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PRAHA 2010
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ÚVOD

Tento sborńık je sestaven z př́ıspěvk̊u 27. ročńıku Malého Informatického Seminá̌re
(MIS’10), který proběhl 16. - 23. ledna 2010 v Josefově Dole. Podobně jako
v předchoźıch letech se tohoto semináře zúčastnili členové kateder informatické sekce
MFF UK, studenti, zvańı hosté a daľśı aktivńı účastńıci. Stabilńımi účastńıky se také
stali mladš́ı studenti doktorského studia.

Malý informatický Seminář je organizován již řadu let, jeho sborńık letos vycháźı
po osmé. Do sborńıku bylo v tomto roce vybráno 6 př́ıspěvk̊u. Všechny př́ıspěvky
prošly recenźı.

Př́ıspěvky tematicky spadaj́ı do oblasti výzkumu vedeného jednotlivými katedrami
informatické sekce MFF UK. Někteř́ı autoři také využili dodatečné možnosti rozš́ı̌reńı
svého textu oproti p̊uvodńı verzi. Editoři proto doufaj́ı, že tento sborńık poslouž́ı i
jako doplněk učebńıch text̊u pro př́ıslušné obory.

Programový i organizačńı výbor semináře pracoval ve složeńı: Martin Plátek jako
předseda, David Obdržálek jako člen; oba jsou pak editory sborńıku.

Př́ıspěvky recenzovali předevš́ım pracovńıci informatické sekce MFF UK a Ústavu
Informatiky AV ČR.

Děkujeme všem, kteř́ı se pod́ıleli na zdaru Malého Informatického Semináře
v roce 2010, a to jak těm, kteř́ı jej pomohli zorganizovat, tak i všem účastńık̊um.
Tradičńı poděkováńı př́ısluš́ı i pán̊um Lumı́ru Kymrovi a Václavu Šilháčkovi za trvalé
pochopeńı při zajǐsťováńı ubytováńı účastńık̊u našeho semináře.

Praha 2010

M. Plátek
D. Obdržálek
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Malostranské nám. 25, Prague
tomas.hanicinec@centrum.cz

Martin Holeňa
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Abstract. Rule extraction forms one of the most important areas of data mining.
Foremost advantages of this approach are namely good comprehensibility of the rules
for humans and the consequent possibility to closely analyze and tune the relations
and dependencies found by one of the commonly used rule extraction algorithms. This
article explains two groups of such rule extraction algorithms - genetic algorithms and
EDA algorithms. Each group is first introduced in its basic form. Then, the ways and
specifics of its application on the domain of rule extraction are shown in detail along
with the techniques used to boost the algorithms performance.
Keywords: rule extraction, genetic algorithm, EDA algorithm, genome encoding

1 Introduction to rule extraction

Rule extraction is one of mainstream areas of data mining. Its’ task is to find significant
relationships and dependencies in an input data set in the form of human-readable
rules.

An input data set is a set of n data instances. Each instance is a vector of m
attribute values and a target attribute value. Attributes can be of different types. For
the purposes of this article we differentiate attributes into discrete attributes (like
gender, nationality or blood type) and continuous attributes (like weight, dimension
or time). Target attribute is the attribute we are trying to predict.

An example of a rule is given

IF (age > 60) & (smoker = yes) & (weight ≥ 100) THAN (cancer risk = high)

A rule is composed of a conjunction of individual conditions (like age > 60). The
conjunction of conditions is called the antecedent. The assertion about the target
attribute (like cancer risk = high) is called the consequent. The semantics of a rule
is simple - if a data instance satisfy the antecedent, than it should have the target
attribute according to the consequent.
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2 Genetic algorithms

Genetic algorithms form one of the subgroups of evolutionary algorithms (family of al-
gorithms based in some way on the theory of evolution). Genetic algorithms work with
populations - sets of individuals usually represented as binary strings of a fixed length
(although other representations are possible, too). The basic idea of every genetic
algorithm is to simulate the evolutionary process by iterating through generations.
Each generation is created from the previous one by application of genetic operators
- crossover and mutation. Furthermore, individuals participating in the creation of
the new generation are selected with the probability proportional to their fitness (a
measure determining the quality of the individual with respect to the problem we
want to solve). This way, the high quality individuals are more likely to survive to the
next generation where their genetic information can be further exploited by crossover
and mutation. Following pseudocode shows the basic version of a genetic algorithm

1. population = initializePopulation()

2. population = evaluatePopulation(population)

3. WHILE (NOT stopping criterion reached)

(a) new generation = select(population)

(b) new generation = crossover(new generation)

(c) new generation = mutation(new generation)

(d) population = evaluatePopulation(new generation)

4. RETURN bestIndividual(population)

Initialization usually generates random population of a given size (although in
some cases it might be better to generate the initial population according to some
problem dependent heuristic). There are several standard methods of selection. Their
common attribute is the fact that the probability of selecting each individual is pro-
portional in some way to that individuals’ fitness. Crossover on binary strings usually
consists in swapping certain parts of the strings between the involved individuals. As
an example, Figure 1 illustrates the standard two point crossover.

Figure 1: Two point crossover

Mutation is a defence mechanism against the loss of diversity in the population
and it usually performs a slight change of the selected individual. In the case of binary
strings it usually cause one random bit to change its value. Stopping criterion is
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usually defined as a fixed number of generations. Other options are possible - for ex-
ample reaching sufficiently good solution or reaching the point where the changes in
the population between consequent generations are sufficiently small. Fitness eval-
uation is often the only problem dependent part of the algorithm. Each individual
is assigned a value corresponding with its quality as a solution to a problem we want
to solve. More about genetic algorithms and the underlying theory can be found for
example in [9].

3 Genetic algorithms for rule extraction

Genetic algorithms can be successfully used to extract rules from data. The domain
of rule extraction has however some specific features that make the standard version
of genetic algorithm slow and inefficient. It is therefore necessary to introduce some
domain specific techniques to improve the algorithms’ performance. Some of these
techniques are introduced in the following sections. For further reading, there is an
excellent monograph [5] covering most of the presented techniques in more detail.

3.1 Individual representation

The first question we have to answer is what will form the individual itself. The most
obvious solution is to encode one rule into an individual (so called Michigan approach).
Michigan approach is easy, straightforward and fast. However, as an output of the
algorithm we would usually like to get a set of rules that reasonably covers the input
data set. With one rule per individual we can either return several top individuals
(rules) or to run the algorithm repeatedly and get the best individual/rule per each
run (Both cases will very likely produce almost identical rules. To prevent that, the
technique of sequential covering is used. Whenever we select a rule, the input data
set is stripped of the instances covered by the rule and the next rule is selected with
respect to this reduced input data set). In both cases we are only guaranteed to
obtain the set of best rules. Due to the possible dependencies and duplicities among
the rules it often doesn’t mean the best rule set. This drawback can be solved by
taking the entire rule set as an individual (so called Pittsburgh approach). This way
the algorithm only has to be run once and the possible dependencies among the rules
are solved within the algorithm itself. Naturally the price is increased complexity
and runtime of genetic operators and fitness evaluation. In the following text we
decided to use Michigan approach (one rule per individual encoding), although most
of the conclusions are valid for Pittsburgh approach, too. More detailed analysis of
advantages and disadvantages of both approaches in genetic algorithms can be found
for example in [8].

So how to encode a rule into a genetic algorithm individual? We start with encoding
a single condition. Let us consider a condition on the attribute A. If the attribute A
is discrete (say gender or country), we can encode the condition into simple binary
string as shown on Figure 2 (a). Such an encoding is simple, the standard genetic
operators can be used without modification and we can naturally encode logical OR
by simply adding more ones to the string. If the attribute is continuous (like weight or
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distance), we can either discretize it, or use high-level encoding shown on the Figure
2 (b).

Figure 2: Condition encoding for discrete (a) and continuous (b) attribute

As we learned in Section 1, a rule is composed of an antecedent and a consequent. It
is possible to encode the whole antecedent of a rule by concatenation of its individual
conditions encoded according to the Figure 2. Regardless on which type of condition
encoding we choose, we can discretize all the continuous attributes and use binary
encoding, or we can use high-level encoding which works with discrete attributes
too, or we can use both encodings at once. In either case the result is a variable-
length string. We can however achieve fixed-length encoding by introducing an extra
flag Activity into each condition and including a condition for each attribute into the
antecedent. This way all the antecedents have the same number of conditions encoded
(which means the same length) with some of the conditions simply turned off by zero
Activity flag.

As for the encoding of a consequent - consequent of a rule is usually not included
into the genetic individual representing the rule. The reason for this is simple. We are
primarily interested in finding interesting relationships in some data set. If the genetic
algorithm finds a rule with good performance, it isn’t usually important which par-
ticular attribute it predicts (ie. its consequent). Inaccurate consequent will effectively
destroy most of the rules no matter how good these rules might be. Even worse - the
better the rule actually is, the more destructive the effect of a wrong consequent is.
There are several techniques how to deal with consequents. We can run the genetic
algorithm several times for each of the possible consequents (target attributes). Or
we can divide population into subpopulations, each of them having one common pre-
determined consequent. It is also possible to determine the consequent of each rule
independently as the best one possible at the time. In this case we must limit crossover
to parents with the same consequent (which forms a nice analogy of animal species
in nature).

3.2 Population initialization

Previous section described how an individual will look like. Now we will focus on the
initialization of the population. Standard version of genetic algorithm initializes the
population randomly. The search space of all the possible rules is often very large and
feasible solutions are very sparse which make purely random initialization inefficient.
To overcome this difficulty, a technique called seeding is used. Its representation follows
bellow.
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1. WHILE(NOT population is initialized)

(a) seed = getRandomInstance(input data set)

(b) rule = createExactRule(seed)

(c) rule = generalize(rule)

(d) assignToPopulation(rule, population)

First, a data instance (seed) is randomly selected. Then the rule exactly matching
the selected data instance is generated. Finally, this rule is adequately generalized
(more on how to generalize a rule in the section 3.5) and assigned to the initial
population. This process is repeated until the whole initial population is created.

3.3 Fitness function

Fitness function in genetic algorithms should provide an estimate of an individuals
quality. In our case, it should reflect the quality of a rule. There are several criteria,
according to which the quality of the rule can be measured. The most important of
these criteria is of course how good the rule is in predicting the target attribute. This
is usually measured using the confusion matrix of the rule (Figure 3)

Figure 3: Confusion matrix of a rule

TP stands for true positive and it is the number of data instances that satisfy the
rules conditions and their target attribute matches the rules prediction, TN means
true negative and it’s the number of data instances that satisfies neither conditions nor
prediction and so on. Confusion matrix serves as a basis for various different quality
measures used to estimate the rules quality. Namely true positive rate ( TP

TP+FN ), true
negative rate ( TN

TN+FP ), accuracy ( TP+TN
TP+FP+TN+FN ) or precision ( TP

TP+FP ). None of
these single measures performs best on all kinds of data so their various combinations
are often used instead.

There are other criteria that can reflect the quality of a rule, too. Shorter and
simpler rules are undoubtedly more usable than longer and complicated ones (given
their accuracy is comparable) so we might want to prefer shorter and simpler rules via
the fitness function. Generally, we can influence the type and form of produced rules
almost at will by addition of other criteria and conditions to the fitness function.
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3.4 Crossover & mutation

In this section we assume individuals encoded by the high-level encoding for continu-
ous attributes. Individuals encoded by the binary encoding can use basic versions of
genetic operators as described in section 2.

Crossover for high-level encoding works almost like in the standard case, too.
That means both parents are divided by random points into several sections and
their genetic material is exchanged between some of the adjacent sections. Standard
two point crossover (three sections) is shown on Figure 1 earlier. The only thing we
have to keep in mind is the fact the parents must be aligned so that conditions on
the same attribute are underneath each other. An example of simple crossover of two
rules is shown on Figure 4

Figure 4: Example of crossover producing empty offspring

From the figure we can see that it is also possible that some of the offspring
produced by this kind of crossover are empty. We can resolve this case either by
performing the crossover according to different dividing points or by choice of different
parents or by simply skipping such offspring.

Mutation lies in a subtle change of a condition. This is usually achieved by
addition of a random (preferably small) number to the conditions value. That means
for example the condition (age < 20) can mutate into (age < 22) or (age < 15). It
is also possible to change the condition by randomly changing its operator, although
such a change is more dramatic and possibly more destructive, too (after all, (age <
20) and (age > 20) are two very different conditions).

3.5 Generalization & specialization

Previous section covered basic versions of genetic operators for rule extraction. Now
we present their modified versions used to make a rule either more general, or more
specific. In the domain of rule extraction, these modified versions of genetic operators
are often used along with the basic versions. The probability of favoring the modified
versions over the basic versions is determined for each rule individually according
to the rules properties. For example the more specific the rule is, the higher the
probability of favoring specialization and vice versa. It is also a good idea to use
generalization and specialization operators more often for rules with above-average
fitness. The reason for this is that generalization and specialization operators are are
usually less destructive and therefore tend to preserve and exploit the promising rules
more than random basic genetic operators. In the rest of this section we assume high-
level encoding for continuous attributes as described in the section 3.1. Situation for
individuals and conditions with binary encoding (discrete attributes) is similar.
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3.5.1 Crossover

Generalization version of genetic crossover is demonstrated on the Figure 5

Figure 5: Generalizing crossover

Basic principle remains the same as in the case of standard crossover. Only instead
of simply swapping the adjacent parts of both strings, a logical OR is performed.
This may cause some conditions to effectively disappear from the rules antecedent
(marked by ANY on Figure 5). Specialization crossover works the same way, except
for using logical AND instead of OR. In this case, some of the conditions produced by
specialization crossover may become unsatisfiable (this problem can be solved simply
by omitting the condition from the crossover process).

3.5.2 Mutation

Generalizing mutation is demonstrated on Figure 6

Figure 6: Generalizing mutation

As can be seen from the figure, generalizing mutation changes a value of an affected
condition by random number in a way that produces more general condition. The
process in the case of specialization stays the same, only the value is affected in the
opposite direction to make the condition more specific.

3.5.3 Other operators

Apart from modified versions of common genetic operators described in previous sec-
tions there are other possibilities how to perform generalization or specialization of a
rule, too. To make a rule more general we can drop an entire condition from the rule
(so called dropping operator). And on the contrary, to make a rule more specific we
can add a new condition into the rule. This new condition can be generated randomly,
by some heuristic or by seeding from some data instance covered by the rule.

4 Estimation of distribution algorithms

Estimation of distribution algorithms (EDA) form another important group of evolu-
tionary algorithms. Much like genetic algorithms, EDA are based on iterating through
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individual generations. The difference from genetic algorithms lies in the way the tran-
sition between subsequent generations is performed. Estimation of population distri-
bution and sampling from this estimate are used in EDA instead of genetic operators
(like crossover and mutation). Basic version of EDA is outlined on the following pseu-
docode.

1. population = initializePopulation()

2. population = evaluatePopulation(population)

3. WHILE (NOT stopping criterion reached)

(a) selection = select(population)

(b) distribution = estimate(selection)

(c) new generation = sample(distribution)

(d) population = evaluatePopulation(new generation)

4. RETURN bestIndividual(population)

Initialization and fitness evaluation work exactly the same as described in case
of genetic algorithms in section 2. Usually the population is initialized randomly and
fitness function is problem dependent. Selection is based on an individuals fitness
again (probability of selecting an individual should be proportional to its fitness).
Estimate function performs estimation of probabilistic distribution for the current
selection. This can be done in many various ways, some of which will be discussed in
later sections. After the estimation the current population and selection are thrown
away and the new generation is created by random sampling from the estimated
distribution. This new generation is then evaluated and the whole process continues
until the stopping criterion is reached. Options for the stopping criterion are the
same as described for genetic algorithms in section 2.

From the pseudocode we can see that the basic principle is very similar to genetic
algorithms. Like in genetic algorithms the search for the best individual is powered
through fitness proportional selection. But in contrast to genetic algorithms inde-
pendent application of crossover and mutation the EDA approach encapsulates the
transition between the two subsequent generations into single probability distribu-
tion, from which the new generation is sampled. This simplifies the whole process and
opens the door to better examine and explain the EDA methods through mathemat-
ical theory. More theoretical work along with more detailed explanation of individual
EDA can be found in the monograph [7].

There are several versions of the basic concept presented in the pseudocode above
according to the type of the domain (discrete or continuous) and the presence and com-
plexity of dependencies between individual attributes. Following two sections present
some of these versions in more detail. We will assume the attributes are either all
discrete or all continuous. The ”real-life” case in which some attributes are discrete
and some are continuous will be briefly discussed in section 5.3.
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4.1 Discrete domain

Let us have n data instances, each one with m attributes. Each of these attributes
have discrete domain. The estimation phase of the EDA then consists of computing
probability pk(x) | Sk = p(x1, x2, ..., xm) where Sk is the current selection. The way
we can do this depends on whether there are any dependencies among the attributes
or not.

4.1.1 Univariate Marginal Distribution Algorithm (UMDA)

UMDA is probably the simplest algorithm implementing the EDA scheme. It works
for data with attributes having discrete domains and it doesn’t take into account any
possible dependencies among individual attributes. The probability pk(x) is estimated
simply from relative frequencies of values in the current population.

pk(x) = p(x|Sk) =
m∏

i=1

pk(xi) =
m∏

i=1

∑n
j=1 δj(Xi = xi|Sk)

n
(1)

Here, δj is 1 if the value of i-th attribute of j-th data instance equals xi and 0
otherwise. The rest of UMDA follows the standard pattern shown at the beginning of
section 4.

4.1.2 Estimation of Bayesian Networks Algorithm (EBNA)

EBNA unlike the simple UMDA takes into account the possibility of dependencies
among attributes. In each generation, the algorithm tries to build a Bayesian network
to model the possible dependencies between attributes and learn it from the current
selection. The probability distribution pk(x) is then estimated using this Bayesian
network.

The construction of the Bayesian network itself forms a bottleneck of this algorithm
and therefore we are usually not searching for the best structure possible and settle
for a sufficiently good one. There are three variants of EBNA according to the method
used for the Bayesian network structure construction:

EBNAPC constructs the Bayesian network by systematically testing the conditional
independencies between the attributes by the PC algorithm.

EBNAK2+pen constructs the Bayesian network by searching the space of all possible
network structures using the penalized K2 algorithm (see [3])

EBNABIC constructs the Bayesian network by searching the space of all possi-
ble network structures using the BIC criterium to evaluate found structures.
BIC ≡ −2ln(Lmax) + kln(N) where Lmax is the maximum likelihood achiev-
able by the network, k stands for the number of parameters of the network and
N is the sample size.
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4.2 Continuous domain

Let us have n data instances, each one with m attributes. Each of these attributes
has continuous domain. The estimation phase of the EDA in this case consists of
approximating the density function of the distribution of the current selection. The
way we can do this depends again on whether there are any dependencies among the
attributes or not.

4.2.1 Univariate Marginal Distribution Algorithm for continuous do-
mains (UMDAc)

UMDAc is very similar to discrete UMDA in a way it is very simple implementation
of the EDA scheme and it does not take into account any potential dependencies
among individual attributes. The difference lies in the estimation phase. While UMDA
tries to estimate discrete probability pk(x), UMDAc estimates continuous density
function. For each attribute in each generation UMDAc performs some statistical
tests on several possible density functions and chooses the likeliest one of them. After
the density function itself was determined, its parameters are also estimated on the
basis of maximum likelihood. The particular method of the parameter estimation
depends on the density function used.

4.2.2 Estimation of Gaussian Networks Algorithm (EGNA)

EGNA forms a parallel to EBNA for continuous domains. The basic principle stays
the same as in case of EBNA. In each generation, the algorithm tries to build a
probabilistic graphical model (in this case Gaussian network) to model the possible
dependencies between attributes and learn it from the current selection. The density
function of the distribution is then estimated using this Gaussian network.

Like in case of EBNA, there are several versions of EGNA which differ in the
method used to build the Gaussian network:

EGNAee builds the Gaussian network using the edge exclusion tests (basically test-
ing whether a certain edge in the network can be removed) [4].

EGNABGe constructs the Gaussian network by searching the space of all possible
network structures using the BGe metric to evaluate found structures (BGe
stands for Bayesian Gaussian equivalence, see [6])

EGNABIC constructs the Gaussian network by searching the space of all possible
network structures using the BIC criterium to evaluate found structures. BIC
criterium was outlined earlier in section 4.1.2.
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5 EDA for rule extraction

Let us now look at the ways the EDA paradigm can be used for rule extraction.
The crucial and basically the only difference from the genetic algorithm approach
described in section 3 is in the individual encoding. In the case of genetic algorithms
the individual encoding is only constrained by genetic operators (crossover and muta-
tion). So in theory we can use any encoding and we only have to have the appropriate
and efficient operators developed for it. In EDA the situation is a bit different. The
(relatively variable) genetic operators are replaced by the probability distribution es-
timation phase which is usually more restrictive in the means of its inputs (ie the
population composed of the encoded individuals). Therefore we prefer to encode an
individual as a vector of numbers (whole or real depending on whether the domain
is discrete or continuous). This kind of encoding is simple to work with and further-
more we do not have to make any special changes to the standard versions of EDA
presented in sections 4.1 and 4.2. In the following two sections the specific ways how
to encode an individual (a rule) into a number vector are presented. We use the same
notation as described in section 1.

5.1 Individual encoding for discrete EDA

The individual in this case means a rule composed of several conditions on attributes.
All the attributes have discrete domain (the ones that cannot be discretized). We need
the length of a rule to stay fixed for the purposes of EDA. This can be done by simply
including exactly one condition for each attribute of the rule and allowing an empty
condition (a condition that is satisfied always). In the discrete case, we therefore need
to encode three operators {=, 6=, ANY }

Let us have an attribute gender with possible values male, female. We encode the
possible values with consecutive integers. The operators are then encoded as shown
on Figure 7

Figure 7: Condition encoding for discrete EDA

We can see the single rules condition is encoded into an integer. The whole rule
would then be encoded as a vector of numbers corresponding to individual conditions.
For example the rule

IF(weight 6=normal) & (smoker=yes) & (gender=ANY) THAN (cancer risk=high)
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with attributes weight ∈ {normal, high, extreme}, smoker ∈ {yes, no} and gender
∈ {male, female, unknown} will therefore be encoded as (4, 1, 7). Note that the
consequent of the rule, in this case (cancer risk=high) is not part of the rules encoding
for the reasons described in the section 3.1 for the case of genetic algorithms.

5.2 Individual encoding for continuous EDA

Encoding of continuous attributes works basically the same as encoding of discrete
attributes described in previous section. The main difference is we use real numbers
instead of integers in the encoded vector. There are also two more operators (< and
>) that make sense for conditions on continuous attributes. In total we therefore need
to encode five operators {=, 6=, <, >,ANY }

Let’s have an attribute weight ∈ (0, 150]. The encoding of a condition on this
attribute is illustrated on Figure 8

Figure 8: Condition encoding for continuous EDA

The whole rule is once again encoded as a vector composed of codes of individual
conditions and the consequent is not part of the encoding.

5.3 Notes on mixed domains

In the previous two sections we showed how the individuals with discrete and continu-
ous domains can be encoded for the purposes of EDA. However, in most real life cases
we need to solve problems described by both discrete and continuous attributes. One
solution to this problem is to simply treat discrete attributes as continuous. This may
be straightforward but since we are throwing away the simplicity (and properties) of
discrete attributes, the computational process will often become unnecessarily com-
plicated. Other solution may lay in splitting the input data set into several data sets
according to the certain combinations of values of the discrete attributes (we can use
some of the standard clustering methods to do that). By such a clustering of the input
data set we can effectively get rid of the discrete attributes in individual partial data
sets, estimate the distribution of each partial data set separately and finally combine
the estimated distributions together in the sampling phase of the algorithm. With this
solution, the discrete attributes can be treated like discrete, but on the other hand
we are losing some information by clustering and the algorithm will tend to be slower
while dealing with the split input data set.
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6 Conclusion

In the article we have shown how the two main groups of evolutionary algorithms -
genetic algorithms and EDA - can be adjusted and used for the purposes of rule ex-
traction. Surveys and empirical measurements have been performed to compare these
evolutionary approaches to rule extraction with the conventional rule extraction algo-
rithms. There is for example empirical comparison [10] comparing the performance of
EDA versus CN2 ([1]) and RIPPER ([2]) algorithms. This and similar works showed
that the evolutionary algorithms are in some cases capable of outperforming the tradi-
tional algorithms. Given that the rule extraction is probably one of the most important
(if not the most important) areas of data mining today, it seems the evolutionary ap-
proaches to rule extraction are worth of further research. That is especially true for
EDA approach. Since the EDA paradigm is still relatively new, the future work has
the potential to further improve the EDA-based rule extraction techniques, possibly to
the point where they could dominate traditional techniques. Furthermore - the direct
comparison of both genetic and EDA approaches to rule extraction is still missing in
the literature, too. Such a comparison could shed light on the cases where these two
(seemingly similar) evolutionary approaches differ in performance. This knowledge
could then help to better directing the research in both areas.
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of Distribution Algorithms”, Estimation of distribution algorithms: A new tool
for evolutionary computation, Kluwer, Boston, 2002

16



Evoluce komunikace umělých bytost́ı
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Abstrakt Text se zabývá evolućı komunikace (umělých) organismů. Popisuje
požadavky na komunikaci, návrh formátu podle těchto požadavk̊u a výsledky
provedených pokus̊u s evolućı komunikace.
Kĺıčová slova: Umělý život, komunikace, evoluce.

1 Úvod

V textech [1] a [2] jsme popisovali simulaci prostřed́ı, ve kterém žij́ı umělé bytosti. Jako
motivaci těchto experiment̊u jsme uváděli snahu podńıtit a sledovat vývoj komunikace
takových bytost́ı. Tento text popisuje takový pokus o vývoj komunikace.

1.1 Umělý svět

Umělý svět, v němž provád́ıme simulaci, byl popsán v [1]. Jde o čverečkovou śıt’,
na které roste potrava a po které se pohybuj́ı umělé bytosti, pomoćı přesun̊u mezi
jednotlivými čtverečky.

Kroky umělého orgamismu ř́ıd́ı jednoduchý algoritmus rozhoduj́ıćı se podle obsahu
sousedńıch poĺıček. Algoritmus je representovaný tabulkou a je předmětem evoluce.

Organismy se množ́ı pomoćı pářeńı, k pářeńı dojde, pokud jsou parametry orga-
nismů vyhodnoceny jako kompatibilńı a pokud algoritmus rozhodne, že se má provést
akce pářeńı.

Ve v tomto textu popisovaném experimentu přibude k podmı́nkám pářeńı úspěšná
komunikace obou jedinc̊u.

2 Návrh formy komunikace

To, co dělaj́ı lidé a co dělaj́ı zv́ı̌rata, co se vyv́ıjelo miliony let a to, co chceme vyv́ıjet
ted’ během několika minut nebo hodin v poč́ıtači, budeme nazývat komunikace.

To, co budou provozovat dva konkrétńı jedinci v jednom konkrétńım čase a mı́stě
bude jedna konkrétńı instance komunikace; této instanci budeme ř́ıkat rozhovor.

Komunikace, jazyk, prostředek výměny informaćı mezi jedinci. . . může mı́t mnoho
r̊uzných forem komunikace.
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Na jednom konci spektra forem komunikace lež́ı pouhé vyhodnoceńı kompatibility
parametr̊u (vzhledu, pachu, chováńı) – sem bychom mohli zahrnout experimenty
popsané v [1], kde jedinci pouze zjǐst’ovali, zda jejich představy o ceně pářeńı
a rodičovských investićıch maj́ı společný pr̊unik.

Na druhém konci spektra by potom mohlo ležet něco jako rozhovor dvou lid́ı
v přirozeném jazyku, kdy komunikuj́ıćı jedinci ze slovńıku o statiśıćıch slov vyb́ıraj́ı
slova, skládaj́ı je do vět, kterými k sobě promlouvaj́ı a po určitém počtu vyměněných
vět se domluv́ı, nebo nedomluv́ı. Formou komunikace je zde jazyk, chápaný ne jako
pouhá množina slov, ale se vš́ı svou sémantikou a s t́ım, jaký dopad maj́ı vyslovená
slova (věty) na obsah vědomı́ komunikuj́ıćıch jedinc̊u.

Naš́ım ćılem bylo pokusit se navrhnout formu komunikace, která by nebyla tak
triviálńı jako v prvńım př́ıpadě a přitom by bylo v silách organismů simulovaných na
běžném poč́ıtači naučit se j́ı vyjadřovat.

2.1 Výchoźı požadavky na komunikaci

Před samotným návrhem formy komunikace vhodné pro poč́ıtačovou evoluci jsme si
stanovili požadavky, které by tato forma měla splňovat:

1. Aby jedinci měli nějaký d̊uvod komunikovat a aby byl nějaký d̊uvod pro
vývoj/zlepšováńı komunikace, bude úspešná1 komunikace nutnou podmı́nkou
pářeńı.

2. Komunikace jedince bude závislá na parametrech, které budou součást́ı dědičné
informace jedince. Tyto parametry budou předmětem selekce, kř́ıžeńı a mutace,
aby se komunikace mohla v pr̊uběhu simulace vyv́ıjet.

3. Rozhovor nebude jen porovnáńı nějakých hodnot, ani dvojice monolog̊u, ale
posloupnost stř́ıdavých promluv jedinc̊u, kde na promluvě jednoho jedince
budou záležet daľśı promluvy druhého

4. Délka rozhovoru nebude předem daná, bude záležet na kvalitě komunikace, jak
rychle se jedinci dokážou domluvit, nebo naopak poznat, že se nedomluv́ı

5. Každý rozhovor skonč́ı úspěchem (partner v rozhovoru je vhodný pro pářeńı)
nebo neúpěchem (partner v rozhovoru neńı vhodný pro pářeńı)

6. Každý rozhovor bude účastńıky něco stát, jeho cena by měla r̊ust s délkou, aby
byly zvýhodněny takové zp̊usoby komunikace, které vhodnost či nevhodnost
partnera dokážou poznat rychleji.

7. Krom toho, jak se bude komunikace vyv́ıjet z generaci na generaci, by mělo
docházet k určitému vývoji i během života jednoho jedince, podobně jako vedle
sebe stoj́ı dlouhý, pozvolný vývoj třeba českého jazyka a to, jak se konkrétńı
d́ıtě uč́ı mluvit nebo psát (fylogeneze a ontogeneze).

Tento požadavek by nav́ıc mohl zajistit, že se nebudou pářit př́ılǐs mlad́ı jedinci,
což by mohlo přispět daľśım strategíım v dř́ıve zkoumané evoluci parametr̊u

1Úspěšná bude taková kominukace, kde se oba jedinci shodnou na tom, že se spolu chtěj́ı pářit
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pářeńı; umožnilo by to chováńı, kdy jedinec nejdř́ıve muśı poznat několik
potenciálńıch partner̊u, podle jejich parametr̊u źıská představu o hodnotách
rodičovských investic a daľśıch parametr̊u pářeńı — a podle toho potom může
nastavit své požadavky.

2.2 Komunikace pomoćı tabulek

Výše uvedené požadavky nás vedly k následuj́ıćımu návrhu formy komunikace:

1. Každý jedinec bude mı́t svoji tabulku komunikace a ukazatel označuj́ıćı aktuálńı
poĺıčko.

2. Tabulka komunikace bude dvourozměrná tabulka obsahuj́ıćı slova.

3. Na začátku rozhovoru ukazatel každého jedince bude ukazovat na výchoźı poĺıčko
jeho tabulky.

4. Rozhovor bude vypadat tak, že stř́ıdavě každý z účastńık̊u vyslov́ı slovo obsažené
v aktuálńım poĺıčku, a provede se akce s t́ımto slovem spojená.
D̊uvod: Rozhovor tak bude sestávat ze stř́ıdavých promluv obou účastńık̊u.

5. Oba účastńıci zač́ınaj́ı rozhovor s určitým kreditem (100), od kterého se jim
odeč́ıtá cena za každou promluvu. Pokud některý z účastńık̊u vyčerpá sv̊uj
kredit, rozhovor konč́ı neúspěchem.
D̊uvod: Omezená délka rozhovoru.

6. Kromě tabulky komunikace bude mı́t každý jedinec ještě stejně velkou tabulku
návštěv, na které se mu bude zaznamenávat, kolikrát (během svého života)
daným poĺıčkem prošel. Cena za každou promluvu bude odvozena od této
tabulky návštěv, na začátku vysoká (10), s každou návštěvou poĺıčka se bude
snižovat.
D̊uvod: Tabulka návštěv by měla zp̊usobit, že opakované, známé cesty v tabulce
komunikace budou laciněǰśı než nová poĺıčka s vysokou cenou, mělo by to vést
ke společnému jazyku uvnitř populace.
D̊uvod: Tabulka návštěv by zároveň měla snǐzovat pravděpodobnost úspěšné
komunikace jedinc̊u, kteř́ı dosud komunikovali málo.

7. Možná slova jsou:

send credit promlouvaj́ıćı předá poslouchaj́ıćımu část svého kreditu (10),
left, right, up, down posunou ukazatel poslouchaj́ıćıho v př́ıslušném směru
(nejpravěǰśı poĺıčka soused́ı s nejlevěǰśımi, nejvyšš́ı s nejnižš́ımi).

D̊uvod: Daľśı vývoj komunikace bude záležet na tom, co bylo právě ted’ řečeno
(účastńıci nepovedou dva monology).
D̊uvod: send credit je akce, která snǐzuje schopnost účastńıka pokračovat
v rozhovoru; pokud ji protěǰsek nebude (včas) oplácet, dojde dárci kredit
a rozhovor skonč́ı neúspěchem.
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8. Komunikace bude úspěšná, pokud každý z účastńık̊u rozhovoru vyslov́ı a provede
předem stanovený počet slov a akćı send credit.

9. Kredit předaný operaćı send credit bude odeč́ıtán nejen od kreditu
komunikace, ale od energie jedince. a přijatý kredit bude přič́ıtán k energii
jedince (takže mohou vznikat př́ıživńıci).
D̊uvod: Odeč́ıtáńı darovaného kreditu od energie jedince slouž́ı jako zábrana
proti tomu, aby vývoj komunikačńıch tabulek nevedl k jejich zaplněńı akcemi
send credit.

10. Každý jedinec bude ve skutečnosti mı́t dvě tabulky komunikace a k nim dvě
tabulky návštěv, jednu pro otcovskou roli, kdy zahajuje komunikaci (a tedy
zač́ıná na výchoźım poĺıčku) a jednu pro mateřskou roli, kdy zač́ıná jako
poslouchaj́ıćı (a tedy, s výjimkou př́ıpad̊u, kdy prvńı akćı zač́ınaj́ıćıho bude
send credit, bude zač́ınat rozhovor na poĺıčku, kam byl jeho ukazatel přesunut
prvńı akćı rozhovoru).

Obrázek 1 zobrazuje př́ıklad začátku rozhovoru dvou jedinc̊u — horńıho, který
zahajuje komunikaci a dolńıho. Šipky a značky na nich představuj́ı vyslovená slova.
Světlý kroužek v každé tabulce označuje aktuálńı poĺıčko.

Obrázek 1: Princip komunikace pomoćı tabulek

3 Př́ıklad úspěšné komunikace

Toto je př́ıklad úspěšného rozhovoru, s počátečńım kreditem 100. Podmı́nkou úspěšné
komunikace bylo, aby každý jedinec nejméně třikrát provedl operaci send credit.

K každém řádky je vždy promluva i odpověd’, s údaji o pozici v tabulce, kreditu
a vysloveném slovu:
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5:5 (100) down 5:6 (100) right
6:5 ( 99) send_credit 5:6 (109) right
7:5 ( 88) right 6:6 (108) left
6:5 ( 87) send_credit 6:6 (117) left
5:5 ( 76) down 6:7 (116) down
5:6 ( 75) up 6:6 (115) left
4:6 ( 74) down 6:7 (114) down
4:7 ( 73) right 7:7 (113) send_credit
4:7 ( 82) right 8:7 (102) down
4:8 ( 81) down 8:8 (101) down
4:9 ( 80) down 8:9 ( 93) up
4:8 ( 74) down 8:0 ( 84) right
5:8 ( 73) left 7:0 ( 75) down
5:9 ( 72) send_credit 7:0 ( 77) down
5:0 ( 61) up 7:9 ( 70) right
6:0 ( 60) up 7:8 ( 61) up
6:9 ( 51) left 6:8 ( 60) send_credit
6:9 ( 58) left 5:8 ( 49) down
6:0 ( 56) up 5:7 ( 40) left
5:0 ( 48) up 5:6 ( 33) right
6:0 ( 47) up 5:5 ( 32) right
7:0 ( 40) down 5:6 ( 31) right
8:0 ( 39) right 6:6 ( 30) left
7:0 ( 30) down 6:7 ( 29) down
7:1 ( 29) send_credit 6:7 ( 38) down
7:2 ( 18) right 7:7 ( 37) send_credit

4 Testy

Na vyhodnoceńı experimentu jsme si předem navrhli sadu test̊u, zde poṕı̌seme
výsledky několika z nich.

1. T01: Jestli bytosti s komunikaćı v̊ubec přežij́ı

2. T02: Srovnat vliv komunikace na evoluci i na jedince

3. T03: Př́ıklad výsledné tabulky akćı a tabulky návštěv

4. T04: Rozlǐsovaćı schopnost komunikace

4.1 T01: Jestli bytosti s komunikaćı v̊ubec přežij́ı

Ano, přežij́ı. Viz daľśı test.

4.2 T02: Srovnat vliv komunikace na evoluci i na jedince

Po spuštěńı simulace jedinci maj́ı náhodný algoritmus (a pokud se evolvuj́ı i parametry
pářeńı, tak i náhodné parametry pářeńı). To znamená, že neumı́ hledat potravu ani
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partnera na pářeńı a v prvńıch kroćıch většina populace vyhyne. Zálež́ı na velikosti
mapy, dostupnosti potravy a náhodě, jestli jich přežije dost na to, aby se dokázali
rozmnožit a znovu ośıdlit prostřed́ı.

Když se do modelu přidá komunikace jako nutná podmı́nka pářeńı, znamená to
daľśı omezeńı možnosti pářeńı a tedy zt́ıžeńı přežit́ı.

4.2.1 Popis testu

V deseti pr̊uběźıch simulace bez komunikace a v deseti pr̊uběźıch simulace
s komunikaćı zaznamenávat počty jedinc̊u až do doby, kdy se začnou zase množit
a velikost populace se ustáĺı, a následně porovnat (dále uvedené) ukazatele.

Délka simulace do ustáleńı byla stanovena na 5000 krok̊u, uvád́ıme položené otázky
spolu se źıskanými odpověd’mi pro tyto př́ıpady:

• BK: bez komunikace

• K1: s komunikaćı, podmı́nka úspěchu je jedna provedená dotace na každé straně

• K3: s komunikaćı, podmı́nka úspěchu jsou tři provedené dotace na kaaždé straně.

4.2.2 Výsledky

• kolikrát se populaci podařilo přež́ıt:
BK: všechny, K1: všechny, K3: populace 2 a 5 = dvě z deseti = 2/10

• minimálńı počet jedinc̊u v populaci, kdy – mediány:
BK: 68/64.krok, K1: 60/90.krok, K3: 42/198.krok

• maximálńı počet jedinc̊u v populaci po přežit́ı:
BK, K1: skoro stejné, K3: stále roste

• počet krok̊u, kdy po počátečńım úbytku populace nabude výchoźı
velikosti resp. jiného určeného počtu, pokud výchoźıho počtu
nenabude:
Měřeno, kdy velikost populace překroč́ı 100 jedinc̊u (mediány počtu krok̊u)
BK: 145, K1: 241, K3: 660, ALE v K3 některé populace vyhynuly (8 z 10).

• medián věku, pr̊uměr a medián energie jedince, po 5000 kroćıch:
- BK: 24 173 155
- K1: 31 202 183
- K3: 48 269 254
— tj. s požadavkem na komunikaci ROSTE věk a roste energie jedince

4.3 T03: Př́ıklad výsledné tabulky akćı a tabulky návštěv

Tento př́ıklad ukazuje komunikačńı tabulky a tabulky návštěv dvou jedinc̊u po úspěšné
komunikaci a záznam z jejich komunikace.
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Otec:

^ v < @ v v ^ < v < 0 0 0 0 0 0 0 0 0 0

> v > v v @ v @ ^ @ 0 0 0 0 0 0 0 0 0 0

< ^ v ^ > ^ v > ^ < 0 0 0 0 0 1 0 0 0 0

^ < > v v > > > < v 0 0 0 0 0 1 1 1 1 2

^ @ ^ @ ^ @ < > v v 0 0 0 0 0 4 4 3 0 1

> ^ @ < ^ ^ > ^ ^ < 0 0 0 1 1 36 31 3 0 0

> v v < < v > ^ < ^ 0 0 0 1 1 2 1 1 0 0

< v ^ ^ > ^ < ^ @ v 0 0 0 0 1 1 0 0 0 0

^ v ^ @ > < > ^ > < 0 0 0 0 0 0 0 0 0 0

> @ ^ < ^ @ v v < < 0 0 0 0 0 0 0 0 0 0

Matka:

^ ^ ^ < > @ v @ @ ^ 0 0 0 0 0 2 2 0 0 0

> v ^ > < v > > < @ 0 0 0 0 0 0 1 0 0 0

@ < > v < ^ ^ v v ^ 0 0 5 3 2 3 2 0 0 0

v > > @ < v v > v ^ 0 2 10 8 4 1 6 0 0 0

> ^ < < > v > > v v 2 3 11 13 30 22 12 3 4 3

< ^ v > v < > > < ^ 1 3 9 9 31 164 4 0 2 0

v > < > ^ > > v < < 0 0 5 2 25 183 11 3 3 0

> ^ ^ v v < v ^ v < 0 0 1 1 2 4 2 2 2 1

v > ^ < > @ > @ < @ 0 0 0 0 4 0 0 0 0 0

@ @ < @ < < < ^ > ^ 0 0 0 0 4 2 0 0 0 0

Záznam rozhovoru:

5:5 (100)__ up 5:4 (100)__ down
5:6 ( 99)__ down 5:5 ( 99)__ left
4:6 ( 98)__ left 4:5 ( 98)__ down
4:7 ( 92)__ right 5:5 ( 97)__ left
3:7 ( 85)__ up 5:4 ( 96)__ down
3:8 ( 76)__ credit_send 5:4 (105)__ down
3:9 ( 57)__ left 4:4 (104)__ right
4:9 ( 48)__ up 4:3 (103)__ left
3:9 ( 39)__ left 3:3 (102)__ credit_send

4.4 T04: Rozlǐsovaćı schopnost komunikace I.

4.4.1 Popis testu

Nechat běžet 10 evolućı, třeba 10.000 krok̊u, aby byl čas na vývoj určitého
společného zp̊usobu komunikace, z každé evoluce náhodně vybrat 10 jedinc̊u (jejich
tabulku komunikace i tabulku návštěv) a potom spoč́ıtat výsledek rozhovoru každého
s každým, v obou roĺıch. T́ım pro každou dvojici evolućı Ei a Ej źıskáme 10x10
rozhovor̊u, kde jedinec z Ei zahajuje komunikaci. Do tabulky T na pole o souřadnićıch
(i, j) potom ulož́ıme procento úspěšnosti komunikace (tabulka nebude symetrická,
kv̊uli r̊uzným roĺım).

Pokud komunikace dokáže rozlǐsit jedince ze stejné a z ciźı populace, měla by být
na diagonále velká č́ısla a jinde malá.
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4.4.2 Výsledky

Vývoj komunikace i vyhodnoceńı jej́ı úspěšnosti záviśı na mnoha faktorech: na
nastaveńı podmı́nky úspěchu komunikace, na počátečńım kreditu jedinc̊u, na ceně
operace send credit, ale i na délce evoluce, mı́̌re mutace a zp̊usobu kř́ıžeńı.

Opakovali jsme tento test pro r̊uzná nastaveńı, ale při žádném z nich jsme
nepozorovali výrazný rozd́ıl mezi č́ısly na diagonále a mimo ni.

Zde uvád́ıme př́ıklad jedné z výsledných tabulek T :

25 26 28 23 20 23 28 15 27 28
38 34 28 33 26 24 36 20 32 25
37 33 30 28 28 24 39 35 28 28
41 43 34 39 16 25 31 20 28 32
36 44 44 40 29 30 37 30 44 31
36 40 35 21 31 36 24 29 24 28
39 36 35 22 21 30 37 20 35 34
41 35 33 23 32 28 39 29 35 31
39 33 35 33 17 33 34 28 34 22
32 37 39 38 42 29 35 31 41 28

5 Závěr

Představili jsme návrh zp̊usobu komunikace pro umělé bytosti a několik test̊u.
Ukázalo se, že se simulované bytosti mohou naučit t́ımto zp̊usobem komunikovat,
ale nepotvrdilo se, že by naučený zp̊usob komunikace dokázal odlǐsit jedince z jiné
populace.
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On the Role of Statistical Methods in Machine

Translation Between Related Languages

Petr Homola Jernej Vičič Vladislav Kuboň

Abstrakt. Statistical machine translation is mainstream in today’s MT research. Nev-
ertheless there are predominantly rule-based MT systems in development, especially
for translation between more or less related languages. This paper summarizes recent
research in MT among Slavic languages and discusses the role of statistical modules
in the system’s architecture. The authors argue that statistical methods should be
postponed as far as possible in the module chain since once used, they introduce noise
into intermediate results which rule-based methods are unable to cope with. On the
other hand it is inevitable to use some auxiliary statistical modules to achieve state-
of-the-art translation quality, such as a ranker based on a language model of the target
language. Statistical methods are mostly used to cope with ambiguous intermediate
results and leaving out such methods can lead to an explosion of intermediate data
that cannot be coped with.

1 Introduction

The rule-based shallow-transfer approach to MT has a long tradition and has been
successfully used for automatic translation between closely related languages. Shallow-
transfer systems usually use a morphological disambiguator before the transfer phase
which typically works deterministically. This is obviously a huge restriction, especially
for lexical transfer, since in most language pairs, many words have more translations
depending on the syntactic and/or semantic context. The parser and structural trans-
fer also produce ambiguous output relatively often. Even if a shallow-transfer MT
system would be designed for a narrow domain which significantly simplifies the lex-
icon and reduces lexical ambiguity in translated texts, a crucial problem remains the
morphological disambiguation which is mostly performed by a statistical tagger. Even
if we had enough morphologically annotated data to train the tagger, the state-of-
the-art taggers have a high error rate. Since the morphological disambiguation is the
first module in the core of the system, errors are introduced into the processed data
at the very beginning of the translation process and it becomes impossible for the
subsequent modules to work properly.

We have implemented an experimental MT framework that uses rule-based par-
tial parser and shallow transfer. The tagger was omitted and finally, we have added
a ranker based on a trigram language model as the last module in the translation
pipeline. This paper focuses on our experiment with translation from Czech into
Slovenian and subsequently from Slovenian into Slovak which shows that a sophisti-
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deformatter // morphological analyzer

²²
morphological disambiguator

²²
lexical/morphological transfer

²²
morphological generator // reformatter

Figure 1: The shallow-transfer MT architecture as proposed by Hajič et al. (2000)

cated combination of two MT systems can be used to obtain a new translation pair
with reasonable quality (cf. also (Babych et al., 2007)).

The paper is organized as follows: Section 2 contains a brief description of related
research. In Section 3, we describe a modification of the commonly used shallow-
transfer approach that leads to higher translation quality. In Section 4, we present
the method of combining two MT systems together at a deep linguistic level and its
evaluation. Finally, we draw some conclusions in Section 5.

2 Recent research

2.1 Shallow-transfer MT

Translation between closely related languages has been explored in detail by Dyvik
(1995) for Scandinavian languages. The shallow-transfer approach to rule-based MT
has been first proposed by Hajič et al. (2000) for translation from Czech into Slo-
vak. As there are practically no syntactic nor semantic differences between the two
languages, their system uses a direct lemma-to-lemma lexical transfer with a one-
to-one dictionary. Later, the system was extended to the language pair Czech-Polish
(D ↪ebowski et al., 2002) and finally, a partial parser has been added to the system’s
architecture for the language pair Czech-Lithuanian (Hajič et al., 2003).

Czech is a language with rich inflection, i.e., a word usually has many different
endings that express various morphological categories. The morphological analyzer
assigns a set of lemmas and tags to each word. As it was necessary to have only one
tag for each word in the transfer phase, a statistical tagger was used with an accuracy
of approx. 94% (Hajič and Kuboň, 2003).
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2.2 Combining two MT systems

Bick and Nygaard (2007) present an MT system that translates from Norwegian
(Bokm̊al) into English using Danish as an interlingua. The translation from Norwegian
into Danish uses the shallow-transfer approach.

As there are almost no syntactic differences between the two Scandinavian lan-
guages and there is a widely corresponding polysemy, they generate the Danish trans-
lation from the output of a Norwegian tagger by substituting lemmas using a one-to-
one dictionary. The output of the newly constructed Norwegian-to-Danish MT system
is piped into an existing Danish parser and further processed. This approach exploits
the fact that “the polysemy spectrum of many Bokm̊al words closely matches the se-
mantics of the corresponding Danish word, so different English translation equivalents
can be chosen using Danish context-based discriminators”.

The first step in the system is the disambiguation of lemmas and PoS tagging.
The subsequently used Norwegian-Danish one-to-one lexicon was built widely au-
tomatically by creating a monolingual automatically lemmatized Norwegian corpus
and regarding Norwegian as ‘misspelled Danish’, using a Danish spell checker on the
lemma candidates. Furthermore, phonetic transmutations for Norwegian and Danish
were produced to generate hypothetical Danish words from Norwegian words. The
presented approach resulted in a list of 226,000 lemmas with Danish translation can-
didates.

After the tagger, Norwegian lemmas are substituted by Danish ones. Additionally,
there is a special handling of compound nouns based on partial translation of words.
The morphology of the two languages is not completely isomorphic and there are also
some structural differences that are handled by a CG grammar (for example, double
definiteness in Norwegian which is solved by substitution rules).

3 Increasing the accuracy of the shallow-transfer
approach

As has been already mentioned, the statistical tagger used to disambiguate the input
text at the beginning of the translation process introduces too many errors into the
processed data. Unfortunately, the only way to avoid these errors is to omit the
tagger from the system and work with ambiguous input. Obviously, the exclusion of
the tagger from the system has to be compensated somewhere else in the translation
process.

Let us have a look at an example. We would like to translate the following Czech
phrase into German:

(1) auta
cars-neut,nom,pl

jezdila
went-past,neut,pl

“the cars moved”

If we would use a tagger, and if its result would be correct, the output would be
as follows:

(2) auta-neut,nom,pl jezdila-past,neut,pl
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and a word-to-word translation into German would give a correct translation.
However, both words are morphologically ambiguous and if we omit the tagger, each
input word form would split in several morphologically distinct lemma-tag pairs. For
example, some Czech adjectival word forms can have up to 27 distinct morphological
meanings. The following structure would be the input of the subsequent modules:

(3)

•
auta−neut,gen,sg

•
jezdila−past,fem,sg

auta−neut,nom,pl

auta−neut,acc,pl

•
jezdila−past,neut,pl

Without a parser or another module which would resolve the ambiguity, the system
would output the following German representation after the morphological synthesis:

(4)

•
des Autos

•
fuhr

die Autos

•
fuhren

We see that two edges have been merged into one due to morphological syncretism
but there are still four possible outputs if one would consider all paths through the
multigraph from the initial node to the end node.

We decided to add a module to the system that would find the ‘best’ path through
the multigraph. We suggest to use a language model for the target language. In our
experiments, a trigram model based on word forms and trained on about 20 million
words from the Wikipedia has been used.

In the resulting German representation (in the above example), the correct path
through the multigraph would be found correctly. Nevertheless, there is another prob-
lem — for longer sentences, this approach leads to a combinatorial explosion. Fortu-
nately, the solution is comparatively simple: we have added a non-deterministic partial
parser based on LFG (Bresnan, 2002) and our experiments show that even if we parse
only noun and prepositional phrases, the morphological ambiguity gets reduced sig-
nificantly even for languages with rich inflection, such as Czech. Syntactic analysis is
needed anyway to mark local dependencies that will be used in the structural transfer.
The improved architecture is given in Figure 2.

4 MT Using a ‘Bridge Language’

We did two experiments with coupled MT systems translating from Czech to Slovak
through Slovenian as the intermediary language. The first system simply pipes the
output of the Czech-to-Slovenian MT system into the Slovenian-to-Slovak one. The
other experiment couples both MT systems at a higher level, omitting morphological
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deformatter // morphological analyzer

²²
non-deterministic parser

²²
structural and lexical transfer

²²
morphological generator

²²
post-generator

²²
ranker // reformatter

Figure 2: Improved shallow-transfer approach (additional modules are in bold)

. . . transfer // synt. synthesis //

²²

morph. synthesis & ranker

²²
. . . transfer oo parser oo morph. analysis

Figure 3: Combining two MT systems (with a ‘shortcut’)

synthesis and statistical ranker in the first language pair. As our experiments have
shown, the latter approach produces significantly better translation.

The high-level pipeline is schematized in Figure 3. The dotted arrow denotes the
‘shortcut’ which has been taken in the system architecture to omit morphological
synthesis and ranker in the first language pair.

BLEU NIST
simple pipe 0.1690 3.5916
high-level pipe 0.2303 4.1737

Table 1: Evaluation of the coupled MT systems
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????????????????

Figure 4: Vauquois triangles for the simple pipe of two MT systems

__________________________ • •

__________________________ •

NNNNNNNNNNNNN

ppppppppppppp

• _________________________

¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ •

================

Figure 5: Vauquois triangles for the sophisticated combination of two MT systems

The two approaches could be schematically expressed by the translation
(Vauquois) triangle as given in Figures 4 and 5. We see that in the high-level pipeline,
the process does not return to the lowest level of linguistic representation (linearized
sequence of word forms) but remains at a middle stage, in our case — informally
expressed — between morphology and syntax.

To evaluate the difference in translation quality, we have used the MT evaluation
metrics BLEU (Papineni et al., 2001) and NIST (Doddington, 2002) although they
are based on words which is a crucial problem for languages with rich inflection (a
comparatively small difference in an ending of a word is penalized as if the translation
was completely wrong; see (Callison-Burch et al., 2006) for a detailed discussion of
the deficits of BLEU). Nevertheless if we compare the scores given by both metrics,
we see that they correlate in expressing which method gives better results.

The results are summarized in Table 1.

5 Discussion

We have presented an MT method which exploits a natural languages as ‘bridge
language’. The evaluation of our experiments with MT from Czech to Slovak through
Slovenian clearly shows that we get better results if we couple the two MT systems
at a higher level. The main point is that the statistical ranker is not used in the first
MT system, postponing the selection of one translation hypothesis to a later stage.
At the first sight, this strategy may seem to cause huge ambiguity in the translation
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process. However, if we do not use morphological synthesis in the first MT system,
we do not need morphological analysis in the second system either, thus what we can
avoid is the morphological ambiguity of the input in the second MT system (which is
extremely important for languages with rich inflection, such as Slovenian). In other
words, the parser in the second MT system deals with ambiguity of a different type,
namely structural and semantic, which resulted from the first system and could not
have been resolved prior to the ranking.

The comparison of both systems (on the same input text) has also brought an
interesting observation: the MT system with the more sophisticated coupling works
faster due to the fact that morphological ambiguity of the intermediary representation
(which is the input of the MT for the second language pair) is widely reduced.
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Metodika kvantitativńıho hodnoceńı detekčńıch kód̊u

Lucie Kárná

AŽD Praha, s.r.o
Žirovnická 2, Praha 10
karna.lucie@azd.cz

Abstrakt. Jednou z d̊uležitých technik použ́ıvaných v bezpečnostně relevantńıch
aplikaćıch jsou detekčńı kódy, určené předevš́ım k ochraně informaćı při přenosu
v komunikačńıch systémech nebo při jejich uložeńı na pamět’ovém médiu. Pro jejich
návrh a zejména pro kvantitativńı hodnoceńı jejich detekčńıch vlastnost́ı byla v rámci
disertačńı práce autorky vytvořena přehledná a korektńı metodika, zaměřená na
potřeby a možnosti praxe.
Kĺıčová slova: hodnoceńı bezpečnostńıch kód̊u, detekčńı kódy, návrh bezpečnostńıch kód̊u.

1 Úvod

Detekčńı kódy jsou jednou z d̊uležitých technik, slouž́ıćıch k ochraně dat před
poškozeńım při přenosu v komunikačńıch systémech nebo při jejich uložeńı na
pamět’ovém médiu.

Pro běžné aplikace obvykle postačuje, je-li kód schopen odhalit či opravit
dostatečný počet chyb. V bezpečnostně relevantńıch systémech (ř́ızeńı dopravy nebo
jiných bezpečnostně kritických proces̊u) však bývá požadován exaktńı kvantitativńı
pr̊ukaz bezpečnosti systému. Jedńım z parametr̊u, které tuto bezpečnost ovlivňuj́ı,
jsou pravděpodobnosti selháńı detekčńıch kód̊u, které systém použ́ıvá. Selháńım kódu
se rozumı́ nedetekovaná chyba — situace, kdy kód neodhaĺı chybu v datech a tato
chybná data jsou pak daľśımi prvky systému považována za správná.

V literatuře z oblasti matematické teorie kódováńı se vyskytuje řada vět
a pravidel, vhodných ke zkoumáńı vlastnost́ı kód̊u. Praktickým problémem je však
výpočetńı náročnost některých metod, kterou se teoreticky zaměřená literatura
obvykle nezabývá, a která je v př́ıpadě dlouhých kódových slov podstatnou otázkou.

Na druhé straně v literatuře z oblasti sdělovaćı techniky se obvykle jako měř́ıtko
detekčńıch schopnost́ı kód̊u použ́ıvá pouze jejich minimálńı vzdálenost, př́ıpadně
pravděpodobnost nedetekované chyby pro určitou konkrétńı hodnotu chybovosti
kanálu. Rovněž se zde extenzivně využ́ıvaj́ı numerické postupy, věrohodnost jejichž
výsledk̊u je omezená.

Proto byla v rámci disertačńı práce autorky nově vypracována komplexńı metodika
návrhu a kvantitativńıho hodnoceńı detekčńıch kód̊u. Metodika se týká lineárńıch
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blokových kód̊u, předevš́ım cyklických kód̊u a kód̊u od nich odvozených. Jedná se
o nejčastěji využ́ıvané typy detekčńıch blokových kód̊u.

2 Teorie kódováńı

V následuj́ıćıch odstavćıch stručně shrnu základńı pojmy z teorie kódováńı.

2.1 Lineárńı kód

Bud’ dáno q-prvkové konečné těleso T = GF(q). Na tomto tělese definujeme q-nárńı
lineárńı (n, k)q-kód jako lineárńı podprostor prostoru Tn s dimenźı k. (Pro q = 2 se
dolńı index q u označeńı kódu zpravidla vynechává.) Prvky kódu K ⊆ Tn nazýváme
kódová slova, ostatńı vektory z Tn jsou nekódová slova. Slovo, jehož všechny složky
jsou nulové, se nazývá nulové slovo. Každý lineárńı kód obsahuje nulové slovo.

Č́ıslo n je délka kódového slova, neboli délka kódu. Č́ıslo k udává počet
informačńıch znak̊u kódu, rozd́ıl n− k je počet kontrolńıch znak̊u kódu.

Duálńı kód K⊥ k danému lineárńımu (n, k)q-kódu K se skládá právě ze všech
slov délky n, která jsou ortogonálńı ke každému kódovému slovu kódu K. Duálńı kód
k lineárńımu (n, k)q-kódu K je lineárńı (n, n− k)q-kód; duálńım kódem ke kódu K⊥

je opět kód K.

2.2 Cyklické a CRC kódy

Velmi významnou skupinou lineárńıch kód̊u jsou cyklické kódy a jejich zobecněńı:
CRC kódy a kvazicyklické kódy. Patř́ı mezi ně mnoho nejpouž́ıvaněǰśıch typ̊u kód̊u:
sudá parita, BCH kódy, Reedovy-Solomonovy kódy.

Cyklické kódy jsou lineárńı kódy, které jsou uzavřené na cyklický posun:
lineárńı kód se nazývá cyklický, jestliže pro každé kódové slovo v0v1 . . . vn−1 je také
slovo vn−1v0v1 . . . vn−2 kódovým slovem.

Kódová slova se zapisuj́ı ve tvaru formálńıch polynomů stupně menš́ıho než n, což
jsou prvky okruhu polynomů T|(xn − 1) = T(n). Součin v prostoru T(n) je definován
jako zbytek po děleńı součinu polynomů polynomem xn − 1. Cyklický posun pak
v okruhu T(n) odpov́ıdá násobeńı polynomem x.

Každý netriviálńı cyklický (n, k)q-kód K obsahuje jediný normovaný polynom g(x)
stupně n− k. Polynom g(x) se nazývá generuj́ıćı polynom kódu K; kód K se skládá
právě ze všech násobk̊u polynomu g(x) v T(n).

Zobecněńım cyklických kód̊u jsou CRC kódy a kvazicyklické kódy. CRC kód je
kód vzniklý zkráceńım cyklického kódu. Kód je kvazicyklický, pokud pro nějaké celé
č́ıslo m plat́ı, že cyklickým posunut́ım kódového slova o m pozic vznikne opět kódové
slovo.

2.3 Detekce chyb

Při použit́ı detekčńıch nebo samoopravných kód̊u je podstatná jejich schopnost
odhalovat, př́ıpadně opravovat chyby, které vzniknou při přenosu informace nebo při
jej́ım uložeńı na pamět’ovém médiu.
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Předpokládáme, že je vysláno kódové slovo u a přijato nějaké slovo v z množiny
Tn. Pokud je přijato nekódové slovo, byla objevena chyba. Pokud je přijaté slovo
kódové, pak bud’ k chybě nedošlo (slovo nebylo během přenosu změněno), nebo chyba
nebyla objevena (mı́sto vyslaného slova bylo přijato jiné kódové slovo). Chyba je t-
násobná, jestliže počet chybných znak̊u ve slově je nejvýše t. Kód objevuje t-násobné
chyby, jestliže při vysláńı kódového slova a vzniku t-násobné chyby je přijaté slovo
nekódové.

Při některých aplikaćıch se chyby zpravidla nevyskytuj́ı náhodně, ale ve shlućıch;
to znamená, že se často vyskytne v́ıce chybných znak̊u bĺızko sebe. Shlukem chyb
délky b se nazývá chybové slovo, jehož všechny nenulové složky tvoř́ı část, lež́ıćı mezi
b po sobě následuj́ıćımi znaky. Lineárńı kód objevuje shlukové chyby délky b, jestliže
žádné nenulové kódové slovo neńı shlukem chyb délky b.

K detekci shlukových chyb jsou vhodné cyklické kódy a kódy od nich odvozené
(CRC kódy, kvazicyklické kódy). Cyklický (n, k)q−kód objevuje všechny shluky
délky n− k, ale neobjev́ı všechny shluky chyb délky n− k + 1.

2.4 Minimálńı vzdálenost kódu

Základńım parametrem detekčńıch schopnost́ı kódu vzhledem k náhodným chybám
je minimálńı vzdálenost kódu.

Definujeme Hammingovu vzdálenost d(u, v) slov u a v jako počet znak̊u, ve kterých
se slova u a v od sebe lǐśı. Hammingova váha wH(u) slova u je pak jeho Hammingova
vzdálenost od nulového slova.

Minimálńı vzdálenost́ı d kódu nazveme nejmenš́ı Hammingovu vzdálenost dvou
r̊uzných kódových slov. Lineárńı kód minimálńı vzdálenosti d objevuje t-násobné
chyby pro všechna t < d, ale neobjev́ı všechny d-násobné chyby. Může ovšem
odhalovat určitou (často velmi velkou) podmnožinu těchto chyb. Proto se i kódy
se shodnou délkou, dimenźı a minimálńı vzdálenost́ı mohou velmi výrazně lǐsit
v pravděpodobnosti, že nastane nedetekovaná chyba.

2.5 Pravděpodobnost nedetekované chyby

Kromě triviálńıho př́ıpadu, kdy je množina kódových slov jednoprvková, nelze nikdy
zcela vyloučit, že při přenosu dojde k chybě, která nebude odhalena.

Pravděpodobnost nedetekované (neodhalené) chyby Pud je pravděpodobnost,
že bylo vysláno kódové slovo a přijato jiné kódové slovo. Pro lineárńı kód
je pravděpodobnost nedetekované chyby rovna pravděpodobnosti, že při vysláńı
nulového slova je přijato nenulové kódové slovo.

Necht’ je K lineárńı (n, k)q-kód. Definujeme váhový vektor kódu K jako celoč́ıselný
vektor A = (A0, A1, . . . , An), kde Ai je počet slov kódu K, která maj́ı Hammingovu
váhu i. Protože počet všech slov váhy i je roven

(
n
i

)
(q − 1)n, je pravděpodobnost,

že přijaté slovo Hammingovy váhy i je kódovým slovem, rovna Ai/
(
n
i

)
(q − 1)n.

Pravděpodobnost nedetekované chyby Pud pak vypočteme podle vzorce

Pud =
n∑

i=1

Pi
Ai(

n
i

)
(q − 1)i

, (1)
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kde Pi je pravděpodobnost, že ve slově je chybně právě i znak̊u. Tato pravděpodobnost
Pi záviśı na vlastnostech použitého sdělovaćıho kanálu.

2.6 Sdělovaćı kanály

Jako pravděpodobnostńı model přenosu informace slouž́ı sdělovaćı kanál. Nejčastěji je
použ́ıvaný binárńı symetrický kanál, ve zkratce BSC. Je to jednoduchý model založený
na bitovém přenosu — vstupńı i výstupńı abeceda je dvouprvková množina {0, 1},
pravděpodobnost chyby v jednom znaku je nezávislá na ostatńıch znaćıch (kanál bez
paměti) a pravděpodobnost chybného přenosu pe je stejná pro oba př́ıpady (záměna
nuly za jedničku i jedničky za nulu — symetrický kanál).

Pro binárńı lineárńı (n, k)-kód v binárńım symetrickém kanálu je pravděpodob-
nost, že ve slově délky n vznikne chyba právě v i znaćıch, rovna

Pi =
(

n

i

)
pi

e(1− pe)n−i. (2)

Pro pravděpodobnost nedetekované chyby binárńıho lineárńıho (n, k)-kódu
s Hammingovou vzdálenost́ı d a váhovým vektorem A = (A0, A1, . . . , An) v BSC
dostaneme dosazeńım (2) do (1) následuj́ıćı vzorec:

Pud(pe) =
n∑

i=d

Aip
i
e(1− pe)n−i. (3)

Zobecněńım BSC je q-nárńı symetrický kanál (označovaný zkratkou QSC), jehož
vstupńı i výstupńı abeceda je těleso GF(q). Pravděpodobnosti chybného přenosu
jednotlivých po sobě následuj́ıćıch znak̊u jsou vzájemně nezávislé a pravděpodobnost
zkresleńı jednoho znaku na jiný je stejná pro všechny dvojice vzájemně r̊uzných znak̊u
z GF(q).

Označ́ıme-li ε pravděpodobnost chybného přenosu jednoho znaku, je pravděpo-
dobnost, že ve slově délky n vznikne chyba právě v i znaćıch, rovna

Pi =
(

n

i

)
εi(1− ε)n−i (4)

a pro pravděpodobnost nedetekované chyby lineárńıho (n, k)q-kódu v QSC vznikne
dosazeńım (4) do (1) následuj́ıćı vzorec:

Pud(ε) =
n∑

i=d

Ai

(
ε

q − 1

)i

(1− ε)n−i. (5)

Nebinárńı kódy nad tělesem GF(2m) je přirozené studovat v modelu QSC
s q = 2m. Je ale také možné interpretovat je binárně a zkoumat jejich vlastnosti
— např́ıklad pravděpodobnost nedetekované chyby — v BSC. Ukazuje se, že kód,
který je ’dobrý’, resp. ’správný’ (definice viz 2.7) v 2m-árńım symetrickém kanálu,
nemuśı mı́t stejnou vlastnost i v kanálu binárńım (viz např́ıklad Kárná [8]). Např́ıklad
Reedovy-Solomonovy kódy jsou v QSC ’správné’, ale jejich binárńı interpretace v BSC
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většinou nejsou ’dobré’ a maximálńı hodnota pravděpodobnosti nedetekované chyby
překračuje hodnotu 2n−k často i o několik řád̊u.

Pravděpodobnostńı modely přenosových kanál̊u jsou sṕı̌se abstraktńım měř́ıtkem
struktury lineárńıho kódu, než matematickým modelem, který by popisoval nějaký
reálný přenosový systém. Některé reálně použ́ıvané kanály se mohou v́ıce bĺıžit BSC,
jiné QSC a bez apriorńı znalosti použitého přenosového kanálu neńı žádný zřejmý
d̊uvod preferovat kterýkoliv z těchto model̊u před druhým.

2.7 Dobrý a správný kód

Pro ε = (q−1)/q je pravděpodobnost nedetekované chyby každého lineárńıho (n, k)q-
kódu rovna (qk − 1)/qn; pro ε z okoĺı bodu (q − 1)/q plat́ı odhad Pud(ε) < qk−n.
Protože naš́ım ćılem je naj́ıt horńı odhad pravděpodobnosti nedetekované chyby na
intervalu [0, (q − 1)/q], maj́ı pro nás zvláštńı význam ty kódy, pro které plat́ı odhad
Pud(ε) < qk−n na co největš́ım okoĺı bodu (q − 1)/q. Proto zavád́ıme následuj́ıćı
definice:

• Lineárńı (n, k)q-kód je ’dobrý’ (good), jestliže plat́ı Pud(ε) < qk−n pro ε ∈
[0, (q − 1)/q].

• Lineárńı (n, k)q-kód je ’správný’ (proper), jestliže je funkce Pud(ε) monotónně
rostoućı na intervalu [0, (q − 1)/q].

’Správný’ kód je vždy ’dobrý’, nikoliv však obráceně. Výhodou ’správného’ kódu je,
že na kanálech s menš́ı chybovost́ı má menš́ı pravděpodobnost selháńı, tj. na lepš́ıch
kanálech dává lepš́ı výsledky než na horš́ıch.

3 Metodika návrhu a kvantitativńıho hodnoceńı
detekčńıch kód̊u

V následuj́ıćım textu shrnuji základńı body vypracované metodiky.

3.1 Specifikace požadavk̊u

Při použit́ı detekčńıch kód̊u v bezpečnostně relevantńıch aplikaćıch je požadováno
prokazatelné splněńı požadavk̊u na jejich spolehlivost. Přesná specifikace těchto po-
žadavk̊u je proto prvńım krokem při návrhu detekčńıch kód̊u nebo jejich systému.

Analýza požadavk̊u se provád́ı i v př́ıpadě hodnoceńı již navrženého nebo použ́ıva-
ného kódu, aby bylo možné ověřit, že kód těmto požadavk̊um vyhovuje. Mezi základńı
specifikované požadavky patř́ı:

• Podmı́nky, pro které je kód určen (architektura systému, struktura přenosového
protokolu, typ a kapacita přenosového kanálu atd.) a účel, který má kód plnit
(zabezpečeńı komunikace, kontrola integrity soubor̊u a podobně).

• Je-li kód určen pro zajǐstěńı bezpečnostně relevantńıch funkćı.
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• Délka kódu (kódového slova). Cyklické kódy jsou zpravidla použ́ıvány ve své
zkrácené formě (jako CRC kódy) a kód pak neńı definován pouze svým
generuj́ıćım polynomem, ale též délkou kódového slova. V praxi se však doposud
zanedbává skutečnost, že zkráceńı kódu má obvykle negativńı vliv na jeho
detekčńı schopnosti. Výpočty přitom ukazuj́ı, že mnohé běžně už́ıvané kódy maj́ı
pro zprávy malé délky špatnou schopnost detekce, zat́ımco pro dlouhé zprávy
dosahuj́ı dobrých detekčńıch vlastnost́ı. U daľśıch kód̊u je pak situace obrácená,
maj́ı dobré výsledky pro krátké zprávy a špatné pro dlouhé zprávy. Proto je
nezbytné již v počátku určit délku kódového slova, resp. rozmeźı délek zpráv,
pro které má být kód určen.

• Počet redundantńıch znak̊u. Je to jeden ze základńıch parametr̊u kódu; kódy
s malým počtem redundantńıch znak̊u nemohou mı́t dobré detekčńı schopnosti.
Mnohdy bývá z technických d̊uvod̊u požadováno, aby byl počet redundantńıch
bit̊u u binárńıho kódu dělitelný osmi.

• Minimálńı vzdálenost kódu, resp. násobnost chyb, které má být kód schopen
detekovat, př́ıpadně opravit.

• Požadovaná schopnost detekovat vybrané chybové vzorce. Protože se předpo-
kládá, že určité vybrané typy chyb se vyskytuj́ı častěji, požaduje se, aby kód
tyto chyby detekoval. Mezi tyto typické chyby patř́ı předevš́ım všechny bity
v logické jedničce, všechny bity v logické nule a negace zprávy.

• Požadovaná schopnost detekce shlukových chyb.

• Maximálńı př́ıpustná pravděpodobnost nedetekované chyby. Tato hodnota je
pro bezpečnostně relevantńı aplikace odvozena výpočtem z požadovaných
bezpečnostńıch charakteristik systému. Pokud navrhovaný kód nebude binárńı,
je potřeba určit, zda bude použit model QSC, nebo se kód interpretuje jako
binárńı a bude se provádět analýza v BSC. To částečně záviśı i na př́ıpadných
normativńıch požadavćıch — např́ıklad pro datové komunikace v drážńıch
zař́ızeńıch vyžaduje v současné době evropská norma [5] výpočet v BSC; v bĺızké
době se však očekává jej́ı změna. Analýzy prováděné v modelu QSC se ukazuj́ı
být rychleǰśı a snazš́ı než v modelu BSC.

• Zda je požadován ’dobrý’, př́ıpadně ’správný’ kód. Podobně jako u předchoźı
položky je nutné volit mezi modely BSC a QSC.

Dále je vhodné vypracovat slovńık termı́n̊u, pojmů a zkratek, který budou mı́t
k dispozici všichni členové vývojového týmu, aby se co nejv́ıce omezila možnost
nedorozuměńı, zp̊usobenému rozd́ılnou terminologíı.

3.2 Návrh kódu

Pokud je úkolem návrh kódu nebo systému kód̊u, postupuje se podle následuj́ıćıch
zásad:

• Vhodné jsou lineárńı kódy, bud’ binárńı nebo nad tělesem GF(2p).
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• Redundance kódu má být přiměřená požadavk̊um. Pro zajǐstěńı větš́ı úrovně
detekce chyb se často intuitivně voĺı kódy s velkým počtem redundantńıch znak̊u,
aniž by se bĺıže zkoumaly jejich vlastnosti. Kód s větš́ım počtem redundantńıch
znak̊u ale nemuśı mı́t automaticky lepš́ı detekčńı vlastnosti než dobře zvolený
kód s menš́ı redundanćı. Velký počet redundantńıch znak̊u přináš́ı značné
technické problémy při výpočtu pravděpodobnosti nedetekované chyby a studiu
jej́ıho pr̊uběhu.

• Přednost dáváme kód̊um cyklickým, kvazicyklickým nebo CRC kód̊um.
Důvodem jsou jednak jejich dobré detekčńı schopnosti, jednak snadná a efektivńı
implementace kódováńı a dekódováńı. Kromě toho i kvantitativńı výpočet
detekčńıch schopnost́ı je pro tyto typy kód̊u jednodušš́ı.

• Generuj́ıćı polynom CRC kódu voĺıme nesoudělný s generuj́ıćımi polynomy
standardizovaných nebo jiných běžně použ́ıvaných CRC kód̊u a s generuj́ıćımi
polynomy ostatńıch kód̊u v systému, aby byla alespoň částečně zajǐstěna jejich
funkčńı nezávislost.

• Voĺıme kódy s větš́ı váhou generuj́ıćıho polynomu. Maj́ı lepš́ı detekčńı
schopnosti, protože minimálńı vzdálenost kódu nemůže být větš́ı, než je počet
nenulových koeficient̊u generuj́ıćıho polynomu.

Má-li se provést analýza a kvantitativńı hodnoceńı již navrženého nebo použ́ıvaného
kódu, identifikuje se v této fázi jeho typ (lineárńı, CRC, Hamming̊uv, BCH a pod.).

3.3 Výpočet minimálńı vzdálenosti kódu

Minimálńı vzdálenost kódu je rozhoduj́ıćı pro určeńı, kolikanásobné chyby je kód
schopen odhalit, př́ıpadně opravit.

3.3.1 Minimálńı vzdálenost daná konstrukćı kódu

V některých př́ıpadech je již konstrukćı kódu dána bud’ jeho minimálńı vzdálenost,
nebo jej́ı dolńı odhad. Jedná se např́ıklad o Hammingovy kódy, BCH kódy, MDS kódy
a kódy vzniklé zkráceńım nebo binárńı interpretaćı kódu, jehož minimálńı vzdálenost
je známa.

3.3.2 Př́ımý výpočet minimálńı vzdálenosti kódu

Pro výpočet minimálńı vzdálenosti lineárńıho kódu je možné bud’

• spoč́ıtat Hammingovu váhu všech kódových slov a naj́ıt jej́ı minimum, nebo

• postupně generovat všechna slova z Tn, která maj́ı Hammingovu váhu 1, 2, 3, . . .
a zjǐst’ovat, zda jsou slovy kódovými.

3.3.3 Určeńı minimálńı vzdálenosti z váhového vektoru kódu

Pokud je hodnocený kód bezpečnostně relevantńı, bude pro kvantitativńı pr̊ukaz jeho
bezpečnosti nutné vypoč́ıtat jeho váhový vektor. Z něj je pak zřejmá i minimálńı
vzdálenost kódu.
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3.4 Výpočet váhového vektoru kódu

Váhový vektor kódu dává přesnou představu o rozložeńı vah kódových slov. Předevš́ım
však slouž́ı k výpočtu pravděpodobnosti neodhalené chyby kódu v binárńım (resp. q-
nárńım) symetrickém kanálu pomoćı vzorce (3), resp. (5).

Přirozeným postupem, jak jej spoč́ıtat, je vygenerováńı všech nenulových kódových
slov a vypoč́ıtáńı jejich vah. Protože ale lineárńı (n, k)q-kód má qk kódových slov,
je pro větš́ı hodnotu k takový výpočet obt́ıžně uskutečnitelný. Proto se využ́ıvá
nepř́ımého výpočtu, jehož náročnost je úměrná qn−k (redundance kódu n−k je obvykle
mnohem menš́ı, než počet informačńıch znak̊u k).

3.4.1 Předem známý váhový vektor

Pro některé kódy je váhový vektor dán jejich konstrukćı. Jsou to např́ıklad sudá
parita, opakovaćı kód, Hammingovy kódy, některé BCH kódy a všechny MDS kódy.

3.4.2 Př́ımý výpočet váhového vektoru

Pro kódy s velmi malým počtem informačńıch znak̊u k je vhodný př́ımý výpočet
váhového vektoru — vygeneruje se všech qk slov kódu a spoč́ıtaj́ı se jejich váhy.

3.4.3 Využit́ı identity MacWilliamsové

Pro k > n/2 je vhodněǰśı nepř́ımý postup. Definujeme váhový polynom kódu jako
formálńı polynom

pw (x, n,K) =
n∑

i=0

Aix
i. (6)

Váhový polynom kódu K je svázán s váhovým polynomem duálńıho kódu K⊥

identitou MacWilliamsové, která má tvar

qkpw
(
x, n,K⊥)

= (1 + (q − 1)x)n pw
(

1− x

1 + (q − 1)x
, n,K

)
. (7)

Duálńı kód obsahuje pro velké k podstatně méně kódových slov, než kód p̊uvodńı,
a proto je výpočet jeho váhového vektoru rychleǰśı.

Váhový vektor duálńıho kódu je možné vypoč́ıtat př́ımo vygenerováńım všech qn−k

jeho slov. Pro CRC kód může být mı́sto toho použita metoda dvou LFSR.

3.4.4 Metoda dvou LFSR

Metoda dvou LFSR je určena pro rychlý výpočet váhového vektoru kódu duálńıho
k binárńımu CRC kódu s generuj́ıćım polynomem g(x). Využ́ıvá skutečnosti, že
kódová slova takového kódu mohou být bit po bitu vypoč́ıtána pomoćı Fibonnacciho
LFSR (lineárńı registr se zpětnou vazbou) s generuj́ıćım polynomem g(x) (viz např.
Manganiello [10]). Paralelńı činnost́ı druhého (identického) LFSR, který zaháj́ı svoji
činnost teprve po vygenerováńı celého prvńıho kódového slova, se zajist́ı, že váha
každého daľśıho kódového slova bude vypočtena v jediném kroku.
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Všechna nenulová kódová slova jsou z jednoho počátečńıho stavu vygenerována
pouze tehdy, pokud je generuj́ıćı polynom g(x) primitivńı. Pokud g(x) neńı primitivńı,
jsou nenulové stavy LFSR rozděleny do v́ıce tř́ıd ekvivalence — cyklických coset̊u.
Identifikace těchto tř́ıd ekvivalence, resp. jejich reprezentant̊u, sestává z následuj́ıćıch
krok̊u:

• faktorizace generuj́ıćıho polynomu na součin ireducibilńıch polynomů,

• nalezeńı tř́ıd ekvivalence pro každý z těchto ireducibilńıch faktor̊u,

• źıskáńı uspořádaných J-tic polynomů zkombinováńım nalezených tř́ıd ekvi-
valence všemi možnými zp̊usoby, a

• źıskáńı reprezentant̊u tř́ıd ekvivalence pro generuj́ıćı polynom g(x) pomoćı
jistého izomorfismu.

Bĺıže např́ıklad články Castagnoli et al. [1]; Manganiello [10]; Kárná [9].
Výhodou metody dvou LFSR je předevš́ım lepš́ı využit́ı vyrovnávaćı paměti

(cache), což se pro velké délky kódových slov projev́ı výrazným zrychleńım výpočtu
oproti postupu pomoćı generuj́ıćı matice. Tato metoda také umožňuje provést výpočet
na hradlových poĺıch (FPGA) namı́sto běžného PC a je dobře paralelizovatelná.

3.5 Dobrý, správný kód

Při posuzováńı, jedná-li se o ’dobrý’, resp. ’správný’ kód, se snaž́ıme upřednostnit me-
tody, pro které jsou postačuj́ıćı celoč́ıselné výpočty (viz 3.5.1 nebo 3.5.2). Ty mohou
být — přinejmenš́ım teoreticky — provedeny zcela přesně a proto jsou výsledky
jimi dosažené maximálně věrohodné. Teprve když žádný z těchto postup̊u nevede
k rozhodnut́ı, uchylujeme se k numerickým metodám. Spolehlivost jejich výsledk̊u je
totiž již z principu omezená.

3.5.1 Určeńı vlastnost́ı bez výpočtu váhového vektoru

Ve velmi př́ıznivých př́ıpadech je možné určit, zda lineárńı (n, k)q-kód K je (neńı)
’dobrý’, resp. ’správný’, bez výpočtu jeho váhového vektoru, jen na základě znalosti
jeho minimálńı vzdálenosti d, př́ıpadně minimálńı vzdálenosti d⊥ jeho duálu či počtu
kódových slov minimálńı váhy AK

d .
Nejčastěji je možné využ́ıt následuj́ıćı pravidla (viz Nikolova [11]; Dodunekova,

Weng [4]):

• Jestliže je minimálńı vzdálenost kódu d větš́ı, než n/2, je kód K ’správný’.

• Je-li AK
d

(
d
n

)d (
1− d

n

)n−d
> qk−n, pak kód K neńı ’dobrý’.

• Je-li d⊥ ≥ n(q−1)+1
q , je kód K ’správný’.

• Pokud je n(q−1)+2
q+1 ≤ d⊥ ≤ n(q−1)+1

q , a nav́ıc n(q−1)−d⊥q+1

n(q−1)−d⊥q+1+ d⊥−1
q−1

≤ d
n , pak je

kód K ’správný’.
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’Správné’ jsou též některé ’optimálńı’ tř́ıdy kód̊u a to perfektńı kódy a MDS kódy
(viz Dodunekova, Dodunekov [2]; Kasami, Lin [6]). (Perfektńı kódy maj́ı pro danou
délku a minimálńı vzdálenost nejvyšš́ı možný počet slov; MDS kódy maj́ı pro danou
délku a dimenzi největš́ı možnou minimálńı vzdálenost.)

3.5.2 Využit́ı binomických moment̊u

Nelze-li využ́ıt předchoźıch postup̊u, je nutné nejprve vypoč́ıtat váhový vektor
duálńıho kódu a zjistit minimálńı vzdálenost p̊uvodńıho kódu i jeho duálu.

Předpokládejme lineárńı (n, k)q-kód K s minimálńı vzdálenost́ı d. Kód K⊥, který
je k němu duálńı, necht’ má váhový vektor B = (B0, B1, . . . , Bn) a minimálńı
vzdálenost d⊥. Pokud je d + d⊥ > n, jedná se o MDS kód, který je ’správný’.

Plat́ı-li d + d⊥ ≤ n, vypočteme rozš́ıřené binomické momenty duálńıho kódu K⊥

podle těchto vzorc̊u:

• B∗
l = 0 pro l < d⊥,

• B∗
l = ql+k − 1 pro l = n− d + 1, . . . , n,

• B∗
l =

∑l
i=1

l(l−1)···(l−i+1)
n(n−1)···(n−i+1) Bi pro l = d⊥, . . . , n− d.

Pak můžeme využ́ıt následuj́ıćı kritéria (viz Dodunekova [3]; Dodunekova,
Dodunekov [2]):

• Je-li B∗
n−l ≥ B∗

n−l+1 − qn−k−l(q − 1) pro všechna l = d + 1, . . . , n − d⊥ + 1, je
kód K ’správný’.

• Je-li q−n+lB∗
n−l ≤ q−k − qn−k+l pro všechna l = d, . . . , n − d⊥, pak je kód K

’dobrý’.

Podobný postup je možné použ́ıt i v př́ıpadě, že jsme vypoč́ıtali váhový vektor
p̊uvodńıho kódu namı́sto váhového vektoru kódu duálńıho.

3.5.3 Numerické řešeńı

Neńı-li možné určit, zda je kód ’dobrý’, př́ıpadně ’správný’, výše uvedenými postupy,
nezbývá než naj́ıt maxima funkce Pud numericky. K tomu účelu se v praxi jev́ı jako
nejvhodněǰśı Newtonova metoda; ani ta však neńı zcela ideálńı, mimo jiné proto,
že funkce Pud má v nule v́ıcenásobný kořen. Proto je vhodné, podař́ı-li se pomoćı
vhodných kritéríı zmenšit interval, na kterém se budou maxima funkce hledat.

Pro lineárńı (n, k)q-kód K s minimálńı vzdálenost́ı d, jehož duálńı kód K⊥

má minimálńı vzdálenost d⊥, plat́ı následuj́ıćı tvrzeńı (viz Dodunekova, Weng [4];
Nikolova [11]):

• Funkce Pud(ε) je rostoućı na intervalu [0, d
n ].

• Jestliže n(q−1)+2
q+1 ≤ d⊥ ≤ n(q−1)+1

q , pak je funkce Pud(ε) rostoućı na intervalu[
n(q−1)−d⊥q+1

n(q−1)−d⊥q+1+ d⊥−1
q−1

, q−1
q

]
.

42



Protože funkce Pud neńı zcela vhodná pro použit́ı Newtonovy metody, nehledá
se př́ımo kořen jej́ı derivace, ale funkce vzniklé z derivace vhodnými transformacemi
(substituce, vyděleńı kladným výrazem a pod.), které zachovávaj́ı znaménko funkce,
jej́ı prvńı i druhé derivace. Přitom je za určitých okolnost́ı nutné Newtonovu
metodu ještě kombinovat s metodou p̊uleńı intervalu. Technika výpočtu je poměrně
komplikovaná; stručný nástin postupu lze nalézt v práci [7] autor̊u Klapky
a Harlenderové.

4 Závěr

Uvedená metodika byla ověřována na velkém množstv́ı kód̊u r̊uzných typ̊u. Byl pomoćı
ńı proveden kvantitativńı pr̊ukaz bezpečnosti řady kód̊u, které jsou nyńı využ́ıvány
v r̊uzných železničńıch zabezpečovaćıch zař́ızeńıch, produkovaných firmou AŽD Praha,
s.r.o., a kód̊u, navržených k použit́ı v rámci evropského projektu SafeDMI. Rovněž
byly analyzovány detekčńı vlastnosti některých často použ́ıvaných standardizovaných
kód̊u. Metodika se ukázala být funkčńı a v praxi dobře použitelná.

Největš́ı problém při popisu kvantitativńıch bezpečnostńıch parametr̊u kódu čińı
určeńı maximálńı hodnoty pravděpodobnosti nedetekované chyby kódu v binárńım
symetrickém kanálu, které je výpočetně velmi náročné. Předložená metodika zahrnuje
postupy umožňuj́ıćı zrychleńı potřebných výpočt̊u, a to jak pomoćı zlepšené
organizace výpočtu, tak d́ıky využit́ı obecných matematických zákonitost́ı.
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[1] Guy Castagnoli, Stefan Bräuer, and Martin Herrmann. Optimization of Cyclic
Redundancy-Check Codes with 24 and 32 Parity Bits. IEEE Transactions on
Communications, 41(6):883–892, 06 1993.

[2] R. Dodunekova and S. M. Dodunekov. Sufficient Conditions for Good and Proper
Error Detecting Codes. IEEE Transactions on Information Theory, 43(6):2023–
2026, 11 1997.

[3] Rossitza Dodunekova. On the Binomial Moments of Linear Codes and
Undetected Error Probability. Preprint, 2002:49:14 p., 2002.

[4] Rossitza Dodunekova and Li Weng. Sufficient Conditions for Interval Properness
of Linear Error Detecting Codes. Math. Balkanica (NS), 3–4(21):245–258, 2007.

[5] EN 50159-1 Railway Applications – Communication, Signalling and Processing
Systems Part 1: Safety Related Communication in Closed Transmission Systems,
2002.

[6] Tadao Kasami and Shu Lin. On the Probability of Undetected Error for the
Maximum Distance Separable Codes. IEEE Transactions on Communications,
COM–32(9):998–1006, 9 1984.
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Abstrakt. Ciel’om projektu Bobox je vytvorit’ prostredie pre paralelné výpočty
riadené tokom dát. Základnou myšlienkou je prepojenie jednoduchých výpočtových
prvkov (krabičiek) pomocou jednotného systému prepojovaćıch prvkov (via) a tak
vytvorit’ nelineárny prúd pre spracovanie dát, ktorý múže bežat’ paralelne alebo
aj distribuovane. V článku sa venujeme vizualizácii modelu Boboxu, ktorý sa
dá reprezentovat’ orientovaným grafom. Na jeho kreslenie použijeme algoritmus
s využit́ım viditel’nostnej reprezentácie grafu. Modifikácia tohoto algoritmu nám
umožńı zobrazovat’ aj krabičky a via, ktoré majú rôzne rozmery.
Klúčové slová: Bobox, kreslenie grafov, metóda s využit́ım viditel’nosti

1 Úvod

V dnešnej dobe majú už takmer všetky procesory viac ako jedno výpočtové jadro,
nehovoriac o tom, že server bežne obsahuje niekol’ko takých procesorov. Paralelné
výpočty sa preto stávajú dôležitým smerom vývoja softwaru.

Ciel’om projektu Bobox [3, 4] je poskytnút’ platformu pre niektoré typy takých
výpočtov, konkrétne pre databázové výpočty. Dôraz sa kladie na pŕıpady, kedy systém
vyhodnocuje menšie množstvo zložitých dotazov a preto by paralelizácia na úrovni
celých dotazov bola nepostačujúca. Základnou myšlienkou je prepojit’ väčšie množstvo
relat́ıvne jednoduchých výpočtových komponentov (tzv. krabiček) do nelineárnej
pipeliny pomocou prepojovaćıch prvkov – via. Každá krabička má niekol’ko vstupných
a niekol’ko výstupných via, č́ım vznikne orientovaný graf, v ktorom sa na každej ceste
pravidelne striedjú krabičky a via.

Použ́ıvatel’om zadaný dotaz je najskôr preložený do štruktúry krabičiek a via
tzv.modelu. Z tohoto vzoru sa neskôr vytvoŕı tzv. inštancia modelu – skutočné
krabičky a via, ktoré vykonávajú reálny výpočet.

Ked’že model aj inštancie sú pre každý dotaz vytvárané prekladačom, je potrebné
mat’ nástroj na preskúmanie vytvorených modelov. V súčasnosti inštancie presne
zodpovedajú modelu. Ked’že predpokladáme, že inštancie budú môct’ počas chodu
narastat’ pridávańım krabičiek a via, má zmysel aj vizualizácia inštancíı. Graf
zodpovedajúci inštancii má však podobné vlastnosti ako samotný model a preto pri
jeho vizualizácii môžeme použit’ tú istú metódu.

V súčasnosti sú grafy zodpovedajúce modelom v podstate acyklické, pŕıpadne len
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s malým počtom hrán, ktoré acyklickost’ porušujú. Preto sme sa rozhodli vizualizovat’
tieto modely pomocou metódy s využit́ım viditel’nosti, ktorý sme upravili tak, aby
vrcholy grafu nereprezentoval ako body ale ako reálne obdžniky s dopredu známymi
a nezanedbatel’nými rozmermi.

V článku najskôr poṕı̌seme systém Bobox a jeho model, ktorý chceme vizualizovat’.
Samotnú vizualizáciu sme založili na kresleńı grafov. Preto v d’aľsej časti zhrnieme
aspoň základy z tejto oblasti, ktoré sú potrebné pre pochopenie algoritmu vizualizácie.
Samotná vizualizácia v časti 4 je založená na metóde s využit́ım viditel’nosti, resp.
na jej modifikácii pre obd́lžnikové vrcholy. Na záver zhrnieme výsledky článku
a načrtneme niektoré otvorené problémy.

2 Bobox

Hlavnou úlohou Boboxu je sprostredkovávanie komunikácie medzi krabičkami
a paralelné spúšt’anie kódu krabičiek. Komunikácia medzi krabičkami v inštancii
modelu prebieha iba pomocou posielania dát v dávkach označovaných ako obálky.
Krabička môže poslat’ obálku s dátami niektorej via, ktorá je pripojená na jej výstup.
Via potom prepošle obálku všetkým krabičkám, ktoré na ňu majú napojené svoje
vstupy. Z logického hl’adiska sú krabičky a via prepojené orientovanými hranami,
v samotnej implementácii však tieto hrany nemajú reálny ekvivalent a zodpovedajú
im časti krabičiek a via.

Okrem obálok s reálnymi dátami existuje špeciálny typ obálky tzv. otrávená
pilulka, ktorá označuje koniec dát. V pŕıpade, že krabička pošle na niektorý svoj
výstup otrávenú pilulku, znamená to, že na tento výstup už nepošle žiadne d’aľsie dáta.
Táto skutočnost’ sa využ́ıva na zahájenie a ukončenie výpočtu. Každý model (a teda
aj inštancia) muśı obsahovat’ dve špeciálne krabičky: inicializačnú a terminačnú. Pre
každý orientovaný sled (cesta pripúšt’ajúca opakovanie hrán a vrcholov) v modeli muśı
platit’, že zač́ına inicializačnou krabičkou a konč́ı terminačnou krabičkou. Na začiatku
výpočtu pošle inicializačná krabička na svoj výstup otrávenú pilulku – táto krabička
žiadne dáta negeneruje a preto môže rovno na začiatku vyhlásit’, že d’aľsie dáta
už posielat’ nebude. To slúži ako signál pre d’aľsie krabičky, aby zahájily výpočet.
Terminačná krabička ukonč́ı výpočet ked’ má na všetkých svojich vstupoch otrávenú
pilulku. Vtedy môže byt’ inštanica modelu odstránená.

Počas výpočtu sa významné udalosti (vznik obálky, spustenie krabičky, . . . )
zaznamenávajú a na ich prehliadanie sa použ́ıva špeciálna aplikácia, ktorá ukazuje
kedy a v ktorej časti inštancie modelu sa udalost’ udiala spolu s časovou osou výpočtu.
Ked’že prepojenie krabičiek a via je v inštancii modelu obvykle vel’mi zložité, je po-
trebné aby bola táto inštancia modelu zobrazená graficky a prehl’adne.

3 Vizualizácia grafov

Pri vizualiácii modelu Boboxu potrebujeme zobrazit’ krabičky a via, ktoré budeme
v d’aľsom súhrnne nazývat’ vrcholmi. Tieto sú spojene pomocou hrán. Kedže
budeme využ́ıvat’ skutočnost’, že model chápeme ako graf, zhrnieme naprv niekol’ko
základných pojmov z oblasti grafov a ich kreslenia.
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3.1 Grafy

Graf G = (V, E) je matematická štruktúra, ktorá sa skladá z konečnej množiny
vrcholov V a konečnej množiny hrán E; každá hrana je neusporiadaná dvojica
vrcholov. Graf, kde E je definovaná ako usporiadaná dvojica rôznych vrcholov
nazývame orientovaný graf (krátko digraph). Ohodnotený graf je taký graf, ktorého
každá hrana je ohodnotená nejakou č́ıselnou hodnotou – váhou.

Ak (u, v) ∈ E, potom vrcholy u a v grafu G sú susedné; u a v sa tiež nazývajú
incidentné (susedné) k hrane (u, v) a naopak; u sa nazýva susedom vrcholu v.

Uvažujme hranu (u, v) v orientovanom grafe G. Táto sa nazýva vstupnou
hranou vrchola v a výstupnou hranou vrchola u. Stupeň vrchola je počet jeho in-
cidentných hrán. Podobne vstupný (výstupný) stupeň vrchola je počet jeho vstupných
(výstupných) hrán. Zdrojom grafu nazývame vrchol s nulovým vstupným stupňom
a úst́ım grafu je vrchol, ktorý má nulový výstupný stupeň. Je zrejmé, že zdrojov
a úst́ı môže mat’ graf viac alebo aj žiadne.

Topologické č́ıslovanie grafu G je ohodnotenie vrcholov G tak, že č́ıslovanie
sṕlňa nasledujúcu podmienku: (u, v) ∈ E(G) ⇒ number(u) < number(v). Vážene
topologicke č́ıslovanie je také topologické č́ıslovanie na G, že pre každú hranu (u, v)
grafu G plat́ı number(v) ≥ number(u) + weight(u, v).

3.2 Kreslenie grafov

Nakreslenie grafu je jeho reprezentácia v rovine. Formálne vzaté je kreslenie grafu
funkcia, ktorá mapuje vrcholy na rôzne body v rovine a hrany na krivky, ktoré spájajú
vrcholy incidentné s touto hranou.

Pre ”pekné”nakreslenie grafu existuje viacero kritéríı – plocha grafu, počet kŕıžeńı
hrán, počet ohybov hrán, symetria atd’., ktoré však podl’a [7] nie sú založené
na experimentálnych dátach. Preto pre rôzne aplikácie môžu byt’ zauj́ımavé rôzne
kritériá.

3.3 Metódy kreslenia grafov

Metódy vizualizácie závisia od vlasnost́ı vykresl’ovaných grafov. Pre rôzne triedy sa
preto využ́ıvajú dost’ odlǐsné pŕıstupy. Pre kreslenie orientovaných acyklických grafov
sa využ́ıvajú najmä dve kategórie algoritmov.

Algoritmy založené na rozvrstveńı vrcholov (tzv. layering-based) sa usku-
točňujú v štyroch základných krokoch (obr. 1):

Hierarchizácia: Rozdelenie vrcholov do vrstiev. Vrcholy na jednej vrstve budú
mat’ vo výslednej kresbe rovnakú y-ovú súradnicu. Dôležitou podmienkou
je, aby hrany boli orientované rovnako, obvykle smerom k nižš́ım úrovniam.
Na hierarchizáciu sa použ́ıva oč́ıslovanie vrcholov resp. topologické triedenie.

Normalizácia: Ciel’om tohoto kroku je znormalizovat’ rozvrstvený graf tak, aby
hrany viedli iba medzi vrcholmi na susedných úrovniach. Takýto normálny
tvar (korektne rozvrstvený graf) dosiahneme jednoducho pridańım falošných
vrcholov na úrovne medzi dvoma susednými vrcholmi.
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Obrázok 1: Hierarchický pŕıstup kreslenia grafov

Usporiadanie vrcholov: Vrcholy na jednotlivých úrovniach usporiadame tak, aby
vzniklo čo najmenej kŕıžeńı hrán. Obvykle sa na usporiadanie vrcholov využ́ıvajú
heuristiky.

Rozvrhnutie súradńıc: Prirad́ı súradnice vrcholom. Pritom zruš́ı falošné vrcholy
tým, že ich nahrad́ı ohybmi na hranách. Pri prirad’ovańı súradńıc sa snaž́ıme
minimalizovat’ počet takto vznikutých ohybov a zároveň dosiahnut’ čo najväčšie
uhly medzi hranami, aby boli hrany dobre viditel’né a rozĺı̌sitel’né.

Druhou skupinou sú mriežkovo-orientované algoritmy (grid-based). Tieto majú
ako svoj vstup planárny st-graf, t.j. planárny acyklický graf s jedným zdrojom
a jedným úst́ım. Vrcholy na rozdiel od vrstvovo-orientovaných algoritmov umiestňujú
do mriežky a hrany sú orientované smerom nahor (resp. nadol) – s rastúcou (resp.
klesajúcou) y-ovou súradnicou.

Pŕıkladom takéhoto pŕıstupu je napr. algoritmus s využit́ım viditel’nosti ([2, 1]),
ktorý si najprv vytvoŕı viditel’nostnú reprezentáciu grafu (vid’ obr. 2(b)), kde je každý
vrchol reprezentovaný ako horizontálna úsečka a každá hrana ako vertikálna úsečka.
Jediný prienik vrcholových a hranových úsečiek sú vrchný a spodný bod hranovej
úsečky, ktoré zároveň patria vrcholom incidentným s touto hranou. Z viditel’nostnej
reprezentácie dostaneme umiestnenie vrcholov tak, že každú vrcholovú úsečku
nahrad́ıme jedným bodom (obr. 2(c)). Hrany spájajú incidentné vrcholy s tým,
že obsahujú nejakú čast’ svojej hranovej úsečky.

Nevýhodou takéhoto algoritmu je práve jeho vstup – planárny acyklický graf. Preto
je potrebné si neplanárny graf predpripravit’ do tohoto tvaru – použit’ planarizáciu.

4 Vizualizácia Boboxu

Na vizualizáciu modelu Boboxu potrebujeme nakreslit’ orientovaný graf, ktorého
vrcholy však nie sú body, ale obd́lžniky s rôznymi vel’kost’ami. Dosial’ nie je známe,
ako presne budú modely vyzerat’ (grafové vlastnosti modelov nie sú ešte preskúmané)
avšak dá sa predpokladat’, že graf bude často acyklický, alebo aspoň nebude mat’ vel’a
hrán, ktoré acyklickost’ porušujú. Viditel’nostná reprezentácia má śıce vo všeobecnosti
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1

3

2

5
4

8

9

6
7
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Obrázok 2: Metóda s využit́ım viditel’nosti

oproti algoritmom s rozvrstveńım vrcholov horš́ı počet kŕıžeńı hrán, avšak dosahuje
lepšiu plochu. Medzi d’aľsie výhody patŕı rýchlost’ algoritmu.

V d’aľsom poṕı̌seme podrobneǰsie algoritmus s využit́ım viditel’nosti a jeho
modifikáciu pre kreslenie grafov, ktorých vrcholy sú rôzne vel’ké obd́lžniky.

4.1 Algoritmy s využit́ım viditel’nosti

Ako už bolo spomı́nané, pri algoritme s využit́ım viditel’nosti je vstupom planárny
st-graf. Jedná sa o graf s jedným zdrojom s a jedným úst́ım t, ktorý je navyše možné
nakreslit’ do roviny s tým, že vrcholy s a t sa nachádzajú na hranici vonkaǰsej oblasti.

Nech G je planárny st-graf a F je množina jeho oblast́ı (množina F obsahuje dva
prvky pre externú oblast’ – s∗, ktorý je incidentný s l’avou hranicou G a t∗, ktorý je
incidentný s pravou hranicou grafu G). Definujeme left(e) (resp. right(e)) ako oblast’,
ktorá sa nachádza napravo (resp. nal’avo) od hrany e (obr. 3(a)). Oblasti oddel’ujúce
vstupné a výstupné hrany vrchola sa označujú left(v) resp. right(v) (obr. 3(b)).

Graf duálny ku grafu G je graf G∗ = (F, E∗) (d’alej v texte ho nazývame skrátene
duál G), taký, že E∗ = {(f, g) | ∃e ∈ E(G) \ (s, t) : f = left(e) a g = right(e)} Je
zrejmé, že pre každý planárny st-graf je jeho duál tiež planárny st-graf.

Všeobecný algoritmus na nakreslenie grafu (vytvorenie viditel’nostnej reprezentácie)
vyzerá nasledovne:

Visibility Representation(G)
1 G∗ ← Dual graph of G
2 X← optimal topological numbering of G*
3 Y← optimal topological numbering of G
4
5 for each v in V
6 do Γ(v) ← LINE [X(left(v)),Y(v)] to [X(right(v)-1),Y(v)])
7 for each e = (u, v) in E
8 do Γ(u, v) ← LINE [X(left(e)),Y(u)] to [X(left(e)),Y(v)]
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right(e)left(e)

(a) Oblast’ l’avá a pravá k hrane e

right(v)left(v) v

(b) Oblast’ oddel’ujúca vstupné a
výstupné hrany

Obrázok 3: Vlastnosti planárnych st-grafov

V d’aľsom kroku sa potom z tejto reprezentácie vytvoŕı nakreslenie grafu tak,
že sa za umiestnenie vrcholu grafu vyberie l’ubovol’ný bod jeho vrcholovej úsečky.
Formálneǰsie poṕı̌seme nakreslenie grafu z viditel’nostnej reprezentácie v nasledovnom
algoritme:

Polyline(G=(V,E))
1 for each v in V
2 do P (v) ← arbitrary (xv, yv) from Γ(v)
3 for each e = (u, v) in E
4 do if (y(v)-y(u)=1)
5 then LINE P(u) to P(v)
6 else POLYLINE P(u) to P(v)
7 through (x(Γ(u, v)), y(u) + 1) and (x(Γ(u, v)), y(v)− 1)

4.2 Úprava algoritmu

Pri využ́ıvańı algoritmov na kreslenie grafov narážame na problém, ako je definované
nakreslenie grafu. Pripomeniem, že formálne vzaté je kreslenie grafu funkcia, ktorá
mapuje vrcholy na rôzne body v rovine a hrany na krivky, ktoré spájajú vrcholy
incidentné s touto hranou. Lenže pri vizualizácii boboxu nepotrebujeme kreslit’
body ale krabičky a via, ktoré majú istý rozmer. Najmä pri krabičkách môže byt’
rozmer vačš́ı a rozhodne nie je zanedbatel’ný. Preto potrebujeme algoritmus upravit’
s ohl’adom na rozmery vrcholov.

Najjednoduchš́ım riešeńım je úprava iba posledného kroku algoritmu (nahrádzanie
úsečiek z viditel’nostnej reprezentácie), kedy namiesto bodu umiestňujeme
na vrcholovú úsečku celý obdlžnik (resp. iny útvar) a tým posúvame a rozt’ahujeme
celú mriežku. Avšak jeden vel’ký (dlhý alebo široký) vrchol nám vie pokazit’ celú
úroveň na mriežke aj napriek tomu, že môže byt’ na krátkej ceste a tým padom nemusi
ničomu vadit’. Preto sme sa rozhodli modifikovat’ už poč́ıtanie súradńıc na mriežke
tak, aby vrcholy mali zaručený dostatok priestoru na umiestnenie.

Máme teda daný planárny st-graf G spolu s rozmermi jeho vrcholov (obr. 4(a)).
Vytvoŕıme jeho duál G∗ (obr. 4(b)). Pôvodný algoritmus poč́ıtal na určenie súradńıc
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(a) St-graf (b) St-graph a jeho duál (c) Výsledna viditel’nostná
reprezentácia

Obrázok 4: Pôvodny algoritmus

topologické č́ıslovanie s rovnakou (jednotkovou) váhou na všetkých hranách (výsledná
viditel’nostná reprezentácia je na obr. 4(c)). V modifikovanom algoritme na tento účel
využijeme vážené topologické č́ıslovanie vrchlov.

Na y-ovú súradnicu vrcholov vplýva č́ıslovanie v pôvodnom st-grafe G. Preto hrany
grafu G ohodnot́ıme tak, aby ich váha zodpovedala výške, ktorú potrebuje vrchol na
svoje umiestnenie (vid’ obr. 5(a)). Formálne weight(u, v) = height(u). Potom pri
poč́ıtańı y-ových súradńıc mámé zaručené, že vrchol v je umiestnený tak, aby sa
vrchol u na výšku zmestil nad neho. Okrem toho v pŕıpade, že nejký vrchol je vysoký,
tak ovplyvňuje iba vrcholy, ktoré muśı a vrcholy na nezávislých cestách (cestách, ktoré
nemajú spoločné hrany) sa môžu dostat’ do tejto výšky bez obmedzeńı.

S x-ovou súradnicou je to kúsok náročneǰsie. Pripomeňme, že hrany v duálnom
grafe sú E∗ = {(f, g) | ∃e ∈ E(G) \ (s, t) : f = left(e) and g = right(e)}. Triviálnym
riešeńım vyzerá byt’ ohodnotenie hrany tak, že hranu (f, g), kde e = (u, v) ohodnot́ıme
maximom spomedzi š́ırok vrcholov u a v. Avšak takto definované ohodnotenie je
śıce korektné, avšak zbytočne vel’ké. V pŕıpade, že má vrchol niekol’ko susedov –
napr. potomkov (aj malej š́ırky) tak stač́ı jeho širku rozdelit’ medzi hrany incidentné
s ńım a týmito vrcholmi. Preto si najskôr pre každý vrchol v vypoč́ıtame dve
hodnoty weightin(v) = dwidth(v)/degin(v)e a weightout(v) = dwidth(v)/degout(v)e.
Potom hranu (f, g), kde e = (u, v) ohodnot́ıme maximom spomedzi weightout(u)
a weightin(v). Týmto dosiahneme pre každý vrchol dostatok š́ırky preň (vid’ obr.
5(c)). V budúcnosti sa budeme snažit’ toto ohodnotenie ešte optimalizovat’.

Výsledný algoritmus teda vyzerá nasledovne:

Modified Visibility Representation(G)
1 for each v in V
2 do weightout(v) ← dwidth(v)/degout(v)e
3 weightin(v) ← dwidth(v)/degin(v)e
4
5 for each e = (u, v) in E
6 do weight(e) ← height(u)
7
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(a) Ohodnotenie hrán grafu (b) Úprava pre y-ovú súradnicu

(c) Ohodnotenie hrán duálu (d) Úprava pre x-ovú aj y-ovú
súradnicu

Obrázok 5: Úprava algoritmu pre rôzne vel’kosti vrcholov

8 G∗ ← Dual graph of G
9

10 for each (f, g) in E∗

11 do let e = (u, v) ∈ E(G) : f = left(e) and g = right(e)
12 weight((f, g)) ← max{weightout(u), weightin(v)}
13
14 X← optimal weighted topological numbering of G*
15 Y← optimal weighted topological numbering of G
16
17 for each v in V
18 do Γ(v) ← LINE [X(left(v)),Y(v)] to [X(right(v)-1),Y(v)])
19 for each e = (u, v) in E
20 do Γ(u, v) ← LINE [X(left(e)),Y(u)] to [X(left(e)),Y(v)]

Na finálne nakreslenie grafu potrebujeme ešte umiestnit’ vrcholy a hrany. Vrcholy
(obd́lžniky) umiestňujeme podobne ako body v pôvodnom algoritme s tým, že na
vrcholovej úsečke muśı ležat’ celá horná hrana obd́lžnika zodpovedajúceho vrcholu.

Pre nakreslenie hrán máme niekol’ko možnost́ı. Prvou je kreslenie podobne ako
v pôvodnom algoritme. Druhá možnost’ je kreslenie hrán pomocou postupného
presmerovávania hrán okolo už nakreslených vrcholov [6].
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4.3 Vstupné podmienky

Graf zodpovedajúci modelu Boboxu vo všeobecnosti nemusi sṕlňat’ vstupné
podmienky pre pŕıstup s využit́ım viditel’nosti. Algoritmus požaduje planárny
acyklický graf a preto je možné, že bude potrebné si neplanárny graf predpripravit’ do
tohoto tvaru – použit’ planarizáciu. Prvým krokom planarizácie je nájst’ čo najväčš́ı
planárny podgraf (odoberańım hrán). Tento problém je NP-t’ažký, ale existujú
uspokojivé heuristiky na jeho riešenie (napr. [8]). Potom je možné bud’ kreslit’ graf
bez týchto hrán a po nakresleńı ich pridat’ alebo nahradit’ každé kŕıženie fikt́ıvnym
vrcholom [9].

Pre úplnost’ je potrebné dodat’, že aj v pŕıpade, že graf nebude acyklický je možné
ho acyklickým urobit’ (napŕıklad ubrat́ım resp. otočeńım niektorých hrán) [5].

5 Záver

Pri spracovávańı dotazov v mnohých pŕıpadoch nepostačuje paralelizácia na úrovni
dotazov. V projekte Bobox je dotaz rozdelený na jednoduché výpočtové komponenty,
ktoré sa navzájom prepoja. Vzor tejto štruktúry ako aj skutočný beh výpočtu je
potrebné prehl’adne zobrazit’. Na vizualizáciu modelu ako aj inštancie modelu môžeme
použit’ metódu kreslenia orientovaných acyklických grafov s využit́ım viditel’nosti.
V článku sme túto metódu kreslenia grafov modifikovali pre vrcholy, ktoré majú byt’
reprezentované obd́lžnikmi.

V budúcnosti je potrebné podrobneǰsie preskúmat’ vlastnosti grafov modelu ako
aj inštancie modelu. Práve s ohl’adom na tieto grafové vlastnosti môžeme d’alej
upravovat’ a vylepšoavt’ algoritmus pre vizualizáciu. Jedným z vylepšeńı, ktoré priamo
vychádzajú z výsledkov článku je optimalizácia ohodnocovania hrán duálneho grafu,
č́ım vieme dosiahnut’ menšiu š́ırku výsledného nakreslenia.
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Abstrakt. Nedávný pokrok ve vývoji grafických čip̊u umožnil provádět na běžných
grafických kartách obecné výpočty. V kombinaci s univerzálńı platformou OpenCL,
jej́ıž prvńı implementace pro GPU byly uvedeny v druhé polovině roku 2009, slibuj́ı
tyto technologie značné zrychleńı paralelizovatelných úloh. Tento článek se zabývá
použitelnost́ı těchto technologíı na r̊uzné praktické problémy. Zároveň nab́ıdne výkon-
nostńı srovnáńı prototypových implementaćı na soudobém hardware.
Kĺıčová slova: GPGPU, grafické karty, paralelizace

1 Úvod

Jedńım z hlavńıch ćıl̊u informatiky jak na poli teoretickém tak praktickém je snaha
optimalizovat řešeńı nejr̊uzněǰśıch problémů za účelem jejich rychleǰśıho zpracováńı.
Efektivněǰśı algoritmy zvládnou řešit problémy rychleji, př́ıpadně vyřešit větš́ı prob-
lémy ve stejném čase. Paralelizace úloh byla vždy jedńım ze slibných směr̊u opti-
malizace řešeńı. V minulosti byl tento př́ıstup výsadou specializovaných výpočetńıch
stanic a sálových poč́ıtač̊u. Dı́ky nedávné revoluci na poli čip̊u grafických karet je
dnes možné z běžně dostupných komponent postavit domáćı poč́ıtač, který bude mı́t
výpočetńı výkon srovnatelný s o několik let starš́ımi superpoč́ıtači.

Tento článek shrnuje výsledky zkoumáńı použitelnosti grafických karet pro obecné
výpočty nejr̊uzněǰśıch typ̊u. U všech př́ıklad̊u uvád́ıme také použitý algoritmus
a popisujeme nutné úpravy pro jeho nasazeńı na GPU. Každý př́ıklad také demon-
struje určitý problém, který se může při těchto úpravách projevit, zejména pak otázka
latence a propustnosti pamět́ı.

1.1 Hardware a metodika měřeńı

Všechny př́ıklady byly testovány na grafické kartě ATI Radeon HD 5870 s čipem
RV870 a 1GB interńı paměti DDR5 taktované na 4800MHz s 256 bitovou sběrnićı.
Jádro pracuje na frekvenci 850MHz a obsahuje 1600 5-cestných shader jednotek (což
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odpov́ıdá 320 výpočetńım jádr̊um), které běž́ı na stejné frekvenci [1]. Testovaćı sestavu
poháńı procesor Intel Core i7 860 obsahuj́ıćı 4 fyzická jádra s technologíı Hyperthread-
ing (tzn. 8 logických jader) taktovaná na 2.8GHz. Sestava obsahovala 4GB operačńı
paměti DDR3 na frekvenci 1333MHz a 64-bitový operačńı systém Windows 7.

Každý test byl opakován desetkrát a výsledné naměřené časy jsou aritmetickým
pr̊uměrem těchto měřeńı. Jednotlivá měřeńı každého testu se od sebe nelǐsila o v́ıce
než 5% od výsledného pr̊uměru.

1.2 Osnova

Sekce 2 stručně shrnuje nejd̊uležitěǰśı aspekty architektury GPU a jej́ı abstrakce,
kterou poskytuje framework OpenCL. Sekce 3 představuje nejednodušš́ı možný prob-
lém – jednoduché SIMD výpočty nad jednorozměrným vektorem č́ısel. Sekce 4 rozeb́ırá
velmi známý problém násobeńı velkých matic, na kterém demonstruje problémy s př́ıs-
tupem do globálńı paměti GPU. Sekce 5 navazuje Floyd-Warshallovým algoritmem,
který je do jisté mı́ry podobný problému násobeńı matic. Sekce 6 se věnuje otázce
NP problémů a jejich řešeńı pomoćı backtrackingu. Sekce 7 shrnuje poznatky z celého
článku.

2 Architektura GPU a OpenCL framework

V této sekci se budeme věnovat nejd̊uležitěǰśım vlastnostem architektury GPU [1, 2]
a frameworku OpenCL [3] pro paralelńı výpočty. Neklademe přitom d̊uraz na úplnost,
sṕı̌se se snaž́ıme zd̊uraznit aspekty, na které je třeba brát zvláštńı ohled při paralelizaci
algoritmů.

2.1 Architektura GPU

Architektury GPU a CPU se značně lǐśı v celé řadě ohled̊u, zejména

• v počtu výpočetńıch jader,

• ve výpočetńım výkonu (zejména v plovoućı desetiné čárce) a

• v př́ıstupu k řešeńı problému latence pamět́ı.

GPU má mnohem vyšš́ı počet jader než soudobá CPU, avšak tato jádra maj́ı
celou řadu omezeńı. Jádra jsou seskupena do SMP jednotek1, které aplikuj́ı SIMD2

výpočetńı model. Všechna jádra jedné SMP jednotky maj́ı tedy stejný program
a vykonávaj́ı vždy tutéž instrukćı (pouze nad jinými daty). Např́ıklad ATI Radeon
použitý pro testy obsahuje 320 jader, která jsou seskupena do 20 SMP jednotek po
16 jádrech.

Na jednu SMP jednotku bývá typicky naplánováno v́ıce vláken, než kolik má jed-
notka procesor̊u, přičemž počet těchto vláken je násobkem počtu procesor̊u. Všechna
tato vlákna (jak běž́ıćı tak naplánovaná) běž́ı ve stř́ıdavém SIMD režimu – tedy muśı

1Streaming MultiProcessor Units
2Single Instruction Multiple Data
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mı́t stejný program, který ale nevykonávaj́ı zcela souběžně, nýbrž se po skupinách
stř́ıdaj́ı na dostupných jádrech. V př́ıpadě, že právě běž́ıćı sada vláken je nucena z ně-
jakého d̊uvodu čekat (např. na načteńı dat z globálńı paměti), plánovač tuto sadu
odstav́ı a mezi t́ım nechá poč́ıtat jinou sadu naplánovaných vláken, aby byly proce-
sory co nejv́ıce vyt́ıženy. Touto technikou se GPU snaž́ı minimalizovat efekt latence
pamět́ı.

Grafická karta obsahuje několik druh̊u pamět́ı:

• Registry – velmi rychlá pamět’, kterou má k dispozici každé jádro. Nejnověǰśı
GPU nab́ıźı až 1024 registr̊u po 32 bitech.

• Sd́ılená pamět’ – vyrovnávaćı pamět’ SMP jednotky, do které mohou přistupovat
všechna vlákna. Pro grafické výpočty funguje zpravidla podobně jako L1 cache
na CPU. Tato pamět’ je stejně rychlá jako registry, ale př́ıstup do ńı má jistá
omezeńı (viz dále). Současná GPU maj́ı řádově deśıtky kB paměti na SMP
jednotku (typicky 32 nebo 64 kB).

• Globálńı pamět’ – je společná pro celý čip (všechny SMP jednotky). Př́ıstup do
ńı je výrazně pomaleǰśı nebot’ všechny SMP sd́ıĺı pamět’ovou sběrnici a data z ńı
nejsou většinou ukládána do žádné (nebo jen velmi malé) vyrovnávaćı paměti.
Současné karty maj́ı stovky MB až jednotky GB této paměti.

Kromě těchto pamět́ı je potřeba ještě zd̊uraznit, že při kombinováńı výpočt̊u na
CPU a GPU jsou data, která chceme použ́ıt, typicky umı́stěna v paměti hostuj́ıćıho
PC (v operačńı paměti CPU). Proto je potřeba nejprve data přenést do globálńı
paměti grafické karty, než je v̊ubec možné zač́ıt samotný výpočet.

2.2 Spouštěńı vláken

Framework OpenCL nab́ıźı řadu mechanismů, pomoćı kterých je schopen detekovat
paralelńı hardware a spustit na něm požadovaný kód. Kód je v programu reprezen-
tován zpravidla ve zdrojovém tvaru a před spuštěńım je zkompilován př́ımo pro ćılovou
architekturu. Funkce, které slouž́ı jako vstupńı body vláken, se nazývaj́ı kernely. Ker-
nel může být spuštěn bud’ klasickým zp̊usobem (jako jedna instance vlákna), nebo
paralelně na v́ıce dat.

Při paralelńım spuštěńı jednoho kernelu jsou instance vláken organizovány do
jedno až tř́ı rozměrného pole. Svou pozici v poli může kernel zjistit pomoćı ves-
tavěných funkćı a tato pozice také jednoznačně určuje, jakou část práce má instance
vlákna vykonat. Kromě toho se instance vláken sdružuj́ı do skupin. Velikost skupiny
muśı být v každém rozměru soudělná s velikost́ı pole vláken. Vlákna v jedné skupině
jsou fyzicky mapována na jednu SMP jednotku se všemi výhodami (např. sd́ılená
pamět’) a omezeńımi (např. SIMD režim), která z toho vyplývaj́ı.

Všechny operace prováděné na zař́ızeńı jsou spravovány tzv. frontou požadavk̊u.
Do této fronty se vkládaj́ı požadavky na spuštěńı kernel̊u, přesuny dat z/do grafické
karty a také synchronizačńı značky a bariéry. Technické detaily si dovoĺıme z d̊uvodu
úspory mı́sta vynechat.
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2.3 Správa paměti

Nyńı se pod́ıváme na pamět’ ještě jednou, tentokrát z pohledu architektury frame-
worku, a zmı́ńıme také některá podstatná omezeńı. Z hlediska OpenCL děĺıme pamět’
na:

• Privátńı – pamět’ vlastńı jednotlivým instanćım kernel̊u. Tato pamět’ v podstatě
odpov́ıdá registr̊um jednotlivých jader.

• Lokálńı – pamět’ sd́ılená mezi vlákny v jedné skupině. Tato pamět’ odpov́ıdá
sd́ılené paměti SMP jednotek.

• Globálńı – pamět’ sd́ılená všemi instancemi kernelu, což odpov́ıdá globálńı
paměti GPU.

• Konstantńı – speciálńı př́ıpad globálńı paměti určené pouze pro čteńı. Dı́ky
tomu, že je dopředu deklarováno, že se jedná o konstantńı pamět’, může být
př́ıstup k dat̊um v této paměti optimalizován.

Běž́ıćı vlákna si nemohou žádnou pamět’ alokovat. Veškeré alokace muśı být
deklarovány před spuštěńım kernelu a jednotlivé instance mohou manipulovat pouze
s pamět́ı, na kterou dostanou ukazatele v argumentech kernelu. Z toho vyplývá
poměrně zásadńı omezeńı, že jednotlivé instance muśı vracet výsledky konstantńı
velikosti nebo je potřeba velikost výsledku nejprve dopředu spoč́ıtat.

Při práci s pamět́ı GPU muśıme mı́t na paměti ještě dvě d̊uležitá omezeńı [1, 2].
Prvńı omezeńı se týká nač́ıtáńı dat z globálńı paměti. Globálńı pamět’ je př́ıstupná
skrze relativně širokou sběrnici, avšak latence požadavk̊u je poměrně výrazná. Z tohoto
d̊uvodu se optimalizuj́ı přenosy, při kterých sousedńı vlákna přenáš́ı sousedńı bloky
paměti (tzv. coalesced load). Pokud alespoň 16 sousedńıch vláken z jedné skupiny
začne ve stejném okamžiku č́ıst nebo zapisovat 16 sousedńıch blok̊u paměti (o velikosti
32 bit̊u) a celý tento blok (64B) je správně zarovnaný, hardware zpracuje tento přesun
v jediném požadavku.

Druhé omezeńı se týká př́ıstupu do lokálńı (sd́ılené) paměti. Lokálńı pamět’ je
rozdělena do tzv. bank (na nejnověǰśı architekturách od je těchto bank zpravidla 16).
Dvě sousedńı 32-bit. buňky paměti se nacháźı v následuj́ıćıch dvou bankách (modulo
16). Pokud dvě jádra v jedné instrukci přistouṕı do stejné banky, je tento př́ıstup
serializován, č́ımž dojde ke zpomaleńı výpočtu. Výjimkou je, pokud všechna vlákna
čtou stejnou hodnotu z lokálńı paměti. Takový př́ıstup je detekován v hardware a data
jsou k jádr̊um přenesena pomoćı broadcastu.

3 Jednoduché SIMD výpočty

Jak jsme zmı́nili v předchoźı sekci, architektura grafických procesor̊u je od základu
postavena na SIMD3 paralelizaci. Prvńı př́ıklad proto otestuje výkonnost grafické
karty při jednoduchých vektorových výpočtech, které se nejlépe zpracovávaj́ı právě
na SIMD výpočetńım modelu.

3Single Instruction Multiple Data
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V př́ıkladu vyzkouš́ıme dvě vektorové operace. Obě maj́ı dvě vstupńı pole x a y
a výstupńı pole z. Výpočet prob́ıhá nezávisle nad všemi prvky pole, tedy pro všechna i
z rozsahu pole provedeme z[i] = op(x[i], y[i]). Prvńı operace pouze vynásob́ı oba prvky.
Druhá operace je o trochu složitěǰśı a při výpočtu uplatńı také druhou odmocninu
a goniometrické funkce:

op2(x[i], y[i]) =
y[i]

√
x[i]

x[i]
+ x[i] cos(y[i])

Tato operace nemá žádný praktický základ. Byla pouze uměle vytvořena
k otestováńı v́ıce druh̊u operaćı a složitěǰśıch matematických funkćı.

3.1 Naměřené výsledky

Pro účely následuj́ıćıch test̊u byly použity vektory č́ısel x a y o velikosti 16M (t.j. 224)
32-bitových reálných č́ısel (float̊u). Kernely obou operaćı byly spuštěny paralelně pro
každý prvek pole, přičemž velikost skupiny byla nastavena na 256 (což je maximum
na použitém GPU). Tato hodnota byla vybrána na základě empirických pozorováńı.

V tabulce 1 jsou shrnuty výsledky měřeńı. Jednotlivé sloupce obsahuj́ı srovnáńı
sériového algoritmu, paralelńı implementace použ́ıvaj́ıćı knihovnu Threading Building
Blocks [6], implementace OpenCL běž́ıćı na CPU a na GPU. Sloupec GPU obsahuje
časy celého výpočtu včetně přesunu dat na grafickou kartu a zpět, zat́ımco GPU∗

obsahuje pouze časy samotného výpočtu.

sériový TBB CPU GPU GPU∗

op1 38 22 65 189 15
op2 505 130 165 196 21

Tabulka 1: Naměřené časy SIMD výpočt̊u v milisekundách

Z naměřených výsledk̊u plyne, že GPU zvládne výpočty provést poměrně rychle,
avšak úzkým hrdlem celé operace je přenos dat z hlavńı paměti do paměti grafické
karty a zpět. U všech výpočt̊u prováděných na GPU muśıme tedy nutně započ́ıtat
dobu potřebnou na přenos dat, př́ıpadně plánovat v́ıce operaćı za sebou, jinak se
triviálńı vektorové operace nevyplat́ı paralelizovat na GPU, nebot’ procesor je zvládne
provést ve srovnatelném čase.

4 Násobeńı matic

Druhým př́ıkladem je často použ́ıvaný matematický problém – násobeńı matic.
Přestože tato operace neńı př́ılǐs častá v oblasti zpracováńı dat, pomůže nám demon-
strovat daľśı aspekty přenos̊u dat mezi pamětmi. Tentokrát se zaměř́ıme na přenosy
dat mezi globálńı pamět́ı grafické karty a lokálńı (a privátńı) pamět́ı jednotlivých
jader. Pro jednoduchost se omeźıme na násobeńı dvou čtvercových matic, jejichž
strany maj́ı délku mocniny 2. Rovněž pro jednoduchost předpokládáme, že druhá
matice je již transponovaná, abychom lépe využili cache při výpočtu na CPU.
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Přestože existuji lepš́ı algoritmy [4], v našem př́ıkladu použijeme klasický algorit-
mus pracuj́ıćı v čase O(N3), kde N je délka strany matice.

4.1 Naivńı implementace

Kernel naivńı implementace obsahuje pouze nejv́ıce vnořený cyklus. Zbývaj́ıćı dvě
úrovně cykl̊u jsou nahrazeny vytvořeńım př́ıslušného počtu vláken. Každý prvek
výsledné matice je tedy poč́ıtán paralelně a v př́ıpadě, že bychom měli k dispozici
dostatek jader (řádově O(N2)), mohli bychom dosáhnout asymptotické složitosti
O(N).

__kernel void mul_matrix (__global const float *m1,
__global const float *m2,
__global float *mRes)

{
int n = get_global_size(0);
int r = get_global_id(0);
int c = get_global_id(1);
float sum = 0;
for (int i = 0; i < n; ++i)

sum += m1[r*n + i] * m2[c*n + i];
mRes[r*n + c] = sum;

}

Přestože zvolený algoritmus je velmi dobře paralelizovatelný a na prvńı pohled
slibuje výrazné zrychleńı, experimentálńı výsledky naznačuj́ı opak. Časy uvedené
v tabulce 2 byly naměřeny při násobeńı matic 32-bitových reálných č́ısel pro N rovno
1024 a 2048. Vlákna uspořádána do dvourozměrného pole, které přesně koṕıruje tvar
matice, a spojena do skupin velikosti 16× 16.

Matice sériový TBB CPU GPU
1024× 1024 3630 542 319 392
2048× 2048 29370 4060 2311 3400

Tabulka 2: Časy násobeńı matic v milisekundách

Výpočet na GPU, na kterém spolupracovalo 320 jader, byl znatelně pomaleǰśı
než výpočet na čtyřjádrovém CPU s hyperthreadingem. V tomto př́ıpadě ale nelež́ı
problém v přenosu dat z operačńı paměti do paměti grafické karty, nebot’ tento přenos
zabere pouze 20ms v př́ıpadě N = 1024, resp. 70ms v př́ıpadě N = 2048.

Otázku neuspokojivého výkonu našeho řešeńı zodpov́ı profilovaćı nástroj. V násle-
duj́ıćı tabulce jsou uvedeny nejd̊uležitěǰśı hodnoty naměřené při násobeńı dvou matic
velikosti 1024× 1024.
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Fetch (kolikrát četlo každé vlákno z globálńı paměti) 2048×
ALUFetchRatio (poměr operaćı ALU v̊uči čteńı) 2.51%
ALUFetchBusy (pod́ıl operace čteńı na celkovém času) 94.37%
FetchUnitStalled (kolik času čekaly fetch jednotky na data) 83.15%

Z naměřených údaj̊u je jasné, že většinu času celého výpočtu se pouze přenášela
data z hlavńı paměti k jádr̊um, přičemž se téměř výhradně na data čekalo. Při opti-
malizaci se tedy zaměř́ıme hlavně na přenosy dat v rámci grafické karty.

4.2 Cache-aware implementace

Vylepšená implementace využ́ıvá faktu, že vlákna jsou spouštěna v SIMD režimu po
skupinách. Každá tato skupina má k dispozici lokálńı pamět’4, kterou může využ́ıt
jako cache pro data z globálńı paměti. Při vhodné úpravě algoritmu můžeme doćılit
výrazného zrychleńı, nebot’

• př́ıstup do lokálńı paměti je stejně rychlý jako př́ıstup do privátńı paměti vlákna,

• vlákna mohou spolupracovat při nač́ıtáńı dat (tzv. coalesced load) a

• většina dat je sd́ılena mezi vlákny, takže postač́ı jedno načteńı těchto dat do
lokálńı paměti mı́sto aby si každé vlákno tato data stahovalo zvlášt’.

Vlákna jsou uspořádána do skupin velikosti 16× 16. Při zpracováńı matice prove-
dou vlákna v každém pr̊uchodu hlavńım cyklem dva kroky. V prvńım kroku koop-
erativně načtou čtvercové výřezy velikosti 16 × 16 prvk̊u z násobených matic. Tyto
výřezy obsahuj́ı prvky řádk̊u resp. sloupc̊u násobených matic, takže vždy jeden řádek
resp. sloupec je sd́ılen 16 vlákny ve skupině. V druhém kroku si každé vlákno přičte
následuj́ıćıch 16 součin̊u prvk̊u k částečnému součtu. Za prvńım i druhým krokem
následuje synchronizačńı bariéra, která zajist́ı, že všechna vlákna vykonávaj́ı stejný
krok. Daľśı detaily jsou patrné z následuj́ıćıho kódu kernelu.

__kernel void mul_matrix_opt(__global const float *m1,
__global const float *m2,
__global float *mRes,
__local float *tmp1,
__local float *tmp2)

{
int size = get_global_size(0);
int lsize_x = get_local_size(0);
int lsize_y = get_local_size(1);
int block_size = lsize_x * lsize_y;
int gid_x = get_global_id(0);
int gid_y = get_global_id(1);
int lid_x = get_local_id(0);
int lid_y = get_local_id(1);

4V př́ıpadě použité grafické karty AMD Radeon HD5870 je to 32kB.
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int offset = lid_y*lsize_x + lid_x;

float sum = 0;
for (int i = 0; i < size; i += lsize_x) {

// Load data to local memory
tmp1[offset] = m1[gid_y*size + i + lid_x];
for (int j = 0; j < lsize_x / lsize_y; ++j)

tmp2[offset + j*block_size] =
m2[(gid_x + lsize_y*j)*size + i + lid_x];

barrier(CLK_LOCAL_MEM_FENCE);

// Add data from block to the sum
for (int k = 0; k < lsize_x; ++k)

sum += tmp1[lid_y*lsize_x + k] * tmp2[lid_x*lsize_x + k];

barrier(CLK_LOCAL_MEM_FENCE);
}
mRes[gid_y*size + gid_x] = sum;

}

V tabulce 3 jsou opět naměřené výsledky, včetně optimalizované verze pro GPU,
která je označena GPU+. Toto řešeńı již vykazuje výrazné zrychleńı – 45× resp. 52×
proti sériové verzi a přibližně 4× proti OpenCL verzi spuštěné na všech jádrech CPU.

Matice sériový TBB CPU GPU GPU+

1024× 1024 3630 542 319 392 81
2048× 2048 29370 4060 2311 3400 564

Tabulka 3: Časy násobeńı matic v milisekundách

5 Floyd-Warshall̊uv algoritmus

Podobnou charakteristiku z hlediska časové složitosti a př́ıstupu do paměti jako mělo
násobeńı matic vykazuje také známý algoritmus na hledáńı nejkratš́ıch cest v grafu.
Násobeńı matic však mohlo paralelizovat vněǰśı dva cykly, d́ıky čemuž se vnitřńı cyklus
vykonával př́ımo v kernelu. Floyd-Warshall̊uv algoritmus proti tomu dokáže parale-
lismu využ́ıt pouze u vnitřńıch dvou cykl̊u, protože po každém pr̊uchodu vněǰśım
cyklem muśı doj́ıt k synchronizaci, abychom udrželi integritu dat. OpenCL bohužel
neobsahuje globálńı bariéru pro všechny instance jednoho kernelu a ani jej́ı implemen-
tace by nebyla př́ılǐs efektivńı. Proto přesuneme vněǰśı cyklus mimo grafickou kartu
a v každém jeho kroku spust́ıme paralelně kernel řeš́ıćı vnitřńı dva cykly.

Tabulka 4 shrnuje naměřené výsledky, přičemž verze pro GPU již použ́ıvá obdob-
nou optimalizaci, jako algoritmus násobeńı matic. Z výsledk̊u je patrné, že cyklická
invokace kernel̊u je výrazně méně efektivńı než provedeńı cyklu uvnitř kernelu. I přesto
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Vrchol̊u sériový TBB CPU GPU
1024 1262 1006 5200 289
2048 10600 7775 35800 3285

Tabulka 4: Časy Floyd-Warshallova algoritmu v ms

však podává naše řešeńı v́ıce než uspokojivé výsledky a použit́ı GPU se i v tomto př́ı-
padě v́ıce než vyplat́ı.

6 NP problémy a backtracking

Daľśım ukázkovým problémem je backtracking, který zde zastupuje exaktńı zp̊usob
řešeńı NP problémů. NP problémy neńı5 v současné době možné řešit v polynomiálńım
čase. Masivńı paralelismus je proto jednou z cest, jak alespoň o trochu posunout
hranice velikost́ı problémů, které je možné v rozumné době spoč́ıtat.

Jako reprezentanta jsme vybrali NP-úplnou úlohu známou pod názvem Součet
podmnožiny, jej́ıž zadáńı je následuj́ıćı. Je dána množina M celých č́ısel a celé č́ıslo s.
Ptáme se, zdali existuje vybraná podmnožina M′ ⊂M taková, že součet všech jej́ıch
prvk̊u je právě s.

Princip řešeńı je velice snadný. Vybereme všechny existuj́ıćı podmnožiny M
(kterých je 2|M|) a u každé z nich ověř́ıme, zda nemá součet s. Testy budeme
provádět na množině velikosti |M| = 30. Každou podmnožinu identifikujeme 30-
bitovým č́ıslem, kde bity odpov́ıdaj́ı jednotlivým prvk̊um, přičemž 1 znamená, že je
daný prvek v podmnožině př́ıtomen a 0, že v ńı př́ıtomen neńı.

Každý kernel pak dostane prefix délky 24 bit̊u, které použije jako pevný základ
a pro zbývaj́ıćıch 8 bit̊u vyzkouš́ı všechny možnosti. Tabulka 5 shrnuje naměřené
výsledky.

|M| sériový TBB CPU GPU
30 6625 1865 3820 595

Tabulka 5: Časy hledáńı podmnožiny s daným součtem v ms

Při testováńı jsme si dovolili malé zjednodušeńı – všechna č́ısla v množině byla
sudá, zat́ım co hledaný součet s byl lichý, abychom donutili algoritmus proj́ıt všechny
podmnožiny. Tento př́ıstup ponechává ve vzduchu otázku jak zastavit běž́ıćı výpočet,
když jedno z vláken nalezne řešeńı. Vzhledem k množstv́ı vláken a nemožnosti efek-
tivńı komunikace mezi nimi se jako nejlepš́ı zp̊usob jev́ı spouštěńı kernel̊u po vhodně
velkých částech tak, aby se př́ılǐs nezvýšila režie, ale zároveň aby se jednotlivé části
nepoč́ıtali př́ılǐs dlouho. Po skončeńı výpočtu každé části se provede kontrola, zda byl
již výsledek nalezen, a pokud ano, výpočet skonč́ı.

5Autor se zde přikláńı k všeobecně rozš́ı̌rené domněnce, že P6=NP.
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7 Závěr

V tomto článku jsme představili relativně novou architekturu na poli paralelńıch
výpočt̊u a ověřili jej́ı použitelnost na řadě r̊uznorodých problémů. Výsledky naznačuj́ı,
že se jedná o slibnou technologii, avšak jej́ı použitelnost je do značné mı́ry omezována
nutnost́ı v některých př́ıpadech poměrně rozsáhlých úprav algoritmů a programovaćıch
technik. Zat́ım co na CPU je programátor často zachráněn př́ıtomnost́ı velké cache,
na GPU je potřeba př́ıstupy do paměti pečlivě plánovat a optimalizovat.

V budoućı práci bychom se rádi zaměřili na využit́ı GPU při zpracováńı databá-
zových dotaz̊u. Zejména nás zaj́ımaj́ı možnosti nasazeńı na relačńı a sémantická data
(RDF [5], linked-data). V této souvislosti bychom také rádi prozkoumali možnosti
zpracováńı grafových algoritmů, které by mohli být využity při zpracováńı index̊u
śıt’ových dat.
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