie F,
tym vacsie bude skreslenie.
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Na néjdenie projekénej mapy zaciname od inicial-
iza¢ného zoskupenia bodov, potom vypocitame chy-
bovi funkciu F pomocou danej rovnice. Nasledovne
je zoskupenie upravované tak, aby sme dosiahli ¢o na-
jlepsie vysledky. Tento proces je opakovany, pokial nie
je najdena mapa korespondujuca s lokdlnym minimom
chybovej funkcie F.

Nech E(m) je chybové funkcia prislichajica m-tej
iteracii, v ktorej

kde

c:id’{j

1<j

d
S~ (wa(m) — yin(m))?,

k=1

dij(m) = 9)

kde d;; je vypocet vzdialenosti medzi vektormi matice
pomocou euklidovskej vzdialenosti.

Nové suradnice bodov v iteracii m + 1 dostaneme
pomocou vztahu:

Ypg(m + 1) = ypg(m) — (MF) - Apg(m), (10)
kde
_ 9E(m) ,| 9*E(m)
Apa(m) = Ypq(m) ‘5ypq(m)2 ()

a pre korigujtci faktor MF (tzv. ,magic factor) sa
zvycajne pouziva hodnota z intervalu (0.3,0.4).
Parcidlne derivécie vypocitame podla vztahov:

OE(m) 2 (dy; — dp;(m))
Ypq c ; W - (Ypg(m) — yjq(m))
J#p
(12)
PEm) _ 295 1 [ 4o
Moy Cjz_:ld;j(m) dp; [(dm’ dp;j(m))
J#P

(Ypa(m) — yjq(m))” ds; — dpi(m)
< dpj (m) ) <1 M dpj (m) ) 1

Podrobné odvodenia vztahov parcidlnych derivéicii
sa nachddzajui v [7].

(13)
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2.4 Extrakcia charakteristickych termov

Pre popis jednotlivych zhlukov dokumentov na mape
je mozné pouzit rézne metédy pre extrakciu charak-
teristickych termov (kil’léovych slov danej podmnoziny
dokumentov). Jednou z moznosti je vyuzit metédu
pracujucu na principe ohodnocovania dolezitosti ter-
mov na zaklade informacného zisku. Tento sa casto
pouziva ako kritérium uréenia spravnosti klicového
slova. Urc¢uje mnozstvo obsiahnutej informacie v terme
vzhladom na predikciu triedy zistenim pritomnosti ale-
bo absencie termu v dokumente.

Majme m kategérii v cielovom priestore, oznaéme
i-tu kategoriu c¢;. Informacny zisk termu t je defino-
vany ako:

G(t)=— Z Pr(c;) log Pr(c;)+

=1

Pr(¢) Z Pr(c;|t) log Pr(c;|t)+

i=1

Pr(t) > Pr(c;[t) log Pr(c;[f),

i=1

(14)

kde Pr(c) = % vyjadruje pravdepodobnost vyskytu
kategérie ¢, Pr(c|t) = NTZC vyjadruje pravdepodob-
nost vyskytu kategérie podmienent vyskytom termu ¢
a nakoniec Pr(c|t) = ]X/?; vyjadruje pravdepodobnost
vyskytu kategérie ¢ podmienent absenciou termu t.
Cislo m udéva pocet kategérii a ¢islo N zase pocet
dokumentov spiﬁajﬁcich prislusnd podmienku.

Princip aplikacie tejto metody pre extrakciu ter-
mov zhluku spoéiva v tom, ze sa pre dani trénovaciu
mnozinu dokumentov vypocita informacny zisk pre
kazdy jeden term voé¢i zhlukom (ktoré teraz povazu-
jeme za priradent triedu — kategériu) a odstrdnia sa
v8etky tie termy z priznakového priestoru, ktorych in-
formacny zisk je mensi ako vopred zadefinovany prah,
pripadne sa zoberie zo zoradeného zoznamu len urcity
pocet termov pre kazdd kategériu (zhluk).

3 Popis kombinacie pristupov

Kombindcia algoritmu GHSOM a Sammonovho ma-
povania bola implementovand v prostredi kniznice
JBOWL [6]. Postup spracovania je mozné zhrnit nas-
ledovne:

1. Predspracovanie
2. Budovanie kombinovaného modelu
3. Vizualizacia modelu

Pri predspracovani sa postupuje podla krokov po-
pisanych v kapitole 2.1, pri¢om pre stemming bol pou-
zity jednoduchy Porterov stemmer [8]. Ide sice o jed-
noduchy algoritmus zalozeny na orezavani pripon, pre
anglicky text vsak dosahuje pomerne dobré vysledky.

Budovanie modelu realizuje integraciu Sammonov-
ho mapovania do modelu GHSOM v ramci JBOWL.
V kniznici JBOWL bol implementovany algoritmus
GSOM (jedna rozsirujica sa vrstva neurénov, Grow-
ingGrid) a GHSOM. Algoritmus GHSOM rozsiruje
zakladnd mapu dokumentov a vytvara nové podmapy
(GSOM) expanziou neurénov (uzlov).Na ziklade vzta-
hov slov v dokumente a na zdklade vztahov medzi
dokumentmi sa vytvori ur¢itd hierarchia tychto doku-
mentov. Na neurény (uzly), ktoré uz neexpanduji sa
aplikuje Sammonov algoritmus (dalej SammonAlgo-
rithm). Kazdy uzol je reprezentovany maticou vek-
torov (dokumentov) v mnohorozmernom priestore.
V uzloch sa sptsta tzv. LeafAlgorithm, ktory zabezpe-
¢uje spustenie iného algoritmu v momente ukoncenia
expanzie tvorbou novej mapy pomocou GSOM. Neu-
rény, ktoré sa dalej neexpandujii osetruje ukoncovacia
podmienka (stop condition). Ak je tdto podmienka
splnend, spusti sa SammonAlgorithm.

SammonAlgorithm taktiez vychddza z velmi po-
dobného centroidného modelu, pricom tu sa to mysli
tak, ze centroidy su suradnice odpovedajicich doku-
mentov v dvojrozmernom priestore. Na zaciatku algo-
ritmus nacita rozmer matice, ktorou je zhluk reprezen-
tovany. Nésledne vytvori vektory centroidov (dvojroz-
mernych reprezentéci{ dokumentov), ktoré ndhodne na-
inicializuje. Pocet tychto vektorov je ekvivalentny
k rozmeru vstupnej matice. V dalsom kroku vypocita
maticu vzdialenosti vstupnych vektorov dokumentov
(distanceMatrix) a maticu vzdialenost{ ndhodne naini-
cializovanych centroidov (distanceSammon) pomocou
euklidovskej vzdialenosti. Nasleduje itera¢ny proces
zmensujici postupne chybu metédou popisanou v ka-
pitole 2.3, pricom pociatoéné siradnice si nainiciali-
zované nadhodne.

Vystupom kroku budovania modelu je vytvoreny
hierarchicky serializovany model, ktory obsahuje za se-
bou usporiadané modely map vytvorené algoritmami
GHSOM a Sammonovho mapovania. Tento model z&-
roven tvori vstup do vizualiza¢ného procesu.

V pripade, Ze by sme pouzili iba algoritmus
GHSOM, vystupom celého procesu spracovania by bo-
la mnozina HTML stranok, kde kazdé stranka zobra-
zuje jednu mapu hierarchie. Policka mapy odpovedaji
neurénom - centram zhlukom. Kazdy zhluk je popi-
sany polohou na mape, po¢tom priradenych vektorov
a mnozinou charakteristickych termov. Tieto sa ziska-
vajui na zaklade metédy popisanej v predchédzajicej
kapitole.

Dopliujicim prvkom v nagom pripade je existencia
dalsich HTML strénok, ktoré zobrazuji Sammonove
mapy zhlukov, ktoré st na konci hierarchii, t.j. nieco
ako listové uzly hierarchie (nemaji podmapu). Tu sa
v naSom pripade v HTML kéde dopiﬁa linka na stran-
ku zobrazujicu Sammonovu mapu dokumentov tohto



listového zhluku. Ulohou vizualizaéného kroku je zo-
brazit vysledni hierarchiu map a extrahovat termy
popisujtice jednotlivé zhluky, rovnako je potrebné vi-
zualizovat mapy vytvorené pomocou SammonAlgo-
rithm nachadzajice sa vo vytvorenom hierarchickom
modeli. Vystupom bloku (aj celého systému) je mno-
zina HTML stranok. Kazd4 z nich je oznacend podla
toho, ktort vrstvu vyslednej hierarchie zobrazuje. Na
zacCiatku je uvedeny odkaz na rodicovski (,parent*)
mapu, pricom najvrchnejsia mapa nema rodica. Mapa
je potom tvorend mnozinou policok reprezentujucich
zhluky. Kazdy obsahuje nazov, idaj o pocte pokrytych
vektorov a priradené charakteristické termy (kiﬁéové
slovd). Na konci je uvedeny odkaz na strénku s expan-
dovanou mapou (ak existuje), alebo na stranku vizual-
izovanych dokumentov v dvojrozmernom priestore —
ak bola splnend ukoncovacia podmienka (,;stop condi-
tion“) a bol tak vytvoreny model podia Sammonovho
algoritmu. Na stranke Sammonovho modelu je tak-
tiez uvedeny odkaz na rodi¢ovsku mapu spolu s map-
kou vizualizovanych dokumentov. Tie st zobrazené na
zaklade suradnic, ktoré sme dostali z vystupnych hod-
not vektorov centroidov. Hodnoty boli normalizované
na mierku (-1,1). Vytvorend mnozina stranok vytvira
lahko prehladdvatelnt struktiru.

4 Priklad experimentu

Pri experimente bola pouzitd mnozina clankov dennika
Times. Ide o 420 dokumentov zo Sestdesiatych rokov
minulého storocia s réznou tematikou. Obsahuju ¢lan-
ky o medzindrodnych vztahoch, ekonomickej a politi-
ckej situdacii a historii réznych krajin a regiénov, obsa-
huju aj ¢lanky o vietnamskej vojne a povojnové ¢lan-
ky po druhej svetovej vojne. Pre tito mnozinu budem
pouzivat oznacenie Times60. Niekolko testov sice pre-
behlo aj na mnozine Reuters, avsak vzhladom k tomu,
ze nemame ziadne vSeobecné kvantitativne vyhodno-
tenie, nebudeme ich uvadzat. Podrobnejsie informécie
k experimentom a implementdcii je mozné néjst v [9].

Pri predspracovani dat sme pouzili uz uvedeny pos-
tup,pocet termov vstupujicich do algoritmu je ovplyv-
neny dvomi parametrami minimélnej a maximélnej
hodnoty frekvencie vyskytu termu v dokumentoch, pre
uvedené priklady experimentov bol pocet termov 1925
(min.frek. 5, max.frek.100). Priklad ¢asti mapy vrch-
nej vrstvy GHSOM-u je mozné ndjst na obrazku 1.
Priklad Sammonovej mapy je zase mozné vidiet na
obrazku 2.

Algoritmus GHSOM rozdelil mnozinu dokumentov
na zhluky navzajom suvisiacich dokumentov. Inymi
slovami vytvoril kategorie dokumentov. O jednotlivych
zhlukoch bolo zndmych niekolko faktov, ako napriklad
pocet dokumentov, ktoré dany zhluk obsahoval, ako
aj klucové slova prislichajice danému zhluku.
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Cluster : 1 Cluster : 2 Cluster : 3
Vectors : 38 Vectors : 40 Vectors: 57
germani french soviet

german franc russian
germany' de MOSCOW

bonn europ Tussia

ludwig pari khrushchey
coal charl mikita

miner Igaull peke
{model-1 htral) model-2. html) |(model-3 htral)
Cluster: 5 Cluster : 6 [Cluster: 7
Vectors : 43 Vectors : 20 Vectors : 13
soviet station chines

russia tourist china

reason hungari peke

moment knock china'

court hungarian shortag

spend budapest cambodia
dawid cardin soft
model-5.html) model-6.htmal) (model-7 html)

Obrazok 1. Cast mapy GHSOM-u pre éldnky kolekcie
Times60. Z popisov zhlukov mézeme vyéitat najéastejsie
sa vyskytujice témy v dokumentoch zobrazenych zhlukov,
ako napriklad témy tykajice sa franctzskej historie, viet-
namskej vojny, Indonézie a okolitych §tatov, Indie, Ne-
mecka a Sovietskeho zvizu a podobne.

[wark, dictatorship, korea, south, fatigu |

| park, civilian, heat, jurta, =outh

|park, junta, korea, civilian, zouth

Obrazok 2. Priklad ¢asti Sammonovej mapy. Pri prechode
nad bodom prislichajiceho dokumentu sa objavi ako alter-
nativny vypis zoznam termov, tu boli pre tri dokumenty
termy vypisané a vlepené do obrazku. V dokumentoch
v tejto Casti sa najCastejSie vyskytuja termy ako korea,
park, juta, dokumenty v ostatnych ¢astiach mapy obsaho-
vali iné charakteristické termy.
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Implementaciou Sammonovho mapovania do to-
hto algoritmu vznikol systém umoznujici vizualizaciu
dokumentov v 2D priestore v podobe map. Zobrazo-
vany zhluk dokumentov bol popisany klicovymi slo-
vami vo vSeobecnosti pre cely zhluk. V mapach vy-
tvorenych Sammonovym algoritmom boli extrahované
klacové slovd pre kazdy dokument a tym bol umozne-
ny podrobnejsf ndhlad na vizualizované dokumenty.

Sammonovo mapovanie zobrazovalo dokumenty po-
merne presne. Vyber klicovych slov z dokumentov
okrem samotného popisu poslizil aj ako pomocka na
overenie spravnosti projektovania. Zhluky obsahovali
dokumenty s podobnymi témami, dokumenty nachad-
zajuce sa na mape blizsie k sebe mali vo vécsine pri-
padov podobnejsie slovéa ako vzdialenejsie dokumenty.

5 Zaver

V tejto préaci bol prezentovany jednoduchy pristup ku
kombindcii dvoch algoritmov pre vizualizdciu mnozin
textovych dokumentov - algoritmu GHSOM a Sam-
monovho mapovania. Kym jedna je lepsia v robustnom
rozdeleni korpusu dokumentov na mensie podmnoziny
pribuznych dokumentov, druhé je vhodnejsia pre roz-
delenie menSej mnoziny dokumentov individualne
v dvojrozmernom priestore. Vyhody oboch sa podari-
lo prepojit v momente kedy GHSOM ukonéil ¢innost
tvorby podmap v danom neuréne. Potom dokumenty
daného zhluku boli zobrazené pomocou Sammonovho
mapovania, aby boli individudlne odligitelné.

V budicnosti by sa ziadalo najmé dokladnejsie otes-
tovanie navrhovanej metédy na véacsich vstupnych
mnozindch dokumentov, najmé kvantitativne vyhod-
notenie vysledkov, ktoré praci urcite chyba. Rovnako
by bolo zaujimavé zlepsenie formy vizualizacie, pripad-
ne zapojenie uzivatela do procesu, kde by uzivatel mo-
hol na zéklade §pecifického dotazu dostat ako odpoved
napriklad ¢ast hierarchie vygenerovanych stranok
a vézieb medzi nimi.

Praca prezentovand v tomto prispevku vznikla za
podpory Vedeckej grantovej agentury Minister-
stva skolstva SR a Slovenskej akadémie vied (VEGA)
v rdmci projektu ¢.1/1060/04 s ndzvom , Klasifikacia
a anotdcia dokumentov pre sémanticky webéd taktiez
za podpory nemecko-slovenského vedeckého projektu
DAAD ¢.8/2004 ”Vyuzitie objavovania znalosti v tex-
toch pre extrakciu metadit a sémantické vyhladédva-

“

nie-.
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Pouziti relacnich databazi pro vyhodnoceni SPARQL dotazt*
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Abstrakt UloZeni RDF dat do relac¢ni databdze lze pro-
vést velmi primocare. Pokud vsak databdzi obsahuje velmi
sloZitd a rozsdhld data, vysledky tohoto pristupu se drama-
ticky zhorsi. Tento clanek se pokousi analyzovat, z ¢eho
tyto problémy prameni. Prind$i i dva ndvrhy, jak témto
problémim éelit, véetné testu implementace jednoho z nd-
vrhi.

1 Uvod

Jazyk RDF [4] je zdkladnim stavebnim kamenem Sé-
mantického webu [2]. Je to ndstroj pro tvorbu popisu
zdroju, zvlasté pak zdroju na Internetu, jako napiiklad
nadpis, autor a datum posledni zmény webové stranky,
autorskd a licencni prava k dokumentu vystavenému
na Internetu nebo tieba informace o ¢asovém rozvrhu
dostupnosti zdroje.

Zobecnénim konceptu zdroje na Internetu je mozné
pouzit RDF pro popis objektu, které lze na Internetu
pouze identifikovat, nikoliv v8ak ziskat. Pfikladem jsou
tfeba podrobnosti (velikost, cena, barva, ...) o zbozi
v elektronickém obchodé.

Jazyk RDF popisuje zdroje pomoci trojic, které
je mozné interpretovat jako orientovany ohodnoceny
graf.

Samotné RDF je vSak pouze nastroj pro ulozeni
dat. Definuje format a sémantiku, ne v8ak jiz zpusob,
jak se nad témito daty dotazovat. V soucasné dobé
existuje nékolik jazykil, které byly bud pifmo vytvoie-
ny pro dotazovani nad RDF daty, nebo je mozné je za
timto i¢elem upravit. Napiiklad RDQL [9], SeRQL [3],
RQL [1] nebo SPARQL [8]. Velkou ¢dst posledné jme-
novaného jazyka jsme implementovali s vyuzitim re-
la¢ni databaze [7].

V tomto ¢lanku predstavime nasi implementaci do-
tazovaciho jazyka SPARQL, vysledky méfeni rychlosti
vyhodnoceni dotazu spolu s problémy, které se pti
testech ukazaly. Zaroven navrhneme dva zpusoby, jak
tyto problémy fesit.

* Tato prdce byla ¢édstecné podporovdna projektem
1ET100300419 Programu Informaéni spole¢nost Téma-
tického programu II N&arodniho programu vyzkumu
Ceské republiky.

1.1 Experimantalni implementace jazyka
SPARQL

Rozhodli jsme se uklddat RDF data v relac¢ni databéazi
Oracle Database 10g. Protoze RDF data jsou trojice,
je tabulka se tfemi sloupci prirozeny zpusob, jak tato
data ulozit. Ruzné technické detaily si vynutily o néco
lenka zustala.

Diky tomu je mozné vyhodnocovat SPARQL dota-
zy jejich prekladem na SQL dotazy. Systém z jednoho
vstupniho SPARQL dotazu vytvoii jeden SQL dotaz,
ktery vraci stejny vysledek, jako by vracel puvodni
SPARQL dotaz. Pfelozené dotazy obsahuji pfevazné
spojeni a jednoduché selekce, ale fakt, ze SPARQL
dovoluje i aritmeticka porovnani, si vynutil i podporu
nékolika PL/SQL funkcemi. Podrobné je piedklad do-
tazli popsan v [7].

Zasadni dusledek tohoto pfistupu je, ze optimali-
zace vyhodnoceni dotazu je ponechana na optimaliza-
toru relacni databéaze.

Tato metoda funguje dobfe nad malymi nebo jed-
noduchymi RDF daty. Pokud jsou vsak data velka
a slozita, vyhodnoceni se dostane do problémi.

Konkrétni testovaci data, vysledky a problémy uka-
zeme v nasledujicich kapitolach. Napied vSak trochu
podrobnéji popiseme schéma databéze, ve které RDF
data ukladame.

1.2 Databazové schéma

Protoze SPARQL dotazy mohou obsahovat proménné
i na misté predikatu, nebylo mozné vytvorit pro kazdy
predikat samostatnou tabulku. Proto jsou veskeré
RDF trojice wulozeny v jedné tabulce nazvané
TRIPLES.

Tato tabulka se velmi ¢asto ticastni spojeni, proto
neobsahuje pfimo hodnoty subjektu, predikatu a ob-
jektu trojice, ale pouze zastupné identifikdtory, které
jsou mnohonédsobné mensi.

Identifikdtory slouzi jako cizi klice do tabulky
LITERALS, ktera uchovava jejich mapovani na konk-
rétni hodnoty. Toto mapovani musi byt jednoznacné,
tedy jedna textova hodnota odpovidé nejvyse jednomu
identifikdtoru. To vyrazné zjednodusi a zrychli vyhod-
noceni dotazu.
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2 Data

Pfesny postup ziskdni dat popisuje [6]. Ziskand data
jsou slozitéd, nepravidelna a rozsahla.

Pokud bychom je ulozili v relaéni databézi, pak
by obsahovala 226 tabulek s celkem 1898 sloupci (bez
zapoCitani sloupctu s primdrnimi kli¢i). Jak RDF, tak
systém, ze kterého jsme data ziskali, data neukladaji
jako n-tice, ale jako trojice, kde na prvnim misté je
identifikace objektu, ktery popisujeme, na druhém po-
pisovand vlastnost a na tfetim misté hodnota vlast-
nosti. V rela¢ni databédzi tomu odpovidéd primérni kIic,
nazev sloupce a hodnota jedné bunky.

Ziskand RDF data obsahuji 226 tiid a 1898 predi-
katu. Schéma dat je tedy relativné slozité. Navic data
pochézeji z ruznorodych aplikaci nasazenych v redl-
ném provozu. To zpusobilo, ze data nejsou pravidel-
né, protoze kazdy ze systému bych schopen poskyt-
nout pouze nékteré z hodnot definovanych v globdlnim
schématu. Navic data nebyla piili§ ¢ista.

Celkova velikost dat je 26 814 915 trojic. Hlavni
casti dat jsou data o lidech, naptiklad jména a pFijme-
ni. Na tato data jsme se zaméfili v testech a zbytek dat
pouzivali hlavné jako “Sum pozadi”’. Vliv téchto nevy-
uzitych dat na vyhodnoceni dotazu byl vsak zasadni,
protoze ovliviioval ¢etnosti a selektivity.

V datech plati, ze pocet trojic s jednim konkrétnim
predikatem tvori pouze zlomek z celkového poctu tro-
jic. Na druhou stranu, tento zlomek ¢asto znamena
stovky tisic trojic.

Pocet trojic se shodnym subjektem je maly (ty-
picky 5-20, maximum je 58), pocet trojic se shodnym
objektem se pohybuje od jedné trojice do dvou milionu
trojic. Pfiblizné plati, ze pro ndhodné vybranou trojici
je stejna pravdépodobnost, ze existuje jedna trojice se
stejnym objektem nebo dva miliony trojic. Pro hod-
noty mezi témito okraji je pravdépodobnost mensi,
ale fadové podobna. Neni tedy mozné rozumné od-
hadnout pocet trojic se zadanym objektem bez prace
s databazi.

3 Dotazy a rychlost jejich
vyhodnoceni

V této kapitole ukdzeme nékolik dotazu spolu s rychlo-
sti jejich vyhodnoceni. Pro kazdy dotaz jsme otestovali
¢tyfi metody ulozeni a indexace tabulky TRIPLES.
Nasim cilem bylo nalezeni nejvhodnéjsiho zpusobu in-
dexace pro vybér trojic se zadanym predikatem.

V zakladni verzi byla tabulka ulozena obvyklym
zpusobem a nad vSemi sloupci byly indexy (B-stromy).

Ve verzi B-strom byla tabulka TRIPLES ulozena
jako B-strom, kde indexovanym sloupcem byl sloupec

s predikaty. Diky tomu bylo mozné vyrazné zrych-
lit operaci prohledani vSech trojic se zvolenym pre-
dikdtem, protoze tyto trojice byly ve vyrazné mensim
poctu stranek na disku nez v zakladni verzi. Nad sub-
jektem a objektem byl vystavén bézny index.

Paralelni verze byla totozna s predchozi, pouze
bylo u tabulky triples navic povoleno paralelni zpra-
covani.

Posledni verze (bitrmapa) byla stejnd jako zdkladni,
avSak s bitmapovym indexem nad predikaty.

3.1 Testovaci prostiedi

Databaze bézela na stroji se dvéma procesory XEON
3.06GHz, 6GB RAM a SCSI diskovym polem se ¢tr-
nacti 144GB 10k RPM disky pro ulozeni dat a index.
Pro RDF databazi bylo vyhrazeno 600MB RAM.

3.2 Meéreni dotazu

K dotaziim uvédime i tabulky s vysledky experimen-
talntho méfeni rychlosti. Pfi méfeni jsme postupovali
nasledujicim zpusobem.

1. SPARQL dotaz pievedeme do SQL.

2. SQL dotaz vlozime do métictho systému. Ten auto-
maticky provede kroky 3 az 8.

. Probéhne restart databaze (vyprazdnéni cache pa-
mét{)

. Pauza 10 vtefin, aby databaze dokoncila start.

. Spusténi SQL dotazu.

. Zméfreni casu do vraceni prvni Ffadky.

. Zméteni celkového casu dotazu a celkového poctu
vracenych radek.

8. Druhé méfen{ bez restartu databéze (body 4 az 7).

w
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Vysledky ukézaly, ze vyprazdnéni cache v databazi
a opakovani méfeni ma smysl, protoze ¢asy prvniho
a druhého pokusu se vyrazné lisi. Dalsi iterace vSak
jiz zrychleni nepfinaseji.

3.3 Jednoduché dotazy

Napted se budeme zabyvat dotazy, které jsou zamére-
ny na jednotlivé konstrukce jazyka SPARQL.

Nésledujici dotaz vraci seznam vsSech t¥id v da-
tabazi.

select 7trida
where { ?trida a rdfs:Class }

Prvni spusténi |Opakované spusténi
celkem|prvni fadek|celkem| prvni fadek

zakladni| 91ms 90ms| 20ms 19ms
B-strom | 63ms 63ms| 19ms 19ms
paralelni| 38ms 37ms| 21lms 20ms
bitmapa| 73ms 72ms| 21ms 20ms

Pocet radku: 226




Ukazeme si jesté dotaz, ktery vraci velky seznam,
pro jehoz ziskéni je tfeba spojenit velké mnozstvi tro-
jic.

select 7jmeno 7prijmeni
where { 7osoba mt:ot_osoba__jmeno 7jmeno .
7osoba mt:ot_osoba__prijmeni ?prijmeni }

Prvni spusténi |Opakované spusténi
celkem|prvni fadek|celkem| prvni fadek

zakladni 20s 2920ms 11s 914ms
B-strom 14s 878ms 13s 292ms
paralelni 13s 369ms 12s 315ms
bitmapa 19s 4634ms 11s 902ms

Pocet radka: 91166

Jako posledni ukdzeme dotaz, kterym hledame vse-
chny objekty, jejichz hodnota je ¢islo 1.

select 7s 7p
where { ?s 7p 1 }

Prvni spusténi |Opakované spusténi
celkem|prvni fadek|celkem| prvni fadek

zakladni| 101s 274ms 83s 134ms
B-strom 87s 159ms 85s 196ms
paralelni 87s 177ms 84s 181ms
bitmapa 81s 234ms 80s 160ms

Pocet radku: 1987905

Celkoveé lze fict, ze dosahované casy odpovidaji
ocekavani.
3.4 Slozitéjsi dotazy
V této casti se budeme zabyvat dotazy, které mo-
hou kombinovat i vice zdkladnich konstrukei SPARQL
a mély by spiSe odpovidat redlnym dotazum, které by
mohl uzivatel pokladat nad ulozenymi daty.

Napted uvazme dotaz, ktery na zakladé nékolika

zadanych hodnot testuje, jestli takova osoba je nebo
neni v databazi.

select 7osoba

where {
7osoba mt:ot_osoba__jmeno ’Josef’
?osoba mt:ot_osoba__prijmeni ’Dvorak’
7osoba mt:ot_osoba__datum_narozeni
?1968-04-06T00:00:00°
?7osoba mt:ot_osoba__rok_maturity ’1987’
7osoba mt:ot_osoba__trvaly_pobyt_v_cr ’A’.
?osoba mt:ot_osoba__pohlavi 7pohlavi .
?pohlavi mt:cht_ciselnik_plochy__kod ’1’

V relaéni databézi s rozumné definovanymi indexy
by byl dotaz vyhodnocen témér okamzité. Protoze né-
které z omezeni (napiiklad na datum narozeni) maji
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velmi dobrou selektivitu (vyberou obvykle 0 az 1 tro-
jici), bylo by mozné vyhodnotit i tento dotaz v RDF
velmi rychle diky tomu, ze toto omezeni necha velmi
malo moznych ohodnoceni proménné osoba a ovéfit
existenci pozadovanych hodnot pro tento subjekt lze
diky indexu nad subjektem snadno.

Realnd méteni vSak dopadla spatné. I v piipadé, ze
takova osoba v datab&zi neexistuje, trva vyhodnoceni
dlouho.

Prvni spusténi |Opakované spusténi

celkem |prvni fadek| celkem|prvni radek
zékladni |8129ms 1154ms
B-strom | 826ms 117ms
paraleln{|4805ms 118ms
bitmapa [5225ms 1147ms

Pocet tadku: 0

Naésledujici dotaz vraci dvojice rodné ¢islo a email
pro osoby, které maji oba tudaje zadany.

select ?rc 7email
where {
7kontakt mt:ot_kontakt__id_osoba 7osoba .
?kontakt mt:ot_kontakt__druh_kontaktu
7?dkon .
7kontakt mt:ot_kontakt__email 7email .
?dkon mt:cht_ciselnik_plochy__kod "2"
?ident mt:ot_identifikace__id_osoba
7osoba .
?ident mt:ot_identifikace__druh 7rckod .
?rckod mt:cht_ciselnik_plochy__kod "2"
?ident mt:ot_identifikace__identifikace
?rc

Dosahované rychlosti ukazuje nasledujici tabulka:

Prvni spusténi |Opakované spusténi

celkem |prvni fadek|celkem| prvni radek

zékladni 54s 44s 54s 44s
B-strom | 717s 716s| 745s 743s
paralelni 16s 11s 14s 10s
bitmapa| 275s 101s| 286s 105s

Pocet tadki: 7861

U tohoto dotazu se ukazala nevyhoda ndmi zvole-
ného ptistupu, kdy veskera data jsou ulozena v jediné
tabulce (to je vSak vynuceno obecnost{ SPARQL do-
tazll) a optimalizace je ponechdna na optimalizdtoru
relacni databédze. Tento optimalizator vychazi ze sta-
tistik, které si o tabulkach udrzuje.

Jiz jsme v8ak zminili, ze naSe data (ackoliv mnoho
pozorovani by bylo mozné zobecnit na vétsinu RDF
dat) vykazuji nékteré nezvyklé vlastnosti, co se tyce
celkovych statistik. Dulezité je napiiklad pozorovani,
ze trojice s konkrétnim predikatem predstavuji pouze
zlomek databéze a presto jde az o stovky tisic zazna-
mu.
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Tato vlastnost je pravdépodobna pfi¢ina toho, ze
optimalizator déld Spatné odhady velikosti mezivys-
ledku pii vyhodnoceni dotazu. Po spojeni nékolika ta-
bulek TRIPLES dojde k odhadu, ze vysledek spojeni
bude obsahovat pouze jeden radek. Na zakladé tohoto
predpokladu zvoli metodu spojeni. Pti skutecném vy-
hodnoceni dotazu se Casto stane, ze oproti jednomu
predpokladanému fadku se do mezivysledku dostanou
stovky tisic fadku, na coz zvolend metoda spojeni neni
vhodna.

Tim lze vysvétlit, pro¢ vyhodnoceni dotazu trva
neptriméiené dlouho.

Je také vidét, ze mezi rychlostmi pii ruznych meto-
déch indexace jsou velké rozdily. Obzvlasté zajimavy
je velky rozdil mezi paralelni a neparalelni verzi
B-stromu. Mnohondsobny nérust rychlosti v paralelni
verzi nemuze byt zpusoben jen vétsim dostupnym vy-
pocetnim vykonem, protoze databazovy stroj mél
k dispozici pouze dva procesory. Pravdépodobna pfici-
na je, ze ruzné plany vyhodnoceni byly kvili §patnym
odhadum optimalizdtoru ohodnoceny podobnou celko-
vou cenou. Proto mohla drobnd zména parametri na
vstupu optimalizatoru (napiiklad mira paralelizace)
vést k vybéru jiného planu s podobnou odhadovanou
cenou, ktery se pii skutecném spusténi dotazu ukézal
mnohem vhodnéjsi.

Navic dosahované ¢asy se pii opakovaném méfeni
méni. Pravdépodobny zdroj tohoto chovani je fakt, ze
Oracle pii optimalizaci vyuziva i znalosti o pfedcho-
zich vyhodnocenich stejného dotazu. Protoze se vSech-
ny navrzené plany vyhodnoceni dotazu ukazuji jako
velmi neoptimélni, snazi se optimalizétor (nedispésné)
o jejich zlepseni drobnou zménou planu.

K feseni tohoto problému je mozné pristupovat ze
dvou sméru. Témito sméry se zabyvaji nasledujici dvé
kapitoly.

4 RDF indexy

Problémy s optimalizaci jsou ¢astecné zpusobeny vel-
kym mnozstvim spojeni, které je potfeba pro vyhod-
noceni jednoho dotazu. Snizenim tohoto poctu by se
vyhodnoceni mohlo urychlit.

Nase feSeni (tzv. RDF indexy) spoc¢ivd v predvy-
hodnoceni a ulozeni vysledku vhodné zvolenych do-
tazu v databdzi. Tyto dotazy musi v soucasné dobé
definovat uzivatel databaze, i kdyz by jisté bylo mozné
je generovat automaticky na zakladé sledovani dotazu
poklddanych do databaze. Pfedvyhodnocena data jsou
v databdzi ulozena jako B-strom (pfesnéji IOT - Index
Organized Table) s poradim sloupcu tak, jak je defi-
noval uzivatel pii vytvafeni indexu. Tim se chovani
RDF indext podoba klasickym indexum, véetné toho,
ze jsou vhodné hlavné pro vyhleddvani podle prvniho
indexovaného sloupce.

Pokud se takovyto predvyhodnoceny dotaz objevi
jako soucést jiného dotazu, pak je mozné jeho vyhod-
noceni spojenim tabulek TRIPLES a LITERALS na-
hradit pfimo tabulkou s vysledkem predvyhodnocené-
ho dotazu.

Odstranéni nékolika spojeni znamena nejen elimi-
naci jejich vypoctu, ale také zjednoduseni vyhodnoco-
vaného SQL dotazu.

4.1 Implementace RDF indext

Vytvorili jsme implementaci omezené verze navrho-
vanych RDF indext. Tato implemetace podporuje jen
indexy, které jsou definovany dotazem, ktery vyhovuje
nasledujicim omezenim:

— predikaty nejsou proménné

— vSechny predikédty jsou ruzné

— dotaz neobsahuje OPTIONAL, UNION a FILTER
— dotaz neobsahuje anonymni uzly

Pro vytvareni indexu jsme rozsitili syntax jazyka
SPARQL o klauzili CREATE INDEX.

CREATE INDEX jméno_indexu
AS 7prom&nnal 7promé&nna2 ...
WHERE grafovy_dotaz

Jako piiklad ukazeme index nad jmény osob:

create index osobajmena as

7osoba 7jmeno 7prijmeni

where { 7osoba mt:ot_osoba__jmeno 7jmeno .
7osoba mt:ot_osoba__prijmeni 7prijmeni }

K vybéru indexu, které budou pouzity pro vyhod-
noceni dotazu ¢, pouzivame jednoduchy hladovy algo-
ritmus, ktery postupné zkousi vSechny indexy a pokud
je mozné néktery pouzit, tak jej pouzije.

Tento cyklus se opakuje, dokud je v jeho prubéhu
nalezen alespon jeden pouzitelny index. Pokud je ta-
kovy index nalezen, pak jsou z ¢ odstranény trojice,
které odpovidaji indexu, a jejich pouziti je nahrazeno
pouzitim vyhodnoceného indexu. Protoze pii kazdém
pouziti indexu je z dotazu g odstranéna alespon jedna
trojice a nahrazena indexem, tento algoritmus vzdy
konéi.

Snadno lze nalézt protiptiklad, ktery ukazuje, ze
algoritmus neni optimalni vzhledem k poc¢tu nahraze-
nych trojic v dotazu q.

4.2 Rychlost RDF indexu
Vytvorili jsme index na zdkladé tohoto dotazu:

select 7p 7q ?x 7y
where {

?x ns:pl 7p .
7y ns:p3 ’2’

?X ns:p2 7y .
. ?x ns:p4 ?q }



Tento index jsme pouzili pro vyhodnoceni slozitéj-
§tho dotazu, ktery vypada takto:

select 7q ?r
where{

7u ns:pl0 7p .
?7u ns:pl2 7r .
?x ns:pl 7p .
?y ns:p3 ’2’

7u ns:pll 7v .
?v ns:pl3 ’3’
?x ns:p2 7y .

. ?x ns:p4 7q }

Bez pouziti indexu se dotaz do SQL pfelozi takto
(zkraceno):
select ... from
(select tl.object as V_p,
t17.object as V_q,
t5.object as V_r,
tl.subject as V_u,
t3.object as V_v,
t10.subject as V_x,
t12.object as V_y
from triples ti
inner join literals t2 on t2.id=tl.pred
inner join triples t3 on tl.subj=t3.subj
inner join literals t4 on t4.id=t3.pred
join triples t5 on tl.subj=tb5.subj
join literals t6 on t6.id=t5.pred
join triples t7 on t3.0bj=t7.subj
join literals t8 on t8.id=t7.pred
join literals t9 on t9.id=t7.obj
join triples t10 on tl.obj=t10.0bj
join literals t11l on t11.id=t10.pred
join triples t12 on t10.subj=t12.subj
join literals t13 on t13.id=t12.pred
join triples t14 on tl12.obj=t14.subj
join literals t15 on t15.id=t14.pred
join literals t16 on t16.id=t14.0bj
join triples t17 on t10.subj=t17.subj
inner join literals t18 on t18.id=t17.pred
where t2.value=’http://example.org/pl0’
and t4.value=’http://example.org/pll’
t6.value="http://example.org/pl2’
t8.value="http://example.org/pl3’
t9.value=’3’
t11.value=’http://example.org/pl’
t13.value=’http://example.org/p2’
t15.value="http://example.org/p3’
t16.value="2’
t18.value="http://example.org/p4’)

inner
inner
inner
inner
inner
inner
inner
inner
inner
inner
inner
inner
inner

and
and
and
and
and
and
and
and

Druhd ¢tvetice trojic muze byt nahrazena inde-
xem. Dotaz pak vypadé takto:

select ... from
(select tl.p as V_p,
tl.q as V_q,
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t6.object as V_r,
t2.subject as V_u,
t4.object as V_v,
tl.x as V_x,

tl.y as V_y
from idx t1
inner join
join
join
join
join
join
join

triples t2 on tl.p=t2.0bj
literals t3 on t3.id=t2.pred
triples t4 on t2.subj=t4.subj
literals t5 on t5.id=t4.pred
triples t6 on t2.subj=t6.subj
literals t7 on t7.id=t6.pred
triples t8 on t4.obj=t8.subj
join literals t9 on t9.id=t8.pred
join literals t10 on t10.id=t8.0bj
t3.value="http://example.org/pl0’
and t5.value=’http://example.org/pll’
and t7.value=’http://example.org/pl2’
and t9.value=’http://example.org/pl3’
and t10.value=’3’)

inner
inner
inner
inner
inner
inner
inner
inner
where

Rychlost vyhodnoceni se tim vyrazné zlepsi. Bez
indexu trvalo vyhodnoceni dotazu 92 vtefin, s indexem
se ¢as zkratil na 18 vtefin.

5 Presné statistiky

RDF indexy pfedstavuji moznost, jak ¢elit problémum
s rychlosti vyhodnoceni dotazu. K feSeni problému je
vSak mozné pristupovat i jinak nez eliminaci spojeni.

Problémem obvykle neni velky pocet spojeni, jako
spi$ nevhodny zpusob vyhodnoceni, ktery zvoli opti-
malizator. Protoze v8ak zndme nékteré specifické cha-
rakteristiky RDF dat, jsme schopni si celkem snadno
udélat mnohem lepsi predstavu o prubéhu vyhodno-
ceni dotazu na tato data.

Protoze Getnosti subjektu jsou v redlnych datech
dosti omezené a existuje velké mnozstvi ruznych sub-
jektu, nebylo by efektivni o nich uchovavat presnéjsi
statistiky.

Na druhou stranu mnozstvi predikatu je relativné
malé a ve vétsiné SPARQL dotazt jsou piedem zadany
jejich konkrétni hodnoty. Proto, pokud by si systém
pro kazdy predikdt uchovéval jeho CGetnost (s ohle-
dem na jejich maly poc¢et muzou byt za béhu ulozeny
v paméti), byl by schopen dobfe odhadnout velikost
vysledku selekei v listech stromu vyhodnoceni dotazu.

Protoze ¢etnosti objektl jsou velmi raznorodé, by-
lo by vhodné uchovavat i je. Napiiklad pridanim jed-
noho sloupce s touto ¢etnosti do tabulky LITERALS.
Pri prekladu dotazu by se systém mohl dotazat na tuto
cetnost do databaze a tim urcit selektivitu trojice, ve
které je dany objekt pouzit.
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S pomoci téchto informaci by bylo mozné (napfi-
klad pomoci Oracle hints) ovlivnit plény vyhodnocen{
dotazu produkované optimalizatorem.

Tuto moznost jsme zatim neimplementovali.

6 Zavér

Rozsahla a slozitd RDF data nejsou zatim bézné do-
stupnd. Prestoze jsou dostupna relativné velka data
jako naptiklad WordNet a DBLP [11], jejich struktura
je velmi jednoducha. WordNet obsahuje Sest tiid a pét
predikatu. Presto jsou tato data bézné pouzivana pro
testovani RDF databdzi, napiiklad v [5].

Podle nasich experimenti neni vhodné pouzivat
pouze takto jednoducha data, protoze dosazené vy-
sledky nemusi vypovidat o vykonu v systémech, na
které by RDF databdze mély byt pouzity. Nejen veli-
kost, ale i slozitost dat, ma vliv na vyhodnoceni dota-
zu. A nelze oc¢ekavat, ze by data skutetného Séman-
tického webu byla pravidelnd a jednoducha.

Proto jsme provedli testy nad rozsahlymi a hlavné
slozitymi daty a narazili na problémy, které by nad
jednoduchymi daty nenastaly. Na zdkladé téchto zku-
Senosti jsme navrhli dva ptistupy, jak s témito problé-
my bojovat. Jeden z téchto piistupu jsme implemen-
tovali a méfeni potvrdila jeho pozitivni piinos.
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Abstract. Predictions computed by a classification tree
are usually constant on axis-parallel hyperrectangles cor-
responding to the leaves and have strict jumps on their
boundaries. The densily function of the underlying class
distribution may be continuous and the gradient vector may
not be parallel to any of the axes. In these cases a better
approximation may be expected, if the prediction function
of the original tree is replaced by a more complex contin-
uous approximation. The approximation is constructed us-
ing the same training data on which the original tree was
grown and the structure of the tree is preserved.

The current paper uses the model of trees with soft splits
suggested by Quinlan and implemented in C4.5, however,
the training algorithm is substantially different. The
method uses simulated annealing, so it is quite computa-
tionally expensive. However, this allows to adjust the soft
thresholds in groups of the nodes simultaneously in a way
that better captures interactions between several predictors
than the original approach. Our numerical test with data
derived from an experiment in particle physics shows that
besides the expected better approximation of the training
data, also smaller generalization error is achieved.

Keywords: Decision trees, soft splits, classification,
simulated annealing.

1 Introduction

Classification trees are suitable for predicting the class
in complex distributions, if a large sample from the dis-
tribution is available. The classical parametrical meth-
ods may not succeed in such situations, if they work
with a closed formula describing the density in the
whole predictor space. Decision trees and ensambles of
trees are comparable to neural networks and SVM in
classification accuracy. The predictor vector for a tree
consists of a fixed number of numerical and categorical
variables. In this paper, we consider single univariate
decision trees with numerical predictors.

A trained classification tree usually does not only
provide a discrete classification, but also an estimate
of the confidence for it on a continuous scale. This con-
fidence may be an estimate of the conditional proba-
bility of the classes, but this is not necessary. Even if
it is not a good estimate of the probabilities, it may be
a reasonable information. In the real world problems,
it is frequently plausible to assume that the function
which assigns such a confidence to each point of the

predictor space is continuous. Even if the true dis-
tribution has a sharp boundary between the classes,
a limited sample from the distribution does not pro-
vide enough information for a justified construction of
a prediction function with a strict jump.

Classification trees constructed using the traditio-
nal methods like CART [2] or C4.5 [4] generate trees,
whose internal nodes contain conditions of the form
zr; < cj, where wy; is one the predictors and c; is
a threshold value. The result of the use of such sharp
threshold conditions is that the predictions computed
by a classification tree are constant on axis-parallel
hyperrectangles corresponding to the leaves and have
strict jumps on their boundaries. Such functions may
badly approximate boundaries of different type. This
is the cost, which is paid for the simplicity of the clas-
sifier.

A soft threshold condition means that if the actual
value of wy, is close to cj, then both branches of the
tree are evaluated and their results are combined using
weights changing continuously with zy; —c;. Soft splits
were suggested first by Quinlan [4] including the imple-
mentation in C4.5. We use exactly the same extension
of the decision tree classifiers, but use a substantially
different technique for training.

Quinlan’s technique determines the soft thresholds
in each node separately using statistical estimation.
In our approach, several thresholds corresponding to
a group of nodes close to each other in the tree are
adjusted simultaneously. Hence, the choice of the fi-
nal thresholds is influenced also by the interactions
between predictors. A nonsoft tree together with the
training data used for its construction, are used as the
input to an optimization phase, which tries to find
the values of the parameters of the soft thresholds,
which yield the best possible approximation of the
training data. Since the structure of the tree, in partic-
ular, its number of nodes, is fixed during the optimiza-
tion, overfitting was not observed in our experiments,
although a computationally intensive optimization is
used to tune the soft thresholds.

The goal of the postprocessing of the tree is to
reach a smoother function that fits better the train-
ing data. Since the complexity of the classifier does
not increase too much, one may expect to achieve also
smaller generalization error. Besides better approxi-
mation in cases, where the unknown conditional prob-
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ability function is continuous, we may obtain a better
approximation even if the true value of the conditional
probability makes a jump on a boundary between the
regions of different classification, if the boundary is
not in axis-parallel direction. Soft tree may represent
a more complex function than a nonsoft tree. In partic-
ular, as a consequence of interactions of several predic-
tors, the prediction function of a soft tree may have
gradient vector in a general direction, while keeping
the small number of nodes of the original tree. Ap-
proximating this using a nonsoft tree requires to use
a stair like boundary with a large number of nodes.

A situation, where soft thresholds are well justified
directly from an application domain, may be demon-
strated for example on evaluating custumers asking for
a credit card in a bank. The bank investigates several
parameters of each customer, for example the current
amount on his account, his regular monthly deposit
amount, and some other criteria. Insufficiency in one
of these criteria may be compensated by good values
in some other. Instead of designing a tree with a large
number of nodes, an approximating smaller tree with
soft splits may be sufficient.

The current paper investigates classification accu-
racy on data from particle physics (MAGIC gamma
telescope) considered already in [1]. In this compari-
son, ensambles of trees, in particular random forests,
provided the best classifiers for these data. Our ex-
perimental results on these data demonstrate that the
trees obtained by introducing soft splits may have sub-
stantially smaller generalization error than individual
nonsoft trees.

We also compare the soft trees obtained by sim-
ulated annealing with soft trees obtained by C5.0%.
There is no significant difference in test classification
error between these two types of trees, see section Re-
sults, although the trees are obtained using substan-
tially different principles. C5.0 finds the soft thresholds
as bounds of confidence intervals based on a statistical
model. It does not take into account whether the er-
ror on the training data changes or not. In fact, using
thresholds constructed in this way frequently increases
the training error. On the other hand, our approach
optimizes the soft threshold purely by minimizing the
training error. Our result shows that minimizing train-
ing error leads to similar results as the satistical esti-
mation used in C5.0, at least on the MAGIC data.

2 Decision tree with soft splits

Let T be a decision tree with nodes v; for j =1,...,s.
We assume that if v;, and vj;, are left and right suc-
cessor of v;, then j < j; and j < ja. In particular,

! http://www.rulequest.com, commercial version of C4.5.

v1 18 the root. Let V be the set of indices of the in-
ternal nodes and U the set of indices of the leaves.
The variable tested in node v; is denoted xy; and the
corresponding threshold value is denoted c;. If C is
the number of classes, then the label (response vec-
tor) G(v) of a leaf v is a nonnegative real valued vec-
tor of dimension C', whose coordinates sum up to one.
Let T(z) be the function R — R® computed by the
tree, where d is the number of predictors. More gener-
ally, let T; () be the function computed by the subtree
starting at v;. In particular, T;(z) = T'(x). Note that
T;(z) is defined even in cases, when the computation
of the whole tree T" for  does not reach the node v;.

If v;, and v;, are left and right successor of v;, then
we have Tj(x) = if 2, < ¢; then T} () else Tj,(x).
If we define I(condition) equal to 1 if condition is
true and equal to 0 if condition is false, then this is
equivalent to

Tj(z) = I(aw, < ¢;)Tj (x) + I(we, > ¢;)Th, (2).
A tree with soft splits is obtained by replacing this by
Tj(x) = Lj(zr, — c;)Tj (x) + Rj(zw, — ¢;)T}, (2)

for appropriate continuous functions L;, R; : R —
[0,1]. It is required that if both subtrees of Tj return
the same output vector, then 7j returns the same vec-
tor as well. Hence, we require L;(t) + R;(t) = 1 for all
t € R. A natural further requirement is that L; be non-
increasing with limits L;(—oo0) = 1 and L;(c0) = 0.
Hence, we also have that R; is nondecreasing with
limits R;(—o0) = 0 and R,;(c0) = 1.

The functions L; and R; used in the current paper
are piecewise linear functions interpolating the points
in the table

t L) R;(t)
—o0o|1 0
—aj 1 0
0 |1/2 1/2
b; |0 1
oo |0 1

where the values a; > 0 and b; > 0 are parameters of
the soft splits. If a; > 0 and b; > 0, then the functions
L;, R; are uniquely determined by the above table.
If some of the values a;, b; is zero, the corresponding
function L;, R; is defined as a pointwise limit, which
is noncontinuous. The limit function satisfies L;(0) =
1/2 or R;(0) = 1/2 as in any other case.

The tree with soft splits is obtained by replacing
the evaluation function in each internal node by the
above one. This requires to specify the parameters
(aj,b;) in all internal nodes. Let 8 = {(a;,b;)}jev.
The functions L;, R; defined above depend on 6. So,
the correct notation for them is L;(6,t), R;(0,t). Mo-
reover, let T'(0,z) and T;(6,z) denote the functions



computed by the whole tree and the tree starting at
node v;, respectively, if the soft splits determined by
0 are used. We again have T'(0,z) = T1(0, x).

If w1, = c;, then the soft split always evaluates
both subtrees and returns their arithmetic mean. If
Tk, # c¢; the situation depends on xy; as follows. If
xr, < ¢j —aj or r, > c¢;j + bj, then the evaluation
function in node v; behaves in the same way as in the
original tree and returns the value of one of the two
subtrees. If zx, € (¢; — aj,¢; + bj), then evaluating
Tj(x,0) requires to compute both subtrees and the
output is a combination of their values.

Note that T(0,x) behaves similarly to T'(z), but
there is a difference. If the computation of T'(x) never
reaches a node, where x3, = c;, then we have T'(0, z) =
T'(z). However, if 2, = c; is satisfied at some step of
the computation, the results may differ, since evalua-
tion of T'(0,z) combines both subtrees, while evalua-
tion of T'(x) uses only one of them.

For every pair of nodes v; and v;, such that vj,
is one of the two successors of v;, let H(6,v;,v;,)(x)
be the following function defined on the predictor vec-
tor .

L;j(0,zx;) if v;, is the left
successor of v;

R;(0, ;) if v;, is the right
successor of v;

H(07 Vs, Ujl)(x) =

For every leaf v, let Path(v) be the uniquely deter-
mined path from the root to v. Then an explicit for-
mula for the function computed by a tree with soft
splits is

k
o= Y ) [HO
(ugseees u,iijpam(vj) =2

The formula may be verified by induction starting at
the leaves.

3 Optimization of the soft splits

The method described in this paper assumes
that a nonsoft classification tree T" with two classes 0
and 1 is available. Such a tree may be obtained using
a method like CART or C4.5 without softening. We
used the R implementation of CART. The response
vector is two dimensional in this case and the two co-
ordinates are assumed to sum up to one. Hence, each
of the coordinates alone carries the full information on
the prediction. Let us denote T*(z) the component of
the response vector computed by tree T', which cor-
responds to class 1. The method of the current paper
assumes that it is possible to find a threshold A such
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that the rule “predict 1 iff T*(xz) > h” provides a rea-
sonable classification.

The goal is to find @ such that the error of classifica-
tion using 7*(6,2) > h on unseen cases is smaller than
in the original tree. Since the algorithm has access only
to the training data, the method tries to achieve the
above goal by minimizing the error of 7%(6,z) on the
training data. This error may be measured in different
ways. We tested first simply the classification error,
but it appeared to be better to use a continuous error
defined on the data (x;,y;), i = 1,...,m, y; € {0,1},
by the formula

f(6) = ZeOt(IT"(97%@-)—:&/@'|—1)7 (1)
i=1

where o was chosen to be 4. Experiments show that
an improvement on unseen cases is indeed achieved.

Since the minimized function f(6) is not a smooth
function and has a large number of local minima, we
used simulated annealing available in R Statistical
Package [5] using method SANN of function “optim”.
Since this does not allow to restrict the range of 6
to nonnegative values, we used a large penalty (num-
ber of errors larger than the number of training cases)
for 6, which contain a negative value. The initial value
of 6 was chosen to be 0, i.e. the optimization starts
approximately at the original nonsoft tree.

The dimension of the optimization problem (the
number of parameters of the minimized function) is
two times the number of internal nodes. In order to
make the optimization process independent on the
scaling of the data, the optimization function uses
a normalized vector of parameters 0" = {(a’;,b})}jev,
where a; = a;/aj o, b = b;/bj 0. The normalizing fac-
tors aj o, bj 0 are defined using the original nonsoft tree
as follows.

In each node of the tree, we find the hyperrectan-
gle that is guaranteed to contain all training points
that go through the node during classification. For the
root, the hyperrectangle is the cartesian product of the
smallest closed intervals, which contain all the values
of the corresponding predictor in the training data. If
vj,, 5, are the two successors of v;, then the hyper-
rectangles assigned to them are obtained by splitting
the hyperrectangle assigned to v; by the hyperplane
z; = cj. Then, the values ajo and b are chosen so
that the interval [c; —a; 0, ¢j+b; o] is exactly the range
of &y, within the hyperrectangle assigned to v;.

4 Tteration of simulated annealing

In this section, we discuss the strategy to look for 6
that minimizes the function (1). For the purpose of
this section, we denote 6 as © € R™, where n is the
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length of 6. It appeared to be better to split the min-
imization into phases, in each of which, only a small
randomly chosen subset of arguments is modified. Let
us introduce the following notation for this purpose.
Let S C {1,...,n} and z € R". By R¥ we mean the
set of vectors {x; }scg, i.e. the vectors from RIS whose
coordinates are indexed by elements of S instead of
consecutive integers. Then, let f[S, z] : R® — R be the
function defined for every x € R® by f[9, z](x) = f(y),

where
)X ifieS
Yi = z; otherwise

Optimization is performed by a sequence of calls of
method SANN of optim, which is an implementation of
simulated annealing. The initial approximation of each
call is the best solution found during the previous call.
The initial temperature for all calls is temp = 10 and
the bound on the number of iterations is maxit = 101
for all calls.

For each call of optim, a set S of k indices of vari-
ables is selected, see below. In the given call, f(x) is
minimized by modifying only variables with indices
in S. Formally, the minimized function is the function
fIS, xo](z) with k = |S| arguments, where zq is the
result of the previous call. The restriction of z( to the
selected set S of indices is also the initial value for x
in the current call.

One call of optim is successful, if it succeeds to
find a better solution than the initial one. The whole
process stops, when 50 consecutive calls are unsuccess-
ful.

As mentioned above, for each call of optim, a set S
of indices of variables is selected. Let s be a variable
from the vector #. This means that s is a; or b; for
some j. Then, let Ts be the maximal subtree of the
tree T', such that the root of T is the left son of the
node v; in the case that s is a; and the right son
of v; if s is b;. The selection of S starts with selecting
randomly a variable s such that the root of T is not
a leaf. Then S contains s and variables a;, b; where i
traces through all indexes of nodes in the two top levels
of Ts. Depending on the structure of T" and selection
of s the set S contains 3, 5 or 7 variables.

5 Experimental setup

In a single run of the experiment, the available data D
were split at random in ratio 2:1 into a training set D1
and a test set Dy and the four classifiers obtained by
the following methods were constructed:

1. CART.

2. Soft tree obtained by the method described in the

prevoius section from CART trees.

3. (5.0 without softenning.

4. C5.0 with softenning (option “-p”).
More detail is given in subsections below.

5.1 CART

The trainig set D; was further split in ratio 2:1 into
D1 and Di5. The larger part D1 was used for grow-
ing the tree, the smaller D15 was used for pruning as
the validation set (cost complexity pruning in CART
method). The result of the pruning is a sequence of
trees of different sizes. Accuracy of these trees is re-
ported for comparison with the other methods. In or-
der to show that the comparison result does not de-
pend on the selection of the tree in the sequence, we
select the best tree on the test set Dy and report its
accuracy. Even such trees are worse than the soft trees,
whose error is measured using standard methodology.

5.2 Softening trees from CART

We use the sequence of pruned trees constructed by
CART. Trees without split nodes are not considered.
When interpreting the soft tree as a classifier, we used
threshold h = 0.5. This means that the class with the
larger confidence (we have two classes) in the response
vector is predicted.

The error of the resulting soft tree is never worse
than in the original tree, however, it is sometimes close
to it. Such soft trees are discarded. The optimization is
considered unsuccessful, if the ratio of the error of the
original tree over the error of the soft tree is less than
1.01. The sequence of trees from CART contains trees
of different sizes. Smaller trees have higher chance to
be improved by one run of the softening procedure. On
the other hand, if the softening procedure succeeds
to improve a large tree, the result is usually better
than for small trees. In order to balance between these
two effects, we used a strategy which is splitted into
steps numbered by i = 1,2, .. .. In step i, the softening
procedure tries to improve all of the ¢ largest trees in
the sequence. The process terminates, when 10 trees
successfuly improved by softening are collected. The
resulting classifier is determined as the tree with the
smallest classification error on D; among the 10 trees
obtained by the above strategy. The error of this tree
on D5 is reported.

53 C5.0

We used C5.0 release 1.15. The confidence level, which
determines the amount of pruning was chosen 0.1 (op-
tion “-c 10”), which appeared to be the best among
several values that we tried. For each split of the data,
C5.0 was run twice, with and without the option “-p”,
which forces that a softened tree is constructed.

The reason for choosing the confidence level equal
to 0.1 was the following: We computed for each split
of the data error rates of C5.0 softened trees for the



values of confidence level 0.01, 0.02, 0.05, 0.10, 0.15,
0.20, 0.25 and 0.30. Then for each of these values we
compared the error rate of C5.0 and the error rate of
the tree from CART softened. The value 0.10 is the
one, for which the error rates of C5.0 softened trees
are lower than the error rates of softened trees from
CART in the highest number of data splits.

6 Results

We used data simulating registration of gamma and
hadron particles in Cherenkov imaging gamma ray
telescope MAGIC [1]. There are 10 numerical predic-
tors and 2 classes. The predictors are numerical values
that are produced by the registration device and char-
acterize the registered particle. Class signal represents
cases, where the registered particle is gamma. Class
background corresponds to hadrons, mostly protons.
The number of cases in the dataset is 19020.

The data were created by a complex Monte Carlo
simulation [3] that approximates the development of
a shower of particles generated by a high energy pri-
mary particle that reaches the atmosphere. The re-
sult of the simulation is an estimate of the number of
Cherenkov ultraviolet photons that reach different pix-
els in the focus of an antenna at the ground and form
a single registered event. The 10 predictors are numer-
ical parameters of the geometric form of the obtained
image. Generating each case in the dataset required
several seconds of CPU time.

Creating the dataset was a part of the project of
constructing the telescope and was used to support
the decision, which classification technique to use in
regular observations using the telescope. On the basis
of [1], random forest was selected and is still used.

We used 7 random splits of this set in the ratio 2:1
into D1 and Ds. For each of these splits, four classi-
fiers were constructed using the methods described in
the previous section. Besides the nonsoft CART trees,
the classifier was constructed using only D; and its
accuracy was estimated using D,. Due to the large
size of both training and testing set, there is a strong
relationship between the training error and test error.
The test errors on Dy are presented in the following
tables.

CART CART ratio
non-soft softened soft /non-soft

1) 0.1677 0.1377 0.8213

2/ 0.1610 0.1371 0.8511

3/ 0.1598 0.1366 0.8549

4/ 0.1659 0.1393 0.8394

5/ 0.1591 0.1377 0.8652

6/ 0.1550 0.1380 0.8901

71 0.1533 0.1371 0.8940
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The next table allows to compare the error rates of
trees from CART softened and trees from C5.0 soft-
ened. The ratio of these two errors is included.

CART C5.0 C5.0 ratio
softened non-soft softened CART s./C5.0 s.
11 0.1377 0.1473 0.1391 0.9898
2|1 0.1371 0.1535 0.1438 0.9529
3/0.1366 0.1456 0.1323 1.0322
4/0.1393 0.1508 0.1380 1.0091
5/ 0.1377 0.1478 0.1366 1.0081
6/0.1380 0.1516 0.1483 0.9309
7/0.1371 0.1479 0.1410 0.9720

In our experiments, softening using simulated an-
nealing led to soft trees with similar accuracy on the
MAGIC dataset compared to that of C5.0 softened
tree. In order to formulate the result in terms of sta-
tistical significance, let p; be the probability of the
event that the error rate of a tree softened using sim-
ulated annealing on the MAGIC dataset is lower than
error rate of C5.0 softened tree. The two sided 0.95
confidence interval for p; obtained using the exact bi-
nomial test is approximately [0.18,0.9], since we have
4 successes out of 7 trials. This means that the re-
sult of the experiment does not imply any significant
difference between the two methods.

The comparison of trees softened using simulated
annealing with the non-soft trees from the CART
method gives much better result. The error of the
soft tree obtained by SANN was always by at least
10% better than that of the corresponding nonsoft
tree. In order to formulate the result in terms of statis-
tical significance, let py be the probability of the event
that the error rate of a tree softened using simulated
annealing on the MAGIC dataset is lower than 90% of
error rate of CART tree. The one-sided lower 0.95 con-
fidence limit for ps obtained using the exact binomial
test is approximately 0.65, since we have 7 successes
out of 7 trials.
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Abstract. In present paper, the main steps of the intro-
duction of the core function [1] and Johnson score and new
numerical characteristics of continuous distributions [2]
are reviewed and elucidated. Johnson score is used for an
introduction of a Johnson distance in the sample space.

1 Introduction

Statistical parametric model is a set of distributions
F = {Fp,0 € O}, ©® C R™. Observed data x =
(z1,...,2,) are supposed to be realizations of inde-
pendent identically distributed random variables dis-
tributed according to Fy € F with unknown 6. Denot-
ing by fo(x) the density of Fy, the likelihood function
is defined as function of 8

L(0) = fo(x).

It is easier to use the information contained in L(6) in
form of vector function U(8) = (Uy, (0),...,Uy,, (9)),
the components of which are the likelihood scores
for 0y,

0

The solution of the system of likelihood equations

Us, (0)

> Up(j:0) =0, k=1,...,m (1)
j=1

is so called maximum likelihood estimate of 6, the best
estimate if the data are actually distributed according
to Fy € F. There are some other statistical tasks,
however (for instance: estimation of simple character-
istics, correlations), solution of which could be consid-
erably simplified if we could work instead of U() with
a scalar function in a form

S(x;0) = (L(w;9); dL(M) |o=x-

T

Let us briefly describe main steps of the solution of
the problem presented in [1] and discussed in [3]-[5].

Distribution F' will be said to be supported by
(a,b) C R if it has density

> 0 for x € (a,b)
f(x) {:OforxGR—(avb)~

The natural inference function of distribution G with
density g supported by R is its score function

(2)

The reason for this assertion is as follows. Let G, s be
distribution with location parameter ;1 and density in

the form
1 (y—p
gu,s(y) = ;g < ) .

(3)

S

Score function @, s(y) of G, s,

1 dgu,s(y) 0

- 2 = log g, (),
Gus(y) dy o - )

Qu,s =

equals to the likelihood score U, (y; p, s) for the para-
meter expressing the central tendency of G, ;.

A much more difficult task is to find a scalar in-
ference function for distributions supported by X # R
(with ’partial support’). Score functions (2) of distrib-
utions with partial support are functions with odd be-
havior and a contingent choice of the likelihood score
for certain parameter fails since it is unclear which of
the parameters of distributions with partial support
could represent a measure of their central tendency.

A procedure to gain a suitable scalar inference func-
tion for distributions with ’partial support’ was sug-
gested in [1]: to view any distribution F with inter-
val support (a, b) as transformed *prototype’ supported
by R. As a suitable transformation 7' :R — (a, b) was
chosen the inverse of the Johnson transformation [6]
adapted to arbitrary open interval, n : (a,b) — R,
given by

x if (a,b)=R
log(z — a) if —co<a<b=o00
n(x) = logg:;;)) if —0o<a<b<oo
log(b — x) if —-oo=a<b< o0.

(4)

Let G be prototype of F so that F(z) = G(n(x)).

An interesting characteristic of F' was shown to be the
transformed score function of the prototype,

(5)
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termed in [1]-[5] the core function. By using the well-
known relation

(6)
formula

Tle) = f(er)ddw (W’i’v)ﬂx))

was derived from (5) showing that the core function of
a distribution with differentiable density can be deter-
mined without reference to its prototype by — some-
what sophisticated — differentiating of the density ac-
cording to the variable.

For many distributions, mapping (4) represents the
best choice: model distributions often have exponen-
tial forms of densities for which is the logarithmic
transformation suitable and, moreover, by using (4):

(7)

i/ the prototype of the lognormal distribution is
the normal distribution,

ii/ the core function of the rectangular distribution
on (a,b) is linear.

Nevertheless, it is possible to find transformations for
which explicit forms of (7) are for particular distribu-
tions more simple.

The most important property of Johnson core func-
tions was formulated in Theorem 1 in [1], see also
[3]-[4]. Theorem concerns of parametric distributions
supported by interval (a,b) # R in form F, ; = G 1
where the prototype G, s has density (3) and where

t=n"(n)

is the image of the location of the prototype, called
a Johnson parameter. The density of F , is, by (3)
and (6), in the form

foata) = 20 (21D o),

Denoting by Ti, the core function (7) of distribu-
tion Fy 4, the theorem states that

Uslwst,s) = 2 log fua() = 1/ (1)Tha(2),

ey (8)

i.e., that the core function of a distribution with pro-
totype in location and scale form is proportional to
the likelihood score for the Johnson parameter.

2 Johnson score and characteristics of
continuous distributions

Result (8) was not general, however, since the density
of distribution G with full support need not have the

location parameter and, consequently, the transformed
distribution F' = G7n need not have the Johnson pa-
rameter. By realizing that ¢ in 7/(¢) on the r.h.s of
equation (8) is the value of the Johnson parameter for
which T} s(t) = 0, the concept of the core function was
further generalized in [2] for any regular distribution
with unimodal prototype .

Definition 1. Let F' be regular distribution with sup-
port (a,b) C R. Let np : (a,b) — R be given by (4),
T(x) be given by (7) and the solution x* of equation
T(x) =0 be unique. A Johnson score of distribution F
1s defined by

S(x) =n'(z")T (x).

Definition 1 adjoins to any distribution F' with uni-
modal prototype a unique scalar function S(x). With
respect to the Johnson score, continuous probability
distributions are of three types:

i/ If F has support R, then n’'(x) = 1 and S(z) is
the usual score function (2) (which is practically not
used in probability theory and mathematical statistics,
however, since it is considered as a concept which is
not general). For standard normal distribution John-
son score S(x) = x brings nothing new.

ii/ Johnson scores S; s(x) of distributions suppor-
ted by (a,b) # R with prototypes in the location
and scale form (3) are equal to the likelihood scores
Ui(z;t,s) for Johnson parameter t = n~*(u). t is the
image of the location (mode) of the prototype in map-
ping 7. Johnson scores of distributions of this type are
the well-known likelihood scores.

ili/ Johnson scores of other distributions with par-
tial support and without the Johnson parameter are
new functions. This is true even for distributions with-
out parameters: for instance, the standard log-logistic
distribution with support (0,00) and density f(z) =
1/(1+x)? is characterized by the unknown (!) Johnson
score S(z) = (x — 1)/(x + 1).

Since n'(z) > 0, x* appears to be the solution of
equation
S(z) =0.

This value can be taken as a measure of the central
tendency of distribution F'. It is easy to see that

b
ES = / S(z)f(x) dz = 0. (9)
a
This is the first Johnson score moment and x* thus
can be termed the Johnson mean.

Consider data sample x distributed according to F'
with unknown Johnson mean z*. If F' is a parametric
distribution, z* is a function of the parameters. Let us
write Johnson score S(z) of F in form S(z; z*). By (9),



the estimate z* of x*, the sample Johnson mean, can
be obtained as a solution of an analogy of (1),

n

%ZS(Ii;Zﬁ*) =0.

i=1

(10)

For distributions of type ii/ it holds that #* = ¢ where
t the maximum likelihood estimate of the Johnson pa-
rameter, and Johnson score is the influence function
(see [7]). Generalizing, we consider the Johnson score
as the influence function of the distribution, describ-
ing the influence of value x; for construction of the
‘central point’ of the distribution.

Function S?(z) attains its minimum at z*, which is
the least informative point of the distribution (cf. [5]),
and value

ES% = /b S%(x)f(z) dx

is the analogy of the Fisher information. Func-
tion S?(x) thus can be taken as an information func-
tion of the distribution, describing the information
carried by z. Its reciprocal value

w? = (BS?*)™, (11)
which we call a Johnson variance, was proposed in [5]
and [2] as a measure of dispersion of values of distrib-
ution F' around x*.

The distance in the sample space of distribution F'
introduced in [3]-[5] is expressed by means of the John-
son score as follows.

Definition 2. Johnson distance of points x1 and o
taken from distribution F with Johnson score S is de-
fined by

dg(r1,22) = w[S(v2) — S(z1)], (12)

where w? is given by (11).
Another important function connected with John-
son score is its derivative
dS(x)
dx

which can be called a weight function of F. By us-
ing (13), dg(x1,22) = w [;? W(z) dz. Let ds de-
notes the element of length. Function W(z) defines
Riemannian geometry in the sample space (a,b) of
distribution F' in the form ds(x) = wW (z)dz. The
value w can be interpreted as the length unit.

W(x) =

(13)

3 Geometry of distributions

For distributions with support (0,00) it holds that
n'(x) = 1/z and the core functrion is

T(z) = -1—af'(x)/f(x). (14)
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The algorithm of determining geometric character-
istics of an arbitrary distribution F' with continuously
differentiable density f(z) supported by (0,00) con-
sists of four steps:

i/ find the (Johnson) core function T'(x) by means
of (14)

ii/ find the Johnson point z* :
Johnson score

T(z*) = 0 and

iii/ find £S? and Johnson variance w? = 1/ES?,

iv/ S?(x) and (13 are the information and weight
functions and (12) the distance in the sample space of
distribution F'.

In Table 1 are the densities of some commonly used
distributions supported by (0, c0) and their usual char-
acteristics, the mean and variance. Most of them are
given by rather cumbersome expressions. Moreover,
the mean and variance of the beta-prime distribution
(a variant of the Fisher-Snedecor distribution) exist
only in limited ranges of parameters (¢ > 1 and ¢ > 2,
respectively) and are practically of no use even if they
exist: they cannot be estimated without approximate
knowledge of their values.

F(z) f(=@) m o?
Weibull B2y lir(Z) 2(r(552)
~I*(75)
lognormal %e—% log®(£)7| 1o1/8% |42,1/8° (el/ﬁ2 ~1)
gamma Fﬂ/((;)xaileiw a/y oa/ny
beta-prime ﬁ;q) (zipl;plﬂ 2 %

Table 1. Density, mean m and variance o2 of distributions
with support (0,00). I' is the gamma function, B the beta
function.

Johnson characteristics of distributions from Table 1
are given in Table 2.

Johnson mean and variance of the gamma distrib-
ution are (incidentally) identical with the usual mean
and variance. Johnson characteristics of the Weibull
and lognormal distribution (the distributions of ty-
pe ii/ with Johnson parameter) are incredibly sim-
ple: their unit length w is the Johnson mean z* =t
multiplied by the scale parameter of the prototype.
The gamma and beta-prime distributions are exam-
ples of distribution without Johnson location,for which
the Johnson score is an unknown function, generating
characteristics which exist for any value of parame-
ters and, in the case of the beta-prime distribution,
look like the usual mean and variance with ’corrected’
denominators.
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Fig. 1. Densities (a), Johnson scores (b), information func-
tions (c) and weight functions (d) of Weibull distribution
with z* = 1 (full line), z* = 1.5 (dashed) and =* = 2 (dot-
ted line). All distributions have Johnson variance w? = 1.
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Fig. 2. Densities (a), Johnson scores (b), information func-
tions (c) and weight functions (d) of beta-prime distribu-
tions with the same Johnson mean and Johnson variances
and notation as in Fig.1.



F(x) S(x) " w?
Weibull  [2((2)" - 1)| ¢ | ?/5°
lognormal g log(%)ﬁ t 152/522
gamma | (=% — 1) a/3| a/y
beta-prime %qf;f p/q %

Table 2. Johnson score, Johnson mean and Johnson vari-
ance of distributions from Table 1.

An example of a prototype distribution without
location and scale parameters is the prototype of the
beta-prime distribution with density

1 eP?
Foal®) = B g e+ e’

Its score function is S(z;p,q) = (¢ge* —p)/(z + 1)
and ES? = pq/(p+ q+ 1). Let us find the symmetric
prototype beta distribution with w = 1. The solution
of equation £S?2 = 1forp =qisp =1+ +v2. In
Fig.3, a surprising coincidence of f,, s, () with
the density of the standard normal is apparent.

0.45

Fig. 3. Densities of prototype beta (p = g = 1 + v/2, full
line) and standard normal (dotted line) with w = 1.

Fig.1 and Fig.2 show functions describing the Wei-
bull and beta-prime distributions. Weibull with z* =
t =1 (and w? = 1) is the exponential distribution. Its
Johnson score is linear and weight constant, which re-
flects the fact that the exponential random variable is
'without memory’. The is from the group of so called
heavy-tailed distributions with great density of proba-
bility of the occurrence of data far from the main bulk,
so called outliers. Since its Johnson score is bounded
and the weight of large data is small, the averages of
the Johnson scores (10) of the beta-prime distribution
are resistent to outliers in data.

Fig.4 shows distances from the Johnson mean in
the sample space (0, 00) of some distributions from the
tables above. The linear distance (dotted line) belongs
to the gamma and to the Weibull distribution with
t = 1. Other distances are non-linear. The distance of
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the lognormal distribution is d7(z,1) = |logz| and
the distance of the heavy-tailed beta-prime distribu-
tion

ds(e.1) =g (VES?)  le—1)/(z +1)

is bounded. These distances are to be used in the test-
ing of hypotheses Hy : * = z* against alternatives
Hy : &* # o™ for &* estimated by (10).

Finally, let us remark that the Johnson characteris-
tics do not depend on the speed with which the density
approaches to zero. On the other hand, distributions
with non-unimodal prototypes need further consider-
ations.

Fig.4. Distance from the ’center of the distribution’
(Johnson mean) in sample spaces of some distributions:
beta-prime (full line), lognormal (dashed line), Weibull
(dotted lines). Johnson variance of plotted distributions
is w? = 1.
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Abstract. We consider deterministic radio broadcasting
in radio networks whose nodes have full topological infor-
mation about network and the reachability graph of a net-
work is k-degenerate. The goal is to design a polynomial
algorithm which produces a fast radio broadcast schedule
with respect to a reachability graph G and a source s €
V(G). The length of produced schedule is considered as the
measure of efficiency. For each k, k > 2, we show that there
are k-degenerate graphs with n nodes for which every radio
broadcast schedule has the length 2(logn). Finally, we de-
sign an algorithm producing a radio broadcast schedule of
the length Ok (Dlogn/D) for each k-degenerate graph with
n nodes and the eccentricity D of a source.

1 Introduction

A radio network is a collection of autonomous stations
that are referred as nodes. The nodes communicate
via sending messages. Each node is able to receive
and transmit messages, but it can transmit messages
only to nodes, which are located within its transmis-
sion range. The network can be modeled by a directed
graph called reachability graph G = (V, E). The vertex
set of G consists of the nodes of the network and two
vertices u,v € V are connected by an edge e = (u,v)
if and only if the transmission of the node u can reach
the node v. In such a case the node u is called a neigh-
bour of the node v. If the transmission power of all
nodes is the same, then the reachability graph is sym-
metric, i.e. a symmetric radio network can be modeled
by an undirected graph.

Nodes of a network work in synchronised steps
(time slots) called rounds. In every round, a node can
act either as a receiver or as a transmitter. A node u
acting as transmitter sends a message, which can be
potentially received by each its neighbour. In the given
round, a node, acting as a receiver, receives a message
only if it has exactly one transmitting neighbour. The

* Research of the author is supported in part by Slovak
VEGA grant number 1/3129/06 and UPJS VVGS grant
number 38/2006.

** Research supported in part by Slovak APVT grant
number 20-004104 and Slovak VEGA grant number
1/3129/06.

received message is the same as the message trans-
mitted by the transmitting neighbour. If in the given
round, a node u has at least two transmitting neigh-
bours we say that a collision occurs at node u. In the
case, when the nodes can distinguish collision from si-
lence, we say that they have an availability of collision
detection. It is also assumed that a node can determine
its behavior in the following round within the actual
round.

The goal of broadcasting is to distribute a mes-
sage from one distinguished node, called a source, to
all other nodes. Remote nodes of the network are in-
formed via intermediate nodes. A radio broadcast
schedule for a given network prescribes in which step
which nodes transmit. Its length corresponds to the
time required to complete the broadcast operation,
i.e. to inform all nodes of the network. The time, re-
quired to complete an operation, is important and
widely studied parameter of mostly every communi-
cation task. In this paper we consider the length of
a broadcast schedule as a function of two parameters
of radio network: number of nodes (denoted as n), and
the largest distance from the source to any other node
of the network (denoted as D).

According to different features of the stations form-
ing a radio network, many models of radio networks
have been developed and studied. They differ in used
communications scenarios and initial knowledge as-
sumed for nodes. The overview of the models of ra-
dio networks can be found e.g. in [13]. In this paper
we focus on the deterministic broadcasting in radio
networks whose nodes have full topological knowledge
about the network. Each node has as an initial knowl-
edge: its unique integer identifier, an identifier of the
source node and a labeled copy of underlying reach-
ability graph. Using the same algorithm to produce
a broadcast schedule in each node with the same in-
puts (identifier of the source and underlying reacha-
bility graph), the obtained broadcast schedule can be
considered as a broadcasting controlled from one cen-
tral. Thus broadcasting can be performed by nodes
according to produced broadcast schedule in a distrib-
uted way. The mentioned setting is refereed as central-
ized radio broadcasting or broadcasting in known topol-
ogy radio networks. In this setting, the goal is to design
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a deterministic polynomial algorithm which produces
a fast broadcast schedule for a given input.

In this paper we consider only the radio networks,
whose underlying reachability graph has a special to-
pology, namely it is k-degenerate for a fixed positive
integer k.

1.1 Related work

The study of communication in known topology radio
network was initiated in the context of broadcasting
problem. In [8] the authors presented a deterministic
polynomial algorithm producing a broadcast schedule
of the length O(D log® n), for any graph with n nodes
and diameter D. In [1] the lower bound £2(logn) of
the length of broadcasting schedule was proved for
a family of graphs with diameter 2. Later in [5] the au-
thors proposed a method improving the time of broad-
casting in the case when reachability graph is undi-
rected. The method is based on partitioning of the un-
derlying reachability graph into clusters with smaller
diameter and applying broadcast schedules produced
by known algorithms in each cluster separately. This
method was later improved in [4]. Applying the deter-
ministic algorithm from [10], which produces a broad-
cast schedule of the length O(D log n+log? n), method
from [4] computes a broadcast schedule of the length
O(D + log* n). Very recently these results have been
further improved for undirected graphs in [7] to O(D+
log®n). Finally in [11], the authors proposed an al-
gorithm producing a radio broadcast schedule of the
asymptotically optimal length O(D + 1og2 n).

In the case when underlying reachability graph is
undirected and planar, centralized broadcasting was
firstly investigated in [4] where an algorithm produc-
ing schedules of the length O(D+log4 n) was proposed.
Recently, independently in [7] and [6], the algorithms
producing a schedule of the length 3D were designed.
It is remarked in [6] that a broadcast schedule of the
length 3D can be produced also in the case of directed
and planar reachability graph. This sharp gap between
the time of broadcasting in general case and in the case
of planar graphs was our main motivation to study
centralized radio broadcasting in networks whose un-
derlying reachability graph is k-degenerate (note that
every planar graph is 5-degenerate).

In this paper we use also the notion of selective
families, which has been introduced in [9]. More pre-
cisely, we use ad-hoc selective families whose comput-
ing has been studied in [3].

1.2 Terminology and preliminaries

Firstly we recapitulate some concepts of graph the-
ory. We assume the standard graph terminology. Next

we formulate the broadcasting problem more formally
and we show its relationship to selective families. Fi-
nally we describe a class of k-degenerate graphs.

The set N(u) = {v € V(G) : (v,u) € E(G)}
we shall denote as neighbourhood of a node u. The
distance of two nodes u,v (denoted by dist(u,v)) is
the length of a shortest u — v-path in the underlying
reachability graph. The eccentricity of a node v is de-
fined as ecc(v) = max{dist(v,u) : v € V(G)}. We
briefly denote the eccentricity of the source node s by
D = ecc(s). Tt is not difficult to see that all nodes
of a reachability graph G can be partitioned into lay-
ers with respect to their distances from the source s.
Hence, we can define the sets

L;={v e V(Q):dist(s,v) =i}, i=0,1,...,ecc(s).

Definition 1. Let G = (V, E) be a directed graph and
R CV be a subset of nodes. The set of nodes informed
by R, denoted by I(R), is the set

I(R) = {v € V : there exists the unique x € R
such that v € N(z)}.

For a singleton set R = {z}, I(R) = I({z}) = N(z).

Definition 2. Let G = (V, E) be a directed graph.
A sequence of sets II = (Rq,...,Ry) is called a ra-
dio broadcast schedule with respect to the reachability
graph G and a source s € V if and only if the following
holds:

1. R, CV, foreveryi=1,2,...,q;

2. Ry = {s};

3. Riy1 C U;':1 I(R)), for everyi=1,2,...,q—1;
4.V = U?=1 I(R;).

The length of the schedule IT is ¢ = |II|.

The property 2 of the previous definition guar-
anties that in the first round only the source trans-
mits a message. From the property 3 it follows that
only informed nodes can transmit. Finally, the prop-
erty 4 implies that all nodes become informed after
performing the broadcast schedule, i.e. every node re-
ceives a message in at least one round of the schedule.
Note that it is supposed that in the graph G there
is a path from the source s to any other node of the
network.

For a given collection F of subsets of [n] = {1,...,
n}, a selective family for F is a collection S of subsets
of [n] such that for any F' € F there exists S € S such
that |[F'N S| = 1. The relationship between selective
families and broadcasting in radio networks can be
expressed in the following way: suppose that the labels
of nodes are pairwise distinct integers from the set [n],
where n is the number of nodes. Let I be a set of



informed nodes. Assume that there is a subset U of
uninformed nodes such that each node v € U has at
least one informed neighbour. Note that if there is at
least one uninformed node then such set U # () always
exists. We can construct a collection Fyy = {N(u) N
I:u € U}, ie. for each node the set of labels of its
informed neighbours is a member of the collection Fy;.
Let Sy = {S1,...,Sm} be a selective family for Fy.
Clearly, a schedule of the length m, such that in the
round ¢ exactly the nodes with the labels in the set S;
transmit, ensures that all nodes belonging to the set
U become informed. Intuitively, the smaller selective
family for a given collection F we are able to compute,
the shorter radio broadcast schedule we are able to
produce.
In this paper we shall use the result from [3]:

Theorem 1. [3] There exists an algorithm that for
a given collection F of subsets of [n], each of size in
the range [Amin, Amaz], computes a selective family S
for F of size O((1 4 log (Apmaz/Amin))-log |F|). The
time complezity of the algorithm is

O(n2|]:\log |F|.(1 +1og (Amaz/Amin)))-

Now we define and describe a class of k-degenerate
graphs.

Definition 3. Let k be a non-negative integer.
A graph G is called k-degenerate (we write G € Dy, if
for each subgraph H of G, the minimum degree of H
does not exceed k.

The following value plays the fundamental role in the
theory of k-degenerate graphs:
G) = in d .
s(G) = max oin egp(v)
This number is called Szekeres-Wilf number and it
is easy to see that G is k-degenerate if and only if
$(G) < k. The definition implies that each subgraph
of k-degenerate graph is k-degenerate as well (for more
details see [2]) and moreover for each graph G there is
a number k such that G is k-degenerate.

Proposition 1. [12] A graph G of order k + m is
k-degenerate if and only if the vertex set V(G) can
be labeled vy,vs, ..., Vk+m Such that in the subgraph
({vi, Vit1,s - s Vrm}) of G deg(vi) < k for each i =
1,2,...,m—1.

Note that the labeling of k-degenerate graph G
satisfying the previous proposition can be computed
in such a way, that in every step we take out one
node of the lowest degree. Obviously this computation
takes polynomial time. Also note that k-degenerate
graphs have no general bound on the maximal degree
of a node. On the other side it was shown in [12], that
the number of edges of a k-degenerate graph is at most

kn — (k;'l) where n is the number of nodes.
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2 Lower bound

In this section we show a lower bound concerning the
time of broadcasting in radio networks, whose reacha-
bility graph is k-degenerate for £ > 2. In particular, we
show that there is a subclass of 2-degenerate graphs,
such that for each graph of this subclass every radio
broadcast schedule has the length 2(logn).

At first we define a set of graphs G={G,, :m >2}.
For a fixed integer m, m > 2, the graph G,, is con-
structed from the graph K, with vertex set V(K,,) =
{v1,...,v;m} (the complete graph on m vertices) as
follows: we add a new node s to K,, and we join it
to every node of K,,. Next we subdivide every edge
ei,j = (vi,v;) € E(K,,) by a new node u; ;. Formally,
Gm = (Vin, Ey) is an undirected graph with the ver-
tex set Vi, = {s,v1,..., v} U{u;; : 1 <i<j<m}
and the edge set E,, = {(s,v;) : 1 < i < m} U
{(vi,ui ), (vj,u ;) 1 <i<j<m}.

With respect to the source node s, the graph G,,
can be partitioned into layers Lo = {s}, L1 = {v; : 1 <
i <m}and Ly = {u;; : 1 <i < j < m}. Each layer
forms an independent set. Obviously, the radius of G,
is 2. Since every node, except the source s, has degree
at most 2, the graph G,, is a 2-degenerate graph with
(m? +m + 2)/2 nodes.

In the following lemma we show that it is not pos-

sible to complete radio broadcasting in the graph G,
with the source s in less than |logn| + 1 rounds.
Lemma 1. Any radio broadcast schedule for graph G,
with respect to the source s € V(Gy,) has the length at
least [logm| + 1.
Proof. We fix a radio broadcast schedule IT=(Ry, ...,
R,). Since Ry = {s}, only the source s transmits in
the first round. This transmission informs all nodes
belonging to the layer L. Hence the rest of the sched-
ule informs only the nodes of the layer Lo = {u;; :
1 < i< j < m} by the transmissions of nodes of the
layer L;. According to the schedule II we can asso-
ciate a binary sequence s; = (s},..., sg_l) of length
g—1 with each node v; € L;. We set s} to 1 if and only
if v; € Ry4+1. Otherwise we set s} to 0. It is easy to
see that a node u; ; € Ly receives a message exactly
in each round r such that sffl #* s;f*l. Since IT is
a radio broadcast schedule, every node u; ; € Lo is in-
formed and it receives a message in at least one round.
Thus for each 4,7, i # j, the binary sequences s; and
s; should differ in at least one position, i.e. s; # s;.
It implies that there are exactly m = |L;| different
sequences associated with nodes of the layer L.

Clearly, we can construct at most 297! different
binary sequences of the length ¢ — 1. Suppose now
that ¢ —1 < [logm]. It implies that 29~ < 2lloem] <
208 — . ie. 2971 < m. The inequality contradicts
the fact that we have m different binary sequences of
the length ¢ — 1. O
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Theorem 2. There is a subclass C of 2-degenerate
graphs with radius 2 such that:

1. for every integer n, n > 9, there is a graph G € C
such that |V (G)| = n;

2. for every graph G € C there is a node s € V(G)
such that every radio broadcast schedule with re-
spect to the graph G and the source s has the length
N(logn), where n=|V(G)| is the number of
nodes.

Proof. Fix an arbitrary real number ¢ € (0, i) For
each n > 9, we show that there are 2-degenerate
graphs on n nodes with the radius 2, for which every
radio broadcast schedule has the length at least

|clogn| rounds. It is easy to see that the chosen ¢, n

and m = [n°] satisfy the inequality n—(m?*+m+2)/2>0.

Let G = (V,E) be a graph with n nodes con-
structed from the graph G,,, where m = [n°], by
adding n — (m? + m + 2)/2 new nodes and joining
them to the node s € V(G,,). Then G has the ver-
tex set V(G) = V(Gm) U {wr, ..., Wo(m24mt2)/2}
and the edge set F(G) = E(Gn) U{(s,w;) : 1 <
i < n— (m?+m+2)/2} and obviously graph G is
2-degenerate graph with radius 2. Let s € V(G) be
the source. Since there are no edges between V(G,,) \

{s} and (V(G) \ V(Gn)) \ {s}, the broadcast opera-

tion is performed in the subgraph G,, separately. Pre-
vious lemma implies that it is not possible to com-
plete broadcasting in G, (and also in G) in less than

[logm]| + 1 > logn® > |clogn] rounds. |
Note that, in the previous proof there are more

ways how to construct a graph G satisfying desired
properties. In more general construction we add n —

(m? +m +2)/2 new nodes to the graph G,,. Next we

add new edges to the graph G between the nodes of
the set W = (V(G)\V(Gy,))U{s} (i-e. between newly
created nodes and the source s) in such a way that the
induced graph H = (W) is connected 2-degenerate
graph satisfying eccy(s) < 2.

Since Dy C Dy, C Dy for each k > 2 (see [12]),
the following holds:
Corollary 1. Let k be a positive integer, k > 2. There
is a subclass C of k-degenerate graphs with radius 2
such that:

1. for every integer n, n > 9, there is a graph G € C
such that |V (G)| = n;

2. for every graph G € C there is a node s € V(G)
such that every radio broadcast schedule for G with
respect to the source s has the length 2(logn),
where n = |V(G)| is the number of nodes.

3 Upper bound

In this section we focus on the upper bound of the
length of a radio broadcast schedule. We present algo-
rithms producing radio broadcast schedules for k-de-
generate input reachability graph.

Consider a class of 1-degenerate graphs (remark
that every connected 1-degenerate graph is a tree). In
such a case we can construct a trivial radio broadcast
schedule IT = (Ry,...,R,) with respect to a graph
(tree) G and a source s € V(QG) as follows:

1. Ry :={s}; .
2. Rip1 = 1(R)\ U2  I(Ry), fori > 1.

The condition 2 yields that in the round i+1 a message
is transmitted by all nodes which receive a message in
the round 4 for the first time. It is easy to see that
there is a round p such that R, = ). Letting ¢ :=p—1
one can prove that II is a radio broadcast schedule of
the optimal length.

In what follows we present algorithms producing
a radio broadcast schedule for graphs which belong
to Dy, for a fixed integer k, k > 2.

Theorem 3. Let G = (AU B, E) € Dy, be a bipartite
k-degenerate graph (k > 2) such that degg(v) > 1 for
allv € B. Suppose that all nodes of the partition A are
informed. There is a polynomial algorithm producing
a schedule of the length at most [k?/2] + k + O((1 +
log k) log |B|) such that

— only the nodes of A transmit

— it ensures that all nodes of B become informed, i.e.
every node of the partition B receives a message
in at least one round

Proof. The algorithm works in two phases. During
each phase a part of the resulting schedule is pro-
duced. The goal of each part is to inform all nodes
in the specific subset of B.

Phase 1: Let G be an input graph and denote n =
|[V(G)|. Since G is a k-degenerate graph, according to
Proposition 1, in the polynomial time we can compute
labeling vy, vs, ..., v, of the nodes of G such that for
each i = 1,2,...,n in the induced subgraph G; =
({vi,Vit1,. .., Un}) it holds degg, (v;) < k. It means
that the nodes of G can be ordered in such a way that
there are at most k edges from the node v; to the nodes
of set {viy1,..., v}

For each i, 1 <1i < n, we define a set:

Ndeg(vi) = {Uj (S V(G) . (’Ui,"l}j) S E(G) /\] > Z}

Note that Ngeg(v;) € N(v;) and |Ngeg(vi)| <k for
each v; € V(G). The goal of this computation phase is
to produce a schedule, which ensures that each node
v; € B, such that |N(v;)\ Ngeg(vs)] > 1, becomes
informed. During the computation every node v; €
V(G) has assigned one round, denoted as round(v;),
such that round(v;) € RU{NIL} where R = {1,...,
[k%/2] + k}. Symbol NIL is used for still undefined
round. For a node v; € A, the value round(v;) denotes



a round in which the node v; will transmit a message
during the first part of schedule. For a node
v; € B, it denotes a round (from the other admissible)
in which the node v; receives a message. Initially, we
set round(v;) :== NIL for all v; € V(G). For each node
U, € B we shall maintain the following set during the
computation:

Receive(vy,) ={r:there exists the uniquev; € N (v,,)
such that round(v;) =r # NIL}

The nodes are processed in the sequential order
from v, to v1. After a node v; is processed the following
two invariants hold:

1. for each v; € A such that j > i we have:

— round(v;) # NIL

— round(vm) # NIL, for all v, € Ngeg(v;).
2. for each v; € B such that j > 4 it holds:

— Receive(v;) = 0 = round(v;) = NIL

— Receive(v;) # 0 = round(v;) € Receive(v;)

Now we show, how a node v; € V(G) is processed.
We fix v; € V(G) and suppose that all nodes in the
set {vi11,...,v,} have been already processed.

In case that v; € B we process the node v; as
follows. If Receive(v;) # 0 then we set round(v;) to
an arbitrary element of the set Receive(v;) Otherwise,
round(v;) is unchanged, i.e. round(v;) = NIL.

In case that v; € A the processing of the node is
more complex. For each v, € B we compute the set:

Used(vm) = {round(v) : v € Ngeg(vm)}
Next we compute the following sets:

Unassigned = {vj € Ngeg(v;) : round(v;) = NIL}
Assigned = Ngeg(v;) \ Unassigned
Used" = U Used(v;)

vj€Unassigned

Used = {round(v;):v; € Assigned} U Used"

Finally, we set the value round(v;) to an arbitrary el-
ement of the set R\ Used. Afterwards we set the value
round(vj) := round(v;), for all v; € Unassigned.

The first part of the schedule, which corresponds to
this computation phase, is produced as follows: a node
v; € A transmits a message exactly in the round
round(v;), i.e. R; = {v; € A: round(v;) = j} for each
j €R.

Correctness of phase 1: We use computational
induction to show that during the first phase of the al-
gorithm both mentioned invariants hold after process-
ing of a node.

It is not difficult to see that the claim is true after
processing of a node v; € B. In the case when v; € A,
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we show firstly the correctness of the assignment, i.e.
that R\ Used # () and we are able to choose a round-
number.

Let v, € Unassigned. From the definition of the
set Unassigned it follows that v, € Nge,4(vi) C B,
m > i and round(v,,) = NIL. Since m > i the sec-
ond invariant implies that Receive(vy,) = 0. Thus
each round-number in the set Used(v,,) is assigned
to at least two nodes from the set Ngeg(vy). Other-
wise, there is a node v € Ngeg(vp) such the value
round(u) # NIL and moreover there is no node w €
Neg(vim) such that round(u) = round(w). But it con-
tradicts to Receive(vy,) = (. Since |Ngeg(vm)| < k
and each round-number is used at least twice, it holds
that |Used(vy,)| < k/2. Again using |Ngeq(v;)| < k we
obtain:

k k2
|Used| < |Assigned| + §\Unassigned| < 1 +k—1

Hence there is at least one free round-number and
R — Used # 0, i.e. the defined assignment is correct.

One can verify that according to the assignments
which are created at the moment when the round-
number round(v;) is determined, the first invariant
holds.

Now we shall analyse the second invariant. Since
during the processing of the node v; € A we change
only one round-number in the set A, it is sufficient
to consider validity of conditions of the second invari-
ant only for nodes of the set Nge,(v;) C B. Since for
each node v, € Assigned it holds that round(v,,) ¢
R\ U sed, validity of the conditions remains unchanged
for the nodes of the set Assigned. Consider a node
vm € Unassigned. Since after processing of v; it holds
that NIL # round(v;) = round(v,) ¢ Used and
round(vp,) ¢ Used = round(vy,) ¢ Used(vy,) CUsed.
Since v, € Unassigned, the first invariant implies
that before processing of v; there is no node v; €
N(vm)\N(vmm) € A such that round(vj) # NIL. Both
this facts we can summarise into the claim: There is no
Vj € Ngeg(vm,) such that round(v;) = round(v,,) and
round(vj) = NIL, for all v; € (N(vmm) \ Naeg(vm)) \
{v;}. This claim implies that Receive(v,,) #  and
round(vy,) € Receive(vyy,).

Since after processing of all nodes both invariants
hold, we show that each node v,, € B, which sat-
isfies N (vs,) \ Naeg(vm) # 0, become informed after
execution of the first part of schedule. Let v,, € B
be a node such that N(vp,) \ Ngeg(vm) # 0 and let
v; € A be a node such that v; € N(vp) \ Naeg(vm).
The definition of Ngey(vy,) implies that ¢ < m and
thus vy, € Ngeg(v;). Finally, the first invariant guar-
anties that round(v,,) # NIL. Hence the second in-
variant implies that round(vy,) € Receive(vy, ), i.€. Um
receives a message in at least the round round(v,y,).
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It follows that only the nodes v; € B, for which
N(v;) = Ngeg(v;), can be uninformed. For such uni-
formed nodes it holds |N(v;)| = |Ngeg(vi)| < k.

Phase 2: The goal of this phase is to inform all re-
maining uninformed nodes. Since for every uninformed
node v; € B it holds that |N(v;)| < k, we can use
the algorithm from Theorem 1 to produce the sec-
ond part of the schedule. Using the input collection
F ={{j:vj € N(v;)} : v; € Bis uninformed}, the al-
gorithm produces a collection & = {S1,...,S,} as an
output, where p = O((1 + log k) log |B|). The second
part of schedule is constructed using the following defi-
nition R,y g = {vi € A:i € S;}foreachj, 1 <j <p,
where R is the set of the size [k?/2]+k which has been
defined in the Phase 1. Correctness of the produced
schedule follows from Theorem 1.

Complexity: The total length of produced sched-
ule is [k%/2] + &k + O((1 +log k) log | B|) rounds. Since
both phases take polynomial time, the designed algo-
rithm is polynomial as well. O

Theorem 4. Let G = (V, E) be a directed connected
k-degenerate graph (k > 2), i.e. G € Dy. Then there
ezists a polynomial algorithm producing a radio broad-
cast schedule of the length D.([k?/2] + k + O((1 +

logk)log %)).

Proof. Since each subgraph of a k-degenerate graph is
k-degenerate too, we use the algorithm from the proof
of Theorem 3 to inform the nodes of every consecu-
tive layer, i.e. broadcasting is scheduled layer by layer.
The length of the schedule follows from the fact that
ZiD:1 log|L;| obtains maximal value for |L;| = n/D.
O

Since k is fixed constant, the previous theorem im-

plies the following corollary:
Corollary 2. Let k > 2 be an integer and Dy be
a class of k-degenerate graphs. The there is a poly-
nomial deterministic algorithm which produces a ra-
dio broadcast schedule of length Or(Dlogn/D) with
respect to a reachability graph G € Dy, and a source
s € V(G).

It is not difficult to see that for k-degenerate graphs
with diameter o(logn) proposed algorithm produces
radio broadcast schedules of shorter length than
known algorithms for general case.

4 Conclusion

For a fixed positive integer k, we focused on deter-
ministic centralized radio broadcasting in radio net-
works whose reachability graphs are k-degenerate. In
view of the presented lower bound, the proposed algo-
rithm produces asymptotically optimal radio broad-
cast schedules for k-degenerate graphs of constant di-
ameter. The lower bound shows that planar graphs

differ from 5-degenerate graphs from the viewpoint of
broadcasting problem. The algorithm also gives a par-
tial approximation to open problem (stated in [11])
whether there is a polynomial algorithm producing
a broadcast schedule of the length O(opt(G).logn),
where opt(G) is the length of the shortest broadcast
scheme on G. However the problem, whether it is pos-
sible to use an assumption about bounded average de-
gree of arbitrary reachability graph in order to design
algorithm producing shorter radio broadcast sched-
ules, remains open.
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Abstrakt V tomto ¢lanku navrhujeme systém pre riade-
nie administrativnych procesov. Klicovd myslinka je zalo-
Zend na tom, Ze kaZdd aktivita v rdmci administrativneho
procesu méze byt spustend iba ak spl/ria dopredu definované
podmienky. Systém pocas behu administrativneho procesu
monitoruje a zbiera informdcie o dokumentoch, ucastni-
koch a uz ukoncéenych aktivitich. Na zdklade toho sa ment
kontext urcitého poustvatela a kontext pracovného procesu.
Pokial st splnené podmienky pre vyvolanie nejakej aktivity,
tak systém zmend stav kontextu pracovného procesu a kon-
textu uivatela a informugje ho o novo spustenej aktivite.
Kazdd aktivita md zdroven stanoveny c¢as majneskorsieho
ukonéenia, ktory je monitorovany a su poddvané informd-
cte o kritickych a prioritnych aktivitich, tak aby bol admi-
nistrativny proces véas ukoncéeny. Na zdpis administrativ-
neho procesu je pouZity ontologicky jazyk, ktorym su popi-
sane ontoldgie pre uFfvatela, pousité dokumenty a admin-
istrativny process. Zdroven je oddelend generickd drovern
ontoldgie pre zdpis lubovolného pracovného procesu a $pe-
cifickd uroven ontoldgie, kde je popisand Struktura orga-
nizdcie a pracovného procesu. Jednotlivé casti ¢lanku sa za-
oberaji modelovanim administrativneho procesu, spésobom
spustania konkrétnych aktivit na zdklade kontextu pracov-
ného procesu s pouzitim ontologického zdpisu. Tento systém
je mnavrhovany a implementovany v rdmci projektu
RAPORT.

1 Uvod

V stcasnej dobe, systémy riadiace tok préace (workflow
management system - WEMS) st pouzivané na harmo-
nizaciu a zvysenie efektivnosti administrativnych pro-
cesov [1]. Oblibena definicia terminu tok prace (work-
flow): Workflow doruéi spravne déta spravnym ludom
pomocou spravnych ndstrojov v spravnom case [2].
Vdaka tomu workflow systémy sa javia ako idedlne
rieSenia pre automatizaciu denno dennej prace pomo-
cou poskytnutia spravnych materidlov ludom, ktorf ich
potrebuji. Na dosiahnutie tohto ciela pouzivame kon-
text pouzivatela a kontext pracovného procesu. Tento
¢lanok sa snazi predstavit pohlad na spustaci mech-
anizmus pracovnych aktivit zalozenych na porovnani
poziadaviek na spustenie pracovnej aktivity vyjadre-
nej ako kontext aktivity a kontextu pracovného pro-

cesu. Navrhovany systém vyuziva ontolégie na popis
pracovnych prostriedkov, ktoré poskytuji zdielané
spolo¢né chapanie konceptov toku prace. Tento systém
je testovany na aplikacii pripravy vojenskych cviceni
v ramci projektu RAPORT.

2 Architektara systému RAPORT

Architektira je navrhnutd vseobecne s ohladom na
pouzitie v lubovolnom pracovnom procese. Takisto be-
rie do uvahy pouzitie v pilotnej aplikacii administra-
tivnych procesov v CST (Centre Simulaénych Tech-
noldgif). Systémova architektira vychadza z nasledu-
jucich poziadaviek:

— zachytévanie skiisenost{ od uzivatelov [3] a prezen-
tacia uzitoénych rad uzivatelom, ktori pracujd na
rovnakej alebo podobnej aktivite identifikovanej
pomocou podobnosti kontextu pouzivatela s kon-
textom, ked bola zachytend skisenost, dohliadanie
nad prave vykondvanymi tréningovymi planmi,
ktoré obsahuji dolezité terminy, ktoré je nutné
dodrzat;

— informovanie uzivatela na o délezitych terminoch,

— priprava dokumentov uzivatelom podla délezitych
terminov ako napriklad pred pripravené emailové
spravy, dokumenty a formulare a informovanie uzi-
vatelov o nich,

— podpora vymeny skidsenosti medzi uzivatelmi
a podpora spoluprace.

Trojvrstvové architektura je nac¢rtnuta na obrazku 1,
ktord je tvorend tromi vrstvami: ddtova vrstva (data
layer), procesnd vrstva (process layer) a prezentacnd
vrstva (presentation layer). Pri spustani pracovnych
aktivit si uplatnené algoritmy na spracovanie a ana-
lyzu informécii (procesnd vrstva), ktoré pracuji nad
informéciami ulozenymi v ontologickom tlozisku (d&-
tovd vrstva). Komunikédcia prebieha prostrednictvom
aplika¢ného rozhrania pouzitého ontologického nastro-
ja, v pripade projektu RAPORT je pouzity nastroj
Jena na pristup k ontologickému tlozisku.
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Obrazok 1. Architektira systému RAPORT.

3 Ontologicky model pracovného
procesu

Tvorba ontoldgie je netrividlny problém, ktory nie-
len znalosti v obore informac¢nych technolégii, ale aj
znacné znalosti v modelovani danej domény. Na zjed-
nodu§enie procesu vytvarania ontolégii bolo navrh-
nutych niekolko metéd. Zékladné principy vytvérania
ontoldgii st odvodené od metodolégie Common-
KADS [4], ktora sa zaoberd spoloénymi principmi vy-
tvarania znalostnych systémov. Pre vytvorenie vSe-
obecného systému bol znalostny systém bol postaveny
na zaklade ontolégického popisu. Boli navrhnuté dve
urovne ontoldgie: generickd a Specifickd. Genericka
ontolégia popisuje zékladné koncepty pouzité v admi-
nistrativnych procesoch ako si Osoba, Proces alebo
Aktivita. Zaroveii si modelované aj vztahy medzi nimi.
Vytvéaranie S$pecifickej ontolégie vyzaduje analyzu
konkrétnych typov procesov pouzitych pre navrhovani
aplikaciu. Pre pilotni aplikaciu systému RAPORT bo-
la analyzovana priprava vojenského cvicenia v CST.
Boli rozpracované funkéné a procesné modely na zak-
lade ktorych bola navrhnutd ontolégia pre pripravu
vojenského cvicenia.

Hlavny ontologicky model sa sklada z troch onto-
logickych modelov, ktoré si postavené na zdklade ge-
nerickej ontolégie a poskytuji tak vseobecny pohlad
na prostriedky nevyhnutné pre modelovanie adminis-
trativneho procesu:

— Ontoldgia toku prace (Workflow ontology) je zék-
ladn4 éast ontologického modelu, ktord zahfia de-
finiciu typov ako aj inStancii pracovného procesu.

— Ontoldgia dat (Data ontology) obsahuje Specifikd-
cie vstupnych a vystupnych dokumentov a defini-
ciu metadat, ktoré si pouzité v administrativnom
procese.

— Ontoldgia pouzivatela (User ontology) zahfiia me-
tadata o ucastnikoch administrativneho procesu.

Zmienené ontoldégie si rozsirené specifickou ontolo-
giou, tak aby dostatocne popisali konkrétny typ admi-
nistrativneho procesu. Na pochopenie navrhovanych
principov spustania aktivit v administrativnych pro-
cesoch nie je nutnd znalost $pecifickej ontolégie.

4 Model spustania aktivit
administrativnych procesov

V nasledujticej ¢asti je popisany princip spustania
aktivit a navrhovany ontologicky model. Proces je mo-
delovany pouzitim aktivit. Kazda aktivita je mode-
lovand pomocou vstupného kontajnera (input contai-
ner), vystupného kontajnera (output container) a za-
interesovanych osob. Vstupny (vystupny) kontajner
popisuje prostriedky, ktoré vstupuju (vystupuji) do
(z) popisovanej aktivity. Tieto prostriedky su obycajne
odkazy na dokumenty pouzité alebo spracované v da-
nej aktivite, ktoré si (alebo budil) ulozené v stiboro-
vom systéme. Aktivity st sptistané na zaklade udalost{
(trieda Fvent) generovanych systémom v pripade, zZe
st splnené podmienky na spustenie aktivity. Teda akti-
vity st spustané za behu systému, kde nie je presne
uréené, ktord aktivita bude spustena. Spustenie aktiv-
ity zdvisi len od stavu (mnoziny ukonéenych aktivit,
dostupnych dokumentov a dostupnosti pozadovanych
0s6b) pracovného procesu. Udalosti mozu byt pouzité
na vyvolanie histérie spustania aktivit alebo potvrd-
zovanie sptistania aktivity prostrednictvom osoby do-
hliadajticej nad korektnym sptstanim aktivit v admi-
nistrativnom procese. Obrazok 2 vyjadruje model pra-
covného procesu. Ontologicky zapis abstraktného pra-

Activity1

‘

Obrazok 2. Model pracovného
sptistani aktivit pomocou udalosti.

procesu zalozeny na



covného procesu je definovany triedou Abstract Work-
flow, ktord obsahuje mnozinu udalost{ (instancie trie-
dy AbstractEvent), ktoré mozu byt spustené v ramci
daného pracovného procesu. Trieda AbstractEvent je
kldGovou pri spustani konkrétnych aktivit, pretoze
obsahuje vlastnost contextRequirement, kde je zapisa-
né podmienka na spustenie konkrétnej aktivity. Spus-
tacim mechanizmom je platnost tejto podmienky
v rdmci konkrétneho pracovného procesu. Rozhodo-
vaci algoritmus je zalozeny na porovnani vlastnosti
contextRequirement a kontextu (context) triedy Work-
flow. Kde kontext pracovného procesu context je mno-
Zina zahfniajica zainteresované osoby (Actor), doku-
menty (Document) ako aj ukonéené aktivity (Activi-
ty). Vlastnost context je definované (podla [5]) ako

Work flow.context € Actor U Document U Activity
(1)
a poziadavky na kontext pre spustenie aktivity con-
textRequirement

Abstract Event.context Requirement € owl : Class

(2)
Trieda AbstractEvent len definuje predpis akym sposo-
bom sa ma vytvarat konkrétna instancia triedy Event.
Rozhodovaci algoritmus potom porovnéva, ¢i inStancie
vlastnosti context st pozadovaného typu. To znamena,
ze je mozné stanovit nutné podmienky, kedy sa mé
vytvorit instancia typu Ewvent, ktord nésledne spusti
pozadovanu aktivitu. Na obrazku Obrazok 3. je zna-
zornend, ¢ast generickej ontolégie spolu s vzajomnymi
relaciami jednotlivych tried. Predopkladajme, ze méa-
me definovany pracovny proces, v ktorom vstupy su
dokumenty spracovavané v pracovnej aktivite a vys-
tupom je tiez mnozina dokumentov. Potom ontologicy
zapis podmienok na spustenie pracovnej aktvity (pozri
obrazok 4) ,,Spracovanie bojovej dokumentdcie* zaht-
na mnozinu typov dokumentov vstupujicich do danej
aktivity, teda dokumenty Al a B.

Workflow a ontext™

belongsToExercise

Obrazok 3. Ontologicky model pouzity pri spustani ak-
tivit.
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A1-ndmet cvifenia
B - Roskaz k priprave cvidenia

hojowd dokurmentacia - "modr” bojovd Aoz - "Serveni’

riadiaci cvitienia

Specialita piprry
CAK

Plénovarie
rozohry
nepriatela

Spracovaniz
bojove
dokument

il

ciitiaci - "Servent”

Epacialcla prpravy
cix

C - Bojov dokumentacia
D - Plén rozohey nepriatela

Obrazok 4. Schématické znazornenie pracovnych aktivit.

Abstract Event.context Requirement = { A1, B} (3)

Systém monitoruje novovytvorené dokumenty a vzdy

vykond porovnanie aktudlneho kontextu pracovného
procesu s pozadovanym kontextom na spustenie pra-
covnej aktivity AbstractEvent. contextRequirement.
Toto porovnanie prebehne pre vsSetky definované
instancie triedy AbstractEvent. Ak je splnend pod-
mienka

Abstract Event.context Requirement C
Work flow.context ,

tak je spustena nové aktivita prostrednictvom vytvo-
renia inStancie pracovnej aktivity, ktorej trieda je za-
pisana v AbstractFEvent.activityClass. Tento postup je
mozné uplatnit na lubovolné elementy vstupujice do
pracovného procesu, ktoré mézu byt zachytené v sys-
téme ako napriklad osoby, ukon¢ené aktivity, terminy
a podobne.

5 Zhrnutie

Definicia podmienok umoziiujicich testovat zaradenie
prostriedkov dostupnych v rdmci pracovného procesu
do uréitej triedy poskytuje sirsie moznosti pri spistani
aktivit. Jednou z hlavnych vyhod je to, ze aktivita
nemusi byt zavisla len na ukonéeni nejakej inej akti-
vity, ale aj na dostupnosti dokumentov, pritomnosti
zainteresovanych osob alebo ich kombindcii. Dalsou
vyhodou je moznost priddvania, mazania alebo tpravy
podmienok pocas behu systému bez toho, aby to na-
rusilo konzistenciu ulozenych dat.

Tento pristup vsak kladie zvySené naroky na tudrz-
bu alebo spétni rekonstrukciu pracovného procesu,
pretoze aktivity su prepajané pomocou udalosti.

Mozné rozsirenie popisovaného systému spociva
v pouziti ¢asového rozvrhu pri testovani kontextu pra-
covného procesu (vytvorenie triedy Schedule), ¢o by
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umoznilo automaticky generovat udalosti, ktoré by
mohli mat informativny alebo varovny charakter pri
nedodrzani stanovenych terminov.

6 Zaver

V tomto ¢ldnku bol prezentovany pristup spustacieho
mechanizmu pracovnych aktivit s pouzitim ontoldgii.
Ontolégie tu slizia nielen ako datové ulozisko, ale za-
roven st vyuzivané érty ako dediénost alebo zaradenie
instancii do tried. Popisovany pristup je vo faze imple-
mentéicie v ramci projektu RAPORT, kde je mode-
lovany a testovany na aplikacii pripravy vojenského
cvicenia v CST N&arodnej Akadémie Obrany v Lip-
tovskom Mikulasi.

Podakovanie. T4to praca bola podporend APVT-51-
024604 , NAZOU SPVV 1025/2004, EU RTD IST K-
Wi Grid FP6-511385 and VEGA No. 2/6103/6.
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Abstract. We obtain a new infinite hierarchy of classes
of semilinear languages by a gradual topological relazation
of word order in sentences generated by dependency gram-
mars. This hierarchy starts by context-free languages. From
some already known results it follows that the (classes of)
languages forming the hierarchy are recognizable in poly-
nomial time and space.

1 Introduction

The notion of free-order dependency grammar (in the
following, simply called dependency grammar) was in-
troduced in [6] as a formal system suitable for depen-
dency-based parsing of natural languages. In a certain
way this notion enriches the interpretation of a type
of dependency grammars described in [1].

The proposal of this system was based upon the ex-
perience acquired during the development of a gram-
mar-checker for Czech and as a possible next step to-
wards a complete syntactic analysis following the un-
derlying ideas of the dependency-based framework of
Functional Generative Description - FGD ([10]). Com-
pared to FGD and other usual formal systems describ-
ing the syntax of natural languages, the framework in-
troduced by dependency grammars takes a serious ac-
count for the freedom of word order in a sentence and
assigns the same importance to linear precedence (LP)
rules as to immediate dominance (ID) rules.

As the freedom of word order is not total, even in
so-called free-word-order languages, one needs to con-
strain the formalism in order to not overgenerate the
actual language.

In [9], a measure for the freedom of the word or-
der was studied, based on the number of gaps issued
in a sentence by the order of their words (node-gaps-
complezity). Both global and local constraints on the
maximal number of gaps at some node in the struc-
ture underlying the sentence were studied. In the view
of node-gaps-complexity, word order relaxation means

* The first author was supported by the grant ET75/2005
of the Romanian Ministry of Education and Research.
The second author was supported by the program ‘In-
formation Society’ under project 1ET100300517.

to stepwisely relax the constraints in order to obtain
more complex language constructions. In this paper,
we work only with global constraints, similarly to [4].
The main results achieved in [4] were incomparabil-
ity results of classes of languages due to the subset
relation for a special type of dependency grammars.
Here we present a new hierarchy of naturally composed
classes of languages, based on global constraints only.
We use similar techniques for mutual separations of
this composed classes as in [4] for the simple classes.
The hierarchy illustrates the power of the dependency
parser [5].

Two types of syntactic structures related to depen-
dency grammars are used: DR-trees (Delete Rewrite
trees) and D-trees (Dependency trees). If D-trees con-
cern the dependency structure of the sentence, DR~
trees rather concern the generation/parsing of the sen-
tence. The two types of structures are related by the
fact that any DR-tree can be transformed in an uni-
form way into a D-tree. The measure for the number
of gaps in a sentence computed in the nodes of the
structure was originally introduced for both DR-trees
and D-trees. In this paper, we work mainly with the
node-gap complexity for DR-trees.

In Section 4, we present the main result of this pa-
per, i.e. the infinite hierarchy of classes of semilinear
languages generated by dependency grammars. The
first class in this hierarchy is the class of context-free
languages without empty strings. Further, it follows
from the results presented in [6,9,7] that the lan-
guages from this hierarchy can be recognized in poly-
nomial time.

2 DR-trees and D-trees

Let M be a set. Let Tr = (Nod,Ed,Rt,Ann)
be a 4-tuple, where Nod is a set (the set of nodes),
Rt € Nod is a special node (the root), Ed : Nod \
{Rt} — Nod is a function (the set of edges) and Ann :
Nod — M is a function (the annotation function). We
call path in Tr any sequence of nodes from Nod, p =
(n1,n2,...,ng), with £ > 1, such that Ed(n;) = n;41,
fori =1,...k—1. We say that pis a path of length k—1
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from ny to ng. If k > 1, we denote p by Path(ni,ng).
We say that Tris a M-annotated tree iff the graph
(Nod, Ed) creates a tree such that from any of its
nodes leads a path to Rt. Let n € Nod be a node in
Tr. We say that n is a leaf iff n # Ed(n'), for any
n’ € Nod.

We say that Tris a finite M-annotated tree iff its
set of nodes, Nod, is finite. In the sequel of this paper,
we will work only with finite annotated trees, without
clearly mention it.

If Tr = (Nod, Ed, Rt, Ann) is an annotated tree,
and if ny,ns € Nod are two nodes in T'r then there
exists at least one node n3 € Nod such that there ex-
ist a path from nq to n3 and a path from ns to ns.
This last remark allows us that for any two nodes if
ny,ne € Nod to denote by sup(ni,ns) the first node
in Tr which connects n; and nao, i.e. (nq,...,Rt) and
(na, ..., Rt) are the paths from n; respectively ns to
Rt, then sup(ni,ng) is the first node, which belongs
to both of these paths. From the definition of an an-
notated tree, sup(ni,ng) is uniquely defined by this
property.

Let Tr; = (Nod;, Ed;, Rt;, Ann;), for i = 1,2, be
two M-annotated trees. We say that Try and T'ry are
equivalent iff there is a bijection f : Nod; — Nods
such that:

i) f(Edi(n)) = Eda2(f(n)), Vn € Nody \ {Rt1};

ii) f(Rt1) = Rta;

iii) Anni(n) = Anna(f(n)), Yn € Nod,.

We call f an isomorphism between Try and T'rs.

In [6], (free-order) dependency grammars were in-
troduced, as a rewriting device over two alphabets, of
non-terminals and, respectively, terminals. In its gen-
eral form, a dependency grammar can rewrite both
non-terminals and terminals, by a finite set of rules
(productions). Throughout this paper, we will work
with dependency grammars, which rewrite only non-
terminals (in a similar way to context-free grammars),
therefore, we will not use terminals on the lefthand-
sides of the rules.

We call dependency grammar a structure G =
(N,T,S,P) such that N and T are non-empty, fi-
nite sets (the set of nonterminals, respectively, of ter-
minals), S € N is the start symbol and P is a fi-
nite set, called the set of productions such that P C
(NxVV x{L,R})U(N xT), where V.= NUT. Some-
times, we will write the productions in P as A —, BC,
A —r BC, A — a instead of (4, BC, L), (A, BC,R),
respectively (A4, a).

Denote by Nat the set of natural numbers not
equal to 0, by [n] the set of the first n elements of
Nat and by Naty = Nat U {0}.

Let G = (T, N, S, P) be a dependency grammar
and denote V.= NUT. A DR-tree created by G is
a V-annotated tree Tr = (Nod,Ed,Rt,Ann) such that:

1. Nod C Nat x Nat. If Ed(i,5) = (k,1) then j <.

2. A node (i,j) € Nod is a leaf if and only if j = 1
and Ann(i,j) € T.

3. If (1,5) € Nod, with j # 1 and Ann(i,j) = A,
then one of the following cases necessarily occurs:

a. j = 2 and there is exactly one node n € Nod
such that Ed(n) = (4,7); in this case n = (i, 1)
and if Ann(n) = a, the production A — a
belongs to P.

b. There are exactly two nodes ny,ns € Nod such
that Ed(ny) = Ed(n2) = (4,7); in this case
either:
bl. ny = (i,k) and ny = (I,m) with [ > 4,

max(k,m) = j—1 and if Ann(n;) = B and
Ann(ns) = C, the production A — BC
belongs to P, or

ny = (I,k) and ny = (i,m) with | < ¢,
max(k,m) = j—1 and if Ann(n,) = B and
Ann(ng) = C, the production A —r BC
belongs to P.

Let n, € Nod,n, = (i,7). We say that ¢ is the hori-
zontal position of n, and j is the vertical position
of n, (see the example of a DR-tree in Figure 1). Let
Ed(n1) = no, ie., e = (n1,n2) € Ed. Let i be the
horizontal position of n; and j the horizontal position
of ny. If ¢ = j we say that e; is a V-edge, if i > j
we say that e; is an L-edge, if ¢ < j we say that e; is
a R-edge.

b2.

S
A
Tr
Ay By
1 B2
2 b1
a a a by by by by

bi b1 by by

Fig.1. An example of a DR-tree and its corresponding
D-tree.



We say that a DR-tree Tr = (Nod, Ed, Rt, Ann)
is complete iff for any leaf (i,1) € Nod, if i > 1
then also (¢ — 1,1) € Nod. For any complete DR-
tree Tr = (Nod, Ed, Rt, Ann) that is created by a de-
pendency grammar G = (N,T,S, P), we define the
sentence associated with Tr by s(Tr) = ajas ... ay,
where n = max{i | ({,1) € Nod} and Ann(i,1) = a;,
for any i € [n]. Obviously, s(Tr) C T". In the sequel,
we will consider that a dependency grammar creates
only complete DR-trees.

Let G = (N,T,S,P) be a dependency grammar.
We denote by:

— T(G) the set of DR~trees created by G and rooted
by S;

— DR-L(G) = {s(Tr) | Tr € T(G)} the language
generated by G, through the set of DR-trees.

Let T'rqy = (Nody, Edy, Rt1, Anny) and Tre =
(Nody, Edy, Rts, Anns) be two DR-trees created by
the grammar G = (N, T, S, P). We say that Try and
Tro are DR-equivalent iff there is an isomorphism
f:Nod;— Nods between T'ry; and Trs as V-annotated
trees and:

1. f(i,4) = (s,]), for any node (i,5) € Nod;.
2. If (i,5) € Nody, with j # 1 and f(i,5) = (s,7),
then:
a. if there is exactly one node n € Nod; such
that Ed(n) = (¢,7) then f(n) = (s,j —1).
b. if there are exactly two nodes ni,ne € Nod
such that Ed(n,) = Ed(ng) = (i,j) then ei-
ther:
bl. if ny = (4,k) and ny = (I, m) with [ > 4,
then f(m) = (s,k) and f(nz) = (t,m)
with ¢ > s or

b2. if ny = (I,k) and ne = (i,m) with [ < 4,
then f(ny1) = (t,k) and f(n2) = (s,m)
with ¢ < s.

We say that f is a DR~isomorphism between T'ry
and T'rs.

Let T be an alphabet and Tr=(Nod, Ed, Rt, Ann)
be a T-annotated tree such that Nod C Nat. We call
Tr a D-tree over T (see the example of a D-tree in
Figure 1). A DR-tree Tr = (Nod, Ed, Rt, Ann) can be
transformed by contracting its vertical edges in a D-
tree dTr = (dNod, dEd, dRt, dAnn) in the following
way:

1. dNod = {i | (i,1) € Nod}. dRt = i iff Rt = (i, ),
for some j € Nat.

2. Leti € dNod be anode in dTrand (i,1) € Nod the
corresponding leaf in 7Tr. We consider the path p =
(n1,n2,...,n) in Tr from n; = (4,1) to ny = Rt.
We also consider the natural number r = max{/ |
n; = (4,5),j € Nat}. Then one of the following
cases necessarily occurs:

Free-order dependency grammars 53

If r = k then dRt = 4. If r < k and n,41 = (s,1)
then dEd(i) = s.
3. dAnn(i) = Ann(i, 1), for any i € dNod.

We say that d7r is the D-tree corresponding to Tr.
We write dTr = cr(T'r).

The D-tree dT'r represented in Figure 1 is corre-
sponding to the DR-tree T'r from the same figure. If
dTr is a D-tree corresponding to a DR-tree created
by a dependency grammar G, we say that dT'r is cre-
ated by G as well. A D-tree is complete if it corre-
sponds to a complete DR-tree. Let dEd(i) = 7, i.e.,
e1 = [i,j] € dEd. If i > j we say that e; is an L-edge,
if 1 < j we say that ey is a R-edge.

3 Node gaps complexity

Let Tr = (Nod, Ed, Rt, Ann) be an annotated tree,
n € Nod be a node. We define the covering subtree
of n in Tr by the following annotated tree, Tr, =
(Nod,, Ed,, Rt,, Ann,) such that :

i) Nod, ={n' | there is a path from n’ to n in Tr};
i) Ed,(n')=Ed(n’), Vn' € Nod,\{n};

iii) Rt,, = n;

iv) Annp(n’) = Ann(n’), ¥n' € Nod,,.

Let Tr = (Nod, Ed, Rt, Ann) be a complete DR~
tree and n € Nod be a node. Consider

Tr, = (Nod,, Ed,, Rt,, Ann,) the covering sub-
tree of n in T'r. We define the coverage of n in T'r by
the set Cov(n,Tr)={i € Nat| there is a node (i,1) €
Nod,}. Let n € Nod be a node in Tr such that
Cov(n, Tr) = {i1,i2,...,im}, With i1 < is < ... < ip
and ;41 —4; > 1 for some j € Nat, j < m. We say
that the pair (i;,4;4+1) is a gap in Tr at the node n.
Let Tr = (Nod, Ed, Rt, Ann) be a complete DR-tree,
n € Nod be a node and Cov(n,Tr) be its coverage.
The symbol DR-Ng(n,Tr) represents the number of
gaps in Tr at the node n. The symbol DR-Ng(Tr)
is the maximum number of gaps in Tr at any node
n € Nod:

DR-Ng(Tr) = max{DR-Ng(n,Tr) | n € Nod}.

We say that DR-Ng(Tr) is the DR-node-gaps com-
plexity of Tr. We say that Tr is projective iff DR-
Nyg(Tr)=0.

Let G = (N,T,S, P) be a dependency grammar.
We denote by:

— T(G,i) C T(G) the set of complete and rooted by
S DR-trees T'r created by G with at most ¢ gaps,
DR-Ng(Tr) < i;

— DR-L(G,i)={s(Tr) | Tr € T(G,i)} the language
generated by G, through DR-trees with at most i
gaps.
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— DR-dT(G,i) = {cr(Tr) | Tr € T(G,i)} the dT-
language generated by G, through DR-trees with
at most 7 gaps.

We mention the following obvious claims.

Claim. Let G be a dependency grammar. Then the
following inclusions hold for any i € Naty.
T(G,i) CT(G,i+1) CT(G),
DR-L(G,i) C DR-L(G,i+1) C DR-L(G),
DR-dT(G,i) C DR-AT(G,i+1) C DR-AT(G).

Claim. For any complete DR-tree T'r; created by a de-
pendency grammar G there exists a DR-equivalent
projective complete DR-tree T'ry created by the same
grammar G.

Claim. Let us suppose that Trs is a DR-tree DR-
equivalent to Tr1. Then T'r3 is also created by G.

Let us note that the same node-gaps-complexity
measure can be considered for D-trees (see e.g. [6, 8]).
The two complexity measures are quite different. We
can easily define a non-projective DR-tree for which
the corresponding D-tree is projective. It is not hard
to see that for (our type of) dependency grammars is
not easy to transfer the results obtained by node-gap
comlexity based on DR-trees into results obtained by
node-gap comlexity based on D-trees. In the following,
we focus only on the node-gap complexity based on
DR-trees.

4 Hierarchy

In the sequel of this paper, we will consider only de-
pendency grammars in a normal form described by
the following properties: the start symbol does not oc-
cur in the righthand side of any production; in any
production of the form A — a, the lefthand side non-
terminal is the start symbol; any production is used
in at least one complete DR-tree created by the gram-
mar and rooted by the start symbol. It is not hard
to see that the D-grammars with the previous restric-
tions keep the power of nonrestricted D-grammars due
to the generation of the languages and of the sets of
D-trees.
We denote by:

— DR-L(i) = {DR-L(G,i) | G is a dependency
grammar} — the classes of languages generated by
dependency grammars through the set of DR-trees
with at most ¢ gaps;

— DR-DT(i) = {DR-dT(G,i) | G is a dependency
grammar} — the classes of dT-languages generated
by dependency grammars through the set of DR~
trees with at most ¢ gaps.

Let 2 € Naty, we denote

DR-LU(i) := U DR-L(j),
§=0
DR-DTU(i) := U DR-DT (j),
§=0
DR-LU (00) = G DR-L(7),
j=0
DR-DTU(x0) := [j DR-DT (3).
j=0

The next proposition follows from definitions.
Proposition 1 For any i € Natg holds
DR-LU(i) € DR-LU(i 4+ 1) C DR-LU(0),
DR-DTU(i) C DR-DTU(i + 1) C DR-DTU(0).

To prove the main results of this paper we will
define two types of languages of a particular kind. Let
n € Nat be a natural number, V = {by,...,b,} be
an alphabet and [,a € V be two distinct symbols.
Denote by Liab, ..., and Li% , two languages over
VU{l,a} such that Ligp, .5, = { 1a™"(b1)™ ... (bn)™ |
m € Nato} and Ligg* , = {lw|we (VU{a})T,
lwlg = mn,|wlp, = ... = |wlp, = m,m € Nato},
where |w|, denotes the number of occurrences of the
symbol b in the string w.

In the sequel, we will consider languages bounded
between Liqp, .5, and Lf%?..bw for appropriate nat-
ural numbers n and letters by, ..., b,.

First, we prove that for the generation of a lan-
guage of this kind by a dependency grammar G, the
(necessary) node gaps complexity of the DR-trees cre-
ated by G increases with n.

Theorem 1 (deleting theorem) Let L € DR-L(7)
be a language. Then, there exist two natural constants
p,7 € Nat such that for any sentence w € L with
|w| > p, there exists a decomposition of w in w =
Q10102 . . . Qrar 041 Such that the following conditions

hold:

i) lan| > 0, for any h € [r];
LZ) |a1 ...a7~| < p;
ZZZ) Q1A ... OpQlpyq € L.
i) If r > i+ 1 there are at most i distinct indices h
such that 1 <h <r+1 and |ap| > p.



Proof Let G = (N, T, S, P) be a dependency gram-
mar such that L = DR-L(G,i). Let no be the num-
ber of nonterminals in G. Denote p = 2"°*1. Let us
consider a sentence w € L with |w| > p and a DR-
tree Tr = (Nod, Ed, Rt, Ann) created by G such that
s(Tr) = w. Since T'r is a binary tree with |w| leaves,
it results that there exists at least a (bottom-up) path
(ng,n1,...,Nnot1) in Tr. The nodes on this path are
annotated by more than no nonterminals, thus in the
sequence Ann(ny), ..., Ann(nno+1) there exist at least
two equal nonterminals. Let us consider the first two
equal nonterminals in this sequence, i.e. let us con-
sider two indices 1 < s < t < no + 1 such that
Ann(ns) = Ann(ny).

We consider the set Cov(ng, Tr)\Cov(ns, T'r), than
we take the maximal sequences of consecutive indexes
in this set and we denote by aj, with h from 1 to
a certain r the (non-empty) strings of terminals that
correspond in w to these sequences of indexes. Let w =
a1a1Qs . .. apareq1. Obviously, we have |ap| > 0, for
any h € [r] and |a; ... a,| < p (conditions i) and ii) of
the theorem).

Further, we may replace the covering subtree T'r,,,
with the covering subtree T'r,,, (preserving the com-
pleteness under the transformation) and the resulted
DR-tree Tr' is still a complete DR-tree created by
G. Obviously the transformation will not increase the
number of gaps. It results s(Tr') = ayay ... ap11 € L,
which proves condition iii) of the theorem.

Finally, if r > i + 1, suppose towards a contradic-
tion that there exist ¢ + 1 distinct indices h; such that
1 < hj <r+1and |ay,| > p, for all j € [i 4 1]. We
observe that none of the gaps induced by «ay;, with
J € [t + 1] in the coverage of n; in Tr can be fulfilled
by the coverage of ng in T'r, since the latest one has
at most p elements. It follows that DR-Ng(ng, Tr) >
1+ 1 which is a contradiction with the assumption that
Tr € T(G,i). This means that also the condition iv)
of the theorem is true. ]

Theorem 2 (second deleting theorem) Let L €
DR-LU(7) be a language. Then, there exist two natural
constants p,r € Nat such that for any sentence w € L
with |w| > p, there exists a decomposition of w in w =
Q1a1Q3 . . . Qa1 Such that the following conditions
hold:

i) lan| >0, for any h € [r];
i) lay...ar| < p;
iil) e ... ppqq € L.
i) If r > i+ 1 there are at most i distinct indices h
such that 1 <h <r+1 and |ap| > p.

Proof It follows immediately from Theorem 1. a
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Proposition 2 Let i,k € Naty be two natural num-
bers such thati < k, V = {b1,...,bar} be an alphabet,
l,a &'V be two distinct symbols and L be a language
over V- U{l,a} such that Liay,. b, C L S Lio™ . .
Then L & DR-LU (7).

Proof Suppose to a contradiction that L € DR-LU(i).
It follows that Theorem 2 holds for L. Consider p and r
the two constants from the deleting theorem, n a nat-
ural number such that n > 2p and the sentence w =
la?™® (b)) ... (bog)™. We have |w| = 4kn + 1 > p,
hence, from Theorem 2, it should exists a decomposi-
tion of w in w = a1 . .. ara,-41 such that condi-
tions i)-iv) of the theorem hold. Denote wy = s . ..
g, Since L C LSkl it follows that [wols, =
.. = |wolp,, = m and |wo|, = 2mk. Further, it re-
sults that also |ai...a.|p, =
and |ay .. .a.|, = 2lk.

Since |ay...a,| < p and n > 2p, it results that
ap, for some h € [r] cannot include more than two
distinct symbols from w, hence r > k+1 > ¢+ 1
and there are at least k£ > ¢ distinct indices h such
that 1 < h < r+ 1 and |ap| > p, which yields a
contradiction with condition iv) from the Theorem 2.
It results that L & DR-LU(7). O

However, languages of the above form can be gen-
erated with a large enough number of gaps in the
structure of the DR~trees. We will consider below the
case of special dependency grammars.

coo=ar .. aplpy, =1

Proposition 3 Let i € Naty be a natural number,
V = {b1,...,b2;} be an alphabet and l,a & V be two
distinct symbols. Then there exists a language L; over
V U{l,a} such that Lig,..n,, S Li C L{S ,  and
L; € DR-LU(37).

Proof Consider G; = (N,V U {l,a}, S, P) a depen-
dency grammar such that N = {S} U{4,,B; | j €
[22]}, P = {S — l,S —R Ala} U {AJ —L ijj |
j €2} U{B; —r Ajira | j € [2i =1} U{By —g
Ala,Agi —L lbgi}. We take Li = DR—L(Gi,i), hence
L; € DR-L(i) and, further, L; € DR-LU(i).

It is easy to observe that L; C Lf;’i‘f%”bzl_. We can
see that the DR-tree Tr from Figure 1 is constructed
by G2. On a similar construction can be based the
main part of the proof, proving that Liap, . »,; C Li.

O

Now, we can state the following result, which is the

first half from the main result of this paper.

Corollary 1 DR-LU(k)\DR-LU(i) # 0, for any i, k €
Natgy, with i < k.

Proof Let V = {b1,...,bor} be an alphabet and [, a ¢
V' be two distinct symbols. From Proposition 3, we
have that there exists a language Ly over V U {l,a}
such that Liap,. b, € Li C Lfgi‘f%__b% and also L €
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DR-L(k). Since i < k , we have that Ly ¢ DR-LU(7)
(from Proposition 2). Thus L, € DR-L(k)\ DR-LU(3),
hence L, € DR-LU(k) \ DR-LU(3). That implies the
corollary. 0O

We can state (the proofs follow immediately) the
following results concerning the class of languages de-
fined in this section (CFL™ denote the class of context-
free languages without the empty string).

Claim. The following properties hold:

i) Any language L € DR-LU(3), for some i € Naty,
is semilinear.

ii) DR-£(0) = DR-£U(0) is equal to CFL™.
Now, we can state the main result of this paper.

Theorem 3 For any @ € Natg, the following strict
inclusions hold:

i) DR-LU(i) C DR-LU(i + 1) C DR-LU(0),
i) DR-DTU(i) C DR-DTU(i + 1) C DR-DTU(c0).

Proof The statement i) results from the fact that
DR-LU(i) € DR-LU(i + 1), for any ¢ € Nato, and
from Corollary 1.
The statement ii) is a direct consequence of the
statement 1). O
The next proposition follows from the results
in [6,7,9].

Proposition 4 There exists a sequential algorithm
such that for everyi € Nat™ and every L € DR-LU (%)
recognizes L in a polynomial time, where the degree of
the polynomial increases with 4.

5 Conclusions

As an outcome of this paper, we have obtained an
infinite hierarchy of classes of semilinear languages.
This hierarchy is generated using topological parame-
ters over uniform dependency grammars. The hierar-
chy starts by the class of context-free languages (with-
out empty strings). A similar hierarchy was obtained
for the classes of languages of dependency trees as well.

Using previous results, there exists an algorithm
which recognizes the languages from the first hierar-
chy in a polynomial time and size. The hierarchies
achieved through the classes of languages DR-LU(7)
and DR-DTU(3) is the main novelty of this contribu-
tion. These results extend in a natural way the results
from [7], where simpler classes of languages were con-
sidered. Also, these result illustrate the power of the
parser [5]. Similar methods (gap-complexity) can be
used for the study of constraints-based parsing depen-
dency systems like [2]. As an example of such type of
research can serve [8].

In the close future, we will study the classes of lan-
guages DR-L(i) for ¢ € Natp, in order to show that
they are mutually incomparable to inclusion. Such re-
sults will strength the results presented here.

Also, we will study free-order dependency gram-
mars with several kinds of topological restrictions in
order to understand complex word-order and concur-
rency phenomena occurring in the syntax of natural
languages. We believe that the study of free-order de-
pendency grammars can also contribute to the un-
derstanding of concurrency phenomena, in general, as
well. Our results can be easily interpreted as results
about constraining the freedom of permutations on
context-free languages.
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for tuning heuristic parameters of genetic algorithms

Martin Holena

Institute of Computer Science, Academy of Sciences of the Czech Republic,
Pod Vodérenskou vézi 2, 182 07 Praha 8, Czech Republic, martin@cs.cas.cz, web:cs.cas.cz/ martin

Abstract. The heuristic inspiration of genetic algorithms
entails their dependence on many heuristic parameters. For
the algorithm to work most properly, those parameters need
to be empirically tuned. If the values of the objective func-
tion have to be obtained in a costly experimental way, then
the algorithm can not be run with several various combi-
nations of the values of heuristic parameters. This paper
suggests to use knowledge extracted from data by means of
a neural-network for parameter tuning in such situations.
Moreover, it suggests to extract that knowledge in the form
of a neural-network approximation of the objective func-
tion. That approximation is subsequenlty used instead of
the experimentally obatined objective function values, to in-
vestigate the convergence speed of the algorithm and the di-
versity of the population for many various combinations of
the values of heuristic parameters. On the other hand, some
initial amount of data is needed to construct the approz-
imating neural network. Those data are usually obtained
from running the algorithm for several generations with
default values.

1 Introduction

Evolutionary and especially genetic algorithms (GAs)
have been used since the last decade for optimization
tasks in many application domains [1, 3,4, 13-16, 22],
mainly for the following reasons:

— they do not need gradient nor higher order deriv-
atives of the objective function;

— they follow a collection of optimization paths in-
stead of a single one;

— they require a comparatively low number of func-
tion calls parallelized with respect to the followed
paths;

— they tend to find global optima rather than local
ones.

Due to these reasons, GAs are particularly suit-
able for the optimization of functions for which the
analytic form is not known and the costs of obtaining
function values can not be neglected, typically when
those values have to be obtained through experimen-
tal measurements. Their suitability further increases
if there is a straightforward correspondence between
the parallelism of the collection of optimization paths,
and the way how the function values are experimen-
tally obtained. Such situation occurs, for example, in

materials science or in high-throughput chemical ex-
periments.

On the other hand, the basic principle of evolution-
ary algorithms, i.e., the imitation of optimal survival
in biological evolution, implies that they contain many
heuristic parameters. To tune those parameters empir-
ically would substantially increase the cost of solving
the optimization task and completely invalidate the
advantage of evolutionary and GAs being compara-
tively undemanding in terms of parallelized function
calls.

This paper shows that instead of tuning the heuris-
tic parameters by means of the experimentally ob-
tained objective function, knowledge about that func-
tion extracted from the available data with artificial
neural networks can be used. This needs some ini-
tial amount of data to be available, usually obtained
from running the algorithm for several generations
with some default parameter values, but then even
a very comprehensive parameter tuning can be per-
formed for no additional costs.

2 Genetic algorithms and their
heuristic parameters

Genetic algorithms [5,13-16, 19] are a stochastic op-
timization method. This means that when searching
for maxima or minima of the objective function, the
available information about that function is combined
with random influences. The term “genetic algorithm”
refers to the fact that their particular way of incorpo-
rating random influences into the optimization process
has been inspired by the biological evolution of a geno-
type. Basically, that optimization method consists of:

— random exchange of coordinates of two particu-
lar points in the domain of the objective function,
called crossover or recombination;

— random modification of coordinates of a partic-
ular point in the input space, called mutation;
sometimes, a difference is made between qualita-
tive mutation when the coordinate corresponds to
a discrete-valued attribute, the individual values
of which represent qualitatively different states of
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objects, and quantitative mutation otherwise, es-
pecially when the coordinate corresponds to an
interval-valued attribute (Figure 1);

— selection of the points for crossover and mutation
according to a probability distribution, either uni-
form or skewed towards points at which the objec-
tive function takes high values (the latter being
a probabilistic expression of the survival-of-the-
fittest principle).

Crossover

[B=0 [Fe=C [Ga=40 _ La=0 [Mg=34  [Mn=0  [Mo=11_ [v=15

[B=0 [Fe=0_ [Ga=32 [La=0 _Mg=‘17 [Mn=18_ [Mo=10_[V=23

B=0 [Fe=0  [Ga=40 [La=0 [Mg=17  [Mn=18 _ [Mo=10 _[V=15

[B=0 [Fe=0 Ga=32__ |La=0 |‘hﬂg=34 Mn=0 Mo=11__ [V=23
Qualitative mutation

[B=0 [Fe=0 _ [Ga=32 [la=0 _ [Mg=17 |[Mn=18 [Mo=10_ [v=23

[B=0 [Fe=0 Ga=49 [La=0 .|.Mg—2'l [Mn=0  [Mo=12  [v=18
Quantitative mutation

[B=0 [Fe=0 [Ga=32 [la=0  [Mg=17 |Mn=18 |Mo=10 [V=23

[B=0 [Fe=C [Ga=48  [La=0 .|l|:ng=15 [Mn=1_ [Mo=16 |v=20

Fig. 1. Operations crossover, qualitative and quantitative
mutation in genetic algorithms, illustrated on an example
from materials science, in which the individual coordinates
(genes) describe the proportion of the oxide of the indi-
cated element in the material (adapted from [6].)

The operations selection, crossover and mutation
require only function values of the objective function,
and they can be performed in parallel for a whole
population of points. At the same time, the incorpo-
rated random variables enable the optimization paths
to leave the attraction area of the nearest local op-
timum, and to continue searching for a global one.
The probability that at least one optimization path
will reach the global optimum increases with the di-
versity of the population of points. On the other hand,
those random variables heavily depend on the under-
lying probability distributions of possible values. Due
to the biological inspiration of the random variables,
a particular distribution can not be justified mathe-
matically, but its choice is a heuristic task.

The most important heuristic choices entailed by
a GA are:

— overall probability of any modification (crossover,
qualitative or quantitative mutation) of an indi-
vidual;

— ratio between the conditional probabilities of cross-
over and qualitative or quantitative mutation, con-
ditioned on any modification;

— distribution of the intensity of quantitative muta-
tion, e.g., distribution the coefficient with which
the respective coordinate has to be multiplied /
divided.

In addition, also the population size is sometimes
a matter of heuristic choice, though in other cases it is
determined by hardware limitations of how the values
of the objective function are obtained (e.g., the num-
ber of measurement sensors, the number of channels
in a chemical reactor).

3 An approach to tuning heuristic
parameters based on knowledge
extraction

If the values of the objective function have to be ob-
tained in a costly experimental way, then it is not
affordable to employ that costly evaluation also for
tuning the involved heuristic parameters. The aim of
this paper is to suggest that, in such situations, knowl-
edge about the objective function extracted from data
available on that function can be used for parameter
tuning, instead of that function itself. In particular,
knowledge extraction with artificial neural networks
(ANNs) is expected to be very useful for this purpose
(Figure 2), due to the ability of ANNs to approxi-
mate very general mappings [8,9,11,12]. The cost of
training an ANN and using it to evaluate the objective
function in a population of points even for a large num-
ber of combinations of values of heuristic parameters
is negligible compared to the cost of evaluating that
function in those points for any single combination ex-
perimentally. In addition, experimental evaluation of
the objective function for one generation of individu-
als typically needs hours to days of time, whereas if
the ANN-based evaluation is computed instead, the
GA advances to the next generation in a fragment of
a second. The algorithm then can be run for many gen-
erations in that case, allowing to investigate its conver-
gence speed for any particular combination of values
of heuristic parameters. Moreover, also the evolution
of the diversity of the population of points can be in-
vestigated in that way, which is important due to the
role that the diversity plays in enabling optimization
paths to reach the global optimum.

From a machine learning point of view, this leads to
the task of approximating the objective function with
an element of a function system determined through
the architecture of the employed neural network. Al-
though the approximated function is domain depend-
ent (being the objective function of a domain-depend-
ent optimization problem), that task is a domain-inde-
pendent standard task, solved through ANN training.
Therefore, it will not be recalled here, saving space for
the presentation of first results obtained with the new
approach.

Needless to say, training the ANN requires some
initial amount of data from experimentally evaluating
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Fig. 2. Artificial neural network of the kind multilayer per-
ceptron, employed in the application area considered in
Figure 1 (reprinted from [7]).

the objective function to be gathered first. To this end,
data from several early generations of the GA are usu-
ally sufficient, especially if the population size is large.
Actually, data from the early generations are more
uniformly distributed, making it more likely that the
neural network will correctly approximate all optima,
including the global optimum. Sometimes, also data
from other experiments concerning the same problem
are available. Once the parameters have been tuned,
they can be used for all the remaining generations of
the algorithm, or the tuning can be repeated every
several generations, using each time a new network.
In the latter case, the data from experimentally eval-
uating the objective function that were gathered since
the last tuning are added to the ANN training data.

An obvious drawback of the proposed approach
is that until the amount of data needed for training
gets available, the values of heuristic parameters re-
main untuned, and have to be set to some kind of
default values. However, first experience with the ap-
proach confirms the expectation that this drawback is
outweighed with the possibility to investigate the be-
haviour of the GA for any combination of values of
heuristic parameters.

4 Example of results obtained with
the new approach

The proposed approach has been already used in sev-
eral applications in chemistry and materials science.
For illustration, this section describes results of tun-
ing heuristic parameters of a GA employed to search
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optimal catalysts for the oxidative dehydrogenation of
propane to propene [20]. The data came from run-
ning the GA for the 1.-5. generation with default pa-
rameters and population size 56, and were comple-
mented with 48 catalysts from supplementary exper-
iments. To evaluate the success of the GA in search-
ing for the global maximum of the approximation,
that maximum was first estimated with a determinis-
tic optimization method. To this end, the Levenberg-
Marquardt method was used, more precisely its mod-
ification for constrained optimization. Since that
method searches only for local maxima, it was started
from 7 different starting points. The highest of those
local maxima was then considered as the global max-
imum of the approximation.

The approach was applied to 24 particular combi-
nations of heuristic parameters, combined with 4 dif-
ferent population sizes. For each of those 96 final com-
binations, the algorithm was run repeatedly 10 times.
This entails a certain variability of the obtained re-
sults, documented in Figure 3. Repeated runs of the
GA accounted in average for an absolute error of 0.07%
of the maximal value of the objective function found
by the algorithm (corresponding to a relative
error 0.8%), and to an absolute error of 0.1% of the
population diversity (corresponding to a relative error
nearly 100%).

9.1

Randomness in the convergence of GA

among the population of points

global maximum

----- standard deviation confidence bounds

= ™= ™= mean absolute error confidence bounds

mean value from 10 runs with identical 1. generation

maximal value of the objective function (propene yield [%])

8.7

10 20 30 40 50
generation

Fig. 3. Example of randomness-caused variability in the
convergence of the genetic algorithm: the algorithm was
run repeatedly 10 times with an identical population size
and an identical combination of values of heuristic para-
meters, starting from an identical first generation.

For each of the final combinations, the following
results have been recorded:
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Distribution of the number of generations
needed to fulfil the indicators of convergence

- 1/2 ( global maximum + 18t generation)
\:’ global maximum - 0.8% relative error
- global maximum within 1 decimal precision

number of final combinations

number of generations

Fig. 4. Distribution of the number of generations needed
for the value of the objective function to fulfil three in-
creasingly strong indicators of convergence of the genetic
algorithm (the algorithm has been run till the 50th gener-
ation, irrespectively of which of those indicators had been
fulfilled).

— The convergence of the algorithm during the first
50 generations, which is measured as the evolu-
tion of the maximal value of the objective function
among the population of points.

— The decreasing diversity among the population of
points during the first 50 generations, where di-
versity is measured as the difference between the
maximal and mean value of the objective function
among the population of points.

In those results, the following indicators of conver-
gence have been employed:

(i) Average of the value of the global maximum of the
objective function, and the maximal value of the
objective function among the population of points
in the first generation, i.e., the value “1/2(global
maximum + 1lst generation)”.

(ii) Global maximum of the objective function minus
0.8% relative error, which was the average relative
error due to repeated runs of the algorithm with
an identical combination of values of heuristic pa-
rameters.

(iii) The global maximum of the objective function
within one decimal digit precision.

As indicators of decreasing diversity among the
population of points, the following have been
employed:

(i) Half the diversity in the first generation.

(ii) Diversity 1%.

(iii) Diversity 0.1%.

The most important results concerning the choice
of the population size and the values of heuristic para-
meters obtained with the new approach can be sum-
marized as follows:

1. The indicators of convergence that were fulfilled
for a given combination of values of heuristic pa-
rameters were typically fulfilled already after early
generations. Moreover, distributions of the number
of generations needed to fulfil the three considered
indicators of convergence are clearly skewed to-
wards low values. Those distributions are depicted
in Figure 4, which documents that early genera-
tions are much more important in optimization by
means of GAs than later generations.

2. The convergence speed of the GA tends to increase
with increasing population size (see Figure 5 for an
example).

3. For a given generation above approximately the
10th generation, the maximal value of the objec-
tive function among the population of points tends
to increase with increasing population size (cf. Fig-
ure 5).

4. The diversity among the proposed points decreases
more quickly if crossover and mutation occur with
equal probability than if one of them substantially
prevails (Figure 6).

Dependence of convergence on population size

global maximum
"""" population size 28
8.0 = = = population size 56
''''' population size 112
population size 280

maximal value of the objective function (propene yield [%])
among the population of points

10 20 . 30 40 50
generation

Fig. 5. Example dependence of the maximal value of the
objective function among the population of points on the
generation, for 4 considered population sizes.



Dependence of the decrease of population diversity
on the ratio qualitative mutation / crossover

----- qualitative / crossover: 10
——————— qualitative / crossover: 0.1
qualitative / crossover: 1

________
—

20 30 40 50
generation

difference between hte maximal and mean value of the objective function
(CZH‘ yield [%]) among the population of points

Fig. 6. Example illustrating that the diversity of the pop-
ulation of points in one generation of the genetic algorithm
decreases more quickly if crossover and qualitative muta-
tion occur with equal probability than if one of them sub-
statntially prevails.

5 Conclusion

This paper dealt with the problem of tuning heuristic
parameters of genetic algorithms in situations when
the values of the objective function have to be ob-
tained in a costly experimental way. It suggested to
use knowledge about the objective function extracted
from data by means of a neural-network instead of
the function itself in such situations. In this way, it is
possible to investigate the convergence speed of the al-
gorithm and the diversity of the population of points
for many various combinations of heuristic parame-
ters. As to the author’s knowledge, ANNs have not
been used for tuning heuristic parameters of of ge-
netic algorithm yet, although there already have been
other attempts to use them for improving the perfor-
mance of genetic algorithms [10]. Moreover, all these
attempts are part of a broader direction of research
into the use of machine learning methods in evolu-
tionary computation [17,18,21]. The idea of replacing
a costly computation of an objective function through
a faster computation of its ANN-based approximation
can aslo be encountered in inductive logic program-
ming [2], where the objective function (scoring func-
tion of evaluated clauses) is costly from a computa-
tional complexity point of view.

For illustration, results from one of the first real-
world applications of the approach have been pre-
sented. So far, only multilayer perceptrons have been
used in the applications of the approach, extensions to
other kinds of artificial neural networks are a subject
of ongoing research.
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Abstract. The nondeterministic state complexity of a reg-
ular language is the number of states in a minimum state
nondeterministic finite automaton accepting the given lan-
guage. We investigate the nondeterministic state complex-
ity of complements of reqular languages represented by non-
deterministic finite automata. We show that the nondeter-
ministic state complexity of the complement of an n-state
NFA language may reach the entire range of values from
logn to 2". Our construction uses a 2n-letter alphabet.

1 Introduction

The state complexity of a regular language is the num-
ber of states in the minimal deterministic finite au-
tomaton for this language. The nondeterministic state
complexity of a regular language is defined as the num-
ber of states in a minimum state nondeterministic fi-
nite automaton accepting the given language.

Some early results on the state complexity of reg-
ular languages can be found in [16,17,19]. Maslov [18]
and Birget [2, 3] examined the state complexity of
some operations on regular languages. The system-
atic study of the state complexity of regular language
operations has been published by Yu, Zhuang, and
Salomaa [24]. Pighizzini and Shallit [20] investigated
the state complexity of unary regular language oper-
ations and Holzer and Kutrib [9] studied the nonde-
terministic state complexity of regular language op-
erations. Further results on this topic are presented
in [4-6,15,22].

Iwama, Kambayashi, and Takaki [11] stated the
question of whether there always exists a regular lan-
guage with nondeterministic state complexity n and
with state complexity « for all integers n and « sat-
isfying that n < a < 2". The question has also been
considered by Iwama, Matsuura, and Paterson [12]. In
these two papers, the authors described binary n-state
NFA languages for around 3n values of « in the range
from 2"~1 to 2". The problem has been solved in [14]
by presenting appropriate n-state NFA languages for

* Research supported by the VEGA grant No. 2/6089/26
and by the VEGA grant “Combinatorial Structures and
Complexity of Algorithms”.

all values of « in the range from n to 2", however, these
languages are defined over an alphabet that grows ex-
ponentially with n. The explicit constrution that uses
an alphabet of size n+2 has been given by Geffert [7].
The problem is still open for a fixed alphabet.

We have examined a similar problem for the nonde-
terministic state complexity of complements of regular
languages in [13]. We have shown that the nondeter-
ministic state complexity of the complement on an
n-state NFA language over a 2(2"™ —n)-letter alphabet
may reach any value in the range from logn to 2".

In this paper, we continue our work on this top-
ics. We decrease the size of alphabet to 2n and still
can prove that the nondeterministic state complexity
of the complement of an n-state NFA language over
a 2n-letter alphabet may reach the entire range of val-
ues from logn to 2. While in the case of an expo-
nential alphabet, we have been allowed to use a new
input symbol to reach a specific subset when apply-
ing the subset construction to a given NFA, now, we
must use a different approach when proving the reach-
ability of subsets. To prove that an NFA is minimal
we use a fooling-set lower-bound method known from
communication complexity theory [1,10]. This lower-
bound technique has been successfully used in the field
of regular languages several times [2,3,8,15].

2 Definitions and notations

In this section, we give some basic definitions and no-
tations used throughout the paper. For further details,
we refer to [23,25].

Let X be a finite alphabet and X* the set of all
strings over the alphabet Y including the empty string
€. A language over X' is any subset of X*. We denote
by L° the complement of a language L C X* defined
as {w € X* | w ¢ L}. The cardinality of a finite set S
is denoted by |S| and its power-set by 2°.

A deterministic finite automaton (DFA) is a quin-
tuple M = (Q, X, 6, qo, F'), where @ is a finite set of
states, X' is a finite input alphabet, § : Q x ¥ — Q
is the transition function, gg € @ is the start state,
and F' C (@ is the set of final states. In this paper,
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all DFAs are assumed to be complete. The transition
function ¢ is extended to a function from Q x X* to Q
in the natural way. A string w in X* is accepted by
the DFA M if 6(qp,w) € F.

A nondeterministic finite automaton (NFA) is
a quintuple M = (Q, X, 6, qo, F), where Q, X, g, and
F are defined as for a DFA, and 6 : Q x X — 2% is the
transition function that can be naturally extended to
the domain @ x X*. A string w in X* is accepted by
the NFA M if §(qo, w) N F # 0.

The language accepted by a finite automaton M,
denoted L(M), is the set of all strings accepted by the
automaton M. Two automata are said to be equivalent
if they accept the same language. A DFA (an NFA) M
is called minimal if all DFAs (all NFAs, respectively)
that are equivalent to M have at least as many states
as M. By a well-known result, each regular language
has a unique minimal DFA, up to isomorphism, but
the same result does not hold for minimal NFAs.

The state complexity of a regular language L is
the number of states in the minimal DFA for the lan-
guage L. The nondeterministic state complezity
of a regular language L is defined as the number of
states in a minimal NFA accepting the language L.
An n-state NFA language is a regular language with
nondeterministic state complexity n.

Every nondeterministic finite automaton M =
(@, X,0,q0, F) can be converted to an equivalent de-
terministic finite automaton M’ = (29, X, {qo}, F")
using an algorithm known as the “subset construc-
tion” [21] in the following way. Every state of the DFA
M’ is a subset of the state set ). The transition func-
tion ¢ is defined by ¢'(R,a) = J,cp0(r,a) for each
set R in 29 and each symbol a in X. The start state
of the DFA M’ is {qo}. The set of final states F” is
defined by F' = {R €29 |RNF # (.}

3 Results

Here we present our results concerning the nondeter-
ministic state complexity of complements of n-state
NFA languages defined over a 2n-letter alphabet.

The upper bound on the nondeterministic state
complexity of the complement of an n-state NFA lan-
guage is 2" since we can apply the subset construc-
tion to a given NFA and then exchange final and non-
final states to get a DFA for the complement of at
most 2" states. The upper bound 2™ is tight and can
be reached by complementation of binary regular lan-
guages [15]. The lower bound is, obviously, logn.

In [13] we have shown that each value from logn
to 2™ may be obtained as the nondeterministic state
complexity of the complement of an n-state NFA lan-
guage. However, to prove the result we have described

regular languages over an alphabet that grows expo-
nentially with n, namely, over an alphabet of size
2(2"™ —n). In such a case, we can use a new input sym-
bol to reach a specific subset when applying the subset
construction to a given NFA.

In this section, we continue our work on this topic.
We decrease the size of alphabet to 2n and still can
prove that the nondeterministic state complexity of
the complement of an n- state NFA language (over
a 2n-letter alphabet) may reach the entire range of
values from logn to 2". We now must use a different
approach when proving the reachability of subsets. To
show that an NFA is minimal we use the fooling-set
lower-bound method [1,2,8,10].

After defining a fooling set, we give the lemma
from [2] describing this lower-bound technique.

Definition 1. A set of pairs of strings {(x;,y:) | i =
1,2,...,m} is said to be a fooling set for a regular
language L if for every i and j in {1,2,...,m},

(1) the string x;y; is in the language L, and

(2) if i # j, then at least one of the strings x;y; and
x;y; 18 not in L.

Lemma 1 (Birget [2]). Let a set of pairs of strings
{(zs,y:) | i =1,2,...,m} be a fooling set for a reqular
language L. Then every NFA for the language L needs
at least m states. a

Let us start with the following lemma that dis-
cusses the case of 1-state NFAs.

Lemma 2. For each « in {1,2}, there exists a binary
1-state NFA M, such that any minimal NFA for the
complement of the language L(M,) has « states.

Proof. Let ¥ = {a,b}.

Define a 1-state NFA M; = ({¢}, X, 9, ¢, {q}), whe-
re §(q,a) = 0(q,b) = {q}. The complement of the lan-
guage L(M;) is the empty language which is accepted
by a 1-state NFA.

Next, define a 1-state NFA Mo = ({p}, X, ', p, {p}),
where ¢§'(p,a) = {p} and &' (p,b) = 0. The set of pairs
of strings {(g,b),(b,e)} is a fooling set for the lan-
guage L(Ms)¢ since b € L(Ms)¢ while € ¢ L(Mz)°. By
Lemma 1, every NFA for the language L(M3)¢ needs
at least 2 states. Since the complement of any 1-state
NFA language can be accepted by a 2-state NFA, the
lemma follows. O

The next lemma describes a class of binary regular
languages that have the same nondeterministic state
complexity as their complements.

Lemma 3. For every n > 2, there exists a minimal
binary NFA N of n states such that any minimal NFA
for the complement of the language L(N) has n states.



Proof. Let n be arbitrary but fixed integer such that
n > 2. Let X = {a,b}.
Define an n-state NFA N = (Q, X, d,n, F'), where

Q ={1,2,...,n}, F = {1}, and for any ¢ € Q and
any X € X,
{n}, ifg=1and X =a,
5(q, X) = ¢ {1}, ifg=1and X =0,

{¢—1}Lif2<¢< n.

The NFA N is shown in Figure 1.

(Y
n ab n-1 ab n-2 a,b___@ﬂ_@])

Fig. 1. The nondeterministic finite automaton V.

We are going to show that: (a) The NFA N is
a minimal NFA for the language L(N); (b) The lan-
guage L(N)¢ is accepted by an n-state NFA; (c) Every
NFA for the language L(NN)¢ needs at least n states.
Then, the lemma follows immediately.

To prove (a) consider the set of pairs of strings
{(a’,a™=*=%) |i=0,1,...,n—1}. This set is a fooling
set for the language L(NN) because for every ¢ and j in
{0,1,...,n— 1},

(1) aa™ 7% = g™~ and the string a"~ ! is in the
language L(N) since it is accepted by N;

(2) ifi < 7, then a’a™ =7 = "~ 1~(~9 and the string
a"~1'=0U=9 is not in the language L(N) since N
does not accept any string a® with ¢t < n — 1.

By Lemma 1, any NFA for the language L(N) needs
at least n states which proves (a).

To prove (b) note that the NFA N is, in fact, de-
terministic, and so by exchanging final and non-final
states we get an n-state DFA for the language L(N)°.

To prove (c) consider the set of pairs of strings
{57270 | i = 0,1,...,n — 2} U {(b" La)}. Tt
is a fooling set for the language L(N)¢ since (1) the
strings 6”72 and b" 'la are in the language L(N)¢,
and (2) any string b* with ¢ > n — 1 is not in the
language L(N)¢. By Lemma 1, every NFA for the lan-
guage L(N)¢ needs at least n states and our proof is
complete. 0O

The following lemma shows that the nondetermin-
istic state complexity of the complement of an n-state
NFA language over a 2n-letter alphabet may reach any
value from n + 1 to 2.

Lemma 4. For all integers n and o such that n > 2
and n < a < 2", there exists a minimal NFA M
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of n states with a 2n-letter input alphabet such that
any minimal NFA for the complement of the language
L(M) has « states.

Proof. Let n and a be arbitrary but fixed integers such
that n > 2 and n < a < 2™.

If @ < 2™, then there exists an integer k such that
1<k<n-1and

n—k+2"<a<n—(k+1)+ 280

This means that o = n — k + 2F + m for an integer m
such that 0 < m < 2%. Let ¢,_1ck - - - c1¢o be the bi-
nary representation of m.

If o = 2", then we set kK =n —1 and ¢; = 1 for all
j=0,1,....k—1.

In both cases, we have o = n— k+2F + Zf;é ;2.

Now, let

I={k}u{je{0,1,....k—1}|¢; =1}

be the set containing the integer k£ and those indices j
of {0,1,...,k— 1}, for which ¢; equals 1. Then o can
be expressed as

oz:nkarZT'.

el

Next, let X = {a;,b; | i € I} — {ag,a1} U {a, b}
be an alphabet consisting of two symbols a; and b; for
every i in I, except for ag and a1, and of two more
symbols a and b.

We are going to define an n-state NFA M over
the alphabet X such that any minimal NFA for the
language L(M)¢ has « states. For every i in I, we
define transitions on symbols a; and b;, see Fig. 2,
so that we can prove the reachability of 2° subsets
when applying the subset construction to the NFA M.
Transitions on symbols a and b, see Fig. 3, allow us to
define a fooling set of size « for the language L(M)°.

Fig. 2. Transitions on a; and b; in the NFA M.

Formally, define an n-state NFA M=(Q, X, §,n, F),
where Q = {1,2,...,n}, F = {1}, and for any q € Q
and any i € I,

L J{e—-1i+1}if2< g <,
(g, ai) = {@, otherwise,
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Fig. 3. Transitions on a and b in the NFA M.

{i+1}’ ifg=n,
0, otherwise,

C({g-1k+1},if2<qg<k+1,
0(g,a) = {@, otherwise,

{1,2,...,k+1},if¢g=1,
{a -1}, if k+2<q<n,

recall that n — k +2%¥ < a < n— (k+1) + 2k if

a < 2" and k = n —1 if @ = 2™ The symbols ag

and a; are never used, and so the alphabet X' has at

most 2n letters.

We show that: (a) The NFA M is a minimal NFA
for the language L(M); (b) The language L(M)® is
accepted by an a-state NFA; (c¢) Every NFA for the
language L(M)¢ needs at least « states. Then, the
lemma follows.

To prove (a) consider the set of pairs of strings
{6717 | i=0,1,...,n—1}. This set is a fooling
set for the language L(M) because for every ¢ and j
in {0,1,...,n—1},

(1) b'b =1t = pn~L and "1 € L(M);

(2) if i < j, then bb"~1=7 = p*~1=0U=% and the string
b"~1=0=9 is not in the language L(M) since the
NFA M does not accept any string b* with
t<n-—1

By Lemma 1, any NFA for the language L(M) needs

at least n states which proves (a).

To prove (b) let M’ = (29, X,6',{n}, F') be the
DFA obtained from the NFA M by the subset con-
struction. Let R be the following system of sets

R ={0,{n},{n—-1},....{k+2}} U

Ui+ 13us|sc{12,... i}

el

5(q,b) =

i.e., the system R contains the empty set, the single-
tons {n},{n—1},...,{k+2}, and the set {i+1}US for
every ¢ in I and every subset S of {1,2,...,i}. There
aren—k+3 i, 2% sets in the system R. We are going
to prove that every set in R is a reachable state of the
DFA M’ and no other states are reachable in M.

The singletons {n},{n — 1},...,{k + 2}, and the
empty set are reachable since {¢} = ¢'({n},a" ") for
g=k+2,k+3,...,nand 0 = ¢ ({n}, ar); note that
k<n-—1,k € I, and transitions on a in the NFA M
go to the empty set for g=k+1,k+2,...,n.

We next show that for every 4 in I and every sub-
set Sof {1,2,...,i}, the set {i+1}US is reachable. We
prove this by induction on the size of S. The set {i+1}
and the subsets {i + 1,1}, {¢ +1,2},...,{i + 1,4} are
reachable since {i + 1} = ¢'({n},b;) and {i + 1,¢} =
8 ({i+1},bia; ) forq=1,2,...,i.Let 2 < m < iand
assume that any subset {i + 1} U S with |S| =m —1
is reachable. Let {j1, j2,...,Jm}, where i > j; > jo >

- > jm = 1 be a subset of size m. Then we have
{i+1, 41, J2, - s dm} = ' ({it 1, i—jr+jet+1,i—ji1+js+
1,...,0i—j1+ Jm + 1}, b;a; "), where the latter set is
reachable by induction (note that ¢ > i—j; +j:+1 > 2
for t = 2,3,...,m). So every set in R is a reachable
state of the DFA M’.

To prove that no other subset of the state set @ is
reachable in the DFA M’ it is sufficient to show that
for every state R in R and every symbol X in X, the
state '(R, X) is also in the system R (note that the
initial state {n} of M’ is in R). There are two cases:

(i) R=0or R={q}, whereq € {n,n—1,...,k+2}.
Then for every X in X, the set §'(R, X) is equal
either to the empty set, or to the singleton {g—1},
or to the singleton {i + 1} for an 4 in I. All these
sets are in the system R.

R={j+1}US, where j € I and S C {1,2,...,5}.
It follows that R is a subset of {1,2,...,k + 1}.
Then the sets 0'(R,a) and ¢’(R,b) are some sub-
sets of {1,2,...,k+1} containing state k+ 1 since
for every state g in {1,2,...,k+1}, the transitions
on a and b in the NFA M go to {g—1,k+1}. Next,
for every ¢ in I, the sets §'(R, a;) and ¢'(R, b;) are
equal either to the empty set or to some subset of
{1,2,...,i+ 1} containing state {i + 1} since for
every state ¢ in {1,2,...,k + 1}, the transitions
on a; and b; in the NFA M go either to the empty
set (if ¢ > i+ 1 and for a; also if ¢ =i+ 1) or, to
{¢g—1,i+1} if ¢ < i+ 1. In all cases, we get a set
that is in the system R.

(i)

Thus we have shown that the DFA M’ obtained
from the NFA M by the subset construction has ex-
actly n — k + >, 2" (i.e., @) reachable states. By
exchanging final and non-final states in the DFA M’,
we get an a-state DFA for the language L(M )¢ which
proves (b).

To prove (¢) we are going to describe a fooling set
for the language L(M)¢ of size a. We will do this in
the following way. For every set S in R, we define
a pair of strings (zg,ys) such that the string zgyg is
in the language L(M )¢ and, moreover, if S and T are



two different sets in R, then at least one of the strings
xsyr and xpys is not in the language L(M)°. Then,
the set {(zs,ys) | S € R} will be a fooling set for the
language L(M)° of size .

Let S € R. Define the pair (zg,ys) as follows.

If S=0,let g = a; and yg = b" L.

If S = {q}, where ¢ € {k+ 2,k +3,...,n}, let
zg = b"" 9 and yg = b772.

If S is a nonempty subset of {1,2,...,k+ 1} that
is in R, let zg be an arbitrary string in X* such that
d(n,zg) = S (since every set in R is a reachable state
of the DFA M’, such string xg must exist). We now
define the string yg.

If S={1,2,...,k+ 1}, let ys = af.

Otherwise, let ¢ be the greatest number in
{1,2,..., k + 1} that is not in S. Define the string
ys of length ¢ —1 as follows: ys = y1y2 - - - y¢e—1, where
for every j =1,2,...,0—1,

|

We first prove the following claim.

Claim. For every subset S of {1,2,...,k + 1} and
every state p in {1,2,...,k+ 1},

(A) pr € Sa then 1 ¢ 6(pay5)a

(B) if p ¢ S, then 1 € 5(p,ys),
i.e., the string yg is not accepted by the NFA M start-
ing in any state of S, but it is accepted by M starting
in every state in {1,2,...,k+ 1} that is not in S.

Proof of Claim. The claim holds if S =0 or S =
{1,2,...,k+1}.

Otherwise, ys Y1Y2 -+ Yo—1, where ¢ ¢ S,
{+1,0+2,...,k+1} C S, and for every j = 1,2,...,
t—1l,y=aifjeSandy; =bif j ¢ S.

To prove (A) let p be any state such that p € S.
There are two cases:

a,if j € S,
b,if j ¢ 5.

(i) p > £. Then the final state 1 cannot be reached
from state p after reading the string yg since the
length of yg is less than £. Hence 1 ¢ §(p, ys).

p <{. Then ys = y1y2 - Yp—1aYp+1 - Ye—1 since
p € S. Starting in state p and after reading the
string y1y2 - - - yp—1 of length p — 1 we can either
reach state 1 where no transition on a is defined,
or we can reach state k+ 1 after reading a symbol
y;, where 7 < p — 1, but then the length of the
string y;+1yj+2 - - - Ye—1 is too short to reach state
1. Thus 1 ¢ §(p,ys)-

(i)

To prove (B) let p be any state in {1,2,...,k+ 1}
such that p ¢ S. There are two cases:

(i) p = £. Then state 1 can be reached from state p
after reading any string in {a,b}* of length £ — 1,
so 1€ d(p,ys).
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(%) p <€ Then ys = y1y2 - Yp—1bYp+1 - - Ye—1 since
p ¢ S. Denote by d the length of the string
Yp+1Yp+2 - Ye—1. Then d < £ -2 < k—1. Starting
in state p and after reading the string 12 - - - yp—1
of length p—1 we can reach state 1. Then, on read-
ing the symbol b we can reach state d+1, and then
after reading the string y,4+1yp+2 - - - ye—1 of length
d we can reach state 1. Hence 1 € §(p,ys) which
completes the proof of the Claim.

Now, we are ready to show that the set of pairs
of strings {(xzs,ys) | S € R} is a fooling set for the
language L(M)¢. We need to show that
(1) for every S in R, the string zgys is in L(M)¢, and
(2) if S # T, then at least one of the strings zgyr and
xrys is not in L(M)e.

To prove (1) let S € R. We have three cases:

(i) S =0. Then z5ys = axb™ 1. The string aib" ! is
not accepted by the NFA M and so it is in L¢(M).
(i) S = {q}, where ¢ € {k+2,k+3,...,n}. Then
zsys = b""9p972 = p»~2, The string b" 2 is not
accepted by the NFA M and so it is in L(M)°.
(iii) S is a nonempty subset of {1,2,...,k + 1}. Then
d(n,xg) = S and, by Claim (4), the string yg is
not accepted by the NFA M starting in any state
of S. Hence the string zgyg is in L(M)°.

To prove (2) let S and T be two different sets in
the system R. We have four cases:

(i) S =0 and T is a nonempty subset of {1,2,...,n}.
Then xrys = xrb" !, where §(n,zr) = T. Since
the string 6" ! is accepted by the NFA M starting
in every state in T, the string x7b" ! is not in the
language L(M)°.

(ii) S = {p} and T = {q}, where k+2 < p < ¢
n. Then we have zgyr = b P42 = pn—2+4-
Since n — 24 ¢ — p > n — 1, the string pn—2+9-P
is accepted by the NFA M, so the string xsyr is
not in the language L(M)°.

(iii) S = {q¢}, where k+2 < ¢ < n, and T is a nonempty
subset of {1,2,...,k + 1}. Then x7ys = 27b?™2,
where §(n,zp) = T. Since ¢ — 2 > k, the string
b?=2 is accepted by the NFA M starting in every
state of the nonempty set T. Hence the string zrys
is not in the language L(M)°.

(iv) S and T are two different nonempty subsets of
{1,2,...,k + 1}. Then, without loss of generality,
there is a state pin {1,2,...,k+1} such that p ¢ S
and p € T. By Claim (B), the string ys is accepted
by the NFA M starting in state p. Since §(n, zr) =
T and p € T, the string zrys is accepted by the
NFA M and so it is not in the language L(M)°.

<
p.

We have shown that the set of pairs of strings
{(zs,ys)| S €R}is a fooling set for the language L(M)®.
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By Lemma 1, any NFA for the language L(M )¢ needs
at least a states and our proof is complete. 0O

We are now ready to prove the following result
showing that the nondeterministic state complexity
of the complement of an n-state NFA language over
a 2n-letter alphabet may reach the entire range of val-
ues from logn to 2™.

Theorem 1. For all positive integers n and o such
that logn < a < 2", there exists a minimal NFA M
of n states with a 2n-letter input alphabet such that
any minimal NFA for the complement of the language
L(M) has « states.

Proof. By Lemma 2, the theorem holds if n = 1.

Let n > 2. By Lemma 3 and Lemma 4, the theorem
holds if n < a < 2™.

Now, let logn < a < n. Then a < n < 2%. By the
above results, there exists a minimal a-state NFA A
with a 2a-letter input alphabet such that any minimal
NFA for the language L(A)¢ has n states. Let M be
a minimal NFA for the language L(A)°. We note that
L(M)¢ = L(A) and 2a < 2n. Thus M is a minimal
n-state NFA with a 2n-letter input alphabet such that
any minimal NFA for the language L(M )¢ has « states.
This completes our proof. O

4 Conclusion

In this paper, we have examined the nondeterministic
state complexity of complements of regular languages.
We have shown that the nondeterministic state com-
plexity of the complement of an n-state NFA language
over a 2n-letter alphabet may reach the entire range
of values from logn to 2™. This considerably improves
our previous result [13] that has been achieved using
an alphabet of size 2(2™ — n). Nevertheless, the prob-
lem remains open for a fixed alphabet.

References

1. A.V. Aho, J.D. Ullman, and M. Yannakakis, On No-
tions of Informations Transfer in VLSI Circuits. In:
Proc.15th ACM STOC, ACM 1983, pp. 133-139

2. J.C. Birget, Intersection and Union of Regular Lan-
guages and State Complexity, Inform. Process. Lett.
43, 1992, 185-190

3. J.C. Birget, Partial Orders on Words, Minimal Ele-
ments of Regular Languages, and State Complexity.
Theoret. Comput. Sci. 119, 1993, 267-291

4. C. Campeanu, K. Salomaa, and S. Yu, Tight Lower
Bound for the State Complexity of Shuffle of Regular
Languages J. Autom. Lang. Comb. 7, 2002, 303-310

5. M. Domaratzki, State Complexity and Proportional
Removals. J. Autom. Lang. Comb. 7, 2002, 455—468

6. K. Ellul, B. Krawetz, J. Shallit, and M.W. Wang,
Regular Expressions: New Results and Open Prob-
lems. J. Autom. Lang. Comb., to appear.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

V. Geffert, (Non)determinism and the Size of One-
Way Finite Automata. In: Proc. 7th DCFS 2005, 23-37
I. Glaister and J. Shallit, A Lower Bound Technique
for the Size of Nondeterministic Finite Automata. In-
form. Process. Lett. 59, 1996, 75-77

M. Holzer and M. Kutrib, Nondeterministic Descrip-
tional Complexity of Regular Languages. Internat. J.
Found. Comput. Sci. 14, 2003, 1087-1102

J. Hromkovi¢, Communication Complexity and Par-
allel Computing. Springer-Verlag, Berlin, Heidelberg,
1997

K. Iwama, Y. Kambayashi and K. Takaki, Tight
Bounds on the Number of States of DFAs that Are
Equivalent to n-State NFAs. Theoret. Comput. Sci.
237, 2000, 485-494

K. Iwama, A. Matsuura, and M. Paterson, A Family
of NFAs which Need 2" — a Deterministic States. The-
oret. Comput. Sci. 301, 2003, 451-462

J. Jirdsek, G. Jiraskovd, A. Szabari, State Complex-
ity of Concatenation and Complementation. Internat.
J. Found. Comput. Sci. 16, 2005, 511-529

G. Jirdskovd, Note on Minimal Finite Automata. In:
Proc. MFCS 2001, Lecture Notes in Comput. Sci.,
2136, Springer, Berlin, 2001, 421431

G. Jirdskova, State Complexity of Some Operations
on Binary Regular Languages. Theoret. Comput. Sci.
330, 2005, 287-298

O.B. Lupanov, A Comparison of Two Types of Finite
Automata. Problemy Kibernetiki 9, 1963, 321-326 (in
Russian)

Yu. I. Lyubich, Estimates for Optimal Determiniza-
tion of Nondeterministic Autonomous Automata.
Sibirskii Matematichskii Zhurnal 5, 1964, 337-355 (in
Russian)

A. N. Maslov, Estimates of the Number of States of
Finite Automata. Dokl. Akad. Nauk SSSR, 194, 1970
1266-1268 (in Russian) English translation: Soviet
Math. Dokl. 11, 1970, 1373-1375

F.R. Moore, On the Bounds for State-Set Size in the
Proofs of Equivalence between Deterministic, Non-
deterministic, and Two-Way Finite Automata. IEEE
Trans. Comput. 20, 1971, 1211-1214

G. Pighizzini and J. Shallit, Unary Language Opera-
tions, State Complexity and Jacobsthal’s Function. In-
ternat. J. Found. Comput. Sci. 13, 2002, 145-159

M. Rabin and D. Scott, Finite Automata and Their
Decision Problems. IBM Res. Develop. 3, 1959,
114-129

A. Salomaa, D. Wood, and S. Yu, On the State Com-
plexity of Reversals of Regular Languages. Theoret.
Comput. Sci. 320, 2004, 315-329

M. Sipser, Introduction to the Theory of Computa-
tion. PWS Publishing Company, Boston, 1997

S. Yu, Q. Zhuang, and K. Salomaa, The State Com-
plexity of Some Basic Operations on Regular Lan-
guages. Theoret. Comput. Sci. 125, 1994, 315-328

S. Yu, Chapter 2: Regular Languages. In:
G. Rozenberg, A. Salomaa, (eds), Handbook of
Formal Languages - Vol. I, Springer-Verlag, Berlin,
New York, 1997, 41-110



A compression scheme for the R-tree data structure

Michal Kratky, Véclav Snésel, and Radim Baca

Department of Computer Science, VSB — Technical University of Ostrava
17. listopadu 15, 708 33 Ostrava—Poruba,Czech Republic
{michal .kratky,vaclav.snasel,radim. baca}@vsb .cz

Abstract. Since the volume of data, e.g., web resources
on the Internet and so on, increases nowadays, an efficient
query processing over such data is mecessary. There are
a lot of applications where multi-dimensional data struc-
tures are applied. Due to the fact that the volume of data
grows ad infinitum, a requirement of a compression scheme
for such data becomes more and more evident. Consequent-
ly, an important problem is the efficient query processing
over the compressed data. In this contribution we in-
troduce a movel compression scheme for multi-dimensional
data structures. We apply the compression scheme to well
known R-tree data structure. Compressed nodes are stored
in the secondary storage, but the R-tree is preserved dy-
namic and the compression is executed in real-time.

Key words: compression scheme, compression method,
multi-dimensional data structures, R-tree

1 Introduction

Many applications which utilize multi-dimensional da-
ta structures [3] exist in these days. For example some
approaches to indexing the XML data [7,10], term
indexing [5,11], spatial indexing etc. Performance of
these application depends on performance of utilized
multi-dimensional data structure.

Our work is focused on the well-known multi-di-
mensional data structure called the R-tree [8]. The
compression effort should be directed on MBB (mini-
mal bounding bozes) which are stored in the each node
of R-tree. Depending on R-tree dimension MBBs can
occupy more then 90% of the node space.

The first work [6], which is concerned with com-
pressing R-tree pages, uses the relative representa-
tion of MBB to increase a fanout of the R-tree node.
For better compression of their algorithm they pro-
posed a bulk-loading algorithm, which is variation of
STR [12] bulk-loading algorithm for R-trees. They also
designed a lossy compression based on the coordinate
quantization. Coordinates of MBB are then repre-
sented with fixed number of bits. Other works in this
field are focused on improving the effectiveness of the
main memory indexes. Those cache-conscious indexes
suppose that they can store the most of the index in
the main memory. Such work is CR-tree [9] as well,
which uses similar type of MBB representation like
in [6]. The compression algorithm is quite simple and

fast and it is possible to check if two MBB overlap
each other without decompression but the false hits
can appear. This can lead to some overhead of query
processing.

In this paper we decrease the size of index and
number of leaf pages. This can leads to the better
performance of R-tree. The proposed idea is based on
compression of R-tree nodes in the secondary storage.
More items can fit into the compressed R-tree node.
Nodes are stored compressed only in the secondary
storage, whenever the node is loaded into the main
memory the node is decompressed. Naturally, in the
main memory it can appear that the R-tree’s nodes
have the variable capacity. It has a minimal affect on
the insert algorithm and the query algorithm is not
affected at all.

We tested this approach for different compression
algorithms and we developed our new algorithm for
this purpose. This algorithm is able to compress node
to 25% of the original size without apllying any lossy
compression. This issue leads to an important reduc-
tion of the index size and the tree height can be de-
creased as well. Our algorithm uses the asymetric
method: decompression is faster than compression be-
cause the time of querying is usually more important
than the time of inserting.

In Section 2 R-tree and its variants are described
in detail. In Section 3 the new compression scheme
for R-tree is explained. In Section 4 we describe our
new compression algorithm and in Section 5 we show
results of our experiments.

2 R-tree and its variants

2.1 Introduction

Since 1984 when Guttman proposed his method [§],
R-trees have become the most cited and most used as
reference data structure in this area. As is required and
expected by applications, they support usual point
and range queries, and also some forms of spatial joins.
Another interesting query supported by R-trees, to
some extent, is the k-NN query.

R-tree can be thought of as an extension of
B-trees in a multi-dimensional space. It corresponds to
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a hierarchy of nested n-dimensional minimum bound-
ing bozes (MBB) which may be defined by two n-di-
mensional points. If A/ is an interior node, it contains
couples of the form (R;, P;), where P; is a pointer to
a child of the node N. If R is its MBB, then the boxes
R; corresponding to the children NV; of A are contained
in R. Boxes at the same tree level may overlap. If A is
a leaf node, it contains its couples of the form (R;, O;),
so called index records, where R; contains a spatial ob-
ject O;. In Figure 2 a general structure of the R-tree
for indexing point data is depicted.

index - a
hierarchy of MBBs

[0o|wo][ea|en]|[ea]eo][ea]es)] } Indexed tuples

Fig. 1. Structure of the R-tree.

Each node of the R-tree contains between K and C
entries unless it is the root and corresponds to a disk
page. Other properties of the R-tree include the fol-
lowing:

— Whenever the number of a node’s children drops
below K, the node is deleted and its descendants
are distributed among the sibling nodes. The up-
per bound C depends on the size of the disk page.

— The root node has at least two entries, unless it is
a leaf.

— The R-tree is height-balanced; that is, all leaves
are at the same level. The height of an R-tree is at
most [logy(m)] — 1 for m index records (m > 1).

2.2 Split procedure

As a dynamic data structure, most attention of previ-
ous works on R-trees has been devoted to the split pro-
cedure during the adding of new index records into an
R-tree. It significantly affects the index performance.
Three split techniques (Linear, Quadratic, and Expo-
nential) proposed in [8] are based on a heuristic opti-
mization. The Quadratic algorithm has turned out to
be the most effective and other improved versions of
R-trees are based on this method.

The algorithm uses the following strategy: Given
a set of C' + 1 entries, each entry is assigned to one of
the two produced nodes, according to the criterion of
minimum area, i.e., the selected node is the one that
will be enlarged the least in order to include the new
entry.

Unfortunately, this criterion is taken for granted
and not proved to be the best possible. The Quadratic
algorithm tends to prefer the group with the largest

size and higher population. In most cases this group
will be least enlarged. Hence, there is a high chance it
will need less area in order to accommodate the next
entry, so it will be enlarged again. Over time, this will
create a very uneven distribution, with most entries in
one node. Also, when one of the groups becomes full,
the rest of C'— K + 1 entries are assigned to the sec-
ond group without any geometric criteria. A minimum
node capacity constraint also exists; thus a number of
entries are assigned to the least populated node with-
out any control at the end of the split procedure. This
fact usually causes a significant overlap between the
two nodes.

2.3 R-tree variants

R-tree performance is usually measured with respect
to the retrieval cost (in terms of disk accesses) of
queries. The majority of performance studies concerns
point, range, and k-NN queries. Considering the
R-tree performance, the concepts of node coverage and
overlap between nodes are important. Obviously, an
efficient R-tree search requires that both the overlap
and coverage are minimized. Minimal coverage reduces
the amount of dead area covered by R-tree nodes. The
minimal overlap is even more critical than the mini-
mal coverage; searching objects falling in the area of
k overlapping nodes, up to k paths to the leaf nodes
may have to be executed in such a way.

Variants of R-trees differ in the way they perform
the split algorithm during insertions, i.e. which min-
imization criteria are used. Literature has identified
a variety of criteria for the layout of keys on nodes that
affect retrieval performance. These criteria are: mini-
mal node area, minimal overlap between nodes, mini-
mal node margins or maximized node utilization. It is
impossible to optimize all of these parameters simul-
taneously. We will briefly put forward two well-known
approaches to the R-tree optimization - R*-trees and
RT-trees. Authors of [13] put forward, in their recent
exhaustive overview, another six variants.

The main feature of R*-trees [1] involves the node-
splitting policy. Therefore, the R*-tree differs from the
R-trees mainly in the insertion algorithm. Although
original R-tree algorithms tried only to minimize the
area covered by MBBs, the R*-tree algorithms also
take the following objectives into account:

— The overlap between MBBs at the same (non-leaf)
tree level should be minimized. The lesser overlap,
the smaller the probability that one has to follow
multiple search paths.

— Perimeters (margins) of MBBs should be mini-
mized. For example, in 2D the preferred rectangle
is the square, since this is the most compact rec-
tangular representation.



— Storage wutilization should be maximized. Nodes
should store as many entries as possible so that
the height of the tree is kept low.

According to the R*-tree split algorithm, the split
axis is the one that minimizes a cost value S (S being
equal to the sum of all margin values of the different
distributions). Then the distribution which achieves
minimum overlap-value is selected to be the final one
along the chosen split axis. On the other hand, the
distinction between the “minimum margin” criterion
to select a split axis and the “minimum overlap” cri-
terion to select a distribution along the split axis, fol-
lowed by the R*-tree split algorithm, could cause the
loss of a “good” distribution if, for example, that dis-
tribution belongs to the rejected axis. The design of
the R*-tree also introduces a policy called forced rein-
sert: If a node overflows, it is not split in the right
away. Moreover, p entries, p > 0, are removed from
the node and reinserted into the tree. Authors of [1]
suggest p should be about 30% of the maximal num-
ber of entries per page. Through all above mentioned
techniques they reached performance improvements of
up to 50% compared to the basic R-tree.

Clipping-based schemes do not allow any overlaps
between bucket regions; they have to be mutually dis-
joint. A typical access method of this kind is the
RT-tree [16], a variant of the R-tree which allows no
overlap between regions corresponding to nodes at the
same tree level and an object can be stored in more
than one leaf node. RT-trees are considered to be one
of the most efficient indexes for supporting point and
range queries.

Other approaches to an improvement of original
R-trees release some of their basic features. For exam-
ple, the MBBs have been replaced by minimum bound-
ing spheres or polygons. In [2] R*-trees are extended
to support k-NN queries. Special attention should be
devoted to the use of signatures in connection with
R-trees. The approach [14] offers an RS-tree that con-
sists of an R-tree and an S-tree [4], i.e. a well-know hi-
erarchical signature file. The main application of this
data structure is an improvement of incremental k-NN
query algorithm.

3 A compression scheme for the
R-tree data structure

First, a motivation of our compression scheme is out-
lined. An R-tree node clusters similar tuples in the sin-
gle node. The term “similar tuples” means the tuples
are closed in a multi-dimensional space. Obviously, the
similar tuples contain similar coordinates, e.g., in Ta-
ble 1 we see the R-tree node. Some tuples’ coordinates
are the same or similar to each others.
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The redundancy is possible to compress by a com-
pression algorithm. We can apply well-known algo-
rithms like RLE, differential encoding and so on. In
Section 4 we depict the new algorithm applying
a knowledge about R-tree nodes. In our scheme, com-
pressed nodes are stored in the secondary storage. In
Figure 2 we see transfer of tree’s nodes between the
secondary storage and tree’s cache. If a tree wants
to retrieve a node, the compressed node is transfered
from the secondary storage. The node is decompressed
and such node is stored in the cache. Therefore, tree’s
algorithms exploit decompressed nodes. Obviously, the
R-tree is preserved as a dynamic data structure.

Compressed
node

[TTT]|Secondary

Decompressed
node

storage

Fig. 2. Transfer of tree’s nodes between the secondary stor-
age and tree’s cache.

3.1 The modified insert algorithm

When the compression scheme is taken into consid-
eration, the original insert algorithm has to be mod-
ified. The new tree’s insert algorithm is depicted in
Listing 1.1. Before insertion of the tuple in the leaf
node a compress algorithm has to compute if the tu-
ple is possible to insert into the node. Consequently,
the compress algorithm computes if the node is pos-
sible to insert into the single disk block its size is the
same for all tree’s nodes, e.g., 2048 B.

Listing 1.1. The modified insert algorithm

R—tree

Node node = mTree.mRootNode

while() {
if (!node.lsLeafNode())

{

int order = node.GetMBBContaining(7")
if (order == —1) // no the MBB exists

{
// modify the closest MBB and set the order

}

// retrieve the child node
Node node = mCache.GetNode(node.GetLink(order))

}

else

{
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// a compress algorithm computes if the tuple
// can be inserted
bool flag = node.CanBeTuplelnserted(T’)

if (flag)

node. Insert (T")

}

else

{

// split the node by an arbitrary algorithm
// and change ascendants

3.2 An impact

As far as we consider the new insert algorithm we have
to think about an impact. Our consideration is as fol-
lows:

1. Compressed nodes are retrieved in the secondary
storage. Therefore, the lower volume of data is re-
trieved in the secondary storage during the query
processing.

2. We create nodes with the variable capacity. Con-
sequently, the tree’s height is decreased. Since the
complexity of tree’s operations is depended on the
tree’s height, this issues can affect the efficiency of
the query processing.

4 A Compression method

In this section we will describe the new compression
algorithm. This algorithm is based on a separation of
the matrix structure and matrix values. We consider
a tree’s node as a matrix. The matrix is referred as
Page Matriz (PM). The size of the matrix is Capacity
by Dimension, row contains coordinate values of one
tuple. An example of the matrix is depicted in Table 1.

We will ascribe the algorithm for the example of
tree’s node depicted in Table 1. Steps of algorithm are
as follows:

1. We compute matrix D which contains differences
between rows of matrix PM, see Table 2. Obvi-
ously, the first row is the fixed point.

2. The structure of PM is saved into two arrays:

— Linear addresses of matrix elements (see
clause 3 below)

— Indexes to the array of values (see clause 4
below)

o 406624 6625 1526 00 1

42 0 6624 6725 1535 00

9 0 6624 6626 6631 230
10 0 6624 6632 6633 26 0
29 0 6624 6660 6675 85 0
33 0 6624 6677 6678 112 0
33 0 6624 6677 6679 113 0
37 0 6624 6692 6695 113 0
34 0 6624 6680 6681 116 0
34 0 6624 6680 6682 117 0

PM =

Table 1. An example of the page matrix — a model of the
R-tree’s node.

o 4 0 6624 6625 1526 00 1

380 0 100 9 00

—330 0 —99 5096 23 0

10 0 6 2 30

D= 190 0 28 42590
40 0 17 3270

00 0 0 110

40 0 15 16 00

-30 0 —-12 —-14 30

00 0 0 110

Table 2. Matrix of differences.

The linear address of a matrix element is com-
puted as Linear Address(x, y) = axDimension+y.
It means that the linear address is the item of a set
{0,1,2,...,Capacity x Dimension}.
3. We divide the array of linear addresses into two
arrays:
— Array of nonzero linear addresses (PM]|x,y]
<> 0).
— Array of zero linear addresses (PM |z, y] = 0).

Array of nonzero linear addresses:
7101114 17 18 19 21 24 25 26 28 31 32 33
35 38 39 40 46 47 49 52 53 56 59 60 61 67 68

Argpy of zero linear addresses: 1
8 912131516 20 22 23 27 29 30 34 36 37
@41 42 43 44 45 48 50 51 54 55 57 58 62 63 64 A
65 66 69

The smaller array is compressed by the Fibonacci
compression [15].
4. Values which are stored in matrix D are divided

into two arrays:

— Array of ordered positive values

— Array of ordered negative values
Both arrays are compressed by the Fibonacci com-
pression.

Array of ordered positive values:



123469 15 161719
23 27 28 38 42 59 100 5096

Array of ordered negative values:
31214 33 99

5. We have to store a bit-array which means signs of
values referred by correspond linear address.

Sign bit-array in the case of nonzero array of linear
addresses:
111001111111111111111111000111

6. Finally, we compute the array of indexes. Each el-
ement of this array is the index in the array of
positive values or array of negative values. The or-
der of value in the array corresponds to the order
of value in the array of linear addresses.

Index:
13165 341710041291214 15

3 82110 0 367012 2 0 O

Listings 1.2 and 1.3 contain a code of methods
CompressPage () and DecompressPage (),respectively.

Listing 1.2. CompressPage (Input Page)

Matrix P, D
Array NonZeroLinear, ZeroLinear, Index
BitArray Signum
Set PositiveValue, NegativeValue
P = Page
for(i =1; i < Capacity; i++)
D[i:] = P[1:] — P[i{]
for(i =1; i < Capacity; i++)
for(j = 0; j < Dimension; j++)
if (D[i.j] ==0)
ZerolLinear = ZeroLinear + LinearAddress(i, j)
else
{
NonZeroLinear=NonZeroLinear
+LinearAddress(i, j)
if (D[i,j] >0)

Sinum = Signum + 1
PositiveValue = PositiveValue + DIi,j]

}
else
{
Sinum = Signum + 0
NegativeValue = NegativeValue
+ abs(D[i,j])
}

}

for each x in NonZeroLinear
Index = Index + Computelndex(x)

write D[1:]
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if (| NonZeroLinear| > |ZeroLinear|)
write ZeroLinear
else
write NonZeroLinear
write FibonacciCompress(Index)
write FibonacciCompress(PositiveValue)
write FibonacciCompress(NegativeValue)
write Signum

Listing 1.3. DecompressPage (Output Page)

Matrix P

Array Linear, NonZerolLinear, ZeroLinear, Index
BitArray Signum

Set PositiveValue, NegativeValue

P=0

Read P[1:]

Linear = FibonacciDecompress Read

Index = FibonacciDecompress Read

PositiveValue = FibonacciDecompress Read
NegativeValue = FibonacciDecompress Read
Signum = Read

if (Linear.Type = NonZero)
NonZeroLinear = Linear

else
NonZeroLinear = AllLinear — Linear

for each | in NonZerolLinear
P[l.x, l.y] = GetValue(Index, PositiveValue,
NegativeValue, Signum)

for(i =1; i < Capacity; i++)
P[i:] = P[i—1:] + P[]

Page =P

5 Experimental results

In our experiments we compare various methods for
the compression of R-tree’s nodes. We show the our
novel algorithm provides better compression rate. The
framework ATOM! is applied in our implementation
of the data structure. In our experiments? we build the
R-tree as the index for XML data (see [10]). The in-
dex was built for the Protein Sequence Database XML
document [17] its statistics are depicted in Table 3. Ta-
ble 4 puts forward statistics of the R-tree index. The
R-tree indexes the space of dimension 7.

In Table 5 we put forward that the both tested
methods come to the good result. More than 60% of

L AmphorA Tree Object Model, http://arg.vsb.cz

2 The experiments were executed on an Intel Pentium ®4
2.4Ghz, 1GB DDR400, under Windows XP.
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Document size 683 MB
Number of elements 21,305,818
Number of attributes 1,290,647
Maximal length of the path |7

Table 3. Statistics of the Protein Sequence Database XML
document.

Number of leaf items 8,739,522
Number of inner items 387,223
Number of leaf nodes 331,474
Number of inner nodes |55,750
Index size: 774 MB

Table 4. Statistics of the R-tree index.

Algorithm Compression rate
Differential coding  [29.6 %
The novel method  [25.2%

Table 5. Result of compression algorithms.

data is compressed. The novel algorithm provides bet-
ter compression rate than the differential coding algo-
rithm.

6 Conclusion

In our article we introduce the new compression
scheme for the well-known R-tree data structure. The
tree’s node is compressed in the secondary storage but
the cache contains uncompressed nodes. We introduce
the novel compression algorithm to be provided the
better compression rate than well-known differential
coding. In our future work we would like to aim to an
impact of real-time compression on the efficiency of
the query processing.
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Abstrakt Pravdepodobne najcastejsie vyuZivanou sluzbou
na webe je vyhladdvanie informdcii. Prevldda fulltextové
vyhladdvanie na zdklade vijskytu kliicovyjch slov v dokumen-
toch. Avsak vysledky su casto neuspokojivé. MozZnym rie-
Senim éoraz komplikovanejsieho vyhladdvania informdcii
na webe je sémantické vyhladdvanie. Cielom prispevku je
ndvrh implementdcie sémantického vyhladdvacieho ndstro-
ja schopného pracovat s ontoldgiou pracovnych ponik vy-
tvorenou v rdmci iného projektu. BliZsie sa zaoberame do-
pytovanim ontoldgie pracovnych ponik pomocou dopytova-
cieho ontologického jazyka SeRQL v ontologickom iloZisku
Sesame. V prispevku opisujeme softvérovy prototyp séman-
tického vyhladdvacieho ndstroja zaloZeného na rdmci Apa-
che Cocoon, predstavime zaujimavé spojenie tohto rdmca
a ontologického loZiska Sesame do sémantického vyhladd-
vacieho ndstroja. Zameriame sa tieZ ma rézne mozZnosti
reprezentdcie vysledkov prostrednictvom Apache Cocoon.

1 Uvod

Web tak, ako ho pozname teraz je prepojenim doku-
mentov. Iniciativa webu so sémantikou sa pripojenim
metadat k publikovanym dokumentom snaZi vytvorit
datovo prepojeny web. Cielom je dosiahnut podobu,
ktord bude lahSie strojovo citatelna, jednoduchsie
spracovatelna a vyhodnocovani. Vhodnym prostried-
kom na reprezentaciu metadat, inSpirovanym zo zna-
lostného inzinierstva, st ontolégie.

Jednou z najcastejsie vyuzivanych sluzieb na webe
je pravdepodobne vyhladavanie informécii. V stucas-
nosti prevlada tzv. fulltextové vyhlad4vanie informéa-
cii na zaklade vyskytu kIai¢ovych slov. Existuju mnohé
algoritmy, ktoré nasledne usporaduvaja najdené doku-
menty podla relevantnosti [4]. Fulltextové vyhlada-
vace nepoznaji obsah dokumentov, ktoré vyhladali
a ktoré zobrazuja pouzivatelovi, o Gasto vedie k zlym
alebo nepresnym vysledkom [6].

MoZnym rieSenim ¢oraz komplikovanejsieho vyhla-
déavania informacii na webe je sémantické vyhlada-
vanie. Vyhladavadu neposkytujeme kltucové slova,
o ktorych si myslime, Ze by sa mohli ¢asto vyskyto-
vat v hladanom type dokumentu, ale kritéria, ktoré
ma spliiat najdeny obsah. Predpoklada sa teda, Ze vy-
hl'ad4va¢ bude ,rozumiet” obsahu, ktory pontka.

* Tato praca bola &lastoéne podporovana statnym pro-

gramom vyskumu a vyvoja ,Budovanie informacnej
spolo¢nosti® na zaklade zmluvy &. 1025/04.

Existuje niekolko typov sémantického vyhladava-
nia v dokumentoch [3], [7]. Zakladnym typom je vy-
hladé4vanie informécii (information retrieval) — identi-
fikacia relevantnych dokumentov a ich radenia podla
miery vhodnosti. Vy§§im typom je vyhladavanie, ktoré
poskytuje odpovede na jednoduché otazky (simple
question answering), napriklad ,Kto je prezident Slo-
venskej republiky?“. Zdokonalenim by bol vyhladavac,
ktory poskytuje odpovede na komplexné otazky (com-
plex question answering), napriklad ,Ak4 je stcasna
situacia vysokého skolstva v Slovenskej republike?*.
U vsetkych typov je moZné ocakavat zvySenu efek-
tivnost vyhladavania. Sticasne plati, ze u vSetkych ty-
pov vyhladdvania budi pouZivané rozne techniky
usudzovania a odvodzovania.

Existuje viacero projektov, ktoré sa priamo zaober-
aju alebo aspon vyuZzivaju vyhladavanie v prostredi
sémantického webu. Prikladom je projekt MKSearch?,
v ramci ktorého je vyvijany vyhladavaci nastroj za-
loZzeny na indexovani metadat vo webovych dokumen-
toch. Néastroj vyhladéava v naindexovanych metada-
tach ulozenych vo forme RDF v ontologickom tlozisku
Sesame.

Projekt Bibster? je nastroj na asistenciu vyskum-
nym skupindm pri manaZovani, zdielani a vyhlada-
vani bibliografickych dat. Systém pracuje v prostredi
peer to peer siete. Na uloZenie dat pouziva ontologické
ulozisku Sesame a dopytovanie vykonéva prostrednict-
vom jazyka SeRQL.

V prispevku sa venujeme navrhu sémantického vy-
hl'ad4vacieho néstroja, schopného poskytnut vysledky
odpovedajice jednoduchym otazkam v datach opisa-
nych ontolégiami. Overenie navrhu sémantického vy-
hladavaca sme zrealizovali vytvorenim prototypu néa-
stroja (Semantic Search Tool — SST), ktory umoziuje
pouzivatelovi vyhladavanie v pracovnych ponukéch na
zéklade vlastnosti tychto ponik. Pracovali sme s uz ex-
istujiicou databazou pracovnych pontik a s doménovou
ontolégiou vytvorenou v ramci projektu NAZOU? [5].

! MKSearch, http://www.mksearch.mkdoc . org
2 Bibster, http://bibster.semanticweb.org
3 Projekt NAZOU, http://nazou.fiit.stuba.sk
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2 Princip sémantického vyhladavania

Vyhladavaci nastroj ziska od pouzivatel'a jeho kritéria
na pracovné ponuky, o ktoré by mal zaujem, pomo-
cou formuléra. Ten je zostaveny z viacerych rolovacich
menu, v ktorych si pouZivatel moZe zvolit pozadovanii
hodnotu uré¢itej vlastnosti ponuky. Napriklad moze vy-
brat konkrétnu pracovnu poziciu, ktorej by sa mala
tykat nim poZzadované pracovna ponuka. Jednotlivé
zoznamy vSetkych rolovacich menu sa nacéitavaja pri-
amo z ontologie este pred samotnym otvorenim okna
formularu.

Pouzivatel podla svojho uvaZenia nastavi hodno-
ty vybranym polozkdm. Na zéklade takto vybratych
hodnoét sa vytvori dopyt do ontologického tuloZiska.
Vysledkom je zoznam poniik, ktoré splhaji tento do-
pyt. Nevyplnené rolovacie menu sa pri tvorbe dopytu
neuplatnia. Zoznam najdenych pracovnych ponuk sa
zobrazi v tabul'ke, kde st ku kazdej ponuke uvedené jej
zékladné atribity (nazov ponuky a meno firmy, ktora
ponuku zadala) vratane odkazu na zobrazenie jej de-
tailu. Pouzivatel si moze zobrazit detail o konkrét-
nej ponuke, pripadne spresnit dopyt opdtovnym vy-
plnenim hodno6t vo formularoch.

Uvedena metdéda umoziiuje vyhladavat pracovné
ponuky na zaklade vlastnosti, ktoré nadobtudaja hod-
noty z ohrani¢enych mnozin. Takéto vlastnosti smeru-
ja vécsinou do enumerovanych tried alebo tried, ktoré
st plne definované svojimi podtriedami. Pri enume-
rovanej triede s vymenované vSetky mozné inStancie
danej triedy a nemé zmysel vytvarat iné inStancie. Pri
triede definovanej podtriedami nemoze existovat také
instancia triedy, ktora zaroven nie je inStanciou niek-
torej podtriedy danej triedy.

KedZe uvedené vlastnosti st zadefinované priamo
v jazyku OWL* (owl:oneOf pre enumerovanii triedu
a owl:unionOf pre triedu definovaniu podtriedami), da
sa metoda sémantického vyhladavania implementovat
dostato¢ne genericky tak, aby sa dala pouzit pre vy-
hladavanie instancii lubovolnej triedy, ktora méa vlast-
nosti smerujice na plne definované triedy.

3 Architektira nastroja

Navrhnutd metédu sme overili vytvorenim prototy-
pu webovej aplikicie SemanticSearchTool (SST), ktora
umoziiuje sémantické vyhladavanie nad ontologiou
pracovnych ponuk.

Aplikacia je integrovana do prezenta¢ného ramca
Cocoon, ktory je zaloZeny na architekture datovodov
a filtrov [1]. Cocoon obsahuje mnoZstvo pouZitelnych

4 OWL — Web Ontology Language,
http://www.w3.org/TR/owl-features

blokov, ktoré po spravanej konfiguracii poskytuju apli-
kécii bohatu funkcionalitu. Pre uloZenie ontologie po-
uzivame ontologické tlozisko Sesame®. Sesame Stan-
dardne poskytuje RDFSchema tlozisko so zékladnym
odvodzovanim vztahov medzi triedami a in§tanciami.

Zakladné prepojenie jednotlivych ¢asti rieSenia je
zobrazené na obrazku 1. Pouzivatel vidi vo svojom
prehliadaci stranku vygenerovanu servletom Cocoon,
v ktorom je zasadeny nastroj SST. Ten je pomocou
Sesame Repository API prepojeny na ontologické tlo-
zisko, ktoré teoreticky nemusi byt spustené v tom
istom servlet kontajneri na tom istom stroji.

Sesame dovoluje ontolégie ukladat do stboru, do
paméte alebo do RDBMS (Relational DataBase Man-
agement System). Zavisi od poziadaviek pouZivatela,
ktory sposob uprednostni. Uchovavanim ontologie
v paméti poc¢itaca vo forme ontologického modelu do-
siahneme vysoku rychlost prehladavania a odvodzova-
nia znalosti. V tomto pripade sme vSak obmedzeni jej
kapacitou, ¢o moze byt dovodom pouzitia siboru, kde
sa zniZuje rychlost prace, alebo mézeme pouzit relaéni
databazu [2].

Sesame moze suc¢asne spravovat viac ontologickych
ulozisk, a preto pri nadvizovani komunikacie (pozri
obr. 2, faza 1) je potrebné identifikovat konkrétne tlo-
zisko prostrednictvom jeho identifikatora.

4 Dopytovanie nad ontolégiou
pracovnych ponik

Cielom néastroja pre sémantické vyhladavanie je zo-
stavit dopyt, ktorého vysledkom bude zoznam pra-
covnych pontk vyhovujtcich kritériAm pouZivatela.
Nastroj SST prostrednictvom svojho formularu (obra-
zovka aplikécie je na obrazku 2) umoziuje pouzivate-
Tovi Specifikovat tieto zuZzenia (kritéria) na vyhlada-
vanie:

— oblast podnikania firmy, ktora ponuku uverejnila,
kde zoznam moznosti v rolovacom menu sa ziskava
priamo z ontologie,

— pracovna pozicia — zoznam moznosti v rolovacom
menu sa ziskava z ontologie,

— regién — miesto vykonavania préace; zoznam moz-
nosti v rolovacom menu sa ziska z ontologie,

— druh pracovného pomeru — zoznam moznosti v ro-
lovacom menu sa ziska z ontologie, napr. self em-
ployed alebo contract,

— vhodnost pre uchidzaca bez praxe — k dispozicii
st predvolené moznosti: ano, nie, nezalezi.

Zaujimavym Kkritériom je wvhodnost pre uchddzaca
bez praze, kedze takyto atribit ponuky sa priamo v on-
tologii nenachédza. Ku kazdej ponuke vSak existuju

® Sesame, http://wuw.openrdf .org
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Obrazok 2. Pouzivatel'ské rozhranie aplikacie.

predpoklady kladené na uchadzaca (hasPrerequisites).
Tie mozu byt s ponukou spojené vlastnostou requires
(zamestnavatel striktne vyZaduje splnenie predpok-
ladu) alebo prefers (uchadzadi, ktori predpoklad
spliiajii st zvyhodneni). Kazdy predpoklad sa moze
tykat jednej z troch klasifikécii: klasifikacia skusenos-
ti, kvalifikacie a osobnostnych atributov.

7 uvedeného spo6sobu modelovania vyplyva, Ze po-
nuka, ktora je vhodna pre uchédzaca bez praxe nesmie
mat ziaden predpoklad prepojeny s taxondémiou sku-
senosti pomocou predikatu requires.

Dopyt, ktory nam vrati zoznam ponik nevhodnych
pre uchidzaca bez praxe bude v jazyku SeRQL vyzerat
nasledovne:

SELECT Offer
FROM {0ffer} jo:hasPrerequisite {P},
{P} jo:requires {C},
{C} rdf:type {c:ExperienceClassification}

Ontologia explicitne definuje jednotlivé logické ¢as-
ti entity (v naSom pripade pracovnej ponuky) a vztahy
medzi tymito ¢astami. Hodnoty v kaZdom poli for-
muléra predstavuji mozné ohranicenia priestoru po-
nik podla prislusnej logickej Casti (region, pozicia
a pod.). Podla toho & pouZzivatel dané pole vyplnil
alebo nie sa vytvorenim prienikov a zjednoteni jed-
notlivych dopytov posklada zlozitejsi dopyt zahriiu-
juci vsetky pozadované kritéria na hladani pracovnii
ponuku.
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5 Implementacia nastroja

Pre zostavovanie dopytov na ontologické tlozisko sme
pouzili dopytovaci jazyk SeRQL®, ktory vychadza z ja-
zykov RDQL a RQL a ¢iastocne aj jazyk SPARQL”
s ktorého plnou podporou sa v budicnosti poéita po
ukonéeni procesu Standardizacie organizaciou W3C.
Okrem jazyka SeRQL ramec Sesame podporuje aj ja-
zyk RDQL a RQL.

Vytvorenéd klientskd aplikicia sa pripaja cez Se-
same Repository API k Java Servlet aplikicii umi-
estnenej na vzdialenom webovom serveri Apache Tom-
cat®. Sesame Repository API je jednym z dvoch Sesa-
me Access API rozhrani umoziiujtcich vysokotroviio-
vy pristup do uloZziska s funkciami, ako dopytovanie ¢i
vkladanie RDF stborov. Druhé Graph API rozhranie
poskytuje ,,jemnejsiu‘ pracu nad tloziskom, ako je vy-
tvaranie malych RDF modelov priamo v kode ¢i réznu
manipulaciu s RDF. Implementéacia klientskej aplika-
cie je zaloZena na ramci Apache Cocoon? uréenom pre
vytvaranie webovych aplikacii zaloZenych na XML od
Apache Foundation.

Spolupraca vsetkych komponentov zahifia 3 navzé-
jom nadvézujuce fazy, ktoré si zobrazené na obraz-
ku 3. Prva faza zabezpecuje nadviazanie spojenia so

5 SeRQL — Sesame RDF Query Language

" SPARQL — SPARQL Protocol and RDF Query Lan-
guage,http://www.w3.org/TR/rdf-sparql-query/

8 Apache Tomcat, http://tomcat .apache.org

9 V &ase pisania prispevku bol ramec Apache Cocoon vo
verzii 2.1.8, http://cocoon.apache.org

serverom a prvotni komunikaciu servera s klientskou
aplikdciou a servera s ontologickym tloziskom. Nastroj
SST sa pokusi pripojit na vzdialené ontologické tlo-
zisko Sesame prostrednictvom prihlasovacieho mena
a hesla. Po tspesnej autentifikicii je nutné identifiko-
vat konkrétne uloZzisko pomocou repositorylD, s kto-
rym bude néstroj pracovat.

V druhej faze je zostaveny dopyt v jazyku SeRQL.
Ziskané data odpovedajuce vysledku dopytu Sesame
posiela vo forme tabulky do dalsej fazy. Dopyt moze
byt zadany priamo v kode ako znakovy retazec dodrzu-
juci syntax SeRQL alebo moéze byt vygenerovany na
zaklade volieb pouZivatela zadanych prostrednictvom
ponuknutych formularov.

O tretiu fazu sa takmer vyhradne stara ramec Co-
coon, ktory na zaklade Sablon a vysledkov ziskanych
z ontologie generuje, transformuje a nakoniec serializu-
je data do pozadovaného formétu. V. Apache Cocoon
pouzivame implementovany JX generator, ktory ma
na vstupe 8ablonu, do ktorej na uréené miesta doplni
aktualne hodnoty premennych. Sabléna spolu s CSS©
uréuje celkové rozloZenie elementov na stranke. Co-
coon vo faze transforméacie umoZiuje tiez pouZi-
tie XSL'! &tylov. Rovnako je tieZ mozné vyuzit vlast-
ny transformétor, ktory relativne Tahko naprogramu-
jeme v jazyku Java alebo niektory zo vstavanych trans-
forméatorov, napriklad i18n umoziujici internacional-

10 ¢SS - Cascading Stylesheet,
http://www.w3.org/Style/CSS

11 XSL — The Extensible Stylesheet Language Family,
http://wuw.w3.org/Style/XSL



izaciu vytvorenej aplikicie. Stubor sa nakoniec serial-
izuje do (X)HTML. Cocoon vsSak poniuka ovela vi-
ac moznych vystupnych stuborov. Moézeme napriklad
vyuzit WAP/WML Serializer na vytvorenie stranky
pre mobilné zariadenia alebo pomocou PDF Serializer
vygenerovat PDF dokument vhodny pre tlag.

Priebeh klientskej poziadavky je zobrazeny na
obrazku 4. HTTP poziadavku prichadazajicu z we-
bového prehliada¢a klientskeho pocitaca zachytava
aplika¢ny server (Apache Tomcat). Cocoon sa riadi
konfiguraénym suborom SiteMap (sitemap.xmap) vo
formate XML a datovodmi (pipelines), ktoré s v fiom
nakonfigurované. Datovody pracuju obdobne ako to
pozname pri datovodoch v systéme UNIX (vystup jed-
ného komponentu sa predava na vstup druhého kom-
ponentu). V konfigura¢nom subore je tak isto namapo-
vand virtudlna adresarova Struktara (pouZivana
v HTTP poZiadavkach) na skuto¢ni pouZitt na strane
servera. Klientska poziadavka sa na zaklade regularne-
ho vyrazu namapuje na prislusny datovod. Riadenie
a logiku nastroja zabezpeuje flowscript (vychadzajt-
ci zo syntaxe jazyka Javascript), ktorého funkcie sa
volaji z jednotlivych ¢asti ddtovodov. Na komunikaciu
a pracu s ontologickym tloziskom Sesame Flowscript
vyuZziva metody triedy MySesame, ktoré je vytvorené
v jazyku Java a vloZena do ramca Cocoon. Vysledky
st spatne odovzdané konfiguracnej mape, ktora pre
vytvorenie HT'TP odpovede nésledne vybera prislusny
datovod.

Prepojenie Cocoonu a aplika¢nej logiky

Flowscript predstavuje jedno moZzné miesto prepoje-
nia Cocoonu a aplika¢nej vrstvy. Jeho funkcionalita je
rozdelend do dvoch casti. Funkcia vstup zabezpecuje
logiku pre uvodny formular, zostavenie dopytu pomo-
cou triedy MySesame, vyhlad4avanie a zobrazenie naj-
denych pontuk. Funkcia detail zabezpecuje logiku pre
zobrazenie detailu konkrétnej ponuky.

Prva funkcia je v ¢innosti od spustenia néstroja
SST. Pripoji sa na Sesame, ziska vSetky adaje potreb-
né na naplnenie rolovacich menu formulara a prostred-
nictvom bloku CocoonForms a generatora JXGenera-
tor vygeneruje HTML dokument s formularom.

Druha funkcia dostane na svoj vstup ID konkrét-
nej ponuky a na jeho zdklade vyhlada vsetky dos-
tupné informacie spojené s touto ponukou. Vysledny
HTML dokument sa vygeneruje pouzitim JX Template
Sablony, do ktorej sa vlozia ziskané data.

Definicia formulara

Jednotlivé prvky formularu (tzv. widgety) vyzaduja
definiciu vo vstupnom sibore formou XML Struktar.
Napriklad pre rolovacie menu lokalit pracovnych po-
nik vyzera takto:
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<fd:field id="lokalita">
<fd:label>In region: </fd:label>
<fd:datatype base="string"/>
<fd:selection-list type="flow-jxpath"
list-path="List"
value-path="value" label-path="label"/>
</fd:field>

Takto definovany widget hovori, ze prvok formulé-
ru lokalita bude ponukat moznost vyberu jednej hod-
noty zo zoznamu hodnoét, ¢o bude reprezentované for-
mou rolovacieho menu (selection-list). Hodnoty jeho
zoznamu v tomto pripade nie st dopredu staticky nas-
tavené, ale mu budi odovzdané z flowscriptu prostred-
nictvom premennej List.

Zobrazenie vysledkov

Zobrazenie vysledkov dopytu je mozné viacerymi spo-
sobmi — bud sa znova pouZzije ramec CocoonForms
a vysledky sa zobrazia vo formulari alebo sa pouziju
Sablony pre zobrazenie vysledkov.

Ramec Cocoon obsahuje silny Sablénovy mecha-
nizmus JX Template, pomocou ktorého sa da nadefino-
vat vyzor stranok spolu s pripojenymi subormi kaska-
dovych stylov. gablény pouziva JXGenerator, ktory na
urcenych miestach rozvinie zadefinované makra a na-
hradi premenné skuto¢nymi hodnotami.

Pri pouziti rdimca CocoonForms sa da vyuZzit ma-
povanie medzi modelom formulara a datami vo forme
XML alebo Java bean. Toto mapovanie zadefinujeme
pomocou pravidiel, ktoré priraduja widgety z mod-
elu formulédra JXPath vyrazom, ktoré adresuju polia
v XML alebo premenné v Java bean objekte. Néasledne
staci, aby metoda, ktora vykonéva dopyt vratila vysle-
dok vo forme XML alebo Java bean objekt. Takéto
rieSenie oddeli met6édu sémantického dopytu od samot-
ného prezenta¢ného rdamca, ¢o umoziuje jeho lahki
vymenu. Zaroven je takato metoéda dopytovania flexi-
bilna voci zmenam samotného ramca.

6 Zhodnotenie

Z viacerych moznosti rieSeni celkovej koncepcie séman-
tického vyhladavacieho nastroja sme sa venovali spo-
jeniu aplikéicie postavenej na baze ramca Apache Co-
coon a sémantického uloziska Sesame. Myslienky po-
uzité pri navrhu takejto architektary webovej aplika-
cie a sposobu reprezentacie ziskanych vysledkov st
pouzitelné vieobecnejsie.

Dolezitou ¢astou nasho sémantického vyhladéva-
cieho nastroja je jeho logika, ktoru tvori flowscript
napisany v jazyku Javascript, konfigura¢ny stubor s dé-
tovodmi pre Cocoon vo forméate XML a Java trieda
pre komunikaciu s tloziskom Sesame. PouZivatelské
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Obrazok 4. Sekven¢ény diagram priebehu klientskej poziadavky.

rozhranie webovej aplikidcie sa generuje na zéklade
gablon vo formate XML. Celkovy vzhlad aplikacie je
postaveny na kaskddovych styloch CSS, ¢o umoznuje
l'ahki zmenu celkového vyzoru.

RieSenie zalozené na vyuziti ontolégii je oproti re-
la¢nej databaze flexibilnejsie, umoznuje niektoré zme-
ny v Strukture dat (napr. zmenu ¢ pridanie novej
polozky v pracovnej ponuke) bez nutnosti zasahu do
aplikicie a tiez odvodzovanie znalosti. Dopyto-
vanie v jazyku SeRQL je aktuélne zavislé na konkrét-
nej doménovej ontologii. Nasadenie nastroja do
inej oblasti by vyzadovalo zasah do zdrojovych kodov.
Skimame moznosti generalizacie nastroja tak, aby sa
pomocou neho dalo sémanticky dopytovat aspon Cias-
to¢ne nezavisle od pouzitej ontologie.
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Abstrakt Prispévek zavddi pojem (vétného) segmentu,
jednotky, kterd je lingvisticky motivovand a prtitom
snadno automaticky rozpoznatelnd. Rozpozndni segmenti
umoznuje uréovat segmentacni strukturu véty (reprezen-
tovanou segmentacénim schématem), na jejimz zdkladé lze
vymezit jednotlivé klauze souvéti a jejich vzdjemny vztah,
a tim 1 syntaktickou strukturu souvéti. Metoda segmen-
tace je navrZena pro automatické zpracovdni cestiny, ja-
zyka s relativné velmi volnym slovosledem.

V prispévku je ddle popsdina sada jednoduchgch pravi-
del, kterd je vyuZita pro budovdni segmentacnich schémat.
Viysledky segmentace jsou vyhodnoceny vzhledem k malému
ruéné anotovanému korpusu ceskych vét.

1 DMotivace

V tomto piispévku zavddime pojem (vétného) seg-
mentu, jednotky, kterda je lingvisticky motivovana
a pfitom snadno automaticky rozpoznatelnd. Je
zde pfedstavena myslenka nového modulu syntak-
tické analyzy (tzv. segmentacéni analyza), ktery by
byl zafazen bezprostifedné za modul morfologické
analyzy. Myslenka modularni automatické syntak-
tické analyzy cestiny je jiz dlouho povazovana za
relevantni (nejméné od 80. let), pifmo navazuje na
myslenku modularni automatické syntézy cestiny rea-
lizovanou pomoci Funkcniho generativniho popisu ces-
tiny (viz [12], [13]).

Zakladnim predpokladem pro modul segmentacni
analyzy je skutecnost, ze ¢estina, pro kterou je tento
pristup navrhovan, ma relativné striktni pravidla pro
interpunkci, diky nimz lze jednoduse urcit jednotlivé
segmenty, ze kterych se véta ¢i souvéti sklada. Lze
predpokladat, ze podobny ptistup se da uplatnit i pro
fadu dalsich, typologicky podobnych jazyku. O piino-
sech obdobné metody i pro analyzu typologicky odlis-
nych jazyku svédél napt. [5)].

Tento prispévek je rozsifenim a prohloubenim
clanku [9]. Je zaméfen na Ctendfe, které zajima
problematika spojend s pocitacovou syntaktickou
analyzou Cestiny. Téma vétnych segmentu (v souvis-
losti s pocitacovou syntaktickou analyzou ¢estiny) bylo
otevieno v praci [7]. Hlavni motivaci byla zkusenost,
ze automatickd syntaktickd analyza zalozend na je-
diném modulu zdvislostniho typu (napf. [2]) je v prin-
cipu nedplnd ¢i neadekvatni. Takova analyza neni

tola préce [7] zabyvajici se vétnymi segmenty byla
uvefejnéna jako [8].)

Tento ¢lanek oproti [7] podstatné mén{ segmentac-
ni schéma. Nové schéma dokédze adekvatné zachytit

struktur.

Ve druhé kapitole presnéji zavddime pojem se-
paratoru a (vétnych) segmentti. Rozpozndni segmentt
umoznuje urcovat segmentacéni strukturu veéty (re-
prezentovanou segmenta¢nim schématem), na jejimz
zékladé lze vymeszit jednotlivé klauze souvéti a je-
jich vzdjemny vztah, a tim i syntaktickou strukturu
souveti.

Ve tfeti kapitole je popsédna sada jednoduchych
pravidel, ktera je vyuzita pro budovani segmentacnich
schémat ceskych vét.

Ve c¢tvrté kapitole jsou vysledky segmentace vy-
hodnoceny vzhledem k malému ru¢né anotovanému
korpusu ¢eskych vét.

V zévéru shrnujeme piinos piispévku a naznacuje-
me, kterym smérem se pii studiu segmentu budeme
ubirat.

2 Popis struktury souveéti

Navrhovand metoda je zalozena na piredpokladu, ze jiz
morfologicky analyzovany text obsahuje (vice ¢i méné
spolehlivé) informace, které lze piimo vyuzit k odhadu
segmentacni struktury souvéti, a tim k vetsi efek-
tivnosti a presnosti syntaktické analyzy.

Bohatym zdrojem slozitych segmentacnich jevu je
Smilauerova kniha [14]. Autor se s touto problema-
tikou vyrovnava v ramci tradi¢niho vétného rozboru
a tradi¢n{ terminologie (vétnych ¢lent). Nasim cilem
je Smilauertiv vétny rozbor automatickou syntaktic-
kou analyzou nejen napodobit, ale zjemnit a rozsitit
o slozitéjsi jevy souvisejici s volnym slovosledem. Od-
tud také prameni nas zajem o vétné segmenty.
si zvolfme vétu rozebiranou Smilauerem (viz [14],
sekce 29, cviceni 16, str. 83): ¢ A Vesuv duvérné mi
Sepce :1 Jsem zbyteény ,o uZ nesoptim , leda zZeg



82 V. Kubon et al.

dilo lidské hebce , jaky slusi troskam ,5 zakoptim
.6 Smilauer tuto vétu rozebral pomoci Sesti obrazki
(str. 171, kde je ovSsem piiddna interpunkéni édrka
pred spojku Ze). Prvni{ obrdzek, ktery zachycuje seg-
mentacni strukturu véty, uvddime na obr. 1, dalsich
pét obrazku odpovida zavislostnim rozborum jednot-
livych ¢asti souveti. V piikladové vété jsme vyznacili
a ocislovali tzv. ‘separatory’, které vétu rozdéluji do
Sesti segmentu.

Obrazek 1. Rozbor struktury souveéti v [14].

Zduraznéme, ze nepredpokldddme, ze by me-
toda segmentace mohla poskytnout jednoznaény od-
had segmentaéni struktury pro kazdé zpracovavané
souvéti — v mnoha piipadech ani jednozna¢né urceni
struktury souvéti neexistuje, véty jsou (strukturalné)
viceznacné. Cilem segmentace je ziskat co nejpresnéjsi
odhad vSech moznych segmentac¢nich struktur. Proto
také terminologicky rozlisujeme vétny rozbor, ktery
by mél zachytit vSechny moznosti, jak dané vété sprav-
né porozumét (tedy urcit viechny jeji jazykem struktu-
rované vyznamy, s vylou¢enim mimojazykovych zna-
lost{) a parsing (odpovidajici ¢esky termin neni za-
veden), kterym se obvykle rozumi uréeni jediné moz-
nosti, jak vété porozumét, pricemz takovy vybér je
¢asto podminén znalosti dalsich ¢asti textu i pragma-
tickych znalosti ziskanych mimo dany text.

2.1 Zakladni pojmy

Pod pojmem véta/souvéti zde rozumime ¢dst textu,
kterd je vétou v typografickém smyslu (za¢ind vekym
pismenem a koné¢i koncovou interpunkci, nejcastéji
teckou, otaznikem ¢i vykficnikem); jde tedy o po-
sloupnost lexikdlnich jednotek (v anglicky psané li-
terature oznacované jako ‘tokens’) wiws...w,, kde
kazda polozka w; (1 <4 < n) reprezentuje bud jednu
slovni formu daného prirozeného jazyka, nebo inter-
punkéni znaménko (tecku, ¢arku, otaznik, zavorku,
pomlcku, dvojtecku, strednik a dalsi specidlni sym-
boly, které se objevuji v psaném textu). Implicitné
predpokladame, ze ke kazdé lexikélni jednotce je k dis-
posici jeji morfologicka analyza.

Separatory. Vyskyty lexikalnich jednotek ve vétach
jsou rozdéleny do dvou disjunktnich skupin.

Jako separatory oznacujeme takové fetézy slov
a interpuncénich znamének (pficemz bereme v tivahu
jejich morfologickou interpretaci), kterd oddéluji dvé
vétné klauze nebo dva vétné ¢leny. Pritom rozliSujeme
jednoduché separatory, které jsou dany piimym
vyctem (jde zejména o interpunkéni znaménka, spojky,
vztaznd zajmena a zdjmennd piislovce), a separatory
slozené, které zustavaji jedinym funkénim oddélova-
¢em, jsou vSak popsény pomoci (velmi jednoduchych)
reguldrnich vyrazu (napf. ¢arka ndsledovand podradici
spojkou, napt. ¢, Ze’; soucasti slozeného separatoru
muze byt i vyraz, ktery neni jednoduchym separa-
torem, tieba predlozka (napf. ¢, pro kterow’) ¢i zduraz-
nujici piislovee (napt. ¢, prdvé kdyz)).

Poznamenejme, ze slozené separatory je potieba
odlisovat od posloupnosti / Fetézi separatort, které
jsou tvofeny dvéma (i vice) po sobé jdoucimi slozeny-
mi separdtory. Piiklad posloupnosti separdtoru najde-
me napi. ve vété Nevédel, Ze kdyZ jsem se probral
k védomi, zavolal jsem policii., kde dvojice ¢, Ze’ tvofi
jeden (slozeny) separdtor a piislovce ‘kdy? druhy —
tyto specidlni konstrukee jsou popsany v [10].

Separétory (a jejich vyskyty) lze relativné jednodu-
Se rozdélit podle toho, zda uvozuji klauzi nebo
ji uzaviraji. Mluvime tedy o oteviracich se-
paratorech (typicky napf. podfadici spojka ¢i vztazné
zdjmeno; téz zacatek véty chdpeme jako (nulovy) se-
parator), uzaviracich separdtorech (tecka, otaznik
nebo vykfiénik na konci véty) a separdtorech kom-
binovanych (zejména ¢arky ¢i soutadici spojky).

Segmentace a (vétné) segmenty. Mame-li uréeny
vyskyty separdtoru ve vété, muzeme stanovit seg-
menty, ze kterych se véta sklada.

Necht S, S = wiws ... w,, je véta pfirozeného ja-
zyka. Jako segmentaci véty S oznacujeme kazdou
posloupnost DoW1 Dy ... WDy, kde jednotlivé D;
(0 < i < k) reprezentuji slozené separatory a kde W;
(1 <4 < k) oznacuji jednotlivé segmenty, tedy ma-
ximalni posloupnosti lexikalnich jednotek, které neob-
sahuji separatory.

Pro dalsi dvahy vyuzijeme téZ termin rozsireny
segment popisujici vzdy dvojici D;—1W; (1 <i < k),
kde D;_; je oteviracim nebo kombinovanym slozenym
separatorem a W; je bezprostfedné nasledujicim seg-
mentem.

Sekce Dy muze byt prazdnd (viz vys), vSechny
ostatni sekce D; (1 < i < k) jsou neprazdné. Kazda
jednotka w; (1 < 4 < n) ndlezi pravé do jedné
sekce Dj, pokud je soucésti (slozeného) operédtoru;
v opacném pripadé w; nalezi pravé jednomu segmentu
W;. Sekce Dy, reprezentuje koncovou interpunkci véty.

Sekce Dy je typicky prazdnd pro jednoduché véty
a souveéti, které zacinaji hlavni klauzi. Naopak D
je typicky neprazdna, pokud souvéti zacind vedlejsi



vétou, jako napf. ve vété Kdyz jsem se probudil, zavo-
lal jsem policii.

Dalsim terminem, ktery ndm umozni popis pravi-
del pro segmentaci, je termin priznak podrizenosti.
Tento piiznak se pfidéluje jednotlivym rozsifenym
segmentum na zdkladé morfologické analyzy je-
jich jednotlivych slov a interpunkénich znamének
(konkrétni navrh viz sekce 3) a slouzi spole¢né
s klasifikaci separdtoru jako zdklad pravidel pro
urcovani vzajemného vztahu jednotlivych segmentu
v segmenta¢nim schématu (vzhledem ke koordinace
a podrizenosti), a tedy pro odhad struktury souvéti.

Segmentacéni struktura véty. Segmentacéni
strukturu véty lze zndzornit jednim nebo vice
segmentaénimi schématy, kterd zachycuji vzdjemny
vztah jednotlivych segmenti vzhledem ke koordinaci
a podiizenosti /nadiizenosti.

Segmentaéni schéma je orientovany graf G =
(D, H), kde D je mnozina obsahujici uzly D; (0<i<k),
piipadné jejich kopie D}, DY, ... a H je mnozina hran.
Navic stanovujeme nésledujici pravidla pro grafické

znazornéni. Hranu h € H zachycujeme jako:

— horizontdlni 1secku, pokud spojuje nékterou
z dvojic uzlu (D;,D;y1), resp. (D}, D;t1), &
(D;l,DH_l), ... , kde Di,Dg,Dgl,DH_l € D,i €
{0,..k — 1}

— teckovanou vertikalni Sipku, pokud spojuje uzel D;
a jeho kopii D, ptip. DY,... (0 <i <k)

Tato pravidla (¢i vertikéln{ usporddani uzli) dovo-
luji mluvit o drovnich schématu — nejvyssi uroven
oznacujeme jako troven 1, dédle trovné cislujeme vze-
stupneé.

V segmentacnim schématu je tedy kazdy se-
pardtor D; (0 < i < k) reprezentovdn alespon
jednim uzlem. Separator Dy je vzdy na urovni 1,
uroven vSech dalsich wzlu D; (1 < i < k) je déna
nasledujicim predpisem. Pokud je D, oteviraci se-
pardtor na drovni [, muze byt vytvorena jeho kopie
D} a umisténa na troven [ + 1 pifmo pod uzel D;; ddle
je vytvofena sipka (D;, D!).* Pokud je D; uzaviraci se-
pardtor na drovni [, muzou byt vytvofeny jeho kopie
D;, DY, ...natdrovnich {—1,1—2, ... a pi{slusné sipky na
vSech urovnich az do nejvyssi irovné 1. Horizontalni
hrany, které odpovidaji jednotlivym segmentum véty
W; (1 < i < k), spojuji vzdy uzel D;_q, resp. jeho
kopii D]_,, s uzlem D; (a tim tedy uréuji droven D;).

4 Zatfm neumime vyloucit strukturu, kdy po jediném
(slozeném) separatoru nésleduje hloubéji zanoiend
klauze (i kdyz jsme doposud zddnou takovou vétu
nenasli). Proto umoziujeme vytvofit i vice kopii, tedy
D;, DY, ... natrovnich I+1,1+42, ... a §&ipku (D;, D;')(...).
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Ukazme si piiklad segmentacniho schématu na ces-
kém souveéti (obr. 2) Zatimco neuspéch bjvd sirotkem,
uspéch miva mnoho tatinku, horlivé se hldsicich, Ze
zrovna oni byli u jeho poceti.

-DO AD'1 DZ p'4 Uroven 1
; ;
D'0 D1 D’2 -DS Uroveri 2
Uroven 3
D',—D,

Obrazek 2. Piiklad segmentaéniho schématu.

Do - Zatimco
W1 - neuspéch byvd sirotkem

D -,

Wa - dspéch mivd mnoho tatinku
Dy -,

W3 - horlivé se hldsicich

D3 -, ze

Wy - zrovna oni byli u jeho poceti
Dy -.

Na tomto piikladu je vidét, ze tiroven 1 odpovida
hlavni klauzi souvéti (hlavni vété). Uroven 2 reprezen-
tuje klauzi rozvijejici (pfimo) hlavn{ klauzi (tedy ved-
lejsi vétu rozvijejici hlavni vétu souvéti) a dalsi droven
klauzi rozvijejici tuto vedlejsi klauzi.

Pokud hlavni klauze obsahuje vnofenou vedlejsi
klauzi, zachycujeme druhou ¢ast hlavni klauze na stej-
né urovni jako jeji ¢ast prvni, tedy na tdrovni 1; to samé
plati pro hloubéji zanofené vedlejsi klauze, tedy pod-
Fizené klauze, které jsou vnofeny do (vedlejsi) klauze,
kterou rozvijeji.

2.2 Krok 1: Segmentace véty

Metodu segmentace lze rozdélit na dva kroky.
V prvnim kroku (pfi prvnim pruchodu vétou) na
zdkladé morfologické analyzy (v tomto projektu pra-
cujeme s morfologickou analyzou popsanou v [3]) na-
jdeme jednotlivé separdtory a ur¢ime jednotlivé seg-
menty. Tento krok sice obecné neni deterministicky
(uz proto, ze pracujeme s viceznacnou morfologic-
kou analyzou, viz dél), jde vSak o mechanické (jed-
nopruchodové) vyuziti morfologické informace.
Prestoze jednoduché separatory obvykle jedno-
znacné urc¢ime pouze na zakladé morfologické analyzy,
musime i v tomto kroku pocitat s viceznacnosti, a to
jak morfologickou, tak ‘funkéni’. Piikladem morfolo-
gické viceznacnosti muze byt napft. slovo jak, které
je jednak substantivem (tfeba ve vété Jak je tibetski
dlouhosrsty horsky skot ndpadny chrochtavym hla-
sem.), jednak spojkou soufadici (Prisli jak mladi, tak
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stari.), déle spojkou podradici (Dival se na jeho ruce,
jak se tresou ndmahou.), ¢i zédjmennym piislovcem
(Ptal se, jak se jim tam libi. Jak je stary, tak je
hloupy.). Funkéné viceznaénd je napi. tecka, kterd
je na konci véty separatorem, za tadovou cislovkou
nikoli; podobné uvozovky oznacujici piimou fe¢ se-
pardtorem jsou a uvozovky pouzité napt. pro grafické
zvyraznéni separatorem nejsou.

Urcenim separatori a rozdélenim véty na jed-
notlivé segmenty konéi prvni krok segmentace.
Lze nahlédnout, ze tento krok lze povazovat za
oznackovani lexikalnich jednotek vstupni véty, které
provadi kone¢ny prevodnik (gsm), v obecném piipadé
s nedeterministickym (viceznatnym) vystupem.

2.3 Krok 2: Uréovani segmentaéni struktury
vety

Druhy krok spociva ve vytvoreni segmentacni struk-
tury dané véty reprezentované (alespon jednim) seg-
mentacnim schématem. Tento krok je komplikované;jsi,
a to kvuli typické vicezna¢nosti zejména kombinova-
nych separdtoru. Nejen ze napi. interpunkéni ¢arka
muze byt interpretovédna tak, ze nasledujici segment je
umistén na trovni vyssi (tedy ¢drka uzavird vlozenou
klauzi), na trovni stejné (v pripadé koordinace) nebo
na urovni niz§{ (pokud nédsleduje klauze rozvijejic
predchoz{ segment), ¢drka muze ukoncovat i hloubéji
vnofenou klauzi, ¢emuz odpovidd prechod v seg-
menta¢nim schématu o dvé (piipadné i vice) trovné
vySe. Pokud se tedy takovy viceznacny separator ve
vété objevi, je nutné vytvorit vice segmentacnich sché-
mat tak, aby byly pokryty vSechny ptipady.

Urceni relevantnich segmentacnich struktur vyza-
duje podrobnou lingvistickou analyzu a klasifikaci se-
paratoru a jejich moznych funkei v souvéti. V nasledu-
jici sekci ukazeme, ze i jednoduché sada pravidel pro
segmentaci, kterd vyuzivaji pouze lokalni morfologic-
kou informaci a nepiedpokladaji porozumeéni vété, mu-
ze pomoci pfi odhadu syntaktické struktury vét priro-
zeného jazyka.

3 Zakladni sada segmentac¢nich
pravidel

Zakladn{ sada (heuristickych) segmentaénich pravidel
nam umozni ukéazat princip budovani segmentacniho
schématu pro ¢eské véty. Pro jejich formulaci jesté de-
finujme, co povazujeme za piiznak podiizenosti (viz
sekce 2.1).

3.1 Priznak podiizenosti

Priznak podtizenosti se pridéluje jednotlivym rozsite-
nym segmentum, pokud obsahuji slovni formu s mor-
fologickou charakteristikou (viz [3]) danou nasledujici

tag popis vycet
J, podfadici spojka

P4 tézaci/vztazné zédjmeno jaky, ktery, ¢i, ...

PE ? coZ

PJ ? jenz, jiz, ...

PK ? kdo, kdoZz, kdozs
PQ ? co, copak, cozpak
PY ? o¢, nac, zac

C? cislovka kolik

Cu ? kolikrdt

Cz ? kolikdty

D. z&jmenné piislovce jak, kam, kde, kdy, proc¢

Tabulka 1. Morfologickd znacka (tag) charakterizujict
pfiznak podfizenosti (1. a 2. pozice, kde tecka (.) znamend
lib. hodnotu).

tabulkou 1, resp. pokud jde o piislovce dané vyctem
v této tabulce.

V naésledujicich pravidlech uzivdme pro piiznak
podfizenosti zkratku PP.

3.2 Zakladni sada pravidel

Zacatek véty: Uzel reprezentujici Dy je vzdu umis-
tén na urovni 1.

Nemé-li prvni segment W, pritazen PP, je hrana
reprezentujici tento segment na trovni 1.

Cérka: Pokud je oteviracim separdtorem D;_; ¢érka
a nasledujici segment W; nemd PP, je tento seg-
ment W; umistén na stejné drovni jako predchozi
segment W,;_;, NEBO jsou vytvofeny kopie

i _1,... 0 1 Uroven (pfipadné o vice trovni) vyse
a segment W; je umistén na téchto urovnich.

Carka a segment s PP: Nésleduje-li za ¢arkou
D;_1 segment s PP, je vytvofena kopie separatoru
D;_, o tdroven niz a na tuto droven umistén
segment W;.5

Koordinaé¢ni vyrazy: Koordinacni spojky a dalsi
koordinujici vyrazy (napf. pomlcka, dvojtecka,
stiednik) zachovdvaji drover, a to i kdyz nasleduje
PP.

Konec véty: Posledni separator Dj reprezentuje ko-
nec véty, tudiz neni-li jiz na drovni 1, vytvofi se
piislusny pocet kopif Dy, ... az na tGroven 1.

Oteviraci uvozovky: Oteviraci uvozovky jsou pova-
zZovany za separator, pouze pokud jsou na zacatku
véty nebo néasleduji za jinym separdtorem (éérka,
stfednik apod.), déle pokud se mezi oteviracimi
a pfislusnymi uzaviracimi uvozovkami nachazi fi-
nitni sloveso.

® Toto pravidlo neplati obecné, napi. ve vété Rekl, Ze byl,

jaky byl , ze je, jaky je a Ze bude, jaky bude. kombi-
novany separdtor ‘, Ze’ uzavird vnofenou vétu a tedy
nésledujici segment patii o trovenn vys. Tento typ kon-
strukci je potieba fesit pomoci specidlnich podminek.



Pokud nasledujici segment neobsahuje PP, je
umistén o 1 troven niz; pokud PP obsahuje, je
umistén o 2 drovné niz.

Uzaviraci uvozovky: Uzaviraci uvozovky jsou
povazovany za separatory, pouze pokud piislusné
oteviraci uvozovky jsou separatory.

Nésledujici segment je umistén na uroven
segmentu, ktery predchézel uvozovkam.

Oteviraci zavorka: Oteviraci zavorky jsou separé-
tory.

Pokud néasleduje segment bez PP, je umistén
o 1 droven niz; pokud PP obsahuje, je umistén
0 2 Grovné niz.

Uzaviraci zadvorka: Uzaviraci zavorka je separito-
rem, pouze pokud piislusnd oteviraci zavorka je
téz separatorem.

Nésledujici segment je umistén na troven segmen-
tu, ktery predchéazel oteviraci zdvorce.

4 Predbézné vyhodnoceni pravidel

Ukézalo se, ze vyhodnoceni této metody je ponékud

'''''' nez jsme predpokladali. Pocitali jsme
s vyuzitim syntakticky anotovaného Prazského zdvis-
lostntho korpusu (PDT)®, zejména tzv. analytické
roviny. Ukazuje se ale, ze tento bohaty zdroj dat
nelze primocare vyuzit pro vyhodnoceni (prestoze
ho masivné vyuzivdme pro vyhleddvani piikladu
a ovéfovani hypotéz).

Problémem je paradoxné bohatost anotace —
v PDT je zachyceno velké mnozstvi syntaktickych
jevu, pro které je nesmirné obtizné najit konzistentni
zpusob anotace. Pfi ndvrhu anota¢niho schématu bylo
nutno prijmout mnoho ad hoc rozhodnuti tykajicich
se anotace nékterych slozitych jevu, jako je zejména
koordinace, ale napiiklad i zachycovani slozenych slo-
vesnych tvaru ¢i predlozkovych skupin.

Tato §ife a zpusob anotace muze vést k prob-
lémum, pokud chceme v korpusu vyhleddvat jevy,
s jejichz zachycenim anotatni schéma nepocitalo.
Piikladem muze byt tak jednoduchy jev, jako urceni
obsahu zavorek. Vzhledem k tomu, ze u zavorek
jednozna¢né uréime, zda jde o oteviraci nebo
uzaviraci separdtor, je prirozené predpoklddat, ze
takto snadno vymezitelny segment bude anotovan
jednim zptsobem.

Ukazuje se vsak, ze na analytické roviné PDT tomu
tak neni — jiz pfi zkoumdani malého vzorku dat se
ukdzalo, ze zavorky jsou anotovany alespon 7 ruznymi
zpusoby v zavislosti na kontextu. Dvé z téchto moznos-
t{ Ize vidét na obr. 3, kde jsou pfislusné podstromy pro
vétu Pred nékolika dny vypukl dalsi skanddl (privati-
zace Cokolddoven v Modianech), v némz byl do role

5 http://ufal.mff.cuni.cz/pdt2.0/
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hlavniho vinika opét obsazen Fond ndrodniho majetku
(FNM) a jeho predseda Tomds Jezek.

Na obr. 3 je vidét, ze anotace zavorek se lisi, na-
vic dokonce i vzdjemnd pozice oteviraci a uzaviraci
zévorek je odlind (sourozenci v 1. podstromu, rodi¢
a potomek v 2. podstromu). Je tedy ziejmé, ze pievod
vét z PDT by vyzadoval velké mnozstvi manuélni pra-
ce (kterou by vzhledem k mnoha zpusobtum anotace §lo
jen ¢éstecné automaticovat), abychom ziskali vhodna
testovaci data.

Tyto uvahy vedly k rozhodnuti anotovat ru¢né
maly vzorek dat podle jejich segmentacni struktury.
K této anotaci byly vybrany dva ceské novinové
¢lanky z Lidovych novin a Neviditelného psa’” (dale
LN, resp. NP), které obsahuji politické komentére.
Nésledujici tabulka 2 udava stupen viceznacnosti seg-
mentac¢nich struktur pfi simulaci automatické pro-
cedury vyuzivajici pravidla popsané zde v sekci 3.

pocet pocet segm. struktur

vét ‘tokent’ segmentu | 1 2 3 4 5 vice
LN 33 553 78 2802 1 1 1 -
NP 15 334 57 12 3 - - - -
total 48 887 135 40 5 1 1 1 -

Tabulka 2. Stupen viceznacnosti segmentaénich schémat.

Prestoze tato testovaci data jsou relativné mala,
tabulka 2 jasné ukazuje, ze i takto jednoduchd sada
pravidel zalozenych pouze na morfologické analyze, je
velmi slibnym zacatkem a ze viceznacnost segmentac-
nich schémat je u redlnych textu pomérné nizks. Nej-
— pomoci navrzenych pravidel byla ziskdna vSechna
spravna segmentaéni schémata, zadné nebylo opomen-
tuto.

Je samoziejmé mozné najit véty s komplikovanou
strukturou, pro které tato jednoduchd pravidla selzou
(vytvori velké mnozstvi neadekvatnich segmentacnich
schémat nebo naopak spravné schéma neodhalf), pred-
pokladame vsak, ze dalsi zjemnovani pravidel bude
vysledky zlepSovat.

Zavér

Metoda segmentace popisovand v tomto clanku uka-
zuje, ze je mozné pro flektivni jazyky s relativné
pevnymi pravidly pro pouzivéni interpunkce odhad-
nout schéma reflektujici vzajemny vztah klauzi a je-
jich ¢dsti (segmenti) v souvét! bez tplné syntaktické
analyzy celé véty, pouze na zakladé lokdlni morfolo-
gické informace. Tato metoda je zalozend na identifi-
kaci a klasifikaci tzv. separdtoru ¢lenicich vétu do jed-

" http://pes.eunet.cz
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j;}(andél

dal$i/ privatizace
b e

( Cokoladoven v&)

Fond FNM )

pfedseda Tomas

majetku jeho

Obrazek 3. Dva typy anotace zdvorek v PDT.

notlivych segmentu a na relativné jednoduchych pra-
vidlech pro odhad struktury klauzi. Clének zdroven
ukazuje primou navaznost na tradi¢ni ¢eskou syntax,
kterou budeme vyuzivat i pfi dalsim vyvoji této me-
tody.

Dalsim krokem, na ktery se chceme sousttedit
v blizké budoucnosti, je ohodnoceni segmentu (na
zdkladé morfologické analyzy), které by mohlo po-
moci pri odstranéni nerelevantni viceznacnosti seg-
mentacnich schémat a pfi zpfesnovani rozsahu jednot-
livych klauzi souvéti.

V delsim horizontu chceme vyuzit segmentacni
schémata pro zvysSeni rychlosti a efektivity pii syn-
taktické analyze souvéti.

Testovani segmentace popsané v tomto clanku
dava dobry predpoklad, ze tato metoda skutecné
muze pomoci pii analyze souvéti, viceznacnost seg-
mentacéni struktury je v realnych textech pomérné
fidka a pritom jsou vSechna spravnad segmentacni
schémata vytvorena.
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Vysledky, o kterych referujeme v tomto clanku, byly
dosazeny za podpory grantu Informaéni spole¢nosti
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Abstrakt V éldnku se zamyslime nad vzory a doménami,
ve kteryjch se vyskytuji. Restme také otdzku, jak spolu vzory
z ruznijch domén mohou souviset pii reseni komplexnéjsich
uloh. Predpokladem, ktery si ddvdme pri Tedeni mdam ne-
zndmého nebo mdlo zndmého problému je, Ze v doméné
tohoto problému mohou existovat nebo spise existuji vzory.
Zakladni dlohou je pro mds efektivni orientace ve velkém
mmnoZstvi vzoru a ndvrh mechanismu, ktery umozni nalézt
ve stovkdch existugicich vzoru ty, které mohou bijt uZitecné
pro Teseni konkrétniho problému.

1 Co je vzor

V sedmdesatych letech byly architektem Christophe-
rem Alexandrem formulovany vzory pro feseni tloh
v architektute (viz [1]). Vzor je formulovdn ne jako
napad, jak fesit problém, ale jako popis a zobecnéni
urc¢ité zkuSenosti, ktera vede k postupu, jak problém
fesit (vychodiskem vzoru je praktickd zkuSenost, ni-
koli pouhy ndpad, jak problém fesit). Ndvod Feseni
pak musi byt tak pruzny, aby se vzor dal aplikovat
opakované a aby pfitom vysledky nebyly stereotypni.
Vzor je struény text, ktery popisuje naért problému
a popis jeho obecného feseni v konkrétnich souvislos-
tech.

Alexandrova formulace vzoru: ,, KaZdy vzor je
pravidlo, které vyjadruje vztah mezi jistou sou-
vislosti, problémem a TeSenim.“

Vzory jsou tedy opakovatelné, aspésné a osvédcené
postupy, které vedou k feSeni konkrétniho problému
a které byly empiricky potvrzeny. Autofi vzoru katego-
rizuji vzory podle ruznych aspektu oblasti — domény,
kterou dané vzory pokryvaji. Existujici klasifikace vzo-
ru jsou vhodné pro studium a orientaci v dané domé-
nové oblasti.

2 Domény vzora

V cldnku (viz [3]), ktery se zabyvé predevsim oblasti
uzivatelského rozhrani a komunikace ¢lovéka s poci-
tacem, autor formuluje nékolik tezi, z nichz nékteré
muzeme zobecnit a pouzit i v §irsim kontextu. Jedna
se o to, Ze

— vzory potiebuji empirické dukazy pro opodstatné-
nost jejich uziti,

— vzory musi byt ¢itelné pro jejich uzivatele,

— vzory mohou modelovat mnoho aplika¢nich do-
mén,

— pouziti vzoru v softwarové architektufe, uzivatels-
kém rozhrani a aplikacni doméné projektu muze
zlepsit komunikaci v interdisciplinarnich vyvojo-
vych tymech.

Za uzivatele 1ze v kterékoli ze zminénych oblasti pova-
zovat osoby, které v této oblasti pracuji a maji zkuse-
nosti s Uspésnymi feSenimi problému. Vzory lze tedy
formulovat ve vsech oblastech, které se néjak dotykaji
softwarového Teseni (a také kdekoli jinde). Muzeme
napf. zacit od popisu aplikacnich domén, pfes popisy
tiloh a interakci v uzivatelském rozhrani, po popis ar-
chitektury, navrhu a implementace systému. Pokud by
v kazdé z téchto oblasti byly popsany vzory, navrhaii
pocitacovych systému by si asi 1épe porozumeéli. V ty-
mech by se 1épe provazovaly, preddvaly a pouzivaly
znalosti.

Na nasledujicich piikladech bychom chtéli ukazat,
ze ma smysl se vzory pracovat v sirsim kontextu. Bude
se jednat jak o vzory vSeobecné znamé ve vyvojarské
komunité, tak méné zndmé a zaméfené do jinych ob-
lasti — domén.

Ndvrhové vzory. Mezi vyvojaii nejznaméjsi skupina
vzoru. Vétsina z nich je popsdna v knize [11]. Apli-
kuji se pfi vytvafeni ndvrhu a jsou zameéreny pie-
devsim na zajisténi flexibility programu, tj. jejich
schopnosti snadno se prizpusobit prichézejicim
zménam.

Analytické vzory. V této oblasti byva zminovana pie-
devdim kniha [9]. Analytickymi vzory autor ro-
zumi takové vzory, které jsou viceméné nezavislé
na problémové doméné a popisuji feseni problému
na konceptudlni trovni, kterd je minimalné zavisla
na budouci implementaci.

Vzory pro rozsdhld reseni. Oblast, které je vénovéana
v posledni dobé znaéna pozornost, a to i ze strany
komercnich firem. Jde o vytvéareni aplikaci velkého
rozsahu, napiiklad na trovni podnikovych infor-
macnich systému. NejlepSimi zdroji pro tuto ob-
last jsou knihy [10] [23].
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Vzory pro integraci. Integrace systému je jednou
z aktudlnich 1dloh soucasné doby. Ani této oblasti
se nevyhnula snaha o formulovani vzora. Zmino-
véna je predevdim kniha [14], kterd tuto oblast
popisuje velmi dusledné.

Vzory pro testovdni. Zajimavym, velmi struénym
a Citelnym katalogem vzoru je [6] kde se autor za-
byva vzory pro testovani jednotek kédu.

Vzory pro sprdavu softwarovych konfiguraci. Ve spo-
jeni se spravou verzi a s dalsimi tlohami s tim
spojenymi vznika potieba dobie popsat, jak tyto
ulohy Fesit (viz napf. [2]).

Vzory pro tvorbu uZivatelského rozhrani. Grafické uzi-
vatelské rozhrani je z pohledu uzivatele nejdulezi-
téjsim prvkem aplikace a jako s takovym se s nim
musi zachdzet. Dulezitou vlastnosti dobfe navrze-
ného uzivatelského rozhrani je dodrzovani ergo-
nomickych zasad a standardu, které lze popsat
prostiednictvim vzoru (viz [22] [13] [15]).

Vzory pro e-learning. Katalog vzoru na [8] slouzi
k popisu vlastnosti, které jsou ocekavany u elear-
ningového systému a jeho obsahu. Vzory byly na-
lezeny v profesionédlnich systémech a jako takové
na obecné tirovni popisuji systémy jako sobé rovné.

Pedagogické vzory. PTi vyuce se ucitel i posluchac
casem dostava do stejnych situaci. Vznika tedy
urcity stereotyp — dany problém se Tesi obdobné,
jistou metodou. Takto vnimané metody se daji po-
psat prostifednictvim vzoru, které 1ze najit prede-
v8im na [20].

Vzory pro ndvrh zdkaznicky orientovangch webi.
V knize [7] je popsdno mnoho vzoru, které lze
pouzit pfi ndvrhu a implementaci komerénich we-
bovych stranek.

Vzory pro ndvrh pocitacovijch her. Ani oblasti vyvoje
pocitacovych her se nevyhnuly snahy o nalezeni
vzoru. V knize [3] se autofi zaméfuji na studium
spole¢nych rysu pocitacovych her a vytvoreni ja-
zyka vzoru pro vyvojaie her.

Vzory pro wvyvoj wyhleddvaciho rozhrani. Moderni
informaé¢ni systémy vyzaduji jednoduchy zpusob
zpristupnéni dat prostfednictvim zadani vyhled&-
vaci podminky a piehledné zobrazeni vysledku vy-
hledéni. I zde lze popsat efektivni feseni prostied-
nictvim vzoru (viz [24]).

Vzory pro psani vzoru. Nakonec v tomto zcela jisté
netplném seznamu oblasti pokryvanych vzory
uvadime material, ve kterém se autofi podrobné
zabyvaji tim, jak vzory hledat a jak je spravneé
formélné popsat [18].

3 Klasifikace vzoru

V nésledujici ¢asti se budeme zabyvat pouze vzory,
které jsou uvadény v oblasti softwarového inzenyrstvi.

Duvodem je pomérné vysokd propracovanost klasifi-
kaci v této oblasti.

Vzoru jsou stovky a po desitkdch se vyskytuji
v ruznych doméndch. S postupem casu se detailnéji
popisuji osvédcend feSeni a vzoru pribyva. Z tohoto
ohledu se jevi jako klicovy problém provést klasifi-
kaci, kterd pomuze uzivateli v lepsi orientaci. Ke kla-
sifikaci lze pfistoupit ruzné. Nejzakladnéjsi rozdéleni
vzoru je podle oblasti pouziti. Dalsi rozdéleni zpravi-
dla byva podle problémovych domén v dané oblasti
pouziti. Dalsi rozdéleni zalezi na fantazii, potfebach
a uhlu pohledu. Kazdy autor publikace o vzorech si
zpravidla vytvoii vlastni klasifikaci.

4 Jazyky vzoru

Vzhledem k tomu, ze vzor se nikdy nevyskytuje v da-
nych souvislostech osamocené, byvaji souvislosti po-
psany feci, jazykem vzoru. Vzory pro danou souvislost
tvori uzavieny celek, ve kterém jsou organizovany do
navaznosti a skupin, které mohou mit napf. spoleé¢ny
rozsah. Jazyk vzoru neni jen katalog vzort, ale je to
komplexn{ pohled na pouzZiti vzori v jedné (byf siroké)
oblasti. Vzory byvaji aplikovany v sekvencich, kontext
jednoho vzoru muze byt dusledkem jednoho nebo vice
jinych vzoru.

Jazyk vzort tedy presné definuje kontext, vzory
v tomto kontextu a vztahy mezi nimi. (Podobné jako
napi. ¢eStina poskytuje mechanismus skladani vét ze
problému s jednotlivych vzoru). Dulezitym faktorem
pro popis vzoru je to, Ze 1 pfesto, ze kontext muze byt
velmi rozliéného rozsahu, rozsah jejich popisu zustava
zhruba stejny (v rdmci jedné nebo nékolika stran).
Tento podstatny rys umozinuje na relativné kratkém
prostoru dat k dispozici jazyk, ktery pokryva urcitou
oblast a umozni dobfe formulovat problémy, souvis-
losti a feSeni, které se v této oblasti vyskytuji. Ty-
pickymi piiklady jazykt vzoru jsou napi. ndvrhové
vzory, vzory pro testovani a vzory pro elearning.

4.1 Katalogy podle autora

Zakladni klasifikaci vzoru obvykle provadi autor nebo
skupina autoru s jasnym tmyslem poskytnout ¢tenaii
dobfe organizovanou pomucku pro jeho préaci. Déle
uvadime znamé piiklady.

4.2 Gang of Four

Do sirstho povédomi se névrhové vzory dostaly
v roce 1995 po vydéni knihy [11], kterd je dnes oznaco-
véna zkratkou GoF (Gang of Four). Je to prvni dobfe
popsany a zdokumentovany katalog navrhovych vzoru.
Obsahuje 23 vzoru, které jsou rozdéleny do ti{i kate-
gorif.



— Vytvéfeci vzory
— Strukturdlni vzory
— Vzory chovani

Toto zékladni ¢lenéni umoznuje ¢tenafi zakladni orien-
taci pfi hleddni vzoru a pfirozenym zpusobem posky-
tuje skupiny souvisejicich postupu pro feSeni typic-
kych 1loh.

4.3 Martin Fowler

V knize [10] jsou uvedeny vzory pro ndvrh a imple-
mentaci rozsdhlych informaénich systému. Na ndvrh se
muzeme podivat z ruznych hledisek, kterd odpovidaji
napi. trovni abstrakce pohledu na systém ¢i pohledu
na zpusob implementace nékteré konkrétni ¢asti sys-
tému. Autor definuje skupiny vzoru, které popisuji
zkuSenost s nadvrhem ¢ zpusobem implementace spo-
le¢ného problému. Tento problém pak muze pokryvat
napiiklad spolupraci prvku v ruznych vrstvach sys-
tému (obecnéji feceno spoluprici vrstev samotnych)
nebo napiiklad ndvrh struktur a chovani objektu v je-
diné vrstveé celého systému. V ramci kazdé skupiny pak
jsou jednak vzory, které lze pouzit spole¢né pro feSeni
jednoho problému, jednak vzory, které popisuji feSeni
stejného problému ruznymi zpusoby (v zdvislosti na
rozsahu tlohy, kterd se fesf). Vzory autor déli do né-
sledujicich skupin:

vzory pro zajisténi doménovych logik,
— architektonické vzory pro datové zdroje,
— objektové-rela¢ni vzory

e pro chovani objektu,

e strukturalni,

e mapovaci,
— prezentacni vzory pro web,
— vzory pro distribuované ulohy,
— vzory pro soubézny piistup k datum,
— vzory pro ,,Session State,
— zakladni vzory.

Duslednou snahou pak je, aby vzory mohl byt pokryt
cely vyvijeny systém.

4.4 Microsoft

Aplikaci podobného pohledu jako v predchozim od-
stavci muzeme najit i u velkych komercnich firem, jako
je napi. Microsoft. Ta ve své knize [23] ve velké mife
vychazi ze stejného principu a rozpracovava nékteré
vzory zminéné vyse az na technologickou a implemen-
tacéni uroven. Rozdéluje vzory do skupin ve tfech smé-
rech. Prvnim je rozdéleni do tzv. clusterid (webova pre-
zentace, nasazeni, distribuované systémy, vykonnost
a spolehlivost, sluzby). Druhym je droven abstrakce
(architektura, ndvrh, implementace). Tretim je pak
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tzv. hledisko — viewpoint (databdze, aplikace, nasa-
zeni, infrastruktura). Tyto tfi sméry pak existuji para-
lelné a v jejich prunicich existuji tzv. rdmce, v kazdém
z nich je potom skupina vzoru pokryvajici detailné
reseni konkrétniho problému. Takovy pohled poskytne
vyvojari mnohem pfesnéjsi informace o tom, kam pro
vzor séhnout, vi-li, jaky problém v ramci celého sys-
tému Tesi.

5 Katalogy na internetu

Zékladnim nedostatkem vzoru uvedenych v knihdch je
jejich obtizné vyhledavani pti feSeni problému. Proto
vznikaji na internetu katalogy a portalova feseni s vy-
hledavaci podporou a napiiklad s ukazkovymi feSenimi
a knihovnami. Opét uvadime nékteré piiklady.

5.1 MS Patterns & Practices

Tato klasifikace vzoru vychdzi z knihy [23], kterd ob-
sahuje vzory pokryvajici témér cely proces vjvoje soft-
ware na platformé Microsoft. Cast vzori jsou tzv. im-
plementacni vzory, popisuji praktické zkuSenosti au-
tora pii pouziti daného vzoru v prostiedi Microsoft
.NET. V knize je obsazena skéla vzorti od navrhovych,
implementacnich az po vzory infrastruktury a nasa-
zeni. Déle jsou zde vzory rozdéleny podle tirovné abs-
trakce. Na zdkladé tohoto rozdéleni autofi vytvorfili
organizacni tabulku vzoru, kterd kategorizuje vzory
podle nékolika pohledu. Dulezité je, ze pohled na vzory
a jejich organizaci je vytvaren usazovanim néazoru Cle-
nu komunity.

5.2 www.patternshare.org

Autofi webu se snazi vyvojaium pomoci piedevsim
tim, Zze organizuji vzory pfedevsim do tabulek podle
znamych klasifikaci a autori. Kromé toho poskytuji
moznost vkladani novych vzoru a vedeni diskuzi. Ten-
to systém se opét zabyva pouze vzory pro softwa-
rova feSeni a umoznuje kategorizovat vzory pouze do
nékolika pevnych kategorii.

6 Problémy klasifikace

Zakladnimi rysy soucasnych klasifikaci je to, ze jsou
zameéreny na jednu doménu. Pokud bychom se chtéli
na vzory podivat ,,pres domény “, soucasné klasifikace
nemohou dostacovat.

Kazdy autor knihy o vzorech se snazi rozdélit mno-
zinu vzoru, kterymi se zabyva, do nékolika tfid. Tyto
t¥idy nebo kategorie vzoru jsou zavislé na pohledu
autora na oblast, kterou vzory tesi. Takova katego-
rizace vzoru umoziuje lepSi orientaci v dané oblasti
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a také v knize, kterd popisuje vzory pro danou ob-
last. Pokud se napt. zabyvame vzory pro integraci, je
velice uzitecné rozdélit integra¢ni vzory podle toho,
jestli fesi komunikaci mezi aplikacemi, topologii, spo-
jovani systému apod. Na zakladé této kategorizace se
muzeme velice rychle orientovat ve vzorech tykajicich
se problému integrace systému.

Studium vzoru vyzaduje néjakou jinou kategori-
zaci vzoru, a to zejména v okamziku, kdy napf. presné
nevime, v jakém kontextu mame hledat. Kazdy vzor
by mél kromé popisové césti, ktera slouzi k nastu-
dovani podrobnosti, obsahovat i kategoriza¢ni ¢ast.
V popisové casti se ¢tendf dozvi, jak se vzor jme-
nuje, jakého problému se tyka, v jakém kontextu se
muze vzor pouzit, jak ma vypadat feSeni, jaké to ma
dusledky apod. Kategorizacéni édst by méla fesit klasi-
fikaci vzoru a méla by poskytnout informaci, do jakych
kategorii vzor patii, tzn. napiiklad, Zze vzor je inte-
gra¢ni a zabyva se topologii systému. Obé tyto ¢asti
popisu vzoru jsou dulezité. Je jasné, ze popisova Cast je
takika fixni, popisuje samotny vzor, nemeéni se s tthlem
pohledu. Zatimco kategorizacni ¢ast muze byt predmé-
tem diskuse, muze se ménit podle ruznych uhlu po-
hledu na vzor.

Dusledek: Klasifikace vzoru v kaZdé knize je
uZiteénd pro samotné studium a pro orientaci
v dané problémové oblasti.

Tak, jako popularita pouzivani vzoru roste, priché-
zi dalsf a dalsi autofi zabyvajici se riznymi problémo-
vymi oblastmi, tak i po¢et nalezenych vzoru neustéle
roste. Dnes mame zdokumentované vzory v ruznych
oblastech lidské ¢innosti. Napi. v softwarovém inze-
nyrstvi existuje takové mnozstvi vzoru, ze nastudovat
v8echny je témér nadlidsky tkol.

Clovék se neustéle v zivoté dostava do situaci, kdy
musi feSit problémy, se kterymi se doposud nesetkal.
Tyto problémy zaéne fesit budto svymi vlastnimi si-
lami a nebo si uvédomi, ze je zbytetné vymyslet vymy-
Slené a pouzije existujici vzory. Pouzit vzor znamena
pouzit tspésné a osvédcené feSeni na dany problém.
Tento zpusob rozhodné minimalizuje mozny neuspéch.
Ten, kdo zna vzory a ma cas na jejich studium si najde
prislusnou knihu pro danou doménovou oblast a vzory
si nastuduje. Tento ptistup ale v praxi nema moc Sanci
na tspéch, nebot na plosné studium nezbyva mnoho
¢asu. A nemd ani smysl studovat cely katalog.

Pokud ¢lovék nezna vzory pro danou problémovou
doménu, pak mu ani existujici dostupné klasifikace
vzori nemusi pii jejich vyhledani pomoci. Pokud ne-
zna vzory z této domény ani orientacné, pak je tézké
jeden konkrétni nalézt nebo alespon zjistit, do které
kategorie méa patfit. V takovém ptipadé lze pouze po-
psat dany problém na zékladé jeho vlastnosti. Po-
kud napiiklad vime, ze hleddme vzor pro zvySeni ne-

zavislosti vypoctu na pouzitém algoritmu programu
a nezname navrhové vzory, konkrétné tieba vzor Stra-
tegy, tézko nam pomuze informace, Ze vzor patii do
skupiny vzoru chovéni.

Dusledek: Ezistujici klasifikace vzoru nepomd-
haji pri hleddni nezndmého wvzoru mna dany
problém.

Pokud se ¢lovek vénuje studiu vzoru delsi dobu,
tak si za néjakou dobu uvédomi, ze existuji vztahy
mezi ruznymi vzory z ruznych doménovych oblasti.
V posledni dobé vznikaji nové publikace, které davaji
dohromady vzory z ruznych oblasti pro reSeni néjaké
rozsdhlejsi tlohy. Kupfikladu kniha [13] se vénuje pro-
blematice webovych prezentaci z pohledu pouzitelnos-
ti, obsahu, navigace a estetiky. Predstavuje témeér
80 vzoru pro navrh webu. Problematikou navrhu
a tvorby webt se zabyvé i kniha [7], kterd také spojuje
vzory z vice oblasti.

Disledek: Zddnd existujici klasifikace vzori
neddvd prehled o tom, jak vzory z ruzngch
oblasti souvisi mezi sebou.

7 Nas pristup

Vzory se ukazuji jako jednoduchy a ¢itelny zpusob
zadznamu osvédcené zkusenosti. Jako klicovy problém
se nam jevi zpusob nalezeni existujiciho vzoru, ktery
reSi nékterou ¢ast rozsdhlého problému. Nasim cilem
je poskytnout techniky a ndstroje k tomu, abychom
mohli pfi znalosti problému, ktery fesime, co nejefek-
tivnéji nachdzet vzory. Pfitom predpokladame, ze pra-
cujeme na problému, ktery presahuje jednu doménu.
Muze se jednat napiiklad o implementaci, nasazeni
a provoz e-learningového systému. Pak muzeme pouzit
napf. vzory pro e-learning, pedagogické vzory, analy-
tické a navrhové vzory, vzory pro architekturu a inte-
graci, vzory pro nasazeni a testovani apod.

7.1 Ijlohy, které jsme tesili

Vytvoreni flexibilni klasifikace. Tato klasifikace
by meéla vystihnout vlastnosti, které dany vzor
svym TfeSenim poskytuje. Klasifikace musi byt
oteviend a flexibilni tak, aby se mohla pfizpusobit
novym pohledum a novym klasifikacim vzoru.

Webovy portal. Cile této prace by méla napliovat
aplikace dostupna véem potencidlnim uzivateltum.
Tato aplikace je pripravena pro lidi zabyvajici se
(predevsim) softwarovymi FeSenimi. Aplikace by
méla byt komunité zaméfend a méla by slouzit
jako pocatecni misto pro nalezeni vzoru, nikoli pro
detailni studium.



Vyhledavaci aparat. Vyhleddvani by mélo umoz-
nit najit vzory podle ohodnoceni klasifika¢nimi
atributy. Tim se ziskd zdkladni mnoZina vzoru
splitujici dané vlastnosti. Mechanizmus vyhledava-
ni by mél umoznovat vyhledavani vzortu vzhledem
na konkrétni situaci, ve které se uzivatel nachazi.

Navigace v prostoru vzorua. V prostoru vzoru by
méla existovat naviga¢ni struktura typu graf. Ta
by méla umoznit sluc¢ovdni vzoru s podobnymi
vlastnostmi do uzli a pohyb mezi uzly. Tim se
uzivatel muze dostat do néjakého uzlu, resp. do
néjaké konkrétni mnoziny vzoru, které resi dany
problém v daném kontextu (viz napi. [15]).

7.2 Vytvoreni flexibilni klasifikace

Klasifikaci vzoru jsme postavili na mnoziné katego-
riza¢nich atributa a jejich pfifazeni vzorum. Katego-
riza¢ni atributy vytvareji klasifika¢ni strukturu. Tato
struktura mé zohlednit vlastnosti vzoru. Kromé téch
kategorizacnich atributu, které vychézi z uzndvanych
publikaci, jsme zalozili dalsi atributy, které vystihuji
jednotlivé vlastnosti vzoru. Tyto atributy jsou zjevné
az po dukladnéjsim prostudovani vzoru. Kategoriza¢ni
atributy seskupené do skupin mohou vypadat takto:
Co vzor Tesi — efektivita, flexibilita, propojent, robust-
nost; Uroveri znalosti — zacdtecnik, stredné pokrocily,
odbornik. Vzory se daji opatfovat témito atributy a tim
zafazovat do pozadovanych kategorii.

7.3 Webovy portal

Podle uvedeného pohledu byla postavena webova apli-
kace slouzici jako webovy katalog vzoru s podporou
klasifikovani vzoru a inteligentnim vyhleddvanim.
Podpora klasifikace vzoru je postavena na moznosti
zaklddéni kategorizacnich atributi a moznosti opat-
fovani vzoru témito atributy. Aplikace umoziuje vy-
hledavat vzory klasickym databdzovym a fulltextovym
zpusobem, i sofistikovanym zpusobem filtrovanim ka-
tegoriza¢nich atributu.

7.4 Vyhledavaci aparat

Bézny uzivatel je zvykly na klasické vyhleddvani, pro-
to i nas systém umozinuje vyhleddvat vzory napi. podle
nazvu a textového popisu. Déle vyhledavani v kata-
logu vzoru funguje tak, ze staci, kdyz uzivatel zada,
co o svém problému vi, a vyhledavaci aparat mu vrati
inicia¢ni mnozinu vzoru. Svij dotaz muze uzivatel déle
zplesiiovat, a tak se mnozina nalezenych muze pfibli-
zovat pozadavkum.
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7.5 Navigace v prostoru vzoru

P orientaci v katalogu vzoru je dulezité mit néstroj
k vytvareni skupin vzoru a mit moznost vidét vztahy
mezi skupinami vzoru. K feSeni tohoto problému se
jevi jako vhodna shlukové analyza. Kromé samotnych
shlukii potfebujeme uzivateli umoznit orientaci
ve shlucich. Proto jsme vybrali formalni konceptudlni
analyzu (viz napi. [5]). Shluky vzoru se vytvéreji na
zékladé spoleénych atributu. Déle je mozné se pro-
strednictvim pfidani resp. odebrani atributu pohybo-
vat mezi jednotlivymi shluky vzoru (inteligentni navi-
gace).

Vyhledavaci aparat v kombinaci s navigaci jsou
navrzeny tak, aby pomohly najit uzivateli vzory s ohle-
dem na konkrétni problém nebo situaci, ve které se
nachdzi. V prvni fazi uzivatel vyhledd vzory vybérem
atributa, které vystihuji jeho problém. Pro takto na-
lezenou sadu vzoru muze uzivatel najit nejblizsi shluk
vzoru (obsahujici vzory se stejnymi atributy). Dals{
navigaci muze uzivatel zpfesiovat a blize specifikovat
svoje pozadavky a tim upravovat hledanou mnozinu
vzoru.

8 Formalni konceptualni analyza

Formé&lni konceptudln{ analyza (FCA) je teorie zaby-
vajici se analyzou dat, ve kterych dokaze identifikovat
konceptualni struktury. Tato teorie byla pfedstavena
v roce 1982 Rudolfem Willem a od té doby byla roz-
vijena a pouzita v mnoha odvétvich jako je medicina,
psychologie, ekologie, strojirenstvi a ve spousté dal-
§ich. Velikou vyhodou formdélni konceptudlni analyzy
je schopnost vytvoteni grafické prezentace struktur na-
lezenych v datech.

Metodu FCA jsme pouzili pro shlukovéni vzoru
a pro vytvoreni navigacni struktury na mnoziné vzoru.
Vstupnimi daty je matice vzoru a jejich atributia. Me-
toda FCA nam vypocita koncepty neboli shluky. Kaz-
dy shluk obsahuje mnozinu vzoru a mnozinu atributu.
Shluk muzeme interpretovat tak, ze ndm dédvd mnozi-
nu vzoru se stejnymi vlastnostmi, které jsou vyjadieny
v atributech.

Navigacni struktura je tvorena shluky vzoru a hra-
nami spojujici jednotlivé shluky. Z vlastnosti FCA vy-
plyvé, ze na dané struktufe se z kazdého shluku muze-
me pohybovat dvémi sméry — ,nahoru* a ,,dola“. Po-
kud ptjdeme z daného shluku v navigacni struktufe
smérem dolu do jiného shluku, dostavame se do shlu-
ku, ktery bude obsahovat vice atributi nez vychozi
shluk. Navigaci smérem doli muzeme chépat jako kon-
kretizacnd smér (specializace — viz obrdzek 1), protoze
se dostdvame do shluku, které jsou definovéany vétsim
poc¢tem atributi nez predchozi, tzn. vétsim poctem
kritérif, tzn. konkrétnéjsi (mensi) mnozinou vzoru.
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Obrazek 1. Typy navigace.

P1i navigaci smérem nahoru se dostavame do obec-
ngjsich shluku, protoze jsou definovany mensim poc-
tem atributu a tudiz vétsi mnozinou vzoru. Tento smér
je zobecriujict smeér (generalizace — viz obrdzek 1).

Pro implementaci FCA by pouzit zvolen algorit-
mus Next Closure (viz [12]), ktery pro ndmi pozadova-
ny rozsah dostacuje. Vstupem pro algoritmus je kon-
text, coz je incidenéni matice vzoru a jejich atributi.

9 Experimenty

Prostudovali jsme desitky vzort a konzultovali jsme
jejich kategorizace se specialisty na vybrané domény.
Na zdkladé zjisténych informaci jsme vytvofili sku-
piny atributi, které jsme nékolikrat revidovali. Sku-
piny atributu nejsou hierarchicky ¢lenény, protoze je-
den atribut se obecné muze vyskytovat ve vice sku-
pinach. Skupin je v této chvili 14 a je pravdépodobné,
ze s dalsimi vzory a analyzami dalsich domén vznikne
potieba jejich rozsiteni. Pro ukdzku uvadime 5 vy-
branych skupin atributu.

Jednotlivé vzory pak byly ru¢né opatieny atributy,
a to jednak podle domény a autora, a jednak indi-
vidualné podle skupin, do kterych patii.

Systém byl implementovan formou portalového fe-
en{ v rdmci diplomové préce (viz [17]) a je déle roz-
vijen. Po implementaci jsme do systému vlozili celkem
345 vzoru a 140 kategorizacnich atributi. Pro plnéni
experimentalni aplikace systému vzory jsme vytipovali
vzory z ruznych domén. Vétsina z nich je z oblasti
softwarového inzenyrstvi, ale vlozeny byly i nékteré
dalsi vyse zminéné skupiny vzoru. Konkrétné se jedna
o Vzory pro pristup k datum [19], Ndvrhové vzory,
Vzory pro rozsdhld resent, Vzory pro integraci, Vzory
pro uZivatelské rozhrani, Pedagogické vzory, Vzory pro
e-learning, Microsoft Patterns [21]).

Atribut

recyklace objektu/zdroju
soubézny pristup k datum
strategie piistupu ke zdrojum
umoznuje Skalovani

zpusob vymény dat

Skupina
Vzor fesi efektivitu

Vzor fesi flexibilitu |nezavislost na algoritmu
nezdvislost na HW/SW platformeé
nezavislost na operaci

rozsifuje chovani

znovupouziti

komunikaci mezi objekty
spolupréaci objektu

propojeni jednotlivych ¢asti apli-
kace

propojeni aplikaci mezi sebou
objektové-rela¢ni mapovani
Architekt

Névrhar

Vyvojar

Tester

Vzor tesi propojeni

Role

Uroven znalosti Expert
Odbornik
Stfedné pokrocily

Zacatecnik

Tabulka 1. Vybrané skupiny atributu.

Architektonicky vzor Vzor pro uzivatelské roz-

hrani
Vzor: Model-View- Vzor: Overview Plus
Controller Detail
Zdroj: Enterprise Patterns|Zdroj: Designing Interfaces
(Fowler) (Tidwell)
Atributy: Atributy:
Budovani uzivatelského Budovéani uzivatelského
rozhrani rozhrani

Vhodny pro webové apli-|Vhodny pro webové apli-
kace kace
Vhodny pro rozsahla feseni|Organizuje obsah

Tabulka 2. Piiklad kategoriza¢nich atributu vzoru.

Pro form&lni konceptualni analyzu byl pouzit kon-
text velikosti 345 x 123, ktery je relativné fidky. V sys-
tému lze najit stovky ruznych shluka vzoru, mezi kte-
rymi se muzeme navigovat. Navigaéni struktura je
struktura typu graf, kterd ma dva vyznacné uzly —
nejmensi a nejvétsi uzel. Po podrobnéjsim zkoumani
grafové struktury svazu je vidét, ze lze najit shluky
odpovidajici uvedenému ¢lenéni podle autoru a ja-
zykt vzoru a jejich zobecnénim. Nicméné se ukazaly
i zajimavé shluky vyjadiujici napf. souvislosti mezi
navrhovymi vzory a vzory pro rozsahla feSeni nebo
navrhovymi vzory a vzory pro uzivatelské rozhrani.

Ukazuje se potieba permanentni revize atributu
a potfeba vzniku novych atributi. V tomto ohledu



implementovany systém nabizi jeden z klicovych rysu,
kterym je moznost navrhovat, posuzovat a schvalovat
nové atributy.

10 Zavér

Nasi snahou je predstavit portal a jeho rysy Sirsi od-
borné vetejnosti (aplikace je dostupnd na adrese
www.pattron.net). V nasich experimentech se potvr-
dilo, Ze je velmi obtizné stanovit exaktni zpusob navr-
hu atributia. Z testovani systému studenty informa-
tiky vyplyva, ze nase feSeni je dobrym néastrojem pro
hledani vzoru. Zejména inteligentni navigace zalozena
na formalni konceptudlni analyze poskytuje novy po-
hled na problematiku hledéni vzoru pro feseny prob-
1ém.
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Abstrakt V ¢lanku popisujeme novyj zpusob sémantického
anotovdni obsahu webovych stranek. Metoda je zaloZena
na GUI vzorech. Vzory slouzi vijvojdrum pro porozuméni
poZadavkim uZivatele a pro implementace, které splriuji
uZivatelovo oéekdvdni. GUI vzory jsou vyuZity pro séman-
tické hodnoceni stranky a pro zaddni dotazu. Metodu jsme
implementovali a provedli experimenty a jejich vyhodno-
cent.

1 Uvod

V ¢lanku se zabyvame tlohou vyhledavani na inter-
netu. Dnesni pfistupy se zamétuji na problémy s orien-
taci ve stale zvétsujicim se prostoru nestrukturovanych
dat. Dusledkem je problém velkého mmnozstvi nedo-
state¢neé relevantnich stranek v odpovédi na dotaz uzi-
vatele. Je tedy ziejmé ze klasické modely vyhledavani
narazeji na své hranice.

S rostoucim poctem webovych stranek s podobnym
obsahem lze vystopovat opakujici se prvky a postupy
pii zobrazovéani a organizaci dat [5]. Zejména kvalitné
zpracované webové stranky pouzivaji na podobné véci
osvédcéenou terminologii, GUI prvky a osvédéené uspo-
fadani na strance. Tyto spoletné rysy jsou popsiny
GUI vzory (viz napi. [31]). Pouzité vzory na strénce
uzivatel snadno poznd a napiisté dané vzory v dané
doméné ocekiva. Pitkladem muze byt vzor Diskuze.
Uzivatel v diskuzi napt. o¢ekdava hierarchické fazeni
prispévku pod sebe a podobnou terminologii. V nasi
metodé vyuzivame GUI vzory jako jednotici jazyk me-
zi tvurci webovych stranek a uzivateli.

Déle ukézeme, ze vyuzitim vzoru lze dosdhnout
dva dulezité cile:

1. Zjednoduseni dotazovani.
2. Zlepseni kvality odpovédi.

2 Soucasné pristupy

V oblasti zjednodusSeni dotazovani lze nalézt zajimavé
vysledky, napt. v oblastech dlouhodobého sledovani
zdjmu uzivatele a piizpusobeni formulovani dotazu té-
matim, o které se uzivatel zajimé (viz napt. [37] [17]),
eventuelné hierarchicky organizované katalogy, ve kte-
rych si uzivatel vybira.

V oblasti zvySeni kvality odpovédi lze pracovat
s metadaty, kterd jsou ke strankdm ptridavana v pru-
béhu jejich tvorby nebo prostiednictvim analyzy jejich
obsahu (sémantickd analyza).V soucasné dobé se pro-
sazuji v oblasti sémantické analyzy dva sméry.

Prvni z nich poskytuje aparat pro ru¢ni nebo ¢as-
te¢né automatizované anotace stranek pomoci jazyku
pro popis ontologii jakymi jsou RDF, DAML+OIL,
OWL apod. a tvorby SWD — sémantického webu. Vyz-
kum se zaméfuje na feSeni tloh vyhledavani, indexace
a ziskdvani informaci nad takto anotovanymi stranka-
mi a také metodikami, jak k anotacim pfistupovat (viz
napt. 17 [7] [13] [8] [33] [27] [10] [16] [2])-

Druhy smér preferuje automatizované potizeni
anotace analyzou stranek redlného internetu (viz napf.
[34] [6] [21] [22]). Tento pohled predpoklad4, ze ruéni
pofizeni anotace béhem vzniku stranky je obtizné re-
alizovatelné. Klade totiz zvySené naroky na autory
stranek a nastroje, pricemz neresi existenci neanoto-
vaného internetu. Nékteré z piistupu jsou podobné
nasemu tim, Ze se snazi ziskat informace ze struktury
stranky. Nicméné se obvykle zaméfuji na zkoumani
a reprezentaci HTML kdédu stranky (viz [28] [32]
20] [24]).

3 Nas pristup

Do oblasti vyhledavani na internetu pfichazime s no-
vym pohledem, ktery pfirozenym zpusobem propojuje
oba naSe cile z tvodu. Klicovym rysem tohoto po-
hledu je to, ze je pfisné zaméren na uzivatele a jeho
ocekavani.

Chceme vyhledavani posunout blize k o¢ekavani
uzivatele. Abychom to mohli udélat, potiebujeme, aby
se s nami uzivatel o své ocekavani podélil. Ziskani ta-
kovych informaci od uzivateli neni jednoduchou za-
lezitosti. Jednodussi metodou je obratit se opaénym
smérem k profesiondlnim tvircum webovych stranek,
jejichz posldnim je o¢ekavani uzivatelu plnit. Dukazem
je, ze kvalitni feSeni jsou uzivateli Siroce akceptovana.
Pro tvirce webu plati, Ze jejich feSeni ve stejné doméné
se na urcité urovni shoduji. Tuto shodu muzeme defi-
novat tak, ze na ruznych strankéch stejného zaméreni
se vyskytuji opakujici se prvky. Tyto prvky se oznacuji
jako vzory. Vzory nam poskytuji sémantickou infor-
maci, kterd je postavena na jednoznacné a empiricky
ovéfené dohodé mezi tvirci a uzivateli.
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4 Vzory

Vzory se vyskytuji v mnoha ruznych oblastech
od architektury, kde byly formulovany poprvé, pres
névrh uzivatelského rozhrani az po navrh software (viz
[1] [12]). V [31] muZeme najit popis toho, co vzory jsou.

V podstaté jsou ve vzorech popsiny charakte-
ristické strukturdlni rysy a rysy chovadni, které
zlepsugji pouZitelnost architektury software, uzi-
vatelského rozhrant, webovijch strdnek nebo ce-
hokoliv jiného v urcité doméné. Vzory ¢ini véci
pouzitelnéjsimi a jednodussimi na pochopeni.

GUI vzory poskytuji feseni typickych problému pii
navrhu uzivatelského rozhrani. Vzory ukazuji vyvoja-
fum zpusob, jak se vyrovnat s obvyklymi situacemi.
Typickymi piiklady muze byt napf. organizace Casti
stranek do seznamu ¢i zalozek apod. GUI vzory na
obecné turovni popisuji, jak strukturovat infor-
mace v uzivatelském rozhrani, s jakymi uzivatelskymi
prvky a jak s nimi pracovat. Mnoho prikladu lze nalézt
v [3] [35] [15]. Pro GUI vzory také plati, ze v dusledku
nepopisuji, jak se ma vzor technicky implementovat,
ale jak se méa projevovat vuci uzivateli.

GUI vzory jsou spiSe technické, popisuji jak vytesit
konkrétni problém. Rizné domény pak poskytuji pro-
stfedi pro pouziti téchto vzoru v konkrétnim kontextu.
My jsme si v tomto ¢lanku vybrali doménu prodeje
produktu (existuji vzory zpracované i pro jiné domény,
viz napf. [36]). V uzivatelskych rozhranich v této ob-
lasti muzeme najit spoletné rysy, které vyjadiuji ty-
pické tlohy s informacemi (zobrazeni obchodnich
informaci, moznost objednéni, zobrazeni podrobnych
informacf). Pfi implementaci téchto tiloh postupuji vy-
vojafi podobné. Také pouzivaji vzory, i kdyz o nich
explicitné nemluvi (viz [9]). V nasich experimentech
jsme pouzili vzory definované v [9].

4.1 Priklad

Na obrazku 1 je vyfez ze stranky s prodejem vyrobku
na eBay.com. Graficky jsou v ném vyznaceny nalezené
vzory. Jednd se o pét vzoru — moznost prihldsent, ob-
chodni informace, moznost objedndni, hodnoceni, spe-
cidlng nabidka.

5 Vlastnosti vzoru

Je velmi obtizné nalézt formalni popis toho, co uzivatel
bez problému rozpozna na strance. Na obrazku 1 je
vidét pét oblasti, které muzeme oznacit jako vzory.
Je potieba si ovsem uvédomit, Ze pro ruzné interne-
tové obchody se mohou liSit umisténim na strance,
zpusobem implementace (v dusledku ruzny HTML
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Obrazek 1. Piiklad strdnky s vyznacenymi vzory.

kéd) a dalsimi detaily. Znovu se vratime k podstaté
problému tak, jak jej vidi uzivatel.

Jiz v ivodu ¢lanku bylo vysvétleno, ze uzivatelovo
ocekavani budeme modelovat vzory, jako spolecnym
nastrojem pro komunikaci mezi uzivatelem a tvurcem
webovych stranek. Pfi formalizaci tohoto pristupu mu-
sime FeSit problém, Ze vzor se na strance neprojevuje
nijak exaktné. Jde spiSe o to, ze vzory podporuji vice
vniméni uzivatele nez vniméani technologa. Vzor je te-
dy malo zavisly na zpusobu implementace. Jako kli-
Covy rys projevu vzoru na strance se nam jevi to,
ze jednotlivé prvky jednoho konkrétniho vzoru jsou
viceméné pohromadé. Formélnéjsi popis tohoto zavéru
je opét v [31]. Vizudlni systémy obvykle maji ¢tyfi
zékladni vlastnosti (Gestalt Principles, viz [9]).

1. Proximity — souvisejici informace byvaji blizko
u sebe.

2. Similarity — podobné vypadajici prvky obsahuji
podobné informace.

3. Continuity — informace nasleduji plynule za sebou.

4. Closure — souvisejici informace byvaji spoletné
uzavieny do celkt.

Pokud vyjdeme z téchto vlastnosti, pak muzeme je-
den vzor na strance chépat jako skupinu charakteris-
tickych technickych prvku (vychédzejicich z GUI vzoru
— seznamy a tabulky, souvislé texty) a skupinu prvku
charakteristickych pro doménu, ve které se pohybu-
jeme (pfedevsim klicovd slova spojend s danym vzo-
rem a dals{ entity jako ceny, data, procenta apod.).
Klicovym rysem projevu vzoru na stréance je tedy to,
ze uvedené prvky jsou pohromadé.



Neni tedy potreba do hloubky zkoumat strukturu
stranky, protoZe technické prvky poskytuji pouze pro-
stredi, ve kterém jsou souvisejici informace pohroma-
de.

Klicové entity jsme ve vzorech na obrazku 1 zvy-
raznili. Mnozinu entit — pojmu pro jeden vzor chdpeme
jako slovnik vzoru. Vyznamnou vlastnosti slov ze slov-
niku je i to, ze souvisi s doménou. Diky tomu muzeme
ocekavat, ze budou splnény nékteré dulezité charakte-
ristiky (viz [18]):

1. Slovnik neni pfili§ rozsdhly.

2. Slova se vyskytuji v jistych schématech.
3. Vyznam slov je viceméné jednoznaény.
4. Slova se vyskytuji v textu casto.

5.1 Extrakce vzoru

Pro nase experimenty jsme problém formalizace vzoru
zjednodusili na problém préce s mnozinou slov a da-
tovych entit, které jsou pro vzor charakteristické. Vez-
meme-li v ivahu jeden konkrétni vzor (napi. diskuzi)
pak po analyze velkého mnozstvi stranek s diskuzemi
zjistime, Ze se opakuje pomérné tizka skupina slov a
datovych entit, podle kterych lze diskuzi rozpoznat.
Budeme-li tedy predpokladat, ze zndme terminologii
pro diskuze (pouzivaji se terminy jako diskuze, autor,
odpovéd’, pFispévek, . .. ), pak muZeme v prostém textu
stranky nalézt tseky, ve kterych se tato slova vysky-
tuji.

Mgjme tedy definovdnu mnozinu E = {ey,...,e,},
ktera obsahuje vSechny entity eq,...,e, charakteris-
tické pro dany vzor (slovnik vzoru — klicov4 slova a da-
tové typy). Na potenéni mnozing P(E) muzeme defi-
novat relaci 0 tak, aby dvojice (F, ) tvoiila tzv. pro-
ximitni prostor (viz napfi. [4] [26]).

Proximitni prostor slouzi jako model blizkosti sku-
pin entit vzoru. Takto definovand struktura ndm dava
prostiedek pro popis a nalezeni tseku textu stranky,
které mohou (ale nemus{) byt soucdsti daného vzoru.

Necht je tedy I instance daného vzoru. Pak I =
{S1,...,5m}, kde m > 0 a S; € P(E). Instanci vzoru
tedy v dusledku rozumime néjakou mnozinu useku
analyzovaného textu, které obsahuji entity vzoru (ne-
zabyvame se tedy analyzou vyznamu skupiny slov, ale
pouze jejich vyctem).

Pro hledani algoritmi, které ndm pomohou nalézt
a analyzovat vybrané tseky zkoumaného textu, nam
dobfe poslouzi Gestalt principy.

1. Pro proximity jsme definovali zpusob, jak mérit
blizkost (vzddlenost) mezi entitami v nalezenych
tsecich textu. Vychézeli jsme z organizace entit
reprezentujicich usek textu do stromu a z toho, ze
v hledaném tseku textu musi byt entity dostate¢né
blizko u sebe (vzdalenost jsme stanovili na zdkladé
analyzy tseku textu v nalezenych strankéch).
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2. Pro similarity jsme definovali zpusob méfeni miry
podobnosti dvou nalezenych dseku textu (pro dis-
kuzi pak napf. dokdzeme zjistit opakovani piis-
pévki). Vychézeli jsme z porovnéni stromu entit
reprezentujicich tseky textu.

3. Pro continuity jsme definovali zpusob, jak zjistit,
zda dva nebo vice nalezenych tseku textu spoleéné
vytvaii instanci vzoru. Vychazeli jsme z predpo-
kladu, Zze dva nebo vice mélo podobnych tseku
textu (stromu entit z jednoho vzoru) patii k sobé.

4. Pro closure jsme definovali zpusob vypoctu vahy
jednoho nalezeného tseku textu. V principu jsme
vychazeli ze dvou kritérii. Hodnotili jsme tvar stro-
mu entit (predevsim pomér vysky a poctu entit)
a pocet vSech slov a odstavcu v useku textu. Na
celkovém vypoctu vahy se podili i hodnoceni pro-
Timaty.

Komplexnim pouzitim vSech uvedenych principu jsme
implementovali algoritmus, ktery poskytuje velmi dob-
ré vysledky pfi extrakci vzoru ze stranek, a to pouze
analyzou textu strénky (na zdkladé ruéniho porovndn{
se jednd o tispésnost vice nez 90%).

5.2 Algoritmus

Vstupem pro algoritmus je mnozina entit, které repre-
zentuji jednotliva slova a datové prvky z textu webové
stranky, a mnozina charakteristickych entit vzoru.
Algoritmus tyto entity porovnava s charakteristickymi
entitami vzoru a vytvail reprezentace tuseku textu
snippets viz [11], které mohou patiit do vzoru. Nad
témito reprezentacemi pak realizujeme vypocty, jejichz
vysledkem je hodnota reprezentujici vahu vyskytu
vzoru na strance.

FOR each page entity in all page entities
IF page entity is pattern entity THEN
IF doesn’t exist appropriate snippet THEN
create new snippet in list of snippets
END IF
add page entity to snippet
END IF
END FOR

FOR each snippet in list of snippets
compute proximity of snippet
compute closure of snippet
compute value(proximity, closure) of snippet
IF value is not good enough THEN
remove snippet from list of snippets
END IF
END FOR

compute
compute
compute

similarity of list of snippets
continuity of list of snippets
value(similarity, continuity) of pattern

RETURN value
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5.3 Cil 1: ZjednodusSeni dotazovani

Vzory mohou poskytnout srozumitelny jazyk, kterym
jsme schopni se s uzivatelem domluvit na tom, co na
strance ocekdvd. Musime ovSem najit zpusob, jakym
nam to uzivatel sdéli. V souc¢asnych vyhledavacich mu-
si vymyslet sadu slov, kterymi specifikuje svuj poza-
davek. Mtze tedy pouzit napiiklad slovo ,,cena“ s oce-
kavanim, ze dostane stranky s cenou vyrobku. Nas
piistup k dotazovani je postaven na stejném principu,
ale s piistupnéjsim vyjadfovacim prostfedkem pro uzi-
vatele. Vzor obchodni informace v sobé obsahuje mno-
hem silngjsi informaci o tom, Ze na strance cena vyrob-
ku je. Vzory tedy nepfinaseji nic nového, pouze lépe
nez prosta slova modeluji uvazovani uzivatele. Forma
zaddni neni podstatna, dulezité je, aby uzivatel misto
jednotlivych slov mohl s pomoci systému zvolit to, co
ocekdvd, na obecnéjsi drovni (tedy misto zaddn{ slova
cena mu systém néjakym zpusobem musi nabidnout
obchodnt informace respektive dalsi vzory).

Nokia 9300

Chei nakoupit na inter-
netu.

Obchodni
informace

Momost
prihlageni

Momost
objednéani

Nakup na
splatky

Specialni
nabidka

Obrazek 2. Jednoduché formulace dotazu z oblasti pro-
deje produktu.

5.4 Cil 2: ZlepSeni kvality odpovédi

Predpokladejme, ze mame stranky ve své datab&zi
anotovany s ohledem na vzory a tim uloZeny i s infor-
maci o tom, jaké vzory jednotlivé stranky obsahuji.
Tyto informace pak muzeme pouzit dvéma zpusoby.

1. Muzeme pro kazdy zobrazeny odkaz na stranku ve
vyhledaném vyc¢tu pfidat informaci o tom, které
vzory byly na strance nalezeny. Uzivatel tak na
prvni pohled poznd, zda se jedna o stranku, ktera
s velkou pravdépodobnosti splni jeho ocekavani.

2. Muzeme vzory zohlednit uz pfi vyhledani a setadit
odkazy na stranky pravé s ohledem na to, s ja-
kou vahou jsme pozadované vzory na strance nagli
(obdoba PageRanking [23]). Vedlejsim efektem je
v tomto pfipadé i to, Ze preferovany budou ty

stranky, jejichz tvirci pouzili pii jejich implemen-
taci postupy doporucené ve vzorech. Jak bylo fe-
¢eno vyse, vzory popisuji uzivateli Siroce akcepto-
vana feseni. Proto uzivatel dostane ve vybéru diive
kvalitnéji zpracované stranky.

6 Experimenty

NaSe metoda extrakce a hodnoceni vzoru je obecnd
a oteviend vuci analyzovanym vzorum. Kazdy vzor je
popsan svym slovnikem. Nyni mame pfipraveny slov-
niky pro 9 vzoru (Informace o cené, Moznost ndkupu,
Specidlni nabidka, Prodej na spldtky, Informace o pro-
duktu, Diskuse, Recenze, Moznost prihldSeni, Bazar
a inzerdty).

Implementovali jsme webovou aplikaci, kterd vy-
uziva pro testovaci tcely k dotazovani Google APIs
(viz [14]) a ¢esky vyhleddvaci stroj Jyxo (viz [19]).
Aplikaci jsme implementovali ve MS Visual Stu-
dio 2005 a pouzili jsme jazyky C# a VB.NET. Souc¢éasti
aplikace jsou algoritmy, které umi extrahovat vzory
z textovych obsahu stranek. Kromé toho aplikace po-
skytuje analyzator, ktery pracuje se startovacimi slov-
niky vzori a zpracovdvd vybrané useky textu
s ohledem na automatické doplnéni slovniku vzoru
(viz [6] [20]). Pro prvotni vytvofeni slovniku vzoru
jsme vybrali t#i az pét slov a naslednou analyzou okoli
téchto slov na strankach, jsme slovnik postupné dopl-
nili. Pro jednotlivé vzory je koncova velikost slovniku
priblizné 20 slov.

V naSich experimentech jsme pouzili vice nez
30000 stranek se zbozim (od recenzi, pres diskuze po
obchodni informace a bazary). Aplikace dopliiovala
na pozadi k dotazu uzivatele slova upfesinujici jeho
ocekdvani (které uzivatel volil pfi zaddni vybérem ze
seznamu vzori). Pi{kladem mohou byt slova prispévek
a diskuze, pokud uzivatel hledal diskuzi k vyrobku No-
kia 9300. Po ziskani odpovédi jsme stranky analyzovali
a setadili podle vdhy vybranych vzora. Pro analyzu
jsme pouzili prvnich tficet nalezenych stranek.

Kwvalitu nageho ndvrhu a nasich algoritmu jsme po-
suzovali na zakladé porovnani odpovédi zminénych vy-
hledavacu s odpovédi nasi aplikace. Jednalo se o poradi
stranek vracenych vyhledavacem a pofadim, které vy-
§lo po nasi analyze. Nase hodnoceni vychazi z vypoctu
vahy extrahovanych vzort.

Aplikaci jsme provozovali na pocitaci se systémem
Windows XP a s procesorem Intel PentiumM 1.60 GHz
s paméti 1,5 GB. Na kazdé strance jsme extrahovali
devét vzoru. Na nasem vzorku vice nez 30000 stranek
se rychlost extrakce vzoru pohybovala pfiblizné
na 100 strankéch za vtefinu. Prumérné doba extrakce
jednoho vzoru na jedné strance byla piiblizné 10~3s.

Béhem experimentovani jsme nashromazdili
31738 stranek, které ndm poskytly zminéné vyhleda-



vace na dotazy na prodavané produkty. Po analyze
stranek jsme zjistili, ze na 11038 z nich se nepodafilo
extrahovat zadny vzor, pticemz nase dotazy sméfovaly
k nalezeni strdnek s témito vzory (dotazy z nasi apli-
kace obsahovaly skupiny upfesiiujicich slov). I pfesto,
ze musime pocitat s dotazy, na které nelze nalézt do-
statek relevantnich odpovédi a s nepfesnostmi naSich
algoritmu, ukazuje se, ze ¢ pri velmi kvalitnim dotazu
musi uzivatel océekdvat priblizné cturtinu aZ tretinu
stranek, které neposkytuji ocekdvané informace.

Na obrazku 3 jsou zobrazeny vysledky dotazi na
konkrétni vyrobky. Do vysledki jsme zahrnuli pouze
dotazy, na které existuje na internetu nasobné vice re-
levantnich stranek, nez je nami sledovanych prvnich
t¥icet dodanych vyhleddvacem (jednd se o vice nez
200 ruznych dotazi).

Na uvedeném grafu je na vodorovné ose uvedena
gkala, na které je zobrazeno prvnich tficet nalezenych
stranek po péticich. Na svislé ose je uvadén pocet rele-
vantnich stranek v kazdé pétici, pricemz levé sloupce
zobrazuji hodnoty odpovidajici fazeni nami pouzitych
vyhleddvacich stroju (v tomto ohledu se témér ne-
odlisovaly). V pravych sloupcich jsou zobrazeny hod-
noty odpovidajici nasi testovaci aplikaci.

Z uvedeného grafu vyplyva:

— Nerelevantni stranky jsou odsunuty na konec vy-
béru (a na rozdil od puvodniho pofadi prakticky
nedochdzi k chybdm).

— S pouzitim naseho hodnoceni se dostane uzivatel
k otekdvanym strankam diive.

45+
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25 1

@ Standard
B Patterns
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05 1

'R

5 10 15 20 25 30

Obrazek 3. Rozlozeni relevantnich stranek v prvnich
tficeti vyhledanych strankach.

7 Zavér

Klicovym technickym rysem naseho pristupu je to, ze
nepotiebuje analyzovat HITML kéd stranky. Vsechny
nase algoritmy jsou zalozeny na analyze prostého textu
stranky. Pro naSe hodnoceni nepouzivime zadné me-
tainformace o strdnce (titulek, hyperlink, metatagy
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apod.) Také jsme si ovérili, ze klicové charakteristiky
vzoru jsou nezavislé na jazykovém prostiedi. Nasi me-
todu jsme testovali v anglickém a ceském jazykovém
prostiedi. Stacilo pouze vyménit slovniky vzoru.

Z nasich experimentu vyplyva, Ze je uzitecné zjisteé-
né informace o existenci vzoru na strance povazovat za
metadata ulozend spoleéné se strankou. V této chvili
médme ndstroje, jak s relevanci kolem 90% o strénce
zjistit, zda obsahuje ¢i neobsahuje hledany vzor.

N4&s pristup neni univerzalni. Divodem je, ze za-
kladnim pfedpokladem pro kvalitu naseho hodnoceni
je doména s relativné usazenymi pravidly toho, jak
vypadaji stranky (nepfedpokldddme uniformitu, pred-
pokladame jistou synchronizaci mezi uzivateli a tvurci
stranek). Z toho vyplyvéd i zajimavy vedlejsi efekt.
Vyse ve vybéru jsou u néas ty stranky, které lépe dodr-
zuji zminénou Ctvefici Gestalt principu prozimity-
similarity-continuity-closure. Kromé prodeje produktu
existuji i dalsi domény, nad kterymi se chystame pro-
vadét dalsi experimenty.

Moznost rozsiteni systému o dalsi vzory je otev-
fend. Pracujeme na extrakci dalsich vzora z domény
prodeje produktu (jako napt. Hodnoceni, Otdzky na
prodejce). Pocitame také s rozsiFenim systému na dalsf
domény, ve kterych lze identifikovat vzory (Dovolend,
Kultura apod.).
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Abstract. The problem of learning from examples, also
known as supervised learning, is a subject of great inter-
est at present. We study one approach to this problem —
the Kernel Based Regularization Networks. We discuss the
role of a kernel function, and show that its right choice is
crucial for the performance of a Regularization Network.
The influence of the choice of kernel function on training
and generalization error will be demonstrated on experi-
ments. Different types of kernel functions will be compared.
First, we will show that functions with local response (such
as Gaussian, Inverse Multi-quadratic) often outperform, in
terms of generalization error, global functions (such as Sig-
moid). Second, we will show that some kernels generalize
well without the need of regularization, i.e. the training er-
ror can be kept very low and still the network exhibits good
generalization. Such kernels are good choice for tasks with-
out moise or with low level of noise.

1 Introduction

The amount of data produced in various areas of hu-
man activity is rapidly increasing. At the same time
the interest in learning algorithms increases. In many
applications we encounter the problem that given
a data sample of limited size we have to find a concise
description of the data.

In this paper we deal with the problem of super-
vised learning. In this case the data is a sample of
input-output patterns (called training sample or train-
ing set), thus a concise description of the data is typ-
ically a function that can produce the output, given
the input. Then the task of learning is to find a de-
terministic function that maps any input to an output
such that the disagreement with future input-output
observations is minimized. Supervised learning covers
wide range of tasks, including classification of hand-
written digits, prediction of stock market share values,
and weather forecasting, etc.

* This work has been partially supported by Grant
Agency of the Czech Republic under grant 201/05/0557,
by the European Commission’s Research Infrastructures
activity, contract number RII3-CT-2003-506079 (HPC-
Europa), and also by the Institutional Research Plan
AV07Z10300504 “Computer Science for the Information
Society: Models, Algorithms, Appplications”.

An important feature of the learning algorithm is
a generalization ability. By generalization we mean
that the mapping found by the learning algorithm
maps correctly not only inputs included in the train-
ing set, but also gives correct answers for input points
that were not seen before.

In this work we study one particular learning algo-
rithm, called Regularization Network. Regularization
Networks are derived from regularization theory that
is based on the idea of simultaneous minimization of
error on the training set and regularization term, re-
flecting our knowledge about a given problem.

In the next section we briefly describe the deriva-
tion of Regularization Network [2,7,11,3,4]. In sec-
tion 3 we discuss the role of kernel function, which
is an activation function of the hidden layer of Regu-
larization Network. In section 4 we demonstrate how
the quality of the solution depends on the choice of
the regularization parameter and a kernel function.
We compare several kernel functions and show that
functions with local response often outperform global
functions.

2 Regularization Networks

Now we will formalize the problem of supervised learn-
ing. We are given a set of examples (pairs)

{(z;,y:) € R* x R},

that was obtained by random sampling of some real
function f, generally in the presence of noise. Our goal
is to recover the function f from data, or find the best
estimate of it.

Note that it is not necessary that the function ex-
actly interpolates all the given data points, but we
need a function with a good generalization, that is
a function that gives relevant outputs also for the data
not included in the training set. (See Fig. 1).

It is easy to see that the problem is generally ill-
posed. There are many functions interpolating the
given data points, but not all of them also exhibit the
generalization ability.

Since the problem is ill-posed, it is necessary to
consider some a priori knowledge or assumption about
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f(x) 4

Fig. 1. The problem of learning from examples.

the function f. Typically, we assume that the function
is smooth, does not oscillate too much, etc.

Then we are looking for a function minimizing the
functional containing both the data term and smooth-
ness information [10]

N

H[f] =Y (f(=:) — v:)* +2[f],

=1

(1)

where @ is called a stabilizer and v > 0 is the regular-

ization parameter controlling the trade-off between the

closeness to data and the smoothness of the solution.
Poggio, Girrosi, and Jones [2] used the stabilizer

MO

rt  G(s)

2[f] = (2)

where f indicates the Fourier transform of f , G is
some positive function that goes to zero for ||s|| — oo,
i.e. 1/G is a high-pass filter.

Under slight assumptions on G it can be shown
that the minimum of the functional (2) has the form
of linear combination of basis functions G

N k
fl@) = wG(@—m)+ ) dathalx), (3)
i=1 a=1

where {)o}*_; is a basis of the k-dimensional null
space N of the functional @. Coefficients d, and w;
depend on the data and satisfy the following linear
system:

(G+yDHw+¥Td=1y (4)
dw =0 (5)

where I is the identity matrix.

For positive semi-definite function G the null space
is empty, for conditionally positive semi-definite func-
tion G the basis of the null space is a set of polynomi-
als, however in practical applications the polynomial

term is omitted. Then the function f (3) is a linear
combination of basis functions G and can be repre-
sented by a neural network with one hidden layer. We
call such network a Regularization Network (RN).

Poggio and Smale [7] derived the RN using Re-
producing Kernel Hilbert Spaces (RKHS). RKHS was
defined by Aronszajn as a Hilbert space of functions
with the property that each evaluation functional is
bounded (see [1]).

Poggio and Smale minimized the functional (1)
over RKHS corresponding to kernel function K, with
stabilizer defined by norm

DLf] = || £I[%-

Then the solution is unique and has a norm

(6)

N
fl@) = wK(z,z,)
=1

and the coeflicients w; satisfy

(K+~vDHw=1y. (8)

Thanks to this connection to RKHS, we call the
basis function of RN a kernel function.

For a positive semi-definite kernel function and
v > 0, the matrix K + [ is strictly positive and the
linear problem is well-defined. But for practical ap-
plicability the numerical stability, which depends on
the value of v and the type of kernel function, is also
important.

3 The role of kernel function

In application of RN on a given task, we suppose that
the value of v and the type of kernel function K are
given in advance. Then the training of RN consists of
solving the linear system (8).

The kernel function K should be chosen according
to our knowledge of the problem at hand. In general,
the choice of a kernel function corresponds to

1. choice of a stabilizer - choice of kernel is equivalent
to the choice of function G in stabilizer (2), i.e. to
the particular form of this functional.

2. choice of a function space for learning - when using
RKHS, the choice of the kernel is in fact the choice
of RKHS, that is the choice of our hypothesis space

So the kernel function is a representation of our
knowledge or assumption about the problem and its
solution. Therefore, as there is no “free lunch” in learn-
ing, there is no free lunch in choice of kernel [12, 9].

However, in practice we typically do not have any
prior knowledge of the problem. So it is necessary to
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Gaussian K(z,y) = e ll==vl? positive semi-definite
Inverse Multi-quadratic K (z,y) = (||z — y||> + ¢*)~'/? positive semi-definite
Multi-quadratic K(z,y) = (||lx — y||* + ¢*)"/? cond. positive semi-definite
Thin Plate Spline K(z,y) = ||z —y|>" ! cond. positive semi-definite
Sigmoid K(z,y) = tanh(zy — 0) cond. positive semi-definite

Table 1. Kernel functions.

Fig. 2. Images learned by RN on Lenna image (50x50 pixels) using Gaussian kernels with widths from 0.5 to 2.0 and
regularization parameters from 0.0 to 0.01.
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try several kernel functions and choose the best one,
for instance by cross-validation. The most common
kernel functions are listed in Table 1.

In our experiments we try to answer the question
whether some kernel function is better first choice than
another and whether there is any class of kernel func-
tions that are suitable for most tasks. We do not ex-
pect to find a kernel function that outperforms the
others in all situations, simply because it is not possi-
ble. Rather we expect that the experimental study will
help us to more understand how the choice of kernel
influences the solution, and give us some clues for its
right choice.

4 Experiments

This section presents results of our experiments with
RN. The goal is to demonstrate the performance of
RN with respect to different setup, i.e. choice of ~
and kernel, and to compare RNs with different kernel
functions.

In all experiments we use different data sets for
training and testing (called training set and testing
set). The following procedure is used:

1. find the values for v and kernel’s parameters by
cross-validation on the training set

2. use the whole training set and the parameters
found by Step 1 to estimate the weights of RN

3. evaluate the error on the testing set

The error on the testing set is our estimation of
the real generalization ability of the network.
The error is always normalized

N

1 2
E =100+ Zl lyi — f(:)] 2,

where N is the number of data samples, y; is the de-
sired output for the input vector x;, f(-) is the network
output and || - || denotes the Euclidean norm.

The LAPACK library [6] was used for linear system
solving.

‘We have chosen the well known picture of Lenna to
study the approximation and smoothing capabilities
of Regularization Networks. Our training set contains
2500 samples representing the image of 50 x 50 pixels.
The obtained RN was then used to generate a 100x 100
image.

Fig. 2 displays images obtained with RNs using
Gaussian kernels of different widths and different reg-
ularization parameters. It is easy to see that the choice
of these parameters is crucial for the performance of
RN. Also the role of the regularization parameter is

demonstrated, the higher the regularization parame-
ter the smoother the result. For too high regulariza-
tion parameters we get solutions too far from train-
ing data, i.e. the black images. Note, that the wrong
choice of kernel parameter (such as too small width of
Gaussians in the left column) cannot be cured by the
change of the regularization parameter.

For comparison of different kernel functions
we have chosen the data collection Probenl [8]. Ker-
nel functions listed in Table 1 were used. In addition
we used a kernel function formed as a sum of two
Gaussian functions (see [5] for details on kernels ob-
tained by means of sum and product from simpler ker-
nels).

The Table 2 compares the training and testing er-
rors achieved with these kernels on data tasks from
Probenl. The Figure 4 and Figure 3 compare the over-
all error (error summed over all data sets) on the train-
ing set and the testing set, respectively.
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Fig. 3. Comparison of overall test errors for different ker-
nels.
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Fig. 4. Comparison of overall training errors for different
kernels.

In most cases, the best results, in terms of error
on the testing set, were achieved by RNs with these



kernels: Inverse Multi-quadratic kernel function, ker-
nel formed by a sum of two Gaussian functions, and
Gaussian kernel function. All these functions are func-
tions with a local response, i.e. they give a relevant
output only in a local area around its center.

The lowest error on the training set was achieved
by RNs with kernels: Thin Plate Spline kernel func-
tion, sum of Gaussian functions, and Multi-quadratic.
The Multi-quadratic kernel, however, failed complete-
ly on the Glass tasks (therefore the overall error is
quite high). These kernel functions achieved almost
zero training error on many tasks. It is caused by the
fact that v was set to zero by cross-validation. But
even with the zero regularization parameter, these ker-
nels preserve the generalization ability.

In case of the sum of two Gaussian functions, the
kernel winning in cross-validation is formed by a sum
of two Gaussian functions, from which one is very nar-
row (see Fig. 5). The diagonal of the matrix K (8) is
dominant and so the linear system is numerically more
stable.

Fig. 5. Chosen sum kernels for cancerl task.
Such kernels are suitable for tasks without noise,
for which the close fitting of the training data is de-
sirable.

5 Conclusion

We studied one approach to the problem of supervised
learning, the Kernel Based Regularization Networks.

‘We discussed the role of a kernel function, and have
shown that its choice is crucial for the performance of
a Regularization Network. On experiments we demon-
strated how the training and testing errors depend on
the choice of kernel function.

The most common types of kernel functions were
compared on the benchmark data sets. We have shown
that functions with a local response (such as Gaussian,
Inverse Multi-quadratic) were best in most tasks, so
they represent a good first choice. Also we have shown,
that some types of kernels preserve the generalization
ability without the need of regularization term. Such
kernel functions are useful for tasks without or with
a low level of noise.
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Sum of Inverse Sigmoid Thin-Plate
Gaussian Gaussians Multi-quadratic Multi-quadratic Spline

Etrain Etest Etrain Etest Etrain Etest Etrain Etest Etrain Etest Etrain Etest
cancerl 238 179 0.00 1.77 0.00 1.61 1.79 1.49 3.02 183 0.00 1.49
cancer2 1.86 3.01 0.00 296 0.00 3.03 1.46 2.88 2.54 358 0.00 2.88
cancerd 2.07 279 0.00 2.73 0.00 3.25 1.89 2.59 266 284 0.00 274
cardl 7.71 10.00 8.81 10.03 0.00 22.35 8.69 10.01 24.72 2498 0.00 11.47
card2 6.79 1275 0.00 12.54 0.00 15.21 7.31 12.56 26.17 26.45 0.00 14.06
card3 7.10 12.32 6.55 12.32 0.84 14.70 6.00 12.36 11.51 15.39 0.00 14.15
diabetesl 14.17 16.22 14.01 16.00 15.81 17.25 13.13 16.12 13.77 16.73 11.79 17.07
diabetes2 13.95 16.85 13.78 16.80 15.88 17.11 14.33 16.80 13.09 18.35 13.63 16.82
diabetes3 13.75 15.99 13.69 15.95 15.92 16.32 13.63 15.93 13.97 16.69 11.85 17.18
flarel 0.36 055 0.35 0.54 0.19 0.64 0.35 0.54 0.38 0.55 0.26 0.58
flare2 0.42 027 044 0.26 0.21 0.42 0.43 0.27 045 030 031 0.34
flare3 0.40 034 042 0.33 0.20 0.47 0.41 0.34 0.41 035 029 041
glass1 390 733 235 6.15 8491 70.75 2.20 6.12 6.76 858 0.00 6.41
glass2 3.58 778 1.09 6.97 31.56 27.56 1.88 6.79 6.90 892 0.00 7.29
glass3 3.87 725 3.04 629 24.75 36.83 2.24 6.14 6.74 9.09 0.00 6.20
heartacl 3.80 3.13 0.00 3.26 0.00 4.08 4.16 2.82 9.55 880 0.00 3.51
heartac2 2.75 3.95 0.00 3.85 0.00 5.00 3.38 3.84 8.15 727 026 4.77
heartac3 3.12 5.17 3.36 5.01 0.00 4.92 3.34 5.08 543 6.14 0.00 4.72
heartal 3.46 446 0.00 4.37 0.00 5.73 3.17 4.31 8.44 840 247 5.14
hearta2 348 4.26 3.51 4.06 0.00 5.79 3.18 4.13 811 831 0.00 4.86
heartad 3.39 449 0.00 4.49 0.00 5.52 3.12 4.40 853 843 0.00 4.96
heartcl 8.78 15.93 0.00 15.69 0.00 15.93 9.46 15.94 18.86 21.64 0.00 15.65
heartc2 11.55 6.52 0.00 6.33 0.00 7.33 12.38 6.16 24.80 22.71 0.00 6.65
heartc3 6.54 13.66 0.00 12.38 0.00 14.23 8.03 12.72 20.34 18.68 0.00 13.82
heart1 9.76 13.69 0.00 13.91 0.00 16.95 9.58 13.59 26.92 2769 7.23 13.83
heart2 9.48 13.86 0.00 13.82 0.00 19.29 9.29 13.74 14.34 16.80 6.82 14.69
heart3 8.92 16.01 0.00 15.94 0.00 21.84 8.03 16.15 26.27 27.40 0.00 18.86
horsel 4.51 1247 0.20 11.90 0.16 12.33 7.16 11.69 18.43 16.75 0.16 12.13
horse2 4.14 1538 2.84 15.11 1.08 17.72 5.70 15.34 18.08 17.48 0.18 16.72
horse3 0.82 14.26 0.18 14.13 0.18 14.52 0.37 14.00 18.36 18.20 0.18 14.23
soybeanl 0.12 0.67 0.11 0.66 0.00 0.70 0.10 0.66 4.80 483 0.00 0.68
soybean2 0.17 0.49 0.25 0.53 0.01 0.48 0.22 0.49 4.78 488 0.01 0.50
soybean3d 0.15 0.61 0.22 0.57 0.01 0.67 0.23 0.58 4.80 482 0.01 0.66

Table 2. Comparison of errors on training and testing sets obtained by Regularization Network with different kernel
functions. For each task, the lowest error on the testing set is highlighted.
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Abstrakt EGOTHOR je fulltextovy systém, ktery stahuje
z Webu dokumenty, indexuje je a umozZniuje v nich vy-
hleddvat. Vytvdrené vysledkové listiny obsahugji kromé URL
dokumentu i vystrizek, ktery strucné vystihuje nalezeny zd-
sah. Tento vystrizek je mozné témeér vyhradné sestavovat ze
znalosti celého origindlniho dokumentu (typicky ve formdtu
HTML), coz implikuje nutnost uchovdvat celé indexované
dokumenty v rdmci indexu.

Pri praktickém nasazend jsme se proto setkali s problémem
volby vhodného kompresniho algoritmu, ktery by ndm po-
mohl redukovat ndroky na diskovy prostor. Nabizi se moz-
nost pouZiti obecngch kompresnich metod jako gzip nebo
bzip2, ale muze byt vghodnéjsi navrhnout vlastni metody,
které budou vyuzivat charakteru dokumentu. Existuji speci-
alizované textové kompresni algoritmy a ddle metody kom-
primugict XML dokumenty. Vhodnym spojenim téchto dvou
pristupt lze dosahnout optimdlni urovné komprese.

1 DMotivace

EGOTHOR [6] je fulltextovy systém implementovany
na platformé Java2. Pro volbu této platformy byly
nékolikeré duvody: pienositelnost, snadné tudrzba ké-
du a rychlé zapojovani modult tfetich stran. S ohle-
dem na velky objem dat, které dokaze systém zpraco-
vat, je problémem vhodna redukce prostorové naroc-
nosti. Zde se nejedna pouze o velikost invertovaného
indexu (ktery je pochopitelné komprimovén), ale zej-
ména o databdazi s origindlnimi dokumenty stazenymi
z Webu. Tato databaze hraje vyznamnou roli pii gene-
rovani popisku zasahu ve vysledkovych listindch a je
nejvétsim konzumentem prostoru v ramci celého sys-
tému.

Systém druhé generace (EGOTHOR?2) se sklddd
z webového robota schopného stahovat stranky rych-
losti 700-1000 stranek za sekundu, indexa¢niho mo-
dulu o prutoku 500-700 dokumentu za sekundu, a na-
konec vyhledavaciho modulu, ktery pracuje nad vy-
tvofenym invertovanym indexem. Tyto orienta¢ni vy-
konnostni tidaje vychazeji z testi na samostatném ser-
veru s AMD Opteron 246 a 100Mbps piipojenim a mo-
hou byt vyznamné ovlivnény velikosti stahovanych do-
kumentu a strukturou prochézené ¢asti Webu.

* Prace byla ¢dstecné podporovdna Nédrodnim progra-
mem vyzkumu — v rdmci projektu Informaéni spoleé¢nost
1ET100300419.

Cely systém je déle volitelné doplnén o celou fadu
lingvistickych modult, které nésledné zvysuji infor-
macni kvalitu vysledki za cenu odpovidajiciho snizeni
prutoku dat systémem. Z vypocetné nejméné naroc-
nych modulu lze uvést napiiklad stemmer [5], ktery
ma& pozitivni vliv na velikost invertovaného indexu.

Tvorba popisku probihd pomoci béznych lingvis-
tickych algoritmu a to s ohledem na strukturu ori-
gindlniho textu a slova obsazena v uzivatelském do-
tazu. Systém nejprve nalezne zasahy, respektive jejich
64bitové identifikdtory, vybavi jejich textovy obsah
z databdze originalnich dokumentt, a poté jiz vytvori
adekvatni vystiizky do vysledkovych listin.

V zakladni verzi systém komprimuje bazi textu po-
moci algoritmu gzip [4]. Je ale otdzkou, zda je takova
komprese vhodnd pro HTML dokumenty, a zda neni
mozné nalézt adekvétni ndhradu na bézi jiné (nebo
i blizké) kompresni metody.

S ohledem na pozadované nasazeni je cilem takova
metoda, ktera zajisti kvalitnéjsi kompresni pomér,
stejny nebo lepsi dekompresni ¢as nez gzip, pricemz
cas komprese nemusi byt tak rychly jako u zminova-
ného gzip-u.

2 Komprese

Komprese slouzi ke zmenseni objemu dat, aby zabrala
na pevném disku mensi prostor, pfipadné mensi kapa-
citu prenosové linky pfi jejich transportu. Fulltextovy
systém EGOTHOR pfi své praci nashromazdi a déle
vyuzivd obrovské mnozstvi dat. Webovych stranek
jsou fadové miliardy a maji prumérnou velikost okolo
10-20 kB [17]. Problém s nedostate¢nou velikosti disku
lze Castecné Fesit pravé kompresi.

Zmalost struktury kédované zpravy muze byt velmi
uzitecna pro navrh tspésné kompresni metody. Webo-
vé stranky jsou specidlni typ dat. Zakladem je formét
HTML [23], ktery je v principu tvofen textovymi daty
obalenymi ve struktufe.

Pro kompresi muzeme rozhodnout nevyuzit zad-
nou z vlastnosti HTML a zvolit obecnou kompresni
metodu napiiklad gzip [4] nebo bzip2 [18]. Tim do-
sahneme jistého stupné komprese, ale pravdépodobné
nebude optiméalni. Tento pfistup je praktikovan v sou-
¢asné dobé, kdy se v EGOTHORu pouzivd metoda

gzip.
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Druhd moznost spo¢iva ve vyuziti textového cha-
rakteru dat a pouziti kompresnich metod specializo-
vanych na kompresi po slovech [21] ¢ slabikdch [12],
podle jazyku dokumentu, tedy webové stranky. Jazyk
lze bud'to odhadnout z domény, ve které se stranka
nachézi, z hlavicky dokumentu, nebo presnéji urcit
statistickou analyzou textu.

Treti varianta je zaloZena na efektivnim zakdédo-
vani struktury znacek, jejich nazvu a atributu. Pfi-
kladem takovéto metody je XMill [13] pro kompresi
dat ve formétu XML [22]. Zde se na samotné obsahy
atributu pouziva néjakd obecnd kompresni metoda,
tfeba gzip. Problémem je pro tuto metodu velké vol-
nost v pravidlech pro strukturu HTML, je povoleno
Spatné hnizdéni znacek, vicendsobné atributy a dalsi
odlisnosti. V tomto piipadé bychom museli nase data
upravit do dobfe formovaného formatu XML, nebo
upravit stavajici metody pro préaci se Spatné formo-
vanymi daty.

Predchozi varianta se snazila samostatné efektivné
zakdédovat strukturu znacek a atributu, ale samotny
textovy obsah se kddoval neefektivné pomoci obecné
kompresni metody. ReSenfm tohoto problému pro
XML data se zabyvala prace [8], kde se struktura ké-
duje pomoci XMill a textovy obsah slabikovymi a slov-
nimi metodami. Upravou téchto metod pro HTML,
muzeme dosdhnout zajimavych vysledku.

3 Textové kompresni metody

Pro kompresi textu se pouzivaji zejména dva néasledu-
jici principy — po slovech a po slabikach. Slovni me-
tody jsou starsi [21] a existuji implementace velkého
mnozstvi klasickych algoritmu pracujicich nad abece-
dou slov: napiiklad Huffmanova kédovéni [21],
LZW [3], Burrows Wheelerova transformace [9],
PPM [1] nebo Aritmetické kédovani [16]. Slabikové
metody se pouzivaji pomérné kritkou dobu [12] a exis-
tuji zatim pouze implementace Huffmanova kédovani
a LZW.

Pri adaptaci klasickych znakovych metod na slovni
nebo slabikové metody se musi vétsSinou podstatné mo-
difikovat datové struktury, aby byly schopny pracovat
misto s 256 znaky s predem neuréenym a navic vy-
sokym poctem slov ¢i slabik. Pii kompresi nad vel-
kou abecedou musi kodér informovat dekodér, jaké
prvky obsahuje abeceda, kterou pouziva. Nejcastéji
se tento problém fesi pridanim zakddované abecedy
k vlastnimu zakédovanému dokumentu [10].
zycich s jednoduchym tvaroslovim (napf. angli¢tina),
slabikové metody jsou vyhodné pro jazyky s bohatym
tvaroslovim (napf. ¢estina, néméina) [11].

3.1 Slovni metody

Pii pouziti slovnich kompresnich metod [21] je nutné
rozdélit dokument na posloupnost slov a neslov. Jako
slova se nejcastéji oznacuji fetézce pismen a ¢islic, ne-
slovy jsou pak fetézce zbylych znaku. Pfi déleni do-
kumentu se hledaji maximélni alfanumerické fetézce,
které se oznacuji za jednotlivé slova. Retézce znakil,
které zustanou mezi slovy, se prohldsi za jednotliva
neslova.

Muzeme tedy vychazet z predpokladu, ze v doku-
mentu se pravidelné stiidaji slova a neslova. Déle se
pouziva heuristika, ze slovo byva obvykle nasledovano
specidlnim typem neslova - ,mezerou“. Muzeme si te-
dy dovolit neslova ,mezera“ vynechat a nekddovat.
Spravna dekomprese se zaruc¢i tim, ze pokud dekddu-
jeme posloupnost dvou po sobé jdoucich slov automa-
ticky mezi né vlozime mezeru, kterd byla pii kompresi
vynechana.

Pro praktické pouziti se neuvazuji neomezené dlou-
ha slova a neslova, ale jejich délka se omezuje néjakou
rozumnou konstantou. Pfili§ dlouhé fetézce se rozdé-
luji, a aby byl zachovan model stidani slov a neslov,
musime mezi né vlozit fetézec nulové délky opacéného
typu (prazdné slovo, neslovo). Napiiklad pokud rozdeé-
lime slovo na dvé slova, musime mezi né vlozit prazdné
neslovo.

3.2 Slabikové metody

Slabikové kompresni metody [12] musi textovy doku-
ment rozdélit nejprve na slova a ty navic ddle na sla-
biky. U komprese po slovech se velmi ¢asto se pouziva
déleni textu na Fetézce slov (alfanumerické znaky)
a neslov. Pro slabikovou kompresi je vSak vhodnéjsi
nasledujici déleni na pét druhu slov a slabik.

Slova obsahujici pouze mala pismena oznacime ja-
ko mald (napf. ,ahoj“). Slova obsahujici pouze velka
pismena oznacime jako velkd (napf. ,AHOJ*). Slova,
ktera zac¢inaji prvnim pismenem velkym a zbyla pisme-
na jsou mald ozna¢ime jako smiSend (napf. ,Ahoj*).
Slova obsahujici pouze ¢islice oznaéime jako ¢iselnd
(napf. ,,1982%). Slova obsahujic{ pouze nealfanume-
rické symboly ozna¢ime jako specidlni (napi. ,77!%).
Mala, velké a specialni slova oznacujeme jako pismen-
na, specialni a ¢iselna slova oznacujeme jako nepis-
menna.

Rozdéleni textového souboru na slova provedeme
hladovym algoritmem. Nyni muzeme provést jeho dal-
8i déleni na slabiky. Déleni slov na slabiky nemusi byt
vzdy jednoduché, nékdy nemusi byt ani jednoznacéné,
¢asto vychdzi i z puvodu slova. Pro potieby komprese
je mozné vystacit i s jistou aproximaci spravného dé-
leni slov na slabiky bez vyraznych dopadu na dosa-
hovany stupen komprese. Algoritmu déleni na slabiky



muze byt velké mnozstvi a mohou se ligit v tom, jaké
mnozstvi ddaju o daném jazyku potiebuji znéat. Po-
piSeme si zde ctyfi algoritmy, které vyzaduji pouze
minimalni mnozstvi informaci o daném jazyku, konk-
rétné potiebuji pouze znat, kterd pismena jsou sa-
mohlasky a které souhlasky.

Vsechny ¢tyfi algoritmy maji spole¢nou pocatecni
fazi. Nepismennéa slova prohlasime za slabiky, nebu-
deme je tedy dale délit. V pismennych slovech urc¢ime,
kterd jejich pismena jsou samohldsky a kterd souhlés-
ky. Nasledné se vyhledaji maximalni bloky samohla-
sek. Blok samohlasek je souvisly usek slova slozeny ze
samohlések, nejvyse délky 3. Maximalni blok je ta-
kovy, ze nejde prodlouzit o dalsi samohlasku pii za-
chovéani jeho délky nejvyse 3. Tyto maximalni bloky
samohldsek budou tvorit zdklad slabik, u kazdého blo-
ku si pamatujeme jeho zacitek a konec. Souhlésky,
které jsou pied prvnim blokem, jsou pfifazeny prvni-
mu bloku a souhlasky, které jsou za poslednim blokem,
jsou prifazeny poslednimu bloku.

Jednotlivé algoritmy se lisi v tom, jakym zptisobem
pritazuji souhlasky, které se nachdzeji mezi jednot-
livymi maximélnimi bloky samohlédsek, k témto blo-
kum. Zpusob pfifazovani je patrny z jednotlivych ndz-
vi. Algoritmus universal left (Pyy) priradi vSechny
souhlasky mezi bloky samohlasek k levému bloku sa-
mohldsek. Algoritmus universal right (Pyg) prifadi
v8echny souhlasky mezi bloky samohlések k pravému
bloku samohlédsek. Algoritmus universal middle-right
(Pumr) v pripadé 2n souhldsek (sudého poctu) mezi
bloky pritadi ke kazdému bloku samohlasek n souhlé-
sek. V piipadé 2n 4+ 1 (lichého poctu) souhldsek mezi
bloky prifadi k levému bloku samohlasek n souhldsek
a k pravému bloku n + 1 souhléasek.

Algoritmus universal middle-left (Pyas1,) v piipadé
2n souhldsek (sudého poctu) mezi bloky prifadi ke
kazdému bloku samohlasek n souhldsek. V piipadé
2n + 1 (lichého poctu) souhldsek mezi bloky piiradi
k levému bloku samohlasek n + 1 souhlések a k pra-
vému bloku n souhlasek. Vyjimka proti tomuto pra-
vidlu nastane v pripadé, ze mezi bloky je jen jedna
souhlaska, pak se tato souhlaska ptifadi k pravému
bloku. Tim zajistime, aby na konci slov nezustavaly
samostatné bloky samohlasek, coz je hlavni nevyhoda
algoritmu Pyyp,.

Uvedeme si nasledujici piiklad (tabulka 1). Roz-
délime ceské slovo odstréenou na slabiky jednotlivymi
algoritmy. Bloky samohlédsek zde jsou (po fadé) o, r,
e, Ol.

Slabikové kompresni metody vychazeji z predpo-
kladu, ze text je strukturovan do vét a lze jej popsat
nasledujicimi pravidly: Véta zac¢ind smiSenym slovem
(prvni pismeno je velké, zbyld mald) a konéi specidlnim
slovem, které obsahuje tecku. Ve vété se pravidelné
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Metoda

Spravné déleni v ¢estiné
universal left Py,
universal right Pyr o-dstr-¢e-nou
universal middle-left Py, |ods-tr-c¢e-nou
universal middle-right Py asr|od-str-¢e-nou

Rozdéleni
od-str-ce-nou
odst-ré-en-ou

Tabulka 1. Piiklad - déleni slova odstréenou na slabiky.

stfidaji mala a specidlni slova. Zac¢inéd-li véta velkym
slovem, pak se ve vété stridaji velka a specidlni slova.

Po rozlozeni slov na slabiky nastavé s timto mo-
delem problém. Kazdé slovo m4 jiny pocet slabik. Za-
timco malé slovo je vétsinou nésledovano specidlnim
slovem, tak mald slabika muze byt nésledovéna jak
malou slabikou, tak specialni slabikou.

Tento model se pak pfi kompresi pouziva k predikci
typu dalsi slabiky.

V ¢ldnku [12] byly navrzeny dvé kompresni me-
tody LZWL a HuffSyllable pracujici nad abecedou sla-
bik. LZWL je slovnikova metoda zalozena na metodé
LZW [20], HuffSyllable je statistickd kompresni me-
toda inspirovéna algoritmem HuffWord [21]. Huff-
Syllable pouziva adaptivni Huffmanovo kdédovani
a pracuje na principu st¥{déni péti druhu slabik.

4 Metody pro kompresi struktury
XML

Existuje celd fada algoritmu pro kompresi dat ve for-
méatu XML. Jednim z prvnich byl XMill [13], kterému
se budeme vénovat podrobnéji. Metoda XMLPPM (7]
a mnoho dalsich pracuji na podobnych principech, ne-
bo jsou piimo z XMill odvozeny. Algoritmy
XGrind [19] a XPress [15] umozinuji navic vyhleddvéani
a pokladani dotazu nad komprimovanymi daty, vymé-
nou za horsi kompresni pomér.

Algoritmus XMill je zalozen na nésledujicih tiech
principech:

— Oddéleni struktury od dat Za strukturu se
povazuji znacky, atributy a jejich usporadani. Jako
data oznacujeme posloupnost polozek (textovych
Fetézcn), které jsou obsahem znaéek nebo hodno-
tami atributu.

— Seskupeni dat s podobnym vyznamem Data
s podobnym vyznamem jsou slouceny do skupin
nazyvanych kontejnery a kazdy kontejner je kom-
primovan oddélené. Pravidla pro seskupovani musi
sepsat uzivatel pomoci jazyka XPath [24]. Napti-
klad vSechny obsahy znacek <name> tvoii jeden
kontejner, zatimco vSechny obsahy znacek <phone>
tvoti druhy kontejner.

— Aplikace raznych kompresnich metod na
jednotlivé kontejnery Kazdy kontejner muze
byt zpracovan jinou kompresni metodou. Napii-
klad obsahy atributu <name> komprimujeme po-



110 Jan Lansky et al.

[Input XML file}%

SAX Parser

v

Path Processor

L N

Structure Container|{|Data Container1

Data Container 2

Data Container k

v v

v v

[ gzp | | ozip |

gzip | | gzip |

\

i

| Compressed XML file |

Obrazek 1. Architektura kompresniho programu XMill.

moci textovych kompresnich metod, zatimco obsa-
hy atributu <phone> komprimujeme metodami na
kompresi celych ¢isel.

Architektura metody XMill (obrézek 1) je zalozena
na trech vyse uvedenych principech. Dokument ve for-
méatu XML je zpracovdn SAX parserem [14], ktery
posila SAX udélosti do Path-procesoru. Zde probiha
oddélovani struktury od dat a shlukovani dat do kon-
tejneru podle podobnosti vyznamu.

Predtim, nez jsou data odeslana do kontejneru lze
na né pouzit néjaky sémanticky kompresor (napf. text,
celd ¢isla). Zda a na jaky kontejner se pouzije néjaky
sémanticky kompresor musi urcit uzivatel, coz je ne-
vyhodou této metody.

V jednom z kontejnert je ulozena struktura celého
dokumentu. Obsahy znacek jsou nahrazeny odkazy na
¢isla prislusnych kontejneru, nézvy znacek a atributu
jsou nahrazeny odkazy do slovniku znacek a atributt.

Na zdveér se obsahy jednotlivych kontejnera zako-
duji programem gzip a ulozi do vysledného souboru.

5 Textové metody pro kompresi XML

V ¢éldnku [8] jsou navrzeny dvé metody XMillSyl
a XMLSyl, které se snazi o spojeni metod na kom-
presi struktury XML s metodami pro kompresi textu,
konkrétné se slabikovymi kompresnimi metodami
LZWL a HufSyllable [12].

Prvni z metod XMillSyl je modifikaci XMill [13],
kterym jsme se zabyvali v pfedchozi kapitole. Rozdil
oproti puvodni metodé je az ve fazi komprese jednot-
livych kontejnera. V puvodni metodé XMill se pouziva
obecnd kompresni metoda gzip, kterd je v metodé

XMillSyl pro datové kontejnery nahrazena slabikovy-
mi kompresnimi metodami LZWL a HuffSyllable.
Kontejner se strukturou se nadédle komprimuje pomoci
metody gzip.

Metoda XMLSyl se snazi modifikovat existujici sla-
bikové metody LZWL a HuffSyllable, tak aby se znac-
ky nerozdélovaly na posloupnost slabik, ale aby se
povazovaly za jednu slabiku.

Metoda XMLSyl vyuziva SAX parser, ktery z do-
kumentu vytvaii proud SAX udélosti a ten je nasledné
zpracovavan v kodéru struktury. Kodér struktury vy-
tvaii dva slovniky pro kédovani znacek a elementu.
Dale se v kodéru struktury nahrazuji ndzvy znacek
a atributi ve vstupnim soubor za odkazy do piis-
lusnych slovnika. Modifikovany soubor se uklddd od
datového kontejneru, ktery se nasledné kéduje slabi-
kovymi metodami LZWL a HuffSyllable. Stejnymi me-
todami se kéduji i slovniky nazvu znacek a atributu.

6 Oteviené problémy

Metody komprimujici strukturu XML vyzaduji, aby
byl dokument dobte formovany, coz u HTML doku-
mentu nebyva vétsinou dodrzovano. Dokumenty ve
formatu HTML ¢asto porusuji spravné uzavorkovani
znacek (Pf. <a><b></a></b>), anebo se v jedné znacce
vyskytuji dva atributy se stejnym jménem. Proto bude
nutné modifikovat soucasné metody pro kompresi
XML pro préaci se Spatné formovanymi dokumenty,
i kdyz to pfinese mirné snizeni u¢innosti komprese.
Textové kompresni metody, zvladsté pak slabikové,
dokazi vhodné vyuzit informace o jazyce dokumentu.
Jazyk dokumentu by mél byt podle normy HTML zjis-
titelny z hlavicky dokumentu, ale ve skute¢nosti ¢asto



nebyva uveden, nebo je uveden nespravné. Také se
casto stava, ze v jednom HTML dokumentu se pouziva
vice jazyku. Napiiklad jeden odstavec je ¢esky, nasle-
dujici jiz anglicky.

Format HTML pouzivd omezenou a piredem zné-
mou mnozinu znacek a jejich atributu, vyuziti této
znalosti muze vést ke zlepSeni ic¢innosti komprese.

Cést HTML dokumentii obsahuje rizné skripty,
které jsou z pohledu HTML brany jako komentére.
Skripty nemaji strukturu pfirozeného textu a textové
kompresni metody zde nedosahuji nejlepsich vysledki.

V soucasné dobé se v EGOTHORu uklada
1000 webovych stranek do jednoho souboru, zejména
z duvodu optimalizace tvorby indexu v robotu. Kdyz
komprimujeme tento cely soubor najednou, ztracime
moznost pristupu k jednotlivym dokumentim bez nut-
nosti dekomprese vSech dokumentii obsazenych v tom-
to souboru. V budoucnu uvazujeme o kompresi jednot-
livych HTML dokumentu samostatné. Ve vysledném
souboru, ktery by obsahoval 1000 komprimovanych
dokumentu by se poté daly jednotlivé dokumenty vy-
hledavat bez nutnosti dekomprese celého souboru. Na
kompresi malych souboru jsou vhodné slabikové kom-
presni metody [11].

Zde popsane metody najdou uplatnéni nejen pro
ukladédni kolekci semistrukturovanych dokumentu, ale
i pro efektivni praci s rozsdhlejsimi polozkami v da-
tovém stohu [2].

7 Experimenty

V tomto ¢lanku jsme diskutovali nékolik pfistupu ke
kompresi webovych stranek. Provedli jsme experimen-
ty s témito kompresnimi programy na souboru obsa-
hujicim 1000 webovych stranek ze slovinské domény si.
Vysledky jsou uvedeny v tabulce 2.

V prvnim sloupci tabulky je ndzev metody, v dru-
hém sloupci je uvedena velikost na kterou byl ori-
ginalni soubor zakomprimovan a ve tifetim sloupci je
spoc¢itdn kompresn{ pomér (zakomprimovany soubor /
orignal).

Metoda Komprimovano|Pomér
original 21 007 005 100,00%
gzip 3 830 825 18,24%
bzip2 2 950 823 14,05%
LZWL slova 3 580 571 17,05%
LZWL slabiky 3 806 980 18,12%
HufSyllable slova |6 780 966 32,28%
HufSyllable slabiky|8 721 220 41,51%
XMill — —
XMLSyl — —
XMillSyl — —

Tabulka 2. Vysledky komprese souboru obsahujiciho
1000 webovych stranek ve slovinstiné.
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Slabikové a slovni verze LZWL a HuffSyllable pou-
zivaly jazykové nastaveni pro ¢estinu, protoze pro slo-
vinstinu nebylo dostupné, a to negativné ovlivnilo do-
sazené vysledky.

Metody Xmill, XMillSyl a XMLSyl jsou schopny
pracovat pouze s dobfe formovanymi XML daty, coz
testovany soubor nespliioval a tedy se ho nepodatilo
zkomprimovat.

Dulezitou vlastnosti kompresnich programu je ¢as
komprese a dekomprese. Program gzip provede kom-
presi za dvé sekundy a dekompresi za méné nez jednu
sekundu. Program bzip je zhruba pétkrat pomalejsi
(9 sekund komprese, 4 sekundy dekomprese). Progra-
my LZWL a HuffSyllable existuji pouze v testovaci
verzi, kterd neméla za cil snizovat ¢asovou naroc¢nost.
Program LZWL provede kompresi i dekompresi (sla-
bikovd i slovni verze) zhruba za 20-25 sekund.

7 dosazenych vysledku je patrné, ze soucasné po-
uzivani metody gzip neni z hlediska dosazeného kom-
presniho poméru pi#ilis vyhodné. Napiiklad textova
metoda LZWL (varianta slova i slabiky) dosahuje lep-
sich vysledku. Predpokldddme, ze piipadné upravené
verze XMLSyl nebo XMillSyl pro format HTML by
mohly dosdhnout jesté lepsich vysledku. Velmi dob-
ré vysledky by jsme mohli ziskat i modifikaci metody
bzip tak, aby pracovala nad abecedou slabik ¢i slov
a vyuzivala struktury HTML.

8 Zavér

Fulltextovy vyhledavaci systém EGOTHOR pii své
¢innosti shromazd'uje a potfebuje uchovivat znacné
mnozstvi dat ve formatu HTML, které je nutno kom-
primovat. Zabyvali jsme se vybérem vhodné kompresni
metody, kterd by vyuzivala jak textového charakteru
HTML dokumentu, tak i jejich struktury. Takova me-
toda ma nejlepsi predpoklady pro dosazeni optimalni-
ho stupné komprese.

V tomto ¢lanku jsme se zabyvali zastupci ze tii
skupin kompresnich algoritmu: textovych, specializo-
vanych na XML a kombinovanych textovych pro XML.
Jako nejlepsi feseni povazujeme upravit stavajici tex-
tové metody pro XML, tak aby byly schopny kompri-
movat HTML.
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Abstract. This paper presents a draft of new approach to
contingent planning, which is unlike other existing contin-
gent approaches also applicable to parallel planning. This
approach also allows actions with different time of erecu-
tion. The approach is based on a new algorithm for cre-
ation of parallel plans, also presented in this paper. The
presented algorithm doesn’t need two steps (planning and
parallelization), but creates parallel plans in a single step.

1 Introduction

The first part of this paper presents a draft of a new
approach to contingent planning, which is unlike other
existing approaches also applicable to parallel plan-
ning, i.e. it is able to create contingent plans with
parallel action execution.

This paper also introduces a new algorithm for
creating parallel plans based on STRIPS-like action
model. Unlike existing algorithms, the introduced
Multi-Action Backchaining (MAB) algorithm creates
parallel plans directly, without the need of future
parallelization. Moreover, it has the features needed
to be extended into a contingent parallel planner,
which is also presented in this paper.

The creation of parallel plans, where several ac-
tions can be executed simultaneously, is very impor-
tant, not only in the field of multi-agent systems, but
also in modern production or logistics systems and
other domains. Moreover, in some environments, the
results of individual actions are not fully predictable,
so it is important to prepare alternative plans for the
most probable action outcomes.

Contingency is usually added to the planning
process by allowing the actions to have several
different results (with different probabilities). If
an action with more results is used in a plan,
a contingent planner splits the plan into two (or
more) alternative plans - one for each possible result.
This is quite simple for sequential plans, with only
one action executed at a time. On the other hand,
several problems arise if we allow parallel execution
of actions.

Parallel planning is a generalisation of the classi-
cal planning problem [17]: Given a description of the
initial state of the world, description of the goal and
a description of the possible actions determine a plan,

i.e., a sequence of actions that transforms states fit-
ting the initial configuration of the world into one of
the goal states. The only change for parallel planning
is that a plan is not a sequence of actions, but a set of
actions with time constraints on action execution.

In general, there are only two possible methods for
creating parallel plans: Creation of non-parallel plan
followed by subsequent parallelization and direct cre-
ation of a parallel plan.

The majority of different approaches to parallel
planning wuses the first method — creation of
non-parallel plan and subsequent parallelization. The
non-parallel plan can be created by arbitrary
planning technique: STRIPS [8] and STRIPS-like
reasoning, based on state-space search (e.g.
GRT [14] using backchaining or HSP [4] using
forward chaining); plan-space search, based on
STRIPS-like actions, where actions and restrictions
are added to partial plans until the final partially
ordered plan is created [12]; Markov Decision Process
(MDP) [2], [13]; approaches based on HTN [15] using
manual hierarchical decomposition of actions (or
tasks), which is used to create partially ordered plans
(like NOAH [6], PGP [10] or STEAM [16]).

Separating the planning process and parallelization
brings an advantage of simplifying the whole process.
There are, however, several problems resulting from
the separation:

— Sub-optimal solution. If the linear plan is optimal
(for example with respect to execution time) and
the parallelization process is optimal too, the re-
sulting parallel plan is not guaranteed to be opti-
mal. A longer linear plan can be better paralleliz-
able, yielding a shorter parallel plan.

— Problems with contingency. With contingency, we
cannot fully predict the effect of alternate action’s
results on the remaining actions before we paral-
lelize the whole plan. During the first step - cre-
ation of linear plan - we don’t know which actions
will be executed simultaneously after the paral-
lelization.

— Complexity. The parallelization of a linear plan
is, in general, a very complex computational
problem on its own. Optimal parallelization is
NP-hard and even sub-optimal modifications are
usually NP-hard [1]. (For comparison, the
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planning process based on STRIPS-like operators
is PSPACE-complete in general [5].)

There is also a small group of approaches, which
are able to generate parallel plans directly (for exam-
ple some approaches based on GraphPlan [3] or the
contingent planner ZANDER [11]), but all these ap-
proaches use the simplification, that all actions are ex-
ecuted exactly in one time quantum (or immediately).
For most real systems, this simplification is too re-
stricting and these approaches are almost unusable if
there are different times for actions execution.

For these reasons, we designed a new algorithm
for creating parallel contingent plans. As a part of
this algorithm, we also developed the Multi-Action
Backchaining (MAB) algorithm for creating parallel
plans directly, without the need of further paralleliza-
tion. At the same time, MAB allows different execu-
tion times for individual actions, removing the main
restriction for direct parallel plan creation. While the
contingent planner is still in the design phase, the
MAB algorithm (the non-contingent part of the paral-
lel planning algorithm) is fully implemented and veri-
fied on a modified bricks domain.

The basic MAB algorithm is described in section 2.
Section 3 describes the modifications of the basic MAB
algorithm which will allow it to plan with contingency.

2 Multi-action backchaining algorithm
overview

This section provides the MAB (Multi-Action
Backchaining) algorithm’s basic outline. This is the
non-contingent planning algorithm, which is the
base of the contingent planner described in the
next section. First, the model of action and state
is described, together with the model of action
execution. Next, the parallel plan is described,
followed by the algorithm pseudocode.

The same principle, MAB is based on, could also
be used to modify the standard forward-chaining algo-
rithm to allow parallel forward-chaining. This is, how-
ever, not in the scope of this paper.

2.1 Model of action and state

The basic model of action is a modification of the
STRIPS-like action model, especially the Action De-
scription Language (ADL) [9]. Executed actions are
created by applying operators to the current state. An
operator is defined as follows: Op = (Pre, Ef f, Pro,t)
where Pre, Ef f, Pro are sets of literals, Pre is a pre-
condition, Eff the effect of the operator and Pro is
the set of protected literals, which may not be used
or changed by other operators during Op execution

and t is the time of operator execution. The sets of lit-
erals Pre, Eff and Pro do not have to be grounded
(i.e. can contain variables as parameters) and may be
negated. The sets of literals Pre and Eff are inter-
preted as conjunctions of literals, forming the operator
precondition and effects.

The following example shows an operator from
the bricks domain, for lifting-up a box (boxl) from
another box (box2) by a mechanical arm (arm), with
variables 'box1’, ’box2’ and ’arm’:

Operator: 1iftUp(box1l, box2, arm)

Precondition: on(boxl, box2), free(boxl),
idle(arm)

Effects: —on(boxl, box2), —free(boxl),
—idle(arm), holds(arm, boxl), free(box2),
1lift(box1)

Protects: free(boxl), free(box2), idle(arm)

Time: 20s
When an operator is selected to be executed, it

forms an action:

A= (Opa M; tstart)a
or

A = (Pre, Eff, f)’I"O7 t, ]\47 tstu,’rt)a
where Op is the executed operator, M is mapping of
operator variables (variables appearing in literals of
Pre, Eff, Pro) to constants and state variables. Ad-
ditionally, ts¢qr¢ is the real time of start of action ex-
ecution, counting backwards from the current state
(every executed action is always bound to a state).

Like in all non-parallel backchaining algorithms,
the plan search is performed by space-state search
from the final state. The state representation in the
Multi-Action Backchaining (MAB) contains a set of
valid literals (L,q;). The difference to other approaches
is that the state representation also contains the set of
currently executed actions (A.,). Additionally, a state
also contains constraints for state variables (C), e.g.
inequality of two variables or a variable and a con-
stant. Formally, a state S = (Lya1, Aea, C).

The action (A) execution consists of two steps: the
start of execution and the end of execution. At the
start of execution, the action precondition has to be
fulfilled: Pre(M) C Lyq;. Pre(M) is the set of precon-
dition literals (Pre) after applying of mapping M. At
the same time, the executed action is added to the set
of executed actions: A., = Aq, U {A}.

At the time of action end, the world state is mod-
ified according to Eff(M). Negations of literals in
Eff(M) are removed from the current state and liter-
als in Ef f(M) are added: Lyg = (Lya\"Eff(M))U
Eff(M). (mEff(M) is a shortened notation for the
set {I|-l € Eff(M)}) At the same time, the executed



action is removed from the set of executed actions:
ACZE = Aez\{A}

The literal set Pro(M) (literals in Pro after apply-
ing of mapping M) contains literals, which are pro-
tected during the action execution (in the time be-
tween the start and the end of action execution) - other
actions using these literals in their Pre, Eff or Pro
are not allowed to be executed if the scope of validity
of Pre, Eff or Pro intersects with the validity scope
of the executed action’s Pro. Validity scope for Pre
is at the start of action, for Ef f at the end and Pro
during the whole time of execution.

2.2 The multi-action plan

In the classical planning problem, a plan is a sequence
of actions, leading from the initial state to the final
state: P = S§pA151A425A5... A,S,, where A; is the
it executed action and S; is the state at start of ac-
tion A;. S, is the initial state, Sy the final state. The
sequence is written in reverse order because speaking
about backchaining and the planning algorithm starts
at the final state (Sy).

In MAB, a plan is a set of actions instead of a se-
quence. Each action in a plan has a time of start and
a time of end. Anyway, a sequence of states can be
built: P = Sf{Al}Sl{AQ}SQ{Ag,} ‘e {An}Sn In this
case, {A;} is the set of actions, which end in the state
S;_1. Time distance between states S; and S;_7 is
equal to minimum of the time distances from S;_1 to
starts of actions executed in S;_; (including actions
from {4;}, which end in S;_1). An example of a plan
can be seen in the Figure 1.

An action (A) is added to a plan before some
state S;, if its effects (Eff) fulfil some literals from
the state’s valid literals (L,q;). At the same time, the
action must not cancel literals from L,, by adding
a negation of a literal from L,q;. Also, A (i.e. Pro -
protected literals of A) must not collide with
other, already executed, actions. More actions may
be added at the same time, but with respect to
constraints resulting from other actions and current
state.

2.3 Generating a new state — the algorithm

The MAB algorithm searches the state-space back-
wards from the final state. At start, the state-space
set contains only the final state: StS = {S;}. At each
step, one state (5) is selected from StS, a set of ac-
tions {A;} executable in this state is generated (ac-
tions which end in this state and fulfil some of the
state’s literals), and these actions are applied to a copy
of the current state, resulting in a new state (S”). This
new state is then moved backward in time to the lat-
est time when some action being executed in this state
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time

Fig. 1. Example of parallel plan. The vertical axis repre-
sents time, relative to the end of plan. The horizontal axis
does not have any interpretation. States of plan represent
points in time, where actions start or end.

(one of the added actions or one of the actions which
already were executed in S) starts.

The basic algorithm of generating a new state in
the backchaining scheme is following:

1. Select one work state.
The work state (S = (Lyqi, Aes, C), S € StS) can
be selected according to some value function - for
example the time distance to the final state. This
way, plans optimal according to this metrics are
generated.
2. Choose actions.

A set of actions Age,, = {A; = (Pre;, Ef fi, Pro;,
tiy My, tsiart, = t;)} is generated. If A., is not
empty (Aep # 0), an empty set of actions can be
generated too (Age, = 0). Each of these actions
fulfils part of the state S literals: Effa,(M;) N
Lyq # 0. At the same time, the selected actions do
not cancel any valid literals: {I|-l € Ef fa,(M;)}N
L, = 0 and the selected actions do not inter-
fere with each other, nor with already executed ac-
tions (Aez). These conditions generate constraints
on action variables (Cgy,). These constraints are
then mapped to the state variables and constants,
using the mapping M;: Cyy, (M;) = Cy,,. If such
mapping is not possible (because of colliding con-
straints), backtracking starts.
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3. Copy the work state.
A new state S’ is created as copy of S: §' = S =
( Lal = Lval’A/ez = A€I>C/ = C)

4. Add chosen actions to the new state.
The chosen actions (Agen) are added to S": A, =
AcxUAgen. At the same time, the effects of added
actions are removed from literals in the state S’
L = Loa\{Effa,(M;)} for each A; € Agep, and
the constraints from actions are added to the state
constraints: C’ = C' U Cs,,, for each A; € Agep,.

5. Shift back time for the new state.
Nothing more can happen at the current time to
S’, because all actions ending here were already
added. So we have to move backward in time to the
nearest event, which is the begin of an action. We
move through time by changing execution times
(tstart;) Of all actions in A’ using following rule:
tstart; = tstart; — Minj(tsrare;) for each A; € AL, .

6. Apply started actions on the new state.
After shifting back the time, some of the actions
are at their starting time (Agsiere = {Ai, 4; €
Al tstart; = 0}). These actions’ preconditions are
applied to the state: L! , = L! U Prea,(M;), for
each A; € Agiart. Proper selection of actions in
step 2 guarantees, that this step can be correctly
executed and no collisions of literals occur. At the
same time, these actions are removed from the cur-
rent state: AL, = AL \Astart-

7. Add the new state to the state space.
The new state S’ is added into the state-space:
StS = StS U {S'}. If the new state is identical
with some previously found state, it is only added
if its distance to the final state is smaller than the
distance of the identical state. Also, there can be
an additional constraint, which can prevent the
state from being added, e.g. there can be a set of
forbidden states. If the new state is a subset of the
initial state, then the algorithm found a plan.

These are only the basic steps. Backtracking occurs
if the steps 2 or 7 fail for some reason (for example
there is no group of actions which could be executed
in step 2). In the case of backtracking, no new state is
created and the sequence begins with step 1 again.

3 Modifications towards contingency

This section describes the modifications of MAB
needed to become a contingent planner. The first
modification is in the model of action, second in the
planning process.

3.1 Modifications of MAB

The operator contains several possible effects Ef f;
with different probabilities P(Eff;): Op = (Pre,

{(Effi, P(Eff:)}, Pro, t), while Y, P(Eff;) = 1.
The action (executed operator) then additionally
contains the identification of one of the possible
effects igsr: A = (Op, M, tsiart, ipgs). This way, an
action represents one possible execution of an
operator, with one given result: A = (Pre, Effi,,,,
PT’O, t7 M; tstart)~

With actions defined this way, there is no need for
any substantial change in the MAB algorithm. The
only change is in the 2"¢ step of the algorithm (de-
scribed in the previous section). The algorithm chooses
possible operators as before, but additionally it also
selects one of the operators’ effects. Remaining steps
of the algorithm remain unchanged.

3.2 Contingent framework around MAB

The modifications of MAB are enough to account for
different results of operators, but we need additional
steps to acquire a contingent planner. These steps,
however, are not made by MAB itself. A contingent
framework has to be built around MAB. The basic
idea is similar to Just-In-Case planning [7], but mod-
ified to allow parallel planning. The basic contingent
algorithm around MAB is following;:

1. Using MAB, find one plan (or several plans)
from the initial state to the final state:
PlS = {MAB(Sinit; Stinal)}, where PLS is the
plan space (set of found plans) and M AB(S;it,
Stinat) is the result of applying MAB on the
initial and final state.

2. Find one alternate action’s result among all
actions in the previously found plans:
Effia,Effia, € Ai,A; € PLS, where A; is one
action from the plan space and Eff; 4, is one of
possible results of A;. The selected result has to
have the highest probability among all possible
alternate results in all previously found plans:

P(Effja,) = mazy {P(Effr.a,), Effia €
A;, Ay € PlS}.

3. Create an alternate state S’, which is
the result of applying the alternate
result (from step 2.) instead of the result
considered in the original plan. " = (L], =

(Lval\Effk,Ai (M)) U Effj,Ai (M)vAezv C)7 where
S = (Lyal, Aex,C) is the state (from MAB),
where the action A; with the alternate result
Effja, ends. Effi a, is the “previous” result
of A;, leading to state S. M is the mapping
of operator variables to constants and state
variables (determined in step 2. of MAB).

4. Using MAB, find a plan from the alternate
state (from step 3) to the final state.
Add this plan to the set of found plans.
Pl1S = PISU{MAB(S’, Stinal) }



5. Repeat steps 2.-4., until all possible results with
probability higher than a threshold (P(Ef f; 4,) >
Threshold) are processed.

The probability of a result (used in step 2.) is fol-
lowing: P(Eff; a,) = P(Ai) * P(Effja,|A:), where
P(A;) is the probability that the branch of plan con-
taining action A; will be executed. P(A4;) is computed
as the product of probabilities of results, leading to
execution of this action, but taking only the actual
alternative plans (PIS) into account. P(Ef f; a,|A:)
is simply the probability of this effect if action A; is
executed (this probability is a part of the operator
definition). As we can see, the contingent framework
always processes the most probable alternative. This is
responsible for the following features of the algorithm:

— Most probable alternatives are searched at first.
The contingent plan becomes more exact after
every iteration of the algorithm.

— It is possible to predict the probability of success
of the plan.

— With enough computation time, the plan is better,
accounting for more alternative contingent vari-
ants.

— Without enough computation time, there is
at least some plan, accounting for the most
probable variants.

4 Conclusion

A new approach to generating parallel plans (the
MAB algorithm) was introduced. A prototype is
already completed and verified successfully on
a modified bricks domain, where the bricks are
moved with several arms in parallel. If a finite plan
exists, it is always found. If the processed states are
selected according to some metrics (e.g. time or
action cost), plans optimal according to this metrics
are found. The same principle, MAB is based
on, could also be used to modify the standard
forward-chaining algorithm.

The contingent framework is only in the design
phase. It is based on the MAB algorithm, however it
should be possible to use it with other parallel plan-
ning techniques too. The main advantage of the de-
signed contingent planner is, that it is able to use ad-
ditional computing time to enhance the plan already
found.
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Abstract. In this paper, we compare performance of sev-
eral dimension reduction techniques, namely LSI, NMF,
SDD and FastMap. The qualitative comparison is based
on rank lists and evaluated on a collection of faces from
the Olivetti Research Lab. We compare the quality of these
methods from both the visual impact, quality of generated
"eigenfaces" and retrieval performance.
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1 Introduction

Methods of human identification using biometric fea-
tures like fingerprint, hand geometry, face, voice and
iris are widely studied. Face recognition (FR) is very
complex problem, mainly due to significant intra-class
variation in appeareance due to pose, facial expression,
aging, illumination and imaging condition. A great
number of different approaches to FR have been pro-
posed in the last decades [9,1].

The information retrieval [2,7] deals among other
things with storage and retrieval of multimedia data
which can be usually represented as vectors in multidi-
mensional space. This is often used for image retrieval,
where we store a collection of images. The images have
to be transformed to the image vectors first, so that
we can index them — we usually convert all images to
shades of gray (because there is a problem with color
information) and resize them to a common size. Since
the resulting dimension is quite high (width x height
of resized image), we are forced to extract some com-
mon features from images and index them instead of
whole image. The extraction process is either based on
some heuristics, or fully independent on the collection
properties.

Singular value decomposition (SVD) adds an im-
portant step to the indexing process [6]. SVD was al-
ready successfully used for automatic feature extrac-
tion. In case of face collection (such as our test data),
the base wvectors can be interpreted as images, de-
scribing some common characteristics of several faces.
These base vectors are often called eigenfaces. For
a detailed description of eigenfaces, see [L1].

However SVD is not suitable for huge collections
and is computationally expensive, so other methods

of dimension reduction were proposed. We test two
of them — Semi-Discrete decomposition and FastMap,
a pivot-based method based loosely on Multi- Dimen-
sional Scaling.

Because the data matrix does have all elements
non-negative, we can use another, new method, called
non-metric factorization (NMF).

The rest of this paper is organized as follows. In the
second section, we mention image retrieval. The third
section explains used dimension reduction methods.
In the fourth section, we briefly describe qualitative
measures used for evaluation of our tests. In the next
section, we supply results of tests for several methods
on ORL face collection. In conclusions we give ideas
for future research.

2 Dimension reduction methods

We used four methods of dimension reduction for our
comparison — Singular Value Decomposition, Semi-
Discrete Decomposition, Non-metric factorization and
FastMap, which are briefly described bellow.

2.1 Singular value decomposition

SVD [3] is an algebraic extension of classical vector
model. It is similar to the PCA method, which was
originally used for the generation of eigenfaces. Infor-
mally, SVD discovers significant properties and rep-
resents the images as linear combinations of the base
vectors. Moreover, the base vectors are ordered accord-
ing to their significance for the reconstructed image,
which allows us to consider only the first k£ base vec-
tors as important (the remaining ones are interpreted
as “noise” and discarded). Furthermore, SVD is often
referred to as more successful in recall when compared
to querying whole image vectors [3].

Formally, we decompose the matrix of images A by
singular value decomposition (SVD), calculating sin-
gular values and singular vectors of A.

We have matrix A, which is an n x m rank-r ma-
trix and values o1,...,0, are calculated from eigen-
values of matrix AAT as 0; = /)\;. Based on them,
we can calculate column-orthonormal matrices U =
(u1,...,u,) and V = (vq,...,v,), where UTU = I,
a VTV = 1I,, and a diagonal matrix X = diag
(01,...,0r), where o; > 0,0; > 0;41.
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The decomposition
A=UxvT

is called singular decomposition of matrix A and the
numbers o1, . . . ,0, are singular values of the matrix A.
Columns of U (or V) are called left (or right) singular
vectors of matrix A.

Now we have a decomposition of the original ma-
trix of images A. We get r nonzero singular numbers,
where 7 is the rank of the original matrix A. Because
the singular values usually fall quickly, we can take
only k greatest singular values with the correspond-
ing singular vector coordinates and create a k-reduced
singular decomposition of A.

Let us have k (0 < k < r) and singular value de-
composition of A

A - UZV ~ Ak - (UkUO) ( 0 E(]) <VOT

We call A, = UkEkaT a k-reduced singular value de-
composition (rank-k SVD).

Instead of the A matrix, a matrix of image vec-
tors in reduced space Dy = EkaT is used in SVD as
the representation of image collection. The image vec-
tors (columns in D) are now represented as points in
k-dimensional space (the feature-space). For an illus-
tration of rank-k SVD see Figure 1.

<
[
™
<

Fig. 1. rank-k SVD.

Rank-k£ SVD is the best rank-k approximation of
the original matrix A. This means that any other de-
composition will increase the approximation error, cal-
culated as a sum of squares (Frobenius norm) of error
matrix B = A — Ai. However, it does not implicate
that we could not obtain better precision and recall
values with a different approximation.

The value of k was experimentally determined as
several tens or hundreds (e.g. 50-250), however its ex-
act value cannot be simply determined.

Once computed, SVD reflects only the decomposi-
tion of original matrix of images. If several hundreds
of images have to be added to existing decomposition
(folding-in), the decomposition may become inaccu-
rate. Because the recalculation of SVD is expensive,
so it is impossible to recalculate SVD every time im-
ages are inserted. The SVD-Updating [3] is a partial

solution, but since the error slightly increases with in-
serted images. If the updates happen frequently, the
recalculation of SVD may be needed soon or later.

2.2 FastMap

FastMap [4] is a pivot-based technique of dimension
reduction, suitable for Euclidean spaces.

In first step, it chooses two points, which should
be most distant for calculated reduced dimension. Be-
cause it would be expensive to calculate distances be-
tween all points, it uses following heuristics:

1. A random point ¢q is chosen.

2. The point b; having maximal distance §(c;,b;)
from ¢; is chosen, and based on it we select the
point a; with maximal distance 4(b;, a;)

3. We iteratively repeat step 2 with ¢;411 = a; (au-
thors suggest 5 iterations).

4. Points a = a; and b = b; in the last iteration are
pivots for the next reduction step.

In second step (having the two pivots a,b), we use
the cosine law to calculate position of each point on
line joining a and b. The coordinate xz; of point p; is
calculated as

82(ai, pi) + 62(ai, bi) — 6% (b, pi)
2(5((11,1)1)

€Ty =

and the distance function for next reduction step is
modified to
2
80, 0'5) = 0*(pirpy) — (wi — x5)?

The pivots in original and reduced space are re-
corded and when we need to process a query, it is pro-
jected using the second step of projection algorithm
only. Once projected, we can again use the original
distance function in reduced space.

2.3 SDD method

The SDD method is similar to the SVD. The decom-
position of is in a form of

A~ A, =XDYT

The matrices X and Y contain only values from the
set S = {-1,0,+1}, thus requiring much less mem-
ory for storage. D is a diagonal matrix with positive
scalars.

The optimal choice of the triplets (z;,d;,y;) for k
can be determined using greedy algorithm, based on
the residual R, = A— A _1, where Ag is a zero matrix.



2.4 NMF method

The NMF method calculates an approximation of the
matrix A as a product of two matrices, W and H. The
matrices are usually pre-filled with random values (or
H is initialized to zero and W is randomly generated).
During the calculation the values in W and H stay
positive. The approximation of matrix A, matrix Ay,
can be calculated as A, = WH.

The original NMF method tries to minimize the
Frobenius norm of the difference between A and Aj,
using

min ||V — WH||%
W,H

as the criterion in the minimalization problem.
Recently, a new method was proposed in [8,10],
where the constrained least squares problem is solved

min{[V; = WH, |3 = A\ H; 13}
J

as the criterion in the minimalization problem. This
approach is yields better results for sparse matrices,
containing text documents.

Unlike in SVD, the base vectors are not ordered
from the most general one and we have to calculate
the decomposition for each value of k separately.

3 Qualitative measures of retrieval
methods

Since we need an universal evaluation of any retrieval
method, we use some measures to determine quality
of such method. In case of Information Retrieval we
usually use two such measures - precision and recall.
Both are calculated from the number of objects rel-
evant to the query Rel — determined by some other
method, e.g. by manual annotation of given collection
and the number of retrieved objects Ret. Based on
these numbers we define precision (P) as a fraction of
retrieved relevant objects in all retrieved objects and
recall (R) as a fraction of retrieved relevant objects in
all relevant objects. Formally:

_ |Rel N Ret|
~ |Ret|

_ |Rel N Ret|
and R = el

So we can say that recall and precision denote, re-
spectively, completeness of retrieval and purity of re-
trieval. Unfortunately, it was observed that with the
increase of recall, the precision usually decreases [7].
This means that when it is necessary to retrieve more
relevant objects, a higher percentage of irrelevant ob-
jects will be probably obtained, too.

For the overall comparison of precision and recall
across different methods on a given collection, we usu-
ally use the technique of rank lists [2], where we first
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sort the distances from smallest to greatest and then
go down through the list and calculate maximal preci-
sion for recall closest to each of the 11 standard recall
levels (0.0, 0.1, 0.2, ..., 0.9, 1.0). If we are unable
to calculate precision on i-th recall level, we take the
maximal precision for the recalls between ¢ — 1-th and
© + 1-th level.

4 Experimental results

For testing of the different methods, we used the Oli-
vetti Research Laboratory collection of Olivetti Labo-
ratory employees’ faces from years 1992-1994 (the im-
ages were converted to 256 shades of gray and their
size reduced to 112x92). Out of 400 images (10 images
per face), we excluded 1 image per face from indexing
for future querying, and generated 360 image vectors
of the dimension 10304, which we stored in the image
matrix A.

Fig. 2. Several faces from ORL collection.

An example of several images from ORL collection
is shown in figure 2. Several query images, which were
not used in the indexing step are shown in figure 12.

4.1 Generated ‘“eigenfaces” and reconstructed

images

Many of tested methods were able to generate a set of
base images, which could be considered to be “eigen-
faces” as is the case of PCA, SVD and several other
methods. We are going to provide examples of both
factors (base vectors) — “eigenfaces” and reconstructed
images which can be obtained from regenerated Ay.
We calculated results for all methods in several di-
mensions, for the demonstration images we will use
k = 100. In some cases where it is advisable, we will
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Fig. 3. First 18 eigenfaces (out of possible 360) for SVD
method.
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Fig. 4. Reconstructed images for SVD method.

provide results for & = 40, too. We do not provide
these images for FastMap, where it is not possible (we
could have provided the images used as pivots in each
step of FastMap process).

With SVD, we obtain classic eigenfaces, the most
general being among the first. The first few are shown
in figure 3. The eigenfaces with higher index bring
more details to reconstructed images.

The reconstructed images for rank-100 SVD
method are somewhat blurred, but generally still rec-
ognizable, which can bee observed in figure 4.

The NMF methods yield different results. The orig-
inal NMF method, based on the adjustment of random
matrices W and H provides hardly-recognizable eigen-
faces even for k = 100 and 1000 iterations (we used
100 iterations for other experiments). Moreover, these
base images still contain significant salt and pepper
noise and have a bad contrast. The factors are shown
in figures 5. We must also note, that the NMF decom-
position will yield slightly different results each time
it is run, because the matrix(es) are pre-filled with
random values.

®
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Fig. 5. First 18 base vectors (out of 100) for original NMF

.
e

method.
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Fig. 6. Reconstructed images for original NMF method.

The reconstructed images (shown in figure 6) suffer
from slight noise, too, but it is not as noticeable as in
the case of the base vectors.

The GD-CLS modification of NMF method (pro-
posed in [8]) tries to improve the decomposition by cal-
culating the constrained least squares problem. This
leads to a better overall quality, however, some of the
images were preserved better than others. The decom-
position really depends on the pre-filled random ma-
trix H. We show here two different results, one for
k = 100 in figures 7 and 8, and one for images for
k = 36 in figure 9. We can observe that the factors are
not ordered based on their generality and while some
are blurry, other are almost exact copies of original
face images.

One can see that some images after GD-CLS for
k = 100 are reconstructed almost perfectly, while other
are replaced with an extremely bad approximation.

The SDD method differs slightly from all of the
abovementioned ones, since each factor contains only
values {—1,0, 1}. Gray in the factors shown in figure 10
represents 0; —1 and 1 are represented with black and
white respectively.
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Fig. 7. First 18 base vectors (out of 100) for GD-CLS NMF  Fig. 10. First 18 base vectors (out of 100) for SDD method.
method.

Fig. 8. Reconstructed images for GD-CLS NMF method
(k = 100), examples of bad reconstruction were included.

5

Fig. 12. Queries, excluded from indexing step.

The images in figure 11 are reconstructed least ex-
actly from all methods (although consistently), but
this is to be expected due to the three-valued encod-
ing of base vectors.

4.2 Query evaluation

Firstly, we used rank lists and measured interpolated
average precision of Euclidean distance (Lo metrics)
of the 40 queries at the 11 standard recall levels. We
provide only results for £ = 40, corresponding to the
number of clusters (distinct faces) in figure 13.

We also calculated the mean average precision for
Fig. 9. Reconstructed images for GD-CLS NMF method all relevant documents in rank lists. The relative re-
(k = 36). sults against original matrix A (100%) are shown in
Table 1.
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Fig. 13. Precision at the 11 standard recall levels for
k = 40.

For original NMF, we wused 100 iterations.
For GD-CLS method less iterations were required, we
decided to use the k iterations for each dimension with
A =0.001.

For NMF (both methods) and SDD, we were un-
able to find a suitable distance function in the reduced
space and the results were poor. We used the results
on reconstructed matrix Ay instead, to provide a rea-
sonable comparison.

Reduction method
FastMap| NMF GD-CLS SDD
84.9% [100.3% 95.3% 93.9%
90.4% |101.6% 95.0% 100.3%
90.8% [100.1% 95.5% 101.6%
93.0% (103.2% 95.5% 103.4%
94.2% 1103.7% 95.3% 102.9%
96.1% (102.4% 93.3% 102.1%

k | LSI
18 |100.4%
36 [102.8%
40 |102.8%
72(101.3%
100{100.5%
180| 99.2%

Table 1. Mean average precision of different reduction
methods.

5 Conclusion

In this paper, we have compared several dimension
reduction methods on real-live image data (using co-
sine measure as similarity function). Whilst the SVD
is known to provide quality eigenfaces, it is computa-
tionally expensive and in case we only need to beat
the “curse of dimensionality” by reducing the dimen-
sion, FastMap or random projection may suffice. As

expected, from methods which allowed direct query-
ing in reduced space, SVD was the slower, but most
exact method, followed by FastMap, which is faster
but less accurate.

The NMF and SDD methods may be also used, but
right now we would have to reconstruct the matrix Ay,
since the Lo distances (not the deviations) are not
preserved enough. Their results were comparable with
SVD, sometimes appearing even slightly better.

There are some other newly-proposed methods,
which may be interesting for future testing, e.g. the
SparseMap [5]. Additionally, faster pivot selection
technique for FastMap may be considered. Finally,
testing of used dimension reduction methods with de-
viation metrics on metric structures should answer the
question of projected data indexability (which is poor
for SVD-reduced data).
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Abstract. Neural networks have been used in many clas-
sification tasks. However, their success depends on deter-
mining their training algorithm and architecture, which is
often a trial-and-error process. FEwvolutionary algo-
rithms have been used to address these problems success-
fully in recent years. This paper reviews different combina-
tions between the most widely used type of neural networks
— a multi-layer perceptron — and evolutionary algorithms.
Several methods to determine the architecture and train
the weights of the metwork are tested using a real-world
classification problems from Probenl benchmark suite. It is
shown, that combining evolutionary algorithms with neural
networks can lead to better results than relying on neural
networks alone. Comparison to gradient algorithms is dis-
cussed.

1 Introduction

Artificial neural networks (ANNSs) are a computational
paradigm modeled on the human brain that have been
applied to a variety of classification and learning tasks
for a few reasons. Despite their simple structure, they
provide very general computational capabilities and
they can adapt themselves to different tasks, i. e. they
are able to learn.

Evolutionary algorithms can be viewed as an alter-
native to classical optimization techniques, based on
a biological metaphor: over many generations, natural
populations evolve according to the principles of nat-
ural selection and ”survival of the fittest”, first clearly
stated by Charles Darwin in The Origin of Species [7].
The basic principles of Evolutionary algorithms were
first laid down rigorously by Holland [8].

In this paper, we present a comparison of different
approaches to ANN learning problem. We will focus on
combination of gradient and evolutionary techniques,
and we will try to find optimal weights and topology
of neural networks. Several experiments will be car-
ried out on data taken from Probenl [2] benchmark
collection.

The organization of this paper is as follows. First
we briefly describe perceptron networks and the core of

* This research has been supported by the Information so-
ciety project no. 1IET100300419 (of the Thematic Pro-
gram II of the National Research Program of the Czech
Republic) “Intelligent Models, Algorithms, Methods and
Tools for the Semantic Web Realisation”.

genetic we have used. Then, the two main approaches
— evolutionary learning of the weights, and evolution
of network architecture — are presented. Finally, the
experiments are reported and discussed.

2 Multilayer perceptron network

An multilayer feedforward ANN is an interconnected
network of simple computing units called neurons,
which are ordered in layers, starting with an input
layer and ending with an output layer. [1]. Between
these two layers there can be a number of hidden lay-
ers. Connections in this kind of networks only go for-
ward from one layer to the next. Let us denote
nr,no,ny number of input, output and all hidden
neurons, respectively. Each neuron has n real inputs,
and each input z; has assigned a real weight w;.

The output y(x) of a neuron is defined in equa-

tion 1:
y(x) =g (Z wiffi) )
i=1

where z is the neuron with n input dendrites (z¢. . . z,),
one output axon y(z), (wg . ..w,) are weights and g :
R — R is the activation function. One of the most
common activation function is a logistic sigmoid func-
tion 2

(2)

(1)

o(€) =1/(1+e*),

where t determines its steepness.

The architecture of ANN defines the number of lay-
ers, number of neurons in each layer and connections
between neurons.

We will focus on a learning situation known as
a supervised learning, in which a set of input/desired-
output patterns is available. The training process can
be seen as an optimization problem, where we wish to
minimize the mean square error (Eysg) of the entire
set of training data. gy is defined as the squared
error of the ANN for a set of patterns:

Eyse = Z By, (w) (3)
k=1

Fiw) = 3 o)~ ()
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where Y is a set of output neurons, p is the number of
patterns in the set, y; is an output of neuron j given
weight vector w and k-th input pattern xy, and dy; is
desired output of output neuron j for input pattern k.

The classification problem is that of assigning an
input vector to one of M classes — when an input vec-
tor is presented to the network, the network response
is the class associated with the output neuron with the
largest output value (winner-takes-all).

For classification problems, Fop,s reports — in
a high-level manner — the quality of the trained ANN
and is defined as a percentage of incorrectly classified
patterns.

3 Evolutionary algorithm

Evolutionary algorithm has been investigated by John
Holland [8], with a marked increase of interest within
the last few years. Evolutionary search refers to a class
of stochastic optimization techniques — loosely based
on processes believed to operate in biological evolu-
tion — in which a population of candidate solutions
(chromosomes) evolves under selection and random
“genetic” diversification operators. The problem is to
find minimum or maximum of fitness function. Every
member of population is called individual and repre-
sents a potential solution to a problem.

The algorithm 1 reveals skeleton of genetic algo-
rithm used in our experiments. To fully describe ge-
netic algorithm, it is needed to define how each solu-
tion will be represented, how initial population will be
created and what genetic operators will be used in the
Reproduction step.

We have used the roulette wheel selection in all ex-
periments. The selection operator performs the equiv-
alent role to natural selection — it chooses individuals
for next population proportionally to their fitness val-
ues. As we wanted to minimize the error function in
all our experiments, the probability p; of selection i-th
individual is defined by the equation 5

(1490 —F(1)
b Nx(l+e)xC -, F(I))

; ()

where N is the number of individuals and C is the
maximal fitness value in the population, and ¢ is
a small positive constant, which ensures that probabil-
ity of selection the worst individual will be non-zero.

4 Evolution of weights

Weight training in ANN is usually formulated as
a minimization of error function, and is carried out by
some gradient descent algorithm such as Back-Propa-
gation, or one of its many variants. Due to its use of

Input: number of individuals in population N, number of
elits £, maximum number of populations Gmax.
Output: the best found solution of a problem.

1. Start: Create initial population of N individuals
P0)={I,...,In},i=0.

2. Evaluation of individuals: To compute fitness function
for every individual I, build ANN corresponding to
I and compute FE\sg for a training set. Let F(I) =
EI\/ISE-

3. Stop-condition: If i = Gax, finish and return solution
represented by individual with minimal value of fitness
function.

(a) Creation of new population P(i+ 1) from popula-
tion P(7): Create empty population P(i + 1).

(b) Selection: Choose E best individuals from popula-
tion P(i) and move them to population P(i + 1).
With chosen operator of selection choose N — E
individuals and insert them to population P’(i).

(c) Reproduction: Apply chosen operators on popula-
tion P’(i), the result is population P(i + 1).

i. Application of binary operators: If population
P’(7) contains odd number of individuals, in-
sert chromosome of the first individual from
population P’(i) into population P” (). From
population P’(7) choose pairs of chromosomes
C and D and apply on them reproduction op-
erators, new chromosomes C’ and D’ insert to
population P”(3).

ii. Application of unary operators: On every
chromosome from population P”(i) apply
chosen unary operator, new chromosome in-
sert to population P(i + 1).

4. New generation: ¢ = ¢ + 1, Continue by step 2.

Algorithm 1: Skeleton of the genetic algorithm.

gradient descent, these algorithms often get trapped
in the local minimum of the error function, and are
incapable of finding global minimum. As the evolu-
tionary algorithm need not to use the gradient infor-
mation and works with population of potential solu-
tions, it has a better ability to avoid local minimum
trap. What more, evolutionary algorithm can be ap-
plied in situations, when gradient information is not
available at all, it can handle global search problem
in a vast, complex and non-differentiable surface. The
evolutionary approach also makes it easier to generate
ANNs with some special characteristics. For example,
ANNSs complexity can be decreased and its generaliza-
tion ability increased by including a special term in
the fitness function penalizing large networks.

4.1 Representation

The standard genetic algorithm uses binary strings
to encode alternative solutions. In a such representa-
tion scheme, each connection weight is represented by



a number of bits of certain length. The advantages of
this representation are mainly simplicity and general-
ity. It is possible to use well known crossover (such as
one-point crossover) or mutation operators for binary
strings. Although there are several encoding methods,
that encode real numbers with different range and pre-
cision, trade off between precision and range often has
to be made. Real-world experiments demand big pre-
cision, what causes too long chromosome for which
the evolution process becomes non-efficient. Therefore,
different encoding method is used. The chromosome is
interpreted as a matrix of dimensions ny X n, where
n = no + nyg. In the i-th row and the j-th column
there is either a special symbol ®, if neurons i and j
are not connected, or the weight of connection from 14
to j. The following connection matrix from figure 2
encodes the ANN from the figure 1. The chromosome
is then created by concatenating all the rows from the
matrix. In case of feedforward ANNS, the entry on i-th
row and j-th column can be non-zero only for i < j.
This reduces the length of the chromosome and the
evolutionary process becomes more effective.

Fig. 1. Example of ANN with seven hidden units in two
hidden layers, three input and two output neurons.

2 3
MRI®®23 ® 3.87T ® ®
R ® 07 ® ® ®
PR ® 034 @ ® ®
QR ® ® 12 ® ®
Y ® ® ©® 10
R ® ® ® —232
PRRIR® ® ® ® ® 25

Fig. 2. Example of encoded ANN from the previous figure.

4.2 Initial population and operators

Initial population consists of fully connected neural
networks with randomly initialized values. To each
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connection a weight from [—1.0,1.0] interval is
assigned.

For training the weights of ANN, we experimented
with five different operators[5]: three varieties of mu-
tation and two varieties of crossover. The Unbiased-
Weights-Mutation operator replaces the weights of
randomly selected connections in the parent network
with values chosen randomly from the same probabil-
ity distribution used for initialization. Biased- Weights-
Mutation does the same as the previous one except
that, instead of replacing the old values with the ran-
domly selected values, it adds the randomly selected
values to the old values. The reasoning is that any
network selected as a parent (especially as the run
progresses) is significantly better than a randomly se-
lected network, and so its individual weights are usu-
ally better than randomly selected ones. Nodes-
Mutation randomly selects nodes from the set of all
hidden and output nodes and performs a biased mu-
tation on all the incoming weights for the selected
nodes. The basic unit is not a single weight, as in
former operators, but a set of incoming weights. As
mentioned in [5], we know a priori that the set of in-
coming weights for a particular node forms a low-order
schemata, or building block. A mutation which dis-
rupts as few of these schemata as possible by concen-
trating its changes in a small number of them should
outperform a mutation which disrupts many of these
schemata (by schemata theorem[8]).

Weights-Crossover performs uniform crossover
with the basic units exchanged being the set of all in-
coming weights of a particular node. Nodes-Crossover
performs uniform crossover with the basic units ex-
changed being the set of all incoming weights of a par-
ticular node.

It is satisfactory to introduce just one parameter
for all of these operators — the propability, by which
will be the basic unit changed by particular operator.

5 Evolution of architecture

In the previous section, we have assumed that the
evolved ANN has a fixed architecture. Selection of
a good architecture is state of art — although it has
significant impact on network’s information processing
capabilities, there are not known satisfiable rules, on
how to choose a good one for a particular task. ANN
with only a few connections may not be able to sat-
isfiable learn the task because of its limited capacity,
while ANN with large number of connections and neu-
rons may over fit and fail to have a good generalization
ability.

Similarly to previous section, the problem of deter-
mining optimal architecture for a particular task can
be formulated as an optimization problem. As stated



128 Roman Neruda, Stanislav Slusny

in [6], evolutionary algorithms are a good method for
searching in such a complex surfaces. In the case of si-
multaneous evolution of weights and architecture both
weights and characteristics of architecture are encoded
in the chromosome. As shown on figure 3, this method
contains the previously solved problem of determining
optimal set of weights as a subtask. On the other side,
the problem of separated evolution of weights and ar-
chitectures is the noisy fitness evaluation, caused by
random initialization of weights. Only architecture is
encoded in chromosome, weights have to be learned
later. The fact that an individual gained better fit-
ness value does not mean that this individual is really
better — in is necessary to repeat the evaluation and
average the obtained values. This way, the computa-
tion time increases dramatically.

Evolution of architecture
ﬂ Evaluation of architecture ‘

larchitecture eva uationT

Evolution of weights

L reproduction

Fig. 3. Schema of evolutionary algorithm searching opti-
mal architecture of ANN.

Number of hidden layers.
Number of neurons in the first hidden layer.

Number of neurons in the last hidden layer.
Connection matrix.

Table 1. Chromosome for evolving architectures of ANN.

5.1 Representation

We used the indirect encoding scheme in our exper-
iments [6]. Chromosome consists of several sections,
which hold information about some important char-
acteristic of ANN’s architecture. In the first section
is stored the number of hidden layers, follows section
with information about the number of neurons in each
hidden layer and in the case of simultaneous evolution
of weights and architecture, the section with connec-
tion matrix is appended. The operators used in evolu-
tionary algorithm must be aware of this representation
— operators from previous section are allowed to mod-
ify only the last section of the chromosome. To modify
the remaining parts, new operators are introduced.

5.2 Operators

There are two operators that work on the level of units.
The Remove-Neuron operator removes randomly se-
lected neurons. Creation of new neurons is done by
the Duplicate-Neuron operator, which selects random
neuron and duplicates it. The new duplicated neuron
will be connected to the same neurons as the original
one and the weights will have the same values.

Similarly, there are two operators working on con-
nections. The Remove-Connection operator removes
the connection between neurons with given propabil-
ity . It is applied to all pairs of interconnected neurons.
On the other side, the Add-Connection operator adds
connection between two neurons with a given propa-
bility. It is applied to all pairs of neurons, which can be
connected (without violating the conditions on archi-
tecture stated in section 2), but the connection does
not exist yet.

6 Experiments

A set of experiments has been carried out on several
data sets from the Probenl [2—4] benchmark. This way
we are able not only to provide relative comparison,
but also to explore the efficiency of the algorithms with
respect to the best results obtained by other methods
and authors. In the following we briefly describe sev-
eral experiments and try to generalize the results.
We have chosen four classification problems: The
goal of ANN is to classify tumor as either benign or
malignant in the Cancer problem, diagnose diabetes of
Pima indians in Diabetes problem, predict the heart
disease in Heart problem and recognize one of 19 dif-
ferent diseases of soybean in Soybean problem. Char-
acteristics of each data set are shown in table 2.

Classes Examples b ¢ |[n Tot. b ¢ |m|Tot.

Cancer 0 9 0 9({0 9 0 9[2/|699
Diabetes| 0 8 0 8/0 8 0 8|2|768
Heart 1 6 6 13|18 6 1135|2920

Soybean| 16 6 1335|146 9 27 82[19|683

Table 2. Problems and the number of binary, continuous,
and nominal attributes in the original dataset, number of
binary and continuous network inputs, number of network
inputs used to represent missing values, number of classes,
number of examples.

The results of experiments are reported in terms of
the values of the two errors, Eysy and Eqp a5 measured
both on the training set and previously unseen test set.
In the following tables we use symbols M; (or M) for
Eysx over training (or testing) set, and C; (and Cy)
for Ecpas over training (testing, respectively) set.



6.1 Efficiency of genetic operators for weight
evolution

In this experiment we have compared the previously
described operators of crossover and mutation
(cf. Tab. 3). The worst results were achieved using
the unbiased mutation operator which is the ‘plain-
vanilla’ operator not based on any heuristics. More
surprising, however, was the poor performance of op-
erators based on schemata theorem — namely the un-
biased mutation — as opposed to paper [5]. For the
case of crossover, the results were mixed, both weight
and neuron crossover performed well on some tasks.

Diabetes Cancer

Cn Cw Mn BMw | NMw Cn Cw Mn BMw | NMw

My [0.3832(0.3951(0.3718(0.3373|0.4360(0.0710|0.0658[0.0912(0.0598|0.2825
C¢ 10.2786(0.3073[0.2526[0.2188(0.3464|0.0343(0.0343[0.0436|0.0324{0.0533
M [0.3963[0.4066|0.3756(0.3670(0.4426|0.0502|0.0470[0.0677[0.0242|0.2902
Cs [0.2786[0.3203]0.2656(0.2448[0.3516|0.0115|0.0057|0.0282(0.0115|0.0402

Soybean Heart

Cn Cw Mn BMw | NMw Cn Cw Mn BMw | NMw

My [0.92200.9144[0.9291|0.9332(1.7271(0.2831{0.2747(0.3245|0.2917[0.3690
C'¢ 10.8363[0.6842|0.7895(0.7836(0.8246(0.1652|0.1812|0.2056 [0.1754|0.2087
Ms|0.91560.9259|0.9238|0.9293|1.7475(0.2949|0.3141|0.3479|0.3148|0.3809
C's [0.8446|0.7185|0.7537[0.7683|0.8152|0.2043|0.1957|0.2304|0.1826|0.2261

Table 3. Error results for different version of GA for
weight evolution: neuron crossover (Cn), weight crossover
(Cw), neuron mutation (Mn), biased weight mutation
(BMw), and unbiased weight mutation (NMw).

6.2 Comparison of genetic and gradient
learning

There are several reports on efficiency of the genetic
learning of neural networks, and they differ in a rel-
evant way [6]. We have chosen to compare the classi-
cal back propagation and the rprop[9] gradient learn-
ing algorithm with GA using the weight mutation and
weight crossover that achieved best results in the pre-
vious experiment (cf. Tab. 4). Typically we run the
gradient algorithm for 5000-25000 epochs, while the
GA runs for 1000-2000 generations (with population
of 300 individuals). The results differ from task to
task. Generally, one can say that gradient algorithms
achieve better results faster. GA are about and order
of magnitude slower, and on more difficult tasks they
are not able to achieve the precision obtained by gra-
dient learning within a reasonable time at all. Surpris-
ingly, the solution obtained by GA has often better
generalization capabilities. It is fair to mention that
GAs are easy to parallelize, and thus using a parallel
architecture provides relevant speedup, which is not
true for the gradient learning.

6.3 Hybrid learning algorithms

In this experiment we have employed the mutation
operator which realized 50 steps of the rprop gradient
learning. Thus, we can think of this as a combina-
tion of global impact GA search with local tuning by
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Diabetes Cancer
BP | RP | GA | BP | RP | GA

M;10.2675|0.2473]0.2882(0.0463|0.0390|0.0484
C; 10.2645|0.2616|0.2083(0.0280|0.0438|0.0286
M, |0.3217]0.3154]0.3268|0.0242|0.0180|0.0159
Cs 0.2645|0.2615|0.2266|0.0280|0.0438{0.0057
Soybean Heart
BP | RP | GA | BP | RP | GA

M;10.0150(0.2112]0.7416|0.1840{0.09040.2372
C; 10.2536(0.3080(0.5585(0.2033|0.2079|0.1536
M |0.1196|0.2907|0.7474(0.2574|0.2559|0.2904
Cs 0.2536(0.3078|0.5513|0.2033|0.2077{0.1913

Table 4. Error comparison for back propagation (BP),
rprop (RP) and genetic algorithm (GA) used for weights
learning.

the rprop mutation. Such a hybrid algorithm is able to
beat the back propagation in terms of quality of the so-
lution on most of the tasks. Surprisingly, the crossover
operator appeared to be quite counter-productive in
this experiment, using just the weight mutation and
rprop mutation provided best results (cf. Tab. 5).

Diabetes
NX CX
M, [0.2573]0.2608[0.0274(0.0371{0.0033|0.0437|0.1556 [0.1626
C; [0.1745[0.1875[0.0152{0.0171|0.0029|0.0117|0.0899|0.0928
M:]0.3211/0.3215|0.0202]0.0215[0.2424|0.2714|0.2642|0.2644
Cs 10.2214(0.2266(0.0057|0.0115|0.1261|0.1496|0.1783|0.1826

Table 5. Error results for 2 flavors of hybrid GA: a) GA
using 2 types of mutation only (the NX columns), b) GA
with 2 mutations and a crossover (the CX columns).

6.4 Searching for suitable connections

This experiment tested the separated evolution of ar-
chitecture and weights. Thus, the algorithm consists
of two steps - in the first one the direct architecture
encoding described in Tab. 1 is used and evolved. To
determine a fitness of such an individual, several (30 in
our case) randomly initiated runs of rprop algorithm
are carried. In the second step, the evolved architec-
ture is trained by full-fledged run of a back propaga-
tion algorithm (10 times for different random weights
initializations). Results of this experiment were quite
satisfiable (cf. Tab. 6): GA was able to find better ar-
chitectures, containing less connections, and achieving
better training error. As a side effect, these specialized
architectures usually achieved worse generalization er-
ror, in comparison to fully connected architectures,
which is understandable (compare Tab. 4 and Tab. 6).

6.5 Searching for a suitable architecture

The goal of the last experiment was to combine the
search for architecture with the evolution of weights
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Diabetes|Cancer|Soybean| Heart
M| 0.4541 |0.0436 | 0.0069 |0.0566
Cy | 0.3516 |0.0157| 0.1615 |0.1764
M| 0.4568 [0.0238| 0.1369 [0.2501
Cs | 0.3516 |0.0157| 0.1615 |0.1764
Table 6. Search for connections: Error results for archi-

tectures recommended by GA.

in one GA. We have started with individuals with ran-
dom number of hidden layers (between 1-4), which re-
mained constant during the algorithm. However, the
number of neurons and connections were varying, as
well as the values of weights. The following genetic
operators we used:

operator ‘ Pm
Duplicate-Neuron 0.05
Remove-Neuron 0.05
Add-Connection 0.05
Remove-Connection  |0.05

Biased-Weights-Mutation| 0.1
Table 7. Operators probability.

The overall results were very satisfiable (cf. Tab. 8,
compare with Tab. 4). The GA was able to evolve suit-
able architectures for a given task. It is interesting,
that most of the solutions had just one hidden layer,
some of them had two. In some papers authors use
penalization for more complex solutions, which was
not necessary here, because the evolution tends to ex-
clude more complex networks based on their fitness
anyways. The architectures recommended by the GA
provided even better results than the ones reported as
best (found by human) in [2].

Diabetes|Cancer|Soybean| Heart
M| 0.2679 |0.0382| 0.0176 |0.1025
Ct | 0.1927 [0.0190| 0.0088 |0.0551
M| 0.3108 [0.0184 | 0.0989 |0.2342
Cs | 0.2266 |0.0057| 0.0616 |0.1435

Table 8. Search for an architecture and weights: Error
results for genetically evolved network architectures.

7 Conclusions

As shown, evolution can be introduced into ANN
learning problem at different levels. Suggested algo-
rithms were tested on real-world problems from
Probenl benchmark suite. The evolutionary algorithm
is a complex and robust method, which can be used
to search both optimal weights and architecture of

ANN. Although the evolutionary process can be easily
parallelized, computation is always very time consum-
ing. The evolutionary algorithm alone did not manage
to gain better results than back propagation, but the
combination of gradient descent and evolutionary al-
gorithm performed very well. The best results were
obtained by simultaneous evolution of weights and ar-
chitecture. Not only the resulting ANNs gained best
results on the training set, they showed a good gener-
alization ability. The complexity of found architecture
for a particular task mirrored it’s real difficulty.

The combination of evolutionary techniques and
ANNSs can lead to better intelligent systems, than re-
lying on ANNs alone. With the increasing power of
parallel computers, the evolution of large ANNs be-
comes feasible.
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Abstrakt Niektoré aplikdcie poZaduju vysoku rijchlost Sif-
rovania aj za cenu zniZenia jeho bezpecnosti. Zviysenie rijch-
losti sa dd pri zachovani pévodného (kvalitného ale vipoc-
tovo mdroéného) Sifrovacieho algoritmu dosiahnut naprik-
lad zaSifrovanim len casti ddt. Cldnok analyzuje bezpecnost
algoritmov selektivneho Sifrovania postavengch na réznych
metédach vyberu tejto casti.

1 Motivacia, predpoklady, ciele

Coraz CastejSie sa stretavame s potrebou spracovavat
data velkych objemov. Typickym prikladom je na-
jmé oblast mutimédii. Rychle Sifrovanie ¢asto vyzadu-
je vykonny hardvér. Ak robime niekolko Sifrovani su-
Casne, neraz je uz potrebny Specializovany hardvér.
Bez hardvérovej akceleracie by nebolo mozné dosaho-
vat pozadované Sifrovacie rychlosti napriklad pri
,on-demand* distribucii filmov.

Niekedy v8ak nie je moZné ist cestou zvySovania
vykonu hardvéru. Potom je moZné pouzit napriklad
rychlejsi Sifrovaci algoritmus — ten ale moze byt menej
bezpe¢ny. Inou pouzivanou alternativou je selektivne
Sifrovanie. V takomto pripade sa nesifruju vsetky da-
ta, ale iba ich nejak4 vybran4 cast, celkovo povedzme
p percent!. Tym sa aj pri pouziti pévodneho algorit-
mu znizi zataz systému sposobena Sifrovanim. Je vSak
zrejmé, ze so znizujucim sa p klesa aj poskytovana
bezpecnost.

Selektivne Sifrovanie sa pouZiva napriklad pri ,,on-
line* sifrovani MPEG videa [1]. V tomto pripade sa
pouziva znalost vnatornej Struktiry dat a Sifruja sa
iba znamienka pohybovych vektorov a DC koeficienty
MPEGu. Podobny pristup sa pouziva aj pre obraz-
ky [2]. Prehl'ad met6d selektivneho Sifrovania je mozné
najst napriklad v [3]. Bezpecnost tychto algoritmov
vSak viac menej nie je formalne dokazované.

V tomto ¢lanku sme sa rozhodli forméalne posudit
bezpecénost niektorych sposobov vyberu ¢asti dat pre
selektivne Sifrovanie. Vzhladom no to, Ze nam ide
o v8eobecné zavery, nepredpokladame ziadnu konkrét-
nu vndtorna Struktdru, ¢i Statistické vlastnosti otvo-

* Tato praca vznikla s prispenim grantu Univer. Komen-
ského ¢. UK/406,/2006 a VEGA grantu ¢. 1/3106/06.

! Percento p pouzivame v matematickom zmysle. To zna-
men4, ze celok predstavuje p = 1 a nie p = 100.

reného textu. Preto pri analyze vychadzame z nasle-
dovnych idealizovanych predpokladov, aj ked tie-
to predpoklady nie st totozné s beznym praktickym
nasadenim selektivneho Sifrovania:

1. gifmvame je realizované Vernamovou Sifrou.
Tato jedina absolutne bezpeénu Sifru sme zvolili,
aby sme abstrahovali od pripadnych nedostatkov
samotného Sifrovacieho algoritmu. Takto ziskané
vysledky ndm potom moédzu v pripade pouzi-
tia iného Sifrovacieho algoritmu posluzit ako horny
odhad bezpecnosti na hom postaveného selektiv-
neho Sifrovacieho algoritmu.

2. Utocnik pri utoku moze pouzit iba ziskany Sifrovy
text a znalost selektivneho Sifrovacieho algoritmu.
To znamend, Ze poznd Sifrovaci algoritmus aj spo-
sob vyberu Sifrovanej casti ddt.

Utok iba so znalostou sifrového textu je typickym
predpokladom pri analyze bezpecnosti Sifrovacich
algoritmov.

3. Utocnik moze na Sifrovy text utocit iba hrubou si-

lou. Pri dtoku najprv vytvori mnoZinu potenciondl-
nych otvorenijch textov. Tu ziska deSifrovanim za-
chytenej sprdvy pri vSetkijch mozngch kliicoch. Na-
koniec z tejto mnozZiny vyberie najvhodnejsi otvo-
reny text.
Vo vSeobecnosti sa nedé ocakavat, ze atoénik moze
pouzit iny atok, nez utok hrubou silou. V konkrét-
nom pripade sa vSak moZe stat, Ze vzhladom na
Specifické vlastnosti otvoreného textu? je mozné
viest aj ovela efektivnejsi utok.

4. Zlozitost utoku definujeme ako mohutnost mnoziny
potenciondlnych otvorengch textov. ZloZitost vijbe-
ru najvhodnejsieho otvoreného textu pritom nebu-
deme brat do tvahy.

Zlozitost vyberu najvhodnejsieho otvoreného tex-
tu je velmi zavisla na ich Struktare a vlastnosti-
ach. V&csinou je tento problém Tahko mechanic-
ky riesitelny, alebo je takmer neriesitelny?3. Preto

2 Pri selektivnom &ifrovani méze byt velkym problémom
najma vysoka redundancia otvoreného textu. T je vSak
moZné znizit jeho kompresiou.

3 Napriklad Tahko a mechanicky sa da postdit & dany
otvoreny text je syntakticky spravny program v jazyku
C-++, naopak posidit, ¢i dany otvoreny text je korektny
obréazok, je tazké a nemechanizovatelné.
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sme redukovali zloZitost atoku iba na mohutnost
mnoziny potencionalnych otvorenych textov.

Selektivne Sifrovanie vSak okrem urychlenia ziska-
ného redukovanim poctu Sifrovanych bitov prinasa so
sebou aj novid réziu spojent prave s vyberom tych-
to bitov. Vzhladom na v praxi predpokladant ovela
vys§iu zloZitost Sifrovania jedného bitu ako jeho vybe-
ru, tato dodatoéni réziu zanedbédme. Potom, ak p je
percento Sifrovanych bitov, moéZeme pisat:

zlozitost selektivneho Sifrovania

zloZitost tplného Sifrovania

Nagim primarnym cielom je dosiahnut ¢o najmen-
§iu redukciu prace ttoénika pri uz spominanej redukcii
prace pouzivatela na p percent. Konkrétny sposob vy-
beru bitov pre selektivne Sifrovanie budeme povaZzovat
za primerane bezpecny, pokial plati, Ze:

zloZitost toku na selektivne Sifrovanie

/p=>1. (1)

zlozitost itoku na uplné Sifrovanie

Dal$im zémerom je docielit ¢o najmensi priemer
a disperziu dlzky suvislej nezasifrovanej postupnosti
bitov. Tato vlastnost mé vyznam napriklad pri selek-
tivnom Sifrovani kompresovanych dat. Pouzity kom-
presny algoritmus moze mat samosynchronizujice sa
vlastnosti. Potom moze byt Ziaduce, aby sa v Sifrovom
texte nevyskytovalo vela stuvislych nezaSifrovanych
postupnost{ bitov dlhsich nez pocet bitov potrebny na
samosynchronizéciu.

2 Selektory

V ¢lanku analyzujeme rézne sposoby vyberu Casti dat
pre selektivne Sifrovanie. Na data sa budeme pozerat
ako na postupnosti nul a jednotiek, ¢ize ako na postup-
nosti bitov. Dlzku tychto postupnosti budeme oznaco-
vat n. Pre Sifrovanie budeme z tychto n bitov vyberat
iba p percent?*, ¢ize iba k = np bitov. V dalSom texte
budeme predpokladat, Ze n > 1 an > k > 1 su celé
¢islaa p € (0, 1) je realne ¢islo. Niekedy budeme potre-
bovat rozdelit postupnost dizky n na k blokov rovnakej
dlzky b. Vtedy budeme bez ujmy na vieobecnosti pred-
pokladat, Ze n = bk, pricom b > 1 je celé ¢islo. Aby
sme zjednodusili vznikuté vyrazy a zvyraznili ich pod-
statu, ¢asto budeme podcitat ich limitu pre n idice do
+o00. Uvedené predpoklady odrazaju praktické aplika-
cie, kde sa Casto selektivne Sifruji velmi velké data
(rddovo napriklad 10! bitov). Snad len p = 1 nema
zmysel pre selektivne Sifrovanie, ale ponechévame tato
moznost pre Gplnost a porovnanie s plnym Sifrovanim.

4 Pripominame, 7e percento p pouzivame v matematickom
zmysle. To znamena, Ze celok predstavuje p = 1.

Pojmom selektor oznacujeme sposob vyberu casti
bitov pre selektivne Sifrovanie. Selektor pre dané n a k
vytvori vyber k bitov z pévodnej n bitovej postupnos-
ti urCenych pre selektivne Sifrovanie. Tento vyber je
mozné opét reprezentovat bitovou postupnostou dizky
n. Takato postupnost bude mat prave k jednotiek,
ktoré reprezentuju pozicie jednotlivych vybranych bi-
tov pre selektivne Sifrovanie. Tieto pojmy zavedieme
v dalSom texte formalne.

Definicia 1. Pojmom (n,k)-vgber oznacujeme bito-
vi postupnost dizky n, ktord md prdve k jednotiek.
Bit s hodonotou 1 oznacuje poziciu vybrani pre se-
lektivne Sifrovanie. Bit s hodnotou 0 oznacuje poziciu,
ktord sa pri selektivnom Sifrovani prenesie bezo zme-
ny. DIZka vijberu — n — je diZka postupnosti, ktorou je
reprezentovany. Hodnost vijberu — k — je pocet jeho
jednotkouvijch bitov.

Napriklad 011101 je (6,4)-vyber. Je to vyber
dlzky 6, hodnosti 4. Vybera na &ifrovanie vietky bity
okrem prvého a predposledného.

Definicia 2. (n, k)-selektor definujeme ako neprdzd-
nu mnoZinu (n, k)-vyberov. Selektor pri svojej apli-
kdcii vrdti ndhodne jeden z vyberov, ktoré obsahuje.
Vsetky vibery sa vyberaji s rovnakou pravdepodobnos-
tou.

Napr. mnozina {010101, 111000,000111} je (6, 3)-
selektor s tromi vybermi. Pri aplikacii tohto selek-
tora dostavame s pravdepodobnostou % vyber, ktory
vybera kazdy druhy bit, vyber, ktory vybera prva
polovicu bitov alebo vyber, ktory vybera druhu po-
lovicu bitov.

Teraz definujeme selektory, ktorych vlastnosti bu-

deme v praci analyzovat.

Definicia 3. Symbolom® RBS(n,k) oznacme (n,k)-
selektor obsahugici prave vietky (n, k)-vybery.

RBS(n, k) vybera nahodne lubovolnych k bitov z pos-
tupnosti dizky n.

Definicia 4. Nech n = bk. Potom (n,k)-selektor
obsahujici prdave vsetky (n, k)-vgbery, ktoré po rozde-
lend na bloky velkosti b obsahuji v kaZdom bloku prdve
jednu jednotku, oznacme symbolom® BRBS(n, k).

BRBS(n, k) virtualne rozdeli postupnost dizky
n = bk na k blokov dlzky b, pricom z kazdého bloku
néhodne vyberie prave jeden bit na zaSifrovanie. Na-
priklad BRBS(4,2) = {01/01, 01|10, 10|01, 10|10}.

5 RBS ako Random Bits Selector
% BRBS ako Block Random Bit Selector



Definicia 5. Nech n = bk. Potom oznacme symbo-
lom™ BLBS(n, k) nasledovny (n, k)-selektor:

k

BLBS(n,k) ={0...01...0...01} .

b b

BLBS(n, k) virtualne rozdeli postupnost dlizky n = bk
na k blokov dlzky b, pri¢om z kazdého bloku vyberie
vzdy prave posledny bit. Inymi slovami BLBS(n, k)
vybera na zaSifrovanie kazdy b-ty bit.

Definicia 6. Symbolom® FS(n) oznacime prdve taky
(n,n)-selektor, ktory obsahuje iba (n,n)-vgber.

FS(n) = {11...1} .

n

FS(n) ma iba jeden vyber, ktory vybera vsetky bity
postupnosti. Tento selektor nema priamu aplikiciu pri
selektivnom Sifrovani, ale budeme ho pouZivat pre po-
rovnanie selektivneho s plnym Sifrovanim. Ide vlastne
o pripad selektora, na ktory ,zdegeneruji‘ vetky vys-
gie uvedené selektory pokial bude p =1 a teda k = n:

BLBS(n,n) = BRBS(n,n) = RBS(n,n) = FS(n) .

Pripad, ked p € (0,1) musime rozdelit na dve Gasti.
Pokial je 1 < k < n, tak plati:

BLBS(n, k) € BRBS(n, k) C RBS(n, k) .
Ked je k = 1 dostavame:
BLBS(n,1) € BRBS(n,1) = RBS(n,1) .

Definicia 7. Beh nail je sivisld (aj prdzdna) podpos-
tupnost nulovijch bitov z kaZdej strany ohranicend bud’
jednotkovym bitom alebo hranicou postupnosti.

Napriklad postupnost 011001 ma dva behy nual dlzky 0,
jeden beh nul dizky 1 a jeden beh nul dlzky 2.

3 Analyza vlastnosti selektorov

Behy nul v selektoroch predstavuju vlastne nezaSif-
rované Casti postupnosti. Preto sa tato cast prace za-
oberé préave analyzou vlastnosti behov nul vo vyberoch
generovanych vyssie uvedenymi selektormi. Vysledky
budu pouzité v zévere prace pri analyze vhodnosti jed-
notlivych selektorov pre selektivne Sifrovanie vzhla-
dom na kritérium (1).

7 BLBS ako Block Last Bit Selector
8 FS ako Full Selector
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3.1 Priemerna dizka behov nul

Lahko sa da nahliadnut, Ze pocet ntl a behov nil
v Tubovolnom (n,k)-vybere nezélezi na obmedzeni-
ach, ktoré budeme klast na moZné umiestnenie k jed-
notkovych bitov. Pocet nul je vzdy n—k a pocet behov
nil je vzdy prave k + 1.

BLBS(n, k) obsahuje vzdy préave jeden vyber. Pri
tvorbe vyberov do BRBS(n, k) mame k blokov dizky
b, pricom z kazdého bloku vyberame préave jeden bit.
Pocet vyberov v tomto (n, k)-selektore je teda b*. Mo-
hutnost RBS(n, k) je (}).

Celkovy po¢et BLBS(n,k) BRBS(n,k) RBS(n,k)
- vyberov 1 bk (Z)

- nal n—k (n—kp*  (n—k)(})
- behov nil k+1 (k+1b"  (k+1)(})

Tabul'ka 1. Celkovy pocet vyberov, nil a behov nul pre
analyzované (n, k)-selektory. (Poznamka: b = n/k.)

Na zaklade tabulky 1 predelenim suétu dizok be-
hov nul (celkového poétu nil) a celkového poctu behov
dostavame priemernt dlzku behov nal pre jednotlivé
selektory. Tabul'ku uvadzame pre dokreslenie vlastnos-
ti skamanych selektorov. K vysledku sa da dopracovat
priamejsie, vyuzijic to, ze kazdy (n, k)-vyber mé rov-
naky pocet nal a behov nal a teda aj priemerna dizku
behu nul. Z toho dostavame aj vSeobecnejsi zéaver, ze
priemerna dlzka behu nil kazdého (n, k)-selektora je:

7nfk'
Ck+1

Nn,k’

Pre zjednodusenie vyrazu k nahradime pn a urobi-
me limitu pre n — oo:

. . n(l-p
A pnpn = L p(n+1) =
11
=(1-p) lim =(1-p-=--1
(1=p) lim =7 =0-p7 =2

Tento asymptoticky tesny odhad pre fiy, pn, budeme
oznacovat fi,:
1
pp=——1
P
Pre uplnost este spomenme, 7e FS(n) ma prave
jeden vyber, 0 nal, n+ 1 behov ndl a priemerna dlzku
behov nal rovnd 0 (¢o sedi s iy, aj s i, pre p = 1).
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3.2 Rozdelenie dlzok behov niil

Aby sme mohli neskér analyzovat varianciu dizky, po-
trebujeme spodcitat, kolko je behov nil danej dlzky pre
jednotlivé selektory.

Pre BLBS(n,k) a FS(n) je analyza jednoducha
a urobime ju priamo pri vypocte variancie. Pre selek-
tory BRBS(n, k) a RBS(n, k) urobime tuto analyzu
samostatne v tejto Casti.

Dlzky behov pre BRBS(n, k). Oznatme d5 155 (i)

pocet behov niil dlzky i v selektore BRBS(n, k). Opét
predpokladajme, ze n = bk. Pri tomto selektore sa
mozu vyskytovat behy nil dizky 0 az 2b—2. Rozdelenie
dlzok behov ilustruje nasledujici obréazok.

1188
1080
972
864
756
648
540
432 |~
324
216 —
108 |- |

d3y (1)

pocet behov nul dizky i

0 1.2 3 4 5 6 7 8 9 10

i (dlzka behu nul)

dBRBS( )

Obrazok 1. Tento graf znazoriuje pre n = 24

a k = 4. Velkost bloku b je v tomto pripade 6.

Veta 1. Nech n,k,b > 1, n=0bk,20—2>1¢ >0 su

celé ¢isla. Potom dpitBS (i ) je rovné:
{2b + @+ (k—1)}F2 aki<b
{26 (k—1) — (i+1)(k—1)}F 2 akb<i

Doékaz. Pri dokaze budeme séitavat pocet postupnos-
ti obsahujucich beh nal dlzky i v danom bloku ale-
bo medzi danymi susednymi blokmi. Postupne pre-
jdeme cez v8etky moZné umiestnenia. Takto zapodi-
tame kazdy beh nual dizky i prave raz. Aj ked nasle-
dujice uvahy predpokladaja, ze k > 2, l'ahko sa da
nahliadnut, Ze platia aj pre k = 1. Budeme rozligovat
dva pripady:

1. pripad: 0 < i < b— 1. Beh nul dlzky i sa v prvom
bloku vyskytuje prave pri b~ postupnostiach, pre-
toze prvy blok je pevne uréeny a v ostatnych blokoch
moézme jednotky rozmiestnit l'ubovolne. Podobne, beh
nal dizky i sa v poslednom bloku vyskytuje pri rov-
nakom poc¢te postupnosti.

Ostatné behy nul dlzky i (tie o st medzi dvo-
ma blokmi) sa vyskytuju v prave (k — 1)(i + 1)b*~2
postupnostiach, lebo mame k& — 1 susednych blokov,
i + 1 moznosti ako v dvojici susednych blokov umi-
estnit beh nal dizky i ohrani¢ny jednotkami tak, aby
jednotky boli v roznych blokoch a =2 moznosti ako
Tubovolne umiestnit jednotky v ostatnych blokoch.

Celkovy pocet behov v tomto pripade teda je:
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2. pripad: b <i < 2(b— 1). Prvy, ani posledny blok
nemdze obsahovat beh nil takejto dizky. Zarovein ale
musi obsahovat jednotku a teda beh nul kratsej dizky,
ktory ale teraz nepocitame.

Ostéava iba moznost vytvorit takto dlhy beh nul
medzi dvomi susednymi blokmi v postupnosti. Podob-
ne ako v 1. pripade, pocet takychto postupnosti je
(k—1)(2b—i—1)b*~2. Rozdiel je len v po¢te moznos-
ti ako v dvojici susednych blokov umiestnit beh nul
dlzky i ohrani¢eny jednotkami tak, aby jednotky boli
v rdznych blokoch. V tomto pripade je po¢et moznosti
rovny 2b —1i — 1. ad

Dizky behov pre selektor RBS(n, k). Oznaéme
dRBS( ) poéet behov niil dizky i v selektore RBS(n, k).
Pri tomto selektore sa vyskytuju behy nul dizky 0 az
n — k. Rozdelenie dlzok behov je ilustrované na nasle-
dujacom obrazku.

9000 —=
8000 H
7000 H
6000 H
5000 H
4000 H
3000 H
2000 H
1000 H

0 e

0 2 4 6 8 10 12 14 16 18 20
i (dlzka behu nul)

] 353 (1)

poéet behov nul dizky i

Obrazok 2. Tento graf znazoriuje dRBS(z) pre n = 24
a k = 4. Aj ked to z grafu nie je dobre vidiet, dg‘ff( 9)
a d5;; (20) st nenulové (ich hodnota je 20, respektive 5).

Veta 2. Nechn>1,n>k>1an—-k>12>0 su
celé ¢isla. Potom pre dRBS( ) plati:

dRBS()_(k_’_l)(?’L;_lIi) .



Doékaz. Vsetky behy nal dlzky i moézeme ziskat nasle-
dovnym spdsobom: Zoberme postupnost bitov dlzky
n—i—1 obsahujucu prave k—1 jednotiek. Pred aj za tu-
to postupnost dopiSeme jednu jednotku ako ,zarazku‘.
Takychto postupnosti existuje prave (";ﬁ;l)

Teraz mozeme ktorukol vek jednotku (tych je vrate-
nie zaraziek k + 1) nahradit behom nul dizky i ohra-
ni¢enym jednotkami. Tym priddme ¢ + 1 novych bitov
a cela postupnost tak bude mat n + 2 bitov
a k+2 jednotiek (vratane zaraziek). Zmazanim prvého
a posledného bitu (buda vZzdy jednotkové — zarazky)
dostavame postupnost dizky n s prave k jednotkami.
Celkovy poéet behov niil dlzky 7 je teda (k-+1) (”,:1;1)

m|

3.3 Variancia dlzky behov nul

Ako sme uz ukazali, kazdy (n, k)-selektor ma rovnaka
priemernt dizku behov nal. Na porovnaie rovhomer-
nosti rozlozenia Sifrovanych bitov potrebujeme eSte
poznaf varianciu tejto dlzky.

Variancia pre selektor BLBS(n, k). Tento selek-
tor ma najviac dve dizky behov. Qelkovo ma k behov
nial dizky b — 1 a jeden beh nul dlzky 0.

[tk — (b~ 1)]2k +hung

k+1

_1l(n—-k 2_#%,1@
Ck\k+1 ok

Varianciu pre BLBS(n, k) kazi iba jeden nulovy beh
za poslednou jednotkou. Preto ked péjdeme s n — oo
dostavame, ze variancia je 0 pre kazdé p.

BLBS _ n(1 —p)* _
P n2p3 4 n2p? +p

BLBS
Val"n’k

lim var
n—oo

Variancia pre selektor BRBS(n, k). Rozdelenie
dlzok behov nil pre tento selektor sme analyzovali
v predoslej casti. Vyuzijic vetu 1 modzeme varianciu
pre BRBS(n, k) zapisat ako:

b . .

BRBS __ Z?LO 1)(/‘n,k - Z)zdg,%Bs(l) _

Valne = 2(b—1) JBRBS/; -

Zi:() dn,k ()
b* (n—k) [k*+k* (n—2)+k(4n+3)—3n]
_ 6k2(k+1) _
(k + 1)bF

(n —k)[k3 + k*(n — 2) + k(4n + 3) — 3n]

6k2(k + 1)2
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lim Vargggs =
_1=p (14 p)+n2p(2—p) —3(1 —p)
 6p? n—oo n?p? +n2p+1
_(A-p)(A+p)

6p? '

Variancia pre RBS(n, k). Rozdelenie dizok behov
nil pre tento selektor sme taktiez analyzovali v pre-
doslej cCasti. Vyuzijic vetu 2 moézeme varianciu pre
RBS(n, k) zapisat ako:

RBS _ Z?:O (,szn,k - Z)stﬁzs(z)

var, > = — : =
! i dRs (i)
n—k)(n+1)n (n—1
_ ((k+17)((k+2)) (x-1) _(n=k)(n+1k
k+1)( e (R+1)2(k+2)
lim var®®S — lim n*(1 —p)(n+1)p _1-p
n—oo P nsoo (pn+1)2(pn+2)  p?

Variancia pre selektor FS(n). Vzhladom na to,
ze FS(n) ma iba n + 1 behov nul dlzky 0 je moZné
varianciu tohto selektora vyjadrit nasledovne:

FS _ Ui,n(n + 1) _

var,, o}

Zhrnutie variancie. Oznafme asymptoticky tesny
odhad V&I‘,Sl,pn pre n — oo symbolom varg. V tabulke 2
je prehlad tychto asymptoticky tesnych odhadov vari-
ancie pre skiimané selektory. Ako sa da intuitivne oca-
kavat, pre p € (0,1) plati:

FS BLBS

= va < varBRBS - apBRBS

var,, = = D P D

Pre p = 1 st v8etky variancie nulové, kedze v (n,n)-
selektore méa kazdy beh nul dlzku 0.

varSLBs varfRBS variBS  yarkS
1-p)(1+p) 1-p
0 ( 0
6172 172

Tabulka 2. Variancia dlzky behov nil jednotlivych ski-
manych (n, pn)-selektorov pre n — oco.



136 Richard Ostertag, Peter Koginar

3.4 Pocet otvorenych textov

Nasim priméarnym cielom je podla (1) analyzovat prie-
beh funkcie:

zlozitost dtoku na selektivne Si-
frovanie so selektorom S(n, pn)

zlozitost itoku na uplné Sifrovanie

/p

w (p) =

Opét sa budeme snazit funkciu zjednodusit asymptot-
icky tesnym odhadom pre n — oo. Pre tento odhad
zavedieme oznacenie w®(p):

lim wS(p) .

n—oo

w(p) =

Ked7ze zlozitost itoku meriame mohutnostou mnoziny
potencionalnych otvorenych textov, potrebujeme na-
jprv spoditat tito mohutnost pre selektivne Sifrovanie
pouzivajice jednotlivé selektory. Pre zjednoduSe-
nie budeme namiesto pojmu mohutnost mnoziny po-
tencionalnych otvorenych textov d'alej pisat iba pocet
otvorenych textov.

Poéet otvorenych textov pre BLBS(n, k). Ten-
to pripad je trivialny. Kedze BLBS(n, k) ma iba je-
den vyber s k jednotkami, je pocet otvorenych textov
rovny 2%. Odtial dostavame, Ze:

2nP

BLBS L
w,, """ (p) = o

n

/p -

wBLBS () = lim

n—oo 2N

ﬁ/ _[O0akpe(0,1)
T llakp=1

Poéet otvorenych textov pre BRBS(n, k). Pre
kazdy blok je b moZnosti vyberu bitu pre zaSifrovanie.
Tento bit sa po zaSifrovani zmeni na opac¢ny, alebo
poneché bez zmeny. V kazdom bloku preto dostavame
b potencionalnych otvorenych blokov so zmenenym
jednym bitom a jeden bez zmeny bitov. Pocet otvore-
nych textov pre BRBS(n, k) je teda rovny (b + 1)k.

np
1
(3 +1)

277.

e )7

n—oo on

wERBS(

p) = /p -

wBRBS / :{Oakpe(o,l)

lakp=1

Pocet otvorenych textov pre RBS(n, k). Pri sif-
rovani vybranych k bitov sa tieto bity mo6zu zmenit
na opa¢né alebo ostat bezo zmeny. Nezmenené bity

wige o (p) :

0
T R T R

0 01 02 03 04 05 06 07 08 09 1

p (percento Sifrovanych bitov)
Obrazok 3. Tento graf znazoriiuje whgl> (p), whks®(p)
ako aj asymtoticky tesny odhad oboch funkcii pre n — oo
oznaleny ako w™*BS(p).

nemenia moZny otvoreny text. Preto méZme spoéitat
pocet otvorenych textov pre RBS(n, k) ako Zf:o (?)
> (7)
T/ P
>y (%) — sacet prvych p percent binomickych ko-
eficientov sa vo v8eobecnosti neda vyjadrit v uzavre-
tom tvare a pre n — oo ide tiez do nekonecna.
Ozna¢me symbolom §,(p) podiel tejto Ciastocnej
sumy na celkovej sume:

=3 (1)

=0

Wi () =

n

Tento podiel sa vsak uz pre n — oo da asymtoticky
tesne odhadnit nasledovnou funkciou [4]:

Oakp<%
6(p) = lim du(p) = § 3 akp=3
lakp> 3

Teraz uz moZeme vypocitat asymptoticky tesny
odhad wiBS(p) pre n — oo:

0akpe(0,3)
1akp:%
%akpe(%71>

Poéet otvorenych textov pre FS(n). Tento pri-
pad je jednoduchy. KedZze FS(n) méa iba jeden vyber
s n jednotkami, je pocet otvorenych textov rovny 2.

4 Analyza vhodnosti selektorov

Za hlavné kritérium vhodnosti selektora S pre selek-
tivne Sifrovanie sme si zvolili podmienku (1). Inak po-
vedané, ma platit wS(p) > 1, pre p € (0,1). Pretoze
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p (percento Sifrovanych bitov)

Obrazok 4. Tento graf znazoriiuje d20(p), ds0(p), d100(p)
a asymptoticky tesny odhad d(p).
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Obrazok 5. Tento graf znazoriiuje why

wies (p) a asymptoticky tesny odhad w

selektivne Sifrovanie sa pouZiva najmé na velkych da-
tach, bude nés zaujimat platnost tejto podmienky
hlavne pre n — oo, teda:

w3(p) > 1, pre p € (0,1) .

Zial ani jeden z analyzovanych selektorov tato vlast-
nost nespliia na celom intervale (0,1). Ako vidime na
obrazku 3, wBBS(p) aj wBEBS(p) st na tomto inter-
vale nulové. To znamené, Ze uto¢nikovi sa praca pri
desifrovani ovel'a viac zjednodusi ako pouzivatelovi pri
Sifrovani. Inak povedané strata bezpecnosti je netimer-
né urychleniu Sifrovania.

7 obrazku 5 vSak vidime, ze w p) podmienku
spliia, ale iba na intervale p € (1/2,1). Dokonca:

RBS(

w3 (p) > 1, pre p € (1/2,1) .

Pre p bliziace sa k 1/2 dosahuje w®BS(p) najvicsie
hodnoty (bliz sa k 2). Pre p = 1/2 je uz w?BS(p) = 1.
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To znamené, Ze pokial pre selektivne Sifrovanie zvoli-
me selektor RBS(n, k), tak ak $ifrujeme aspoii polovi-
cu bitov, zjednodusenie uto¢nikovej prace nie je vicsie
ako zjednoduSenie prace pouzivatel'a pri Sifrovani. Ta-
kéto selektivne Sifrovanie povazujeme na zaklade (1)
za primerane bezpecné.

Pokial by sme Sifrovali p percent dat, pricom p je
tesne nad 1/2, tak ako vidiet na obréazku 4, atoénikova
praca pri desifrovani sa vlastne nezmeni (oproti plné-
mu Sifrovaniu) ale pouzivatelova praci pri Sifrovani
klesne tesne nad 1/2. Ak by sme v8ak zvolili p ¢o i len
tesne pod 1/2, tak tutoénikova praca pri desifrovani
sa opéat ovela viac zjednodusi ako pouZivatelovi pri
Sifrovani.

Vedlajsim zamerom bolo dosiahnut ¢o najrovno-
mernejSie rozdelenie Sifrovanych bitov. V tomto pri-
pade sme ukazali, Ze kazdy (n,k)-selektor ma prie-
mernt dlzku nezagifrovanej postupnosti rovni ke =
Z—I_’f. To pre n — oo znamena, Ze sa zaSifruje v prie-
mere kazdy 1/p-ty bit, ¢o je idealny vysledok. Zial,
RBS(n, k) méa najvacsiu varianciu tejto dlzky. Toto
kritérium vSak povazujeme za menej dolezité.

5 Zaver

V ¢lanku sme Studovali niektoré selektory, ktoré ¢lo-
veku prirodzene napadnt, ked chee Sifrovat iba p per-
cent bitov. Ukazali sme, Ze vac8ina tychto selektorov
vyrazne oslabuje bezpe¢nost vysledného selektivneho
Sifrovania. Z analyzovanych selektorov mézeme odpo-
ru¢it iba RBS(n, k), pre k > n/2, pricom &m je k
blizsie k n/2, tym je bezpefnost vyssia.
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Abstract. Cryptographic hash functions are important
tools for building various cryptographic applications. We
study generalized rate-2 PGV hash functions and show that
none of them is collision resistant. For every hash function,
we present an adversary, running in a constant time, that
produces collisions. Our result answers an open question
stated in [2], and supplements the general upper bound for
the rate of collision resistant hash functions proved in [4].

1 Introduction

Almost all modern hash functions are built by iterat-
ing a compression function according to the Merkle-
Damgard paradigm. The compression functions can be
based on some underlying block cipher. The first sys-
tematic study of 64 block cipher-based hash functions
was done by Preneel, Govaerts, and Vandewalle [3] (we
call them PGV hash functions). Subsequently, Black,
Rogaway, and Shrimpton [1] analyzed these construc-
tions in the black-box model and proved that 20 of
them are collision resistant up to the birthday-attack
bound.

An important property of a hash function is its
rate — the number of message blocks processed with
one block cipher transformation (when the message
block and cipher block lengths are equal). All PGV
hash functions are rate-1, they process one message
block with one transformation.

The rate-2 PGV-like compression functions, where
a single block cipher transformation processes
two message blocks, were studied in [2]. It was proved
that none of these compression function is collision
resistant. However, collision resistance of compression
function is a sufficient, but not necessary condition
for collision resistance of iterated hash function [1].
Thus, there might exist rate-2 PGV-like compression
functions that form a collision resistant hash function.
This possibility was stated as an open problem in [2].

General upper bounds for the rate of collision re-
sistant compression functions and hash functions were
proved in [4]. For the particular case of high-rate PGV-
like hash functions, one gets 2 as the upper bound for
their rate. This is an additional motivation to study
these hash functions.

We study natural rate-2 generalizations of PGV
hash functions. We show that none of these hash func-
tions is collision resistant. Surprisingly, the collisions
can be constructed by a very weak adversary, running
in a constant time. This result answers an open ques-
tion from [2], and complements the results obtained
in [4].

The paper is structured as follows. In Section 2 we
introduce basic definitions and notations used through
the paper. Section 3 contains analysis of 512 rate-2
PGV-like hash functions. These hash functions are
partitioned into distinct sets, according the proper-
ties of underlying compression functions, and each set
of hash functions is analyzed separately.

2 Definitions

We present definitions tailored to the purposes of our
analysis of rate-2 PGV-like hash functions. Let V,, be
the set of all n-ary binary vectors, i.e. V;, = {0,1}",
for a positive integer n. A block cipher is a function
E :V, xV, — V,, where for each key K € V,,, the
function Ex(-) = E(K,-) is a permutation on V,, (we
assume that the block length and the key length in the
block cipher are equal). The decryption function will
be denoted by E~1.

Let M be a message we want to hash. First, the
message is divided, possibly after some padding, into
blocks of equal length: M = my, ..., m;, where |m;| =
rn for a positive integer . The iterated hash H(M) is
computed as follows (hg € V,, is a fixed initialization
vector):

hi = f(hi—1,m;)
H(M) = h,

fori=1,...,1

(1)

where f :V, x V., — V,, is a compression function. If
a compression function f uses a block cipher to com-
pute its value, we call it a block cipher-based compres-
sion function. Moreover, if f uses single E transforma-
tion, we say it has rate-r. The rate denotes the number
of m-bit message blocks processed by single block ci-
pher transformation. The higher the rate is, the faster
hash function one can expect.
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Remark 1. When necessary, we divide rn-bit message
1 ()
RE

block m; into n-bit blocks: m; =m; ', m e mgr).

One of the most important properties of hash func-
tions is collision resistance. Informally, a hash function
H is collision resistant if it is infeasible to produce two
distinct messages M, and M’ having equal hash, i.e.

M#M A HM)=H(M).

Remark 2. Since our paper shows that certain hash
functions are not collision resistant, this informal de-
finition is sufficient for such purpose.

2.1 General upper bound

A more general model of high-rate compression/hash
functions was proposed and studied in [2,4]. The com-
putation of the (rate-r) compression function f : V, x
Vor — Vg is defined as:

f(h7m> = f3<h7m’ Efz(h,m)(fl(ha m))>7

where f1 : Vo X Vi — Vi, fo : Vo X Vp — Vi, and
f3: Vo x Vo x V,, — V,, are arbitrary functions.

Notice, that the model allows distinct block length,
key length, and length of f output. A hash function
is obtained by iterating the compression function f,
see (1).

In this model, we proved [4] the following upper
bound on the rate of collision resistant compression
function:

P14 k—ea/ 2’
n
and the following upper bound on the rate of collision
resistant hash function:
k- a/(25a/2)

r<tie 20t 0
n

(2)

for arbitrary 0 <e < 1.

When a = k = n we get compression/hash func-
tions described above. Moreover, by suitable choice of
f1, f2, and f3 functions we obtain generalized rate-2
PGV hash functions, see Section 2.2. In this case the
general upper bound (2) simplifies to r < 2.

2.2 Generalized rate-2 PGV hash functions
Rate-2 PGV-like hash functions are hash functions
obtained by iterating the following compression func-
tions:

F(h, (m™, m®))) = B, (b) @ c, (3)

where a, b, c are arbitrary linear combinations of inputs
or some fixed value v € V,,. Thus,

a,b,c € {h, m®D m® hemW hem®,
D &m®. ham®em®, ),

where @ denotes a bitwise addition mod 2 (i.e. XOR
operation). This way we obtain 512 compression func-
tions, and by iteration according to (1) the same num-

ber of hash functions. We denote this set of rate-2
PGV-like hash function by Hpgy.

3 Collisions in Hpgv

We analyze all hash functions from Hpgy, and show
that none of them is collision resistant. We employ
technique similar to [2], where collisions in compres-
sion functions (3) were presented. We partition Hpagy
into sets according to our ability to design a collision-
producing adversary. However, finding collisions in
a hash function is (usually) more challenging task than
finding collisions in a compression function, since

1. Collisions must start with the same fixed initial
vector hg.

2. Collisions should be of equal length. It ensures
that collisions are not affected by length-encoding
padding, such as Merkle-Damgard strengthening.

The following property is useful for our analysis of
hash functions from Hpgv.

Definition 1. Compression functions f, f' of the
form (3) are collision-equivalent (or c-equivalent) if f
can be transformed to f' using some of the following
substitutions:

(m®, m@)

Ezample 1. Let f(h,(m™M) m®)) = E, o) (mP oh)®
m® @& m®. Then the substitution (m™,m®)
(m® & m®, mM) leads to the compression function
1 (h, (m(l), m(Q))) =E,0emn® (m(l) Dh)P m2),

Let f and f’ are c-equivalent compression func-
tions. It is easy to see that finding collisions in the
hash function based on f (we denote it Hy) is equally
hard (easy) as finding collisions in the hash function
Hy based on f’. We illustrate this on substitution
(m®, m®) — (m™ @ m® mM), the opposite sub-
stitution and the other cases are analogous. Let M =

(mg),m?), ,ml(l),ml@)) and M’ = (m'gl),
m’gz), .. .,m’l(l),m’l@)) form a collision in hash func-
tion Hyp, i.e.

M#M AN Hy(M)=HM).



Then a collision for Hy can be obtained immediately:

(mgm, mgl) &) mgz)’ ce ml(Z)7 ml(l) @ ml(z))
D 6t D )

We call two hash functions c-equivalent, if their
underlying compression functions are c-equivalent. It
is clear from the previous discussion that c-equivalent
hash functions have the same collision resistance.

The set Hpgv is partitioned into 7 sets, see Ta-
ble 1. A hash function H € Hpgy is assigned to the
ith set (partition) if H or any of its c-equivalent hash
functions satisfies the conditions for this set, and does
not satisfy conditions for the sets 1,...,7 — 1. Thus,
each function is assigned to the first suitable set. The
last set contains “unassignable” hash functions.

A detailed description of each set, together with
conditions for assigning hash functions, is given in the
following subsections.

set  # functions
1 Hrmb 120
2 Hinv 49
3 Heve 133
4 Hevb 91
5  Hpal 35
6  Hive 12
7 Hspe 72

Table 1. Partitions of Hpav and their cardinalities.

The hash functions from the first 6 sets can be at-
tacked quite straightforwardly. The last set Hspc must
be analyzed more carefully, see Sect. 3.7.

3.1 Redundant message blocks — H,mp

The set H,mp, contains those hash functions, for which
the underlying compression function does not depend
on all message blocks (i.e. m™) and m). Then it
is easy to compute colliding messages by altering the
redundant message block.

Ezample 2. A compression function
f(h, (mP m@)) = E, @) &hodm?
does not depend on m "), Hence, any pair of two n-bit

block messages (x, w) and (a’, w) collides: H ((x,w)) =
E,(v)® hy®w=H({z',w).
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3.2 Redundant hash value — H,pnv

The set Hyny 1S a selection of hash functions from
Hpcv \ Himb. We select hash functions with compres-
sion functions that do not depend of the intermediate
hash value (i.e. h). The value of these hash functions
depend only on the last two n-bit blocks of input mes-
sage. Collisions can be produced, for example, by tak-
ing any 4-block message and altering first two blocks.

Ezxample 3. A compression function
£, (0, m) = By (m® & m®) & m)

does not depend on h. Then trivially any pair of
4-block messages (x,y,w, z) and (z’,y’', w, z) collides.

3.3 Compensable values in “c” — Heye

The set H.yc contains hash functions not contained in
two previous sets, that satisfy the following condition:
either the block m(®) or the block m® appears solely
in position “c¢”, see (3), in the underlying compres-
sion function. We call this message block out-standing
message block.

An adversary can construct collisions of 2-block
messages, because (s)he can “compensate” resulting
hash value by suitable choice of the out-standing mes-

sage block.
Ezample 4. A compression function
f(h7 (m(1)7 m(2))) = Em(2) (h D m(2)> D m(l)

has an out-standing message block m"). The colliding
2-block messages are (x,y) and (z/,3y’), where 2’ =
Ey(ho®y) &z & Ey(ho ®y'):

H((z,y)) = Ey(ho D y) ©
=2’ @ Ey(ho®y)
= H((z"y)

3.4 Compensable values in “b” — Hcvp

The condition for the set Hcyp is similar to the previ-
ous case. This time the condition on underlying com-
pression function is as follows: either the block m() or
the block m(® appears solely in position “b”, see (3).
We call this message block in-standing message block.

An adversary can construct collisions of 2-block
messages by compensating the input of the block ci-
pher by suitable choice of the in-standing message
block.

Ezxample 5. A compression function

f(h, (m(1)7 m(2))) =E,»he m @ m(2)) Do
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has an in-standing message block m(). The colliding
2-block messages are (x,y) and (z’,y’), where ' =
h() ) y/ D E;l(Ey(h() b xDd y))

H((z",y") = Ey(ho® 2’ & y) v
= Ey (B (Ey(ho @z ®y))) G v
=E,(hp@zdy) ®v
= H((z,y))

3.5 Balanced combinations — Hpal

The set Hpa contains hash functions (not contained
in the previous sets) with balanced combinations of
message blocks in their underlying compression func-
tion. Balanced combinations of message blocks means
that for all parameters “a”, “b”, and “c¢”, the following
condition holds: m() is contamed in the parameter if
and only if m(® is contained in the parameter.

It is easy to produce collision in this case. It is
sufficient to have constant value of m(Y) @ m?.

Ezample 6. A compression function

f(h, (m(l), m(2))) - Eh(h@m(l) @m@)) am® am?
has balanced combination of message blocks. Let x # y
be n-bit blocks. Then H({z,y)) = H({y,z)) is a colli-
sion.

- Hhvc

3.6 Hash value in “c”

The compression functions of hash functions in Hjyc
share this property: the intermediate hash value “h”
appears solely in the “c” parameter. Hence, the hash
value is computed as a XOR of some intermediate hash
values. Changing (permuting) the order of (2n)-bit
blocks does not change the hash value — this is the
way how to produce collision for this set of hash func-
tions.

Ezxample 7. A compression function
m@)))
[1P%))

has h solely in the “c¢” parameter. One can easily
check that H((z,y,w,z)) = H((w,z,z,y)) for arbi-
trary n-bit blocks z,y, w, z.

f(h7 (m(l)v = Em(l)@m@) (m(2)) ® hd m(l)

3.7 Special functions — Hspe

The set of special hash functions contains the remain-
ing hash functions from Hpgv:

Hspc = HPGV\(HrmbUHrthHcvcUHcvaHbaIUHhVC)-

There are 72 hash functions in Hgpc. These hash
functions can be partitioned according to the c-equiv-
alent relations into 12 subsets (6 hash functions in
each subset). Since c-equivalent hash functions have
the same complexity of finding collisions, it suffices
to analyze one member of each subset. Table 2 shows
one of the possible selections (hash functions are repre-
sented by their underlying compression functions). We
will refer compression/hash functions from Table 2 as

fi/Hy, ..., fi2/Hio.

fi
E,ohemV)e
%MM®M%®mm®m>
E, o heomP)ohom®
E @ (h ey m(l)) Dho m(l) D m(2)
heam@)( (1)) ®m®

D) @& m® @ m®

h@m@)

(m

h@m(2)(

m() (m(l)) Dho m® D m?

pom (h®m®) @m®)
(
(
(

© 00 J O T W N e,

—_
o

hEBm(2) hom®)
m(@ (b @&m
hm2) h@®m®

EB h EB m(l)
Dho m(l) D m(Q)

mmmmmmmm

—
[\]
~— — —

Table 2. Members of 12 subsets of Hgpe (non c-equivalent
compression functions).

A manual analysis (see bellow) revealed that none
of these hash function is collision resistant. Hence, all
hash functions from Hgpc are not collision resistant.

For each f;/H; we denote by ¢ an expression we get
from the “¢” parameter by deleting m(*) and chang-
ing h to hg (where applicable). So, m(") @m(?) becomes
m® ., hdm® & m® becomes hy & m?, ete.

Functions H; — H4. An adversary constructs mes-
sages consisting of four n-bit blocks (x,y, w, z) as fol-
lows:

1. y is chosen arbitrarily

2. .l?ZE;l(ho)EBho
3. w==¢
4. z=y

Functions Hs — Hg. An adversary constructs mes-
sages consisting of four n-bit blocks (x,y, w, z) as fol-
lows:

1. y is chosen arbitrarily

2. x = E;f)@y(ho)

3. w==zx

4. z=ho®h; ®y (h1 is an intermediate hash value,
computed as f;(ho, (2,¥)))



Functions Hg — Hy5. An adversary constructs mes-
sages consisting of four n-bit blocks (x,y, w, z) as fol-
lows:

1. y is chosen arbitrarily
2. = E}:()l@y(ho) @ ho
3. w=¢

4. z=ho D h1 Dy

The resulting hash values of the messages produced
by the adversary are in Table 3.

i H;((z,y,w,z)) i H;({(z,y,w,z))
1 ho 7 ho
2 ho 8 h1
3 hl 9 hO
4 h1 10 h1
5 h1 11 h1
6 ho 12 ho

Table 3. Hash values of H;((z,y,w, z)).

In the case H;({z,y,w, z)) = ho, the adversary can
produce collisions by varying the value y (it can be
chosen arbitrarily), and computing x, w, z according
to the given procedure.

In the case H;({x,y,w, z)) = hy, the adversary can
produce collisions of different lengths, i.e. H;({(z,y)) =
H;({(z,y,w,z)) = hy. The adversary converts this to
regular (equal length) collisions as follows. She (he)
repeats this procedure for a new initial vector hj, =
hi, and finds (2,3, w’,2’) such that H;({z',y’)) =
H;((z',y',w',2")) = h} (starting with h{). Combining
these messages we get desired equal length collisions
(see Figure 1):

H1(<.’E, Yy, w, =z, {E/, y/>) = HZ(<£C, Y, {E/, y/a ’U]/, Z/>)

‘r’ y7w7z

—_,

A
'/I:’y7w’z

1

Pl “a
ho h
Ny —

Fig. 1. Producing equal length collisions.

4 Conclusion

We have analyzed rate-2 PGV-like hash functions in
terms of collision resistance. We have shown that none
of these 512 hash functions is collision resistant. This
answers an open problem stated in [2]. Moreover, we
have shown that (very weak) adversary with constant
complexity is sufficient to produce collisions in any of
rate-2 PGV-like hash functions.
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Abstrakt Cldnek predstavuje mozné fesent problému bez-
peénostt v ruznych prostredich, kterd kladou diraz na sdi-
lent zdroji mezi jednotlivei nebo skupinami uZivatelu. Mezi
takovd prostiedi miuZeme napriklad zatadit mobilni teleko-
munikace a sebou nesouci pojem mobilnich databdzi, su-
perpocitaci tvorenijch na bdzi gridu, peer-to-peer siti, vizi
sémantického webu a v neposledni Tadé i technologie poci-
tacoviych agenti. Viechna tato prostredi maji svd specifika,
ale také maji Fadu spolecnijch jmenovateli. Nase FeSend je
zaloZeno na vyuZiti virtudlnich organizact, které lze defino-
vat jako dynamicky vytvdrené skupiny uZivateli a orgamni-
zact sdilejict pristup k pocitacum, softwaru, datim a ostat-
nim zdrojum s presnym Tizenim pristupu a jasnou definici
co, s kym a za jakych podminek je sdileno. Nds pristup
vyuZivd matematického apardtu hypergrafi. Vzhledem
s ruznorodosti a rozsahu cilovych prostiedi je nasim cilem
ndvrh bezpeénostniho modelu, ktery bude mit schopnost sa-
mostatného vijvoje, bez toho, Ze by struktura virtudlni orga-
nizace degenerovala. Cilem éldnku je podat presny rozbor
jednoho z hlavnich problému v decentralizovanych prostie-
dich a to nalezeni konsenzu mezi uzZivateli virtudlni orga-
nizace, ktery je v maSem pripadé predstavovdan volbou ve-
douctho ¢lena virtudlni organizace.

1 Uvod

S ptichodem novych technologii umoznujici pfipojeni
uzivatelu k pocitacové siti prakticky kdekoli a kdykoli,
spolecné se souvisejicim narustem poctu uzivatelua, vy-
vstala nutnost TfeSit otdzky =zabezpeceni. Jednim
z moznych feseni je aplikace velmi odolnych Sifrovacich
algoritmu. Tyto algoritmy e pouze zabezpecéeni ko-
munikace. Proto je také nutné fesit otdzky duvéry
mezi skupinami, pfipadné jednotlivymi uzivateli. Jed-
no z moznych feseni je vyuziti bezpec¢nostnich mo-

* Prace byla podpofena projektem 1ET100300419
programu Informaéni spole¢nost (Tématického pro-
gramu II Nérodnitho programu vyzkumu v CR:
Inteligentni modely, algoritmy, metody a néstroje
pro vytvafeni sémantického webu), vyzkumnym
zamérem AV0Z10300504 ,Informatika pro informaécni
spole¢nost: Modely, algoritmy, aplikace“ a vyzkumnym
centrem: Pokroc¢ilé sanacni technologie a procesy
1M4674788502, Ministerstva Ministerstvo Skolstvi,
mlédeze a télovychovy Ceské Republiky.

delu navrzenych pro prostiedi Virtudlnich organizaci.
Virtudln{ organizace (VO) jsou dynamicky vytvafené
skupiny uzivatelu a organizaci sdilejici ptistup k po-
¢itacum, softwaru, datiim a ostatnim zdrojum s pfes-
nym Fizenim piistupu a jasnou definici co je sdileno,
kym je sdileno a za jakych podminek je sdileno. Mo-
del VO je vyuzivan v peer-to-peer sitich, mobilnich
databazich, sémantickém webu a v neposledni radé
i superpocitacich vytvorenych na bézi gridu, pro které
byl model ptivodné navrzen. Siroké spektrum aplikaci
poukazuje na pouzitelnost takového feseni.

N4&s prispévek navazuje na bezpecnostni model na-
vrzeny v [2], ktery klade diraz na moznost automa-
tického vyvoje a spravy virtudlni organizace. Takovy
pristup je vhodny v prostiedich, kde muze byt velky
pocet nehomogenich uzivatelu. Jako piiklad 1ze uvést
pocitacové agenty v prostiedi ah hoc siti nebo séman-
tického webu. V takovychto prostiedich je nutné mit
dostatecné robustni feSeni pro spravu uzivatela, které
bude pracovat co mozné nejvice samostatné bez toho,
aby organizace degenerovala nebo ztracela vlastnost
duvéryhodnosti. Degeneraci budeme myslet vyvoj ta-
kové VO k jednomu z limitnich stavi:

1. jedné VO obsahujici vSechny uzivatele
2. mnoha velmi malych VO

Postup v [2] kombinuje matematicky model zaloze-
ny na hypergrafech s vhodnou implementaci umoznuji-
ci nasazeni v distribuovaném prostiedi. Pro ovéreni
navrzenych postupu byla napsana experimentalni apli-
kace SECGRID v jazyce ANSI C.

Zbytek prispévku je organizovan nasledovné: od-
stavec 2 shrnuje soucasny stav problematiky bezpec-
nosti v prostiedi virtualnich organizaci. Nase konkrét-
ni implemetace je popsdna v odstavci 3.1 a volba ve-
douciho skupiny je uvedena v odstavci 3.2. Prispévek
je shrnut zavérem.

2 Soucasny stav problematiky

Pojem virtudlnich organizaci [3] byl zaveden v prostie-
di gridu [4]. Gridy jsou rozsahlé distribuované systémy,
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tvorené heterogennimi vypocetnimi, datovymi a infor-
macnimi zdroji, propojenymi poc¢itacovou siti, tak aby
mohly byt vyuzivany jako feSeni velmi vypocetné nebo
prostorové naro¢nych problému. Takto propojené
zdroje mohou byt, a také casto jsou, alokovany i velmi
daleko od sebe. Velkd vzdélenost a také ruznorodost
propojenych zdroju jsou hlavnimi rozdily mezi gridy
a clustery. V piipadé grida je navic velmi kompliko-
vanou otazkou vyteSeni spravy ptistupu jednotlivych
uzivatelu. Vzhledem ke geografické ruznorodosti zdro-
ju gridu, je velmi moudré predpokladat i stejnou ruz-
norodost v pfipadé uzivatelu. Tato ruznorodost bude
jisté komplikovat feSeni opravnéni piistupu ke gridu,
zejména tim, Ze ruzné organizace zapojené do gridu
mohou mit razné feSeni vlastniho zabezpeceni, ruzna
nastaveni piistupovych prav a zejména ruzné zpusoby
ovérovani vlastnich uzivateli. Na druhou stranu je
nutné, aby uzivatel nebyl nucen stale zadavat hesla,
piipadné dalsi osobni data, pfi pfipojeni k jinému
zdroji. Jako dalsi pozadavek lze vysledovat moznost
delegovat cast, pripadné vSechna uzivatelova prava na
treti subjekt, tak aby mohl provddét tkoly svérené
uzivatelem a tedy meél i pfistup ke zdrojum na zdkladé
uzivatelovych prav.

Jako jedno z vhodnych fesSeni se ukazuje vytvoreni
virtudlnich organizaci. Virtualni organizace je v mno-
hych aspektech velmi podobnd skuteénym organiza-
cim. Jednim z hlavnich duvodu vytvaieni VO je po-
skytovat prostfedky pro spravu a vytvareni duvéry
mezi jejimi ¢leny. Postupy pro vytvareni duvéry v ta-
kovém prostiedi lze rozdélit na Policy based a Repu-
tation based pristupy.

Policy based piistup byl navrzen pro distribuo-
vané architektury sluzeb [5],[6],[7],[8],[9] a také v kon-
textu s gridy [10], jako FeSeni problému autorizace
a Tizeni ptistupu. Motivaci takového ptistupu je vybu-
dovat systém pravidel a postupu pro vytvéareni a roz-
hodovani o duvére jednotlivych uzivatelu. K tomuto
cili je vyuzivano jazyku s dobie definovanou sémanti-
kou. Rozhodnuti o duvére se pak provadi na zdkladé
nepifmych atributa uzivatele (napi. adresa nebo vék),
které jsou certifikovany duvéryhodnou tfeti stranou.

Reputation based postupy jsou velmi vhodné pro
prostiedi elektronickych komerénich systému (napf.
eBay), v peer-to-peer systémech, mobilnich databdzich
a posledni dobé i pro prostiedi sémantického we-
bu [11], [12]. Charakteristikou takového piistupu je
odvozovéni duvéry uzivatele na zdkladé jeho chovani
v minulosti. Duvéra je tedy zalozena na doporucenich
a zkuSenostech ostatnich ¢&lenu skupiny [13], [14],
[15], [16].

Spolecnym jmenovatelem vsech vySe zminénych
postupt je skutecnost, ze uzivatelé jsou do VO vlozeny
jistou autoritou (napf. administrdtorem). Toto Feseni
vS8ak nemusi byt nejvhodnéjsi v pripadé, Zze vezmeme

v potaz prostiedi s velkym poétem ruznorodych uziva-
telt (typicky sémanticky web nebo mobilni databéze).
Vezmeme-li v potaz takovato prostiedi, je vhodné mit
nastroj pro automatické vytvatreni a spravu VO.

3 SecGRID

Ukolem SecGRID je umoznit automatické vytvareni
a spravu VO v prostiedich s velkym poc¢tem nehomo-
gennich uzivatelu. Model SecGRID je zalozen na ma-
tematickém aparatu hypergrafu, ktery mu poskytuje
dostatecné silné protiedky pro jeho realizaci a ovéreni.
VO je v SecGRID reprezentovana jako ohodnocend
hypergrafova struktura. Vztahy mezi ¢leny jsou re-
prezentovany pomoci vahy ohodnocené hyperhrany.
Vyssi ohodnoceni hrany implikuje vyssi davéru mezi
¢leny. Uzly reprezentuji jednotlivé uzivatele. Ohodno-
ceni uzlu reprezentuje jeho duvéryhodnost, dostupné
vypocetni a komunika¢ni prostiedky.

3.1 Implementace

Struktura VO v SecGRID je hierarchické. Je tvorena
libovolnym poétem mensich skupin uzivatelu, které
se dale déli na mensi organizacni jednotky. Vzhledem
ke skutecnosti, ze implementace nerozlisuje mezi VO
a jejimi diléimi organizacemi, budeme dédle pouzivat
jen terminu VO. Spodni vrstva hierarchie je tvofena
vlastnimi ¢leny VO. Kazda VO ma zvoleného vedouci-
ho skupiny, tzv. VO Leader (VOL). Nad touto vrstvou
uzivatelu je jedna nebo vice vrstev tvorenych pouze
VOL. VOL odpovidé za podiizené jednotky a umoznu-
je komunikaci mezi jednotlivymi VO. Tato struktura
zvysuje divéryhodnost a bezpeénost SecGRID, nebot
préavé komunikace ¢lent z jedné VO do jiné predstavu-
je nejvétsi bezpecnostni riziko pro ostatni ¢leny. Tim
ze komunikace mezi skupinami je kontrolovana VOL
je zaruceno, ze nedojde k uniku citlivych informaci.

Pro potieby experimentélni aplikace bylo pouzito
hypergrafi s mohutnosti incidence hyperhran dvé.
Rozsiteni aplikace na plnou kardinalitu hyperhran je
evidentni.

Vzhledem k pozadavku automatického vytvareni
a spravy VO bylo nutné navrhnout fadu pravidel pro
ohodnocovani hran. Byly vysledovany tfi zakladni va-
rianty, které mohou pii vyvoji grafové struktury na-
stat:

1. pridani tranzitivni hrany,
2. vytvofeni neorientovaného cyklu,
3. vytvofeni orientovaného cyklu.

Nejdulezitéjsi z nich je vytvoreni nového orientovaného
cyklu (souvislé komponenty v grafu). Tento piipad je
reprezentovan jako vznik uzaviené skupiny uzivatela,



kde lze komunikovat mezi vSemi ¢leny. Proto je ta-
kova souvisld komponenta vhodnym kandiddtem na
vytvofeni nové VO. Nova VO je vytvotrena na zdkladé
ohodnoceni hran v komponenté. Dojde-li k vytvoreni
nové VO, je nutné pro ni zvolit nového vedouciho sku-
piny (VOL). Ostatni piipustné varianty nejsou pro
piispévek zajimavé, nebof nevyzaduji vytvoieni nové
skupiny (VO) a tedy nevyzaduji volbu VOL, ktera je
hlavnim tématem pftispévku. Podrobny popis ostat-
nich pfipadu, véetné vsech ohodnocovacich pravidel
1ze nalézt v [2].

3.2 Volba VOL

7 predchoziho odstavce je patrné, jak dulezitou roli
hraji VOL. Z toho duvodu je nutné mit vhodné vyfese-
né voleni VOL ze ¢lenu skupiny a to tak, aby bylo
splnéno nésledujici:

1. novy VOL musi byt bezpodmine¢né velmi duvéry-
hodnym ¢lenem skupiny

2. volba VOL nesmi piili§ zatézovat ¢leny VO

3. volba VOL musi byt implementovatelnd v distri-
buovaném prostiedi

Obrazek 1. Vychozi stav VO.

Choulostiva operace volby nového VOL je FeSena
v SecGRID pomoci nésledujici procedury:

— jako prvni VOL je zvolen zaklddajici ¢len VO
— v piipadé nutnosti zvolit nového VOL je do sku-
piny vysldna RESIGN zprava ptvodnim VOL
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— RESIGN zprava je odeslana sousedovi s nejlepsim
vztahem (po hrané s nejvétsim ohodnocenim)

— pii prijeti RESIGN zpravy se piijemce rozhodne,
zda-1i bude novym VOL

— pokud ano, ozndmi to skupiné pomoci NEWVO-
LARRIVES zpravy

— v opac¢ném piipadé predd RESIGN zprdavu opét
svému sousedu s nimz ma nejlepsi vztah

— v momenté, kdy kterykoli ¢len skupiny, mimo
odchézejictho VOL, obdrzi RESIGN zpravu po-
druhé, stava se automaticky novym VOL

Procedura pro volbu nového VOL ma vSechny po-
zadované vlastnosti, viz. pozadavky vyse.

— ad 1. Duvéryhodnost nového VOL je zarucena,
nebot k jeho volbé jsou piizvéni pouze éElenové
zdkladni skupiny (viz. nize) uzivatelu

— ad 2. volba nového VOL neni naro¢nou operaci,
nebot mimo starého VOL Z4dny ze ¢lent zdkladni
skupiny uzivateli nemusi pteposlat RESIGN zpré-
vu vicekrat nez jednou. Pocet ¢lenu zdkladni sku-
piny je mensi nez pocet vSech ¢lent

— ad 3. celd procedura vyuziva systém zprav, ktery
lze ptimo vyuzit v distribuovaném prostiedi.

Obrazek 2. Stav VO po pfidani hran a uzlu.

Pojem zdkladni skupiny uzivateli poukazuje na sku-
tecnost, ze pii vytvéareni struktury VO dochézi k vy-
tvoreni ustalené skupiny duvéryhodnych uzivatelu. Na
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obrazku 1 je stav nové vytvofené VO. Clenové VO
jsou zobrazeny modie a VOL je naznacen ¢tvereckem.
Sila hran odpovidd ohodnoceni. Z obrazku je patrné,
ze zdkladn{ skupina je tvotrena ¢leny {1,3,5,9}. Druhd
dobfte profilovana skupina neméd takovou duvéryhod-
nost. Pokud by doslo k volbé v této konfiguraci, byl by
novy VOL zvolen prévé ze ¢lenu {3,5,9}. Uvazujme
situaci, kdy byl jako novy VOL zvolen ¢len 5. Po-
kud po néjaké dobé doslo opét k volbé nového VOL,
byl by znovu volen pouze ze ¢lenu {1,3,9}. Je tedy
ziejmé, ze mozni kandidati na VOL jsou alokovéani
pouze mezi ¢leny zdkladni skupiny uzivatela, kterd
m& mensi pocet Clenu, nez celd organizace. Napiiklad
pocet ¢lent skupiny na obrazku 1 je osm, nicméné nové
voleny VOL bude volen pouze ze skupiny ti{ ¢lenu.

Situace po pfidani novych ¢lenu a provedeni pie-
hodnoceni je na obrazku 2. Z obrazku je patrné, ze
nedoslo k dramatickému zvétseni zakladni skupiny uzi-
vatelu. Prestoze znac¢né narostl jak pocet hran, tak
i pocet vrcholu, zékladni skupina uzivatelu se rozrostla
pouze o jednoho ¢lena na 1,3,5,9,2. Vezmeme-li v po-
rovnani stavajici pocet ¢lenu, ktery s zdvojnasobil na
Sestnédct a pocet ¢lenu zékladni skupiny, je tento po-
mér 16/5. Pritom pfi puvodni konfiguraci na obrazku 1
byl tento pomeér 8/4. Z toho je jasné patrné, ze zdklad-
ni skupina podléhd pomalejsimu rastu. Tento pomér,
jak ukazuji naSe simulace, se bude s pfibyvajicim poc¢-
tem ¢lenu déle zvétsovat.

Tuto skutecnost lze vysvétlit vznikem izolovanych
hnizd. Hnizdem budeme myslet skupinu uzivatel, ma-
jicich k sobé navzdjem velmi dobré vztahy a navic
tvoricich souvislou komponentu s vysokym ohodno-
cenim hran. Na obrazku 3 je takova struktura dobie
patrna mezi ¢leny 19, 22 a 23. Simulace ukazuji, ze
s pribyvajicim poctem ¢lenu takovychto struktur
uvnitt VO piibyva a navic byvaji alokovana déle od
VOL (vzhledem k délce orientované cesty v grafu).
Skuteénost, ze hnizda jsou izolovana a nejsou v bliz-
kosti VOL je snadné vysvétlit, nebof pokud by byla
blizko VOL, stala by se soucasti zdkladni skupiny uzi-
vatelu. Vzhledem k patrné izolovanosti hnizd a k ohod-
noceni jeho hran je dobré se zamyslet, zda-li by nebylo
lépe takové struktury iplné od VO oddélit a vytvofit
z nich vlastni nové mensi VO. Odpovéd na tuto otazku
nelze poloZit jednoznaéné, nebot oddéleni od zbytku
VO by mélo za nésledek ztratu spojeni s dalsimi ¢leny
skupiny a tedy izolovanost, kterd by ovéem mohla byt
na skodu ¢lenim a to jak hnizda tak i zbytku VO. Na
druhou stranu je nutné podotknout, ze jista mira izo-
lovanosti je jiz zachycena ve vlastnim ohodnoceni hran
uvnitf hnizda. Sdileni informaci je tedy daleko snazsi
mezi ¢leny hnizda, nez mezi zbytkem VO. Dalsim sil-
nym argumentem pro nevytvareni nové VO je skutec-
nost, ze kazda nové vytvorena organizace musi uchova-
vat informace o okolnich strukturdch (ve smyslu uloze-

Obrazek 3. Vznik hnizd ve strukture VO.

n{ dat o okolnich VOL). Okoln{ skupiny pak mus{ ukl§-
dat informace o nové vznikajicich skupindch. Pokud by
tedy byly nové VO vytvareny piilis rychle a s malym
poctem ¢lent, znamenalo by to znacnou zatéz pro vse-
chny zainteresované VOL. Druhou stranou mince je
skutecnost, ze ptilis velké VO se spatné udrzuji. Proto
nas model pocitd s rozdélenim VO na diléi mensi v mo-
menté, kdy bude splnéna podminka d(k) > 4§, kde d(k)
je prumér VO a § je celé kladné ¢islo.

Dalsim zajimavym aspektem procedury pro volbu
nového VOL je skutetnost, ze kandidatni VOL jsou
alokovany vzdy v blizkosti puvodnich VOL. Tato sku-
te¢nost je dusledkem podminky pro pieposldni RE-
SIGN zpravy, aby piijemce mél s odesilatelem nej-
davérnéjsi vztah. Tedy aby hrana mezi odesilatelem
a piijemcem méla nejvyssi ohodnoceni a tedy byla
mezi ¢leny zakladni skupiny.

Algoritmus volby VOL zvoli nového VOL pii slozi-
tosti O(n), kde n je délka orientovaného cyklu v hyper-
grafu predstavujictho VO. Vzhledem ke skuteénosti,
ze vytvoreni nové VO je podminéno vznikem orien-



tovaného cyklu je tedy zaruceno, ze algoritmus vzdy
skonéi zvolenim nového VOL. Slozitost je ve skutec-
nosti nizsi vzhledem k vytvoreni zakladni skupiny uzi-
vatelt.

4 Zaveér

Cilem piispévku bylo navrhnout a experimentélné ové-
it metodu pro dosazeni konsenzu mezi ¢leny virtual-
nich organizaci. Cely piispévek je zaclenén do Sirsiho
problému navrhu bezpecnostniho modelu pro prostie-
di virtudlnich organizaci, ktery bude pouzitelny v pro-
sttedich majicich velky pocet ruznorodych uzivatelu.
V takovychto prostiedich je nutné, aby mél model
schopnost samostatného vyvoje. Jednim z klicovych
momentu v zivoté VO je volba vedouciho ¢lena (VOL),
ktery je zodpovédny za jeji spravu a také za komu-
nikaci mezi ostatnimi skupinami. Proto byl navrzen
postup jak dosdhnou shody mezi ¢leny VO bez toho,
aby tato volba méla dopad na efektivitu a pouzitelnost
naseho modelu v realném prostiedi. Hlavni limitujici
faktory jsou pozadavky, aby byl algoritmus volby pfti-
mo implementovatelny v distribuovaném prostiedi
a zachovaval duvéru mezi ¢leny VO. Nase experimenty
ukazuji, ze navrzeny postup volby spliiuje vSechny po-
zadavky na néj kladené. Pro ovéfeni korektnosti byla
pouzita experimentalni aplikace SecGRID. Na zdkladé
provedenych experimentu, byla déle ukézéna celd fada
zajimavych momentu ve vyvoji VO, které maji klicovy
dopad pfedevsim na realné vyuziti naseho modelu.
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Level-of-detail pro umeélou inteligenci: Je tato technika prinosna?
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Abstrakt Virtudlni bytosti jsou umélé organismy, které
obyvaji virtudlni prostiedi modelujici prirozeny svét. Pokud
je svét veliky, nedd se modelovat ve své celistvosti diky ome-
zengm viypocetnim zdrojum. Nabizi se ovSem pouZit tech-
niku level-of-detail pro automatické zjednodusens simulace
na mistech, kterd v danou chvili nejsou podstatnd. Tato
technika byla robustnim a teoreticky podloZengym zpusobem
implementovdna jako soucdst projektu IVE (MFF UK, 2005).
Predmétem cldnku je studie pouZiti level-of-detail v IVE.
Studie ukazuje, Ze pro rozsdhlé svéty prindsi zpusob, jakym
byla technika v IVE pojata, vyznamnou pridanou hodnotu
oproti variantam techniky béiné pouzivanym pro zjednodu-
Sovdni simulace v poéitacovych hrdch.

1 Uvod

IVE je softwarovy néstroj pro tvorbu virtualnich svétu
modelujicich pfirozeny lidsky svét na té trovni, na
jaké ho my lidé bézné vnimame a chapeme. Stézejni
souasti virtudlnich svétu jsou enti — virtudlni lidé
nebo zvifata — behavioralni modely Zivych bytosti.
IVE bylo vyvinuto studenty MFF UK v roce 2005
a v soucasné dobé je volné k disposici verze 1.1 [12].
Zakladni motivaci bylo vytvorit platformu pro vyzkum
predevsim na polich kognitivnich véd a umélé inteli-
gence pro pocitacové hry a virtudlni vypraveéni (,vir-
tual storytelling®).

Akronym IVE znamend inteligentni virtudlni pro-
stredi (,intelligent virtual environment®). ,Inteligen-
ce“ IVE spociva ve dvou bodech, které zaroven z tech-
nického hlediska ptredstavovaly cile projektu:

1. Chovani postav je representovano distribuovanym
zpusobem v prostiedi, nikoli v ,hlavdch* entu.
Prostiedi tak umi samo ,,inteligentné“ enty navi-
govat. To ma tu podstatnou vyhodu, ze jde do
prostiedi priddvat nové prvky — objekty a akce
— aniz by se s nimi museli enti ucit zachézet. To
vyrazné usnadinuje design aplikace.

2. Simulace je automaticky , inteligentné“ zjednodu-
Sovana v mistech, kterd nesleduje uzivatel nebo
kde se obecné nic podstatného nedéje. To umoz-
nuje simulovat rozsahlé virtudlni svéty, na néz je
predevsim IVE zaméteno. Zpusob zjednodusovani
je de facto pouzitim techniky level-of-detail (déle
téz LOD) na trovni f{zeni postav.

Vytvatreni podobnych simulaci je nezavisle na téchto
dvou bodech obecné netriviilni, nebot:

— postavy se musi chovat vérohodné, to jest navenek
projevovat chovani, jez se jevi rozeznatelné jako
lidské (nebo zvifeci),

— postavy mohou interagovat mezi sebou navzajem,

— postavy jednaji v prostiedi, které je dynamické,
nepredvidatelné a pouze cdsteéné pozorovatelné
(podle [13], str. 46),

— prostredi je ¢dstecné interaktivni (uzivatel neni
vtélen prostiednictvim avatara, ale muZze ménit
stav svéta — presunovat objekty, ménit jejich vlast-
nosti apod.).

K feseni dvou cili a s ohledem na uvedené obecné
problémy bylo v IVE pouzito nékolik technik a jejich
rozsiteni. Kvuli pozadavkim na prostiedi a interakti-
vitu je pro fizeni entu pouzit mechanismus vychéazejici
z Bratmanova myslenkového aparatu praktického roz-
hodovdni [1] (pozdéji pretaveného do architek-
tury BDI), jenz pouzivd reaktivnich rozhodovacich
pravidel. Kvuli rychlosti je ohodnocovéni pravidel pro-
vadéno pomoci on-line varianty algoritmu Rete [9],
znamého z oblasti expertnich systému. Kvuli prvnimu
cili jsou pravidla representovana v prostiedi zpusobem
vychézejicim z percepéni teorie afordanci psychologa
Gibsona [10]. S ohledem na druhy cil vsak byla tato
teorie rozsitena hierarchickym zpusobem. Pro koordi-
naci vice entu na jednom ukolu byla navic implemen-
tovana technika preddvdni roli, kterd umoziuje to, ze
tizeni jednotlivych entit muze byt doc¢asné delegovano
na centralni mechanismus zajistujici koordinaci.

Vétsina vyjmenovanych technik jiz nékdy v oblasti
virtudlnich lidi, poc¢itacovych her ¢ kognitivnich véd
byla teoreticky popséna, ¢i dokonce implementovana —
pokud ale vim, vzdy samostatné. Abstraktni architek-
tura IVE vSechny techniky robustnim zptsobem spo-
juje a IVE je vSechny implementuje. IVE bylo obecné
popsano v [3] a [6], level-of-detail v [15] a distribuova-
né representace v [5]. IVE hodldme v budoucnu vyuzit
jako framework pro simulaci virtudln{ firmy [4] a pro
projekt tykajici se virtudlniho vyprévéni [7].

Jak bylo feceno, jednim z duvodu, pro¢ se IVE
vytvarelo, bylo nasazeni techniky LOD v oblasti fizeni
postav — narozdil od jejiho bézného pouziti v pocitaco-
vé grafice. Za timto cilem stal implicitni pfedpoklad, ze
pouziti techniky simulace zrychli, pficemz ale zaroven
déni neztrati na vérohodnosti. To napiiklad znamena,
ze pokud by uzivatel ndhle pfepnul pohled do takové
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oblasti virtudlniho svéta, ktera zatim simulovdna ne-
byla, IVE by mélo okamzité zacit déni v dané oblasti
simulovat na maximalni trovni detailu a uzivatel by
to nemél zaregistrovat. Do jaké miry se podafilo spl-
nit toto otekavani?

Tento ¢lanek predklada studii LOD v IVE na jed-
nom konkrétnim prototypovém virtualnim svété. Stu-
die ma za cil objasnit klicovou otazku: je pouzitd level-
of-detail prinosnd a md smysl v jejim zkoumdni po-
kracovat? Na IVE jako takovém je toho totiz k bu-
doucimu vyzkumu vice a LOD pfedstavuje pouze je-
den mozny smeér.

Studie ma dvé ¢asti. Prvni sestdava ze sady méteni
vykonnosti IVE pii simulaci svéta na ruznych irovnich
detailu a pfechodech mezi nimi. Vzhledem ke zkou-
manému prostiedi a povaze otazky, na niz hleddame
odpovéd, neddva smysl pfedklddat rigorézni statis-
tickou analyzu, misto toho predkladame sérii nameé-
fenych dat a jejich interpretaci. Druhé sestava z po-
zorovani konkrétnich situaci, jez ve virtudlnim svété
nastavaji.

V ¢ldnku nejprve krétce vysvétlim, jakym zpuso-
bem v IVE technika LOD funguje a pro¢ funguje pravé
timto zpusobem. Déle zminim podobné préce, na kte-
rych uvidime, ze zpusob fungovani level-of-detail je
skuteéné ojedinély. Poté predstavim vysledky samotné
studie.

2 Jak funguje LOD v IVE

Aby bylo mozné hovorit o studiich a méfenich prove-
denych na IVE, je tieba vysvétlit, jakym zpusobem
LOD technika v IVE funguje. Tomu se vénuje tato
sekce.

2.1 Pozadavky a predpoklady

Pii ndvrhu IVE jsme vychézeli z nésledujicich poza-
davku a predpokladi:

— Nastroj ma slouzit pro simulace velikych virtual-
nich svétu. Takové svéty obsahuji desitky oblasti
a desitky virtualnich postav.

— Nastroj by teoreticky mél umoznovat interakci né-
kolika uzivateli zdrover.

— Nepredpoklada se, ze by uzivatelé koncovych apli-
kaci mohli nahlizet do ruznych oblasti, jak se jim
zamane. Budou moci nahliZzet jen na misto, kde
se nachazi jimi ovladana postava, a ta se z oblasti
muze presunout pouze do nékteré ze sousednich
oblasti.

— Pfechod postavy do oblasti, kterd zatim nema byt
simulovana detailné, a s tim spojené zvyseni trov-
né detailu v dané oblasti, nesmi byt vypocetné
narocné.

— Ve svété se muze odehravat néjaky piibéh, jehoz
dil¢i udalosti mohou byt vyznamné. Takové musi
byt simulovany detailné, i kdyz je zrovna zadny
uzivatel nesleduje.

— Povolujeme, ze vysledek déni v ur¢itém misté mu-
ze byt jiny pfi simulaci na vysoké a nizké tirovni
detailu (nebot to, co je simulovéno na nizké tirovni
detailu, je z definice nepodstatné, a tudiz na vy-
sledku tolik nezélezi).

S ohledem na tyto body jsme méli na techniku
LOD nésledujici pozadavky:

1. LOD musi umoznovat detailni simulaci vice mist,
a to 1 téch, kde se nenachdzi zadna postava uziva-
tele.

2. Mista v okoli postavy uzivatele musi byt ¢astecné
simulovéna, a tim pfedpfipravena na to, ze do nich
uzivatel muze vstoupit.

3. Mista pravé opusténa uzivatelem musi byt jesté
po urc¢itou dobu simulovana na nejvyssi irovni de-
tailu, protoze uzivatel by se mohl vratit.

4. 7 hlediska programétora virtualntho svéta musi
existovat prostiedek proto, aby bylo mozné kdy-
koli zménit aktualni tiroven detailu v libovolné ob-
lasti.

2.2 Reseni

Reseni pozadavki ze sekce 2.1 spocivalo v navrzenf
specielni hierarchické architektury pro representaci
virtudlniho svéta a ukolu, které v ném lze provadeét.
Kazd4a dalsi hladina hierarchie predstavuje komplex-
néjsi droven popisu. Representaci fikdme ISMA (in-
tence — vhodnost — dinnost — rada).

ISMA pracuje se dvéma dekomposicemi — ,,fyzic-
kého“ svéta a chovani. Virtualni prostor je represen-
tovan vrstvenymi multigrafy jako sit oblasti, které se
rozpadaji na podoblasti a tak dale, az k nedélitelnym
mistim. Mistem je napiiklad prostor pied lednici, nad-
razenou oblasti je kuchyn, jesté vyssi oblasti dum atd.

Analogicky je representovano chovani. Kazdy ent
mé hlavni cile, jichz muze dosdhnout prostiednictvim
¢innosti, které se mohou rozpadnout na podcile, jez
mohou byt dosazeny podc¢innostmi, a tak dale az k ne-
délitelnym akcim. Hlavnim cilem je napiiklad najist
se, podcilem naptiklad najit jidlo, atomickou akeci na-
priklad kousnout si chleba. Technicky je tento hierar-
chicky rozklad ddan pomoci rozhodovacich pravidel.

V ramci IVE byly navrzena komponenta, tzv. LOD
manager, kterd béhem simulace pfitazuje jednotlivym
oblastem wrovern detailu. Toto pfifazeni popisuje ja-
kousi ,,membranu“ prolozenou prostorovou hierarchii,
pricemz vSechny lokace tésné nad ni existuji jako ato-
marni body v prostoru a vSe pod ni neexistuje — viz
obr. 1.
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Obrazek 1. Ilustrace level-of-detail v IVE.

Kazdy objekt mé pritazeny dvé hodnoty — wdrover
existence a uroven pohledu. V kostce feceno, prvni rika,
pri jaké urovni detailu objekt za¢ina existovat, druhy
7ikda, jakou uroven si vynucuje, pokud uz existovat
zacne. Pokud tedy napiiklad existuje vesnice pouze
jako atomarni misto, nemusi existovat pullitry v hos-
podé. Ty mohou vzniknout naptiklad az tehdy, kdyz se
vesnice ,rozpadne“ na podoblasti, z nichz jedna bude
hospoda. Analogicky nemusi pfi nizké trovni detailu
existovat ani enti. Pomoci LOD manageru je mozné
pridavat do svéta specielni neviditelné objekty — za-
razky — které toliko vynucuji ur¢itou uroven detailu
v dané oblasti.

Stézejni je, ze kazda hladina prostorové hierarchie
koresponduje s urcitou trovni v hierarchii chovani.
Ty ¢innosti, které se v hierarchii chovani nachézi{ na
drovni, jez koresponduje s tou trovni prostorové hi-
erarchie, ktera je pravé ,tésné nad membranou“, se
v daném okamziku budou provadét jako atoméarni —
tedy nebudou se k nim dohledavat podcile. Pokud
napiiklad bude hospoda existovat atomarné, mohou
se v ni enti atomédrné bavit, vysledkem ¢ehoz muze
byt, ze v hospodé ubude pivo. Teprve kdyz uzivatel
nahlédne do hospody, tiroven detailu se zvysi na ma-
ximalni a enti zaénou provadét akce v plném detailu
— tedy pit pivo, chodit na toaletu a podobné.

Pokud je detail v urcité oblasti zbytecné veliky,
nic se nedéje, dokud neni tfeba vypocetni prostiedky
jinde. Pak teprve dojde ke snizeni drovné.

Podrobnosti k algoritmu zmény tdrovné detailu jsou
popsény v [15].

Klicova otdzka pro pruzkum neni, jestli aplikace
skuteéné bézi rychleji, pokud je nékde detail snizen
(pokud by tomu tak nebylo, postradala by celd zalezi-
tost smysl). Stézejni otdzky se tykaji rezie prace LOD
manageru pii zméné urovné a snizovanim vérohodnos-
ti simulace pfi nizsich tdrovnich detailu.

3 Priibuzné prace

Existuje nepieberné mnozstvi praci tykajicich se pou-
ziti level-of-detail pro pocitacovou grafiku, ovsem re-
lativné malo praci tykajici se LOD pro umélou inteli-
genci. Zrejmé zatim jedinymi oblastmi, kde je mozné
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ad hoc aplikace této techniky vysledovat, jsou pocita-
¢ové hry a simulace rozsahlych svétu ve virtudlni rea-
lité. Typicky lze vidét dva piistupy. Prvni lze oznagit
jako ,,vidim — nevidim“, kdy je simulovano v plném de-
tailu pravé misto pozorované uzivatelem (nékdy muze
byt takovych mist vice, pokud je vice uzivatelu). Dru-
hy muzeme nazvat ,,v8echno — nebo nic“. Zde cokoli,
co neni simulovano v plném detailu, neni simulovano
viubec. Casto, ale ne vzdy, jsou tyto piistupy kombi-
novany.

Z4dny z pifstupt obecné nelze pouzit, pokud se
v aplikaci odviji néjaky ptribéh. Ptibéh totiz vyzaduje
¢asto simulovat déni i mimo vyhled uzivatele, alespon
castecné, jinak dochdzi k déjovym nekonzistencim.
Pristup ,,vSechno — nebo nic*“ navic obecné ptrinasi
problémy se zpomalenim simulace v okamzicich, kdy
ur¢ité misto zac¢indme simulovat (a tedy alokujeme
v8echny objekty v dosud nesimulované c¢asti a po-
dobne).

Trividlni LOD pomoci kombinace vySe zminénych
piistupu je popsan napiiklad v [11]. Metoda ,,vidim —
nevidim“ s postupnym zjednodusovanim je aplikovana
v [2]. Pomérné robustn{ feSeni pomoci hierarchickych
kone¢nych automatu popisuje Champandard [8] — jde
vS8ak pouze o ideu, kterd, pokud vim, nebyla déle
implementovana. Jiny robustni pfistup zaujimaji
v [14] pomoci techniky preddvéni rolf, kdy virtudlnf
postavy ,nehraji urcité role“, pokud jsou mimo vyhled
uzivatele. Jednd se o variantu postupného zjednodu-
Sovani v kombinaci s pfistupem ,,vidim — nevidim*.
Robustn{ pifstup k (non-preemptivnimu) pridélovén{
procesorového c¢asu individudlnim virtudlnim bytos-
tem je presentovéan v [16] — nicméné z pohledu celé
simulace se zda, ze jde o ptistup ,,vSechno — nebo nic“.

IVE narozdil od uvedenych feSeni predstavuje
LOD s pozvolnym zjednodusovanim simulace a s moz-
nosti simulovat libovolné misto na libovolné trovni
detailu. Navic se pozvolné zjednodusovani tyka nejen
slozitosti chovani postav, ale i prostoru — narozdil od
vétsiny vyse uvedenych aplikaci, kde prostor zustava
bud neménny, nebo neni simulovan za horizontem vy-
hledu vubec. Level-of-detail technika v IVE je déle teo-
reticky podlozena — architekturou BDI [1] a rozsifenim
teorie afordanci [10].

Poznamendvam ovsem, ze pro urcité typy aplikaci,
napiiklad [11], muze byt feseni v IVE zbytecné slozité.
Reseni v IVE se odviji od pozadavkil na né kladenych
(viz kap. 2), které vyplynuly z toho, k ¢emu bylo IVE
v konecném dusledku zamysleno. Aplikace, které jsou
urcéeny jinak, mohou vystacit se ,slabsi* variantou
LOD.

4 Studie

V této sekci jsou popsany jednotlivé studie techniky
LOD aplikované v IVE. V prvni ¢asti sekce se vénuji
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prostému méfeni vykonnosti IVE, jak ¢asové tak pa-
métové, v druhé ¢ésti studiu uréitych specifickych si-
tuaci.

Scéndr. Vsechna méfeni a studie se tykaji prototy-
pového svéta IVE. Tento svét méa pét drovni detailu:

1. Na prvni drovni detailu existuje pouze svét jako
takovy.

2. Na druhé drovni existuji 4 mésta.

3. Na treti irovni detailu se rozpada kazdé mésto na
5 dolu, 4 sidlisté a hospodu. Daéle zacinaji exis-
tovat enti — v kazdém mésté jich je 22 (pfevdzné
horniku).

4. Na ¢tvrté drovni detailu se dul rozpadé na horni,
stfedni a spodni ¢ast; hospoda na bar, toaletu,
salének a prostor pted hospodou; sidlisté na 3 do-
my a travnik. Zacinaji existovat predméty jako je
semafor v dole a pipa ¢i kasa v hospodé. V kazdém
dole navic vznika vozik, ktery je z technického hle-
diska Fizen stejné jako virtudlni lidé — tedy je ent.

5. Na paté urovni vznikaji jednotliva atomarni mista.
Typicka oblast ma fadové desitky mist, celd simu-
lace tadové nékolik tisic. Déle vznikaji dalsi ob-
jekty — pullitry, jukebox, uhli.

Zkoumany scéndi je nasledujici: V Sest hodin rédno
se budi prvn{ sména 10-ti entu (z kazdého mésta) a vy-
razi do prace. Druhd vyrazi v deset hodin do baru. Po
desaté hodiné je pii simulaci za plného detailu v apli-
kaci na stovku objektu a celkem 108 entu (vé. 20-ti
voziku), ktefi jsou vsichni dohromady Fizeni pfiblizné
5000 rozhodovacimi pravidly (jez jsou neustédle ohod-
nocovdna ve smyslu algoritmu Rete).

Metodologické pozndamky

1. S barem pracujeme predevsim proto, ze se jedna
o typickou oblast piipadovych studii podobnych
aplikaci — v baru interaguje vice aktoru, déni je
bohaté.

2. Métime zatéz v téch ¢asovych tsecich, , kde se néco
zajimavého déje*.

3. Aplikace je tak rychld, ze za bézné rychlosti je
zatéz procesoru pod chybou méfeni. Proto jsou
vSechna méfeni provedena pii 30-ti nasobné rych-
losti s jednou vyjimkou, jez bude zminéna, a na-
sledné znormovana na normalni rychlost.

4. Z&tez procesoru uvadime v jednotce p.b. (procent-
ni bod). 1 p.b. znamend, ze zatez bylo 1% pro-
cesorového ¢asu (100% znamend maximélni zatéz
procesoru).

Platforma. Vsechny studie byly provedeny na pocitaci
s 3 GHz Intel Pentium 4 a 1 GB RAM pod OS Win-
dows XP 2002, service pack 2. Byla pouzita verze IVE
1.1 bézici v Javé 2 (standard edition, build 1.5.0-03-
b07). Pfi vSech méfenich nebylo déni v zadné Casti
svéta zobrazovano v grafickém rozhrani.

4.1 Meéreni

Test 1. Bézna rychlost. Smyslem testu bylo odhalit
zakladni moznosti IVE co se tyce rychlosti.

Popis testu. Byly provedeny celkem 4 ruzné testy;
rychlosti simulace v 6:05 — 6:09 (A) respektive 10:15 -
10:19 (B) pfi celém svété simulovaném na drovni 4 re-
spektive 5. V situaci A 48 entu ze 108 spalo (tedy méli
aktivnich méné rozhodovacich pravidel nez ti vzhuru).
V situaci B byly vsichni enti aktivni. Casové tseky
byly zvoleny ndhodné. Kazdy individudlni test byl pro-
veden trikrat. (Metodologickd pozndmka: v situaci B
byla méfeno s 5-ti ndsobnou rychlosti.)

Vysledky testu. Nasledujici tabulka udava ptiblizné
hodnoty zatéze procesoru.

cas # pravidel normovand zatéz
6.05 - 6.09 2200 0,07 - 0,27 p.b.
10.15 - 10.19 2500 0,17 - 0,50 p.b.

Tabulka 1. Prumérné zatéze procesoru pro situaci A4
a B4 a pfiblizné poc¢ty ohodnocovanych pravidel.

cas # pravidel normované zatéz
6.05 - 6.09 3700 5-7p.b.
10.15 - 10.19 5000 6 - 8 p.b.

Tabulka 2. Prumérné zatéze procesoru pro situaci A5
a B5 a ptiblizné pocty ohodnocovanych pravidel.

Nameétfené hodnoty odpovidaji situaci, kdy nejsou
zobrazovany zurndly. Pfi zobrazeni zurnalu s drovni
4 zatéz stoupne o 0,3 — 0,6 p.b., v piipadé trovné
5 az o 6 p.b. Pro ilustraci pfipojuji data z jednoho
konkrétniho sledovani zatéze pii situaci B4 bez zurna-
lu a se zurndlem. Pii jinych ¢asovych tsecich (mimo
specifickych situaci) jsou data obdobné.

1,00
0,90
0,80
0,70
0,60

p.b. 0,50
0,40
0,30
0,20
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Obrazek 2. Konkrétni zatéz procesoru dvou pozorovani
(s zZurndlem a bez zurnélu).



Interpretace testu. Muzeme si vSimnout ¢tyr véci. Za-
prvé, rychlost na tirovni 4 je vice jak o fad vyssi nez
rychlost na trovni 5. To neni nic prekvapivého. Za-
druhé, pocet ohodnocovanych pravidel ma na tomto
zpomaleni urcity podil, ale jen diléi. Svou roli ziejmé
také hraje pocet simulovanych objektu, slozitost pro-
stfedi a naroc¢nost ohodnoceni jednotlivych dotazu,
kterd roste na drovni 5 (s tim, jak roste pocet objektu).
Zatieti, rychlost neni konstantni. To asi také neni nic
prekvapivého — svét se dynamicky méni. Zactvrté, pii
realném provozu se vyplati omezit zépis do zZurnélu.

Test 2. Rychlost p#i hledani cesty. Smyslem testu
bylo naméfit rychlost IVE pii hromadném piemisto-
vani entu.

Popis testu. Byly provedeny celkem 4 ruzné testy;
rychlosti simulace v 6:00 — 6:04 (A) respektive 10:00
— 10:04 (B) pfi celém svété simulovaném na drovni
4. V tyto casové useky nastavaji specifické situace.
V A se 40 entt vzbudi a za¢ne se premistovat, piicemz
v§ichni intenzivné hledaji cestu (pomoci algoritmu hi-
erarchicky A*). V B 40 entt pracuje v dolech (kde je
navic 20 voziku), 48 entu se vzbudi{ a opét se zacne hro-
madné pifemistovat. Kazdy individudlni test byl pro-
veden tiikrat.

Vysledky. Nasledujici grafy ukazuji namérené hodnoty
v situacich A a B, zZurndly jsou zapnuté.

Vidime, ze prubéh zitéze je v testu A i B v indi-
viduédlnich méfenich pomérné repetitivni. Vidime dale,
ze zatéz kolisd od ,normaélnich“ hodnot az k nékolika-
nasobnym. Kolisan{ je dano tim, v které fazi chtize enti
jsou respektive kolik jich v dany okamzik hledd nebo
dohledava cestu.

Interpretace testu. Test ukazal, ze se simulace témér
o fad zpomali ve chvili, kdy se masivné premistuje
véts mnozstvi entii. Jelikoz se vSichni premistuji stej-
nym smérem, §lo by v tomto pfipadé hledani cesty
optimalizovat, napiiklad pomoci predpocitani urcitych
hodnot.

Test 3. Rychlost pii zvySovani LOD. Jednd se
o klicovou studii. Jejim smyslem bylo odhalit, jestli
je prinosné postupné zjemnovani simulace v misté,
kam se blizi uzivatel. Hypotéza je, ze postupné zjed-
nodusovani umozni oproti ptistupu ,,nic — nebo vsech-
no“ rozlozit v ¢ase rezii na zvysovani irovné z nejnizsi
na maximalni.

Popis testu. Byly provedeny 2 hlavni testy; jakym
zpusobem se zvysi zatéz procesoru pii zvyseni urovné
detailu v baru (bar byl vybrdn proto, Ze je nejkom-
plexnéjsi oblast{). Pti testu (A) byl cely svét simulovén
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Obrazek 3. Prubéh zavislosti zatéze procesoru na case
v situaci A (nahote) a B (dole) ve tiech konkrétnich pozo-
rovanich.

na urovni 4 a v 10:15 byla tdroveni v jednom z baru
zvySena na 5. Pii testu (B) byl cely svét simulovén
na urovni 4 a jedna hospoda na trovni 3 a v 10:15
byla zvysena troven dané hospody na 4 zaroven se
zvySenim tirovné v baru dané hospody na 5. Zvysenim
z 3 na 5 je napodobovan pristup ,,nic — nebo vSechno*.
V hospodé bylo 12 entt (uz od drovneé 3), z toho v baru
5 entu. Testy A i B byly provedeny tiikrat.

Vysledky. Grafy na obr. 4 ukazuji naméfené hodnoty
v situacich A a B, zurndly jsou zapnuté.

Navic byly zméteny dalsi doplnujici vysledky. Uka-
zalo se, ze kazdéd hospoda simulovand na trovni 5 zvy-
Suje zatéz oproti simulaci na trovni 4 zhruba o 0,8 p.b.
(s zurndly), z toho samotny bar o cca 0,5-0,7 p.b.
Zvyseni tirovné z 4 na 5 v dolu stoji pouze 0,3 p.b.

Interpretace testu. Doplnujici vysledky ukazaly, ze bar
je skutecné nejkomplexnéjsi oblasti v daném svété.
Hlavni testy pak ukazaly, ze v dané situaci dochézi
k vyraznému zvyseni zatéze ve chvili, kdy roste troven
detailu v baru na 5. Po kratké dobé se zvySeni stabili-
zuje na hodnoté odpovidajici bézné simulaci. ZvysSeni
je ovSem pozorovatelné mensi v piipadé, kdy k nému
dochdzi z 1drovné 4, nez kdyz k nému dochdzi
z urovneé 3.

To je klicovy vysledek. Za prvé se ukazuje, ze exis-
tuje rezie pfimo spojend se zvySovanim detailu. Za
druhé vysledek naznacuje, ze pozvolné zvysSovani irov-
né (z 3 na 4, ze 4 na 5) je oproti pifstupu ,,nic — nebo
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Obrazek 4. Prubéh zévislosti zdtéze procesoru na case
v situaci A (nahote) a B (dole) ve tfech konkrétnich pozo-
rovanich. V 10:15 dochézi ke zvyseni irovné detailu.

vSechno“ (ktery byl modelovan skokovym zvySenim z 3
na 5) skuteéné pi¥inosné, nebot piirozené podporuje
rozlozeni rezie na dobu, kdy se postava uzivatele blizi
k dané oblasti.

Test 4. Rychlost pi#i snizovani LOD. Popis testu.
Bylo zkouma&no, jaka je rezie spojena se snizovanim
urovné v dané oblasti. Byl opét testovan bar — snizo-
vani z 5 na 4.

Vysledky. Nebylo pozorovano zadné viditelné zvyseni
zatéze spojené s rezii.

Test 5. Pamét. Popis testu. Pfi viech vyse uve-
denych testech bylo rovnéz zkoumano, jak roste veli-
kost paméti simulace s tim, jak se roste troven detailu
simulace.

Vijsledky. Vysledky shrnuje nasledujici tabulka.

Interpretace testu. Vidime, ze k vyraznému zvyseni
dochézi pfi zméné z utrovné 2 na 3 — to je ziejmé
kvuli tomu, Ze na urovni 3 zac¢inaji vznikat enti a ob-
jekty. K dalsimu razantnimu zvySeni dochdazi pfi
zméné z irovné 4 na 5. To je zjevné kvili vzniku mist
a dalsich objektu. Spotieba paméti je obecné velika.
Je to dano tim, ze IVE vyuziva veliké mnozstvi po-
mocnych struktur (typu index, hash-mapa) za tc¢elem
zrychleni simulace. SniZzeni pamétovych naroki by bylo
doprovazeno zvysenim procesorové zatéze.

Situace Pamét
Nahrén{ svéta (LOD = 1) 10 MB
Prirustek zvyseni tr. celého svéta z 1 na 2 0-1 MB
Prirustek zvySeni tr. celého svéta z 2 na 3 15 MB
Prirustek zvySeni ur. celého svéta z 3 na4 10 MB

jedné hospody z 4 na 5 5 MB
celého svétaz 4 na 5 150 MB

Piirustek zvyseni tr.
Ptirustek zvyseni ur.

Tabulka 3. Prumérné zatéze procesoru pro situaci A4
a B4 a ptiblizné pocty ohodnocovanych pravidel.

4.2 Pozorovani

V prototypovém svété bylo provedeno pozorovani né-
kolika specifickych situaci souvisejicich se zménou
urovné detailu.

Pozorovani 1. Casteéné provedeni ¢innosti. Po-
kud zvysime v urc¢ité oblasti troven detailu, musime
od té chvile vSechny ¢innosti za¢it provadét detailngji.
Problém ovSem je, Zze ¢ast Cinnosti je uz provedena
a tento ,,mezivysledek “ je Casto tfeba néjak zohlednit,
aby simulace byla vérohodnd. IVE s timto zohlednéni
standardné nepocitd (obr. 5 nahofe), dd se ho ovem
pro kazdy jednotlivy pripad doprogramovat ad hoc
zpusobem (obr. 5 dole).

Spani probihd na urovni 4 tak, Ze enti atomdarné
spi. Na drovni 5 si jdou nejprve lehnout, pak spi a pak
vstanou. V prubéhu toho, kdy enti spali na trovni 4,
doslo k zvyseni trovné na 5. Vidime, ze enti spi i na
drovni 5. Kdyby nedoslo k zohlednéni ,,mezivysledku“,
enti by byli po zvySeni detailu vygenerovéni dopro-
stfed mistnosti a teprve by si §li lehnout. Tato situ-
ace nastava, pokud zvysime uroven detailu z 3 na 4
v dole. Vidime, ze po zvySeni detailu jsou oba enti
v horni ¢dsti dolu (vlevo), ackoli jeden z nich uz by mél
néjakou dobu dolovat uhli ve spodn{ ¢4sti (vpravo). Si-
mulace neni vérohodna.

K tomuto pozorovani se vaze i ten fakt, ze se zvy-
Sujici se drovni detailu vznikaji nové objekty, které
musi byt zapojovany do provadénych ¢innosti. Pokud
se na drovni 4 enti bavi v baru bez pullitra, na trovni 5
tomu jiz tak neni — pullitry jako objekty musi byt kon-
zistentné pfifazeny entum a jejich ¢innostem.

K budoucimu vyzkumu se nabizi otézka, jestli by
toto ad hoc zohlediovani ,,mezivysledku“ urcité ¢in-
nosti a prifazovani nové vzniklych objektu neslo pod-
chytit néjak obecné, alespon pro uréitou tiidu pripadu.

Pozorovani 2. Snizeni a zvySeni. Pokud snizime
v urcité oblasti detail a vzapéti ho zvysime, postavy
nebudou pokracovat v provadéni ¢innosti, které délali
pred snizenim. Mohou se dokonce nachazet na uplné
jinych mistech. Toto ¢ini simulaci nevérohodnout ob-
zvlasté v mistech, kde se nachdz{ hodné entu (napf.
v hospodé). Ve chvili pfed snizenim detailu je ent A
u barového pultu, ve chvili po zvyseni na toaleté.



Obrazek 5. Nahote — standardni situace v dole ihned po
zvySeni drovné detailu z 3 na 4. Oba enti jsou v horni
¢asti dolu. Dole — situace v domku ihned po zvyseni trovné
detailu z 4 na 5 béhem spanku enta.

V IVE je tento problém obchazen mechanismem
garbage collector — pokud mé nékde dojit ke snizeni
detailu, stane se tak az tehdy, pokud je zatizeni pro-
cesoru piili§ veliké. Pokud by tedy za normalniho pro-
vozu postava uzivatele opustila bar a vzapéti se do néj
vratila, nasla by pravdépodobné vie v poifadku, nebot
v baru by mezitim nestihlo dojit ke snizeni detailu.

V budoucnu by nicméné bylo vhodné tento prob-
lém odstranit — napiiklad tak, ze by doslo k zapama-
tovani informaci o tom, co enti pfed snizenim délali,
a k pouziti této informace pii opétovném zvyseni urov-
né.

Pozorovani 3. Ovlivnéni trovné detailu v sou-
sedni oblasti. Simulace se chova tak, ze droven de-
tailu ve dvou sousednich oblastech, pokud jsou v ruzné
nadoblasti, se muze lisit vice nez o jedna. Napiiklad
travnik pred hospodou muze mit troven 5, ale naves
pred stavenimi (kterd s travnikem sousedi) droven 3.
To by v piipadé prechodu postavy uzivatele mezi té-
mito oblastmi zpusobilo piilis velikou rezii (viz test 3).

V IVE je za tim ticelem implementovana moznost,
aby se sousedni oblasti ovliviiovaly co se drovné svého
detailu tyce, zatim nicméné nebyla vyuzita.

5 Zavér

V tomto ¢lanku jsem studoval techniku level-of-detail
pro umélou inteligenci v projektu IVE, pfedevsim
v kontrastu s pristupy ,,nic — nebo vSechno“ a ,,vidim
— nevidim “, které byvaji pro zjednodusovani simulace
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pouzivany v pocitacovych hrach. Hlavni vysledek stu-
die ukazal, ze pozvolné snizovani detailu, na kterém
je LOD v IVE postaven, je skute¢né piidanou hod-
notou, nebot pfirozené umoziiuje rozlozit v case rezii
spojenou se zménou turovné detailu. Samoziejmé mira
zrychleni zavisi také na tom, jakym zpusobem budeme
virtudlni svét dekomponovat a s kolika trovnémi abs-
trakce budeme pracovat. V budoucnu by bylo dobré
navic odstranit problémy spojené s nizkou vérohod-
nost{ simulace v urcité oblasti tésné po zvyseni irovné
detailu.
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Algoritmus na ziskanie vSetkych konceptov v retrogradne
lexikografickom usporiadani
(pre jednostranne fuzzy konceptové zvizy)

Lucia Gotthardova

Abstrakt V tomto clanku si ukdZeme algoritmus, ktory
pracuje s fuzzifikovanou verziou konceptov a ndjde vsetky
koncepty formdlneho kontextu. Délezitym predpokladom je
to, Ze mnozina vsetkych podmnozin mnozZiny objektov je
v retrogrddne lexikografickom (resp. retrogrdidnom) uspo-
riadani. Tento algoritmus vyuZiva uzdverovy operator kon-
textu a je moiné ho pouZit s roznymi fuzzifikdciama.

1 Uvod

Ganterov Uzaverovy Algoritmus DalSieho Konceptu
(Ganter s Next Closure Algorithm) [1] je zndmy algo-
ritmus na generovanie jednoduchych konceptovych
zvéizov. R. Bélohlavek, V. Sklendf a J. Zacpal v [2]
aplikovali tato mysSlienku pre fuzzy pripad a vytvo-
rili algoritmus na ziskanie vSetkych formalnych fuzzy
konceptov.

Ziskavané koncepty sit usporiadavané lektikogra-
ficky. Vzhladom na malt mieru prirodzenosti tohto
usporiadania, je tento fakt nedostatkom spominaného
algoritmu.

Cielom tohto ¢lanku je ukézat algoritmus zaloZeny
na uzdverovom operatore a postupnom generovani
konceptov, ktoré su usporiadané lexikograficky retro-
gradne (resp. retrogradne, zostupne). Co sa tyka pri-
rodzenosti, tento typ usporiadania sa k nej priblizuje
vo viacSej miere.

2 Jednostranny fuzzy konceptovy zviz

Predpokladom algoritmu je vyuzitie uzéverového ope-
ratora, priom nezalezi na pouzitej fuzzifikacii (t.j. zo-
brazeni z mnoziny objektov do mnoziny atributov
a naslednom zobrazeni z mnoziny atribtutov do mno-
Ziny objektov).

Nech A je neprazdna mnoZina atributov, nech B je
neprazdna mnozina objektov a nech R je fuzzy relacia
na ich kartezidnskom stéine, t.j. R: A x B — [0, 1].

S. Krajéi v [3] definoval pojem jednostranného
fuzzy konceptového zvizu. Jednu z moznosti fuzzifika-
cie predstavuju nasledujiice zobrazenia:

Definicia 2.1 Zobrazenie z mnoziny prvkov do inter-
valu [0,1] sa nazgva fuzzy mnoZina.

Definicia 2.2 Nech /: P(B) — F(A) je zobrazenie,
ktoré kazdej mnozine X objektov z B priraduje fuzzy

mnozinu /" (X) atribitov, ktorej hodnota pre atribit
a € A je

/" (X)(a)

t.j. tdto funkcia kazdému atribitu priraduje najvicsiu
hodnotu taku, Ze vsetky objekty z X maju tento atribut
minimdlne v tejto miere.

= inf{R(a,b) : b € X},

Definicia 2.3 Nech \;: F(A) — P(B) je zobrazenie,
ktoré€ kazdej funkcii f : A — [0,1] priraduje mnoZinu

N (f) ={be B: (Va € A)R(a,b) > f(a)},

t.j. tie objekty, ktoré maju vsetky atribity asporn v tom-
to stupni, ktory je urceny funkciou f (ingmi slovams,
funkcia ich fuzzy-prislusnosti k objektom dominuge f).

Lahko vidiet, Ze tieto zobrazenia maju nasledu-
jace vlastnosti (pod f; > fo rozumieme, Ze pre vetky
prvky z z defini¢ného oboru (rovnakého pre f; aj fo)

plati f1(z) > fa(2)):

Lemma 2.1 Nech /,\, st zobrazenia definované
v definiciach 2.1 a 2.2. Potom pre kazdé X, X1, X2 C B
a pre kazdé f, f1, fa € F(A) plati:
1.a) X1 CXo =/ (X1) 2/ (Xo),

L) f1 < fa =\ (f1) 2\ (f2),
2.a) X O\, (/" (X)),
2.0) f <7 (O\ ()

Teraz definujeme uzéverovy operator.
Lemma 2.2 Uzdverovy operdtor cl : P(B) — P(B)
splria vlastnosti:

Pre kazdé X, X, X2 C B plati:

1. X Cc(X)
2. X1 CXy=> Cl(Xl) - Cl(XQ)
3. cl(cl(X)) = cl(X)

Dékaz. 1. Tato vlastnost je priamo vlastnost 2.a) z le-
my 2.1.

2. Nech X; C X5. Potom z vlastnosti 1.a) lemy 2.1
vyplyva, ze / (X2) < (X1). Z vlastnosti 1.b) vy-
plyva, ze \, (" (X1)) C\, (" (X2)), teda cl(X;) C
CI(XQ)

3. To, ze plati cl(cl(X)) = cl(X) ukdZeme tak,
ze dokézeme platnost obojstrannych inkluzii. Najprv
ukazeme, zZe plati cl(X) C cl(cl(X)). Nech § = cl(X),
kde S C B. Spojenim s 2. vlastnostou (S C cl(S5)),
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ktort sme uZ dokézali, dostaneme, ze cl(X) C
cl(cl(X)). Teraz ukazeme, ze cl(X) D cl(cl(X)). Vie-
me, ze plati vlastnost 2.b) (f <, (\\ (f))) z lemy 2.1.
AX S =7 (X), mame, ze / (X) </ (N, (/' (X))).
Ak Sy =/ (X)a Sy =/(\. (" (X))), teda mame,
Ze plati S; < S5. Vieme, Ze plati vlastnost 1.b) z le-
my 2.1, teda S1 < Sy =N\, (S1) 2\ (S2). Teda plati,
de . (7 (X)) 2N (7 (N (7 (X))). A tojecl(X) 3
cl(cl(X)). Teda plati rovnost cl(cl(X)) = cl(X).

Nech (X, /(X)) je taka dvojica , kde X je mnozi-
na objektov, pre ktoré plati X = cl(X) (pretoZe vtedy
plati f =7 (X), akk X =\ (f)). Potom tato dvojica
sa nazyva jednostranny fuzzy koncept (kedze X je
klasickd mnozina objektov a ' (X) je fuzzy mnoZina
atribttov). Potom X je extent tohto konceptu a pris-
lusna fuzzy mnozina  (X) je jej intent. Vzhladom
na vzajomnu odvoditelnost oboch zloziek konceptu sa
sta¢i zaoberat len jednou zlozkou, napr. prvou z nich.
Potom mnozina B(A, B, R) = B vsetkych takych ex-
tentov, t.j. B = {X C P(B) : X = cl(X)}, usporia-
dand inkltaziou, tvori zviz, ktorého operécie su defi-
nované nasledovne: X1 A Xo =X NXsa X7V Xy =
cl(X1UX>). Tento zvéz budeme nazyvat jednostran-
ny fuzzy konceptovy zviiz.

3 Retrogradne usporiadanie

Definicia 3.1 Nech B = {1,2,...,n} je mnoZina
objektov. Nech XY C B, X # Y su navzdjom rozne
podmnoziny objektov. Hovorime, Ze podmnoZina X je
retrogradne mensia ako podmnoZina'Y , ak najuicési
prvok, ktory odlisuje X odY, patriY. Teda formdlne:

X <pY, akk (Gie Y\ X)(XN{i+1,....n}=
=Y n{i+1,...,n}).

Priklad 3.1 Nech B ={1,2,3,4,5}. Nech X = {1, 3,
4,5} a Y ={2,3,4,5}. Chceme zstit, ¢i X <r Y ale-
boY <r X. Ak by platilo Y <r X, tak by musel
existovat prvok z X \'Y taky, Ze od tohto prvku (okrem
neho) sa tieto mnoziny rovnaji. Teda to by mohol byt
len prvok 1, ale potom dostaneme nerovnost {3,4,5} #
{2,3,4,5}, ¢iZe neplati Y <gr X. Naopak, ked zobe-
rieme mazimdlny prvok z Y \ X, teda prvok 2, tak
dostaneme rovnost {3,4,5} = {3,4,5}, a preto plati
X <rY.

Priklad 3.2 Majme mnoZinu extentov Extenty =
{{}7 {1}7 {2}7 {2’1}7 {37271}) {5}; {571}; {572}}
{5’271}7 {57 37 27 1}’ {574’ 27 1}7 {5747 37 271}}' Plat/[j}
ze {} <R{1}7 {1} <R{2}7 {2} <R {Qa 1}) ceey {57 4) 27 1}
<r {5,4,3,2,1}. Teda extenty v tejto mnoZine si us-
poriadané retrogradne.

Lemma 3.1 Reldcia <y z definicie 3.1 je usporiada-
nie a pre vsetky podmnoziny X,Y,Z € B spliia nasle-
dugice vlastnosti:

1. neplati, Ze X <gr X,

2. ak X <r Y, tak neplati, zZe Y <gr X,

3. ak X <R Y a zdroven' Y <gr Z, tak X <r Z, kde
minimdlne prvky, v ktorych sa dvojice X,Y aY,Z
odlisuji, su rozne.

Dokaz. 1. Aby platilo, ze X <r X, tak by musel exis-
tovat nejaky prvok i z X \ X. Ale kedze X \ X je
prazdna mnozina, taky prvok ¢ nenajdeme. Teda ne-
plati, ze X <g X.

2. Ak X <gp Y, tak (Ji € Y\X)(XN{i+1,...,n} =
YNn{i+1,...,n}). Predpokladdme, ze Y <r X, teda
(FjeX\(Xn{j+1,...;,n}=YNn{j+1,...,n}).
Nemoze platit, Zze j = i, pretoze neexistuje taky prvok,
ktory by patril do Y\ X a zaroveni aj do X \ Y. Ak
j < i, tak by muselo platif, ze A= XN{j+1,...,i+
L,d,...,n}=YN{j+1,...,i+1,4,...,n} = B, ale to
neplati, pretoze v mnoZine B by (okrem inych) bol aj
prvok i a tento prvok v mnoZine A byt nemdze, kedze
i €Y\ X (atedai ¢ X). Ak j > i, tak by muselo
platit, Ze maximalny prvok, ktorym sa X a Y odlisujq,
je 7, a to je spor, pretoze tymto maximéalnym prvkom
je i.

3. Nech X < Y, teda (Fi € Y\ X)(X N {i+
1,...,n} =Y nNn{i+1,...,n}). Nech Y <r Z, teda
GjezZ\V)¥Yn{j+1l,....n}=Zn{j+1,...,n}).
Nemoze platit, ze ¢ = j, lebo potom ¢ by bol taky
prvok, ze i Y (lebo j € Z\Y). Ak j < i, tak X
a Z maju spolocné prvky od i + 1 az po n, zaroven
i€ Z ai¢ X, teda maximalny prvok, ktorym sa X
a Z odlisuju, je prave i, teda X <g Z. Ak j > i, tak
X a Z maju spolo¢né prvky od j+1 az po n a zaroveii
j € Z, ale plati aj, ze j € X, lebo ak by j € X, tak
j by bol maximalny prvok, ktorym sa X a Y odlisuja
a platilo by Y <g X. Teda X <r Z.

Lemma 3.2 Usporiadanie z definicie 3.1 je linedrne
usporiadanie na P(B), teda pre lubovolné X # Y
z P(B), kde B = {1,2,...,n} plati nasledujica pod-
mienka:

bud X <gr Y, alebo X >R Y.

Dokaz. Ak X #Y, tak sta¢i zobrat i = max(X AY),
pretoze i je maximalne také, Ze sa v niom mnoziny X

.....

sa zhoduju. Ak 7 € X, tak Y <g X aaki €Y, tak
X <rY.

4 Myslienka algoritmu

Myslienkou tohto algoritmu je pre Tubovolni podmno-
zinu X C B najst vzdy extent, ktory je najmensi



hned za X s ohladom na retrogradne usporiadanie.
Potom vsetky extenty pre dany kontext najdeme tak-
to: Retrogradne najmensi konceptovy extent je cl({}).
Dalsie extenty nidjdeme hladanim mnoziny, ktora je
retrogradne najblizsie k naposledy najdenému exten-
tu. Na konci ziskame retrogradne najvicsi extent, a to
mnozinu B. Je potrebné poznamenat, Ze extenty zis-
kavame tak, Ze objekty st v nich usporiadané lexiko-
graficky (teda vzostupne). Aby sme dosiahli retrograd-
ne usporiadanie vyslednej mnoziny extentov, musime
objekty v kazdom novoziskanom extente preusporia-
dat od najvacsieho po najmensi (teda zostupne).

Definicia 4.1 Nech X,Y C B,i € B. Potom

i, ak max(Y \ X)=max(Y A X)
= Z.’
inak

RI (KX):{

nedef.

Xoi=c((Xn{i+1,....,n})U{i}).

Poznamka 4.1 RI je skratka pre Rozliujtucilndex.
Ak i je Rozlisujucilndex

(Y, X), to znamend, ze i € Y\ X a X je zhodné s Y
od objektu i + 1 po objekt n.

[[[a[bfc]d]e]
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Obrazok 1. Formélny kontext.

Priklad 4.1 Majme kontext, ktory je na obrdzku 1,
kde A = {a,b,c,d,e} je mnoZina atribitov a B =
{1,2,3,4,5} je mnozZina objektov. Nech X = {1,2}
ai=3 Potom X @i = cl(({1,2} n{4,5}) U{3}) =
cl({1,2,3}) = {1,2,3}.

Priklad 4.2 Majme opit kontexrt z obrdzku 1. Nech
X ={1,2,3,5} aY ={1,2,4,5}. Potom max(Y\ X )=
max({4}) = 4 = max(Y A X) = max((Y U X)\
(YNX)) =max({1,2,3,4,5}\{1,2,5}) = max({3,4}).
Teda RI (Y, X) = 4.

Lemma 4.1 Nech XY, Z C B su podmnoZiny mno-
Ziny objektov a mech i € B. Potom platia nasledujice
turdenia:

1. Ak XCY, tak X <g Y.
2. X <pY, akk RI(Y, X) =i pre nejaké i € B.
9. AkRI(Y,X) =4, RI(Z,X)=j ai>j,
tak RI(YY, Z) = i.
4. Aki € X, tak X <g X D 1.
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5. Ak pre nejaky extent Y plati, Ze RI(Y, X) =1,
tak X ®1 CY a takisto X &1 <r Y.

6. Ak pre nejaky extent Y plati, Ze RI(Y, X) =1,
tak RI(X @14, X) =1.

Dokaz. 1. Ak X C Y, tak Y bude obsahovat nejaky
prvok i € Y\ X taky, ze X sa zhoduje s Y od objektu
1+ 1,teda X <g Y. Ak X =Y, tak sa samozrejme
zhoduju vo vSetkych prvkoch.

2. Vyplyva priamo z definicii 3.1 a 4.1.

3. Ak X je s zhodné s Y od objektu i + 1, X je
zhodné so Z od objektu j + 1 a zaroven i > j, tak
Y a Z sa zhoduju od objektu ¢ + 1. Z sa v objekte i
zhoduje s X, ale s Y uz nie, teda Y a Z sa v nom lisia.
Kedze i € B (lebo i € Y '\ X), tak z definicie vyplyva,
se RI(Y, Z) = i.

4. X @i =cl((XNn{L,2,...,: —1}) U{i}). Teda
uzaverom ziskame najmensi extent obsahujici objekty
XN{1,2,...,i—1} a {i}. Cize X ®i sa s X budu
zhodovat po objekt ¢ — 1 a kedZe ¢ € X, tak plati, ze

€E(X®i)\X,ateda X <p X 1.

5. Nech YV je lubovolny extent. Kedze RI(Y, X ) = ¢,
tak X sa s Y zhoduje od objektu ¢« + 1 a objekt i,
v ktorom sa nezhoduji, patri do Y. Z 2. vlastnosti
uzaverového operatora (lema 2.2) a z toho, ze Y je
extent, dostavame, ze ak (XN{i+ 1...,n}U{i} CY,
potom cl((X N {i +1,...,n}) U {i}) C cl(Y), teda
X @i CY. A ztoho (z tvrdenia 1.) priamo vyplyva,
7e X®i<pY.

6. Nech Y je Iubovolny extent. Kedze RI(Y, X) = 1,
taki e Y\ X aXN{i+1,....,n}=YNn{i+1,...,n}.
Chceme ukazat, ze i € (X &)\ X a XN{i+1,...,n} =
(X@i)n{i+1,...,n}. KedZe z 5. tvrdenia tejto lemy
méame, ze X ®i C Y, tak plati (X@i)N{i+1,...,n} C
Yn{i+1,...,n} =Xn{i+1,...,n}. UkdZeme aj
opa¢ni implikdciv: X N{i +1,...,n} C (X Nn{i +
1,...,n})U{i}. Z 1. vlastnosti uzéverového operatora
(lema 2.2) vyplyva, ze (X N{i+1,...,n}) U {i} C
cd((Xn{i+1,...,nHu{i}) = X @i, ateda X N{i+
L...o,nfC(Xoi)n{i+1,...,n}. Kedzei € X @1
aig X, tak RI(X @i, X) =1i.

5 Algoritmus Vsetky koncepty
usporiadané retrogradne

Algoritmus VSETKY KONCEPTY USPORIADANE
RETROGRADNE pre najdenie vietkych extentov da-
ného kontextu mdzeme popisat takto: Retrogradne na-
jmensi extent je cl({}). Pre dani mnozinu X C B
najdeme nasledujuci extent kontrolovanim vsetkych
prvkov i z B\ X, a to tak, Ze za¢neme od najmensieho
a postupne hodnotu i zvysujeme, kym nebude platit
RI(X @ 4,X) = i. Potom dalsi extent, ktory sme
hladali, je prave X & i. Algoritmus konéi vtedy, ak
ndjdeme retrogradne najviacsi extent, t.j. {n,...,1}.
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Nech A je mnoZina atribttov, B je mnozina objek-
tov, R C A x B je kontext. Nech Extenty je mnozi-
na najdenych extentov, AktudlnyExt C B je aktudl-
ny extent, ku ktorému hladédme nasledujici extent,
NovyExt C B je novy extent, ktory testujeme, ¢&i spliia
vlastnost, Ze je najmensim extentom vi¢sim ako Aktu-
alnyExt. Nech MinID je najmensi objekt z B, PO(B)
je celkovy pocet objektov v mnozine B, PO(Aktualny-
Ext) je pocet objektov v aktudlnom extente. Nech Ret-
rogradne je funkcia, ktora objekty, ktoré st v extente
usporiadané lexikograficky (vzostupne) usporiadd od
najvicsieho po najmensi (zostupne).

Tento algoritmus funguje len pre koneéné mnozi-
ny objektov B. Algoritmus VSETKY KONCEPTY
USPORIADANE RETROGRADNE, ktorého vjstu-

pom je mnozina Extenty, vyzera nasledovne:

Extenty := {};
AktualnyExt := cl({});
while PO(B) <> PO(AktualnyExt) do
begin
i := MinlD;
NovyExt := AktualnyExt & ¢;
while RI(NovyExt, AktudlnyExt) <> i do
begin
inc(i);
NovyExt := AktudlnyExt & i;
end;
AktuédlnyExt := NovyExt;
NovyExt := Retrogradne(NovyExt);
Extenty := Extenty U NovyExt;
end;

)

literacial[ 5[4[3]2]1]i]
1 1
2 X |2
3 X 1
4 X |[x||3
5 XX |X||5
6 X X (|1
7 X 2
8 X X 1
9 X X[ %3
10 X X | X |x||4
11 X | X X[ x|[3
12 X[ X[ X |X]|X

Obréazok 2. Tabulka extentov postupne ziskavanych algo-
ritmom VSETKY KONCEPTY USPORIADANE RET-
ROGRADNE.

Priklad 5.1 Majme kontext, ktory je na obrdzku 1.
Postupné  ziskavanie extentov nasim algoritmom
je zndzornené v tabulke na obrdzku 2. V prvom stlpci
je cislo iterdcie. 'V prvej iterdcii do mnoZiny exten-
tov Extenty pridame retrogradne najmensi extent, t.j.

prdzdnu mnozinu {}. V stlpci i sa nachddza hodnota
ndsho hladaného i a kriziky v stlpcoch 5, ..., 1 oznacu-
ju ktoré objekty patria do extentu ziskaného v danej
iterdcii. V poslednej iterdcii dostaneme extent, ktory
je rovny mnozine B, t.j. algoritmus skoncil. Vysled-
kom st vsetky extenty v retrogradnom usporiadant.

Tento algoritmus teda kondi vtedy, ked najde ret-
rogradne najvicsi extent, ktorym je samotnd mnozina
objektov B, a to usporiadana zostupne (t.j. {n, ..., 1}).
Ako prvy ziska retrogradne najmensi extent {} a pos-
tupne do vyslednej mnoziny extentov priddva dalSie
extenty, a to s ohladom na retrogradne usporiadanie.
ako prave ndjdend mnozina X, je X @ i, hovori nasle-
dujtca veta.

Veta 5.1 Najmensi extent konceptu, vicsi ako dand
mnozina X C B (s ohladom na retrogradne usporia-
danie), je X @ i, kde i je najvicsi prvok mnoZiny B
s vlastnostou:

Rozlisujicilnder (X @i, X) = i.

ohladom na retrogradne usporiadanie, teda X <g X .
Potom z lemy 4.1 (2. tvrdenie) vyplyva, ze RI(X , X)
= i pre nejaké i € B a takisto RI(X @i, X) = i vyply-
va zo 6. tvrdenia lemy 4.1. Z toho, Ze RI(X',X) =1
vyplyva, ze ¢ ¢ X, a teda zo 4. tvrdenia dostaneme, Ze
X <r X @®i. 7Z 5. tvrdenia plati, ze X &1 C X/, a teda
Xadi<p X.Z tychto vSetkych dosledkov, z pred-
medzi nimi sa nevyskytuje ziadny iny extent) a z toho,
de X <R X Di<p X vyplyva, ze X ®i=X .

Teraz ukazeme, Ze ¢ je najvacsi prvok z mnoziny
B taky, ze RI(X @4, X) = i. Nech RI(X @ j,X) = j
pre j # i. Potom z toho, ze X & i je najmensi extent

i # j, tak bud i < j, alebo j < i. Nech ¢ < j. Potom
z 3. tvrdenia lemy 3.1 vyplyva, ze RI( X &i, X B j) = j,
kde j € B az 2. tvrdenia dalej dostaneme, 7ze X ®j <g
XEBZ',atojesporstym,ieX@i:X, <gR X Dj.
Teda plati, ze j < 1.

6 Zaver

V tomto ¢lanku sme ukazali algoritmus, ktory generuje
vSetky koncepty usporiadané retrogradne. Povedzme
si teraz nieco o zlozitosti predvedeného algoritmu.

Nech vstupom algoritmu je trojica (A, B, R) (for-
malny kontext), Extenty je vystupnd mnozina ziska-
nych extentov a zatial poslednym ziskanym extentom
bola mnozina X C B. Potom ¢asova zlozitost vypod-
tu nasledujiceho extentu X @ ¢ je polynomidlna, a to
O(|B| - |A|?). Teda celkova zlozitost algoritmu je
O(|Extenty]| - | B| - |A]?).



Neuvazujme teraz o zlozitosti vypoctu uzaverového
operatora. Za funkciu uzédveru cl vezmime nejaka int
funkciu f : B — B, ktoréa spliia vlastnosti uzaveru.
Vsimnime si, ze zloZitost algoritmu je od mnoziny atri-
butov A nezavisla. A vystupuje iba v zlozitosti vypoc-
tu uzdveru. Teda zloZitost algoritmu medzi jednotlivy-
mi krokmi (resp. ndjdenim nasledujiceho extentu) je
linedrna, t.j. O(|B|). Celkova zlozitost algoritmu zavisi
iba na vyslednom pocte extentov a mmnozine objek-

tov B. Teda zloZitost je v takomto pripade O(| Extentyl|-

|BI)-
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Abstrakt Tento c¢lanek se bude zabyvat linedrni logikou,
kterou je moZno chdpat jako formalismus, pomoci kterého
lze popisovat problémy, ve kterych se wvyskytuje omezeny
pocet zdroju. Pojmem zdroj nemusime nutné chdpat pouze
materidlni objekt, ale také objekt abstrakini. Takové
abstraktni objekty jsou napriklad znacky v mistech Petriho
sitt, které provedenim libovolného prechodu spotiebovdvdime
¢i vytvdtime. Kdodovdni Petriho siti pomoci linedrni lo-
giky ukazuje modelovaci silu, kterou linedrni logika dis-
ponuje. Praktictéjsimi problémy, které lze snadno kddovat
pomoct linedrni logiky, jsou pldnovact problémy. Kdédovdni
pldnovacich problému v linedrni logice je obdobné jako ko-
dovdni Petriho siti (v linedrnd logice). Pro tesent problémi
kédovangch v linedrni logice existuji TeSice postavené na
bdzi logického programovdni (Prolog), které jsou pii Tesent
téchto problému mnohem efektivnéjsi, ale tyto esice zatim
nejsou dostatecné silné pro teSeni vsech problému kddo-
vangch v linedrni logice (napft. pldnovaci problémy). Pro
Teseni téchto problému je zapotiebi jinych technik, které
zatim nejsou prilis efektivnd.

1 Uvod

Linearni logika je formalismus, pomoci kterého muze-
me kédovat problémy, ve kterych se vyskytuje ome-
zeny pocet zdroju. V redlném svété existuje mnoho
problému s omezenym poctem zdroju, se kterymi se
setkdvdme kazdy den (napiiklad nakupovani v obcho-
de). Problémy s omezenym poctem zdroju lze rovnéz
kédovat pomoci ‘klasické‘ logiky, nicméné toto kodo-
vani vzhledem k velikosti problému, muze rust expo-
nencialné.

Linedrni logika je pomeérné mlady védni obor
(predstavena v roce 1987), nicméné ve vyzkumu li-
nearni logiky byly ucinény zajimavé objevy, i kdyz
spise v teoretické oblasti. Asi nejvyznamnéjsi z téchto
objevi byl fakt, ze pomoci linedrni logiky muzeme
kédovat Petriho sité. Z mého hlediska byl tento objev
dulezity i proto, ze ukézal pomeérné velkou modelo-
vaci sflu linedrni logiky. Obdobné jako Petriho sité lze
v linedrni logice rovnéz kédovat planovaci problémy,
kde jako omezené zdroje chéapeme predikaty, vyjad-
fujici stavy svéta a které se béhem vypoctu meéni.
Na bézi linearni logiky vznikl v roce 2003 planovac
jménem RAPS [11], ktery v porovnani z nejlepsimi
ucastniky IPC (International Planning Competition)
2002 doséahl zajimavych vysledku.

Dalsi oblasti vyzkumu je linedrné logické progra-
movani. Linedrné logické programovani je odvozeno
pievdzné od klasického logického programovani (Pro-
log). Pomoci linedrné logického programovani jsme
schopni nejen jednoduse zakdédovat problémy s ome-
zenym poctem zdroju, ale navic i dosdhnout vétsi efek-
tivity (mensiho ¢asu) pii hleddn{ FeSeni.

V tomto ¢lanku bude dale popsana linearni logika,
kédovani nékterych problému v linearni logice, kédo-
vani Petriho siti a planovacich problému v linearni lo-
gice, linedrné logické programovani, jeho vyhody a ne-
vyhody a nakonec mozné sméry mého dalstho vyzku-
mu v této oblasti.

2 Linearni logika

Linearni logika poprvé spattila svétlo svéta v roce 1987,
kdy byla predstavena J.Y. Girardem [4,6,12]. Jak jiz
bylo zminéno v tvodu, linedrni logika byla navrzena
jako formalismus, ktery umi spravné popsat problémy
s omezenym poctem zdroju. Zakladni Girardovou mys-
lenkou bylo navrhnout implikaci tak, aby na rozdil od
‘klasické‘ vyrokové logiky byla schopna popsat situa-
ci, kdy musi byt néjaky zdroj spotfebovan, aby mohl
dalsi zdroj vzniknout. Takovou situaci muzeme vidét
napiiklad v obchodé, kde za penize nakoupime zbozi
(po ndkupu jsme bez penéz, ale mame zbozi).

2.1 Operatory linearni logiky

V naésledujicim popisu operatoru linedrni logiky vy-
jadiuji predikaty A a B (spotiebovatelné) zdroje.!

implikace A — B — Zakladni operator linearni lo-
giky, ktery vyjadiuje, ze B je obdrzeno pouzitim
(jednoho) A.

multiplikativni konjunkce A ® B — Tento opera-
tor vyjadiuje, ze A a B jsou pouzity spolecné.
(Jsou-li na levé strané implikace, pak A a B jsou
spotfebovany, jsou-li na pravé strané implikace A
a B jsou ziskany.)

multiplikativni disjunkce ApB — Tento operdtor
vyjadiuje vyrok: ‘pokud ne A pak B (A+ — B).

1V nisledujicim textu bude pouzivén pojem ‘linedrni
fakty‘, ktery mé zduraznit, Zze se jednd o predikaty
v linedrni logice.
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additivni konjunkce A&B — Tento operator vy-
jadiuje volbu mezi A a B. Tato volba zavisi na
uzivateli.

additivni disjunkce A & B — Tento operdtor vy-
jadfuje volbu mezi A a B. Tato volba zavisi na
‘nékom jiném'.

exponencidl !A — Tento operator vyjadiuje A jako
nespotfebovatelny zdroj (tj. mdme vzdy dostatek
A).

expozlenciél ?7A — Tento operator znamena, ze ma-
me néjaky pocet A, ktery je na nds nezdvisly.

negace A+ — Tento operdtor zajistuje dualitu mezi
multiplikativnimi operatory (®,p), additivnimi
operatory (&, ®) a exponencialy (!,?). Dvojitd ne-
gace zajistuje identitu ((A4+)+ = A).

Lineédrni logika navic definuje konstanty (1,T, L,0) ja-
ko neutrélni prvky vuci operdtorum (®, &, p, ®).

2.2 Dokazovani v linearni logice

Dokazovani v linearni logice je postaveno na Gentze-
nové notaci, obdobné jako u jinych druhu logik. Zapis
A F I' vyjadiuje, ze multiplikativn{ konjunkce (®) for-
muli z A implikuje (—o) multiplikativni disjunkci (@)
formuli z I'. Odvozovaci pravidla jsou postaveny na
obdobné bazi jako v ‘klasické* logice a maji nasledujici
tvar:

Predpokladl Predpoklad?2
Usudek

Sekvenéni kalkul linedarni logiky je pomérné obsdhly,
proto je zde uvedena jen jeho ¢ast obsahujici axiomy
a prakticky vyuzitelné operdtory (—o, ®, &, ®,!), cely
kalkul je popsan v [6,12]:

A A Ay, AT
AR A A1, AT 1
AA,BFT A FA Ask-B, Iy
A,(A@B)"F Al,Agl—(A(@B),FlFQ
A FA Ay, BFTY AA-B, T
Aq,A2,(A—B)-I' I AF(A—B), I’
A AT A,BFT” AFA T A-B, I’
A,(A&B)FIT A,(A&B)FI” AF(A&B), I’
A AT A,BFT” AFA,I" AFB,I"
A,(A®B)FI” AF(A®B), I’ A-(A®B),I’
ART ANVAIARTD
ANART ANART
A AT
ANART At T’ r
A AT A AT
A,(Vz)ART A,(Jz) AT

2.3 Rozhodnutelnost a slozitost linearni
logiky

Naésledujici tabulka dava ptehled o rozhodnutelnosti
a slozitosti fragmentt linedrni logiky:

Fragmenty Slozitost
—0, R, p, &, ®,1,7 Nerozhodnutelny [13]
—,®, 0, &, PSPACE-tplny [13]
—,®, P NP-tplny [9]
—,®,0,!,7 Neni zndmo

3 Kodovani problémiu v linearni logice

Jak uz bylo mnohokrat zminéno diive, linedrni logika
je vhodny formalismus pro kédovani problému s ome-
zenymi zdroji. Nasledujici podkapitoly ukazi kédovani
jednodussich problému.

3.1 Hamiltonova kruznice

Z teorie grafu vime, ze Hamiltonova kruznice je ta-
kova kruznice, ktera obsahuje vSechny vrcholy daného
grafu. Necht G = (V, E) je orientovany graf, kde V =
{v(1),...,v(n)} je mnozina jeho vrcholia E C V xV
je mnozina jeho hran. Vime, ze Hamiltonova kruznice
obsahuje kazdy vrchol (kromé prvniho a posledniho)
pravé jednou, tudiz se tyto vrcholy daji reprezento-
vat pomoci linedrnich faktt. Hrany neni nutné spo-
tfebovavat, tudiz je musime reprezentovat jako ‘kla-
sické‘ fakty, v linearni logice pouzijeme exponencidl !.
Nésledujici pravidlo zajistuje hleddni nenavstiveného
souseda v(j) vrcholu wv(i) (predikdt at vyjadiuje
aktudlné prohleddvany vrchol):

at(i) @ v(i) @ e(v(i), v(j)) —o at(v(j))

Cely problém nalezeni Hamiltonovy kruznice v grafu
zakédovany v linedrni logice vypadd nésledovné (Ha-
miltonovu kruznici hleddme z vrcholu v(1)):

v(l),...,v(n),le(v(ir),v(j1)), .- -
o le(v(inm), v(gm)), at(v(1)),
Hat(v(i)) ® v(i) @ e(v(i),v(j)) — at(v(j))) F at(v(1))

Graf obsahuje Hamiltonovu kruznici pravé tehdy, kdyz
je predchozi vyraz dokazatelny v linedrni logice.

3.2 Tah jezdce

Problém tahu jezdce je takovy problém, kde mame
jezdce na Sachovnici a jeho tkolem je navstivit kazdé
policko pravé jednou. V tomto piipadé je jasné, ze
policka Sachovnice muzeme reprezentovat linedrnimi
fakty. Predpoklddejme, Ze existuje relace next : (i,5) —
(i,7), kterd ndm spocitd nasledujici tah jezdce (viz.
Obr. 1). Predikat at vyjadiuje aktualni pozice jezdce.
Problém tahu jezdce muze byt kédovan v linearni lo-
gice nésledujicim zpusobem (jezdec zacind na policku
(1,1) a koné&{ na policku (k,1)):

b(L,1),....b(n,n), at(1,1),
at(i,7) @ b(i,j) —o at(next(s, j))) F at(k,l) @ b(k,1)
Problém tahu jezdce mé feSeni pravé tehdy, kdyz je
predchozi vyraz dokazatelny v linearni logice.



Obrazek 1. Mozné tahy jezdce.

4 Kodovani Petriho siti v linearni
logice

Petriho sité 1ze chépat jako modelovaci nastroj pro
problémy se zdroji, coz méa samo o sobé velmi blizko
k linearni logice. Petriho sité obsahuji mista, kterd ob-
sahuji znacky vyjadiujici jednotlivé zdroje, a prechody
jejichz provedenim se znacky z nékterych mist odebira-
ji (podle vstupni funkce prechodu) a na jind mista se
pridévaji (podle vystupni funkce pfechodu). Veskeré
informace ohledné teorie Petriho siti lze nastudovat
napiiklad v [16].

Kédovani Petriho siti v linedrni logice je pomérné
jednoduché [15], staci si hlavné uvédomit fakt, ze znac-
ky v mistech Petriho sité muzeme chépat jako omezené
zdroje a tudiz je v linedrni logice muzeme reprezento-
vat pomoci linearnich faktu. Piechody kédujeme po-
moci linedrni implikace tak, ze na levé strané implikace
budeme mit multiplikativni konjunkei vsech linedrnich
faktu reprezentujicich vstupni mista pfechodu a na
pravé strané implikace budeme mit multiplika-
tivni konjunkci vSech linedrnich faktu reprezentujicich
vystupni mista pfechodu. Formélné zapsdno (predpo-
klddejme, ze I(t) je multimnozina vstupnich mist pfe-
chodu t a O(t) je multimnozina vystupnich mist pfe-

chodu t):
QR 1(t) - R O(t)

Déle predpoklddejme, ze S(u) je multimnozina mist
odpovidajici znaceni p (tj. Vp € P : #(p,S(pn)) =
w(p)). Znaceni p, je dosazitelné pravé kdyz je nésle-
dujici vyraz dokazatelny v linearni logice.

S(po), M (@ (1) = ®O(t1)), - .-
. (®I(tm) - ®O(tm)) = ®S(M9)
Pokryti znaceni p, existuje pravé kdyz je ndsledujici
vyraz dokazatelny v linedrni logice.

S(po), (@ I(t1) = R O(t1)) ;-
N I(tm) —~ @ O(tm)) F @ S(pg) ® T
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Nyni si v§imnéme, ze jediny rozdil v pfedchozich dvou
vyrazech je v pouziti konstanty T. Pouzitim této kon-
stanty oslabime dukaz z rovnosti na inkluzi (tzn. mu-
zou nam néjaké zdroje prebyvat).

5 Kodovani planovacich problémiu v
linearni logice

Pouzit{ linearni logiky v planovani bylo studovano fa-
dou vyzkumniku [14,10,2]. V této kapitole bude uve-
deno, jak lze kédovat planovaci problémy pomoci li-
nedrni logiky (budeme uvazovat pldnovani v prostoru
stavi).

5.1 Zakladni kédovani planovacich problému

v linearni logice

7 predchozi kapitoly vime, Ze v linedrni logice muzeme
pomérné jednoduse kédovat Petriho sité. Petriho sité
samy o sobé dobie slouzi k modelovani planovacich
problému, ale tim se v tomto ¢lanku zabyvat nebu-
deme, vyuzijeme pouze myslenky kodovani Petriho siti
v linedrni logice pii kédovéni plénovacich problému
v linearni logice.

Méjme stav s = {p1,p2,...,pn} (stav chdpeme
jako mnozinu predikatu, které jsou v daném stavu
pravdivé), jeho kédovani v linedrni logice vypadd né-
sledovné:

(pl QP2 @ ... ®pn)

Méjme akci a = {p(a),e (a),e*(a)}, kde p(a) je pre-
kondice (mnozina predikatu, které musi byt pravdivé
v daném stavu), e~ (a) je mnoZina negativnich efektu
(mnozinu predikatu, které po provedeni akce nebudou
platit), e (a) je mnozina pozitivnich efekti (mnozinu
predikatu, které po provedeni akce budou platit). K6-
dovani akce a v linedrni logice vypada néasledovné:

Vie{1,2,...,k},l; € pla) Ue (a)

Vi€ {1,2,....,m},r; € e (a) U (pla) — e (a))
(l1®l2®...®lk)—0(T1®T2®~~~®Tm)

Toto znamena, ze predikaty na levé strané implikace
nebudou pravdivé po provedeni akce a a predikaty na
pravé strané budou pravdivé po provedeni akce a. Cely
planovaci problém muze byt zakdédovan nasledujicim
zpusobem (a1, as...a,, jsou substituce za kdédovén{
vsech akel v pldnovacim problému, kde so = {po,, Po,,

..,Do,} je pocétetni stav a g = {g1,92,...,94} je
mnozina cilovych predikati):
D01>P0ss - - -1 D0, lat,lag, o F 1 ®62®...Qg,@T

Plan existuje tehdy a jen tehdy, je-li predchozi vyraz
dokazatelny v linearni logice.
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5.2 Priklad

V tomto piikladé budeme vyuzivat predikatové rozsi-
feni linedrni logiky, které funguje stejné jako u ‘kla-
sické‘ logiky. Pfedstavme si verzi ‘svéta kostek‘, ve
kterém mame palety a kostky a na kazdé paleté muze
byt nejvyse jedna kostka. Mame rovnéz jerab, ktery
muze v jednom okamziku nést nejvyse jednu kostku.
Pocatecni stav: 3 palety (1,2,3), 2 kostky (a,b),
prazdny jerab, kostka a na paleté 1, kostka b na pa-
leté 2, volna paleta 3.

Akce:

ZVEDNI(Kostka, Paleta) = {

p = {prazdnyjerab, na(Kostka, Paleta)},
e~ = {prazdnyjerab,na(Kostka, Paleta)},
e™ = {nese(Kostka),volna(Paleta)}

}
POLOZ(Kostka, Paleta) = {

p = {nese(Kostka),volna(Paleta)},
e~ = {nese(Kostka),volna(Paleta)},
et = {prazdnyjerab, na(Kostka, Paleta)}

}

Cil: Kostka a na paleté 2, kostka b na paleté 1.

Kédovéni akel ZVEDNI(Kostka, Paleta) a
POLOZ(Kostka, Paleta) vypada nasledovne:

ZVEDNI(Kostka, Paleta) :
prazdnyjerab ® na(Kostka, Paleta) —o
—o nese(Kostka) ® volna(Paleta)

POLOZ(Kostka, Paleta) :
nese(Kostka) ® volna(Paleta) —o
—o prazdnyjerab ® na(Kostka, Paleta)

Cely planovaci problém zakédovany v linearni logice
vypada takto:

na(a, 1), na(b, 2),volna(3), prazdnyjerab,
\ZVEDNI(X,Y),IPOLOZ(X,Y) F
Fna(b,1) ® na(a,2) @ T

5.3 Kobdovani moznych optimalizaci

Doposud zde bylo popsdno pouze ¢isté kédovani pla-
novacich problému v linearni logice. Nevyhoda ¢istého
kédovani je jeho mala efektivita pii vypoctu. V nasle-
dujicich odstavcich nastinim ideje kédovéani nékterych
optimalizaci.

Prvni optimalizaci je blokovani akci. Nékteré akce,
o kterych vime, ze nepovedou k cili, muzeme zablo-
kovat, ¢imz vyrazné snizime pocet prohledavani. Ty-
pickym piikladem jsou navzajem inverzni akce (tj. po-
kud provedeme takové akce za sebou, ocitneme se zno-
vu ve stavu, ve kterém jsme byli pred jejich prove-
denim). Abychom mohli otestovat, zda akce a neni za-
blokovand, musime do prekondice této akce pridat pre-
dikdt lze(a). Chceme-li akci a zablokovat v néjakym
stavu s, musime zajistit, aby stav s neobsahoval pre-
dikdt lze(a). Toto muzeme zjistit tak, Ze rozsiiime
mnozinu negativnich efektu predchozi akce o predikat
lze(a). Cheeme-li v budoucnu akei odblokovat je nutné
predikdt lze(a) ptidat do pozitivnich efektu néjaké
akce.

Dalsi optimalizaci muze byt skladéni akci. Tato op-
timalizace je vyhodna hlavné tehdy, pokud se v planu
vicekrdt vyskytuje stejnd sekvence akei (jen s jinymi
proménnymi). Piedpoklddejme, ze akce a1 a as jsou
zakdédovany v linedrni logice nésledujicim zptisobem:

ar : (p1 ® p2) — (p1 @ p3)
as : (p3 ® pa) —o (p3 @ ps)

Pak zakdédovani akce a, kterd vznikne slozenim akci
a1, as (v tomto poradi), bude nédsledujici:

(P1 ® p2 ® pa) —o (p1 ® p3 @ ps)

Je ziejmé, ze pouzitim téchto optimalizaci snizime
pocet prohledavani a tim vyrazné urychlime vypocet.

6 Linearni logické programovani

Linearni logické programovani muzeme chapat jako
novy obor, ktery rozSituje metody ‘klasického‘ logic-
kého programovani o podporu linearni logiky. Mezi
movaci jazyky patii: Lolli [8,7], LLP [1], Lygon [17],
LTLL2. LTLL a LLP pati{ v této dobé mezi neje-
fektivnéjsi jazyky linedarniho logického programovani.
Testy jednoznaé¢né prokazaly, Zze pouziti jazyku linedr-
niho logického programovani v problémech kdédova-
nych v linearni logice je o poznani efektivnéjsi nez
‘klasické* logické programovani.

Konstrukce linedrnich logickych programovacich
jazyku a jejich interpreteru je popséna v [1,8]. Nejvétsi
nevyhodou téchto jazyku je fakt, ze tyto jazyky nejsou
schopny zdroje vytvdiet (jen je spotfebovavaji), coz
znamend, ze pomoci téchto jazyku jsme schopni pouze
resit problémy jako Hamiltonova kruznice v grafu, ¢i
tah jezdce, ale nejsme schopni Fesit problém dosazitel-
nosti znaceni v Petriho sitich ¢i planovaci problémy.

2 Vyvinut na UP Olomouc, RNDr. Arnostem Vecerkou
(http://www.inf .upol.cz/vecerka)



7 Emulace linearni logiky v Prologu

V mé diplomové préci [3] jsem navrhl linedrni logicky
programovaci jazyk SLLL, ktery byl zkonstruovén jako
preklada¢ do Prologu. Hlavni idea, kterou jsem pfi
konstrukei pouzil, byla takova, ze linearni fakty mohly
byt ulozeny ve specidlnim seznamu. Aby tento seznam
byl béhem vypoctu konzistentni, bylo zapotiebi pridat
ke kazdému pravidlu, které mélo co do ¢inéni z linear-
nimi fakty, dva parametry. Prvni parametr reprezento-
val seznam linearnich faktu, ktery vstupoval do pravi-
dla. Druhy parametr reprezentoval seznam linearnich
faktu, ktery vystupoval z pravidla. Vyhoda tohoto pti-
stupu je jednoduchost implementace a odolnost vuci
backtrackingu. Nevyhodou tohoto pfistupu je nizka
efektivita vypoctu.

Ptrestoze jazyk SLLL, obdobné jako diive zminéné
jazyky linearniho logického programovani, neni scho-
pen zdroje (linedrni fakty) vytvafet, da se idea se-
znamu linedrnich faktt vyuzit pii emulaci linedrni lo-
giky v Prologu. Spotiebovavani zdroju vyresime tak,
ze odstranime prislusny linearni fakt ze seznamu. Pti-
davani zdroju vyfesime tak, ze ptidame piislusny li-
nearni fakt do seznamu. Na dalsich fadcich bude uve-
dena emulace jen téchto operdtora (®,&,®,—o),
ostatni operatory linedrni logiky maji nizkou prak-
tickou vyuzitelnost. Emulace multiplikativni konjunk-
ce ® je velmi snadnd, nebot staéi misto ni pouzit kla-
sickou konjunkei, ktera je pfitomnd v Prologu. Addi-
tivni konjunkce & a additivni disjunkce @ se dé snadno
emulovat pomoci klasické disjunkce, rovnéz pritomné
v Prologu, jen v piipadé, ze se additivni disjunkce &
nachézi na levé strané implikace a additivni konjunkce
& na pravé strané implikace.®> Emulace linedrn{ impli-
kace je rovnéz snadnad, staci si jen uvédomit, ze na levé
strané implikace zdroje spotfebovavame a na pravé
strané implikace zdroje vytvatime.

Modifikace predchoziho pristupu je ta, ze seznam
linearnich faktu udrzujeme setfidény. Vyhoda tohoto
pristupu spoc¢iva v tom, ze pokud z tohoto seznamu
odebirame vice linedrnich fakt nardz, stac¢i nam pouze
jeden pruchod seznamu. Nevyhoda tohoto pfistupu
spociva v pridavani linedrnich fakta do seznamu, které
jiz nemuzeme provadét v konstantni slozitosti. Dalsi
nespornd vyhoda tkvi v tom, ze setfidéné seznamy
se daji porovnat v linedrni slozitosti, coz naptiklad
muzeme vyuzit k detekei cyklu (tj. pokud po prove-
deni nékolika kroku obdrzime stejny seznam linearnich
faktt, ktery jsme méli pied jejich provedenim).

3 Pokud bychom pouzili additivni konjunkci na levé strané
implikace, ¢i additivni disjunkci na pravé strané im-
plikace, museli bychom vypocet rozdélit do vice vétvi
a najit feSeni pro kazdou z téchto vétvi. Tento postup
je nejen komplikovany a ¢asové narocny, ale témér bez
nem3 praktické pouziti.
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8 Dalsi vyzkum

Ve svém dalsim vyzkumu se zaméfim na moznosti
vyuziti linearni logiky pti kédovani ruznych problému
a optimalizaci. Déale se zaméfim na moznosti vyuziti
stdvajicich linearnich logickych programovacich jazyku
pii FeSeni téchto problému a moznosti efektivni emu-
lace linearni logiky v Prologu. Nésledujici odstavce
predstavi mé plany budouciho vyzkumu detailnéji.

8.1 Kobdovani problému a optimalizaci
v linearni logice

V predchozich kapitolach jsem uvedl nékolik problému
a jejich kédovani v linearni logice. Hlavné planovaci
problémy se daji dobfe zakddovat v linearni logice.
Bohuzel ¢isté kédovani (bez optimalizaci) planovacich
problému nenf efektivni. Pouzitim vyse zminénych op-
timalizaci dosdhneme nezanedbatelné vétsi efektivity
vypoctu. V budoucnu se tedy zaméfim na to, jak za-
kédovat vice optimalizaci v linedrni logice, které nam
pomohou ziskat mnohem vétsi efektivitu vypoctu.

Dalsi problémy, které jsem v ¢lanku nezminil, jsou
rozvrhovaci problémy. V rozvrhovacich problémech
mapujeme néjaké aktivity na zdroje (které tyto akti-
vity muzou vykondvat) za urcitych podminek. Véfim,
ze linearni logika bude dobrym formalismem i pro roz-
vrhovaci problémy a proto budu studovat moznosti
jejiho vyuziti na tyto problémy.

8.2 Pouziti linearnich logickych
programovacich jazyku

Jak bylo uvedeno diive, vyhodou jazyku linedrniho
logického programovani je vysoka efektivita vypoctu.
Bohuzel tyto jazyky nejsou dostateéné silné pro feseni
takovych problému, ve kterych béhem vypoctu pii-
ddvdme zdroje (napf. pldnovaci problémy). Na dru-
hou stranu véiim, ze tyto jazyky budou vyuzitelné
pii feSeni rozvrhovacich problémt, ¢ jako podpurné
nastroje pii feSeni planovacich problému.

8.3 Emulace linearni logiky v Prologu

Jak bylo uvedeno difve, emulace linedrn{ logiky (hlav-
né jeji pottebné ¢dsti) v Prologu se dd udélat pomérné
jednoduchym zpusobem. BohuZzel tento piistup, i kdyz
je korektni, neni zatim pfilis efektivni. NejlepSich vy-
sledku zatim dosahuje metoda pouziti setfidénych se-
znamu linedrnich faktu s detekci cykli, ale tato me-
toda mé prilisnou spotiebu paméti. Na druhou stranu
jsem pfesvédcen, ze kdyby se povedlo vytvofit kni-
hovnu v Prologu, kterd by ndm zajisfovala efektivni
praci s linedrni logikou, vyrazné by to pomohlo pii
FeSeni problému s omezenym pocet zdroju.
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8.4 Pouziti temporalni logiky

Mozné rozsiteni linearni logiky je pfiddni temporalni
Logiky. temporalni logika je sama o sobé schopna ko-
dovat problémy, ve kterych se vyskytuje ¢asové uspo-
Fadani akci. Nicméné spojitost temporalni logiky s li-
nearni logikou nam zajisti vétsi efektivitu pii vypoc-
tech Feseni problému. Jiz existuji linedrni logické pro-
gramovaci jazyky s podporou temporalni logiky: LLTL
(jiz bylo zminéno) a TLLP (rozsiten{ jiz zminéného
LLP).

8.5 Lehka linearni logika

lehk4 linearni logika je modifikaci linedrni Llogiky, vice
v [5]. Motivac{ pro vznik lehké linedrni logiky bylo
snizeni slozitosti v dokazovani oproti standardni li-
nearni logice. V budoucnu se rovnéz budu snazit zjistit
vice o této varianté linearni logiky a jeji vyuzitelnosti
v kédovani problémi.

9 Zavér

Tento ¢lanek ukazal silu linearni logiky pfi modelovani
problému s omezenym poétem zdroju (napf. pléanovact
problémy). Vyhoda tohoto pfistupu tkvi v tom, ze
pokud dojde k vylepseni feSice linearni logiky, auto-
maticky se ndm zvedne efektivita feSenych problému
kédovanych v linearni logice. Piestoze soucasné fesice
(linedrni logické programovaci jazyky) nejsou dosta-
te¢neé silné na to, aby vyfesili planovaci problémy, vé-
iim, Ze povede-li se efektivné emulovat linearni logiku
v Prologu, budeme schopni dosahnout vysoké efekti-
vity pfi FeSeni problému kédovanych v linearni logice.

Podékovani

Vyzkum je podporovian Grantovou Agenturou Kar-
lovy Univerzity (GAUK) pod é&islem 326/2006/A-
INF/MFF.
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Asociativni paméti pro ukladani korelovanych vzora*
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Abstrakt. V nasem vgyzkumu jsme se zamérili na pro-
blematiku ukldddni a vybavovdni velkého mnoZstvi korelo-
vanych dat. Pro tuto oblast lze pouZit modely asociativnich
neuronovych siti. Standardni model asociativni paméti md
robustni vybavovaci schopnosti, avsak jeho nedostatkem je
relativné mald kapacita a poZadavek na ortogonalitu ukld-
danijch dat. V prazi je nutné zpracovdvat velké mmnoZstvi
dat a proto jsme se zamérili na modely sloZené z vice aso-
ctativnich paméti, které jsou uspordaddny do vice vrstev —
tzv. HAM modely. Nds puvodni model HAM1 jsme vylepsili
a navrhli model HAM2, kde asociativni paméti vytvareji
stromovou strukturu. KazZdd vrstva je rozdélena do dis-
junktnich skupin asociativnich paméti a kazdé skupiné od-
povidd jedna asociativni pamét v piedchozi vrstvé. Cldnek
porovndvd navrzené modely HAM1 1+ HAM2 a diskutuje
ziskané experimentdlni vysledky s ohledem mna zpracovdni
velkého mnoZstvi korelovanych dat.

1 Uvod

Predstavme si situaci, ze cestujeme krajinou, kde jsme
jiz predtim byli. Na konkrétnim misté obvykle vidime
jen nejblizsi okoli. Pokud se pohybujeme v jiz zndmém
prostiedi, pak jsme na zdkladé scenérie okolo nas
schopni vybavit si krajinu, kterou zatim nevidime, ale
vime, ze bude za chvili nisledovat (ve sméru naseho
dalstho putovani). Jsme tedy schopni vybavit si napf.
co je za nejbliz§im kopcem, co je za nejblizsi zatackou
atd. Na zdkladé vybavené krajiny muzeme vybavovat
vzdalenéjsi krajinu.

Pro proces vybavovani krajiny ve sméru dalsiho
pohybu je mozné pouzit princip navrzeny Fukushimou
a spol. [2]. Nejblizsi okoli, které z daného mista vidime,
predstavuje aktudln{ vzor (stojime v jeho stredu). Pfi
pohybu se aktudlni vzor posune tak, abychom byli
opét ve sttedu aktualniho vzoru. Posunutim vzoru po-
dle sméru naseho pohybu se v novém aktudlnim vzoru
objevi prazdnéa oblast. Prazdné ¢ast odpovida krajiné,
kterou jsme predtim nemohli vidét (napft. byla skryta
za zatdckou). Takto vytvofeny vzor (tzv. netplny
vzor) je predloZen asociativni paméti k vybaveni. Vy-
baveny vzor by mél mit doplnénou prazdnou oblast.
Jiné pristupy k vybavovani krajiny mohou byt zaloze-
ny napi. na kognitivnich mapéach [9].

* Tento vyzkum je podporovdn Vyzkumnym zdmérem
0021620838: Moderni metody, struktury a systémy in-
formatiky.

Pro jednoduché vybavovani krajiny je mozné pou-
7zt model standardni asociativni paméti [5]. Tento za~
kladni model vsak neni pfili§ pouzitelny pii vybavo-
vani rozsahlejsi krajiny a to hned ze dvou zasadnich
duvodu. Prvnim divodem je relativné maly pocet vzo-
ra, které Ize do modelu ulozit a nésledné je spravné
vybavit. Druhym davodem je fakt, ze neni zaruceno
spravné ulozeni a vybavovani korelovanych vzoru. Pro-
to jsme nas vyzkum v oblasti neuronovych siti zameérili
na modely Hierarchickych asociativnich paméti
(HAM), které jsme navrhovali s ohledem na zpracova-
ni velkého mnozstvi i korelovanych vzoru. Tyto mod-
ely se skladaji z libovolného poctu asociativnich pa-
méti uspofddanych do nékolika vrstev. N&s puvodni
model HAM1 (popsdn napf. v [7]) jsme rozsitili do
modelu HAM?2, kde asociativni paméti jednotlivych
vrstev jsou rozdéleny do disjunktnich skupin a vytva-
teji stromovou strukturu. Model HAM2 vyuzivé infor-
maci vybavenou v pfedchozi vrstvé k nalezeni asocia-
tivni sité ve vrstvé nasledujici. Oc¢ekavame, ze model
HAM2 bude mit lepsi vybavovaci schopnosti v porov-
nani puvodnim modelem HAMI1 a také se standardnim
modelem asociativni paméti.

2 Modely asociativni paméti

Standardni model asociativni paméti [5] je model neu-
ronové sité, kde jsou vSechny neurony soucasné vstup-
ni i vystupni. Neurony jsou mezi sebou propojeny po-
moci orientovanych vazeb. VSechny vahy vazeb jsou
symetrické a kazdy neuron je spojen se vSemi ostatni-
mi neurony. Vystupem sité je vektor vystupnich hod-
not v8ech neuronu asociativni paméti. Vahova matice
W asociativni paméti s n (n > 0) neurony je matice
W = (w;;) velikosti n x n, kde w;; znac¢i vdhu mezi
neuronem ¢ a j.

Pro uceni asociativni paméti lze pouzit tzv. Heb-
bovské uceni. Na pocatku procesu jsou vahy nastaveny
na nulové hodnoty. Po predlozeni trénovaciho vzoru
xb = (z¥,...,2%) dojde k adaptaci vah w;; podle vz-
tahu: w;i; «— w;; —i—xfm;“ i,j =1,...,m 1 # j. Vy-
bavovani asociativni sité je iterativni proces. V kazdé
iteraci je vybran neuron, ktery aktualizuje svij stav
(podle znaménka potencidlu neuronu). Neuron, ktery
nebyl vybran k aktualizaci, svij stav nemeéni. Lze uka-
zat, Ze asociativni paméf s asynchronni dynamikou
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(tj. vybér neuronu k aktualizaci ndhodny a nezavisly)
konverguje k lokdlnimu minimu energetické funkce [5].

Asociativni pamét predstavuje zakladni model,
ktery je mozné pouzit pro vybavovani ulozenych vzo-
ru. Sit je schopna vybavit i vzory, které jsou ,,ponice-
né“ nebo ,nedplné“. Nedostatkem asociativni sité je
jeji relativné mald kapacita (pfiblizné 0.15n, kde n je
dimenze uklddanych vzort [5]) a pozadavek na ortogo-
nalitu ukladanych vzoru. Vzory jsou ortogonalni, po-
kud jejich skalarni soucin je nulovy. V opa¢ném piipa-
dé nazveme vzory korelované. Ukladani korelovanych
vzoru miuze zpusobit problémy a dojde pravdépodobné
ke ztraté nékterych diive uloZenych vzoru, protoze tzv.
crosstalk (soucet skaldrnich soué¢int vzoru s ostatnimi
ulozenymi vzory) je nenulovy [1].

Existuje hodné modelu asociativni paméti, které
se snazi rozsitit standardni model asociativni paméti
s ohledem na zpracovéani korelovanych vzoru (napf. [3],
[4], [6]). Gutfreund [3] navrhl model, ktery se skldda ze
dvou asociativnich paméti - pro kazdou troven hierar-
chie jedna asociativni pamét. Prvni asociativni pamét
(AM1) ukladd vzory prvni irovné (tzv. vzory predki).
Druh4 asociativni pamét (AM2) pracuje se vzory dru-
hé drovné (tzv. vzory potomki). Gutfreundiv model
umi zpracovavat hierarchicky korelované vzory, ale je-
ho kapacita zavisi na parametru, ktery predstavuje
nejvetsi korelaci mezi vzory potomku [3]. Hirahara
a spol. [4] navrhli model Kaskddové asociativni paméti
(CASM), ktery je svoji strukturou velmi podobny
Gutfreundovu modelu. Rozdil spoc¢iva v ukladani tzv.
rozdilovych vzori do AM2 misto vzori potomki.
S rostouci korelaci vzoru potomku jsou rozdilové vzory
LIHd81* a zvySuji kapacitu modelu CASM. Bohuzel
vlastnosti celého modelu CASM jsou dany vlastnostmi
sité AMI1 a tedy celkova kapacita sité zustava omezena
kapacitou asociativni paméti AM1 (~ 0.15n) [4].

3 Model Hierarchické asociativni
paméti

Standardni asociativni pamét ma robustni vybavovaci
schopnosti, pokud pocet vzoru uloZzenych v siti je re-
lativné maly a ulozené vzory jsou ortogondlni (nebo
témér ortogonalni). V praxi je nutné pracovat s velkym
mnozstvim dat, kterd jsou témér vzdy korelovana.
Abychom se vyhnuli témto omezenim a bylo mozné
pracovat s libovolnym poc¢tem i korelovanych vzort,
navrhli jsme model tzv. Hierarchické asociativni pa-
meti (HAM). Model HAM byl inspirovan Gutfreun-
dovym modelem [3] a modelem Kaskddové asociativni
paméti [4]. Bohuzel oba tyto modely jsou tvoreny jen
dvéma asociativnimi pamétmi ve dvou vrstvach. Z to-
hoto duvodu jsme se rozhodli navrhnout model HAM,
ktery bude vyuzivat vétstho poc¢tu asociativnich pa-
méti uskupenych do vrstev. Timto zpusobem bude

mozné ulozit témeér libovolny pocet vzoru a pozada-
vek na ortogonalitu vzoru nebude nutny. Korelované
vzory budou ulozeny do ruznych asociativnich paméti
na téze vrstve.

Hierarchickd asociativni pamét H s L (L > 0) vrst-
vami je uspordadand L-tice H = (My,...,My), kde
My, ..., My, jsou koneéné neprazdné mnoziny asocia-
tivnich pameéti (tzv. lokdln{ asociativn{ pameéti); kazda
z lokdlnich asociativnich paméti m4 stejny pocet neu-
rona n(n > 0). Mnozina My, (k=1,...,L) se nazyva
vrstva hierarchické paméti H. |Mj| znaci pocet lokél-
nich asociativnich paméti ve vrsté My (k=1,...,L).
Trénovaci mnozina T hierarchické asociativni pamé-
ti H je uspoiddand L—tice T = (T1,...,Tr), kde T},
(k=1,...,L) je koneénd neprazdnd mnozina trénova-
cich vzoru pro vrstvu Mj,. Zékladni struktura HAM—
modelu (HAM1 i HAM2) je zobrazena na obriazku
1. V dalsim textu se detailné zaméiime na strukturu
a ¢innost modelu HAM2. Popis modelu HAM1 je moz-
né najit napt. v [7].
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Obrazek 1. Struktura Hierarchické asociativni paméti.

3.1 Model HAM?2
Zakladni odliSnost modelu HAM2 od modelu HAM1

spociva ve stromové struktufe lokalnich asociativnich
paméti. Lokalni asociativni paméti kazdé vrstvy jsou
uspoiradany do disjunktnich skupin. Kazda skupina
lokalnich asociativnich paméti ptislusi jedné asocia-
tivni paméti v predchozi vrstvé. Model HAM?2 sdru-
Zuje asociativni paméti do skupin podle informace
v piredchozi vrstvé. Stromova struktura modelu HAM?2
je zachycena na obréazku 2.

Pro uéeni modelu HAM2 jsme navrhli tzv. dyna-
micky algoritmus uceni. Jednotlivé vrstvy M, ..., My,
jsou uceny postupné. Pii uceni vrstev se vyuzivaji jiz
naucené piedchozi vrstvy. Trénovaci vzory z mnoziny
Ty (k = 1,..,L) jsou ulozeny do lokdlnich asocia-
tivnich siti vrstvy M. Béhem uceni vrstvy My (k =
1,..., L) jsou trénovaci vzory vybirdny z piislusné tré-
novaci mnoziny Ty sekventné a pfedkladany vrst-
vé Mk



Obrazek 2. Stromové struktura modelu HAM2 s L vrst-
vami M1, . .,ML.

Uceni jednoho trénovacitho vzoru a z trénovaci
mnoziny Ty, vrstvy My se skldda ze dvou kroku. Nej-
prve je vzor x vybaven jiz naucenymi vrstvami My, . . .,
My_1 (podle algoritmu vybavovani popsaného déle
v textu). Vystup posledni dosud naucené vrstvy My_;
poskytne informaci, do které skupiny vrstvy M) tré-
novaci vzor x patii. Nalezenou skupinu ve vrstvé My
oznac¢ime kS. Vzor & bude ulozen v nékteré z lokalnich
asociativnich paméti skupiny *S vrstvy Mj. V druhém
kroku probihd jiz vlastni ulozeni vzoru @ do lokélni
asociativni pameéti skupiny %S. Vzor x je ulozen do
takové lokalni asociativni paméti skupiny *S vrst-
vy My, kde vzor x (resp. jeho ,zasumény“! obraz)
bude po nauceni spravné vybaven. Je-li nalezena poza-
dovand lokalni asociativni pamét, vzor x je ulozen do
této lokalni sité. Neni-li nalezena zaddnd takova lokal-
ni asociativni pamét, dojde k dynamickému vytvoreni
nové lokalni asociativni paméti. Nové vytvorena lokal-
ni asociativni pamét se pfida do skupiny *S vrstvy M;,
a vzor x je ulozen do nové piidané sité skupiny *S.

Béhem procesu vybavovani je na vstup modelu
HAM2 predlozen vzor x. Predlozeny vzor x je vstup-
nfm vzorem prvn{ vrstvy M; (tj. £ ='x). V kazdém
kroku k (1 < k < L) je vrstvé My predlozen vzor
kz a informace o mnoziné kS, kam vzor *z ve vrstve
M, patif (v pifpadé prvnf vrstvy mnozina 1S zahrnuje
vSechny asociativni{ paméti prvni vrstvy). Poté zacne
proces vybavovani vzoru ¥z ve vrstvé M. Po skonéeni
procesu vybavovani ve vrstvé My je vystupem vrstvy
vzor Fy, ktery predstavuje odezvu vrstvy na piedlo-
zeny vstup Fx. Vystup Fy je zkombinovén s vystu-
pem *~1y z predchozi vrstvy Mj_; a vytvoif se vstup
k+lx do dals vrstvy My 1. Vystup posledni vrstvy
M, zkombinovéan s vystupem “~ly vrstvy My, _; pred-
stavuje vystup y celého modelu. Schéma procesu vy-
bavovani je zobrazeno na obrazku 3. Symbol ,,®* v ob-
razku 3 reprezentuje funkci, kterd vytvoii vstup do
dalsi vrstvy (v na$i implementaci modelu HAM2 je
pouzita funkce vypoctu rozdilového vzoru).

Nyni popiSeme proces vybavovani
ve vrstvé My detailngji. Vystup z pfedchozi vrstvy

vzZoru kiB

! vzor, ve kterém ndhodné vybrané prvky zmén{ svoji hod-

notu
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Obrazek 3. Proces vybavovani v modelu HAM2.

M;._, poskytne informaci, do které skupiny *S vrstvy
M;, vstupni vzor *x patif. Poté je vstupni vzor Fa
pfedlozen vSem lokalnim asociativnim sitim skupi-
ny kS, které spoctou sviij vystup Fy; (i =1,...,|*S]).
Vystup *y vrstvy My, je definovan jako vystup, ktery
je ,nejpodobnéjsi“ vstupnimu vzoru *z, tj.

Fy = max {podobnost(*x,* y;) i =1,...,|"S|}

(obrdzek 4). V experimentech pouzivdime Hammin-
govu vzdélenost jako miru podobnosti vzoru, ale je
mozné pouzit i jiné miry podobnosti. Vystup *y vrst-
vy M}, je zkombinovan s vystupem pfedchozi vrstvy
M., a tak je vytvoren vstup do dalsi vrstvy Myyq.

F— 4 S
3 - “.‘J"" e Padabnost ,?J'
: . s
H o /

[

vistva My

Obrazek 4. Schéma vybavovani ve vrstvé My v modelu
HAM2.

3.2 Vlastnosti modelu HAM?2

Model HAM2 je tvoren lokdlnimi asociativnimi pamét-
mi, které jsou uspoiddany do vrstev a skupin. V mode-
lu HAM2 neni nutné dopfedu znat pocet lokédlnich aso-
ciativnich paméti v jednotlivych vrstvach a skupinach.
Béhem procesu uceni jsou lokalni asociativni paméti
dynamicky pfidavany do odpovidajicich vrstev mo-
delu. Na zacatku uceni muze byt v kazdé vrstvé jen
jedina skupina s jedinou lokalni asociativni siti. Poca-
teéni struktura modelu HAM?2 tak tvoii cestu (degene-
rovany strom). Ostatn{ lokdln{ sité jsou priddvény do
jednotlivych vrstev dynamicky béhem procesu uceni
na zakladé zpracovavanych dat. Vysledny pocet lokal-
nich siti i jejich usporddani do skupin zavisi na poctu
a tvaru ukladanych dat. Pfed procesem uceni modelu
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HAM2 je nutné zndt pouze pocet vrstev (tj. znalost
zdkladni struktury dat).

Dynamicky algoritmus uc¢eni modelu HAM?2 pou-
ziva jednoduchou heuristiku na nalezeni lokdlni aso-
ciativni paméti pro ulozeni pfedlozeného vzoru. Vzor
zustane ulozen v lokalni siti odpovidajici skupiny, kde
je prave ukladany vzor (popf. jeho ,,zagumény*“ obraz)
korektné vybaven. Pti pouziti této metody uceni vsak
nejsme schopni nic fici o tom, jak se po ulozeni nového
vzoru budou vybavovat diive ulozené vzory.

Prostorova slozitost lokalni asociativni paméti
s n neurony odpovidd n(n — 1)/2 (vdhovd matice ve-
likosti n X n je symetrickd s nulovou diagondlou). Ma-
ximélni kapacita jedné lokalni paméti v modelu HAM2
je omezena vztahem ¢ = 0.15 - n - ¢ (viz Kapitola 4.1).
Pro ulozen{ p vzoru je potteba p/q lokdlnich asocia-
tivnich paméti v modelu HAM?2 pii maximélnim vy-
uziti kapacity g kazdé lokalni sité.

Casova slozitost procesu ulozeni jednoho vzoru do
lokdlni asociativni paméti odpovidd zméné kazdého
prvku pifslusné vahové matice (tj. n(n — 1)/2). Pro-
ces vybavovani v lokalni asociativni paméti je itera-
tivni proces a v nejhorsim piipadé méa exponencialni
slozitost [8]. Avsak v praxi obvykle proces vybavovan{
konverguje velmi rychle [8]. Procesy vybavovan{ v lo-
kalnich sitich téze vrstvy mohou bézet paralelné. Slo-
zitost procesu vybavovani v modelu HAM?2 je zavisla
na poctu vrstev a dobé vybaveni v lokdlni paméti.

4 Experimentalni vysledky

Jedna z nejdulezitéjsich vlastnosti neuronovych siti je
jejich schopnost vybavovat. Pfi pouziti modelu HAM?2
(napf. pti vybavovani krajiny) jsou nezbytné robustni
vybavovaci schopnosti modelu s ohledem na: 1. vy-
bavovéni ulozenych vzoru a 2. vybavovani nedplnych
vzoru. Experimenty jsou zaméfeny na vySe uvedené
vlastnosti. Experimentdlni vysledky jsou srovnény
s puvodnim modelem HAMI1 i standardnim modelem
asociativni paméti.

V nasich experimentech se omezime na dvouvrstvy
model HAM2 (resp. HAM1) a tedy na dvouvrstvou
hierarchii dat. Vzory predklddané prvni vrstvé jsou
tzv. vzory predku. Vzory zpracovavané druhou vrst-
vou jsou tzv. vzory potomku. Duvodem pro volbu této
hierarchie byla jednoduchad geometricka interpretace
dvouvrstvé hierarchie dat. Muzeme predpokladat, ze
vstupni data jsou uskupena do shluki. Vzory predku
mohou reprezentovat jednotlivé shluky (napf. stiedy
shluku) a vzory potomku pak vlastni data. Vzory po-
tomku jednoho shluku jsou podobné (korelované) vzo-
ru predka, ktery lezi uprostied tohoto shluku
dat. Struktura dvouvrstvé hierarchie dat je zachycena
na obrazku 5. Zobecnéni struktury dat do libovolného
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Obrazek 5. Dvouvrstva hierarchie dat.

poctu vrstev je primocaré, avSak geometrickd inter-
pretace vicevrstvé struktury dat nemusi byt snadnd
(v budoucnu plédnujeme provést experimenty i pro vétsi
pocet vrstev). Pro zlepSen{ rozpozndvacich schopnosti
modelu druha vrstva nepracuje pfimo se vzory po-
tomku ale s tzv. rozdilovymi vektory. Rozdilové vzory
obsahuji pouze informaci o rozdilu mezi vzorem po-
tomka a odpovidajicim vzorem predka.

Vzory predku jsou ulozeny do prvni vrstvy mode-
lu. Pii uCeni vzoru potomku je pro kazdy vzor po-
tomka nalezen jeho odpovidajici vzor pfedka (napf.
vybavenim v jiz nauéené prvni vrstvé modelu HAM?2).
Na zakladé predlozeného vzoru potomka a nalezeného
vzoru predka je vytvoien rozdilovy vzor a ulozen do
druhé vrstvy modelu. Druhd vrstva modelu HAM?2
je tvofena skupinami lokalnich asociativnich paméti.
Kazda skupina je odpovédnd za vybaveni téch jen roz-
dilovych vzoru, které ptislusi odpovidajicimu vzoru
predka v prvni vrstve.

Pii vybavovani je vstupni vzor predlozen prvni
vrstvé modelu HAM2. Prvni vrstva vybavi odpovida-
jici vzor predka (tj. detekuje shluk, do kterého vzor
patii). Na zdkladé vybaveného vzoru predka a pted-
lozeného vstupniho vzoru je vytvoren rozdilovy vzor.
Tento rozdilovy vzor je propagovan do druhé vrstvy
k vybaveni. Soucasné se vyuzije informace o vyba-
veném vzoru predka k nalezeni odpovidajici skupiny
lokalnich asociativnich siti v druhé vrstvé. Tato skupi-
na lokdlnich siti vybavi rozdilovy vzor. Vystup modelu
HAM2 je vytvoren kombinaci vybaveného rozdilového
vzoru v prislusné skupiné druhé vrstvy a vybaveného
vzoru predka (operace inverzni k operaci vytvofeni
rozdilového vzoru).

Pro experimenty bylo vytvofeno 100 sad ndhodné
vygenerovanych vzoru o rozmérech 15 x 15 prvku. Kaz-
d4 sada dat obsahuje 100 bipoldrnich vzoru (tj. vzory,
které jsou tvofeny jen hodnotami +1 nebo —1). Kazdy
experiment pracuje s jednou sadou dat (nezdvisle na
ostatnich). V experimentech jsou testovany relativné
malé vzory. Duvodem pro tuto volbu je nutnost pro-
vést velké mnozstvi experimentt, aby bylo mozné ana-
lyzovat vlastnosti modelu HAM2 (v porovndni s mo-
delem HAMT1). Bylo provedeno také nékolik experi-
menta s vétsimi daty (75 x 75) a vysledky byly srov-
natelné. S opakovanym provadénim experimentu sou-
visela i volba ndhodné generovanych vzortu. Nahodné



generované vzory jsou snadno dostupné a pro ovéreni
vlastnosti modeli postacujici.

I kdyz jsou data nahodné vygenerovana, je pravdé-
podobné, ze vzory budou korelované (skaldrni souéin
dvou ndhodné generovanych bipolarnich vzoru typicky
neni nulovy). Proto z kazdé sady dat jsou vybrény
vzory s nejmensi kumulativni korelaci s ostatnimi vzo-
ry a tyto vzory predstavuji vzory predku. Zbylé vzory
tvori vzory potomku. Pro analyzu vysledku zavedeme
parametr r, ktery urCuje pomér poctu predki ku poctu
potomku v dané sadé dat (napf. r = 1 odpovid4 sadé
dat s 50 vzory predku a 50 vzory potomku).

4.1 Vybavovani ulozenych vzoru

Nejprve analyzujeme schopnosti modelu HAM2 vy-
bavit ulozené vzory a vysledky porovname s puvodnim
modelem HAM1 i standardnim modelem asociativni
paméti. V prvnim experimentu zjistime procento vzo-
ru, které jsou v modelu HAM2 uloZeny spravné
(tj. sprdvné vybaveni ulozenych vzoru). Vzor je vy-
baven spravné, pokud se zcela shoduje s puvodnim
vzorem (tj. zddny prvek vzoru neni vybaven s chy-
bou).

Definujeme tzv. kapacitni koeficient ¢ redukujici
maximdélni pocet vzoru, které je mozné ulozit do lo-
kalni asociativni paméti. Maximélni kapacitu ¢ lokdlni
asociativni paméti definujeme vztahem:

q=0.15-n-c.

Pro standardni asociativni pamét nabyvéa kapacitni
koeficient ¢ hodnoty 1. Se snizujicimi se hodnotami
koeficientu ¢ klesd maximdlni kapacita lokdlnich siti
a zlepsuji se schopnosti modelu rozpoznat ulozené vzo-
ry. Ziskané vysledky modelu HAM?2 jsou shrnuty na
obrazku 6. Stejné experimenty jsou provedeny i pro
puvodni model HAMI1. Ziskané vysledky modelu
HAM1 jsou zachyceny na obrazku 7.

Na obrazcich 6 i 7 je zobrazen prumérny pocet
vzoru, které jsou vybaveny spravné. Pro ¢ < 0.5 jsou

Obrazek 6. Procento korektné vybavenych trénovacich
vzoru modelem HAM?2 s ohledem na kapacitni koeficient ¢
a parametr 7.
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Obrazek 7. Procento korektné vybavenych trénovacich
vzoru modelem HAMI s ohledem na kapacitni koeficient ¢
a parametr 7.

vysledky podobné v obou modelech (nezavisle na zvo-
lené hodnoté parametru r) a vice nez 97% ulozenych
vzoru je spravné vybaveno. V téchto piipadech je ka-
pacita jednotlivych lokalnich asociativnich paméti re-
lativné mald a k ulozeni vSech trénovacich dat je potie-
ba vétsiho poctu lokalnich siti. Kdyz ¢ < 0.5, stromova
struktura modelu HAM2 zplsobi nepatrné zlepseni
vybavovacich schopnosti. S rostoucim koeficientem ka-
pacity ¢ je rozdil mezi HAM2 a HAM1 vice zietelny.
Vétsi hodnoty parametru r odpovidaji vétsimu poctu
vzoru predku a tedy vétsimu poctu lokédlnich asocia-
tivnich paméti v prvni vrstvé. Zde se vyuzije stromova
struktura modelu HAM2 a model ma lepsi vybavovaci
schopnosti (oproti modelu HAM1).

Stejné experimenty jsou provedeny i pro standard-
ni model asociativni paméti. Protoze pocet uklada-
nych vzoru piesahuje teoretickou kapacitu modelu [5],
standardni model asociativni paméti nevybavi zadny
ulozeny vzor spravné. Ulozené vzory jsou navic ko-
relované a tak béhem uceni dochdzi k poskozeni diive
uklddanych vzoru a nésledné nemoznosti rozpoznat
ulozené vzory.

4.2 Vybavovani neaplnych vzoru

V dalsich experimentech se zaméiime na vybavovaci
schopnosti s ohledem na vybavovéani{ netplnych vzoru.
Experimenty provedeme pro modely s kapacitnim ko-
eficientem ¢ = 0.7 a parametrem r = 1. Vytvotime
tFi skupiny netplnych vzoru, které obsahuji 13%, 256%
a 36% nezndmych prvku ve vzoru. Velikost nezndmé
oblasti odpovida diagonalnimu posunu vzoru o 1, 2
nebo 3 body (tj. kazdy prvek vzoru se posune o 1, 2
nebo 3 body v daném diagondlnim sméru). V expe-
rimentech uvazujeme 4 druhy netdplnych vzoru podle
sméru posunu: \,, /', ., a \. V praxi jsou mozné
i dalsi sméry. Experimenty jsou provedeny oddélené
pro jednotlivé sméry posunuti a vysledek odpovida
prumeérné hodnoté pro danou velikost neznamé oblasti.

Analyzujeme vybavovaci schopnosti modelu s ohle-
dem na velikost netuplné oblasti vzoru. Se zvétsujici
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se neznamou oblast{ vzoru klesa vybavovaci schopnost
modelu. V ptedchozich experimentech jsou uvazovany
jen vzory, které jsou vybaveny zcela spravné. Tento
pozadavek je piilis silny. V praxi nemusi byt vzory
vybaveny zcela spravné (tj. malé procento chybné vy-
bavenych vzoru je piipustné). Vysledky vybavovan{
neuplnych vzoru v zdvislosti na velikosti posunuti
a pripustné chybé jsou zachyceny na obrazku 8.

Plipustna Posun 1 Posun 2 Posun 3
chyba | HAM2 | HAM1 | HAM2 | HAMI | HaM2 | HAM1
0% | 54% | 53% | s51% | s0% | 48% | 47%
1% | 59% | 58% | 53% | 5% | 51% | 50%
2% | B4% | 63% | §5% | 54% | 52% | 50%
3% | 68% | 67% | 7% | 56% | 53% | 51%
4% | 73% | 72% | 60% | 50% | 55% | 52%
5% | 76% | 75% | 62% | 61% | 56% | 54%
10% | 100% | 100% | 72% | 70% | 63% | eowm
Obrazek 8. Pocet nedplnych vzoru  vybavenych

s pfipustnou chybou.

V piipadé vybavovani netplnych vzori model
HAM2 vykazuje lepsi vybavovaci schopnosti, avsak
rozdily jsou jen velmi malé. Kdyz je pripustna chy-
ba 5%, pak model HAM2 m4 relativné robustni vy-
bavovaci schopnosti (76%) pro 13% nezndmych prvka.
Vsechny experimenty pro modely HAM2 i HAM1 byly
provedeny opakované na jednotlivych sadach vzoru
a sady dat byly pro oba modely vzdy stejné. Tabulky
a grafy zachycuji stfedni hodnotu ziskanych vysledku
(a tedy v sobé nesou variabilitu dat).

Stejné experimenty jsou provedeny i pro standard-
ni asociativni pamét. Vzhledem k tomu, Ze standardni
asociativni pamét neni schopna vybavit ulozené vzory
spravné, pak ani zddny neuplny vzor neni vybaven
spravné. Pokud je piipustné malé procento chyby vy-
baveni, pak nékteré vybavené fantomové vzory jiz pad-
nou do pripustného procenta chyby.

Teorie tikd, ze s kazdym ulozenym vzorem si aso-
ciativni pamét zapamatuje také jeho inverzni vzor.
V nasich experimentech tato skute¢nost neni nijak zo-
hlediiovéna. Tedy je mozné, ze nékteré netplné vzory
jsou vybaveny jako inverzni (a tedy jsou detetovany
jako chybné vybavené). Pokud bychom detekovali tyto
piipady, pak by mohlo dojit k dalsimu zlepseni vy-
bavovacich schopnosti modelu.

5 Zavér

N&s vyzkum v oblasti neuronovych siti je zameéfen
na zpracovani velkého mnozstvi (korelovanych) vzort.
N&s puvodni model HAM1 jsme vylepsili a navrhli

model HAM?2, kde asociativni paméti vytvareji stro-
movou strukturu a kazda vrstva je rozdélena do dis-
junktnich skupin asociativnich paméti. Provedené ex-
perimenty ukazuji, ze model HAM2 m4 relativné ro-
bustni vybavovaci schopnost. V tomto ¢lanku byly po-
rovnany vlastnosti modelu HAM2 s modelem HAM1
a se standardnim modelem asociativni paméti. Nicméné
pro redlné aplikace (napf. rozpozndvani krajiny) je
nutné dale zlepsit vybavovaci schopnosti nasich mo-
delt HAM.

V soucasné dobé pracujeme na porovnani nasich
modelu také s modelem CASM (Hirahara a spol.) a pfi-
padné s dalsimi modely asociativnich paméti. Také je
nezbytné provést experimenty pro vétsi pocet vrstev
a zjistit zavislost sité na velikosti korelace vzoru. Pii
uklddani vzoru pozadujeme, aby po ulozeni dalsiho
vzoru nedoslo k poniceni ¢i zapomenuti diive uloze-
nych vzoru. V soucasné implementaci byla pouzita
jednoduché heuristika, kterd v§ak vyse uvedeny poza-
davek nezarucuje. Do budoucna je nutné vylepsit algo-
ritmus uceni a nalézt sofistikovanéjsi metody uceni,
které dale zlepsi robustnost modelu.
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Segmentace vét pomoci Sablon*
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Abstrakt Jednim z problémi syntaktické analyzy vét pri-
rozeného jazyka je jeji uspésnost klesajici s rostouci délkou
véty. Jednim ze zpisobu, jimzZ se ruzni autori pokouseji
tento problém resit, je délent véty na cdsti-segmenty, které
by bylo mozné analyzovat oddélené.

Tento text ukazuje zpusob, jak pomoci Sablon vét ziskat
rozdéleni vét na segmenty spolu s hranamsi tvoricimi kostru
vety. Text popisuje myslenku a uvddi vysledky provedenych
experimenti.

1 Uvod

Jednim z problému syntaktické analyzy vét pfirozené-
ho jazyka je to, Ze tispéSnost analyzy klesa s rostouci
délkou véty.

Vedle toho, ze spolu s délkou véty roste pocet moz-
nosti, jak zapojit dané slovo, muze byt pti¢inou i lokdl-
ni charakter informaci v popisech jazyka. Slovo lokaln{
pritom nevztahujeme jenom k povrchové vzdéalenosti
slov ve vété, ale i k vzdalenosti ve stromé méfené
poctem hran.

Ptitom nezalezi na tom, zda jsou tyto informace
vytvéafeny lidmi nebo extrahovény z korpusii; at ana-
lyzator pouziva gramatiku, informace o moznych hra-
néach, n-gramy nebo posloupnost operaci vedouci k vy-
tvotreni nebo preskupeni stromu, tyto informace vzdy
berou do uvahy jen ur¢itou Cdst analyzované véty
a z toho plynou potize pii zapojovani dlouhych hran.

Z podobnych duvodu je tézké spravné urceni role
symbolt, jako jsou napiiklad ¢arky.

Tyto problémy se néktefi autofi ([3], [4]) snazi od-
stranovat rozdélenim véty pomoci vyznacénych slov
(delimitert) na ¢asti-segmenty, které by bylo mozno
analyzovat oddélené. Problémem ovSem zustava zjis-
téni postaveni jednotlivych segmentu v ramci véty,
stejné jako vice moznych vyznamu nékterych delimi-
teru (opét napifklad ¢érka).

2 Prazsky zavislostni treebank

Véty uvadéné jako piiklady v tomto textu, a véty
pouzité jako vstupni data popisovanych experimentu
pochézeji z Prazského zdvislostnitho treebanku,
PDT 2.0, http://ufal .mff.cuni.cz/pdt2.0.

* Tato prace byla podporovéna grantem ,Informaén{
spole¢nost “ pod projektem 1ET100300517.

Prazsky zavislostni treebank, byl vyvinut Usta-
vem formalni a aplikované lingvistiky a Cen-
trem komputa¢ni lingvistiky University Karlovy
(viz http://ufal.mff.cuni.cz/

a http://ckl.mff.cuni.cz/ nebo [1]).

3 Sablony vét

N4&s piistup se pokousi fesit problém lokality znalosti
o jazyku a zaroven problém segmentace a role jedno-
tlivych segmentu ve vété. Ukazuje se navic, ze muze
otevirat i nové moznosti v syntaktické analyze vét.

Zakladni princip je podobny principu island gram-
mars popsanych v [6]. Vychdzime z toho, ze néktera
slova ve vété maji pro hledani struktury véty vétsi
vyznam nez ostatni. Takovym slovum budeme fikat
milniky a v prvnim kroku analyzy véty si jinych slov
nebudeme vsimat.

Ktera slova budou patfit mezi milniky, je otdzka na
dalsi zkoumani, v soucasné dobé mezi milniky zahrnu-
jeme slovesa, rozliSend druhym znakem morfologické
znacky (subPoS) a tim, zda jde o tvar slovesa ,byt“,
déle interpunkéni znaménka, zavorky, uvozovky, spoj-
ky, slovo ,se® a slova uvozujici vedlejsi véty (kdyz, ze,
pokud...).

Kdyz z analyzované véty ponechame pouze milni-
ky, pricemz slovesa nahradime prvnimi dvéma znaky
morfologické znacky a pfidanym pismenem ,,b“ u tva-
ru slovesa ,,byt“, ziskdme Sablonu véty.

Napiiklad predchozi véta by méla sablonu (jednot-
livé prvky oddélujeme znakem ,—*):

Kdy#—VB—,—pfiéemz—VB-a—"—"—"—Vfb—"——VB-—.

Detekei milnikt ziskdme rozdéleni vét na Césti, ta-
to Sablona ndm navic davéa docela presnou predstavu
o postaveni a roli jednotlivych segmenti (ve smyslu
¢ésti oddélenych ¢érkami): rozpozndvame vétu hlavni
v poslednim segmentu, vedlejsi vétu na zacdtku
a vsuvku uprostied.

4 Kostricky

Jdeme ovsem jesté dal a na trénovaci ¢asti treebanku
se naucime, jak jsou u jednotlivych Sablon milniky pro-
pojeny hranami.
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Tato informace nemusi byt jednoznacnd, i kdyz
shoda je hodné vysoka. Béhem prochazeni vét trénova-
ci mnoziny vzdy uré¢ime milniky, tim ziskdme Sablonu
véty a poznamename si zpusob zapojeni hran mezi
milniky, pro kazdou sablonu zvl4st.

Po zpracovani celé trénovaci mnoziny jsou pro kaz-
dou Sablonu vét vyhodnoceny vSechny pozorované
zpusoby zapojeni milniku a je uréena pro kazdy milnik
takova hrana k fidicimu uzlu, ktera se vyskytla nejvi-
cekrat. Vyslednému grafu fikdme kostricka véty.

Kostficka ovSsem nemusi byt strom, hrany, které
ve zkoumanych vétach trénovaci mnoziny vedly jinam
nez do milniku, také evidujeme a pokud v zédvere¢ném
vybirani hran pro milnik ziskaly pfevahu, pozname-
name si zvlastni hodnotu zavislosti udavajici, ze pro
tento milnik nemame zddnou hranu.

Pro kazdy milnik potom muZeme spocitat, jaky je
podil cetnosti vybrané nejcastéjsi zavislosti na vsech
zavislostech pro tento milnik vyskytujicich se ve vSech
nalezenych vyskytech stejné Sablony. Prumér takto
zjisténych podilu nazyvame mira jednoznacnosti Sab-
lony a kostficky.

Krom toho vime, kolikrat celkem se ktera sablona
véty vyskytla v trénovaci mnoziné, tento 1idaj nazy-
vame cetnost Sablony.

Zavislosti milniku dédle budeme zapisovat jako fe-
tézce obsahujici na i-té pozici ¢fslo milnfku (v uve-
denych prikladech toto ¢islo nebude vétsi nez 9) nad-
fizeného i-tému milniku, '0’ pro milniky zavésené na
umély kofen véty, pripadné ’?’, pokud pro tento milnik
nemame hranu.

Napriklad véta

V pripadé, Ze se medovoldte pres den, vytocte
¢islo wve wvecernich mnebo mnocénich hodindch
a svuj dotaz namluvte na telefonni zdznamnik.

mé Sablonu
,—ze—se—VB—,—Vi-nebo—a—Vi-.
a zavislosti milnika
2742287080

Jeji kostficka by potom vypadala takto (¢tverecky
znézornuji milniky, ztzené obdélniky ostatni slova):

5 Co délat s kostrickami, kdyz je
mame

Veskeré pouziti kostficek muzeme parametrizovat po-
zadavky na miru jednoznacnosti a cetnost a tim tidit
volbu mezi recall a precission.

10 b

L]
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Obrazek 1.
nebo—a—Vi—.

Kostticka Sablony ,—ze—se—VB—,—Vi—

5.1 Hrany kost¥icek

Nejjednodussi moznost pouziti sablon vét a jejich kos-
t¥icek nijak nesouvisi s myslenkou segmentu a spocivé
prosté v tom, ze hranami z kostticek budeme piepiso-
vat vysledky jiného analyzatoru.

Uspéénost zapojeni hran kostficek je pomérné vel-
k& (viz déle) a tak mdme nadéji, ze Uspésnost ana-
lyzatoru i timto jednoduchym zptsobem zlepsime.
K syntaktickému analyzatoru tedy ptidame krok,
v némz hranami ze znamé kostiicky nahradime hrany
se stejnym zavislym ¢lenem.

Dosavadni vysledky:

Popsany postup jsme zkusili na vystupech ti{ ana-
lyzatoru: nas history-based zdsobnikovy analyzétor
popsany v [2] jako R2L, nestatisticky Zabokrtského
analyzator také popsany v [2] a McDonalduv statis-
ticky analyzator popsany v [5].

Pokud jenom u uzla, které maji svuj protéjsek
v kostfic¢ce, nahradime tdaj o jejich #idicim ¢lenu ida-
jem z kostficky (to znamend ze nefesime, zda vysledné
hrany tvoif strom!), zmén{ se Uspésnost analyzdtoru
tak, jak ukazuje Tabulka 1.

Holan Zabokrtsky McDonald

ptuvodn{ tuspésnost 73.99%  76.06% 84.24%
po opravé 74.45%  76.13% 84.27%
zlepSeni +0.46% +0.07%  +0,03%

Tabulka 1. ZlepSeni uspésnosti analyzatoru prostym
pfevzetim hran z kostficek.



5.2 Strecha

Dalsi moznost pouziti kostticek je sofistikovanéjsi. Jeji
zékladni myslenkou je, ze znamé hrany, konkrétné ty
pripojené az ke spolecnému piredkovi, omezuji mnozinu
moznych fidicich ¢lent a tim i hran pro dosud neza-
pojena slova.

Uved'me piiklad:
Vezméme si jiz vyse citovanu vétu z PDT

V pripadé, Ze se medovoldte pres den, vytocte
¢islo wve wvecernich nebo mnocénich hodindch
a svuj dotaz namluvte na telefonni zdznamnik.

Sablona této véty je
,~—ze—se—VB—,—Vi-nebo—a—Vi-.
a hrany jeji kostficky
2742287080

[
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Obréazek 2. Omezeni moznych hran stiechou.

Kdyz bude analyzator hledat fidici uzly pro do-
sud nepfipojend slova ,pres“ a ,den® (v obrazku jim
odpovidaji zvyraznéné obdélnicky), potom, za pred-
pokladu, ze je kostticka spravné a pokud neuvazujeme
neprojektivni hrany, pripadaji krom téchto dvou slov
samych v 1vahu jediné slova ,ze“, ,nedovolate*
a carka.

Hrandam takto vymezujicim mozné tidici ¢leny pro
urcitou mnozinu slov budeme fikat strecha.

Maéme-li slova, pro néz hledame fidici ¢len, obklo-
pena zleva i zprava milniky, je stfecha tvofena uzly
na cesté od milniki ke kofeni stromu, az po prvni
spoleény uzel téchto cest. V piipadé, ze obklopujici
milniky nemaji v Kkostticce spoleény nadfizeny uzel,
zkusime postupné pouzit pro urceni stfechy vzdale-
néjsi milniky (viz Obrazek 3).
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Obrazek 3. Stiecha pii preskoceni nezapojeného milniku.

6 Kvantitativni tidaje

Na trénovaci mnoziné PDT 2.0 bylo nalezeno celkem
456 sablon, které se vyskytly alespon desetkrat, tyto
Sablony pokryvaji pres 40 procent vét.

Nékolik piikladi ze seznamu setiidéného podle
poctu opakovéni v trénovaci mnoziné (pofadi, pocet,
procentn{ zastoupeni a souet procent):

1 2434 3.83% 3.83), VB-.-

2 2384 3.76%, T7.59% Vp-.-

3 1061 1.67% 9.26% VBb-.-

4 835 1.32% 10.58% VB-

5 754 1.19% 11.77% .-

6 741 1.17% 12.93% (-)-

7 546 0.86% 13.79% se-VB-.-

8 529 0.83%, 14.63% VB-Vf-.-

9 477 0.75% 15.38%, se-Vp-.-

41 111 0.17% 25.04% Vp-,-kt-Vp-.-

42 109 0.17% 25.21% Vp-,-Ze-VB-.-
106 37 0.06% 31.49% Vp-,-ze-VB-Vi-.-
163 25 0.04% 34.14% VB-,-kt-VB-Vf-.-
364 12 0.02% 39.39%, ,-kt-VB-,-se-VB-.-
455 10 0.02, 40.89% Vp-,-ze-Vpb-Vs-.-

Tabulka 2. Sablony nalezené v trénovaci mnoziné.

Pokud si zapamatujeme vSechny sablony a kostiic-
ky z trénovaci mnoziny treebanku, na testovaci mno-
ziné (zde i dale vzdy minéna mnoZzina devtest) nalez-
neme Sablonu pro 51.96 procent vSech vét.
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Udaje o pouziti kostficek potom zdlezi na jejich
vybéru; muzeme se omezit pouze na ty, které svou
mirou jednoznacnosti, piipadné svou ¢etnosti prekra-
¢uji urcitou hodnotu. Je ziejmé, ze s vyssim pozadav-
kem na uspésnost bude klesat pokryti vét kostfickami
a naopak.

Pfi pozadavku miry jednoznacnosti 0,00 (tj. zddné
omezeni) dostdvame hodnoty:
— Kostficka véty je k dipozici pro 51.96% vsech vét.
— Sprévnost hran obsazenych v kostticce je 87.95%.
— Omezeni z4vislosti stfechou spliuje 99.01% hran.
— Po tomto omezeni a po pouziti kostticek vybirame
fidici ¢len v pruméru z 85.17% moznych slov.

Naopak pfi pozadavku miry jednoznacnosti 0,90
dostavame hodnoty:
— Kostficka véty je k dipozici pro 23.43% vsech vét.
— Sprévnost hran obsazenych v kostticce je 93.91%.
— Omezeni z4vislosti stfechou spliiuje 99.87% hran.
— Po tomto omezeni a po pouziti kostticek vybirame
fidici ¢len v pruméru z 95.32% moznych slov.

7 Co délat s kostrickami, kdyz je
nemame

Z predchozich udaju jsme vidéli, ze 68 tisic vét tré-
novaci mnoziny nam poskytlo kostficky pro ptiblizné
polovinu vét testovaci mnoziny.

Pro véty, jejichz sablonu jsme nenasli v trénova-
ci mnoziné, nemame kostficku a mame zhruba tyto
moznosti, jak k nim pfistupovat:

1. Tyto véty analyzovat dosavadnimi postupy, bez
pouziti kostiicek.

2. Zkusit pro né najit ¢astetnou kostiicku zkracenim
Sablony, od zac¢atku, od konce, z obou stran. ..

3. Zkusit pro né slozit kostticku z nékolika piekryva-
jicich se Sablon a kostticek.

4. Zkusit vubec vztah Sablon vét a kostficek popsat
gramatikou, kterda by dovolovala generovani kost-
ficek pro jakoukoliv sablonu.

5. Obecné namisto problému zavislostni analyzy pu-
vodniho pfirozeného jazyka feSit problém zdvis-
lostni analyzy jazyka milniku a Sablon.

Vyzkouseli jsme zkracovani sablony véty tak dlou-
ho, nez se nam podaii najit kostticku.

Zkusili jsme zkracovat vétu od konce a od zacat-
ku, zkracovani od zacatku davalo o néco lepsi vysled-
ky (s pozadavkem na miru jednoznacnosti kostiic-
ky 0.00):

— Kostricka véty je k dipozici pro 93.52% vsech vét.
— Sprévnost hran obsazenych v kostticce je 77.71%.
— Omezeni zavislosti stfechou spliiuje 96.93% hran.
— Po tomto omezen{ a po pouziti kostticek vybirame
fidici ¢len v pruméru z 53.87% moznych slov.

Za povsimnuti stoji omezeni moznych fidicich ¢le-
nu zavisosti na 53 procent puvodniho poctu pii do-
drzeni toho, Ze toto omezeni je spravné pro
96.93% hran.

To, ze kostficku nemdme k dispozici pro 100% vét
je ziejmeé zpusobeno neexistenci nékterych Sablon dél-
ky jedna.

8 Zavér

Prace na vyuziti myslenky Sablon vét a kostiicek je
v poéatcich, piestoze uz ted jsou nékteré vysledky
zajimavé.
Jako dalsf kroky prace na tomto poli vidime:
1. Hledat nejlepsi mnozinu milnika
2. Studovat a Tesit ruznost kostiicek pro stejnou Sab-
lonu
3. Zkusit preklad Sablon do kostficek popsat grama-
tikou (jiz zminéné island grammars)
4. Zkusit pteklad sablon do kostticek fesSit pomoci
statistické zavislostni analyzy
5. Popisovat jazyk a jeho jevy pomoci Sablon a kost-
ricek.
6. Formulovat a vyzkouset algoritmy analyzy vyuzi-
vajici kostficek (shora).
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Abstract. This article deals with different measures for
comparing rules extracted from data. At the beginning, the
significance of rules as a type of structured knowledge is
demonstrated. Then, the necessity of measures comparing
rules is explained. Later, the measures are divided into
a few groups according to their origin. Several erxamples
are shown with their possible advantages and disadvan-
tages. Finally, an example of evaluating specific measures
of rules produced by various methods for extracting struc-
tured knowledge from the input data is described.

1 Introduction

Data mining has been developing since the 90. rapidly.
This kind of information technology consists of meth-
ods, which extract from input data, which are gener-
ally enormous, knowledge in a structured form.

machine learning
(decision trees,
SVM,ILP,...)

statistics
(correlation, regression,
contingency tables,
time series,...)

logic
(observational,
fuzzy,...)

DOOT
(CORBA, RMI,...)

neural networks
(MLP, RBF, ARTMAP,...)

Fig. 1. Methods and technologies underlying data mining.

There is a great variety in the types of structured
knowledge [3], e.g. decision and classification rules, hi-
erarchy of classes, clusters, regression functions. The
majority of these are directly connected to a single
type of methods used for extracting the knowledge,
e.g. hierarchy of classes to classification, clusters to
cluster analysis, regression functions to linear and non-
linear regression. Thus, methods which use the same
structure of the extracted knowledge are usually based

on the same paradigms, even though the methods may
be of different origins. For example, clusters are en-
countered in methods based on both statistical analy-
sis and neural networks - however, if each method is
examined more closely, very similar paradigms can be
found.

Nevertheless, one important exception exists: rep-
resentation as a sentence of some formal logic. This
structure, usually called rules, is used in many meth-
ods based on very different paradigms. Tersely, these
methods expect set of data and return sets of rules.
The rules can be obtained from data by counting fre-
quency of occurrence of individual combinations of val-
ues of attributes, or in more sophisticated way such as
a result of various statistical methods, e.g. hypotheses
testing in a contingency table or estimation of prob-
ability distributions, or even non-statistical methods
which include artificial neural networks, decision trees
or inductive logic programming. These methods are
differently computationally demanding and in general
different methods produce different sets of rules. Thus,
the importance of measures which can compare qual-
ity of the extracted rules grows.

2 Different approaches to the
measures for comparing rules

Measures for comparing sets of rules can be based on
several principles. Below, the principles of the three
main kinds of such measures will be briefly sketched.

2.1 Measures derived from the confusion
matrix

The measures can arise from confusion matrix (see the
table below).

The simplest way to compare two rules is based on
comparing their consistency and completeness. They
can be expressed as follows

a
Cons = —
m
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Consequent
Cc -C

Antecedent A a b m
Antecedent = Al ¢ d
k

1 S

Table 1. Confusion matrix.

where a is a number of examples that fulfill a rule that has
antecedent A and consequent C, b is a number of examples
that fulfill a rule that has antecedent A but the consequent
is not C etc.

and
a

| —
Comp .

However, there might be arise setbacks if there is
no other information added, which would characterize
the input data or expected characteristic of the rules.
It is impossible to say whether a rule having higher
consistency and lower completeness is better than a
rule having higher completeness but smaller consis-
tency. Furthermore, in real set of data, there is al-
ways some noise. Rules which cover all examples from
class C are rather odd or they do not reveal any new
information. Thus, more sophisticated measures are
needed.

A possible way to improve their qualities is rel-
ativize them to some threshold, e.g., to the trivial
rule ’all instances belong to this class’. Such mea-
sures should give more information about the utility
of a rule than absolute measures. For instance, if the
completeness of a rule is lower than the 7, then the
rule actually performs badly, regardless of its absolute
completeness. However, there is a problem with rela-
tive completeness that it is easy to obtain high rela-
tive completeness with highly specific rules. Therefore,
weighted relative measures, such as

k a m
W RCompl = 5 * (k S>
are introduced [5].

Another way to get over problems with complete-
ness and consistency itself is to construct measures
which represents a combination of these two cri-
teria [1, 4]. For example, the following measure belongs
to this class

QMichalski = w1 * Cons(R) + wz * Compl(R)

where wl, w2 € (0,1).

Receiver operating characteristic (ROC) curve
measures rules obtained not with a sigle method, but
rather with a family of methods, differing for example

through a tuneable parameter (e.g., threshold in the
case of perceptrons, significance in the case of some
LISP-Miner quantifiers). It is based on two measures:
sensitivity (synonym to completeness described above)
and 1-specificity [2, 6].

e d
Speci ficity = b d

It connects points in #2, the coordinates of which are
the pairs (Compl,1-Specificity) corresponding to dif-
ferent values of that parameter.

Furthermore, accuracy is an important measure,
which represents the group of measures that can be
based on the confusion matrix:

a+d
S

Accuracy =

Accuracy describes how effective the rule is in as-
signing an object to the correct class.

2.2 Measures based on estimated probability
distributions

To the set of measures based on estimated probabil-
ity distributions belong imprecision and inseparabil-
ity, and even accuracy can be classed into this group
of measures [2]: for example, based on a sum of con-
tributions

1= 16(jlzi) = f (il

where z; is a member of a test set, f(j|z;) is the rule’s
estimated probability that ith object belongs to class j
and 6(j|x;) is 1 if ¢; = j and 0 otherwise.

Precision describes, how close the estimated prob-
abilities f(j|z;) are to the true probabilities f(j]z;).
In principle, such a measure could be based on the
differences 1 — | f(j|xs) — f(j]2:)|, where f(j|z) repre-
sents the conditional probability that an object with
measurement vector x belongs to class j.

Finally, separability characterizes similarity of the
true probabilities of belonging to each class at mea-
surement vector x, averaged over x. If the probabili-
ties at x are similar, the distribution across classes at x
is not dominated by any one class - the most proba-
ble class is from the probabilistic point of view not
well separated from the remaining classes. Since we
are hoping for clear differences between the classes,
low separability is to be avoided.

2.3 Complexity of the rules

The third approach is based on complexity of rules.
The complexity of rules includes both the number of



rules in each set and number of attributes in the an-
tecedent of every rule. The smaller those numbers,
the easier to understand the rule or the set. Generally
speaking, having two models with the same error rate
on unseen (testing) examples, the simpler one should
be preferred because simplicity is desirable in itself
(Occam’s first’ razor [7]).

3 Evaluation of measures

The measures were tested on real sets of rules pro-
duced by various methods for extracting structured
knowledge from data. The used methods (programs)
include LISp-Miner 4ft, AQ21, classification trees in
Matlab and method based on neural networks.

Three different sets of input data consist of 'BUPA
liver disorders’, ’Iris Plants Database’ and 'Pima In-
dians Diabetes Database’.

3.1 Cross-validation

It is usually problematic to divide small data sets
into design and test set (obviously both even smaller).
However, it is essential for proper studying of beha-
viour of the measures because the rules are always op-
timised for the design set, which might include some
rare or odd cases, and these situations might not be
valid for independent data, leading to undesirable
overfitting. A compromise between splitting the data
into two independent sets and using all data as the
design set is the cross-validation [2]. This involves ex-
tracting mutually exclusive subsets of the data to test
the performance of the method applied to the remain-
ing data. This is then repeated for other subsets and
the results are averaged. In our case, the data were
divided into 10 subsets.

It is worth mentioning that even rules with low
support

a
Support = —
PP 5

- therefore the correctly classified cases might not oc-
cur in each test set the - are not penalised. In some
(very few) cases the rule might is assesed as completely
useless, but in average it is assesed correctly.

3.2 Transformation

The first step, when the rules were extracted, was to
transform different outputs of each method, such as

Petal_length(< 5.100;6.900 >)&
Petal width(< 1.500;2.500 >)&
epal_length(< 6.300;7.900 >)&

Measures for comparing rules ... 187

Sepal _width(< 3.100;4.400 >)

Class(Iris_virginica)

the layout of a rule extracted by LISp-Miner 4ft from
Iris Plants Database or

[Class = Iris_virginical

# Ruleb

<

[Sepal length = 5.95..6.25 : 12,20,37%, 12,20, 37%
[Sepal width <= 3.05 : 66,100, 39%, 10, 18, 35%
[Petal_length = 4.7..5.05 : 16,10, 61%, 8,0, 100%

]
|
]
[Petal width >=1.45 : 98,30, 76%, 8, 0, 100%)
the layout of a rule extracted by AQ21 from the Iris
Plants Database to one common shape. This new form
was represented by two two-dimensional arrays, con-
taining lower bounds of each attribute in first dimen-
sion and upper bounds in the second dimension. This
is possible because each rule produced by these sys-
tems is an implication.

For example, a rule originally created by LISp-

Miner 4ft classifying Iris Virginica was transformed
into a form:

5.10 1.50 6.30 3.10
6.90 2.50 7.90 4.40

Finally, the measures are being computed as was
described above.

Conclusion

This contribution presents a part of the first author’s
work on his master thesis. This ongoing work will con-
tinue also for further rules extraction methods and fur-
ther data, including real-world data from recent ap-
plications. Its objective is not only a comprehensive
comparison of important rules extraction methods by
means of the measures presented here, but also an in-
vestigation, how those methods should be modified, or
which further measures could be used, to allow a bet-
ter comparison of rule sets extracted with important
rules extraction methods given data.
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Abstract. This paper deals with method of representing
robotic soccer game in a simulated and/or real form. This
representation is used for controlling robots playing soc-
cer. Qur approach to robot soccer is to view it as a local
interaction game. We describe our concept of virtual grid
and implementation of robot soccer simulator in this pa-
per, as tools for building the strategy and tactical move-
ment database for real game. This strateqy we will use as
strategy model for 11th FIRA RoboWorld Cup. Strategy
learning from game observation is important for discover-
ing strategies of the opponent team and searching of tacti-
cal movements groups replaying, simulation and synthesis
of anti-strategies.

1 Introduction

The typical example of distributed control system with
embedded subsystems is the task of controlling physi-
cal robots playing soccer. The selection of this game as
a laboratory task was motivated by the fact that the
realization of this complicated multidisciplinary task
is very hard. The task can be divided into a number of
partial tasks (evaluation of visual information, image
processing, hardware and software implementation of
distributed control system, wireless data transmission,
information processing, strategy planning and control-
ling of robots). The task is attractive both for students
and teachers, and allows direct evaluation and compar-
ison of various approaches. For the improvement of the
game strategy, we develop an abstract description of
the game and propose how to use this description for
e.g. learning of rules. We also take inspiration from
the ant-like systems that reduce the need of complex-
ity of individual robots and lead to robust, scalable
systems [2,4, 14,10]. We build on our previous work
— the hardware implementation and basic control of
robots — and we would like to achieve higher level
control of the game strategy. The rest of the paper
is organized as follows: First we briefly describe the
base hardware and software implementation. Then we
describe the representation of the game field using vir-
tual grids. Then we describe possible game strategies.
Using the virtual grids and game strategies, we show
how to learn rules that describe particular game strat-
egy. Particular attention is paid to the learning using

latent semantic analysis. We conclude with the discus-
sion of the presented approach.

2 Base implementation

The game system can be described as up to twice
eleven autonomous mobile robots (home and visiting
players), which are situated at the field of the size
of 280x220cm. The core of each of our mobile robots
is digital signal processor. The higher level of control
system is represented by personal computer. The PC
receives a view of the playing field from the CCD cam-
era as an input, and gives commands to the mobile
robots as an output. The software part is implemented
by decision making and executive agents. The agents
corresponding to individual robots are controlled by
a higher level agent [5,8,11,12]. The task of conver-
sion of the digital image into the object coordinates
is solved separately. The coordinates are saved in the
scene database [1], which is common for all agents.
Both agent teams have a common goal to score the
goal and not to get any goal. For a success, it is also im-
portant to extract the strategy of the opponent team.
The extraction and knowledge of opponent game strat-
egy is an approach that is known to be successful in
other situations as well [13].

3 Game representation — virtual grid

The game can be represented as a trajectory in what
we call the virtual grid. The virtual grid generally al-
lows us to reduce data volume for easy description
of player motion and subsequently for controlling the
game or for learning game strategies. The natural co-
ordinate system is provided by accurate optical sensing
of the subject position using lens for optical transfor-
mations and the CCD camera. This natural coordinate
system can be easily mapped to a virtual grid. A sam-
ple picture before processing is shown in the figure 1.
The data volume of the description using the virtual
grid is obviously smaller than the description using
natural coordinates. The exact values depend on the
frequency of samples and on the maximal velocity of
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the mobile robot movement at game field. The dimen-
sions of the primary virtual grid are determined by
the possible distance of the robot position in two sub-
sequent frames from the CCD camera. The primary
virtual grid can be divided to (2, 4, 8,) parts, which
creates secondary virtual grid (in next SVG).

Using the virtual grid, it is possible to describe the
position and movement direction of the robot using
an alphanumeric description. This description is illus-
trated in the figure 2 — let us explain the notation
on the example description [A2AB13AA14]. The first
letter describes the role of the player attacker (A),
goalkeeper (G) and defender (D). The second number
is an index of the player with the given role in the
team (i.e. 1, 2,).
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Fig. 1. Sample of the game field with marked positions.

The next two letters and two numbers represent
the current position of the player on the field — here,
the position is AB12 (see the figure 2). The last two
letters and two numbers describe the planned move-
ment, i.e. the planned position in the next moment.
The tercial grid strategy grid depends on the parti-
tion of the game field (the left-right wing, the central
field, and transversely the attack-defence field and the
central field). In the discrete frame samples it is pos-
sible to study movements and movement strategies of
the robots. The A1 tercial grid described right wing
in defence field.

4 Game strategy

The game strategy can be dynamically changed based
on the game progress (i.e. the history and the current
position of the players and the ball [16]). The game
progress can be divided in time into the following three
ground playing classes (GPC):

" '.T" iy e
o
:--'.'\'F\

e

KLFAD
-

Fig. 2. The alphanumeric representation of robot OWN2
position [X2,Y2] and turn-angle [alfa2] in real coordinates.
Description of movement [A2AB13A A14] in secondary grid
and description of Al strategy position in tercial grid.

— GPC of game opening (GPCO)
— GPC of movements in game site (GPCS)
— GPC of game end (GPCE)

The game progress, especially in the GPCS class,
can be also divided into the following two game playing
situations (GPS):

— GPS of attack (GPSA). The interactions of sim-
ple behaviours cause the robots to fall into
a V-formation where the ball is in motion roughly
towards the opponents goal.

— GPS of defence (GPSD). When the ball is not
moving roughly towards the opponents goal, the
robots move around it to form an effective barrier
and to be in a good position for recovery.

Each GPC has its own movement rules. The classes
GPCO and GPCE consist of finite number of possible
movements that are determined by initial positions of
players and the ball. The class GPCS has virtually
unlimited number of possible movements. The move-
ments are determined by the current game situation
(GPS) and by the appropriate global game strategy
(in next GGS). The movement of the particular robot
is determined by the current game class and situation,
and also by the robot role. For example, the goalkeep-
ers task is to prevent the opponent to score a goal. His
movements are in most cases limited along the goal-
mouth near of goal line. The preferred movements are
in goal line direction. The preference of these move-
ments comes from the particular GGS, where the goal-
keeper prevents to score a goal in the way of moving
in the position between the central goal point and the
ball (or the expected ball position). The preference



of other movement directions is created using GPSA,
where the movements of goalkeeper secure kicking the
ball from the defence zone.

5 Learning game strategy from
observation

In this section we describe our approach for learning
game strategy from observation. Our goal is to learn
an abstract strategy. The simplified scheme of process
is shown in figure 6. The main steps of the learning
process are:

— Transformation of observations into virtual grids.

— Transformation of observations into strategy grids.

— Learning a strategy based on the observed transi-
tions in the strategy grid.

We adopt definition of strategy [7]: Strategy is the
direction and scope of an organization over the long-
term: which achieves advantage for the organization
through its configuration of resources within a chal-
lenging environment...
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Fig. 3. Example of movement in the strategy grid.

In addition to this definition, we adopt the strategy
grid for the description of strategy. The strategy grid
has the same dimension as the virtual grid. We define
strategy as movements in strategy grid. In this grid,
the ground playing situations (GPCO, GPCS, GPCE,
GPSA, and GPSD) can be easily observed. For learn-
ing a strategy from observation, a game space reduc-
tion is needed. Game space reduction is the transfor-
mation from virtual grid to virtual strategy grid (VSG).

Observations of events in VSG are timely sam-
pled. In one time sample (TSA) describe situation
in VSG one movement sample (MS). The movement
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samples are formalized and saved in a database of tac-
tical movement groups in a vector form. One move-
ment group takes time from change defence/attack up
to next change attack/defence or goal. The time slots
(TSL) of single TMG have not the same time length.
Structure of records in TMG database is shown fig-
ure 4.

a
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Fig. 4. Records structure in TMG database.

Learning process incorporates searching of TMG
recurrences and synthesis of own tactical movements
in groups under own anti-strategy. Simulation of robot
soccer is used for modeling game situations and envi-
ronment for learning process. In simulation tools in-
puts information from TMG database, from other mo-
vements and strategy databases of real game system
and from operator. Incorporation of simulation sub-
system show figure 5.

.

Fig. 5. Incorporation of simulation subsystem.

Designed incorporation of simulation subsystem al-
lows to process data from real game or from real game
picture records.
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6 Basic description of strategy
selection process

Strategy application for one movement of players is
computed in following steps:

— Get coordinates of players and ball from camera

— Convert coordinates of players into strategic grid

— Convert ball and opponents’ positions into virtual
and strategic grids

— Choose goalkeeper and attacker, exclude them
from strategy and calculate their exact positions.

— Detect strategic rule from opponents’ and ball po-
sitions

— Convert movement from strategic grid to physical
coordinates

— Send movement coordinates to robots

Each strategy is stored in one file and currently
consists of about 15 basic rules.

.Strategy "test"
.Algorithm "Offensive"

.Author "Vaclav Snasel"

.Date "1.5.2004"

.Size 11 9

.PriorityMine 100 100 100 100 100
.PriorityOpponent 50 50 50 50 &0
.PriorityBall 50

.Rule 1 "Attackl"

.Mine a6 c7 d6 e3 f9
.Opponent d3 e7 e8 g2 k6
.Ball i6

.Move a6 g7 £f5 j3 i8

.Rule 2 "Attack2"
.Mine a6 c7 d6 e3 £9
.Opponent d3 e7 e8 g2 k6
.Ball ib5

.Move a6 g7 gb h3 h8

Furthermore the file contains following metadata:

— Information about the name of strategy

— The algorithm to strategy choosing

— The author responsible for current strategy
— The date of last modification

— The size of strategic grid

— Strategic rules

Each strategic rule consists of five records:

— The rule
7 Attack1”),

ID and description (e.g. Rule 1
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Fig. 6. Base process description.

— the coordinates of our players in strategic grid
(e.g. .Mine a6 c7 d6 e3 19),

— the coordinates of opponent’s players in strategic
or virtual grid (e.g. .Opponent d3 e7 e8 g2 k6),

— the ball coordinates in virtual or strategic grid
(e.g. .Ball i6)

— strategic or virtual grid positions of the move
(e.g. .Move ab g7 f5 j3 i8).

// algorithm for rule selection

// Game.Mine -- actual positions
// Game.Opponent -- actual positions
// Game.Ball -- actual position

maxWeight = 0
selectRule = 0

foreach r in Rule
{
weight = 0
ruleTmp = r.Mine
foreach p in Game.Mine
{
s = nearest position in ruleTmp to p
w =1 / (distance(s, p) + 1)
w *= Strategy.PriorityMine
weight += w
remove s from ruleTmp

}

ruleTmp = r.Opponent

foreach p in Game.Opponent

{
s = nearest position in ruleTmp to p
w =1 / (distance(s, p) + 1)
w *= Strategy.PriorityOpponent
weight += w
remove s from ruleTmp



w =1 / (distance(Game.Ball, r.Ball) + 1)
w *= Strategy.PriorityBall

weight += w

if weight > maxWeight
{
maxWeight = weight
selectRule = r
}
X

return SelectRule

From observation of opponent’s strategy a new set
of rules can be written, without necessity of program
code modification. Furthermore, there is a possibil-
ity of automatic strategy (movement) extraction from
running game.

There exist two main criteria in the Rule selection
process. The selection depends on opponents’ coordi-
nates, mines’ coordinates and ball position. The strat-
egy file contains rules, describing three possible for-
mations suggesting danger of current game situation.
The opponent’s team could be in offensive, neutral or
defensive formations. Furthermore, we need to weigh
up the ball position risk. Generally, opponent is not
dangerous if the ball is near his goal. The chosen rule
has minimal strategic grid distance from current con-
figuration of players and ball.
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Fig. 7. Final steps of the control process, after selection
rule 1 ” Attackl” from strategy ”test”.

Optimal movements of our robots are calculated by
applying minimal distance from strategic grid position
and rotation penalty see figure 8. The goalkeeper and
attacking player, whose distance is closest to the ball
are excluded from strategic movement and their new
position is calculated in exact coordinates.

To summarize, the strategy management can be
described in the following way:
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— Based on incoming data from the vision system,
calculate virtual and strategy grid Coordinates of
the players and the ball.

— The virtual grid is then used to decide which
player has under the ball control.

— This player is issued a kick to command that
means that it has to try to kick the ball to a given
strategy grid coordinates.

— All other players are given (imprecise) go to co-
ordinates. These coordinates are determined by
the current game strategy and are determined for
each robot individually. The goalkeeper is ex-
cluded from this process since its job is specialized,
and does not directly depend on the current game
strategy.

o ——— )

Fig. 8. Game Simulator.

7 Conclusion

The main goal of the control system is to enable imme-
diate response in the real time. The system response
should be shorter than time between two frames from
camera. When the time response of the algorithm ex-
ceeds this difference the control quality deteriorates.
The method we described provides fast control. This
is achieved by using rules that are fast to process. We
have described a method of game representation and
a method of learning game strategies from observed
movements of players. The movements can be observed
from the opponents behaviour, or e.g. also from the hu-
man players behaviour. We believe that the possibility
of learning the game strategy that leads to a fast con-
trol is critical for success of the robotic soccer players.
We implemented a tested this approach in our soft-
ware see figure 9. Like in chess playing programs, the
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database of game strategies along with the indication
of their success can be stored in the database and can
be used for subsequent matches. In future we want to
use the modular Q-learning architecture [9]. This ar-
chitecture was used to solve the action selection prob-
lem which specifically selects the robot that needs the
least time to kick the ball and assign this task to it.
The concept of the coupled agent was used to resolve
a conflict in action selection among robots.

Presented method will be used as main strategy
model for Amphora team at 11th FIRA RoboWorld
Cup see [3]. We will attend Simurosot Middle League.
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Abstract. V prispevku navrhujeme anotdciu e-mailovijch
sprdv ako movy spdsob vyuZitia predpripravenygch znalosti
pre organizdcie, ktoré vyuZivaji e-mailovi komunikdciu
ako sicast svojich procesov. Dalej v prispevku opisujeme
ndstroj, ktory umozniuje poskytovanie znalosti v organizdcii
(ACoMA- Automated Content-based Message Annotator)
pri rieSend pracovngjch postupov. Ak vieme, Ze analyzovany
text je prepojeny na Specificki aplikacni doménu a exis-
tuje ontologickyy model domény moéZeme nds ndstroj priamo
prepojit na pracovny kontext organizdcie. Tento ndstroj je
pougivany a dalej vyvijany pre potreby projektu RAPORT
APVT-51-024604 a projektu K-WfGrid EU RTD IST FP6-
511385.

1 Uvod

Na dosiahnutie pracovnych cielov a efektivne riadenie
svojho pracovného procesu potrebuje kazd4 spolo¢nost
komunikéciu, ktord je délezitou stcastou pracovného
procesu a spoluprace. Podla [1] st kategérie komu-
nikaénych cielov v organizécii nasledovné:

— riadenie konkrétnej tlohy,

— riadenie kolektivnej ilohy,

— poskytovanie a vyhladdvanie informécif pre dalsie

dlohy.

Preto sa e-mailovd komunikdcia v organizicii tyka
konkrétnej ulohy, komunikécia je jasna a kratka a po
textovom spracovani a analyze je tak Ciastocne zrozu-
mitelnd aj pre pocitace.

V znalostne orientovanych systémoch je dolezité
mat dynamické nie statické nemeniace sa znalosti
a takisto ich spravne a rychlo pouzit v situdcidch, kde
si potrebné. Toto je mozné dosiahnut pouzitim elek-
tronickej komunikacie [2] (napr. e-mailu), pretoze:

e kazd4 organizdcia mé alebo bude mat e-mailovii
infragtruktiru skoér, nez bude mat potrebu
vytvarat organizaéni pamét,

e clektronicka komunikacia v modernych
organizacidch sa podla studif [3] tyka konkrétnej
dlohy, pricom takmer kazdej twlohe v ramci
organizdcie musi predchidzat komunikécia,
ktord sa vacsinou uskutoc¢nuje prostrednictvom
e-mailov [4],

* Tento ndstroj vznikol za podpodry projektov RAPORT
APVT-51-024604 a K-WfGrid EU RTD IST FP6-
511385

e manazéri rézneho typu Standardne pracuju
s e-mailami, takze pouzitie e-mailov v rdmci komu-
nikacie len minimélne ovplyvni kazdodenny pra-
covny proces,

e manazéri si motivovani, aby komunikovali zrozu-
mitelne a kratko, a aby ich odpovede boli zrozu-
mitelné a jasné.

Pri vytvarani rieSenia zalozeného na e-mailoch
organizacia nemusi menit pracovné navyky, ¢o je
vhodné aj zo sociologického hladiska. Pouzivatelia
modzu komunikovat rovnako ako predtym s tym
rozdielom, ze e-maily obsahuju prilozené informacie
a znalosti relevantné pre problém alebo tlohu, ktorej
sa e-mail tyka.

V  niektorych  projektoch, ako napriklad
kMail [2], ktory integruje e-mailovii komunikdciu
s organiza¢nymi pamitami, bolo pouzité prepojenie
znalosti s e-mailmi. Nevyhodou tohto projektu
je vsak nutnost pouzit $pecidlneho e-mailového
klienta. Podobné prepojenie sa pouzilo napriklad
aj v projekte Gmail [5], ktory zobrazuje reklamné
informécie na zaklade obsahu.

2 Ciele

Na splnenie poziadaviek, ktoré vyplynuli z prvej kapi-
toly, je potrebné poskytovat:

e spoloénti organizacni pamit (Organisation Mem-
ory),

e spracovanie e-mailov v danom kontexte pre
ziskavanie znalost{,

e mechanizmus pre aktualizovanie znalost{ v organi-
zacnej pamati.

Jednym z cielov bolo vyvinif néstroj na spraco-
vanie e-mailov ACoMA, ktory je scCasti zalozeny na
existujicom ndstroji EMBET [6] (Experience Man-
agement based on Text Notes) vyvinutom na nasom
pracovisku.

3 Pristup a rieSenie

E-maily si silne napojené na pracu v organizacii,
avSak ich obsah je v&¢sinou nestrukturalizovany.
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Vyvinuty néastroj je priamo prepojeny na pracoviny
kontext organizdcie, takze nie je tazké analyzovat
a pochopit dany kontext tykajici sa znalosti
v organizacnej pamati.

Pouzivanie e-mailov umoziiuje ziskat aktivny
zdielany znalostny kansl, pretoze pouzivatel nemusi
pouzivat rozsiahle hladanie na ziskanie urcitej
znalosti. Zdielané znalosti s priamo dorucené
v e-mailovej sprave na zaklade aktudlneho problému
alebo aktivity riesenej pouzivatelom. Pouzivatel
dostane e-mail s pripojenymi informéciami na konci
spravy (textové alebo html prilohy resp., text priamo
vlozeny do textu e-mailovej spravy). V e-maili sa
tiez zobrazia informécie o dalsom probléme alebo
aktivite v danom pracovnhom procese. RieSenie
pomocou textovych alebo html priloh sa javi ako
najvhodnejsie, pretoze sa nemeni text povodného
e-mailu, len sa dopfﬁa o relevantné informdcie (text,
prepojenia, a pod.). Néstroj ACoMA je vyvijany
v rdmci projektu RAPORT [7] a K-W{Grid [8] (tu je
pomenovany ako WXA - Workflow XML Analyzer)
a pracuje v nasledovnom cykle (obr. 1).

zéklade aktivity v danom procese), alebo na
zéklade poziadavky pouzivatela pri praci s portdlom
(opét podla aktivity, v ktorej sa dany proces
nachddza). Neformdlne e-maily pisu samotni
pouzivatelia zaradeni v pracovnom procese (urgencie,
potvrdenie dodania dokumentov, a pod.) V projekte
RAPORT [7] sa e-mailovd komunikdcia pouziva pri
vytvarani simuldacie bojového cvicenia. Tento proces
je jednoznacne definovany aktivitami:

— priprava simulacie cvicenia,

— S$pecifikécia cvicenia,

— predpis pre cvicenie,

— bojova dokumentécia,

— pléan riadenia simulécie,

— technicky riadiaci a komunikaény plén a
— plédn podpory cvicenia.

Dané aktivity maji svoj casovy harmonogram.
Vysledkom kazdej aktivity je vystupny dokument
(dokumenty) zalozeny na vstupnych dokumentoch.

Na nasledujucich obrazkoch je zobrazeny sposob
préce néastroja ACoMA tak, ako sa pouziva v pro-
jekte RAPORT pre formalne e-maily (obr. 2 a obr. 3)
a neformélne e-maily (obr. 4 a obr. 5). V tejto ukdzke
budeme simulovat prvi aktivitu pracovného procesu:
priprava simulécie cviCenia.
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Fig. 1. Cyklus prace nastroja ACoMA.
z . . . /. E‘ A
Nastroj ACoMA je nainstalovany na postovom
serveri podobne ako antivirové alebo antispamové Fig.2. Priklad emailu odoslaného pouzivatelom

programy. Po prijati e-mailu néastroj ACoMA dany
e-mail zanalyzuje pomocou sémantickej anotdcie [6][9]
a ziskany kontext vo forme prvkov z ontologického
modelu aplikdcie posle ndstroju EMBET [6]. Ten na
zéklade ziskaného kontextu vyberie z organizacnej
paméte vsetky relevantné informécie, ktoré nésledne
posle spit nastroju ACoMA. ACoMA tieto informécie
naformdatuje a pripoji k prijatému e-mailu a e-mail
poneché na serveri. Pouzivatel nésledne pri preberanf
posty dostane wuz takto upraveny e-mail. Pri
odosielani e-mailu je cyklus podobny.

V pripade projektu RAPORT [7] rozlisujeme dva
druhy e-mailov: generované portdlom (formaélne)
a vytvarané pouzivatelom (neformélne). Formalne
e-maily rozposiela portdl bud automaticky (na

(poziadavka na zaslanie Specifikdcie cvicenia).

Néstroj ACoMA odosielany e-mail (obr. 2) zana-
lyzuje, z predmetu spravy ziska informéciu (v tomto
pripade MEDVED2006) a z textu e-mailu ziska dalsiu
informéciu (specifikacia). Ziskané informdcie nésledne
odosle néstroju EMBET, ktory =z organizacnej
pamaéte zisti, ze pracovny proces ”simuldcia cvic¢enia”
sa nachddza v aktivite ”‘priprava simulécie cvicenia”’
(pricom vystupnym dokumentom je formuldr A),
z Casového harmonogramu vycita, ze proces je v stave
7D-75"" (3pecifikaciu treba dodat do 7‘D-70"’, co
je b dni, a preto sa v poznamkach nachadza tento
idaj) a podobne z textu ”‘specifikaciu”’ (samotny
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reguldrny vyraz je napisany iba pre ”‘specifikaci”’)
vie odporucit, kde sa tento formuldr nachddza
(http://pellucid.ui.sav.sk/giang/raport-xml/).
Tieto informécie zasle naspit ndstroju ACoMA,
ktory dany e-mail upravi do nasledujiceho tvaru
(obr. 3) a e-mail odosle postovému serveru (pridany
text sa v e-maily zobrazuje ako HTML priloha).
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Fig.3. Priklad e-mailu upraveného néastrojom ACoMA
(upraveny e-mail na Specifikdciu cvi¢enia).

Riadiaci cvicenia takto dostane presnejsiu,
jasnti a jednoducht informdciu o dalsom postupe.
V pripade, ze Riadiaci cvi¢enia nedoda v dohodnutom
termine Specifikiciu moéze mu Nacelnik PVS poslat
e-mail s nasledovnym textom (obr. 4, dany e-mail je
uz aj o anotovany).

il
Fle Edi Wiew Go Message Tods Help
- > = i 3
& . A — ! X § = =
GetMal  Wrte AddressBook | Reply  Rephy Al Forward | Delete  Junk Print Stop
£ Subject: Urgencia Medved 2006
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Fig.4. Priklad neformédlneho e-mailu upraveného

nastrojom ACoMA
Specifikdcie cvicenia).

(o anotovand urgencia dodania

Néstroj ACoMA opit z predmetu spravy zisti, ze
sa jednd o cvicenie Medved 2006 (pouzivanie od koho
komu nie je postacujice z dovodu viacnasobného
zaradenia jednotlivych 1castnikov vo viacerych
pracovnych procesoch v réznych funkcidch). Podobne
ako v predchddzajicom priklade (obr. 3) zisti, ze sa
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jedna o specifikdciu cvicenia a zaroven zisti v akom
casovom stave sa nachddza pracovny proces.

Zaverom prvej aktivity je potvrdzovaci
formalny e-mail od Riadiaceho cvi¢enia zobrazeny na
nasledujicom obréazku (obr. 5).

ne-
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Date: 25. 6. 2006 10:27
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Formular specifikacie cvicenia je vyplneny a odovzdany.
% pozdravom riadiaci cvicenia.

-——--Original Message-———-

From: Wagelnik P35

%ent: Vednesday, June 21, 2006 3:33 PU

To: Risdiaci cviftenia

Subject: Medved 2006

Na zaklade nasej dohody Was ziadsm o specifikaciu cvicenia Medved 2008.

§ pozdravem nacelnik.

=> Formular pre spectfikaciu cvicenia
By: Michal Laclavik (2006-06-21 11:08.05) 00

[@) notes.hemi
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Fig. 5. Potvrdzovaci neformdlny e-mail od Riadiaceho
cvicenia Nécelnikovi PVS (o anotovany o odkaz kde sa
nachddza vyplnena $pecifikdcia cvicenia).

4 Architektira a technolégia

V nasledujicej casti si rozoberieme architektiru
a technol6giu nastroja ACoMA a néstroja EMBET.
Nastroj ACOMA sa skladé z 2 hlavnych casti:

o ACoMA Core
o ACoMA E-Mail

ACoMA Core je hlavnou sicastou nédstroja
ACoMA a zabezpeCuje analyzu e-mailu pomocou
sémantickej anotécie [6][9] a ziskany kontext vo
forme prvkov z ontologického modelu aplikacie posle
nastroju EMBET. Tieto znalosti zasiela a prijima cez
XML-RPC [12].

ACoMA E-Mail slazi na prijatie, vytvorenie
a odoslanie e-mailu doplneného o relevantné
informécie na zdklade kontextu e-mailu. Nastroj
ACoMA pouziva na pradcu s e-mailami JavaMail
APT [10]. Na vytvorenie HTML prilohy e-mailu sa
pouzije XSLT [11] transformécia textovych pozndmok
ziskanych z organizacnej paméte pomocou néstroja
EMBET na HTML dokument, ktory nésledne
pomocou JavaMail API [10] pripoji k uz existujicemu
e-mailu.

Néstroj EMBET sa skladé z 3 hlavnych casti:

e EMBET Core
e EMBET GUI
e Organizaénd pamit
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EMBET Core podobne ako pri nastroji ACoMA
predstavuje hlavni funkcionalitu néastroja EMBET.
Na zaklade kontextu hlad4 a vyber znalosti (vo forme
textovych pozndmok) zo svojej organizaénej paméte.
Vybrané znalosti z organiza¢nej paméte su zasielané
cez XML-RPC [12] alebo SOAP [13] néstroju ACoMA
(v momentalnej verzii sa pouziva XML RPC [12])

Rozhranie k Organiza¢nej pamati je pouzivané
pre ukladanie a vyberanie znalosti. Je zalozené na
RDF[14]/OWLI[15] prdce s ddtami a pouziva Jena
API [16].

casti EMBET GUI (v projekte RAPORT
je  EMBET nainstalovany na portdli, kde sa
nachéddza aj EMBET GUI) sa nebudeme venovat,
pretoze nastroj ACoMA zabezpecuje zobrazovanie
relevantnych informacii.

5 Zaver

Clanok opisuje ako je mozné vyuzit znalosti
v organizacii tak aby implementacia ich vyuzitia
nezasahovala do zabehnutého pracovného procesu
v organizacii. Pri vécSine projektov manazmentu
znalost{ sa v organizaciach inStaluji nové systémy
s ktorymi sa uzivatel musi naucif pracovat. Toto sa
javi ako problém aj pri nasom systéme EMBET ktory
ma vlastné webové rozhranie. V pripade ACoMA
uzivatel dostane vhodné informécia a znalosti priamo
pri vybavovani uloh pomocou emailovej komunikécie.
Dané informécie moze alebo nemusi vyuzit pricom ho
neobtazuji v zabehnutych pracovnych postupoch.
Javi sa ze je vhodné pouzit takyto systém viade

tam kde sa elektronickd komunikéacia pouziva ako
primarny nastroj na manazovanie pracovného
procesu.

V dalsej préci sa budeme snazit vyhodnotif
pouzivanie takéhoto systému, vylepSenie vizudlnej
prezentacia zobrazenych znalosti v emailoch ako aj
zavedenie mechanizmov na spitnid vizbu od uzivatela
na zobrazené informécie a znalosti.
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Budovani infrastruktury sémantického webu*
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Abstrakt Idea sémantického webu je Siroce diskutovdna
mezt odbornou verejnosti jiz mnoho let. PrestoZe je vyvi-
nuta Tada technologit, jazyku, prostredki a dokonce i soft-
warovych ndstroji, mdlokdo nékdy néjaky redlny séman-
ticky web vidél. Za jeden z hlavnich divodu tohoto stavu
povazZujeme neexistenci potiebné infrastruktury pro provoz
sémantického webu. V nasem cldnku popisujeme ndvrh ta-
kové infrastruktury, kterd je zaloZena na vyuZiti a rozditent
technologie datového stohu a ndstrojich pro néj vyvinutych
a jejich kombinaci s webovymi vyhleddvaci a dalsimi nd-
stroji a prostredky.

1 Uvod — soucasny stav sémantického
webu

Kdyby sémanticky web byl alespon z poloviny tak
dobry, jak se snazi proklamovat jeho vizionéri, jisté
by se ho chopila komerce a kazdy by se s nim denné
setkdval, podobné jako dnes s emailem nebo webovymi
strankami. Realita souCasnosti je vSak zcela jina — asi
jen mélokdo nékdy vidél nebo pouzival néco, co by se
dalo nazvat sémantickym webem. Jednim z hlavnich
davodu je neexistence néjaké jednotné infrastruktury,
na které by bylo mozné sémanticky web efektivné pro-
vozovat.

Tento problém lze nejlépe demonstrovat srovnanim
s ’obycejnym’ webem. Zde je infrastruktura jasna
a dlouhodobé stabilné pouzivand. Webové servery (ne-
bo farmy serveru) maji na svych discich ulozené stran-
ky a zdrojové texty webovych aplikaci, server data
poskytuje typicky protokolem http nebo https klients-
kému prohlizeci. Data jsou nejcastéji ve formaltu html
doplnéném ptipadné o dalsi aktivni prvky. Tato data
prohlize¢ zobrazi nebo interpretuje a umozni uzivateli
dalsi navigaci.

Sémanticky web takovou ’standardni’ infrastruk-
turu nemad. Jsou sice vyvinuty a relativné stabilizovany
ruzné popisné prostiedky pro zaznamenavani ontologii
(RDF, RDFS, OWL), navrzeny a pilotné implemen-
tovany specializované dotazovaci jazyky (SPARQL [4],
RQL [8], SeRQL [9] nebo RDQL [10]), avsak kde a jak
jsou data a metadata ukldddna (RDF a RDFS jsou sice
vhodné prostiedky pro uchavavani relativné malych

* Tato prdce byla ¢édstecné podporovdna projektem
1ET100300419  Programu Informa¢ni spolecnost
Tématického programu II Néarodniho programu
vyzkumu Ceské republiky.

objemu dat, avSak pro velmi velké datové objemy sa-
my o sobé piili§ vhodné nejsou), jak se plni daty, jak
jsou data vazana na metadata, ¢im se na neé lze dotazo-
vat, kdo a jak zpracovava odpovédi, jaké protokoly se
pouzivaji pro vzajemnou komunikaci — to jsou vSechno
technické detaily, kterym doposud byla vénovana pou-
ze margindlni pozornost, a to zejména vzajemné kom-
plexni provazanosti jednotlivych otédzek. Nedotesenost
téchto technickych otazek je jednou z pric¢in realné ne-
existence sémantického webu.

Dalsi kapitoly tohoto ¢lanku jsou organizovany na-
sledujicim zpusobem: v kap. 2 je popséna pouzitelnost
stohovych systému pro datové tlozisté sémantického
webu, kap. 3 popisuje jednotlivé moduly infrastruk-
tury, kap. 4 shrnuje soucasny stav a nastinuje dalsi
Vyvoj.

2 Stohové systémy a jejich vztah
k sémantickému webu

2.1 Stoh

V ramci vyvoje konkrétniho informaéniho systému
jsme vyvinuli datovou strukturu pro centralni tlozisté
dat odpovidajici pozadavkim na systém kladenym —
stoh [1,2].

Zékladni ideou stohovych systému je vertikalizace
dat, tj. nevyuziva se tradi¢ni horizontalni pojeti data-
bazové tabulky, kdy jedna fadka pfedstavuje néjakou
mnozinu spolu souvisejicich atributu néjaké entity.
Misto toho je kazdy atribut ’tradi¢ni’ fadky predsta-
vovan jednim rfadkem datového stohu a odpovidajici
si atributy jsou pak spojeny identifikaci entity, které
tyto atributy nalezi. Celé datové schéma vsech zicast-
nénych aplikaci je nahrazeno dvéma zakladnimi tabul-
kami — hodnotami atributu a strukturou entit.

Béhem préace na grantu Sémantického webu jsme
ukdzali [3], ze tato datovd struktura je ve skutecnosti
velmi dobte pouzitelnd i pro sémanticky web.

Puvodni zékladni pozadavky na pouziti stohu ja-
kozto centrélniho datového lozisté pro integraci byly:

1. Zachovani vétsiho mnozstvi stavajicich provoznich
aplikaci
2. Sjednoceni dat z riznych pracovist
Aktivn{ distribuce zmén ddaju
4. Relativné snadnd moznost pfidani dalsich sbira-
nych a skladovanych informaci
5. Plna informace o zménach dat na ¢asové ose

et
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Tyto pozadavky velmi dobfe odpovidaji i pozadav-
kum na datové tlozisté sémantického webu:

1. Zachovani zdroju — zdroje dat jsou rozmistény po
celém webu a nejsou pod spravou nikoho konkrét-
niho, tudiz nelze ovlivnit jejich datové schéma.

2. Data uchovavand v jedné instanci stohu odpovi-
daji jedné ontologii. Ta vSak nemusi odpovidat
ontologiim jinych zdroju. Pfi importu dat z jinych
zdroju se tato data prevadéji na nami zvolenou
a udrzovanou ontologii.

3. Stoh je schopen zajistit export dat véetné aktivni-
ho exportu (push).

4. Lze pomérné snadno ménit strukturu dat ve stohu,
nebot struktura dat neni uréena pifmo databazo-
vym schématem, ale obsahem metatabulek ucho-
vavajicich strukturu dat. Zména struktury dat od-
povida zménam v udrzované ontologii.

5. Stoh je navic schopen udrzet informace o casovém
prubéhu dat, takze jsme schopni zjistit informace
o stavu svéta vzhledem k néjakému casovému
bodu.

2.2 Ulozeni dat ve stohu a vztah k RDF

Data jsou ve stohu aktualné ulozena v jedné tabulce,
ktera obsahuje pro kazdou hodnotu atributu entity
v daném casovém useku jednu fadku. V kazdé této
fadce jsou ulozeny nésledujici polozky: ¢islo entity, typ
atributu a hodnota atributu, zdroj dat, validitu a re-
levanci. Prvni t¥i polozky velmi dobfe modeluji RDF
model dat, kde entita pfedstavuje subjekt, typ atri-
butu je predikdt a hodnota atributu je objekt. Zby-
vajici atributy jsou vhodné pro implementaci reifikaci.

Tim, ze datova tabulka stohu odpovidd RDF, jsme
ziskali v rdmci vySe uvedeného projektu velkou data-
bézi (Fadove desitky miliénu zdznamu) redlnych RDF
dat. Drobnou nevyhodou je fakt, ze nékterd data jsou
privatni a nemohou byt zverejnéna, coz se dd napravit
vhodnym anonymizovanim téchto dat.

2.3 Reifikace

Atribut zdroj dat zminovany v predeslé podkapitole
urcuje odkud data pochazeji, relevance reprezentuje
dohad duvéryhodnosti zdroje dat a dat samotnych
a validita urCuje ¢asovy rozsah platnosti dat. V kon-
textu sémantického webu lze tyto tidaje o kazdé da-
tové polozce povazovat za reifikace pi9slusné RDF tro-
jice. Explicitnim modelovanim téchto vztahtt pomoci
¢istého RDF bychom dostali néikolikandsobné veétsi
data a dotazovani nad takovymi daty by bylo znatelné
pomalejsi. Jednoduchym vyuzitim zakladnich vlast-
nosti stohu muzeme tyto vztahy velmi jednoduse a pii-
tom efektivné pouzit.

2.4 Kontextova ontologie a mapovani
ontologii

Ontologie uchovavana v metatabulkach stohu je onto-
logii kontextovou, tj. popisuje pouze data ulozena ve
stohu. Data ¢asem pfibyvaji a méni se i ontologie ty-
picky zvétsovanim (priddvanim dalsich oblasti), nekdy
i zménou. Metatabulky stohu pak museji zvladnout
tyto zmény ontologii beze zmény obsahu datové ¢asti
stohu.

Velkym problémem, ktery brani celosvétovému
rozsifeni sémantického webu, je mapovani ruznych
ontologii na sebe. Rizni autofi se snazi tento problém
ruznymi prostiedky fesit, bohuzel v soucCasné dobé
problém neni uspokojivé vytesen.

Pokud pouzijeme kontextovou ontologii, pak musi-
me i zajistit mapovani s jinymi ontologiemi pii piijeti
novych dat a metadat. Zde se nabizeji tfi ruzné me-
tody:

- Jednou z moznych metod je metoda Rosetské des-
ky, tj. existuje néjaky spolehlivy, dobfe zndmy
zdroj, ktery zajistuje alespoii éasteény pieklad me-
zi riznymi ontologiemi.

Druhd metoda je mapovani map na sebe. Méjme
mapy néjakého tzemi z ruznych ¢asovych obdobi,
takze zobrazuji trochu jinou situaci. Pokud se nam
podafi na mapach najit nékolik malo styénych bo-
du (napf. vyznaénd meésta), pak uz jsme schopni
zbytek map na sebe také namapovat.

Posledni metodou je domluva dvou lidi, ktef{ mlu-
vi jinym jazykem. S vyuzitim neverbalni komuni-
kace si vytvori zakladni slovnik, pomoci kterého
pak vytvari dalsi bohatsi slovnik, ¢imz mapuji po-
stupné jazyky na sebe.

Prvni dvé metody vyzaduji négjaky lidsky zasah —
nalezeni nebo vybudovani Rosetské desky, v druhém
pripadé typicky lidska obsluha najde styéné body na
mapé. Tteti metodu lze nejspiSe vyuzit pro ¢isté stro-
jové mapovani. Bude nutné navrhnout néjaky proto-
kol, ktery nahradi neverbalni prostredky lidské ko-
munikace néjakymi jinymi prostifedky dostupnymi ve
svété pocitacu.

3 Infrastruktura pro provoz
sémantického webu

Zakladem navrhované infrastruktury pro sémanticky
web je stoh, kde jsou ulozena vSechna metadata a data
na né vazana. Stoh poskytuje ¢tyfi zdkladn{ druhy roz-
hrani - pro import dat, import a aktualizaci metadat,
dotazovani a exekutory.
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Obrazek 1. Infrastruktura pro provoz sémantického webu.
3.1 Importéry struktura dat jiz v okamziku jejiho zaznamenani muze

Rozhrani pro import dat umoznuje libovolnému mo-
dulu doplnovat do stohu data. Typickym predstavi-
telem importéru jsou filtry, které data z libovolného
zdroje (databdze, XML, web, ...) konvertuj{ do fyzic-
ké podoby zpracovatelné stohem a do logického tvaru
odpovidajicimu metadatum, na kterd jsou tato data
navazana.

Dtlezitou soucasti importéru je schopnost deteko-
vat jiz existujici data a tato aktualizovat. K tomu
slouzi rozhrani pro unifikce, kde na zakladé urc¢ujicich
a relevantnich atributa lze pomoci unifika¢nich algo-
ritmu na sebe vézat existujici a nové importovana
data.

Zvlastni vyznam mezi importéry maji vyhledavace
— ty spojuji sémanticky web s webem. Pro nase ticely
jsme pouzili systém Egothor [6], ktery svoji moduldrn{
koncepci umoziuje komfortné doplnit pfislusné mo-
duly pro spolupraci se stohem. V puvodni podobé Ego-
thor na zékladé stazenych dat vytvari zaznam webu
v inverzni vektorové podobé. Doplnénim extrakénich
modult umozni vybrana data uklddat do stohu. Vzhle-
dem k obrovskému mmnozstvi téchto dat je konverze
zprostiedkovdvana pomoci specializovaného kompres-
niho modulu [12].

Pouhy ptisun samotnych dat by v dlouhodobéjsim
provozu sémantického webu nedostacoval — svét sé-
mantického webu je velmi dynamicky a jakakoliv

byt zastarald. Proto dulezitou lohu maji importéry
metadat. Jejich cilem je aktualizovat metadata tak,
aby co nejvérnéji odpovidala aktualnimu stavu. Po-
dobné jako importéry dat mohou byt importéry me-
tadat libovolné komponenty s libovolnou logikou, je-
dinou podminkou je implementace vyhovujici defino-
vanému rozhrani.

Importéry metadat 1ze rozdélit na manudlni a au-
tomatické. Typickym predstavitelem manudalnich im-
portéru metadat jsou filtry exportu ruznych datovych
modeli, XML Schemat apod., které umozni piimy im-
port z takto popsanych zdroju dat. Vystavét séman-
ticky web pouze nad témito relativné pevné struktu-
rovanymi daty by vSak bylo pfili§ omezujici, soucasny
web obsahuje o mnoho Fadu vice dat nestrukturova-
nych.

Ptipraveny framework pro automatické importéry
metadat umoznuje vytvaret samostatné moduly, které
na zdkladé ruznych algoritmu zaloZenych heuristic-
kych, statistickych a pravdépodobnostnich metodach
a v neposledni fadé také na umélé inteligenci mohou
automaticky generovat metadata ze zpracovavanych
dat. Jednim z piikladu automatickych importéru je
vyhledava¢ Egothor doplnény o modul pro automa-
tické odvozovani sémantiky na zakladé stazenych dat.
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3.2 Dotazovace

VVVVVV

tadat sémantického webu je moznost dotazovani. Na
rozdil od tradi¢nich rela¢nich databazi s pevnym da-
tovym schématem a standardizovanymi dotazovacimi
nastroji je dotazovani nad daty sémantického webu
zatim ve stddiu ndvrhu a pilotnich implemen-
taci. Tomu odpovida i navrhovand infrastruktura. Za-
kladem je opét definované rozhrani, jehoz prostied-
nictvim 1ze na stoh klast dotazy a ziskavat odpovédi.
Tento popis je zdmérné velmi siroky, nebot obé jeho
¢ésti (kladeni dotazu a ziskdvani{ odpovédi) mohou
nabyvat mnoha podob.

Vlastni dotazovani je komplikovano tim, ze uziva-
tel typicky neznd strukturu dat, kterd je navic rozsdhla
a v Case dynamicka. Proto jednim z modula dota-
zovage je prohlizec dat fizeny sémantikou (PDRS) pra-
covné nazvany Tykadlo, ktery umoziuje vyhledavat
a prohlizet metadata, filtrovat data vztazend k témto
metadatum, a pres datové vazby prohlizet dalsi data
na tato vazana.

Modul SPARQL [3,4] pieloz{ dotaz zapsany v ja-
zyce SPARQL do SQL a nechd ho vyhodnotit da-
tabdzovy stroj. Tento zpusob dotazovéni je vhodny
pro jednodussi dotazy, slozitéjsi dotazy s velkym poc-
tem spojeni jsou zatim vykonnostné nedostacujici.

Dalsim modulem je vicekriteridlni dotazovaé¢ [5],
ktery umoznuje specifikovat nékolik vyhledavacich kri-
térii, pficemz vysledek je néjakou obecnou (monotén-
ni) funkef jednotlivych kritérii [7]. Uzivatel ma vlastni
preference pro jednotlivé atributy i pro jejich celkovou
integraci. Ulohou modulu je najit nejlepsi odpovéd,
pripadné k-nejlepsich odpovédi. V dynamické verzi
muze byt modul rozsiten o pouziti vysledku predeslych
dotazu, a to jak vlastnich tak i jinych uzivatel.

Ve fazi vizi je doplnéni dotazovace o moduly umoz-
nujici formulaci dotazu v pfirozeném jazyce a zapo-
jeni lingvistickych metod, pfipadné pouziti po-
krocilych metod umélé inteligence a dolovani dat ve
stylu 'ukazte, data, co je na vas zajimavého’. Prestoze
priblizeni téchto vizi je hudbou vzdalenéjsi budouc-
nosti, infrastruktura je na tyto moduly pripravena.

3.3 Exekutory

Doposud jen volné zminovany ’vysledek dotazu’ 1ze in-
terpretovat mnoha ruznymi zpusoby. Od rela¢né orien-
tovaného data-setu pies seznam odkazu zndmy z we-
bovych vyhleddvac¢i nebo seznam entit doplnény je-
jich vazbami az po aplika¢ni funkénost typu zavolani
vhodné sluzby SOA.

Tradi¢ni zpusob reprezentace vysledku dotazovéni
je pevné vazany na pouzity dotazovac. Tykadlo zob-
razuje vzajemné propojené html stranky se zobraze-
nymi vyhledanymi daty a jejich vazbami, vyhleddvac

zobrazuje webové odkazy s pfipadnym podrobnéjsim
popisem, SPARQL vraci fadky n-tic vyhledanych atri-
butu.

Technika exekutoru zavadi do infrastruktury pro-
cesni modely. Ukolem exekutoru je provést sémantic-
kou akci, tj. interakci dat ziskanych dotazovacem
s ostatnim svétem, a to nejen svétem sémantického
webu. Tyto atomické exekutory lze slozit a vytvorit
exekutory slozené. Orchestraci, tj vzajemné propojeni
exekutoru za ucelem dosazeni pozadované komplex-
néjsi funkénosti, provadi modul dirigent.

Ideu exekutoru lze ilustrovat nésledujicim piikla-
dem. Onemocni-li nékdo, potiebuje 1ék. Dotazovaé na-
lezne nejblizsi lékarnu nabizejici vhodny 1ék. Jeden
exekutor je zodpovédny za nakup léku zatimco druhy
zaiid{ jeho dodavku az domu. Modul dirigent orches-
truje tyto exekutory tak, aby byly vzdjemné synchro-
nizované, aby vzajemné spolupracovaly a pfedavaly si
relevantni data.

4 Zavér

Predklddané feseni infrastruktury pro sémanticky web
je svym zaméfenim otevieny framework, nikoliv jedno
uzaviené feseni. To je podle nas zcela nezbytné vzhle-
dem k rozmanitosti sémantického webu, jeho soucasné
nevyzralosti a potiebé velmi flexibilni budouci rozsifi-
telnosti.

Jednotlivé ¢asti infrastruktury jsou v ruznych stéa-
diich dokoncenosti. Centralni databaze zalozena
na technologii stohu je hotova a funkéni, v redlném
projektu byla pilotné otestovana na fadové desitkach
miliént zdznamu. Stejné tak zdkladni néstroje spo-
lupracujici se stohem, zejména Tykadlo a unifika¢ni
algoritmy. Pro plnohodnotné pouziti stohu pro infra-
strukturu sémantického webu je vsak vhodné rozsitit
strukturu metadat tak, aby umoznovala pojmout kom-
plexnéjsi ontologie.

Technika filtru jakozto zakladnich prostifedku pro
importéry dat i metadat je také prevzata z pilotniho
nasazen{ [11], konkrétn{ importéry jsou vsak ve fdzi
implementace. Vyhladava¢ Egothor je plné funkéni,
avSak nezaintegrovan do infrastruktury. Navrhované
moduly importu dat a odvozovace sémantiky jsou nyni
ve fazi specifikace.

7 dotazovacu je Tykadlo implementované a funk-
¢ni, SPARQL a vicekriteridlni dotazovace jsou pilotné
implementovany, avSak doposud nezaintegroviny do
zbytku prostiedi. Formaty exekutoru a presnd funk-
¢nost dirigentu jsou ve fazi specifikace.

Budouci prace bude spocivat predev§im v imple-
mentaci zbyvajicich komponent, jejich integraci a né-
sledném experimentalnim zkoumani vlastnosti jak cel-
kové architektury tak i jednotlivych modula. Piedpo-
kladdme, ze na zakladé ziskanych vysledku a zkuse-



nosti bude v tomto ¢lanku popisovand oteviend in-
frastruktura doplnénd o dalsi moduly a datové toky.
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