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1 Úvod


Možnosti zvyšováńı výkonu výpočetńıch jednotek pro-
cesor̊u již deľśı dobu naráž́ı na hranice fyzikálńıch mož-
nost́ı. Proto je jedinou možnost́ı výrazného zvýšeńı
výkonu paralelismus. Pro dosažeńı paralelismu exis-
tuj́ı dvě cesty: automatická a manuálńı paralelizace.
V prvńım př́ıpadě se o převod sériového zdrojového
kódu do paralelńı spustitelné formy stará překladač ja-
zyka. V druhém př́ıpadě sám programátor naṕı̌se pro-
gram tak, aby běžel paralelně.


Automatická paralelizace naráž́ı na limity toho, jak
dobře dokáže překladač zanalyzovat překládaný kód.
Proto jazyky, které chtěj́ı poskytovat vysokou mı́ru
automatické paralelizace, výrazně omezuj́ı možnosti
programátora, aby bylo možné provádět nezbytnou
analýzu. Hlavńı nevýhodou manuálńı paralelizace je
to, že přináš́ı daľśı rozměr složitosti do již tak kom-
plexńıho problému vývoje software. Jedńım ze součas-
ných problémů v tomto oboru je neexistence takových
systémů, které by vhodným zp̊usobem kombinovaly
automatickou a manuálńı paralelizaci.


Tento článek analyzuje problémy, které bráńı lepš́ı
automatické paralelizaci a na jejich základě definuje
požadavky na jazyk, který by těmto problémům př́ımo
svým návrhem předcházel.


2 Požadavky


Jazyky s omezenou množinou typových konstrukćı,
zejména jazyky bez ukazatel̊u, jsou pro automatickou
paralelizaci výhodněǰśı, bohužel na většinu nenume-
rických úloh jejich datové struktury nestač́ı. Pomoćı
poĺı a index̊u je sice možné datové struktury včetně
ukazatel̊u emulovat, analýza alias̊u [3] je však v ta-
kových př́ıpadech z principu věci stejně neproveditelná
jako v př́ıpadě ukazatelových struktur.


Pro univerzálnost použit́ı je tedy nutná podpora
složitěǰśıch datových struktur, řešeńım ovšem neńı
zpř́ıstupněńı struktur př́ımo realizovatelných fyzickým
procesorem (tedy poĺı a ukazatel̊u). Sch̊udným řešeńım


⋆ Článek byl částečně financován z následuj́ıćıch grant̊u:
GACR 201/09/0990, GACR 202/10/0761, GACR 201/
09/0983 a SVV-2010-261312


problému je realizace dostatečně širokého spektra da-
tových struktur, jejichž chováńı bude překladači zná-
mé. Analýza závislost́ı pak bude prováděna na úrovni
vyšš́ıch operaćı (např. find/insert/erase) specifických
pro danou datovou strukturu.


Podpora datových struktur může být založena na
vestavěńı zvolených struktur do jazyka, z hlediska roz-
šǐritelnosti je však výhodněǰśı implementovat struk-
tury uživatelským kódem, s povinným doplněńım
o specifikaci vlastnost́ı těchto struktur. Takovéto da-
tové struktury pak budeme nazývat knihovńı kolekce
dat.


Každá uživateli prezentovaná knihovńı kolekce dat
přitom může mı́t několik implementaćı, mezi nimiž
může překladač vyb́ırat na základě zp̊usobu, jakým
je použ́ıvána. Např́ıklad v př́ıpadě, kdy je fáze čteńı
oddělena od fáze vkládáńı do uspořáné struktury, mů-
že překladač automaticky nahradit pr̊uběžné zatřid’o-
váńı vloženou fáźı setř́ıděńı. Tento př́ıstup je analogíı
optimalizace výkonu v databáźıch, což poskytuje mož-
nost využit́ı některých postup̊u známých z databáźı.


3 Zaplňováńı mezery


3.1 Procedurálńı řešeńı


Prvńı z představitel̊u jazyka navrženého na zelené lou-
ce sice syntax́ı připomı́ná C/C++, avšak u syntaxe
podoba konč́ı. Jazyk je zaměřen na práci s knihovńımi
kolekcemi a klade d̊uraz na zpracováńı dat pomoćı
foreach, která ve své plné formě poskytuje nejen
prvky pole ale i jejich pozici. Kromě toho umožnuje
snadno přidat prvek na posledńı mı́sto v kolekci po-
moćı x[]=y (x je kolekce, y přidávaný prvek). Následu-
j́ıćı kód demostruje implementaci algoritmu k-means:


populat ion = . . . ;
means = subseq ( populat ion , 0 , k ) ;
for ( s i z e t i =0; i<k ; ++i )
{ point [ k ] [ ] s e t s ;


foreach ( po int p in populat ion )
{ double [ ] d i s t an c e s = empty ( ) ;


foreach ( po int m in means )
{ d i s t an c e s [ ] = dst (p ,m) ; }
s i z e t i = min pos i t i on ( d i s t an c e s ) ;
s e t s [ i ] [ ] = p ;


}
foreach ( po int [ ] s e t at i in s e t s )
{ double x , y ;
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s i z e t count ;
foreach ( po int p in s e t )
{ x+=p . x ; y+=p . y ; ++count ; }
means [ i ]= po int ( x/count , y/ count ) ;


}
}


Významným rozd́ılem oproti C/C++ je nepř́ıtom-
nost ukazatel̊u a referenćı. Z pohledu programátora
se jazyk chová, jako by vše bylo předáváno hodnotou
a koṕırováno. Zamýšlená implementace je však taková,
že všechny kolekce jsou interpretovány jako reference,
ovšem při změně obsahu takové kolekce je zajǐstěno,
že kód prováděj́ıćı změnu pracuje s vlastńı kopíı ko-
lekce (copy-on-change). T́ım je zajǐstěn rozumný kom-
promis mezi efektivitou a jednoduchost́ı jazyka (jak
ve smyslu chováńı z pohledu uživatele, tak analýzy
překladačem).


Z hlediska paralelizace je významé použit́ı
foreach, protože t́ım svád́ı k programováńı pomoćı
cykl̊u, jejichž iterace na sobě nezáviśı, což je pro pa-
ralelizaci př́ıznivé. To je podpořeno i variantou s kĺı-
čovým slovem in, která poskytuje index prvku bez
nutnosti jej poč́ıtat pomoćı proměnné sd́ılené mezi ite-
racemi.


Daľśım aspektem je podpora pro přidáváńı prvk̊u
na konec kolekce, která v kombinaci s foreach na-
pomáhá možnosti proudového zpracováńı dat, kdy da-
ta generována v jedné části kódu (a ukládána na konec
kolekce x) jsou následně zpracovávána pomoćı cyklu
foreach nad kolekćı x.


3.2 Neprocedurálńı řešeńı


Jazyk XQuery [2], často nesprávně řazený k funkcio-
nálńım jazyk̊um, je př́ıkladem jazyka, jehož seman-
tika dovoluje agresivńı optimalizace jako permutace
cykl̊u. Po přiměřeném rozš́ı̌reńı typových konstrukćı
(p̊uvodně zahrnuj́ıćıch pouze nevnořené posloupnosti)
např. o struktury by se z něj mohl stát jazyk použitel-
ný i mimo oblast XML [1].


Př́ıklad ilustruje konstrukci struktury s dvěma
anonymńımi prvky obsahuj́ıćımi prázdné posloupnosti
(zde ve významu neplatné hodnoty) a př́ıstup
k prvk̊um prostřednictv́ım tečkové notace.


Daľśım doplňovaným prvkem je sekvenčńı smyčka
(for-init-step) dovoluj́ıćı závislosti mezi iteracemi, kte
rá je nezbytná např. jako vněǰśı cyklus algoritmu
k-means:


let
$populat ion := ( . . . ) ,
$ in i tmeans := ( . . . )


for $ i in 1 to $k
in i t


$in i tmeans
step $means


let
$popwdist :=


for $member in $populat ion
return [


po int := $member ,
c l o s e s t := minkey (


for $mean at $pos in $means
return [ $pos ,


d i s t ance ($member , $mean)
] ) ] ,


$groups :=
for $mean at $pos in $means
return [


for $member in $popwdist
where $member . c l o s e s t . 1 = $pos
return $member . po int


] ,
return for $group in $groups


return c en t r o id ( $group . 1 )


Zat́ımco nesekvenčńı smyčka (for-return) převzatá
z XQuery implicitně zřetězuje seznamy produkované
jednotlivými iteracemi, sekvenčńı smyčka definuje po-
čátečńı hodnotu stavu a jeho změnovou funkci apli-
kovanou v každé iteraci, přičemž výslednou hodnotou
je finálńı stav. (Konstrukce let-return má p̊uvodńı se-
mantiku – pojmenováńı výraz̊u.)


4 Závěr


V článku byla analyzována potřeba efektivńı jazykové
podpory pro vývoj výkonných softwarových systémů
využ́ıvaj́ıćıch paralelismu poskytovaném dnešńımi pro-
cesorovými architekturami. Na základě této analýzy
jsme navrhli koncepce dvou jazyk̊u, procedurálńıho
a neprocedurálńıho, které se snaž́ı uvedené problémy
řešit odlǐsnými zp̊usoby. V daľśı práci se budeme snažit
tyto jazyky srovnat, vytipovat oblasti problémů pro
něž by se staly vhodným nástrojem, a v rámci pilotńı
implementace je prakticky vyhodnotit. I přes stávaj́ıćı
absenci praktického srovnáńı se domńıváme, že pro-
středky zaplňuj́ıćı mezeru mezi dodatečnou podporou
paralelizace a vysoce specializovanými paralelńımi ja-
zyky se mohou stát efektivńım prostředkem pro vývoj
paralelńıch softwarových systémů.
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Abstract. Computer science (CS) is not being taught sys-
tematically on Czech grammar schools. We believe we are
missing here a fruitful opportunity to help to achieve sec-
ondary education goals. That is why we intend to create
the necessary means and introduce CS on grammar schools.
One of these means is a basic CS course programme, which
covers what we think any grammar school student should
know. In this contribution we explain why we believe CS be-
longs to grammar school and then we describe the proposed
programme. Main focus is on its structure and content,
along with the most important outcomes.


1 Introduction


On Czech grammar schools1, computer science (CS) is
not a standard part of education. There is a compul-
sory subject about how to use digital technology, but
no theory on efficient information processing. We give
a more detailed description of the situation below, in
this introduction.


We consider absence of CS a mistake. We believe
that in an imaginary ideal case, CS is a regular school
subject, as physics or history. Reasons for this make
the last part of this introduction. In an effort to move
towards the above mentioned utopia, we have devel-
oped a programme for a basic CS course. Its descrip-
tion is the core of this contribution, including the gen-
eral goals of the proposed programme, its organiza-
tion and structure. An individual section deals with
the course content. Before we get there, the context in
which we work has to be made clear.


1.1 Recent situation


Computer science (CS) is not being taught system-
atically on Czech grammar schools. The main reason
is historical. The content of secondary education has
not gone through any deep enough change for decades,
therefore there was no formal need to teach CS. The
following reasons then form a cycle: With no formal
need, it is useless to prepare CS teachers. Without
them, it is unrealistic to introduce CS into reworked
curricular documents.


1 We use the term grammar school in the meaning of gen-
eral secondary education, i.e. 15–19 years old students.


The most influencing phenomenon on grammar
schools these days is the curricular reform. The for-
mer curriculum has been disassembled and put back
together into a qualitatively different new system.
Among other changes, the system of school-specific
programmes and the notion of key competences are
perhaps of the highest importance for us and we in-
troduce them here briefly. More details can be found
in [9].


Educational programmes are of two levels. Each
school has to create its own unique school programme
based on the Framework Education Programme for
Secondary General Education (Grammar Schools)
([17], abbreviated as FEP). The main advantage of
this approach is exceptional autonomy and freedom,
possibly helpful also for changes like CS introduction.
It can happen naturally based on each school individ-
ual needs, instead of any kind of directive state regu-
lation.


All the content specified in FEP is obligatory for
every school, hence it is important to examine how
computer related education is included and organized
there. The first part to look into is a subject called In-
formatics and ICT. It aims to develop the capability
to use digital technology. CS is mentioned once and
very generally. However, in the detailed characteristic
of the subject we find dealing with information, al-
gorithmization and introduction to programming in-
cluded.


In other subjects we find many possible connec-
tions with CS. Obviously, we can use much of mathe-
matics. In biology we have nucleic acids, genetics and
ethology. Another area dealing with information pro-
cessing is learning itself. The last connection with CS
we mention here is the area of first aid and surviving
emergency states. Efficient work with information and
algorithmic approach are literally life saving here.


Finally, let us have a deeper look on key compe-
tences, the major goal shift we are experiencing. They
are defined in FEP as a set of knowledge, skills, stances
and values, structured in six overlapping units: Stu-
dent has to be able to solve problems, to communi-
cate, to study, to live with himself and with others, to
be a good citizen and a good entrepreneur.


Teachers task is not to merely provide knowledge
any more, they are to help students to develop their
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key competences. Classical subjects are now means for
achieving other goals. It is therefore important to dis-
cuss shortly the potential of CS education to key com-
petencies development: From a certain point of view,
we might say that a substantial part of them simply
is computer science. If we define CS using expressions
as solving problems, transmitting, storing and using
information and doing so efficiently, then we indeed
find a broad overlap with competences to solve prob-
lems, to communicate (i.e. to convey information), to
learn (i.e. to store and use information). This is even
more obvious in the official key competences hand-
book [18]. Hence we claim that CS is able to provide
a very useful tool for developing these competences.


1.2 Why to teach Computer Science


We believe CS should be involved in general secondary
education2. The main reasons follow here. They
of course touch the purpose of education itself, which
is why the following text may feel more of philosophy
than science.


Compliance with current grammar school curriculum
The first source to be investigated when tackling for-
mal education is the curriculum. The most important
document in our case is FEP [17]. It is based on the
basic strategy for national education, known as White
paper [14]. As we have shown above, FEP includes
many connections and indications leading to a sub-
stantive conclusion: CS matches very well with the
current conception of our grammar school curriculum,
and moreover, it could help significantly to achieve
therein defined goals.


Real life usefulness Common every day situations may
be understood and solved better with basic CS skills.
The reason is simply that a large part of human life is
about processing information, and in our competitive
world, the more efficient is the better. Shopping in
a supermarket can serve as an example of useful CS
application in daily life. Will the shopping list lead
to wander through the mall a few times, or will the
shopping be done in a single pass? Which cash register
shall one pick to get through fast? And obviously: how
to fit all the goods into the backpack? The point is not
to make people perform extensive CS based researches
regularly. The improvement is based on the capability
of doing so, along with confidence in doing so correctly.


2 This is of course to be investigated – and the best way
for doing so is to try to teach CS to grammar school
students.


Important field of study and its results Computer sci-
ence is not a matter of temporary fashion, it is a well
based science with important results and appli-
cations [5]. It influences virtually every area of human
lives – including grammar school students, while these
are not aware of its existence. CS importance itself
makes a rightful place among other sciences in sec-
ondary education.


Reduction of mathematical education In Czech Repub-
lic, mathematics experiences reduction of both teach-
ing time and content and decrease of its significance.
One can argue that CS is just a field of mathematics.
P vs. NP illustrates this well. It is one of the crucial
CS questions, yet included among Clay institute mille-
nium prize problems [3]. Studying CS naturally helps
to evolve mathematical literacy [19]. Hence introduc-
ing CS into grammar schools shall indirectly help the
unfortunate state of mathematics.


Information society One of the preferred routes of our
development is to the information society ([14], [4]). It
seems difficult to achieve this goal with general popu-
lation unable to say at least what information is. Along
with this basic knowledge, the ability of efficient infor-
mation processing is essential. Teaching CS on gram-
mar schools (and preferably also elementary schools)
is a way to arrange this.


Future computer scientists According to [17], one of
the goals of general secondary education is prepara-
tion for university studies. Many university students
of computer related fields run into unnecessary trou-
ble and disappointment, simply because they have no
idea of what CS is about. We believe that tasting it
(as well as other fields) in advance would help them
to choose the right specialization.


Beauty of the field Even on the very basic level, one
can find beautiful and elegant ideas, worth to be
taught just for pleasing and challenging the mind. Bi-
nary search serves as a good example. A brilliant idea,
yet very comprehensible. Moreover, it is very useful
for introduction of many substantial terms of CS, in-
cluding complexity and recursion.


Someone could also argue that we shall start teach
CS on grammar schools because abroad they already
do it. We will name and reference only Israel ([6], [7]),
Netherlands [13], USA [15] and Russia [11]. We do not
consider this a reason for teaching CS. The point in
worthy inspiration and experience provided by these
countries.


We have gathered here strong reasons for teach-
ing CS population-wide. The most important would







Computer science curriculum 101


be that CS has the potential to support global goals
of general secondary education coming true. Further,
CS itself is an important field of study and may be
found very useful in everyday decisions as well as in
professional life.


2 Course programme structure and
organization


In this section we describe the course as a whole. We
will first discuss the goals of CS education on sec-
ondary level and explain our choices. Knowing the
situation and goals, we may proceed do decide how
to organize the education and how to structure the
content into individual topics.


The proposed programme is meant for one school
year, 90 minutes weekly. This time frame is intention-
ally more than most of the school can afford nowadays.
With unique school programmes and conditions, the
optimal choice can hardly be found. We decided to re-
duce something bigger rather than inflate something
possibly insufficient. With a year long programme we
also deny the argument that there is not enough to
say about CS on grammar school.


The programme is structured into modules, ac-
cording to months. Their order is loose, many of them
can stand alone. If the course can’t be taught as
a whole, the teacher is not forced to hand pick top-
ics and make them match together, complete mod-
ules might still be used. Also, if some module is not
useful for the students (e.g. in case when graphs are
included in mathematics), it can be replaced with an-
other. Thus, specific educational needs of each group
may be met more easily.


Our CS programme is not to interfere with the
usual and fairly estabilished ICT literacy education
in any way. We welcome cooperation and are going to
investigate a few possibilities. But with different goals,
different subjects and their names are needed. That is
why we do not intend to merge CS and ICT.


2.1 Goals


General goals of teaching CS are derived directly from
the motivation described in the introduction and
from relevant curricular documents, particularly [14]
and [17]. In other words, CS education serves not only
CS itself – we have to keep on mind a wider context too
and respect the global goal of general secondary educa-
tion. More specifically, CS education shall serve to de-
velop key competences. This is also one of the factors
when choosing topics to teach. Moreover, key compe-
tences remind us not to forget the important stances
which might be taught during CS lessons (e.g. to leave


repetitive work to machines, to think before acting, to
work systematically etc.).


The following goals are already specific to CS: As
with other sciences, the aim of their study on grammar
school is to get familiar with their subjects, methods,
connections to other areas, fundamental results and
their applications. Students shall also be able to ac-
tually use the basics when needed. This is of course
about finding the balance between many contradictory
aspects, namely the depth vs. width and practical us-
ability vs. theoretical importance of discussed topics.


2.2 Topics to teach


Although CS is rather a new field of study compared
to traditional grammar school subjects, it is of vast
broadness. In the variety of possible topics we needed
to pick those which worth the most.


As we want students to get some overall idea what
CS is about, we tried to find the key terms and prin-
ciples. They should of course be of high importance,
promising with interesting content, and timeless. We
have chosen four such keywords. They shall be pre-
sented as laying in the core of computer science. Every
lesson is, directly or not, linked with them. Moreover,
they are naturally related to each other. Other impor-
tant notions emerge from these four, however, to keep
things clear, we decided to suffice rather with less. The
chosen keywords are problem, information, algorithm
and efficiency : The problem is what makes us inter-
ested in CS at first. Information is what we need for
finding a solution, preferably an algorithm – for the
sake of efficiency.


The reader will find out soon, that many essential
(compare e.g. [1], [16]) areas of computer science are
omitted in this programme. This is caused by the time
frame. If we want the students to understand what
they learn, we have to provide them with adequate
time. Having more of it, we would be glad to include
also modules on automata, languages, data structures,
sorting, computational graphics, cryptography or, of
course, programming. These topics also will form the
alternative modules.


2.3 Required level of understanding


First of all, the depth of understanding is yet to be
found out. As there is not enough experience with ex-
posing grammar school students to CS topics, it is not
possible to determine the depth of their study reliably.
Anything proposed in modules description is merely
an estimate. Still, they are the target levels for pilot-
ing the course.


Generally speaking, we want students to under-
stand CS not necessarily by formal definitions, but
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by the meaning and applications. We for example do
not need to clutter the notion of algorithm with any
computational model. Yet, the student shall still be
able to explain why there will hardly ever be an algo-
rithm to calculate π.


Another example is the P vs. NP topic. We con-
sider it useful, even though there is no chance to intro-
duce it in any detailed way on grammar schools. Still,
students shall be aware of the existence of a distinc-
tion between solvable and fundamentally more com-
plex problems. They shall also understand the rough,
yet useful interpretation: when they are about to test
exponential number of possibilities, they should rather
think again. To achieve such a basic level of under-
standing, we suffice without nondeterminism and
other advanced ideas. This approach leads of course
to many simplifications and it is a matter of argu-
ment (and further research), how far they shall get.
Our claim is that if some knowledge may provide some
practical use, we should familiarize our students with
it, even though they might not understand precisely
the math behind.


3 Educational modules


In this section we describe the individual modules. In
this limited range we decided to pick and comment
only the most important and determining objectives,
knowledge or skills instead of publishing detailed lists.
Eight modules are shown below. The reason is that we
expect the remaining two to differ significantly on each
school. During the first month a revision of maths and
logic is needed, as well as inspiration of students inter-
est. The way seems to be obvious. There are plenty of
interesting problems to solve available (and useful also
for revising the necessary matters from other school
subjects).


The second free slot is for the last month. It is
meant for revising the important topics and stress
their connections. After a year of study, both the
teacher and students should know which modules they
enjoyed as useful and interesting. The decision about
the specific topic for the last month is to be based on
this observation. Finally, we are prepared to proceed to
describe the individual modules, which the proposed
programme consists of.


Information The aim of this module is to let stu-
dents understand the notion of information, which be-
longs to a group of terms like matter, energy, life etc.,
as explained in [4]. We feel we know what these are,
yet are not able to define them acceptably. We want
to use three definitions to help students to understand
the term. One is based on a message with its interpre-


tation [10], the other two on reduction of possibilities
and uncertainty [12].


Students shall also be aware of the possibility and
meaning of measuring information. If this is true, no-
tions of redundancy and compression are only nat-
ural, considering also informational value of natural
language. Obviously, binary system and combinatorics
will needed here. Another related topic is classification
tree. Students shall be able to compare the informa-
tional gain of different questions (e.g. smoking vs. dia-
betes vs. sex vs. age while deciding whether a heavily
breathing person is under a heart attack risk) and to
build the appropriate tree.


Graphs We would like to point out here that graph
theory, even though widely used, is not being taught
anywhere on grammar schools. We consider this a se-
rious fault in the curriculum. Students, unaware of
the well established science behind, keep thinking that
drawings and schemes are inappropriate for actual in-
tellectual work. During this module, they are to be
shown many different sample applications to under-
stand how powerful graphs are. Then they will learn
a basic systematic search through a graph and a char-
acter based notation. This will also help them under-
stand that the drawn shape is of no importance.


They will also find out, that although a drawing
may be very helpful and provide invaluable insight, it
may also deceive them and they shall rely only on the
mathematics behind. After the module, students shall
understand that there is a massive body of results to
be used when dealing with graphs. They shall be able
to recognize situations, when graph is a suitable tool,
to use consistent terminology and to systematically
search through a given graph.


Problem This module might not seem important,
but our experience shows otherwise. If we want to in-
troduce the concept of algorithm as a universal solu-
tion of a problem, we should deepen the intuitive un-
derstanding of the term problem. Students shall know
how to define a problem, how a solution, how to choose
between more possible solutions. The important con-
cepts introduced in this module are decomposition into
smaller or simpler new problems, state space, abstrac-
tion and black box.


Algorithm After seeing a few examples, it is time
to introduce one of the essential concepts of CS, the
algorithm. Students definitely have to understand the
definition and know a few positive and negative sam-
ples. Along with algorithms, we want student to under-
stand that what can be solved by an algorithm, shall
be solved so, and people shall focus on what they are
better at.
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Efficiency It is somehow clear that there are more
and less efficient ways to deal with a problem. This
module will provide students with basic tools to tell
them apart. We introduce the idea of a basic step and
its counting, but will not proceed to the big O nota-
tion. Unlike in CS, in real life the constant matters
sometimes and we do not want students to forget it.
Binary search will serve as the main problem to work
with.


After this module students shall understand that
efficiency is not proportional to the length of algo-
rithm description, that it matters especially with huge
inputs, and that they are to think first before they
act. They shall also understand that optimization cost
something (at least the initial effort) and the relation
between time consumed and perfection of the result.


Topological sorting This module is intended to be
an opportunity to get deeper into all the basic notions
and principles of CS taught so far while working on
an application. We have decided for topological sort-
ing of dependent tasks. Advanced students may add
time constraints and search for the critical path (af-
ter understanding, what it is) or scheduling based on
given resources. We have chosen topological sorting for
the following reasons. Graph is used here in a non ob-
vious way to work with dependencies. The argument
for finding the algorithm is similar to the one used
with eulerian paths, one of the motivational problem
from the course beginning. Moreover, topological sort-
ing and the consequent problems have their important
applications in managing actual projects and schedul-
ing. A good alternative to this module would be clas-
sical sorting,


CS and Humanities This module shows students
the influence of computers and CS from a different
angle. It is highly experimental and we would rather
leave it for humanities classes. Unfortunately, their
programmes are very conservative and do not reflect
modern development. We believe students shall under-
stand the world also in the future.


The first to tackle with is the Turing test. Students
will familiarize themselves with the idea and with the
fact that it is going to be practically passed. There-
fore they should also make their minds about accept-
ing it as a sufficient criterion for considering a system
thinking, or not. The importance of this topic lays also
outside CS, it helps people understand better what
humanity is. A naturally related topic is singularity.
Students shall be aware of the concept and have some
basic idea of its possible consequences.


Having machines taking over more and more of
our decisions, we have to ask where the responsibil-
ity for these lays. This drills down to questions of


ethics, therefore free will and determinism (also re-
lated closely to information theory). Where is our free
will, if any, coming from, and what prevents machines
from exhibiting it? Students shall be aware of these
questions and the main possible answers.


Advanced CS The last module is for introducing
some advanced part of CS and let students to work
on some larger CS related task. The choice of top-
ics is wide, though we shall not forget there is almost
no programming experience. Previous modules may be
deepened, or we may choose something new, e.g. evolu-
tionary algorithms. Another possibility is experimen-
tal complexity exploration on given algorithms. Com-
paring them, finding the best or worst input data or
even proposing and testing enhancements. This mod-
ule is followed with the last month, as described in the
beginning of this section.


4 Summary


In this contribution we described the situation on
Czech grammar schools regarding computer science
and also explained why CS should have its place on
them. To help making this true, we have developed
a basic CS course programme. Its goals, structure and
content constitute the core of this contribution.


Stated briefly, the goal is to improve students gen-
eral capability to solve problems and communicate,
and to familiarize them with computer science ba-
sic concepts, methods, objectives, findings and their
applications. We have decided to achieve this using
four keywords to build the course upon: information,
problem, algorithm and efficiency. Another concept to
teach is topological graph.


The course is to be piloted, evaluated and adjusted,
then published along with the necessary supporting
materials. The aim is that teachers, students, and par-
ents would see the profits from CS education and in-
clude it into their school-specific programmes perma-
nently.
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inteligence (4). Academia, Praha 2003.
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Abstract. In the area of online news articles filtering,
two types of methods have been used. Either the collabo-
rative filtering, or the content based filtering supported by
information retrieval techniques. In this paper we intro-
duce a novel approach to information filtering exploiting
semantic information contained in each news article. The
semantic information is in our case represented by named
entities extracted from the article. We propose a system
using named entities recognition to build a user profile for
information filtering. We developed the model of the user
profile that is being built automatically based on a user feed-
back.


1 Introduction


For last couple of years, many information sources
have moved online. Major journals and magazines have
their online versions. But news sources on the web
are not limited to traditional newspapers. Alternative
news sources range from purely web based magazines
or blogs to news feeds of social networks like Facebook
or Twitter. The dynamics of news publishing changes
as well. The online resources are not limited to a cer-
tain period once a day, week or month a new issue
goes out. The information can be published immedi-
ately and updated during the course of time.


The dynamics of dissemination of news poses new
challenges to information filtering. The amount of in-
formation we are facing every day increases dramat-
ically. Thanks to the easiness of available tools, ev-
eryone can become a publisher. Everyone can at least
update his or her profile on a social network.


The availability of information online can be really
frustrating for the consumer. Nowadays it is far behind
our scope to cope with all the information that we
meet. We have to consume them selectively. But what
is the clue to decide, which information is important
right for our particular needs?


The electronic form of news gives us the possibility
to analyse and sort them automatically. Usually on


? This work has been partially supported by the grant
of The Czech Science Foundation (GAR) P202/10/0761
and by the grant of Czech Technical University in
Prague SGS11/085/OHK3/1T/18.


the web, we can select a particular category, choose
articles from a concrete author and from a particular
source. However, this filtering is often insufficient.


Consider for example a rich man, who invested
some money in stocks of a local company. He is inter-
ested in news about the company that could influence
its stock price. To catch all the important information
would be very time demanding. He would have to read
all relevant journals every day in order to find out, if
there is some information about that company.


Another examples can include younger girl, who
is interested in information about her favourite mu-
sic band or a boy, who looks for information about
a new version of ipad (the release date, features etc.).
To fulfil these needs a simple categorization is often
too general.


Many existing solutions like Google News [4] aim
at offering articles that might be interesting for the
user. We focus at locating information that are im-
portant for the user. Thus rather than recommend-
ing articles, we attempt to filter them. However, the
border between recommendation and filtering is thin.
Good recommender does not let you waste your time
with unimportant data anyway.


In this paper, we introduce a content based news
filtering approach supported by named entities ex-
tracted from each article. We describe a general frame-
work that allows us to accomplish the task of named
entities extraction and rating according to their rele-
vance. A model of the user profile is proposed. This
model represents user preferences as a group of real
world facts, he is interested in.


2 Related work


There are two basic approaches to news filtering: Col-
laborative filtering and Content based filtering.


Collaborative filtering is a general concept not nec-
essarily specific for the news domain. It draws on the
idea, that people who agreed in their subjective eval-
uation of past items are likely to agree again in the
future. Famous implementation include product do-
main [3] or movies and tv shows domain [2]. The ear-
lier representative of the collaborative filtering in news
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domain is GroupLens [1] using this technique to reduce
the information overload by filtering Netnews.


More recent work on this topic is presented by
Google [4]. By Google News3 MinHash and Probabilis-
tic Latent Semantic Indexing algorithms are used as
an adaptation of the collaborative filtering technique.
Interesting news are recommended to registered users
based on their clicks history.


Collaborative filtering has its advantages as a uni-
versal method - to a certain extent domain indepen-
dent. However, there are its drawbacks as well. We
need to keep track of many users with overlapping in-
terests. This is possible by well known big news sources
like New York Times or Wall Street Journal, but is not
easy, when we talk about niche magazines, blogs of in-
dividuals or even news feeds from social networks. By
many such sources, there may be only one reader in
the whole system. Thus there is no one else, who could
recommend reading such an article. This problem is
often referred to as the first-rater problem [6]


Additionally, in the case of news, the data set
changes very often. But for the collaborative filter-
ing, it takes at least several hours to learn the recom-
mendations from other readers [5]. Thus the recom-
mended news are often outdated. This is not the case
by other domains like products, where data sets are
usually more stable.


Also by collaborative filtering the mechanism of
recommendation remains hidden from users and a user
can not do much to influence it directly.


Another practical problem of collaborative filter-
ing in conjunction with news recommendation was ob-
served by Google News [5]. The collaborative filtering
method sometimes does not account for the individ-
ual variability between users. They observed that en-
tertainment news stories are constantly recommended
to most of the users, even for those users, who have
never clicked on entertainment stories. The authors ex-
plain this observation with general popularity of enter-
tainment news stories. Thus, there are always enough
clicks on entertainment stories from user’s neighbours
to make the recommendation.


The other possibility of recommendation, gener-
ally, is a content based filtering. We analyse the item
properties. While recommending products, this could
be straightforward. Each product has some properties
and we can try to figure out a user personal taste [7].
For example a user likes black notebooks with large
screen and enough disk space. So, we can recommend
products with these properties. The main task is to
model an actual user taste.


In news first of all, it is not clear, what are the item
properties. We are provided with an unstructured text


3 http://news.google.com/


with only little explicit semantic information obtained
for example from an RSS 4 feed (e.g. a publication
date, what is the title, who is the author and what is
the main text).


For news, the unstructured text is the main source
of article properties. Thus, very often for informa-
tion filtering, there are used information retrieval tech-
niques [8]. In such cases, the similarity of texts of
articles is compared in order to find similar articles.
Used models vary from simple keyword matching or
the vector space model with basic tf-idf weighting to
the Okapi BM25 retrieval function [10] or language
modeling framework [11]. A nice comparison of the
latter two is provided in [9].


Already mentioned problems of collaborative fil-
tering led Google to incorporate content based recom-
mendations to its algorithm as well [5]. They use text
classifiers to determine a category, which an article be-
longs to. Users get recommendations based on their
preference of particular categories. To model user’s
preferences a Bayesian framework is proposed using
her or his past click history.


As stated in [12] the relatedness of the articles
should not be considered only as similarity of their
texts. Such a system can tend to recommend very sim-
ilar articles every time. However, users are interested
rather in new information about the same fact, than
in same information in small variations. In [12] the
relatedness of articles is characterized from multiple
aspects: relevance and novelty, connection clarity and
transition smoothness.


In this paper, we try to overcome mentioned draw-
backs of the articles recommendation based on their
texts and to preserve advantages of the content based
recommendation. We propose a framework using a bag
of extracted named entities from an article rather than
a bag of its words. We propose a model of the user
preference based on extracted entities. Thus the rec-
ommendation concentrates more on the similarity of
contained facts than on texts similarity.


3 Problem description


In order to achieve good information filtering results,
we would like to represent a news article by its seman-
tic nature. We do not concentrate at the form, how
the article is written or how the words are put to-
gether. But such a semantic analysis is a very difficult
multidisciplinary task involving among others natural
language processing and machine learning.


4 Really Simple Syndication - a family of web feed formats
for publishing frequently changing works such as news
or blogs.
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We proceeded to a simplification of the task, while
concentrating at modelling the user needs. In our case
the article is represented by named entities (i.e. people,
places, companies, products, events) it writes about.
We believe that people read an article because it writes
about something, which has a name - a named en-
tity. Thus our assumption is that the user interest in
a group of articles can be well modeled by a group of
such entities, eventually by their properties.


For example a user reading often articles about
Google is probably interested in this company and we
can recommend her or him more articles on this topic.
However, it may also mean that he or she is interested
in US IT companies generally.


It is the main task for our evaluation, described
in section 7, to verify, whether this idea makes sense.
Whether the relatedness of articles can be modeled
with automatically extracted named entities.


4 News filtering framework


We developed a framework to evaluate a performance
of news recommendation based on extracted entities.
Figure 1 shows the basic workflow in this framework.
First, articles are collected from selected news sources.
We collect articles regularly using RSS feeds of news
sources.


Downloaded articles are then annotated using
a named entities extraction tool. Further details about
the concrete implementation are provided in section 6.


For each entity, we compute its weight in the con-
text of a current article. We use an adaptation of the
tf-idf metric known from information retrieval. But
instead of terms, we count with extracted entities. To
denote this difference for the rest of this paper we will
use ef-idef (Entity Frequency - Inverse Document En-
tity Frequency) for the weight of a particular entity
in the context of a particular article. The weight is
computed as follows.


efi,j =
ei,j∑
k ek,j


(1)


In the Equation 1 ei,j is the number of occurrences
of a considered entity i in a particular article aj and
the denominator is the sum of the number of occur-
rences of all entities identified in the article aj . Thus
efi,j is the frequency of occurrences of an entity i.


For the number of occurrences, we consider men-
tions of an entity in various forms. Consider following
example:


”Peter Svoboda has a new car. His new car was
made in Japan.”


In these two sentences we can identify two named
entities: Peter Svoboda and Japan. The number of oc-
currences of Japan is one. For Peter Svoboda, we count


two occurences. One for his name and one for the pro-
noun his. Thus the entity Peter Svoboda would get
efi,j = 2/3 and the entity Japan efi,j = 1/3.


The second part of the metric favours entities
which are rare in the dataset.


idefi = log
|A|


|{a : ei ∈ a}| (2)


The importance of an entity idefi is then obtained
by dividing the total number of articles |A| by the
number of articles containing the entity, and then tak-
ing the logarithm of that quotient.


The final weight of an entity i in the context of an
article aj is computed by multiplying both parts:


ef -idefi,j = efi,j × idefi (3)


Once entities are extracted and their weights are
computed, indexes are updated. We maintain two
types of indexes. First we index all extracted entities
and by each of them we remember the count of docu-
ments it appears in. The count has to be updated ac-
cordingly, every time a new article containing this en-
tity appears. Another index contains links between an
article and contained entities. By each link, we main-
tain an information about the entity frequency in the
context of the particular article.


Keeping both parts of the final metric separately
is more flexible for updates. We count also with the
possibility that users can correct the automatic ex-
traction, or mark and annotate new facts in the text
later. In such a case, entity frequencies and number
of occurrences of an entity in the corrected article are
updated. The total count of articles is kept separately.
So, we do not have to recount weights of all entities in
the database every time a new article appears.


5 User profile creation and evaluation


The user profile consists of selected entities that the
user rated either in the context of an article, or sepa-
rately. We assume an explicit feedback from the user.
Each entity is characterized by its significance. The
significance characterizes the measure of a user inter-
est in the particular entity and is computed as follows:


sti =
∑


j


(ri,j × ef -idef t
i,j) (4)


In the Equation 4 ri,j is a user rating of an arti-
cle aj that contains an entity i. The rating takes values
either 1 (positive rating - the article was interesting for
the user), or -1 (negative rating - the article was use-
less for the user). As the news collection is a relatively
fast changing dataset, the significance changes during
the course of time t.
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Fig. 1. News filtering workflow.


When a new article appears in the system, it is
evaluated against each user profile. Significances of ex-
tracted entities are summed. The significance for each
entity is obtained from the user profile. If the entity is
not present in the user profile, it equals to 0. If the sum
of significances exceeds certain threshold, the article is
recommended to the user.


6 Implementation


We implemented a prototype of the news recom-
mender system in Java. Collected articles are stored
in a relational database as well as the index of entities
and links between articles and entities.


For named entity extraction we use a web service
provided by OpenCalais [13]. For parsing the output
of the web service, we use Jena Framework [14].Open-
Calais disposes of a comprehensive database of com-
panies, people, products and places. It performs the
named entity extraction. The entities are additionally
disambiguated, if needed. For example, when resolving
a company name, clues in the text as to what the com-
pany does or where it is located may help to resolve
among several possible identities of the company.


OpenCalais uses natural language processing and
machine learning methods to analyse the posted docu-
ments. It is able to locate mentions of entities also from
the context (e.g. pronoun as a reference to an entity).
Each entity is assigned a score based on the frequency,
the entity is mentioned in the text. We use this score
as efi,j from Equation 1. In our case the OpenCalais
score is normalised in order to take values from 0
to 1.


7 Evaluation


For the evaluation purposes, we enabled a direct im-
port of a dataset consisting of pre-crawled news arti-
cles to the system. We used the dataset provided by
authors of [9]. They built a dataset using the Reuters
RCV1 collection [15]. The dataset consists of 4800 ar-
ticles. 50 of them were chosen as base articles and
for each of them 100 arbitrarily selected articles were
manually assigned a score (0 to 4) according to their
relatedness. For the binary measure of the relatedness,


authors propose to choose pairs of articles with the
score higher than 2 as related. This is the measure
that we used.


We formed three models of a user interest, using
part of base articles for each user. For each of base
articles in the user profile, we collected all the related
articles, according to the dataset. This set-up builds
on the idea, that when a user is interested in an arti-
cle, he would probably be interested in related articles
as well. Having all the interesting articles for all the
three users, we formed a training and a testing set of
approximately equal size.


We used the training set to build a user profile. We
extracted named entities from the whole dataset and
computed their significance based on the training set.
Based on the created user profiles, we selected articles
from the testing set for the recommendation.


Recommended articles were compared with the hu-
man evaluation of articles in the testing set. Thus we
obtained the precision and the recall measures.


Figure 2 shows the precision and recall (in percent)
of recommendation using ef-idef weights to compute
significance of extracted entities. Different precision
and recall rates are obtained using different settings of
threshold. We used a random recommendation as the
baseline for comparison. The random recommendation
achieved a constant precision of about 1.6%. In the
case of random recommendation, the recall was scaled
by increasing the amount of recommended articles.


Fig. 2. Precision recall curves for recommendation based
on named entities weighted by ef-idef and for random rec-
ommendation.
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Fig. 3. Dependency of precision and recall on various val-
ues of threshold.


The dependence of precision and recall on the
threshold is shown in Figure 3.


We can see that by increasing the threshold, the
precision improves continuously at the expense of the
recall. If the threshold is set to 0, the recall is about
96.5%, but the precision is very low. Nearly the same
as for the random recommendation. This is caused by
the fact that any article containing at least one en-
tity in the user profile, no matter which one, is rec-
ommended. There are some general entities that are
present in the majority of articles. In our case this was
for example the entity representing United States, as
all articles from the dataset were some kind of US
financial reports. This shows the necessity of setting
certain threshold and also the usefulness of the idef
part of the weight. Thanks to the inverse document
entity frequency, the US entity got low ratings. By in-
creasing the threshold it did not confuse the system
any more.


Interesting results are achieved with the threshold
of 20, where the precision is more than 25% and recall
is about 47%. That means that at least 25% of the
recommended articles would be correct, while catching
almost half of all potentially interesting articles. This
could mean a huge time saving when we compare it to
the random recommendation.


By very high values of the threshold the precision
starts to fall. High threshold makes the recommenda-
tion criteria too specific and only very few articles get
recommended, which causes even one mistake to be
important for the final result.


The evaluation also showed the necessity of nor-
malization of the value of inverse document entity fre-
quency. Otherwise the threshold would grow con-
stantly with the size of the dataset, which would make
it harder to determine a correct value of the
threshold. The normalized value of idef could be com-
puted as follows:


idef∗
i =


idefi
log |A| (5)


However, the proportion of entity frequency should
be probably adjusted accordingly. This is the subject
of our future work and further experiments.


8 Conclusion


In this paper we proposed an alternative content based
approach to news articles filtering. The main idea is
to use named entities extracted from the article as its
representatives. The model of user preferences repre-
sented by named entities was introduced. We devel-
oped a framework based on this approach and per-
formed an evaluation of the proposed method on
a sample dataset.


Even with a simple user preferences model, the
evaluation showed promising results and significant
improvement when compared with the baseline ran-
dom recommendation.


We believe that working with real world entities
provides an opportunity to incorporate additional
properties of these entities. For example, there could
be a user, who prefers articles about technological
companies. By extracting entities from the articles and
their clustering based on their properties, we can find
a cluster of technological companies. Articles contain-
ing entities of the same type can then be recommended
to the user as similar and interesting for him. The use
of a richer knowledge base than a poor set of entity
identifiers is the subject of our future work.


Also a combination with the collaborative filtering
on the level of named entities should be examined.
The extraction of named entities overcomes the first-
rater problem mentioned in Section 2 as the named
entities are usually more stable than news and do not
change so often. We could identify the entities the user
reads about, with the help of collaborative filtering
determine further entities, the user may be interested
in, and recommend articles containing the additional
entities.


Last but not least, we plan to perform more ex-
tensive evaluation of the proposed method. It is nec-
essary to obtain additional datasets and compare the
proposed method with existing information retrieval
methods for news recommendation like language mod-
elling framework or Okapi BM25 function.
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Abstract. The on-line human action detection is an im-
portant task in human-machine interaction and related ap-
plications. One of the possible approaches to the detection
is exploitation of space-time interest points. Such points
are typically identified using feature extractor and then they
are processed and classified. The classification can be per-
formed using codebooks built based on feature vectors statis-
tics. The individual feature vectors are transformed into
bag of words representation using such codebooks and then
the code words are classified using SVM. The proposed ap-
proach improves the training process and extends the known
approaches. The training part of the dataset is split into
shorter shots with equal duration and these are annotated
and classified using a SVM classifier. This ensures that
the time-local motion is captured by the SVM while the
longer time behavior is left on further processing mecha-
nisms, such as, e.g. HMMs. In the proposed approach, the
output of the SVM classifier is simply compared to a thresh-
old and the presence of a value above the threshold indicates
that the desired human activity occurred. The contribution
describes the approach summarizes the achieved results and
draws conclusions.


1 Introduction


Human behavior detection is one of the most wanted
functionality in the surveillance systems; the detection
of unusual behavior has a potential to increase secu-
rity of monitored public places similarly to the object
detection.


Object detection can helping in handling poten-
tially dangerous situations, such as, left baggage (may
contain some harmful objects), animals (in places,
where they are not allowed to occur), etc. Human be-
havior detection can avoid problems in places, where
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by the Czech Ministry of Education, youth and sports
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tion Technology” MSM0021630528 and Faculty of In-
formation Technology, Brno University of Technology
internal grant project Advanced recognition and presen-
tation of multimedia data FIT-S-11-2.


some activities are prohibited, for example, smoking,
using a cellphone, etc.


On the other side, human behavior detection may
help in other situations, such as interactive distributed
discussions or teleconferences, where the bigger
amount of participants obviously want to say some-
thing, try to take the word, etc. While attempting
these actions, all of them are performing some ges-
tures which can be detected and successfully used for
teleconference system.


The human behavior detection may be achieved us-
ing the space-time interest points processing. Signifi-
cant amount of related work for space-time interest
point detectors and their processing was pub-
lished [1, 6, 5]. These approaches are presented below
and all share one main disadvantage; the algorithms
are working offline and the detectors are not able to
process the long video streams. Typically, the space-
time feature vectors are extracted as follows:


– the whole video sequence is stored in the memory,
– the video ”cube” is analyzed and interest points


are established,
– the feature vector is created for each interest point.


Growing the resolution of the video to be procesed re-
quires increase of the memory which needs to be used,
the amount of the memory is increased to the order of
units of gigabytes; this of cource is not feasible.


The whole system contains the feature extractor,
feature vectors processing unit and the output clas-
sifiers. The whole procedure needs to be converted
into the on-line version. Globally, the most problem-
atic part is the feature extractor; without its online
version, the online action detection system cannot be
built.


This paper presents the approach for converting
the offline processing to online system, which can be
applied to various types of feature extractors. Another
issue is the ability to process the input video frames
in real-time (in this case, we need to speed-up the
online algorithm to run in wanted environment, CPU
type, memory size etc.). The next part of the work is
the presentation of the on-line detection system. This
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system yields many input parameters which need to
be set and which affect the quality of the detection
process.


This paper is organised as follows: In Chapter 2,
the space-time interest points extractors and follow-
ing description processes are presented; the structure
of the on-line system is presented. Chapter 3 presents
the algorithm for feature extractor adaptation to work
in on-line mode, Chapter 4 presents the settable pa-
rameters of all components of the online system and
discusses the possibilities of its setting and evalua-
tion. Chapter 5 describes the dataset used for cre-
ation of classifiers, the definition of human actions and
describes all experiments and their results. Finally,
Chapter 6 concludes the paper with the discussion.


2 Interest points extractors and
processing


This Chapter introduces the possibilities of space-time
interest points detection, description process, and the
whole proposed on-line system with all its compo-
nents.


local information 
from the nearest frames


Output local space-
time feature vectors


Fig. 1. Space-time interest points visualization.


In Figure 1 shows the scheme of the principle of
space-time feature extraction. The video stream is pro-
cessed frame by frame and the local extrema are lo-
cated according to two domains; the spatial domain is
represented by the width and height of the single video
frame; the temporal domain is represented by time do-
main which is digitalized using the video frame rate.
When these local extrema are determined, the local
neighborhood of the extrema is used for computing
of the extrema local descriptor. These descriptors are
computed from all detected extrema and the feature
extraction process returns the list of extrema positions
and its descriptors.


2.1 Space-time interest points detection


Laptev and Lindeberg proposed [1] the Harris3D
spacetime interest points detector; it is extension of


the Harris detector [8]. The spatio-temporal second-
moment matrix is computed at each video point


µ(·;σ, τ) = g(·; sσ, sτ) ∗ (∇L(·;σ, τ)(∇L(·;σ, τ))T )
(1)


using independent spatial and temporal scale val-
ues σ, τ , a separable Gaussian smoothing function g
and space-time gradients ∇L. The final locations of
space-time interest points are given by local maxima
of the following function:


H = det(µ)− k trace3(µ), H < 0, k ≈ 0.005 (2)


Another approach is proposed by Dollr et al. [6], it
is called Cuboids detector and it is based on a spatial
Gaussian smoothing filters and temporal Gabor filters.
The response function has the form:


R = (I ∗ g ∗ hev)2 + (I ∗ g ∗ hod)2 (3)


where g(x, y; t) is the 2D spatial Gaussian smooth-
ing kernel, and hev and hod are a quadra-
ture pair of 1D Gabor filters, which are applied
only temporally. The Gabor filters are defined by
hev(t; τ, ω) = − cos(2πtω)e−t


2/τ2


and hod(t; τ, ω) =


− sin(2πtω)e−t
2/τ2


with ω = 4/τ . The two parame-
ters σ and τ of the response function R corresponds
approximately to the temporal and spatial scale of the
detector. The interest points are defined as the local
maxima of the response function R.


The Hessian detector was proposed by Willems et
al. [5] as a spatio-temporal extension of the Hessian
saliency measure for blob detection in images. The
detector measures the saliency with the determinant
of the 3D Hessian matrix. The position and scale of
the interest points are simultaneously localized with-
out any iterative procedure. In order to speed up the
detector, the approximative box-filter operations on
an integral video structure may be used. Each octave is
divided into 5 scales, with a ratio between subsequent
scales in the range 1.2 – 1.5 for the inner 3 classes.
The determinant of the Hessian is computed over sev-
eral octaves of both the spatial and temporal scales.
Finally, a non-maximum suppression algorithm selects
joint extrema over space, time and both scales.


Dense sampling may be used for defining the space-
time interest points. The whole spatio-temporal space
is covered by uniform 3D grid which defines the points
which will be used for description; instead of evalua-
tion of some response function. The space-time inter-
est points may be generally extracted with different
settings for spatial and temporal scales and spatial
and temporal grid parameters; they may be individu-
ally adjusted according to the processed situation.
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2.2 Space-time interest points description


The HOG/HOF descriptors were introduced by
Laptev et al. [1]. Local motion an appearance is char-
acterized using histograms of spatial gradient and op-
tic flow accumulated in space-time neighborhoods of
detected interest points. For the combination of
HOG/HOF descriptors with interest point detectors,
the descriptor size is defined by ∆x(σ)=∆y(σ)=18σ,
∆t(τ) = 8τ . Each volume is divided into a nx×ny×nt
grid of cells; for each cell, 4-bin histogram of gradient
orientations (HOG) and 5-bin histogram of optic flow
(HOF ) are computed. Histograms are further normal-
ized; parts can be used separately or as a combined
feature vector.


The HOG3D descriptor was proposed by Kläser et
al. [2]. It is based on histograms of 3D gradient orien-
tations and can be seen as an extension of the popular
SIFT descriptor [3] to video sequences. The gradients
are computed using an integral video representation.
Regular polyhedrons are used to uniformly quantize
the orientation of spatio-temporal gradients. There-
fore, the descriptor, combines shape and motion infor-
mation at the same time. A given 3D patch is divided
into nx × ny × nt cells. The corresponding descriptor
concatenates gradient histograms of all the cells and
is then normalized.


ESURF (extended SURF) which extends the im-
age SURF descriptor [4] proposed by Willems et al. [5].
Simillary to previous desctiptor, the 3D patches are di-
vided into nx×ny ×nt cells. The size of the 3D patch
is given by ∆x(σ) = ∆y(σ) = 3σ,∆t(τ) = 3τ . For the
feature descriptor, each cell is represented by a vector
of weighted sums v = (


∑
dx,


∑
dy,


∑
dt) of uniformly


sampled responses of the Haar-wavelets dx, dy, dt along
the three axes.


The Cuboid descriptor was introduced by Dollar
et al. [6]. At each interest point, position of the small
cube is extracted and called cuboid. On such cuboids,
the transformations are applied: (1) pixel values nor-
malisation, (2) brightness gradient, and (3) windowed
optical flow. The brightness gradient is calculated at
each spatio-temporal location (x, y, t), giving rise to
three channels (Gx, Gy, Gt) each the same size as the
cuboid. Lucas-Kanade optical flow [7] can be extracted
to obtain motion information; it is calculated between
each pair of consecutive frames creating two chan-
nels (Vx, Vy). Each channel is the same size as the
cuboid minus one frame.


The resulting feature vector can be created using
the results of one of the methods presented above or
their combination. The simplest method involves flat-
tening of the cuboid to the vector; however, the result-
ing vector is potentially sensitive to small cuboid per-
turbations. An alternative method involves histogram-
ming the values in the cuboid. Such a representation


is robust to perturbations but also discards all posi-
tional information (spatial and temporal). Thus the
cuboid is divided into a number of regions and a local
histogram is created for each region. The goal is to im-
prove robustness to small perturbations while retain-
ing some positional information. The possible output
feature vector is then the joined local histograms of
optical flow or the joined local histogram of gradient
extracted into a cuboid. The descriptor quality may
be increased when both of these representations are
joined together and produce the longer local feature
vector.


2.3 Interest points processing pipeline


The input video stream is processed as follows (see
Figure 2); the space-time interest points are extracted
from the individual frames of input video and are
stored to the queue in the memory. The length of the
queue is constant and is defined by the length of the
video sub-shot which is used for classification of the
activity in the input video.


extractor bow


Codebook cl
cl


cl
...Frames


...


Fig. 2. On-line processing system schema.


When the queue is filled, its content is used to cre-
ate the bag-of-words [11] representation (feature vec-
tor with constant size) which characterizes the current
video sub-shot in the new feature space.


The main component needed for creatinon of such
vectors is the codebook. It is created from the training
part of the dataset (see Chapter 5) using the cluster-
ing algorithm. Subset of the local feature vectors is
selected and used for the modelling such local feature
space and clustering algorithm creates the finite num-
ber of representatives of local feature space.


As mentioned above, the codebook is used for
translation of local features of the current video sub-
shot into constant size feature vector representation;
the dimensionality of resulting bag-of-words represen-
tation equals to the codebook size. The output feature
vectors are classified using the series of classifiers (one
classifier for every distinguished class) whose response
is thresholded to achieve the decision whether the ac-
tivity in the video is presented or not.


The bag-of-words creation and classification do not
have to be specifically converted into the on-line ver-
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.... ....


.... ....


Response function evaluation


Whole video sequence


List of 
interest points


List of 
Feature vectors


Interest points
description


Fig. 3. Offline feature extractor schema.


sion unlike the feature extractors. Their purpose is
generally to do the conversion of finite set of input
data (associated to currently processed shot) into out-
put data. For bag-of-words descriptor creation, the in-
put low level feature vectors are converted to the out-
put descriptor using codebook, while in classification
task, the input feature vector is converted into the
classifiers response. None of these procedures is too
computationally time-consuming task in comparison
to the extraction of the space-time features.


3 On-line adaptation


The two main components of the space-time interest
points extractor are the detection of the interest points
and the output descriptors creation function that must
be performed for all such points.


In the offline processing (see Figure 3), the whole
input video cube is presented in memory (usually an-
other same-sized cube with the response function is
created in the memory and the response cube is pro-
cessed with the algorithm to obtain the list of interest
points). The list is sequentially processed to obtain the
output descriptors; the input data for that procedure
is usually obtained from the input video cube.


The on-line processing adaptation is depicted in
Figure 4. The main approach is to extend the extrac-
tor using two queues, the input video queue and the
partial response queue. The Input video queue is filled
by input video frames and the partial response queue
is used for storing the partial results of the response
function. The interest points detection is running on
the partially collected results of response function and
the points list is established. The points description
process is then executed similarly to the offline mode;
the difference from the offline processing is that the
input data is read from the input image queue and


.... ....


Partially evaluated 
response function


Currently processed part


Partial list of 
interest points


Partial list of 
Feature vectors


Interest points
description


Next
frames


Previous
frames


Fig. 4. On-line feature extractor schema.


the sufficient number of frames has to be present in
that queue.


The whole process is constrained and every sub-
component needs some amount of results of preceding
operations to produce its results. The size of both of
the queues must fulfill the following equation: sq ≥
max(lr, lep, ldc), where lr – the minimum number of
frames needed for the response function evaluation for
one frame; lep – the minimum number of frames for
which the response function must be evaluated in or-
der to get all the interest points for the current frame;
ldc – number of frames needed for descriptor creation.


The above presented procedure can be summarized
in following way:


Preparation steps:


1. Create the queue of input images with minimum
length sq.


2. Create the queue for response function with min-
imum length sq.


3. Re-implement all functions affected by added
queues.


4. Fill in the input queue with the video frames.


Processing steps:


1. Execute the response function for all computable
frames and insert the results to the response func-
tion queue.


2. If the response function queue is filled enough:
3. (a) Analyze the response function queue and es-


tablish the space-time interest points for the
computable frame;


(b) execute the description process for all interest
points detected , in the step above and produce
the feature vectors.


4. Add the new frame into the queue and go to step 1;
perform the procedure for all frames in input
video.
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4 Parameters selection


The whole system presented in Chapter 2.3 contains
number of procedures which have many parameters
which have to be adjusted. The main resource for ob-
taining these parameters is the annotated dataset of
actions.


The dataset is usually organised as a set of videos
with annotations describing occurence of specific ac-
tions, and has two main parts: training part and test-
ing part. Training part is used for adjustment of com-
ponents, such as codebook and classifiers, and the test-
ing dataset is used to assess the quality of the whole
processing.


The input parameters of all the components can
be searched in many ways, the simplest one being the
brute-force technique which we used. The set of all the
possibilities is identified and all of them are computed
and evaluated; the best ”setup” is selected as a final
solution.


The main parameters that needs to be adjusted in
the proposed on-line system are:


– Feature extractor parameters,
– the classified shot duration,
– size of the codebook used for bag-of-words pro-


cessing,
– resolution of the input video,
– the classifier creation general parameters.


The classifier creation parameters are dependent on
the type of the classifier used and may be optimized
while the training process is in progress. For exam-
ple, the cross-validation and bootstrapping approaches
may be used.


Cross-validation uses splitting of input data to di-
vide the input data into exact number of subparts.
Usually, the bigger amount of subparts is used for
training and the rest is used for testing. In such setup,
all possibilities of training parameters are tried and
evaluated. Then the splitting of the subparts is
changed and the whole process is repeated several
times; finally, the algorithm selects the best solution.


Bootstrapping approach is based on selecting train-
ing subparts the same way as described above, the
training is performed on specific subpart and the test-
ing is performed on the second one. When the training
is evaluated, the miss-classified part of the testing sub-
part is removed from the testing subpart and added
to the training one. Training is then repeated and the
testing subpart is updated again in the similar way.
After several iterations, the process generates the clas-
sifier model.


The methods mentioned above may improve the
classifier creation process such so that we can see the
classifier creation process as a black box where only the


input feature vectors with annotations are known and
the process creates the best model automatically. The
model is then used for evaluation using the testing part
of dataset. This improvement can be used for classifier
creation part of the system and yields the reduction
of the systems’ parameters space.


The input video resolution parameter has to be set
according to the constitution of the video data used.
If the detected action is performed in the small area
of the acquired video shot the reduction of the reso-
lution shurely decreases the output system quality. In
the case when the detected action is performed on the
whole video frame, the reduction of the resolution may
decrease the quality minimally or the accuracy may be
even increased. The reduction of the video resolution
has the main advantage, namely, the processing speed
is increased.


The shot duration parameter has to be set accord-
ing to the constitution of the actions detected in the
video. It can be expected that longer actions need
longer video sub-shot to be processed but the longer
delay the final classifier decision on the sub-shot.


Feature extractor parameters are dependent on the
type of the extractor. When dense sampling is used in
such extractor, its basic parameters are the space and
temporal step that control the creation of the spatio-
temporal grid and also control the number of points
in such grid.


Creation of the codebook component and all clas-
sifiers has to be performed using a framework, which is
able to automate the process. This procedure is called
learning phase and its purpose is creation of the code-
book and the classifiers components.


Learning phase extracts all feature vectors from all
videos in the training and testing dataset. Using the
training part, the codebook is created and all local low
level features are translated to bag-of-words represen-
tation. The training bag-of-words vectors are used for
creation of the output classifiers while the testing ones
are used for accuracy checking. The whole process has
to be repeated for each input parameters settings.


5 Experiments and results


The proposed approach was used to study the human
behavior during the place-distributed video conference
where the particular groups of participants are con-
nected using the internet connection. All groups have
the television and a set of cameras in the room and the
conference controlling system needs to do the cutting
of the incoming video streams acquired using all cam-
eras and produces the output video which is showed on
the televisions. The detection of such human actions
may significantly improve the cutting process.
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The detected actions were waving and clapping
performed by the persons in the video. For creation of
such on-line detection system, we have created dataset
with the following properties: 15 videos, 9 performing
persons, each video contains the block where the wav-
ing is performed, the block where the clapping is per-
formed, and also the block where the other activities
are performed. All of these videos are annotated and
the resolution of the videos is cropped to 380x426 pix-
els; the unused regions of the video (in which nothing
is happening) were removed.


As the offline testing framework, our solution [9]
has been used with some amount of modifications.
In all of our experiments, the dense sampling feature
extractor was used; the interest points description is
done using the cuboids descriptors based on local his-
tograms of brightness gradients (see subchapter 2.2).
The linear SVM classifier [10] was used and the classi-
fier parameters were set automatically using the cross-
validation approach; thus, the main processing param-
eters which are left and need to be adjusted are:


– The processed size of the video sub-shot,
– the dense sampling parameters of the feature ex-


tractor,
– the codebook size,
– the resolution of the input video.


The parameter space of the system is very large and it
presents full evaluation of all parameters. For exam-
ination of the system properties, some subset of the
parameters space needed to be selected.


The metrics for evaluation of system quality were
used the average precision which is defined as the area
under the precision-recall curve [12]. The system qual-
ity denotes the frequency of miss-predicted samples.


The subspace of parameters space has been
searched. The results achieved are presented in Ta-
ble 1; The Shot column depicts the length of classi-
fied shot (in frames). Res column depicts the input
resolution parameter, R means the regular (full) size,
S means the shrunk size. DS and DT column specifies
the dense sampling parameters for the spatial domain
(DS) and the temporal domain (DT). CBsize column
specifies the length of the codebook used and WAV-
ING and the CLAPPING columns specify the average
precision of the resulting classifier using specified cre-
ation parameters.


Table 1 shows all the possible combinations of the
input parameters which were tried in our experiments.
The boundaries of the shot duration parameter was
specified to the interval from 40 to 60. The main goal
is to set this parameter to the minimum possible value.
The numbers above this interval can be used and pos-
sibly can gain the system accuracy, but the extension
of this parameter causes the extension of the detection


Shot Res DS DT CBsize WAVING CLAPPING


40 R 5 5 512 0.602 0.487
4096 0.666 0.614
6100 0.655 0.591


40 S 5 5 512 0.679 0.546
4096 0.725 0.577
6100 0.717 0.648


40 R 10 5 512 0.619 0.705
3000 0.632 0.614
4096 0.659 0.614
5000 0.610 0.614
6100 0.618 0.591


40 S 10 5 512 0.491 0.679
3000 0.502 0.653
4096 0.528 0.620
5000 0.501 0.674
6100 0.540 0.666


42 R 7 7 512 0.559 0.669
3000 0.548 0.646
4096 0.568 0.629
5000 0.531 0.616
6100 0.558 0.608


42 S 7 7 512 0.455 0.323
3000 0.468 0.405
4096 0.550 0.456
5000 0.511 0.461
6100 0.533 0.456


49 R 7 7 512 0.591 0.649
3000 0.509 0.545
4096 0.548 0.595
5000 0.559 0.635
6100 0.547 0.603


49 S 7 7 512 0.484 0.354
3000 0.552 0.403
4096 0.580 0.384
5000 0.512 0.433
6100 0.591 0.439


55 R 5 5 512 0.637 0.612
4096 0.583 0.615
6100 0.698 0.663


55 S 5 5 512 0.684 0.598
4096 0.714 0.654
6100 0.591 0.489


60 R 5 5 512 0.640 0.644
4096 0.705 0.601
6100 0.706 0.551


60 S 5 5 512 0.680 0.606
4096 0.74 0.62
6100 0.658 0.572


Tab. 1. The accuracy of the system (average precision
measure) as a dependency to the input parameters.


delay; in the environment, where the resulting system
will be used, is this extension infeasible.
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The resolution of the input video parameter was
set to two sizes: The regular resolution (the original
resolution) and the shrunk one (the resolution is re-
duced to one half in both ways). The interesting re-
search can be done in this parameter evaluation, the
bigger amount of possibilities of this parameter should
be evaluated; The most interesting may be the survey
of the turning point, where the system accuracy dras-
tically decreases. This evaluation also depends on the
constitution of the videos in the training dataset and
on the size and the position of the object which actions
needed to be recognised.


The dense sampling parameters were set experi-
mentally and are closely related to the video resolution
parameter. For example, when the video resolution is
reduced to one half in both ways, it is the same as
the increasing of the extractor’s spatial sampling pa-
rameters two times, in both adjustments, the feature
extractor produces the same results. In Table 1 can be
seen , that the extension of the dense sampling param-
eters to numbers higher than 10 in spatial domain and
the numbers higher than 7 in temporal domain will be
probably causing significant decrease of systems accu-
racy.


The codebook size were selected experimentally,
similarly as in image categorisation task (where the
image features are used). The optimum codebook size
cannot be easily recommended; every experiment has
its own best codebook size and it cannot be said gen-
erally that some size is the best one. The experiments
suggest the need to try another codebook configu-
rations, such as 256 words and some number bigger
than 6100 should be explored too.


In Table 1, the configurations in which the system
produces the best solution are marked with underline
for both classes (it is anticipated that only one code-
book will be used in the future). The last but not least
aspect for whole system is the processing speed. It
can be affected by dense sampling parameters and the
resolution of the video parameter. The increasing of
the dense sampling parameters causes that the smaller
number of the space-time interest points needed to be
described in the feature extractor. Analogous situa-
tion is in the input video resolution parameter. When
building analogous system and when some combina-
tion of the parameters needed to be selected, the best
solution is to execute some amount of experiments and
search the parameter space and then select the best
parameters combination according to the systems re-
quirements, such as the processing speed, the memory
size constraint and the output system accuracy.


6 Conclusion


This contribution presented a novel approach to on-
line space-time interest point processing intended for
human action detection. The approach has been suc-
cessfully designed, implemented, and evaluated from
the point of view both computational requirements
and latency caused by the number of video frames
needed for detection of the events.


The evaluation of the approach also included den-
sity of sampling, length of video sequence (number
of frames), resolution of frames parameter evaluation
with respect to its impact on gesture recognition per-
formance.


Future work includes further evaluation especially
of the latency issues in order to enable as quick as
possible ”on-line” reaction to the events in video.
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Abstrakt Zápis slov v mnoha jazyćıch neńı jednoznačný,
existuj́ı r̊uzné varianty. Někdy se jedná o varianty rovno-
cenné, jindy jsou některé nářečńı, nespisovné či jinak
př́ıznakové. Při automatickém zpracováńı jazyka však
chceme umět rozpoznat všechny, a současně jim přiřadit
stejný základńı tvar, tzv. lemma. Na druhou stranu ale
potřebujeme všechny varianty od sebe nějakým zp̊usobem
odlǐsit, abychom např. mohli při automatické syntéze zvolit
tu správnou. Př́ıspěvek se zabývá možným řešeńım tohoto
problému, a to zavedeńım tzv. v́ıcenásobného lemmatu.
Uvedeme možnosti jeho využit́ı při konkrétńıch aplikaćıch,
zejména v korpusové lingvistice.


1 Úvod


Existuj́ı slova, která lze psát (a často i vyslovovat) v́ıce
zp̊usoby. Př́ıkladem je dvojice slov citron — citrón.
Jak se maj́ı jazykové slovńıky vypořádat s takovými
dvojicemi, obecně n-ticemi?


Nejjednodušš́ı by bylo prohlásit každou variantu za
samostatné slovo, ale to odporuje obecnému chápáńı
konceptu slova. Nav́ıc to s sebou přináš́ı spoustu
technických problémů při automatickém zpracováńı
text̊u, at’ už z hlediska analýzy nebo syntézy. Vy-
hledává-li např. uživatel — lingvista nějaké takové
slovo v jazykovém korpusu, je většinou rozumné, aby
výsledkem byly všechny varianty, pokud si speciálně
nechce některé odfiltrovat. Naopak při syntéze, tedy
automatickém tvořeńı jazykových dat, je problém,
jakou variantu pro výstup vybrat. Dosavadńı slovńıky,
včetně těch, které se použ́ıvaj́ı pro automatické zpra-
cováńı jazyka, zacházej́ı s takovými slovy nejednotně,
často i v rámci jediného slovńıku.


2 Vı́cenásobné lemma


V předchoźıch odstavćıch jsme pod pojmem slovo
vlastně rozuměli slovńıkové heslo, tedy základńı
slovńı tvar, většinou nazývaný lemma. Funkce, která
každému slovńımu tvaru přǐrad́ı jeho základńı tvar,
lemma, se nazývá lemmatizace. Je to jeden ze
základńıch krok̊u automatického zpracováńı jazyka.


? Př́ıspěvek vznikl na základě grantu P406/2010/0875
Grantové agentury ČR a výzkumného záměru MŠMT
ČR č́ıslo MSM 0021620838.


Jaké lemma maj́ı mı́t varianty z Úvodu? Má lemma
ortograficky odpov́ıdat slovńımu tvaru (citronu →
citron, citrónu → citrón), nebo se má zvolit jeden
zástupce pro obě varianty? Který?


Obě řešeńı maj́ı svá pro i proti. Prvńı př́ıpad je
jednodušš́ı a naprosto jednoznačný. Je to však čistě
technické řešeńı, které nepostihuje d̊uležitý fakt, že
nejde o dvě r̊uzná slova, pouze o rozd́ılné zápisy.
Kdyby např. chtěl uživatel korpusu vyhledat všechny
varianty daného slova, musel by si o ně explicitně
ř́ıci, tj. vytvořit dotaz tak, aby je všechny zahrnul.
To může být problematické u takových slov, která
maj́ı variant hodně — uživatel ani nemuśı všechny
znát. Př́ıkladem může být název státu Afghánistán,
který má v korpusus SYN [2] varianty Afghánistán,
Afghánistan, Afgánistán, Afghanistán, Afganistán,
Afganistan, Afgánistan, Afghanistan. Jednodušš́ı by
samozřejmě bylo, kdyby všechny varianty byly
obsaženy už ve slovńıku. Zavád́ıme tedy koncept
v́ıcenásobného lemmatu:


Vı́cenásobné lemma je množina lemmat se
stejným významem lǐśıćıch se pouze zápisem (ortogra-
fické varianty).1


Vı́cenásobným lemmatem z našich př́ıklad̊u jsou
tedy množiny {Afghánistán, Afghánistan, Afgánistán,
Afghanistán, Afganistán, Afganistan, Afgánistan,
Afghanistan} a {citron, citrón}. Prvk̊um této množiny
budeme ř́ıkat variantńı lemmata.


2.1 Vı́cenásobné lemma v diachronńı
lingvistice


Vı́cenásobnými lemmaty se zabýval také Karel
Kučera [5], ovšem z diachronńıho hlediska. Vzhledem
ke změnám pravopisu slov v pr̊uběhu dějin potřeboval
sdružit slova v r̊uzných etapách vývoje jejich zápisu.
Na rozd́ıl od našeho řešeńı však zvolil tzv. hyper-
lemma jakožto zástupce množiny (historických) lem-
mat se stejným významem. Jeho hyperlemma je jediné
a vyb́ırá se ze současné slovńı zásoby (pokud takové
př́ıslušné lemma existuje). Naše v́ıcenásobné lemma
je pohled na stejnou problematiku z hlediska syn-
chronńıho. Nic ale nebráńı tomu, využ́ıt v́ıcenásobné


1 Významem slova význam se v tomto př́ıspěvku
nezabýváme. Chápeme ho intuitivně.
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lemma i pro diachronńı korpusy. Dokonce si mysĺıme,
že toto řešeńı je obecněǰśı, nebot’ synchronńı lemma
k diachronńımu nemuśı existovat, nebo jich může být
v́ıce, a stoj́ıme zase před problémem, které vybrat.
Je tedy možné zařadit historický zápis lemmatu do
množiny variantńıch lemmat, a t́ım z něj vytvořit
prvek v́ıcenásobného lemmatu.


3 Varianty a mutace


Termı́n varianta neńı v lingvistice definován jednotně,
nav́ıc se použ́ıvá ještě termı́n dubleta, s podobným
významem. Přehled r̊uzných chápáńı obou termı́n̊u je
stručně podán v [6]. Zde si autorka vzala za východisko
Mluvnici češtiny [1], která děĺı varianty na rovno-
cenné a diferencované. Rovnocenné jsou ty, které jsou


”
rovnocenné významově, funkčně i stylově, a jsou
navzájem volně zaměnitelné“, zat́ımco diferencované
nelze volně zaměňovat kv̊uli stylovému zabarveńı,
dobové vázanosti, frekvenci nebo r̊uznému významu.
Jak je vidět, toto děleńı neńı zdaleka jednoznačné
ani objektivńı. Varianta je pojem velmi r̊uznorodý
a většinou je spojen s nějakým typem hodnoceńı —
stylu, časového zařazeńı, dialektu a podobně.


Při formálńım morfologickém popisu jednotlivých
slovńıch tvar̊u nás však tato hodnoceńı nezaj́ımaj́ı.
Naopak bychom se jim chtěli vyhnout, protože často
nemaj́ı jednoznačná kritéria. Nav́ıc to skutečně nejsou
informace morfologické.


Nějakou kategorii, která rozlǐśı slovńı tvary se
stejnými hodnotami ostatńıch morfologických kate-
goríı, však potřebujeme, abychom mohli jednotlivé
zp̊usoby zápisu od sebe popisem odlǐsit. V práci [3]
navrhujeme pro naše účely termı́n jiný, nezat́ıžený
množstv́ım nejednoznačných významů, a to mutace.
Jeho vymezeńı je čistě technické:


Mutace jsou takové dvojice slovńıch tvar̊u, které
maj́ı stejné (v́ıcenásobné) lemma a které nelze rozlǐsit
hodnotou žádné jiné morfologické kategorie. Jinými
slovy jsou to takové dvojice slovńıch tvar̊u, pro které
maj́ı všechny morfologické kategorie stejnou hodnotu.


Rozlǐsujeme mutace flektivńı, které se lǐśı v za-
končeńı (např. hradu — hradě), a mutace globálńı,
které se projevuj́ı v celém paradigmatu, tzn. ve všech
tvarech (např. již uvedený citron — citrón). Jed-
notlivá variantńı lemmata jednoho v́ıcenásobného lem-
matu jsou globálńı mutace.


Jak bylo naznačeno hned v úvodu, budeme
se zabývat pouze mutacemi globálńımi. Někdy jde
o pouhé ortografické varianty (atomismus — ato-
mizmus), někdy o r̊uznou výslovnost (citron —
citrón), př́ıpadně ovlivněnou obecnou češtinou (mýdlo
— mejdlo). Vždy ovšem plat́ı, že pokud je slovo možno
nějakým zp̊usobem ohýbat (časovat, skloňovat nebo


Typ Př́ıklad Značka


o — vo okno — vokno 0 — v


ý — ej mýdlo — mejdlo 0 — j


z — s klauzule — klausule z — s


t — th tema — thema 0 — h


é — ı́ kolébka — koĺıbka e — i


é — ý okénko — okýnko e — y


á — e originálńı — originelńı a — e


á — a Abrahám — Abraham
é — e acetylén — acetylen
ó — o salón — salon
ý — y apetýt — apetyt d — k
ı́ — i alexandŕın — alexandrin
ů — u přez̊uvky — přezuvky
ú — u Plútarchos — Plutarchos


s — š student — študent
t — t’ vlaštovka — vlašt’ovka
n — ň šn̊ura — šň̊ura
d — d’ doĺık — d’oĺık


t — m


e — ě Bardejov — Bardějov
z — ž zbrzd’ováńı — zbržd’ováńı


Tab. 1. Přehled nejčastěǰśıch typ̊u globálńıch mutaćı
s př́ıklady.


stupňovat), maj́ı mutace stejný ohýbaćı vzor, i kdyby
byl nepravidelný.


3.1 Hodnoty kategorie Mutace


Jak jsme uvedli výše, upoušt́ıme od dnes běžného
označováńı mutaćı na základě subjektivńıch hodno-
ceńı. Kv̊uli jednoznačnému popisu každého slovńıho
tvaru (i lemmatu) je však třeba mutaćım nějaké hod-
noty přǐradit. Hodnoty mohou být v zásadě libovolné,
např. č́ıslováńı, nebot’ jejich hlavńı motivaćı je rozli-
šeńı. Když už ale mutace rozlǐsujeme, můžeme k tomu
využ́ıt nějaké jejich konkrétńı vlastnosti, jejichž hod-
noty budou vycházet ze samotného zápisu mutaćı,
nikoli z vněǰśıch zdroj̊u, které se mohou časově i mı́stně
lǐsit (spisovnost vs. nespisovnost vs. nářečnost apod.).


Tabulka 1 ukazuje hlavńı typy českých globálńıch
mutaćı, bez ohledu na jejich klasifikaci, to znamená,
že nedělá rozd́ıl mezi kodifikovanými a nekodifiko-
vanými mutacemi. Posledńı sloupec tabulky uvád́ı
kódy pro hodnoty kategorie globálńı mutace, které
lze použ́ıt pro jednoznačné odlǐseńı slovńıch tvar̊u,
které se morfologicky jinak nelǐśı (viz [3]). Kód d zas-
tupuje


”
dlouhé“ mutace, k


”
krátké“. Podobně m zna-


mená
”
měkké“, t


”
tvrdé“. 2 Výhoda takového značeńı


2 Kdybychom chtěli mutace popsat přesně, museli by-
chom do značky zahrnout i polohu rozd́ıl̊u v zápisu jed-
notlivých mutaćı. Jak už bylo uvedeno výše, ćılem neńı
přesný popis, ale pouze rozlǐseńı jednotlivých mutaćı.
Z toho d̊uvodu jsou i typy navrženy co nejobecněji a neńı
možné podle nich zjistit přesný tvar zápisu.







Vı́cenásobné lemma 77


je vidět z př́ıkladu, ve kterém si uživatel přeje vy-
psat z korpusu všechna slova, v jejichž lemmatu došlo
k měkčeńı souhlásky. Schematicky můžeme takový
dotaz zapsat takto:


glob. mutace = m


Hromaděńı typ̊u mutaćı v jednom lemmatu se
vyjádř́ı v́ıcero hodnotami, viz tabulka 2, kde jsou
naznačeny možné kombinace globálńıch mutaćı d-k
(dokonce dvakrát) a 0-h (viz tabulka 1).


Lemma Značka


Afghánistán hdd


Afghánistan hdk


Afghanistán hkd


Afghanistan hkk


Afgánistán 0dd


Afganistán 0kd


Afgánistan 0dk


Afganistan 0kk


Tab. 2. Př́ıklad v́ıcera hodnot kategorie globálńı mutace.


4 Vı́cenásobné lemma
v morfologickém slovńıku


Morfologické slovńıky, popisuj́ıćı (všechny) slovńı
tvary jazyka, většinou tyto tvary neobsahuj́ı př́ımo.
Mı́sto toho využ́ıvaj́ı ohýbaćıch vzor̊u. Každému
slovńımu tvaru je tak ve slovńıku přǐrazeno lemma
a vzor, podle kterého je možné vygenerovat všechny
tvary daného slova. Tento princip může být zachován
i v př́ıpadě, použijeme-li mı́sto jednoduchého lem-
matu lemma v́ıcenásobné. Každému slovńımu tvaru
libovolného variantńımu lemmatu je tedy přǐrazena
množina všech těchto lemmat, tedy celé v́ıcenásobné
lemma. Vzhledem k tomu, že globálńı mutace se
obvykle nelǐśı v př́ıponách, vzor bývá pro všechny
prvky v́ıcenásobného lemmatu stejný, stač́ı tedy
připojit jediný vzor k celému v́ıcenásobnému lemmatu.


Pro praktické použit́ı slovńık̊u je však třeba,
aby množiny v́ıcenásobných lemmat byly reprezen-
továny jednoznačným identifikátorem. Na tvaru iden-
tifikátoru vlastně nezálež́ı, mohou to být třeba
č́ısla, ale kv̊uli přehlednosti a čitelnosti jsme zvolili
reprezentaci slovńı. Většina lemmat totiž i nadále
bude jednoprvková, a tak neńı třeba jejich identi-
fikátor, kterým dosud bylo lemma samotné, měnit.


Jak zvolit jednoznačný identifikátor množiny
v́ıcenásobného lemmatu? Existuje řada možnost́ı.
Lingvisté by rádi měli jako identifikátor ten
prvek, který je neutrálńı, bezpř́ıznakový, tedy např.


zástupcem v́ıcenásobného lemmatu {okno, vokno} by
bylo okno. Často je však toto kritérium subjektivńı,
někdy jich je bezpř́ıznakových v́ıc — to se týká vlastně
všech ostatńıch dosud uvedených př́ıklad̊u.


Objektivněǰśım kritériem je frekvence. Zástupce
v́ıcenásobného lemmatu by byl ten prvek, který
je nejfrekventovaněǰśı. Zde se však okamžitě nab́ıźı
otázka: kde? Nejlepš́ı odpověd́ı by bylo: v jazyce,
ale takovou odpověd’ nikdo nezná. K tomu by bylo
třeba zvolit nějaký referenčńı korpus, jehož frekvence
by byly určuj́ıćı. I toto řešeńı má svá úskaĺı. Volba
takového korpusu opět neńı stoprocentně objektivńı.
Vždy jde o nějaký výběr, jakkoli se tv̊urci korpus̊u
snaž́ı o r̊uzné druhy vyváženosti. Nav́ıc žádný korpus
neńı dostatečně velký na to, aby obsahoval všechny
možné mutace. A konečně, při malých frekvenćıch
málo běžných slov přestává být frekvence v korpusu
objektivńı (frekvence 1 a 2 v mnohamilionovém kor-
pusu neznamená, že jedno slovo je skutečně dvakrát
četněǰśı než druhé).


Identifikátorem v́ıcenásobného lemmatu by mělo
být jedno z variantńıch lemmat a mělo by být zvo-
leno podle jednoznačného objektivńıho kritéria, které
nevyuž́ıvá žádných informaćı, které by závisely na
nějakém daľśım ne zcela objektivńım zdroji. Jako
nejpřirozeněǰśı se nám nakonec jev́ı zvolit za iden-
tifikátor ten prvek, který je při lexikografickém
uspořádáńı prvńı. Identifikátorem v́ıcenásobného
lemmatu {okno, vokno} je tedy okno, podobně
{Afghánistán, Afghánistan, Afgánistán, Afghanistán,
Afganistán, Afganistan, Afgánistan, Afghanistan} →
Afganistan, {citron, citrón} → citron. Takto zvolený
reprezentant v́ıcenásobného lemmatu je vždy jed-
noznačný, nezávisle na jakýchkoli vněǰśıch kritéríıch.3


5 Praktické využit́ı v́ıcenásobného
lemmatu


Napřed poṕı̌seme, jak by měla vypadat implementace
v́ıcenásobného lemmatu v korpusových manažerech.
Potom naznač́ıme použit́ı při generováńı, které je
potřebné např. při automatickém překladu.


5.1 Zobrazováńı


Zobrazeńı v́ıcenásobného lemmatu by mělo mı́t dva
módy. Prvńım je zobrazeńı identifikátoru, druhým zo-
brazeńı celé množiny všech variantńıch lemmat.


Při př́ıpravě korpusu pro vstup do korpusového
manažeru by u většiny jazyk̊u zřejmě stačilo, aby


3 Poněkud zvláštně však vypadá např. identifikátor tejden
pro v́ıcenásobné lemma {týden, tejden}. Běžný uživatel
korpusu však identifikátor vlastně nemuśı znát, viz dále
sekci 5.2.
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v datech bylo každé v́ıcenásobné lemma zastoupeno
pouze svým identifikátorem. K tomu je třeba zo-
brazeńı L1:


L1: slovńı tvar → identifikátor


V př́ıpadě jednoduchého lemmatu je identi-
fikátorem samozřejmě vlastńı lemma (jediný prvek
jednoprvkové množiny). Ty identifikátory, které
zastupuj́ı v́ıcenásobné lemma, by byly obsaženy
v př́ıdavné tabulce a indexovány, aby se v nich dalo vy-
hledávat. Zavedeme tedy zobrazeńı L2, které odkazuje
na př́ıslušnou množinu variantńıch lemmat.


L2: identifikátor → v́ıcenásobné lemma


K vyhledáńı celého v́ıcenásobného lemmatu, tedy
množiny variantńıch lemmat, by docházelo jen na
přáńı uživatele, který má možnost si zvolit, v jakém
tvaru chce který atribut zobrazit.


Upřesněńım hodnoty globálńı mutace je
samozřejmě možné zobrazit pouze některé prvky
v́ıcenásobného lemmatu.


5.2 Vyhledáváńı


Zat́ımco při zobrazováńı lemmatu stačilo mı́t ke
každému identifikátoru přǐrazenu množinu variantńıch
lemmat, při vyhledáváńı je třeba, aby existovalo zo-
brazeńı inverzńı, které každému variantńımu lemmatu
přǐrad́ı př́ıslušný identifikátor. Máme tedy zobrazeńı


id: variantńı lemma → identifikátor


Jestliže chce uživatel vyhledávat podle lemmatu,
nemůžeme předpokládat, že bude znát jednoznačný
identifikátor, nebot’, jak bylo uvedeno výše, nemuśı
znát celou množinu všech variantńıch lemmat. At’ zadá
jakékoli variantńı lemma, je třeba k němu nalézt podle
zobrazeńı id př́ıslušný identifikátor. Ten je už obsažen
a indexován v datech jako lemma k př́ıslušným
slovńım tvar̊um, korpusový vyhledávač už tedy může
podle něj vyhledávat.


Pokud si uživatel přeje vyhledat jen tvary
konkrétńı globálńı mutace, použije k vyhledáńı hod-
notu globálńı mutace. Např. pro vyhledáńı všech tvar̊u
lemmatu citron, ale ne citrón může dotaz vypadat
schematicky takto:


lemma = citron & glob. mutace = k


5.3 Generováńı


V př́ıpadě generováńı text̊u je problém složitěǰśı. Které
lemma má generátor z množiny lemmat vybrat? Iden-
tifikátor nemuśı být vždy správným řešeńım. Kdy-
bychom např. chtěli generovat nespisovnou řeč, měli


bychom z v́ıcenásobného lemmatu {okno, vokno} vy-
brat vokno, přestože identifikátor je okno. V tomto
př́ıpadě by se hodilo mı́t každé variantńı lemma
nějakým zp̊usobem popsané, např. spisovnost, archaič-
nost, slang, dále př́ıslušnost k určitému oboru. Výše
jsme však uvedli, že takové popisy do morfologic-
kého slovńıku nepatř́ı. Nic však nebráńı vytvořeńı
daľśıho zdroje informaćı, který by sloužil k určitému
účelu, v tomto př́ıpadě ke generováńı textu. Takové
př́ıdavné informace je ovšem třeba zachytit odděleně
od morfologického slovńıku, a to předevš́ım z d̊uvodu
nemožnosti objektivńıho rozhodnut́ı o zařazeńı lem-
matu. Každá aplikace, nebo i každý uživatel, může mı́t
svá př́ıdavná data.4


6 Závěr


Chápeme-li pojem slovo jako řetězec znak̊u s určitým
významem, měly by být r̊uzné zápisy téhož slova
reprezentovány stejně. Vzhledem k obt́ıžnému
stanoveńı objektivńıho kritéria pro výběr takového
reprezentanta jsme zavedli v́ıcenásobné lemma jako
množinu všech možných variant zápisu daného slova.
Variantám ř́ıkáme mutace, nebot’ pojem varianta se
v lingvistice použ́ıvá i v jiných, nav́ıc často r̊uzných
kontextech. Naznačili jsme, jakým zp̊usobem lze nově
zavedené koncepty použ́ıt v lingvistické praxi.


Nejbližš́ım plánem je jejich implementace a ověřeńı
jejich užitečnosti v praxi.


Reference
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fakulty MU, sv. č. 98, Masarykova univerzita, Brno,
2006.
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Abstract. Personal computers are often used in small
office and home environment for a wide range of purposes
- from general web browsing and e-mail processing to pro-
cessing data that are sensitive regarding their confiden-
tiality and/or integrity. Discretionary access control, typi-
cally implemented in commonly used general purpose oper-
ating systems for personal computers, provides no protec-
tion against access to data objects by malicious applications
running on behalf of the object’s owner.
At ITAT 2009 we presented a new security model designed
to support coexistence of security-critical applications and
malicious ones in a secure way. At NDT 2010 we presented
an idea of implementation of our model using SELinux
DTE policy. An implementation was created by Martin
Jurč́ık within his bachelor’s thesis last year.
In this paper, we present new ideas to simplify the SELinux
policy enforcing our model. The ideas are based on utiliz-
ing MLS components of SELinux in addition to the DTE
component.


1 Introduction


Personal computers are used for a wide range of pur-
poses – from general web browsing and e-mail process-
ing to processing sensitive data in applications such
as Internet banking, electronic signature creation and
verification, processing sensitive personal and business
data, and others. Applications often contain program-
ming errors that can be abused to execute arbitrary
code in place of the application by providing specially
crafted input to the application. Therefore, applica-
tions that process data originating from untrusted
sources cannot be trusted not to perform some ma-
licious activities.


Commonly used desktop operating systems, such
as Microsoft Windows 2000/XP/Vista/7 or various
distributions of Linux, implement discretionary access
control mechanism that is unable to prevent malicious
or misbehaving application from abusing access to the
data of the user it runs on behalf of.


At ITAT 2009 in [6], we presented a security model
for protection of confidentiality and integrity of data in
an environment where sensitive data processing takes
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place alongside potentially malicious code execution.
An overview of the model is given in the section 2.


At NDT 2010 in [7], we presented an approach to
implementation of our model using Domain and Type
Enforcement mechanism implemented in SELinux.
In [8], we created a proof of concept implementation
showing that it was possible. The resulting SELinux
policy was, however, rather large due to a large num-
ber of types needed to encode the values of our model’s
subject attributes.


The goal of this paper is to present an idea of re-
duction of the policy size by using MLS components
of SELinux to cover part of our model’s rules.


2 Model


In this section, we present our security model in short.
For more details, see [5, 6]. The model contains two
types of entities – subjects and objects. Objects are
passive entities of the model – they represent infor-
mation sources and destinations. Some typical exam-
ples of objects in an operating system are files, di-
rectories, communication objects (such as pipes, sock-
ets, . . . ). Subjects are active entities of the model –
they perform operations on objects. Typical subjects
of an operating system are processes. For the purpose
of this paper, we will consider only two operations that
a subject may perform on an object: read and write.
The read operation allows the subject to receive in-
formation from the object, and the write operation
allows the subject to send information to the object.
Each object O and each subject S has several security
attributes associated with it, and the model’s informa-
tion flow policy specifies whether a subject S is allowed
to perform a given operation on an object O based on
the security attributes of the subject and the security
attributes of the object.


Our data classification scheme assumes that each
object is assigned a confidentiality level and an in-
tegrity level. Each object is also assigned an identifier
of a user that is the object’s owner. Our model assumes
there are at least three confidentiality and three in-
tegrity levels. Because the complexity of enforcement
of our model’s policy using SELinux depends on the
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number of levels, we will restrict them to 3 in this
paper.


As far as the confidentiality is concerned, we clas-
sify the data into three basic categories: public data
(level 0), normal data – C-normal (level 1), and data
that are sensitive regarding their confidentiality
– C-sensitive (level 2). The C-sensitive data are the
data that their owner (a user) wishes to remain un-
readable to the others regardless of the software the
user uses, and even if the users makes some mistakes
(such as setting wrong access rights for discretionary
access control).


As far as the integrity (or trustworthiness) of data
is concerned, we also classify the data into three basic
categories: potentially malicious data (level 0), nor-
mal data – I-normal (level 1), data that are sensitive
regarding their integrity – I-sensitive (level 2).


The requirements of the integrity protection of
data is tightly coupled to the trustworthiness of the
data. The trustworthiness of data can be thought of as
a metric of how reliable the data are. If some data can
be modified by anyone, they cannot be trusted not to
contain wrong or malicious information. If some data
are to be relied on, their integrity has to be protected.
The potentially malicious data require no integrity
protection, and can neither be trusted to contain valid
information, nor can be trusted not to contain mali-
cious content. The I-sensitive data are the data that
their owner wishes to remain unmodified by the others
regardless of the software the user uses, and even if the
users makes some mistakes. The I-sensitive data are to
be modifiable only under special conditions upon their
owner’s request. A special category of I-sensitive data
is the category of the shared system files such as the
programs, the libraries, various system-wide configu-
ration files, the user database, . . . . Some of these files
may be modifiable by the designated system adminis-
trator, some of them should be even more restricted.


The basic idea of our model is to prevent unin-
tended information flow from an object with a higher
confidentiality/lower integrity level to an object with
a lower confidentiality/higher integrity level. Classical
multi-level security models, such as Bell-La Padula [3]
or Biba[4], distinguish between untrusted and trusted
subjects. Trusted subjects are allowed to violate the
basic idea stated above. It turns out that in a typi-
cal small office or home desktop operating system too
many subjects would have to be considered trusted in
order to achieve an acceptable behaviour[6]. To over-
come this problem, we divide subjects into three cat-
egories:


– untrusted subjects,


– partially trusted subjects, and


– trusted subjects.


A trusted subject is a subject that is trusted to en-
force the information flow policy with intended excep-
tions by itself. An untrusted subject is a subject that
is not trusted to enforce the information flow policy. It
is assumed to perform any operations on any objects
unless it is prevented from doing so by the operating
system.


A partially trusted subject is


– trusted not to transfer information from a defined
set of objects (designated inputs) at a higher con-
fidentiality level to a defined set of objects (desig-
nated outputs) at a lower confidentiality level in
a way other than the intended one, and


– trusted not to transfer information from a defined
set of objects (designated inputs) at a lower in-
tegrity level to a defined set of objects (designated
outputs) at a higher integrity level in a way other
than the intended one, but


– not trusted not to transfer information between
any other objects.


The sets of designated inputs and outputs regarding
confidentiality are distinct from the sets regarding in-
tegrity. Any of the sets may be empty. A partially
trusted subject, like a trusted one, can be used to im-
plement an exception to the basic policy, because it
can violate the policy (and it is trusted to do it only
in an intended way).


The most important difference between trusted
and partially trusted subjects is in the level of trust.
While trusted subjects are completely trusted to be-
have correctly, partially trusted subjects are only
trusted not to abuse the possibility of the information
flow violating the policy between a defined set of input
objects and a defined set of output objects.


2.1 Information flow policy


Let C = {0, 1, 2} be the set of confidentiality levels,
I = {0, 1, 2} be the set of integrity levels, and L be
a finite set of possible labels for objects, 0 ∈ L being
the default label used for objects without an explicitly
assigned label. The labels will be used to define the sets
of designated inputs and outputs for partially trusted
subjects. Let U be a finite set of user identifiers. Let
TU be the set of trusted system users who are trusted
to maintain correct confidentiality and integrity levels
on the objects they own. Let C and I be ordered so
that 0 is the least sensitive level and 2 is the most
sensitive level.


Let each object O have the following attributes:
CO ∈ C – the confidentiality level of the object,
IO ∈ I – the integrity level of the object, LO ∈ L
– the label assigned to the object, and UO ∈ U – the
user identifier of the object’s owner.
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Let each subject S have the following attributes:
CRS , CWS ∈ C – the highest/lowest confidentiality
level the subject can normally read from/write to,
CRLS , CWLS ∈ C – the highest/lowest confidential-
ity level of a specially labelled object that the subject
can read from/write to, CRLSS ,CWLSS ⊆ L – the
set of labels of the objects that belong to the desig-
nated input/output set for a partially trusted subject
regarding confidentiality, IRS , IWS ∈ I – the lowest/
highest integrity level the subject can normally read
from/write to, IRLS , IWLS ∈ I – the lowest/highest
integrity level of a specially labelled object that the
subject can read from/write to, IRLSS , IWLSS ⊆ L
– the set of labels of the objects that belong to the des-
ignated input/output set for a partially trusted sub-
ject regarding integrity, and US ∈ U – the user iden-
tifier of the user the subject is acting on behalf of.


A subject S can read from an object O if
read(S,O) is true, where


read(S,O) ⇐⇒
[CRS ≥ CO ∨ (CRLS ≥ CO ∧ LO ∈ CRLSS)]


∧[IRS ≤ IO ∨ (IRLS ≤ IO ∧ LO ∈ IRLSS)]


∧[US = UO ∨ CO ≤ 1]


∧[US = UO ∨ IO ≤ 1 ∨ UO ∈ TU]


A subject S may write to an object O if
write(S,O) is true, where


write(S,O) ⇐⇒
[CWS ≤ CO ∨ (CWLS ≤ CO ∧ LO ∈ CWLSS)]


∧[IWS ≥ IO ∨ (IWLS ≥ IO ∧ LO ∈ IWLSS)]


∧[US = UO ∨ IO ≤ 1]


∧[US = UO ∨ CO ≤ 1 ∨ UO ∈ TU]


Each untrusted subject S must satisfy the follow-
ing conditions:


CWS = CWLS ≥ CRS = CRLS


IWS = IWLS ≤ IRS = IRLS


CWLSS = CRLSS = IWLSS = IRLSS = ∅
Each partially trusted subject S must satisfy the


following conditions:


CWS ≥ CRS CWS ≥ CRLS CWLS ≥ CRS


IWS ≤ IRS IWS ≤ IRLS IWLS ≤ IRS


Trusted subjects are given upper boundaries on the
confidentiality level for reading and on the integrity
level for writing, and lower boundaries on the confi-
dentiality level for writing and on the integrity level
for reading. Partially trusted subjects are allowed to
pass information from their designated inputs to their
designated outputs, but are very limited otherwise.


3 Some SELinux basics


SELinux implements two information flow mech-
anisms – Domain and Type Enforcement (DTE) and
Multi-Level-Security (MLS). Every SELinux con-
trolled object and every subject (process) is assigned
a security label consisting of four parts – a user, a role,
a type, and security level. SELinux user identities are
not to be confused with the standard Linux user iden-
tities – they are independent attributes. They may
be mapped in a 1:1 manner, but they do not have
to. SELinux roles are assigned to subjects, and the
SELinux policy specifies the subject types (domains)
that a role is authorized for, i.e. the set of types a sub-
ject with a given role may be assigned. The policy
also specifies the set of roles a SELinux user is autho-
rized to assume. We will not use specific roles for our
model’s policy, so we will assume that every user is au-
thorized for a role that is authorized for all domains
unless another security policy is in force, in which case
the set of domains and roles is determined by the other
policy.


Types are declared in the SELinux policy configu-
ration. A type may be labelled by several attributes.
An attribute name may be used in the policy config-
uration to represent the set of types that are labelled
with the attribute. Access control rules specify per-
missions for triplets – the type of a subject, the type
of an object and the class of the object. Classes are
used to distinguish different sorts of objects, such as
files, directories, processes, . . . .


Another important concept of SELinux policy con-
figuration is the concept of constraints. A constraint
is specified for a set of classes and a set of permis-
sions, and it consists of a boolean expression. If the
expression evaluates to false, no operation from the set
may be performed on an object of the specified class.
The expression may compare SELinux user identities,
roles and types of the subject and the object with each
other, or with a set of values. The set of types may also
be specified using the type attributes as stated above.


The MLS component of SELinux adds another sort
of constraints – MLS constraints. These constraints
allow for comparison of security levels of subjects and
objects.


4 Enforcing our policy using SELinux
with MLS


In our previous solution [7, 8], we encoded our model’s
attributes for objects and subjects as SELinux type
attributes, and we used constraints to enforce the rules
of our policy.


Our new idea is based on using security levels to
encode our model’s attributes, and on using the dom-
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inance relation described below to evaluate the rules
of our policy.


A SELinux security context is typically represented
as:
system u:system r:kernel t:s0:c0.c255-s15:c0.c255.


The security level used by MLS systems is a combi-
nation of a hierarchical sensitivity and a set (including
the empty set) of nonhierarchical categories. Notice
that the MLS security context must have at least one
security level(which is composed of a single sensitivity
and zero or more categories), but can include two se-
curity levels. These two security levels are called low
and high, respectively.


Sensitivities are defined in SELinux policy using
sensitivity statements. Sensitivities are strictly hier-
archical and therefore we must specify the hierarchy
of sensitivites using the dominance statement. For
example, a statement:
dominance { s0 s1 s2 ... s13 s14 s15}
defines 16 sensitivity levels, where s0 is the lowest one
and s15 is the highest one. Sensitivities can be com-
pared using relational operators ≤, =, and ≥.


Categories are defined in a similar manner as sen-
sitivities using the category statement. Unlike sensi-
tivities, categories are not hierarchically related and
form a set. The key relations between sets of cate-
gories X,Y are X ⊆ Y and X ⊇ Y .


The allowed security level combinations are defined
using the level statement.


Security level of X specified as s0:c0.c2-s7:c0.c2
defines the security levels:
– low part – labeled as lX – s0:c0.c2
– high part – labeled as hX – s7:c0.c2
Security levels form a lattice and can be compared


using the dominance relationship, that can be used in
the mlscontrain rules. Let sens(SL) denote the sensi-
tivity of the security level SL and cat(SL) denote the
set of categories of the security level SL. The domi-
nance relation is defined as follows:


SL1 dom SL2 ⇔ (sens(SL1) ≥ sens(SL2))


∧(cat(SL1) ⊇ cat(SL2))


SL1 domby SL2 ⇔ (sens(SL1) ≤ sens(SL2))


∧(cat(SL1) ⊆ cat(SL2))


The principal part of the rules of our policy for the
read and write operations, that applies to unstrusted
and trusted subjects (i.e. to all but partially trusted
subjects), is based on comparisons of confidentiality
and integrity levels of the subject and the object:


CRS ≥ CO ∧ IRS ≤ IO for read(S,O)


and


CWS ≤ CO ∧ IWS ≥ IO for write(S,O).


for write.


Noticing this, we have decided to use the sensitivity
to encode our model’s confidentiality level, and cate-
gories to encode our model’s integrity level. Untrusted
and trusted subjects in our model have two confiden-
tiality and two integrity levels assigned (for reading
and for writing). We have decided to use the low and
high parts of the security level to encode the two pairs
of confidentiality and integrity levels:


– Low part of security level will correspond to the
attributes used for the read operation (CO, IO,
resp. CRS , IRS)


– High part of security level will correspond to the
attributes used for the write operation (CO, IO,
resp. CWS , IWS).


A natural choice is to define a sensitivity level for
each confidentiality level, and a category for each in-
tegrity level. Unfortunately, it appears that SELinux
does not allow the low and high security levels of an
object or of a subject to differ only in the categories
(e.g. a security context with the security level range
s0:c0-s0:c1,c2 is considered invalid). We have found
a solution that uses two sensitivity levels to encode
the same confidentiality level, depending on whether
it is used in the low (read) or high (write) part.


An object with CO = X and IO = Y is assigned
the security context:
system u:system r:obj l:sX:cY-s(X+5):cY.


The principal part of the rules for the read oper-
ation can then be evaluated using the dom operator
provided we find a suitable mapping between the in-
tegrity level IRS and categories for the low security
level of the subject. If we denote the low security level
of a subject S as lS and the low security level of an
object O as lO, we need to satisfy:


lS dom lO ⇐⇒ (CRS ≥ CO ∧ IRS ≤ IO)


That is


sens(lS) ≥ sens(lO) ⇐⇒ CRS ≥ CO


and
cat(lS) ⊇ cat(lO) ⇐⇒ IRS ≤ IO


The principal part of the rules for the write oper-
ation can also be evaluated using the dom operator,
if we can satisfy the following (where hX denotes the
high security level of X):


hS dom hO ⇐⇒ (CWS ≤ CO ∧ IWS ≥ IO)


That is


sens(hS) ≥ sens(hO) ⇐⇒ CWS ≤ CO


and
cat(hS) ⊇ cat(hO) ⇐⇒ IWS ≥ IO
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All of these are satisfied when we define 6 sensi-
tivity levels s0 < s1 < s2 < s7 < s6 < s5 and three
categories c0, c1, c2 and use the mappings given in the
tables below to assign the sensitivity and the cate-
gories to the low and high security levels for subjects.
The ordering of the sensitivity level can be easily spec-
ified using the SELinux statement:
dominance { s0 s1 s2 s7 s6 s5 }.


Operations read write
confidentiality level sensitivity low sensitivity high


CS0 s0 s5
CS1 s1 s6
CS2 s2 s7


Operations read write
Integrity categories low categories high


IS0 c0.c2 c0
IS1 c1.c2 c0.c1
IS2 c2 c0.c2


The notation c0.c2 means categories c0,c1,c2.
The principal part of the read and write rules can


the be specified as simple constraints:


mlsconstrain { file } { read } (


(l1 dom l2)


);


mlsconstrain { file } { write } (


(h1 dom h2)


);


There are other parts of the rules for the opera-
tions, however. First, there are rules comparing the
user identities assigned to the subject and the object
with some excpetions, and then there are rules for par-
tially trusted subjects. The former can be solved in
a way similar to what we used in [7, 8] – we would just
need a special DTE type attribute assigned to the ob-
ject with CO = 2 and/or IO = 2.


Partially trusted subjects can also be handled us-
ing specific DTE types for the subjects and specific
DTE types for labelled objects in a way similar to
that in [7, 8]. The constraints specified in this paper
would need to be extended to allow for an exception
if the subject is one of a partially trusted type.


5 Comparison to our previous
solution


In this section, we will compare the approach proposed
in this paper to our previous solution [7, 8]. We will fo-
cus on the complexity of the resulting SELinux policy.


In our previous implementation, we used DTE
types to encode the security attributes of objects and


attribute C0;


attribute C1;


attribute C2;


attribute I0;


attribute I1;


attribute I2;


type Obj_C0I0, C0, I0;


type Obj_C0I1, C0, I1;


...


attribute CR0;


attribute CR1;


...


type Subj_CR0CW0IR0IW0, CR0, CW0, IR0, IW0;


...


constrain object_classes read_perms (


(T2 == C2 and T1 == CR2)


or (T2 == C1 and T1 == {CR1 CR2})


or (T2 == C0)


... [ rules for partially trusted subjects ]


);


constrain object_classes read_perms (


(T2 == I0 and T1 == IR0)


or (T2 == I1 and T1 == {IR1 IR0})


or (T2 == I2)


... [ rules for partially trusted subjects ]


);


Fig. 1. Previous SELinux constraints enforcing our policy.


subjects. We needed a new DTE type for each combi-
nation of the values of the attributes. It led to a rather
large number of types, and consequently to long ex-
pressions in the rules. If we use only three confidential-
ity and three integrity levels and l labels, we need 32 · l
types for objects, and 34 = 81 types for trusted and
untrusted subjects. We used to declare a new type for
each partially trusted subject, because a general solu-
tion based on all possible combinations of the attribute
values would make the total number of types infeasi-
ble. All the types were tagged with type attributes
that were used in the expressions for the operations
(see Fig. 1). If we do not take partially trusted sub-
jects into account, the number of type attributes is
linear with respect to the number of security levels,
the number of types is polynomial (power of 4), and
the number of substatements in the rules is linear.


The solution proposed in this paper uses MLS sen-
sitivities and categories to encode our model’s security
attributes. Excluding partially trusted subjects, the
number of sensitivities and the number of categories
are linear with respect to the number of confidentiality
and integrity levels. The complexity of the mlscon-
train rules is independent (i.e. constant). Also, there
are no new DTE types needed to implement our model
in this case.
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The rules for partially trusted subjects are
expected to be similar in complexity to the previous
solution. It follows that the new idea presented in this
paper should significantly reduce the SELinux policy
size, especially if there are more confidentiality and/or
integrity levels.


Conclusions


We have presented new ideas of implementation of our
security model using SELinux with MLS. The point
of these ideas is to decrease the complexity of the re-
sulting SELinux policy when compared with the one
presented in [8]. We have dealt only with read and
write operations in this paper. Most of the other op-
erations used in the real implementation can be, how-
ever, expressed using the same rules as the read and
write ones. We plan to further investigate the prob-
lems mentioned in this paper, and expect to have an
implementation in 2012.
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Abstract. The paper deals with one particular step in the
process of model driven development (MDD). MDD sup-
poses that the software development process is the sequence
of model transformations from computation independent
models (CIM) to platform independent models (PIM), plat-
form specific models (PSM), and implementation specific
models (ISM). Similar transformations can support reverse
engineering processes. This paper describes principles and
possibilities for transformations of the class model in UML
with integrity constraints in OCL from PIM level into PSM
level. The idea will be illustrated on examples.


1 Introduction


Model driven development is the dream of OMG
(Object Management Group), and the top desire is so
called round-trip engineering. It is the combination of
a forward process (generating code from model) and
a reverse process (generating model from code). The
necessary equipment for such round-trip process are
transformations, which serve as the description of par-
tial steps in this process. OMG offers Unified Model-
ing Language (UML) for the description of models.
The necessary part of this notation is the Object Con-
straint Language (OCL) for description of model con-
straints.


OMG defines MDD [6] (also MDA - Model Driven
Architecture or MDE - Model Driven Engineering) as
the set of modeling levels or views. These models can
be transformed – from the upper level to a lower one,
or from the lower level to an upper one, or between
models on the same level of abstraction – some sort
of model refactoring. Transformations have to be de-
scribed precisely in some formal fashion.


OCL [3, 10, 7] is a specification language, used to
define restrictions for models in UML [5, 4] – invari-
ants, preconditions and postconditions connected to
model elements which constitues context for these con-
straints.


This paper deals with the basic principles and pos-
sibilities of transformations of class models in UML
with constraints in OCL from the PIM level into PSM
one. To illustrate these principles we suppose the re-
lational database system as the platform, so the SQL


serves as the platform specific language. Transforma-
tions are to be described in such a way, that they can
be used by automated transformation tools.


Similar research can be found at [9, 2, 12]. These
tools provide support to OCL syntax checking, con-
straints evaluation for system snapshots and even gen-
erating of source code for connected model and con-
straints. The Software Engineering Group at the Tech-
nical University of Dresden develops the project called
the Dresdener OCL Toolkit [2, 12]. It transforms de-
scription from UML/OCL into SQL views, so this ap-
proach is very similar to ours, but the Dresdener OCL
Toolkit do not support all types of constraints and
their strict consequences.


This approach requires that applications will store
and load data only through generated views. This is
enforced by limited implementations of SQL DDL. All
production versions of SQL database management sys-
tems do not support subqueries in the integrity con-
straints descriptions in the SQL DDL. The solution
could be usage of triggers or views. In this paper we
deal with the usage of views. We are also studying
the translation into triggers, but these results will be
pressented in another paper due to the lack of space.


The Database Systems Group at the University
of Bremen develops the project USE [9]. USE (UML-
based Specification Environment) is a system for the
specification of information systems. It is based on
a subset of UML and OCL. A model can be animated
to validate the specification against non-formal
requirements. System states (snapshots of a running
system) can be created and manipulated during an
animation. For each snapshot the OCL constraints
are automatically checked. OCL expressions can be
entered and evaluated to query detailed information
about a system state. This tool uses a special lan-
guage USE as an intermediate language for the inter-
nal model representation.


The paper is structured as follows. Firstly, we de-
scribe transformations of classes, attributes and data
types. Section 3 defines the binary relationship and
its multiplicities. Transformation techniques for rela-
tionships with common multiplicity values is presented
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in section 4. Particular multiplicities and their trans-
formation is explained in section 5. Example of full
PIM transformation with relationships with particu-
lar multiplicity values is shown in section 6 and final
conclusions are given in section 7.


2 The transformation of classes


The conceptual data model on the PIM level is usu-
aly described by the combination of UML class dia-
grams, integrity constraints in OCL, and methods de-
scriptions also in OCL. The transformation into a re-
lational PSM level should start with the definition of
data types compatibility. Data types in OCL should
be substituted by SQL data types. OCL defines four
primitive data types - Integer, Real, String, Boolean.
The strightforward is the substitution of Integer and
String data types – corresponding types in SQL are
numbers and strings (particular names are dependent
on the type of RDBMS, e.g. INTEGER, CHAR,
VARCHAR2 in the case of Oracle RDBMS). The data
type Real can also be substituted by numbers in SQL
(e.g. by NUMBER(M,N) in Oracle). The last primi-
tive type should be simulated by a short string (of the
length 1, e.g. by CHAR(1) in Oracle).


A little bit complicated is the situation for com-
plex types. OCL enables to create collections – Col-
lection, Set, Bag, Sequence, and Tuple types. Here we
have miscelaneous possibilities. At first, we can refac-
tor PIM model in such a way, that the collections
are substituted by new classes and attributes of those
types by relationships to these classes. At second, we
can employ new special SQL:2003 data types as nested
tables, variable arrays etc.


Another possibility is the enumeration data type
– classes with the stereotype ≪enumeration≫. Enu-
meration data types can be transformed directly into
SQL CHECK constraints exploiting the operator IN.


After conversion of data types of attributes, we can
transform classes of the PIM model into tables in the
relational PSM model. Usualy, singular name of the
class (representing a data type) is converted into plu-
ral as a table – for example: the class STUDENT is
converted into the table STUDENTS. Attributes od
classes are converted into columns of tables.


3 The transfomation of relationships
and its multiplicities


The conceptual model uses entities or classes as the
representation of the types of objects, and associations
between them representing relationships between en-
tities. Relationships can be unary (properties of ob-
jects), binary (an association between two objects),


or n-ary (an association between n objects). It can
be proved, that n-ary relationships can be substituted
by (n-1) binary relationships without loss of general-
ity [11]. Therefore, we can elaborate only the binary
relationships.


Binary relationship is a connection between two
entities. It means instances of one entity can have a re-
lationship to an instance of the other one (however, it
can be the same entity as well).


Fig. 1. Labeling of minimal and maximal multiplicities of
a relationship in UML class diagram.


There are several types of relationship depending on
multiplicities of the relationship. The multiplicity de-
fines the number of instances connected to each other.
Fig. 1 shows general form of modeling binary relation-
ships using UML class diagram notation [4, 5, 1]. Mul-
tiplicities of the relationship are labeled by parameters
k, l, m and n with the following meaning:


– k represents minimal number of instances of
ClassA related to an instance of ClassB


– l represents maximal number of instances of
ClassA related to an instance of ClassB


– m represents minimal number of instances of
ClassB related to an instance of ClassA


– n represents maximal number of instances of
ClassB related to an instance of ClassA.


The minimal multiplicity of a relationship indicates
the obligation of an instance to be related to instance
or instances of the other type. Minimal multiplicity
equal to zero means that there is no obligation for
the source instance to be related to any instance of
the target type. On the other hand, when the min-
imal multiplicity is equal to one, it means that the
source instance must be related to at least one target
instance. The former is actually no restriction at all.
The latter is a restriction and it can be expressed using
OCL constraint as follows:


context a:ClassA inv minBdirect:


not a.b.oclIsUndefined()


for one-to-one relationship (n=1) or


context a:ClassA inv minBdirect:


not a.b->isEmpty()
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for one-to-many and many-to-many relationships
(n=*). With perspective of unidirectional relationship
usually used in PSM the constraint can be defined as
follows:


context a:ClassA inv minBreverse:


ClassB.allInstances()->


exists(b | b.a = a).


The maximal multiplicity of relationship indicates if
the instance can be related just to a single target in-
stance or to a set of target instances. The maximal
multiplicity of one stands for an instance of source
type being related to a single instance of target type,
while asterisk (* ) stands for a set of instances of tar-
get type related to a single instance of the source type.
The latter one is actually no restriction while the for-
mer is a restriction and it can be expressed using OCL
constraint as follows:


context a:ClassA inv maxBdirect:


a.b->oclIsTypeOf(ClassB)


or with perspective of unidirectional relationship as
follows:


context a:ClassA inv maxBreverse:


ClassB.allInstances()->


count(b | b.a->oclIsTypeOf(ClassA)).


However, minimal and maximal multiplicities can take
other values. We call such multiplicities particular ones
and deal with them in section 5.


4 The transformation of binary
relationships


In relational databases entities are represented by ta-
bles of rows, where rows represent instances of enti-
ties [11, 8]. Each row can be identified by a mechanism
called primary key, which ensures that each record
is identified by the nonempty unique key. Relation-
ships between instances of entities are represented by
a mechanism of foreign keys, which links a row in the
table (representing source entity) to a single row in
a table representing target entity – using the target’s
primary key.


The mechanism of foreign and primary keys brings
two main problems. Using this mechanism, any single
source row can refer just to a single target row, not
a set of rows, and therefore it can only realize one-to-
one or one-to-many relationship. This is in contrast
to conceptual modeling on PIM level where many-to-
many relationships are also possible (and very com-
mon). Second problem is that the connection repre-
sented by foreign key is unidirectional in contrast to
bidirectional relationships used in PIMs. That means
in PSM of relational database, source entity has direct


Fig. 2. a) PIM and b) PSM of one-to-one relationship with
one side required.


link to target entity while target entity does not have
direct link back.


However, according to Fig. 2 where the one-to-one re-
lationship is realized by foreign key referring from the
table Address to the table STUDENTS, this mecha-
nism automatically ensures that the maximal multi-
plicity of target entity in relationship is always equal
to one (l=1). Furthermore, we can determine the min-
imal target multiplicity to zero (k=0) by making the
foreign key nullable (i.e. it can be null, referring no
target table row) or to one (k=1) by making it not
nullable (i.e. must not be null, must refer some target
table row). Because the foreign key is unidirectional,
there is no restriction to the maximal multiplicity of
the source entity in relationship and it is implicitly
infinite. However, we can restrict it to one (n=1) by
making the foreign key unique.


There is no way to restrict the minimal multiplicity
of the source entity in the relationship (multiplicity m
in Fig. 1) using just the foreign key. [11] suggests using
on delete restrict clause for the foreign key. However,
this clause only restricts deletion but not existence of
related instance in general. Therefore we suggest defin-
ing a special constraint to restrict it to one (m=1)
if required. This constraint is defined in sections 4.1
and 4.2. There are also some other restrictions for the
realization by the foreign key mechanism depending
on the multiplicity of relationship described in sec-
tions 4.1, 4.2 and 4.3.


4.1 The transformation of 1-1 relationships


In one-to-one relationship the direction of the foreign
key differs depending on the minimal multiplicities of
the relationship. If both minimal multiplicities of the
relationship are equal to zero, the direction of the for-
eign key does not matter in this case.


If the minimal multiplicity of one side of the rela-
tionship is equal to one, the direction of the foreign key
realization is given as follows: the foreign key must be
not nullable and must refer from the table represent-
ing the not required entity referring to a primary key
in the table representing the required entity as shown
in Fig. 2b.
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If both minimal multiplicities of the relationship
are equal to one, the relationship is required by both
sides. In this situation there are two possible methods
to realize the required relationship in PSM for rela-
tional database: using single foreign key; or using pair
of reverse foreign keys.


Using single foreign key. In this case, the direction
of the foreign key does not matter again like in the
situation where both minimal multiplicities are zero.
Let’s consider the realization shown in Fig. 3a. To en-
sure minimal multiplicity k=1 while using only a single
foreign key the realization of the constraint defined in
Definition 3 is necessary to check for existence of the
other related instance.


Fig. 3. PSM of one-to-one both-side required relationship
with a) single foreign key and b) pair of foreign keys.


The OCL constraint can be realized in SQL as view
selecting records violating the multiplicity restrictions.
The constraint view for the situation in Fig. 3 can be
defined as follows:


CREATE VIEW violating_address AS


SELECT a.addressID FROM Address a


WHERE NOT EXISTS (


SELECT 1 FROM STUDENTS s


WHERE s.addressID = a.addressID);


This constraint can be also used to realize one-to-one
relationship with one side required using the foreign
key of reverse direction, i.e. the foreign key referring
from the table of the required entity to a primary key
in the table of the not required entity. In this case this
constraint must be defined to ensure required mini-
mal multiplicity in the opposite direction k=1 and the
foreign key is nullable to enable minimal multiplicity
m=0.


Using pair of reverse foreign keys. Another possi-
ble solution to ensure both minimal multiplicities k=1


and m=1 in one-to-one both-side required relationship
is using pair of reverse not null unique foreign keys as
shown in Fig. 3b. However, additional constraint must
be defined to make sure both foreign keys refer the
same instances, i.e. there is no circle of relations be-
tween a set of instances of both types. The constraint
can be defined in PIM in OCL as follows:


context s:Student inv notCircular:


s.add.std = s


In PSM for relational database the constraint can be
realized as view selecting records violating this con-
straint as follows:


CREATE VIEW violating_circular_students


AS


SELECT s.studentID


FROM STUDENTS s, Address a


WHERE s.addressID = a.addressID and


a.studentID <> s.studentID;


Single table realization of one-to-one relation-
ship. One-to-one relationship in general can be also
realized by a single table representing both related en-
tities. Such table contains all attributes of both enti-
ties and each row in such table stands for the whole
relationship of instances while in case of no instance re-
lated the attributes of not participating instance stay
null.


However, this realization violates the intention of
designer to represent the entities separately. If the de-
signer intends to realize the relationship in a single
table then he can make this transformation in PIM
already.


We prefer the realization using two separate tables
and relationship realized by single foreign keys with
additional constraints as described above.


4.2 The transformation of 1-N relationships


One-to-many relationship is realized in PSM for rela-
tional database using foreign key like in the realiza-
tion of one-to-one relationship. In this situation the
direction of the key is strictly defined by the maximal
multiplicities – the foreign key must refer from the
table representing the entity with higher multiplicity
(source) to the table representing the entity with max-
imal multiplicity of one (target). Transformed PSM for
the situation in Fig. 4a is shown in Fig. 4b.


Maximal multiplicity l=1 is ensured by the foreign
key mechanism. To enable maximal multiplicity of the
other side n=* the foreign key is not unique, so many
source rows can refer the same target row. If the target
entity is required in the relationship (i.e. the minimal
multiplicity of target is k=1), the foreign key must be
not null to ensure the requirement of being related to
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Fig. 4. a) PIM and b) PSM of one-to-many relationship.


at least one target record. Finally, if the source en-
tity type is required in the relationship (i.e. the min-
imal multiplicity of source entity is m=1), additional
constraint must be defined and realized as shown in
section 4.1.


The constraint can be realized in PSM for rela-
tional database by the following view selecting records
that violate the required multiplicity:


CREATE VIEW violating_years AS


SELECT y.yearID


FROM Year y


WHERE NOT EXISTS (


SELECT 1 FROM Term t


WHERE t.yearID = y.yearID);


4.3 The transformation of M-N relationships


It has been said before that relationships in relational
databases are realized by using foreign key which is
unidirectional and always refers only to a single row
in a table. To realize many-to-many relationship we
need to decompose the relationship into two one-to-
many relationships and an entity to represent the orig-
inal relationship (association entity) [11]. Minimal and
maximal multiplicities of the original relationship be-
come minimal and maximal multiplicities of the asso-
ciation entity in the appropriate one-to-many relation-
ship. Minimal and maximal multiplicity of the original
related entities become one in the relationship to the
association entity.


Fig. 5. PIM of many-to-many relationship.


Example of the decomposition of the relationship in
PIM level is shown in Fig. 5a and 5b. The many-
to-many relationship of entities Class and Registra-
tion has been decomposed to an entity JoinRegistra-
tionClass representing the relationship between a class
and a registration and two one-to-many relationships
of Class and JoinRegistrationClass and Registration
and JoinRegistrationClass.


After this decomposition the transformation for
both one-to-many relationships can be applied
as shown in section 4.2. The resulting realization of
the many-to-many relationship is shown in Fig. 5c.


5 Binary relationships with particular
multiplicity


We have presented methods to transform typical cases
of binary relationships from PIM to PSM for relational
database. We have defined constraints for typical min-
imal and maximal multiplicities of relationships and
their transformation to SQL views to select rows vio-
lating multiplicity constraints.


In many practical modeling situations the multi-
plicities of relationships in PIM are not restricted to
those typical situations mentioned before. The multi-
plicities can be more restrictive to define exact number
of instances being related together. We use the term
particular multiplicity for minimal multiplicity greater
than one or for maximal multiplicity other than * or 1.


The type of relationship and its transformation is
still defined by the maximal multiplicities as shown
in Section 4. To restrict the particular multiplicity,
additional constraints must be defined for minimal and
maximal multiplicities. Using the notation shown in
Fig. 1 with perspective of unidirectional realization of
relationships these constraints can be defined in OCL
as follows:


context a:ClassA inv minA:


ClassB.allInstances()->


count(b | b.a = a) >= m


for the minimal multiplicity restriction and


context a:ClassA inv minA:


ClassB.allInstances()->


count(b | b.a = a) <= n


for the maximal multiplicity restriction. If both min-
imal and maximal multiplicity of one side of a rela-
tionship are restricted to particular values, both con-
straints can be joined together into single constraint:


context a:ClassA inv minA:


ClassB.allInstances()->


count(b | b.a = a) >= m


& ClassB.allInstances()->


count(b | b.a = a) <= n
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5.1 Transformation of particular multiplicity
constraints


Relationships with particular multiplicities are trans-
formed to PSM for relational database the same way as
binary relationships with typical multiplicities as de-
fined and shown in section 4. Additionally, the defined
constraints must be realized in SQL to ensure required
multiplicity values. This can be done by defining views
selecting records violating the restricted multiplicities
as follows:


CREATE VIEW violating_years_minimal


AS


SELECT y.yearID FROM Year y


WHERE 2 > (SELECT count({*})


FROM Term t


WHERE t.yearID = y.yearID);


for the minimal multiplicity m=2 and


CREATE VIEW violating_years_maximal


AS


SELECT y.yearID FROM Year y


WHERE 2 < (SELECT count({*})


FROM Term t


WHERE t.yearID = y.yearID);


for the maximal multiplicity n=2. In this situation,
both minimal and maximal multiplicities are restricted
to particular values, so a single view can be defined
selecting records of years violating the restricted mul-
tiplicities generally:


CREATE VIEW violating_years AS


SELECT y.yearID FROM Year y


WHERE 2 <> (SELECT count({*})


FROM Term t


WHERE t.yearID = y.yearID);


6 An example transformation


To illustrate binary relationships between entities and
their transformations to PSM for relational database
we prepared an example of a small school system for
evidence of students and their registrations of classes
to set of terms. Students make a registration of four to
ten classes each term they study while each school year
consist of exactly two terms. Each student can make
eight registrations at most but, on the other hand, it
must be registered at least into one term to appear
in the system. Students may have address assigned
but there might be no addresses without a student
assigned. Fig. 6 presents UML class diagram[1] for the
PIM of the example.
We chose transformation of PIM to PSM using the
single foreign key to represent binary relationships be-
tween entities with additional constraints defined in


Fig. 6. PIM of the example.


Fig. 7. Transformed PSM of the example.


OCL a realized in SQL as views as shown in this pa-
per. The PSM is shown in Fig. 7 and the constraints
defined as follows:


context s:Student inv countRegistrations:


Registration.allInstances()->


count(r | r.std = s) >= 1 \&


Registration.allInstances()->


count(r | r.std = s) <= 8


for multiplicity from 1 to 8 of relationship between
Student and Registration,
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context y:Year inv countTerms:


Term.allInstances()->


count(t | t.year = y) = 2


for multiplicity 2 of relationship between Year and
Term, and


context r:Registration inv countClasses:


Class.allInstances()->


count(c | c.reg = r) >= 4 \&


Class.allInstances()->


count(c | c.reg = r) <= 10


for multiplicity from 4 to 10 of relationship between
Registration and Class.


In PSM the defined constraints are realized by
views selecting records violating multiplicity restric-
tions as follows:


CREATE VIEW violating_countRegistrations AS


SELECT s.studentID FROM STUDENTS s


WHERE (SELECT count({*})


FROM Registration r


WHERE r.studentID = s.studentID)


NOT BETWEEN (1,8);


for multiplicity from 1 to 8 of relationship between
Student and Registration,


CREATE VIEW violating_countTerms AS


SELECT y.yearID FROM Year y


WHERE (SELECT count({*}) FROM Term t


WHERE t.yearID = y.yearID) <> 2;


for multiplicity 2 of relationship between Year and
Term, and


CREATE VIEW violating_countClasses AS


SELECT r.registrationID


FROM Registration r


WHERE (


SELECT count({*})


FROM JoinRegistrationToClasses j


WHERE


j.registrationID = r.registrationID


)


NOT BETWEEN (4,10);


7 Conclusions


In this paper we presented transformations from PIM
to PSM for relational databases. We presented basic
principles of transformations for classes and relation-
ships according to their multiplicities. We also sug-
gested restrictions associated with the relationship re-
alization in PSM to ensure required minimal multi-
plicities in relationships. We defined these restrictions


in PIM using OCL constraints so automated tools can
use them for their transformations. We also presented
examples of transformation of such constraints to PSM
for relational databases as views selecting rows that
violate the required multiplicities.


We also defined particular multiplicities of rela-
tionships and their expression using OCL constraints.
We suggested its transformations to PSM for rela-
tional database and showed examples for illustration.
We also presented a full example of PIM transforma-
tion to PSM for relational database with required con-
straints as suggested and defined in the paper.
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Abstract. Estimation of distribution algorithms (EDAs)
have been developed as a recent kind of evolutionary algo-
rithms during the last fifteen years. Instead of generating
individuals through genetic operations (crossover, muta-
tion), they estimate distribution of solutions with higher fit-
ness evaluation: a model of such distribution is constructed
and this model is sampled to obtain a new population. In
todays EDA, graphical probabilistic and Gaussian models
are used most commonly, which are however either compu-
tationally infeasible or unrealistic in many real-world prob-
lems. Therefore, other kinds of models are appearing. In
this paper copulas are used to construct a model of the
distribution of feasible solutions. The copula-based EDA
(CEDA) is presented with several kinds of copulas, and
brief comparison with standard evolutionary algorithms is
provided.


1 Introduction


Estimation of distribution algorithms (EDAs) [10] rep-
resent a novel type of evolutionary algorithms (EAs).
They have many common aspects with the most pop-
ular EAs: genetic algorithms. Similarly to them, they
evolve a set of promising candidate solutions, a pop-
ulation of individuals. During each step, which is also
called a generation, a new set of individuals is gen-
erated and a part or the whole former population is
replaced according to some selection criterion.


However, the new individuals are in EDAs gen-
erated differently. Instead of genetic operators like
crossover and mutation, EDAs estimate the probabil-
ity distribution of the most promising solutions, and
new populations are obtained by random sampling
from this distribution. The current paper summarizes
existing kinds of EDAs and models for estimating the
probability distributions while focusing on the very
recent usage of copulas as a model of distribution.


The paper is divided in following sections. In the
next section, the general concept of EDAs is presented.


? This work was supported by the Grant Agency
of the Charles University (GA UK), grant number
278511/2011 (Lukáš Bajer), and by the Czech Science
Foundation (GA CR), grant number 201/08/0802 (Mar-
tin Holeňa).


The third section gives a brief overview of the differ-
ent variants of EDAs, and the Section 4 suggests future
development in this field with a special emphasis on
using copulas for expressing the joint probability dis-
tribution. In the last section, an experiment evaluating
the proposed solution is described.


2 Basic principles of EDAs


The overall structure of both the EAs and EDAs are
very similar. The general pseudo-code of EDAs is out-
lined in Alg. 1. Here, steps (1), (2) and (3) are the same
as in many evolutionary algorithms while steps (4)
and (5) are typical particularly for EDAs.


Algorithm 1 Estimation of distribution algorithm


1: P0 ← randomly generate m individuals
2: for k = 1, 2, . . . until a stopping criterion is met do
3: pool ← select n ≤ m individuals from Pk−1 accord-


ing to the selection method
4: pl(x) = p(x | pool) ← estimate the probability dis-


tribution of an individual based on the selected in-
dividuals (in pool)


5: Pl ← sample new population from pl(x)
6: end for


The main difference between EDAs and EAs lies in
the method how they generate new individuals accord-
ing to the previous generation. Whereas traditional
EAs, for example genetic algorithms, try to implicitly
combine building blocks representing promising parts
of genetic code of already found good solutions by ge-
netic operations (crossover, mutation) [7], EDAs try to
find correlations among variables in an explicit way.


These algorithms estimate the probabilistic distri-
bution of the input variables of solutions. In the fol-
lowing text, the term model will represent a formal
framework for estimating the joint probability distri-
bution of individuals. Having this model, generating
new individuals is relatively easy. However, estimating
of the distribution with the model is often a bottleneck
of EDAs; especially when the problem being solved is
hard and complex dependencies among variables have
to be determined.







58 Lukáš Bajer, Martin Holeňa


2.1 Probabilistic graphical models


The majority of present EDAs estimate the probability
distribution with probabilistic graphical models [10,
11, 18]. These models make use of a directed acyclic
graph (DAG) S (see Fig. 1 for an example). Each node
corresponds to one input variable Xi, and the arcs de-
fine dependencies between variables: for each node Xi


and the set of its parents PaSi = {Xj | Xj → Xi


is an arc}, the variable Xi and its non-descendants
nde(Xi) = {Xj : ¬∃ oriented path Xi → Xj} are con-


ditionally independent given the parents PaSi .


got up in time no traffic jam


train catched


good mood
for the day


slept well


Fig. 1. Structure of a Bayesian net.


Further, the models consist of a set of uncondi-
tional probabilities for all root nodes of S


ρ(Xi = xi | ∅,θi) (1)


and a set of conditional probabilities for other nodes


ρ(Xi = xi | paSi ,θi). (2)


Here, ρ denotes generalized probability distribution
which stands for mass probability p(Xi = xki ) for dis-
crete random variables and density function f(xi) for
continuous Xi. The distributions in (2) are given by
a set of values of Xi’s parents paSi , and θi is a finite
set of parameters of the generalized probability distri-
bution.


From the conditional (in)dependence defined by
the structre S, the factorization of the joint proba-
bility distribution of the variables can be expressed
as


ρ(x1, . . . , xn | θS) =


n∏
i=1


ρ(xi | paSi ,θi). (3)


The most frequent representatives of probabilis-
tic graphical models are Bayesian networks for dis-
crete variables and Gaussian networks for continu-
ous variables. While in case of Bayesian networks
the joint probability distribution can be written al-
most identically as in (3): p(x1, . . . , xn | θS) =


∏n
i=1 p(xi | paSi ,θi), Gaussian networks use the den-


sity function of normal distribution with nontrivial pa-
rameters


f(x1, . . . , xn | θS) =
∏n


i=1 φ(xi)


φ(xi) ∼ N(mi +
∑


xj∈Pai
bji(xj −mj), vi). (4)


The parameter mi denotes unconditional mean of Xi,
bji is a linear coefficient reflecting the strength of re-
lationship between variables Xj and Xi, and vi is the
variance of Xi given Pai.


3 Current variants of EDAs


Todays variants of EDAs can be distinguished accord-
ing to complexity of interactions among variables, and
different variants for discrete and continuous variables
have been developed.


The simplest algorithms consider all the vari-
ables independent. For discrete dimensions PBIL [2],
UMDA [15] and cGA [8] exist, UMDAc is a continuous
variant of the second one.


Algorithms whose variables are able to depend
on one predecessor are, for example, MIMIC [5],
COMIT [3], or BMDA [19].


Multiple dependencies are able to be expressed by
BOA (Bayesian Estimation Algorithm) and its vari-
ants [20] – probably the most vividly developing dis-
crete EDAs. Other multiple-dependencies-EDAs are,
for example, EBNA [6] or FDA [16]. Continuous ver-
sions are rather few but some of them exist: EGNA [9]
or rBOA [1].


4 Copulas as a probabilistic model for
EDAs


The concept of copulas is well-known among statisti-
cians. A copula is a function which combines two or
more uniformly distributed variables together


C(u1, u2, . . . , un), ui ∼ U(0, 1). (5)


Instead of uniformly distributed u1, . . . , un, uni-
variate inverse marginal distribution functions of arbi-
trary variables can be used. This usage forms a joint
multivariate distribution of these variables, as it is de-
scribed by Sklar’s theorem (see eqn. (6)).


More formally, the copula is a function C : [0, 1]n →
[0, 1] satisfying following conditions:


(a) C(x1, . . . , xn) = 0 whenever ∃i : xi = 0,


(b) C(x1, . . . , xn) = xj whenever ∀i 6= j : xi = 1, and


(c) C(x1, . . . , xn) is n-increasing.
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C-volume of a hyperrectangle B = [x1, y1] × . . . ×
[xn, yn] is defined as


VC(B) =
∑


z∈×n
i=1{xi,yi}


sgn(z)C(z)


where sgn(z) = (−1)#{k:zk=xk}. Further, C is
n-increasing if C-volume of all the hyperrectangles in-
cluded in [0, 1]n is non-negative (see [17] for details).


Especially from the condition (b) follows that
all the copula function have uniformly distributed
marginals. Typical example of copula is represented
on Fig. 2.
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Fig. 2. Gaussian copula function.


The important result of the Sklar’s theorem [17]
is that for any given joint distribution function
H(x1, . . . , xn) with marginals F1(x1), . . . , Fn(xn),
there exists an n-copula C such that for all
(x1, . . . , xn) ∈ [R ∪ {−∞,∞}]n


H(x1, . . . , xn) = C(F1(x1), . . . , Fn(xn)). (6)


Expressing or estimating marginal distributions
F1(x1), . . . , Fn(xn) from data is relatively easy. How-
ever, as the true distribution function H is usually
unknown and the Sklar’s theorem gives only existence
of the copula C, the correct variant of the copula func-
tion and its parameters have to be estimated.


4.1 Elliptical copulas


Utilizing copulas as a probabilistic model for EDAs has
appeared in the literature only recently [4, 21, 24, 25].
This integration is at the beginning of the development
and our aim is to develop this approach further.


Several kinds of copulas are distinguished in
the literature. The most famous are elliptical and
Archimedean families. While for the multivariate ellip-
tical Gaussian and t–copulas conventional maximum-
likelihood (ML) based methods for parameter estima-
tion exist, estimation and sampling of multivariate
Archimedean copulas require either hierarchical ap-
proach of nesting, or method using Laplace transforms
proposed by Marshall and Olkin [14].


The well-known member of the elliptical family is
the Gaussian copula


C(u1, . . . , un;ρ) = Φρ


(
Φ−1(u1), . . . , Φ−1(u1)


)
(7)


with multivariate normal (cumulative) distribution
function (CDF) Φρ (described by a covariance ma-
trix ρ) and inverses of univariate normal CDFs Φ−1.
Gaussian copulas belong to the most well-known kinds
of copulas. They attained their attention, for example,
in financial sector as a mean of modelling risks [12],
although the true contribution in this area is dis-
putable [13].


The second example of this elliptical family is the
t–copula which has very similar structure, but instead
of normal, Student’s t–distribution is used.


4.2 Our version of copula-based EDA


Using copulas as a probabilistic model for EDAs re-
quires (a) a method for estimating marginal distribu-
tions, (b) a method for fitting proper kind of copula
on the data (previously transformed by their corre-
sponding inverse marginal distribution functions), and
(c) a method for generating individuals from the fitted
copula. The crucial advantage of using copulas is that
parts (a) and (b) can be performed independently.


As was stated above, standard methods for (a) esti-
mating marginal distributions and (b) fitting Gaussian
and t–copula have already existed. In our experiment,
empirical estimation smoothed via kernels was used
for margins, and ML estimates served for assessing
parameters of the copulas.


Having the marginal distributions and the pa-
rameters of the multivariate Gaussian or Stu-
dent’s t–distribution, sampling (c) from these multi-
variate distributions is well-studied, too. All the steps
are summarized in the Alg. 2.


5 Experiment: Aerospace trajectory
optimization problem


The described copula learning and sampling algorithm
has been implemented in Matlab environment using
Statistical toolbox, and this part was integrated with
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Algorithm 2 Estimation and sampling from Gaus-
sian and t–copula


1: Input: matrix X ∈ Rn×p of selected individuals
m – the number of individuals to generate


2: F1(x1), . . . , Fp(xp) ← estimate marginal distribution
functions (CDFs) of p columns of X and their inverses
F−1
1 , . . . , F−1


p


3: covert x1, . . . , xp to U(0, 1) using inverse CDFs:
(u1, . . . , up)← (F−1


1 (x1), . . . , F−1
p (xp))


4: U ← (u1 · · ·up)
5: if Gaussian copula then
6: ρ ← estimate covariance matrix of normal CDF


from the matrix U
7: randomly generate m samples (s1, . . . , sm) ∼ Φ(0,ρ)
8: else if Student’s t–copula then
9: (Σ, df )← estimate Σ and the degree of freedom df


of t–distribution from the matrix U
10: randomly generate m samples (s1, . . . , sm) from


t–distribution
11: end if


12: S ←


 s1
...
sm



13: (y1, . . . , ym)← (F1(S·,1), . . . , Fp(S·,p))
14: return (y1, . . . , ym)


Mateda toolbox [22] which provides implementations
of several EDAs.


As a test function, we have chosen a “SAGAS”
problem from GTOP Database [23] – a black-box op-
timization problem of finding the best trajectory for
a spacecraft equipped with a chemical propulsion. The
results of CEDA with Gaussian and t–copula and com-
parison with EDA based on Gaussian networks are in
Tab. 1 (EDA with mixture of Gaussians and EGNA).
The objective values in the table represent consump-
tion of the spacecraft – the lower number the better.
All the experiments used a population of size 1000 and
ran for 30 generations.


Gaussian t–copula mixture of
CEDA CEDA Gauss. EDA EGNA GA


mean 1340.7 1341.8 1406.1 1401.5 1440.1
st. dev. 103.1 143.4 133.9 116.9 203.1


Tab. 1. Experimental results: the best achieved objective
values after 30 generations, average results from 30 runs of
algorithms.


The results in the table show that copula-based
EDAs outperformed not only a genetic algorithm, but
EDA with mixture of gaussians – standard method
provided for this task in the Mateda toolbox – and
EGNA – another common EDA with arbitrary Gaus-
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Fig. 3. Best objective function progress in first 30 genera-
tions.


sian networks (which are learned very slowly). Fur-
ther, Gaussian copulas give more stable results than
t–copula. Average progress of the best objective values
in the first 30 generations are on the Fig. 3.


6 Conclusion


The most important types of estimation of distribu-
tion algorithms were described in this paper; a special
emphasis was given on different kinds of probabilistic
models where different EDAs particularly differ from
each other. Special interest has been given to usage of
copulas as a novel kind of probablistic model, forming
a “copula-based” EDA – CEDA.


Performance of the proposed algorithms were
tested on a well-studied benchmark problem of
aerospace trajectory. Copula-based EDAs slightly out-
performed traditional EDAs as well as the genetic al-
gorithm.
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Abstrakt Dostupnost RDF dat na webu neustále
vzr̊ustá, a proto se zvyšuje potřeba systém̊u schopných
se nad těmito daty efektivně dotazovat. Za t́ımto účelem
prezentujeme možnost využit́ı platformy Bobox jako
výkonného paralelńıho prostřed́ı pro vývoj dotazovaćıho
systému nad RDF úložǐstěm dat. Pro tento účel jsme
implementovali interpret dotaz̊u v jazyce SPARQL, jehož
úkolem je překlad a generováńı


”
optimálńıch“ plán̊u


pro zpracováńı dotazu v systému Bobox. V této práci
prezentujeme popis zaj́ımavých, pro SPARQL specifických,
část́ı a předkládáme výsledky výkonnostńıch test̊u.


[3] je standardńım modelem slouž́ıćım k reprezentaci
strojově čitelných dat a jejich výměně na webu. Je
založený na popisu věćı pomoćı tvrzeńı ve formě
trojic. Tato tvrzeńı mohou být reprezentována rovněž
jako spojeńı dvou vrchol̊u, kde spojeńı reprezentuje
konkrétńı přǐrazeńı a vrcholy reprezentuj́ı objekt
a vlastnost (to může být daľśı objekt). Takto je
možné vybudovat komplexńı graf reprezentuj́ıćı
uložená data. RDF umožňuje mixováńı strukturo-
vaných a semi-strukturovaných dat a jejich sd́ıleńı
mezi r̊uznými aplikacemi. Pro dotazováńı se nad RDF
daty slouž́ı populárńı dotazovaćı jazyk SPARQL,
který má status W3C doporučeńı. V tomto jazyce je
možné zadat určitý grafový vzor, podle kterého se
provede výběr odpov́ıdaj́ıćıch dat z RDF grafu.


Systém Bobox [4] je framework navržený pro vývoj
aplikaćı určených ke zpracováńı velkého množstv́ı dat
v paralelńım prostřed́ı. Hlavńı myšlenka je založená
na rozděleńı vstupńı úlohy na d́ılč́ı úlohy, které je
možné zpracovávat paralelně. Úkolem vývojáře je
implementace front-endu a exekučńıch část́ı - tzv.
krabiček. Front-end je část systému, která rozumı́
požadavk̊um na tvořenou aplikaci, je schopná tyto
požadavky vhodně rozdělit a vytvořit plán jejich
zpracováńı. Samotné zpracováńı je vykonáváno
v samostatných jednotkách - krabičkách, které vy-
konávaj́ı obyčejně jednoduché úkoly na vstupńıch
datech. Řı́zeńı paralelńıho zpracováńı krabiček na
základě dostupnosti dat na jejich vstupech je úkolem
back-endu - ř́ıd́ıćı části v Boboxu. Tv̊urce krabiček
se tedy nemuśı starat o problémy jako synchronizace,


⋆ Článek byl podporován Grantovou agenturou Univerzity
Karlovy, projekty č. 277911 a č. 28910, a grantem SVV-
2010-261312


plánováńı nebo souběh, což značně usnadňuje vývoj
ćılových aplikaćı.


V práci prezentujeme využit́ı platformy Bobox
jako základ nástroje pro efektivńı vyhodnocováńı
SPARQL dotaz̊u. Ty jsou vyhodnocovány nad in-
memory RDF úložǐstěm, reprezentovaným tabulkou
trojic. Provedli jsme prvńı výkonnostńı testy. Ty
byly provedeny na sadě testovaćıch funkćı a datech
vygenerovaných nástrojem z testovaćı platformy
SP2Bench [1].


Práce je strukturovaná následovně: Kapitola 2
popisuje schéma SPARQL překladače a postup
zpracováńı dotazu pomoćı nich. Kapitola 3 se věnuje
propojeńı překladače (front-endu) a výkonné části
(back-endu). Dále se věnuje problému reprezentace
RDF trojic a komunikace mezi krabičkami. Na-
konec se věnuje popisu implementace existuj́ıćıch
SPARQL krabiček. Kapitola 4 prezentuje provedené
experimenty a jejich výsledky. V kapitole 5 je shrnut́ı
dosažených výsledk̊u a možnost́ı daľśıho pokračováńı.


1 Souvisej́ıćı práce


Práce navazuje na práci na systému Bobox [4], avšak
tentokrát s primárńım zaměřeńım na použit́ı Boboxu
jako úložǐstě sémantických dat. Dále se zaměřuje na
aktuálńı zp̊usob provázáńı front-endu s back-endem
na př́ıkladě využit́ı Boboxu jako (in-memory) úložǐstě,
k němuž se přistupuje pomoćı dotazovaćıho jazyka
SPARQL. Překlad dotaz̊u na exekučńı plány je
rozš́ı̌ren o optimalizaci s ohledem na jejich zpracováńı
v Boboxu [5].


V současné době jsou ve vědecké komunitě pro do-
tazováńı nad RDF daty použ́ıvány hlavně systémy Se-
same [9] a Jena [10]. V obou př́ıpadech jde o kom-
plexńı řešeńı vytvořené v jazyce Java, které řeš́ı nejen
SPARQL dotazováńı, ale i daľśı problémy při práci
s RDF daty.


2 Překladač


Zpracováńı SPARQL dotazu je prováděno postupně
v několika kroćıch tak, jak je to znázorněné na Obr. 1.
Prvńı skupina krok̊u je provedena front-endem,
který je tvořen překladačem SPARQL dotaz̊u [5]. Zde
docháźı k analýze dotazu, jeho rozděleńı na d́ılč́ı úlohy
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a vytvořeńı optimálńıho exekučńıho plánu vzhledem
k použitým heuristikám a dostupným implementaćım
zpracováńı d́ılč́ıch úloh. Jednotlivé kroky jsou stručně
popsané v následuj́ıćıch podkapitolách. Vygenerovaný
plán je posléze předán back-endu, kde je použit k ini-
cializaci pipeline tvořené specializovanými krabičkami
a provedeńı výpočtu.


Back-end


Front-end
Dotaz


Parsování


Přepisování


Generování plánu 


zpracování


Zpracování plánu


Metody


Zdroje Ohodnocování


Statistiky


Obr. 1. Struktura překladače.


2.1 Parsováńı


Tento krok je tvořen syntaktickou a lexikálńı analýzou
dotazu a přidržuje se W3C doporučeńı. Výsledkem
je model, který reprezentuje grafové vzory dotazu se
zachováńım hierarchie mezi skupinovými grafovými
vzory (tj. grafovými vzory, které obsahuj́ı daľśı grafové
vzory, jednoduché nebo opět skupinové). Uspořádáńı
mezi grafovými vzory, které tvoř́ı skupinu, je volné.
Toto uspořádáńı je vhodné pro následuj́ıćı optima-
lizačńı fáźı, kde se může optimalizace zaměřit jenom
na optimalizaci v rámci jednotlivých skupin.


2.2 Přepisováńı


Přepisováńı dotazu se skládá ze sady pevně daných
přepisovaćıch pravidel. Ta slouž́ı k úpravě p̊uvodńıho
dotazu na dotaz, který je sice ekvivalentńı, z hle-
diska výstupu, ale očekává se, že umožńı vytvořeńı
efektivněǰśıho plánu zpracováńı. Př́ıkladem může
být zplošt’ováńı dotazu nebo propagace filtr̊u. Před
aplikaćı jednotlivých pravidel je vždy nutné ověřit
podmı́nky korektnosti, aby nedošlo k porušeńı ekviva-
lence výsledk̊u. Jedná se pouze o optimalizačńı krok
a reprezentace dat se v tomto kroku nijak neměńı.


2.3 Generováńı plánu zpracováńı


Ćılem tohoto kroku je transformace vstupńıho
grafového modelu dotazu na plán zpracováńı. Trans-
formace zahrnuje výběr konkrétńıch implementaćı
operaćı, které se maj́ı využ́ıt k vykonáńı operaćı
jednotlivých grafových vzor̊u dotazu, a definováńı
přesného pořad́ı vykonáńı těchto operaćı. Implemen-
tace je rozš́ı̌rena o optimalizačńı algoritmy, jejichž
účelem je hledáńı optimálńıho plánu zpracováńı.
Ty jsou založené na volbě uspořádáńı operaćı join
a volbě vhodných atomických operaćı. Informace
o dostupných metodách a zdroj́ıch jsou źıskávány
z odpov́ıdaj́ıćıch část́ı systému (na Obr. 1 jsou
zobrazeny jako krabičky Metody a Zdroje).


Kvalita jednotlivých plán̊u je určena jejich cenou
źıskanou v ohodnocovaćı části. Tato část využ́ıvá sta-
tistiky, které jsou spoč́ıtané pro uložená data. Protože
prohledávaný prostor všech plán̊u může být enormńı,
jsou aplikovány heuristiky na jeho redukci a urych-
leńı běhu překladu i za cenu zvoleńı neoptimálńıho
plánu. Z heuristik uved’me např́ıklad preferenci
left-deep stromů nebo vyhýbáńı se kartézským
součin̊um. Výsledný plán je reprezentován SQGM
modelem [6]. Ten již definuje konkrétńı d́ılč́ı operace
a jejich uspořádáńı vedoućı k vyhodnoceńı samotného
dotazu.


3 Provázáńı front-end a back-end


Aby mohl být dotaz vyhodnocen, je nutné plán zpra-
cováńı serializovat do textové formy a ten spolu s im-
plementaćı jednotlivých krabiček předat back-endu.
Ačkoliv by se mohlo zdát, že serializace a deseriali-
zace plánu je zbytečný a neefektivńı krok, má několik
výhod oproti jiným zp̊usob̊um:


– Textová podoba nemá žádnou vazbu na konkrétńı
programovaćı jazyk, takže vývoj nových
překladač̊u pro Bobox neńı vázán pouze na
C++, ve kterém je naprogramovaný back-end.


– Nově vyv́ıjené překladače mohou v plánech gene-
rovat krabičky, které ještě nemuśı být implemento-
vané. To umožňuje implementovat a testovat ko-
rektnost překladu nezávisle na stavu implemen-
tace krabiček.


– Po zavedeńı podpory Boboxu pro distribuovaná
prostřed́ı, je snazš́ı přenášet textovou reprezentaci
modelu, než např. binárńı, kde může být problém
s r̊uzným formátováńım a kódováńım dat, resp.
s referenčńımi typy.


– Jazyk pro serializaci modelu má velmi jednodu-
chou a úspornou syntaxi, takže př́ıpadná seriali-
zace a deserializace je mnohem rychleǰśı než při
použit́ı např. XML.
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Back-end nejdř́ıve deserializuje plán zpracováńı
a instanciuje jednotlivé krabičky, ty jsou následně
pospojovány hranami. Poté je zahájen proces vyhod-
nocováńı.


3.1 Reprezentace RDF termů v Boboxu


Každý RDF term může nabývat hodnot mnoha
r̊uzných typ̊u. Je tedy nutné uchovávat spolu s hod-
notou termu i jeho datový typ. Typy reprezentujeme
obyčejným výčtem, ve kterém jsou vyjmenovány
běžně použ́ıvané typy jako nevázaná proměnná,
řetězec, URI, č́ısla atd. Pro nestandardńı typy je
vyhrazen tzv. uživatelský typ, který je doplněný
o název typu v textové podobě.


Celoč́ıselné hodnoty jsou uchovávány jako
64b proměnné, reálná č́ısla pak jako datový typ
double. Všechny ostatńı hodnoty jsou uchovány
jako řetězce. Protože SPARQL je dotazovaćı jazyk,
při kterém žádné nové termy nevznikaj́ı (až na
výjimky popsané dále) a ani nezanikaj́ı, rozhodli jsme
se udržovat obsah databáze zahashovaný a mı́sto
text̊u si pamatovat pouze jejich unikátńı kĺıče. Tento
postup výrazně sńıž́ı množstv́ı paměti potřebné pro
uložeńı databáze (velké množstv́ı řetězc̊u se v RDF
databáźıch typicky opakuje). Rovněž urychĺı samot-
nou práci s daty, nebot’ neńı potřeba tolik př́ıstup̊u
do operačńı paměti a např. pro test na shodu dvou
řetězc̊u stač́ı porovnat jejich kĺıče.


Výsledkem SPARQL dotazu sice nejsou žádné
nové řetězce (pouze řetězce uložené v databázi), ale
během samotného vyhodnocováńı mohou vznikat
dočasné termy (např. při vyhodnocováńı filtrovaćıch
podmı́nek). Nebylo by př́ılǐs efektivńı tyto dočasné
termy hashovat, nebot’ maj́ı velmi krátkou životnost.
Při práci s nezahashovanými řetězci je ale nutné dávat
pozor, aby korektně fungovalo porovnáńı na shodu
dvou řetězc̊u, nebot’ už neńı možné porovnávat kĺıče,
ale je nutné provést standardńı porovnáńı po znaćıch.


3.2 Komunikace mezi krabičkami


Jediným komunikačńım prostředkem mezi krabičkami
jsou tzv. obálky, které si mohou krabičky pośılat
podél hran v exekučńım plánu. Každá obálka ob-
sahuje určitý počet sloupc̊u a určitý počet řádk̊u.
Sloupce odpov́ıdaj́ı proměnným z dotazu a hodnoty
v řádćıch odpov́ıdaj́ı jejich možným hodnotám.
Např́ıklad krabička, která má nač́ıst obsah celé
databáze, bude generovat obálky, které budou mı́t
tři sloupce (podmět, vlastnost, předmět) a v řádćıch
budou uloženy hodnoty jednotlivé trojice. Protože se
typicky celá databáze do jedné obálky nevejde, jsou
zbylá data pośılána postupně v daľśıch obálkách.


Počet řádk̊u obálky je zvolen tak, aby jej́ı celková
velikost byla rovna zhruba polovině velikosti L2 cache
systému, nebot’ při takové hodnotě je dle měřeńı vy-
hodnocováńı nejrychleǰśı.


Kromě datových obálek existuj́ı ještě tzv. otrávené
obálky. Ty jsou odeśılány vždy po posledńı datové
obálce jako př́ıznak konce datového proudu.


3.3 Implementace krabiček


V době psańı článku je sice implementována množina
všech potřebných operaćı pro vyhodnocováńı libo-
volných dotaz̊u, ale některé tyto operace zat́ım nejsou
př́ılǐs optimalizované.


Vstupńı krabičky Tyto krabičky jsou implemento-
vané poměrně př́ımočaře. Pokud má krabička nač́ıst
obsah celé databáze, pak jej postupně nač́ıtá a odeśılá
dále. Pro př́ıpad, že se jedná o dotaz na shodu
v některých složkách RDF trojice, udržujeme obsah
databáze indexovaný. Pro každý typ termu (podmět,
vlastnost, předmět) a pro každou jeho možnou
hodnotu jsou během nač́ıtáńı databáze uložena č́ısla
řádk̊u, na kterých se tato hodnota vyskytuje. Dı́ky
tomu může krabička velmi rychle určit množinu
řádk̊u, na které se požadované termy nacházej́ı, a tyto
řádky odeslat na výstup.


Filtrovaćı krabička Ćılem filtrovaćı krabičky je od-
stranit ze vstupu ty řádky, které nesplňuj́ı zadanou
podmı́nku. Podmı́nkový výraz dostává krabička seri-
alizovaný v prefixové formě, takže je velmi snadné ji
nač́ıst a pro jej́ı vyhodnoceńı použ́ıt návrhový vzor
Interpreter [7].


Spojeńı V jazyce SPARQL existuj́ı dva typy ope-
race spojeńı – Join a LeftJoin. Obě ze začátku pracuj́ı
shodně. Hledaj́ı takové dvojice řádk̊u, které lze spo-
jit, poté nad nimi vyhodnot́ı zadanou podmı́nku (to
je provedeno stejným zp̊usobem, jako v př́ıpadě fil-
trovaćı krabičky) a pokud je výraz splněn, je spojeńı
vloženo do výstupu.


Jakmile skonč́ı vstup, jsou v př́ıpadě operace
LeftJoin všechny řádky z levého vstupu, které nebyly
spojeny s žádným pravým řádkem, rovněž odeslány
na výstup. Podle definice jsou proměnné, které měly
pocházet z pravého vstupu, nastaveny jako nevázané.


V současnosti je implementovaný pouze algoritmus
nested-loops join, což dělá z operace spojeńı úzké hrdlo
celého systému. V brzké době plánujeme implemento-
vat efektivněǰśı algoritmus merge join.
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Tř́ıděńı Tř́ıděńı je d̊uležitá operace, nebot’ neslouž́ı
pouze pro setř́ıděńı celého výstupu, ale rovněž pro
setř́ıděńı dat, která vstupuj́ı do krabičky typu merge
join. Stávaj́ıćı implementace pr̊uběžně ukládá vstupńı
data, po př́ıjmu otrávené obálky setř́ıd́ı všechny přijaté
řádky a poté začne odeśılat setř́ıděný výstup.


Bohužel je tento zp̊usob poměrně nevhodný, ne-
bot’ během samotného tř́ıděńı žádná z krabiček, která
záviśı na výstupu tř́ıd́ıćı krabičky, neprovád́ı žádnou
činnost. Proto plánujeme implementovat algoritmus,
který by co nejv́ıce sńıžil dobu mezi přijet́ım otrávené
obálky a odesláńım prvńı výstupńı, t́ım se sńıž́ı doba
celého výpočtu.


Ostatńı krabičky Ostatńı krabičky jsou implemen-
tované př́ımočaře a již neplánujeme, že bychom je dále
vylepšovali.


4 Experimenty


Implementaci SPARQL front-endu a krabiček jsme
podrobili řadě experiment̊u, s jejichž pomoćı jsme
ověřovali funkčnost navrhovaného řešeńı. Překladač
byl testován na účelnost optimalizace plánu a byly
provedeny testy rychlosti zpracovańı pro jednotlivé
testovaćı dotazy.


4.1 Konfigurace experiment̊u


K otestováńı výkonu implementace jsme použiti plat-
formu SP2Bench[1], která poskytuje generátor DBLP
specifických dat a sadu komplexńıch testovaćıch do-
taz̊u. Tato platforma je určena k testováńı výkonu vy-
hodnocováńı dotaz̊u v jazyce SPARQL.


Celý systém je napsaný v jazyce C++ a byl kompi-
lovaný jako release verze. Provedené experimenty byly
vykonány na systému Redhat Enterprise Linux 6.0 na
systému s dvěmi procesory Intel Xeon E5310, 1,60Ghz
(L1-cache: 32kB + 32kB, L2-cache: 2x4MB sd́ılená)
a 8GB RAM.


Jednotlivá měřeńı jsme provedli na vstupńıch
datech o velikostech 10k, 50k, 250k a 1M RDF trojic.
Testovaná data byla uložena v paměti, takže odpadl
problém s nutnost́ı uvažovat pomalost př́ıstupu
k disk̊um. Pro vyhodnoceńı každého požadavku
byl nastaven časový limit na 30 minut. Úspěšnost
jednotlivých test̊u zachycuje Tab. 1. Každé měřeńı
bylo provedeno třikrát a jako výsledek jsme použili
aritmetický pr̊uměr z naměřených hodnot.


Pro vyjádřeńı času běhu jednotlivých test̊u
jsme použili stejnou metodiku, která byla použita
v SP2Bench [1]. Časy jednotlivých test̊u jsou
tedy vyjádřeny jako user time (usr), system time
(sys) a time (tme). User time vyjadřuje čas běhu


1 2 3 4 5 6 7 8 9 10 11
a b c a b


10k + + + + + + + + + + + + + +


50k + + + + + + + + + + + + + +


250k + + + + + T + + + + T + + +


1M + + + + + T + + T T T T + +


Tab. 1. Úspěšnost běhu test̊u pro jednotlivé velikosti dat:
+ test proběhl úspěšně, T - test byl ukončen protože
přesáhl nastavenou dobu běhu.


v uživatelském módu systému, system time je čas
strávený v jádře systému a time je celkový čas
běhu aplikace. Je nutné poznamenat, že experimenty
byly provedeny na v́ıcejaderném systému a že jádro
systému Linux sč́ıtá usr a sys časy jednotlivých
jader. Proto může nastat situace, že součet čas̊u
usr+sys bude v́ıce než samotný čas běhu tme.


4.2 Testovaćı dotazy


Úspěšnost zpracováńı dotaz̊u je zachycena v Tab. 1.
Jak je vidět, při velikosti dat 1M záznamů už
implementace nest́ıhala časový limit 30 min. To
je zp̊usobeno t́ım, že dané dotazy provád́ı veliké
množstv́ı operaćı join, která je v současném stavu im-
plementovaná je jako nested-loops join. Očekáváme,
že po implementaci efektivněǰśı verze této operace,
např́ıklad merge joinu, se doba vykonáńı většiny
těchto dotaz̊u vejde do časového limitu. V po-
rovnáńı s daty naměřenými v práci [1] dosahujeme
porovnatelné úspěšnosti zpracováńı.


Grafy na Obr. 2 znázorňuj́ı časy běh̊u pro jednot-
livé dotazy a velikosti dat. Dotazy Q12abc nejsou za-
hrnuty, protože při testech jsme se zaměřili na dotazy
typu SELECT. Pro kombinace, které překročili hra-
nici časového limitu (Tab. 1), nejsou zobrazeny žádné
výsledky. Nyńı rozebereme některé dotazy.


Začneme nejproblematičtěǰśımi dotazy Q4 a Q8.
Dotaz Q4 se ukázal jako problematický, protože se
nevejde do časového limitu již při 250k záznamů. Tady
se ukazuje, že implementace operace pomoćı jenom
pomoćı nested-loops joinu je nedostačuj́ıćı pro dotazy,
které vytvář́ı dlouhé řetězce pracuj́ıćı s velikým
objemem dat. Obdobným př́ıpadem je i dotaz Q8
a částečně i Q7, kde se doporučuje znovupoužit́ı
výsledku poddotaz̊u, které vraćı stejné výsledky,
jenom s jinak pojmenováńımi proměnnými). To je
ovšem problematické v systému Bobox, kde vzhledem
ke zp̊usobu ř́ızeńı zpracovańı podle dostupnosti dat
na vstupech a pozastaveńı zpracováńı v př́ıpadě
přeplněńı vstupńıch vyrovnávaćıch pamět́ı krabiček
hroźı uv́ıznut́ı výpočtu.
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Obr. 2. Výsledky měřeńı běhu jednotlivých dotaz̊u nad daty velikosti 10k, 50k, 250k a 1M.


V př́ıpadě nerovnoměrných délek větv́ı zpra-
cováńı, může doj́ıt k zahlceńı vstupu kratš́ı větve na
join krabičce spojuj́ıćı tyto větve a dojde k zasta-
veńı výpočtu až do sd́ılené krabičky. Tato sd́ılená
krabička pak nedodá daľśı data pro deľśı větev. Takže
pokud dokud join krabička nedostane dostatečná
vstupńı data k provedeńı operace, výpočet z̊ustane
zablokován.


Tento problém plánujeme vyřešit použit́ım
speciálńıch krabiček, které se budou chovat jako
potenciálně nekonečná vyrovnávaćı pamět’ obálek.
Pokud se tyto krabičky umı́st́ı před vstupy kri-
tické krabičky join, nenastane zmı́něný problém
a k zablokováńı výpočtu nedojde.


Dotazy Q5a a Q5b poč́ıtaj́ı stejný výsledek, avšak
Q5a definuje implicitńı join, kdežto Q5b explicitńı.
I když naše řešeńı nepropaguje rovnost z implicitńıho
joinu proměnných až k základńım grafovým vzor̊um,
optimalizačńı algoritmus zvolil plán, který se vyhýbá
kartézským součin̊um a je výkonově ekvivalentńı plá-
n̊um pro Q5b.


5 Závěr


V práci jsme prezentovali napojeńı překladače do-
taz̊u jazyka SPARQL na systém Bobox a výsledky
prvńıch výkonnostńıch test̊u. Ukazuje se, že op-


timalizace poskytuje uspokojuj́ıćı výsledky při
složitěǰśıch dotazech a při jednoduchých je zpoma-
leńı kv̊uli jej́ımu provedeńı zanedbatelný. Výsledky
test̊u zpracováńı testovaćıch dotaz̊u jsou v mnoha
př́ıpadech povzbudivé a to i vzhledem k implementaci
jenom základńıch, a tud́ıž pomaleǰśıch metod zpra-
cováńı některých operaćı. Taktéž jsme na některých
př́ıkladech identifikovali některé problémy, které se
budeme snažit odstranit. S postupným rozšǐrováńım
implementace budeme provádět také provádět v́ıce
detailńı testy a taktéž provedeme porovnáńı s daľśımi
nástroji pro ukládáńı a př́ıstup k sémantickým dat̊um,
jako jsou např́ıklad Sesame nebo Virtuoso.
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Redukční automaty a syntaktické chyby⋆


Martin Procházka and Martin Plátek
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Abstrakt V našem příspěvku postupně zavádíme rozší-


ření redukčních restartovacích automatů o tzv. neukotvená


pravidla. Tohoto rozšíření využíváme pro vyhledávání syn-


taktických chyb a zotavení z nich. Vyhledávány jsou zde dva


typy chyb: chyby vzhledem ke korektnímu prefixu a nejbližší


chyby za speciálními symboly. Tyto symboly nazýváme hla-


vičkami. Výhodou zkoumaných typů chyb je, že umožňují


přesnou lokalizaci na jediném místě a práci bez falešných


chybových hlášek.


1 Redukční automat


Tato práce předpokládá u čtenáře základní znalosti
z teorie formálních automatů a jazyků, které může
český čtenář nalézt např. v [1]. Redukční automat vy-
chází z restartovacích automatů. Restartovací automat
byl poprvé představen v [2] jako zařízení vhodné pro
popis syntaxe jak formálních, tak i přirozených jazyků.
Definice restartovacího automatu vychází z představy
redukční analýzy, tj. postupného zkracování analyzo-
vaného řetězce tak, že je zachována jeho chybnost
a u deterministické verze automatu i jeho bezchybnost.
V původní definici je zkracování řetězce uskutečňo-
váno odstraňováním některých jeho symbolů. Přitom
vzdálenost symbolů odstraněných při jednom zkrá-
cení analyzovaného řetězce je pro daný automat ome-
zena konstantou. Tento základní způsob zkracování
je v pozdějších verzích restartovacího automatu roz-
šířen na přepisování omezeného podřetězce analyzova-
ného řetězce jiným, kratším podřetězcem. V jednoduš-
ší verzi se používají pouze symboly vstupní abecedy,
v obecnější verzi je dovoleno pracovat i se symboly
pomocné abecedy.


Syntaktická analýza prováděná postupným zkraco-
váním vstupního řetězce je poměrně přirozená. Ukaž-
me si to na aritmetickém výrazu a + ( ( a ) + a ):


a + ( ( a ) + a )


( ( a ) + a )


( a + a )


( a )


a


V této práci se budeme většinou zabývat automa-
tem, který pouze odstraňuje symboly obsažené v ana-
lyzovaném slově. Takovými automaty je totiž možné,


⋆ Tato práce vznikla v rámci projektů P202/10/1333
a P103/10/0783 agentury GAČR.


jak uvidíme později, charakterizovat deterministické


bezkontextové jazyky, o které nám půjde především.
Redukční automat si můžeme představit jako žáka,


který provádí větný rozbor. Takový žák čte zadanou
větu zleva doprava, jedno slovo po druhém. Aby se ve
větě neztratil, ukazuje si v ní prstem. O přečtené části
věty si dělá poznámky na kus papíru.


Žák postupuje takto: Nejprve si prstem ve větě
ukáže na první dosud nepřečtené slovo, toto slovo si
přečte a přepíše podle něho poznámku na svém po-
známkovém papíře. Některé z poznámek na papíře ma-
jí zvláštní význam. Podle jedné z nich žák větu pro-
hlásí za bezchybnou, podle jiné jí prohlásí za chybnou
a podle dalších větu zkrátí a s čistým kusem papíru
ji začne číst znovu od začátku. Zkrácení věty provede
tak, že z ní odstraní několik slov pod a nalevo před
ukazovákem. Vzdálenost všech odstraněných slov od
ukazováku je přitom omezená nějakou konstantou.


Představu žáka provádějícího větný rozbor zforma-
lizujeme redukčním automatem. Redukční automat vy-
chází z restartovacího automatu zavedeného v [2]. Pře-
jímá od něho princip zkracování vstupního slova a no-
vého spouštění výpočtu nad zkráceným slovem. Přesu-
nutím informace obsažené u restartovacího automatu
ve výhledovém okně do řídící jednotky se redukční au-
tomat přibližuje automatu konečnému. Zjednodušeně
můžeme říci, že redukční automat je konečný automat
rozšířený o možnost zkrácení vstupního slova a nového
spuštění výpočtu.


Redukční automat vidíme na obrázku 1. Automat
zpracovává seznam položek. První resp. poslední po-
ložka seznamu v sobě vždy nese levý omezovač « resp.
pravý omezovač », všechny ostatní položky obsahují
symbol vstupní abecedy různý od obou omezovačů


« a aa a +++ (( ) ) »
0 1 2 3 4 5 6 7 8 9 10 11 12


s


pracovní hlava


řídící jednotka


řetězec


Obr. 1: Redukční automat.
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Obr. 2: Zkrácení pracovního seznamu.


a přirozené číslo, které nazýváme pozicí položky v se-
znamu. Pozice položek zleva doprava tvoří rostoucí
posloupnost, pozice žádné položky se během výpočtu
nemění. Redukční automat se stejně jako automat ko-
nečný skládá z řídící jednotky a pracovní hlavy. Řídící
jednotka v sobě nese stav automatu, pracovní hlava
napojená na řídící jednotku snímá vždy jednu položku
pracovního seznamu. Svou práci začíná automat v po-


čátečním stavu s pracovní hlavou nad první polož-
kou seznamu (obsahující levý omezovač «). V každém
kroku výpočtu automat nejprve přesune svou hlavu
směrem doleva na následující položku seznamu a ná-
sledně změní stav podle svého současného stavu a po-
dle právě snímaného symbolu. Nový stav určí pomocí
přechodové funkce. Není-li nový stav koncový, pokra-
čuje automat ve výpočtu dalším krokem zleva doprava.
Koncový stav znamená buď ukončení výpočtu, nebo
zkrácení seznamu, návrat hlavy na první položku se-
znamu a přechod do počátečního stavu. Koncové stavy
jsou následující:


ACC – přijímající stav. Přechod do tohoto stavu zna-
mená ukončení výpočtu a přijetí slova obsaženého
v pracovním seznamu.


ERR – zamítající stav. Přechodem do tohoto stavu
automat ukončuje výpočet zamítnutím zpracová-
vaného slova.


RED(n) – redukční stav. Po přechodu do tohoto stavu
automat zkrátí pracovní seznam, přesune svou
pracovní hlavu na jeho začátek a převede
svou řídící jednotku do počátečního stavu. Řetě-
zec n∈(10∗)+ nazýváme redukční řetězec. Určuje,
které položky automat odstraní ze seznamu. Je-li
i-tý symbol řetězce n zprava roven 1, pak auto-
mat odstraní i-tou položku seznamu počítáno od
položky pod pracovní hlavou směrem doleva (po-
ložku pod pracovní hlavou přitom počítáme jako
první). Příklad zkrácení slova a+ a+ ((a)) + a


podle redukční posloupnosti 101 vidíme na ob-
rázku 2.


Koncové stavy vždy končí určitou etapu výpočtu auto-
matu. Etapou myslíme libovolnou část výpočtu, kte-


rou automat začíná v počátečním stavu nad první po-
ložkou seznamu, a která končí, jakmile se automat do-
stane do libovolného koncového stavu.


Formálně definujeme redukční automat M jako
sedmici


M = (ΣM , «, », SM , sM , FM , δM ),


kde ΣM je konečná vstupní abeceda, «, » 6∈ ΣM je levý
resp. pravý omezovač vstupního slova, SM je konečná
množina stavů, sM ∈SM je počáteční stav, FM je ko-
nečná množina koncových stavů, δM :SM×(ΣM ∪{»})
−→ SM ∪ FM je přechodová funkce.


Abychom si usnadnili zavedení pojmu redukce roz-
šíříme množinu RED-stavů na neomezenou množinu
RED-situací:


F ∗
M = FM ∪ { RED(n · 0m) | m ≥ 0 }


Z přechodové funkce δM odvodíme rozšířenou přecho-
dovou funkci


∆M : (SM ∪ F ∗
M )× (ΣM ∪ {»}) −→ (SM ∪ F ∗


M )


Pro dvojice nekoncových stavů a symbolů z abecedy
ΣM∪{»} se ∆M shoduje s přechodovou funkcí δM , pro
prvky množiny F ∗


M a libovolný symbol a ∈ ΣM ∪ {»}
ji definujeme takto:


∆M (RED(n), a) = RED(n·0)


∆M (ACC, a) = ACC


∆M (ERR, a) = ERR


Následně zavedeme rozšíření funkce ∆M obvyklým
způsobem:


∆∗
M (s, λ) = s


∆∗
M (s, ua) = ∆M (∆∗


M (s, u), a)


L0(M) = {w ∈ Σ∗
M | ∆∗


M (sM , w») = ACC}


Konstanty a funkce Pro automat M zavedeme tzv.
charakteristickou konstantu jako délku nejdelší redukč-
ní posloupnosti obsažené v nějakém redukčním stavu
automatu M ,


kM = max
{


|n|
∣


∣n ∈ FM \ {ACC, ERR}
}


Operace a relace redukce Zkrácení slova podle
redukční posloupnosti budeme zapisovat pomocí ope-
race /:


a/0 = a a/1 = λ λ/n = λ u/λ = u
(u · a)/(n · i) = (u/n) · (a/i)


kde u ∈ Σ∗, a ∈ Σ, n ∈ (10∗)+ a i ∈ {0, 1}. Slovo u
ani řetězec n zde neomezujeme žádnou konstantou,
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u může být delší než n i naopak. Zkrácení slova (a)
podle posloupnosti 1 · 0 · 1 tedy vypadá takto:


( a )


/ 1 0 1


= a


Pomocí operace redukce můžeme nyní popsat, jak
automat svými RED-stavy zkracuje zpracovávané slovo
w ∈ Σ∗


M . Zavedeme pro to relaci redukce:


«w» ⇒M «w′»,


jestliže ∆∗
M (sn, w») = RED(n) a w»/n = w′». Platí-li


«w» ⇒M «w′», říkáme, že automat redukuje slovo w
na slovo w′. Zřejmě je |w| > |w′| a uvedená redukce je
tedy zkracující. Reflexivní a tranzitivní uzávěr relace
redukce budeme označovat jako ⇒∗


M .


Redukční analýza Redukční analýzou automatu M
myslíme libovolnou posloupnost redukcí


«w1» ⇒ «w2» ⇒ . . . ⇒ «wn»,


kterou nelze dále prodloužit směrem doprava. Je-li
wn = L0(M), mluvíme o příjímající redukční analýze,
jinak se jedná o zamítající redukční analýzu.


Místo termínu redukční analýza budeme často po-
užívat termín analýza.


Jako RA(M) označíme množinu redukčních ana-
lýz redukčního automatu M , jako RAA(M) označíme
množinu příjímajících redukčních analýz redukčního
automatu M , jako RAR(M) označíme množinu zamí-
tajících redukčních analýz redukčního automatu M .


Přijímaný jazyk Jazyk přijímaný nebo též rozpozná-


vaný redukčním automatem M definujeme jako mno-
žinu slov L(M), pro která existuje přijímající analýza
automatu M :


L(M) = {w | «w» ⇒∗
M «w′» a w′ ∈ L0(M) }


Ekvivalence a silná ekvivalence red-automatů


Pomocí rovnosti množin přijímaných jazyků definu-
jeme ekvivalenci na třídě všech redukčních automatů.
Dva automaty M1 a M2 jsou ekvivalentní, jestliže


L(M1) = L(M2).


Tvrzení 1 Jestliže pro red-automaty M1, M2 platí zá-


roveň


L0(M1) = L0(M2)


∀w,w′ ∈ L(M1) ∪ L(M2) :


(«w» ⇒M1
«w′») ⇐⇒ («w» ⇒M2


«w′»),


pak jsou tyto automaty ekvivalentní.


O automatech M1 a M2, které splňují předpoklady
předchozího tvrzení, říkáme, že jsou silně ekvivalentní.
Vidíme, že automaty M1 a M2 jsou silně ekvivalentní
právě tehdy, když současně


RAA(M1) = RAA(M2)


RAR(M1) = RAR(M2)


Říkáme, že automat M1 je zjemněním automatu M2,
pokud zároveň


RAA(M2) ⊆ RAA(M1)


RAR(M2) ⊆ RAR(M1)


L(M1) = L(M2)


Pojem zjemnění můžeme použít i pro jiné (obecnější)
třídy restartovacích automatů.


Vlastnost zachování chybnosti a bezchybnosti


Pomocí relace redukce můžeme vyslovit základní vlast-
nost, kterou splňují všechny redukční automaty:


Lemma 2 Je-li «w1» ⇒M «w2», pak w1 ∈ L(M),
právě když w2 ∈ L(M).


Platnost lemmatu snadno nahlédneme z následující
úvahy: Je-li «w2» ⇒∗


M «w» přijímající analýza pro
slovo w2, pak «w1» ⇒M «w2» ⇒∗


M «w» je přijímající
analýza pro slovo w1. Vyjdeme-li naopak z předpo-
kladu, že w1 ∈ L(M), pak máme analýzu «w1» ⇒∗


M


«w», kde w je nějaké slovo z L(M). Tato analýza musí
začínat redukcí slova w1 na slovo w2, jinak by ne-
byla přechodová funkce automatu M definována jed-
noznačně. Tuto vlastnost budeme nazývat vlastností


zachovávání chybnosti a bezchybnosti.


Monotonie Podobně jako v [2] pro restartovací au-
tomaty zavedeme monotonii i pro red-automaty. Red-
automat je monotonní, jestliže v libovolné etapě na-
vštíví všechny položky (pomocí základní, nerozšířené
funkce δ), které navštívil v předchozí etapě a které
zůstaly v pracovním seznamu.


Monotonie je důležitá pro charakterizaci třídy
DCFL pomocí podtřídy restartovacích automatů. De-
terministické monotonní restartovací automaty (det-
mon-R-automaty) rozpoznávají právě všechny deter-
ministické bezkontextové jazyky. Stejným způsobem
můžeme třídu DCFL charakterizovat i pomocí mono-
tónních redukčních automatů. Restartovací automat
se od redukčního automatu liší jen tím, že jeho pra-
covní hlava je rozšířena o tzv. výhledové okno, kterým
snímá souvislé podslovo pevné délky napravo od pra-
covní hlavy, a že redukuje symboly snímané pracovní
hlavou a výhledovým oknem. Libovolný restartovací
automat můžeme tedy simulovat redukčním automa-
tem, který si obsah výhledového okna uchovává ve své
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řídící jednotce. Naopak, každý redukční automat mů-
žeme simulovat restartovacím automatem s výhledo-
vým oknem velikosti k, kde k = max{|n| | RED(n)
je operace simulovaného redukčního automatu}. Při-
tom zřejmě platí, že v každé etapě navštíví simulo-
vaný i simulující automat stejné položky pracovního
seznamu, takže monotonie je zachována.


2 Reprezentace red-automatů


Lepší představu o daném redukčním automatu dává
jeho vhodná reprezentace. Redukční automat lze
reprezentovat různými způsoby. Zde budeme používat
následující:


– přechodová tabulka,
– přechodový graf,
– redukční a přijímací pravidla.


První dva způsoby reprezentace jsou převzaty z teo-
rie konečných automatů, poslední z přepisovacích sys-
témů.


Ukažme si je na příkladu redukčního automatu M ,
který rozpoznává jazyk zjednodušených aritmetických
výrazů generovaný gramatikou s pravidly


S → a | S+S | (S)


Formálně je automat definován jako sedmice


(ΣM , «, », SM , sM , FM , δM ),


kde


ΣM = { a, +, (, ) }


SM = { s0, s1, s2, s3, s4, s5 }


FM = { RED(110), RED(101), ACC, ERR }


sM = s0


Přechodová funkce δM je popsána tabulkou 3, kte-
rou čteme takto: Je-li v políčku na řádku označeném
stavem s a ve sloupci označeném symbolem a stav s′,
pak platí δM (s, a) = s′ a naopak. Řádek obsahující
přechody s počátečním vstupním stavem je v tabulce
označen šipkou (⇒).


Druhým způsobem reprezentace redukčního auto-
matu je přechodový graf (viz obrázek 4). Jeho vrcholy
jsou stavy daného automatu, hrany jsou ohodnoceny
symboly vstupní abecedy nebo pravým omezovačem
». Počáteční stav je v grafu, podobně jako v tabulce,
označen šipkou (⇒). Je-li a ohodnocením hrany ve-
doucí z vrcholu s do vrcholu s′, pak pro příslušný au-
tomat platí δM (s, a) = s′. Aby byl graf přehlednější,
nekreslíme do něho přechody do stavu ERR a více pře-
chodů, které se shodují ve vstupních a výstupních sta-
vech znázorňujeme jedinou hranou ohodnocenou více
symboly.


δM a + ( ) »
⇒ s0 s1 ERR s4 ERR ERR


s1 ERR s2 ERR ERR ACC


s2 s3 ERR s4 ERR ERR


s3 ERR s2 ERR RED(110) RED(110)
s4 s5 ERR s4 ERR ERR


s5 ERR s2 ERR RED (101) ERR


Obr. 3: Přechodová tabulka.
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ACC


RED(110)


RED(101)


Obr. 4: Přechodový graf.


a + ( ) »
⇒ s0 = « s1 ERR s4 ERR ERR


s1 = « a ERR s2 ERR ERR ACC


s2 = « (a +)+ s3 ERR s4 ERR ERR


s3 = « ((∗ a +)+ a ERR s2 ERR RED(110) RED(110)
s4 = « ((a +)∗ ()+ s5 ERR s4 ERR ERR


s5 = « ((a +)∗ ()+ a ERR s2 ERR RED (101) ERR


Obr. 5: Stavy jako regulární výrazy.


Reprezentaci red-automatu přepisovacími pravidly
odvodíme z tabulky jeho přechodové funkce. Každý
stav automatu jednoznačně koresponduje s množinou
slov, která do něho převedou automat ze stavu
počátečního (ten budeme reprezentovat levým omezo-
vačem «). Množina takových slov je zřejmě regulárním
jazykem, takže stav můžeme zapsat regulárním výra-
zem, který odpovídá tomuto jazyku. Mezistupeň mezi
přechodovou tabulkou a redukčními/přijímacími pra-
vidly uvádíme na obrázku 5.


Když odhlédneme od „nedůležitých“ stavů na cestě
od počátečního stavu k operaci ukončující etapu práce
automatu, získáme množinu redukčních (resp. přijíma-
cích) pravidel uvedenou na obrázku 6.
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« a» → ACC


« ((∗ a +)+ a ()|») → RED(110)
« ((a +)∗ ()+ a ) → RED(101)


Obr. 6: Redukční a přijímací pravidla.


3 Redukční analýza chybných slov


Levé strany redukčních i přijímacích pravidel zavádíme
tak, že vždy začínají levým omezovačem «


«·X → RED(n)


«·Y → ACC


a jsou tedy potenciálně aplikovatelné na prefix zpraco-
vávaného slova. Aplikací redukčního pravidla získáme
nové, kratší slovo. Na jeho prefix zkusíme v následu-
jící etapě znovu aplikovat nějaké redukční pravidlo.
Není-li žádné redukční pravidlo aplikovatelné, pak au-
tomat slovo buď akceptuje, nebo se po přesunu přes
jeho prefix dostane do ERR stavu a slovo zamítne. Díky
monotonii víme, že automat během zpracování slova
nikdy nenavštíví žádný symbol za symbolem sníma-
ným pracovní hlavou v okamžiku přechodu do stavu
ERR. O zbytku slova za pracovní hlavou v okamžiku za-
mítnutí tedy zatím nemáme žádné informace; nevíme
ani, zda se automat zastavil na zleva první chybě ve
slově; nemáme žádnou klasifikaci chyby, která automat
přivedla k zamítnutí slova.


V pracech [4,5] navrhujeme techniky, jak lokalizo-
vat zleva první chybu ve zpracovávaných chybných slo-
vech, jak analyzovat zpracovávané slovo za (zleva první
i každou další) chybou resp. kolem (zleva první i každé
další) chyby a jak nalezené chyby klasifikovat. Pro na-
vržené techniky jsou tam vysloveny formální záruky.


Navržené techniky budeme demonstrovat na pří-
kladech zjednodušeného jazyka aritmetických výrazů
nebo jazyka PL/SQL. Redukční automat MAExp roz-
poznávající zjednodušený jazyk aritmetických výrazů
je zadán přechodovou funkcí definovanou tabulkou na
obrázku 7.


4 Redukce prefixu před první chybou


Metoda vyhledávání a určování syntaktických chyb
představená v této práci je určená pro speciální pod-
třídu redukčních automatů, které


– přímo akceptují konečně mnoho slov,
– jsou prefixově korektní a
– jsou kontextuální.


Prefixová korektnost Automat je prefixově ko-


rektní, platí-li pro libovolné slovo u a symbol a násle-
dující implikace: Je-li ∆M (sM , u) = s a δM (s, a) 6= ERR


a + ( ) »
⇒ s0 = « s1 ERR s2 ERR ERR


s1 = « a ERR RED(11) ERR ERR ACC


s2 = « (+ s3 ERR s2 ERR ERR


s3 = « (
+
a ERR RED(11) ERR RED (101) ERR


(a) přechodová funkce


« a» → ACC


« a + → RED(11)
« (+ a + → RED(11)
« (+ a ) → RED(101)


(b) přijímací a redukční
pravidla


Obr. 7: Redukční automat MAExp.


pro nějaké s ∈ SM , pak ua je prefixem nějakého slova
z L(M)», tedy existuje slovo y takové, že uay ∈ L(M).
Tedy právě přechod do stavu ERR signalizuje přechod
jedním symbolem od správného prefixu k chybnému.


Kontextuálnost Redukce w ⇒M w′ automatu M
je kontextuální, jestliže pro nějaká x, u, y, v a z platí
w = xuyvz, uv 6= λ a


xui+1yvi+1z ⇒M xuiyviz


pro libovolné i ≥ 0. Pokud M používá jen kontextuální
redukce, říkáme, že je kontextuální.


Prefixově korektní mon-red-automat, který je na-
víc ještě kontextuální a přímo akceptuje konečně mno-
ho slov, označujeme jako ARM-automat. V následují-
cím textu se zabýváme ARM-automaty a jejich zjem-
něními.


Následující větu z [4] uvádíme bez důkazu.


Věta 3 Ke každému mon-red-automatu lze zkonst-


ruovat ekvivalentní ARM-automat.


Z předchozí věty vyplývá, že třídu jazyků DCFL
lze charakterizovat pomocí ARM-automatů.


Nalezení zleva první chyby zajistíme použitím pre-
fixové korektnosti automatu. Všimneme si, že redukční
automat M s následující vlastností je prefixově ko-
rektní: Není-li x prefixem žádného slova z jazyka


k
⋃


i=1


Xi,


kde «·X1, . . . , «·Xk jsou levé strany všech jeho redukč-
ních resp. přijímacích pravidel, pak


∆∗
M (sM , x) = ERR.


Naším cílem je ve zbytku textu ukázat, že ARM-
automaty lze rozšiřovat o pravidla nových typů tak, že
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získáme nová zařízení. Ta mají být zjemněním původ-
ních automatů a mají pomáhat ukazovat na výskyty
vybraných typů syntaktických chyb. Podstatné je, že
nemají podávat žádná falešná hlášení. Prvním krok
k tomuto cíli uděláme v následující sekci.


5 Redukce bezchybných podslov


Redukce bezchybných podslov daného slova (a tím
i analýzu slova vpravo za první chybou) umožníme
„odtržením“ redukčních pravidel monotónního redukč-
ního automatu M od levého omezovače «. Uděláme to
tak, že k redukčním pravidlům tvaru


«·X → RED(m)


přidáme nová pravidla tvaru


Y → RED(n),


kde Y ⊆ («|λ)·Σ∗
M ·(»|λ). Nová pravidla, která ne-


obsahují levou zarážku, budeme nazývat neukotvená


pravidla pro redukci bezchybných podslov; neukotvená
proto, že nejsou spjata s levým okrajem zpracováva-
ného slova. Místo prefixu budeme tedy ve zpracováva-
ném slově vyhledávat podslovo y ∈ Y a to pak redu-
kovat podle redukční posloupnosti n. Píšeme


y → RED(n),


jestliže y ∈ Y, RED(n) ∈ F ∗
M , |y| ≥ |n| a platí zároveň


následující podmínky:


1. Podmínka bezchybnosti. Redukované podslovo y je
bezchybné – je podslovem nějakého slova jazyka L(M).


∃x, z : xyz ∈ L(M)


2. Podmínka nutnosti redukce. Přítomnost podslova y
ve slově jazyka L(M) znamená, že automat M toto
slovo redukuje (ne nutně uvnitř y).


xyz ∈ L(M) =⇒ xyz 6∈ L0(M)


3. Podmínka jednoznačnosti a nezávislosti redukce.


Pokud automat M redukuje libovolný symbol pod-
slova y, pak redukuje pouze symboly podslova y, a to
vždy stejně podle redukční posloupnosti n bez ohledu
na to, co podslovo y ve slově předchází a co ho násle-
duje.


xyz ∈ L(M)
∆∗


M (sM , xyz) = RED(m)
m/(1|x|0|y|1|z|) = m′ 6∈ 0∗











=⇒ m′ = n


4. Podmínka zachování chybnosti. Redukce zachovává
chybnost redukovaného slova, pokud ji aplikujeme na
slovo ležící mimo jazyk L(M).


xyz 6∈ L(M) =⇒ x·(y/n)·z 6∈ L(M)


5. Podmínka minimality. Ze všech pravidel y →
RED(n) vybereme jen ta, která nejsou zbytečně dlouhá,
tedy ta, která pro libovolná x, y′, z, n′ splňují násle-
dující podmínku:


y′ → RED(n′)
y = xy′z


n = n′·0|z|











=⇒ x = z = λ


Věta 4 Nechť M je ARM-automat. Pak každé


neukotvené pravidlo pro redukci bezchybných podslov


Y → RED(n) automatu M zachovává chybnost i bez-


chybnost vzhledem k jazyku L(M).


Náčrt důkazu. Zachování chybnosti je explicitně za-
ručeno čtvrtou podmínkou. Zachování bezchybnosti je
důsledkem druhé a třetí podmínky. Nechť y je pod-
slovem slova w (w = xyz pro nějaká x a z). Dokud
se y vyskytuje ve slově vzniklém redukcemi slova w,
musí automat (díky podmínce nutnosti redukce) toto
slovo dále redukovat. Jakmile automat redukuje libo-
volný symbol podslova y, pak (díky podmínce jed-
noznačnosti redukce) redukuje pouze symboly tohoto
podslova tak, jak předepisuje redukční posloupnost n.
Díky kontextuálnosti automatu znamená redukce pod-
slova y podle n záměnu nějakého podstromu stromu
přijímajícího výpočtu automatu M nad slovem w za
jiný, menší podstrom (o stromech výpočtu viz [4]).
Strom výpočtu vzniklý touto záměnou je stromem při-
jímajícího výpočtu automatu M nad slovem x·(y/n)·z.


Tvrzení 5 Nechť xw′z ∈ L(M) a w′ vzniklo z w apli-


kací neukotvených pravidel pro redukci bezchybných


podslov. Pak, díky podmínce zachování chybnosti, je


i xwz ∈ L(M).


Přidáním neukotvených pravidel k ARM-automa-
tu M , získáme nové zařízení MF , které nebývá deter-
ministické, ani monotonní. Je však zjemněním auto-
matu M , často opravdu významným. Toho lze využít
pro lokalizaci jiných typů chyb, než pro chyby vzhle-
dem ke korektnímu prefixu.


Také pro každé w ∈ L(M) existuje přijímací mo-
notonní redukční analýza automatu MF .


5.1 Metoda založená na hlavičkových


symbolech


Jednoduchý způsob, jak získat neukotvená pravidla
pro redukci bezchybných podslov, vychází z „hlavičko-
vých symbolů“ . Tato pravidla budou ukotvená k nej-
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bližším hlavičkovým symbolům, namísto ukotvení k le-
vé zarážce. Zařízení, které vznikne z ARM-automa-
tu M přidáním pravidel ukotvených k hlavičkovým
symbolům, označíme MH .


Varianta hlavičkových symbolů byla představena
v [3] pro seznamové automaty. Pro redukční automat
M je symbol a hlavičkovým symbolem, jestliže je jed-
noznačně daný stav řídící jednotky, kdykoliv během li-
bovolného výpočtu snímá pracovní hlava symbol ležíci
v pracovním seznamu bezprostředně za a. Formálně je
a hlavičkovým symbolem, je-li a levý omezovač « nebo
je-li množina


Sa = { δM (s, a) 6= ERR | s ∈ SM }


jednoprvková. Jediný prvek množiny Sa budeme ozna-
čovat sa. Pro levý omezovač « položíme s« = sM .


Příklad 1 Hlavičkovými symboly automatu MAExp


jsou


«, +, (, ), ».


To je přímo vidět v tabulce přechodové funkce –


všechna pole ve sloupci označeném příslušným sym-


bolem jsou vyplněna jediným stavem z SM nebo sta-


vem ERR.


Nová redukční pravidla využívající hlavičkových
symbolů formalizují a významně zpřesňují myšlenku
tzv. panického módu. Definujeme je na základě násle-
dující neomezené množiny přepisů:


y → RED(n),


jestliže RED(n) ∈ δ∗M ({s}, y) pro nějaký stav s, y je
delší než n a začíná nějakým hlavičkovým symbolem a.
Pro libovolná y a n splňující tuto podmínku jistě platí
podmínky bezchybnosti, nutnosti a jednoznačnosti re-
dukce a zachování chybnosti. Zbývá nám popsat, jak
tuto neomezenou množinu transformovat do konečné
množiny redukčních (meta)pravidel.


Následuje technický popis procedury, která reali-
zuje zotavení na hlavičkovém symbolu. Zajišťuje to po-
mocí přesunu (tzv. panického módu) na nejbližší hla-
vičku napravo od pozice hlavy. Tam je simulováno cho-
vání automatu M . Technický popis zmíněné procedury
sestrojíme takto: Vyjdeme z přechodové funkce δM
automatu M a sestrojíme přechodový graf s novým
vstupním vrcholem s0 a výstupními vrcholy z mno-
žiny FM . Připomeňme si, že FM je konečná množina.


První přechod pro začátek zotavení, musí jít přes
hlavičkový symbol. Pro libovolný hlavičkový symbol a
automatu M proto do MH zavedeme přechod s0


a
−→ sa.


Pro všechny ostatní (nehlavičkové) symboly c ze ΣM


je s0
c
−→ s0. Tato smyčka je realizací panického módu,


který posouvá MH tak, aby viděl nejbližší hlavičku
napravo.


Přidáme přechody, které nám zaručí, že nalezené
redukované podslovo je dostatečně dlouhé (alespoň tak
jako redukční posloupnost). Pro libovolná s ∈ SM ,
d, b ∈ ΣM ∪ {»}, u, v a n taková, že |udv| = |n|
a RED(n) ∈ δ∗M ({s}, udv), zavedeme nový stav 〈u,dv,n〉.
Přechody z/do těchto nových stavů definujeme takto:


s
d
−→ 〈ud, v, n〉, je-li u = λ a v 6= λ


〈u, dv, n〉
d
−→ 〈ud, v, n〉, je-li u 6= λ a v 6= λ


〈u, dv, n〉
d
−→ RED(n), je-li u 6= λ a v = λ


〈u, dv, n〉
b
−→ ERR, je-li u 6= λ a d 6= b


Přechody automatu M do RED stavů do procedury hla-
vičkového zotavení nezařazujeme.


s
d
−→ ERR, je-li δM (s, d) = RED(n) a |n| > 1


Všechny ostatní přechody přes nehlavičkové symboly d
převezmeme od automatu M :


s
d
−→ s′, je-li δM (s, d) = s′ ∈ SM ∪ {RED(1)}.


Hlavičkově ukotvená pravidla pro redukci bezchyb-
ných podslov automatu M pak definujeme na základě
výše popsané procedury takto:


Y → RED(n),


jestliže Y = { y | s0
y
−→ RED(n) }. Y je zřejmě regulární


jazyk a zapisujeme ho formou regulárního výrazu. Tím
získáme množinu pravidel, jejíž velikost lze odhadnout
na základě konstrukce automatu M .


Příklad 2 Redukční pravidla pro analýzu slova za


první chybou vypadají pro jazyk zjednodušených arit-


metických výrazů takto:
« a + → RED(11)
( a + → RED(11)


« ( a ) → RED(101)
( ( a ) → RED(101)


Příklad 3 Nedeterministická, nemonotónní redukce


bezchybného zjednodušeného aritmetického výrazu:


« a + a + ( ( ( a ) + a + ( a + a ) ) ) »
« a + a + ( ( ( a ) + a + ( a ) ) ) »
« a + ( ( ( a ) + a + ( a ) ) ) »
« a + ( ( a + a + ( a ) ) ) »
« a + ( ( a + ( a ) ) ) »
« a + ( ( a + a ) ) »
« ( ( a + a ) ) »
« ( ( a ) ) »
« ( a ) »
« a »
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Redukce chybného zjednodušeného aritmetického vý-


razu:


« a + a + ( a ) + a ( a + a ) ) ) »
« a + ( a ) + a ( a + a ) ) ) »
« a + ( a ) + a ( a ) ) ) »
« ( a ) + a ( a ) ) ) »
« a + a ( a ) ) ) »
« a ( a ) ) ) »


Zajímavé jsou případy, kdy je množina Y konečná,
jako třeba v právě uvedeném příkladu. Nastává to
i v případě některých programovacích jazyků, jako tře-
ba C, Java nebo PL/0.


Jsou ale i programovací jazyky, u kterých s koneč-
nými množinami na levých stranách pravidel nevysta-
číme. Reprezentantem takových jazyků
je PL/SQL, jak je ukázáno v [4].


6 Chybové hlášky


Chybová hláška rozšiřuje automat (zařízení) MH .
Určuje místo chyby ve zpracovávaném slově a říká,
o jakou chybu se jedná – klasifikuje jí. Chybové hlášky
budeme implementovat speciálními přepisovacími pra-
vidly. Určení místa chyby provedeme vložením spe-
ciální značky do zpracovávaného slova. Vložená značka
bude chybu i klasifikovat. Přepisovací pravidlo


aub → ERR(s)


je chybovou hláškou MH , jestliže a je hlavičkový sym-
bol automatu M , u je slovo nad abecedou ΣM , které
neobsahuje žádný hlavičkový symbol automatu M , b
je libovolný symbol z abecedy ΣM nebo pravý ome-
zovač », s je stav automatu M z množiny stavů SM


a platí


δ∗M ({sa}, u) = {s}


δM (s, b) = ERR


Uvedené pravidlo přepíše zpracovávané slovo w ná-
sledujícím způsobem: Obsahuje-li slovo w levou stranu
pravidla aub, pak aplikací pravidla dojde ke vložení
stavu s obsaženého v pravé straně pravidla ERR(s) do
slova w mezi podslovo au a symbol b.


Příklad 4 Chybové hlášky pro jazyk zjednodušených


aritmetických výrazů:


« + → ERR(s0) « a a → ERR(s1)


« » → ERR(s0) « a ( → ERR(s1)


« ) → ERR(s0) « a ) → ERR(s1)


( + → ERR(s2) ( a a → ERR(s3)


( ) → ERR(s2) ( a ( → ERR(s3)


( » → ERR(s2) ( a » → ERR(s3)


Příklad 5 Aplikace chybových hlášek na chybný zjed-


nodušený aritmetický výraz:


« a
△
( ( a a + a + a ) + »


« a s1 ( ( a△
a + a + a ) + »


« a s1 ( ( a s3 a + a + a ) + »


Vidíme, že chybové hlášky určily dvě chyby:


« a
△
(


( a
△
a


Nejsou ale aplikovatelné na všechny chyby, které ve


slově vidíme. Nezachytí chybějící symbol a na konci


slova mezi symboly + a », neoznámí ani chybu v uzá-


vorkování – v uvedeném aritmetickém výrazu chybí


jedna pravá závorka ).


7 Závěrečná poznámka


Snažili jsme se ukázat, že redukční automaty jsou
vhodným prostředkem pro lokalizaci a klasifikaci syn-
taktických chyb. Pracují pouze se vstupními symboly
a definují redukční analýzu s vlastnostmi zachovávání
syntaktické správnosti i syntaktické chybnosti. Právě
to jsou vlastnosti, které umožňují exaktní lokalizaci
syntaktických chyb v DCFL. Nemáme přitom na mysli
jen metody odvozené od panického módu, jak bude
doloženo v [4]. Upozorňujeme tak na vlastnosti, které
standartní (zásobníkové) automaty a (bezkontextové,
kategoriální i jiné) gramatiky nemají. Nezaručují je
ani seznamové automaty, které byly prvním krokem
ve směru k redukčním a restartovacím automatům.
Studiu prostředků, které umožní rozlišovat a lokalizo-
vat syntaktické i významové nekonzistence v textech
programovacích i přirozených jazyků, hodláme i v bu-
doucnu pokračovat.
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Abstract. We focus on machine translation between close-
ly related languages, in particular Czech and Slovak. We
mention the specifics of evaluating MT quality for closely
related languages. The main contribution is the test and
confirmation of the old assumption that rule-based systems
with shallow transfer still work better than current state-
of-the-art statistical systems in this setting, unless huge
amounts of data are available.


1 Introduction


Machine translation between closely related languages
has been studied long in the past (e.g. [1]). From the
technical point of view, the main motivation is the
easier transfer (or no transfer at all for some cases),
so hopefully better output quality. Savings can be ex-
pected in setups where a single document is trans-
lated into many target languages: human translators
can provide the translation to a “pivot” language and
subsequent MT can cover related languages.


Here we focus on the pair of Czech and Slovak,
languages so similar that only morphological analysis
and generation are needed. A successful system for this
pair was already implemented: Česílko [2].


With the current surge of statistical MT systems
and also large amounts of parallel data becoming avail-
able, we believe that the available systems should be
re-evaluated to verify whether the old assumption still
holds, i.e. whether tailor-made rule-based systems are
still the best choice for closely related languages.


To the best of our knowledge, the only system ever
evaluated on the Czech-to-Slovak pair was Česílko:
TRADOS “match” between the output of the system
and its manually post-edited version reached 90% but
it is hard to interpret this single figure. In this paper,
we try to fill the gap and provide a multifaceted eval-
uation of several MT systems for our language pair.


After a brief description of the available systems
and parallel data (Section 2), we discuss the known
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problems of MT evaluation and also the problems spe-
cific for closely related languages (Section 3). Empiri-
cal results (Section 4) of the test include automatic as
well as manual evaluation techniques and error analy-
sis.


2 Available resources


2.1 Data used


The domain of the translated text is a critical factor
in achievable translation quality and thus in the result
of the evaluation. We would like to provide a balanced
view, so we are using texts from three different do-
mains. We also train a statistical system (see below)
on the data of two of the domains.1


• JRC-Acquis[3]2 is a multi-parallel corpus cre-
ated from legislative texts used by the European
Union. As such, the texts are very repetitive and
the syntax is rather formal and complex. We used
the third version of the corpus and extracted the
Czech-Slovak parallel data, including the sentence
alignment as officially released.
The corpus Acquis was already divided into
testing, development and traning sets by Philipp
Koehn3, so we stick to this division. (We use the
file ac-test for testing, ac-dev for tuning and the
rest for the training).


• Books
Thanks to the Slovak Academy of Science, we ac-
quired 118 parallel Czech-Slovak books which will
later become part of a larger corpus. A new ver-
sion of the corpus based on the books is currently
being developed. We processed and automatically
aligned these books and selected 39 books trans-
lated from Czech to Slovak with the highest qual-
ity of the alignment. The alignment quality of the


1 To avoid technical problems, we ignored all sentences
over 40 tokens.


2 http://optima.jrc.it/Acquis/
3 http://matrix.statmt.org/test_sets/list
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rest was not sufficient for the machine translation
usage. Then we randomly selected and extracted
4000 lines (i.e. parallel sentences) as the test data
and another 4000 lines for tuning. The rest of the
books served as training data.


• WMT [4]4 is a workshop that annually runs
shared translation task of mainly news texts. The
test sets are different each year and we used the
test set from 2010. The workshop is nowadays one
of the “standard” venues to test machine transla-
tion at. Unfortunately, there is no Slovak version
of the data, so we decided to use this dataset only
as a small sample, translating the first 50 sentences
manually from the Czech version.


The sizes of our training and tuning sets are listed
in Table 1.


Corpora Training Sentences Tuning Sentences
Acquis 708406 3148
Books 137027 3802


Table 1. Number of sentences used for training and test-
ing, after the removal of sentences over 40 tokens.


2.2 Systems tested


We are aware only of the following existing MT sys-
tems for Czech-Slovak:


• Google Translate5 is an online statistical trans-
lation system. It is trained on unspecified amount
and type of text. Because of this, it could be hard
to predict the behavior of this system on a partic-
ular type of test set, it is even possible that there is
an overlap between our test sets and Google train-
ing data. In general, Google is known to perform
well on varied domains.
Within our experiments, we found some problems
with translation of larger texts in Google Trans-
late. Only the beginnings of texts were usually
translated when the input was too large. There-
fore, we had to divide larger documents into
smaller parts and translate them separately.


• Česílko 1.0 [2] is the above mentioned system
aimed at the translation between closely related
languages. Among other language pairs, it sup-
ports Czech-Slovak language pair. It uses direct
word-to-word translation.
As Česílko 1.0 needs input in the 8-bit encoding
ISO-8859-2, texts had to be converted from UTF8.


4 http://matrix.statmt.org/test_sets/list
5 http://translate.google.com


The ISO-8859-2 is somewhat limited in the set of
character supported so we approximated e.g. the
curly quotation marks („“) with the plain ASCII
ones (") This could have minor influence on the
scores, both automatic as well as manual.


• Česílko 2.0 [5] is a reimplementation of the origi-
nal Česílko 1.0 with one significant difference. The
source-side morphological analyzer does not in-
clude statistical tagger and therefore it produces
ambiguous output. This leads to a completely dif-
ferent architecture of the system, as the transfer
unit must be able to work with ambiguous in-
put. The transfer unit itself does not disambiguate.
A new unit is introduced for this task: a statistical
ranker, which chooses the best one of transferred
sentences according to a target language model;
this is where the missing disambiguation of the
tagger is compensated. A technical issue of the
current implementation is that the ranking is per-
formed on the whole sentences, so each additional
ambiguity multiplies the number of outputs.
We encountered several problems when running
Česílko 2.0 on the test data. A minor issue was
caused by an internal incompatibility: the built-
in morphological analyzer unit was producing tags
unknown to the transfer unit. These included phe-
nomena less frequent in written texts like pro-
nouns in second person, names with ambiguous
gender (like “animate or inanimate masculine” or
“not feminine”), adjectives in nominal form, and
others. We opted for a simple work-around to
obtain somewhat distorted output: we forced the
morphological analyzer to avoid such output tags
altogether. Most frequently, this ultimately leads
to the word being unrecognized and passed to the
output without any change. In 424 cases of the
3125 sentences in the Acquis test set, Česílko 2.0
produced no output at all. We substituted the
original Czech sentence as a fallback.


To complement the set of existing systems, we pro-
vide two systems of our own, based on the same engine
but trained on different training data:


• Moses [6] is an open-source statistical phrase-
based translation system. While Moses supports
additional source or target “factors” to explicitly
handle additional linguistic annotation such
as morphology, we used it only in the baseline
configuration.
We trained and tuned Moses on the Acquis train-
ing data and independently on the Books training
and tuning data, obtaining two different MT sys-
tems.
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3 Evaluating MT quality for closely
related languages


The evaluation of MT outputs is a rather difficult task
and the research community is still actively discussing
and testing various manual and many automatic
methods, see e.g. [4]. For example, different types of
manual scoring lead to different results: one system
can be rather poor when the annotators are asked to
rank candidate sentences from best to worst but very
good when the annotators are short given machine-
translated texts and are asked to answer a set of yes/no
questions about the content [7].


We are not aware of any evaluation technique tai-
lored to closely related languages. However, there are
specifics of the task that seriously affect the reliability
of the evaluation.


It is well acknowledged in translation studies that
the text is different when directly written in a lan-
guage and when it was translated to the language. The
source language used for the translation also plays an
important role. The current state of the art in ma-
chine translation is not advanced enough to be heav-
ily affected by such differences (provided that all the
systems are run under the same conditions), although
the differences are indeed measurable [8, 9]. It is com-
mon to simply ignore what was the original source and
target language.6


For closely related languages, the impact of the
source language is much more pronounced. If a sys-
tem is based on the assumption that the translation
can be more or less word for word, it will be heavily
penalized if the reference translation significantly de-
viates from the source. Such a deviation is very likely
if both source and reference come from a third lan-
guage. In our case, this concerns primarily the Acquis
corpus where most of the texts were translated from an
English original to Czech and Slovak independently.


The books test set matches our translation direc-
tion: all were Czech books translated to Slovak. The
same holds for our 50 WMT sentences, but here the
translation was not professional (and thus actually
likely to be rather verbatim).


4 Empirical evaluation


The quality of machine translation output can be done
both automatically and manually. The automatic
methods rely on one or more reference translations and
6 Interestingly, the WMT evaluation campaigns [4], per-
haps somewhat unintended, average out the phe-
nomenon: each examined language contributes only
a portion of the whole test set, the portion is then trans-
lated to all other examined languages.


somehow calculate the similarity to the reference. Tra-
ditionally, they are called “metrics”, despite not satis-
fying the formal properties of metrics. The main ad-
vantage is the speed and the deterministic nature that
allows to check progress on a fixed test set. On the
other hand, the particular implementation of the sim-
ilarity can heavily affect the bias towards certain MT
system types. Moreover, experiments show that the
correlation between used evaluation metrics and hu-
man judgment may be weak in some cases (e.g. [10])
and the problem is even worse when automatic metrics
are applied to languages with rich morphology [11] and
languages with higher degree of word order freedom.
In general, it is usually preferred to consider several
independent MT metrics. Our automatic evaluation is
given in Section 4.1.


Manual evaluation methods are labor-intensive,
subjective (different judges score systems differently
for various reasons, incl. different expertise in
the source language) and not reproducible (the same
judge can not reliably evaluate the same set of sen-
tences several times). On the other hand, they are the
only real benchmark. Again, there are many possible
manual evaluation techniques out of which we use two:
we rank the hypotheses of various systems indicating
which of them is overall better (Section 4.2) and we
also mark and count errors in MT outputs (Section 5).


4.1 Automatic evaluation metrics


We evaluated the five systems using the following au-
tomatic metrics: BLEU [12], NIST [13], METEOR [14],
TER [15], TERp-A and TERP-TER. All these met-
rics are based on comparison of acquired translation
(the hypothesis) and the reference translation. BLEU
score in essence counts the number of n-grams that
occur in both translated sentence and the reference
translation (and also takes care of the overall length
of the output). NIST is very similar to BLEU score
but the information gain of each n-gram is considered,
auxiliary words thus tend to become less important.
METEOR is based on unigram precision and unigram
recall metrics, emphasizing the recall. TER (Transla-
tion Error Rate) gives number of edit operations that
are needed to convert the hypothesis to the reference
(word insertion, deletion, substitution and the move-
ment of a sequence of words to a different position in
the sentence). TERp-A and TERP-TER are based on
TER score and they extend it by allowing e.g. para-
phrases.


All metrics were applied case insensitive. The met-
rics TER, TERp and METEOR are language depen-
dent, but they do not support Slovak yet. As a sub-
stitute, we use Czech for METEOR and English for
TER and TERp. These metrics could also benefit from
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Acquis BLEU NIST METEOR TER TERpa TERpter
Česílko 1.0 0.33 7.39 0.54 0.55 0.61 0.47
Česílko 2.0 0.15 4.71 0.35 0.75 0.88 0.64
Google Translate 0.57 10.28 0.74 0.36 0.38 0.30
Moses-Acquis 0.46 8.82 0.66 0.48 0.47 0.38
Moses-Books 0.22 5.89 0.49 0.66 0.72 0.56
WMT10 (50 sents) BLEU NIST METEOR TER TERpa TERpter
Česílko 1.0 0.68 7.89 0.85 0.16 0.22 0.14
Česílko 2.0 0.29 5.24 0.57 0.44 0.59 0.38
Google Translate 0.78 8.43 0.90 0.11 0.14 0.09
Moses-Acquis 0.38 5.88 0.63 0.39 0.50 0.35
Moses-Books 0.57 7.12 0.78 0.25 0.32 0.22
Books BLEU NIST METEOR TER TERpa TERpter
Česílko 1.0 0.39 8.73 0.65 0.44 0.50 0.38
Česílko 2.0 0.20 6.07 0.46 0.65 0.72 0.53
Google Translate 0.45 9.44 0.70 0.41 0.44 0.35
Moses-Acquis 0.18 5.63 0.42 0.64 0.75 0.55
Moses-Books 0.47 9.74 0.71 0.42 0.41 0.33


Table 2. Results of automatic scores on three test sets. Best results in bold.


WordNet installation to increase the coverage of words
matched between the hypothesis and the reference.
Unfortunately, there is no Slovak WordNet and the
Czech WordNet is not easy to obtain. We used the
English WordNet to satisfy the technical requirement,
but we acknowledge that it can not possibly help in
the evaluation. All such metrics are therefore at their
baseline performance levels.


We used the default setting for all the metrics ex-
cept METEOR where we explicitly asked for text nor-
malization.


All systems were evaluated using three testing sets:
Acquis (3125 sentences), Books (3860 sentences) and
WMT10 (50 sentences).


Table 2 documents that all the automatic metrics
provide the same picture. METEOR and the various
versions of TER were shown to correlate better with
humans than e.g. BLEU but the lack of Slovak re-
sources inhibits their advantage.


As expected, the match between the system and
the test set is critical. Google Translate performs very
well on all the datasets.


Moses seems to work very well on the same type of
data as it was trained on: both for Acquis and Books,
the corresponding instance of Moses is the first or the
second system. However, we should note that Moses
trained on Books had a slight advantage over other
systems: when selecting the test sets from the Books
corpora, we extracted random sentences but we left
other parts of the same document in the training data.
Therefore, Moses had access to the exact terms and
names used in each of the documents. It could have
even happened that the same sentence appeared sev-
eral times in the full corpus and some of the copies


became part of the test set while others remained in
the training data.


A more serious issue is the one discussed above
in Section 3. Česílko had a big disadvantage on the
Acquis test set, because both the source Czech and the
target Slovak come from English. The training data for
Moses-Acquis were created using the same procedure,
so they are likely to account for the divergence caused
by the third language.


The small WMT10 set is different: it is out of the
domain for both variants of Moses and moreover it was
translated word for word, in line with the algorithm
of Česílko.


4.2 Manual ranking of systems


We carried out manual ranking of MT outputs using
the same procedure as in WMT evaluation campaigns:
Each annotator is given many “screens” or “hits” with
the source sentence and the hypotheses of up to five
systems. We did not provide any reference translation,
because Czech is understood by our Slovak annotators.
The task at each hit is to rank the hypotheses by as-
signing numbers to each hypothesis. Ties are allowed.
We collected 3 independent judgments.


The official WMT interpretation is based on pairs
of judgments. The 5 systems ranked at once imply
10 pairwise comparisons per hit. For each system, we
divide the number of (strict) wins by the total number
of pairwise comparisons it took part in to obtain the
official percentages called “> others” and “>= others”.
We add one more interpretation: we measure the num-
ber of hits where the system was the only winner (>)
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Acquis > others >= others > all in hit >= all in hit
Česílko 1.0 49.0% 87.2% 19.8% 71.6%
Česílko 2.0 4.6% 29.6% 0.0% 21.2%
Google Translate 51.5% 86.5% 19.0% 70.9%
Moses-Acquis 41.3% 81.3% 11.9% 63.1%
Moses-Books 24.6% 41.7% 2.6% 17.1%
WMT10 (50 sents) > others >= others > all in hit >= all in hit
Česílko 1.0 52.0% 76.4% 19.5% 56.1%
Česílko 2.0 16.7% 44.7% 0.0% 11.4%
Google Translate 65.8% 86.3% 43.6% 76.9%
Moses-Acquis 13.3% 36.2% 0.0% 5.7%
Moses-Books 37.4% 69.1% 12.2% 41.5%
Books > others >= others > all in hit >= all in hit
Česílko 1.0 50.6% 79.1% 15.6% 53.7%
Česílko 2.0 16.3% 38.1% 1.2% 11.8%
Google Translate 61.0% 85.7% 33.8% 68.8%
Moses-Acquis 13.2% 34.1% 0.7% 9.4%
Moses-Books 55.3% 78.7% 28.9% 59.6%


Table 3. Manual evaluation on our three test sets.


System Rank Implied Pairwise Comparisons
A 2 A<B
B 1 A=C
C 2 B>C


Fig. 1. An example of manual ranking of three systems in
one “hit”. The smaller the rank, the better the system. The
system B gains two of two possible points in the official
score “>= others” because it won both its two pairwise
comparisons. It gets one of one possible point in “>= all
in hit”. The systems A and C each gain one of two possible
points in “>= others” and no point in “>= all in hit”.


or one of several winners (>= all in hit). An example
is given in Figure 1.


Based on the manual ranking (Table 3), Google
performs indeed very well but Moses often loses com-
pared to Česílko. It is only the Books test set where
Moses scores slightly better but its performance may
be overestimated due to the test set selection as de-
scribed above. On the Acquis set, Česílko 1.0 even won
under some of the interpretations, e.g. being among
the winners in a hit.


From this we conclude that, unless Google-sized
text data (both parallel and especially monolingual)
are available, for closely-related languages (rule-based)
systems implementing a shallow transfer are much
more robust to domain effects than statistical MT sys-
tems. Often, this makes their output simply better
than the output of SMT.


However, as indicated by the very bad results for
Česílko 2.0, regular testing of such systems is critical.
The new version of Česílko performs far worse than the


ten year old one, at least in terms of software stability.
It is hard to draw a conclusion on translation quality
given that 14% of sentences were not translated at all.


5 Error analysis


To complement the ranking and refine the error anal-
ysis, we manually flagged errors in the fifty sentences
of our WMT test set following the error classification
by [16] and further examined by [17].


As we see in Table 4, the number of errors corre-
sponds to the overall ranking of the systems on the
WMT set.


Moses trained on the Acquis data had a lot of
problems with vocabulary on the WMT corpora. As
expected, training Moses on Books, a more diverse
dataset, improved the lexical choice and the number of
translated words. The number of errors in word form
choice is similar for Česílko 1.0 and both instances of
Moses. Google is able to outperform this using a large
language model. Moses factored setups (and larger Slo-
vak monolingual data) could be also used to improve
the form choice [18].


Most of the errors produced by Česílko 1.0 were
caused by wrong form selection. Altogether, the word-
for-word translation works very well in most of cases.
Sometimes, slightly different word order would be pre-
ferred, but the approximation taken by Česílko is ac-
ceptable. The coverage of the lexicon seems to be good
enough, occasional gaps still result in an untranslated
word and surprisingly, we have also seen badly gener-
ated (i.e. non-existing) Slovak words.


Česílko 2.0 proved to be in a very bad shape and
not a solid representative of the shallow transfer.
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Type of Česílko Česílko Google Moses Moses
Error 1.0 2.0 Translate Acquis Books


Bad Disambiguation 3 11 6 17 12
Bad Lex. Choice 2 6 1 22 1
Bad Negation 0 1 0 0 0


Total Bad Word Sense 5 18 7 39 13
Missing Aux. Word 0 0 1 2 0
Missing Content Word 0 0 0 0 1


Total Missed Words 0 0 1 2 1
Bad Word Form 40 83 30 39 42
Extra Word 0 0 0 7 4
Untranslated Word 26 156 3 105 41


Total Serious Errors 71 257 41 192 101
Bad Word Order (Close) 0 0 0 8 0
Bad Word Order (Distant) 0 0 0 2 0
Bad Punctuation 0 0 1 1 0
Bad Letter Case 0 0 0 38 13
Total Errors 71 257 42 241 115


Table 4. Counts of various types of errors on the WMT test set (50 sent).


6 Conclusion and future research


We prepared three test sets for the evaluation
of Czech-Slovak translation and evaluated five MT
systems both using automatic and manual evaluation
techniques. The underlying question was whether
shallow-transfer (rule-based) systems are still appro-
priate for closely related languages, given the large
amounts of parallel texts available.


Aside from discussing the issues of evaluating such
shallow-transfer systems, we confirmed the hypothe-
sis: Česílko performed better than our statistical sys-
tems based on Moses. However, with huge amounts of
data available, we expect statistical systems to domi-
nate MT of closely related languages as well. Google
Translate won in nearly all our evaluations.


For Czech-Slovak translation, we would like to im-
prove Česílko 1.0 in areas identified by our error anal-
ysis: the lexicon coverage and esp. the morphological
errors in the output.
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Abstract. The PageRank formula, originally designed for 
evaluation of significance of web pages, is also usable for 
evaluation of significance of authors in citation graphs. None of 
works on this theme takes in notice influence of citing cycles. We 
are convinced, they should affect the significance of the authors. 
We used Kendall and Spearman coefficients to evaluate an 
influence of cycles. 


1 Introduction 


PageRank algorithm, originally designed to evaluate the 
significance of nodes in the hypertext, is used in 
scientometrics for evaluation the network of  the each 
others quoting authors in author citation graph. The basic 
formula for calculating PageRank [1] [4] is as follows 
(modified into an iterative formula):  
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where d is damping factor, Px(A) is Pagerank of node,n is 
count of nodes, u is node links to node A, Nu is count of 
outgoing links from node u, BA is set of all edges linked to 
node A. If we consider the possibility to set the weight of 
edges in the graph, we get through that a powerful tool for 
assessing the importance of the individual citations. To 
analyze a graph with labeled edges, we use the principle of 
modification known as weighted Pagerank, e.g. [2] [3]. 


2 The option of penalizing edges 


Under the term “cycle analysis” is understood the detecting 
of mutual (partner) linking among the authors. So we 
penalize any mutual agreement between two authors in the 
manner of "I will link to you, you will turn me on." 


We introduce the weight of the edge w is calculated 
according to the formula (2), where 1/l is the handicap. 


lw /11                  (2) 


2.1 The option of penalizing edges 


The problem occurs when we consider penalizing of 
different lengths simultaneously. Solving options can be 
found a few, such as a simple algorithm, where n represents 
the length of cycle: 
 0) n is initialized; it's value which represents the length 


of the longest sought cycle and all the edges are 
weighted 1, 


 1) find all cycles of the length n and set the edge in this 
cycle on the value of w0 = 1-(1/n), 


 2) find all cycles of the length n-1 and set the edge in 
this cycle on the value of w1=1-(1/n-1), 


 ...  
 (N-3) find all cycles of length 2 and set the edge on the 


value of wN-2 = 0,5. 


We come out from the length n of the cycles, in which 
the edges are penalized at least. Penalizing of the edges 
increases gradually in the shorter cycles and the edges 
weight thus decreases.  


The weights of the edges, which were already once set 
in found cycles, may be overwritten by another value of the 
penalizing (i.e., the edge will be weighted with lower 
weight). Everything is virtually illustrated in Fig. 1., which 
represents an author citation graph. 


 


Fig. 1. Course of edges penalizing in cycles of length three and 
then two.  


Fig. 1. represents edges penalizing in the author 
citation graph for cycles of length three and two. In Fig. 1a) 
all edges are set to 1 (no penalization). The first step is to 
find all cycles of length three (Figure 1b)), in the second 
step all cycles of length two (Figure 1c)). The figure also 
illustrates an important characteristic of penalization, 
namely the longer is the cycle, the penalization is smaller. 
So the algorithm first looks for the longest cycle (it's 
penalization of edges is small) and penalizes edges of 
nested shorter cycles increasingly. 


We realize this method of penalization is not quite fair. 
The oldest citation or simple cycles, should not be 
penalized. But, in this case, we need take into account the 
time of publications. This problem will be solved in our 
next step. The aim of presented work is to proof how much 
citing cycles influence rating of authors. 


3 Authors rank sensitivity on weights of 
edges 


Experiments  were  run  on  the  author  citation  graph 
obtained from the database DBLP (available at 
http://www.informatik.uni-trier.de/~ley/db/). The number 
of authors, publications and citations in the database are 
summarized in Tab. 1. Tab. 2. summarizes the number of 
cycles of length 2 and 3 in each individual database. 


 


database  authors  publications 
cites 


(publications) 
cites 


(authors) 
DBLP 04 315731 474467  112001  653103
DBLP 06 476564 776401  112262  655232
DBLP 09 749639 2005601  112120  652481


 
Tab. 1. Basic statistics DBLP. 
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DBLP 2004 


cycles of length two  22422 


cycles of length three  15855 
 


Tab. 2. The number of cycles of lengths 2 and 3 in DBLP 
databases. 


 
First of all we were interested whether and possibly 


how much different the results of rankings are, if we 
penalize the cycles of length two in the author citations 
graph. We started Pagerank up for a total of eleven 
different weights in nodes and we compared the results 
with each other using the Spearman and Kendall correlation 
coefficients. The resulting values of the Spearman and 
Kendall coefficients are summarized in Tab 3. and 4.  


 
w of edges 0,001 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1


0,001 1 0,998976 0,996813979 0,994032779 0,990884507 0,987595607 0,984193316 0,980777876 0,977345533 0,97395125 0,970600977


0,1 0,998976 1 0,999295904 0,997633777 0,995396733 0,992855364 0,990094048 0,987232297 0,984286717 0,981324743 0,978360817


0,2 0,996814 0,999296 1 0,999494061 0,998235732 0,996519032 0,994477471 0,99224155 0,989853345 0,987387419 0,984869864


0,3 0,994033 0,997634 0,999494061 1 0,999608806 0,99863643 0,997253917 0,995598075 0,993731984 0,991733963 0,989640432


0,4 0,990885 0,995397 0,998235732 0,999608806 1 0,999697383 0,998914081 0,997790187 0,996406144 0,994842772 0,993144528


0,5 0,987596 0,992855 0,996519032 0,99863643 0,999697383 1 0,999751846 0,999108727 0,998163539 0,996999072 0,995666078


0,6 0,984193 0,990094 0,994477471 0,997253917 0,998914081 0,999751846 1 0,999795705 0,999253531 0,998455983 0,997460403


0,7 0,980778 0,987232 0,99224155 0,995598075 0,997790187 0,999108727 0,999795705 1 0,999825227 0,999364298 0,998679405


0,8 0,977346 0,984287 0,989853345 0,993731984 0,996406144 0,998163539 0,999253531 0,999825227 1 0,999851806 0,999456231


0,9 0,973951 0,981325 0,987387419 0,991733963 0,994842772 0,996999072 0,998455983 0,999364298 0,999851806 1 0,999871856


1 0,970601 0,978361 0,984869864 0,989640432 0,993144528 0,995666078 0,997460403 0,998679405 0,999456231 0,999871856 1 


Tab. 3. Spearman's rank correlation coefficient (d = 0.85). 


w of edges 0,001 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1


0,001 1 0,984695 0,971089948 0,958983049 0,947982348 0,937977466 0,928756941 0,920231845 0,912275728 0,904820301 0,897813677


0,1 0,984695 1 0,986278456 0,974062957 0,962963116 0,952837127 0,943507489 0,934880838 0,926831478 0,919288545 0,912193744


0,2 0,97109 0,986278 1 0,987760478 0,9766192 0,966450389 0,957079946 0,948412333 0,940321852 0,93274433 0,925599345


0,3 0,958983 0,974063 0,987760478 1 0,988846848 0,978659991 0,969269799 0,960570524 0,952455466 0,944853406 0,937679332


0,4 0,947982 0,962963 0,9766192 0,988846848 1 0,98980309 0,980404547 0,971691777 0,963557049 0,955943946 0,948746403


0,5 0,937977 0,952837 0,966450389 0,978659991 0,98980309 1 0,990600191 0,981880257 0,973732983 0,966108958 0,958901164


0,6 0,928757 0,943507 0,957079946 0,969269799 0,980404547 0,990600191 1 0,991278562 0,983126816 0,975495983 0,968280393


0,7 0,920232 0,934881 0,948412333 0,960570524 0,971691777 0,981880257 0,991278562 1 0,991846196 0,984207606 0,976982992


0,8 0,912276 0,926831 0,940321852 0,952455466 0,963557049 0,973732983 0,983126816 0,991846196 1 0,992359431 0,985131968


0,9 0,90482 0,919289 0,93274433 0,944853406 0,955943946 0,966108958 0,975495983 0,984207606 0,992359431 1 0,9927685


1 0,897814 0,912194 0,925599345 0,937679332 0,948746403 0,958901164 0,968280393 0,976982992 0,985131968 0,9927685 1 


Tab. 4. Kendall tau rank correlation coefficient (d=0,85). 
 


The collected data serve for easy derivation of the 
significance of differences between the cases when we will 
not penalize cycles (edges in the cycle will then have the 
value of "1") and, if we will. We are interested in how 
much different the values of the Spearman's and Kendal's 
criteria are. The size of differences is in the graphs in 
Fig. 2. and in Fig. 3. The values in the graphs always show 
the numerical differences between two values of 
Spearman's and Kendal's coefficients. While in the first 
graph we are interested in the size of differences between 
the ranking created by the PageRank without penalizations 
(original) and ranking with different penalizations (i.e., we 
compare the original ranking with various penalized 
rankings) and in the second graph we can see individual 
increasing between two neighboring variants of rankings 
(e.g. between rankings created with the weights setting 
of "0.2" and "0.3").  


 


Fig. 2. The size of differences (the case without penalization). 


  


Fig. 3. The size of differences (the case with penalization). 


Both rankings show very well that the linear reduction 
of weights of edges in the cycle causes an almost 
exponential increase in the diversity rankings. 


4 Conclusion 


In the paper, some possible solutions of citation cycles 
were outlined. Experiments with a penalization of cycles 
were executed and we found that the difference of ranking 
grows exponentially with increasing penalization. The 
examination involving the time of each individual citation 
will be subject of further work. We believe it brings more 
fairness into results. 
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Abstract. In this note we critically examine the current
state of teaching of Discrete Simulation at our university.
We consider the case study of one of the projects that
students are expected to solve in the course. Three ap-
proaches are compared - nonmodular resulting from the
current approach, using Haskell, and using Reactive frame-
work from C#. We conclude that functional approach can
address problems that a teacher may encounter, although
a full-fledged functional language may be unnecessary. This
is in agreement with general trends in software industry.


1 Introduction


University of Žilina is situated at an industrial hub of
northernwestern Slovakia. Historically, its goals were
to prepare engineers for transportation and manufac-
turing industries. With decreasing economic role of
heavy industries in the neighbouring region, its educa-
tion plans became more varied and software engineer-
ing is one of the newer and fast-growing specialties of
the university. In this note we will concentrate on stu-
dents enrolled in our “Information systems” program.


Software simulation is considered by our depart-
ment an imporant area of application of software engi-
neering skills. Our program incorporates courses both
at the undergraduate level and the engineering level.
At the undergraduate level students attend a one term
course about simulation models and learn to use Arena
software to develop models. At the engineering level
students are expected to master writing simulation
models, first event based and then agent based mod-
els. Implementation is complemented by planning and
execution of experiments, and preparation of prelim-
inary and final analysis. The final problem that stu-
dents solve is sufficiently complex to demonstrate the
complete lifecycle of simulation analysis.


The engineering level course is considered challeng-
ing by many students. The course completion rate is
about 70%, despite the fact that the course is typically
taken in the fourth year of study.


In this note we examine the possibilities of using
functional programming in Discrete Simulation course.


2 Functional programming


Theoretical basis of functional programming can be
traced to work of Alonso Church in 1930’s. He devel-
oped λ calculus which was shown to be equally power-
ful as the Turing machine model of computation. LISP,
introduced in 1958, is the oldest widely used functional
programming language. Its dialects (e.g. Scheme) are
still commonly used in computer science undergradu-
ate courses.


Functional languages have been consistently signif-
icantly less popular than imperative languages (For-
tran, Cobol, Pascal, Modula-2, C, C++, Java, C#),
perhaps due to its heavy dependence on efficient
garbage collection. With the advent of multicore com-
puting many guessed that this would change, because
functional programming appears more suitable for de-
veloping parallel programs. However, alternative tech-
nologies, from CUDA through OpenMP to MapRe-
duce have so far kept the most widely used languages
equally suitable for developing parallel software.


Yet, functional languages scored some indisputable
victories. Erlang programming language used by
Ericsson allows the company to manufacture telecom-
munication systems with 99.999% uptime. Popular
open source statistics software R uses the functional
language R for programming. Functional constructs
have started to appear in mainstream imperative lan-
guages. For instance anonymous functions, a λ cal-
culus construct, can be now found in C#, Python,
PHP, Matlab, Mathematica and are to appear in later
versions of Java and C++. LINQ, a popular
Microsoft.NET feature, is a also functional program-
ming construct. Finally, we should also mention that
JavaScript is considered to be a functional program-
ming language. Let us briefly summarize main features
of functional programming.
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2.1 Features of functional programming


Functions are first-class values. That means that
they can be assigned, passed as arguments and re-
turned as values from functions. This is stronger than
just passing and returing C-style function pointers, be-
cause functions can use variables from their originat-
ing context. Thus returning a function from a function
in effect means returning both a function pointer and
state of some variables.


Immutability of variables. Variables are expected
not to change, much like the behavior of C++ vari-
ables with const modifier. The obvious benefit is that
it is much easier to argue about value of variables,
since they are not affected by time. Obviously, excep-
tions are allowed, but as a rule it is much easier to
have variable bindings that do not change their values
(exactly unlike C++, where it is much easier to have
non-const values than const ones).


Pure functions. Similarly, functional programming
prefers pure functions, that is functions, that return
the same values for the same inputs. (In relational
databases such functions are called deterministic).
Pure functions allow for more powerful compiler opti-
mizations.


Recursion. With variables being constant it is im-
possible to carry out typical iteration loops. An obvi-
ous alternative is using the recursion, the disadvantage
being possible stack overrun. When the recursion call
is the last call in the function then it can be replaced
by a simple jump that reclaims the previous state.
This optimization, called tail recursion is crucial for
efficiency of functional programming and many lan-
guages provide explicit guarantees to its availability.
Functional programming also uses higher order con-
structs to replace recursion.


Sophisticated type system. Algebraic data types,
commonly needed in compiler development, are a hall-
mark of functional programming languages. They al-
low for precise specification of types unlike the classi-
cal C union. Their usage allows the compiler to warn
about missing pattern matching cases.


Moreover, compilers for functional languages are
characteristic by being able to infer correct types of
variables. This significantly shortens functional pro-
grams, since type annotations account for most of lines
of a typical imperative source code. Some argue, this
increases programmers’ productivity. It is however in-
disputable that type systems in functional languages
are quite advanced, being able to express constructs
not found in most of widely used programming lan-
guages.


3 A case study


Let us describe a mid-term problem given this year
to our students. The goal is to simulate a supermarket
with three service departments. A customer enters the
market and spends time shopping for some freely dis-
played items. Then she goes to vegetable and fruit de-
partment, waits in a line, if necessary, and buys some
fruits and vegetables. Then she proceeds to meat de-
partment, again possibly waits in a line, and buys some
meat items. Finally she proceeds to cashiers, waits in
a final line, scans the items pays and goes out. For
each of the activities a known probability distribution
is given that governs its behavior. The goal is to inves-
tigate aggregate statistics depending on the number
of service agents in various departments (vegetables &
fruits, meats and cashiers).


Let us remark that both data structures and al-
gorithms needed are of moderate difficulty. Obviously,
a student will need to use arrays of queues to model
customer lines at various departments. The most ad-
vanced data structure needed is the priority queue for
holding events in sorted order. Two classical pedaga-
gogical problems may be expected to occur:


Problem A For students that struggle, it may be hard
to find out exactly where they make errors.


Problem B For students experienced in program-
ming, the problem may be too easy, and they may lose
interest in participation in class.


The first problem typically affects a bigger propor-
tion of students. Since students work on the assign-
ment individually, their designs, implementations and
even programming languages vary. It thus appears the
biggest payoff would be in providing “behavior asser-
tions” that would allow students to determine the lo-
cation of their error. In is easy to see that the proposed
problem is quite amenable to such hints. If a student
errs only in implementing meat processing department
behavior, any aggregrate statistics for fruit and vegeta-
bles would still be valid. It is only later stage statistics
(meat department, cashiers) that would be incorrect.
This guidance is of course only available if students
are able to readily modify their programs to produce
a wide variety of statistics. It is a problem in itself
how to structure programs so that they are versatile
and can be easily adapted to production of various
statistics. We state it as


Problem A’ Separation of simulation itself from col-
lection and maintanance of statistics.


We have examined these three problems from sev-
eral perspectives.
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3.1 Student’s solutions


During lectures and exercises students were taught
about how to program event based simulation in Pas-
cal. To judge their experience developing solutions we
have admistered a survey at the end of the course. The
sample included 35 students. Figure 1 shows languages
chosen by students to solve the assignment.


Pascal


Java


C#


C++


Python


Fig. 1. Language used by students to implement their so-
lutions.


In the survey, more than 2/3 students indicated
that the biggest issue for them was to discover why the
simulation produces incorrect results. Moreover, again
2/3 of students were unable to uncover the problem by
themselves, and they had to consult their classmates
to compare code and results. This indicates that Prob-
lem A is acute, and is not addressed by the current
approach to instruction.


On the other end of the spectrum, a few (less
than 10%) students indicated they were able to pro-
duce a solution in less than 3 days. This is a big differ-
ence from the majority of students (more than 60%)
taking more than 7 days to produce a solution. This
is an indication that Problem B also occurs.


3.2 Haskell


Haskell language is a functional language popular in
academic sphere. We have decided to use this language
because it is used by the leading functional program-
ming researchers. For instance, in the past 15 years
there has been significant research interest in develop-
ing Haskell libraries for functional reactive program-
ming (FRP) starting from [1], [2]. This paradigm can
be used to express both push and pull based mod-
els [3], for both continuous time functions (signals)
and events.


We have decided to eschew using a specific FRP li-
brary, partly because of unsettled standard, and partly
because we felt Haskell itself would be sufficiently chal-
lenging to pick up for students in our program. In
fact, the latter reason makes Haskell a good choice for


addressing Problem B. Many programmers feel that
learning Haskell was the most challenging endeavour
in their skills development.


Let us consider how to address Problem A’. In prin-
ciple the are two ways to go around doing it. The first
is to pass an aggregation or processing function to the
simulation core. The core then has the responsibility to
call this function whenever event occurs. The function
would typically maintain some state, although func-
tions that simply trace out events are also quite handy.
Another solution is to expose event stream to a pro-
cessing operator. The former approach would result in
signature for the main simulation function as follows:


sim : : ( Int , Int , Int ) −>
( a , a−>Event −> a ) −>
IO Simulat ion a ,


where the triple indicates number of people servicing
different departments. The latter approach could re-
sult in less general type signature


sim : : System .Random.RandomGen g =>
( Int , Int , Int ) −> g −> [ Event ]


Note that Haskell’s lazy evaluation would be crucial
for efficient implementation of this approach, because
the event list should not ever be fully evaluated as it
can be too large to store in memory.


Although the latter approach potentially yields
pure function code, we decided to implement the for-
mer approach. The main factor was that available pri-
ority queue implementation required monadic code,
and thus monadic approach seemed more natural. (We
should note that Arrowized FRP (AFRP) was pro-
posed [5] and has certain advantages over monadic
approaches.) The resulting code had about 320 lines,
which was less than half of code needed for solutions
written by students. Number of textual symbols used
in Haskell was 181, slightly less than average of
228 used by students.


Despite that we feel that Haskell failed our (possi-
bly too high) expectations. The resulting code was sig-
nificantly slower. It used too much memory, most likely
leaking at some place. We have been unable to profile
the code because standard installation failed to pro-
file priority queue implementation. Also Haskell lacks
good standard graphics libraries. Taken altogether, the
Haskell Platform [4] appears immature compared to
commercially used environments. The undisputable
benefits were concise code, that was easy to verify
and almost directly reflected the requirements. Finally
Haskell’s type system proved its superb reputation, al-
lowing to concisely express the program’s logic. The
code was very flexible allowing for instance easy
change of time from integral to float type.
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3.3 C#


Our department has a few years back settled on Java
as the main programming language for students. It is
thus quite surprising that C# proved to be, by a wide
margin, the most popular choice for solving the assign-
ment. It is probably caused by confluence of multiple
factors: excellent quality of developer tools provided
by Microsoft, Microsoft’s licensing for students and
academic users, and popularity of Microsoft’s tech-
nologies in industry.


Microsoft’s Visual Studio supports multiple lan-
guages, C#, F# and Visual Basic.Net. Visual Basic
appears to assume legacy rôle, and is being surpassed
by C#. F# is a functional language, derived from
O’Caml. It may be somewhat surprising but looking
for functional approach to discrete simulation we have
opted for C# instead of F#.


The reason is that C# has been regularly extended
to support latest language research developments.
Moreover, Microsoft strives to make .NET languages
interoperable, and to a certain degree interchangeable.
Microsoft also appear to strive to learn from the best
academic research results, employing for instance both
C. Elliott, the leading researcher in FRP, and Simon
Peyton Jones, a leader in Glasgow Haskell Compiler
development. It is thus no surprise that functional re-
active programming, originally conceived in Haskell,
found its way to Reactive C# framework [6].


This framework is sometimes referred as LINQ for
events. Let us recall the motivation for LINQ. There
is a well-known impedance mismatch between OOP
and relational databases. One of its manifestation is
in a wall separating SQL and application code, which
makes it impossible for the compiler to comprehend
data communication. This can lead for instance to
SQL injection attacks. Microsoft realized that using
functional constructs could solve this problem. It al-
lowed to write developers declarative commands in
their applications that could be parsed and combined
by the compiler. SQL queries were suddenly exposed
and any errors in them could be detected in compile
time. The core behind LINQ is IEnumerable interface.


public interface IEnumerable<out T>
: IEnumerable


{
new IEnumerator<T> GetEnumerator ( ) ;


}


public interface IEnumerator<out T>
: IDi sposab le , IEnumerator


{
new T Current { get ; }
bool MoveNext ( ) ;


}


By dualizing these interfaces one arrives at IOb-
servable and IObserver interfaces, and this is precisely
what Reactive framework uses.


public interface IObservable<out T>
{


void Subscr ibe ( IObserver<T> obse rve r ) ;
}


public interface IObserver<in T>
{


void OnCompleted ( ) ;
void OnNext(T value ) ;
void OnError ( Exception e r r o r ) ;


}
A developer now can write declarative statements


that process stream of events. Since LINQ is a technol-
ogy that is well known to our students (over 40% used
it, despite it not being in curriculum), we feel that
Reactive framework is well within grasp of majority
of our students and will allow us to address Problem
A’. Moreover, since students themselves prefer C# by
a large margin, this should also mean that Problem A
will be addressed.


4 Conclusion


We have examined the current methodology for teach-
ing Discrete Simulation at our university. Based on
our research we’ve found that functional programming
language in itself is not the answer to improve our
teaching. But functional programming techniques,
such as Reactive framework in C#, have the potential
to adequately address the problems we identified. For
the very brightest students, learning a functional pro-
gramming language may be a challenging and worth-
while undertaking.


Unfortunately, we did not find a comparable solu-
tion for Java. But functional constructs are to appear
in future versions of Java, and functional languages de-
rived from Java and JVM are being developed (Scala,
Clojure, Ceylon) thus we may expect similar function-
ality to be available on Java platform as well.
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Předmluva


Jedenáctý workshop ITAT’11: Informační Technologie – Aplikace a Teorie se konal v hotelu Boboty
(http://www.hotelboboty.sk/) ve Vrátné dolině u Těrchové na Malé Fatře na Slovensku (ve výšce
660 metrů nad mořem) v termínu od 23. do 27. září 2011.


Workshop ITAT (http://www.itat.cz/) je tradičně místem setkání informatiků z České republiky
a ze Slovenska. Velký důraz je kladen na vzájemnou výměnu informací a rozhovory mezi účastníky – tomu
odpovídá i skladba programu a velký prostor pro diskuse během odborného i společenského programu. Work-
shop je též vhodnou příležitostí pro mladé vědecké pracovníky a studenty k první veřejné prezentaci výsledků
a k debatám se zkušenějšími kolegy. Příspěvky jsou prezentovány v češtině a slovenštině.


Tematicky je workshop ITAT zaměřen velmi široce, zahrnuje všechny oblasti informatiky od teoretických
základů informatiky a výpočetní inteligence přes bezpečnost a kryptografii, softwarové inženýrství až po
zpracování dat a znalostí či zpracování přirozeného jazyka.


Na ITAT’11 bylo zasláno celkem 31 příspěvků, všechny příspěvky byly recenzovány nejméně dvěma
nezávislými recenzenty. Práce prezentované během workshopu publikujeme ve dvou sbornících: (i) v konfe-
renčním sborníku s původními vědeckými pracemi v anglickém jazyce zveřejněném jako “CEUR Workshop
Proceedings” (http://ceur-ws.org/), který obsahuje 2 zvané přednášky a 5 původních příspěvků,
a (ii) v tomto sborníku, který obsahuje:


– 7 původních vědeckých prací,
– 5 prací typu “work in progress”,
– 3 rozšířené abstrakty určené pro prezentaci formou posteru a
– 2 práce týkající se výuky; tyto dva příspěvky sloužily jako úvodní příspěvky k panelové diskusi.


Workshop ITAT’11 organizovali
– Ústav informatiky Univerzity P. J. Šafárika, Košice
– Matematicko-fyzikální fakulta Univerzity Karlovy v Praze
– Ústav informatiky AV ČR Praha
– Slovenská spoločnost’ pre umelú inteligenciu.


Poděkování patří zvaným přednášejícím – Karlu Olivovi a Zdeňku Žabokrtskému. Dále děkujeme autorům
přednesených příspěvků, členům programového výboru a recenzentům. Velké uznání patří organizačnímu
výboru v čele s Peterem Gurským za úspěšné zorganizování již jedenáctého ročníku workshopu ITAT.


Workshop ITAT’11 byl částečně podpořen z projektu NoSCoM, GAČR č. P202/10/1333.


Za podporu děkujeme též sponzorům – společnosti Profinit (http://www.profinit.eu/).


Markéta Lopatková


Pro správné zobrazení doporučujeme používat Adobe Reader 9.
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Radim Bača, Technical University VŠB, Ostrava, CZ
David Bednárek, Charles University in Prague, Prague, CZ
Mária Bieliková, Slovak University of Technology, Bratislava, SK
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Experience from searching for pseudorandom number generator?


Richard Ostertág and Martin Stanek


Dept. of Computer Science, Comenius University
Mlynská dolina, 842 48 Bratislava, Slovakia
{ostertag, stanek}@dcs.fmph.uniba.sk


1 Introduction


A standard approach to testing the quality of pseudo-
random number generator is to perform a set of sta-
tistical tests (for cryptography, this is just a necessary
and not by any means a sufficient requirement).


There are few established batteries of statistical
tests used for testing PRNGs: DIEHARD, TestU01 [1],
and NIST’s test suite [2]. Designing a simple and effi-
cient PRNG which passes majority or all of these suits
of statistical tests is not an easy task. Many proposed
and widely used generators failed various statistical
tests. For a nice survey see [1].


2 SONG 2011 categories and rules


We decided to organize a contest SONG 2011 (Sút’až
O Náhodný Generátor 2011) for the best simple
PRNG. The contest was targeted mainly at students
of Cryptology class, but other students participated as
well. There were two categories: PRNGs with 32 bits of
internal state, and PRNGs with 64 bits internal state.
The goal of the contest was twofold:


– to find a small, simple and preferably fast PRNGs
with sufficiently good statistical properties,


– to inspire students to explore the area of pseudo-
randomness and possible constructions of PRNGs.


All proposal had to follow templates provided in
C language, with uniform initialization and interface.
PRNGs had to return a single pseudorandom bit in
each step/call.


The quality of proposals was judged by testing
statistical properties of the PRNGs with NIST’s test
suite. However, one can always pass almost all sta-
tistical tests by having stored large number of good
sequences in the code of PRNG, and using the seed
as a mean to simply select one of these sequences for
output. Let us notice in advance that none of the can-
didates followed the approach of storing some large
amount of data in the source code. Still, there were
significant differences among proposals regarding their
simplicity, e.g. loops vs. loops-free proposals, etc.


Thus, there were two evaluation criteria: quality
and simplicity.


? This work was supported by VEGA grant 1/0266/09.


3 Proposals


There were 10 submissions in the 32-bit category, and
11 submissions in the 64-bit category. One 64-bit pro-
posal did not respect the size of internal state and was
rejected. With respect to their structure/construction
the proposals can be classified as shown in Table 1.


Construction class 32-bit 64-bit Total


original constructions 5 5 10
KISS like 2 3 5
BLAKE based 1 0 1
other modifications 2 2 4


Tab. 1. Classification of proposals.


The largest portion of candidates were original con-
structions, followed by modifications of KISS genera-
tor, and modification of other generators. A little over-
complicated, nevertheless interesting was a 32-bit pro-
posal based on cryptographic hash function BLAKE.


4 Evaluation of statistical properties


It is well known that PRNGs can produce statistically
bad sequences for some seed values. Because of exten-
sive work needed to perform such analysis with all pro-
posals, we decided to test all PRNGs only on 15 rep-
resentatively chosen seeds values. Each seed value was
used to produce a sequence of 100.000.000 bits which
was interpreted as 100 subsequences, each having
1.000.000 bits.


The test suit created by NIST contains 15 types
of statistical tests. Some are implemented in multiple
variants, so suit contains of 188 tests. The basic test is
a frequency test, which tests for balanced number of 0
and 1. According to the NIST recommendation [2] the
other 14 types of tests should be performed only when
a sequence passes the frequency test.


4.1 32-bit PRNGs


Table 2 summarizes the results of our testing of 32-bit
PRNGs. We denote the proposals by letters from A32
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32-bit seed A B C D E F · · · J Σ


0x00000000 0 2 – – 34 – 1352
0x00004000 0 1 0 – 79 – 1208
0x00001041 0 3 1 2 41 – 987
0x001A0000 0 1 0 – 26 – 1155
0x00F5E460 0 1 0 2 25 – 968
0x32C74735 1 3 1 0 1 – 946
0x5E9E209B 0 2 3 0 23 – 968
0x1856BDB9 0 1 1 0 22 – 964
0x72D693E6 0 1 2 0 – – 1131
0x0B82FDFE 0 1 0 0 50 – 991
0xBAD0FACE 0 2 2 0 – – 1132
0xBEEFFFFF 1 2 0 0 3 – 946
0xFFFFF79F 1 1 1 1 – – 1132
0xFFFDFFFF 2 1 0 1 – – 1132
0xFFFFFFFF 1 1 0 1 34 – 977


Frequency fails 0 0 1 3 4 15 83
Other fails 6 23 11 7 338 0 385
Grand total 6 23 199 571 1090 2820 15989


Tab. 2. Summary of failed tests for 32-bit PRNGs.


to J32 in the order of increasing number of failed tests.
As proposals from F32 to J32 have identical results,
their columns are merged to save space.


Every row represents failed tests for one seed. If
frequency test was not successful then – is shown in
the table. Last three rows are totals. First total sum-
marizes failed frequency tests for particular proposal.
Let denote this number f . Second row sums up failed
tests but only for seeds passing frequency test. Let de-
note this number o. The last row is grand total of failed
test. Let denote this as g. Then g = o+188f , because
if frequency test fails we consider all other test also as
unsuccessful.


Proposal A32 (see Listing 1) achieved the best sta-
tistical results. Moreover it is also one of the simplest
PRNGs. Another interesting PRNG is a one-liner pro-
posal C32 based on linear feedback shift register.


unsigned int genrndbit() {
unsigned long x32 = seed;
x32 = 987654321 ∗ x32 + 1234569;
x32 ˆ= x32 ¿ 5;
x32 ˆ= x32 À 7;
x32 ˆ= x32 ¿ 22;
seed = x32;
return seed & 1;


}


Listing 1. Proposal A32


4.2 64-bit PRNGs


Table 3 summarizes the results of our testing of
64-bit pseudorandom number generators. The struc-
ture of the table is analogous to 32-bit case.


Also in this category we can find one line imple-
mentations H64 and I64. Both are based on bifurca-
tions that can be observed by iterating simple recur-
rences (e.g. xn+1 = µmin{x, 1−x} for proposal H64).


64-bit seed A B C D E F G H I J Σ


0000000000000000 1 1 2 0 – 4 – – – – 948
0008000000000000 2 0 0 0 2 1 2 0 1 – 196
0000000000808040 0 1 0 0 0 0 12 1 1 – 203
0402000200000000 1 3 0 2 0 0 4 1 0 – 199
CAFE0000ACE10000 2 2 – 0 2 1 0 2 – – 573
27380A66F821C614 1 0 0 0 0 1 0 1 0 – 191
01C2915A8B34C1EB 0 0 0 2 0 0 0 0 0 – 190
983B09E92829730F 0 0 1 0 1 0 2 2 – – 382
A43FCF8181F8AA87 0 3 1 2 0 1 0 1 9 – 205
0004CEF27BFB8B3E 1 2 1 0 0 3 2 3 – – 388
D35C2CEA19FB3DA8 0 2 1 0 1 2 1 18 1 – 214
FFBDFFF7FFFFFFFF 0 0 0 – 0 0 0 0 0 – 376
FFFFFFFF7FFFDDFF 0 1 3 2 0 4 2 3 1 – 204
FFFFFFFFFFFDFFFF 1 0 0 1 2 – 0 2 – – 570
FFFFFFFFFFFFFFFF 1 1 0 0 2 1 3 – – – 572


Frequency fails 0 0 1 1 1 1 1 2 6 15 28
Other fails 10 16 9 9 10 18 28 34 13 0 147
Grand total 10 16 197 197 198 206 216 410 1141 2820 5411


Tab. 3. Summary of failed tests for 64-bit PRNGs.


We see that in this case there are less total failures
(indeed just one — J64) as in case of 32-bit PRNGs.
This is precisely because of increased internal state
size. It is much harder to design a PRNG in con-
strained environment with 32 bits of internal state.


5 Conclusion


We take our PRNGs competition SONG 2011 as a suc-
cessful experiment. First, it shows that there exists
PRNGs with good statistical properties with limited
internal state (although the period of the proposals is
upper bounded by 232 or 264, respectively). Certainly,
further evaluation of the candidates is needed.


Moreover, the experiment shows the interest of stu-
dents to explore PRNGs and to test their own ideas.
Also they can clearly see that it is not easy to build
up good cryptographic primitive from scratch and that
many ad-hoc ideas without deeper mathematical back-
ground do not lead to satisfactory solutions even if
they look promising at the first sight.
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Abstract The flexibility provided by design patterns is
usually achieved by introducing new classes into the de-
sign. The complexity of design patterns oriented software
development can easily overtake the advantages of design
patterns usage, which might lead to software bugs or even
complete failure of the development. We present the Pat-
terns4Net project that targets the .NET platform. De-
velopers can annotate their classes using special attributes
that document the usage of design patterns. This docu-
mentation is then used by Pattern Enforcer, a tool that
verifies the correctness of design patterns implementation.
Such system improves the development process of complex
design pattern oriented software, because it helps discover
communication errors and violations of design patterns im-
plementation earlier.


1 Introduction


One of the disadvantages of design patterns is the fact
that they bring a new complexity into the design. This
complexity is caused by the introduction of new classes
and interfaces, which are used to provide better flexi-
bility and reusability. Developers often do not have en-
ough time to create a documentation for their classes;
therefore, the mapping between classes and design pat-
terns is lost. Other members of the development team
can only study the source code, or reverse-engineered
diagrams, but neither of these emphasize the design
patterns structure, which would provide a more abs-
tract view and thus tackle some of the complexity.


Even if the code documentation includes in-
formation about implemented patterns, an incorrect
understanding of some design patterns by one mem-
ber of the development team may slow down the de-
velopment process or even lead to the introduction of
software bugs in the system.


While the tools for a formal verification and the
tools for tackling the complexity of design patterns
exist, they were developed mainly as research proto-
types, and, except for few of them, they did not get
enough attention from the industry. In addition, most
of these tools target the Java platform, but only few
target the .NET platform.


Such problems are addressed by the Patterns4Net
project, the presentation of which is the main aim of


? This work was supported by the grant SVV-2010-
261312.


this paper. The crucial component of the Patterns4Net
is Pattern Enforcer – a tool that verifies selected struc-
tural aspects of design patterns. It implements a set of
14 built-in patterns; moreover, users can add their cus-
tom patterns using the special API. Pattern Enforcer
needs to know which classes are supposed to imple-
ment which pattern in order to enforce its correct im-
plementation. For this purpose, the Patterns4Net spe-
cial documentation for pattern solution participants is
used.


The rest of the paper is structured as follows: the
patterns representation is described in Section 2. Do-
main specific languages in general and our API for
pattern constraints specification are described in Sec-
tion 3. Section 4 shows how to use the Enforcer, Sec-
tion 5 deals with the Patterns4Net Common Infra-
structure architecture. Section 6 compares our system
with other relevant work and Section 7 summarizes
the paper and suggests future work.


2 Representation and documentation


2.1 Documentation of pattern instances


A design pattern is an abstract entity, which, among
other things, primarily describes a solution to a recur-
ring problem. If such design pattern is implemented by
a developer, he transforms the abstract ideas behind
the pattern into a real source code. For example, an
instance of the Composite pattern is given in Figure 1.


public class WidgetComposition : IWidget {


private IList<IWidget> children;


public int Width {


get { return children.Sum(x => x.Width); }


}


}


Fig. 1: Example of the Composite pattern instance.


If we consider the example from Figure 1, Pattern
Enforcer does not know that the WidgetComposition
class should implement the Composite pattern. The-
refore, Pattern Enforcer does not know that it should
enforce the structural aspects of the correct implemen-
tation of the Composite pattern on the WidgetCompo-
sition class. For this purpose, we need to create a map-
ping between concrete elements in a source code and
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the pattern participants they are supposed to imple-
ment. We call this mapping a design patterns partici-
pants mapping.


Patterns4Net provides an extensible mechanism for
the construction of design patterns participants map-
ping from .NET assemblies data. At the moment, it
supports pattern meta-data expressed as .NET attri-
butes. The class that plays the main role in a parti-
cular design pattern implementation is decorated with
a special attribute. Classes that implement other roles
in the pattern solution can be inserted as arguments of
this attribute. For a better illustration, a code example
is provided in Figure 2. Here, the WidgetComposition
class is decorated with the Composite attribute, which
also allows us to provide the type of a Component
as a constructor parameter. An explicit specification
of a Component type is required when a Composite
class implements more than one interface, otherwise
the Component type can be inferred automatically.


using Patterns4Net.Attributes;


[Composite(typeof(IWidget))]


class WidgetComposition : IWidget, ICloneable {


private IList<IWidget> children;


public int Width {


get { return children.Sum(x => x.Width); }


} // ...


}


Fig. 2: Example of attributes driven documentation of pat-
tern instances.


2.2 Pattern instances representation


In order to use the design patterns participants map-
ping, Patterns4Net needs to have data structures that
represent the mapping. For this purpose, standard C#
classes are used and instances of these classes represent
the instances of design patterns. An object that re-
presents a pattern instance provides a name of the
pattern, and the references to the elements that par-
ticipate in this pattern instance.


The classes for the pattern representation provide
the name of the pattern and the references to the pat-
tern instance participants as standard .NET proper-
ties. The references to code elements (that are classes,
interfaces, methods, etc.) are represented by the ins-
tances of Mono Cecil’s classes, which are similar to
the System.Type type from the standard library
(e.g. TypeReference, [1]). Mono Cecil’s types are used,
because we use Mono Cecil for parsing of .NET as-
semblies1. Figure 3 demonstrates an example of the
Composite pattern definition.


1 Reasons why we have chosen Mono Cecil and more de-
tailed information about it are presented in the subsec-
tion 5.1.


public class Composite : IPattern {


public TypeDefinition Composite { get; set; }


public TypeReference Component { get; set; }


// The Name is required by IPatter interface


public string Name {


get { return "Composite"; }


}


}


Fig. 3: The Composite pattern definition for Patterns4Net.


3 Patterns structural constraints
specification


There are two possibilities to capture the structural
constraints of a particular pattern that should be veri-
fied by Pattern Enforcer. The constraints can be hard-
coded in the Patter Enforcer itself, or they can be
located in external files and expressed in a special lan-
guage, which would ease the addition of constraints
for new design patterns.


We used a compromise approach in Pattern
Enforcer. We developed a special C# API for the spe-
cification of the structural aspects of design patterns;
therefore, the specification itself is expressed in
a standard C# (or any other .NET language) code,
but the author of the specification is provided with
a set of classes and methods that ease this task. The
code that expresses the specification can be then
loaded into Pattern Enforcer at runtime using
the standard .NET mechanisms designated for these
purposes. When we made this decision, we had consi-
dered several important consequences: the authors of
the specification would be able to use the provided
API or, if the API is not sufficient for their purposes,
they could take the advantage of the full power of C#.
We did not have to develop a parser for a special lan-
guage; and, since the users of Pattern Enforcer are
.NET programmers, they will learn the C# API with
less effort than a new syntax of a special language.


In the rest of this section we describe the API
for the patterns structural constraints specification in
more detail. Since this API can be considered as an
example of a Domain Specific Language (DSL, [2]) and
because it also uses a technique called Fluent API, we
discuss these two concepts in the following subsection.


3.1 Domain specific languages


A Domain Specific Language (DSL) is a programming
language of limited expressiveness focused on a parti-
cular domain. There are two types of DSLs: internal
and external. The external DSLs are completely new
languages with their own custom syntax, while the
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internal DSLs are embedded into an existing general
purpose language such as C#, Java or Ruby by provi-
ding specific public API. When developing an embed-
ded DSL, programmers do not have to create a parser
for their DSL, but they can be limited by the syntax
of the “”hosting” language.


Type-safe embedded DSLs use constructs that can
be verified by a compiler rather than strings with
a special internal syntax that can be verified only du-
ring the runtime or by an additional tool. For example,
NHibernate ORM framework ([3]) has such API for
the definition of objects to database schema mapping.
Instead of expressing the names of properties as
strings, NHibernate exploits the C#’s feature of
lambda expressions for this purpose, and thus the exis-
tence of the properties used in the mapping is verified
by the C# compiler. To give a better idea of this ap-
proach, Figure 4 shows a short example of the NHiber-
nate DSL usage in C#. Note that all text in this figure
forms a perfectly valid C# code, although it may seem
as a special language.


var mapper = new ModelMapper();


mapper.Class<RegisteredUser>(mapping =>


{


mapping.Id(x => x.Id,


map => map.Column("MyClassId"));


mapping.Property(x => x.Username,


map => map.Length(150));


});


Fig. 4: Example of type safe DSL embedded into the
C# language.


Embedded DSLs usually leverage a technique
called Fluent API, which means that a method re-
turns an object on which a user is expected to invoke
another method. This chaining of methods can make
the API more self describing, because the names of
the methods and the names of their arguments can be
then read almost as an English sentence. An example
of the Fluent API from jMock, a mock object library
for Java [4], is shown in Figure 5.


mock.expects(once()).method("m")


.with(stringContains("hello"));


Fig. 5: Example of methods chaining in Fluent API.


3.2 The API for pattern constraints
specification


Since we have a strongly typed representation
of design patterns instances, we can build a type safe


DSL for their constraints specification, where we
use lambda expressions.


In our conception, a constraint is any boolean func-
tion that takes a pattern instance as a parameter and
returns a boolean value, which indicates whether the
pattern instance conforms to the constraint. However,
Pattern Enforcer provides a DSL to make the specifi-
cation of these constraints easier than that. The key
part is that it enables to specify the constraints as
lambda functions. We call such function a “check”.


A check may be performed on the whole pattern
instance; then the parameter of the lambda function
will be the object representing the pattern. A check
may verify the relations between roles, for example,
that the Composite class implements the Component
interface. Users can also set up checks only for a speci-
fic role of a pattern instance. In such case, the Pattern
Enforcer API provides a method to select the specific
property of the pattern instance object with a lambda
function in the same way NHibernate uses lambda
functions for selecting properties. After the property
is selected, a user can create a check only for the value
of the selected property (that is for a particular role).
Finally, the user can also select specific methods of the
selected role to provide a check for each of them. The
selection of these methods is also done using a lambda
filter function.


To summarize up, users can select a subject of the
check, using lambda functions, and then they can en-
ter the check itself again as a lambda function, which
takes the subject of the check as a parameter. For
a better idea, an example is shown in Figure 6.


// we want to work with the Composite role


this.Type(composite => composite.Composite)


// we want to check all its non-private methods


.Methods(method =>


method.IsPublic || method.IsProtected)


// on each of them perform the following check


.Check((composite, method) =>


method.CallsAnyOf(composite.Component),


(composite, method) =>


"error in " + method.Name));


Fig. 6: Example of constraints configuration in Pattern
Enforcer.


A check expression might be anything, which en-
ables wide range of possibilities for experienced users,
but Pattern Enforcer provides an easy to use exten-
sions to underlying Mono Cecil’s API. CallsAnyOf is
an example of such extension, which returns true iff
the method invokes a member of given class.
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3.3 Built-in patterns


The constraints for the built-in patterns were chosen
less restrictively than in other tools of this type. The
aim was to enforce those aspects that are strongly si-
gnificant to a given pattern. The implementation
without them clearly cannot be called an implementa-
tion of this pattern. For example, the Factory Method
pattern, the main participant of which is the Factory
Method itself, would make no sense if the actual Fac-
tory Method was void. On the other hand, enforcing
that the method’s body contains only a constructor
invocation and a return statement seems to us as an
inappropriate restriction, because the developer might
want to prepare some data structures before returning
the Product of the Factory Method.


The relatively unrestrictive API for specification of
patterns constraints allows us to provide a more ad-
vanced verification than a mere verification of structu-
ral aspects. We illustrate the process of choosing the
structural constraints that should be verified by Pat-
tern Enforcer by an example of the Template Method
pattern.


3.4 Template method


The main role of the Template Method pattern is
a template method, which defines the skeleton of an
algorithm. The template method invokes one or more
virtual methods, which are expected to implement cer-
tain steps of the algorithm. Since these methods are
virtual, one can override them in a sub-class and thus
alter some steps of the algorithm without the need to
write the whole algorithm from scratch.


The core of the Template Method pattern are in-
vocations of virtual methods that can alter the algo-
rithm. From a first look, one could say we should en-
force that the template method invokes at least one vir-
tual method. However, a template method that invokes
another non-virtual method that then invokes another
virtual method can be considered an implementation
of the Template Method pattern as well, because it
also allows us to alter the algorithm in sub-classes.
We can check recursively all methods that are invoked
from our template method ; however, it is unsystema-
tic. Instead, a simple observation can help: non-virtual
methods that invoke virtual methods are usually also
implementation of the Template Method pattern. The
conclusion is that a template method should invoke at
least one virtual method or at least one another tem-
plate method.


To declare the template method as non-virtual
(sealed) is considered a good practice with the Tem-
plate Method pattern and therefore we enforce this as
well.


// check that declaring type is not sealed:


this.Type(pattern =>


pattern.TargetMethod.DeclaringType)


.Check(type => type.IsSealed == false,


(pattern, type) => "...error message...");


// check that template method invokes at least


// one virtual method or another template method:


this.If(pattern =>


!pattern.TargetMethod.DeclaringType.IsSealed)


.Method(pattern => pattern.TargetMethod)


.Check( method =>


method.GetMethodCalls().Any(


call =>


call.TargetObject != null &&


call.TargetObject.IsThisParameter &&


(IsTemplateMethod(call.Method) ||


call.Method.IsOverrideable())),


(pattern, method) => "...error message...");


Fig. 7: The specification of the built-in Template Method
pattern.


The specification of constraints for the Template
Method pattern is shown in Figure 7. As a first step we
check that the type that declares the template method
is not sealed and therefore it can be sub-classed. If this
is fulfilled, we check that the template method calls at
least one virtual method or another template method.


4 Usage


If a user wants to take advantage of Pattern Enfor-
cer, one possible way to achieve it is to decorate his
types with pattern attributes. For this, it is required
to add a reference to the Patterns4Net.Attributes.dll
assembly in the project. This assembly contains only
the attributes definitions; thus, its footprint should
be minimal. It is built for .NET version 2.0, so Pat-
tern Enforcer can be basically used in projects built
for older versions of the .NET. When the reference is
added, the types can be decorated with patterns at-
tributes from the namespace Patterns4Net.Attributes.
Figure 8 contains an annotated implementation of the
Composite pattern.


using Patterns4Net.Attributes;


[Composite(typeof(IWidget))]


class WidgetComposition : IWidget, ICloneable {


Fig. 8: Example of an annotated implementation of the
Composite pattern.


The second possible way of taking advantage of
Pattern Enforcer does not require annotating classes
with pattern attributes. Instead, the relation between
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a concrete pattern and its roles is constructed by hand
in an automatized test. Users can also define their cus-
tom patterns using the pattern constraints specifica-
tion API.


5 Architecture


In this section, the architecture and the implementa-
tion of the common Patterns4Net infrastructure and
Pattern Enforcer is discussed. We start with Common
Intermediate Language (CIL) parsing, because the ins-
truments we use for this task influence the rest of the
system. Then we describe design patterns representa-
tion and discovery architecture.


5.1 CIL processing


We have two basic options to process the source code
of a .NET application or a library. The original tex-
tual source code can be parsed and represented as an
abstract syntax tree (AST), or we can parse .NET as-
sembly and use the CIL.


When the source code is parsed and represented as
an AST, it is much easier to reconstruct higher level
information, such as actual parameters for a method
invocation. On the other hand, available parsers do
not always support all of the most current language
features and the parsing of a source code of a spe-
cific language might restrict us to a support of only
the one language. Some parsers are capable of parsing
more source languages into the same AST structure;
however, the resulting AST is still different for some
language specific constructs.


The other option, which we have chosen, is to ana-
lyze the intermediate language, in case of the .NET
it is the Common Intermediate Language (CIL). The
structure of CIL is more stable than, for example, the
syntax of C#. The latest version of CIL standard [5]
from 2010 has the same instruction set as the previous
version from 2006. The version from 2010 extends only
semantics and verification rules for some of the instruc-
tions. Another advantage is that an intermediate lan-
guage is produced by all the compilers for .NET, and
thus Patterns4Net can be theoretically used also for
Visual Basic.NET, IronRuby, IronPython and others,
although we have tested it only on C#. One of the
disadvantages of this approach is that the CIL is a
stack based lower level language and the reconstruc-
tion of some constructs, such as actual parameters for
a method invocation, requires special effort.


Library for CIL parsing There are three popular, pu-
blicly available libraries that could be used to parse
.NET assemblies and get meta-data about the types
and CIL code of the methods. First option is to use the


reflection API that is available as a part of the .NET
base libraries. Second option is the Microsoft Common
Compiler Infrastructure (CCI, [6]), which is developed
in Microsoft Research. Last option is Mono Cecil [1],
which is developed as a part of the Mono open-source
project.


Standard .NET Reflection API treats assemblies
as a code, not as a raw data, which has two important
consequences: the code loaded through the .NET Re-
flection API can be executed; and, because the code
can be executed, the runtime must check access rights
and might throw Code Access Security exception.


The other two libraries (CCI and Mono Cecil) pro-
cess .NET assemblies as just binary data, hence they
do not support loading the assemblies into an App-
Domain and execution of the loaded code. On the
other hand, they are claimed by their authors to be
faster than the standard Reflection API. However, we
are not aware of any serious benchmarks. Public API
and features of CCI and Mono Cecil seem to be simi-
lar. Our previous experiences with Mono Cecil have
resolved the choice between Mono Cecil and CCI in
favor of Mono Cecil. This choice does not only in-
fluence the code that does the CIL analysis, but it
also influences the other code, because we use specific
Mono Cecil’s data structures (e.g., TypeReference) in
the whole Patterns4Net project.


5.2 Patterns representation and discovery


Patterns representation is described in Section 2. Here,
we just remind that a pattern instance is represented
as an object that provides references to the partici-
pants of this pattern instance. Mono Cecils structures
are used for types and methods identification.


The discovery of patterns meta-data is implemen-
ted as a flexible mechanism. There is a central class
which aggregates several objects and each of them pro-
vides a strategy for the creation of the pattern parti-
cipants mapping based on CIL metadata.


There are two built-in strategies for the pattern
participants mapping discovery. Both are based on
pattern meta-data (additional information added to
a .NET assembly by its author in order to document
patterns he has implemented). In both cases these
meta-data are expressed as .NET attributes provided
by Patterns4Net. These two strategies differ only in
the way they reconstruct the pattern participants
mapping from attributes meta-data.


The first one requires the attribute to declare spe-
cial constructor, which is used to instantiate the attri-
bute itself from meta-data, and then the creation of
the pattern instance is left to the attribute object. In
this case, the attribute and the pattern instantiation
process are coupled in one class.
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The other one uses the CIL meta-data to create the
pattern instance directly. It means that the attribute
itself can be only a dummy data-holder class, which
does not actually participate in the pattern instance
creation. This approach provides a better flexibility;
however, it requires more work to be done.


Other strategies for the discovery of patterns meta-
data (e.g., based on naming conventions) can be easily
added; therefore, we do not restrict Patterns4Net only
to attributes driven documentation of design patterns
instances.


5.3 CIL analysis


Mono Cecil provides only data parsed from .NET as-
semblies, it does not provide anything more. From CIL
meta-data we can, for example, determine for a gi-
ven class what type is its base type, or which inter-
faces it implements. However, Cecil itself does not pro-
vide a method that would give us a list of types that
implement given interface, because this information
cannot be inferred directly from its meta-data. For
such purposes, there is the Mono Cecil Rocks project,
which contains a few extension methods for the Cecil’s
classes; nevertheless, it does not have all we want to
support in Patterns4Net, so we also implemented our
custom set of extension methods designed for CIL ana-
lysis and patterns structure constrains specification.


For example, one of the extensions we wanted to
provide was a uniform API for getting information
about methods overrides. In CIL, according to ECMA
CIL specification [5], there is an attribute “overrides”
in the meta-data of every method, which is a list of me-
thods that this method overrides. This attribute, ho-
wever, is used only in specific cases (e.g., explicit inter-
face implementation) and normally it is left empty, be-
cause overridden methods are determined by conven-
tions described in the ECMA CIL specification.


Methods invocation analysis For the purposes of the
discovery of methods invocations in Pattern Enforcer,
we needed classes that would help us with the analysis
of CIL. We do not need to analyze conditional state-
ments – we just want to know whether a method M1
on a field F is invoked in body of a method M2, even
in a dead branch of code.


Method calls in CIL are done by several instruc-
tions, for example . callvirt . CIL does not distinguish
between instance methods and static methods.
Instance methods have the instance as a first parame-
ter, which is normally added by a compiler. Each of
these instructions has a method reference as an ope-
rand, so the only difficulty is to determine the values
of the actual parameters of the method.


The CIL virtual machine is a stack based machine,
which means that all arguments for operations are ta-
ken from the evaluation stack and results are pushed
onto the stack. Usually, instructions pop all their ar-
guments from the stack and push results onto the top.
Stack behavior of each instruction is documented in
the ECMA CIL specification, however, Cecil provides
this information through the enumeration StackBeha-
viour.


The CIL analysis is done by simulating the evalua-
tion stack. In a loop we iterate over all instructions in
the method body. For each instruction we determine
how many items it pops from the stack and which
items it pushes onto the stack. The stack is represen-
ted as a collection of instances of the StackItem class.
Each StackItem has a reference to the instruction that
resulted in pushing this item onto the stack, and with
this basic information the StackItem can provide addi-
tional information, such as whether it represents a field
pushed onto the stack (if so, then which field), or a pa-
rameter aso. The result of this analysis is a collection
of the StackState class instances – n-th of them re-
presents the state of the stack after the execution of
n-th instruction in the method body. State of the stack
is represented as a collection of StackItem instances.
From the signature of the method we know how many
parameters it has (we will designate it as m) and whe-
ther it is an instance method or a static method. To
get the actual parameters of a specific call instruction
(say its n-th instruction) we just need to take m (or
m + 1 for instance methods, which have an implicit
first parameter) items from the top of the n − 1-th
StackState.


The last question may be whether this simulates
the stack correctly if we do not take the control flow
instructions into account (only their stack behavior).
The answer is provided by ECMA CIL specification,
which reads


Regardless of the control flow that allows
execution to arrive there, each slot on the stack
shall have the same data type at any given
point within the method body.


CIL instructions sequences matching In order to check
some more specific constraints, such as the specifica-
tion for the Singleton pattern implementation, we need
to check whether a method body contains a specific
CIL instructions sequence.


The aim here was to be able to match sequence
which, for example, contains anything at the begin-
ning and then it contains a sequence of instructions
that represents an if with a specific condition. For
this purpose, the matching process is directed by one
object that delegates its work to several strategy ob-
jects that do the actual matching. In our example, we
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would have a strategy that would match any instruc-
tion and a strategy that would match the instructions
sequence that represents an if .


The main class for CIL instructions sequences
matching is the CILPatternsMatcher. It aggregates
a collection of instances of the InstructionMatcher abs-
tract class, which represents an instructions sequence.
Interface of the InstructionMatcher class is shown in
Figure 9. The Matches method is called in a loop provi-
ded with the current instruction. If the method returns
false , than the CIL instructions do not match the ex-
pected sequence and the whole process ends with a
negative result. Otherwise, property Found is checked
and if true, then the next InstructionMatcher is used
in the next iteration; if it was the last Instruction-
Matcher, then process ends with success. In the next
iteration the current instruction is set to the one re-
turned by last call of Match. A pseudo code is given
in Figure 10, variable matchers represent an array of
instances of the InstructionMatcher class.


public abstract class InstructionMatcher {


public virtual bool Found { get; set; }


public abstract bool Matches(


Instruction instruction,


out Instruction next);


public virtual void Reset() { ... }


}


Fig. 9: The InstructionMatcher abstract class interface.


1: currentInst ← first instruction of the method’s body.
2: matcherIdx ← 0
3: loop
4: matcher ← matchers[matcherIdx]
5: match ← matcher.Match(currentInst, out next)
6: if not match then
7: return false
8: end if
9: if matcher.Found then
10: if ++matcherIdx == matchers.Length then
11: return true
12: end if
13: end if
14: currentInst ← next
15: end loop


Fig. 10: Pseudo code of instructions patterns matching.


6 Related work


There are several existing tools that provide verifi-
cation of design patterns implementation. The most
similar approach to Pattern Enforcer is the Pattern
Enforcing Compiler (PEC) for Java.


6.1 FxCop and Gendarme tools


It may not be obvious, but Pattern Enforcer is similar
to static analysis bug-hunting tools such as FxCop [7]
or Gendarme [8]. These tools search the source code
for the idioms that are generally considered as bad. For
example, strings should be, in most cases, compared
using string .CompareOrdinal, but not using == ope-
rator. There are two main differences between Pattern
Enforcer and these tools


– Pattern Enforcer checks only the code that is an-
notated.


– Pattern Enforcer checks structural aspects and
code idioms; however, Gendarme and FxCop check
only code idioms.


– Whereas Gendarme and FxCop look for bad
idioms, Pattern Enforcer verifies that expected
idiom is present.


Gendarme is an open-source tool that is meant to
be an alternative to FxCop. It uses Mono Cecil for CIL
analysis. It has a similar structure to Pattern Enfor-
cer’s code. It has also “checker” classes, that perform
checks on a code element, which might be, for example,
Cecil’s TypeDefinition.


6.2 Pattern enforcing compiler (PEC) for
Java


PEC for Java is an extended Java compiler that forma-
lizes patterns. Developers can use standard Java syn-
tax to annotate their classes as an implementation of
specific design pattern. The PEC then checks whether
the classes actually implement the specified patterns.


For the annotation of patterns instances, PEC uses
marker interfaces, which can only be used for annota-
tion of classes, but not methods, and even when inter-
faces can have arguments (generic arguments), these
can capture only a limited number of additional infor-
mation. The authors of PEC admit these weaknesses
of interfaces as a technique for the annotation of pat-
terns and in [9], they propose the standard java anno-
tations, similar to .NET attributes, in PEC. However,
we are not aware of any updated version of PEC that
uses standard Java annotations.


PEC uses a static analysis and it also enforces the
rules dynamically by inserting assertions into the re-
sulting program, which we do not support in our Pat-
tern Enforcer. Dynamical enforcement provides more
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accurate results. On the other hand, dynamical en-
forcement slows down the resulting program and the
program still has to be manually tested in order to
discover possible bugs.


6.3 Other tools


CoffeeStrainer [10] is a tool that is somewhere between
static analysis bug-hunting tools whose objects of in-
terest are idioms, smaller pieces of code, and pattern
enforcement tools. Unlike other static analysis bug-
hunting tools CoffeeStrainer enforces rules that result
from particular design decisions; for this it provides
means for custom rules specification. CoffeeStrainer
targets the Java platform.


Pattern-Lint [11] can check conformance to a va-
riety of design principles from coding style rules
to design patterns. Pattern-Lint targets C++ and
has been successfully evaluated during development
of a multimedia operating system.


Most of the approaches described in [12] are connec-
ted with some prototype tool that enforces the specifi-
cation represented according to the formalization ap-
proach. However, most of them are not publicly avai-
lable and all of them target either Java or C++ lan-
guages. The most interesting tools from this book in-
clude the HEDGEHOG engine (Prolog-based solution
for design patters formalization and verification) and
tools that come with LePUS3 (visual approach to for-
malization).


We can conclude that we are not aware of any de-
sign patterns verification tool for the .NET platform.
Pattern Enforcer is, among all of these tools, also ex-
traordinary with its special C# API for structural
constraints specification, because most of the other
approaches use special language for patterns forma-
lization, or, in case of the Pattern Enforcing Compiler
for Java, they do not provide special means for struc-
tural constraints specification at all.


7 Conclusions


The aim of this work was to explore existing ap-
proaches for design patterns support in development
environments and to present the Patterns4Net project.
With Patterns4Net users can explicitly document their
intent to implement a particular design pattern. Pat-
tern Enforcer is able to verify most of the structural
aspects of design patterns. There are 14 built-in pat-
terns (e.g., Singleton, Visitor), but custom patterns
can be added using special API for specification of
their structural constraints.


Future versions of Pattern Enforcer should sup-
port more enhanced features. Some of the more general


rules from Pattern Enforcer, such as the immutability
check, could be extracted from its source and propo-
sed to open-source community as additional rules for
well-established open-source project Gendarme.


Software systems are getting larger and more com-
plex and this trend will continue. Changes in require-
ments are usual and reusability is important. Design
patterns provide widely accepted approach for tackling
the complexity of large systems and with tools such as
Patterns4Net we can get even more advantages from
their usage.
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Abstract. Mathematical properties of two types of com-
putational models popular in neurocomputing, radial-basis
function networks (RBF) and kernel models, are compared.
Both models have their advantages: RBF networks are
known to be universal approximators and they allow higher
flexibility in choice of free parameters which leads
to smaller model complexity. On the other hand, kernel
models benefit from geometrical properties of Hilbert spaces
generated by symmetric positive semidefinite kernels.These
properties allow applications of maximal margin classifi-
cation, regularization modeling generalization in learning
from data and description of optimal solutions of learn-
ing tasks. We investigate these two types of models in the
framework of kernel units with fixed and variable widths.
We give conditions on kernels with fixed widths implying
universal approximation property and describe behavior of
kernel stabilizers with changing widths and input dimen-
sions. We illustrate our results by the example of Gaussian
kernel networks with fixed and varying widths.


1 Introduction


Originally, artificial neural networks were built from
biologically inspired units called perceptrons. Later,
other types of units became popular in neurocomput-
ing due to their good mathematical properties. Among
them, radial-basis-function (RBF) units introduced by
Broomhead and Lowe [3] and kernel units introduced
by Girosi and Poggio [11] became most popular. In
particular, kernel units with symmetric positive semi-
definite kernels became widely used in the computa-
tional model called “support vector machine” [4].


Perceptrons compute input-output functions in the
form of plane waves and thus they are highly non local-
ized. RBF units are geometrically opposite – they com-
pute radial waves. Typically, these waves are formed
by Gaussians with both centers and widths being free
parameters which are optimized during learning. In
contrast to RBF networks, in computational models
with units defined by symmetric kernels merely pa-
rameters corresponding to centers of the units are ad-
justable, while all units have the same width given by
the choice of the kernel. Both RBF and kernel mod-


? This work was partially supported by the Ministry of
Education of the Czech Republic, project Center of Ap-
plied Cybernetics 1M684077004 (1M0567) and the In-
stitutional Research Plan AV0Z10300504.


els have been successfully applied in a variety of tasks
(see, e.g., [7, 14]).


Theoretical analysis confirmed capabilities of RBF
networks with fairly general radial functions to
approximate arbitrarily well all functions in spaces
(C(X), ‖.‖sup) of continuous functions on any com-
pact subsets X of Rd with the supremum norm ‖.‖sup
as well as in spaces (Lp(Rd), ‖.‖Lp) [20, 21]. Kernel net-
works with symmetric kernels have less free parame-
ters than RBF networks and thus for some kernels,
sets of input-output functions of such kernel models
might not be large enough to guarantee universal ap-
proximation property. However, for the special case of
the Gaussian kernel with a fixed width, Mhaskar [19]
proved density in spaces of continuous functions on
compact subsets of Rd. As his proof uses special prop-
erties of the derivatives of the Gaussian function, his
argument cannot be extended to other kernels. In ad-
dition to the universal approximation property of RBF
networks, higher flexibility in the choice of their pa-
rameters leads to smaller model complexity in function
approximation (see, e.g., [13] for some estimates).


Thus one might ask, why to use computational
models defined by symmetric kernels with fixed width
which have less parameters and might not even be uni-
versal approximators. An advantage of these models
lies in Hilbert space structure which is induced by sym-
metric kernels satisfying an additional property called
positive semidefinitness. Such kernels define a geome-
try described by an inner product. Mathematical prop-
erties of Hilbert spaces defined by these kernels allow
to take advantages of regularization methods in mod-
eling of generalization, to describe minima of error
functionals [5, 23, 15], and to apply maximal margin
classification algorithms even to data which are not
linearly separable [4]. Thus both types of computa-
tional models, the one with a fixed width and the one
with variable widths, have their advantages.


In this paper, we investigate mathematical prop-
erties of kernel models and radial-basis function net-
works in the framework of kernel models with fixed
and variable widths. First, we show that a wide class
of convolution kernel models have universal approxi-
mation property. Then we derive bounds on stabiliz-
ers in kernel based regularization in terms of a ker-
nel width and an input dimension. Farther we show
that error functionals on spaces of continuous func-
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tions have many argminima composed from Gaussians
of all sizes of widths and that these argminima are lin-
early independent.


The paper is organized as follows. In section 2,
notations and basic concepts on RBF and kernel
models are introduced. In section 3, the universal ap-
proximation property is proven for a wide class of ker-
nels. In section 4, properties of spaces induced by pos-
itive semidefinite kernels are described. In section 5
the effect of change of the width on regularization is
investigated. In section 6, our results are applied to
Gaussian networks with different widths and their lin-
ear independence is proven.


2 Radial and kernel models


Radial-basis function networks as well as kernel mod-
els belong to a class of one-hidden layer networks with
one linear output unit. Such networks compute func-
tions from sets of the form


spann G :=


{
n∑


i=1


wigi |wi ∈ R, gi ∈ G


}
,


where the set G is called a dictionary [12], and n is the
number of hidden units. The set of input-output func-
tions of networks with an arbitrary number of hidden
units is denoted


spanG :=


{
n∑


i=1


wigi |wi ∈ R, gi ∈ G,n ∈ N+


}
,


where N+ denotes the set of positive integers.
Often, dictionaries are parameterized families of


functions modeling computational units, i.e., they are
of the form


GK(X,Y ) := {K(., y) : X → R | y ∈ Y }


whereK : X×Y → R is a function of two variables, an
input vector x ∈ X ⊆ Rd and a parameter y ∈ Y ⊆Rs.


Most popular dictionaries used in neurocomput-
ing include perceptrons, radial or kernel units. In this
paper we investigate computational properties of dic-
tionaries formed by radial and kernel units.


The function K : X × Y → R is called a kernel
(the term was introduced by Hilbert in 1904 in the
context of integral operator theory [22, p. 291]). For
y ∈ Y , we denote by Ky : X → R the function defined
as Ky(x) = K(x, y). Thus


GK(X,Y ) := {Ky : X → R | y ∈ Y }.


When X = Y , we write shortly GK(X) and when
X = Y = Rd, we write GK .


Radial-basis function (RBF) units are defined by
dictionaries


GBψ
(X,Y ) :={ψ(b‖(x−v)‖):X → R‖ | b ∈ R+, v ∈ Y }


where ψ : R→ R is a one-variable function (sometimes
it is only defined on R+), ‖.‖ denotes the Euclidean
norm on Rd, and Bψ : Rd+1 → R is a non symmetric
kernel defined as Bψ(x, (b, v)) = ψ(b‖(x− v)‖). So for
RBF units, the set of inputs X differs from the set of
parameters Y as in addition to centers, also widths are
varying.


We can model RBF in terms of scaled kernels. For
K : Rd × Rd → R, we denote by Ka : Rd × Rd → R
the kernel defined as Ka(x, y) = K(ax, ay). When it
is clear from the context, we also use Ka to denote the
restriction of Ka to X×X, where X ⊆ Rd. A kernel K
induces a dictionary with varying widths


FK(X,Y ) =: {Ka
y : X → R | a ∈ R+, y ∈ Y } =


⋃
a>0


GKa(X,Y ).


So the set spann FK(X,Y ) consists of all input-output
functions of networks with n units with varying width
parameters a > 0 and varying parameters y ∈ Y .
When X = Y , we write shortly FK(X) and when
X = Y = Rd, we write FK .


Setting K(x, y) = ψ(‖(x−v)‖, we get FK(X,Y ) =
{Ka


y : X → R | a > 0, y ∈ Y } = {{ψ(‖a(x − v)‖ | a ∈
R+, v ∈ Y }


A typical example of a kernel is the Gaussian ker-
nel. It is a convolution kernel induced by the Gaussian
function. We denote by γd : Rd → R the d-dimensional
Gaussian, i.e.,


γd(x) := e−‖x‖2


and by Kγd
: Rd × Rd → R the Gaussian kernel, i.e.,


Kγd
(x, y) := e−‖x−y‖2


.


The Gaussian function is also the most common ra-
dial function used in RBF networks. Thus Gaussian
function plays an important role in two types of com-
putational models: in RBF with Gaussian kernel with
varying width Bγd


: Rd × Rd+1 → R defined as


Bγd
(x, (b, v)) = γd(b‖x− v‖)


and for each fixed width a a symmetric kernel


Ka
γd
(x, y) = γd(‖a(x− v)‖).


3 Universal approximation property


A class of one-hidden layer networks with units from
a dictionary G is said to have the universal approxima-
tion property in a function space (X , ‖.‖X ) if it is dense
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in this space, i.e., clX spanG = X , where clX denotes
the closure with respect to the topology induced by the
‖.‖X -norm. In this section, we prove the universal ap-
proximation property for sets spanGK of input-output
functions of kernel models with convolution kernels K.
A convolution kernel K is defined in terms of transla-
tions of a one-variable function k : Rd → Rd, i.e.,


K(x, y) = k(x− y)


and so GK(X) := {k(. − y) |y ∈ Y }. The convolution
is an operation defined as


f ∗ g(x) =
∫


Rd


f(x− y)g(y)dy =


∫


Rd


f(y)g(x− y)dy


(see, e.g., [25]). Recall that the d-dimensional Fourier
transform is the operator F on L2(Rd) ∩ L1(Rd) de-
fined as


F(f)(s) = f̂(s) =
1


(2π)d/2


∫


Rd


eix·sf(x) dx.


The following theorem proves that one-hidden
layer networks with kernel units defined by convolu-
tion kernels induced by functions with positive Fourier
transforms are universal approximators in the space
(L2(Rd), ‖.‖L2) of square integrable functions on Rd


with the norm ‖f‖L2 =
(∫
Rd f(y)


2dy
)1/2


.


Theorem 1. Let d be a positive integer and k∈L1(Rd)


∩L2(Rd) be an even function such that k̂(s) > 0 for all
s ∈ Rd, and K : Rd ×Rd → R be defined as K(x, y) =
k(x− y). Then spanGK is dense in (L2(Rd), ‖.‖L2).


Proof. Suppose that clL2spanGK(Rd) 6= L2(Rd).
Then by Hahn-Banach theorem and Riesz representa-
tion theorem [8] there exists some h∈L2(X), h 6=0 such
that for all f ∈ clL2spanGK(Rd),


∫
Rd h(y)f(y)dy = 0.


So in particular, for all x ∈ Rd,
∫
Rd h(y)k(x− y)dy =


h ∗ k = 0. As the Fourier transform is an isome-
try on L2(Rd) and it transforms the convolution of
two functions to the product of the Fourier trans-
forms of these functions times a constant [25], we get


ĥ ∗ k = 1
(2π)d/2


ĥ k̂ = 0. This is a contradiction with


the assumption that k̂ > 0 and so clL2spanGK(Rd) =
L2(Rd). 2


For any b > 0, the Fourier transform of the d-di-
mensional Gaussian function with width b satisfies


ê−b‖.‖2 = (2b)−d/2e−(1/4b)‖.‖2


(1)


[25] (e−1/2‖.‖2


is an eigenvalue of the Fourier trans-
form). So the Gaussian function satisfies the assump-
tions of Theorem 1 and so this theorem gives an alter-
native to the Mhaskar’s proof of the universal approxi-
mation property of Gaussian kernel networks with any


given fixed width. Mhaskar’s proof [19] uses proper-
ties of derivatives of Gaussians (they are products of
Hermite polynomials with the Gaussian function) and
thus his proof cannot be extended to other kernels.
Our proof holds for all convolution kernels induced by
functions with positive Fourier transforms. Such ker-
nels are known to be positive definite and thus they
play an important role in various fields including learn-
ing theory [24].


4 Symmetric positive semidefinite
kernels


An important class of kernels used in machine learning
is formed by symmetric positive semidefinite kernels,
i.e., K : X × X → R such that for all x, y ∈ X,
K(x, y) = K(y, x) and for any positive integer m, any
x1, . . . , xm ∈ X and any a1, . . . , am ∈ R


m∑


i=1


m∑


j=1


aiajK(xi, xj) ≥ 0.


For symmetric positive semidefinite kernels K, the
sets spanGK(X) are contained in Hilbert spaces de-
fined by these kernels called reproducing kernel Hilbert
spaces (RKHS). Such spaces were defined by
Aronszajn [1] as Hilbert spaces of pointwise defined
functions with all evaluation functionals continuous.
Each such space is uniquely determined by a symmet-
ric positive semidefinite kernel K : X ×X → R (see,
e.g., [5]). The space determined by K is denoted


HK(X).


It is formed by functions from spanGK(X) together
with limits of their Cauchy sequences in the norm ‖.‖K.
The norm ‖.‖K is induced by the inner product 〈., .〉K ,
which is defined on GK(X) as 〈Kx,Ky〉K := K(x, y).
A useful property of RKHSs is so called reproducing
property which guarantees that for each f ∈ HK(X)
and each x ∈ X,


〈f,Kx〉K = f(x). (2)


Various learning algorithms (see, e.g., [7, 14]) aim
to minimize error functionals over kernel and RBF net-
works. An empirical error functional is determined by
a training sample z = {(ui, vi) ∈ X×Y | i = 1, . . . ,m}
of input-output pairs of data and a loss function. We
denote by Ez the empirical error with the quadratic
loss function


Ez(f) := 1


m


m∑


i=1


(f(ui)− vi)
2. (3)
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It is desirable that networks perform satisfactorily
also on input data that were not used for their train-
ing. This property is called generalization capability.
Girosi and Poggio [11] initiated mathematical model-
ing of generalization in terms of regularization which
has been used to improve stability of inverse problems
(see, e.g., [6]). Tikhonov regularization adds to the
empirical error a functional called stabilizer penaliz-
ing undesired properties of solutions of learning tasks.
Girosi, Jones and Poggio [10] considered as stabilizers
suitably weighted Fourier transforms, later Girosi [9]
realized that such stabilizers are squares of norms on
RKHSs. We denote by


Ez,α,K := Ez + α‖.‖2K (4)


the regularized empirical error with the stabilizer ‖.‖2K .
The next theorem characterizes argminima of Ez and
its regularization. The part (ii) has proven by sev-
eral authors [26, 5, 23] using Fréchet derivatives and
became known as the “ Representer Theorem”. Here
we use formulation from [16], where all parts were
proven by methods from theory of inverse problems
(see, e.g., [2]). By K[u] is denoted the matrix K[u]i,j =
K(ui, uj), Km[u] = 1


m K[u], and K[u]+ is the Moore-
Penrose pseudoinverse of the matrix K[u].


Theorem 2. Let X ⊆ Rd, K : X ×X → R be a sym-
metric positive semidefinite kernel, m be a positive
integer, z = (u, v) with u = (u1, . . . , um) ∈ Xm,
v = (v1, . . . , vm) ∈ Rm, then


(i) there exists an argminimum f+ of Ez over HK(X),
which satisfies


f+ =
∑m


i=1 ciKui


where c = (c1, . . . , cm) = K[u]+v,
and for all fo ∈ argmin(HK(X), Ez), ‖f+‖K≤‖fo‖K ;


(ii) for all α > 0, there exists a unique argminimum fα


of Ez,α,K over HK(X), which satisfies
fα =


∑m
i=1 c


α
i Kui


where cα = (cα1 , . . . , c
α
m) = (Km[u] + α Im)−1 v;


(iii) limα→0 ‖fα − f+‖K = 0.


Note that both argminima, f+ and fα, are ele-
ments of spanm GK(X) and thus they belong to sets
of functions computable by one hidden-layer net-
works with m computational units from the dic-
tionary GK(X).


5 Dependence of stabilizers on widths
of kernels


In this section we investigate the impact of scaling
of kernels on the stabilizers induced by such kernels.
The following theorem shows that for convolution ker-
nels defined by functions with non increasing positive


Fourier transforms, scaling by a factor a > 0 influences
stabilizers by a factor ad, where d is the input dimen-
sion. Thus with increasing number of inputs, choice of
a proper width of a kernel becomes a critical factor
influencing proper modeling of generalization.


A function g : Rd → R is called non increasing if
for all s, u ∈ Rd, ‖s‖ ≤ ‖u‖ implies g(s) ≥ g(u).


Theorem 3. Let k ∈ L2(Rd) ∩ L1(Rd) be integrable


such that k̂ is non increasing and k̂(s) > 0 for all
s ∈ Rd. Then for K : Rd × Rd → R defined for all
x, y ∈ Rd as K(x, y) = k(x − y), and all 0 < a ≤ b,
HKa(Rd) ⊆ HKb(Rd) and the inclusion
Ja,b : (HKa(Rd), ‖.‖Ka) → (HKb(Rd), ‖.‖Kb) is con-
tinuous and for all f ∈ HKa(Rd)


‖f‖Kb ≤
(
b


a


)d/2


‖f‖Ka .


Proof. It was noticed in [9] and rigorously proven
in [18] that for a convolution kernel induced by a one-
variable function with positive Fourier transform, the


K-norm can be expressed as ‖f‖2K= 1
(2π)d/2


∫
S


f̂(s)2


k̂(s)
ds.


By the formula describing Fourier transform of


a scaled function we get for all a > 0, k̂a(s) =


a−dk̂( sa ) [25]. Hence


‖f‖2Ka =
ad


(2π)d/2


∫


S


f̂(s)2
(
k̂(


s


a
)
)−1


ds.


Thus we have


‖f‖2Kb


‖f‖2Ka


=
bd


∫
S
f̂(s)2


(
k̂( sb )


)−1


ds


ad
∫
S
f̂(s)2


(
k̂( sa )


)−1


ds
.


As k̂ is non increasing, a ≤ b implies
(
k̂( sb )


)−1


≤
(
k̂( sa )


)−1


. Thus
‖f‖2


Kb


‖f‖2
Ka


≤ (
b
a


)d
and so the statement


follows. 2


Theorem 3 show that Hilbert spaces induced by
“sharper” modifications of a kernel K are embedded
into spaces induced by “flatter” modifications of the
same kernel K. Thus we have a nested family
of RKHSs with continuous contractive embeddings.
Theorem 3 also shows that “flattening” of a kernel in-
creases the penalty represented by the stabilizer ‖.‖2Kb


in the Tikhonov regularization (4). The impact of such
modification of a kernel on the norm on the RKHS in-
duced by the kernel depends on the input dimension d
exponentially.


In practical applications instead of ‖.‖2K , simpler
stabilizers, such as `1 or the `2-norm of output weights,
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have been used [7]. If GKa(X) is linearly independent
(which holds for any strictly positive definite kernel
K), each f ∈ spanGKa(X) has a unique represen-
tation f =


∑n
i=1 wiK


a
xi
. So we can define a func-


tional W : spanGKa(X) → R by W (f) =
∑n


i=1 |wi|.
When K : Rd × Rd → R is bounded with cK =
supx∈Rd |K(x, x)|, we have for all a > 0, and all X ⊆
Rd, supx∈X |Ka(x, x)| ≤ cK . Thus we have ‖f‖Ka ≤∑n


i=1 |wi|‖Ka(xi, xi)‖Ka ≤ W (f) c
1/2
K . So a decrease


of the `1-norms of output weights implies a decrease
of ‖.‖Ka-norm for any a > 0.


6 Gaussian kernels


In this section we illustrate our results with an exam-
ple of Gaussian kernel networks. First, we state a corol-
lary of Theorem 3 characterizing spaces HKγd


(Rd) in-


duced by Gaussian kernels on Rd.


Corollary 1. For all positive integers d and all a > 0,
HKa


γd
(Rd) = {f ∈ L2(Rd) | ‖f‖Ka


γd
< ∞}, where


‖f‖2Ka
γd


=


(
a√
π


)d ∫


Rd


f̂(s)2


e−‖ s
2a‖2 ds


and for b ≥ a


‖f‖Ka
γd


≤
(a
b


)d/2


‖f‖Kb
γd
.


Corollary 1 shows that for sharp Gaussians with
large scaling factor a>0, the filtering function e−‖ s


2a‖2


in the stabilizer ‖f‖Ka
γd


is more flat, so the sharper is


the Gaussian inducing the RKHS, the milder is a sta-
bilizer defined by such Gaussian kernel.


The next corollary summarizes some properties of
sets of input-output functions computable by networks
with one hidden layer Gaussian kernel units with fixed
widths and RKHSs induced by such kernels.


Corollary 2. Let d be a positive integer Then
(i) for all a > 0, spanGKa


γd
(Rd) and HKa


γd
(X) are


dense subspaces of (L2(Rd), ‖.‖L2);
(ii) for all 0 < a ≤ b, there exists a continuous embed-
ding Jb,a : HKb


γd
(Rd) → HKa


γd
(Rd);


(iii) the set FKγd
(Rd) =


⋃
a>0 GKa


γd
(Rd) is linearly


independent;
(iv) for all a, b > 0 such that a 6= b,
spanGKa


γd
(Rd)


⋂
spanGKb


γd
(Rd) = ∅.


Proof. (i) follows from Theorem 1;
(ii) follows from Theorem 3;
(iii) Linear independence of Gaussians with varying
width and centers was proven in [17];
(iv) follows from (iii). 2


Corollary 2 shows that although sets of input-
output functions of networks with Gaussian units with
different widths are disjoint, Hilbert spaces induced
by such kernels are nested, the sharper the Gaussian,
the larger the space. As all these spaces are dense
in L2(Rd), for al 0 < a < b, HKb


γd
(Rd) is dense in


HKa
γd
(Rd). However, there is a difference between their


norms. By Corollary 1,


(
b


a


)d/2


≤
‖f‖Kb


γd


‖f‖Ka
γd


.


So the ratio between these two norms grows exponen-
tially with the increase of the input dimension d.


The next proposition shows that for any sample z,
the empirical error Ez is continuous on (C(X), ‖.‖sup)
and also on any RKHS (HK(X), ‖.‖K).


Proposition 1. Let X ⊆ Rd, z = (u, v), where u =
(u1, . . . , um) ∈ Xm and v = (v1, . . . , vm) ∈ Rm. Then


(i) Ez is continuous on (C(X), ‖.‖sup);
(ii) for any symmetric positive semidefinite kernel


K : X×X → Rd, Ez is continuous on (HK(X), ‖.‖K).


Proof. (i) Let f, g∈C(X) be such that ‖f−h‖sup<δ.
Then |Ez(f) − Ez(h)| = 1


m |∑m
i=1( (f(ui) − h(ui)


(f(ui)+h(ui)+2vi(h(ui)−f(ui)) )| ≤ δ(C1+δ+C2δ),
where C1 = maxi=1,...,m 2f(ui), C2 = maxi=1,...,m 2vi.
So Ez is continuous at f .


(ii) Let Ju : HK(X) → Rd be an evaluation oper-
ator defined for every f ∈ HK(X) as


Ju(f) = (f(u1), . . . , f(um)).
Then Ez(f) = ‖Ju(f)− v‖22,m, where the norm ‖.‖2,m
on Rm is defined as ‖x‖22,m = 1


m


∑m
i=1 x


2
i . By the def-


inition of RKHS, Ju is continuous and so its compo-
sition with two continuous operators, the translation
by v and the norm ‖.‖2,m, is continuous, too. 2


The next proposition shows that any argminimum
of a continuous functional over a dense subset is also
an argminimum over the whole space.


Proposition 2. Let Y be a dense subset of a normed
linear space (X , ‖.‖X ), T : (X , ‖.‖X ) → R be a contin-
uous functional, and f ∈ Y be an argminimum of T
over Y. Then f is an argminimum of T over X .


Proof. Assume by contradiction that there exists
g ∈ X such that T (g) < T (f). Let η > 0 be such that
T (g) + η < T (f). By continuity of T at g, there exists
δ > 0 such that for all g′ ∈ X , ‖g − g′‖X < δ implies
|T (g)−T (g′)| < η. By density of Y, there exist g′ ∈ Y
with ‖g − g′‖X < δ and so |T (g) − T (g′)| < η. As
g′ ∈ Y, we have T (g) + η < T (f) ≤ T (g′) which gives
a contradiction. 2
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By Proposition 2, for any width a > 0, all argmin-
ima of Ez over the RKHS HKa


γd
(X) induced by the


Gaussian kernel with the width a > 0 are also argmin-
ima of Ez over the whole space C(X). The next the-
orem describes a class of argminima of the empirical
error Ez in the space C(X). For a set A, convA denotes
the convex hull of A.


Corollary 3. Let X be a compact subset of Rd,
z = (u, v), where u = (u1, . . . , um) ∈ Xm, v =
(v1, . . . , vm) ∈ Rm. Then the set of argminima
of the expected error Ez over C(X) contains the
set conv{f+


a | a > 0 }, where f+
a =


∑m
i=1 c


a
iK


a
γdui


with


ca = Ka
γd
[u]+v.


Proof. By Theorem 2(i), the argminimum of Ez over
HKa


γd
(X) has the form f+


a =
∑m


i=1 ciK
a
γdui


and thus


f+
a ∈ spanGKa


γd
(X). It was proven in [19] that


spanGKa
γd
(X) is dense in (C(X), ‖.‖sup). By Propo-


sition 1, Ez is continuous on (C(X), ‖.‖sup). Thus by
Proposition 2, f+


a is an argminimum of Ez over C(X).
As the set of argminima is convex, the statement holds.
2


Corollary 3 shows that in the space of continu-
ous functions C(X), for each width a > 0 there is an
argminimum of the empirical error formed by a linear
combination of Gaussians with the width a. All these
Gaussians have the same centers at the input data.
The set of all these argminima is linearly independent
and all their convex combinations are also argminima.
When a width a > 0 is fixed, it induces a stabilizer in
the form ‖.‖2Ka . The ratio of sizes of such stabilizers
with widths a and b grows with increasing dimension


exponentially as
(
a
b


)d
.
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Abstrakt Jedńım ze zp̊usob̊u paralelizace datových
systém̊u je použit́ı princip̊u proudového zpracováńı. Data
v takovém systému pak chápeme jako proud rozdělený
na přiměřeně velké bloky, přičemž r̊uzné bloky mohou
být paralelně zpracovávány r̊uznými částmi systému.
Některé operace, mezi které patř́ı např́ıklad tř́ıděńı, se
ovšem v proudových systémech nechovaj́ı př́ılǐs dobře,
protože ke své korektńı činnosti potřebuj́ı pracovat nad
celými daty najednou. Tyto operace pak omezuj́ı mı́ru
paralelismu, kterého je systém schopen dosáhnout, č́ımž
zhoršuj́ı jeho škálovatelnost. V tomto článku představ́ıme
zp̊usob úpravy tř́ıdićıch algoritm̊u pro použit́ı v systémech
proudového zpracováńı dat, který má za ćıl minimalizovat
jeho negativńı vlivy na škálovatelnost zbytku systému
a zároveň vykazuje dobré výkonnostńı vlastnosti.


1 Úvod


Současný vývoj hardware a systémových architektur
vykazuje trend odklonu od tradičńıho sériového zpra-
cováńı dat a směřuje v́ıce k paralelizaci. Vı́cejádrové
procesory a v́ıceprocesorové servery jsou nyńı stan-
dardem např́ıč výkonnostńımi a cenovými hladinami.
Tento trend vyžaduje odlǐsné př́ıstupy k řešeńı
tradičńıch úloh a úpravu stávaj́ıćıch algoritmů,
aby dokázaly efektivně využ́ıt výpočetńı śılu v́ıce
fyzických procesorových jader.


V našem článku se zaměř́ıme na problema-
tiku systémů zpracováńı dat, jakými jsou relačńı,
ale i specializované (např. RDF) databáze. Dále
předpokládáme, že zpracovávaná data se vejdou do
vnitřńı paměti poč́ıtače. Toto zdánlivě silné omezeńı
ubývá v dnešńı době na d̊uležitosti, protože dnešńı
servery disponuj́ı operačńımi pamětmi o velikosti
deśıtek až stovek GB a obsáhnou tak i středně velké
až větš́ı databáze.


1.1 Systémy proudového zpracováńı dat


Paralelizace lze dosáhnout řadou zp̊usob̊u. Jedńım
z vysokoúrovňových koncept̊u, který vykazuje dobré
výsledky zejména v datových systémech, je princip


⋆ Článek byl podporován Grantovou agenturou Univerzity
Karlovy, projekt č. 277911, Grantovou agenturou ČR
GACR 202/10/0761 a grantem SVV-2010-261312.


proudového zpracováńı dat (pipeline). Takový systém
si můžeme představit jako orientovaný graf, kde
vrcholy představuj́ı výkonné jednotky (pracovně
označované jako krabičky) a hrany určuj́ı, jak se
mezi výkonnými jednotkami předávaj́ı data. Data
se předávaj́ı po bloćıch jejichž velikost je vhodně
volena s ohledem na parametry systému, jako např.
velikost cache. Blok dat má formát části tabulky
sloupcově orientované databáze a je zabalen do
logické obálky, která obsahuje rovněž deskriptory
typ̊u a jiná metadata.


Box4


Box2


Box6Box1


Box3


Box5


Obr. 1. Proudové zpracováńı dat.


Výkonné jednotky mohou zpracovávat r̊uzná
data nezávisle a tedy i paralelně. Zpracováńı jedné
obálky jednou krabičkou má nepreemptivńı charakter
a prob́ıhá v jednom vlákně. Rozmělněńı dat mezi
velké množstv́ı krabiček je kritické pro zajǐstěńı
dostatečné mı́ry paralelismu a efektivńıho škálováńı.


1.2 Bobox


Systém Bobox [4] je implementaćı konceptu uve-
deného v části 1.1. Skládá se ze dvou část́ı: front-end
a back-end. Front-end generuje exekučńı plány,
což jsou orientované grafy, v jejichž vrcholech se
nacházej́ı krabičky, které si navzájem podél hran
mohou pośılat obálky s daty. Plán reprezentuje
konkrétńı výpočet nad daty – např. databázový
dotaz. Vstupem front-endu je v našem př́ıpadě dotaz
v jazyce SPARQL a jeho výstupem je exekučńı plán,
jehož vyhodnoceńım źıskáme výsledek dotazu.


Back-end je část systému, která vyhodnocuje
exekučńı plány v paralelńım prostřed́ı. Ačkoliv
výkonný kód jedné krabičky může být spuštěn
v nejvýše jednom vlákně, je paralelismu dosaženo
konkurenčńım spuštěńım kódu r̊uzných krabiček,
které maj́ı připravená data ke zpracováńı.
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1.3 Tř́ıděńı proudových dat


Tř́ıděńı je velmi dobře prozkoumaným algoritmickým
problémem, avšak ve specifickém prostřed́ı systémů
proudového zpracováńı dat vykazuje řadu problémů,
které je potřeba vyřešit. Při naivńı implementaci, kdy
tř́ıděńı realizuje jediná krabička, dojde k časovému
rozděleńı pr̊uběhu výpočtu ve zbytku systému na
dvě etapy – před tř́ıděńım a po tř́ıděńı. Tř́ıdićı
krabička potřebuje ke své činnosti všechna data ze
vstupu, a proto muśı čekat, než část systému, která je
logicky před ńı, dokonč́ı své výpočty. Obdobně část
systému, která je logicky za tř́ıdićı krabičkou, čeká,
dokud tř́ıdićı krabička nedokonč́ı svoji práci a pošle
setř́ıděnou posloupnost. Vzhledem k tomu, že mı́ra
paralelismu roste úměrně počtu výkonných jednotek,
které maj́ı data ke zpracováńı, má naivńı př́ıstup
devastuj́ıćı d̊usledky pro efektivńı využit́ı větš́ıho
počtu procesorových jader.


Výše uvedený problém je možné částečně vyřešit
tak, že povoĺıme alternativńı možnosti paralelizace uv-
nitř jedné krabičky. Tř́ıděńı je možné efektivně pa-
ralelizovat pomoćı klasických metod jako např́ıklad
v́ıcevláknová verze rozděl a panuj. Základńı algoritmy
jako Quick-sort nebo Merge-sort jsou velice dobře pa-
ralelizovatelné. Toto vylepšeńı zrychĺı samotný pro-
ces tř́ıděńı, ale stále neřeš́ı otázku vyprázdněńı dat
z krabiček před tř́ıděńım a jejich postupné uvolněńı
do systému po tř́ıděńı.


Výše uvedený problém neńı možné zcela vyřešit,
ale je možné zmı́rnit jeho d̊usledky. Hlavńım ćılem
našeho řešeńı je minimalizace latence mezi př́ıchodem
posledńı obálky dat ke tř́ıděńı a uvolněńım prvńı
setř́ıděné obálky. Toho dosahujeme modifikaćı
tř́ıdićıho algoritmu Merge-sort. Rozložeńı tř́ıdićı
krabičky do v́ıce menš́ıch krabiček zvyšuje mı́ru para-
lelismu a t́ım zkracuje dobu celého výpočtu. Zároveň
se snaž́ıme o efektivněǰśı využit́ı vyrovnávaćıch pamět́ı
procesor̊u.


2 Souvisej́ıćı práce


Existuje celá řada systémů určených pro práci s prou-
dovými daty, např. Borealis [1], Stream [3], Nile [9]
nebo NiagaraST [11]. Tyto systémy se zaměřuj́ı
na zpracováńı nekonečných př́ıpadně real-timových
proud̊u dat, což je hlavńı rozd́ıl oproti Boboxu, jehož
hlavńım ćılem je zpracováńı konečných proud̊u dat,
které je možné celé uchovávat v operačńı paměti,
a u nichž neńı doba zpracováńı kritická. Dı́ky tomuto
zaměřeńı neńı prioritou latence systému, počet ztra-
cených paket̊u dat či pamět’ová náročnost, ale celkový
čas vyhodnoceńı exekučńıho plánu nad vstupńımi
daty.


Daľśım ćılem systému je usnadnit implementaci
programů pro paralelńı zpracováńı dat. Existuj́ı


knihovny a frameworky se stejným zaměřeńım (např.
OpenMP [5] nebo TBB [14]), které však i přes
poměrně vysokoúrovňové rozhrańı stále nut́ı uživatele
provádět explicitńı paralelizaci algoritmů. Jinými
slovy, uživatel těchto knihoven muśı definovat, které
části algoritmu je možné provádět paralelně, a jakým
zp̊usobem má být paralelńıho zpracováńı dosaženo.


Programátor využ́ıvaj́ıćı systém Bobox nemuśı
paralelizaci v̊ubec řešit, protože kód krabiček (což je
jediný výkonný kód, který programuje) běž́ı sériově.
Neńı tedy nutné vytvářet a synchronizovat vlákna,
ani definovat, které krabičky mohou běžet paralelně
a které ne. O správu vláken, souběžné pouštěńı kódu
i nezbytnou synchronizaci se stará back-end systému.
Jedinou nevýhodou tohoto př́ıstupu z̊ustává fakt, že
existuje malá množina problémů, pro které neńı př́ılǐs
vhodný.


Tř́ıděńı dat je dobře prozkoumaný problém.
Existuje mnoho známých základńıch algoritmů
(Quick-sort, Merge-sort, Heap-sort) a algoritmů
specializovaných na r̊uzné typy tř́ıděných dat, jako
jsou řetězce (Word-sort) nebo celá č́ısla (Radix-sort).
Možnosti paralelńıho tř́ıděńı byly rovněž intenzivně
zkoumány na v́ıcejádrových systémech [10,6] i na
grafických kartách [15,12,16]. Tyto práce představuj́ı
velmi rychlé algoritmy, které se ale zaměřuj́ı výhradně
na tř́ıděńı celých č́ısel, př́ıpadně dvojice (kĺıč, hod-
nota). Je sice možné tyto algoritmy zkombinovat
s metodou Radix-sort [6], aby bylo možné tř́ıdit
i rozsáhleǰśı typy dat (řetězce, či velká č́ısla), avšak
tyto metody z̊ustávaj́ı stále nepoužitelné v př́ıpadě,
že tř́ıděná data můžeme pouze vzájemně porovnávat.


Za zmı́nku stoj́ı i práce [13], která popisuje
implementaci tř́ıděńı v modelu MapReduce. Pro
správnou funkci algoritmu je ale nutné mı́t všechna
data př́ıstupná v jeden okamžik, aby bylo možné
vytvořit posloupnost vzork̊u, podle ńıž jsou data
podle velikosti rozdělena do pokud možno stejně
velkých posloupnost́ı, které jsou následně tř́ıděny
paralelně.


Existuj́ı i teoretické práce, které zkoumaj́ı
problém tř́ıděńı v r̊uzných teoretických modelech,
jako např́ıklad v CREW a EREW PRAM [7] nebo
v tř́ıdićıch śıt́ıch [2]. Tyto algoritmy ale nejsou vhodné
pro použit́ı v systému Bobox, protože jejich imple-
mentace by obsahovala př́ılǐs velké množstv́ı krabiček
a režie spojená s jejich plánováńım a vzájemnou ko-
munikaćı by značně převyšovala př́ıpadný výkonnostńı
zisk.


Všechny zmı́něné algoritmy nav́ıc nejsou př́ılǐs
vhodné pro obecné použit́ı v systémech pro zpra-
cováńı proudových dat, nebot’ předpokládaj́ı, že data
k setř́ıděńı jsou k dispozici najednou, a nikoliv že jsou
generována postupně.
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3 Implementace


Popis implementace tř́ıděńı v systému proudového
zpracováńı dat rozděĺıme na dvě hlavńı části. Nej-
prve poṕı̌seme krabičku, která pr̊uběžně zatřid’uje
př́ıchoźı obálky, a ve druhé části poṕı̌seme samotnou
paralelizaci.


V následuj́ıćım textu budeme N chápat
jako celkový počet záznamů, které má krabička
setř́ıdit, a S počet záznamů v jedné obálce. Dále
předpokládáme, že tř́ıd́ıme data vzestupně (př́ıpad
pro sestupné tř́ıděńı by byl analogický).


3.1 Tř́ıdićı krabička


Nejpř́ımočařeǰśı implementace tř́ıdićı krabičky je po-
stupně přij́ımat př́ıchoźı obálky, po posledńı obálce
pak setř́ıdit veškerá přijatá data a poté obálky opět
zač́ıt odeśılat. Tento př́ıstup má ale dvě nevýhody:


• Nezohledňuje skutečnost, že př́ıchoźı data jsou
pravděpodobně uložená v cache, takže práce
s nimi v době přijet́ı bude rychleǰśı než po přijet́ı
posledńı obálky.


• Doba mezi přijet́ım posledńı obálky a odesláńım
prvńı je O(N logN), takže tato implementace má
nejvyšš́ı možnou latenci systému.


Tř́ıděńı můžeme vylepšit tak, že př́ıchoźı obálku
setř́ıd́ıme ihned po přijet́ı a jej́ı data algoritmem
sléváńı zatř́ıd́ıme mezi všechna dosud přijatá data.
T́ım značně redukujeme obě zmı́něné nevýhody,
protože s př́ıchoźımi daty pracujeme hned po
doručeńı (dokud jsou ještě v cache procesoru) a po
př́ıjmu posledńı obálky ji stač́ı pouze zatř́ıdit a je
možné data rovnou odeśılat.


Takové chováńı je na prvńı pohled výhodněǰśı, ale
pr̊uběžné zatřid’ováńı př́ıchoźıch obálek do setř́ıděné
posloupnosti zhorš́ı asymptotickou složitost na
O(N2/S). Kvadratická složitost je d̊usledkem toho, že
se relativně malé obálky zatřid’uj́ı do relativně velké
pr̊uběžně udržované posloupnosti a algoritmus sléváńı
je přirozeně neefektivńı, pokud se slévaj́ı posloupnosti
s výrazně odlǐsnou délkou, což je právě tento př́ıpad,
nebot’ jedna posloupnost má délku pouze O(S),
zat́ımco druhá až O(N).


Proto jsme algoritmus upravili následuj́ıćım
zp̊usobem. Mı́sto jedné posloupnosti udržujeme
přijatá data jako množinu r̊uzně dlouhých setř́ıděných
posloupnost́ı Pi, přičemž pro každou posloupnost Pi


plat́ı, že je bud’ prázdná, nebo obsahuje nejméně
2i a nejvýše 2i+1 − 1 prvk̊u. Při přijet́ı obálky pak
slijeme jej́ı obsah s posloupnost́ı Pj takovou, že
2j ≤ S < 2j+1. Ta je bud’ prázdná, a pak se obsah
obálky stane posloupnost́ı Pj , nebo s ńı př́ıchoźı
data slijeme, posloupnost Pj vyprázdńıme a nově


vzniklou posloupnost opět zatř́ıd́ıme. Celý postup
se dá přirovnat k přič́ıtáńı č́ısla 2j k obecnému
binárńımu č́ıslu.


Po př́ıjmu posledńı obálky slijeme všechny
neprázdné posloupnosti, č́ımž vznikne výsledná
setř́ıděná posloupnost, která se bude odeśılat na
výstup. Toto sléváńı má časovou složitost O(N), které
lze snadno dosáhnout, pokud budeme vždy vzájemně
slévat dvě nejkratš́ı neprázdné posloupnosti, dokud
nez̊ustane jediná. Celý algoritmus zachovává časovou
složitost tř́ıděńı O(N logN), protože každý prvek se
účastńı maximálně O(logN) operaćı sléváńı.


Algoritmus redukuje obě zmı́něné nevýhody,
přičemž doba mezi zatř́ıděńım posledńı obálky
a odesláńım prvńı je O(N). Složitost O(N) je zároveň
nejlepš́ı možná, protože v nejhorš́ım př́ıpadě bude
posledńı obálka obsahovat minimum i maximum
celé posloupnosti, takže při závěrečném sléváńı bude
nutné přistoupit ke každému prvku doposud setř́ıděné
posloupnosti.


Ve skutečnosti ale neńı nutné celou finálńı po-
sloupnost vytvořit ihned po př́ıjmu posledńı obálky,
ale je možné ji vytvářet postupně, plnit výstupńı
obálky a pr̊uběžně je odeśılat. Dı́ky tomuto jedno-
duchému pozorováńı můžeme dále výrazně sńıžit
latenci krabičky. Po zatř́ıděńı posledńı obálky algorit-
mus začne slévat všechny neprázdné posloupnosti Pi


v́ıcecestným sléváńım. Aby toto sléváńı bylo co
nejrychleǰśı, ulož́ıme si posloupnosti do minimálńı
haldy. Posloupnosti porovnáváme podle nejmenš́ıho
prvku v posloupnosti, takže v kořeni je vždy ta,
která zač́ıná nejmenš́ım prvkem. Ten z ńı odebereme,
vlož́ıme do výstupńı obálky a obnov́ıme uspořádáńı
haldy. Tento postup opakujeme, dokud neńı obálka
zcela zaplněná, resp. všechny posloupnosti prázdné.


Použit́ı haldy zvyšuje efektivitu algoritmu, nebot’


čas spotřebovaný na odebráńı nejmenš́ıho prvku je ro-
ven O(log logN), protože posloupnost́ı je maximálně
O(logN) a obnoveńı uspořádáńı trvá O(logH), kde
H je počet prvk̊u v haldě. Čas potřebný na vygene-
rováńı jedné obálky je tedy O(S log logN).


Následuj́ıćı pseudokód zachycuje celý algoritmus:


z a t r i d ( pos l , index )
i f P [ index ] j e prazdna then
P[ index ] := pos l


e l s e
docasna := merge ( pos l , P [ index ] )
z a t r i d ( docasna , index+1)
P[ index ] := prazdna


pr i jm i oba lku ( obalka )
s e t r i d obalku
na jd i n e j n i z s i index takovy , ze


v e l i k o s t obalky < 2ˆ( index+1)
z a t r i d ( obalka , index )
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i f obalka j e po s l edn i then
v loz pos l oupnos t i na haldu
zacn i o d e s i l a t


od e s l i o b a l ku ( obalka )
f o r i := 1 to S do


odeber z haldy nejmensi prvek
v loz prvek do obalky
oprav haldu


Daľśı testovaná řešeńı. Daľśı algoritmy, se kterými
jsme experimentovali, funguj́ı tak, že př́ıchoźı data
jsou vkládána do struktury, která pr̊uběžně udržuje
jejich uspořádáńı, např. vyvážené binárńı vyhledávaćı
stromy nebo haldy. Empirické výsledky ukázaly,
že vyhledávaćı stromy maj́ı př́ılǐs vysokou režii
na vytvářeńı nových uzl̊u. Haldy se chovaj́ı lépe,
protože je možné data udržovat v jednom poli bez
dodatečných pamět’ových nárok̊u, avšak provedené
experimenty naznačuj́ı, že i varianta s haldou je stále
výrazně pomaleǰśı než implementace popsaná v této
sekci.


Paralelizace proudovým zpracováńım dat.
V jednom okamžiku může jedna krabička zpra-
covávat maximálně jednu př́ıchoźı obálku, d́ıky čemuž
může běžet pouze v jednom vlákně. I při použit́ı
jednovláknových krabiček můžeme dosáhnout určité
paralelizace, za předpokladu, že výstup jedné krabičky
je napojen na vstup jiné. To je ovšem obvyklá situace,
nebot’ všechny krabičky v exekučńım plánu (vyjma
koncové) předávaj́ı své výsledky jiné krabičce, jinak
by byly zcela zbytečné.


Paralelizace je možné dosáhnout d́ıky tomu, že
každá krabička má dvě základńı části (obrázek 2):


• Zpracováńı vstupńıch obálek
• Vytvářeńı výstupńıch obálek


Vstup Výstup Vstup Výstup


Obr. 2. Vstup a výstup krabičky.


Jedna krabička nemůže provádět obě operace
současně, ale výstupńı část zdrojové krabičky
a vstupńı část́ı ćılové krabičky může běžet paralelně.
Takže zat́ımco tř́ıd́ıćı krabička produkuje obálku
č́ıslo i, tak ćılová může zpracovávat předchoźı obálku
i− 1.


Je tedy vhodné implementovat krabičky tak, aby
jejich obě části prováděly netriviálńı operace, d́ıky
čemuž může být dosaženo paralelizace proudovým


zpracováńım. Krabička popsaná v části 3.1 toto pra-
vidlo splňuje. Bohužel největš́ıho zrychleńı se dosáhne
pokud výstupńı část prvńı krabičky a vstupńı část
následuj́ıćı krabičky pracuj́ı stejně dlouho, což je
velmi silný předpoklad, kterého je velmi obt́ıžné
dosáhnout u značně r̊uznorodých krabiček.


3.2 Paralelizace tř́ıděńı


Paralelizace zvýšeńım počtu krabiček. Protože
jedna krabička může zpracovávat v jednom okamžiku
pouze jednu obálku, nezbývá nic jiného, než vytvořit
takových krabiček v́ıce a nechat každou z nich zpra-
covávat pouze část vstupńıch dat. Tato úvaha vede
k śıti krabiček, která je znázorněná na obrázku 3.


Sort


Sort


Sort


Sort


Merge


Merge


MergeDispatch


Obr. 3. Śıt’ tř́ıdićıch krabiček.


Krabička Dispatch přij́ımá obálky a rozděluje
je metodou round-robin do tř́ıdićıch krabiček Sort.
Jakmile jsou všechna data přijata, tř́ıdićı krabičky
začnou pośılat setř́ıděná data do krabiček Merge,
které slévaj́ı d́ılč́ı setř́ıděné posloupnosti.


Protože každá krabička zpracovává sv̊uj vstup
nezávisle na ostatńıch, je dosaženo paralelńıho zpra-
cováńı. Ačkoliv se jedná o jednoduchou myšlenku,
tento př́ıstup umožňuje výrazné zrychleńı na
v́ıceprocesorových systémech.


4 Výsledky


Ke změřeńı výsledk̊u jsme použili exekučńı plán
znázorněný na obrázku 4. Prvńı zdrojová krabička
vytvář́ı náhodná vstupńı data, dále je vždy na sudých
pozićıch tř́ıdićı krabička a na lichých pozićıch


”
pra-


covńı“ krabička. Ta pro účely měřeńı pouze simuluje
práci s př́ıchoźımi daty tak, že násob́ı vstupńı data
náhodným č́ıslem, č́ımž zároveň randomizuje vstup
do následuj́ıćı tř́ıdićı krabičky. Celkem je v plánu osm
tř́ıdićıch a osm pracovńıch krabiček.


Měřeńı jsme provedli na poč́ıtači s procesorem
Intel Core i7-870, taktovaným na 2,93GHz (4×256kB


WorknSortn DestinationWork1Sort1Source


Obr. 4. Měřený exekučńı plán.
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Obr. 5. Naměřené výsledky.


L2 cache, 8MB L3 cache) s 8GB paměti DDR3-1333.
Procesor má 4 fyzická jádra s technologíı Hyper-
Threading, takže dohromady je k dispozici 8 logických
procesor̊u. Na poč́ıtači byl nainstalovaný operačńı
systém Microsoft Windows 7 x64.


Měřili jsme celkově spotřebovaný čas potřebný pro
vyhodnoceńı celého exekučńıho plánu. Jako testovaćı
data, která zdrojová krabička poskytuje, jsme použili
107 náhodných 32b č́ısel, které odeśılá v obálkách o ve-
likosti poloviny L2 cache (tj. 128kB). Pro vyhodno-
ceńı plánu byl použit systém Bobox s plánovačem po-
psaným v souvisej́ıćım článku [8].


Abychom co nejlépe srovnali vlastnosti r̊uzných
implementaćı tř́ıdićı krabičky, změřili jsme u každé
krabičky dva časy. Prvńı čas představuje dobu
potřebnou na sériové vyhodnoceńı plánu, při kterém
běž́ı systém Bobox pouze v jediném vlákně (tedy bez
jakéhokoli paralelismu). Druhý čas odpov́ıdá době
běhu při použit́ı stejného počtu vláken jako je počet
logických procesor̊u v systému.


Větš́ı rozd́ıl mezi prvńım a druhým časem na-
značuje lepš́ı chováńı krabičky v rámci systému
proudového zpracováńı dat, protože docháźı k impli-
citńımu paralelismu při vyhodnocováńı.


Celkové naměřené výsledky jsou zachycené
v grafu 5. Jednotlivé popisky maj́ı následuj́ıćı
význam:


Merge Krabička popsaná v sekci 3.1.
PMerge2 Śıt’ krabiček popsaná v sekci 3.2 se dvěmi


tř́ıdićımi krabičkami.
PMerge4 Śıt’ krabiček popsaná v sekci 3.2 se čtyřmi


tř́ıdićımi krabičkami (krabička z obrázku 3).
PMerge8 Śıt’ krabiček popsaná v sekci 3.2 s osmi


tř́ıdićımi krabičkami.
Std Krabička, která př́ıchoźı data ukládá do pole,


které nakonec setř́ıd́ı pomoćı funkce std::sort.
PStd{2,4,8} Śıtě krabiček stejné jako PMerge{2,4,8},


ale pro tř́ıděńı jsme použili krabičku Std mı́sto
Merge.


Výsledky u krabičky Merge ukazuj́ı, že vliv parale-
lizace proudovým zpracováńı dat má vliv na rychlost
systému, nebot’ sériové vyhodnoceńı je viditelně poma-
leǰśı než paralelńı. Krabička Std sice tř́ıd́ı data rychle,
ale pro použit́ı v systémech zpracováńı proudových dat
je nevhodná. Skutečnost, že Std je v paralelńı verzi
o trochu rychleǰśı než v sériové, je zp̊usobena t́ım,
že v malé mı́̌re funguje paralelizace proudovým zpra-
cováńım dat (viz 3.1), takže zat́ımco tř́ıd́ıćı krabička
vytvář́ı daľśı obálku k odesláńı, zpracovává pracovńı
krabička obálku předchoźı.


Śıtě krabiček PMerge ukazuj́ı, že zvyšováńı počtu
paralelńıch tř́ıdićıch krabiček zvyšuje celkový výkon,
ale tento nár̊ust neńı lineárńı. Při sériovém vyhodno-
ceńı se výkon s přibývaj́ıćımi krabičkami snižuje, což
lze snadno vysvětlit tak, že s velikost́ı śıtě tř́ıdićıch
a slévaćıch krabiček přirozeně vzr̊ustá režie na jejich
vzájemnou komunikaci.


Omezená škálovatelnost je d̊usledkem toho, že se
jednak zvyšuje režie plánováńı a t́ım, že závěrečné
sléváńı je prováděno sériově. Tento sériový prvek
je úzkým hrdlem celého systému a v budoućı
práci se zaměř́ıme na jeho odstraněńı. Na omezené
škálovatelnosti se nemalou část́ı pod́ıĺı i pracovńı
krabičky vložené mezi tř́ıdićı, nebot’ jejich kód je vy-
konáván také sériově. Posledńı věc, ke které muśıme
přihlédnout, je skutečnost, že procesor má pouze
4 fyzická jádra, takže při zpracováńı v 8 vláknech
neńı nár̊ust výkonu př́ılǐs velký.


Časy naměřené na śıt́ıch z krabiček PStd potvrzuj́ı
názor, že krabička Std neńı vhodná do systémů pro
práci s proudovými daty. Hlavńı př́ıčinou, proč para-
lelńı verze neškáluje dobře, je to, že př́ılǐs dlouho trvá,
než krabičky setř́ıd́ı všechna data a poté velmi rychle
začnou odeśılat data ven, takže zahlt́ı část systému,
která logicky následuje za tř́ıděńım a z pracovńı
krabičky se tak stává výrazné úzké hrdlo systému.
V př́ıpadě PMerge tento problém neńı tak výrazný,
nebot’ závěrečné sléváńı posloupnost́ı Pi, prob́ıhá
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paralelně s vykonáváńım pracovńı krabičky. Stejný
problém nastává i na vstupńı straně, kdy paralelně
s praćı pracovńı krabičky prob́ıhá zatřid’ováńı obálek
v následuj́ıćıch tř́ıd́ıćıch krabičkách Merge.


5 Závěr


V této práci jsme představili úpravu algoritmu
Merge-sort, která je i v jednoduché verzi vhodná pro
systémy zpracováńı proudových dat a jej́ıž paralelizaćı
dále vzr̊ustá celkový výkon systému. Ačkoliv byl ćıl
práce splněn, stále zbývá několik otevřených otázek
daľśıho zvyšováńı výkonu a škálovatelnosti, kterými
se budeme dále zabývat.


Za největš́ı pot́ıž považujeme skutečnost, že mı́ra
paralelismu śıtě slévaćıch krabiček postupně klesá. Po-
sledńı krok sléváńı, kdy se vytvář́ı finálńı setř́ıděná
posloupnost, běž́ı pouze jednovláknově, což z posledńı
krabičky dělá úzké hrdlo celého algoritmu. Paraleli-
zace sléváńı je v prostřed́ı proudových dat technicky
komplikovaná, ale nikoliv neřešitelná. Hlavńı myšlenka
je postavena na principu rozděleńı slévaných posloup-
nost́ı na v́ıce část́ı pomoćı algoritmu binárńıho vy-
hledáváńı a následné paralelńı sléváńı těchto posloup-
nost́ı.


Druhý problém vyplývá z toho, že např. pro
osm paralelńıch tř́ıdićıch krabiček muśı každá
obálka proj́ıt třemi slévaćımi krabičkami, než je
odeslaná na výstup, což se negativně projevuje na
výkonu systému. Chceme tedy prozkoumat možnosti
v́ıcecestného sléváńı, aby slévaćıch vrstev bylo co
nejméně.


Daľśı myšlenka, kterou chceme ověřit, je možnost
urychleńı operace sléváńı t́ım, že prvky v r̊uzných
posloupnostech budou z r̊uzných interval̊u domény
kĺıč̊u. Rozdělovaćı krabička bude roześılat data
tř́ıd́ıćım krabičkám podle jejich velikosti, přičemž
meze pro jednotlivé krabičky se budou pr̊uběžně
aktualizovat podle charakteru dat. Operace sléváńı se
pak v pr̊uměru zredukuj́ı na pouhé koṕırováńı prvk̊u,
č́ımž se ušetř́ı velké množstv́ı porovnáváńı. Předběžné
experimenty naznačuj́ı, že tento postup by mohl také
přinést nezanedbatelné zvýšeńı výkonu.
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