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Preface

The 4th workshop ITAT’04 — Information Technologies — Applications
and Theory (http://ics.upjs.sk/itat) was held in chalet Popradské Pleso
(http://www.horskyhotel.sk/Majo/indexen.html) located 1494 meter above
the sea level in High Tatra, Slovakia, in September 2004.

ITAT workshop is a place of meeting of people working in informatics from
former Czechoslovakia (official languages are Czech and Slovak, although other
languages are not forbidden). The workshop was founded together with the Insti-
tute of Computer Science at Faculty of Science, P.J. Safarik University as one
of its corner stones.

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. On the other side it offers a student possibility to discuss
with the “elders”. A big space is devoted to informal discussions (the place is
chosen at least 1000 meter above sea level in a location not directly accessible
by public transport).

This workshop coordinates its activities with workshops with similar working
attitude in the Czech Republic CLA, Dateso, and MIS.

Thematically workshop ranges from Foundations of informatics, security,
through data and semantic web to software engineering. Papers are divided into
following classes:

— original scientific papers (fulfilling comparable international criteria at work-
shops);
— didactics of informatics;
— work in progress;
— extended abstracts and
— student papers (here we offer to students a first acquaintance with writing an
own paper, refereeing process and presentation — full validation of original
ideas is not the top requirement here).
All papers were refereed by at least two independent referees. There were 25 sub-
missions.

The workshop was organized by Institute of Informatics of University of
P.J. Safarik in Kosice and Institute of Computer Science of Academy of Sciences
of the Czech Republic, Prague.

Partial financial support has to be acknowledged from the slovak grant VEGA
1/0385/03 “Intelligent search, retrieval and processing of information”, the slo-
vak IT project “Tools for knowledge acquisition and organization from hetero-
geneous information sources” and by the project 1ET100300419 of the Program
Information Society (of the Thematic Program II of the National Research Pro-
gram of the Czech Republic) “Intelligent Models, Algorithms, Methods and Tools
for the Semantic Web Realization”.

Peter Vojtds
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PVM algorithms for some problems
in bioinformatics

Hongmei He, Xuan Liu, Matthew Newton, and Ondrej Sykora

Department of Computer Science, Loughborough University, Loughborough,
Leicestershire LE11 3TU, The United Kingdom
H.He, X.Liu, M.C.Newton, 0.Sykora@lboro.ac.uk

Abstract. We design and analyze implementation aspects of a PVM
version of the well known Smith-Waterman algorithm, and then we con-
sider other problems important for bioinformatics, such as finding longest
common substring, finding repeated substrings and finding palindromes.

Key words: Smith-Waterman algorithm, PVM algorithms, the longest
common string, the longest repeated string, the longest Palindrome

1 Introduction

String database searching is one of the most important and challenging tasks in
bioinformatics. It is necessary to find the best match between two given DNA or
protein strings. In the match, we have a penalty for opening gaps or extending
gaps for each of the strings. The best match is the one with the minimum sum of
such penalties. Pairwise comparison provides computer tools to directly compare
two strings. They are the starting points for all kinds of string analysis. These
tools can be very useful in string analysis, cloning projects, PCR analysis, and
many more.

The developers of hardware and software database searching and handling
are facing a great challenge from the genetic-string information that rises quickly
to large amounts. Although the computing resources have increased exponen-
tially for decades, the genetic string information maybe has extended beyond
the growth speed of the computing power. If the above facts keep on going,
it will be necessary to use more expensive supercomputers to search existing
databases.

Cluster computing is a relatively new field of research in parallel computing.
A cluster computer typically exists as a set of PCs or workstations interconnected
by a switch or a fast ethernet network. In a certain sense a cluster is just a par-
allel computer with a, possibly, slower interconnection network. Clusters offer
incredible computing power at a fraction of the cost of parallel supercomputers.
In comparison, their communication power is modest, and no dedicated software
is provided. For communication one mostly relies on the concepts of PvM [12]
or the MPI library of communication routines [10], which provides a reasonably
efficient set of primitives.
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2 Smith-Waterman algorithm

When looking for strings in a database similar to a given query string, the
search programs compute an alignment score for every string in the database.
This score represents the degree of similarity between the query and database
string. The score is calculated from the alignment of the two strings, and is
based on a substitution score matrix and a gap-penalty function. A dynamic
programming algorithm computing the optimal local-alignment score was first
described by Waterman and Smith [17]. Later Gotoh [4] reduced the complexity
of the algorithm. Both versions have been implemented many times.

Database searches using the algorithm are unfortunately quite slow on ordi-
nary computers, so many heuristics have been developed, such as FASTA and
BLAST. These methods have greatly reduced the running time, however, at the
expense of sensitivity. As a result, a distantly related string may not be found
in a search by using these heuristic algorithms. To get faster, but optimal solu-
tions, one should use parallel computing. For example the authors of [18] used
a 64 processor system to align 324 protein strings in 13 hours instead of single
processor machine running 29 days to execute the same work.

One of the first parallel implementations of the Smith-Waterman algorithm
or Gotoh’s version of it is due to Sitting et al.[15] and by [6]. In [7] a cluster imple-
mentation of Gotoh’s version[4] of the Smith-Waterman algorithm was designed
and run on a cluster of workstations using the PVM paradigm. They claimed to
achieve similar performance to a massively parallel computer Intel iPSC/860 hy-
percube. Special parallel hardware to implement the Smith-Waterman algorithm
was developed by more researchers e.g. [3], [11], [8], [13]. Systolic algorithms to
implement the Smith-Waterman algorithm were also created [14].

Our PVM implementation of the Smith-Waterman Algorithm has been run
on a cluster of 20 Sun ULTR Asparc 5 workstations running Debian GNU /Linux.
They are connected with 100Mbit Ethernet using Cisco 2950 switches. We tested
it for different sizes of strings, different relative sizes and for different numbers
of workers.

We used PVM, because it is standard and it frees the algorithm designer
from load balancing, resource control, fault tolerance and other problems with
parallel software, and it is still quite popular as well.

2.1 PVM Smith-Waterman algorithm

The PVM Smith-Waterman algorithm is shown in Algorithm 1, in which y is
the pattern array, =, the text array, y[u,v], the substring of y from index u to
v, p, the number of workers in the cluster, and g and t are the pattern and text
lengths respectively.

2.2 Test results and analysis

In the first experiment, we used patterns and text of six different lengths,
from 0.5 K to 16 K. We measured the running time for each pair of text and
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Algorithm 1 Parallel Smith-Waterman Algorithm
MASTER :

1: Send (y, all); k= 0;

2: while (k <t) do

3:  Send (z[k, k + (g9/p) —1],all);

4: k=k+g/p

5: end while
Worker(r) :

1: while (k <t) do

2:  if data from worker(r-1) was received then
3: WS(y[r(g/p),(r+1)(g/p)-1],x[k, k+(g/p)-1]}
4: Send (Return data of WS(y[r(g/p),(r+1)(g9/p)-1],x[k, k+(g/p)-1]},
5: worker(r + 1));
6:
7
8:

end if
if r = p then
worker(r) returns Best
9:  end if
10: end while
Smith-Waterman Algorithm :
1: WS(stringl,string2)
2: {Define f[i, j] as maximal similarity score, d as the cost of deletion and sim/|z, j]
as the similarity of the i-th character of the pattern and the j—th character of
the text}

3: Best = 0; f[0,0] = 0;

4: for (0 < i < stringl_length) do

5. for (0 < j < string2_length) do

6: {f[ivj]:max{f[iflvﬂ*& f[ivjfl]fdvf[i'Lj'1]+Sim[iaﬂ};
7 Best = max ( f[, j],Best)

8: end for

9: end for

a pattern. We also tested different numbers of workers (see Fig. 1(a)). In another
experiment, we used the same texts and patterns and worker numbers, but ran
on only 8 machines. In Fig. 1(b) both cases are compared.

The running time of Gotoh’s version of the Smith-Waterman algorithm is
O(pattern_length x text_length), where the pattern length is different from the
text length. In our experiments the length of text and of pattern were equal.
The total parallel running time is composed of computation time and commu-
nication time. In our parallel Smith-Waterman algorithm, 2p — 1 (where p is
the number of workers) periods of computation of size ( text_length/2)? on every
active worker are followed by communication of at most p messages, each one
being text_length/p in length, which were sent and received by workers across
PVM. From our experiments followed, that our parallel Smith-Waterman algo-
rithm’s running time is O((tezt_length)?/p). Test results show that the number
of workers plays a role, if the total length of input becomes larger. Also if the
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Fig. 1.

total length of input exceeds a limit, it matters if we use more virtual processors
than the real number of processors.

3 PVM algorithm for finding repeated strings

An important and very usual activity in bioinformatics is detection of repeated
patterns in strings.

A repeated substring is one having at least two matching occurrences at
distinct positions within the string, with the possibility that such occurrences
may overlap. A repeated substring may be said to be maximal if the match
of a pair of its instances cannot be extended further in either direction: Given
string y, with length n > 0, identify and locate the longest substring |z| occurring
at one or more distinct string overlapping positions in y.

There are many sequential methods for finding repeated substrings [16]. Our
PVM algorithms are efficient, especially in the case of finding all repeated sub-
strings.

P Longest Repested Subtang Sseeh Algrkth 1 Wiachines) First we discuss a general prob-

lem of finding a non-empty substring

x of a string y which repeats in a non-
overlapping position in the string y,
i.e. the substring x of length m re-
peats in y, so that there are two po-

: : - sitions k£ < [ in the string y such that
10 15 0 .

Dot icieg gt x[z] = y(k‘ 4+ — 1) = y(l +1— 1) for
e THUEK —e— T=1K <0 T=28K Ay~ T=6K -0 T=10K] 1 <i<mand k+m <. A spe-
cial subproblem of this problem is to
find the longest tandem substring in
a string. When looking for the longest
tandem substrings we want to find concatenated two longest repeated substrings.
It means the first element of the second longest substring is next to the the final
element of the first longest substring.

Running Time (sec]

Fig. 2.
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Algorithm 2 Parallel Longest Repeated Substring Algorithm

MASTER :

1:
2:
3:
4:
5:

{z is the text array, p is the number of workers in the cluster, g is the text lengths.}
Initialisation

Send the z to all workers.

Receive the Longest Repeated Substring,maxRepeatedStr from all workers.
Compare each result from workers and output the Longest Repeated Substring.

‘Worker(r) :

1:

23:
24

define maxRepeatedStr with three elements, the length of string,maxRepeatedStr.len,the
first start position in x, maxRepeatedStr.xl, and the second start position in =z,
max RepeatedStr.x2

Initialize maxRepeatedStr with the element, len=0;

: step=g/(2 X p) + 1;

frontPart=WorkerID X step;
rearPart=(2(p — 1) — WorkerID) X step;
for (k = frontpart;k < frontPart + step; k + +) do
{ substring=searchSubstr(z, g, k) }
if(substring.len>maxRepeatedStr.len) maxRepeatedStr=substring;
end for

1 if (frontPart! = rearPart) then

for ( k=rearPart; k<rearPart+step & k<g; k++) do
substring=searchSubstr(z, g, k)
if(substring.len>maxRepeatedStr.len) maxRepeatedStr=substring;
end for

. end if
. send the maxRepeatedStr to Master.

Longest Repeated Substring :

: SearchSubstr(X,g, k )

define maxZeroString.
Initialise maxZeroString with the element len = 0;
i =0
while (i < g — k) do
valli] = X[i] — X[i + k]
i++;
end while

. set variable, len to record the length of current 0 string
ti=0
: while (i < g — k) do

i=the start position of the next 0 string in array,val
counter = thelengthoftheOstring

i=i+counter

if (k < counter) len = k; (overlap)

else len = counter; (k > counter, no overlap )

if (len>maxZeroString.len) {
maxZeroString.len=len;

maxZeroString.x1 = i— counter;

maxZeroString.x2 = i + k— counter;

end while
Return maxZeroString;

25: }
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What follows is the PVM algorithm for both non-overlapping and overlapping
cases.(see Algorithm 2) Fig. 2 shows test results for searching longest repeated
substring.

3.1 Analysis

Work (we count the number of comparisons executed) of this PVM algorithm
is m? and the running time is O(m?/p), where p is the number of workers and m is
the string size. The running time is almost entirely composed of computation
running time as communication is solely used to start the computation and
to combine the partial results of workers. The same holds for all other parallel
algorithms in the rest of the article. The parallel algorithm decreases the running
time for searching longest repeated substring, but if we used too many workers
to find the longest repeat string in small string, the running time would increase.

3.2 Discussion of the overlapping case

Fig. 3 shows the procedure of searching longest substring.

k=1

geng (LT TTTTTTTITTTTTITTT]
Swmg [ TTTTTTTTTITTITTITITTITT]
*
k=5 x
geng [TTTTTTTTTITTTTITTITTTT]
Seng [ [TTTTTTTTTTITITITIT]
String_length - k
*
It = String length - 1 *
Sawmg [TTTTTTTITITTTTITITTTT]
Seg [ I TTITTTTITITTTTTTT]
Fig. 3.

We use k for the number of times the string is shifted. We calculate the
difference of the common part of the two strings, count the size of the longest
matching substring, and get the corresponding start positions of the longest
repeating substrings. We use a variable, counter, to record the length of the
matching substring, and we consider overlapping of repeated substrings too.

In the non-overlapping case, for example, using a string, “AAAAAAA”, we
can say the longest repeating substring is “AAA”, whose first start position is 0,
and second start position is 3. In another example, a string: “AGTCAGTCA”,
the longest repeating substring is “AGTC” and rather than “AGTCA”. However,
in the PVM algorithm, if there are overlapping substrings in the string, the
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value of counter could be more than the real value of length. Fig. 6 describes
the procedure of finding an overlapping substring. For the example (Fig. 4) of
“AAAAAAA”, we have k = 1, counter = 6, and obviously, it is not correct to

record the value of counter. For

the example (Fig. 5) of “AGTCAGTC”, we have

k = 4,counter = 5 and we also cannot record the current value of counter.
Actually, k is the real length of repeating substrings instead of counter. So we

just need to record the value of

k as it is largest, when k < counter.

[4] Ell

[+]

=][=]
[=][=]
(=[]
=][=]
[=][>]

2]

[+] [+11#]

E=1 Counter =46

[ BT )] (] B 2]

[+] [a] [2] [2]
5

=3 Counter =4

[a] el (] [a] [a] [£])[&]
[4]

[A1[a] AT (2] (2] [4]

K=1 Counter=1

Fig. 4.
(4] [e] 2] [c] [a] [s] [x] [c] [4]
(4] [o] [1] [c] [a] [e] [1] [c] [4]
K=1 Counter=0 =2 Counler.=0
= A e 0 OEE D
—=
1
=4 Counter=5

[zzer >

E=8 Counter=1

Fig. 5.
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[Dgggggggﬂ 1st Computation| Q’m
D
[Dmgggggggamm 2rd ] QMD
{Dmmmggggmmmm — ] QW
[DQQDDSEESDDDD Sth ] Eﬂm
FEEEEEELEL P

{ DENEEEEEE }QMEWC
[BQBDDDDSSQDDDDE{S } = [poctine B
{DEEDDEDDSDDDDBEng} Eﬂm

Fig. 6.

3.3 Load balancing—onion peeling principle

To keep the workload balanced equally over processes, we suggest using the so
called onion peeling principle which ensures almost equal distribution of work-
load. In Fig. 6 we show an example with 4 workers and computation of 8 blocks
of different size. The size of neighbouring blocks differs by 1. Computation of
the 8 blocks will be distributed over these 4 workers as follows. Like peeling an
onion skin, the first worker computes the outside layer, which are the first and
the eighth blocks. The second worker will execute the computation of the next
layer, which are the second and the seventh blocks, and so on.

4 PVM algorithm for the longest common substring

The problem of finding the longest common substring is an important problem
too. For example, in DNA sequencing, shotguns[2] are used, and one should find
pairs of shotguns with the longest common prefix from one shotgun, matching
the suffix of another shotgun.

4.1 Longest common substring algorithm

A longest common substring of two strings is a substring common to both,
having maximal length, i.e. it is at least as long as any other common substring
of the strings. Given two strings = and y, with lengths |z| = m, |y| = n, where
0 < m <= n, find les(z,y), where lcs(z,y) is a longest common substring of x
and y. We could also be interested in f longest common substrings, where f is
a constant.

There are many sequential methods to solve this problem (see e.g. [16], [1]).
We suggest a relatively simple parallel algorithm with a load balancing idea
described in Algorithm 3. The ID of a worker is denoted “WorkerID”.
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Algorithm 3 Parallel Longest Common Substring Algorithm

MASTER :

1:

{y is the pattern array, x is the text array,p is the number of workers in the cluster, g and
t are the pattern and text lengths respectively}

Initialization :

3:
4:
5:
6:

Send the y to all workers.

Send the z to all workers.

Receive the Longest Common Substring from all workers.

Compare each result from workers and output the Longest Common Substring.

‘Worker(r) :

1:

define maxCommonString with three elements, the length of
string,maxCommonString.len, the start position in vy, maxCommonString.y, and
the start position in z, maxzCommonString.z

. Initialize maxCommonString with the element, len=0;
: Step=g + t/(2p) + 1;

FrontPart = WorkerID X step;
According to the distribution of machines, each worker in the cluster includes two parts,
front part and rear part.
RearPart = (p + WorkerID) X step;
for (frontpart < k< frontPart + step) do
substring=LCS(y, z, g, t, k)
if (substring.len > maxCommonString.len)
mazxCommonString = substring;

. end for
: for ( k=rearPart; k<rearPart+Step & k<g+t; k++) do

substring=LCS(y, z, g, t, k)
if (substring.len > maxzCommonString.len)
mazxCommonString = substring;

. end for
. send the maxCommonString to Master.

Search Longest Common Substring :

LR

1 LCS(Y,X,g,t,k)

define maxZeroString.

. Initialise maxZeroString with the element len = 0;
:if (g-k-1>0){Start1=g-k-1; Start2=0}

else { Start1=0; Start2=k-g+1;}
if (g-Startl)<(t-Start2)

L =g — Startl

else L =t — Start2

. set m=0; maxLen=0;
. set i=Startl;j=Start2;
: while (m < L) do

vallm 4+ +] = Y[i+ +] — X[j + +]

. end while
: set ¢ = 0; set maxlen=0;
: while (¢ < L) do

i=the start position of next 0 string in array, val;
counter=the length of the 0 string

i=i+counter;

if (counter > maxZeroString.len)
{maxzZeroString.len = counter;
maxzZeroString.y = Startl + i — counter;
maxZeroString.x = Start2 + i — counter; }

. end while
. return maxZeroString;
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4.2 Test results and analysis

We used 20 machines in the cluster to run the PVM algorithm, in which different
length text strings and pattern strings were applied. We also tested different
numbers of workers (see Fig. 7).

PVYM Longest Common Substring Algorithm 20 Machines)

Running Time (sec)

o 5 10 15 20 25 30 a5
Mumbser of Pracess(es)

e T=0 5K P=0 5K —— T=IK P=1K =i T=2,5K P=2.5K]
g T=EK P=6K —L—T=10K P=10K

Fig. 7.

Work of this PVM algorithm (we count the number of comparisons to be
executed) is min?(|x|,|y|) = m? and the running time is O(min?(|x|, |y])/p) =
O(m?/p), where p is the number of processors.

4.3 Load balancing

In parallel longest common substring algorithm, we use a kind of load balancing
implementation method, which is similar to the onion peeling principle. As Fig. 8
shows, the computation between two strings contains two parts, which will be
carried out when the upper string slides from the right end of the lower string
to the centre, and go on to slide from the centre to the left end. The longest
computing time will happen when the upper string is on the central position of
the lower string. We arrange these calculations so each worker works in tandem,
which means any PVM worker will be given some easy computations (like the
1st and 2nd) and some of hard computations (such as the 6th and 7th). Other
PVM workers may be arranged the 3rd, 4th, 8th and 9th computations to keep
the load balanced, and so on.

5 PVM algorithm for the longest palindrome substring

A string x of length n such that x(i) = z(n — i+ 1),1 < ¢ < n, is called
a palindrome. We design a PVM algorithm to find the longest palindrome, and
it can be easily and efficiently applied for finding f longest palindromes, or for
finding all palindromes of at least some constant length (see Algorithm 4).
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Algorithm 4 Parallel Longest Palindrome Substring Algorithm

MASTER :

1:

w

Initialisation {X is the text array, p is the number of workers, g is the text

lengths}
Send X to all workers.
Receive the Longest Palindrome Substring from all workers.

Compare each result from workers and output the Longest Palindrome Sub-

string.

Worker(r) :

: define maxPalindrome  with  two elements, the length

string,max Palindrome.len,the start position in z, maxPalindrome.x

: Initialize maxPalindrome with the element, len=0;
: step=g/p + 1;

: FrontPart=WorkerID X step;

: RearPart=(p+WorkerID) xstep

: for (frontpart<k<frontPart + step) do

substring=searchPLD(z, g, k)
if(substring.len>maxPalindrome.len) maxPalindrome=substring;
end for

: for ( k=rearPart; k<rearPart+step & k<2xg; k++) do

substring=searchPLD(z, g, k)
if(substring.len>maxPalindrome.len) maxPalindrome=substring;

: end for
: send the maxPalindrome to Master.

Search Longest Palindrome

: SearchPLD(X,g, k )

{

: define maxZeroString.

: Initialise mazZeroString with the element len = 0;
o if (g-k-1)>0 {startl = g — k — 1; start2 = (g — 1)}
: else {startl = O;start2=2x (g—k—1)}

: if (¢ > 0) L = StringLength — 4

celse L=j+1

: set m = 0; 1 = startl; j = start2;

: while (m < L) do

vallm + +] = X[i + +] — X[j — -]

: end while
: while (i < L) do

i=the start position of the next 0 string in array,val
counter = thelengthoftheOstring

1 =1 + counter

if (counter > maxZeroString.len) {
maxZeroString.len = counter;

maxZeroString.x = startl + i — counter;

}

: end while
: Return maxZeroString;

S}

of
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5.1 Test results and analysis

In our experiment, we ran our PVM algorithm on a 20 machine cluster. We
tested different string sizes from 0.5kb to 10kb. We also used different numbers
of workers (see Fig. 9).

This PVM algorithm does m? comparisons and the running time is O(m?/p),
where p is the number of processors and m is the string size. From the Fig. 9 we
can see that the best running time would be achieved if we applied more workers.
But, if the longest palindromes are “tiny”, the quickest running time is achieved
with “less” workers. This is due to the fact that there is a “larger” number of
palindromes and reporting them to the master increases the transmission time.

PYM Longest Palindrome Substring Search Algorithm (2¢
140 - Machines)

R
s 2 = 2

Running Time (sec)

=
=

0 5 10 15 20 25 30

Humber of Processies)

2 T=0EK e TR =0— T=25K Qe T=EK e T=10K

Fig. 9.

6 Conclusions

In this article we designed and tested PVM algorithms to compute some impor-
tant problems in bio-informatics.

We designed and analyzed implementation aspects of a PVM version of the
well known Smith-Waterman algorithm and PVM algorithms for finding the
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longest common substring, finding repeated substrings and finding palindromes.
We used the so called onion peeling principle to evenly distribute the workload.

We observed some interesting facts, such as the increase in transmission time,

causing slowdown, if a larger number of workers was used. However, the PVM
algorithms still perform better than their sequential counterparts.
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Abstract. In the circular (other alternate concepts are outerplanar,
convex and one-page) drawing one places vertices of a n—vertex m—edge
connected graph G along a circle, and the edges are drawn as straight
lines. The smallest possible number of crossings in such a drawing of
the graph G is called circular (outerplanar,convex, or one-page) crossing
number of the graph G. This paper addresses heuristic algorithms to
find an ordering of vertices to minimise the number of crossings in the
corresponding circular drawing of the graph. New algorithms to find low
crossing circular drawings are presented, and compared with algorithm
of Mékinen [4], CIRCULAR+ algorithm of Six and Tollis [5] and algo-
rithm of Baur and Brandes [1]. We get better or comparable results to
the other algorithms.

1 Introduction

A number of data presentation problems involve drawings of graphs on a two-
dimensional surface. Examples include circuit schemas, algorithm animations,
software engineering, VLSI pin arrangements, and many others. The primary
requirement of graph drawing algorithms is that the output graph should be
readable, that is, it should be easy to understand and follow. There are many
optimisation goals for variation from one application to another and from one
human to another, such as minimising crossings, minimising area, minimising
bends (in orthogonal drawings), maximising display of symmetries, etc. In the
circular [5] (outerplanar [2], convex [7], or one-page [6]) drawing, one places ver-
tices of a n—vertex m—edge connected graph G = (V, E) along a circle, and
the edges are drawn as straight lines. The common task of circular algorithms
is to find an ordering f : V. — {0,1,...n — 1} of the vertices, minimising the
number of edge crossings. Minimum possible number of crossings of any order-
ing is called circular [5](outerplanar [2], convex [7], or one-page [6]) crossing
number of the graph G. We will follow the notation in [6] i.e. one-page crossing
number to avoid possible misunderstandings: v1(G). Recently, a lot of research
was done for circular graph drawing. In this paper, new algorithms to find low
crossing circular drawings are presented. We compare performance of our al-
gorithm with the well known algorithms, such as Mékinen’s algorithm [4] and

* This research was supported by the EPSRC grant GR/S76694/01 and by VEGA
grant No. 2/3164/23
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CIRCULAR/CIRCULAR+ of Six and Tollis [5] and with Baur and Brandes’
algorithm [1] on

— our suite of Random Connected Graphs (RCG) with different densities;

— Rome Graphs, which are from the test suite of GDToolkit and were utilised
in [1]. We use the undirected graph sets to test our and other previously
published algorithms.

e RND_BUP: this graph set contains about 200 graphs generated ran-
domly. Each graph in the set is biconnected, undirected and planar.

o ALF_CU: this graph set contains about 10,000 connected and undirected
graphs

We get better or comparable results to the other algorithms.

2 Previously published algorithms

There are two basic ways to minimise the number of crossings.

— Minimising the circular length of the graph. The problem was proved to be
NP-hard [4]. The circular length is defined as follows:

Z min(|f(u) — f(v)],n —[f(u) — f(v)])

(u,v)EE

The circular length of the graph shown in the Fig. 1 a) is 53 and the number
of edge crossings is 37. See another drawing in Fig. 1 b) where the circular
length is reduced to 39 and number of crossings to 10.

"
@ ®

Fig. 1. Circular drawings of a graph. Drawing b) was produced by algorithm of Méki-
nen.
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— Maximising the number of edges appearing on the circumference of the em-
bedding circle.

The general problem of placing vertices such that the number of edge crossings
is minimum, is the well know NP-hard crossing number problem as well as the
more restricted problem of Circular Drawing [3].

2.1 Algorithm of Mikinen

Mékinen [4] proposed an algorithm attempting to minimise the number of cross-
ings by minimising the circular length of the graph. Algorithm of Mikinen con-
sists of two steps:

— Two vertices with the highest degrees are placed at positions 0 and n-1,
which correspond to the first position of the right and left halves in the
drawing.

— The other vertices are processed as follows: left and right connectivity arrays
for all the vertices not yet placed are maintained, where the connectivity is
the number of adjacent vertices already placed on the left or right half in
the drawing. The vertex with the highest value of (right connectivity-left
connectivity) will be placed on the right half. The vertex with the lowest
(right connectivity-left connectivity) will be placed on the left half.

The running time of the Mikinen’s algorithm is O(nm).

2.2 Algorithms CIRCULAR and CIRCULAR+

CIRCULAR [5] algorithm reduces the number of edge crossings by maximising
the number of edges appearing on the circumference of the embedding circle. The
algorithm first removes one edge from every triangle subgraph in the graph, then
places the vertices, which are in the longest path of a Depth-First-Search tree
along the embedding circle, and finally builds the corresponding vertex ordering.
There is additional phase applied after CIRCULAR, and the number of crossings
is further reduced by local optimisation of the placement of every vertex. The
running time of the algorithm CIRCULAR is O(mn) while the running time of
CIRCULAR+ is O(m?), where m > n — 1. Fig. 2 shows a drawing produced by
the CIRCULAR algorithm for the graph from Fig. 1 a).

2.3 Algorithm of Baur and Brandes (BB)

While we were preparing this article a paper of Baur and Brandes [1] was ac-
cepted for presentation at WG’04 conference. Therefore we included comparison
of our algorithms to their best too. The best algorithm in the Baur and Brandes’
article [1] works as follows:
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Fig. 2. A drawing of the graph from the Fig. 1 a) produced by CIRCULAR algorithm.

Fig. 3. A drawing of the graph from Fig. 1 a) produced by BB-algorithm.

— Greedy phase: at each step a vertex with the largest number of already
placed neighbours is selected, where ties are broken in favour of vertices
with fewer unplaced neighbours, and then appended to the end that yields
fewer crossings of edges being closed with open edges.

— Sifting phase: Every vertex is moved along a fixed ordering of all other ver-
tices. The vertex is then placed in its (locally) optimal position.

We will use BB to denote the greedy phase. The running time of the algorithm
BB with sifting is O(n?m).
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3 Our algorithms

3.1 Algorithm: adjacent vertex with smallest degree first (AVSDF)

Depth First Search starts with a vertex as the root, and travels as far as possible
along a path emanating from v. Then backtracks towards v until it finds a first
vertex u from which there is an edge to a vertex w not yet visited. Minimising
the circular length of a graph ”fuzzily” means making every edge of graph (geo-
metrically a chord of the circle) as short as possible. To achieve this, we change
the DFS algorithm so that we first place the vertex with the smallest degree,
and then visit the adjacencies of current vertices, which have not been visited
yet, such that the smallest degree vertex has highest priority for visiting. Since
DF'S generates a spanning tree of a graph, our algorithm produces optimal (zero
crossing) drawing for any tree. A description of the algorithm AVSDF follows.

Algorithm 1 Adjacent Vertex with Smallest Degree First

1: Initialise an array order[n], and a stack, S.

2: Get the vertex with the smallest degree from the given graph, and push it into S.

3: while (S is not empty) do

Pop a vertex v, from S

if (v is not in order) then
Append the vertex v into order.
Get all adjacent vertices of v, and push those vertices, which are not in order
into S with descending degree towards the top of the stack (the vertex with
smallest degree is at top of S).

8: end if

9: end while

The running time of the AVSDF algorithm without counting of crossings is O(m).
With counting of crossings its running time increases to O(n?).

Fig. 4 presents the circular drawing of the graph from Fig. 1 a) produced by
AVSDF algorithm.

3.2 Preprocessing phase

For any graph, vertices forming a branch (mutually connected vertices of degree
two except one vertex, which is of degree one) do not produce crossing on a cir-
cular layout.

We remove these vertices first and then deal with the remaining subgraph us-
ing heuristics and finally reinsert the previously removed vertices. For a sparse
graphs this preprocessing reduces substantially running time. In comparison of
heuristics we first use preprocessing and then apply heuristics AVSDF, BB, and
CIRCULAR to the subgraph.
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Fig. 4. A drawing of the graph from Fig. 1 a) produced by AVSDF-algorithm.
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Fig. 5. Example of branches, branch L1: v1,v2,v3, branch L2:ul, u2.

3.3 Postprocessing phase—adjusting

One can further improve the algorithm AVSDF. Taking vertices in the order
with descending number of crossings on their incident edges (we start with the
vertex whose incident edges create the highest number of crossings), we find its
best position among the current one and the ones close to adjacent vertices. We
call the procedure adjusting. Its running time is O(nm).

In Fig. 6, the vertex, v, whose incident edges create the largest number of cross-
ings, is adjusted first. In this drawing v has three possible positions to try.

In our experiments we combine AVSDF as well as BB with adjusting and sifting.
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Algorithm 2 Local adjusting

1: For every vertex calculate the crossings on edges incident to them.

2: Sort the vertices according to descending number of crossings. Let variable, cur-
rentV, point to the vertex whose incident edges have the largest number of crossings.
for (all vertices) do

Get the positions of adjacent vertices of currentV into pList array.
5:  Try all these positions and calculate the crossing number to find the best location
for currentV.
change the pointer,currentV to the next vertex
7: end for

@

Fig. 6. Three possible positions, pl, p2, p3, of vertex, v, to adjust.

3.4 Counting of edge crossings

Edges (i,7) and (k,l) intersect if and only if the positions of 4, j alternate with
the positions of k, . This induces the following formula to calculate the number
of crossings.

Given the adjacency matrix adjMatrix[n][n] of the graph G, by traversing all
edges of the upper triangle of the adjacency matrix, for every edge e, we count
the number of edges crossing with e :

n—3 n—2 j—1 n-1
er(G) = Z Z adjMatrix[i, j] Z Z adjMatrix|[k, ]
i=0 j=i+2 k=it+11=j+1

3.5 Generation of the suite Random Connected Graphs

To test our algorithms and compare them with the others we created a suite Ran-
dom Connected Graphs with different densities. A complete undirected graph on
n vertices, has n(n—1)/2 edges. We define density d as the ratio of the number of
edges in the graph and the number of edges in the complete graph (n(n —1)/2).
The algorithm for random connected graph generation is described as follows:
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Algorithm 3 Generation of a random connected graph

{Initialization} :

1: Create two vertex sets: uSet[n],vSet[n] to store all vertices;

2: Calculate the number of edges, eNum = density X n(n —1)/2
3: get a vertex u € vSet to be stored in uSet, and remove it from vSet.
{Create a random tree with n — 1 edges} :

4: count = 0;

5: while (count < vNum — 1) do

6:  Get a vertex u, from uSet randomly

7:  Get a vertex v, from vSet randomly

8:  Set the corresponding element in adjMatrix to 1

9:  Put v into uSet, and remove it from vSet

10:  count + +

11: end while

{Add remaining edges} :

12: while (count < eNum) do

13:  generate an edge e, which is not in the current graph

14:  count 4+ +

15: end while

4 Experiments with algorithms

4.1 Test Suite

— Random Connected Graphs.

We used three densities 1%, 3%, and 5%. For each density, 12 groups of
graphs with different number of vertices were tested; and for every group
10 different graphs were generated and average running time and average

number of crossings were calculated.
— Rome graphs

Rome graphs are several sets of graphs from GDToolkit. Here we use two sets
of graphs, RND_BUP and ALF_CU. RND_BUP is a set of random bicon-
nected undirected planar graphs. ALF_CU is a set of connected undirected
graphs. For these graphs we first apply preprocessing phase as described in

subsection 3.2 and then on the resulting graph run heuristics.

4.2 Comparison of AVSDF, algorithm of Mikinen, CIRCULAR,

and BB

In this subsection we present the results of comparison the algorithms AVSDF,
Mikinen’s, CIRCULAR and BB without any postprocessing (adjusting, sifting

or local optimisation) improvements.

We carried out experiments on the test suite Random Connected Graphs with
densities 1%, 3% and 5%. AVSDF and BB algorithms produced lower crossing
drawings than the other two ones. For density 1% (maximal number of vertices
in a graph was 260), for density 3% and n < 120, and for density 5% and n < 50

AVSDF produced better results than BB.
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Fig. 7. Test results for density 1%.
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Fig. 8. Test results for density 3%.
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Fig. 9. Test results for density 5%.
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4.3 Comparison of AVSDF and BB with different postprocessing

We combined the algorithm AVSDF and BB with adjusting and sifting to get
the combinations: AVSDF with adjusting, AVSDF with sifting, AVSDF with
adjusting and sifting, AVSDF with sifting and adjusting, BB with adjusting, BB
with adjusting and sifting, BB with sifting and adjusting and compared them to
the algorithm BB with sifting which was the best algorithm produced in [1]. We
make adjusting and/or sifting round only once in every combination. The results
are in Table 1, where each unit has three values. The first (second, third) value
is the percentage of graphs where the corresponding combination of algorithms
achieved smaller (same, greater) number of crossings than BB + sifting. We also
calculate the total percentage for all graphs.

Table 2 displays how many times a combination of algorithms produces the best
result.

Graphs Avsdf Avsdf Avsdf Avsdf BB BB BB
+sift +adjust |+adjust |+sift +adjust |+adjust |+sift
+sift +adjust +sift +adjust

RCG (5%) [32,9,59 [30,10,60 |44,9,47 |43, 9,48 |20,17,63 |59,24,17 |67,33,0
RCG (3%) |17,0,83 [19,0,81 |[35,1,64 [32,0,68 |[39,1,60 [93,0,7 |100,0,0
RCG (1%) |56, 0, 44 [52,1,47 |55,0,45 |56,0,44 |5,5,90 |63,24,13 |63,37,0
RND_BUP  |43,17,41 |39,17,44 |45,16,39 |44,17,39 |6,46,48 |29,66,5 |21,79,0
ALF_CU 38,24,38 |33,21,46 |40,24,36 |41,24,35 |10,30,60 |31,62,7 [25,75,0
TOTAL 38,13, 49 36,11, 53 43,13, 44 [43,13, 44 [14,23,63 [49,45, 6 |47,53, 0

Tab. 1. Density given in brackets.

Graphs Avsdf |Avsdf |Avsdf|Avsdf |BB BB BB |BB
+adjust |+adjust |+sift |+sift +adjust |+adjust |+sift |+sift
+sift +adjust +sift +adjust
RCG (5%) |19 39 23 36 14 54 22 48
RCG (3%) |0 16 2 15 0 57 0 34
RCG (1%) |21 51 54 62 0 30 7 33
RND_BUP |67 95 86 92 48 91 71 81
ALF_CU 93 145 129 |146 70 153 121|144
TOTAL 200 346 294|351 132 385 221|340

Tab. 2. How many times a combination of algorithms produces the best result.

4.4 Comparison of AVSDF with adjusting and BB with sifting done
more than once

The test was similar to the one above, but the adjusting and sifting phases were
run more than once - until no improvement was achieved. This number was
surprisingly low! Generally it was about 5 and always less than 8. AVSDF with
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adjusting produced for graphs from RND_BUP in 35% better, in 18% equal and
in 47% worse results than BB with sifting. For ALF_CU graphs, AVSDF with
adjusting produced in 29% better, in 22% equal and in 49% worse results than
BB with sifting. In case of RCG suite with density 1% (3%, 5% ) the percentages
were 47, 3, 50 (21, 0,79; 30,10,60).

4.5 Running time

In this subsection we compare the average running time of AVSDF, BB, Mikinen
and CIRCULAR on RCG with different densities,5%,3%,1%, RND_BUP, and
ALF_CU of Rome Graphs. AVSDF has absolute superiority for all graphs (see
table 3).

This can be explained so that the average degree of a random connected graph
with density d is adeg = d(n—1), and this is the number of positions which has to
be tried in adjusting postprocessing. Especially for sparse graphs, ajusting takes
much less running time than sifting, which tries n positions. The high running
time of sifting might make it impossible to use for larger graphs and multiple
runs.

Graphs AVSDF (ms) |Mékinen(ms) [CIRCULAR(ms) |BB(ms)
RCG (density=5%) |2 16 17 14
RCG (density=3%) |5 24 38 80
RCG (density=1%) |13 56 130 295
RND_BUP 1 1 2 5
ALF_CU 1 1 3 3

Tab. 3. Average running time of AVSDF, M#kinen, CIRCULAR and BB on different
graphs.

5 Conclusion

In this work we designed a new algorithm, AVSDF+, to produce circular draw-
ings, and carried out comparisons with previously published algorithms. AVSDF
and BB [1] algorithms without postprocessing (adjusting, sifting or local optimi-
sation) produce better results than the well known algorithm of Mékinen [4] and
CIRCULAR of Six and Tollis [5]. For lower densities AVSDF produces better
results than BB.

We combined the algorithm AVSDF with postprocessing adjusting and sifting
to get the combinations: AVSDF with adjusting, AVSDF with sifting, AVSDF
with adjusting and sifting, AVSDF with sifting and adjusting and compared
them with the algorithm BB with sifting which was the best algorithm designed
in [1]. The results of experiments show that that AVSDF combined with one
or two operations of postprocessing produces approximately same results as BB
combined with same operations.
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We carried out similar tests on the adjusting and sifting phases run more than
once (until no improvement was achieved) for AVSDF with adjusting and BB
with sifting. The results show that BB with sifting is slightly better than AVSDF
with adjusting but from the the running time point of view the AVSDF with
adjusting algorithm is much faster than the algorithm BB with sifting. Another
interesting fact was that the number of rounds was low - less than 8 for all tested
graphs.
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Abstract. We introduce an extension of a genetic programming (GP)
algorithm we call Evolutionary Tree Genetic Programming (ETGP). The
biological motivation behind this work is the observation that the nat-
ural evolution follows a tree like pattern. We want to simulate similar
behavior in artificial evolutionary systems such as GP. In this article we
provide multiple reasons why we believe simulation of this phenomenon
can be beneficial for GP systems. We present various empirical results
from test runs. The performance of the ETGP algorithm is compared to
the performance of GP system. Code size and variance are reduced by
a robust but insignificant percentage in both problems, but no significant
speedup is found.

1 Introduction

Evolutionary algorithms are one of the more promising techniques in the field
of computer science in general and artificial intelligence in particular. Genetic
programming is a subfield of evolutionary algorithms that is in the center of our
interest. A lot of work has been dedicated in the past towards modifying the
basic algorithm of genetic programming in order to increase its efficiency. This
article is a compiled version of a master thesis 2 that represents an attempt to
contribute to this effort.

2 Genetic programming

The most general definition of GP is probably the simple statement that genetic
programing is genetic algorithms applied to evolution of computer programs. The
author of genetic programming is John Koza. His most important idea was [7] to
code the program as a tree. Each program thus consists of number of nodes and
terminals composed into a tree. As we will further see, this simple idea gives us

* The author was partially supported by the Grant Agency of the Czech Republic,
Grant-No. 201/04/2102.

3 This article represents a summary of ideas introduced in full detail in a master the-
sis [1] written under supervision of Dr. William Hsu at Computing and Information
Sciences department of Kansas State University.
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very powerful and at the same time natural representation of computer programs,
especially suitable for GP systems. From this point, when we will mention the
term ”GP”, we will refer to this variation of the more general notion of GP.

2.1 GP trees

Every individual in the GP is associated with an tree consisting of set of func-
tions F' and set of terminals 7. Each function has some number of parameters
(functions with zero parameters are terminals). Each node of the GP tree holds
a function or a terminal. The number of subtrees that branch out from the given
node corresponds with the arity of its corresponding function. Thus terminals
are the leaves of the tree. The interpretation of such a tree is that each subtree
is a subprogram that feeds its output data to its parent node. Each node N
associated with a function F' with arity a first evaluates each of its a subtrees,
then feeds the vector of values @ that the subtrees have produced to the func-
tion F. The output value of the tree rooted in the node N is then the value of
the expression F(x).

2.2 GP operators

Now that we have described in detail how to build programs we can have a look
at the operators in GP. The power of the tree-like representation introduced by
Koza is the fact that the operators are defined very naturally. Let us at first
define the crossover operator. The goal of the crossover operator is to take two
programs and produce two new that are recombination of their parents. This can
be accomplished very easily by selecting two random nodes, each in one of the
parents and swap the subtrees rooted in this two nodes. The mutation operator
works in similar manner. It finds a random node in the tree and replaces the
subtree rooted in this node with a new randomly generated one. Figure 1 depicts
GP crossover and mutation operators in action.

3 Previous work

The ETGP is an example of a method that adds species formation control into
the basic GA. As a consequence of the speciation, a kind of restricted mating
mechanism is also incorporated into the algorithm, because mating of individuals
from different subpopulations is prohibited. There is a number of modifications
of the basic GA respectively GP algorithm, that are related to ETGP in a way
that is interesting for us. Generally, we can classify these variations into four
different classes: the methods using the speciation itself, the methods exploring
the possibilities of niche formation, methods incorporating various forms of re-
stricted mating and island model based systems. We would like to give a very
brief introduction into these techniques.
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Fig. 1. The upper picture shows the crossover operator in action; the lower picture,
the mutation operator in action.

3.1 Niche and speciation

Many fitness landscapes contain multiple local optima. This raises the problem
of premature convergence in a suboptimal local optima, that can be fought
by maintaining sufficient diversity in the population. The niche formation and
speciation represent techniques inspired by this effort. ‘Intuitively we may view
a niche as an organism’s job or role in an environment, and we can think of
species as a class of organisms with common characteristics' [4]. In a general
way we can think of the niche techniques as a softer version of speciation. For
a deeper formal motivation behind niche and speciation techniques see [4].

3.2 Restricted mating

Generally, the idea of restricted mating is motivated by a following empirical ob-
servation. Crossover of two individuals that have large distance in their genotype
in many problems usually leads to some significantly weaker individuals, that
are in the literature referred to as lethals. There have been several attempts to
eliminate these potentially wasteful crossovers by introducing various rules that
restricted mating of arbitrary individuals. Again restricted mating techniques do
not impose explicit speciation. One of the first examples of techniques, belonging
to this class, can be found in Hollstein’s [5] work.

3.3 Island model techniques

The island model (or multi-deme) [10] techniques incorporate multiple subpop-
ulations into the basic GP algorithm which relates them to the ETGP. How-
ever, the subpopulations in the island models are not necessarily considered as
separate species. They are rather generally considered as isolated concurrently
evolving populations. An important feature of most of the island model systems,
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that distinguishes them from the ETGP algorithm, is that the subpopulations
occasionally exchange members in a process called migration. Originally the
island model systems were motivated by parallel subpopulation evaluation, un-
like the ETGP algorithm that is primarily looking for improved performance in
undistributed configuration. However as several works have shown, island model
systems are also capable of finding better individuals than the single population
GAs (see for instance [3]). These results have often been attributed to increased
diversity due to the migration of individuals among subpopulations. The ETGP
algorithm represents an alternative approach to the introduction of diversity into
the population, by separating clusters of individuals into isolated subpopulations
and thus forcing evolution to follow multiple paths.

4 Motivation

An interesting observation of natural evolution is that it proceeds in a tree-like
pattern. Scientists believe that at the beginning of the life on the planet Earth
only single extremely simple life form existed. The members of this life form
gradually evolved until a point when two distinct species have been segregated.
During the millennia of terrestrial evolution the same process was repeated in all
the once-existing species, leading to creation of a structure that is known as the
Tree of Life. This work represents an attempt to recreate this process, although
in very simplified manner. It is motivated by believe that it can have some
positive influence on the performance of a GP system. Several other existing
EA systems were already motivated by some biological foundations of species
formation [2] such as adaptive landscape and shifting balance theory or a more
recent theory of punctuated equilibria.

Naturally we did not stop only at formulation of the biological motivations.
We tried to identify few reasons why the tree pattern of natural evolution can be
beneficial to artificial genetic search. In the rest of this section, we will discuss
the results of our attempts to answer the previous question.

One argument that stands behind speciation techniques that use genetic
distance as the species formation criterion is the problem of lethals. We have
already briefly discussed the theory of lethals in previous section, therefore let
us proceed to the second observation that is related specifically in GP.

In the genetic algorithms, the crossover operator removes a fragment of ge-
netic material of an individual and inserts it into another individual at the same
position. This means that, with respect to the most common interpretations of
the individuals genome, the semantic meaning of the exchanged fragment of ge-
netic material is preserved. This is, however, not entirely the case in GP, because
the subtree removed by crossover operator from the first individual is inserted
in a random position in the tree of the second individual, which means that the
context of the subprogram represented by the subtree is changed. Although it is
true that the local semantics of the given subtree are preserved, because it still
represents the same subprogram, its overall contribution to the output of the
whole program is changed, because it depends on the programming context in
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which it resides. From this observation one can conclude that the GP method
to certain degree suffers from a sort of deceptive representation.

5 Evolutionary tree genetic programming

5.1 Basic algorithm

Our system includes a population P that is separated into number of subpopu-
lations S;. The ETGP algorithm starts with a single large subpopulation. After
each cf generations, where cf is parameter that we will refer to as the clustering
frequency, we divide each subpopulation into a new set of subpopulations. An
important aspect of the system is that the subpopulations sizes are not constant
throughout the run of the algorithm. The sizes of the subpopulations are con-
strained to be proportional to the average fitness of the individuals they contain.

The division of subpopulation S proceeds in two steps. At first we determine
whether the given subpopulation S is large enough to undertake division. In this
way we can prevent fragmentation of the population into large number of very
small subpopulations. If the result of this decision is positive, we cluster the
subpopulation S according to a metric we will discuss in the next section. We
then insert each of these clusters into the new population as new subpopulation
instead of the original subpopulation S.

The decision whether the given subpopulation is large enough to undertake
division is controlled by a parameter we refer to as branch factor 3. This decision
process can be expressed in the following way:

if |9 < |P| - 8 do nothing
> |P| - 8 proceed with clustering

where S is the subpopulation that we intend to divide and | X| is the size of the
(sub)population X.

5.2 Metric

The distance between each two members of the processed subpopulation has
to be computed so we can supply this information to the clustering algorithm.
Therefore, we have introduced a metric that computes the distance between any
two GP trees. A simple requirement, that we would like our metric to satisfy
comes from the observation that the closer a node is to the root of a GP tree,
the more significant it is. Therefore, we want the distance between GP trees
that differ in nodes close to the root to be larger than the distance between
GP trees that differ only in the deeper nodes. We will refer to this requirement
as the fading property. When developing the metric, we also faced the following
problem. There are operators with different arity and there are also operators
in which the sequence of their arguments does not affect the result, such as
addition operation. Therefore, if we try to recursively define the distance between
two trees to be some function of their roots and some function of the distances
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between all their direct subtrees, it is not clear how to pair all the subtrees
to compute these distances. One can argue that one possibility would be to
use the pairing that would produce the smallest distance, however that would
make the metric exponential in computation time. Therefore, we have employed
an alternative method, that only finds the pair of subtrees that has the lowest
distance (which has quadratic running time in the number of nodes) and then
use this number to compute the resulting distance. Because of the scope of this
article we will not investigate this topic in greater detail.

5.3 Clustering method

In this section we will discuss the clustering method that we have used in our
technique. Nowadays, there are numerous clustering methods available for use.
The most common of them are for example: K-Means Clustering, Hierarchical
Agglomerative Clustering (HAC), Self Organizing Maps [6] and Bayesian Clus-
tering (Autoclass) [9]. We have decided to use HAC clustering, because it is the
only method from the above list that does not require in its basic form a vectorial
representation of the input entities.

‘We use the minimum variance as the agglomerative clustering criterion. There
are some specific modifications that we have made to the original HAC algorithm.
The HAC algorithm usually builds a full hierarchy of clusters, which means that
we have all the clusterings ranging from n clusters down to one cluster, where
n is the number of entities to be clustered. Our goal, however, is to find only
two clusters. We would like both these two clusters to be as large as possible,
because we do not want the subpopulation to be divided into one tiny one and
another that is almost identical with the original one. To put it in more general
terms, we are looking for the two of the most common code evolution trends
in the given population. Because of the specific way how the HAC works, we
cannot simply use the two clusters that HAC formed in the next-to-last step. It
is very common that these two clusters significantly differ in size. Therefore, we
have employed alternative strategy. Without going deeper with our description
let us present the final algorithm:

find clusters A and B such that following requirement holds:
|A| > |B| AVyes : (Jx] < |B| Vx=A)

if (|A|+]B] > oy
then

let U:=Aand V:=B

For each cluster C' € S except cluster A and B do

if dist(A,C) < dist(B,C) then U :=UUC else V:=VUC

return (U,V)
else

continue with the next level of clustering

seslal) A (4> )

where S refers to the current set of clusters, parameter o was set to 0.7, and the
parameter 0 was set to 0.4 in all the experiments.
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6 Results

First we would like to very briefly discuss the methodology we have used in
our experiments. We have conducted a large number of different tests. In order
to make the situation more comprehensible, we have divided them into three
series. Because of the scope of this article only the first two will be discussed.
All the tests were repeated 100 times and the averages over these 100 runs are
reported. In the very beginning we have generated 100 random numbers and we
used these numbers throughout all the tests as the seeds for the random number
generator in the 100 repetitions, thus ensuring that each test will have the same
starting populations. Everything was implemented as an extension of Evolution-
ary Computation in Java (ECJ) package by Luke [8]. As benchmark problems
the 11-multiplexer and the Artificial Ant (Santa Fe Trail) problems were
selected.

6.1 First experiment series

The goal of the first series of experiments was to find the optimal values of the
branch factor and clustering frequency of the ETGP method. We have conducted
two experiments. In both of them, one of these parameters was changed while
the other was fixed to a predetermined value. Therefore, the interrelationship of
these two parameters was not explored.

In the first experiment we have examined how the algorithm behaved when
we have changed the branch factor 8 parameter. The range of this parameter
was from zero to 0.4, and we have taken measurements with step of 0.05. For
a more detailed description of branch factor, see section 4.1.

The second parameter we examined was clustering frequency. As the name
of this parameter implies, this parameter determines how often will be the sub-
populations clustered and new possibly larger number of populations created.
The range in which this parameter was examined was [0 - 10].

Unfortunately, the variation of these two parameters did not produce a one
point optimums or one sided trends. Following table summarizes the best values
for each of these parameters in both problems:

Clustering frequency|Branch factor
Artificial Ant 3,4 0.2, 0.25
11-multiplexer 7, 10 0.2,0.3, 0.4
Selected value 7 0.2

Tab. 1. Best performance values.

With respect to this table we have decided that a reasonable compromise will
be to use a value of 0.2 as the Branch factor and 7 as a value of the Clustering
Frequency in all subsequent experiments.
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6.2 Second experiment series

The second series of experiments will finally provide us with a comparison of the
ETGP algorithm with the basic version of the GP system. At first we will present
graphs showing the performance of standard GP system on the two benchmark
problems. Reader can see these graphs in Figure 2.
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Fig. 2. Performance of the standard GP algorithm. The left plot depicts results from
the Artificial Ant problem; the right, results from the 11-multiplexer problem.

In the second series of experiments, we also switch on two additional features
of the ETGP algorithm that are not present in standard GP systems. First of
these is mutation. This may be at first glance surprising, however for example
in [7] empirical experiments showed that usually it is not beneficial to use mu-
tation in GP systems. Since we loose variability in ETGP, however, we would
like to explore the possibility to reduce this negative effect by the means of mu-
tation. The second extension explored in the second series of experiments is the
depth growth control. We did not mention this modification of ETGP algorithm
so far. The reason is, that the motivation for introducing this parameter follows
from constructive argument that did not fit into our motivation section because
the scope of this article. Anyways, let us briefly describe what the depth con-
trol modification does. There are two parameter related to this extension. The
first one Starting depth S defines what is the maximal allowed depth of any GP
tree in the population in the beginning of the evolution. The second one called
End depth E defines the maximal depth of GP trees in the population in the
end of evolution. The actual maximal allowed depth m in generation g can be
computed from these two parameters in following way m = S+ (E — §) —I-—
where numGen stands for the maximal number of generation in the given run.
One can see that the previous expression is nothing else but a simple linear
interpolation.

We will explore also the relationship between these two parameters; therefore,
we have run tests with a variety of combinations of these two parameters. The
mutation ratio is explored in the range of [0.05 - 0.4] with step 0.05. For the depth
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growth control the Start depth parameter is varied in the range [3 - 17] with step
of 2. The End depth parameter is kept at value 17 which is the default setting
for maximal depth of a tree in ECJ library. The results of these experiments for
the two benchmark problems can be seen on Figure 3.
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Fig. 3. Performance of the ETGP depending on the mutation ratio and Start depth
parameter. The left plot depicts results from the Artificial Ant problem; the right,
results from the 11-multiplexer problem.

Unfortunately the differences in the results are not too large and also no
completely clear trends are present. The three dimensional graphs are also not
very good at viewing small differences in the results and reveal the somehow
hidden trends. Therefore, let us present some numerical values that we hope will
clarify the results from these experiments. First of all let us state that there
seems to be a clear trend for both benchmark problems that the best results
are obtained with the Start depth parameter set to 7. The picture is not so
clear with the mutation ratio however still some trend can be observed. The
best values are generated when the mutation ratio is set between 0.25 and 0.35.
This is a little bit surprising because for standard GA systems this is very large
value for this parameter. The best result for the Artificial Ant problem were
generated when the Start depth parameter was set to 7 and the mutation ratio
had the value of 0.35. The best hits in run averaged over the 100 repeated runs
reached the value of 74.45 compared to 71.01 in the case of standard GP system.
In the case of the 11-multiplexer problem the best values were reached when
the Start depth parameter was set to 7 and the mutation ratio had the value
of 0.25 however almost the same value was also reached when the mutation ratio
was set to 0.3 (the difference was only 0.05). For the 11-multiplexer problem
the best performance of ETGP system was 1996.06 hits compared to 1960.5
generated by the standard GP system. The 95% confidence interval of the mean
performance of ETGP for the 11-multiplexer case was [1982.9,2009.2] and for
ant problem [71.95,76.95]. The 95% confidence interval of the mean performance
of standard GP for the 11-multiplexer case was [1944.46,1976.5] and for ant
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problem [68.65,73.37]. The p-value of the t-test testing the null hypothesis that
the mean performance of ETGP system is greater than the mean of the GP
system was 0.024033 for Artificial Ant problem and 0.000308 for 11-multiplexer
problem. As a consequence of the low p-values we can with high confidence say
that a real speedup, although very small was observed. Reader can examine these
two best cases compared to the standard GP system in Figure 4.
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Fig. 4. The comparison of the standard GP system performance and the ETGP with
the best parameter setting determined in the previous experiment. The left plot de-
picts results from the Artificial Ant problem; the right, results from the 11-multiplexer
problem.

7 Conclusions

The focus of this work was to explore the possibility to simulate evolution of
species as we can observe it in nature. We have extended the basic GP algo-
rithm by incorporating a dynamic formation of species. The goal was to build
a system in which the species evolution form a evolutionary tree just as in natu-
ral evolution. As the mechanism of separation of new species we have employed
a clustering technique that divides the given subpopulation into two new one,
according to the genetic similarity of the individuals.

The rest of our work then focused upon exploring various properties of the
newly created system. Obviously the most interesting was the performance com-
parison with the standard GP algorithm. Unfortunately, as the previous section
indicates no significant speedup of the evolution is observed. Because of the
scope of this article, we had to skip the third experiment series, that provided us
with some insights into the dynamics of species formation in ETGP system. Any-
ways, the overall conclusion following from these experiments is that we were not
completely successful in simulating the natural properties of 'tree-like’ evolution
because we do not usually observe a longer coexistence of significantly different
species; therefore, the evolution in our system is practically still following single
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path of evolution as in the standard GP systems with single population. There
are two possible solvents from this situation. The one negative may be that for
the fitness functions and codings of standard problems solved in present GA
community such as our benchmark problems, formation of significantly different
species is unlikely, because of the nature of the fitness landscape of these prob-
lems. Therefore, the speedup that we can expect from ETGP for these classes
of problems will be insignificant. The second possibility is that the formation of
species is possible but we will have to develop more sophisticated mechanisms to
achieve these properties. The ETGP algorithm itself has indeed many open ends
that can be filled with different algorithms, such as the clustering method or
metrics measuring GP tree distance. The scope of our work did not allowed ex-
ploration of wide variety of these possibilities. Let us also note that even though
we did not observe desired behavior of the system, it still reached comparable
results in non-distributed configuration when compared with related algorithm,
particularly island model system.

Let us finish this article by discussing some future work. First of all we would
like to examine other possibilities for clustering method. For example, the HAC
algorithm can use various criterions determining which sub-clusters are to be
joined together. As we have stated in the section 4.2, the design of metric over
GP trees is also far from trivial and we had to employe several compromises at
this point. Therefore, an exploration of this issue can also be interesting. To close
the list of possible directions of future research we can consider the modification
that would combine the ETGP algorithm with some niching technique.
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Abstract. As already 2-monotone R-automata accept NP-complete lan-
guages, we introduce a restricted variant of j-monotonicity for restart-
ing automata, called sequential j-monotonicity. For restarting automata
without auxiliary symbols, this restriction still yields infinite hierarchies.
However, for restarting automata with auxiliary symbols, all degrees of
sequential monotonicity collapse to the first level.

1 Introduction

Analysis by reduction is a technique used in linguistics to analyse sentences of
natural languages. It consists of a stepwise simplification of a given sentence
so that the (in)correctness of the sentence is not affected. Restarting automata
were introduced by Jancar et. al. as a theoretical model for the analysis by re-
duction [5]. They can do a bottom-up syntactic analysis for natural and formal
languages with sufficient generality and ‘explicative power’ (cf. [15]). The no-
tions developed during the study of restarting automata give a rich taxonomy of
constraints for various models of analysers [12]. Already several programs used
in Czech and German (corpus) linguistics are based on the idea of restarting
automata [11], [15].

A restarting automaton, RLWW-automaton for short, is a device M that
consists of a finite state control, a flexible tape containing a word delimited by
the sentinels ¢ and §, and a read/write window of a fixed size. This window
moves along the tape by performing move-right and move-left instructions until
the control decides (nondeterministically) that the content of the window should
be rewritten by some shorter string, thereby shortening the tape. In general,
the new string may contain some auxiliary (that is, non-input) symbols. After
a rewrite, M can continue to move its window until it either halts and accepts,
or halts and rejects, or restarts, that is, it places its window over the left end of
the tape, reenters the initial state, and continues with the computation. Thus,
each computation of M can be described through a sequence of cycles.

In addition to this general model, various restricted versions of the restart-
ing automaton have been considered. First of all there is the RRWW-automaton,
which does not use any move-left instructions, and there is the RWW-automaton,
which is an RRWW-automaton that makes a restart immediately after a rewrite

* This research was supported by a grant from the Deutsche Forschungsgemeinschaft.
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operation. Then there is the RLW-automaton, which only uses the letters of
the input alphabet in its rewrite operations. A further restriction leads to the
RL-automaton, where each rewrite operation is actually just a delete opera-
tion, that is, during each rewrite operation some letters from the content of the
read/write window are simply deleted. Obviously the restrictions on the restart
operation and the restrictions on the rewrite operation can be combined leading
to the R(R)W-automaton and the R(R)-automaton.

Also a monotonicity property was introduced for the various types of restart-
ing automata which is based on the idea that from one cycle to the next in
a computation, the actual place where a rewrite operation is performed must
not increase its distance from the right end of the tape. Monotone restarting au-
tomata essentially model bottom-up one-pass parsers. It was shown that the
monotone RWW-, RRWW-, and RLWW-automata characterize the class CFL
of context-free languages, and that the monotone version of the deterministic
R(R)(W)(W)-automaton characterizes the class DCFL of deterministic context-
free languages [6]. Thus, monotone restarting automata do not have sufficient
expressive power to capture all issues of the analysis by reduction of natu-
ral languages. On the other hand, general RLWW-automata even accept some
NP-complete languages [7], [10], which means that they cannot be implemented
efficiently.

Therefore, the notion of j-monotonicity (j > 1) was introduced in [14], [16]
as a generalization of the notion of monotonicity. It models the generalization
from bottom-up one-pass parsers to bottom-up multi-pass parsers, and it allows
to measure the level of non-monotonicity of a language. Further, this new notion
seems to be much better suited to the real task of modelling the analysis by
reduction. A restarting automaton is called j-monotone for an integer j > 1
if, for each of its computations, the corresponding sequence of cycles can be
partitioned into at most j subsequences that are each monotone. It is shown
in [16] that the expressive power of the j-monotone RRW-automaton increases
with the value of the parameter j.

Unfortunately, it turned out that already 2-monotone R-automata accept
NP-complete languages [9]. This fact means in particular that one should not
expect that there exist efficient general algorithms for recognizing languages
defined by j-monotone restarting automata. Therefore a different generalization
of the notion of monotonicity is needed to capture the phenomena of natural
languages.

Here we introduce such an alternative generalization of monotonicity, called
sequential j-monotonicity. It differs from the ‘classical’ notion of j-monotonicity
in that the (i+ 1)-st monotone subsequence only starts after the last cycle of the
i-th monotone subsequence. In other words, it is not allowed that the j monotone
subsequences interleave. This notion seems to be much more appropriate than
j-monotonicity to model the generalization from one-pass parsers to multi-pass
parsers.

After giving the necessary definitions in Section 2, we study the expressive
power of sequentially j-monotone automata without auxiliary symbols. We show
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in Section 3 that there exist strict infinite hierarchies with respect to the level of
sequential monotonicity for all variants of nondeterministic restarting automata
without auxiliary symbols. Further, we investigate restarting automata with aux-
iliary symbols in Section 4. We show that all degrees of sequential monotonic-
ity collapse to the first level in this case, implying that such automata accept
only context-free languages. On the one hand this fact ensures the existence of
polynomial time recognition algorithms for all languages defined by sequentially
j-monotone automata. On the other hand this result is somewhat ‘frustrating,” as
it shows that the expressive power of sequential j-monotonicity is rather limited.
However, this result can be seen as another example of the ‘expressibility’ of the
family of languages defined by context-free grammars, as sequential j-monotone
restarting automata are in some aspect a much less restricted machine model
than pushdown automata. In fact, sequential j-monotonicity may be expressed
intuitively as a possibility to ‘reuse’ the pushdown store j times.

In Section 5 we consider sequential j-monotonicity for deterministic restart-
ing automata. For automata that are not allowed to perform move-left transi-
tions, all levels of sequential j-monotonicity collapse to the first level, which is
an immediate consequence of the corresponding result for the ‘classical’ notion
of j-monotonicity. On the other hand, we obtain an infinite hierarchy for de-
terministic restarting automata without auxiliary symbols that are allowed to
perform move-left transitions.

For the details concerning the notions introduced we refer to [12], [13], and
for complete proofs we refer to the technical report [8].

2 Definitions and notation

Let M =(Q, X, T,¢,8,qo, k, ) be an RLWW-automaton. A configuration of M is
a string agf, where g € Q, and eithera =cand S € {¢}- I {$} or v € {¢} - [*
and 8 € I'* - {$}; here ¢ represents the current state, af is the current content
of the tape, and it is understood that the read/write window contains the first
k symbols of 3 or all of § when |3| < k. A restarting configuration is of the form
qo¢w$, where w € I'*; if w € X*, then go¢w$ is an initial configuration.

Any finite computation of M consists of certain phases. A phase, called a cy-
cle, starts in a restarting configuration, the head moves along the tape perform-
ing MVR, MVL, and Rewrite operations until a Restart operation is performed
and thus a new restarting configuration is reached. The execution of a cycle
that starts from the restarting configuration go¢w$ and ends with the restarting
configuration go¢w’$ is denoted as w F§, w’. If no further Restart operation is
performed, any finite computation necessarily finishes in a halting configuration
— such a phase is called a tail. We require that M performs exactly one Rewrite
operation during any cycle — thus each new phase starts on a shorter word than
the previous one. During a tail at most one Rewrite operation may be executed.

An input word w € X* is accepted by M, if there is a computation which,
starting with the initial configuration go¢w$, finishes by executing an Accept
instruction. By L(M) we denote the language consisting of all words accepted
by M; we say that M accepts the language L(M).
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Each cycle C contains a unique configuration ¢zqy$ in which a Rewrite in-
struction is applied. Then |y$| is the right distance of C, denoted by D,.(C).
We say that a sequence of cycles S = (C1,Cq,---,Cy) is monotone (or right-
monotone) if D,.(Cy) > D.(C2) > ... > D.(Cy,). A computation is monotone
if the corresponding sequence of cycles is monotone. Observe that the tail of
the computation does not play any role here. An RLWW-automaton M is called
monotone if all its computations that start with an initial configuration are
monotone. The prefix mon- will be used to denote the corresponding classes of
restarting automata.

Let j be a positive integer. A sequence of cycles (C1, Cy, ..., C,) of the com-
putation of a restarting automaton is called sequentially j-monotone if there
exist indices 0 = pg < p1 < --- < p; = n such that, for each i = 1,...,7,
the subsequence (Cp, ,+1,Cp,_,+2,-..,Cp,) is monotone. Observe that here the
j monotone subsequences follow sequentially one after the other, while for the
general definition of j-monotonicity it is allowed that the j subsequences are
interleaved [16]. A restarting automaton is called sequentially j-monotone if
all its computations that start with an initial configuration are sequentially
j-monotone. We will use the prefix j-s-mon- to denote the classes of sequen-
tially j-monotone restarting automata.

3 Restarting automata without auxiliary symbols

In this section we show that for nondeterministic restarting automata with-
out auxiliary symbols, sequential (j + 1)-monotonicity is more expressive than
sequential j-monotonicity. For proving this result we present a family of ex-
ample languages L; (j > 1). For defining these languages we need a function
9 (Upsy Nip) — {0, 1} that is defined inductively as follows:

For n,m € Ny, 9(n,m) := {éifz;z},and for n,m,r1,...,rep € Ny,
1 ifn=mand ¥(ri,...,rep) =1
I(n,m,r1,...,rep) == or n>2m and ¥(rq,...,79) =0,

0 otherwise.
Then, for each integer j > 1, the language L; on X := {a,b} is defined as
L;:={a™b™ ...a™b"™ |¥(n1,m,...,nj,m;) =1}

The following observations on ¥ will be useful.

Lemma 1. Let ny,...,nj,my,...,m; € Ny.

(a) If n; #m; and n; < 2m,, then ¥(n;,m,,...,n;,m;) = 0.

(b) If ¥(ni, ms,...,n;,m;) =0 for some i satisfying 0 < i < j, and if ny < 2my
for each 1 < i, then ¥(nq1,ma,...,nj,m;) =0.

Proposition 1. For each j > 1, L; € L(j-s-mon-RR).
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Proof. We show that L; is accepted by an j-s-mon-RR-automaton M that works
as follows. If the word on the tape does not belong to (a*bT)7, it is rejected.
For a word of the form (a*bt)/, we call the factors from a*bt blocks. Let
a™b™ ...a™b"™ be the given input. In each cycle M chooses nondetermin-
istically a block in which a rewrite step is to be executed. Assume that the i-th
block is chosen. Then M decides nondeterministically which of the conditions
n; = m; or n; > 2m, should be checked for that block. In the former case it
removes a factor ab from that block, in the latter case it removes a factor a2b
from that block, provided that n; > 3 and m; > 2 hold. After executing the
rewrite step M checks the correctness of the choices made. They are correct if

— i = j, and the rewrite step ab — £ was executed, or

— for each ¢ < I < j, the I-th block has the form a™b™ such that n;,m; € N4
satisfy m; =1 or n; < 2, ¥(ni41, Mig1,...,n;,m;) =1 and the rewrite step
ab — ¢ was chosen, or ¥(n;y1,Miy1,...,n5,m;) = 0 and the rewrite step
a’b — ¢ was chosen.

Observe that M is able to verify the condition n; > 2m; or n; = my for each
block a™b™ satisfying m; = 1 or n; < 2. Hence, it can determine the value of
Y(Nit1, Mit1,--.,N;,m;) in its finite control.

On recognizing that an incorrect choice was made, M rejects immediately.
Otherwise, the tape content is reduced to satisfying m; = 1 or n; < 2 for each
ie{l,...,7}. Then M accepts if and only if ¥(ny,m1,...,nj,m;) =1 holds. It
follows easily that L(M) = L; holds. As M processes the input block by block
from right to left, each computation of M consists of (at most) j monotone
sequences. Hence, M is sequentially j-monotone. O

On the other hand, we have the following negative result.
Proposition 2. For each j > 2, L; ¢ L((j — 1)-s-mon-RLW).

Proof. Let M = (Q, X, X, ¢,89, g0, k,6) be an RLW-automaton for L;, let p be
the constant for M from the Pumping Lemma (see, e.g., [14]), and let r := pl.
We say that the i-th block of a word of the form a™b™ ...a"b™i is short if
n; < 3r or m; < 3r. From the Pumping Lemma we immediately obtain the
following claim.

Claim 1. Let a™b™ ...a™b™ F§, a™b™ .. .a"ib™i be a cycle of a compu-
tation of the RLW-automaton M. Then, for each ay,...,;,531,...,5; € N, the
cycle

an1+a17'bm1+,817' . anj-l-ajrbmj—i-ﬁjr "?\4 an/l-l-alrbm'l-i-ﬁlr o an}-{-ajrbm;-i-ﬁjr
is part of a computation of M, provided that o; = 3; = 0 for each ¢ for which
the i-th block in a™b™ ...a"™b™i is short. O

A word (a™b™)7 is called a basic input if n is a multiple of r and n > 3r. Note
that each basic input belongs to L;, and that none of its blocks is short.
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Claim 2. Let a™b™...a"b" 5, a™b™ ...a"b™ be an initial segment of an
accepting computation of M on the basic input w = (a™b™)? € L;, and let
i € {1,...,4}. If the i-th block is not short in any of the configurations during

the above computation, then

(a) during this computation no rewrite step is applied to any of the first i — 1
blocks, that is, nj = m} = n for each ¢ < i;

(b) n; =m} > 3r, and each rewrite step that is applied during this computation
to the i-th block is of the form a®b® — a*~tb*~* for some k > s >t > 0.

Proof of Claim 2. This claim is also proved by contradiction. So assume that
it is not true for some n > 3r that is a multiple of r and some i € {1,...,j},
and let a™b™1 ... q"b™ be the first configuration that contradicts this claim,
that is,

— nj #n or m) # n for some [ < i, or

— nl #ml, or

— some rewrite step that changes some of the first ¢ blocks is not of the form
a®b® — a* "t~ for any k> s >t > 0.

Observe that the third condition implies that also one of the first two condi-
tions is satisfied. Hence, we concentrate only on the first two conditions.

According to our choice of a™ib™ . a" b"‘;, the computation considered
ends with a cycle of the form a™ b™ .. a" 6™ F, a™b™ ... a"ib™i, where
ny =mj =nforalte{l,..,i—1} and n} = m} > 3r. By analysing this
cycle in detail, we obtain the intended contradiction. O

It remains to derive the statement of Proposition 2 from the two claims above.
Let w = (a™™)? € L; be a basic input. By Claim 1, M cannot accept as long
as the first block is not short. On the other hand, Claim 2 implies that the first
rewrite step that changes the i-th block is possible only after a configuration
has been reached in which the (i + 1)-st block is short. Thus, each accepting
computation first shortens the j-th block, then the (j — 1)-st block, and so on.
On the other hand, the first rewrite step that changes the ¢-th block is executed
in the center of the block (see Claim 2). Hence, its right distance is larger than
the right distance of the previous rewrite step applied to the blocks (i+1),...,J.
Thus, this rewrite step initiates a new monotone sequence, that is, we obtain at

least j sequentially monotone sequences. ]

In order to obtain corresponding results for R(W)-automata, a more involved
variant L; of the language L; (j > 1) is needed (see [8] for the details). For these
languages the following results can be established.

Proposition 3. For each j > 2, L; € L(j-s-mon-R) ~ L((j — 1)-s-mon-RLW).
As a consequence of these propositions, we obtain the following theorem.
Theorem 1. For each j € Ny and each X € {R,RW,RR,RRW, RL, RLW},

(a) L(j-s-mon-X) € L((§ + 1)-s-mon-X),
(b) L((j + 1)-s-mon-R) \. L(j-s-mon-RLW) # ().
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4 Restarting automata with auxiliary symbols

It is known that the classes of languages £(mon-R(R)WW) and £(mon-RLWW)
coincide with the class CFL of context-free languages [6]. Here we will show
that, for all j > 2, this characterization extends to the classes of languages
that are accepted by sequentially j-monotone restarting automata with auxiliary
symbols. For establishing this result we will use the following technical result on
pushdown automata.

Let P = (Q, X, I,0,q0,#,F) be a pushdown automaton (PDA) with input
alphabet X and stack alphabet I' U {#}, where # denotes the bottom marker
of the pushdown store, @) is the set of states, gy € @ is the initial state, F' C Q)
is the set of final states, and J is the transition relation. For a word u € X*,

SCp(u):={weTl*|3Iqe F:(q,u#)Fp (¢ #w)}

is the language of final stack contents that P can generate on input w. For
alanguage L C X*, SCp(L) := |, ¢, SCp(u). It is well-known that the language
SCp(L) is regular for each regular language L [4].

Lemma 2. Let P be a pushdown automaton with input alphabet X and push-
down alphabet I' U {#}, and let S be a subset of SCp(X*). If S is context-free,
then so is the language SC5'(S) := {u € X* | SCp(u)NS # 0 }.

Proof. Let I" be a new alphabet in one-to-one correspondence to I" such that
I' and I' are disjoint. Further, let # be another new symbol, and let R be
the finite string-rewriting system R := {bb — ¢ | b € TU{#}} on A :=
T'UT U {#,#}. Then R is a special system that is confluent (see, e.g., [2]).
For w € A*, Aj(w) is the set of all descendants of w with respect to the
reduction relation induced by R, that is, AR (w) := {2z € A* | w =% 2z}, and
AL(T) := Uyer Ag(w) for each subset T' C A*. It is well-known that the set
A%L(T) is regular, whenever T is a regular language.

In [3] it is shown that a finite-state transducer B with input alphabet X and
output alphabet A can be constructed from the PDA P such that the following
equality holds for each word u € X*:

AR(B(w) N## - I = 44 - SCp(u).

Now let S be a subset of SCp(X*). Then a word u € X* belongs to the set
SCR'(S) if and only if A%(B(u)) N## - S # 0 holds.

Let V},(w) denote the set of ancestors of w with respect to the reduction
relation induced by R, that is, Vi(w) :== {z € A* |z =% w}, and for T' C A*,
Vi(T) = Uyper Vi(w). Then we obtain the following equality:

SCH'(S) = B~ (Vi(## - 9)).

Now if S is a context-free language, then so is the language #4 . S. From the
form of the rules of R we see immediately that then V7, (## - S) is context-free,
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too, which implies that B=(V5(#4-S)) is context-free, as the class of context-
free languages is closed under (inverse) finite transductions [1]. Thus, we see that
SCR'(S) is context-free. O

Let M = (Q, X, I,¢,8,q0,k,0) be an RRWW-automaton. With M we asso-
ciate the language

Lyyon(M) :={w € I'" | M accepts w by a monotone computation }
and the mapping fas : I'* — P(I™) that is defined as follows:

far(w) :={y € I'* | There exists a monotone sequence of cycles of M
that starts from the restarting configuration go¢w$
and ends with the restarting configuration ¢o¢y$ }.

Observe that the language fa; (1) is simply the set I'*, as from each restart-
ing configuration a monotone computation of M originates, which, however, may
consist of a single cycle only, or which may even consist of no cycle at all.

Lemma 3. Let M = (Q, X, I,¢,9,q0,k,9) be an RRWW-automaton. Then the
following statements hold:

(a) The language Lymon (M) is context-free.

(b) There exists a pushdown automaton Py such that, for each word w € I'*,

SCp,, (w) = far(w) holds.

Proof. (a) In [6] it is shown that the language L(M) that is accepted by a mono-
tone RRWW-automaton M is necessarily context-free by presenting a simulation
of M by a PDA Pj},. Even if the RRWW-automaton M is not monotone, then,
given a word w € I'*, this PDA simulates the monotone computations of M that
originate from the restarting configuration go¢w$. Thus, this PDA accepts the
language Lon (M), which means that this language is indeed context-free.

(b) The PDA Py, above simulates the monotone initial parts of all computations
of M. We modify Pj, in such a way that, each time it starts the simulation of
a cycle of M, it may decide (nondeterministically) to abort the simulation pro-
cess. In this case it pushes the remaining suffix of the input onto the pushdown
store, and halts and accepts. Then the resulting PDA P, satisfies the require-
ment that, for each word w € I'*, SCp,, (w) = fpr(w) holds. a

Let M be an RRWW-automaton with tape alphabet I'. If we denote by
Lfﬂgn (M) the language

LY) (M) :={y e I'* | M accepts y by a sequentially j-mon. computation },
where j > 1, then we see that, for each word w € I'* and each number j > 2,

(M) if and only if far(w) N LYY (M) # 0.

mon

mon

Now the main result of this section is an immediate consequence of the following
technical result, which can be proved by induction on j using the results above.
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Theorem 2. Lgu)m(M) 18 a context-free language for each RRWW-automaton M
and each number j > 1.

For each RLWW-automaton, there exists an RRWW-automaton that accepts
the same language and that executes exactly the same cycles ([17] Proposition 1).
If an RRWW-automaton M = (Q, X, I',¢,8, qo, k, 0) is sequentially j-monotone,
then L(M) = Ll({u)m(M) N X*. By the result above this yields that L(M) is
context-free. As each context-free language is accepted by a monotone RWW-
automaton [6], we obtain the following characterization.

Corollary 1. L(j-s-mon-R(R)WW) = L(j-s-mon-RLWW) = CFL for all j > 1.

5 Deterministic restarting automata

It is known that all levels of j-monotonicity for deterministic R(R)(W)(W)-
automata collapse to DCFL [17]. As each sequentially j-monotone computation
is also j-monotone, we obtain the following result.

Corollary 2. For each X € {R,RR,RW,RRW,RWW,RRWW} and for each
j € Ny, L£(det-j-s-mon-X) = DCFL.

Monotone deterministic RL-automata recognize some languages that are not
in DCFL [14]. In fact, using the example languages L; from Section 3 it can be
shown that also the hierarchies with respect to the level of sequential monotonic-
ity do not collapse for deterministic RL(W)-automata.

Proposition 4. L; € £(det-j-s-mon-RL) \ L(det-(j — 1)-s-mon-RLW) (j > 2).
This proposition implies the following hierarchies.

Theorem 3. For each j € Ny and each X € {RL, RLW},
L(det-j-s-mon-X) C L(det-(j + 1)-s-mon-X).

6 Concluding remarks

We have seen that sequential j-monotonicity yields interesting extensions of
those language classes that are defined by monotone restarting automata with-
out auxiliary symbols without loosing the efficiency of the solution to the mem-
bership problem. On the other hand, it turned out that all degrees of sequential
monotonicity collapse to the first level for restarting automata with auxiliary
symbols. This fact may be of interest in its own right as it gives a much less
restricted machine model for CFL as the pushdown automaton. On the other
hand, this result says that the expressibility of sequentially j-monotone restart-
ing automata is not sufficient to cover many important aspects of the analysis
by reduction. Thus, other generalizations of monotonicity are needed.

An interesting open problem is whether sequential j-monotonicity gives an
infinite hierarchy for deterministic RLWW-automata.
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Abstrakt BFA je analyza bindrnich dat na principu redukce dimenze
binarniho prostoru, umoziiuje nam tak najit v binarnich datech skryté
vztahy. ReSeni BFA je vSak algoritmicky velmi obtizné zvladnutelny
problém. Jednim z moznych feseni mtze byt pouziti genetického algo-
ritmu (GA), coz je v soucasnosti také ziejmé nejlepsi znama metoda.

Klic¢ova slova: Geneticky algoritmus, analyza bindrnich dat, information
retrieval

1 Uvod

Binarni data jsou jednim ze zadkladnich kament pocitact a v pocatcich vypo-
¢etni techniky se i informace zcela odliSné povahy néasilné kédovaly a uchovéavaly
v Cisté binarni podobé, obvykle predevsim z duvodi technickych omezeni. Acko-
liv na fyzické trovni jsou binarni data stale klicovym prvkem, na logické tirovni
postupem c¢asu jasné prevladlo v uchovani i zpracovani informaci jejich pfirozené
lidské chéapani, v jeho ¢isté nebinarni formé. Dnes je jiz stale béznéjsi i pouzivani
fuzzy technologii, které umozinuji pracovat az s neurcitosti v podobé vagnosti,
ktera je z naseho pohledu jakymsi protipélem nativné binarniho pfistupu k in-
formacim.

Datova analyza a ziskavani dutlezitych, le¢ skrytych informaci z datovych
zdroji neni téma viibec nové a bylo obsahem statistiky jiz dlouho pfed tim, nez
se zformovala informatika jako samostatny obor. I v dnesni dobé je vSak datova
analyza stale velmi aktudlnim tématem, z hlediska informatiky zejména s ohle-
dem na rychly rozvoj internetu, nebo obecné jako dusledek vysokého dirazu na
ekonomickou stranku zivota a hospodarsky tispéch spole¢nosti jako celku, i jejich
dil¢ich c¢asti.

Na tomto misté je zajimavé si v§imnout, Ze s velkym rozvojem rtiznych druha
datové analyzy se potichu vytratil zdjem nebo alespon soustfedéni na data bi-
narni povahy. Ackoliv je zfejmé, Ze celd fada veli¢in skutecného svéta ma ma-
tematicky feceno redlnou, dokonce spojitou povahu, i binarni data se vyskytuji.
I kdyz je 1ze Casto analyzovat i béznymi metodami zalozenymi na linearni algebfe,
aproximaci nebo hledani extrému funkci, vysledky béznych metod v ptipadé bi-
narnich dat nejsou viibec uspokojivé. Binarni data maji totiz natolik specifickou
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povahu, Ze je pro né vhodné mit také specifické analytické nastroje. Prikladem
takového nastroje mohou byt konceptualni svazy. Ty jsou typickym ptikladem
metody urcené specificky pro binarni data a umozinuji jejich analyzu z hlediska
hierarchie. Zaroven dokladaji, jak opozdéné se objevuje seriézni zadjem o zkou-
mani binarnich dat.

Nasim cilem je pak zkouméni binarni faktorové analyzy (BFA) — dalsi spe-
cificky binarni metody, jejiz cel a smysl vSak lezi v jiném typu analyzy nez
u dnes jiz rozsirenych konceptuélnich svazl. Jedna se o nelinedrni analyzu cisté
binarnich dat, kde z principu véci neni mozno pouzit ani znalosti linedrni al-
gebry, ani matematické (funkcionélni) analyzy. Experimentdlné bylo zjisténo,
Ze bézné nebinarni metody, pouze doplnéné o nasledné prevedeni vysledka do
binarni podoby, davaji velmi neuspokojivé vysledky. Proto bylo postupné navr-
zeno a realizovano nékolik novych metod, které pracuji s booleovou aritmetikou
na binarni bazi. Byly to postupné neuronové sité, kombinatorické hledani reseni
a pfevod problému BFA na problém stavéni konceptuélnich svazu.

Obsahem tohoto textu je popis feSeni BFA s vyuzitim modifikovaného gene-
tického algoritmu (GA). Nejprve je uveden pro srovnani struény avod ke klasické
faktorové analyze. Nasleduje definice problému BFA a popis GA-BFA metody.
V zévéru jsou uvedeny vysledky srovnani nékolika metod BFA v aplikaci na
analyzu textovych dokument.

2 Klasicka faktorova analyza

BFA vychéazi z klasické faktorové analyzy (FA)!. Ta vychazi z predpokladu, Ze
jevy, které lze pozorovat (a zaznamenat do databéze), jsou jen dusledkem skry-
tych faktora, tedy jevi stojicich v pozadi. Kazda méfitelna a zaznamenatelna
veli¢ina (oznaovéna jako proménnd) je pak ve vyjadfeni FA linedrni kombi-
naci faktorti. Toto pojeti a zdkladni impulz k rozvoji FA dala psychologie. Ta
se totiz snazi na zakladé pozorovani vnéjsiho chovani jedinct uréit, jakého jsou
charakteru, jaké maji dusevni poruchy apod. Na ptikladu psychologie je idea FA
jasna. Matematicky jde o snahu vyjadrit datovou matici X pomoci souc¢inu dvou
(mnohem) mensich matic F - A.

Xinxp] = Flnxm] - Apmxpl

Sloupce matice X reprezentuji p proménnych (variables), fadky reprezentuji
n pFipadu (cases). Matice F, nazyvana factor scores, vyjadiuje stejnd fakta
jako matice X, ovSem pomoci faktort, kterych méa byt mnohem méné nez pro-
ménnych: m << p. Matice A vyjadiuje vztah mezi proménnymi a faktory. FA
tedy provadi redukci dimenze vektorového prostoru (z p na m), opira se pfitom
o poznatky statistiky a lineadrni algebry. Pfedpokladem je normélni rozlozeni.
Zaciname vypoctem korelacni matice, dal existuje né€kolik numerickych metod,

! Slovo ”klasicka” zde slouzi jen k oznadeni originalni nebinarni verze faktorové ana-
lyzy.
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které lze pouzit. Celkové je vypocet natolik naroc¢ny, ze v minulosti nebyl bez
pouziti poc¢itact prakticky realizovatelny.

Uspéch faktorové analjzy posuzujeme dle rozdilu souéinu F-A oproti ptivodni
matici X. Protoze obecné nelze rozlozit jakoukoliv matici na soucin dvou mensich
matic, ve vySe uvedeném vzorci je pouzit symbol ~ jako vyjadieni pfiblizné
rovnosti.

3 Binarni faktorova analyza

BFA ma symbolicky stejné zadani jako klasicka FA. Mame binarni datovou ma-
tici X a nasim cilem je vyjadfit ji pomoci sou¢inu dvou mensich binarnich ma-
tic F - A.

X~FOA

Radky F a A museji byt nenulové. ® je binarni soucin matic — odpovida klasic-
kému soucinu, ale s pouzitim booleovské aritmetiky. Ta je pfirozenym néastrojem
pro praci s bindrnimi hodnotami, od klasického nasobeni binarnich matic se 1isi
jen pii scitani, kde plati: 1 + 1 = 1. Buriky bindrnich matic nazyvame bity.

Néastroje klasické FA tentokrat nelze pouzit, a to hned z nékolika dtvodi.
Pfedevsim zde mame diskrétni prostor (na rozdil od linedrniho=vektorového
prostoru), nelze viibec hovofit o normalnim rozlozeni a nem4 ani smysl sestavovat
korela¢ni matici. Tim tedy padaji vSechny klasické metody feseni FA.

Uspéch BFA méiime pomoci chybové funkce discrepancy, znac¢ime d, které
je definovéna jako pocet rozdilnych bitti mezi sou¢inem FOA a pivodnimi daty X.

X=F®A

Cilem BFA samoziejmé je, aby hodnota d byla co nejmensi, v idedlnim piipadé
d = 0. Stejné jako u klasické faktorové analyzy, ani zde nelze pocet faktori
m nijak rozumné spocitat, musi tedy byt soucasti zadani. Pfipadné lze provést
vypocet pro nékolik hodnot m a dle vysledku vybrat nejvhodnéjsi variantu.

4 Vypocet binarni faktorové analyzy

Ackoliv zadani uvedené v predchozi kapitole je jednoduché a snadno pochopi-
telné, zadna spolehliva obecné pouzitelnd metoda feseni BFA zatim neni znama.
Vyzkum v poslednich letech pfinesl nékolik metod, které nabizeji alespon Cas-
tecné uspokojivé feseni. Jedna se o rtzné varianty a modifikace téchto tii za-
kladnich postupt:
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Neuronova sit Hopfieldova typu (viz [4])
Bylo dokazano, ze modifikovand Hopfieldova sit mtize byt pouzita k vyhleda-
vani binarnich faktort zptsobem podobnym préci lidského mozku. Ucenim
jsou parametry sité nastaveny tak, aby béhem faze vybavovani odpovidaly
atraktory (stavy, do kterych sit sméfuje) bindrnim faktorim ve smyslu BFA.
Problém je urceni pocatecniho nastaveni sité ve fazi vybavovani, aby atrak-
torem opravdu byl faktor a abychom postupné dokézali najit vSechny faktory
(ne jen jeden). Dalsi problém pak je, Ze sit funguje pouze pfi malé informacni
zAtE7i.

Slepé hledani (zkouSeni vSech moznosti — viz [4], [5], [6])
Jelikoz feseni BFA je ukryto ve spravném nastaveni bitd matic F a A, je
nasnadé, ze pro velmi malé rozméry matic lze jit cestou vyzkouseni vSech
bitovych kombinaci. Tento postup ma sice vysokou slozitost fadu O(2"),
vede v8ak pfimo k nalezeni nejlep$iho mozného feSeni.
V posledni dobé byla publikovana celd fada algoritmi, jak efektivné ome-
zit toto prohledavani bez nebezpecni zhorseni kvality vysledku. V praxi je
tak mozno timto algoritmem nalézt Feseni aZ pro zhruba 100 bitt (pfi slozi-
tosti 2190 by vypodet samozfejmé trval miliardy let).

Pfevod na problém konceptualnich svazu (viz [6])
Reseni BFA lze ziskat také pFevodem na problém sestaveni konceptualniho
svazu. Cely postup je ¢astecné obdobou slepého hledani, ovsem prohledéavaji
se jen formalni koncepty, kterych je v primérném ptipadé mnohem méné nez
bitt v maticich, takze slozitost v primérném pripadé je vyrazné redukovana.
Tato metoda ve vSech testech obstidla mnohem lépe nez obé vyse uvedené
metody.

Tento ¢lanek popisuje zcela novy (étvrty) pristup k feseni BFA, s pomoci ge-
netického algoritmu (GA). Ten funguje podobné jako Hopfieldova sit na bézi
minimalizace chybové funkce, genetickym algoritmim je vSak obecné pripiso-
vana schopnost nachédzet globalni minimum (ne jen lokalni). Pouzitelnost GA je
v8ak podminéna nalezenim vhodné datové reprezentace (kédovani genti) a gene-
tickych operatoru.

5 Geneticky algoritmus pro vypocet BFA

5.1 Co je to geneticky algoritmus

Geneticky algoritmus je poc¢itacova simulace, ve které jsou jedinci populace abs-
traktnich reprezentaci kandidatnich feSeni optimaliza¢niho problému stochas-
ticky vybirani, rekombinovani, mutovani a potom odstranéni nebo ponechani
v populaci podle jejich kvality neboli vhodnosti (fitness), viz [3]. Tento princip
simuluje chovani pfirody ve smyslu boje o preziti. Zakonitost pfirodniho vy-
béru a preziti nejsilnéjsich jedinct se osvédcuje pfi feSeni algoritmicky obtizné
zvladnutelnych problémt, mezi které patii i BFA. V pripadé BFA je nasnadé,
Ze jedinci v populaci budou matice F a A (bud v péaru, nebo jen jedna z nich —
podle konkrétniho névrhu algoritmu, viz nize). Tito jedinci budou pak ,,bojovat®
o preziti. Vysledkem by mélo byt feseni BFA.
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5.2 Standardni geneticky algoritmus

Nelze ocekéavat, ze by existoval jeden univerzalni GA, kterym by bylo moZno
primo fesit vSechny problémy. Specidlné u BFA narazime na fakt, Ze se pohy-
bujeme v diskrétnim prostiedi, které znesnadnuje pouziti jakychkoliv obvyklych
postupti (jak jiz bylo zminéno vyse). Vétsina konkrétnich GA vychazi z plivod-
niho Hollandova [1] a Goldbergova [2] algoritmu, obvykle oznacovaného SGA
(Simple G. A.).

SGA reprezentuje jedince jako bitové Fetézce (konstantni délky) = ,kus pa-
méti“. Kazdy jedinec predstavuje jednu moznou variantu feseni daného pro-
blému.

Vhodnost jedinct = ,kvalita feSeni“ je dana fitness funkci 7, kterd kazdému
jedinci pfifadi nezaporné realné ¢islo — hodnotu vhodnosti (nula je nejhorsi).

Novi jedinci jsou vytvareni vzdy ve vinach — generacich. Délka zivota je vzdy
jedna generace. K vytvafeni novych jedinct pouzivd SGA tfi operatory:

Mutace - ndhodna zména bitu v fetézci.

Ki¥iZeni - Dva bitové fetézce AB a CD se v ndhodném misté rozdéli a spoji se
do kifze (odtud pojem kfiZeni) v nové jedince AD a CB.

Selekce - Pravdépodobnost, ze jedinec bude vybran k reprodukci = ,,vytvoreni
potomki“ je tim vyssi, ¢im vySsi je jeho fitness hodnota.

Na tomto misté zamérné vynechédvame hlubsi detaily SGA, nebot pro ndmi na-

vrzené Teseni BFA nejsou podstatné. Obecné plati, ze uspéch SGA zavisi na

vlastnostech fitness funkce (spojitost a ,tvar® funkce), vhodné zvolené pocatecéni

generaci (v naSem pripadé vzdy ndhodné generovand), nastaveni pravdépodob-

nosti mutace a kfizeni a pfipadné na nutnosti vypoctu fitness funkce pfevodem

z funkce jinych vlastnosti (to je i pfipad BFA — nase d m4 jiné vlastnosti nez ma

mit fitness funkce).

5.3 Aplikace SGA pro feseni BFA

Datova reprezentace jedinct je v pripadé BFA velmi snadnd — miZeme totiz
pfimo vzit bindrni matice. Jedinec je tedy tvofen maticemi F a A, uloZenymi
v paméti po Fadcich zleva doprava (bézné ukladani matic v paméti).

Mutaci 1ze realizovat bud inverzi jednotlivych bitt, nebo inverzi celych radka
(préace se sloupci je implementa¢né obtizna, proto ji vynechévime).

K¥izeni lze realizovat rovnéz bud na trovni bitl, kdy se matice kiizi v li-
bovolném bodé, nebo na trovni Ffadki, kdy ztstava zachovana celistvost fadkh
matic.

Discrepancy d méa opacény pribéh nez fitness funkce n (mensi hodnoty jsou
lepsi), je nutno pouzit néjakou formu prevodu. Jelikoz d je diskrétni funkce shora
omezena celkovym poctem bitd v maticich, lze pouzit tento jednoduchy prevodni
vzorec (n X m a m X p jsou rozméry matic F a A, i oznacuje konkrétniho jedince
z populace):

(i) =m- (n+p) —d(i)
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Vypocet zacind s ndhodnou populaci. V kazdém kroku algoritmu je vytvorena
celd nova generace takto: Do pomocného pole se nakopiruje kazdy jedinec i to-
likrat, jakou hodnotu méa jeho 7n(7). Potom se ndhodné vybiraji pary jedincd
z tohoto pole a zkfizi se. Kazdy bit vSech jedinci nové generace je pak s pravdé-
podobnosti p,, mutovan. Zde popsany postup se v literature vyskytuje v riznych
nuancich. Vzhledem k tomu, Ze cilem této prace je popis nového lepsiho algo-
ritmu, nékteré detaily SGA zde nebyly podrobné rozepsany.

5.4 Vysledky SGA

Pfi feSeni BFA vykazoval algoritmus SGA pomérné slabych vysledki. Hodnota d
byla ve vSech testech vice nez dvojnasobné ve srovnani s vysledky dosazenymi
metodou forméalnich konceptt (viz [6]). Populace, i kdyz vychazely z ndhodného
pocatecniho nastaveni geni, obvykle postupné konverguji do stavu, kdy vsichni
jedinci jsou identic¢ti ve smyslu binarni rovnosti. Jakmile nastane tato situace
(stav uplné konvergence), vyvoj jde dale kupfedu jen pomoci mutaci. Odtud
pfimo plyne fakt, Ze funguje-li mutacni operator na trovni celych radkt matic,
je schopnost hledat nova feseni silné omezena. To se potvrdilo i experimentalné.

Hlavnim zavérem vsak je, ze SGA dokéze fesit problém BFA, avSak podstatné
htife nez vyse zminénad metoda forméalnich konceptl, je tedy ve své podstaté
zbytelny.

6 Geneticky algoritmus GABFA

6.1 Princip GABFA

Zjisténi, ze klasicky geneticky algoritmus SGA nefesi BFA pfilis dobfe, ne-
musi automaticky znamenat, ze problém BFA geneticky fesit nelze. Tato kapi-
tola pfedstavuje modifikovany geneticky algoritmus, nazvany GABFA (zkratka
z ,Geneticky Algoritmus pro Bindrni Faktorovou Analyzu®), ktery vykazuje di-
ametrilné odlisné (mnohem lepsi) vysledky. Tento algoritmus vznikl postupnym
zkouSenim rtznych modifikaci SGA a analyzou chovani systému pfi aplikaci na
uméla i realné data.

Princip fungovani GABFA se od SGA v mnoha ohledech 1isi. Stejny ztstal
jen konceptuélni pohled na problém: Reseni BFA je hledano principem GA, tedy
pomoci postupného genetického vyvoje jedinci v populaci. Kazdy jedinec Zije
pouze jednu generaci, reprodukce opét funguje na béazi operatoru selekce, kiizeni
a mutace.

6.2 Datova reprezentace, vyuziti znalosti

Vyuzit{ nasich znalosti mtize pomoci k rychlejsimu nalezeni feSeni (tj. béhem
menstho pocétu generaci). Ukdzalo se vSak, Ze p¥ilisné zasahovéni do pseudo-
néhodného chovani GA spiSe skodi, neZ poméhd, proto musime postupovat velmi
opatrné.
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Vyuzijeme pfedevsim algoritmus pseudo-déleni bindrnich matic. Kazdy je-
dinec pak obsahuje jen matici A, zbytek dopocitdme jako F = X/A. Déle je
vhodné aplikovat veskeré zndmé metody pfedzpracovani (preprocessing) na ma-
tici X (viz [4], [5], [6])-

6.3 Parametry a parametrizace algoritmu

Algoritmus je mozno parametrizovat takto:

Velikost populace |[pop| - sta¢i i pomérné malé hodnoty, nap¥. 200 jedinc.

Pravdépodobnost mutace p,, - obvykle v intervalu [0.001 — 0.1]. P¥ili§ velka
hodnota devastuje populaci (viz Cernobyl 1986). Oproti Zivym organizmiim
je zde vSak velmi silné aplikovan vybér silnéjsich jedinci, takze devastujici
dopad mutaci je v GABFA omezen.

Pravdépodobnost kiiZeni (crossover) p. - v intervalu [0.1 — 0.5]. Viz niZe.

Nastaveni téchto tii ¢iselnych hodnot ovliviiuje chovani algoritmu. Pozadujeme-li
vétsi |, jistotu“, je mozné provést vypocet s nékolika riznymi nastavenimi para-
metri a vybrat potom nejlepsi feSeni ze vSech. Neni to vSak nutné.

Za ,parametr® nepovazujeme zpusob pfevodu d na 7. Jelikoz GABFA m4
mensi naroky na vlastnosti funkce 7, sta¢i pouhd zména znaménka n = —d.

6.4 Inicializace (vychozi populace)

Prvni populace je vytvorena nahodné. To je velmi rychlé, je proto mozno vy-
tvorit na zacatku vice jedincti, napriklad dvojnasobek, a umoznit tak rychlejsi
rozbéhnuti GA. Praxe vSak ukézala, Ze vytvafeni velkych populaci je zbytecné,
nebot GABFA je natolik robustni, Ze dosdhne feseni z ,,témér“ libovolné poca-
tecni populace.

6.5 Krok vypoétu (kazda jedna dalsi generace)

Krokem vypoctu rozumime vytvoreni dalsi generace z generace stavajici. Na
vstupu ocekévame libovolnou populaci o velikosti > |pop| a vystupem je opét
populace o velikosti > |pop|. Ta je potom pouZita jako vstup v dalsim kroku.

1. Vsem jedincim spocitame fitness hodnotu. Zapamatujeme si nejlepsi feseni.
Najdeme-li jedince, jehoz 1 = 0, vypocet kon¢i (mame nejlepsi feseni).
2. Sefadime jedince sestupné podle jejich fitness hodnot.
Selekce - Zmensime populaci na velikost |pop|. (Vezmeme [pop| nejlepsich.)
4. Kfizeni - Vsichni jedinci se kfizeni zucastni, bez ohledu na jejich fitness
hodnoty. Pro kazdého jedince 7 provedeme nasledujici postup:
(a) Ndhodné vybereme partnera j, j # i.
(b) Kazdy radek z i s pravdépodobnosti p. nahradime p¥fislusnym radkem
Z j.
(c) Pfiddme nové vzniklého jedince do populace pro dalsi generaci.

@
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5. Postup kfizeni popsany v bodé 4 opakujeme ttikrat.
6. Mutace - Prochazime celou novou populaci a kazdy bit s pravdépodobnosti
P zménime na opacnou hodnotu.

Takto modifikovany GA velice dobfe fesi problém BFA (diikaz experimentélné —
podrobnéji predvedeno nize). Pfitom je diilezité pfesné dodrzet popsany algorit-
mus. V nékteré jeho body mohou svadét k zdanlivé banalnim zménam z divodu
snadnéjsi implementace, mize to vSak mit fatdlni dopad na fungovani algoritmu
jako celku. Nékteré moznosti tiprav algoritmu jsou popsany nize.

Hledané feSeni BFA je to, které jsme si zapamatovali v bodé 1 (nebereme
jej tedy z posledni generace). Ditvodem je nepravdépodobnd, le¢ mozné ,ztrata
vitéze“, kdy populace konverguje do silného atraktoru né€kde blizko globédlniho
minima, nebo kdy se diky mutaci z nékteré generace vytrati vSichni jedinci re-
prezentujici nejlepsi feseni.

7 Testy

Podobné jako u jinych metod z oblasti soft computingu, ani funkénost genetic-
kych algoritmt nelze formalné dokazat. Proto diikkazy provadime experimentalné.
GABFA jsme testovali na datech pouzitych v dfive publikovanych pracich o BFA
(napf. [4], [5], [6], [8]), pro snazsi srovnani s jinymi zndmymi metodami.

7.1 Datova sada p3

Datova sada p3 je pouzita jako zastupce nejjednodussich a nejmensich dat. Je to
uméle vytvorena fidka matice o rozméru 100 x 100, kterou lze beze zbytku rozlozit
na souc¢in dvou matic pomoci 5 faktori. Obé matice tedy maji celkem 500 biti,
diky fidkosti datové matice X a castému opakovani fadkd je lze zredukovat na
50 bitu.

Vysledky jsou v tabulce 1. Slepé hledani najde feseni, avsak jen v pripadé,
ze pfredem vime, kolik jedni¢ek mé byt na kazdém rfadku A. Formalni koncepty
i GABFA najdou feSeni bez dalsich omezeni a to ve zlomku sekundy. Vypocet
pomoci GABFA jsme opakovali 20x. V8echna opakovani vysla pfekvapivé po-
dobné — vysledek byl vzdy nalezen a to dokonce vzdy béhem 17 45 generaci, coz
trvalo jen zlomek sekundy.

Metoda Pocet | Cas |Discrepancy|Poznamky

jednicek | (m:s) | (chyba)
Slepé hledani 2-4 61:36 0 375 kombinaci na fadku A
Slepé hledéni 3 0:12 0 120 kombinaci na radku A
Formalni koncepty| 1-10 0:00 0 Pouzito 8 z 10 koncepti
GABFA jakykoliv| 0:00 0 Primérné 17 generaci

Tab. 1. Vysledky testd na datové sadé p3 (fidkd matice 100 x 100).
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7.2 Datova sada p2

Datova sada p2 je opét uméle vytvorena matice rozméru 100 x 100. Tentokrat
viak jiz nejde o ¥idkou matici. Reseni pomoci slepého hledani neni prakticky
proveditelné, podrobnou analyzu a zdtvodnéni je mozno nalézt v [6].

Matici lze rozlozit opét beze zbytku na soucin matic s vnitinim rozmérem 5
(tedy pomoci 5 faktort). Formalni koncepty i GABFA dokdzi najit spravné fe-
Seni, vysledky ukazuje tabulka 2.

Metoda Pocet Cas |Discrepancy|Poznamky

jednicek | (m:s) | (chyba)
Slepé hledani - 2 faktory 6 11:44 743 Vypocet pro pouze 2 faktory
Slepé hledani - 5 faktoru 6 10° let 0 Pouze odhad
Formalni koncepty 1-10 0:07 0 Pouzito 80 ze 111 koncepti
GABFA libovolny| 0:01 0 Primeérné 114 generaci

Tab. 2. Vysledky testi na datové sadé p2 (béznd matice 100 x 100).

Tabulka ukazuje, ze slepé hledani nelze pouzit pro vice nez 2 faktory. Chyba
vysledku je tedy pochopitelné hodné velka. Podrobnéjsi analyzou algoritmu lze
zjistit, ze vypodet viech 5 faktort by trval ptiblizné 10° let (viz také [6]), coz je
daleko mimo rozumnych mezi. Forméalni koncepty dokazi vypocitat piresné reseni
béhem 7 sekund. GABFA provede vypocet obvykle za zhruba 1 sekundu (pro-
vedeno 10 pokusti, rozptyl + nékolik desetin sekundy) — novd metoda, prestoze
pouziva ndhodna cisla, je tedy nejen rychlé, ale i prekvapivé robustni a nevyka-
zuje vychylky od primérné doby vypoctu.

7.3 Berryho datova sada

Predstavitelem redlnych dat je Berryho datova sada obsahujici vyskyty slov
v textovych dokumentech (velmi vhodnad data pro BFA, byla pouzita napf.
v ¢lanku [8]). Bindrni faktory pti této aplikaci BFA tedy reprezentuji mnoziny
slov, které vykazuji vyskyt v podobnych dokumentech. BFA lze potom pouzit
jako nastroj pro posuzovani podobnosti obsahu textovych dokumentt pro ulohy
typu: ,,Zaujal mé tento dokument a chci najit dalsi jemu podobné.“, coz je alter-
nativou k obvyklému vyhledévani podle obsaZenych slov (styl Google). Vysledky
ukazuje tabulka 3.

Tato data jiz nelze beze zbytku rozlozit na maly pocet faktori (obecné mize
byt pocet faktorii i vétsi nez pocet proménnych!), proto jsme hledali vzdy 4 fak-
tory a sledovali discrepancy vysledku u jednotlivich metod (mensi je lepsi).
Slepé hledéani je vylozené nepouzitelné pomalé, najde vsak zarucené nejlepsi fe-
Seni, proto mize poslouZit jako referencni. Zajimavé je, Ze metoda forméalnich
konceptt ani pfi 4 faktorech s vyuzitim gradientniho zpfesnéni nenajde feseni
srovnatelné se 3 faktory nalezenymi slepym hleddnim (chyba 110 ku 102). Nao-
pak feSeni GABFA je opét nalezeno velmi rychle a pfitom ma prakticky polovi¢éni
discrepancy nez ostatni metody.
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Metoda Pocet Cas |Discrepancy|Poznamky

jedniéek | (m:s) | (chyba)
Slepé hledéni - 3 faktory 3 0:39 102 Vypocet pro pouze 3 faktory
Slepé hledani - 4 faktory 3 127:00 68 68 je globalni minimum d
Formalni koncepty 2-15 0:00 126 Pouzito 19 ze 37 koncepti
F.k. + gradient 2-15 0:00 110
GABFA libovolny| 0:01 68 68 je globalni minimum d

Tab. 3. Vysledky testil na Berryho datové sadé (realnd data 18 x 14, 4 faktory).

8 Zavér

Vsechny testy ukazaly, ze geneticky algoritmus GABFA je doposud nejlepsi me-
toda pro binarni faktorovou analyzu. Co do rychlosti je srovnatelny s doposud
nejrychlej§im algoritmem (formalni koncepty) a co do pfesnosti vypoctu je do-
konce jesté lepsi. GABFA pfitom pracuje velmi obecné a nevyzaduje zadné spe-
cidlni vlastnosti datové sady, kterou analyzujeme. Za jeho nedostatek mizeme
povazovat jen fakt, Ze jeho funk¢nost neni nijak formalné dokdzana (totéz vsak
plati o algoritmu formélnich konceptti, neurositovy algoritmus pro zménu mé
dtkazy, nebyl vSak doposud implementovan v pouzitelné verzi).
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Abstract. The problem of learning from examples is a subject of great
interest at present. We discuss two approaches to this problem — the
Radial Basis Function Networks (RBF networks) and the Regularization
networks (RN). The RBF networks represent a model of artificial neural
networks with both neuro-physiological and mathematical motivation.
The RNs are derived from the regularization theory and have very good
theoretical background.

Performance of both approaches is demonstrated on experiments, in-
cluding both benchmark and real-life learning tasks. We claim that the
performance of RN and RBF network is comparable in terms of gener-
alization error. The RN approach usually leads to solutions with higher
model complexity (high number of base units). In this situations, the
RBF networks can be used as a 'cheaper’ alternative.

1 Introduction

The problem of learning from examples (also called supervised learning) is a sub-
ject of great interest. Systems with the ability to autonomously learn a given
task, would be very useful in many real life applications, namely those involving
prediction, classification, control, etc.

The problem can be formulated as follows. We are given a set of examples
{(xi,y;) € R x R}, that was obtained by random sampling of some real
function f, generally in presence of noise. To this set we refer as a training set.
Our goal is to recover the function f from data, or find the best estimate of it. It
is not necessary that the function exactly interpolates all the given data points,
but we need a function with good generalisation. That is a function that gives
relevant outputs also for the data not included in the training set.

The learning problem can be handled by artificial neural networks. There is
a good supply of network architectures and corresponding supervised learning
algorithms (see [1]). In this case the model, that is a particular type of neural
network, is chosen in advance and its parameters are tuned during learning so
as to fit the given data. In section 2 we will describe one type of neural network
— an RBF network.

* This work was supported by GA CR grant 201/02/0428.
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The supervised learning of neural networks is also studied as a function
approximation problem. Given the data set, we are looking for the function
that approximate the unknown function f. It is usually done by Empirical Risk
Minimization, i.e. minimizing the functional H[f] = +; Zfi1(f($z> — y;)? over
a chosen hypothesis space, i.e. over a set of functions represented by a chosen
type of neural network. In section 3 we will study the problem of learning from
examples as a function approximation problem and show how regularization
network (RN) is derived from regularization theory.

Both approaches (RBF network and RN) suffer from the presence of addi-
tional parameters that has to be set in advance. Methods for estimation of these
parameters are disscussed in section 4.

In section 5 the performance of RBF network and RN is compared on exper-
iments, including both benchmark and real learning tasks.

2 RBF neural networks

An RBF neural network (RBF network) represents a relatively new model of
neural network. On the contrary to classical models (multilayer perceptrons, etc.)
it is a network with local units which was motivated by the presence of many
local response units in human brain. Other motivation came from numerical
mathematics, radial basis functions (RBF) were first introduced in the solution
of real multivariate problems [2].

Fig. 1. a) RBF network architecture b) RBF network function.

An RBF network is a standard feed-forward neural network with one hidden
layer of RBF units and linear output layer (fig. 1). By an RBF unit we mean
a neuron with n real inputs and one real output, realising a radial basis func-
tion (1), usually Gaussian. Instead of the Euclidean norm we use the weighted
norm || - |c, where ||z||% = (Cz)T (Cz) = 2T CTCx.
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The network computes a function f = (f1,..., fi) as linear combination of
outputs of the hidden layer (see (2)).

The goal of RBF network learning is to find the parameters (i.e. centers c,
widths b, norm matrices C' and weights w) so as the network function approxi-
mates the function given by the training set {(x;,y;) € R" x R™}Y,.

There is a variety of algorithms for RBF network learning, in our past work
we studied their behaviour and possibilities of their combinations [3], [4].

The two most significant algorithms, Three step learning and Gradient learn-
ing, are sketched in Algorithm 2.1 and Algorithm 2.2. See [3] for details.

Input: Data set {z;,y:}; Output: {ci7bi,CZ-,wij}z;1_'_';Ln

1. Set the centers c¢; by a k-means clustering.
2. Set the widths b; and matrices Cj.
3. Set the weights w;; by solving ®W = D.

N (Hwt—ciuciy N (Hmt—cqucq)2 (Hm,fcrucry
- bi - bq - bT
D;; = E Y€ ‘  Pyr = E e e
t=1 t=1

Algorithm 2.1

Input: Data set {z;,y;}}¥, Output: {c;,b;, Ci,wi; Y= "

1. Put the small part of data aside as an evaluation set ES,
keep the rest as a training set TS .

2. Vj ¢;(i) < random sample from T'Si, Vj bj(i),Efl(i) — small
random value, %+ 0

3. Vj,p(i) in ¢;(i),b;(i), X5 ' (i):
Ap(i) — =2 +aAp(i—1),  p(i) < p(i) + Ap(i)

4. By = pers, (f(x) - yi)?, By «— > wers, (@) — yi)?

5. If E; and E5 are decreasing, ¢ «— ¢+ 1, go to 3, else STOP. If
F> started to increase, STOP.

Algorithm 2.2

3 Approximation via regularization network

In this section we will study the problem of learning from examples by means of
regularization theory.

We are given a set of examples {(x;,v;) € R? x R}, obtained by random
sampling of some real function f and we would like to find this function.

Since this problem is ill-posed, we have to add some a priori knowledge about
the function. We usually assume that the function is smooth, in the sense that
two similar inputs corresponds to two similar outputs and the function does not
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oscillate too much. This is the main idea of the regularization theory, where the
solution is found by minimizing the functional (3) containing both the data and
smoothness information.

N

Hif] = — Z(f(w» — )2 + 19 f], (3)

where @ is called a stabilizer and v > 0 is the reqularization parameter controlling
the trade off between the closeness to data and the smoothness of the solution.
The regularization scheme (3) was first introduced by Tikhonov [5] and therefore
it is called a Tikhonov regularization.

The regularization approach has good theoretical background, it was shown
that for a wide class of stabilizers the solution has a form of feed-forward neural
network with one hidden layer, called regularization network, and that different
types of stabilizers lead to different types of regularization networks [6], [7].

Poggio and Smale in [7] proposed a learning algorithm 3.1 derived from the
regularization scheme (3). They choose the hypothesis space as a Reproducing
Kernel Hilbert Space (RKHS) Hx defined by an explicitly chosen, symmetric,
positive-definite kernel function K (') = K(x,’). The stabiliser is defined by
means of norm in Hg, so the problem is formulated as follows:

1

N
Join H[f], where H|f] = N;(% = f(@))? + I fl- (4)

The solution of minimisation (4) is unique and has the form

N
f@) =Y ke (a),  (N9I+K)e=y. (5)

where I is the identity matrix, K is the matrix K;; = K(x;,¢;), and y =

(yla"'7yN)~ N
_(l==a'y
The most commonly used kernel function is Gaussian K(x,x') = e (t===)

Input: Data set {z;,y:}Y; C X xY Output: Function f.

1. Choose a symmetric, positive-definite function K(x'),
continuous on X x X.

2. Create f: X —Y as f(z) = va:l ciKg, ()
and compute ¢ = (c1,...,cy) by solving

(NI + K)e =1y, (6)

where I is the identity matrix, K is the matrix
K, =K(z;,x;), and y = (y1,...,yn), 7 >0 is real number.

Algorithm 3.1
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The power of the algorithm (2.1) is in its simplicity and effectiveness. On the
other hand, it has also some drawbacks. First of all, the size of the model (that
is a number of kernel functions) corresponds to the size of the training set and
so the tasks with huge data sets lead to solutions of implausible size.

Then there are the parameters v and in case of Gaussian kernel also width b,
which are supposed to be fixed. Let us describe how they influence the solution.
Once they are fixed, the algorithm reduces to the problem of solving linear
system of equations (6).

Since the system has N variables, N equations, K is positive-definite and
(N~I + K) is strictly positive, it is well-posed, i.e. is has a unique solution
and the solution exists. But we would also like it to be well-conditioned, i.e.
insensitive to small perturbations of the data. In other words, we would like the
condition number of the matrix (NI 4+ K) to be small, which is fulfilled if N~
is large. Note that we are not entirely free to choose =y, because with too large ~y
we loose the closeness to data. See figure 3b.

The second parameter b determines the width of the Gaussians. Suppose that
the distances between the data points are high or the widths are small, than the
matrix K has 1s on diagonal and small numbers everywhere else and therefore
is well-conditioned. If the widths are too large, all elements of the matrix K are
close to 1 and its condition number tends to be high.

The real performance of the algorithm depends significantly on the choice of
parameters v and b. The optimal choice of these parameters depends on a par-
ticular data set.

4 Model selection

By model selection we mean the selection of network architecture and its pa-
rameters. We use Gaussian function as a kernel function for RN and as a basis
function for RBF network, so the selection reduces to estimation of regulariza-
tion parameter v and width b in case of RN, and size of hidden layer h in case
of RBF network.

We estimate the parameters v and b of RN by grid search and crossvalidation.
During the grid search the pairs (v,b) are tried and the one with the lowest
cross-validation error is picked. To reduce the time requirements of the search
we practice a grid refining, i.e. start with a coarse grid and then use a finer grid
only in the region with the lowest cross-validation error.

Still the grid search and the cross-validation are quite time consuming, since
they require iterative re-runs of the algorithm. On the other hand they are
suitable for parallelization since both the pairs (,b) and particular runs of cross-
validation are independent.

In case of RBF networks, it is usually sufficient to try several network sizes.
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5 Experiments

We tested the described methods on three experiments. All of them were run on
nodes of Linux cluster with AMD Athlon(tm) XP 2100+ processors.

RN with Gaussian kernel function and RBF networks with Gaussian units
were used. Linear systems were solved using the LAPACK library [8].

We always use two disjunct data sets, a training set for training of the network
and a testing set for evaluating an error of results. In all experiments we use the
normalized error (7):

N number of examples in {(z;,y:)¥,}
f network output

N
Fiy =100 3 Iy~ F @)l @
i=1

In order to compare an accuracy of RN and RBF networks, we have selected
three benchmark problems from the Probenl database, the Cancer and the Glass
classification tasks, and the Heart approximation problem. Moreover, each of the
Probenl data sets is available in three different ordering defining different data
partitions for training and testing. These are referred to, eg. as glassl, glass2,
and glass3 in the original report [9].

Table 2 and graphs in figure 2 compare the performance of RN, RBF and
in addition MLP (multilayer perceptron) on Probenl tasks. RBF networks were
trained by the gradient algorithm 2.2 (5000 iterations), RN by the algorithm 3.1.
The results for MLP are taken from [9]. We can see that the RN and the RBF
network achieved almost the same rate of accuracy.

Table 3 compares the classification acurracy (the percentage of correctly clas-
sified samples) of RN, RBF network and support vector machine (SVM) [10].
The classification accuracy for MLP is not included in [9], so the comparison
with MLP is not possible in this case.

The time requirements are following: 9 seconds (1 second, 22 seconds) for one
run of the algorithm 3.1 on cancer (glass, hearta respectively) data set, 100 iter-
ations of the algorithm 2.2 took 14 seconds, 9 seconds, 74 seconds, respectively.
Figure 3 shows the value of the resulting error with respect to v and b.

Task  Type n m Train. set size Test set size
Cancer Class. 9 2 525 174
Glass Class. 9 6 161 54
Heart Approx. 35 1 690 230

Tab. 1. Overview of data sets from Probenl database.

As an example of a practical task we have chosen the prediction of flow rate on
the river Ploucnice. We have two data sets named ploucnicel and ploucnice2, for
the prediction based on information from previous one and two days, respectively.
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RN RBF MLP

FEis d ol FEis std arch  FEis std arch
cancerl 1.60 1.0 0.0002 1.64 0.16 20 1.60 041 442
cancer2 2.99 1.4 0.0002 2.89 0.07 20 3.40 0.33 8+4
cancer3d 2.76 1.3 0.0005 2.74 0.20 20 2.57 0.24 16+8
cancer 2.45 2.42 2.52
glassl 6.75 0.3 0.0008 6.59 0.32 15 9.75 041 16+8
glass2 7.28 0.3 0.0014 7.85 043 15 10.27 0.40 1648
glass3 6.48 0.2 0.0017 6.95 0.26 15 1091 048 1648
glass 6.84 7.13 10.31
heartal 4.44 1.9 0.0008 4.84 0.25 30 4.76 1.14 32+0
hearta2 4.32 1.9 0.0012 4.66 0.08 30 4.52 1.10 1640
hearta3 4.45 1.9 0.0008 4.54 0.06 30 4.81 0.87 3240
hearta  4.40 4.68 4.70

Tab. 2. Comparison of Regularization Network (RN), RBF network (RBF) and mul-
tilayer perceptron (MLP).

Legend
W cancerl

W cancer3

Fig. 2. Comparison of RN, RBF, MLP: test set error.

RN RBF SVM
cancerl  98.85%  98.74%  97.12%
cancer2  95.40%  96.84%  96.55%
cancerd  95.98%  96.95%  95.97%
glassl 75.00%  72.45%  73.58%
glass2 73.07%  64.53%  66.03%
glass3 76.92%  72.26%  79.24%

Tab. 3. Comparison of classification accuracy of RN, RBF and support vector ma-
chines (SVM).

Table 4 shows the resulting error of a RN and an RBF network with 15 units.
The parameters v and b of the algorithm 3.1 were estimated by grid search
and cross-validation. The RBF network was trained by the algorithm 2.1 and
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Fig. 4. Prediction of the flow rate on the river Ploucnice by RN.

the computation was run 50 times. Mean errors and its standard deviation are
listed. In figure 4 and 5 you can see the prediction by both the RN and the
RBF network. Time of one run of the algorithm 2.1 (RBF) was approximately
28 seconds, one run of the algorithm 3.1 (RN) lasted 55 seconds.

6

Conclusion

In this work we discussed two approaches to the learning task — regularization
network and RBF network. We demonstrated their behaviour and performance
on experiments, including both benchmark and real data sets. We showed that
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Fig. 5. Prediction of the flow rate on the river Ploucnice by RBF.
ploucnicel ploucnice2
Eis  0.246 0.452
RBF std 0.15 0.12
h 15 15
Eys  0.056 0.121
RN v 1.48e-05 1.3e-05
d 05 1.8

67

Tab. 4. Comparison of the errors on the tasks ploucnicel and ploucnice2.

the models are comparable, so the RBF network can be used as an alternative
to RN in situations where the lower model complexity is desirable.

Both algorithms for RN and RBF networks suffer from the presence of extra
parameters that have to be set explicitly. They are the regularization parameter
and the width b in case of RN, and the number of hidden units A in case of RBF.
However, while the estimation of parameters of RN by cross validation is quite
time consuming, it is usually sufficient to try several values of h in the case of
RBF network.

In our future work we will concentrate on the improvement of described
algorithms, especially the ways of estimating the additional parameters.
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Abstrakt V prispevku uvadzame distribuovany algoritmus generujuci
invertovany zoznam ulozeny v databaze. Tento invertovany zoznam po-
tom sluzi systému na ziskavanie informécii (Information Retrieval Sys-
tem) pre potreby dopytovania. Efektivnost algoritmu bola testovand na
kolekcii slovenskych a anglickych dokumentov.

1 Uvod

Oblast ziskavania informécii (Information Retrieval) sa zaoberd uchovavanim
informécii a pristupom ku nim. Algoritmy pouzivané v tejto oblasti s podlo-
Zené teoretickymi modelmi. My budeme pouZivat vektorovy model, ktory sa javi
z viacerych hladisk najlepsi [1]. Pre IRS (Information Retrieval System; systém
schopny uchovat a ziskat informécie) s informécie zvyéajne uloZené vo forme
dokumentov. Pri vyuziti rela¢ného databazového servera ako tlozista déat pre
systém poskytujici vyhladdvanie informécii treba riesit dve vyrazne oddelené
ulohy : indexovanie dokumentov a vyhladavanie s vyuzitim jazyka SQL. IRS po-
uziva vo véésine pripadov kvoli zrjchleniu vyhladdvania invertovany zoznam [1].
Ide o zoznam termov, pricom pre kazdy z nich je vytvoreny zoznam jeho vy-
skytov v dokumentoch. Pomocou tohto invertovaného zoznamu moézeme rychlo
a Tahko najst mnozinu dokumentov, ktoré obsahuja hladany term.

Typické IRS pouzivaja pre vytvorenie a spravu invertovaného zoznamu svoje
vlastné (proprietdrne) mechanizmy. Vyhodou tohto pristupu je moznost plne sa
prisposobif poziadavkam IRS, a mat moZnost ovplyvnit algoritmy tykajtce sa
invertovaného zoznamu, pripadne nahradit ich novsimi a efektivnej$imi. V pri-
pade pouzitia relacnej databazy ako datové iloziste pre invertovany zoznam
zase ziskame odladeny a odskiusany komponent nasho systému, ¢asto bez zni-
Zenia funk¢nosti a efektivnosti, so znizenym Casom vyvoja a menSou zlozitos-
tou celého systému. Dalsia z motivacii vivoja IRS ako aplikicia relacnej data-
bazy je dostupnost kvalitnych databazovych strojov. Uz koncom 80-tych rokov,
v Case vzniku prvych komeréne dostupnjch rela¢énych databaz®, vznikli prvé
prace, ktoré sa zaoberali aspektom vyuzitia databdz pre systém ziskavania in-
formacii [7], [4]. V tychto pociatkoch v8ak slabé dosahované vysledky hovorili

1 v roku 1978 bola na trh uvedena databaza Oracle
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proti tomuto vyuZitiu. Neskor sa tato situdcia zmenila. V praci [3] sa autori
zaoberaju porovnavanim dvoch systémov pre ziskavanie informécii, ktoré sa li-
Sia len tlozistom. Jeden pouziva vlastny mechanizmus na sprévu invertovaného
zoznamu - variant B-stromu, druhy systém pouziva objektovi databazu. Vysled-
kom bolo zlepSenie vykonnosti, najmi vdaka inteligentnej sprave vyrovnavacej
pamiti (cache). Podobné prace [5], [2] taktiez dokumentuju zlepSenie vykon-
nosti pre systém vyuzivajuci rela¢ni databazu oproti proprietarnemu rieseniu
zaloZenom na Specifickom systéme vo vlastnej rézii. Treba vSak poznamenat, Ze
proprietarne rieenia (tiloziste navrhnuté vo vlastnej rézii bez pomoci databazo-
vého stroja) sa samozrejme vyrovnaji vykonnosti databdzovych strojov, kedze
pouzivaju podobné (¢i totozné) algoritmy.

Zaklad IRS podporovaného rela¢nou DB spociva vo vytvoreni troch relacnych
tabuliek, nad ktorymi sa pomocou SQL d4 dopytovat (obr. 1).

Doc TermDoc Term
-id:int -id_term:int 1 * -id:int
-name:String | 1 1..*| -id_doc:int - -name:String
-doc:Object -weight:double -idf:double
-norm:double -count:int -count:int

Obr. 1. Diagram tried reprezentujuci databazové relacie pre IRS.

Tabulka Doc obsahuje zoznam dokumentov, tabulka Term obsahuje zoznam
jedineénych termov zo vsetkych dokumentov a tabulka TermDoc reprezentuje
vyskyty termov v dokumentoch. Doélezitost vyskytu termu v dokumente je re-
prezentovana véhou (weight), dolezitost samotného termu sa dé podla vektoro-
vého modelu ur¢it pomocou inverznej frekvencie dokumentu (idf). V préci [8]
sme navrhli, implementovali a testovali algoritmus, ktory je schopny efektivne
indexovat velké kolekcie dokumentov. Indexovanie spocivalo vo vytvoreni inver-
tovaného zoznamu, ktory bol potom vlozeny do databazy.

V tomto prispevku sa budeme zaoberat zrychlenim nésho algoritmu pomocou
distribuovania. Distribuovany vypocet je typicky rieSeny viacerymi samostat-
nymi poéitaémi spojenymi sietou, nevyzaduje rychlu komunikaciu (resp. nevadi,
ak je pomalsia), dekomponované podilohy nemusia bezat paralelne, pamit nie
je zdielana.

V literattre [10] sa uvadzaju S$tyri zndme architekttry distribuovania vy-
poc¢tov: SISD, SIMD, MISD, MIMD. Tieto sa lisia tokom instrukcii a dat. Tok
instrukeii (Instruction) programu mozu byt jednoduchy (Simple), ¢ize rovnaké
instrukcie pre kazdy procesor/poéitaé, alebo rozne (Multiple) pre kazdy proce-
sor/pocitac. Analogicky data (Data), ktoré treba spracovavat, mozu byt totozné
(Simple) alebo rézne (Multiple).
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V tomto prispevku budeme vyuzivat distribuovani architekttru typu SIMD
(simple instruction, multiple data), ktord bude obsahovat samostatné pocitace
spojené sietou. Pri analyze ¢asovej zlozitosti distribuovanych algoritmov sa do
uvahy berie aj pocet vypoctovych jednotiek. Ideadlny distribuovany algoritmus
zrychli vypodet tolkokrat, kolko vypoctovych jednotiek je k dispozicii. Vtedy
hovorime o linedrnom zrychleni. Kvalitu distribuovaného algoritmu teda vieme
merat pomocou nasledovne. Ozna¢me Sk (n) ako ¢as potrebny na riesenie prob-
lému K pomocou najlepsieho zndmeho sekvenéného algoritmu na jednej vypoc-
tovej jednotke (n je velkost vstupnych dat). Tk (n,q) ozna¢me ako Gas distri-
buovaného algoritmu potrebny na riesenie problému K pomocou g pocitacov.
Zrychlenie Ak (n,q) pre g pocitacov definujeme ako

Sk(n)
TK (TL, q) -

Plati, Ze toto zrychlenie je nanajvys rovné g (vtedy to je optimdlne). Malo
by byt vicsie nez 1, aby malo distribuovanie vypoc¢tu K vyznam. Ak by bolo
mensie, je vhodnejsie pouzif sekvenény algoritmus. Nakoniec efektivita Ex (n, q)
je zrychlenie prepocitané na jednu vypoctovi jednotku.

Ak (n,q)
q)

I ked v literattre existuji pristupy ku distribuovaniu indexovania texto-
vych dokumentov, omnoho Castejsie sa vyskytuje paralelizacia pomocou poci-
tada s viacerymi procesormi. Uvedme teraz popis distribuovaného algoritmu na
indexovanie dokumentov.

Algoritmus v praci [9] vytvori pre celt kolekciu najprv hash tabulku ter-
mov (ktord bude na pevnom disku). Potom bude znova spracovavat dokumenty
a evidovat si vyskyty termov v dokumentoch. Tieto vyskyty bude zapisovat
do alokovanej pamitovej oblasti, kde ich bude triedit (aby pre kazdy term zis-
kal dokumenty, v ktorych sa vyskytuje). Po zaplneni tejto pamitovej oblasti
zapise jej obsah komprimovane na pevny disk. Posledné faza bude viaccestné
zlucovanie zoznamov vyskytov, ktoré boli zapisané na pevny disk, do jedného
zoznamu. Algoritmus vyzaduje dvojnasobné parsovanie dokumentov raz pre
ziskanie zoznamu termov, druhy krat pre ziskanie vyskytov termov. Casova zlo-
zitost je O(n). Autori tiez vykonali priamodiare distribuovanie tohto algoritmu.
Kazdy pocita¢ vytvori nad svojou c¢astou kolekcie zoznam termov a vyskytov
termov. Tieto zoznamy sa buda hierarchicky zlucovat. Dosiahnuté efektivita sa
blizila jednej (¢o je optimdlne).

0< Ag(n,q) =

<1

2 Distribuovanie indexovania

Vypocet indexu mozeme urychlit distribuovanim indexovania pomocou nasho
algoritmu [8] medzi viaceré pocitace. Hlavnd myslienka spociva v rozdeleni vy-

.....

zaberll vypodcty, zasielanie dat medzi pocita¢mi bude trvat zanedbatelny cas
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(pocas jednotlivych fiz sa zasle spojite dohromady najviac niekolkonasobok vel-
kosti kolekcie). Prva faza (A) sa tyka spracovania (parsovania) dokumentov.
Mnozinu dokumentov, ktoru treba indexovat, rozdelime rovnomerne (vzhladom
na velkost alebo pocet dokumentov) medzi q pocitacov a kazdy z nich vytvori
dve tabulky TermDoc; a Doc; (kde i = 1...q). Kazdy poditac si tiez vytvori
tabulku Term;. V tej vSak nebude identifikitor (primarny kIG¢) id. Pri spéa-
jani tabuliek vytvorenych réznymi pocitacmi by sme totiz mali problém s tym,
Ze rovnaké termy identifikované réznymi pocita¢mi by mali rozne identifikacné
¢isla (stipec id v tabulke Term). Preto teda tabulky Term; zo vietkych poéita-
¢ov bude treba neskor centrédlne spojit vo faze (B). Tato fdza bude vykonavana
centralne na jednom pocitaci a ostatné pocitace budu vtedy necinné. Ziskanie
globélnej tabulky termov (spolu s globalnymi vdhami) potom bude nasledovné:

INSERT into Term (name, df, idf) (1)
select name, sum(df), log(n/sum(df))
from

select name, df from Terml union all
select name, df from Term2 union all ...
group by name

kde n je podet dokumentov. Priméarny k¢ id tejto tabulky Term bude typu
auto_increment, ¢ize jeho hodnota sa nastavi automaticky. Tabulku Term ob-
sahujtice termy celej kolekcie spolu s ich globalnymi vahami zasleme vSetkym
pocitac¢om, ktoré ju pouziju na vypodet vah termov svojej tabulky TermDoc;
(s vyuzitim lokdlnej vahy, ktort ziskali pocas parsovania). Vypodet vah termov
- faza (C) prebehne na kazdom poéitaéi pomocou nasledovného SQL prikazu:

INSERT into TermDocl (id_term, id.-doc, weight, count) 2)
SELECT TD.id_term, TD.id_doc, TD.count*Terml.idf, TD.count
from Terml left join Temp on TD.name=Term.name

Tabulka Temp vznikla nacitanim pola vyskytov termov zo stiboru do data-
bazy (pomocou rychleho LOAD prikazu dostupného vo vicsine databdzovych
strojov). V rdmci tejto fazy tiez prebehne vypocet noriem dokumentov (vSetky
udaje mé kazdy pocita¢ k dispozicii). Poslednd faza (D) spociva v zlaceni ta-
buliek TermDoc; a Doc; na centralny pocita¢. Buda sa tu prenasat parcidlne
tabulky dokumentov, ktorych celkova velkost bude priblizne rovné velkosti kolek-
cie. Dalej sa budt prenasat tabulky obsahujice vyskyty termov v dokumentoch
(TermDoc). Ich celkova velkost sa pohybuje medzi dvoma extrémnymi pripadmi.
Bud je linedrne zavisla od velkosti tabulky Term (ak kazdy dokument obsahuje
len jeden jedine¢ny term, ktory sa v fiom vyskytuje opakovane). Alebo je vel-
kost linedrne zavisla od velkosti kolekcie (ak sa v ziadnom dokumente neopakuji
termy). V praxi sa blizime samozrejme ku druhému extrému, ¢ize velkost tabulky
TermDoc je zvyCajne linedrne zavisla od velkosti kolekcie (v zdvislosti od pouZi-
tych databéazovych typov je velkost medzi 60 az 90 percentami velkosti kolekcie).
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Pre tplnost este diskutujme o velkosti tabulky Term, ktord sa prenésa vo faze
(B). Velkost tabulky Term je exponencidlna (s exponentom mensim nez 1, ty-
pickd hodnota je medzi 0,4 a 0,6) voci velkosti kolekcie. Vyplyva to z Heapsovho
zékona [6], pocet jedineénych termov m je exponencidlny vo¢i poétu vsetkych
(opakujucich sa) termov. Fazu (D) nemusime vykonaft, ak chceme mat dopy-
tovanie distribuované. Vtedy sa totiz otazka bude zasielat viacerym pocitacom
stdasne a vratené odpovede po jednoduchom utriedeni podla ohodnotenia budi
predstavovat celkovii odpoved. Vyhoda tohto rieSenia je urychlenie vypocitania
odpovede. Cim je kolekcia na jednom podita¢i mensia, tym je mozné odpoved
vypoditat rychlejsie.

Dokumenty sa vtedy nebuda vyskytovat na viacerych pocitadoch stcasne;
taktiez vypocitand vaha je konzistentnd naprie¢ celou kolekciou, takze broker
(pocitac, ktory distribuuje otdzku) nebude tieto vahy prepodéitat, taktiez nebude
agregovat ohodnotenia jedného dokumentu (to musi, ak by sa vyskytoval na
viacerych poditacoch sticasne). Ak vSak chceme mat dopytovanie zabezpecené
centrédlne pomocou jedného podcitaca, musime vykonat fazu (D). Tato faza sa
musi vykonat centrélne, ¢o ndm znizi efektivnost vyuzitia pocitacov (okrem cen-
tralneho su vSetky v tejto faze nec¢inné). Algoritmus si teda méZzeme skrétene
popisat nasledovne.

Algoritmus Index(D, M) pozostava z niekolkych faz:

— A: Kolekcia dokumentov bude rozdelend na q Casti a po ¢astiach bude za-
sland pocitac¢om, ktoré budu spracovavat dokumenty a vytvarat tabulky
TermDoc; a Doc;. Na obr. 2 tomu zodpovedaji asynchrénne spravy 1.
a 2. Po vytvoreni tychto tabuliek (spravy 1.1 a 2.1) budt parcidlne ta-
bulky T'erm; zaslané spit riadiacemu poditacu, ktory bude v stave ¢akania
(1.2 a 2.2)

— B: Riadiaci poc¢ita¢ vykon4 zlacéenie tabuliek Term; a vytvori tabulku Term
(krok 3)

— C: Tabulka Term je zaslanid asynchrénne na vsetky pocitace, ktoré vy-
poditaju vahy termov v dokumentoch a ich normy, potom zaslu tabulky
TermDoc; a Doc; (kroky 4.x a 5.x)

— D: Riadiaci pocita¢ zluéi parcidlne tabulky TermDoc; a Doc; (krok 6. a7.)

3 Vysledky testov

Testy sme vykonali na dvoch kolekcidch. Kolekcia novinovych ¢lankov dennika
SME maé okolo 25 500 dokumentov, velkost 53 MB. Druhé kolekcia obsahovala
anglické ¢lanky novin Los Angeles Times, 130000 dokumentov, velkost 390 MB.
Pocitacova konfiguracia obsahovala procesor 1,2 GHz a 512 MB operacnej pa-
mite, ako databaza bola pouzitd MySQL. Celkovy prehlad vysledkov distribu-
ovania na kolekcii SME a jeho porovnania voci sekvenénému algoritmu je na
obr. 3. Vidno, Zze modifikacia distribuovaného algoritmu sposobila jeho neefek-
tivnost v pripade, Ze ho vykonédvame len na jednom poditaci. Ak vSak pouzijeme
viac poéitacov, dosiahneme zrychlenie, ktoré vSak ¢asom bude klesat. Tento po-
kles zapri¢ifiuja najmi fazy (B) a (D) distribuovaného indexovania.
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Obr. 2. Algoritmus distribuovania vypoc¢tu indexu.

vy s

Pre kolekciu LATimes je badatelné lepsie zrychlenie - na vicsich datach sa
lepsie prejavi distribuovanie faz (A) a (C), vid obr. 4.

Prva faza indexovania - parsovanie dokumentov - vykonavana pomocou sek-
ven¢ného algoritmu trva pre nasu kolekciu SME priblizne 70% celkového ¢asu in-
dexovania (pre kolekciu LATimes priblizne 60%). V tejto fize teda bude najviac
viditelny prinos uplatnenia distribuovania. Parsovanie dokumentov m4 linedrnu
Casovi zlozitost, nie je tam penalizdcia za pouzitie viacerych poéitacov a teda
distribuovanim sa zrychli optiméalne; efektivita jedného pocitaca teda bude rovna
jednej. Potvrdzuje to aj obr. 5. Okrem parsovania sa vSak vo faze A vykonavaju
aj dalsie dve ¢innosti: zapis vyskytov termov do databazy a generovanie tabu-
liek termov. Cas zapisu vyskytu termov sa sice po pridani q poéitadov sa skrati
q krat (je teda linedrne), vid obr. 5, zrychlenie oproti sekvenénému algoritmu
vSak nie je optimdlne (kedZe miesto identifikitora termu sa zapisuje do tabulky
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pocitace

Obr. 3. Porovnanie rychlosti distribuovania pre roézny pocet pocitacov pre kolekciu
SME; s znamena sekvencény algoritmus.

4981

pocitace

Obr. 4. Porovnanie rychlosti distribuovania pre roézny pocet pocitacov pre kolekciu
LATimes; s znamend sekvenény algoritmus.

jeho nazov a ten je zvycajne dlhsi nez Cislo; taktiez vytvaranie databazového in-
dexu pre retazce zaberie viac ¢asu). Generovanie tabulky termov (& uz lokalne
alebo globalne) sa pri sekvenénom algoritme nevyskytuje vobec (teda zrychle-
nie je rovnd nule). Na druhej strane vSak distribuovany algoritmus nezapisuje
termy do databédzy (namiesto toho prave generuje tabulku termov). Efektivita
distribuovaného zapisu termov do databazy, vypoctu lokalnej tabulky termov
a parsovania st zobrazené na obr. 5.

Vo féze (B) ide o globélne generovanie termov. V pripade zmeny po¢tu po-
¢itaCov sa zmeni tvar prikazu (1), ktory sa zviéSuje s narastajicim pocétom
podéitacov (pre kazdy pocita¢ v prikaze pribudne jedna tabulka). Ide tu o spaja-
nie tabuliek, pricom ich celkové velkost je konstantna. Cim viac tabuliek (hoci
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Obr. 5. Efektivita ¢innosti fazy A a C v zavislosti od poctu pocitacov.

sucet ich velkosti je konStantny) mame spojit, tym bude formalne zloZitejsi SQL
prikaz na ich spojenie. Syntakticka analyza tohto prikazu, inicializa¢né prace pre
kazda tabulku v prikaze a dalsie prace sposobia, Ze éasova zlozitost teda bude
linedrna (¢o sme experimentélne overili) a bude tvaru:

ta(q,n) = t'a(q,n) + ka.q

kde t' ¢ (g, n) zodpoveda vykonanie fazy (B) na jednom poéitaci, kg.q zodpoveda
Casovej penalizacii zapriinenej s va¢Sim mnoZstvom tabuliek. Hodnota kg na
nasej pocitacovej konfigurécii je okolo 0,5s na pocitac¢ (alebo tabulku). Globalne
generovanie termov nezodpovedd ziadnej faze v sekvenénom algoritme a teda
zrychlenie tu bude rovné nule (navySe této fiza bude vykonavana centralne).
Faza (C) - vypocet vah a noriem - mé optimdlne linedrne zrychlenie (obr. 5).
Casova zlozitost fazy (D) bude analogické ku faze (B) (taktiez ide o spajanie
tabuliek, ktoré bude ¢asovo penalizované poc¢tom tabuliek) a tiez je vykonévand
centrélne (¢iZze nemé vyznam hovorit o zrychleni).

tJ(Qa n) = tlJ(Qa Tl) + qu

Celkovy ¢as pre dant kolekciu velkosti n a pocet poéitacov q teda bude mozné
vyjadrit nasledovne:

ts(n t*e(n tp(n
() Cq( ) 4 Dq( )+t1G(q,n)+kg.q+

t(g,m) =ts +

1 n
+EZ() +t'(g.n) + kg

Konstanta t 4 oznacuje ¢as nacitania morfologického slovnika ispellu, t!c(n)
je ¢as, ktory zaberie parsovanie kolekcie na jednom poéitaci, t' p(n) je cas, ktory
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zaberie zapis vyskytov termov na jednom pocitaéi, t'c(n) je éas, ktory je nutny
na vytvorenie lokélnej tabulky termov na jednom pocitaci, Vyraz t' ¢ (q,n)+kg.q
oznacuje ¢as, ktory treba na vytvorenie centralnej tabulky termov, t'gpr(n) je
¢as, ktory je nutny na vypocet vah a noriem na jednom pocitaci. Nakoniec k;
je konstanta, ktord savisi so zlacenim lokalnych tabuliek T'ermDoc a Doc. Zo
vztahu (5) vidno, Ze pre ur¢ité mnozstvo pocitacov sa uz neoplati pridat dalsi.
Po zisteni konstant a premennych zavislych od n je mozné riesif kvadraticka
nerovnicu (6) s nezndmou ¢ pre nejaké zadané malé e. Po vyrieSeni budeme mat
k dispozicii maximéalny pocet pocitacov, ktoré ma zmysel pouzit pri distribuovani
algoritmu.

t(g,n) > t(g+1,n)+¢

Pre testované kolekcie a napriklad ¢ = 20s mame nasledovné optimalne pocty
pocitacov: pre kolekciu SME nemé vyznam pouzit viac nez 10 pocitacov, pre
kolekciu LATimes 22 pocitacov. Tieto ¢isla st zavislé od velkosti kolekcie, dalej sa
tu predpokladé homogenita pocitacov (ak by niektory pracoval rychlejsie nez iny,
bol by nutné upravit algoritmus, aby rychlejsi pocita¢ dostal viac dat). Taktiez
je tu zéavislost na nastaveni pouzitej databdzy (najmi cache pamite pouzivané
pri vytvarani indexov a pre join operécie). Tieto konstanty (napr. kg, k) je
nutné najprv vopred zistit (pri vypoctoch s malou ¢astou kolekcie).

4 Zaver

V prispevku sme prezentovali distribuovany algoritmus indexovania textu, ktory
vyuziva SQL prikazy. Tento algoritmus sme otestovali na realnych kolekciach do-
kumentov. Uviedli sme aj odhad zrychlenia a optimélny pocet pocitacov vhodny
pre vypocet. Tieto odhady vsak boli zvicsa zaloZzené na experimentoch. V bu-

.....

oreticky) vypo¢itat zrychlenie tohto algoritmu.
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Abstrakt V pfispévku se zabyvame porovnanim rdznych vicerozmér-
nych datovych struktur z hlediska jejich efektivity a schopnosti indexo-
vat vicerozmérna data. Zatim totiz nebylo nikde komplexné otestovano,
kterou vicerozmérnou datovou strukturu lze nejvyhodnéji pouzit pro kon-
krétni typ tlohy a konkrétni datovou sadu. Pro tuto analyzu a testovani
jsou v prispévku pouzity datové struktury BUB-strom, pyramidovy strom
a R-strom. Budeme zkoumat efektivitu datové struktury vzhledem k po-
uzité datové sadé pro rtizné dimenze. Vysledky testid maji dokazat, ze
efektivita pouziti konkrétni datové struktury se nezhorsuje jen s rostouci
dimenzi, ale prevazné zavisi na pouzité datové sadé. V tomto ¢clanku také
ukazeme, Ze pro obecna data neni zddné ze zminénych datovych struktur
odolna vuci prokleti dimenzionality, i pfes pfipadné tvrzeni jejich autori.

Kli¢ova slova: R-strom, BUB-strom, pyramidovy strom, porovnani, do-
tazovani, vicerozmérné datové struktury

1 Uvod

P1i praci s multimedialnimi daty ¢asto musime feSit problém, jak je ukladat
a rychle v nich vyhledavat. Multimedialni data proto vétSinou reprezentujeme
jako vektory ve vysocedimenzionalnim prostoru. V pripadé textd jde o vektory
termi v dokumentech, u obrazkt ukladame bud cely vektor vznikly z matice
obrazku sefazenim fadkt za sebe, nebo vektor priznakid obrazku. Obdobné mu-
zeme postupovat pro zvukové soubory, ¢asové fady ¢i semistrukturovana data,
napf. XML [7].

Vzhledem k velké dimenzi vektori je datovd matice velkd a sekvenc¢ni pro-
hledani ¢asové narocné, zejména neni-li mozno umistit celou matici v operacni
paméti. V pfipadé nestrukturovanych textl jsou sice vektory dosti ridké a lze
pouzit fadkové (CCS) ¢&i sloupcové (CRS) komprese matice termi v dokumen-
tech, ale v tomto pripadé nastavaji problémy s nestejnou délkou zédznamu pro
jednotlivé vektory a se strankovanim této matice na disku.

Jiz dlouhou dobu jsou hledany efektivni implementace indexi, které by umoz-
nily vyloucit predem ¢ast nerelevantnich dat a urychlit tak vyhledavani. Vétsinu
z nich mizeme zafadit do jedné ¢i vice nasledujicich kategorii:
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1. Indexy vychéazejici z BT-stromu, které uchovavaji ve svych uzlech jedinou
hodnotu, indikujici uréitou vlastnost. Jako ptiklad lze uvést pyramidové
stromy [1]; NB-stromy [5], po¢itajici Euklidovskou normu vektorti; metody
iMinMax a iDistance [12], a mnohé dalsi.

2. Stromové indexy vychézejici z hierarchického déleni prostoru na regiony,
které uchovavaji v mezilehlych uzlech informace o vnofenych regionech a v lis-
tovych uzlech jednotlivé vektory ¢i reference na né, zejména R-stromy [6]
a z nich odvozené struktury a UB- a BUB-stromy [9], [4], ukladajici v uzlech
adresu bodu na Z-krivce.

3. Indexy vychézejici z aproximace urcitého intervalu hodnot nékolikabitovou
hodnotou; pfi prohledani se nejprve zkontroluje aproximace a teprve pfi
kladném vysledku jsou prohledavany odpovidajici vektory. Do této oblasti
patii mj. VA-files [3], A-stromy [10] a VQ-index [11].

Kazda z téchto struktur je vhodné pro urcitou distribuci dat a na jiné zcela
selhava. Vsechny vSak ve vétsi ¢i mensi mife trpi takzvanym ,prokletim dimen-
zionality” — se vzrustajici dimenzi datovych vektoru jejich efektivita klesa a od
ur¢ité dimenze je casto efektivnéjsi projit a porovnat vSechny vektory v kolekci.

V tomto piispévku srovname chovani nékterych z téchto struktur z prvni
a druhé skupiny, jmenovité pyramidovych stromt, R-strom® a BUB-stromt nad
nejriznéjsimi distribucemi dat oproti sekvencénimu prichodu celou kolekci.

V druhé kapitole stru¢né popiseme pouzité datové struktury, vybrané datové
sady a predpoklddané vysledky, ve tfeti metodiku testovani a ve ¢tvrté pak
experimentalni vysledky testti. V zavéru zhodnotime dosazené vysledky.

2 Indexovani vicerozmérnych dat

2.1 Vicerozmérné datové struktury

R-strom a R*-strom - jedna se o vicerozmérnou datovou strukturu, kde do-
chézi k déleni datového prostoru na oblasti ohranic¢ené geometrickymi ttvary
(nejcastéji hyperkvadry). Timto délenim lze zzit prohleddvany prostor a zmen-
Sit tak pocet testovanych bodu.

Klasicky R-strom je rozsifenim zndmého B-stromu za t¢elem podpory prosto-
rovych dat. M4 stejné vlastnosti jako B-strom, je vyvazeny a garantuje efektivni
vyuziti pamétovych stranek (min. 50%). V listovych uzlech R-stromu jsou jiz
uloZeny prostorové objekty. Mohou to byt body nebo dalsi atvary. Tyto objekty
jsou ohrani¢eny MBR (Minimal Bounding Rectange). Vzdy musi platit, Ze ob-
jekty z jinych datovych stranek nepatii do tohoto MBR. Do vnitinich uzla se
ukladaji MBR ohranicujici vsechny potomky, nazyvané regiony. Regiony celého
datového prostoru se mohou i nemusi vzajemné piekryvat (podregiony se jiz vSak
prekryvat nesmi). Region muze také pokryvat éast datové stranky, patiici do ji-
ného regionu. Grafické znazornéni regionti a R-stromu je na obrazku 1. Datové
stranky jsou oznaceny A-H, regiony R1 a R2. S chovanim regionti souvisi dva
pojmy: Pokryti tirovné stromu (celkova plocha regionii na dané tirovni R-stromu)
a presah na trovni stromu (soucdet vSech ploch, které soucasné pokryvaji alespon
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Obr. 1. Regiony a obecna struktura R-stromu.

2 regiony na stejné trovni stromu). Pro efektivni zpracovani dotazu je dilezité,
aby oba tyto ukazatele byly co nejmensi.

Z analyzy R-stromu vychéazi R*-strom. Byly zde rozpoznany dalsi faktory,
ovliviiujici vykon. Okraj datové stranky (soucet délek vSech jejich stran) musi
byt co nejmensi a je nutné lepsi vyuziti kapacity stranek (zlepSenim se zmensi
vyska stromu). P¥i riizném poradi vkladani bodt dostédvadme rtizné stromy. Na
tomto principu je zalozena myslenka opétovného vkladani z podtecenych dato-
vych stranek. Timto postupem se zlepsi vykon stromu pti zpracovani dotazu.

UB-strom a BUB-strom - jsou ¢asto pouzivané struktury pro indexovani vi-
cerozmérnych dat. Vyuzivaji Z-usporadani pro transformaci n-rozmérnych bodu
na bitovy fetézec.

Dtlezitym pojmem je zde Z-region, coz je prostor pokryvajici ¢ast Z-kiivky
specifikované intervalem [«, 5]. Body patfici do jednoho regionu jsou uloZeny ve
stejné diskové strance. Za adresu celého Z-regionu volime Z-adresu posledniho
bodu v intervalu (). («) je adresa () pfedchazejictho Z-regionu. Adresy regi-
ont jsou ukladany do vnitinich uzli B-stromu. V listovych uzlech jsou ulozeny
jednotlivé body.

Rozdil mezi UB a BUB stromem spociva v tom, ze UB strom obsahuje cely
prostor se vsemi regiony. BUB strom obsahuje pouze ty regiony, ve kterych se
nachazi n-rozmérné body, viz obrazek 2.

Pyramidovy strom - zdkladni myslenka této struktury je opét (stejné jako
u pfredchozich) zaloZena na pfevodu n-rozmérného bodu na jednu hodnotu tzv.
pyramidovou, kterad slouzi jako adresa pavodniho bodu. Tyto hodnoty se pak
vkladaji do klasického BT-stromu (jedna se o binarni strom, kde viechny cesty
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Obr. 2. Rozdil mezi Z-regiony.

od kofene k listim maji stejnou délku a optimalni rozdéleni stromu je zacho-
vano pomoci automatické reorganizace polozek stromu). Pfevod n-rozmérného
prostoru se sklada ze dvou krokt. Nejprve se prostor rozd€li na pyramidy, a pak
se jednotlivé pyramidy rozdéli na oblasti. V prvnim kroku déleni se prostor roz-
déli na 2n pyramid (podstava pyramidy je tvofena (n-1)-rozmérnym ttvarem
lezicim na povrchu datového prostoru a vrchol pyramidy je ve stfedu). Stied je
klasicky geometricky stfed normalizovaného prostoru (vSechny soufadnice jsou
prevedeny na rozsahu 0-1). Soufadnice stfedu tedy jsou (0,5; 0,5; ..; 0,5). Pro
kazdy bod existuje algoritmus, kterym lze urcit, ke které pyramidé dany bod
nalezi. Konkrétné, vSechny body lezici uvnitt jedné pyramidy maji jednu hod-
notu souradnice vzdéalenou vice od stiedu nez druhou. Vzdalenost od stiedu se
bere pouze v jedné soufadnici a musi byt maximélni pro vSechny body pyra-
midy. Nésledné je tieba jednotlivé pyramidy ocislovat a dale rozdélit na oblasti
(tvorici listové uzly stromu). Oblasti tvoii Fezy vedené rovnomérné s podstavou.
Pocet fezi a velikost se odviji podle po¢tu bodi. Schéma rozdéleni prostoru na
pyramidy a rozd€leni pyramid na oblasti je na obrazku 3.

Pyramidova hodnota lze urcit jako soucet ¢isla pyramidy a maximélni vzdale-
nost bodu (v jedné dimenzi) od stfedu. Strom konstruujeme tak, ze pyramidovou
hodnotu pouzijeme jako kli¢ a bod vkldddme do BF-stromu.

stied
pyramida oblast

d

Datovy prostor (d-1)-dim. podsma/

Obr. 3. Déleni prostoru na pyramidy a oblasti.
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2.2 Datové sady

Jelikoz se snazime nalézt silné a slabé stranky jednotlivych datovych struktur
a zhodnotit jejich odolnost proti ,prokleti dimenzionality“, musime pouzit celé
fady raznych distribuci dat pro jejich zhodnoceni.

Datova struktura, jez se jevi na prvni pohled jako vyhodna, pouzijeme-li
v jejich testech dat s rovhomérnym rozlozenim, mtze byt na jinych datech zcela
nepouzitelna. Prikladem miize byt NB-strom, ktery indexuje vicerozmérna data
na zakladé Euklidovské metriky. Pokusime-li se do néj uklddat normalizované
vektory vah termti v dokumentech, jsme pfedem odsouzeni k nezdaru, protoze
Euklidovska metrika vSech vektord bude totozna.

V nasich testech se proto zamérime na uméle vytvorené datové sady, a to
zejména na sady obsahujici ndhodna data s riznym rozloZenim (rovnomérnym,
Gaussovskym a exponencidlnim) (obrazek 4) a sady obsahujici shluky (kulové
a Gtvercové) (viz obrazek 5 a)-b)). Zejména rovnomérné rozlozend data a data,
obsahujici shluky, jsou ¢asto vyuzivana autory zejména v ptipadé aproximacnich
struktur (VA-files) a jednohodnotovych charakteristik (iMinMax), kde je na nich
dosazeno velmi dobrych vysledki.

Obr. 4. Rozlozeni dat: a) rovnomérné, b) Gaussovo, ¢) exponencialni.

Daéle vyuzijeme sadu s daty blizko stén a hran hyperkvadru — na obrazku 5 ¢)
— ktera simuluje chovani typické pro vektorovy model textovych dokumentt, kde
je vektor dokumentu velice Fidky.

Na zévér provedeme testy na skuteénych datech, ziskanych redukci dimenze
kolekce textovych dokumentii pomoci indezovdni latentni sémantiky' (LSI).
Rozptyl hodnot slozek vektoru ve vyssich dimenzich vyrazné klesa, kazda dalsi
dimenze je o néco méné vyznamna nez predchozi, ale snizuje chybu aproximace.
Prvni dvé dimenze slozek ziskanych vypoctem LSI nad kolekci textovych doku-
mentd jsou zobrazeny na obrazku 5 d).

! Blizsi informace o této metodé lze nalézt v napi. v [2].
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» .-

c) d)
Obr. 5. Data: a) kulové a b) ¢tvercové shluky; ¢) pobliz stén hyperkvadri, d) ziskana
jako vysledek LSI na kolekci textt.

2.3 Predpokladané chovani datovych struktur

Na zékladé znalosti postupu tvorby datovych struktur a jejich popisu autory je
mozno predpokladat, ze na rovnomérné rozlozenych datech a shlucich se budou
tyto struktury chovat efektivnéji nez sekvenéni prichod kolekei (a porovnani
v8ech hodnot).

Horsi situace nastane, budou-li data v prostoru rozlozena nerovnomeérné
a nebudou-li tvofit vhodné tvarované shluky. Zejména v piipadé aproximacnich
struktur s linedrnim rastrem, struktur zalozenych na déleni prostoru s moznosti
prekryvu regioni a struktur zalozenych na vypoctu jediné hodnoty (pyramidovy
strom, NB-strom, atd.) muze dojit k situaci, kdy bude prohledan cely index.

Protoze kazda hierarchicka datova struktura nutné potiebuje dopliikové idaje
pro tvorbu hierarchie, bude vysledny index vétsi, nez ptivodni matice vektori.
Proto muze v nékterych pripadech nastat situace, kdy bude pfi prohledavani
indexu nacteno vice stranek z disku (& probéhne vice porovnani), nez pii sek-
venénim prichodu celou kolekci.

3 Popis metodiky testovani

Pro tcely testovani byly vytvoreny datové sady, obsahujici ndhodnéa data a shluky.
Kazda z téchto sad obsahovala 100000 bodi, pfi¢emz nejvyssi dimenze prostoru
byla 30.
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V prvnim testu byly vytvofeny sady s rovhomérnym, Gaussovskym a expo-
nencialnim ndhodnym rozlozenim. Pro druhy test bylo vygenerovano 50 malych
a 10 velkych kulovych a ¢tvercovych shluki. Ve tfetim testu byla vytvofena sada
dat rozlozenych u stén a hran prostoru, ¢imz bylo simulovano chovani textovych
dokument?.

Mimo uméle vytvorenych sad bylo také spoc¢itano LSI na 10000 dokumentech
z kolekce TREC (Los Angeles Times 01/89 a 01/90) a vysledna redukovana
matice konceptt v dokumentech byla pouzita ve ¢tvrtém testu.

Vsechny datové sady byly zaindexovany (velikost uzlu ve stromu byla 2 kiB)
a byl méfen pramérny pocet diskovych pfistupit (DAC). Pro ucely test bylo
provedeno 1000 rtznych rozsahovych dotazi v rozmezi 0,1 az 0,5 velikosti hrany
hyperkvadru, obsahujiciho data kolekce. Hyperkvadr dotazu byl urcen tak, aby
vysledek dotazu obsahoval alesponi jeden existujici bod a nedochazelo k prohle-
davani prazdného prostoru. Vysledny pocet prectenych 1 kiB stranek byl poté
vztazen k poctu diskovych pristupd pfi sekvenénim prohledavani kolekce.

Testy probihaly na pocitaci s procesorem Intel Celeron 2,4 GHz, ¢ipovou
sadou SiS-650, 512 MiB DDR RAM a 40 GiB diskem. Pro testy bylo vyuZito
vlastni implementace datovych struktur ve frameworku ATOM. Pfi prohleda-
vani BUB-stromu bylo vyZito vylep§ené metody DRU (blizsi informace jsou ve
¢lanku [8]).

4 Vysledky testu

Vysledky prvniho testu nad ndhodnymi daty jsou shrnuty v obrazku 6.

Jak je z obrazku vidét, vSechny tfi struktury prinaseji na rovnomérné roz-
loZzenych datech vyrazné zlepSeni oproti sekvenénimu piistupu (100%). P¥i ne-
rovnomeérném rozlozeni se ale chovani zhorsuje — zatimco u Gaussova rozlozeni
se pocet nactenych stranek u R-stromu a pyramidového stromu blizi chovani
sekvenéniho prichodu (zejména pro malé dimenze, kde je ve strankéch obsazeno
velké mnozstvi hodnot), u exponencidlniho rozlozeni jedingy BUB-strom pieko-
navé sekvencni priichod, zatimco ostatni struktury jsou o 20 - 60% horsi diky
nutnosti ¢teni stranek mezilehlych uzlt.

Ve druhém experimentu byla testovany kolekce, obsahujici shluky dat. Vy-
sledky jsou shrnuty v obrazku 7, ¢isla v zavorkach udavaji pocty shlukd v kolekci.
Efektivita je opét lepsi nez u sekvenc¢niho prichodu, ovsem s rostouci dimenzi
si lze v pfipadé R-stromu povSimnout prudkého nartastu poc¢tu porovnavanych
stranek, ktery je zptsoben jiz zminénym , prokletim dimenzionality“.

Ve tfetim experimentu byla testovana data u stén a hran hyperkvadru. Vy-
sledky jsou shrnuty v obrazku 8 a). Zatimco BUB-stomy a R-stromy si s touto
kolekci poradi velmi dobfe, pyramidovy strom dosahuje nejen Spatnych vysledki,
ale jeho efektivita se z rostouci dimenzi zhorsuje — je proto zfejmé, Ze i pies tvr-
zeni autord neni pyramidovy strom na obecné kolekci odolny proti ,prokleti
dimenzionality*.

2 Je ale nutno pFipomenout, e u texti je pomér nulovych slozek vektorti vyrazné vyssi
a dimenze se pohybuje i v fadech statisici.
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Obr. 6. Rozsahové dotazy: a) rovnomérné, b) Gaussovo a c¢) exponencialni rozlozeni.
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Obr. 7. Rozsahové dotazy: a) kulové a b) ¢tvercové shluky dat.
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Obr. 8. Rozsahové dotazy: a) data u stén a hran prostoru; b) textova data po LSI.

V poslednim testu byla pouzita kolekce dat, ziskanych po LSI. Jak je vidét
z obrazku 8 b), zatimco na vygenerovanych datech BUB-stromy vzdy pfekona-
valy sekvenc¢ni prichod, v tomto pfipadé€ byl vysledek také vyrazné horsi.

Horsi vysledky nékterych testti u dimenzi 5 a 10 (grafy 6 a 7) jsou zéasti
zavinény prili§ vysokym poctem polozek v uzlech. Pocet diskovych stranek pti-
fazenych uzlu nebyl ale z diivodi jednotného testovaciho prostfedi ménén.

5 Zavér a vyhled do budoucna

Na zékladé testd bylo ukazano, ze zadna ze struktur neni nad obecnymi daty
ve vSech pripadech lepsi nez sekvencni prichod, a Ze v nékterych pripadech se
,brokleti dimenzionality* a s nim spojeny problém (nutnost projit celou datovou
strukturu) uplatni. Jak se ukazuje v piipadé BUB-stromu, je nutno testovat tyto
struktury i nad redlnymi daty.

Nékterym pripadum, kdy je dana datova struktura neefektivni, se 1ze vyhnout
zménou algoritmu pro vypocet adresy, podle niz se indexuje a zménou metody
Stépeni stranek pro urcité sady dat. Problémem ztstava, jakym zptsobem pak
vyhodnotit, do které kategorie data spadaji a urcit prislusny zptsob stépeni au-
tomaticky. Jednou z alternativ je pouziti histogramu vzdalenosti vzorku dat —
pii testech se ale bohuzel ukazalo, Zze i dvé velmi odli$né datové sady (rovno-
mérné rozlozeni a Gaussovo rozlozeni) maji ve vysokych dimenzich histogramy
Euklidovskych vzdalenosti prakticky totozné, pfesto je na nich dosahovano velmi
odlisnych vysledkt. Pti pouziti jinych metrik zlstava otazka pouziti histogrami
stale oteviena.

V budoucnu bychom radi rozsifili testy i na dalsi vicerozmérné datové struk-
tury (A-strom, iMinMax, atd.) a doplnili vysledky test o poéty porovnéni boda
a miry selektivity dotazu.
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Abstract. We propose sequential and parallel genetic algorithms for
finding low crossing drawings if a graph is drawn in two or more planes.
These are the first practical algorithms to solve the problem. The al-
gorithms are actually designed for a stronger model, with fixed vertices
and rectilinear edges. Comparison of the algorithms for the case of two
planes shows the superiority of the parallel island genetic algorithm.

1 Introduction

We call a graph G biplanar [2], if one can write G = G; U G, where G
and Gy are planar graphs. Let cr(G) denote the standard crossing number of
the graph G, i.e. the minimum number of crossings of its edges over all possi-
ble drawings of GG in the plane, under the usual rules for drawings and crossing
numbers [12], [14]. Motivated by printed circuit boards, Owens [9] introduced the
biplanar crossing number of a graph G, that we denote by cra(G). By definition
cro(G) = min{cr(Gy) + cr(Gsz)}, where the minimum is taken over all unions
G = Gy U Gs. A biplanar drawing of a graph G is defined as the drawings of
two sub-graphs, G; and Gs, of G, on two disjoint planes under the usual rules
for drawings and crossing numbers, such that G; U Gy = G. Note that one can
always realize cro(G) by drawing the edges of G; and G5 on two different sides
of the same plane, while identical vertices of G; and G5 are placed in identical
locations on the plane on the two sides. Owens described a biplanar drawing
of the complete graph K,, with cra(K,) < 7n?/1536 + O(n?). One can define
cri(G) similarly for any k& > 2, making G a union of k sub-graphs. So for k > 2,
the k-planar crossing number is defined as

cri(G) = min{cr(Gy) 4+ cr(G2) + - - - + cr(Gi) },

where the minimum is taken over all edge disjoint sub-graphs G; = (V| E;),
i=1,2,...,k, so that E = E; U Ey U ... U Ej. Determining cri(G) would have
application to the design of multilayer VLSI circuits [1], but perhaps the case

* This research was supported in part by the EPSRC grant GR/R37395/01 and by
the VEGA grant No. 02/3164/23.
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k = 2 is the most interesting, and even this simplest case has not been explored
in depth.

Some exact results for biplanar crossing number are in [4] and for k—planar
crossing numbers in [11]. In [11] an algorithm is also designed for k-planar draw-
ing of general graphs, which is the only previously existing algorithm for k-planar
drawings we know of. The k—planar crossing number problem is related to the
thickness and book crossing number problems. The thickness ©(G) of G is the
minimum number of planar graphs whose union is G. By definition, cr(G) = 0
if and only if ©(G) < k, i.e. G is k—planar. The nature of the crossing num-
ber and the biplanar crossing number problems seems different, since testing
whether cr(G) = 0 can be done in linear time, while testing biplanarity is an
NP-complete problem [6]. Surveys on biplanar graphs and the thickness problem
can be found in [2], [7].

In a similar way that the k-planar crossing number was defined, one can
define the k—planar fized vertices rectilinear crossing number cr*p(G), where
vertices are placed in the same places in all planes and edges are drawn as
straight line segments. Note, that this definition is a different from the definition
of the rectilinear k—planar crossing number ¢y (G), introduced in [11]. Obviously
CI‘k(G) < ﬁk(G) < Fk(G)

For the practical purposes of this article we can simplify our representation
of the problem and work with planar fixed-vertices rectilinear drawings where
the edges are coloured by k colours (one colour corresponds to one plane).

Genetic algorithms (GAs) are randomised optimisation heuristics that are
based loosely on the paradigm of natural selection. While the exact mechanisms
behind natural evolution are not very well known, some aspects have been stud-
ied in considerable depth. It is believed that chromosomes are the information
carriers and that the evolution process works at the chromosome level through
reproduction. The reproduction can be made by either combining chromosomes
from the parents to produce offspring, a process called crossover, or by a random
change occurring in the chromosome pattern, termed mutation.

A GA first creates an initial population of solutions. The solutions are then
evaluated, using an application-specific criteria of fitness, to characterise them
from most fit to least fit. A subset of the population is selected, using criteria
that tend to favour the most fit solutions. This subset is then used to produce
a new generation of offspring solutions. Finally, a number of solutions in this
new generation are subjected to random mutations. The processes of selection,
crossover and mutation are then repeated. A drawback of GAs is that the optima
of these problems are generally unknown and it is therefore difficult to assess
their performance. Another drawback is that GAs need a simple fitness function
with a reasonably fast evaluation, but this is often not possible. GAs are usually
slow, especially because the fitness function evaluation takes a long time. They
are, however, quite popular among the graph drawing community (see e.g. [15]).

In this paper, we focus on the design of genetic algorithms for producing low
crossing k—planar fixed-vertices rectilinear drawings, although the experimental
results use only k£ = 2. As we already mentioned, the only algorithm for the
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problem is in [11]. It is based on finding special acyclic decompositions of a graph
and although it is interesting theoretically, from a practical point of view it is
difficult to be implemented (we do not know about any implementation of the
algorithm). For this reason we could not compare our algorithm with any other
results.

On the other hand, it is obvious that some of the graphs we use, meshes
and cycles for example, can be drawn with no crossings. The algorithms can be
tested in a limited way with these graphs.

2 Sequential genetic algorithm

We start with a random population of solutions—genomes (i.e. placement of
vertices in a plane and distribution of edges over k planes) indy, ..., indpopsize-
The fitness function is defined as the number of crossings of the drawing of the
graph represented by positions of vertices and distribution of edges over k planes,
where a smaller fitness value is better. Let cr*(ind;) denote the number of same
colour crossings in the individual ind;.

Our crossover operation is as follows: two parental individuals, ind; and
inds, are chosen randomly depending on their fitness value, where a lower value
has a higher probability of being chosen. A rectangular area of random size of
the individual ind; is chosen. The same rectangular area is taken from inds.
Two new individuals, ind| and ind}, are created such that ind] contains the
rectangular area from inds and the edges incident with this area have the same
colour as in inds. The rest vertices of ind; are in the same positions and the rest
edges have the same colour as they had in ind;. The individual ind), contains the
rectangular area from ind; with the incident edges of the same colour as in ind;
with the rest being the positions of other vertices of inds and rest edges with the
same colour as it was in inds. The crossover operation is shown in Algorithm 1.

Algorithm 1 [Crossover operation]

Select two individuals, parent; and parents

Get rectangular area randomly

Copy vertices and edges in rectangular area from parent; to childy

Copy vertices and edges in rectangular area from parents to child,

Complete child, and childs with the rest of the original individuals, parent; and
parents

After creating popsize children, the step of mutation is executed. The muta-
tion, which is either the swap of two randomly picked vertices of an individual
or the altering of the colour of an edge, is done with some probability on each in-
dividual in the new population. Finally, if the best individual from the previous
generation was better than the best individual in the new population, it is pre-
served by being copied over a randomly chosen individual in the new population.
Mutation is shown in Algorithm 2.
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Algorithm 2 [mutation operation]

for (all permutations) do
Randomly produce a number, p,
if (p<prob) then
Produce two different random positive integers r1,r2 < |V|;
Exchange the vertices r1 and r2 of the individual.
end if
end for

The algorithm terminates when there has been no decrease in the best cross-
ing number for five seconds, or a drawing has been found with zero crossings.

3 Parallel genetic algorithms

Parallel computing has been a valuable tool for improving running time and en-
larging feasible sizes of problems and it has become a key economic and strategic
issue. Strong efforts are put into developing standards for parallel programming
environments, such as PvM (Parallel Virtual Machine) [10], MPI (Message Pass-
ing Interface) [8], BSP (Bulk Synchronous Parallel) [3] and HARNESS [5]. Among
these, one of the most common is currently MPI.

In this section, we only decribe the differences between the sequential algo-
rithm and two parallel genetic algorithms. Algorithm 3 shows the general scheme
of the parallel genetic algorithms used.

Algorithm 3 Basic Parallel Genetic Algorithm
Start up N parallel tasks
repeat
Process one iteration on each task
Organise transfers of data between tasks
until root declares we have finished

Based on Algorithm 3, we introduce two parallel algorithms, described in the
following sections. The first uses a new ‘mesh’ model of computation, and the
second uses the standard distributed computing ‘island’ model.

3.1 ‘Mesh’ model parallel algorithm

There are two distinct components to the k-planar fixed vertices rectilinear draw-
ing problem. The first is where to place each vertex; the second, on what plane
to place each edge. Each individual in the standard genetic algorithm contains
all information representing one solution. The idea with the algorithm presented
here is to divide the algorithm up into two separate, but closely linked, parts,
each attempting to solve the vertex and edge components of the problem.
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Let us use N computers in our parallel genetic algorithm, where N = 2 x
popsize and popsize is the size of the population on each processor. We divide
the processors into two groups: N/2 processors use the genetic algorithm to
find only the positions of the vertices, while the other N/2 processors find only
colours for the edges.

In total, there are popsize? individuals in the population. It is possible to
imagine these arranged in a square, as shown in Figure 1. Processors A, B, C,
and D deal with vertices; the individuals in processor A’s population, for exam-
ple, are 1, 2, 3 and 4 in the diagram. Processors a, b, ¢, and d find edge colours.
Processor a, for example would have individuals 1, 5, 9, and 13 in its population.

Fig. 1. Mesh processor arrangement (eight processors).

>
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As processors a, b, ¢, and d need to know the vertex positions to calculate fit-
ness values, they are sent these values from processors A, B, C, and D. Similarly,
A, B, C, and D need to know edge colours, which they are sent from a, b, ¢, and d.
This synchronization happens after each iteration in the genetic algorithm.

Processor A, therefore, only alters the position of the vertices in its individ-
uals, and is given the edge colours from processors a, b, ¢, and d.

The algorithm terminates when there has been no change in the best overall
number of crossings for five seconds.

3.2 ‘Island’ model parallel algorithm

The island model is a commonly used system for parallelization, especially on
distributed parallel computers. Each processor in the system is viewed as an
island, on which work is done. Boats sometimes travel between islands, however,
and therefore work is combined and knowledge transferred.

In this particular algorithm, each processor runs the sequential algorithm.
After each iteration there is a small possibility that two processors will share
some data; this happens by two processors swapping one individual with each
other. The individuals to be sent are chosen according to the same probability
as when parents are chosen for crossover. The implementation used here has
a 1% chance that two of the available processors, chosen at random, will swap
individuals after each iteration. One of the processors, the root, co-ordinates this
swapping as well as performing its genetic algorithm.
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The root task also has the responsibility of deciding when to finish the algo-
rithm. As with the other algorithms, this is when the crossing number over all
processors has not decreased in the previous five seconds.

Figures 2 and 3 show the drawing of a 5 x 5 mesh before and after drawing.
In this case the sequential algorithm achieved 0 crossings, the optimum. The two
planes are shown with thick grey lines and thin black lines.

18

Fig. 2. Drawing of 5 x 5 mesh before processing, 85 crossings.

4 Test results

The programs were written in C, and used MPI as the parallel communications
library. The experiments were run on an SGI Altix multiprocessor machine, each
computing node being an Intel Itanium running at 1.3Ghz. The entire system
has 30Gb memory.

Both parallel algorithms used eight processors, and the island model had
a population size of eight (the mesh model had to use the fixed size of ($)? = 16
individuals in total, as in Figure 1). The sequential algorithm was run on the
same system, and also used a population size of eight. For these experiments
we use k = 2. Any experiment that took more than three minutes running time
were stopped.

We used graphs that include a selection of randomly generated graphs, graphs
generated from images, graphs from the US National Institute of Standards and
Technology, and some graphs with structural symmetries, such as meshes, cycles
and hypercubes. Each program was run on every graph three times, and an
average taken. All graphs had up to 200 vertices.
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Fig. 3. Drawing of 5 x 5 mesh after processing, 0 crossings.

The experiment results show that the parallel island genetic algorithm pro-
vides better results than the parallel mesh genetic algorithm. In the experiments
we observed an interesting phenomenon: the sequential algorithm running time
was comparable with the parallel island algorithm running time, but the draw-
ings produced by the parallel island algorithm were much better, i.e. they con-
tained fewer crossings. One explanation could be that the parallel algorithm
spent the same running time more efficiently—whilst one processor could run
a long time without improving the best individual, the parallel algorithm im-
proved it more often.

5 Conclusions

In this paper we designed a sequential genetic algorithm—in fact the first prac-
tical algorithm—for producing low crossing k-planar drawings (although it is for
a stronger model with fixed vertices and rectilinear edges). We also designed two
different parallel genetic algorithms for the same problem and compared them
for the case of k = 2. Comparison of all three algorithms shows the superiority
(from the point of view of the quality of the produced drawing) of the parallel
island genetic algorithm.
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Abstract. We follow some previous studies of list automata and restart-
ing automata and introduce a generalized and refined model — a two-way
generalized linear list automaton (GLLA) and its subclasses defined by
sets of allowed operations. Motivation for the model comes from (com-
putational) linguistics, mainly from the need to express syntactic con-
straints. We also present several subclasses of GLL-automata, providing
some variants and extensions of the Chomsky hierarchy. Our techni-
cal results include comparing the expressive power of automata having
only move-to-the-right and delete-to-the-left operations with the class of
(D)CFL ((deterministic) context-free languages); in particular we show
an infinite hierarchy inside DCFL, defined by the increasing size of the
read/write lookahead window.

1 Introduction

In order to enhance theoretical basis for development of syntactic analyzers
and searchers, we follow some previous studies of list and restarting automata
(see [1], [7], [3], [6]) and introduce a generalized model — a two-way generalized
linear list automaton with a look-ahead window (GLLA). We argue that the new
model is more flexible for modelling the syntactic analysis of natural languages
(compare [8], [9], [10], [5]), and for developing several software tools for linguistic
modelling.

A GLLA M is a device with a finite state control and a read/write window of
fixed size. This window moves (in both directions) on a tape (i.e., list of items)
containing a word delimited by sentinels. M can decide (in general nondetermin-
istically) to replace the contents of the window: it can delete some items from
the list (moving the head in one or the other direction), insert some items into
the list and/or rewrite some items.

* The work is supported by the Grant Agency of the Czech Republic, Grant-
No. 201/02/1456, and Grant-No. 201,/04/2102.
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We summarize results for several subclasses of GLLA obtained by reducing
the set of operations, and we also provide some variants and extensions of the
Chomsky hierarchy of languages.

Our technical results also include comparing the expressive power of auto-
mata having only move-to-the-right and delete-to-the-left operations with the
class of (D)CFL ((deterministic) context-free languages); in particular we show
an infinite hierarchy inside DCFL, defined by the increasing size of the read /write
lookahead window.

2 Definitions

We start by giving a definition of generalized linear-list automata.

A generalized linear-list automaton with a lookahead window, GLLA for short,
is a one-tape machine given by a tuple M = (Q, X, T, ¢,$,qo, k, ), where Q is
a finite set of states, X is a finite input alphabet, I is a finite working alphabet
containing X; ¢, $ ¢ I" are the markers (sentinels) for the left and right border
of the work space, respectively, g € @Q is the initial state, k > 1 is the size of the
read/write (look-ahead) window, and ¢ is a finite set of instructions of the type

(¢,u) — (¢, 2)

where ¢,¢' € Q and u € PCSF; by PC=F we mean the set (¢ - T*=YHyurku
(I=F=1.$) U (¢- I'SF=2.§) of (all) possible contents of the read/write window
of M. The parameter z in the instructions is one of the special symbols

M,, M;, W (v),dr(v),dr(v), I(v), Accept, Reject

where the indicated symbols are accompanied by a word v satisfying the con-
straints described below.

A configuration of M is a string agf where ¢ € @, and either « = A (A de-
noting the empty word) and 8 € ¢- I'™*-$or a« € ¢- ' and § € I'* - §; here
q represents the current state, a3 is the current contents of the tape, and it is
understood that the head scans the first k symbols of S or all of 8 when |3| < k;
the list item containing the first symbol of § is viewed as the position of the
head. An initial configuration is of the form ggcw$, where w € X*.

A computation (i.e., a sequence of configurations) is generated by the in-
struction set 9, as explained further:

1. A move-right step (q,u) — (¢, M,.) assumes u # $. If M is in state ¢ and
is scanning u in its read/write window then this step causes M to shift the
(position of the) read /write window by one to the right and to enter state ¢'.

2. A move-left step (q,u) — (¢’, M;) assumes u & ¢ - I'*. It causes M to
shift the (position of the) read/write window by one to the left and to enter
state ¢’.

3. A rewrite step (¢,u) — (¢’, W (v)) assumes that |v| = |u| and the sentinels
are at the same positions in « and v (if at all). It causes M to replace the
contents u of the read/write window by the string v, and to enter state ¢'.
The head does not change its position.
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4. A delete-right step (q,u) — (¢’,dr(v)) assumes that v is a proper subse-
quence of u, containing all sentinels in u. It causes M to replace u with v
(by deleting excessive items-symbols) and to enter state ¢’; the new posi-
tion of the head is on the first item of v (the contents of the window is
thus ‘completed’ from the right; the position distance to the right sentinel
decreases).

5. A delete-left step (q,u) — (¢’,dr(v)) assumes that v is a proper subse-
quence of u, containing all sentinels in u. It causes M to replace u with v
(by deleting excessive items-symbols), to enter state ¢’ and to shift the head
position by |u| — |v| items to the left — but to the left sentinel ¢ at most.
(Thus the contents of the window is ‘completed’ from the left; the distance
to the left sentinel decreases if the head position was not at ¢ already.)

6. An insert step (q,u) — (¢’, I(v)) assumes that u is a proper subsequence
of v (keeping the obvious sentinel constraints). It causes M to replace the
scanned u by v (by inserting the relevant items), and to enter state ¢’. The
head position is shifted by |v| — |u| to the right (the distance to the left
sentinel increases).

7. An accept step (q,u) — (¢, Accept) causes M to halt and accept. The
state ¢/ can provide a type of accepting.

8. A reject step (q,u) — (q¢’, Reject) causes M to halt and reject. The state ¢’
can provide a type of rejecting.

We consider only finite computations, which end either by accepting or by
rejecting.

In general, automaton M is nondeterministic, that is, there can be two or
more instructions with the same left-hand side (g, u), and thus there can be more
than one computation for an input word. If this is not the case, the automaton
is deterministic.

An input word w € X* is accepted by M, if there is a computation which,
starting with the initial configuration gocw$, finishes by executing an Accept
instruction. By L(M) we denote the language consisting of all input words ac-
cepted by M; we say that M recognizes (accepts) the language L(M).

We work further with finite computations, which end by accepting or reject-
ing operations.

Now we define some subclasses of GLLA that are relevant for our further

investigations. We will characterize the individual classes of GLLA by (restrictions
of) the set of operations, which they will use. Le. {M,.,d}, }-automaton means
a GLLA which uses M,., dp-operations only.
Notation. For brevity, the prefix det- will be used to denote the property of
being deterministic. For any class A of automata, £(A) will denote the class of
languages recognizable by the automata from A. Let k& be a natural number.
L(k-A) will denote the class of languages recognizable by the automata from A
which uses the lookahead window of the size k.

By C we denote the proper subset relation. Further we sometimes use regu-
lar expressions instead of the corresponding regular languages. Throughout the
paper, A denotes the empty word and N, denotes the set of all positive integers.
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Without loss of generality we will consider only automata with finite com-
putations.

3 Characterizations of the Chomsky hierarchy

At first we repeat the observations from [1] in our terms.

Proposition 1. — L£(1-det-{M,}) coincides with the class of regular languages.
— L(1A{M,,W,dr}) coincides with CFL (the class of context-free languages).
— L(1-{M,, M;,W}) coincides with CSL (the class of context-sensitive lan-

guages).
— L(1-det-{M,, M;, W, I}) coincides with the class RE (of recursively enumer-
able languages).

Proposition 2. — L£(1-det-{M,,W,dp}) coincides with DCFL (the class of de-
terministic context-free languages).
— L(1-det-{M,., M;,W}) of languages coincides with DCSL (the class of deter-
ministic context-sensitive languages).

The previous characterizations use ‘maximally constrained’ versions of
GLLA. We can easily extend these characterizations to ‘minimally constrained’
GLLA (mainly using techniques from [1]):

Corollary 1. — The following classes of languages coincide with the class of

regular languages: L({M,, M;}), LE{M,, W,dgr,I}).

— The following class of languages coincides with CFL (the class of context-free
languages): L({M,,W,dr,dr,I}).

— The following class of languages coincides with CSL (the class of context-
sensitive languages): L({M,, M;,W,dgr,dr}) (inserting is not allowed).

— The class L({My, My, W,I,dgr,dL}}) coincides with the class RE (of recur-
siely enumerable languages).

Corollary 2. — The following class of languages coincides with DCFL (the
class of deterministic context-free languages): L(det-{M,., W, dr,dg,I}).
— The following class of languages coincides with DCSL (the class of deter-
ministic context-sensitive languages): L(det-{M,, M;, W, dg,d}) (inserting
is not allowed).

Note. Considering all constraints being between a 'minimal’ and a 'maximal’
one, we could obtain several other characterizations of (deterministic and non-
deterministic variant of) the Chomsky hierarchy. The robustness of these char-
acterizations is due to the unlimited size of the lookahead-windows.



Generalized linear list automata 101

4 An infinite hierarchy inside DCFL

We first recall some results from [7] and [2] (where (D)CFL denotes the class of
(deterministic) context-free languages):

Theorem 1. L(1-det-{M, d}) is a proper subset of DCFL,
and L(1-{M,,dr}) is a proper subset of CFL.

Proof sketch. Any (deterministic) 1-{M,., d, }-automaton M can be simulated by
a (deterministic) pushdown automaton in a straightforward way (the part of the
list of M to the left of the head can be stored in the push-down). On the other
hand, the language

L1 = {d"a1d™d"ad™ ... d"a,d™capa,_1 ... a1 |

p>0, a; € {a,b}, n >0for j=1,2,...,p}

is (obviously) in DCFL but is not recognizable by any 1-{M,., dy }-automaton.
For details see [2].

We now show a (nontrivial) generalization of the result in the deterministic
case. Namely we show that increasing the size of the lookahead window increases
the recognition power of det-{M,., dy, }-automata; thus we get an infinite hierar-
chy inside DCFL.

Theorem 2. For each i = 1,2,3,..., L(i-det-{M,,dL}) is a proper subset of
L((i+ 1)-det-{M,,d}) and a proper subset of DCFL.

Proof. Any i-det-{ M,., d1, }-automaton can be simulated by a deterministic push-
down automaton in a straightforward way — similarly as in the case ¢ = 1 men-
tioned in Theorem 1 (the contents of the lookahead window can be stored in the
finite control unit).

So the theorem will be proven when we define, for each ¢, language L; which
is recognized by an (i 4+ 1)-det-{ M., d;} automaton but not recognizable by any
i-det-{M,,d} automaton.

Language L; from the proof sketch of Theorem 1 is a basis of the desired
hierarchy; generally we define (using notation # for the reverse image):

Li = {d™wid™ d™wed™ . .. d"»w,d™ c(w,)F (w,—1) ... (wp) |

p>0, n; >0, w; € {ar,ag,...,ax} for j=1,2,....,p}

We particularly note that all w;’s have length i and contain symbols from an
alphabet with cardinality 2¢ (in the case i = 1, we have words of length 1 over
a 2-symbol alphabet).

We first sketch that each L; is recognizable by an (i+1)-det-{ M,., dy } automa-
ton. Since its window is longer than 4 (i.e. the length of w,), such an automaton
can first move to wi, then stepwise delete d”* from both left-hand and right-
hand sides of wy, then (after encountering ¢) move to we, delete d”2 on both
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sides, etc. Finally it cuts around ¢, thus verifying that the remaining words (from
{a1,aq9,...,as:}*) are the reverse image of each other. The automaton can easily
recognize (and reject) when the input word is not of the form required by L;.

Now we assume (for the sake of contradiction) that an i-det-{M,,d;} au-
tomaton M recognizes L; (for some fixed 7). For technical convenience, we can
suppose that M always deletes the whole input word before accepting.

By the first phase we mean the part of the computation from the beginning
till the first configuration when ¢ appears in the window.

Suppose now that for any number r there is an accepting computation of M
such that at least r occurrences of d remain from an original sequence d"i. For
large r (where ‘large’ could be specified by a function of size of M), it is clear
that the d’s near the middle of such a segment d” are visited a bounded number
of times during the whole computation (the bound depending just on the size
of M): this is easily deducible from the fact that M is deterministic and has to
behave “regularly” inside a (long) d-segment.

But then there are two items in this segment d” which have the same histories:
the history of an list item can be defined as a sequence of triples (g, u, m), where
q is a state, u the window content, and m the position of the relevant item in the
window — the triples are given in the order as they appear in the computation.

It can be easily verified that the original d-segment between two such items
(with the same histories) can be pumped without affecting acceptance — which
is obviously a contradiction (with the assumption L(M) = L;).

So we know that there is a constant r such that the length of each d-segment
remaining after the first phase of an accepting computation is lesser than rg.

Let us now consider the computation of M on a word

A" wyd™ d™wad™ L " w,d™ c(wy) B (wy—1)F . (wy) B 1)

where g << n1 << ng << ... << n, (where << means ‘much lesser than’).
M will shorten all d-segments to the length lesser than r( in the first phase. Re-
calling that M is deterministic, and its computation must not allow the ‘pump-
ing’ as mentioned above, it is a routine to verify that M has to ‘cut around’ wy;
and thus w; must be shortened (since it is of the same length as the window).
Moreover, (the principle part of) this ‘cutting around’ has to be performed by
a computation cycle — and this cycle necessarily shortens both d-segments on
the left-hand side and the right-hand side of w; by the same length (otherwise
we could easily construct a word outside L; which would be accepted by M).

On a word (1), such a cycle can only finish by encountering ¢; so the left-
hand d™ has been shortened to the length which is lesser than the number of the
symbols deleted from wi. Then ‘cutting around’ wy necessarily follows, where
the relevant cycle finishes by encountering the first non-d symbol on the left.
This ‘cutting around’ w;’s continues, and the first phase finishes with possibly
leaving the final d-segment of length lesser than rg.

We now observe that for fixed p and n1,ns,...,n, we have

2

(21)21) _ 21 P
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words of the form (1). The first phases of the computations of M on these words
finish with some prefixes uc, whose total number can be bound by

() + @) 22+ (2) 2 3+ 429 (1-1))" 7o
which is surely less then

2(i°p)

(i2—i+1) e
2 2(i—1)p To

Plpy =

For sufficiently large p, 20~DP /74 exceeds the number of states of M, and we can
then derive the existence of two words of the form (1), with different sequences
wiWa ... Wp, such that in both cases the first phase finishes in the same state
and with the same prefix uc left on the list. But this can be immediately shown
to contradict the assumption L(M) = L; (we can switch the suffixes behind ¢
between those two words). O

We strongly conjecture that the union of the above infinite hierarchy is
a proper subset of DCFL. E.g., the language

L = {a"bwewfu | u,w € {a,b}*,|u| =2n}

is obviously in DCFL but it seems not recognizable by any det-{M,,dr}-
automaton (but we have not found a precise proof for this).

We can note that the above language L can be recognized by a nondetermin-
istic { M., dr, }-automaton; the question if DCFL C L({M,,d}) is more unclear.

5 Further remarks, future work

The original aim of introducing GLL-automata was to increase the power of list
automata and restarting automata for implementation of constraints of syntac-
tic nature, aiming at development of individual modules of syntactic analyzers
(mainly of natural languages), or at searching syntactic phenomena in a syntac-
tically un-annotated corpus (or text).

We briefly recall the mentioned restarting automata. The most general so
far studied type of restarting automaton is the (two-way) restarting automaton,
RLWW-automaton for short. It is a device M with a finite-state control and
a read/write window of a fixed size. This window moves along a tape containing
a word delimited by sentinels executing move-right and move-left instructions
until its control decides (nondeterministically) that the content of the window
should be rewritten by some shorter string. After a rewrite, M can continue to
move its window until it either halts and accepts, or halts and rejects, or restarts,
that is, it moves its window to the leftmost position, and reenters the initial state,
in this way reaching a ‘restarting configuration.” Each part of a computation
of M between an initial configuration or a restarting configuration and the next
restarting configuration is called a ‘cycle.” Thus, each computation of M can be
described through a sequence of cycles. In fact, M cannot only be considered as
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a device for accepting a language, but it can also be interpreted as a ‘rewriting
system,’ as each cycle replaces a factor of its initial tape content by a shorter
factor, in this way performing a rewrite of the tape content.

Also various restricted versions of the restarting automaton have been con-
sidered. The RRWW-automata, which can only move their window from left to
right along the tape, and the RWW-automata, which are in addition required
to perform a restart step immediately after executing a rewrite operation are
of particular interest. Then there is the RRW-automaton, which only uses the
letters of the input alphabet in its rewrite operations. A further restriction leads
to the RR-automaton, where each rewrite operation simply deletes some letters
from the content of the read/write window. Obviously the restriction on the
restart operation and the restrictions on the rewrite operation can be combined
leading to the RW-automaton and the R-automaton.

Further a monotonicity property was introduced for RLWW-automata which
is based on the idea that from one cycle to the next in a computation, the actual
place where a rewrite is performed does not increase its distance from the right
end of the tape. The monotone restarting automata essentially model bottom-up
one-pass parsers. As it turned out the monotone RLWW- and RWW-automata
characterize the class CFL of context-free languages, while the monotone de-
terministic RRWW- and RWW-automata as well as several restricted versions
thereof all characterize the class DCFL of deterministic context-free languages [3].
Also a generalization of the notion of monotonicity was introduced, which mod-
els the generalization from bottom-up one-pass parsers to bottom-up multi-pass
parsers [11]. For an integer j > 1, a restarting automaton is called j-monotone
if, for each of its computations, the corresponding sequence of cycles can be
partitioned into at most j subsequences such that each of these subsequences
is monotone. It is shown in [11] that by increasing the value of the parameter
Jj, the expressive power of the (nondeterministic) restarting automata without
auxiliary symbols is increased.

The previous types of constraints can be further refined and combined, using
the features and constraints introduced here for GLL-automata. We thus hope
to obtain much richer tools for expressing syntactical constraints, which is our
motivating target.
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Abstract. An outline of formal model describing the acquisition of
‘meta—information’ on information resources is being proposed, which
should enable to compare the quality of different analysis procedures. It
is illustrated an example from website analysis.

1 Introduction

While the amounts of information resources available on the internet as well
as in company intranets are exponentially growing, their retrieval is still pre-
dominantly based on brute-force methods such as full-text indexing. It is however
clear that the presence of reliable meta-information can bring significant added
value to resource discovery. Since it is not feasible to assign meta-information to
each resource by hand (as in the traditional library indexing), various knowledge-
based, statistical, algebraic and other methods have recently been designed
for automatic acquisition of meta-information from the full content of the re-
sources. Examples are text classification or information extraction, which are
frequently applied to either plain text (e.g. articles) or websites. The research
on (often quite similar) meta-information acquisition methods is actually frag-
mented among many different communities, such as that of information retrieval,
(semi-structured) databases, automated semantic annotation (for the semantic
web), library subject categorisation and the like. It is highly desirable to find
a model that would enable to capture (at least partially) the essence of differ-
ent approaches, to compare different methods and tools, and to determine their
complementarity and/or supplementarity with respect to prototype tasks.

Currently, to the knowledge of the authors, all existing models of meta-
information acquisition belong to two extreme categories:

1. Models restricted to a single type of meta-information. Typical approaches
are classification of information resource to a particular, predefined category
(e.g. subject topic), and retrieval of resource that fulfils a predefined role with
respect to the given resource (e.g. the bibliography page within a personal
website).
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2. Open models enabling to specify an almost arbitrary structure of meta-
information. A typical example is the apparatus of semantic web ontology
languages such as OWL [4].

It seems highly desirable to fill in the blank space between the two extremes.
Our recent work on problem-solving models for deductive web mining, in partic-
ular, the TODD framework [8], successfully unified apparently dissimilar infor-
mation resource analysis methods. It however addresses the problem of (mostly)
vertical co-operation between different analysis tools, while we need horizontal
alignment of such tools.

In this paper, we propose a model that associates a resource with a collection
of properties that belong to three types (closed-domain properties, object prop-
erties and content properties) distinguished by the range of their values. The
evaluation of ‘correct’ value assignment differs according to property type, the
results can however be aggregated into a single table. We hypothesise that such
a model is particularly useful when multiple complementary /supplemantary pro-
cedures can be applied on different data structures related to same underlying
entities. This is typical for websites (hence the choice of illustrative example),
which are known to exhibit a high degree of redundancy in presentation, but the
model can presumably be generalised to other types of resources, too.

In section 2 we explain the model itself. Section 3 presents an in-breadth ex-
ample demonstrating the whole approach. Section 4 discusses some limitations of
the approach and compares it with the web-ontology approach. Finally, section 5
wraps up the paper.

2 Resources, properties, values and meta—information

In this section we formally define the important notions and explain their role
in the whole model.

Definition 1. Let R be the universe of information resources (further only re-
sources). Let Ry C R be a set of resources of same type t.

An information resource can be any unique entity that carries some infor-
mation content. In the case of web, it can be for example a physical web page,
a hyperlink, or a whole website. ‘Physical web page’, ‘hyperlink’, and ‘website’
can be considered as types of resources.

Definition 2. Let P = Pop U Po U Pg,, be a set of properties relevant for
a set of resources R; Pop, Po and Poy, are pairwise disjoint. Pop will be called
closed—domain properties, Pp object properties and Pc, content properties.

Every p from Pcp U Pcy, has an associated value set, V,. Every p from Po
has an associated resource type t,.

We assume that a fixed set of properties can characterise the resources (of
a given type) from different aspects, e.g. to indicate the author of a given page,
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the direction (‘upward’, ‘downward’ etc.) of a given hyperlink, or the startup
page of a website. The first is an example of a content property, the second of
a closed—domain property, and the third of an object property. While the value
set of closed—domain properties is assumed as enumerated, the value set of con-
tent properties is derived from some standard open data type. For simplicity, let
us assume that content properties have character strings for values—this is the
typical type of target information in information extraction. The model can thus
be understood as unifying, from a very particular viewpoint, the paradigms of in-
formation retrieval (values of object properties refer to retrieved resources), text
classification (values of closed-domain properties can be understood as classes of
resources) and information extraction (values of closed-domain properties cor-
respond to semantically labelled text extracted from the content of resources).

Note that the model is not limited to meta—information in the usual sense,
i.e. ‘information about the resource itself’, but extend it to any information that
could be acquired from the resource and is ‘somehow’ related to it. Typically,
it is the case of information about the entity that ‘owns’ and/or ‘created’ the
resource, e.g. about the company a website is devoted to. This is not a conceptual
problem, since such ‘second—order’ meta—information can be directly captured
by composed properties, e.g. ‘location—of-company—-owning—the—site’.

Definition 3. For each r € R,p € P, the reference value of p for r will be
denoted as Ref(r,p).

— Ifp e Pcp U Pey, then Ref(r,p) € V.
— If p € Po then Ref(r,p) = i € Ry, where t is the resource type associated
with p.

Note that we do not introduce the reference value in the sense of ’ontologically
true’ value, but just as the value to which other values would be compared. The
reference value could be even ‘N/A’ (i.e., ‘not available’) if the real value cannot
be derived from the resource content in principle.

Now, we will introduce the notion of meta—information set, which corresponds
to a (possibly partially) filled ‘template’ over the set of properties.

Definition 4. A meta—information set of resource r € R, M,, is a set
{(p1,v1), (p2,v2),-.., (Prsvk)}, where {(p1,p2,...,pr)} are all properties rele-
vant for R. A reference meta-information set of resource r € R, MIe/ s a set
{(p17 Ref(r7p1)7 (p27 Ref(’r7p2))a SERE) (pn7 Ref(rapn))}7 where {(plap2a s apn)}
are all properties relevant for R. Every resource has exactly one reference meta—
information set.

For simplicity, we assume that a meta—information set always covers all prop-
erties, some of them may however have the value ‘N/A’.

Definition 5. In a given context, every p from Pc, has an associated value—
acceptability relation Acc, C V, x V.
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The value—acceptability relation may, depending on the nature of the prop-
erty, amount e.g. to:

— strict equality: Ace,(v, Ref(r,p)) iff v = Ref(r,p) (e.g for a company regis-
tration code)

— term permutation (e.g. for keyword lists)

— term superset with length restriction (e.g. for person names—if the page
author is ’John Smith’, we could possibly accept the value 'Dr. John Smith’,
sometimes even 'page written by John Smith’ but not a long sentence).

The acceptability relation may not be fixed for the given property: it may vary
according to ’context’. The notion of context may, in practice, correspond e.g.
to an evaluation session for different meta—information acquisition procedures.
We may thus bias the evaluation toward ’strictness’ or ’sloppiness’, and obtain
coarser or finer distinctions of the procedures’ quality. Alternatively, the context
may be the syntactical standard for true meta—information.

Definition 6. A meta—information set of resource r € R, M,., is correct for r
in property p if it contains a pair (p,v) such that:

1. ifp € Pcp U Py then v = Ref(r,p)
2. if p € Poy, then Accp(v, Ref(r,p)).

Note: We chose to require strict identity for properties from PopUPg. In princi-
ple, we could introduce some ’acceptability relation’ even for these. For example,
relaxed criteria for object properties might require, in a certain context, merely
sub/super—object (part—of ) relation to hold (instead of identity), and similarly,
for closed—domain properties, the sub/superclass relationship in a hierarchy could
fulfil such role.

Definition 7. Given two meta—information sets M.,.;, M. of the same resource
i, My, is superior (or equal) to M. with respect to i, My, >M, if M,, is
correct for r; in every property in which M, is correct for ;.

This enables to compare the performance of two meta—information acquisi-
tion procedures on the same resource (e.g. web document).

3 Example

Let us demonstrate our scheme on a 'toy’ example: a hypothetical web page of
a small toy producer (Fig. 1).
Let us consider this page as our ’current resource’ on which the procedures
will be evaluated. Let the reference meta-information set wrt. this resource be:
MPEef = [ (p; = page_type, "Main information page’)
(p2 = page_author, ” John Black” )
(ps = name_of-company_referenced_by_page, ” BlackWood Ltd.”)
(ps = domain_of-competence_of-company_referenced_by_page,
"toys”)
(ps = pricelist_location, ’/html/body/ul’)
(ps = contact_address_location, 'N/A’) }
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<html>

<head>

<meta author="John Black">

<meta description="Production and sale of wooden and textile toys">
</head>

<body>

<h1>BlackWood Ltd.</h1>

<p>An opportunity for lovers of original hand-carved and hand-knitted
toys. BlackWood specialises in toys for children aged over 6 years,
and in collectioners’ items.</p>

<p>In our shop you can find:</p>

<ul>

<li>wooden animals from 4,-

<li>knitted dolls from 8,-

<li>toy furniture collection, special offer for just 120,-

</ul>

<hr>

<it>Page maintained by J. Black, last modification Feb 28, 2002.</it>
</body>

</html>

Fig. 1. Example resource: page of a toy producer.

p1 is a closed—domain property, p2, ps and p4 are content properties, and ps
and pg are object properties. The acceptability relations for content properties
will be defined as follows:

— Acco(z,y) holds (for sequences of terms) if = contains the last term from y
and no more than three other terms.

— Accs(z,y) holds (for sequences of terms) if = contains the first term from y
and no more than one other term.

— Accq(z,y) holds (for sequences of terms) if x contains all terms from y and
less than |y| other terms.

We will consider four meta—information acquisition procedures Pry, Pro, Prs
and Pry. For instructiveness, we will assume that?

— Pry is a Naive Bayes page categoriser operating on unigram representation.

— Prg is an extractor of META tag content, equipped with heuristics mapping

META attributes on target meta—information properties.

Pr3 is a linguistic, parser—based information extractor equipped with a data-

base of domain—neutral lexical indicators.

— Prs is an HTML—-and—punctuation—based information extractor equipped
with a database of domain—neutral lexical indicators.

3 These hypothetical procedures roughly correspond to some of the tools developed
within the Rainbow project [7].
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The meta—information sets produced by the procedures will be (M (k) de-
noting the output of the k—th procedure, for the given resource):

M(1) = { (p1 = page-type, 'Main information page’)

(p2 = page_author, 'N/A’)

(p3s = name_of-company. .., 'N/A’)

(ps = domain_of-competence. .., 'N/A’)

(ps = pricelist_location, 'N/A’)

(ps = contact_address_location, 'N/A’) }
(the keyword—based categoriser is clearly designed for classification only, and
does not care about structural patterns; assignment to ’Main information page’
might be due to the presence of several promotion’ keywords such as ’opportu-
nity’, "lovers’ or ’original’)

M(2) = { (p1 = page_type, 'N/A’)
(p2 = page_author, ” John Black”)
(ps = name_of_company. .., 'N/A’)
(ps = domain_of-competence. . .,
"Production and sale of wooden and metallic toys”)
(ps = pricelist_location, 'N/A’)
(ps = contact_address_location, 'N/A’) }
(assuming that the meta—attribute ’description’ is tentatively mapped on the
property domain_of_competence. . .)

M(3) = { (p1 = page_type, 'N/A’)

(p2 = page_author, ”J. Black”)

(ps = name_of-company. . ., " BlackWood”)

(ps = domain_of-competence. . .,

"toys for children aged over 6 years, collectioners’ items”)

(ps = pricelist_location, ’/html/body/ul’)

(pe = contact_address_location, 'N/A’) }
(the value of page_author is identified with the subject that 'maintains’ the ob-
ject 'page’; the value of name_of_company. .. is identified with the subject that
‘specialises’ in something—which is, in turn, identified with the value of do-
main_of_competence. . .; finally, the pricelist_location is identified with the HTML
element immediately following that with the phrase ’...you can find’)

M(4) = { (p1 = page-type, '"Main information page’)

(p2 = page_author, " Page maintained by J. Black”)

(ps = name_of_company. . ., " BlackWood Ltd.”)

(ps = domain_of-competence. .., 'N/A’)

(ps = pricelist_location, ’/html/body/ul’)

(ps = contact_address_location, 'N/A’) }
(the page_type is recognised by presence of free—text paragraphs as well as a
list—a mixture presumably typical for 'Main information page’; the value of
page_author is identified with the slanted text in the page footer; the value of
name_of_company. . . is identified with the text in the topmost header, containing
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the pattern 'Ltd.’; finally, the pricelist_location is identified with the unordered
HTML list containing estimated ‘price—patterns’ in each item).

Taking into account the acceptability relations for ps, ps and py4, the ’cor-
rectness scores’ of the meta—information sets for the individual properties are as
follows:

Property Prq|Pry|Pr3|Pry
page_type

page_author
name_of_company. . .
domain_of_competence. . .
pricelist. . .

contact. . .

OO OO o
[Nl -]
O O F=O
OR O~ O -

From the table we can deduce that e.g.:

— M(4) is superior to M(1)
— M(3) is superior to M(2)

It is however clear that complementarity of procedures is more important
than superiority. We can easily see that:

— no combination of procedures can correctly acquire all meta—information

— if we removed the ’'inaccessible’ p4 and ’inavailable’ p6, the minimal combi-
nations of procedures needed for correct acquisition would be {Pry, Prs},
{Pry, Pry} and {Prs3, Pry}.

Furthermore, it is more reasonable to remove the closed—world assumption,
since ignorance should not be treated the same as error. The original table will
then look as follows:

Property Pry|Pry|Pr3|Pry
page_type

page_author
name_of_company. . .
domain_of-competence. . .
pricelist. . .

contact. . .

D D D ) 0

B N =

D0 O N D
= O D

We could also construct the table for pairs of procedures. Here, in the case
where both procedures return a value, we can either demand, for a correct result,
that both are correct, or just that at least one is correct.

With the first interpretation, the table looks as follows:

Property Pri,Pra|Pr1,Prs|Pri,Pra|Pra,Prs|Pra,Pra|Prs,Pry
page_type 1 1 1 ? 1 1
page_author
name-of-company. . .
domain_of_-competence. . .
pricelist. . .

contact. . .

0 0 O
N = O R
O = O
N = O
V= O RO
~ = O = O
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We can see that, in the first (more natural?) interpretation, the combinations
involving Pr4 now become inferior, since its incorrect claim of knowing the value
or page_author invalidates the correct suggestion of Pry or Prs, respectively. The
combination {Pry, Prs} then appears as clear 'winner’.

With the second interpretation, the table looks as follows (changes in bold-
face):

Property Pryi,Pro|Pri,Prs|Pr1,Pra|Pra,Pr3|Pra,Pra|Prs,Pry
page_type 1 1 1 ? 1 1

page_author 1 1 0 1 1 1
name_of-company. . . ? 1 1 1 1 1
domain_of-competence. . . 0 0 ? 0 0 0
pricelist. . . ? 1 1 1 1 1
contact. . . ? ? ? ? ? ?

The three candidate combinations would then become ’equally correct’ again.

4 Discussion

The present model strikes for certain balance between simplicity and coverage.
However, due to stress on the former, many important aspects of real-world
meta-information acquisition tasks remain uncovered. Among the most impor-
tant limitations (and topics for future research) are probably the following:

The model does not treat different methods of combining the results of mul-
tiple procedures for the same property (such as voting)

No uncertainty is allowed in the results of the procedures.

— The properties are single-valued.

The model is static, it does not anticipate possible change of property values
over time.

— The model does not introduce homomorphism (similarity, deformation) for
the results of multiple procedures, it is main problem for modelling meta-
information

It might also be interesting to compare the typology of properties in our
model with the inventory of web ontology languages such as OWL [4]. In OWL,
content properties would correspond to datatype properties with embedded data
type, while closed—domain properties would correspond to (object/datatype)
properties with enumerated class / data type, respectively, since enumeration
is possible, in principle, for both types of properties in OWL. Unlike web on-
tology languages, we however treat class membership simply as (closed—domain)
properties, to keep the model general enough. Mapping (of semantically relevant
elements) from OWL to our model seems to be rather straightforward: a struc-
tured ontology could be flattened to our model by replacing pairs of chained
properties with new, composed, properties. Having done such mapping, we could
then e.g. ‘tap’ on existing tools producing meta-information in the form of RDF
triples [6].
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In Kalfoglou [2] was used C HU space for Ontology Mapping. When we want
model structure of meta-information (infomorphisms and homomorphisms) by
Chu spaces see [5].

Chu space is a matrix over a set Y. It is formalized in as follows:

Definition 8. A Chu space A = (A,r,X) over a set X, called the alphabet,
consist of a set of points constituting the carrier A, a set X of states constituting
cocarrier, and a function r: A x X — X constituting the matrix.

In our case it is matrix with rows corresponding to resources and columns cor-
responding to properties. Chu space entries are drowning from {0,?,1}. Where
0 indicates resources has not properties, 7 indicates activity in progress and 1 in-
dicates finished activity. Formally, carrier A is set of resources, cocarrier X is
set of properties and alphabet is X' = {0,7,1}.

5 Conclusions

We presented a model of meta-information acquisition from information re-
sources, and illustrated it on an example from website analysis. Although the
web is probably the most characteristic area of application for this kind of model,
it could probably be applied to other types of resources.

Future work will address some of the limitations discussed in section 4. Since
the model is currently merely descriptive, we examine some existing algebraic
formalisms that could extend it with more rigorous semantics. We would also like
to elaborate on the problem of transformation/mapping from ontology languages
suggested in section 4; an adequate method could possibly be adapted from state-
of-the-art research on ontology transformation [3] and alignment [1]. Finally, we
plan to implement a simple software tool and test it on the top of a collection
of Rainbow web services [7].
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Abstrakt Internet je v soucasné dobé béznym informac¢nim médiem.
Vyuziva ho stale vice lidi nejen k praci, ale i k traveni volného ¢asu a za-
bavé. Neni vSak zadny dohled nad jeho obsahem, jako je tomu u jinych
médii, naptiklad televize nebo rozhlasu. Kdokoli zde mtze nalézt navody
na vyrobu trhavin nebo drog. Libovolné extremistické skupiny zde mo-
hou prezentovat své nazory a presvédCeni. Volné pristupné komukoliv
jsou i pornografické stranky. Cilem naseho projektu se proto stalo vytvo-
feni filtracniho systému, ktery by umoznoval tento zavadny obsah odhalit
a ochranit tak uzivatele od jeho vlivu. Vhodné pouziti by nalezl prede-
v8im v institucich jako jsou Skoly a univerzity nebo v bezpec¢nostnich
slozkach. Dulezitym krokem pfi jeho vyvoji bylo nalezeni u¢inného kla-
sifikatoru textu, ktery by ke svému natrénovani vyuzival pokud mozno
jen mnozinu zavadnych dat. Toho jsme dosdhli pomoci ohodnocenych
Castych frazi nalezenych algoritmem Suffix Tree (ST-fraze). V ¢lanku
popisujeme nejen zpusob jejich ziskani, ale i moznosti dalsiho zvySovani
uspésnosti klasifikace pomoci téchto ST-frazi. Kromé samotné filtrace by
mél vyvijeny systém umozinovat na zakladé jiz zachycenych WWW stra-
nek vyhledavat na Internetu dalsi stranky se zavadnym obsahem, coz je
cil, ke kterému bychom se radi v koneéné fazi vyvoje systému dostali
a na kterém jiz v soucasné dobé pracujeme.

Kli¢ova slova: klasifikace, filtrace textu, Internet, WWW stranky, ST-
fraze, Suffix Tree, mira zdvadnosti, ohodnoceni dokumentu, vaha fraze

1 Uvod

Na Internetu je mozné v souc¢asné dobé nalézt obrovské mnozstvi informaci vseho
druhu. To na jedné strané usnadriuje a zrychluje nasi praci, na druhé strané to
poskytuje moznost typ informaci, které jsou v rozporu se zakonem, zneuzit. Proto
se stalo cilem jedné z vyzkumnych skupin' ze Zapadodéeské univerzity v Plzni
navrzeni systému pro real-time filtraci WWW stranek pomoci klasifikace jejich
textového obsahu.

* Prispévek vznikl za c¢aste¢né podpory vyzkumného zaméru MSM 235200005
a ME494.
! http://www.kiv.zcu.cz/research/groups/text /index.php
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V tvodni fazi navrhu jsme si kladli otazku, co lze vlastné povazovat za za-
vadny obsah a rozhodli jsme se zaméfit predevsim na rasismus, toxikomanii,
pornografii a terorismus. Pro jednotlivd témata bylo dale nutné stanovit, kdy je
uzivatelem pristupovand stranka jiz zavadné. Zde jsme zvolili princip pficitani
negativniho hodnoceni pristupované stranky na zakladé slov a vétnych frazi.
Pii prekroceni urcité hranice, kterou si uzivatel mize sdm nastavit, je stranka
povazovana za zavadnou a neni zobrazena v internetovém prohliZzeci.

Vyuziti takového systému je pomérné Siroké, od filtrace internetovych stra-
nek se zdvadnym obsahem (drogy, rasismus, pornografie, terorismus) ve skolach
az po vyhledavani zavadnych stranek na Internetu za ucelem jejich zmapovani
a pripadného odstranéni. Stejné jako existujici obdobné systémy bude i nas sys-
tém vychéazet z myslenky jiz jednou prozkoumané WWW stranky uklddat do
centralni databédze a tu potom prohledavat. To je samoziejmé (za predpokladu
vhodné Fesené struktury databéze a rychlého pfipojeni) ¢asové nejméné narocéné
feSeni. Prubézné vytvareny seznam zavadnych stranek by mohl byt pfipadné
(v rdmci zékonti Ceské republiky) k dispozici pro vyzkumné téely.

Typickym zastupcem takového systému je napiiklad Proventia Web Filter?
vyuzivajici databazi spoleénosti Cobion (viz [11]), ktera je nejvétsi svého druhu
na svété. V soucCasné dobé obsahuje asi 2.6 miliard WWW stranek. Kazda
stranka obsazena v této databazi je analyzovana a zarazena do jedné z mnoha
definovanych tématickych kategorii. Pokud tento webovy filtr uzivatelem pfi-
stupovanou stranku nenalezne v centralni databézi, dojde na zékladé analyzy
obsahu k jejimu klasifikovani a uloZeni. Analyza obsahu stranky neprobiha ¢asto
primo na stroji uzivatele, ale adresa pristupované stranky je poslana na vykonny
server, ktery klasifikaci provede a postara se i o ulozeni adresy do své databaze
pod pfifazenou kategorii. Béhem procesu klasifikace prochéazi stranka vétSinou
nékolika moduly, pfi¢emz kazdy je zaméfen na urcity typ obsahu. Proventia Web
Filter disponuje naptiklad modulem pro klasifikaci textu, ktery vyuziva Bayesiv
klasifikdtor v kombinaci s dal§imi algoritmy. Jingm modulem je OCR (Optical
Character Recognition), ktery je schopen v obrézku identifikovat pismo rtizného
typu, velikosti i barvy nezavisle na jeho natoceni. Propracovanost tohoto webo-
vého filtru dokazuje pfitomnost modulu pro identifikaci obli¢eji, ktery dokaze
v obrazku vysoké kvality rozpoznat i jednotlivé osoby a modulu pro rozpoznani
obnazenych lidskych tél na zakladé identifikace barevnych téni lidské ktize v ob-
razku.

Vytvofit komplexni systém detailné analyzujici takové mnozstvi obsahovych
slozek samoziejmé vyzaduje mnoho c¢asu a prostfedkt. Proto je vétsina aplikaci
realizujici tuto funk¢nost dostupnych jen v komerc¢ni sfére. Nicméné jak bude
ukazano dale, i pouhou klasifikaci textu lze dosdhnout vysoké tispésnosti pii roz-
poznavani obsahu WWW stranky. Navic u systémut popsaného typu lze sice zvo-
lit, jaké kategorie jsou pro uzivatele zavadné a nemaji byt zobrazovany, ale neni
mozné ménit aroven jejich zédvadnosti. Ta je pevné urcena pro vSechny uzivatele
zafazenim stranek do kategorii v databazi konkrétniho filtra¢niho systému.

2 http://www.iss.net/products_services/webfilter/
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Nami vyvijené feSeni bude samoziejmé volné dostupné a mélo by presné
takovéto chybéjici nastaveni poskytovat. Na jeho zakladé by potom bylo mozné
pri praktickém pouziti ovérit, jaka troven nastaveni je optimélni pro dosazeni
maximalni aspésnosti filtrace a zaroven celkové pouzitelnosti systému v zavislosti
na pozadavcich konkrétniho uzivatele.

2 Struktura systému

Nejcastéji pouzivanym prostfedkem pro zobrazovani obsahu Internetu jsou in-
ternetové prohlizece, které vétsinu informaci prenaseji pomoci HT'TP protokolu.
Protoze chceme systém pro filtraci a zachytavani zavadnych stranek udélat co
nejvice pouzitelny a zaroven jednoduchy, rozhodli jsme se ho po zvazeni né-
kolika variant implementovat jako HTTP proxy server, ktery v sobé zahrnuje
nékolik modulti uréenych ke zpracovani HTML kédu a k néslednému ziskdni ma-
ximéalnitho mnozstvi textové informace z uzivatelem pristupované stranky. Takto
zvolené FeSeni umoziiuje Siroké pouziti, protoze internetové prohlizece (Internet
Explorer, Netscape, Mozilla, ) ve své konfiguraci nastaveni jednotlivych typi
proxy servert (http, secure, ftp, ) podporuji. Implementace v jazyce Java navic
zarucuje prenositelnost na mnoho platforem, pfi¢emz umisténi mize byt bud na
centralnim pocitaci, ktery bude veskerou komunikaci filtrovat, nebo je mozné
systém spustit pfimo na lokdlnich strojich, u nichz pozadujeme, aby byl jejich
internetovy provoz filtrovan. Pokud by bylo potfeba k nékterym internetovym
serverim pristupovat pfimo a ne pies proxy server, je mozné jejich IP adresy
v konfiguraénim souboru definovat. Stejnym zptisobem lze definovat i servery,
na které ma byt pristup permanentné odepren.

2.1 HTTP proxy server

Nejprve bylo uvazovano o vyuziti jiz existujicitho proxy serveru, konkrétné o pro-
duktu SQUID (viz [13]), ktery poskytuje velké mnoZstvi nastavitelnych funkei
vcetné nadefinovani reguldrnich vyraza pro filtraci zobrazovaného obsahu. Je
vSak vyvijen pouze pro platformu Unix a neposkytuje moznost dostat se ke
kompletnimu kédu HTML stranky, coz pro nase tcely neni pfili§ vhodné.

Proto jsme pro snadnéjsi manipulaci a zacleriovani novych funkénich modula
implementovali vlastni HTTP proxy server v jazyce Java. Duvodem je kromé
jiného mnozstvi volné dostupnych knihoven, velkd podpora prace se siti a moz-
nost objektového pristupu pti vytvareni aplikaci v tomto programovacim jazyce.
Navrzena architektura systému je zndzornéna na Obrazku 1.

Po spusténi HTTP proxy serveru je monitorovan provoz na zvoleném portu
(obvykle port 3128). Pokud se internetovy prohlize¢ na tomto portu piipoji
k proxy serveru s pozadavkem na libovolnou stranku (viz Obréazek 1 poZadavek
WWW strinky), je nejprve zjisténo IP adresa serveru, na kterém se pozadovana
stranka nachézi a nasledné je porovnana se seznamem zakazanych serveri, které
je mozné definovat v konfigura¢nim souboru. K serveru nalezenému v tomto
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Obr. 1. Zakladni blokové architektura systému.

seznamu je pristup ihned odmitnut. Nésledné je prochazen seznam adres povo-
lenych servert, ke kterym je okamzité povolen pfistup bez jakéhokoli filtrovani.
Pokud neni adresa v téchto seznamech nalezena, je serveru v siti Internet predan
pozadavek prohlizece. Jeho odezva je zachycena proxy serverem (viz Obrazek 1
odpovéd serveru) a je poslana ke zpracovani do HTML parseru.

2.2 HTML parser

Vytvafreny systém je v tivodni fazi vyvoje a je prozatim zaméfen predevsim na
zpracovani WWW stranek s obsahem typu html/text a text/plain. Po pfedéni
odezvy serveru HTML parseru se tedy nejprve z ivodni HTTP hlavicky otestuje
atribut content-type, zda je obsah typu html/text nebo text/plain. Pokud ne,
je poslan prohlize¢i (viz Obrazek 1 povoleni stranky) a ihned zobrazen.V opac-
ném pripadé je obsah dale zpracovan. Aby bylo mozné dosdhnout pti klasifikaci
stranky co nejvétsi presnosti, je nutné ziskat maximum informaci, které pristu-
povana stranka obsahuje. Jednoduchjym odstranénim HTML tagt a ponechanim
jen textu mezi nimi bychom se ve vétSiné pfipadt pfipravili o mnoho cennych
udaju, které mohu byt pro klasifikaci velmi dilezité. Jazyk Java umoziuje po-
moci tfidy ParserCallback nejen elegantné rozpoznavat jednotlivé HTML tagy
a pripadny text ktery uvozuji, ale také zajistuje piistup k jejich jednotlivim
atributiim, pokud jsou definovany. Veskery ziskany text je ihned preveden na
mala pismena a rozdélen na jednotliva slova pomoci standardni t¥idy StringTo-
kenizer. Pokud slovo neni obsazeno ve stoplistu, ktery obsahuje 390 nejcastéjsich
anglickych slov prevzatych z WAIS, je zahrnuto do vysledného textového obsahu
zpracovavané stranky. Pri déleni slov uvedenou tfidou je velmi dulezité defino-
vat v jejim konstruktoru oddélovace jednotlivych slov. Po prozkouméani obsahu
vSech testovacich kolekci, které jsme méli k dispozici a nékolika iteracich, pfi
kterych jsme srovnévali tspésnost klasifikace, byly kromé bilych znakt pouzity
jesté nasledujici oddélovace slov:

St =V O TFe#$% e+ [] <>0
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Protoze neni pravidlem, ze by se na WWW strance vyskytovaly véty ukoncené
teckou tak jako v klasickych ¢lancich, je potfeba stanovit, které tiseky budou
brany jako logicky souvisejici. Optimalnim feSenim se po prozkoumani vybra-
ného vzorku zdrojovych kédu zavadnych i nezavadnych stranek jevilo ponechat
jako oddélovace konce radka. Struktura vysledného textu zbaveného HTML tagt
potom pomérné vérné korespondovala se strukturou textu HTML stranky zob-
razené v internetovém prohlizec¢i. Jak bude uvedeno dale, tuto vlastnost zatim
neuvazujeme a pracujeme s textem jednotlivych HTML stranek (dokumentt)
jako s jednim dlouhym Fetézcem (vétou), ale v budoucnu chceme tohoto ¢lenéni
stranky na jednotlivé souvisejici useky vyuzit pii trénovani klasifikatoru.

2.3 Porteruv lematizator

Cinnost systému jsme zatim testovali jen na anglickych kolekcich dokumentt,
proto jsme pouzili ovéfenou Java implementaci Porterova lematiza¢niho algo-
ritmu (viz [14]) pro anglicky jazyk. Jeho detailni popis je mozné nalézt v [1].
Nasim cilem je samoziejmé v budoucnu rozsitit filtraci i na dalsi, predevsim
evropské jazyky. Pro mnoho z nich je jiz na adrese [4] Portertiv algoritmus k dis-
pozici. Ke kazdému uvedenému jazyku je zde také mozné nalézt seznam slov
s lematizovanymi ekvivalenty a seznam stop slov.

2.4 Klasifikator

Ke klasifikaci dokumentt jsme se rozhodli pouzit frazi ziskanych pomoci Suffix
Tree algoritmu (viz [8]) dale oznacovanych jako ST-fraze. Jedn4 se o slovo nebo
o posloupnost po sobé nasledujicich slov, které se vyskytuji v mnoziné trénova-
cich dokumentt. Intuitivné by tedy mély ST-fraze vystihovat okruhy predstavu-
jici jednotlivé klasifika¢ni t¥idy 1épe nez jednotliva slova a to i v pripadé, Ze si
budou tématicky velmi podobné. Vychéazime pfitom z pfedpokladu, ze tématicky
blizké dokumenty budou ¢asto obsahovat stejnéd nebo podobné slova a delsi slovni
spojeni 1épe vystihnou zaméfeni klasifikovaného dokumentu. Jak bude uvedeno
dale, ke klasifikaci pomoci ST-frazi postacuje mit k dispozici jen data zavadné
tFidy, neni nutné vytvaret kolekci nezavadnych dokumenti. Tento fakt prinasi
samoziejmé snizeni celkové slozitosti, protoze postacuje vytvorit ST-fraze jen
pro t¥idu zastupujici tizky tématicky okruh, ktery chceme rozpoznavat pro tcely
filtrovani, coz je oproti jinym klasifika¢nim metodam vyrazné zjednoduseni.

3 ST filtrace

3.1 Ziskani ohodnocenych Suffix Tree frazi

K ziskani ST-frazi jsme implementovali algoritmus postupné vytvarejici modi-
fikovanou Suffix Tree strukturu z trénovaci kolekce dokumentt. Vychéazeli jsme
pfitom z algoritmu STC (Suffix Tree Clustering) popsaném v [8] a [9], ktery ma
linearni slozitost. Pri hledani ST-frazi je text jednotlivych internetovych stranek
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zpracovany HTML parserem povazovan za souvislou vétu a pracujeme s nim
jako s jednim dlouhym fetézcem. V budoucnu planujeme text jednotlivych do-
kumentt jesté dale ¢lenit na souvisejici tseky (viz zévér podkapitoly 2.2).

Postup vytvéreni Suffix Tree struktury je podobny jako v [8]. MaximAlni
délka hledanych ST-frazi, kterou je nutné zvolit, urcuje hloubku vysledného
stromu a predstavuje v podstaté také velikost pomyslného okénka postupné
klouzajiciho zpracovavanym textem. Definujeme-li tedy maximéalni délku ST-
fraze jako m, bude se cely postup pro ziskani ohodnocenych ST-frazi skladat
z nasledujicich krok:

1. Vytvofime korenovy uzel stromu a prazdny seznam pro uloZeni mnoziny slov
z dokument trénovaciho korpusu;

2. Ze vstupniho dokumentu na¢teme prvnich m slov wyw,, (pfipadné méng,
pokud jich neni dostatek);

3. Zjistime, zda se jiz nactend slova vyskytuji v seznamu slov a pokud ne, pfi-
dame je;

4. Jednotliva vstupni slova w;, kde ¢ = 1m, zafadime do Suffix Tree struktury
(formou odkazu do seznamu slov) tak, aby bylo slovo w; umisténo v hloubce i
a cesta od kofene stromu do tohoto uzlu vedla pres uzly odpovidajici sloviim
wiw;_1. Pokud se uzel predstavujici zpracovavané slovo na takovéto pozici
jiz vyskytuje, inkrementujeme pro tento uzel ¢ita¢ vyskyti.

5. Ze vstupu vyradime prvni slovo a pokud neni vstup prazdny, opakujeme
uvedeny postup od kroku 2;

6. Nacteme dalsi dokument a cely postup opakujeme od kroku 2.

Pokud bychom tedy chtéli ziskat ST-fraze ze t¥i soubori (trénovaciho kor-
pusu), pfi¢emz kazdy by obsahoval jeden z nésledujicich fetézct

”tata ma mamu”
7 dité ma mamu taky”
"t4ta ma dité taky”

a definujeme-li maximalni hloubku vytvafeného stromu (délku ST-fréze) m = 4,
bude mit vyslednd Suffix Tree struktura tvar uvedeny na Obrazku 2.

Kazdy uzel predstavuje jedno slovo z mnoziny trénovacich dokumentii. Neob-
sahuje vSak pifimo Fetézec reprezentujici slovo, ale odkaz do seznamu slov, ktery
je vytvaren soucasné se Suffix Tree strukturou, ¢imz je mozné dosdhnout vyraz-
ného sniZeni celkovych pamétovych narokt. Jednotliva slova se totiZ v trovnich
stromu vétsich nez 1 opakuji. Uzly déle obsahuji informaci, v kolika riznych
dokumentech se jimi reprezentované slovo objevilo a v jaké hloubce stromu se
nalézaji.

V nasem piipadé neni potieba v uzlu uchovavat seznam dokumenti, ve kte-
rych se slovo vyskytlo, protoze vSechny nase dokumenty, ve kterych hleddame
ST-fraze, patii vidy do jedné t¥idy (jednoho tématického okruhu) a navic my jiz
déle nebudeme vytvéret shluky jako tomu bylo v pfipadé [8] a [9].
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1. "tata ma mamu"
2. "dité ma mamu taky"
3. "tata ma dité taky"

Obr. 2. Priklad Suffix Tree struktury.

ST-fraze &etnost vyskytu  |ohodnoceni [99 ?(;g“?:as_ﬁ;?gz)
méa 3 100
tata 2 67
mamu 2 67 1
dité 2 67
taky 2 67
ma mamu 2 67
tata ma 2 67
ma dité 1 33 2
mamu taky 1 33
dité ma 1 33
dité taky 1 33
mé mamu taky 1 33
ma dité taky 1 33
tata ma mamu 1 33 3
tata ma dité 1 33
dité ma mamu 1 33
tata ma dité taky 1 33 4
dité ma mamu taky 1 33

Tab. 1. ST-fraze ziskané ze struktury na Obrazku 2.

Jednotlivé fraze jsou po vytvoreni Suffix Tree struktury ziskany prochazenim
uzlt stromu od kofene k listim. Celkovy pocet vyskyt dané fraze se vydéli cel-
kovym poctem vSech zpracovanych dokument trénovaci kolekce a vynasobi hod-
notou 100, ¢imZ ziskdme jeji vysledné ohodnoceni v procentech (viz Tabulka 1).
Nalezené ST-fraze charakterizuji oblast, kterou svym obsahem pokryvaji doku-
menty obsazené v korpusu slouzicim jako vstup pro Suffix Tree algoritmus. Pro
klasifikaci do vice tfid je samozfejmé potieba ziskat mnoziny ST-frazi charak-
teristickych pro jednotlivé tfidy. K tomu je nutné vytvorit korpusy pokryvajici
odpovidajici tématické oblasti.
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3.2 Kilasifikace pomoci Suffix Tree frazi

Pocet nalezenych a ohodnocenych ST-frazi rtizné délky ziskanych z celé kolekce
trénovacich WWW stranek bude vétsinou velmi velky, protoze Suffix Tree struk-
tura se s pridavanim novych slov pomérné rychle rozrista. I kdyz trénujeme na
vhodnych dokumentech s pouzitim stoplistu a lematizace, nemusi samoziejmé
vSechny nalezené fraze dostatecné vystihovat téma, které bychom chtéli rozpo-
znévat a filtrovat. Proto ke klasifikaci vybereme jen fraze s nejvyssim ohodno-
cenim. Jejich pocet se samoziejmé bude lisit v zavislosti na tématickém rozsahu
trénovaci kolekce dokumentii a s tim spojené ¢etnosti vyskytt jednotlivych slov.
ST-fraze délky 1 (tedy jednotliva slova) budou mit samoziejmé vétsinou nej-
vétsi ohodnoceni, proto je vhodné vybirat ur¢ity pocet frazi jednotlivych délek.
Delsi fraze maji totiz vétsi tématickou vypovidaci hodnotu a je vhodné jim pii
klasifikaci prifadit vétsi vahu.

Samotna klasifikace probiha podobné jako u metody Itemsets (viz [5] a [6]),
ze které uvedeny postup vychézi. V testovaném dokumentu hleddme vybrané
ST-fraze a v piipadé jejich vyskytu pfi¢itdme jejich ohodnoceni (vynésobené
jejich vahou) k celkovému ohodnoceni klasifikovaného dokumentu.

Oproti metodé Itemsets zde vSak netestujeme vyskyt K-itemsetd jednotlivych
klasifikac¢nich t¥id a v zavéru nezafazujeme dokument vzdy do t¥idy (pfipadné
do t¥id) s nejvyssim ohodnocenim. Tento zptsob totiz pfedpoklada trénovani na
mnoziné dokumenti vystihujicich vSechny tfidy do kterych chceme klasifikovat
(tedy zavadné i nezavadné).

V nasem pripadé mame pouze zavadné tiidy charakterizované vybranymi
ST-frazemi. Proto po otestovani vyskytu jednotlivych frazi dostavame jedinou
hodnotu vyjadiujici ohodnoceni (miru zdvadnosti) testovaného dokumentu (pii-
padné dostaneme hodnoty ohodnoceni pro jednotlivé zdvadné t¥idy). Na zdkladé
vhodné nastavenych prahovych hodnot lze potom rozhodnout, zda je dany do-
kument nezavadny nebo zavadny a do kterych zavadnych oblasti pfipadné patii.

Vyhody tohoto pristupu jsou zfejmé. Neni potieba vytvaret trénovaci kolekci
nezavadnych dat, pouze zédvadnych. Kompletni kolekci plné vystihujici mnozinu
nezavadnych textd neni samoziejmé mozné vytvorit vzhledem k piilis Sirokému
spektru témat. Dale lze jiz v prubéhu ohodnocovani ukoncit klasifikaci doku-
mentu, pokud bude pro danou zévadnou t¥idu prekrocena nastavend prahova
hodnota. Zptsob, jakym lze tuto prahovou hodnotu urcit, spole¢né se srovna-
nim tspésnosti klasifikace ST-frazi s jinymi metodami, uvedeme v nésledujicim
odstavci.

3.3 Testovani a experimenty

Pfi testovani jsme se prozatim zamérili na rozpoznéni pornografického materialu
predevsim z divodu jeho snadné dostupnosti. Pro natrénovani klasifikatoru jsme
pouzili 1600 WWW stranek s touto tématikou v anglickém jazyce, které byly
stazeny z ruznych internetovych servert, upraveny HTML parserem a nasledné
lematizovany.



Filtrace webovych stranek Suffix Tree frazemi 125

celkem dokumentt

zévadnvch| nezavadnvch celkem minimum slov v|maximum slov v,
Y Y riznych slov dokumentu dokumentu
reuters & porn sites 400 400 22501 76 10633
7 sectors” 0 4581 36653 18 7615
news20° 0 16330 104785 45 22568
webkb-data® 0 8273 63675 31 30853
Internet porn sites? | 18323 0 75042 186 14226

3 Dostupné z www-2.cs.cmu.edu/afs/cs.cmu.edu/project/theo-11/www/wwkb/index.html
4 Kolekci jsme vytvorili stazenim odkazll z nékolika relevantnich webovych rozcestniki
Tab. 2. Charakteristiky testovacich kolekeci.

Naive ST- ST-fraze ST-fraze + pr dinik
Itemsets Bayes NBCI [TFIDF [ C4.5 fraze s prénikem |+ vahy (3/4 - 8 - 16)
reuters& | o475 | 97,88 | 96,75 | 99,25 | 99,38 | 99,05 100 99,75
porn sites
7sectors | 99,39 | 9456 | 96,86 | 88,73 | 99,19 | 98,64 99,5 99,41
news20 | 99,82 | 99,96 | 98,71 | 90,92 | 97,89 | 99,06 99,31 99,45
nglff' 99,14 | 97,04 | 96,97 | 92,28 | 99,14 | 97,6 98,97 99,1
Intemet o, >3 | 9688 | 96,92 | 98,19 | 958 | 983 97,8 98,5
porn sites

Tab. 3. Vysledky rtznych metod klasifikace na testovacich kolekcich [%].

Zavislost Gspésnosti klasifikace na po¢tu zavadnych
ST-frazi
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pocet zavadnych ST-frazi vybranych od kazdé délky

Obr. 3. Zavislost uspésnosti klasifikace na poc¢tu zavadnych ST-frazi.

Celkova velikost tohoto trénovaciho korpusu byla po provedenych tpravach
20 MB, pocet ruznych slov byl 25387 a maximalni pocet slov v dokumentu 16850.
Pomoci Suffix Tree algoritmu jsme z néj ziskali velké mnozstvi ohodnocenych
ST-frazi délky 1, 2 a 3. Pro klasifikaci jsme vybrali vzdy 1000 frazi s nejvyssim
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ohodnocenim od kazdé délky. Tento pocet jsme zvolili na zakladé charakteristiky,
kterou zobrazuje Obrazek 3 a kterd byla vytvofena z prvni testovaci kolekce
v Tabulce 2.

Dilezitou otézkou bylo, jak vhodné stanovit prah zavadnosti dokumentu.
Jako nejlepsi feSeni se ukazalo stanovit tento prah empiricky za pomoci vy-
braného vzorku zévadnych i nezdavadnych dat. K tomu nadm poslouzil korpus
vytvoreny ze 400 ¢lankt kolekce Reuters Volume 1 a 400 zpracovanych zavad-
nych WWW stranek (viz prvni kolekce v Tabulce 2). Nésledné byl kazdy doku-
ment tohoto korpusu ohodnocen vyhledanim zévadnych ST-frazi. Pokud ozna-
¢ime maximalni dosaZené ohodnoceni neziavadného dokumentu jako M AX,,..
a minimalni dosazené ohodnoceni zavadného dokumentu jako M IN,,,,, mizeme
zvolit vhodnou prahovou hodnotu podle vzorce

MAXpe, + MIN 4,

PRAH,,, = 5

(1)

Jak je ze vzorce (1) patrné, stoprocentni Gspésnosti klasifikace lze dosdhnout
pouze v ptipadé, pokud MAX,,..,<MIN,,,. Tento zpusob nastaveni hodnoty
prahu se pomérné osveédcil, coz jsme ovérili na testovacich kolekcich, jejichz cha-
rakteristika je uvedena v Tabulce 2.

Ackoli se jedna o nejjednodussi variantu klasifikace pomoci ST-frazi, lze timto
postupem dosdhnout vysoké uispésnosti, coz je patrné ze sloupce ST-fraze v Ta-
bulce 3, kterd obsahuje vysledky ruznych klasifika¢nich metod na testovacich
kolekcich. Vyse uvedeny postup predpoklada relevantni korpus dostatecné vysti-
hujici tématické zaméfeni v budoucnu klasifikovanych dokumentt, ktery poslouzi
k nastaveni pomyslné hranice (prahu) mezi zdvadnym a nezévadnym dokumen-
tem. Hlavnim cilem je zde urcit, jakd mira zavadnosti je pro uzivatele jesté
prijatelna. Tu lze stanovit i bez nezédvadnych dat pouhjym odhadem a pribéznou
korekci pri praktickém pouzivani.

Uspésnost klasifikace je mozné navic zvysit nasledujicim postupem. Z mno-
ziny nezavadnych dokumentt vytvorime ST-fraze stejné maximalni délky jako
zévadné ST-fraze, které jiz mame k dispozici a vybereme z nich urcity pocet
s nejvys$sim ohodnocenim (opét pro kazdou délku). Provedeme prinik mnozin
zévadnych a nezavadnych ST-frazi, pricemz spole¢né fraze z mnoziny zavadnych
odstranime.

Jedna se tedy v podstaté o zacisténi, kdy jsou dodateéné upfesnéné neza-
vadné fraze z mnoziny zdvadnych frazi odstranény, aby nezpisobovaly chyby
pri klasifikaci. Jak je patrné z hodnot sloupce ST-fraze s prinikem v Tabulce 3,
vedl tento postup ve vétsiné pripadu ke zvyseni uspésnosti klasifikace, predevsim
samoziejmé u kolekci s nezavadnymi dokumenty.

Jak jiz bylo uvedeno, nelze vytvofit kompletni korpus vystihujici mnozinu
vSech nezavadnych textd, avsak dle nasich dosavadnich poznatk® pouziti libo-
volné kolekce nezavadnych dokumenti vede ke zlepSeni vysledku klasifikace. Sa-
moziejmé pokud pouzijeme k zacisténi zavadnych ST-frazi nezédvadnou kolekci,
ktera vystihuje tématickou oblast, ve které se bude pohybovat budouci uzivatel,
dosahneme prfi klasifikaci nejlepSich vysledki.
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Vhodné je také uprednostnit delsi ST-fraze, protoze 1épe vystihuji tématické
zaméfeni klasifikovaného dokumentu. To je mozné realizovat vhodnym pfifaze-
nim vah. Vyzkouseli jsme mnoho variant, pficemz nejlépe se osvédcilo nastaveni

3/4|pro ST-fraze délky 1
8 |pro ST-fraze délky 2
16 |pro ST-fraze délky 3

zastoupené sloupcem ST-fraze + prinik 4 vahy 3/4-8-16 v Tabulce 3. Uspésnost
klasifikace se oproti nejjednodussi varianté zvysila u vsech testovacich kolekci,
oproti verzi s prinikem u tfech kolekci. Na rozdil od metody Itemsets tedy
vyuziti delsich ST-frazi prinasi, zejména pfi vhodném nastaveni vah, zvyseni
celkové uspésnosti klasifikace.

Ackoli se nastaveni vahy pro ST-fraze délky 3 muze zdat ponékud vysoké,
vzhledem k jejich nizkému ohodnoceni a empiricky nastavenému prahu zavad-
nosti by se v dokumentu musely primérné vyskytovat 3 az 4 zavadné fraze této
délky, aby byl povazovan za zavadny.

Pri klasifikaci jsme vzdy brali v tvahu vicenasobny pocet vyskytiu zavadné
ST-fraze v dokumentu. Tento pfistup se osvédcil vice nez pouhé uvazovani
vyskytu, protoze v tomto pfipadé nejsou tolik patrné rozdily v ohodnoceni za-
vadnych a nezavadnych dokumentt. Disledkem je samoziejmé nizsi tspésnost
klasifikace, kterd byla pii testovani vzdy horsi o 10 aZ 20% oproti vysledktim
uvedenym v Tabulce 3.

Casové i pamétova, slozitost metody Suffix Tree pii ziskavani éastych frazi je
linedrni (viz [8]), pfiGemz vysledny ¢as a pouzitd pamét je ddna poétem slov v tré-
novaci kolekci dokumentti a nastavenou hloubkou vytvafeného stromu (délkou
ST-frézi). Konkrétni hodnoty se samozfejmé budou lisit v zavislosti na efektiv-
nosti konkrétni implementace algoritmu a pouzitém programovacim jazyce.

4 Planovana rozsireni systému

V soucasné dobé jiz pracujeme na rozsifeni, které umozni na zakladé prozkou-
méani odkazli obsazenych v jiz zachycenych zavadnych WWW strankéch vyhleda-
vat a klasifikovat dalsi zdvadné stranky. Predpokladame totiz, Ze mnoho odkazi
obsazenych v zavadné strance bude odkazovat na jinou stranku s podobnym
obsahem. Postupné by tak dochazelo k vytvareni databaze stranek s riznym za-
vadnym zaméfenim. Z vytvorené databaze planujeme ziskat adresy servert, na
kterych se nachazi nejvétsi mnozstvi zdvadného materidlu. Jejich adresy a zameé-
feni potom pldnujeme zvefejnit na internetu. Mohou poslouzit napiiklad sprav-
clim sité pro zakazani pristupu nebo institucim statni spravy pro jejich zruseni,
pokud by byl jejich obsah v rozporu se zakonem. Prioritou je rozsifit nas sys-
tém kromé anglického jazyka o podporu dalsich, predevsim evropskych jazyki.
To znamena v prvni fadé ziskat relevantni zavadné korpusy, které ovsem nejsou
snadno dostupné. Proto bychom v tomto sméru samoziejmé uvitali jakoukoli
pomoc.
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Abstrakt Klasifikace textd je jednou z aktudlnich oblasti vyzkumu.
Tento ¢lanek popisuje vysledky experimentt klasifikace textovych kor-
pusil s vyuZitim tezauru EuroWordNet (EWN), porovnava rtizné pii-
stupy a vyvozuje zavéry pro mozna vylepseni klasifika¢ni ilohy. Soucasti
prace je popis algoritmi a metod pouzitych v navrzeném klasifika¢nim
systému. Cilem experiment bylo ovéfit vliv multilinguality textovych
korpusi na kvalitu klasifikace a navrhnout vhodné vyuziti vicejazyko-
vého tezauru za tucelem zlepSeni, ¢i zobecnéni moznosti klasifikace mul-
tilingualnich textovych korpust. V ¢lanku je diskutovana problematika
lemmatizace a indexace s respektovanim vicejazy¢ného prostiedi. Po-
psano je téz nasledné navazani lemmat na tezaurus EWN. Testy byly
vykonany na korpusech Reuters a CTK a poukazuji na fakt, Zze pii pou-
ziti vhodnych klasifikacnich algoritmu lze provadét klasifikaci dokumenti
zcela nezavislou na jazyku. Dale je ve ¢lanku prokazéano, ze vysledky jsou
velmi zavislé na volbé klasifika¢niho algoritmu. Jako perspektivni klasifi-
kac¢ni metody modifikovatelné pro vicejazykové prostiedi se ukazuji napr.
algoritmy NBCI, Itemsets, TF/IDF.

Kli¢ova slova: klasifikace, kolekce dokumenti, tezaurus, EuroWordNet,
mutilinguélni korpus, lemmatizace, pfirozeny jazyk, analyza dokumenti,
Bayestuv teorém

1 Multilingualni korpusy

V soucasné dobé se Castéji objevuje nutnost uchovat a pocitacové zpracovavat
dokumenty, které jsou ulozeny v jedné knihovné, ale jsou napsany v riznych
jazycich. Drfive se tento aspekt spiSe zanedbaval. Mnohé systémy pro zpracovani
textl predpokladaji jednojazy¢né prostfedi a svou funkci tomu maji uzpusobe-
nou. Moznost ulozeni vicejazyénych dokument bud viibec neresi, nebo pouze
okrajové. Povazujeme-li Internet, konkrétné webové stranky, za velky elektro-
nicky archiv, je zfejmé, ze obsazené informace jsou obecné v riznych jazycich.

* Ptispévek vznikl za ¢asteéné podpory vyzkumného zdméru MSM 235200005.
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S postupujici integraci jednotlivych statt a rozsifovanim Evropské unie se do-
stava respektovani vicejazycnosti do popredi zajmu. Typickym ptikladem apli-
kace multingualniho systému mize byt prohledavani webovych stranek, védec-
kych ¢lanki, zakont, predpist a podobné. Lze také rozsifit stavajici vyhledavaci
systémy tak, aby 1épe umoznovaly vyhledavani ve vicejazykovém prostiredi. Pred-
pokladame, ze vytvareny systém by nasSel uplatnéni v rozsahlejsich digitalnich
knihovnach, kde se vyskytuji dokumenty v riznych jazycich, pripadné ve statni
spravé, kterd bude stale Castéji prichdzet do styku s cizojazyénymi dokumenty.
V neposledni fadé mtize byt zakomponovany jako soucast ndmi fesSeného systému
pro podporu védeckych pracovnikii.

Stavajici feseni dokumentografickych systémi, na vyjimky reprezentované
pokusnymi systémy (MILK, AutIndex [5], ... ), nemaji problematiku multilingu-
alniho prostredi jako sviij primérni cil. Ve vétsiné systémt se provede rozpozné-
nim jazyka a nasledné oddélené zpracovani dokumenti, coz nemusi dostacovat.

Za predpokladu, ze uzivatel znd nékolik jazykt, je vhodné umoznit jednim
dotazem vyhledat vSechny relevantni dokumenty. S pouzitim navrhovaného mo-
delu se mize naptiklad provadét kategorizace dokumentt i v pripadé, ze jsou
stavajici tFidy definovany pouze pro jediny jazyk. Problém nastava v piipadé
indexovani vicejazy¢ného korpusu, kdy ekvivalentni preklady téhoz slova maji
v rozdilnych jazycich rizné indexy (napf. slovo strom je indexovano jinak nez
anglicky pireklad tree). Vyhodnéjsi je indexovat ekvivalentni pfeklady jednim
indexem.

Rozhodli jsme se vytvorit model vicejazykového systému, ktery by poskytoval
stejné kvalitni vystupy jako stavajici systémy, ale s dokonalym respektovanim
vicejazy¢éného prostiedi. Dlouhodobéjsim cilem je vytvoreni systému, ktery bude
poskytovat jednim dotazem vysledek, jenz neni zavisly na jazyce dotazu, ani
jazyce vyhledanych dokument.

Jako pokusnou tlohu na otestovani naseho ptistupu jsme zvolili klasifikaci do-
kumentd. V tuto chvili je testovaci kolekce sloZena z Ceskych dokumenti (tiskové
zpravy CTK) a anglickych dokumentii (tiskové zpravy Reuters). Do budoucna
se pocita s rozsirenim i na dalsi evropské jazyky. Kolekce vznikla vybérem shod-
nych t¥id z obou tiskovych agentur dovolujicim vyzkouset klasifikaci dokumentii.
Cilem bylo ovéfit vhodnost pouziti tezauru EuroWordNet (EWN) jako jadra
zpracovani vicejazy¢nych korpusa.

2 Tezaurus EWN

Jadro navrhovaného systému je aplikace tezauru EuroWordNet (EWN [6]) jako
referencniho slovniku pro provézani slov jednotlivych jazykt. EWN je tezau-
rus, ktery sobé odpovidajicim skupindm synonym (synsetim) pfifazuje shodné
indexy. To nasledné umoziuje jednotnou indexaci pro rtzné jazyky.

EWN je vicejazyéna databaze pro nékteré evropské jazyky (angli¢tina, Ces-
tina, dénstina, ital§tina, Spanél$tina, némcina, francouzstina, estonstina). Je
strukturovand podobné jako ptivodni Wordnet vytvoreny Princetonskou univer-
zitou. EWN obsahuje mnoziny synonym a vzajemné vztahy mezi nimi. Jednotlivé
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mnoziny synonym (synsety) jsou navic spojené pomoci tzv. ILI (inter-lingual-
index) tak, Ze shodny synset jednoho jazyka ma tentyZ index v jiném jazyce.
Diky tomu bylo mozné povazovat tento index za ekvivalentni indexu, jenz je
pouzity pii klasické indexaci jednojazy¢ného korpusu.

Ur¢itou nevyhodou tezauru EWN je jeho pfilisna jemnost. Pro témér totozny
vyraz je Casto definovan rozdilny index. V takovém pripadé muze dochazet k ne-
korektni indexaci a vysledky klasifika¢ni metody mohou byt velice spatné. Jedna
se o problém, ktery je feSitelny napi. shlukovanim podobnjch synsetii. Reseni
jsou diskutovana dale. Dalsi nevyhoda EWN souvisi s nestejnou rozpracovanosti
jednotlivych wordnetil, takze nékteré synsety nemaji v urcitych jazycich odpo-
vidajici ekvivalent.

3 Moduly systému

Experiment vyuziti EWN pro klasifikaci vicejazyénych dokumenti byl rozdélen
do nékolika fazi. Nejdiive bylo nutné vytvorit kvalitni lemmatizac¢ni slovnik. Sta-
vajici algoritmicka a slovnikovd lemmatizace se musela upravit, aby bylo mozné
lemmata propojit s tezaurem EWN. Dosud nami pouzivané metody prevadély
slova na lemmata, ktera nebyla totozna se zakladnimi tvary slov. Nasledné ne-
bylo mozné vytvofit korektni vazbu na EWN. Pro splnéni této podminky bylo
nutné vytvorit nové lemmatizac¢ni slovniky.

Lemmatizovana slova jsou néasledné namapovéna na synsety EWN a po-
moci jednoduché transformace je zjistén index, ktery je zpracovan pfi klasifikaci
[obr. 1]. Funkce jednotlivych komponent jsou rozebrany déle.

3.1 Lemmatiza¢ni modul

K vytvoreni lemmatiza¢niho slovniku jsme zvolili extrakci tvart slov z programu
Ispell [7]. Lemmatiza¢nim slovnikem rozumime alfabeticky uspofddanou mno-
zinu slov a jim odpovidajici lemmata. Ispell je interaktivni program pro kont-
rolu pravopisu, ktery podporuje vétsinu evropskych jazyka. Primarnim tacéelem
programu je prochézet texty, kontrolovat pravopis a pfipadné navrhovat opravy
nerozpoznanych slov.

Zakladni myslenkou bylo vzit kmeny slov, které jsou uloZeny ve slovniku
Ispellu a z téch pomoci Ispellu odvodit vSechny existujici tvary. Kmen slova byl
povazovan za zakladni tvar, mél by se tedy vyskytovat v tezauru. Tento pristup
fungoval dokonale u anglického jazyka, ovsem selhaval u ¢estiny, ktera disponuje
daleko vetsi flexi.

Zakladni problém spocival v tom, ze kmen slova se nemusi shodovat se za-
kladnim tvarem. Pfikladem mize byt slovo lano, jehoz kofen uvedeny v Ispellu
je lan a pripony mohou byt naptiklad -o -em -ech apod. Tedy zakladni tvar slova
(lano) se neshoduje s kofenem (lan).

Pfi feseni vysSe uvedeného problému jsme vychézeli z predpokladu, Ze za-
kladni tvar slova je v mnoziné vSech moznych tvariu slova, které jsme ziskali
z Ispellu. Proto jsme vzali slovnik Ispellem vygenerovanych slov, vytvorili jsme
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Obr. 1. Navaznost komponent klasifika¢niho systému.

podmnoziny tvart slov odpovidajici jednomu kmeni, resp. zakladnimu tvaru
slova, a pro kazdou mnozinu jsme hledali odpovidajici lemma v EWN.

Algoritmus lze popsat:
— Pro kazdou mnozinu kmene slova proved:
e Pro kazdy tvar z mnoZiny proved:
+ Hledej odpovidajici tvar v EWN
* Pokud se tvar vyskytuje, tvar je zadkladni pro vSechna slova z aktualni
mnoziny
* Pokud se zde tvar nevyskytuje, pokracuj dalsim tvarem

V pripadé, Ze se v mnoziné tvardl nenalezne ani jeden tvar slova, ktery lze
navazat na EWN, tak se prohlasi kmen slova za zdkladni tvar. Tato moZnost
nenastava prili§ casto.

Dalsiho vylepseni bylo dosazeno vyuzitim morfologického analyzatoru. Jako
ukazka vysledku morfologického analyzatoru mohou slouzit slova byt a je, ktera
se typicky indexuji riznymi indexy, protoze nemaji shodny kmen slova. Po apli-
kaci analyzatoru jsou slova pfevedena do korektniho zédkladniho tvaru, tedy byt.
Podobn4 vlastnost je dilezita také pri stupniovani pridavnych jmen.

Nevyhodou modelu je velikost takto vytvofeného slovniku. V piipadé ucho-
vani slov v seznamu dvojic slovo, zédkladni tvar dosdhne velikost téméi 100 MB
pro Cestinu. Tu lze v8ak povazovat za urcity extrém, jelikoz podobnou flexi ma
jen malo jazykud. Pro angli¢tinu je velikost slovniku pouze 3 MB.

Do lemmatizatoru vstupuji slova a vystupem jsou indexy obsazené v EWN
(ILR indexy). Kazdy index se skldd4 z oznaceni (napf. eng20 znamenajici slovo
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zafazené anglickym tymem, EWN verze 2.0), vlastniho unikdtniho ¢isla (napf.
06900919) a jednopismenné zkratky oznacujici slovni druh (v — sloveso, n —
podstatné jméno, a — pfidavné jméno, apod.).
Priklad vystupu lemmatizatoru a indexace do EWN:

Puvodni tvar:
»Vlna chladu si vyzadala 100 mrtvych.“

Vystup po lemmatizaci a indexaci:

,eng20-06900919—n eng20-04448750-n eng20-02526983—v eng20-13048967-n
eng20-00100393—-a“

Jednodussi je situace u anglického jazyka, kde lze pouzit pro lemmatizaci
i algoritmickou metodu — napf. Portertv algoritmus. Také vytvofeni slovnikt
s pouzitim Ispellu poskytuje korektni vysledky i s ,naivnim*“ pfistupem, jenz se
u jazykt se slozitéjsim tvaroslovim nedé uplatnit.

Velkou vyhodou takto vytvarenych lemmatizacnich slovnikt je vyuziti jiz
ovétenych ¢asti (Ispell, EWN), které jsou navic dostupné jiz témér ve vsech ev-
ropskych jazycich. Obecné 1ze predpokladat kvalitu takto vytvarenych slovnikt
mezi kvalitou anglického (velmi jednoduché tvaroslovi) a ceského (slozité tva-
roslovi). Pfesto povazujeme za vhodné provést pro kazdy nové pfidédvany jazyk
urcité upravy algoritmu lemmatizace takové, aby respektovaly specifika flexe da-
ného jazyka. Piikladem mitize byt némdcina, kde by bylo nutné vénovat zvysenou
pozornost sloviim s odlucitelnymi pfedponami.

3.2 Mapovani lemmat na synsety EWN

Ziskané slovniky je nutné namapovat na synsety EWN. Cilem je vyhledat k jed-
notlivim zakladnim tvartim odpovidajici slova v EWN a odvozenym tvarim
slova prifadit index EWN. V jazyce se ovSem vyskytuji vicezna¢na slova, ktera
jsou stejné zapsana, ale maji jiny vyznam, tudiz jsou zahrnuta v nékolika syn-
setech. K rozhodnuti spravného vyznamu je nutné vyuzit disambiguaci. Ve slov-
nicich neni dostate¢na znalost souvislosti daného slova s néjakym vyznamem —
jedna se o oddélena slova bez kontextu. Uloze disambiguace se nelze vyhnout
a bude se provadét pti zpracovani textového korpusu. Vysledkem mapovani jsou
slovniky, kdy kazdému tvaru slova odpovida jeden index EWN.

3.3 Morfologicka analyza

Do faze vytvareni lemmatizac¢niho slovniku byl zakomponovan morfologicky ana-
lyzator vytvofeny Janem Hajicem [8]. Jedna se o univerzalni ndstroj pro mor-
fologickou analyzu textu. Uplatnil se pfedevSim pfi zpracovani stupniovanych
pfidavnych jmen a nepravidelnjch sloves.

4 Pouzité klasifika¢ni metody

Vyuziti EWN pro zpracovani multilingualnich kolekci jsme se rozhodli ovéfit
na pripadé klasifika¢ni tlohy, se kterou mame zkuSenosti a vytvorené nastroje
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pro testovani pfesnosti a uplnosti klasifikace. Jako testovaci korpus jsme zvo-
lili ¢eské a anglické texty, konkrétné tiskové zpravy CTK a Reuters, které jsme
pouzivali na testovani i diive. Testy byly provadény na korpusu 82000 ceskych
a 25000 anglickych dokumenti. Zpravy spadaly do jedné z 5 t¥id, které byly
v obou korpusech obsahové podobné. Jednalo se o pocasi (4 %), sport (30 %),
politiku (58 %), zemédélstvi (3 %) a zdravotnictvi (5 %). Cilem bylo ovéfit, zda
a jak moc multilingualni prostfedi ovlivni vysledky klasifikace. Volili jsme rizny
stupen zapracovani EWN do klasifika¢ni ulohy. Nejdiive byl uvazovan referen¢ni
stav, kdy EWN neni pouzit viibec, dale bylo pouzito EWN na jednojazyc¢ny kor-
pus a nakonec se testovala kiizova klasifikace (trénovaci korpus Gesky, testovani
na anglickych datech).

4.1 NBCI

Tato metoda byla vytvorena nasi katedrou a jedné se o kombinaci metody Nai-
ve Bayes s Itemsety [9]. Z kazdého dokumentu jsou vybrény charakteristické
itemsety a ty jsou dale zpracovavany metodou Naive Bayes. Vyhodou je vyssi
rychlost a v pfipadé multilingualniho korpusu netrpi metoda problémem malého
priniku termia v riznych jazycich jako prosté pouziti Naive Bayes.

4.2 TFIDF

Jedna se o metodu zaloZzenou na sledovani frekvence termid v dokumentech
(viz [10]). KaZdému termu je pfifazena vaha, kterd je tim vyssi, ¢im se dany
term vyskytuje v dokumentu vice a naopak nizsi, ¢im se term vyskytuje castéji
v jinych dokumentech.

Pro klasifikaci dokumentt je pouzita kosinova mira:

2 k=1 (@ wik)

i v i )

1)

kde @ je vektor vah ¢ termi nové zarazovaného dokumentu a D; je vektor
vah w;, nalezejicich termtm ve t¥idé C;.

4.3 Itemsety

Pro hledani ¢astych skupin termu je vyuzita modifikace Apriori algoritmu, kterd
slouzi k nalezeni polozek, které se v dokumentech jedné t¥idy casto vyskytuji.
Itemset je vybran jako charakteristicky pro urcitou t¥idu, pokud vahovy faktor
prekrocil zvolenou mez. V klasifikacni fazi je dokument zafazen do t¥idy za
predpokladu, Ze C; (mnoZina itemsett reprezentujici tfidu 7)) obsahuje itemsety
s dostatecnou vahou asociace dokumentu D s t¥idou Tj podle vzorce (2).
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1G5
WTQJ = wa‘ﬂi‘ X wr, (2)
i=1
kde (II, € C;) AN(II; C D) pro j =1,2,..., L.
Véha asociace je zde urc¢ena souctem soucinii vah wy; s vdhovymi faktory
w fi7,] pro vSechny itemsety dané ttidy, jez se vyskytuji v pravé klasifikovaném
dokumentu. Vice je metoda diskutovana v [1] a [2].

4.4 Naive Bayes

Metoda je zaloZena na Bayesové teorému [3]. Klasifikace je provddéna na zdkladé
nasledujiciho vzorce:

UNB :argmaxP(vj)HP(aiwj) (3)
K3
kde a; jsou termy nové zafazovaného dokumentu a v; jsou slova zkoumané tiidy,
do které se snazime dokument zatradit.

Jak bude vidét z vysledkt test, je pfesnost metody velice nizka. Tak nizka
presnost je zpusobena malym prekrytim mnozin lemmat obou korpust. V ta-
kovém pripadé neni splnén predpoklad, Ze testovaci a trénovani data obsahuji
statisticky shodna data. Metoda Naive Bayes poskytuje v pfipadé krizového
testu systematicky chybny vysledek. Tento problém lze eliminovat shlukovanim
podobnych synsett, coz je postup popsany v kapitole 6.

5 Vysledky testa

Analyzou texti jsme dospéli k nazoru, Ze obé ¢asti korpusu se lisi ve své celkové
skladbé. Zatimco CTK je pomérné obecny zdroj informaci, Reuters je zaméfeny
na burzovni zpravy a napiiklad v kategorii pocasi neni vyjimkou rozsahlé hodno-
ceni ekonomickych dopadi zivelné katastrofy, coz v ¢eském korpusu neni mozné
najit. Tato vlastnost pravé zpusobila Spatné vysledky u klasifika¢ni metody Na-
ive Bayes.

Testy byly provadény pomoci diive vytvorenych klasifika¢nich metod a bylo
pouzito nékolik druhti predzpracovani vstupnich dat. Nejdfive jsme testovali
referenéni pfipad (viz tab. 1, fadka 1, 2, 3, 4; sloupec monolinguélni), kdy jsou
zpravy v korpusech klasifikovany oddélené (jako dva jednojazycné korpusy).

Dalsim krokem bylo aplikovani lemmatizace zalozené na vyuziti EWN na
jednojazy¢ny korpus (viz tab. 1, fadka 1, 2, 3, 4; sloupec multilingudlni), ¢imz
jsme oveérili korektni fungovani lemmatizatoru a indexace. Jak je vidét z tabulky,
jsou vysledky srovnatelné s referencnimi.

Ve tietim kroku jsme provedli klasifikaci vicejazycné kolekce. Nejdiive byl
uvazovan pripad, kdy v testovacich i trénovacich datech jsou oba jazyky zastou-
peny v ndhodném poméru (viz tab. 1, fadka 5, 6, 10). To simuluje situaci, kdy
jsou naptiklad v digitalni knihovné jiz zatfidéné texty rtznych jazykt a probiha
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automaticka klasifikace nové pfichozich dokumentt. Jinak feceno, ekvivalentni
preklady maji v rtznych jazycich jiné indexy. Pro pfipad klasifikac¢ni tlohy je
takovy pristup mozny a poskytuje smysluplné vysledky. Pro klasifika¢ni tlohu
bylo dosazeno vysledka srovnatelnych s referenénimi. Test jsme opakovali na
korpusech lemmatizovanych klasickou metodou (slovnikovou) i pomoci metody
s vyuzitim EWN.

Poslednim testem byla kiizova klasifikace (viz tab. 1, fadka 7, 8, 9), kdy v ar-
chivu predpokladame zaklasifikovana data jednoho jazyka a snaZime se zatfidit
data jiného jazyka, tj. trénovaci jazyk klasifikatoru je jiny nez testovaci. V tomto
pripadé velmi zalezi na velikosti shody obou korpusti a nékteré metody jsou na
tento faktor velice citlivé (Naive Bayes).

Typickou presnost a uplnost klasifikace 1ze odhadovat a tplnost klasifikace
lze odhadovat mezi 80 — 95 %.

monolinguélni multilingualni

metoda data  |pFesnost [%]|aplnost [%]|pFesnost [%]|aplnost [%)]
1|NBCI cz 90.53 93.83 91.28 93.41
2|NB cz 95.36 95.57 92.44 93.15
3|NBCI eng 95.11 95.47 96.04 96.20
4|NB eng 96.85 96.91 94.79 95.17
5|NBCI cz+eng 86.75 92.06 86.05 89.52
6|NB cz+eng 95.25 95.46 92.04 92.83
7INBCI kfizové|cz+eng - - 80.93 89.42
8|NB kfizove |cz+eng - - 3.42 3.42
9|Itemsets kiiz.|cz+eng - - 73.78 81.49
10(Itemsets cz+eng 75.76 81.91 78.65 84.90
11|TFIDF cz+eng 93.37 93.37 92.79 92.79

Tab. 1. Vysledky klasifika¢nich testu.

6 MozZnosti zdokonaleni

V této c¢asti zminime dvé moznosti, které na zakladé zatim pfedbéznych experi-
mentu slibuji zlepsSit vysledky klasifikace. Prvni moznosti je zaclenéni disambi-
guace (zjednoznaé¢néni) slov do procesu klasifikace, druhou je tprava seskupeni
synsetd v EWN.

6.1 Disambiguace

Pomérné samostatnou tlohou, kterou je nutné fesit pii indexaci, je disambigu-
ace [4]. Po provedeni lemmatizace maji néktera slova shodné zékladni tvary, ale
jejich vyznam je odlisny. Jednim z prikladt mtze byt slovo kohout, kde neni
bez znalosti kontextu zfejmé, zda se jednd o kohout — uzéavér, nebo kohout —
zivocich. Pro rozhodnuti vyznamu je nutna znalost kontextu, ve kterém se slovo
nachézi. Pro disambiguaci existuje ne€kolik algoritm.
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Jako vychozi metodu jsme zvolili disambiguaci s ucitelem, konkrétné Baye-
sovskou disambiguaci. Jedné se o pomérné jednoduchou metodu, ktera poskytuje
kvalitni vysledky s presnosti pies 90 %. Jistou nevyhodou metody je velikd zavis-
lost na trénovacim korpusu. Pro pokusy s disambigudtorem jsme pro trénovani
zvolili Browntiv korpus, ktery je volné k dispozici na strankach EWN. Jedna se
o oznackovany korpus anglickych textd, kterym jsou jiz pfifazeny indexy synsett
EWN. Dany korpus jsme pouzili pro natrénovani bayesovského disambiguatoru
a testovali jsme presnost na tomtéz korpusu i na vybranych pripadech vét z ji-
nych kolekci. V bayesové disambiguatoru jsme provedli nékolik vylepSeni — po-
uziti kontextového okénka a jeho modifikace, vyuziti syntaktickych vztahti mezi
slovy a pouziti vahové funkce pro zvyhodnéni blizkych slov vicezna¢nému slovu.
Vylep$eni zvysila presnost disambiguace od 1 do 3 %.

V pripadé pouziti disambiguace na véty z jiného nez trénovaciho korpusu se
kvalita vyznamné zhorsi, coz je zptisobeno nedostatecnym rozsahem trénovaciho
korpusu a tim, ze neobsahuje veskera viceznacnd slova. Presnost disambiguace
se pak pohybovala pouze okolo 50 %.

Do budoucna uvazujeme o pouziti paralelnich korpust pro disambiguaci s vy-
uziti tezauru EWN. Vychéazime z pfedpokladu, ze slova, ktera jsou viceznacna
v jednom jazyce, jsou jednozna¢nd v jiném. Srovnanim kolokaci v riznych jazy-
cich mizeme viceznacné slova disambiguovat.

6.2 Shlukovani synseta v EWN

P1i testovani klasifikatoru a navrhu indexatoru jsme zjistili, Ze jemnost ¢lenéni
jednotlivych vyznamu slov v EWN je prili§ velika. Tudiz disambiguace pracuje
s omezenym trénovacim korpusem na velkém poctu tiid, coz snizuje jeji presnost.

Druhy problém souvisejici s jemnosti EWN spoc¢iva v navazovani jednot-
livych jazykt na jednotny index ILR. Pfilisnd jemnost vede k situaci, kdy se
slovo podobného vyznamu pfevadi na index, ktery nema v jiném jazyku presny
ekvivalent, coz ¢ini problémy zejména pri kiizové klasifikaci. Vlastnost se proje-
vila predevsim pfi klasifikaci metodou Naive Bayes, kde byl velice maly prinik
shodnych lemmat jedné t¥idy v ceské a anglické ¢asti korpusu.

Pro eliminaci tohoto nedostatku je nutné vybrané synsety seskupit do vétsich
celkt a témto shlukim prifadit nové indexy. Tim bude mnozZstvi klasifika¢nich
t¥id mensi pfi zachovani vyznamu jednotlivych slov. Shluky lze vytvofit napii-
klad na zakladé podobnosti kontextu, ve kterém se slova nachazeji.

Jinou moznosti je modifikovat klasifikacni metody tak, ze bude pro jedno
slovo definovano vice indext s vahou. Tzn. slovo bude reprezentovano mnozinou
slov (indext1). Vaha slova s pfibuznym vyznamem se bude snizovat se vzdélenosti
od slova, které odpovidéa lemmatu. Vzdalenosti 1ze urcit priuchodem v grafu EWN
pres slova nadfazeného vyznamu.

7 Zavér

Pouzitim tezauru EWN na klasifika¢ni tloze bylo dokazalo, ze se jedna o po-
uzitelnou metodu, kterd poskytuje slibné vysledky. Prestoze je presnost klasi-
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fikace vicejazycnych korpusti pochopitelné o néco nizsi nez pii klasifikaci jed-
nojazycénych korpusi, lze povazovat metodu za kvalitni s pfesnosti pohybujici
se okolo 90 %. Po zahrnuti navrhovanych vylepSeni lze ocekdvat dalsi zvySeni
presnosti. V nasledujicich mésicich hodlame zahrnout navrzenou klasifikaci do
systému vyhledavani v multilingualnich korpusech.
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Abstrakt V prvnim roc¢niku studia informatiky na MFF UK Praha
vSichni studenti absolvuji tivodni kurs programovani. V tomto kursu se
seznami se zakladnimi pojmy, algoritmy, datovymi strukturami, techni-
kami a se zpusobem, jak analyzovat tlohu shora. Posledni prednaska
tohoto kursu potom byva vénovana tomu, jak fesit ulohy, které jsou pro
takovy zptisob programovani prilis tézkeé.

Tento text shrnuje obsah této posledni prednasky. Postupné jsou predkla-
dany problémy, které jsou pro obvykly postup prilis slozité a jsou demon-
strovany alternativni zpisoby jejich feSeni.

1 ,,Klasické“ programovani

Jako klasické programovani chapeme takové zplsoby programovéani, jaké jsou
vyucovany v zakladnich kursech na vysokych skolach a jaké dobie vystihuje
origindlni nazev knihy [?]: ,,Algorithms + Data Structures = Programs®.

Tento zpiisob je charakteristicky snahou pochopit problém, rozdélit jeho fe-
Seni na mensi ¢asti podle postupu feseni nebo podle rtiznych piipad@ hodnot
vstupnich dat a tyto ¢asti potom feSit pomoci urcité standardni vybavy al-
goritmt (vyhledavéani, t¥idéni...), meta-algoritmi (rekurse, dynamické progra-
movéni) a datovych struktur. Nékteré dlohy jsou ovSem na tento postup prilis
obtizné, veliké, neuchopitelné.

V nasledujicich kapitolach si ukdzeme nékolik takovych tloh spolu s navody,
jak je tesit ,jinak®.

2 Problém na ivod: Vodovodni baterie

Pékova vodovodni baterie obsahuje dvé hladké keramické desticky. Prvni desticka
je pevna a jsou v ni tfi otvory napojené na pritok studené vody, pritok teplé
vody a odtok. Druhé desticka je pohybliva a je v ni prohluben.

Zvedanim paky se pohybliva desticka posouva nad pevnou destickou a jejimi
otvory, takze voda muze prohlubni protékat z otvor® napojenych na pritok stu-
dené a teplé vody do otvoru napojeného na odtok. Vétsi zvednuti paky piitom
zpusobuje vétsi posuuti a tim vétsi pratok vody.

Otacenim paky se méni smér, kterym se bude pohybliva desticka posouvat
a tim lze ovliviovat, zda a jakou mérou bude prohluben pri posunu desticky

* Tato prace byla podporovana grantem GA CR ¢islo 201/02/1456.
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Obr. 1. Pakova vodovodni baterie.

zasahovat nad oba pritoky a nad odtok a tedy jaka bude vysledné teplota tekouci
vody.

Pfirozeny pozadavek na pakovou baterii je, aby nastavena teplota vody, zi-
stala zachovana bez ohledu na to, jak moc vody protéka. Tedy aby pomér ploch
¢asti otvorti pripojenych na pritoky, zakrytych prohlubni v pohyblivé desticce,
i pfi rizné arovni posunuti prohlubné ztstaval stejny.

Problém:

Jaky tvar by mély mit otvory a prohluberi?

Tento problém uvadime jako pfiklad problému, na ktery nevystacime s ,kla-
sickym“ programovanim. Jeho feseni zatim odlozime.

3 Uloha 1: Nakresleni grafu

Zadani:

Napiste program, ktery nakresli zadany graf. Graf je neorientovany, bude zaddn
jako seznam vrcholi a hran, hrany budou kresleny jako tusecky a nakresleni md
byt hezke.

V zadani se uvadi, ze hrany budou kresleny jako tsecky, jde tedy pouze
o urceni polohy jednotlivych vrchold.

Zadani je pomérné neurcité, neni tézké predstavit si nakresleni grafu, které
hezké neni — kde se budou hrany zbytecéné kiizit, budou prochézet vrcholy,
nékteré vrcholy budou prili§ blizko u sebe — a naopak urcita nakresleni urcitych
grafi, kterd hezka budou. Krom téchto extrémi vSak ztistava urcitd neurcita
oblast.

Kdybychom tuto tlohu tesili ,klasicky“, mtZeme se napfed omezit na Te-
Seni pro souvislé komponenty grafu a potom testovat, zda se nejednd o néktery
zvlastni pripad, ktery umime hezky nakreslit — kruznice, strom, cesta. .. Takové
feSeni ovSem bude pracné a stale bude zustavat mnoho grafi, pro které zadné
feseni mit nebudeme. Zkusme proto tuto tlohu fesit jinak.

Rada 1.: Mate-li ilohu, kterou nechcete nebo neumite resit ...
...Treste jinou tulohu!
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Predstavme si, ze vrcholy grafu odpovidaji bodim, které se odpuzuji silou
klesajici se ¢tvercem vzdalenosti. Naopak hrany ptisobi jako guma nebo pruziny
a pritahuji pfislusné vrcholy silou rostouci se ¢tvercem vzdalenosti.

Program, ktery ma hledat nakresleni grafu (souvislé komponenty, tento krok
z klasického FeSeni si ponechdme) bude pracovat tak, Ze na za¢atku body rozmisti
nahodné a potom opakované v kazdém kroku vzdy pro jeden bod vypocte vektory
pritazlivych a odpudivych sil a polohu bodu upravi ve sméru daném souc¢tem
téchto sil.

Polohy bodu, ve kterych se tento pohyb ustali, nebo které se alespon uz
nebudou pfili§ ménit, pouzijeme jako vysledné polohy vrchold grafu.

4 TUloha 2: Hadani obrazku

Tato tloha je uméla, slouzi jen k tomu, abychom mohli pfedvést dalsi techniku
feSeni uloh. Pozdéji uvidime, ze stejnou technikou lze fesit i tlohy opravdoveéjsi.

Mame napsat program, ktery uhaddne obrazek uloZzeny v jiné ¢asti programu
(a zadany uZivatelem pfi startu programu). Takovyto typ tloh je pomérné casty
— nevime presné, co mame délat a jediné, co se dozvidame je, ze to, co délame,
neni spravné. Pokud se nam ale dostava informace, jak moc to neni spravné,
mame naptl vyhrano. Mizeme totiz pouzit druhou radu:

Rada 2.: Mate-li ilohu, kterou nechcete nebo neumite fesit. ..
...zapojte pfirozeny vybér!

Technika, kterou chceme pouzit, se nazyva geneticky algoritmus a lze ji vy-
svétlit opravdu jednoduse — méame-li hledat feSeni a mame k disposici ohodno-
covact funkci, kterd kazdy predloZeny pokus o feSeni ohodnoti, potom budeme
postupovat tak, ze si vytvoiime urcitou mnozinu feseni, neboli populaci, ze za-
¢atku vytvorenou ndhodné. Kazdy prvek populace nechame ohodnotit ohodno-
covaci funkci a potom ze soucasné populace vytvorime populaci novou, novou
generaci.

Pritom prvky nové generace budou nekteré prvky staré populace, vybér se
provadi ndhodné, ale s pfihlédnutim k ohodnoceni jednotlivych prvki, takze ti
jedinci populace, ktefi maji lepsi ohodnoceni, maji vyssi pravdépodobnost, ze
se objevi i v dalsi generaci — a déle také nékteré nové prvky vzniklé pomoci
operaci kriZeni a mutace.

Kfizeni znamena, Ze nového jedince slozime ze dvou jedincu staré populace
— a opét s prihlédnutim k ohodnoceni, takze tspésnéjsi jedinci maji vétsi Sanci
vyvést potomky.

Mutace oznac¢uje ndhodné vniklou chybu, s ur¢itou pravdépodobnosti po-
zménime néktery tdaj nebo udaje v popisu jedince. K ¢emu je mutace dobra,
uvidime za chvili.



142 Toméas Holan

Ze stavajici populace tedy vznika populace nova, z ni zase nova a pri vy-
tvareni novych populaci maji vzdy vétsi Sanci prezit jedinci nebo jejich casti
(kiiZzeni), ktefi dosahovali lepsiho ohodnoceni. Postupné by se tedy v populaci
méli vyskytovat jedinci, ktefi se budou vice a vice pfiblizovat hledanému feseni.

N4&s program, ktery fesi ilohu hadani obrazku, pouziva zjednodusenou versi
genetického algoritmu — krok vypadé tak, ze z populace jen odstranime prvek
s nejhorsim hodnocenim a nahradime ho novym prvkem vytvofenym zkrizenim
dvou nejlepsich jedincd a pouzitim mutace.

Tento zjednoduseny zptisob je snazsi naprogramovat (i kdyZ ani stéidani ce-
Iych populaci neni t&zké naprogramovat) a navic mame zaruceno, Ze nemiizeme
ztratit jiz nalezené FeSeni s vysokym ohodnocenim (protoze ztracime vzdy jen
nejhorsi feSeni). Za toto zjednoduseni platime ,ztratou vykonu“, protoze vlastné
v kazdé nové generaci je jen jeden novy prvek, zatimco u vytvafeni celé nové po-
pulace by mohlo byt novych jedinct vice a tim by byla i vétsi Sance rychleji najit
lep$i fesSeni.

Ohodnocovaci funkce je jednoduchi, jedinec-obrazek je bod po bodu porov-
nan s (tajnym) cilovym obrazkem, za kazdy uhadnuty bod je hodnoceni zvyseno,
za kazdy neuhddnuty bod je hodnoceni sniZzeno (coz je zbyte¢né, mohlo by ztstat
stejné).

Kfizeni probiha tak, ze kazdy bod obrazku nového jedince je ndhodné vybran
od jednoho nebo od druhého rodice.

Mutace potom znamena nahodnou zménu ndhodné vybraného bodu.

Na pravdépodobnosti mutace zalezi, jak rychle (a zda vibec) geneticky algo-
ritmus najde feSeni.

Kdyby mutace neexistovala (kdyby jeji pravdépodobnost byla rovna nule),
nemohla by se v populaci objevit zadna nova informace.

Naopak pokud je pravdépodobnost mutace prilis vysoka, zmutovani jedinci
mutaci ztraceji informaci, kterou ziskali od svych predki.

Neékdy se ovSem mtze vyplatit pravdépodobnost mutace ménit v pribéhu
vypoctu, naptiklad na zacatku nastavit pravdépodobnost vyssi a po tom, co uz
byla dosazena urcitd kvalita feSeni, mutaci snizit.

Genetické algoritmy tedy predstavuji metodu, jak hledat feseni, pokud doka-
Zeme kazdy pokus o FeSen{ popsat pomoci dat (gen) a pokud mame k dispozici
ohodnocovaci funkci. Jejich GspéSnost je ruznd, zalezi zejména na tom, jak spo-
jity je vztah mezi genem a ohodnocenim.

5 TUloha 2’: Brouéci

Geneticky algoritmus si ukazeme jesté na dalsich prikladech. V tomto pfikladu
nemame jasné zadani, pokud bychom ho prece chtéli zformulovat, znélo by asi
takto:
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Zadani:

Méjme ddn svét, ve kterém Ziji broucci. Broudci se uméji pohybovat (otocit se
doprava nebo doleva nebo udélat krok), vidi (pred sebe a do stran) a jejich po-
travou jsou (ostatni) broucci. Najdéte algoritmus, kterym se md broucek Tidit,
aby nezahynul hlady ani nebyl seZrdn.

Kdyz broucek nemd zaddnou pamét, lze jeho algoritmus popsat pomoci funkce

(CoJeVievo,CoJeVepredu, CoJeVpravo) — Tah
Tuto funkci mizeme nahradit tabulkou.

Populace broucki je v programu viditelna, broucek je znazornén Sipkou oto-
¢enou ve sméru pohledu broucka, barva urcuje, kolik broucku jiz broucek snédl.
Vyvoj neprobiha po kolech, ale jednotlivi broucci se stfidaji v tazich a vzdy,
kdyz pocet broucki klesne pod urcitou mez, jsou vytvoreni novi broucci z nej-

vvvvv

vvvvvv

Pred sebou: NIC BROUK
Napravo: N B N B
Nalevo N: < > - >
Nalevo B: < > - X

Obr. 2. Priklad algoritmu, ktery dokazal sezrat 22 brouckd.

Zobrazeny algoritmus bychom slovy mohli popsat tfeba takto:

— je-li pfed tebou brouéek a napravo nic, jdi dopfedu (Zer)

— je-li napravo broucek, oto¢ se doprava s vyjimkou pfipadu, Ze je broucek
i pred tebou i nalevo, pak nedélej nic

— neni-li broucek pied tebou ani napravo, oto¢ se doleva.

6 Uloha 2”: Broudci s paméti

Brouéci v minulém pfikladu nemaji zddnou pamét, jejich algoritmy tedy predsta-
vuji pfimocaré rozhodovani na zakladé toho, co vidi. Jak by se zménilo chovani
a hlavné schopnosti broucki, kdyby si mohli pamatovat?

Pamét broucktim pfiddme tak, Ze krom informace, co pravé vidi, budou mit
informaci o tom, v jakém jsou stavu. Stav bude proménné z rozsahu jedna az
maximalni povoleny pocet stavi.

Algoritmus broucka bude tedy opét mozné vyjadrit funkci a tabulkou, pouze
funkci pfibude jeden parametr a tabulce dalsi rozmér a vysledkem funkce a ob-
sahem policka v tabulce bude nejenom akce, kterou ma broucek provést, ale také
udaj, do kterého stavu ma prejit.
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Schopnosti broucki budeme mérit tak, ze budou sbirat potravu v bludisti,
a budeme vyhodnocovat, kolik potravy se kterému brouckovi podafilo nalézt.

Kazdé policko bludisté miize obsahovat potravu, nepriichodnou zed nebo nic
— tedy prazdny prostor, kterym lze projit.

Abychom ovérili vSestrannost algoritmu, ktery broucek mé, budeme kaz-
dého broucka testovat na deseti bludistich, ktera se 1isi mnozstvim potravy, zdi
a prazdnych policek. Z kazdého bludisté uréime, kolik procent potravy broucek
nasel a vysledky (jako procenta nalezené potravy) za jednotliva bludisté budeme
skladat s tim, Ze nejhorsi vysledek se bude zapocitavat s pétinasobnou vahou.
Bludisté jsou vygenerovana ndhodné, ale pro vSechny broucky stejna.

Hvézdicky oznacuji potravu, pismena M piekdzky a mezery volny prostor,
¢isla nad kazdym bludistém udéavaji pocet hvézdicek. Bludisté je na toroidu,
takze nejpravéjsi sloupec sousedi s nejlevéjsim sloupcem a prvni fadek sousedi
s poslednim radkem.

Souhrnné vysledky broucka pouzijeme jako ohodnocovaci funkci pro genetic-
ky vybér v populaci brouckt.

Nase zkoumani skoncilo u dvou resp. t¥i stavli, protoze uz dva stavy stacily
k tomu, aby broucek dokazal sebrat vSechny dostupné hvézdicky kromé dvou,
pri tfech stavech potom vSechny hvézdicky az na jednu.

7 Vsuvka: Historka o magnetofonu

Na tvod k dalsi radé uvedeme nejdiive jednu historku. Pfedstavme si, Ze mame
magnetofon s pocitadlem zaznamenavajicim otacky navijeciho kotouce.

Zadani:
Napiste program, ktery dokdZe vzdjemné prevddét stav pocitadla magnetofonu
a odehrany cas.

Historka z nazvu kapitoly spo¢iva v tom, Ze jsme zmérili prameér navijeciho
kotoude, tloustku pasky, vyjadrili délku navijené pasky...— a dostali cosi nepo-
uzitelné nepfesného. Tim tento pokus skondil.

Po ¢ase nas napadlo nestarat se o véci, jako je navijeci kotou¢ nebo tloustka
pasky a prosté zkusit néjak aproximovat funkci urcujici vztah mezi otackami
a Casem.

Linearni ten vztah neni, tak jsme zkusili kvadratickou funkeci.

Kvadratickou funkci mtzeme vyjadrit jako

y= Az’ 4+ Bz +C
a potfebujeme tedy jednom uréit hodnoty A, B a C.

K urceni téchto hodnot a k urceni celé kvadratické funkce stac¢i znat hodnotu
funkce ve tfech bodech. Nulovému ¢asu odpovidaji nulové otacky, zjistili jsme
jesté stav pocitadla po previnuti celé kazety (45 minut) a uprostied. Vypoctené
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koeficienty urcily funkci — kterd, na rozdil od pivodniho vypoctu, davala velice
presné vysledky! A to presto, Ze tento vypocet nemél nic spole¢ného s tim, co
vztah mezi pocitadlem a ¢asem vytvari, zddna tloustka pésky, zadky prumér
navijeciho kotouce...Pomohlo podivat se na problém jako na cernou skrinku,
nemyslet na to, co je uvniti a jen sledovat jeho chovani.

Rada 3.: Mate-li 1llohu, kterou nechcete nebo neumite Fesit. ..
...zkuste se na ni podivat z odstupu!

8 TUloha 3: Rozpoznavani pismen

Tato tloha souvisi se zndmou tlohou rozpoznévéani pisma (OCR). Predpokla-
dame, ze uz byly nalezeny oblasti textu, oddéleny radky i jednotlivé znaky a nyni
je tfeba rozpoznavat pismena.

Zadani:
Napiste program, ktery bude rozpozndvat pismena zadand jako bitovd mapa.

Predpokladejme, Ze mame dan rastrovy obrazek, pro jednoduchost jsou jeho
body pouze ¢erné nebo bilé. Nasim tikolem je pro dany obrazek urcit, jaky znak
je na ném zobrazen.

Tato tloha byva fesena mnoha ,klasickymi“ zpusoby, ukazme si jedno jiné
feSeni a pred nim dalsi radu:

Rada 4.: Mate-li ilohu, kterou nechcete nebo neumite Fesit. ..
...omezte se na resSeni v ur¢itém tvaru!

Nase, ponékud naivni, feSeni bude zalozeno na tivaze, ze je-li pismen 26, je
to méné nez 2° a tedy pro rozliSeni jednotlivych pismen si staéi z celého rastru
v§imat pouze péti bodi.

Algoritmus rozpoznani potom bude trividlni, barvy onéch péti bodi mohou
tvofit celkem 32 kombinaci a nahlédnutim do tabulky pro kazdou kombinaci
zjistime, o jaké pismeno se jedné.

Zbyva nam jina tloha, jak najit spravnych pét bodu.

Nefesime tedy uz ulohu rozpoznavani znakd, feSime tlohu, jak nalézt pétici
bod na obdélniku danych rozméri, ktera ma tu vlastnost, ze pro kazdé z dvaceti
Sesti pismen dava jinou kombinaci ¢erné a bilé barvy.

Zptisob, jak takovou pétici nalézt uz zname — hledame vlastné deset cisel
T1,Y1,%2,Y2 - - - T5, Y5, pro kterd plati

F(I17y1,$27y2--~$57y5) = 07
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kde funkce F' je funkce, kterd pro jakoukoliv pétici bodt, neboli desetici svych
parametri, spocte pocet chyb—kolizi, pfipadtl, kdy dvé rtiznd pismena dala stej-
nou kombinaci barev.

Funkci F' je snadné spocitat i naprogramovat a protoze v ni mame ohodno-
covaci funkci, mizeme nase body najit pomoci genetického algoritmu.

Poznamka:

Geneticky algoritmus neni jedind moznost a nijak to neznamenad, Ze tlohu roz-
poznavani znaki Fesime pomoci genetického algoritmu! Geneticky algoritmus
pouzijeme pouze jednou, v dobé tvorby naseho rozpoznavaciho programu, aby
nam nalezl vhodné koeficienty; ostatné kdybychom meéli dost trpélivosti, dokazali
bychom je zifejmé najit i prostym mechanickym prohledanim vsech pétic bodti.

Tato tloha je samoziejmé zjednodusend, predpoklddame jen jeden typ pisma,
neptredpokladame chyby, hledani bezkolizni pétice také mutize trvat dlouho. .. ale
nic ndm nebrani misto pétice hledat tfeba desetici bod a navic si tfeba do
ohodnocovaci funkce predepsat, ze pocita kolize i pfi zméné jedné hodnoty — t;j.
ze pozadujeme, aby se kombinace v bodech lisila ne alespon v jedné, ale tfeba
ve tfech hodnotach. Tim ziskdme odolnost vici chybé — i kdyz nékde bude
misto ¢erné bild nebo misto bilé cerné, nase body budou stale spravné urcovat
pismeno.

Zrovna tak nemusime vyhodnocovat na dvaceti Sesti pismenech, ale mizeme
mit testovaci data, kde budou pismena raznych znakovych sad nebo riazné zmr-
zacena, zasuména atd. Pokud algoritmus nebude konvergovat, muzeme zvySovat
pocet bodu.

9 Uloha 4: Obchodovéani s akciemi

.....

obchodovani s akciemi, konkrétné rozhodovani, zda v urcité situaci akcie urcitého
druhu koupit nebo prodat nebo drzet.

Mozn4 jsme uZ nékde slyseli ,, Akcie klesaji, musim je prodat!“ a jindy zase
»,Akcie klesaji, je ¢as nakupovat“, ze stejnych podminek rtzné zavéry. A mozna
bychom chtéli znat ,ta spravna“ pravidla.

Zadani:

Napiste program, ktery nalezne pravidla prindsejici pri obchodovdni s akciemi
nejuétsi zhodnoceni. Vstupni informace pravidel jsou kurs a objem obchodovdni
dnes a ve trech okamZzicich v minulosti — pred 2, 20 a 100 obchodnimi dny.

Pravidla budeme hledat geneticky (rada ¢islo 2). Prvkem populace bude
obchodnik, ktery mé urcitou soustavu pravidel, jak obchodovat. Ohodnoceni
této soustavy pravidel-gent probéhne tak, Ze obchodnikovi dame urcité mnoz-
stvi penéz, nechame ho, podle jeho pravidel, obchodovat na skute¢nych tidajich
z prazské bursy a uvidime, jak se mu podafi danou vychozi ¢astku zhodnotit.

Omezime se na pravidla v ur¢itém tvaru (rada ¢islo 4 a zadani tlohy).
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Mohli bychom ohodnocovat samostatna pravidla, ale misto toho bude mit
kazdy obchodnik pravidel vice a kazdému pravidlu pfifadime urcitou vahu.

Mohli bychom vybirat pravidlo s nejvétsi vahou ale tim bychom ztréaceli vy-
hodu toho, ze mame vice pravidel. Misto toho vyhodnotime vSechna pravidla
a u téch, kterd maji splnéné predpoklady, pfipocteme jejich vahu k vaze akce,
kterou doporucuji. Tedy jakési hlasovani, kde rtizna pravidla maji rtzné silny
hlas, ale i na tom, kdo m4 hlas nejslabsi, miize nékdy zaviset vysledné rozhod-
nuti.

Rada 5.: Mate-li illohu, kterou nechcete nebo neumite resit. ..
...a potrebujete-li vybirat mezi vice mozZnostmi. ..
...pFihlédnéte k ruznym hlediskum. ..
...prifadte jim vahy...
...a nechte je hlasovat!

(Spravné vahy muZete najit geneticky.)

Typ pravidla potom bude:

type
TGen = record
Hodnota: real;
case integer of
20: (A2:array[0..2] of { nakup, prodej, drzet }
array[1..MaxDozadu] of
record
prahK, vahak,
prah0, vahaO: real;
end) ;
21: (DNK: array[1..DelkaGenu] of real)
end;

Pro kazdou z akci a pro kazdy den v minulosti, se kterym miizeme srovnévat,
mame dvé podminky, jednu pro objem a jednu pro kurs, pfi¢itajici svou vahu
k vaze této akce, pokud pomér kursu resp. objemu tehdy a dnes prekrocil dany
prah.

Pro prah vétsi nez 1.00, napfiklad 1.10 to pfitom znamend, ze pomér je
vétsi nez hodnota prahu, pro prah mensi nez 1.00, napiiklad 0.95 to znamena, ze
pomér je mensinez hodnota prahu. Tim se zbavujeme nutnosti uddvat znaménko
nerovnosti.

V deklaraci je vidét, ze se zarover na celou genetickou informaci muzeme
divat jako na pole hodnot typu real, coz nam usnadni kiizeni a mutaci.

Napriklad z tdaji o obchodovani s akciemi Komeréni banky za obdobi od
5.4.1994 do 19.6.2002 byla nalezena pravidla zhodnocujici pocatecéni vklad vice
nez sedminasobné.
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Pozor:

Neni zajimavé, Ze pouZijeme-li data za osm let obchodovdni s jednim druhem
akcit, dokdazZeme najit mnoZinu ndkupi a prodeju, kterd pocdtecns investici néko-
likrdt znasobi. Zajimaveé je, Ze dokdZeme najit pravidla, pFi jejichZ dodrzeni lze
pocateéns investici takto zhodnotit!

Pozor 2:
Prenositelnost takto naucenych pravidel na jing cenny papir nebo i na stejny
cenny papir v jiném case. . . je velice $patnd.

10 Uloha 5: Vodovodni baterie

Uz vime, jak hledat odpovéd na otdzku polozenou v tvodu.

Gen bude tvofen dvéma maticemi (obrazky, bitovymi mapami) popisujicimi
obé desti¢ky. Seda barva znamend nic, Gervend piitok teplé, modra piitok stu-
dené, zluta odtok, ¢ernd prohluberi. (Pokud vidite obrézek bez barev. .. éernou
poznate, Sed4 je ten odstin Sedé, ktery je v levé i pravé poloviné obrazku, modra
a Cervena se vyskytuji pouze v levé poloviné obrazku a to symetricky, a zluta je
ta zbyvajici barva v levé poloviné obrazku.) Hledat budeme geneticky, vyhodno-
covaci funkce hodnoti odchylku vypoctenych pratokt od kiivky poZadovanych
prutokt pfi rtiznych pootocenich a posunech.

_4
Obr. 3. Vysledné tvary a prutoky.

Do ohodnocovaci funkce jsme zapomnéli pfidat podminku, Ze otvory maji
byt souvislé. . . tuto ipravu ponechavame Ctenari.

11 Zavér
Uvedli jsme nékolik technik, jak postupovat pfi feseni tloh pfili§ obtiznych pro

standardni zpusoby Feseni. Jednotlivé techniky jsou presentovany na feseni sedmi
uloh. Plny text, obrazky a zdrojové texty lze najit na adrese

http://ksvi.mff.cuni.cz/"holan/jinak

Reference

1. Wirth N.: Algoritmy a Struktary tdajov. ALFA, Bratislava 1988.



Opomijené aspekty profilu absolventu
informatickych obora*

Jaroslav Krél, Michal Zemli¢ka, and Alena Koubkova,

Univerzita Karlova, Matematicko-fyzikalni fakulta, Katedra softwarového inzenyrstvi
Malostranské nam. 25, 118 00 Praha 1
{kral,zemlicka,koubkova}@ksi.ms.mff.cuni.cz

Abstrakt Soucasné trendy v softwaru, jako je orientace na sluzby, agilni
formy vyvoje, vyuzivani customizovanych systémi, programovani webo-
vych stranek a outsourcing sméfuji k vyrazné redukci podilu klasického
programovani na vyvoji softwaru. Roste naopak rozsah ¢innosti, pti kte-
rych je nutnad tuzkad spoluprace s neinformatiky. Tento trend vyvolava
stale urgentnéjsi potfebu vyssiho porozuméni znalostnich obort uziva-
tel, uzsi spolupréace s uzivateli a stale Sirsiho pouzivani hotovych sys-
tému. Potfeba klasického programovani klesa, zatimco specifikace po-
zadavkd a také podpora provozu systémi jsou presunutelné do zahra-
ni¢i v daleko mensi mite, nebot zavisi na kultufe uzivateli, jejich jazyce
a mistnich kontaktech a zvycich. Mnozi absolventi informatickych obori
vSak precenuji svoji schopnost dobfe programovat a neradi spolupracuji
s odborniky jinych obort. Symptomem tohoto pristupu je kromé jiného
neochota akceptovat pristupy experimentalnich véd, jednat se zdkazniky
a pouzivat matematickou statistiku jako dilezity nastroj pfi své praci
a pfi spolupraci s uzivateli. Dulezitym prostfedkem zmény je spravnd in-
tegrace matematické statistiky do znalostniho profilu informatikt. Je to
obtizné, nebot u mnohych studentt je odpor k experimentalnim védam
a introverze vyrazny osobnostni rys a divodem, pro¢ prichézeji studovat
programovani. Soucasna kurikula na tento problém nedostatecné reaguji.
Soucésti kurikula by proto mélo byt dostate¢né mnozstvi vyuky experi-
mentalnich obori a komunikacnich dovednosti a méla by se vice pouzivat
statistika jako nastroj poznavani svéta vCetné informatiky. Matematicka
statistika a teorie pravdépodobnosti jsou v informatice silné podceno-
vany i jako zdroj poznatka dutlezitych pro informatiku, jako je vyzkum
a analyza algoritmi, planovani a fizeni softwarovych praci a specifikace
pozadavki.

1 Uvod

Soucasné trendy v softwaru, jako je orientace na sluzby nebo outsourcing smétuji
k vyrazné redukci podilu klasického programovani na vyvoji softwaru. Roste na-
opak rozsah ¢innosti, pfi kterych je nutna uzka spoluprace s neinformatiky (uzi-
vateli). Ta je také nutnd u nékterych modernich forem vyvoje softwaru, jako jsou

* Tato prace byla podporovéna grantem Grantové agentury CR ¢&. 201/03/0911 a pro-
jektem ”Informacni spole¢nost” ¢islo 1IET100300517.
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agilni formy vyvoje nebo navrh a implementace rozhrani sluzeb v servisné orien-
tovanych architekturach softwarovych systému. Klicovym poZzadavkem je schop-
nost komunikovat s uzivateli a tedy chapat jejich obor znalosti a jejich filosofii
feSeni problému. To vyzaduje pouZivat jazyk a pojmy, kterym uzivatel rozumi
(tedy spise odborny jazyk uzivatele), chdpat potieby a cile uzivateld, v jistém
smyslu byt schopen myslet jako oni. Vyzaduje to také schopnost byt schopen
komunikovat s lidmi. Znalostni obory riznych uzivatelt mohou byt rtizné. Jed-
nou z podstatnych podminek je proto akceptace pristupti experimentalnich véd
a schopnost pouzivat matematickou statistiku podobné, jak ji pouzivaji experi-
mentalni védy. Statistika je dtilezita pfi fizeni projektt, méfeni softwaru (sbér
a analyza softwarovych metrik), ve funkcich systému pozadovanych uZivateli
(pfedevsim ve funkcich podporujicich ¢innost managementu), analyze algoritmua
a datovych struktur a pro méfeni kvality dat a kvality a efektivnosti softwaro-
vého systému.

Matematicka statistika by méla byt daleko vice integrovana do vyuky infor-
matiky pocinaje ivodnimi pfednaskami. Jinak hrozi, Ze studenti jesté vice omezi
svou schopnost komunikace s lidmi, zvlasté s témi, pro které je informatika po-
mocny obor. Pak ovSem budou studenti informatiky znevyhodnéni v kariérnim
rastu a postupné i na celosvétovém trhu prace. Spolu se statistikou je samoziejmé
nutné cvic¢it komunikacni schopnosti véetné zaklad odborného stylu a pouzivani
prirozeného jazyka a seznamit se s nékterymi experimentalnimi védami, hlavné
s tim, jak experimentalni védy poznavaji svét.

Pro ilustraci tohoto problému uvedme nékolik vyroki:

— 7J4 o ty nafoukané informatiky nestojim. Snéze dou¢im strojafe programo-
vat, neZ informatika spolupracovat s uzivateli.” (vedouci stfedni softwarové
firmy, Bochum)

— 7J& nemohu ty arogantni programéatory pustit k uzivatelim. Hned je svou
nafoukanosti a neschopnosti se vyjadrit nastvou a ohrozi tim cely projekt.
S uzivateli ale musi nékdo spolupracovat. A tak shanim jinde.” (vedouci
softwarové firmy, Brno)

— 7Jsem s informatiky z mistni univerzity docela spokojen. To, Zze umi pro-
gramovat, je cenné, ne vSak rozhodujici. Programovat je dokadzeme, pokud
maji slusné zaklady, snadno naucit. Vice nam ale pomahé, ze umi aplikovat
ve své praci neinformatické znalosti (napf. dovednosti souvisejici s umélec-
kou grafikou), které jsou mimo nase znalosti. Zéasti to plati i pro moderni
informatické technologie, napf. grafické databédze.” (vedouci jiné softwarové
firmy, Brno)

— v Australii je dnes primeérna nezaméstnanost 5,5%. Nezamé&stnanost infor-
matiki je 11%, ale programétort plnych 18% (z vystoupeni Prof. J. Votfiska
na konferenci DATAKON 2004)

V USA jiz nejsou informatické profese zarukou dobrého zaméstnani. Ucastnici
konference IRMA2004 byli v tivodni prednéasce seznameni s planem statu Lui-
siana na vybudovani spole¢ného pracovisté pramyslu, statu a universit s cilem
omezit outsourcing vyvoje softwaru do Indie. Jiné feseni nabizi [1].
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Podle mnoha prizkumt, viz napf. [2] nebo www.standishgroup.com, vice nez
80% néklad na népravu chyb, ke kterym doslo pfi vyvoji softwaru, jde na vrub
chyb, ke kterym doslo pii specifikaci poZzadavktu. Chyby ve specifikacich vznikaji
prakticky vyhradné jako disledek problému ve spolupraci mezi uzivateli a vyvo-
jéFi (neporozuméni, problémy mezilidské komunikace a spoluprace). Problémy
ve spolupraci mezi vyvojari a uzivateli a nedostatky v oblasti managementu
softwarovych i uzivatelskych firem jsou rozhodujici pro tspéch nebo netspéch
softwarovych projekti. Pokud chceme Uspésné realizovat softwarovy projekt,
musime se postarat o dobry management projektu jak se strany nasi softwarové
firmy, tak i o manaZerskou podporu se strany managementu zakaznika. Musime
umét najit spravné lidi u uzivatele pro specifikaci pozadavki, navazat s nimi spo-
lupraci a chapat jejich pozadavky a spravné je formulovat. Je proto zadouci, aby
nasi studenti dobtfe rozuméli i problematice managementu. Potfebuji to casto
i pfi specifikaci pozadavki na funkce systému, které jsou stale castéji urceny
k podpofe managementu.

Vsimnéme si, ze naSe klicova zjisténi vychazi ze statistické analyzy dat o soft-
warovych projektech. Statistika je kliCovym nastrojem efektivniho vyvoje soft-
warovych systémi. Uvidime, ze mtize prispét i k prevenci né€kterych nevyhodnych
vlastnosti a postoju informatikt. Klicem k tspéchu jsou schopnost komuniko-
vat a pouzivat adekvatné prirozeny jazyk, schopnost spolupracovat s zakazniky
a pouzivat statistické nastroje.

Blizko ke klasickému programovani méa vyvoj domacich stranek. To vsak také
vyzaduje schopnost spolupracovat s uzivateli a znalosti z oblasti psychologie
a estetiky. Navic je dosti pravdépodobné, Ze si mnohé stranky koncovi uzivatelé
naprogramuji sami (viz End User Programming, www.cs.uml.edu/ hgoodell/
EndUser/, nebo CACM 9/2004).

Absolventi informatiky se zatim na trhu prace dobfe uplatiiuji. Nemusi to tak
ale byt stale. Mozné hrozby se mohou uplatnit v pomérné blizké budoucnosti.
Védomi této skutecnosti zatim neproniklo do studijnich plant vyuky informatiki
na universitach i technikach, véetné plani mezinarodné uznavanych jako jsou do-
poru¢eni ACM nebo EUCIP, dokonce i CC-2004. Napriklad problematika spe-
cifikace pozadavki a statistické metody hodnoceni kvality jsou zminovany dosti
okrajové a to jesté s orientaci na vyhradné objektovy pohled.

2 Servisni orientace a potieba opustit kyberprostor

N

blematice vyvoje rozlehlych softwarovych systému a k podpofe ¢innosti manage-
mentu. To je spojeno s rostoucim vyuzivanim existujicich aplikaci a produktt
tfetich stran, uzsi spolupraci s uzivateli (véetné jejich managementl) a vyS$sim
stupném kvality analyzy dat a kvality samotnych dat.

Tyto trendy vedly k pfechodu k servisné orientovanym architekturdm (SOA),
coZ jsou virtualni peer-to-peer (p2p) sité autonomnich komponent, které se cho-
vaji jako sluzby v systémech hromadné obsluhy. Z toho divodu se takové softwa-
rové komponenty nazyvaji sluzbami. O architekture takovych systémi rikame, ze
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je servisné orientovana. Divodu k pouziti principu servisni orientace je mnoho.
Historicky nejstarsimi servisné orientovanymi systémy byly systémy podporujici
spolupraci redlnych procesti, které mély samy charakter sluzeb, jako jsou systémy
Fizeni vyrob [3]. Kli¢ové principy servisni orientace lze vysledovat v opera¢nich
systémech pouzivajicich symetricky multiprocessing a leccos dokonce v kobol-
skych systémech z Sedesatych let.

Servisni orientace se stava rozhodujicim paradigmatem soucasného softwa-
rového inzenyrstvi z dalsich divodi, které se staly aktualnimi v poslednich le-
tech. Moderni hardware umoznil konstrukci snadno pouzitelného systému glo-
bélni spolupréace aplikaci (middlewaru). Ukézalo se, ze opravdu velké systémy
nelze koncipovat jako logické monolity, nebot je nutné z diivod organizac¢nich,
ekonomickych, politickych a pfedevsim softwaroveé inzenyrskych pouzivat existu-
jici aplikace, aplikace tietich stran a nové aplikace vyvijené autonomné. Resenim
je servisni orientace. Servisni orientace umoznuje, aby software mél kli¢ové soft-
warové inZenyrské prednosti jako modifikovatelnost, pouzivani déavkovych apli-
kaci, ruzné formy ladéni a ruzné formy datové podpory, inkrementalni vyvoj
atd. [4], [5].

Stabilita feSeni a dalsi uzivatelsky dulezité vlastnosti servisné orientovanych
softwarovych systému silné zdvisi na hranicich a rozhrani sluzeb. A také na
tom, zda se komunikujici sluzby navzajem znaji, jako je tomu v pfipadé fizeni
vyrob, e-governmentu a mnoha dalSich situacich, a zda nikoliv, tj. zda musi pred
zacatkem komunikace partnera nejdiive vyhledat, jako je tomu v e-komerci.

Hranice sluzeb a rozhrani sluzeb v SOA [4], [6] by mély byt uzivatelsky
orientovany. To znamenad, Ze jejich rozhrani musi byt podobné rozhranim slu-
zeb redlného svéta. To vyzaduje tzkou spolupraci informatikt a uzivatela. Stale
vétsi usili je vénovano podpore manazerskych ¢innosti. To vSe vyvolava potiebu
uzsi spoluprace s uzivateli na vSech stupnich hierarchie a rostouci potiebu ro-
zumét problematice analyzy a kvality dat pro potfeby managementu uzivatele,
pro hodnoceni vlastnosti produktu, jako je efektivnost a spolehlivost, a pro kon-
trolu a optimalizaci procesu vyvoje, provozu a udrzby systému. Uzka spolupréce
s uzivateli je podminkou uplatnéni modernich trendt ve vyvoji softwaru, jako je
extrémni programovéni [7] nebo agilni formy vyvoje [8]. Studijni profily to ale
dostatecné nezohlednuji.

Shrneme-li vyse uvedenou diskusi, zavisi schopnost spolupracovat s uzivateli
na trech hlavnich podminkéch:

1. na schopnosti porozumét potifebam uzivateli;

2. na schopnosti s uzivateli spolupracovat, coz kromé porozuméni potiebam
vyzaduje jistou troven schopnosti diskutovat a vyjadfovat se;

3. na ochoté se s uzivateli viibec bavit a prekracovat hranice informatiky?.

Hlavni principy orientace na sluzby jsou znamy velmi dlouho. Je také jiz od dob
COBOLu znamo, ze jsou servisné orientované systémy neobycejné stabilni. Mo-
hou byt pouzivany prakticky bez tdrzby po celd desetileti [4], [9]. TotéZ je zndmo

! Je t¥eba, aby studenti informatiky ziskali respekt k dalsim (neinformatickym) obo-
rim i proto, ze odtud mohou ziskat mnohé uzitecné poznatky a stimuly.
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o SOA systémech Fizeni vyrob. Pfesto se orientace na sluzby prosazuje velmi po-
malu, nebot pro mnohé vyrobce softwaru neni pfijemné zménit své systémy tak,
ze by mohlo dojit ke snizeni otrocké zavislosti uzivatelti na produktech daného
vyrobce. Je tomu tak hlavné proto, Ze uzivatelé jsou dnes stale jesté presvédceni,
Ze nejlepsi je informacni systém dodany jedinym vyrobcem na kli¢ jako feseni
pouzitelné po dlouhou dobu beze zmén.

Informatici se na druhé strané musi se naucit uplatiiovat novou filosofii pii-
stupu k véci. To ovliviiuje nejen principy fesSeni, véetné specifikace pozadavki,
ale také marketing a metody spolupréce s uzivateli. To, Ze jsou principy servisni
orientace znamy po dlouhou dobu, a presto se obtizné prosazuji, naznacuje, o jak
obtiZnou zménu se jedna.

Informatici si musi nap¥. zvyknout neprogramovat od zacatku, myslet v ter-
minech sluzeb, pouZivat i davkova feseni atd. Informatici se nejradéji pohybuji
ve virtudlnim svété uvnit¥ pocitade (kyberprostoru), kde se nemusi starat o uzi-
vatele a redlny svét. Moderni trendy v softwaru je nuti tento prostor opustit.

3 Psychologické bariéry

Mnozi absolventi informatickych obori pieceniuji svoji schopnost dobie pro-
gramovat. Pfevazuje u nich podceniovani neprogramatorskych a nepocitacovych
oborfi. Casto se domnivaji se, Ze programovani je véci intelektualni soutéze. Ne-
radi komunikuji s odborniky nepocitacovych obort. Tento pristup nazveme hac-
kerskym syndromem, protoze byva velmi silné vyvinut u hackeri. Samoziejmé
zde minime hackery v ptivodnim smyslu, ktefi se nesnazili o zisk kriminalni
cestou. Symptomem takového pristupu je vySe zminovana neochota akceptovat
postupy experimentalnich véd a pouzivat matematickou statistiku jako duilezity
nastroj pii své praci. Informatika je obor, kde mohou skuteéné schopni jedinci
prokézat svoje intelektuélni kvality — at jiz v ponékud zvrhlé formé tvorby virt,
nebo v chvalyhodné formé v oblasti volné dostupného softwaru, jako je mnoho
aplikaci pro Linux i Linux samotny.

V informatice pravidla, jak se bude softwarovy produkt chovat, ¢asto, byt
mnohdy jen zdanlivé, urcuje informatik. Mize tedy pfitom zlstat ve svém svété,
v kyberprostoru. To do zna¢né miry diskvalifikuje informatiky pro kvalifikova-
néjsi prace v ranych stadiich zivotniho cyklu softwaru, pti fizeni vyvoje softwaru
a pri prodeji softwaru. Zaroven je odsuzuje k ¢innostem, které se daji pomérné
snadno pfesunout do Asie. Schopnost programovani se pomérné rychle snizuje
s v€kem. Lidé orientovani na kyberprostor nebyvaji vhodni pro praci v tymech.
Pfi praci v tymech pak ¢asto predstavuji hrozbu znamou jako antipattern Corn-
cob, viz www.antipatterns.com/briefing/.

4 Vycvik praktickych dovednosti

Pro vycvik potiebnych dovednosti a predevsim pro prevenci nevhodnych postoji,
je dulezité, aby se jiz v uvodnich pfednaskach z informatiky a pfi programaétor-
skych ¢innostech posluchaci seznamovali s problematikou celého Zivotniho cyklu
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softwaru véetné jeho statistickych aspekti. To je v podminkach Skoly obtizné,
zv1asté pri vyuce dovednosti potiebnych pro specifikaci pozadavku. Praktické
zkuSenosti s komunikaci s uZzivateli je na gkole velmi obtizné ziskat Céstecné
feSeni tohoto problému je pozadavek, aby studenti se brzy naucili zpfesnovat
ramcové zadani.

U bakalatfskych praci by se mély podporovat tymové projekty. Prostor pro
tymové projekty nezavislé na bakalaiskych pracich se po zavedeni bakaiského
stupné studia zmensil. S tim je spojen problém individuélniho zadéani a indi-
vidualniho hodnoceni praci studentfi. ReSenim by mohlo byt vyuziti principt
servisné orientovanych systému, kde lze jednotlivé ¢asti vyvijet autonomné a do-
sahnout odpovédnosti jednotlivych pracovniki za jejich kvalitu.

Dalsim opatfenim, které se napt. na MFF UK v Praze a na FI MU v Brné
celkem osvédcilo, by mohlo byt zarazeni prednasek o odborném stylu a diiraz na
kvalitu uzivatelské dokumentace a specifikace pozadavkt v informatickych pred-
naskach a vycvik dovednosti jak komunikovat a jak prezentovat. Dokumentace
by méla mit minimalni rozsah nutny k tomu, aby se dal systém nezavisle znovu
vyvinout, a hlavné, aby se dal pouzivat bez pfitomnosti autora (viz agilni formy
vyvoje). To by mélo byt pravidlem pfi psani bakaléiskych a diplomovych praci
moderni doba ohrozuje vyvoj dovednosti mezilidské komunikace. Méné se Cte,
méné se diskutuje, hraji se pocitacové hry a mnoho ¢asu pohlti televize a video.

Velmi brzy by meéli byt studenti seznamovéni s“metodikami experimental-
nich véd, jako je fyzika &i sociologie, a statistickymi metodami zjistovani po-
znatkd o svété. Tento problém je urgentnéjsi na universitach nez na technikach.
Na technikach zase hrozi problém memorovani, ktery je v nékterych pripadech
nutny, jindy brani pfemysleni. Jiz v bakalaiském studiu by méli byt studenti
seznamovani s modernimi metodami Fizeni praci, v pfipadé nutnosti i na tkor
specializovanych informatickych poznatkt a mozné i klasickych matematickych
poznatk.

Integrace zasad matematické statistiky a experimentélnich véd je dilezitéa pro
informatiku samotnou, pro prevenci hackerského syndromu, a také pro kariérni
moznosti informatikt (aby napfiklad obstali v soutézi s ekonomy ¢i experimen-
talnimi fyziky, z nichz mnozi Gspésné pracuji na informatickych mistech).

5 Integrace matematické statistiky do studia

Matematicka statistika se uplatiiuje pfi navrhu a analyze softwarovych nastroju
uzivateli a pri specifikaci pozadavkt, napriklad pri feSeni problému, zda kvalita
dat umoznuje splnit ur¢ity pozadavek. Je rovnéz dilezita pfi obsluze softwaro-
vych systéml a pro porozumeéni neinformatickym obortim. Je velmi pravdépo-
dobné, Ze sama o sobé muze byt uzitecna pii prevenci nevhodnych postoji.
Bohuzel je dnes matematicka statistika ¢asto povazovana mezi studenty in-
formatiky za néco nepodstatného, obtizné pochopitelného, malo pouzitelného
a dokonce protivného. To je do znacné miry zpusobeno i tim, Ze matematické
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statistice a teorii pravdépodobnosti je v bakalarském studiu obvykle vénovana je-
diné jednosemestralni (nékdy dvousemestralni) pfednaska. Ve statistickych pred-
naskéach se malo pouzivaji priklady z informatiky. A naopak ani v informatickych
prednaskach se matematicka statistika, bohuzel, nepouziva.

V ramci soucasnych studijnich plant se studenti u¢i mnoho dzce zaméte-
nych a rychle zastaravajicich informatickych znalosti a dovednosti, jako je velmi
detailni znalost stavby operacnich systémi nebo pfekladacii. To je samoziejmeé
dilezita soucast profesnich znalosti. Jde vSak o znalosti, které jsou vétSinou
v praxi pouzitelné (na rozdil od matematické statistiky) jen nepiimo. Mélokdo
bude napftiklad programovat kompilator. To vSak neznamend, ze by o tom ne-
mél student nic védét. Jde ale o miru a rozsah znalosti, coz je véci optimalizace
znalostniho portfolia.

Podivame-li se na nabidku prednések nasich vysokych kol ale také doporu-
¢eni EUCIP 2004 nebo CC 2001 od ACM, lze se jen obtizné zbavit pochybnosti,
zda je profil studia optimalni. Pfedbézny ndvrh CC-2004 (www.acm.org/edu-
cation/Overview Draft_11-22-04.pdf) pfedstavuje jisty pokrok, ale napf. vyznam
statistiky nebyl ani zde podle dostupnych informaci rozpoznan.

Matematicka statistika je bohuzel ¢asto pfednasena pouze jako sucha mate-
matickd disciplina (definice — véta — dtikaz), a nikoli i jako néstroj poznévéani
svéta. Studenti informatiky se jen neradi smifuji s faktem, ze svét neni cernobily
a néco plati jen nékdy, a presto s tim musime pocitat, a naopak, je-li néco velmi
malo pravdépodobné, 1ze to zanedbat. To je vaZny profesni nedostatek, protoze
to znamena, Ze nasi studenti nejsou schopni kvalifikované fesit mnoho dilezitych
probléma.

6 Jak prekonat odpor informatiki ke statistice

Jak jsme uvedli, vétSina informatikt — predevsim ti, ktefi nade vSe miluji pocitace
a berou tvorbu softwaru jako intelektudlni hru — statistiku neznaji a nejsou
presvédceni ze je vibec potifebna. To je obvykle spojeno s nechuti spolupracovat
s uzivateli a chapat jejich potfeby. To je znacnd nevyhoda, protoze v SOA (a také
v agilnich formach vyvoje) roste vyznam stalé spoluprace s uzivateli [4], [6].

Z vyse uvedené diskuse vyplyva, Ze je redlnd nadéje, ze pokud se informa-
tici smifi s matematickou statistikou jako nastrojem analyzy dat, budou i snaze
schopni komunikovat s uzivateli a budou schopni 1épe rozumét jejich potiebam.
Toto presvédceni je zalozeno na dlouhodobych zkusenostech autort z vyuky im-
formatiky, statistiky i z praxe vyvoje softwarovych systému. Statistika je dile-
Zitou soucasti hodnoceni kvality dat. Soucasné je ovSem nutné fesit nedostatek
komunikativnosti informatiki [10]. Jako bonus lze ziskat znalosti pot¥ebné ke
zlepseni softwarovych procesi u softwarovych firem.

Problém je i v tom, Ze v informatické literatufe existuje mélo dobrych pii-
kladt aplikaci statistické analyzy dat. Matematické statistika se uci ptilis pozdé
a spise jako abstraktni matematicka disciplina. Pravdépodobné by bylo lépe sle-
vit trochu z exaktnosti a ucit pravdépodobnost a statistiku spiSe jako kuchaiku,
aby se jeji poznatky mohly vice vyuzivat v informatickych pfedmétech. Jednodu-
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ché aplikace matematické statistiky v informatice vyzaduji pouze stfedoskolské
znalosti, nevyzaduji proto absolvovani prednasky ze statistiky, a lze je tedy za-
hrnout do ivodnich pfednések z programovani. Exaktni prezentace statistiky by
méla byt soucasti magisterského studia. Je dilezité do této prednasky zahrnout
priklady ukazujici, Ze moderni statistické nastroje maji mnohem vétsi vypovidaci
schopnost nez hrubé grafické intuitivni postupy, které je nutné pouzivat v baka-
laFském studiu. Nedostatecnou integraci statistiky do studijnich plant trpi (viz
vyse) i nejnovéjsi ndvrhy profilii studia v€etné nejnovéjsiho pracovniho névrhu
CC-2004.

Pedagogové na informatickych katedrach to mohou povazovat za potvrzeni
toho, Ze lze pii vyuce informatiky vystacit s metodami orientovanymi na kyber-
prostor a Ze se nemusi starat o prevenci hackerského syndromu. Problém je i na
strané statistikti, ktefi se nesnazi zalozit vyuku pravdépodobnosti a statistiky
pro informatiky na ptikladech z jejich oboru. Ani v tomto pfipadé vSak nejsou in-
formatici zcela bez viny, nebot neposkytuji statistikiim vhodné priklady. Nékteré
takové priklady jsou uvedeny nize.

7 Kdy jaké statistické poznatky

Statistické znalosti lze z hlediska jejich pouziti v informatice rozdélit do nékolika
skupin.

1. Poznatky, které mohou byt soucasti specifikace pozadavki na funkce soft-
waru. Pfikladem jsou podklady pro rozhodnuti managementu. Tyto znalosti
Ize ¢ato uplatnit i p¥i Fizeni vyvoje softwaru.

2. Vysledky pouzitelné pfi vyvoji systému. Piikladem je rozhodnuti, kdy koncit
testovani a obecné vyhodnocovani metrik kvality softwaru.

3. Hodnoceni kvality softwaru a kvality dat.

4. Statisticka a pravdépodobnostni analyza algoritma a datovych struktur.

5. Méfeni vykonu.

Je dulezité, aby se statistické metody analyzy informatickych dat objevovaly
jako priklady v prednaskach z matematické statistiky a také v prislusnych in-
formatickych prednaskach, pokud mozno jiz v tvodnich informatickych kursech.
Uvedme nékteré priklady.

Ucinnost testovani Je znamo, Ze testovani ¢asti odhali 24% chyb, integraéni
testovani 24% chyb a testovani systému 36% chyb. Jakéa je i¢innost provedeni
vSech t¥1 testi? Zminit se o pfedpokladu nezavislosti a také o tom, Ze se spise
odhali ty chyby, které maji vétsi pravdépodobnost, ze zpiisobi chybnou praci
systému. Takze vysledek neni tak hrozivy, jak vypada, slava to ale neni.
Je-li (i¢innost vyhledavani chyb pii testovani provadéné jeden tyden x, jaka
bude tc¢innost testovani provadéné n tydni? Predpokladame pii tom, Ze jsme
schopni U¢inné testovat po celou dobu n tydnd. Jednoduchym zavérem je,
7e nelze smysluplné pozadovat, aby software nemél zadné chyby.
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Kdy ukoncit testovani (a také inspekce) Kriterium pro ukonceni testovani
lze zalozit na vyhodnocovéni, zda frekvence selhéni (incidenti, tj. pfipadi
chybné prace systému) pii testovani klesla pod uréenou mez. To lze vyhod-

vvvvvv
vvvvv

vz

V pozdéjsich prednaskach lze aplikovat jednodussi metody a zakladni prin-
cipy teorie spolehlivosti véetné odhadu primérné doby mezi poruchami.

Scrambling Pii pfenosu dat po vodiéi je pro néktera zarizeni dilezité, aby se
pocet nul a jednicek ve kazdé delsi zpravé Z ptiblizné rovnal. Scrambling
tento problém fesi tak, ze odchozi zpravu superponuje pomoci operace xor
s ndhodnou posloupnosti bitit N (vzorkem bilého Sumu, bity jsou nezavislé
a obé jejich hodnoty stejné pravdépodobné), ¢imz ziskdme zpravu Z’. Na
piijmu se provede superpozice N xor Z’.

Hodnoceni kvality a zmén kvality ¢asti softwaru a kvality pracovniku
Prikladem je hledani komponent s vyznamné vyssim poctem problémt na
1000 Fadka programu. Lze pouzit histogramy (napf. v Excelu) v ¢asnych
prednaskach a statistické metody zalozené na pouziti t-testu, pripadné jiné
statistické postupy v pozdéjsich prednaskach. Histogramy pro hodnoceni vy-
konu poskytuji nékteré databazové systémy. Podobnymi technikami lze hod-
notit kvalitu prace programatoru ¢i efekty pouziti vyvojovych metod a na-
strojii v softwarovém inzenyrstvi. Pro slozitéjsi softwarové produkty plati
poznatky teorie spolehlivosti (napf. zndma vanové kiivka). Pfi Fizeni praci
na softwaru byva nutné rozhodnout, zda je tieba systém prepsat (je-li jiz ve
stoupajici vétvi vanové kiivky). Hrubd metoda je sledovani, zda frekvence
selhani vybocuje z hranice intervalu spolehlivosti urceného z dat naméte-
nych ze dna vanové kiivky. V prednasce o matematické statistice je mozné
ukézat, o¢ presnéjsi je v tomto piipadé pouziti t-testu nez pouziti hrubé
grafické metody. Podobné postupy lze pouzit pfi sledovani frekvence komu-
nikace s ruznymi adresami. Ty se vyrazné lisi pro ty co pracuji a ty, co si
hraji. Daji se tak indikovat pocitacové zavislosti lidi na kyberprostoru nebo
detekovat spamy.

Aplikace poznatku z teorie systému hromadné obsluhy Poznatky a vy-
sledky teorie hromadné obsluhy lze pouzit ve spravé siti, jsou dilezité pti
vyvoji operacnich systémi, p¥i rozhodovéani zda a jak zvysit kapacitu (napf.
priddnim zdroj v komunikaénich sitich ¢i klonovanim sluzeb v SOA). Nej-
jednodussi aplikace, pri niz staci stfedoskolské znalosti, je volba kapacity
serveru jako hranice konfiden¢niho intervalu souc¢tu ndhodnych veli¢in. Bez
serveru musime na kazdém klientu volit kapacitu M + 3v/D, kde M je pri-
mérné zatizeni klienta (vétsSinou velmi malé) a D je rozptyl zatizeni kli-
enta (obvykle velky). Server pro n klientt by mél mit (pokud jsou poza-
davky klient nezavislé) kapacitu nM; + 3 - vn - D, kde M; < M, a nikoliv
nM + 3n - v/D. Podobné tloha je feSena pii pouzivani statistickych mul-
tiplexort, kdy se musi rozhodovat, kolik telefonnich hovord miZe soucasné
prenaset linka urcité kapacity. Zde je dobré uvést, ze pii kapacitni rezervé
mensi nez 1/3 dochézi v systémech hromadné obsluhy k nepfijemnému zvét-
Sovani front a tedy i doby odezvy. Ocekavame-li proto vétsi variace zatéze
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(pfedevSim smérem k ristu), byva vyhodné volit alespori 50%-ni rezervu.
Na problém konfiden¢niho intervalu sou¢tu nezavislych ndhodnych veli¢in
vede i tloha Tizeni projektu. Je-li nestranny odhad M; doby TeSeni i-té etapy
projektu (zahrnujictho n linedrné propojenych etap) a odhad doby FeSeni
v “nejhor§im piipadé” M; + 35; (hranice konfiden¢niho intervalu), pak je
o¢ekavand doba FeSeni (za uréitych opatifeni pfi vedeni projektu — viz [11])
Y'M; a s velkou pravdépodobnosti ne vétsi nez X'M; + 31/nXS?). Pfi tom
nelze pouzit metodu kritické cesty. To je snad nejhezéi priklad jak formu-
lace pozadavkl a cest k jejich splnéni mize zasadné zaviset na kvalité dat
a dalsich organizacnich opatfenich. To by mélo byt probirano i v prednasce
ze softwarového inzenyrstvi ¢i fizeni projektu.

Zakladni poznatky z teorie organizace a marketingu se hodi jako pod-

purné znalosti pfi specifikaci pozadavkt na informa¢ni systémy a jsou uzi-
tecné i pfi volbé obchodnich strategii softwarovych firem. Nejjednodussi apli-
kaci je zadvislost mezi optimalni velikosti zakdzek a kapacitou firmy, pfipadné
pravdépodobnosti krachu firmy z nedostatku zakazek. Tento problém vede
k analyze rozptylu ndhodného souctu nahodnych veli¢in a mél by proto byt
zminén v softwarovém inzenyrstvi a v pokrocilejsi prednasce z matematické
statistiky. Zde lze pravdépodobné vyuzit vysledky teorie marketingu a ma-
nagementu.

Vybérova Setieni Zakladni poznatky teorie a praxe vybérovych Setieni lze po-

uzit pro prizkum spokojenosti uzivateld se Siroce pouzivanym softwarovym
systémem. Podobné postupy lze nékdy uzit i pii identifikaci skupin uzivatelt
béhem specifikace pozadavk.

Analyza rizik Pri diskusi analyzy a Fizeni rizik se pouzivd jednoduchy model

zalozeny na vypoctu ocekdvané ztraty jednotlivych rizik. To je dobry priklad
konceptualniho modelovani v informatice; ve statistice lze tento problém
zafadit do Sirsiho ramce pojistné matematiky.

Vliv prace na pocditadi na o¢i Je obecnym piesvédéenim, Ze prace u pocitace

ni¢i o¢i. Bohuzel se to nepodafilo jednoznacéné prokézat (mj. jako pracovni
uraz u pracovné pravnich sportt v USA). Divodem muze byt zna¢ny rozptyl
dat a existence takovych faktort, jako je koukdni na televizi. Zde by se
mohlo zminit, jak zlepsit statistickou analjzu pomoci jemnéjSich metod, nez
je t-test.

Problémy regresni analyzy Ma4-li ndhodnd veli¢ina Y rozloZzeni Y = aX +

b+ Z, kde X je nezavisla proménné a Z je ndhodna veli¢ina s rozptylem D,
dostaneme jako odhad linearni regrese Y piimku y = rz+d, kder < a ar je
tim mensi, ¢im vétsi je rozptyl D. Ponévadz maji data softwarovych metrik
velky rozptyl, dostaneme béznou analyzou regrese nespravny vysledek, ze
jedna radka velkych programil se snize napise, jedné-li se o velké programy.
Podobny vysledek dostaneme, spojime-li data z rtiznych zdrojt, kdy data
jednotlivého zdroje se daji popsat vztahem Y; = a; - X; + Z, kde Z ma maly
rozptyl.

Optimalizace datovych replikaci Vétsina manazerskych pouziti dat véetné

OLAP je zaloZena na statistické analyze. Pokud je takové pouziti vyhradni,

neni nutné replikovat vSechna data, ale staci jen jista ¢ast dat. Jaka to ma byt
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Cast zavisi na zakladnich statistickych charakteristikach téchto dat. U vel-
kych souborti dat mohou byt tspory dramatické.

Sledovani vykonu Mnohé systémy poskytuji informace o dobé provadéni jed-
notlivych operaci. Na ptikladech lze provést statistickou analyzu a provést
porovnéni jejich pfedpovédi se skutecnosti (a také s kvalitou pfedpovédi
hrubym odhadem). Podobné néstroje 1ze pouzit i pfi testu, zda néjakéd ¢ast
systému ma vyznamné vétsi pocet chyb nebo pfi optimalizaci vyhledavacta
a databazovych dotaza.

8 Pravdépodobnostni a statisticka analyza algoritmu
a datovych struktur

Analyza efektivnosti algoritmii a datovych struktur (AADS) vyZzaduje pomérné
rozvinuty aparat, a proto muze byt pfedmétem prednasek navazujicich na kurs
matematické statistiky nebo presentovana v magisterském studiu. Na druhé
strané nevyvolavd AADS u informatika takovy odpor, jako postupy uvedené
vyse. Cenou je, Ze to prakticky neovliviiuje jejich postoje. Je to tim, ze metoda
a technika analyzy algoritm@ ma leccos spolecného s klasickou matematikou
a neni pfi tom tieba tdpat v hromadach dat a hledat v nich zdkonitosti. Infor-
matik zde miize mit stale pocit, Ze je to on, nikoliv pfiroda, kdo urcuje pravidla
hry, a ze tedy mize zistat v milovaném kyberprostoru.

AADS mé znacné praktické dopady a je i vdéénym polem vyzkumu. Z hle-
diska vyuziti matematické statistiky v bézné praci informatik mé ale jen mar-
ginalni vyznam, protoZe vétsinou nevyzaduje analyzu experimentalnich dat. Pro
uplnost uvedme konkrétnéjsi oblasti AADS, viz [12]. U analyzy Gasové a pro-
storové slozitosti algoritmt je vhodné ukazat zavislost formulace cilti feSeni na
statistickych vlastnostech dat (nap¥. pifi Feseni problému obchodniho cestuji-
ctho, pfi rozvrhovani ¢ p¥i fizeni projektit metodou kritického fetézce). To jsou
pripady, kdy volba cile aplikace silné zavisi na statistickych vlastnostech dat.

Vdéénym tématem jsou algoritmy pouzivané v databézich, predev§im pfi
indexovani nebo haSovani. Zde je vhodné ukazat praktické dusledky analyzy
nejhorsiho a primérného pripadu. Zajimavé jsou oteviené problémy tykajici se
algoritmt t¥idéni.

Vyznamné aplikace lze nalézt v kryptografii (ndhodné generovéni kli¢d, ké-
dovani pomoci nahodnych fetézcti, pravdépodobnostni analyzy pouzivanych po-
stupil), v poéitacové grafice (filtrace Sumu) a v analyze systémti majicich cha-
rakter systém® hromadné obsluhy s aplikacemi na komunika¢ni systémy, ridici
systémy a vySe zminéné servisné orientované softwarové systémy. Existuji i apli-
kace v dokumentografickych systémech a také ve vyhledavacich jako je Google.
Zde je dilezité s vyuzitim statistickych metod stanovit v hy indexovych termi
a miry podobnosti mezi dotazem a dokumentem charakterizovanym urcitymi
termy. Pouzivaji se pomérné pokrocilé metody jako Bayesovska analyza a Baye-
sovské sité a také shlukova analyza. Podobné metody se pouzivaji pfi hodnoceni
uspésnosti vyhledavani. VSimnéme si, Ze v tomto pfipadé musi informatik do
jisté miry svij kyberprostor do jisté miry opustit.
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Roste vyznam statistiky v dolovéni dat (role kvality dat, vylucovani okra-
jovych hodnot, pouziti statisticky relevantnich metod, spravné interpretace vy-
sledkti, atd.). Tyto problémy jsou stale urgentnéjsi, o ¢emz svédé bonmot in-
formatického folkloru tvrdici, Ze hlavni zpasob pouziti datovych skladd a data
miningu je proces ”Hnilj tam, hntij ven”. Podrobnéjsi informace 1ze nalézt v [12].
Stimulujici mtze byt pouziti simulaci, pfedevsim pro ilustraci prabéhu procest
v systémech hromadné obsluhy. Problémy kvality dat jsou predmétem standar-
dizace a dokonce i federalniho zdkona USA. Zajem studenti o statistické postupy
mohou zvysit ptriklady pirekvapivého pouziti bilého Sumu pro zlepseni zobrazeni
rastrového mikroskopu nebo pouziti bilého Sumu v metodé zvané scrambling
umoziujici podstatné zlepSeni charakteristik komunika¢nich kanala (viz vyse).

Instruktivni mohou byt i jind pouziti pravdépodobnosti v komunikacich. Na
piikladé protokolu TCP/IP lze ilustrovat, Ze nékdy je lépe implementovat sys-
tém, ktery s velmi malou pravdépodobnosti mtize selhat, nez systém, u kterého
k tomu teoreticky nemuze dojit. Takovy systém vSak muze v praxi vykazovat
implementaci.

Pro urcité algoritmy s ne zcela znamym chovanim je vyhodné provést métreni
efektivnosti, a pak provést statistickou analyzu ziskanjch dat. Vzorem mohou
byt publikace hodnotici efektivnost algoritmi t¥idéni. To je dovednost, ktera
vyzaduje jistou zbéhlost v pouzivani matematické statistiky a ktera je velmi ¢asto
potiebné pii psani diplomové prace z informatiky. Lze pouzit vhodné statistické
programy (GPSS, StatGraphics, Mathematica, atd.). Jejich pouzivani by mélo
byt zminéno v prednaskach.

8.1 Analyza dat pro uzivatele i pro hodnoceni softwaru

Analyza dat, tj. zjisfovani nezndmych zédkonitosti z viceméné ndhodnych dat je
jadrem aplikaci matematické statistiky a hlavnim néastrojem experimentalnich
véd. Je to oblast, kterou maji informatici, zejména ti z univerzit, zvlasté neradi.
Analyza dat m4 v informatice kromé vyse uvedenych piikladt dvé hlavni oblasti
aplikace — data mining a Fizeni procest vyvoje softwaru s vyuzitim softwarovych
metrik. Filtrace a vybér dat v data miningu je véci jak informatik (rozhoduji
néroky Gasové i prostorové), tak statistikti (otdzka optimalniho rozsahu vybéru
— ne vzdy je vyhodné vyuzivat vSechna dostupna data, problém okrajovych dat
i otazka vhodné formulace zadani statistické analyzy z hlediska efektivnosti fe-
Seni, vécna spravnost pouzité metody, spravnd interpretace vysledki).

Zvlastni kapitolou je pouziti softwarovych metrik (kvantitativnich charakte-
ristik softwarovych produktit). Zde je tfeba konstatovat, ze kultura prezentace
analyz, které jsou jadrem kli¢ovych odhadt pracnosti a doby feseni softwarového
projektu, je v informatické literatufe velmi nizka. Na tuto skutecnost by méli
byt studenti upozornéni. V informatice je bohuzel Spatnym zvykem nezvefejiio-
vat data (zvlasté v tom vynikd spole¢nost Standish Group), na jejichz zakladé
se dospélo k riznym experimentalnim zakonitostem a také se nezabyvat sta-
tistickou kvalitou dat, jako je dostatecny rozsah vybéru, smérodatna odchylka,
nezavislost, atd.
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Jako pfiklad uvedme doporuceni CMM [13] nebo novéjsi CMMI [14], podle
kterého se ma postupné dosahnout opakovatelnosti a dokonce zlepsSeni kvality
(optimalizace) procesit vyvoje softwaru. Ponévadz jsou vSak atributy procest
vyvoje softwaru nahodné veliCiny, je kvalita feSeni CMM zavisla na rozsahu vy-
béru a kvalité dat. To mé vazné disledky pro uzavirdni smluv (odhady nékladd
a doby feSeni). O tom se v metodice CMM pro tzv. repeated level obsahujici
stovky doporuceni prakticky nemluvi.

9 Zavér

Absolventi s orientaci na programovani se po graduovani a mnohdy i pfed nim
velmi dobfe uplatiuji v praxi a vydélavaji casto mnohem vice nez jejich profesori
a mnohé jiné profese. MuZeme se proto ptat, pro¢ na jejich studiu néco ménit,
zv1asté kdyz jsou vétsinou spokojeni s tim, Ze nebudou nikdy analytici, natoz
manazeti.

Domnivame se, ze je nebezpecné se smifovat s tim, ze nasi absolventi budou
mit omezené moznosti kariérniho ristu, a Ze se dobrovolné omezi na kariéru
spise femeslnika, byt velmi kvalifikovaného, neZ inZzenyra nebo manaZera. Pro
nékoho to je pro jeho typ schopnosti samoziejmé optimalni Zivotni perspektiva,
se kterou miize byt spokojen. Asi by to ale nemél byt jediny cil studia magistri
na université a asi ani bakalait. Pravdépodobné totiz zméni nazor, az se budou
muset pohybovat v nizSich patrech hierarchie firmy. A hrozi jim i nezaméstna-
nost. Na trhu prace bude pro informatiky zaméfené na navrh a kédovani brzy asi
velmi tésno, protoze takové lidi produkuje stale vice skol. K tomu uz dochézi ve
Spojenych statech, kde uz neni profese informatik zarukou dobrého zaméstnani,
nemluvé o Australii (viz vyse).

K redukci potfeby programovat asi dojde i v dasledku outsourcingu a glo-
balizace pouzivani nékterych typi aplikaci (ty, které mohou byt na celém svété
stejné), snazsiho vyvoje novych a pouzivani existujicich aplikaci a produkti tie-
tich stran a vyuzivani prednosti servisni orientace.

Vzhledem k tomu, ze dnesni studenti ptijdou do penze po Ctyficeti a mozna
i padesati odpracovanych letech, mélo by byt nasi povinnosti zlepsit jejich moz-
nosti v soutézi o zaméstnani v oborech mimo informatiku. Mnohé z toho, o ¢em
se domnivame, Ze je dnes prinosem pro informatiku, se da pouzit velmi dobie
i mimo informatiku (statistika, psychologie, management, vytvarné citéni a po-
znatky psychologie pouZivané pfi navrhu domovskych stranek). Mnoha rizika
jsou aktualni v perspektivé osmi az deseti let, to jest celkem kratce po tom, co
dostuduji studenti, ktefi byli letos u pfijimacich zkousek.

Je zaddouci v pfednaskach upozornit na zakladni problémy kvality dat z hle-
diska statistiky (rozsah souboru, rozptyl, stalost statistickych vlastnosti, neza-
vislost) a diisledky téchto vlastnosti pro bézné statistické tikoly, jako jsou odhady
dilezitych veli¢in, napfiklad doba feSeni, spotfeba prace, stfedni doba mezi po-
ruchami. Je dualezité upozornit, Ze v softwaru nejsou dodrzovany osvédcené po-
stupy a dobré zvyky experimentalnich véd, jako je zverejiovani smérodatnych



162 Jaroslav Kral, Michal Zemlicka, and Alena Koubkové

odchylek, poskytovani zdrojovych dat k nezavislému provéfeni publikovanych
vysledku a jiné Gdaje o kvalité dat (aktudlnost, relevance, atp.).

V mnoha slavnych softwarové inzenyrskych doporucenich jsou problémy kva-
lity dat zminovany jen okrajové. Klasickymi ptiklady jsou metodiky COCOMO
[15] a do jisté miry i Function Points [16]. Plati to i pro metodiky CMM/CMMI,
které doporucuji stovky opatfeni na zlepSeni softwarovych procesti, nezminuji se
ale dostatecné o potiebé kvalitnich dat. Tento problém je opomijen i v nejnovéj-
sich doporuéenich znalostnich profilt informatickych profesionaldi, jako jsou[17]-
[21]. Matematick4 statistika se spolu s komunika¢nimi schopnostmi a schopnosti
a ochotou spolupracovat s uzivateli stava problematickym mistem profesnich
znalosti informatiki, predevsim tehdy, vyvijeji-li servisné orientované systémy.

U mnoha studentt informatiky je vaznou ptekazkou profesniho uplatnéni
neochota ¢i neschopnost spolupracovat s uzivateli. To mtze byt oslabeno véasnou
integraci metod matematické statistiky do informatickych prednasek. Precenuji
se Cisté informatické a nékteré matematické znalosti a nedocenuje se potieba
znalosti a dovednosti dutlezitych pro spolupraci s uzivateli a pro fizeni praci pii
vyvoji softwaru. Zména nebude snadné, vzhledem k zavedené pedagogické praxi
a struktufe studia. Nepromyslené a metodicky neovéfené zmény mohou zhorsit
to, co umime, bez jakychkoliv pfinosti. VaZnou prekazkou je setrvacnost plynouci
ze zavedené struktury studia, kterd ma tendenci zesilovat svoje zakladni rysy,
tedy orientaci na navrh a programovani.
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Abstrakt V tomto ¢lanku vylozime podstatu zavislostni redukéni ana-
lyzy (DAR, dependency analysis by reduction) a jeji souvislost s pojmy
zéavislost a zavislostni strom. Vyklad budeme ilustrovat ptiklady z ces-
tiny, coz je jazyk s (vyrazné) volnym slovosledem. Tento vyklad shrnuje
zakladni rysy vyvojovych postupt zavislostni syntaxe. Bude vyuzit jako
podklad pro ovéfovani (a vysvétlovani) adekvatnosti formélnich a podi-
tacovych modeld téchto postupt.

1 Slovo tivodem k redukéni analyze

Vétna stavba anglictiny a dalsich jazyka s pevnym slovosledem se formalné po-
pisuje frazovymi gramatikami. Popisy vétné stavby latiny, italStiny, némcdiny,
slovanskych jazykt, arabstiny a dalsich jazykt byvaji castéji a adekvatnéji za-
loZzeny na postupech, které se souhrnné nazyvaji zavislostnimi. Oba principy
1ze vyklddat pomoci pozorovani postupného zjednodusovani jednotlivych vét ja-
zyka, pomoci tzv. redukéni analyzy. Principy frazové redukéni analyzy a zavis-
lostni redukéni analyzy se vSak podstatné 1isi. Frézovou redukéni analyzu (jazykd
s pevnym slovosledem) lze pfimo modelovat analyzou zdola pomoci frazovych
(Chomského) gramatik. Na zékladé tohoto textu by ¢tendf mél nahlédnout, Ze
zavislostni redukéni analyzu jazykd s volnym slovosledem je nutné modelovat
podstatné jinak.

Abychom pfiblizili vyznam pfedklddaného textu, naznac¢ime, v ¢em se syntak-
tickd analyza (vétny rozbor) vét piirozeného jazyka lisi od analjzy vét (texti)
umélého (napf. programovaciho) jazyka. U umélych jazykd uréujeme stavbu
vstupni véty, pficemz obvykle mame k dispozici forméalné zapsanou bezkontex-
tovou gramatiku pfislusného jazyka (obvykle vznikd gramatika zaroven s jazy-
kem), navic bézné pozadujeme gramatiku takovou, ktera zarucuje jednoznacnost
rozboru kazdé véty jazyka.*

* Tento ¢lanek je vysledkem vyzkumu, ktery probiha za podpory grantu MSMT
LNO00A063 a grantu GA CR No. 201/02/1456

4 Ve formalnich jazycich se obvykle mluvi o ,symbolech abecedy* a ,slovech‘, my bu-
deme nadéle pouzivat u forméalnich i pfirozenych jazyki termini ,slovo (ze slovniku)*
a ,véta‘.
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U pfirozenych jazyku je situace odlisna — pfi vétném rozboru také hledame
stavbu vstupni véty. Ta vSak nebyva urcena jednoznacné. Misto ucelené formalni
gramatiky mame k disposici dovednost vétného rozboru — uc¢ime se jej ve skoléach,
je popisovan (¢asto pomoci implicitnich pravidel) v mluvnicich daného jazyka.

Mluvnice cestiny predpokladaji, ze ¢lovék rozumi smyslu rozebirané véty
diive, nez zafne vétny rozbor provadét (citujme zde Ucebnici vétného rozbo-
ru [10]: Spravny rozbor vétny neni mozny bez presného porozuméni véts, ... ).
Automaticka syntaktickd analyza (podle formélni gramatiky) porozuméni vété
nepredpokladé, ani je nemé k disposici. Je naopak jednou z prvnich fazi pri
pocitacovém modelovani smyslu véty.

Jaky je vztah vétného rozboru k redukéni analyze? Jednoduse feceno, vétny
rozbor cestiny je zalozen na elementarnéjsi schopnosti provadét redukéni ana-
lyzu, tj. postupné zjednodusovat zkoumané véty. Cestu od vétného rozboru k po-
¢itacové syntaktické analyze vybraného jazyka lze rozdélit na nasledujici kroky:

(a) vyhledani a popis pravidel redukéni analyzy jazyka,

(b) transformace pravidel redukéni analyzy do pravidel a omezeni zavislostniho
formalismu,

(c) sestrojeni (vybréni) vhodného analyzétoru pro dany soubor zévislostnich
pravidel a omezeni.

V tomto ¢lanku se budeme vénovat pozorovanim patficim bodu (a) a ¢astecné
bodu (b), se zaméfenim na zdvislostni analyzu ¢eStiny.

Redukéni analyzou se zde zabyvame predevsim proto, abychom ziskali jasnou
predstavu o tom, jak ji formalné a pocitacové modelovat. K tomuto ucelu jsou
zavedeny a studovany restartovaci automaty (viz napft. [3]).

Nasledujici priklad ilustruje zjednodusené metodiku zavislostni redukéni ana-

lyzy.

Priklad 1. Vétu ,Studenti délali téZkou zkousku.‘ lze pti zachovéani syntaktické
spravnosti zjednodusit dvéma zptsoby (viz téz schéma na obrazku 1) — vypus-
ténim slova studenti, nebo vypusténim slova tézkou (ale uz ne vypusténim slova
zkousku — véta , *Studenti délali téZkou.‘ neni sprdvné utvorend). Ve druhém
kroku mizeme vypustit slovo téZkou (v prvni vétvi analyzy), nebo slovo stu-

denti, ¢i slovo zkousku (ve druhé vétvi). V poslednim kroku lze vypustit slovo
zkousku (v prvni vétvi), nebo slovo studenti.

Studenti délali tézkou zkousku.
Deélali tezkou zkousku. Studenti délali zkousku.
Deélali zkousku. Studenti délali.

Délali.
Obr. 1. Schéma DAR pro vétu ,Studenti délali tézkou zkousku.*
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Schéma DAR tzce souvisi se zavislostnim stromem (na obrazku 2 je zavis-
lostni strom pro vétu ,Studenti délali tézkou zkousku. ).

(i) Skutecénost, Ze néjaké slovo lze z véty vypustit tak, Ze ziskdme vétu jedno-
dussi, znamend, Ze zavisi na nékterém slové ze zkrécené véty (rozviji ho).
(ii) Dvé slova lze postupné vypustit v libovolném potadi, pravé kdyz jsou vzé-
jemné nezavisla.
(iii) Navic se ukazuje, Ze néktera slovni spojeni (napf¥. spojeni predlozky s pod-
statnym jménem; viz napf. piiklad 4 déle) je nutno vypoustét v jednom
kroku — i v tomto pfipadé je nékdy vhodné urcovat zavislosti.

délali
studenti zkousku

tezkou

Obr. 2. Zavislostni strom véty ,Studenti délali téZkou zkousku.

Predchozi ptiklad ilustruje postup, jak pomoci DAR ziskat ve vété informaci
o zavislostech (vztazich mezi rozvijenymi a rozvijejicimi ¢leny véty). Muzeme
si vS§imnout, ze vezmeme-li véty ,Tezkou zkousku studenti délali.” ¢i , TéZkou dé-
lali studenti zkousku.‘, nebo jejich dalsi permutace, ziskdme zcela analogicka
schémata redukce jako pro vétu ptvodni, tedy vypusténd slova (slovni spojeni)
v jednotlivych redukénich krocich budou stejna. Zavislostni redukéni analyza
nam timto zplisobem umoziiuje pozorovat, do jaké miry jsou zavislosti invari-
antni vici slovosledu.

Nasledujici kapitoly se podrobnéji zabyvaji zavislostni redukéni analyzou
a urcovanim zavislosti na zakladé redukéni analyzy.

2 Zavislostni redukéni analyza

Zavislostni redukéni analyza (DAR) spociva v postupném zjednoduSovani
véty — kazdy krok DAR je reprezentovan pravé jednou operaci redukce, kterd
miize byt realizovana dvéma zptisoby:

(i) vypusténim alespoil jednoho slova vstupni véty, nebo
(ii) nahrazenim (obecné nesouvislého) podietézce véty kratsim podfetézcem.

Moznost aplikovat uréitou redukci je podminéna zachovanim nékterych (alespoit
prvniho) z nasledujicich principu DAR:

(a) zachovani spravnosti stavby véty (syntaktickd spréavnost);
(b) zachovéani lemmatu (slovnikového hesla) a vybrané morfologické znacky (sou-
bor morfologickych kategorii, které charakterizuji dany vyskyt slova);



168 Markéta Lopatkova, Martin Platek, Vladislav Kubon

(¢) zachovani vyznamu ptuvodnich slov ve vété (reprezentovan napf. valenénim
rdmcem,® & vhodnym ekvivalentem v jiném jazyce);

(d) zachovéni vyznamové samostatnosti véty (vyznamové samostatnd véta je
takova véta, ktera vyslovena samostatné nevyvolava nutné dalsi otazky).5

V zévislosti na konkrétnim ukolu (nap¥. kontrola gramatické spréavnosti) lze
tyto pozadavky na DAR uvoliiovat; principy, které nejsou uvolnény, potom ozna-
¢ujeme jako platné principy DAR (napf. v piikladu 1 byl uvolnén pozadavek
zachovani vyznamové samostatnosti véty — ptivodni véta byla redukovana az na
jedno¢lennou vétu ,Délali.‘, coz uz neni samostatna véta).

Pokud lze v ur¢itém kroku DAR aplikovat urcitou redukci pii zachovani
platnych principti, mluvime o p¥ipustné redukci. Pomoci vSech pfipustnych
redukci se 1ze dostat ke vSem pFripustnym zjednoduSenim zpracovavané véty.
Ptvodni, nezjednodusenou vétu budeme (z technickych diivodi) povazovat téz
za pripustné zjednoduseni véty.

Schématem DAR (redukénim schématem) véty jazyka nazveme ori-
entovany graf, jehoz uzly reprezentuji vSechna pfipustnd zjednoduseni dané véty
(véetné puvodni véty) a jehoz hrany odpovidaji vSem p¥ipustnym redukcim,
které lze aplikovat vzdy na pocatecni uzel hrany a jejichz vysledkem je pfipustné
zjednoduseni véty v koncovém uzlu hrany.

Priklad 2. Redukéni schéma véty ,Studenti délali tézkou zkousku. ¢ z piikladu 1
ilustruje redukce typu (i) — v kazdém kroku DAR je vypusténo jedno slovo
vstupni véty, pfiCemz moznost vétveni zachycuje nedeterministickou povahu
DAR. Redukce typu (ii) je ilustrovdna na mozném zjednodusovani véty ,Kursem
proslo patndct studenti., jejiz redukéni schéma je na obrazku 3. Prvni krok prvni
vétve schématu se realizuje vypusténim slova kursem (podle bodu (i), opét je
uvolnén pozadavek (d) na zachovani vyznamové tplnosti véty), v prvnim kroku
druhé vétve je fetézec proslo patndct studenti nahrazen kratsim fetézcem prosli
studenti (podle bodu (ii)). Déle redukce pokracuje obdobné.

3 Redukéni struktura a zavislostni strom

Schéma DAR umoznuje zavést a klasifikovat rizné typy vztaht. Na zakladé
takto zavedenych vztahti definujeme redukéni strukturu véty. Podivame se na
jeji vztah k zavislostnimu stromu.

Méjme jazyk L, vétu v € L, v = v1vs ...V, kde vy,va,..., v, jsou slova,
a schéma DAR véty v. Rekneme, Ze slova v;, i € N,N C {1,2,...m} tvori
redukéni komponentu, pokud jsou vSechna v; vypousténa vzdy najednou
(tj. v redukénim schématu jsou vSechna v; vypousténa vzdy v jednom kroku,

5 Valen¢ni ramec, ktery popisuje syntakticko-sémantické vlastnosti slova, odpovida
jednomu jeho vyznamu, vice viz napt. [6].

6 V lingvistické terminologii to znamené, ze vyznamové samostatnéa véta se skladé ze
slovesa, vSech jeho sémanticky ,povinnych‘ doplnéni a (rekurzivné) jejich ,povinnych‘
doplnéni, pfi¢emz ,povinné‘ doplnéni jsou ta doplnéni, kterd musi mluvéi i posluchaé
znét pro dobré porozumeéni vété, vice viz [7].
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Kursem proslo patndct studentii.
Proslo patndct studenti. Kursem prosli studenti.
Prosli studenti. Kursem prosli.

Prosli.

Obr. 3. Schéma DAR pro vétu ,Kursem proslo patndct studenti.

kterému odpovida jedna hrana schématu). Rekneme, Ze slovo v; je (redukéné)
zavislé (pfip. v redukci zavislé) na slové v;, pokud je ve vech vétvich DAR
slovo v; vypusténo diive nez vj; slovo v; budeme nazyvat slovem (v redukci)
Fidicim.

Rekneme, Ze slova v; a v; jsou redukéné nezavisla, pokud jsou vypousténa
v libovolném potadi (tj. existuje vétev DAR, ve které je slovo v; vypusténo pred
slovem v;, a existuje vétev DAR, ve které je slovo v; vypusténo pied slovem v;).

P¥iklad 3. Mg&me formalni jazyk L = {a‘b'ec"d"|i,n > 0}. Na obrazku 4
je schéma redukéni analyzy véty a?b?ecd®. P¥ijméme pro jednoduchost vykladu
predpoklad, ze vypoustét v jednom kroku se sméji pouze dvojice nejblizsich slov,
pokud je vice moznosti. Potom v této vété a vétach redukovanych tvori sousedni
slova a a b redukéni komponentu, podobné sousedni slova ¢ a d tvori také re-
dukéni komponentu; slova a, b, ¢ a d jsou redukéné zavisla na slové e; slova a a b
jsou redukéné nezavisla na slovech c a d. Jazyk L je pfiklad jazyka s pevnym slo-
vosledem. Jazyk s volnym slovosledem a ,stejnymi‘ redukcemi a (ne)zavislostmi
ziskame tak, ze budeme uvazovat mnozinu vSech permutaci vét z L.

Na zédkladé zavedenych vztaht redukéni zavislosti a redukéni komponenty
definujeme redukéni strukturu véty — ilustrujeme ji na néasledujicim pfikladu.

Obr. 4. Schéma DAR pro vétu a?b’ec®d®.
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Priiklad 4. Redukéni schéma véty ,Maminka povédéla détem chvili pred usnutim
pohddku. , které zachovava vSechny principy DAR z pfedchozi sekce (tj. véetné
principu (d) zachovani v§znamové samostatnosti véty), je na obrazku 5 — pted-
lozkové skupina pred usnutim musi byt redukovana v jednom kroku; sloveso po-
védét ma tii ,povinna‘ doplnéni, ktera odpovidaji podmétu a tzv. pfimému a ne-
pfimému predmétu, podstatné jméno maminka nemé povinnd doplnéni, proto
ma vyznamové samostatna véta tvar ,Maminka povédéla détem pohddku. ‘.

Maminka povédéla détem chvili pred usnutim pohddku.
Maminka povédeéla détem pred usnutim pohddku.

Maminka povédéla détem pohddku.

Obr. 5. Schéma DAR pro vétu ,Maminka povédéla détem chvili pred usnutim pohddku. ¢
pfi uplatnéni principu zachovani vyznamové samostatnosti véty.

Redukéni strukturu budeme zachycovat diagramem, ve kterém uzly reprezen-
tuji jednotliva slova véty, horizontalni hrany spojuji slova tvorici redukéni kom-
ponentu (hranou jsou spojeny vzdy dvé sousedni slova redukéni komponenty).”
Sikmé hrany odpovidaji redukénim zévislostem; povazujeme je za orientované od
zévislého slova (resp. od celé redukéni komponenty) ke slovu fidicimu (resp. opét
k celé redukéni komponenté, pokud je pro dané slovo / komponentu ¥{dici). Li-
nearni uspofadani uzli (zleva doprava) zachycuje slovosled (poradi slov ve vété).
Na obrazku 6 je redukéni struktura reprezentujici vétu ,Maminka povédéla détem
chvili pred usnutim pohddku.

maminka — povédéla — détem ———— — pohddku

S\

pred— usnutim

chvili

Obr. 6. Redukéni struktura pro vétu ,Maminka povédéla détem chvili pred usnutim
pohddku. ¢

Stavba (Ceské) véty se tradiéné zachycuje zavislostnim stromem. To je pri-
hledné a korektni pro véty, které nejsou komplikovany koordinacemi, elipsami
a nékterymi okrajovymi jevy. Zavislostni strom je struktura, ktera je konec-
nym stromem ve smyslu teorie grafii, ma kofen, do kterého sméfuji vsechny cesty

" Za sousedni slova zde povazujeme vidy dvojici slov z jedné redukéni komponenty,
mezi kterymi nelezi slovo ze stejné komponenty (takova slova se nemusi vyskytovat
na sousednich slovoslednych pozicich ve vété, mezi nimi muze byt slovo, které do
této komponenty nepatii).
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a jeho uzly jsou tplné (linearné zleva doprava) usporadany. Uzly (jistym, ne vzdy
stejnym zptisobem) reprezentuji vyskyty slov ve vété, hrany reprezentuji vztah
mezi rozvijenym a rozvijejicim slovem (jednotkou) ve vété.

Zbyva popsat, jak prechazet od redukéni struktury k zavislostnimu stromu.
Redukeéni zavislosti nepredstavuji problém, prislusné hrany charakterizuji vztah
mezi slovem rozvijejicim a slovem, které je rozvijeno, poradi slov ve vété je
zachovano. U redukéni komponenty musime uréit, které slovo z dané komponenty
bude povaZovano za slovo Fidici a které slovo / ktera slova za zavisld. K tomu
je potfeba uvést dalsi pravidla pro jednotlivé lingvistické jevy, které priblizime
v nasledujici sekci.

4 Redukéni vztahy v prirozeném jazyce

Formalni typologie zavislosti zavedena v pfedchozi sekci odpovida tradiéni ling-
vistické klasifikaci — zde se pokusime tuto souvislost detailnéji popsat.

4.1 Kratce k lingvistickym pojmum

Pfiblizme ve strucnosti pojmy (Geské) lingvistiky, které budeme déle pouzivat.
Vice 1ze nalézt napriklad v [10], [9], [7] a [5].

Stavba véty zachycuje vztahy mezi jednotlivymi vétnymi ¢leny, a to zejména
(i) vztah pod¥izenosti (anglicky subordination),® tj. vztah rozvijeny vétny
¢len — vétny clen jej rozvijejici, a (ii) slovoslednou pozici ve vété (viz [10]).
Jako vétné €leny pfitom oznacujeme vyrazy (jednotlivd slova i skupiny slov),
které maji jedinou syntaktickou funkci (tj. vyjadfuji napf. podmét, predikét,
predmét, privlastek ¢i pfisloveéné urceni).

Kritérium pro rozliSeni vétnych ¢lent ve dvojici élen rozvijeny — ¢€len jej
rozvijejici (anglicky modified — modifying member) je zaloZeno na pojmu
tzv. endocentrické konstrukee,” viz [9]: pokud lze jedno ze dvou slov vypustit,
aniz se zméni distribuéni vlastnosti celého paru (tj. aniz se zméni schopnost
vyskytovat se ve stejném syntaktickém okoli), je toto slovo povazovano za roz-
vijejici. Na zdkladé principu analogie (na trovni slovnich druht) se uréi smér
rozvijeni i pro tzv. exocentrické konstrukce'® — ilustrujme takovy postup v pii-
padé slovesa a jeho aktoru (coz je vétny ¢len v ¢inné vété typicky odpovidajici

8 Terminem ,podfizenost‘ v tomto &lanku oznacujeme jazykovy vztah, zatimco termin
,zévislost vyhrazujeme pro formélni struktury, pomoci nichz modelujeme jazykové
vztahy, tedy napf. podfizenost. Obdobné napi. Kunze v [4] rozlisuje ,Unterordnung’
pro jazykové vztahy a ,Abhingigkeit’ pro jejich forméalni zachyceni.

9 Endocentrické konstrukce je konstrukce sestévajici alespoii ze dvou slov, z nich
jediné je ,povinné‘ a tvori ;hlavu‘ konstrukce, ostatni slova jsou ,nepovinna‘ a rozvijeji
tuto ,hlavu‘, napt. spojeni maly stil je endocentrickd konstrukce, podstatné jméno
stul tvori ,hlavu‘, pfidavné jméno maly je rozviji.

0 Exocentrickéd konstrukce je konstrukce, kterd nemd ,hlavu‘, kterd by mohla (syn-
takticky) zastupovat celou konstrukci (jde tedy napi. o pfedlozkové skupiny); z ar-
gumentace v [9] lze vyvodit, Ze za exocentrické konstrukce lze povazovat i napt.
konstrukce sestavajici ze slovesa a jeho ,povinnych‘ doplnéni.
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subjektu): protoze existuji slovesa, ktera nevyzaduji aktor (napf. prs7), je vhodné
povazovat aktor vzdy za vétny Clen rozvijejici sloveso. Obdobné je i ,povinny
objekt (napf. u slovesa potkat) povazovéan za vétny €len rozvijejici sloveso (nebot
existuji slovesa, kterd povinny objekt nemaji, napf. sloveso zemfit).

Jako doplnéni slovesa, resp. podstatného jména, pfidavného jména
¢i prislovce budeme oznadovat vétné Cleny, které rozvijeji dané sloveso, resp.
podstatné jméno, pfidavné jméno ¢i prislovce. Pfitom rozliSujeme vnitini a volna
doplnéni. Vnitini doplnéni (v anglické literatufe obvykle inner participants
¢i arguments) odpovidaji podmétu a pfedmétu/tm daného slovesa (napf. stu-
denti délali zkousku, kursem prosli studenti, maminka povédéla détem pohddku,
krdl zemfel, Petr éetl o nestésti, rodice cekali na déti), resp. jistym typtm pii-
vlastkli u podstatného jména (napf. zacdtek predndsky) a jistym rozvitim u pii-
davnych jmen a piislovel (napf. zdvisly na pocasi, kolmo na zdkladnu). Volna
doplnéni (anglicky obvykle adjuncts) odpovidaji pfisloveénym uréenim (Gasu,
mista, zpisobu, ..., napf. jde véas, jde domi, jde pomalu), resp. jistym typh pii-
vlastku (napf¥. maly stil), ¢i jistym rozvitim pfidavngch jmen a p¥islovei (napf.
trochu krdatky, velmi rychle, zcela jisté).

Vsechna doplnéni délime na obligatorni, tj. povinné pfitomna ve vyznamové
reprezentaci véty (kterd v8ak nemusi byt vyjadfena v konkrétni (povrchové) rea-
lizaci véty, posluchadi / ¢tendfi mizou byt zndma z pfedchoziho kontextu), a na
doplnéni ;nepovinné‘, fakultativni. Pro rozliSeni obligatornich a fakultativnich
doplnéni slouzi dialogovy test popsany v [7].

4.2 Modelovani jazykovych jevi pomoci redukéni struktury

Vratme se zpét k formalni typologii redukénich vztahii a podivejme se, jakym
zpusobem souviseji s riznymi typy vztahil jazykovych.

Redukéni zavislosti dovoluji pfimo modelovat fakultativni volna doplnéni —
jde vesmeés o endocentrické konstrukce, u nichz lze celou dvojici nahradit rozvi-
jenym slovem, hlavou‘ konstrukce (a to beze ztraty vyznamové samostatnosti,
princip (d) DAR). Takto jsou tedy zachyceny vztahy typu maly stil, jde pomalu,
jde domi, jde vcas, trochu krdtky, velmi rychle, zcela jiste.

Slovo (v redukei) fidici odpovida rozvijenému slovu ve vété (tj. ,hlavé‘ en-
docentrické konstrukee), slovo v redukci zavislé odpovida slovu, které toto Fidici
slovo rozviji (viz obréazek 7).

stul jde

AN

maly domi

Obr. 7. Redukéni zévislosti modeluji volna doplnéni.
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Zbyva urcit fidici a zavisly ¢len zpracovavané redukéni zavislosti v pfipa-
dech, kdy je rozvijeny nebo rozvijejici ¢len této zavislosti tvoren celou redukéni
komponentou.

(i) Pokud je rozvijejici ¢len tvofen redukéni komponentou, potom jako zavisly
¢len uréujeme Fidici slovo této komponenty (urceni ¥diciho slova u redukéni
komponenty viz nize, zbylé ¢leny komponenty budou tvorit podstrom s ko-
Fenem v pfislusném fidicim slové).

(ii) Pokud je rozvijeny ¢len tvofen redukéni komponentou, potom v obecném
pripadé dochézi k (vyznamovym) nejednoznaénostem, které jsou pro ¢estinu
dosti typické (zajimavé piiklady jsou uvedeny v [2]).

vvvvvv

slov. Jsou to jednak
(a) vztahy morfologicko-syntaktické, jednak
(b) vztahy syntakticko-sémantické.

ad (a) Redukéni komponenty popisuji tzv. formémy, coz jsou jednotky od-
povidajici jednomu vétnému ¢lenu — jsou to zejména predlozkové skupiny (pred
usnutim, na stole, vzhledem k Pavlovi) nebo slozené slovesné tvary (prisel jsem,
bude obédvat, je vytistén, tiskne se). (Jde tedy o exocentrické konstrukee.)

prisel ——  jsem prisel
pr—
jsem
na —— stole na
p— \
stole

Obr. 8. Mozny pfevod formému na zavislostni podstrom (podle tzu PDT).

Formémy se v tradi¢ni lingvistice znazornuji jako jeden uzel diagramu, resp.
zévislostniho stromu znazoriiujictho vétnou stavbu, viz napt. [10], resp. [9].1! Pro
mnohé prakticky orientované ukoly (napf. kontrola gramatické spravnosti, bu-
dovani syntakticky anotovaného korpusu) je ovSem vhodné reprezentovat kazdé
slovo véty vlastnim uzlem (tedy nejen slova plnovyznamova); aby byl zachovan
zavedeny datovy typ zavislostniho stromu, je potfeba urcit dodate¢na pravidla,
na jejichz zakladé se i redukéni komponenty prevedou na podstromy, tj. je nutné
urcit, které slovo formému se bude urcovat jako fidici a které/a jako druhotné
zavislé/a (vybrané Fidici slovo budeme pro jednoduchost oznacovat jako ,hlava’,

11V téchto pojetich jsou reprezentovana samostatnym uzlem pouze slova plnovyzna-
mova (zejména vyznamova slovesa, podstatnd jména, piidavnd jména a ptislovce).
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stejné jako u endocentrickych konstrukei). Takovéa pravidla jsou obvykle tech-
nického charakteru a mohou se v jednotlivych projektech lisit (na obrazku 8 je
feSeni ptijaté v PraZzském zavislostnim korpusu, PDT).

ad (b) Druhym typem vztaht, které jsou modelovany redukénimi komponen-
tami, jsou syntakticko-sémantické vztahy. Jsou to zejména valenéni vztahy —
vztahy slovesa, resp. podstatného jména, pfidavného jméma ¢i prislovce a jeho
povinnych valen¢nich doplnéni. Jde tedy o konstrukce typu student: délali zkous-
ku, kursem prosli studenti, maminka povéedéla détem pohddku, kral zemvel, Petr
éetl (o nestésti), rodice éekali (na déti), (na predndsku) piisli studenti, zacdtek
predndsky, zdvisly (na pocasi), kolmo (na zdkladnu)'?. Tyto konstrukce (byvaji
charakterizovany jako exocentrické konstrukce) nelze beze ztraty vyznamové sa-
mostatnosti, princip DAR (d), nahradit jednim slovem, ,hlavou‘ konstrukce.

Valen¢ni vztahy tradi¢ni lingvistika zachycuje pomoci zéavislostniho stromu
(viz [9], kde se vychézi z [10]). Teoretickym kritériem pro urceni rozvijeného
a rozvijejiciho vétného ¢lenu se stal princip analogie, ktery zde byl kratce popsan
v predchozich odstavcich. Na zakladé tohoto kritéria stanovujeme také pravidla
pro urceni Fidiciho slova pfi prevodu redukéni struktury na zavislostni strom:
sloveso urcujeme jako Fidici vétny ¢len, slovesnd doplnéni jako jeho slova zéavisla;
obdobné pro podstatna jména, piidavna jména a prislovce a jejich doplnéni.

Poznamenejme, Ze princip analogie zde lze jednodusSe nahradit uvolnénim
pozadavku (d) na zachovani vyznamové samostatnosti béhem DAR.

kral

zemrel zemrel

krdl

délali

zkousku délalj
p—

studenti

studenti zkousku

Obr. 9. Prevod valen¢nich vztaht na zavislostni podstrom.

5 Zavérecné poznamky

DAR dovoluje formulovat vztah zakladnich syntaktickych jevii: zévislosti a slo-
vosledu. To je nepostradatelné zejména pro modelovani skladby jazykt s bohatou
flexi a volnym slovosledem, kde zévislost a slovosled souviseji velmi volné a u jed-
notlivych ndrodnich jazykt dosti odlisné (srovnejme s angli¢tinou, kde zavislosti
urcuje (hlavné) velmi striktni slovosled).

Ukazali jsme, ze zavislosti odvozujeme ze dvou ruznych, neprekryvajicich se,
jednoduse pozorovatelnych, jazykové nezavislych jevi: z redukénich zavislosti

12 Zavorkou zde pracovné vyznacujeme formémy, viz bod (a).
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a redukénich komponent. Poukazali jsme na to, Ze lingvistickd taxonomie jazy-
kovych jevl (¢eskd) tomuto rozkladu (rozdéleni) odpovidd. Ptiblizili jsme tak
lingvisticky a informaticky (mnoZzinovy) pohled na danou problematiku.

Reference

10.

Hajic¢ J.: Building a Syntactically Annotated Corpus: The Prague Dependency Tre-
ebank. In: Issues of Valency and Meaning. Studies in Honour of Jarmila Panevova
E. Hajicova (ed.), Karolinum, CU Press, Prague, 1998, 106-132.

Holan T., Kubon V., Oliva K., Platek M.: On Complexity of Word Order. In: Les
grammaires de dépendance - Traitement automatique des langues (TAL), 41, No. 1
S. Kahane (q.ed.), 2000, 273-300.

Jancar P., Mréz F., Platek M., Vogel J.: On Monotonic Automata with a Restart
Operation. Journal of Automata, Languages and Combinatorics, 4, 4, 1999, 287—
311.

Kunze J.: Abhingigkeitsgrammatik. Volume XII of Studia Grammatica, Akademie
Verlag, Berlin, 1975.

Lopatkova M.: Valency in the Prague Dependency Treebank: Building the Valency
Lexicon. In: PBML 79-80, 2003, 37-59.

Lopatkova M., Zabokrtsky Z., Skwarska K., Benesova V.: Tektogramaticky anoto-
vany valen¢ni slovnik ¢eskych sloves. UFAL/CKL, TR-2002-15, 2001.

Panevova J.: Formy a funkce ve stavbé Geské véty. Academia, Praha, 1980.
Platek M., Lopatkova M., Oliva K.: Restarting Automata: Motivations and Appli-
cations. In: Proceedings of the Workshop ,,Petrinetze* Holzer M. (ed.), Technische
Universitdt Mnchen, 2003, 90-96.

Sgall P., Hajicova E., Panevova J.: 1986. The Meaning of the Sentence in Its
Semantic and Pragmatic Aspects J. Mey (ed.), Prague, Academia, 1986.
Smilauer V.: Uéebnice vétného rozboru. Skripta FF UK, SPN, Praha, 1958.



Algoritmy pro copankové grupy
a jejich uziti v kryptografii

Eliska Ochodkova!, Vaclav Snasel!, and Jan Sttora?

! Katedra infromatiky FEI, VSB - TU Ostrava
t¥. 17. listopadu 15, 708 33 Ostrava - Poruba
{Vaclav.Snasel, Eliska.0Ochodkova}@vsb.cz
? Katedra informatiky P¥F, UP Olomouc
Tomkova 40, 779 00 Olomouc
jan.sutoraQupol.cz

Abstrakt Copankova grupa, je neabelovskd grupa nekonecného fadu,
prirozené vychéazejici z geometrického copanku. Ukazeme si jeji zakladni
vlastnosti a pouziti v kryptografii. Déle si ukdZeme, jak implementovat
operace s copanky pro pocitacové feseni uloh.

Kli¢ova slova: Copankova grupa, konjugacni problém, pozitivni copa-
nek

1 Uvod

Asymetricky kryptosystém zaloZeny na copankové grupé byl predstaven na kon-
ferenci CRYPTO 2000, viz [9]. Tento kryptosystém pouZiva jednocestnou funkei
se zadnimi vratky zaloZenou na NP problému nazvaném Obecny konjugacni vy-
hledévaci problém (Generalized Conjugacy Search Problem).

Dalsi existujici asymetrické kryptosystémy jsou zaloZeny na jinych ¢iselné
teoretickych problémech, viz tabulka 1.

‘Vypoéetni problém ‘Asymetricky kryptosystém‘
Prvodiselna faktorizace ¢isla n = pq RSA (1978), Rabin, ...
(nalézt velkd prvocisla p, q)

Problém diskrétniho logaritmu (nalézt x tak, ElGamal (1985), ECC, ...

aby ¢° =y, kde g a y jsou prvky grupy G)
Problém batohu (nalézt prvky superrostouci posloupnosti|Knapsack (1978), ...
tak, aby jejich soucet byl roven kladnému ¢&islu k)

Aplikace tfidy opravnych kédu tzv. Goppa kédy McEliece (1978)
Slovni problém pro copankovou grupu Copankové kryptosystémy
(1985)

Tab. 1. Asymetrické kryptosystémy a korespondujici vypocetni problémy.
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Vzhledem k existenci a pozdéjsimu praktickému pouzivani kvantovych poci-
taél, a z toho plynouci nezabezpecenosti asymetrickych kryptosystémi (napt.
RSA), se pro sestaveni asymetrickych kryptosystémi jevi byt vyhodnymi copan-
kové grupy nebo zobecnéni EL-Gamal $ifrovani (diskrétni logaritmus) pro nea-
belovské grupy, viz [12], [13]. Pro praktické pouzivani copankovych grup v kryp-
tosystémech je tfeba dalsiho vyzkumu, napf. riznych reprezentaci prvka grupy,
nahodného sifrovani (nahodnych copanki) apod., viz [9], [13], [14].

Text je rozdélen do nésledujicich kapitol. Druhéa kapitola obsahuje rychly
ptehled o copech (geometricky pohled, algebraicky pohled, definice pojmil), tfeti
kapitola zahrnuje popis aplikace copankt v asymetrické kryptografii, popis vy-
meény spolecného sifrovaciho klice a kapitola ¢tvrta se vénuje algoritmim pro
praci s copanky.

2 Copankové grupy

Teorie copankovych grup byla pfedstavena E. Artinem v roce 1926, jako mozné
feSeni uzlového problému, tj. problému zda se dva uzly sobé rovnaji. V roce 1923
J. W. Alexander ukazal, ze kazdy uzel lze reprezentovat uzavienym copankem
(Alexanderova véta). Jeji dikaz je konstruktivni. Ukazme si jej na piikladé, na
obrazku 1 je zobrazen otevieny copanek (geometricky copanek), ktery lze ziskat
z copanku uzavieného (tzv. uzlu).

Obr. 1. Uzel reprezentovany otevienym copankem.

Na oteviené copanky ze dvou uzli E. Artin aplikoval copankové operace,
viz (2). Podrobnosti viz [11], [15]. Poznamenejme, ze v roce 1936 A. A. Mar-
kov tesil uzlovy problém s uzitim operaci, viz (2) a tzv. Markovovych ope-
raci I a II druhu. Markovovo feSeni je propojeni teorie uzlt s teorii copanki.

2.1 Otevieny (geometricky) copanek

Pro algebraicky popis copanku vyjdéme z jeho geometrické piedstavy (viz obr. 2
a viz [11]), ve které si ozna¢ime mista kiiZeni v jeho reguldrnim diagramu takto:

— pokud se k¥izi i-té vlakno pod i 4+ 1 vldknem, toto kfiZeni se oznaéi o;, pro
i=1,2,....,n—1,

— pokud se kiizi i-té vldkno nad i+ 1 vldknem, toto kriZeni se oznaci o; L pro
i=1,2,...,n—1.
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Copének mize byt popsan zfetézenim operatort o; a o; L tak, ze ¢teme jeho kii-

Zeni shora doli. Ovéfeni, ze mnozina geometrickych copanku s operaci zietézeni
tvoi{ grupu, lze nalézt v [7], [15].

v . , . . . . —1 —1
Obr. 2. Kfizeni vldken copanku. Copének a jeho copankové slovo oio3010, 020,
-1 1 _-1
020, 03049 Oy .

Geometrické vyjadieni mist kfizeni miazeme chapat jako prvky zdrojové abe-
cedy S, jejiz mohutnost je |S| = 2(n — 1) a algebraické kiizeni miizeme chépat
jako kédova slova, sestavend z kédové abecedy A = {o1,02,...,0,-1, ofl, 051,

oY, jejiz mohutnost je |A| = 2(n — 1), tj. ziskali jsme kédovaci schéma.
Pokud aplikujeme poznatky z teorie kédovani zjistime, ze kéd

O:{0'170'27~-~70'n—170'1_170-2_1a"'70';i1 (1)

je kédem blokovym (délka bloku je 1), je jednoznaéné dekédovatelny a plati
|S| = |A| (McMillanova nerovnost). Uziti kédu (1) ukazuje napt. obr. 2.

Definition 1. (Algebraickd definice copdnkové grupy) Pro n > 2 md n-copan-
kova grupa B,, ndsledujict prezentaci:

oi0j =00, proli—j|>2 > @)

B, = {01,09,03 o On-1|
yeeeyOn—2,0n—-1 7 ]
0i0i410; = 0410041 pro |i — j| =1

kde n je index copanku (pocet vidken copdnku,).
Remark 1.

— Nasobenim a * b dvou copankti a a b vznikne takovy copanek, kde copanek
a je umistén nad copanek b (na jeho vrchol).

— Identita I je copanek, ktery se sklada z n primych vlaken.

— Inverzni copanek k copanku a je copanek, ktery vznikne z copanku a jeho
zrcadlenim podél vodorovné osy.

— Copéanky jsou ekvivalentni (viz Piiklad 1), jestlize jeden copanek ptejde
v druhy posloupnosti deformaci, nebo podle isotopie maji stejny copankovy
diagram, viz [11], [15].
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/

\

Obr. 3. Copéankové operace 0,0,4+10; = 0i410i0i+1, tvorba ekvivalentnich t¥id.

LN |

Obr. 4. Copanek sestaveny z vlasi a copankovy diagram pro prvek grupy Bs,
oflggaflagafl.

— Symboly o; se nazyvaji Artinovy generatory, uziti generatoru viz [11].

— Grupa (2) je popsana s uzitim kombinatorické teorie grup (mnozina genera-
tori a relaci), obé mnoziny jsou koneéné, proto méa B,, kone¢nou prezentaci.

— Geometricky vyznam reldtort v (2) viz obr. 3.

Piiklad copénkové grupy s indexem n = 3, By =< 01,02|0; 1020{ 1 =

09071 Loy demonstrujici vyse uvedené je na obr. 4.

Ezample 1. Ukazte, Ze plati 0102010309 = 0203010203. Aplikaci (2) na podtr-
zené Cleny ziskdme: 0109010302 = 0201020302 = 0201030203 = 0203010203.

Uzitim kédu (1) 1ze nakreslit regularn{ digramy jednotlivych pozitivnich co-
pank.

Definition 2. Pozitivni copanek je prvek B, ktery je napsdn v kladngych moc-
1

nindch generdtori o;,1 = 1,2,...,n—1, tj. bez pouZiti inverznich operdtori o; ~.
Remark 2. B;} je mnozina pozitivnich copankt v B,. B, je monoid. Garside
v [6] dokézal, Ze pifirozeny homomorfismus f : B;Y — B, je injekce. Tak jsou
dva pozitivni copanky ekvivalentni v B, pravé tehdy kdyz jsou ekvivalentni
v Bf.

Méjme grupu n-permutaci X,,, vnoreni symetrické grupy X, s n znaky do X,
je indukovano zobrazenim m(i,i+1) = oy, kde (4,7+ 1) reprezentuje transpozici
nai+1ai+1nai Necht 7 € X, je permutace m : {1,....,n — 1} —
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{1,...,n—1}, kterou jednoduse zna¢me 7 = (7(0),7(1),...,7(n—1)). Permutace
m = (3,1,2,4) miZe byt reprezentovana soucinem cyklt (1,2)(2,3), ktery je
mapovan na o107.

Definition 3. Pozitivni copdnek se nazyvd pozitivné permutacni copdnek, jest-
lize muze byt nakreslen jako geometricky copdnek, ve kterém se kaZdd dvojice

274

vldken kriZi nejvice jedenkrdt.

Remark 3. X je mnozina pozitivné permutacnich copankii.

Copankovy diagram Copankové slovo Prifazena permutace
(pozitivné permutaéni)
1 2 3 4
N
o3

1 2 3 4 c 1w .

0103020301 Vyjadiime ve tvaru cykli:
(1,4)

Tab. 2. copanek a prislusna permutace.

Theorem 1. JestliZe copdnky Ay, As € YT indukuji stejnou permutaci na je-
jich vldknech, pak A1 = As. Pro kaZdé w € X, existuje jeden copdnek A, € X,
ktery je uréen touto permutact.

Dikaz. Dikaz viz [4]. O

Definition 4. Nechf a € G, kde < G,*,1 > je grupa. Prvek b=' x a * b, pro
néjaké b € G se nazyvd odvozeny, konjugovany od a.

3 Copankova kryptografie

Vyuziti copankovych grup v kryptografii je vcelku novym pfistupem, v Sirsi
povédomi tato moZnost vesla az po zvefejnéni ¢lanku [9], viz také [3].

Slovni konjuga¢ni problém (Word Problem) je klasicky problém pochézejici
z Artinovy prace. Obtiznost jeho a dalsich problému (napf. konjugac¢niho vyhle-
davaciho problému) je vychodiskem pro mnoho copankovovych kryptosystémi:

— Word Problem. Méjme dva copanky «, 8 € B,,. Urcete, zda o = (3.

— Conjugacy Decision Problem. Mé&me dva copanky «, 3 € B,. Urcete, zda
« konjuguje s 3.

Conjugacy Search Problem. Méjme dva copanky «, 8 € By, 3 je konjugovany
s .. Naleznéte v, takové, 7e v Loy = 3.

Generalized Conjugacy Search Problem. Méjme dva copanky o, € B,,
takové, ze ~tad = 3 pro n&jaké § € B,,. Naleznéte v takové, ze v~ lay = f3.
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Copankova verze algoritmu Diffie-Hellman Jednim z asymetrickyjch kryp-
tografickych algoritmii je algoritmus pro ustaveni (vyménu) tajnych klic¢ta a je
zaloZen na tzv. Zobecnéném konjugacnim vyhleddvacim problému (Generalized
Conjugacy Search Problem). Tento algoritmus je copankovou verzi klasického al-
goritmu Diffie-Hellman, zalozeného na problému diskrétniho logaritmu, viz [10].

Pfedpoklddejme dvé podgrupy LB; a RB, grupy. Podgrupa LB; (resp. RB,.)
je podgrupu grupy B, kterd obsahuje copanky spletené z levych [ vlaken (resp.
pravych r vlaken) mezi [+ vldkny. Dtlezita vlastnost je komutativita, tedy plati
Va € LB; a Vb € RB, plati ab = ba.

— Vefejné hodnoty jsou vhodné dvojice celych éisel (I,r) a dostate¢né kompli-
kovany (I + r)-copanek = € By ,.

— Alice vybere ndhodny tajny parametr - copanek a € LB; a Bobovi posle

Y1 = axa~l.

Bob vybere analogicky copanek b € RB, a posle y, = bxb~! Alici.

— Alice vypocte sdileny tajny kli¢ Kap = aysa™!.

Bob vypoéte sdileny tajny kli¢ K45 = by b~ 1.

Jelikoz @ € LB, a b € RB,, ab = ba. Proto aysa™! = a(bzb~1)a=! =

blaza=t)b~! = by; b~ L.

4 Algoritmy pro copankovou grupy

V této sekci si ukdzeme zdkladni algoritmy (viz [8], [5]) pro préaci s copénko-
vou grupou, které lze uZit nap¥. pro copankovou kryptografii. Algoritmy jsou
implementovany v jazyce PERL. Copanky jsou reprezentovany prostiednictvim
permutaci. Sestavme tedy nésledujici kédovaci schémas:

01 g9 g3 ... On—2 On—2
(1,2) (2,3) 3,4) ... (n—2,n— 1) (n— 1,n)

Zdrojovéa abeceda S = {o01,09,03,...,0,-1},|S] = n — 1, kédova abeceda
A =1{1,23,...,n}. Kéd C; = {(1,2),(2,3),(3,4),...,(n — 1,n)}. Tento kéd
je blokovy (tj. jednoznacné dekédovatelny) s délkou bloku 2. Poznamenejme,
ze E. Artin je nazval elementarni transpozice. Z pohledu teorie grup se jednéa
o generatory X,.

4.1 Prifazeni permutacni tabulky pozitivnimu copanku

Algoritmus je podobny jako pfi napf. s¢itani m celych ¢&isel.

Vstup: pozitivné permutaéni copanek (fetez generdtori o;), jeho indexy jsou
prvky pole copanek.

Vystup: permutacni tabulka.

. for i =0 to delka—1 do {
k=copanek([i];

j=k+1,

puvk=permutace[k];
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puvj=permutacel[j];
permutace[j]=puvk;
permutace[k]=puvj;

3.

Ezample 2. Vstup: 01020203020201020203. Vystup: identickd permutace.
O spravnosti se lze presvédcit, nakreslenim pfislusného permutac¢niho diagramu.
Casova slozitost algoritmu je O(n), kde n je copankovy index.

4.2 Permutacni tabulce se priradi pozitivni copanek

Pozitivni copének je reprezentovidn permutacéni tabulkou 7 (viz 4.1). Cilem je
prevedeni permutacni tabulky do tvaru, ktery je roven identickému prvku v X,
7w = 1 (w je hledany pozitivni copdnek). Toho docilime, tak, Ze budeme po-
stupné sklddat permutaci wo; pro i = 1,2,3,...,n — 1 (¢imz dojde k vyméné
hodnot 7(#) a w(i+1) pro i a i + 1. Tj. nejd¥ive zjistime, pro ktery prvek i plati,
ze (i) = 1, pak se provede 7(i — 1,i) = mo;_1, tim se obdrzi, permutace 7’
kde plati 7/(i — 1) = 1, permutaci 7'(i — 2,7 — 1) = 7’0y _3, tak to postupujeme
tak dlouho, az se ziskd permutace 7" kde plati 7”7 (1) = 1. Hodnoty v permu-
taci se tedy posunou o jednu hodnotu doprava, mezi prvky 1 az i. Podobné pro
prvky 2...n.

Vstup: pole obsahujici permutacni tabulku, pole permutace.

Vystup: pozitivni copanek ve tvaru zretézeni generatoru o;.

$min=1; $pozice=1; $i=1;
$copanek_index=pocet_prvku_v_poli_permutaci; ...

if ($permutace[$i] == $min) {
# zjisteni prvku v poli, ktery je roven postupne 1,2,...,n
$k=9$i—1;
for ($j=%k;$j>=$pozice;$j——)
{ # cyklicky posun prvku v poli doprava o jednu pozici
$permutace[$j-+1]=$permutace[$]];
# vlozeni indexu j generatoru j do pole

}

$min+=1; # zvetseni hledane hodnoty
$pozice+=1; # zvetseni hodnoty pozice od které prvky se posunou doprava
$i=$%pozice;

Ezample 3. Vstup: (6,2,1,7,5,3,4) - permutace je vyjadfena v jednofadkovém
zapisu. Vystup: 02010205040306050406075.

Casové slozitost je O(n?). Aplikovanim relaci (2) lze ziskat k danému pozitivnimu
copanku ekvivalentni copanky napr. 0102010504030605040605, 0201050204030¢
05040605 atd.
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4.3 Porovnani dvou pozitivnich copanku

Pro ekvivalenci dvou copanku se pouzije kritéria uvedeného v poznamce 1.
Oba porzitivni copanky si vyjadiime ve tvaru permutacnich tabulek 7, 7o

(podle 4.1). Takto ziskané permutaé¢ni tabulky (prvky S,,) porovname, tj. 7 (i) =

mo(i) proi=1,2,...,n.

Vstup: dva pozitivni copanky.

Vystup: jsou/nejsou ekvivalentni.

#Ziskani permutacnich tabulek viz 4.1

$i=1; $shoda=1; while(($i<=$copankovy_index)&&($shoda == 1)) {
if ($permutace0[$i] != $permutacel[$i])

$shoda =0;
}
$i++;

Ezxample 4. Vstup: 0102010302 a 0203010203. Vystup: copanky jsou ekviva-
lentni.
Casova slozitost je O(n).

4.4 Vypoéet hodnoty vnit¥niho automorfismu (f(a))* = Da*D~!

Copéanky D a a si vyjadfime uzitim permutacnich tabulek (viz 4.1). Pro urceni a*
je vhodné si vyjadrit permutacni tabulku pro copanek a uzitim cykli. Takto se
Casové efektivné provede k-krat slozit prisluSnou permutacni tabulku. Pokud si
oznacime (f(a))* = b, jedna se o relaci konjugace a* s D.

1. Vyjadreni permutacni tabulky s uzitim cykla
Postup jak sestavit cykly z dané permutacni tabulky je znam z linearni algebry,
viz [1].
Vstup: copanek a.
Vystup: cykly prislusejici copanku a.

Algoritmem z 4.1 se copanku a pfifadi permutacni tabulka, pro implemntaci
uzito asociativni pole permutace.

. $i=1; # identifikace zkoumaneho prvku v permutaci $j=—1; $m=0;
while($n > 0) {
if (exists ($permutace{$i}))

{

{ #i—ty prvek je nesamodruzny
$zacatek=$i;
$k=%permutace{$i};
$j+=1;
$cyklus[$) ][ $m]=S%zacatek; # pruni prvek v j—tem cyklu
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delete($permutace{$i});
$n—=1,
#print $n.” ”.$zacatek.”\n”;
while($zacatek != $permutace{$k})
{ # cyklus neni uzavren
$m+=1;
$cyklus[$) ][$m]=S%k; # dalsi prvek v j—tem cyklu
$hodn=$permutace{$k};
delete($permutace{$k});
$k=%$hodn;
$n—=1,

#print $n.” 7. $cyklus [$m].\n”;

}

$m+=1;

$cyklus[$)][$m]=%k; # posledni prvek v j—tem cyklu
push(@pole_delek,$m); # vlozeni poctu prvku v j—tem cyklu

Ezample 5. Vstup: (8,12,1,2,14,11,6,15,10,9,13,5,7,3,4) - permutace je vy-
jadfena jednotddkovou notaci. Vystup: cyklus 1 = (1, 8,15,4,2,12, 5,14, 3), Cyk-
lus 2 = (6,11, 13,7), cyklus 3 = (9, 10).

Casova slozitost je O(n).

2. Hodnota copanku a”.
Vstup: Vyjadreni permutace uzitim cyklta viz 4.4.1; hodnota mocniny u
Vystup: Permutace odpovidajici u-té mocniné prvku a.

#Vystup z algoritmu v 4.4.1 — cykly dane permutact

for ($i=0;%i<=9%j;$i++) { #pruchod jednotlivymi cykly v permutaci
$delka=$pole_delek[$i]+1;
for ($k=0;$k<$delka;$k++)
{
$prvek=%cyklus[$i|[$k]; # k—ty prvek v i—tem cyklu
print $prvek.”.";
$novy_index=($k+$mocnina)\ %S$delka
$nova_hodn=S$cyklus[$i][$novy_index]; ; #urceni obrazu k—teho prvku v i—
tem cyklu
$vysl_permutace[$prvek]=%$nova_hodn; # nova hodnota pro i—ty prvek v

print "\n";

}

Ezample 6. Vstup: Cykly z vystupu viz 4.4.1, mocnina u = 15. Vystup: (5, 8,12, 1,
4,13,11,14,9,10,7,15,6,2, 3) - jednoradkova notace permutace.
Casova slozitost je O(n).
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4.5 Vypocet konjugace b = Da*D™!

copanky a* a D si vyjadrime ve tvaru jim prislusejicich permutaci, algoritmus viz
4.1. V tomto tvaru se hodnota konjungovaného prvku b urci tak, ze prvky v per-
mutacéni tabulce prislusejici copanku a* se nahradi jejich obrazy z permutacni
tabulky, ktera pfislusi copanku, kterym konjungujeme, viz [7]. Poznamenejme,
ze permutacni tabulku prislusejici copanku a® si vyjadiime ve tvaru cykld -
algoritmus 4.4.1.

Vstup: pozitivni copanky a" a D.

Vystup: copanek, ktery je s a* konjungovany, pomoci copanku D

#Algoritmus 4.1 vyjadri copanky v permutacnich tabulkach
#Algoritmus 4.4.1 vyjadri copanek a”u ve tvaru disjunktnich cyklu

... for($i=0;%i<=9j;$i++) {
$delka=$pole_delek[$i]+1;
for ($k=0;$k<$delka;$k++)

$prvek=%$cyklus[$i ][ $k];
$cyklus [ $i ][ $k]=S$cim_konjugace{$prvek}; #konjugace copankem D

Algoritmus 4.2 ptifadi permuta¢ni tabulce konjungovaného prvku odpovida-
jici pozitivni copanek.

Ezample 7. Vstup: u = 1 (mocnina), copanek a = o3 01 03 02 013 012 011 010
09 08 07 06 05 04 03 014 013 012 011 010 09 08 07 06 05 04 013 012 011 010 09
08 07 06 05 09 08 07 06 014 013 012 011 010 09 08 07 013 012 011 010 09 013 012
011 010 012 011 014 013,

Copének D = 014 013 012 011 019 09 08 07 0g 05 04 03 02 01 014 013 O12
011 0109 08 07 06 05 04 03 02 014 013 012 011 010 09 08 07 Og 05 04 031 04
013 012 011 010 09 08 07 06 05 04 014 013 012 011 010 09 08 07 O¢ 05 014 013
012 011 010 09 08 07 06 014 013 012 011 010 09 08 07 014 013 012 011 010 09 08
014013012011 01009 014 013 012 011 010 014 013 012 011 014 013 012 014 013 014

Vystup: Konjungovany copanek: o7 og 05 04 03 02 01 019 Og 08 07 0g 05 04
03 02 0g 05 04 03 013 012 011 010 09 08 07 O 05 04 011 010 09 08 07 Og 05
010 09 08 07 06 010 09 08 07 014 013 012 011 010 09 08 010 09 012 011 010 012 011

Casové slozitost je O(n).

Cilem implementace algoritmt bylo provést experimenty s grupami, které
maji copankovy index 500 a vice. V dostupnych zdrojich, napt¥. [2], totiz byly
provadény experimenty s grupami s mensSim copankovym indexem. V tabulce 3
jsou uvedeny vysledky pro algoritmus 4.1.
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Copéankovy index|Pocet kfizeni|Doba [s||Pozn.

500 124750 1 Zakladni copanek
1000 499500 5 Zékladni copanek
2000 1999000 20 Zakladni copanek
500 22500 1

1500 202500 2

2000 977500 10

2000 990000 10

2500 1440000 15

Tab. 3. Vysledky experimentd (PERL, WEB, IIS 5.0, MS Windows 2000 SP 4,
RAM 130MB, Intel Pentium II MMX, 330MHz (pro algoritmus 4.1)).

5

ZAvér

V tomto ¢lanku jsme podali struény tivod do teorie copankovych grup. Déle jsme
ukazali jejich vyuziti v kryptografii na konkrétnim algoritmu pro ustaveni klic¢i.
Nakonec jsme predvedli zakladni operace s copanky prostiednictvim permutaci
na grupach s copankovym indexem vétsim nez 500. Nase dalsi prace se bude tykat
experimentl s copankovymi grupami s jesté vétsim indexem, dale implementace
dalsich algoritmu a rovnéz implementace copankovych kryptosystémi zalozenych
na ,velkych“ copankovych grupach. Kryptografické systémy vyzaduji mnozinu
generatort urcité velikosti, proto chceme také provést porovnani copankovych
kryptosystému s ostatnimi vzhledem k této mnoziné.

Reference

10.

Bec¢var J.: Linearni algebra. MatFyzPress, Praha, 2000.

Campagna M.J.: Algorithms in Braid Group. Cryptology ePrint Archive, 2003
http://www.iacr.org/.

Dehornoy P.: Braid-Based Cryptography. 2003.
http://www.tcs.hut.fi/~helger/crypto/link/public/braid/.

Elrifai E.A., Morton H.R.: Algorithms for Positive Braids. Quart J.Math. Oxford
45, 1994, 479-497.

Franco N., Gonzalez-Meneses J.: Conjugacy Problem for Braids Groups and Gar-
side Group, 2002.
http://www.tcs.hut.fi/~helger/crypto/link/public/braid/.

Garside F.A.: The Braid Group and Other Groups. Quart. J. Math., Oxford, 20,
78, 1969, 235-254.

Humphreys J.F.: A Course in Group Theory. Oxford Univerity Press, 2004.

Cha J.Ch., Ko K.H., Lee S.J., Han J.W., Cheon J.H.: An Efficient Im-
plementation of Braid Groups, 2001. http://www.math.snu.ac.kr/~jhcheon/
Published/2001_Asiacrypt/braid-impl.pdf.

Ko K.H., Lee S.J., Cheon J.H., Han J.W., Kang J., Park C.: New Public Crypto-
system Using Braid Group, 2000.
http://www.tcs.hut.fi/~helger/crypto/link/public/braid/.

Menezes A., van Oorschot P., Vanstone S.: Handbook of Applied Cryptography,
2001. http://cacr.math.uwaterloo.ca/hac/.



188 Eliska Ochodkovéa, Vaclav Snésel, Jan Sutora

11. Murasugi K., Kurpita B.I.: A Study of Braids. Kluwer Academic press, 1999.

12. Prenneel B., et al.: Research Agenda for the Future of Cryptology, 2003.
http://www.stork.eu.org/documents/RUB-D52_1.pdf.

13. Prennel B., et al.: New Trends in Cryptology, 2003.
http://wuw.stork.eu.org/documents/ENS-D41_4.pdf.

14. Prochéazka L.: Uvod do studia reprezentaci grup. Karolinum, Praha, 1999.

15. Stilwell J.: Classical Topology and Combinatorial Group Theory. Springer, 1995.



Maintaining consistency in disk file systems

Mikulas Patocka

Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic

Abstract. With growing sizes of disks, checking the whole filesystem
becomes too slow and it is inappropriate to do it after every system
crash. Methods have been developed to maintain disk consistency across
crashes, the most widely used is journaling, others are phase tree or soft
updates. This paper describes new method for maintaining data consis-
tency — crash counts — and shows using this method in real filesystem
implementation.

1 Introduction

During several last years disk sizes have grown several order of magnitudes. Even
though disk access speed has improved too, time to scan the whole disk became
much longer [1]. After a crash, operating systems used to scan all filesystem
metadata and repaired the filesystem. Today it is unacceptable, because it may
cause downtime of several hours. Another problem with repairing the filesystem
is that it may violate access security — after recovery from a crash users could
read unallocated parts of the disk with possible confidential information belong-
ing to other users. There exist methods to keep the filesystem consistent after
a crash. This paper presents new method of maintaining filesystem consistency
across crashes and describes a filesystem implementation using it.

2 Existing methods

2.1 Journaling

Journaling [2] is the most common method for maintaining consistency of disk
after a crash. A part of a filesystem is reserved as a journal (some filesystems can
have journal on an external device). Transaction is a set of modifications that
transfer the filesystem from one consistent state to another. For example, when
creating a file, a transaction consists of marking the new inode dirty in inode
bitmap, writing the new inode and updating the directory. Transaction is first
written to the journal and no data are written to their normal disk positions.
When the transaction is completely in journal, disk cache is flushed, special
commit mark is written to journal, disk cache is flushed again and the data can
be written to normal positions.

If system crashes before the commit mark was written, the journal is ignored
on next mount. If system crashes after the commit mark is written, operations
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in journal are replayed — written to disk positions where they should be. This
causes that either the whole transaction is ignored or written to disk. Another
less common variant of journaling operates so that old data before transaction are
written to journal and transaction is rolled-back after crash (NTFS is supposed
to use both methods).

Journaling is used in many filesystems — JFS [3] (IBM’s filesystem for AIX,
0S/2 and Linux), XFS [4] (SGIs filesystem for Irix and Linux), Ext3 [5] (Linux
filesystem compatible with Ext2), ReiserFS [6] (Hans Reiser’s filesystem for
Linux) NTFS [7] (Windows NT/2000/XP /2003 filesystem).

However, journaling causes a lot of design problems in VF'S layer and filesys-
tem driver.

Journal must not be filled up, so before starting transaction, system must
compute the maximum amount of journal space that this transaction might
consume and wait if there is not sufficient space.

Buffers of uncommitted transactions must be pinned to the buffer cache and
not written to the disk. This complicates the design of the buffer cache and
may cause deadlock if the free memory goes low, because the memory can’t be
reclaimed from the buffers.

For performance reasons it is not acceptable to write the file content to jour-
nal. This complicates synchronization between data and metadata. For example
imagine a case when a directory is created, deleted and a file is allocated at the
same place. If special care was not taken, replaying the journal after crash would
overwrite the file with previous (already deleted) directory and corrupt it.

There are numerous bugs in journaled filesystems, for example:
http://wuw.uwsg.iu.edu/hypermail/linux/kernel/0310.3/0887.html
http://www.uwsg.indiana.edu/hypermail/linux/kernel/0409.1/1123 . html
http://marc.theaimsgroup.com/?1=1linux-xfs&r=1&b=200405&w=2

2.2 Phase tree

Phase tree [8] is another method that maintains filesystem consistency across
crashes. The whole filesystem is viewed as a tree of pointers. Superblock points
to bitmap directory, bitmap directory points to bitmaps, superblock points to
root inode, inode points to blocks containing directory content, directory entries
point to another inodes and so on. All updates are written only to unallocated
places in the filesystem. When the superblock is written with new pointers,
filesystem atomically transfers from one consistent state to another.

Phase tree is used in Linux filesystem tux2. It is probably slower because it
has to write more blocks (the whole pathway from root) than normal filesystems.

2.3 Soft updates

Soft updates [9], unlike journaling and phase tree, do not preserve filesystem
consistency. Instead, they cause that the filesystem can be corrupted only in
minor non-severe ways. When filesystem driver marks dirty buffers, it specifies
order in which the buffer must be written to disk. For example, when a file is
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created, driver specifies, that the first should be written an inode, then inode
bitmap and finally directory entry. Kernel bufdaemon thread writes buffers in
this order and issues disk cache flush operations correctly. If system crashes at
any time, it may cause lost inode but not pointer pointing to unallocated inode.

Soft updates are implemented in FreeBSD. FreeBSD 5, because of filesystem
snapshot feature, allows checking the filesystem while it is mounted — snapshot
is taken, that static snapshot is checked, and fsck instructs the kernel to free lost
blocks and inodes. With this feature FreeBSD 5 allows immediate recovery after
crash, except that performance is degraded for the time of fsck running.

3 Crash counts

3.1 Overview

In this paper I present new method for maintaining filesystem consistency —
crash counts.

Crash counts use different approach to keep the filesystem consistent. Disk
contains preallocated part — a crash count table. Data structures contain two
additional values. These values together with the crash count table determine,
if the structure is valid. When writing new files and directories they are written
in such way that they will be considered invalid according to crash count table
if the system crashes. Some structures (bitmaps) have two versions, when they
are written the version that is currently considered invalid is being written.

When new crash count table is written, the new files and bitmaps are atom-
ically made valid. This keeps the filesystem consistent in any case. If crash hap-
pens before crash count table is written, new file records will be treated as invalid
and old bitmaps will be used. If crash happens after writing crash count tables,
new files will be treated as valid and new bitmaps with files’ place marked as
allocated will be used.

Crash counts solve a lot of problems existing in journaling filesystems —
filesystem with crash counts needs no special ordering of disk writes and can
take more advantage of on-disk write cache. This improves write performance.
Crash counts filesystem can access disk buffers just like ordinary non-journaling
filesystem and let the operating system kernel flush them. No buffers are pinned
to the memory. Because the filesystem can write and free all its dynamically
allocated data structures at any time it is deadlock-free even under extreme
conditions.

4 Description of crash counts

Each structure on disk that needs to be kept consistent with other structures in
case of crash contains additional values — crash count (cc) and transaction count
(txc). Disk contains table where there for each crash count exists a transaction
count. The table is initialized to all zeros on filesystem creation. That table is also
loaded in memory (fs->cct, fs is structure describing each mounted filesystem).
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(in my implementation crash count is 16 bits and transaction count is 32 bits,
resulting in 256kB table size). Disk also contains current crash count (fs->cc).
fs->txc is just a shortcut for £s->cct [fs->cc].

On mount, filesystem loads fs->cct and fs->cc from disk to memory. It
increases crash count on disk (but leaves old fs->cc in memory) and increases
fs->cct[fs->cc] in memory (but leaves old value on disk).

On sync, filesystem writes all dirty buffers and pages then flushes disk cache,
writes its £s->cct to disk, flushes disk cache again and again increases (in mem-
ory only) fs->cct [fs->cc].

On unmount, filesystem is synced, crash count on disk is decreased and disk
cache is flushed.

Structures that form lists (for example directory entries) with (cc, txc) pair
on disk are considered valid if fs->cct[cc] - txc >= 0. If this condition is not
valid the structure is containing invalid data and is skipped. New structures are
created with cc = fs->cc and txc = fs->txc. When deleting the structure, it
is set with cc = fs->cc and txc = fs->txc ~ 0x80000000.

There are no constraints on buffer cache write operations — kernel can write
any buffers with any order. All buffers must only be written before sync opera-
tion.

If system crashes after the structure was created but before sync operation,
system boots with crash count increased by one. It will never again modify
fs->txc[cc] and that value will be one-less than txc of that pointer — so
condition fs->cct[cc] - txc >= 0 will be always false and the structure will
never ever be considered valid. It will be eventually overwritten with another
structure. If the system crashes after the structure was created and sync finished
the new fs->cct will be already written to disk and the structure will be always
considered valid.

If system crashes after the structure was deleted but before sync operation,
fs->cctlcc] - txc will be equal 0x7f£ff£ff and the structure will be consid-
ered valid. If system crashes after sync fs->cct[cc] - txc will be 0x80000000
and the structure will be considered invalid.

Other structures (in my implementation that are free-space allocation pages
and directory hash tables) aren’t exactly lists. For these structures, the filesystem
needs to hold two versions of structures and (cc, txc) pair. The first version of
the structure is valid if fs->cct[cc] - txc >= 0 and the second version is valid
otherwise. When writing to this structure filesystem checks if cc == fs->cc &&
((txc & OxTLffffff) == fs->txc) — if true write is allowed. If not true, the
valid version is copied into the other section and (cc, txc) is set so that txc =
( (fs—>cctlcc] - txc) & 0x80000000) | fs->txc and cc = fs->cc.

If the system crashes before sync the old version of the structure will be
still considered valid. If the system crashes after sync the new version will be
considered valid. Copying the whole structure might be slow but it is done only
once between syncs.

New blocks are allocated if they are free in both bitmaps (but written only
to the current bitmap). If there’s no free space available the filesystem must
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perform sync operation to actually free the blocks of possibly previously deleted
files. If new block can’t be allocated again after sync the filesystem is considered
full and ENOSPC is returned.

File’s blocks are described in a different way. I could use pointer with (cc, txc)
pairs or doubling structures but I decided to abandon them to save space. Each
file contains runs — two directly in the file structure (fnode), if more is required
special allocation structures (anodes) are allocated. The runs are not protected
with any crash counts. Instead fnode contains two file-size values size0 and sizel
and (cc, txc) pair to describe which one is valid (as described in previous para-
graphs). Runs are only considered valid as long as they allocate blocks less or
equal than currently valid file size.

When extending files more sectors are added to the last run or new runs are
created and the invalid version of size is extended. If the system crashes before
sync the new sectors in runs are considered invalid because they exceed the file
size. If the system crashes after sync the new size will be considered valid and
file will be properly allocated.

The trick happens when the file was truncated and extended before sync. In
this case runs cannot be updated with pointers to newly allocated space because
in case of crash the old runs are required to exist. In such situation already free
space of old runs is "resurrected”. The space is already marked as allocated in
currently invalid (in case of crash valid) bitmaps. The resurrecting procedure
marks it valid even in current bitmaps and the filesystem continues to use this
space as new file storage. Thus the block allocator has three functions (allocate
blocks, free blocks, resurrect blocks) instead of usual two present on common
filesystems. Another possibility to resolve this situation would be to force sync
at this position but for a better performance I decided to do resurrecting instead.

Problems happen if crash count overflows 65536 — in this case the whole
filesystem must be walked crash count on all structures set to 0 and global crash
count reset. However I don’t think that this limitation happens in practice —
no system will crash 65536 times. When the 31-bit transaction count overflows,
crash count is automatically increased during filesystem operation and transac-
tion count is reset to zero, so the filesystem is not limited to 23! transactions.
The crash count will overflow after 247 transactions but again I don’t think that
it’s practical limit.

5 SPADFS filesystem

5.1 Filesystem structure

In this section I will describe the structure of new SPADFS filesystem using
crash counts. SPADFS was developed from a scratch. Its design goals were data
consistency across crashes, high performance and taking space efficiency.
Superblock is located at sector 16384 leaving 8MB of unused data for kernel
(currently kernel has 1MB but I decided to reserve more space in case the kernel
grows or in case of porting the system to RISC architectures with much big-
ger code size). Superblock contains general information and pointers to txblock,
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two apage index pointers, crash count table (cct) and root fnode. Txblock con-
tains general filesystem information that is changed during filesystem activity.
The rationale for splitting information between superblock and txblock is that if
txblock is written badly the filesystem could still be salvaged. If superblock in-
formation were lost with it there is little possibility to recover any data. Txblock
contains crash count (cc) and (a-cc, a-txc) pair which determines what version
of apage index is valid.

Data is allocated using apages. Apage index contains pointers to individual
apages and range of disk blocks that they cover. Apage contains double-linked
list of struct aentry. aentry is a pair of (start, len). List is sorted. There is
additional freelist of free aentries. Search is done with average O(y/n) complexity
— filesystem takes randomly /n aentries, selects the one with highest but less-
than desired value and uses sequential search from this. If apage is filled up
with aentries it is split into two apages and apage index is updated. If the
apage covers too small space it is converted to a bitmap. Bitmaps are more
efficient for describing very fragmented free space but they are inefficient for large
runs of free or allocated space — in this case lists of blocks are more efficient.
I decided not to use trees for free space allocation — they are theoretically
faster but their practical implementation is too complex. Lists of structures
offer O(y/n) complexity which is acceptable. Because each apage can contain up
to 1023 entries (its size is 32768 it has two versions and size of one aentry is 16)
\/n can be at most 32.

Free space is divided into three zones — metadata zone, small files zone and
large files zone. Blocks are first allocated in the zone where they belong, if it is full
they are allocated in other zones. Zones are only specified in superblock one apage
can span multiple zones. The purpose of metadata zone is that filesystem can do
extensive readahead on it and it greatly improves scanning directory structure.
Allocating small and large files in different zones reduces fragmentation.

Each fnode describes a file or directory. Fnode contains two sizes and (cc, txc)
pair describing which one is valid. The same pair (with flags in fnode header)
is used to describe if the fnode is valid at all or if it’s just a free space in fnode
block. Fnode contains two direct data runs and an optional pointer to anode
containing more runs.

Anodes contain array of struct extent. Each anode contains at least one direct
extent and some indirect extents pointing to other anodes. (The rationale for
the requirement of at least one direct extent was that allocating one file block
should allocate at most two disk blocks to make accounting of lazy-allocations
easy). The root anode contains 20 direct extents, one one-level indirect extent
(containing pointer to anode of full 31 direct extents), one two-level indirect
extent (containing 1 direct extent and 30 pointers to one-level indirect anodes)
and so on up to 10-level indirect extent. The root anode also contains a copy
of the first two direct extents from fnode and file name so that when the fnode
is damaged the file can still be recovered from the anode. I decided to not use
balanced trees for anodes because operations on trees are complex (they are
simple in memory-only implementations but in real tree-based filesystems like
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ReiserFS, XFS or JFS code for tree operations is very large and prone to bugs)
— instead they are like unix indirect blocks but unlike indirect blocks they
contain sector runs not individual sectors. Filesystem doesn’t support sparse
files because they are used rarely and they would only complicate the design.

Directories are stored as a linear list of fnodes (struct fnode_block). If the list
is too long it is split into multiple fnode blocks and extensive hashing is used to
locate them. struct dnode is allocated that contains pointers to fnode blocks. On
search filename is hashed, appropriate place in dnode is found according to hash
and that one fnode block is searched. If one dnode is not enough there can be
multiple nested levels. Finally, if allocating the dnode is not possible (for example
because of too many hash collisions or if the filesystem is too fragmented so that
it doesn’t contain more continuous blocks) fnode blocks can form a chain.

5.2 Tunable parameters

Filesystem has various parameters for tuning performance. Some are set when

creating the filesystem, some can be set on mounting.

Parameters when creating the filesystem:

-block-size <number> (default 512)
Specifies size of minimum IO unit. Filesystem won’t issue any IO opera-
tions less than this value. Specifying larger block-size won’t increase speed
and will only waste more space. Use this parameter if your physical device
can’t do IO operations at 512-byte granularity.

-page-size <number> (default 32768)
Page size of target operating system. Buffer cache can’t load more con-
tinuous data that one page. Filesystem won’t create structures that cross
page size boundary. Filesystem can’t be mounted on operating system
with lower page size.

-fnode-size <number> (default 8192)
Largest size of fnode block. Fnode block could be as large as page size but
searching such block sequentially would be slow. So this parameter limits
its size. If the fnode block would overflow, it is split and hash is used to
access both halves.

-cluster-size <number> (default 32768)

-cluster-threshold <number> (default 131072)
Files larger or equal than cluster-threshold are aligned to cluster-size and
allocated in big-files zone of the filesystem. This prevents fragmentation
of files as it’s almost guaranteed (unless you fill up the whole filesystem
with small files) that minimum fragment size is cluster-size. If you’ll use
the filesystem for storing real-time multimedia data you can increase both
values to get some sort of guaranteed throughput.

-zone-size <number> (default 1/64 of the filesystem size)
Reserves this amount of bytes for metadata zone. If the zone is full meta-
data are allocated in small-file-zone and then in big-file-zone. If file zones
are full files are allocated in metadata zone. If you are going to store lots
of small files set larger zone, if you are going to store lots of large files set
small zone.
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Parameters when mounting the filesystem:

/RO
Read-only mount.

/DONT_MAKE_CHECKSUMS
Do not create checksums on metadata structures.

/DONT_CHECK_CHECKSUMS
Do not check validity of checksums on metadata structures. Checksums
are used to protect against buggy ATA DMA controllers that damage the
data. Fach structure has a flag if checksum is valid and checksum itself.
Specifying these flags can slightly increase performance (not too much
because checksums are checked only the first time the buffer is loaded
into memory).

5.3 Performance considerations

The filesystem was designed for maximal performance:

Metadata are stored in a special zone where large readahead is possible. The
minimum buffer size the cache operates on is 32768 bytes, few of these are read
ahead at a time. As a result — it took only 1 second to search all files on SATA-
150 disk on filesystem with 3000 directories and 85000 files with cold cache (and
0.6 seconds with hot cache).

Fnodes are stored directly in directories rather than through external pointers
(like in Ext2 and similar Unix filesystems). When user types ”1s -al” there is no
need to seek to inode for each listed file.

Lookup in the directory with hashing is faster than b-trees used in most
common filesystems. File can be found in directory with 4M files with only three
disk head seeks. (dnode has 2048 entries, fnode block can contain 6 or 7 fnodes
and there are 16 fnode blocks depending on setting -fnode-size — so for two
levels of dnodes you get 4M files).

Files” allocation is described in extents rather than lists of blocks like in ext2.

Files are almost never fragmented because the whole file is allocated when the
filesystem is synced (or when the file is evicted from cache) not in time of write
syscall. The only fragmented files are those that grow in time — for example
logs (however, even they are fragmented no more than on Linux/Ext2). A test
showed that copying the directory with source codes (with hot cache) was twice
as fast as on Linux/Ext2.

The filesystem has only one thread syncing data to disks — the question is
if it’s an advantage or an disadvantage. I think that data write process is rather
disk-bound than CPU-bound, so introducing more threads is not necessary. The
thread does all operations except commit asynchronously. However, if usage
shows the need for more threads, it is possible to add them with some trivial
locking to prevent more threads allocate blocks in the same apage or write the
same fnode simultaneously. Note that writes and reads to the cache are not
blocked by the thread — any process can read, write or extend a file while its
blocks are being allocated and written. The only operation blocked is truncate
— file can’t be truncated while it’s being written.



Maintaining consistency in disk file systems 197

5.4 Benchmarks

The following benchmarks are only temporary. SPADFS filesystem is work in
progress and I still have to optimize it in few cases and better tune readahead and
flushing dirty data. The kernel with SPADFS has also some internal debugging
checks enabled that cause slow down. However, the benchmarks serve as a proof
that this development seems promising.

For benchmarks I used repository with source code for various programs.
It contained 1832 directories in a subtree and 48900 files. The total size of all
files in repository was 814775546 bytes. I used two computers with identical
motherboard, CPU Pentium 4 3GHz and 512MB memory. I extracted repository
on SPADFS filesystem with default parameters (512B blocks, 32kB pages, 32kB
clusters, 128kB cluster threshold) and on EXT?2 filesystem with 4k blocks and
filetype and sparse-super features. On SPADFS it took 831017kB space (kB is
1024 bytes), on EXT?2 it took 932152kB. Extracting time for uncompressed tar
file on SPADFS was 44s, for EXT2 46s (but note that on EXT?2 it was extracted
from different filesystem while on SPADFS it was extracted from itself).

Cache was invalidated before each test. Scanning time for a filename (find
. -name gwerty) was 1ls on SPADFS and 8s on EXT2. Reading all files (find
. -type flxargs fgrep qawsedrf) took 43s on SPADFS and 1:03s on EXT2.
Deleting the tree took 18s on EXT2 and 1s on SPADFS.

In scanning and reading benchmark you can see that big readahead of meta-
data on SPADFS greatly improves performance. Deleting on SPADFS is so fast
because the delete operation is delayed. The delete is actually only file scan while
the files are marked in cache as to-be deleted. When it’s the time to write them
they are actually deleted.

6 Conclusion

This work outlines the crash counts as a replacement for journaling. Crash counts
are implemented for new filesystem, however they could be added to most ex-
isting filesystems with some modifications of their structures. Additionally this
work shows work in progress on new SPADF'S filesystem focusing on consistency
after crash, high performance and reasonable space consumption. Benchmarks
look rather good, suggesting that the filesystem could outperform other common
filesystems.
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Softwarovy agent, at uz pfijmeme jeho jakoukoliv rozumnou definici, je pra-
podivna entita: totiz, je (resp. méla by byt) inteligentni, ale nemé t&lo. Piebyva
v internetu. Mize takova véc vibec existovat? Pro zastance tzv. sémantického
webu nepochybné ano. Ve svych predstavach si maluji agenta, schopného na-
jit pro nas dovolenou dle nasich specifikaci; jini uvazuji o agentech, schopnych
ve vzajemné spolupraci vybrat pro nemocnou babi¢ku nemocnici odpovidajici
jejimu pojisténi a kriteriim déti o kvalité takového zafizeni, zaridit pfevoz ba-
bi¢ky do nemocnice, a jaksi mimochodem zaridit zménu letenky z Ameriky do
Evropy a dalsi potfebné zmény v nasem denni agendé (viz napf. [1]). Vyznavaci
tzv. vtélené (nebo také nové) inteligence v tom vSak vidi problém: véf{ (védi?)
totiz, Ze nutnou ingredienci inteligence je nejen mozek, ale celé télo, ve fyzickém
smyslu. Dle vyznavact této viry teprve télo ve spolupraci se smysly a mozkem
umoziuje poznani (sémantiky) svéta, umoznuje imitaéni uceni, pohyb agenta,
jeho interakci s jingmi agenty, atd. [2]. Jak se miZe softwarovy agent obejit bez
téla, existovat ve svété, ve kterém agenti nevnimaji jeden druhého, ktery nejde
ohmatat, kde se neda rozhlédnout, pozorovat a napodobovat jeden druhého, ve
sveté, ktery je pouze stinem realného svéta, kterého sémantiku agent jiz nemtize
rekonstruovat? Pravé uvedené provokativni otazky — a zajisté by bylo mozné ge-
nerovat i dalsi z podobného soudku — jsou motivovany predstavou softwarového
agenta vidéného oc¢ima lidi, ktefi patricné instruovaného agenta “vyslou” na jeho
misi do svéta informaci. Je takova predstava readlna? Pokusime se odpovédét z
pohledu soucasnych znalosti z oblasti nové umélé inteligence a interaktivnich
evolu¢nich vypocti, tj. zhruba v rdmci teorie popsané v pracich [2], [3]. Na
tomto zdkladé prijdeme k nésledujicim zavértm:

— Scénar, ve kterém nepocitame s pribéznymi konzultacemi agenta s nami
a instruujeme agenta “jednou provzdy”, je nerealisticky, protoZze neni mozné
predvidat vSechny situace, ve kterych se agent muizZe ocitnout (internet je
proménlivy), a tento nemiize pfedjimat nase rozhodnuti v podobnych situ-
acich. Proto je tfeba uvazovat interaktivni rezim prace agenta. Formalné to
vede na tzv. evolucni interaktivni vypocty jejichz vypocetni sila je vétsi nez
turingovska (viz napt. [3], [5]).

— Aby agent “fungoval” podobné jako lidsky agent, musi oplyvat podobnou
inteligenci; tuto ale nemtze ziskat pouze ze svéta forméalnich informaci. Ta-
kovy agent musi existovat na rozhrani dvou svéti: naseho ”lidského” (aby

* Prace byla vytvorena s ¢dste¢nou podporou grantu ¢é. 1ET100300419 NPV “Infor-
macni spolecnost”
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si s ndmi rozumél) a svéta dat (aby se v internetu vyznal). Nestaci, jak se
néktefi autofi predstavuji, postupnd “evoluce” (rozuméj uceni) agenta zcela
“uvniti” (sémantického) webu — tento svét je v porovnani s nasim svétem
prili§ jednoduchy, malo strukturovany, postradajici kvalitu vnimatelnou lid-
skymi smysly. V takovém svété nemize agent jakkoliv zevrubnym zkoumé-
nim odhalit sémantiku “objekt” (rozuméj informaci) v ném se nachazejicich
(podobnost se Searlovou Cinskou komnatou — viz. napf. [2]). Kromé toho,
neni jasné, jak by mohlo fungovat imitac¢ni uceni, které je zdkladem pro fe-
diskutovat tim zptsobem, ze budeme hledat analogie a rozdily mezi zivymi
a softwarovymi agenty.

Jediné alespon teoreticky mozné schidna cesta se jevi byt cesta umélého
vtéleného agenta, ktery se — podobné jako lidé — nejprve nauci zit soucasné
v nasem svéte a soucasné “ovladat” pravidla, pomoci kterych jsou data or-
ganizovand v internetu (znalost pouze jednoho z obou svétl nestaéi). Teprve
poté mizZe byt “exkarnovan” (tj. “vynat” téla) a jako software vnofen do
svéta internetu. To kromé jiného vede k etickym otazkam, které také budou
diskutovany v prispévku. Vysledkem bude umély myslici agent, ktery bude
“integrovan” do webovského prostfedi. Alternativné lze na takového agenta
nahliZzet jako na umélou myslici entitu, pro kterou je web jakousi “protetic-
kou” pomtckou, kterd umocnuje jeho intelektudlni schopnosti. V takovém
piipadé budeme moci hovofit i o “moudrém webu”. Uvahy o moznych prin-
cipech konstrukce takového agenta lze nalézt napf¥. v pracich [4], [6].

Zavérem lze konstatovat, Ze vize inteligentnich softwarovych agentt v pro-

stfedi sémantického webu je redlnd, ale z nasi analyzy vyplyva, Ze se jedna o slo-

Vel v
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Abstrakt Vektorové instrukce SIMD (single instruction multiple data)
umoziuji ne€kolikanasobné zvyseni rychlosti programi diky paralelnimu
zpracovani vétstho mnozstvi dat soucasné. Tento prispévek se zabyva
moznosti vyuziti téchto instrukei pfi implementaci neuronovych siti - vi-
cevrstvého perceptronu (MLP) a Hopfieldovy sité. V obou p¥ipadech se
experimentalné potvrdilo, ze nasazenim vektorovych instrukei se vypo-
Cetni casy zkratily. Vlastnosti vektoroveé implementovanych neuronovych
siti se nesnazime podchytit teoreticky, nybrz experimentalné pomoci tes-
tovani.

Keywords: neuronové sité, SIMD, MMX, SSE, vicevrstvy perceptron,
Hopfieldova sit

1 Uvod

Vektorové instrukce SIMD (single instruction multiple data), umoziiujici né-
kolikanasobné zvysSeni rychlosti programi diky paralelnimu zpracovani vétsiho
mnozstvi dat soucasné, jsou diky vysoké vyuzitelnosti v multimedialnich aplika-
cich dnes soucéasti instrukéni sady vSech béznych mikroprocesortt. Ve srovnani
s jinymi typy paralelizmu jsou pomérné snadno hardwarové implementovatelné
a diky existenci jednotného trhu procesort (Intel+AMD), kde se SIMD instrukce
vyskytuji v podobé MMX a SSE, jsou pouzivany mnohym softwarem, vcetné
operacniho systému Windows.

Princip SIMD znamené provadéni jednotného kédu soucasné nad vétSim
mnozstvim dat, je tedy vhodny jen pro urcité typy aplikaci. Nasim cilem bylo
vyuzit SIMD instrukce pfi implementaci neuronovych siti za tcelem zrychleni
nékterych casové narocénych vypoctl. Jako referenéni model neuronové sité jsme
vzali vicevrstvy perceptron, v jehoz aktivaé¢nim algoritmu lze vysledovat nami
hledané opakujici se vypocty velmi snadno. Poté, co jsme dosahli tspéchu u to-
hoto typu sité, zkouseli jsme paralelizovat i dalsi typy neuronovych siti. Vsechny
uvedené vlastnosti vektorové implementovanych neuronovych siti se nesnazime
podchytit teoreticky, nybrz experimentalné pomoci testovani.

2 Technologie SIMD
2.1 Uvod do SIMD

Neustala snaha o zvysovani vykonu vedla nejprve k navrhu vyluc¢né vektorovych,
nebo paralelnich pocitacti. Migrace téchto technologii do osobnich pocitac¢t byla
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pak jen otazkou ¢asu. Vektorové zpracovani dat je na osobnich pocitacich vhodné
zejména pro multimedialni aplikace, tedy vypocty v oblasti obrazu a zvuku.

Zejména zpracovani obrazu, at uz v jakémkoliv smyslu (3D grafika, komprese,
dekomprese, video, hry, editace bitmapovych i vektorovych obrazku, analyza
obrazu, apod.) je vypocetné velmi ndro¢né. Tento problém na jedné strané po-
stupné odezniva diky neustalému zrychlovani vykonu mikroprocesorti, na druhé
strané se vSak objevuji dalsi tlohy, které jsou na samotné zpracovani obrazu
navazovany a zabiraji tak jistou éast vykonu pro sebe (uméld inteligence, rizné
druhy matematickych vypoc¢t apod.). Kromé samotného zvySovani frekvence
a propustnosti datovych sbérnic lze za nejpfinosnéjsi technologii v této oblasti
povazovat instrukéni sadu typu SIMD - | Single Instruction Multiple Data“.

SIMD stoji na principu vykonavani jednotného kédu nad vétsi mnozinou dat.
Napiiklad namisto se¢teni vektorid pomoci piikazu for

int a[8],b[8],c[8];
for(i=0; i<8; i++) {

c[i] = a[i] + b[il;
}

muzeme s vyuzitim SIMD stejné snadno secist celé vektory

int a[8],b[8],c[8];
c =a+ b;

Ukazka kédu v pseudo-C jazyku samoziejmé zakryva jeden vyznamny fakt: Kéd
c=a+b je skutecéné proveden jako jeden piikaz. Odtud také pochézi oznaceni
,vektorové instrukce“. Datové polozky, se kterymi SIMD instrukce pracuji, jsou
vektory obsahujici vzdy dany podet mensich datovych bunék (na piikladu je to
8 proménnych typu int v jednom vektoru). Tato technologie se zd4 byti dobfe
pochopitelnou programatory i pomérné snadno realizovatelnou vyrobci mikro-
procesortl.

Séitdni dvou vektor (neboli poli) uvedené vyse je jen knizni ukdzkou po-
uziti SIMD. Praktické pouziti snadno nalezneme pfi jiz zminéném zpracovani
obrazkt, nebot ty se skladaji z velkého mnozZstvi pixelt, které jsou v paméti za
sebou a tvori tedy datovy vektor. Operaci poloprithledného prekryti dvou obrazt
bychom tedy mohli symbolicky naznacit takto:

int imagell[],image2[],image3[];
image3 = imagel/2 + image2/2;

Samoziejmé nemtzeme ocekavat, ze slouceni dvou obrazt probéhne v jedné jed-
notce ¢asu bez ohledu na jejich velikost (dostali bychom tim nedeterministicky
vypoéetni stroj). Skutecnd implementace SIMD instrukci obvykle zpracovava
vektory jisté pevné délky. Napiiklad pii délce vektoru 8 (dle prvniho piikladu
vyse) se zpracovani poloprithlednosti dvou obrazii zrychli 8x. SIMD instrukce
totiz umozni provést déleni dvéma a seCteni dvou hodnot paralelné pro 8 tako-
vych dvojic.
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V praxi mame tolik implementaci SIMD instrukénich mnozin, kolik je typt
procesorti, rozdily mezi nimi vSak nejsou velké. Na mikroprocesorech Intel typu
TA-32 (x86) se SIMD instrukce objevuji pod obchodnim oznacenim MMX a SSE
a umoznuji pracovat s vektory o délce 8 resp. 16 bajtu. Také procesory AMD
postupné piejimaji instrukéni sadu Intelu, avsak s jistym zpozdénim. Navic AMD
nabizi vlastni vektorové instrukce 3D Now!.

2.2 MMX

Technologie MMX byla poprvé uvedena v mikroprocesoru Pentium MMX, poz-
déji pak Pentium IT a vSech pozdéjsich modelech, véetné pozdéjsich mikropro-
cesori AMD. Vyuzivd mj. toho, Ze zdanlivé 32bitovy procesor Pentium MMX
méa 64bitové jadro, které nelze béZnymi instrukcemi plné vyuzit. MMX nepfi-
nasi zadné nové 64bitové registry, namisto toho pouze rozsifuje moznosti pouziti
stavajicich osmi 64bitovych registrt FPU! jednotky o celociselné vektorové vy-
poc¢ty. Nevyhodou tohoto feseni je nemoznost souc¢asné prace FPU a MMX jed-
notky. MMX umoziiuje paralelni zpracovani dat v podobé 8 x 8 bit1i, 4 x 16 bit1,
2 x 32 bitt nebo 1 x 64 bitd, viz tabulka 1.

Datovy typ MMX Registr
1x64 bith gword (64 bitt)
2x 32 bitd dword 1 dword 0
4x16 bita word 3 word 2 word 1 word 0
8x 8 biti [bajt 7[bajt 6|bajt 5[bajt 4|bajt 3[bajt 2[bajt 1[bajt 0

Tab. 1. Mozna datova mapovani MMX registri.

MMX instrukce umoznuji s témito vektory provadét nejen bézné aritmetické
operace (po slozkdch), ale i nékteré specidlni vypocetni operace, které v z4-
kladni instrukéni sadé nenajdeme. Tyto specidlni vypocetni instrukce vznikly
na primou ,objednavku“ realnych aplikaci a umoznuji efektivné zrychlit nékteré
multimedialni algoritmy i vice neZ desetindsobné (pfestoze vektor obsahuje jen
4 prvky). Dulezit4 je také schopnost efektivné balit (pack) a rozbalovat (unpack)
data do/z vektorti.

2.3 SSE

Procesor Intel Pentium IIT pt¥inesl dvé dalsi sady SIMD instrukei. Bylo to MMX+,
rozsifujici moznosti celociselnych vypocétd pomoci MMX, a nova sada SSE pro
vypocty v plovouci fadové ¢arce. VSechny tyto instrukce opét najdeme i na no-
véjsich modelech AMD (a dalsich).

SSE prinasi také 8 novych 128bitovych registri XMMO0-XMM?7, coz pfrinasi
nékolik vyhod: mame dvojndsobnou velikost vektort (Pentium IIT m4 jiz 128bi-
tové jadro), mizeme pouzivat FPU i SIMD instrukce sou¢asné (nebot SSE ne-
blokuje FPU registry) a pokud je to vyhodnéjsi, mizeme pouzivat MMX i SSE

! FPU = Floating Point Unit, jednotka pro vypoéty v plovouci fadové carce.
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soucasné (maji samostatné registry). SSE vSak neumozituje provadét celociselné
vypocty nad 128bitovymi vektory, zna totiz jen jediny datovy typ a to je 4baj-
tovy single (float v C/C++). S registry lze také pracovat vcelku (to je vSak
vhodné jen pro kopirovani paméti apod.). Viz tabulka 2.

Datovy typ XMM Registr
Ix 128 bita m128 (16bajta, tj. 128 bith)
4x 32 bith |single/float 3‘single/ﬂoat Q‘Single/ﬂoat 1‘single/ﬂoat 0

Tab. 2. Mozna datovd mapovani XMM registri v SSE.

Zatimco MMX bylo pro svou celociselnou povahu obtizné nasaditelné v obecnych
vypocetnich aplikacich, SSE m4 jiz podstatné §irsi moznosti pouziti (napiiklad
pro simulaci neuronovych siti).

2.4 SSE2 a dalsi SIMD rozsifeni

Na mikroprocesorech typu IA-32 (x86) najdeme krom ti{ zminénych (MMX,
MMZX+ a SSE) jesté nékolik dalsich SIMD instrukénich sad.

Zasadnim krokem vpfed je sada SSE2, kterd v podstaté slucuje MMX a SSE
a pridava fadu dalsich specidlnich vektorovych instrukei pro zrychleni specific-
kych multimedidlnich algoritmt. SSE2 je pfitom obecné pouzitelnd sada, nebot
umozinuje na 128bitovych XMM registrech provadét velmi rychle vypocty nad
riznymi datovymi typy. Zajimava pro nas je zejména podpora 64bitovych double
¢isel v plovouci fadové ¢arce. Nevyhodou SSE2 pak je predevsim to, Ze jej pod-
poruje jen procesor Pentium 4.

Dalsi SIMD instrukce najdeme na béznych pocitacich pod nazvy 3D Now!
a 3D Now!+ (AMD, VIA), SSE3 (Intel) a EMMX (VIA). 3D Now!(+) je velmi
znamé sada a je také podporovana primo knihovnami Windows, avSak bez pod-
pory Intelu je jeji vyuziti mimo operacni systém pomérné malé. SSE3 a EMMX
se prakticky nepouzivaji.

3 Pouziti SIMD

3.1 Vyvojové nastroje

Existuje samoziejmé mnoho moznosti, jak vyvijet software vyuzivajici SIMD.
Nejjednodussi je situace v assembleru, kde je mozno pouzivat tyto instrukce bez
omezeni. Bohuzel, vys§imi programovacimi jazyky tyto instrukce pfimo podpo-
rovany nejsou (alespon jsme o zadném takovém neslySeli). Zakladnim vyvojovym
nastrojem se tak stava inline assembler, coz je rozsifeni umoznujici do vyssiho
jazyka (C++, Fortran, Pascal, ...) vklddat ¢asti podprogrami v assembleru.
Vyhodou tohoto feseni je dobra citelnost a prehlednost kédu.
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Intel nabizi také knihovnu, ktera obsahuje intrinsic funkce? pro C++. Tato
knihovna pak umoziuje psat v C++ plné efektivni SIMD kéd bez pouziti as-
sembleru. Tento kéd je sice ponékud htife ¢itelny, avSsak umoznuje ndm pouzit
paradigma vyssiho jazyka, coz obvykle vede k lepsimu vysledku, nebot ne kazdy
dnes uz zna assembler. Intel C++ Compiler také provadi optimalizaci SIMD
kédu - délé za nas alokaci registrit apod. (Poznamka: Intel samoziejmé nenabizi
tuto knihovnu pro instrukéni sady procesort AMD nebo VIA.)

3.2 Slozeny datovy format

Pro praci s vektory obsahuje MMX i SSE fadu instrukci pro zabaleni a rozba-
leni hodnot do vektoru. Tyto instrukce umozinuji provadét rizné presuny a vy-
mény potfadi mezi slozkami vektort, zménu datovych formata i pfenos dat mezi
MMZX/SSE a bé&znym nevektorovym ulozenim v registrech mikroprocesoru nebo
v paméti. Diky schopnosti snadno a velmi rychle preskladavat data ve velkych
blocich, instrukce MMX se hodi i pro nékteré dlohy datové konverze (zména
formatu obrazku apod.).

3.3 Podminéné vykonavani

Podminéné vykonavani kédu je ve vyssich strukturovanych jazycich obvykle fe-
Seno vétvenim prikazem if nebo podobnym. Pfi paralelnim zpracovani neni ta-
kovy zpiisob mozny, nebot kazda z paralelné zpracovavanych hodnot mutize vést
k jinému vysledku vyhodnoceni podminky a vyzadovat tak vykonani jiné vétve
kédu, coz by odporovalo principu SIMD (tj. ,,Single Instruction...).

MMX obsahuje vektorové porovnavaci instrukce, které (pfesné ve stylu as-
sembleru vlastnim) vysledek testovani podminky ukladaji ve formé pfiznaki zpét
do MMX registrt tak, aby byla zachovana struktura vektoru. Vétveni kédu pak
miizeme nahradit aritmeticko-logickymi operacemi, které mohou bézet paralelné.

Uvedme pro pfiklad vypocdet maxima ze dvou hodnot ¢ = max(a,b);. To
muzeme provést jednoduchym algoritmem:

c = a;
if(b > a) ¢ = b;

Tento kéd vSak nemtize bézet paralelné. Potfebujeme-li tento vypocet provést
uvnitt jiného MMX kédu, musime jej provést sériové a navic je zde nutnost dato-
vych konverzi (rozbalit vektory, otestovat podminku, provést vnitini kéd kazdé
vétve sériové, zapamatovat si mezivysledky, na zavér opét zabalit mezivysledky
do vektoru).

Pomoci vektorovych porovnavacich instrukci lze kéd prepsat do nasledujiciho
tvaru:

2 Intrinsic funkce = vlastni funkce. Obvykle se nepteklad4, znadi vestavéné funkce
vyssiho programovaciho jazyka, pfi jejichz pouziti nedochazi k ,,volani*, ale pfimému
vykonani kédu. Hodi se jen pro malé funkce pfimo podporované mikroprocesorem.
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(b > a);
(b AND x) OR (a AND NOT x);

X
C

Tento zptsob provadéni podminénych vypoctd mize bézet paralelné a je v praxi
vyrazné rychlejsi.

3.4 Usporadani dat v paméti

Pro efektivni vyuziti vyhod SIMD je vhodné uzptsobit tomu také datové struk-
tury. Pokud naptiklad mame 10000 bodt v prostoru, jejich souradnice mtzeme
v paméti uchovavat v poli tfirozmérnych vektort.

struct Point {
float x,y,z;

};

Point data[10000];

Tento zpisob ulozeni dat v paméti je bézny a ve vyssSich programovacich jazycich
se s nim dobfe pracuje. Nazyvdme jej obvykle AOS (Array Of Structures - pole
struktur).

Potfebujeme-li pocitat napriklad skaldrni souciny nad témito soufadnicemi,
musime slozité vybirat jednotlivé slozky vektorti z naseho pole. Tento problém
miiZzeme eliminovat tak, Ze pouZijeme obraceny zptsob ulozeni dat v paméti,
oznacovany SOA (Structure Of Arrays - struktura poli).

struct {
float x[10000];
float y[10000];
float z[10000];
} data;

Tento zptsob organizace dat v paméti je funkéné identicky s AOS, avSak je
v praxi méné obvykly?.

Nyni jiz mtZeme naditat z paméti rovnou celé SIMD vektory (128 bitt, tedy
4 float hodnoty v pfipadé SSE), to pfindsi vyraznou dsporu casu.

SSE navic vyzaduje data zarovnana na fyzickou hranici 16 bajtd, aby bylo
mozno jednu XMM buiiku naéist/ulozit v jednom cyklu. Toto omezeni sice pro
zékladni sadu instrukeci procesorti x86 neplati, protoze piipadné kolize fesi jed-
notka fizeni pristupu do paméti pfimo uvnitf mikroprocesoru, ale nezarovnané
Cteni je 2x a zéapis dokonce 4x pomalejsi nez zarovnané ¢teni/zapis.

4 Implementace neuronovych siti s vyuZitim SIMD

Implementace neuronovych siti vétsinou vyzaduje praci s desetinnymi ¢isly, proto
se jako prvni nabizi vyuziti SSE. Prvnim krokem v implementaci jakékoliv neuro-
nové sité je vzdy vytvoreni vhodného modelu ulozeni dat v paméti (viz kap. 3.4).
Jelikoz piinos SIMD je pro ruzné typy neuronovych siti ¢asto velmi podobny,
zvolili jsme si jako referenéni model vicevrstvy perceptron.

3 2 pochopitelnych diivodi, které zde neni tieba diskutovat
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4.1 Vicevrstvy perceptron

Vicevrstvy perceptron, bez ohledu na zpiisob uceni, pracuje po vrstvach tak,
7e na vstup kazdého neuronu jsou pfivedeny vystupy vSech neurond predeslé
vrstvy. Vnitini potencidl v neuronu j ve vrstvé [ je sumou vystupnich signald
y neuronu predchozi vrstvy [ —1 nasobenych pfislusnymi vahovymi koeficienty w.
Symbolicky (notace dle Oravce [2])

P
l 0 (I—
) =Sl
=0

Pii pouziti SOA (viz kap.3.4) lze tento vypocet realizovat velmi efektivné po-

moci MMX ¢i SSE. Hodnoty wj(? a y; ulozime do dvou poli, aby hodnota i byla
adresovacim indexem téchto poli. Zajimavé je, Ze tento zpusob ulozeni dat v pa-
méti tentokrat ani neodporuje prirozenému objektové orientovanému navrhu.
Naésobeni pak mtizeme provadét po ¢tveficich hodnot a vypocet vyse uvedeného
vzorce probihé v téchto krocich:

1. Vynuluj XMM2.

Nacti do registru XMMO ¢tvetici hodnot z pole w.
Nacti do registru XMM1 ¢tverici hodnot z pole y.

Vynéasob XMMO*XMM1, vysledek pricti k XMM2.
Opakuj kroky 2 — 4 pro vSechny Ctvefice.

6. Secti vSechny slozky XMM2 — vysledek.

CU

Poznamka: V kroku 4 uvedeného algoritmu chceme provadét sumarizaci dil¢ich
souc¢ind. To vSak v SSE nelze provést pfimo, proto zde jen sumarizujeme vektory
po slozkéch. V poslednim kroku algoritmu je tfeba secist vSechny ¢tyfi slozky
XMM2, coz je pomalé (5 instrukei), provadime to v8ak jen jednou na konci vy-
poc¢tu. V pripadé pouziti MMX+ miizeme vyuzit k souctu celociselnych slozek
vektoru instrukci pro vypocet aritmetického priméru nasledovanou bitovym po-
sunem doleva. Celociselna povaha MMX se vSak pro tento vypocet nehodi —
cela cisla sice Ize povazovat za desetinnd ¢isla s pevnou fadovou ¢arkou, avsak
vypolty jsou pak dosti nepfesné (32 bitl je mélo).

Testy

Algoritmus je vhodné vyzkouSet v praxi a zméfit jeho pfinos pfimo v podobé
uspory vypocetniho Casu. Pro tyto testy neni podstatné, na co je neuronova
sit vyuzita, ale pomér zrychleni paralelntho vypoctu vici sériovému. Vysledky
ukazuje obrazek 1.

Na obrazku je vidét, ze zrychleni se pohybuje okolo 2x, coz je velmi dobra
hodnota (SSE verze je tedy v priméru 2x rychlejsi). Nejvétsiho zrychleni vSak
dosahneme, kdyz je pocet neuronti nasobkem ¢ty a je tak zaplnén cely XMM
vektor.

Se zvétSujicim se poCtem neuront se postupné eliminuje zpomaleni vzniklé
necelym vyuzitim posledniho vektoru (kdyz pocet neuronii neni nasobkem ¢étyt).
Proto jsme se dal omezili jen na poc¢ty neuront v nasobcich ¢tyt. Vysledek méfeni
je na obrazku 2. Z grafu je vidét, ze zrychleni je pfiblizné 2.3x.
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Obr. 2. Zrychleni vypoétu vicevrstvé sité pro vétsi poéty vnitinich neuronti (konfigu-
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4.2 Hopfieldova sit

Dalsim zajimavym typem neuronové sité je sif Hopfieldova. Klasickou binarni
Hopfieldovu sif jsme také zvolili pro otestovani moznosti celodiselnych MMX

instrukeci.
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pocet pomeér
neuronu |zrychleni
12 x 12 1.60
48 x 48 1.60
100 x 100 1.62
400 x 400 1.56
1000 x 1000| 1.54

Tab. 3. Pomér zrychleni u Hopfieldovy sité.

Paralelni vypocet zde pouzijeme ke stanoveni vystupu jednotlivych neuront.
Vystup neuronu je stanoven jako bindrni vysledek porovnani vnitiniho poten-
cidlu s danou prahovou hodnotou (obdoba funkce signum).

Tato operace je v SIMD pomérné slozité realizovatelnd, nebot musime do-
kézat pomoci logickych operaci nahradit ne zcela trividlni vétveni (podrobnosti
jsou nad rdmec tohoto textu). Algoritmus jsme implementovali dle poznatkt
uvedenych v kap. 3.3. Vysledky méfeni ukazuje tabulka 3: Dosdhli jsme zrych-
leni priblizné 1.6x, pfitom u velmi velkych siti pomér zrychleni lehce klesa.
I tento komplikované paralelizovatelny vypocet se tedy pii pouziti SIMD in-
strukei zrychli.

4.3 Dalsi typy neuronovych siti

Obecné lze Tici, ze prakticky kazdy typ neuronové sité mize byt implementovan
pomoci SIMD. Béhem vypoctu totiz vzdy opakujeme tytéz nebo jen velmi malo
odlisné operace pro kazdy neuron nebo pro uréité skupiny neuront stejného typu.

5 Dalsi poznamky

Pro tspéch SIMD implementace je dulezita predevsim velikost implementova-
nych siti. Pfi malém poctu neuront je zrychleni pomérné nevyrazné a teprve pii
vétsich poctech neuront si mizeme byt jisti vyznamnym zrychlenim.
Pozadavek, aby pocty spolu pocitanych neuront byly nasobkem c¢tyt, neni
tfeba klast. Ukézalo se totiz, ze nepouzité bunky ve vektorech nezpisobuji zaddné
vypocetni problémy, stadi je na za¢atku nastavit na nulu (nebo jednicku, dle typu
algoritmu). V tomto ohledu je nejvhodnéjsi vzdy alokovat pamét pro neurony
v poctu nasobku ¢tyf. V samotném vypoctu se pak na to, ze skuteény pocet neu-
ront je mensi, jiz nemusime ohliZet. (Tento postup je bézny pti praci s grafikou,
Instrukce SSE vyzaduji, aby vektory byly v paméti fyzicky zarovnany na hra-
nice 128 biti (coZ je fyzicka sitka datové sbérnice, velikost slova mikroprocesoru
Pentium IIT). Praxe ukdzala, Ze tento pozadavek programovéni nijak nekompli-

sy

kuje. Prekladace C++ s podporou SSE dokézi toto pravidlo hlidat automaticky.
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6 Shrnuti

Predstavili jsme zde myslenku, jak vhodné vyuzit SIMD instrukce béznych mi-
kroprocesort Intel/AMD k v§raznému zrychleni vypo¢tu umélych neuronovych
siti. Tyto vektorové verze algoritmt davaji identické vysledky s algoritmy pt-
vodnimi v az nékolikanasobné kratsim case.

Néami zvoleny referenéni model vykazuje pfiblizné trojnasobné zrychleni pfi
pouziti SSE instrukci. Také dalsi typy neuronovych siti, které jsme v ramci nasi
prace zkouseli implementovat, vykazovaly zrychleni, zhruba dvojnasobné. Pro
implementaci neuronovych siti diskrétniho typu je vhodné pouzit MMX, pro
vSechny spojité sité je vhodnéjsi SSE. Prestoze MMX mtize byt bez problémi
pouzito i pro necelo¢iselné vypocty?, pouziti SSE se ukazuje jako lepsi varianta.

Vypocty v oblasti grafiky a geometrie nékdy dosahuji pfi pouziti SSE deseti
i vicenasobného zrychleni. Podobnych vysledkti jsme u neuronovych siti nedo-
sahli. Duvodem je skutec¢nost, ze SSE obsahuje fadu velmi specifickych instrukei,
které jsou Sity na miru grafickym vypoctim, zatimco pro neuronové sité pouzi-
jeme jen nékteré obecné SSE instrukce.

Do budoucna muze byt zajimavé zkusit vyuzit rozsifenych moznosti SSE2
a SSE3. Tyto nové instrukéni sady by mohly pfinést jesté az znovu dvojnasobné
zrychleni oproti souc¢asnému SIMD kédu, muze to vSak byt za cenu snizeni vy-
pocetni presnosti (vétsi numerické chyby). Limitujici je také skutecnosti, Ze tyto
nové instrukce najdeme zatim jen na nejnovéjsich mikroprocesorech Pentium 4.
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