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Algoritmus rychleho vyhPadavania pohybovych vektorov
pre kodovanie videa v H.264

Rastislav Adamek, Gabriela Andrejkova
Prirodovedecka fakulta
Univerzita Pavla Jozefa Safarika v Kogiciach
Jesenna 5, Kosice 041 54, Slovakia

Abstrakt. Spracovanie sekvencii obrdazkov videa a ich kédovanie
Jje casovo velmi narocny problém, ktorého ndrocnost tiez zavisi od
obsahu obrdzkov. Clanok pojedndva o blokovych metodach
odhadu pohybu pri kédovani videa. Navrhnuta metoda pou-
ziva bloky velkosti 4x4 a jej zdakladnou myslienkou je vyhlada-
vanie pohybovych vektorov pomocou polohy hran pri kédova-
ni jednotlivych blokov videa. Metoda umoziuje najst pohybové
vektory presnejsie a rychlejsie ako pri klasickej znamej meto-
de, ktora prepocitava vsetky moznosti. Vzhladom na to, Ze
pracujeme s blokmi velkosti 4x4 zohladiiujeme smer hran
v 5-tich uhloch v rozpdti 90° (so zaokruhlenim). Nami predkla-
dand metdda je porovndvand s klasickou Standardnou metodou
pomocou vyhodnocovacej funkcie Spickového pomeru signal-sum.
Porovnanie je urobené na benchmarkovych datach a vysledky
nami navrhnutej metody su porovnatelné a v niekto-rych pripa-
doch lepsie.

1 Uvod

Skupina expertov pre sekvencie pohyblivych obrazkov
MPEG (Moving Picture Experts Group) a skupina expertov
pre koédovanie videa VCEG (Video Coding Experts Group)
vyvinuli novy Standard, ktory sluboval lepsi vykon ako
predchodca MPEG-4 a H.263 S$tandard, za predpokladu
lepSej kompresie video obrazkov. Novy Standard oznaceny
AVC (Advanced Video Coding) alebo tiez MPEG-4 je
v ITU (International Telecommuni-cations Union) doku-
mente zapisany pod pracovnym Cislom H.264.
V predoslych standardoch (aj v H.264) je jasne definovany
kodek (koder adekoder), ale jednotlivé funkéné bloky
kodeku boli vylepSené, aby sa ziskala tspora toku bitov.
Jednotlivé vylepSenia zakladnych funkénych elementov
(predikcia, transformacia, kvantizacia a entropické kédova-
nie) spolu dosahuju lepsSiu kvalitu pri rovnakom bitovom
toku ako v predchadzajucich Standardoch (MPEG-1,
MPEG-2, MPEG-4, H.261, H.263).

Obraz Standardu H.264 moze byt rozdeleny do blokov
(pravidelnych pravouhlych), skupin blokov (rezov) a sku-
pin rezov. Koéder méze pouzivat jedno alebo dve Eisla
predchadzajucich kodovanych snimok ako referenciu po-
hybovo-kompenzaénej predikcie kazdého inter-kédovaného
bloku alebo jeho casti. Snimka je kddovana ako jeden alebo
viac skupin blokov. Blok je vizuélne spojity, ak hodnoty
vSetkych jeho pixlov st takmer rovnaké. Naopak, ak hod-
noty pixlov bloku su rozmanité, tak blok je vizudlne nespo-
jity. Pojem vizualnej spojitosti je dolezity pri reprezentacii
blokov. Ak je blok vizualne nespojity, tak je mozné, ze je
vinom hrana. Hrany vbloku maji svoje orientacie
a pomocou orientacii hran je mozné reprezentovat’ $trukti-
ru obrazku. Aj ked H.264 ma skonStruované kodery
a dekodery, hladanie ich vylepSeni je mozné na zaklade
niektorych teoretickych poznatkov o spracovani obrazkov,

ktoré su prezentované v [1-6]. V [2] je uvedeny algoritmus
pre testovanie zhody blokov pouZzivajuici stratégiu zladenia
hran v blokoch na video snimkach kédovanych pomocou
H.264. Algoritmus vyuziva viacndsobné referencie
a viacnasobné velkosti blokov na odhad pohybu.

V ¢lanku sa zaoberame konstrukciou pohybovych vek-
torov. V druhej kapitole st uvedené teoretické vychodiska
pre konstrukciu pohybovych vektorov, v tretej kapitole je
opisany algoritmus predikcie pohybovych vektorov pomo-
cou zladenia hran. V d’al$ej Casti je uvedené kritérium vy-
hodnocovania kvality obrazu azavere je zhrnuty prinos
a vyuzitie vytvoreného algoritmu.

2 Princip vyhPadavania pohybovych vekto-
rov pomocou polohy hran

Snimka Standardného kodeku H.264 je rozdelena do mak-
roblokov apotom do blokov. Standardne sa pouzivaju
velkosti blokov 16 x 16 bodov. Tieto bloky sa neprekryva-
ju. Kazdy blok je potom d’alej rozdeleny do niekolkych
ciastkovych blokov s premenlivou velkostou v zavislosti
od toku informacii, ¢o je ddlezité pre optimalizaciu systé-
mu.

Velkosti ¢iastkovych blokov mézu byt 16 x 16, 8 x 16,
16 x 8, 8 x 8, 8 x4, 4 x 8§ 4 x4, My budeme pouzivat
bloky 16 x 16, ktoré budu rozdelené do Sestnastich ¢iastko-
vych blokov o velkosti 4 % 4 bodov. Pre tieto bloky bude-
me hladat’ pohybové vektory pomocou polohy hran v da-
nych blokoch. Nasou tlohou je najst’ najpodobnejsi blok
z predchéadzajucej a nasledujucej snimky (na kolko pixlov
dana zhoda sthlasi). Samozrejme, ze podobnost’ je hodno-
tend na zaklade urcitych kritérii. Konkrétna funkcia na
zistovanie podobnosti blokov v kdédovani videa je SAD
(Sum of absolute differences — Suma absolutnych rozdie-
lov) t.j.

N-1N-1 1)

SAD,,(u,v) = Z let(x +i,y+))

i=1 j=1

—It_l(x+u+l,y+17+j)|

kde % = (u, v) je posunutie a | I, (x +1, y +j) - Iy (x +u +1,
y + v +j) | sa nazyva vysledna snimka rozdielov. Ked'ze
tato technika prehladdva vsetky moznosti, tak je v praxi
prili§ pomaléa a naro¢na na procesor (CPU). My sa pokusi-
me tento proces urychlit’ algoritmom vyhladavania pohy-
bovych vektorov pomocou zladenia hran.

Na najniz8ej Grovni pocitacového videnia, mozeme zo
snimky ziskat’ rozne grafické utvary, ako su napriklad hra-
ny bez toho, aby sme poznali obsah obrazu. My nepotrebu-
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jeme poznat' detailne cely objekt a nepotrebujeme poznat
ani jeho obsah. Kedze obraz je rozdeleny na jednotlivé
neprekryvajuce sa bloky, budeme sa zaoberat' prave nimi.
Kazdy blok je kédovany ako homogénny blok alebo hrano-
vy blok. V nasom pripade budeme zohl'adiiovat’ moznosti
hranovych blokov.

A B Cc D
N\ /
N A
E F G H
\ /
I J K L

Obr. 1. A) hranovy blok, B) homogénny blok, C) 90° horizontal-
na hrana, D) 90° vertikalna hrana, E) 45° hrana, F) 45° hrana, G)
39,6° hrana, H) 39,6° hrana, I) 26,5° hrana, J) 26,5° hrana, K)
14° hrana, L) 14° hrana

Spojity dvojrozmerny hranovy model $pecifikuji $tyri
parametre, dve hodnoty Sedej farby 4/ a h2, vzdialenost’
hrany od stredu /, a uhol @ uréujici orientaciu hrany blo-
ku B, ktory je uvedeny na Obr. 2. Vzdialenost’ hrany / je
definovana ako najkratsia vzdialenost' od stredu bloku po
hranu v rozmedzi - 2 az + 2. Uhol 6 oznacuje smer hrany
ajeho rozsah je obmedzeny 0 az 180 stupiiov. RieSenie
problému detekcie hran v danom bloku je analytické, ¢o
znamend, ze proces detekcie hran moze byt vykonany
vel'mi rychlo pre velké databazové aplikacie bez nutnosti
pouzitia $pecialneho hardvéru. Na Obr. 1 (G, H, I, J, K, L)
su uvedené hrany, ktoré neboli spracované v [1]. Pri odvo-
deni vztahov vo vypoctoch sme Cerpali z literatury [7].

Hranu v kazdom bloku uréime pomocou metddy na de-
tekciu hran [1]. X-hmotnostny moment M,, y-hmotnostny
moment M, a stredovy hmotnostny moment M, st defi-
nované v rdmci kruznice C vpisanej do bloku B takto

M, = [, xf(x,y)dydx )
My = [f. v f(x,y)dydx 3)

Mo = [f, fCxy)dydx “
kde f{x,y) je Seda troven normy vektora bodu (x,y) pre
zobrazenie $edej snimky z farebnej snimky. Norma vektora
bodu (x,y) z farebnej snimky sa vypocita ako

fxy) =R y)2+G(x,y)?+B(x,y)? (5)

kde (R(x,y), G(x,y), B(x,y)) oznaCuje hodnoty farieb
(R, G, B) bodu (x,y) farebnej snimky. Hodnotu 8 mozeme
lahko ziskat’ z hodnot Mx a My. Nech (x,y) su stradnice
taziska Sedych hodndt vo vnutri kruznice C. Potom

@9 = (257 (©)

My’ My

a uhol 8 urcujuci orientaciu hrany vypocitame takto

— -1(¥) -1 (My
0 =tan (f) = tan (Mx) @)
Hodnoty 41, h2, a | a typ hrany mdze rozhodnut’ o za-
chovani prvych troch momentov vstupného bloku
nasledujicim spésobom

my = pyhf + pohk (®

kde p; = A4;/4, A; je plocha s hodnotou #; bloku B, 4 je
celkova plocha bloku B a je rovna 4, p, = I- p;, B={(x,y) :
|x|<1, |y|<1}, a my je k-ty Sedy (kvadrantovy) moment
povodného bloku B a je vypocitany takto

mi == [f, g* (e y)dy dx. ©)

Za predpokladu, Ze g(x,y) ma konStantni hodnotu v jed-
notlivych zoznamoch, integral v rovnici (9) sa stava
vazenym suctom hodnét bodov v bloku B a mdze byt
pisany ako

my = Znyny gk(x:y)' k=123 (10)
kde w,, je vahovy koeficient spojeny s (x,y) (ak velkost
bloku je 4 x 4, potom w,,, = 1/16).

Ak vypocitame hodnoty A4/ a h2 dostaneme Sedy blok
snimky, ktory je zloZeny iba z hodnét A7 alebo /42 pripadne
ich kombinacie. Na Obr. 2 mdzeme vidiet' originalnu
snimku (a) a snimku zloZenu zo $edych blokov (b).

§ www.sunrayimage.com

www.sunrayimage.com
il

a) | b)

Obr. 2. Prva snimka videosekvencie a) origindlna snimka,
b) snimka zlozena zo $edych blokov.

Vzdialenost’ hrany m6ézZeme potom vypocitat’ podla vztahu

[ = —2p,)cosb (11)
Aj ked tazisko bloku B na Obr. 3 st umiestnené v prvom
kvadrante so stradnicami (x,y), méze nastat’ aj situacia
ked’ sa tazisko nachadza v ostatnych kvadrantoch. Pomo-
cou hodnot M, a M, jednoducho najdeme orienticiu hrany

My>0AM,>0 = 6=6 I. kvadrant (12)
M, <0AM,>0 = 0 =m—0 Il kvadrant (13)
M, <0AM,<0 = 6=m+6 Ilkvadrant (14)
M,>0A M, <0 = 0=2r—6 IV.kvadrant (15)



Zladenie dvoch hranovych blokov je pre nas nevyhnutné
pre urcenie pohybového vektora. Zladenie hran si mézeme
predstavit’ ako prekrytie hran.

V naSom pripade, existuju dva pripady zladenia dvoch
hranovych blokov. Prvy pripad nastane, ak mame rovnaku
orientaciu hran dvoch blokov (B, B’), ¢o znamena, ze
v pripade prekrytia hrany B s hranou B’, sa hrany presne
zhoduju, ako je znazornené na Obr. 4. (a). Druhy pripad
nastane ak mame rozdielnu orientaciu hran. V tomto pripa-
de najprv hranu bloku B prelozime a potom oto¢ime o uhol,
ktory je rovny rozdielu medzi vzdialenostami hran B a B’,
aby sa prekryvali obidve hrany, vid’ Obr. 4 (b).

Dané dva hranové bloky B a B’ sa vyznacuju orienta-
ciou hrany a vzdialenostou hrany (6, /) a (8, I'). Proces
zladenia hranovych blokov sa sklada z dvoch krokov. Prvy
krok je posun a druhy krok je rotécia, vid’ Obr. 5.

y

-1

Obr. 3. Blok B s hranou o velkosti 4 x 4. Kruh C je vpisany do
bloku B a (X, ) su stradnice t'aziska hodnot Sedej farby vo vnutri
kruhu C.

Najprv prelozime stred B’ do stredu B, ¢o ma za nasle-
dok posunutie:

u—1)= (xc —x'e, yc_ylc) (16)
kde (x, y.) a (x', y') st stredové suradnice hranového
bloku B a B'. Potom este prelozime blok podl'a rovnice:

u, = (Nd,cos8, Nd,sin8) a7
kde d; = | I- I secf | je vzdialenost’ stredu prelozenia hran
hp a hp, tak aby sa stredy B a B’ zhodovali pricom N je
velkost’ bloku. Kombinaciou (16) a (17), dostaneme ko-
necny pohybovy vektor

ﬁ = u1 + uz (18)

Hranové bloky st dolezité pre vyhladavanie pohybo-
vych vektorov snimky. Preto sme hladali hranové bloky
pre aktualnu snimku v postupnosti zl'ava doprava a zhora
dolu. Nech B je hranovy blok v aktualnej snimke a B’ je
odpovedajuci hranovy blok v referenc¢nej snimke. NaSou

ulohou bude najst’ zladenie medzi tymito blokmi. SAD
hodnota nam poméze posudit’ mieru zhody medzi B a B'.

Algoritmus rychleho vyhl'adéavania pohybovych ... 5

B
o
B
.
a)
B
o

B

N o
b)

Obr. 4. Proces zladenia dvoch hranovych blokov: a) rovnaka
orientacia hran dvoch blokov B a B’, b) rozdielna orientacia hran
dvoch blokov B a B".

| Hrana
bloku B’
d =1"-secl \
Rotacia |0'- 0| .
o' d, sin@’
! d, cos@'
I \\ | Hrana
0 0 Isect RlakuiE

Obr. 5. Dva hranové bloky B a B' charakterizované orientaciou
hrany a vzdialenostou hrany (0, 1) a (0, 1), ktorych zhodu sme
dosiahli posunutim a otocenim.

Ak vezmeme vyhladavaciu oblast’ o velkosti 32 x 32
a velkost’ hranového bloku je 4 x 4, tak dostaneme pocet
moznych hranovych blokov 8 x 8. Tymto sa vyrazne znizi
pocet kontrolnych bodov ako pri plnom prehl'adavani. Pre
nas nie je nevyhnutné najst’ zhodu pre vsetky hranové blo-
ky, pretoze niektoré¢ bloky majt uplne odlisné smery. Zjed-
nodusenie daného procesu mézeme zjednodusit’ predpokla-
dom, ze orientacia niekol’kych blokov je vel'mi podobna.
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Definujme hranovy blok B = (h;, h, 6, [) so stredom
V(xp yp Vv aktudlnej snimke a hranovy blok B =
(hy,h,,@,0) so stredom v (xz,yz), ktory je najlepsim
kadidatom na zhodu s blokom B v referencnej snimke.
Predpokladajme, ze blok B’ je jednym z pravidelne rozde-
lenych blokov v referenénej snimke v blizkosti bloku B,
B '=(h;", hy ', I', §") odkazuje na parametre bloku B, vid’
Obr. 5. Je zrejmé, Ze orienticia bloku B sa bude rovnat
orientacii bloku B', § = ¢".

B g

ng ]

i /
f R
/ )
~ 1 |

/o

4 x 4 bloky

Referenéna snimka

Aktudlna snimka

Obr. 6. Hranice zhody B pre dany hranovy blok B v aktualnej
snimke sa nemusi ¢asovo zhodovat’ s danym kédovanym blokom
v referencnej snimke.

Dalej by pri moznej zhode malo platit, 7e, [ = I'. Potre-
bujeme zistit' kde sa nachadza stred (xg,yz) hranového
bloku B. Pomocou nasledujiicej sistavy rovnic uréime
umiestnenie hranového bloku B.

I — B8 o509 — 2EYB o5’ = 1 (19)
N N
yg —yp = tanf’ X (xg — xpr) (20)
[Xg] _ [xBr + N(l' — Dcos6’ @1
vl = lyg + N(U' — Dcos8’

Potom pomocou d’alsej rovnice dostaneme vektor po-

hybu
U= (xg—xp Yg— Vp) (22)
ak B je predikovany blok bloku B.

Najprv musime definovat’ pravidlo, podla ktorého bu-
deme posudzovat’ typ bloku. Mame dva typy blokov: blok
hranovy a blok homogénny.

Ak blok B je definovany ako hranovy blok, tak plati

lhy —hy| > T (23)
kde | A, - h; | je kontrast bloku B a 7 je preddefinovany
prah. Je samozrejmé, ze ak pouzijeme mali hodnotu 7 tak
budem mat’ vel'ké mnozstvo hranovych blokov. My sme si
stanovili prah 7 ako polovicu priemeru kontrastu bloku
z aktualnej snimky, aby sme nedostali prili§ vela hrano-
vych blokov. Ale aj tak mame vel'a homogénnych blokov,
ktorych vektor pohybu nie je mozné ziskat’ pouZzitim proce-

su zladenia hran. U kazdého homogénneho bloku U, mo6-
zeme vektor pohybu jednoducho predvidat’ podl'a pohybo-
vych vektorov hranovych blokov v danom makrobloku

takto
‘UU = ZWBu—B),ZWB: 1

BEE BEE
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kde E je mnozina hranovych blokov v makrobloku obsahu-
jiceho U, Uy je pohybovy vektor hranového bloku B, a wp
je vaha bloku B. Hranovy blok, ktory nie je daleko od
homogénneho bloku U ma maly vplyv na vektor pohybu
bloku U. To znamena, ze hodnotu wp vypocitame podl'a

wp = ag/ XpiepQp,ag =1 —d(B,U)/dmax  (25)
kde d(B,U) je Euklidovska vzdialenost’ medzi B a U, pokial
ide o stredové suradnice a d,,x je maximalna vzdialenost’ U
vsetkych hranovych blokov vo E. Podobne moézeme gra-
dientom interpolovat’ orientaciu homogénneho bloku U
podla 8, = Y gep wg0p, ktory sa d’alej pouziva pre jemné
doladenie vektora pohybu.Vyhody navrhovanej hranovej
blokovej metddy s tri:

(1) rychlo stanovuje pohybové vektory s mensimi SAD

hodnotami bloku v aktualnej snimke,

(2) pohybové vektory sa ziskavaju sub-pixlovou pres-

nost'ou,

(3) okrajové informacie, ktoré st vizudlne dodlezité pre

I'udské vnimanie st zachované pocas kompresie videa.

Bez ujmy na vseobecnosti predpokladajme, Ze mame
idealny objekt jednej farby pohybujici sa na jednotnom
pozadi. Vzhl'adom na blok B na rozhrani objektu v aktual-
nej snimke, mdze vzor hrany bloku B byt modelovany ako
krok hrany, ktory triedi hodnoty obrazovych bodov z B do
dvoch tried, jedna z nich je zastapena h? a druha je zasta-
pena h% pricom (k¥ < h5). Nech blok B je zodpovedajici
bloku B vo vztaznej ststave charakterizovany dvoma hod-
notami reprezentativnych obrazovych bodov hf" a h§ pri-
gom (h2 < h8). Potom méme hZ =~ h® a h = k8. Ako je
ukézané na Obr. 7 (a), hodnotu SAD pre B a B ak st ich
hrany spravne vyrovnané, je mozné vypocitat’ pomocou
vztahu

SAD; = ny|hf — h¥| + ny|hE —hE|  (26)
kde n; a n, su pocty obrazovych bodov bloku B zastupené
h% a hZ. Obr. 7 (b) a 7 (c) ukazuju dva pripady kedy hrany
nie s spravne zladené a hodnoty SAD vypocitame podla
vztahov

SAD, = ny;|hf — hB| + nyy|hE — hE|
+n2|h§ - h2§|, ny =nyy +nyg,
A A (27)
SAD; = ny|h¥ — hE| + nyy |hE — RE|

B B —
+n22|h2 - h; |' Ny =Ny + Ny,

Porovnanim (26) a (27), je l'ahké dokazat’, Ze hodnota
SAD; je mensia ako SAD, alebo SAD;. To znamena, ze



proces zladenia hran vytvara pohybové vektory s nizS§imi
hodnotami SAD. V H.264, st pohybové vektory potrebné
na dosiahnutie sub-pixlovej presnosti a to vedie k vysokej
vypoctovej zlozitosti. Vektory pohybu ziskané prostrednic-
tvom nami navrhovaného procesu zladenia hran spinajt
osobitné poziadavky H.264 bez d’al§ich naro¢nych vypo-
Ctov.

B B
” hB
hE h? 2 il
} P h® Ui
hfz kl hff
(a)
B B
hB ¥ hy
2 2 2 i
hB b A 1 th
1 h, 1,-315‘ 2
(b)
B B
z ]
b ht 5 & 4
’ . B \g?
h® it RN

(c)
Obr. 7. Vyrovnanie hran na dva idealne kroky: (a) hrany blo-
kov B a B sii zladené spravne, (b) a (c) su dva pripady, kedy nie
st hrany blokov B a B zladené spravne.

Na Obr. 8 su uvedené tvary hran vychadzajuce z poévodné-
ho Obr. 2.

3 Algoritmus predikcie pohybovych vekto-
rov pouZitim zladenia hran

Pomocou hrany bloku v aktualnej snimke moézeme predi-
kovat’ pohybovy vektor a ziskat’ ho pomocou procesu zla-
denia hran. Pre lepSie pochopenie sme proces zladenia hran
zhrnuli do nasledujtceho algoritmu.

Algoritmus zladenia hran pre odhad pohybu

Vstup: 4 x 4 blok B.

Vystup: Pohybovy vektor U bloku B.

Metoda:

1. V danom okamihu urobime detekciu hrany spolu s de-
tekciou orientacie § a vzdialenost'ou od hrany / v blo-
ku B.

2. Ak blok B je hranovy blok, potom

2.1 Inicializovat’ SADg ako vel'mi vel'ké &islo
2.2 Pre kazdy hranovy blok B’ so vzdialenostou /'
a orientaciou 8’ vo vyhl'adavanej oblasti bloku B
v referen¢nej snimke urobime
22.1 Ak|6-0'<¢ //£]je predefinovany prah.
2.2.2 Pouzijeme (7) pre urcenie polohy bloku
B, ktory je alebo ma byt blokom so
zhodnou hranou v bloku B.

Algoritmus rychleho vyhl'adéavania pohybovych ... 7

2.2.3 Vypocitame SAD hodnotu SADg medzi
blokom B a B pouzitim (1).
2.2.4 Ak (SADg < SADg) potom SADg = SADg
alp = (xg — Xp, Y5 — Yp)> kde (x5, ¥5)
a (xg, ¥g) st stredové stradnice bloku B
a prislusného bloku B
3. Ak B je homogénny blok, urobime interpolaciu ug na
zéaklade pohybovych vektorov hranovych blokov bliz-
ko bloku B v aktualnej snimke pomocou (24).

www.sunrayimage.com

K . R

Obr. 8. Urcenie hran v poévodnom Obr. 2. (a) Hrany tvorené
pixelmi ¢iar. (b) Hrany tvorené blokmi pixelov.

V skutocnosti je algoritmus rozdeleny do dvoch faz.
V prvej faze ur¢ime vektory pohybu pre vsetky 4 x 4 hra-
nové bloky v aktudlnej snimke. Potom, v druhej faze sa
pohybové vektory zvySnych blokov interpoluju. Tieto po-
hybové vektory eSte nie su konecné pohybové vektory
a budeme ich este d’alej spracovavat, pretoze zatial sme
zladili iba hranové bloky kolmé na hranu bloku B Obr. 6.
Niektori kandidati na najlepSiu zhodu by mohli chybat’, ak
neuvazujeme zladenie blokov pozdiz hrany Obr. 9. Preto
pridame proces zladenia hran, podl'a vzoru ortogonalneho
vyhl'adavania Obr. 10, ktory doladi pohybovy vektor bloku
v aktualnej snimke, aby sme ziskali lepSiu kvalitu obrazu.
V tejto praci navrhujeme novy vyhladavaci model na dola-
denie pohybového vektora.
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VI

Zladeny blok

Chybajici mozny
kandidat bloku
T ] —

Prehl'addvana oblast’
v referenénej snimke

Hranovy blok
v aktudlnej snimke

Obr. 9. Potencionalni kandidati blokov pre najlepsiu zhodu by
mohli chybat’ pri tom bloku, ktorého odhad pohybu sme dostali
pomocou navrhovanej stratégie zladenia hrany.

Smer zhody vyhladdvania bloku

Smer zladenia hrany

/

Blok B ma byt zladeny

Obr. 10. Vyhladavacia stratégia ortogonalneho bloku: blok B
v aktualnej snimke, ktorého pociatocny pohybovy vektor ziskame
pouzitim navrhovaného procesu zladenia hrany a potom doladime
pohybovy vektor zodpovedajuci blokom v smere hrany bloku B.

4 Kbvalita obrazu

Na porovnanie kvality obrazu budeme pouzivat metddu
vyhodnocovania Spickového pomeru signdl — Sum PSNR
(Peak signal-to-noise ratio). Pomer vypocitame pomocou
nasledujuceho vztahu

(28)

2
PSNR = 1010910{ _(@59)

256 %1256y . ._ 5= 2
256x256 ~i=1 i=i(xl'1 X’J)}

kde X;; oznaCuje hotnoty obrazovych bodov v aktualnej
snimke a )f(:'] oznacuje hodnoty obrazovych bodov
v predchadzajticej snimke po vykonani pohybovej kompen-
zacie.

5 Zaver

Nami zvolend metdda urychli proces vyhl'adévania po-
hybovych vektorov pri kddovani videa v H.264. Pre tento
proces vyhladavania pohybovych vektorov bol vytvoreny
$pecialny program, v ktorom je naéitanych 300 snimok
o velkosti 352x288 zo suboru. Potom jednotlivé snimky su
kodované a nasledne dekodované. V tomto procese pouzi-
jeme Specidlne upravenu kniznicu H.264, v ktorej bude
zahrnuta aj naSa metdda vyhladavania pohybovych vekto-
rov pomocou zladenia hran. Metdda je overovana v praxi
vo videokonferencnom systéme EVO, pre ktory dani me-
todu planujeme vyuzit. Na overenie danej metody sa pou-
ziva vyhodnocovanie $pickového pomeru signal-Ssum. Sa-
mozrejme, ze do uvahy sa berie aj Cas, za ktory prekoduje-
me 300 snimok a aj kompresiu dat v bitoch, aby sme vedeli
posudit, kedy je dana metéda vyhodnejsia oproti ostatnym
Standardnym metodam.
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Abstrakt Analyjza drsnyjch mnoZin pracuje s objektovo-
atributovgm modelom, v ktorom modelujeme nerozligitel-
nost objektov vyuzitim reldcie ekvivalencie. Hlavnou vijho-
dou prestivania postupov a vysledkov z jednej oblasti do inej
je to, Ze v inej oblasti moézu byt tieto vysledky a postupy
menej zndme a je mozné ich vhodne aplikovat a rozsirit
pole aplikdcii. Preto sme skumali, ¢i pri analgze drsnijch
mnozin mozeme objavit Struktiry spliiajice vlastnosti Ga-
loisove] konexie a operdtora uzdveru, ktoré su dobre zndme
vo formdlnej konceptovej analjze. Dalej navrhujeme spésob
ohodnotenia prvkov faktorovej mnoZiny z tried ekvivalenct,
ktoré sa pouzivaji na aprorimdciu drsnijch mnoZin a ana-
logicky sposob ohodnotenia extentov konceptov vo formdl-
nej konceptovej analyze cez prierez zvdzov ziskanych z roz-
nych podmnoZin atribitov. Tento synergizmus ilustrujeme
na vhodnijch prikladoch.

1 Uvod

Pojem drsnych mnozin prvykrat uviedol Pawlak [9,10]
v roku 1982. Od tej doby aZ po sucasnost vzrasté za-
ujem o tuto problematiku a mmnohé oblasti tspeSne
vyuzivaju softvérové systémy zaloZzené na aplikaciach
drsnych mnozin. V [5] je uvedeny prehlad tychto apli-
kéacii, spomenieme napriklad analyzu obrazu v medi-
cinskych aplikacidch, ekonomiku a financie pri hodno-
teni rizika a firiem, socidlne vedy pri analyze konflik-
tov. Niektoré vztahy teorie drsnych mnoZin s tedriou
topologickych priestorov, pripadne s logikou naznacuje
Vlach v [11,12,13]. Vlachove vysledky nas inspirovali
k tomu, aby sme rozsirili a upresnili dalsie savislosti.

Zaklady formélnej konceptovej analyzy boli polo-
zené v praci Gantera a Willeho [3] na zdklade tedrie
uplnych zvazov. Jednym z najvécsich problémov for-
malnej konceptovej analyzy je ohodnotenie vyznam-
nosti konceptu. Objavuje sa niekolko pokusov. V [6]
je prezentovany modifikovany Rice-ov a Siff-ov algorit-
mus, ktory vSak sluzi na ohodnotenie konceptov fuzzy
forméalneho konceptu, teda pracuje s viachodnotovym
modelom. V [1] pracujeme s fuzzy formalnym kontex-
tom, ale na ohodnotenie konceptov pouzivame dolné,
pripadne horné a-rezy.

Klimushkin a kol. [4] nadvizuje na Kuznetsov
index stability prezentovany v [8], ktory ohodnocuje
koncepty na zéklade poctu podmnozin extentov da-
ného konceptu, ktorych uzéaver je rovny intentu toh-
to konceptu. V [4] je tento index stability normalizo-
vany zavedenim pravdepodobnosti, Ze danid mnoZina

objektov moéZe byt konceptom. Index stability teda
ohodnocuje koncepty vertikilne v ramci jedného kon-
ceptového zvizu. Pristup, ktory navrhujeme v naSom
prispevku je horizontalny, extenty konceptov ohodno-
cujeme v ramci viacerych konceptovych zvazov na roz-
nych podmnozinach atribuatov.

V literature nachadzame aj iné pristupy, ktoré sa
nezaoberaju ohodnotenim konceptov, ale navrhuju
meto6dy redukcie vysledného konceptového zvizu. V [2]
je prezentovand metoda zalozend na spojeni podob-
nych objektov do jedného a naslednej redukecii vysled-
ného konceptového zvéizu, ale vyzaduje od uzivatela
pripisat kazdému atribtutu vahu, ktora uréuje vyznam-
nost kazdého atributu vo formalnom kontexte.

Tento ¢lanok je organizovany v siedmich kapito-
lach. Po tvodnej Casti zavedieme zakladné pojmy ted-
rie drsnych mnozin a tieto pojmy ilustrujeme na vlast-
nom priklade. V tretej kapitole prispievame vlastnymi
dokazmi k urceniu vlastnosti hornej a dolnej aproxima-
cie a objavujeme ich suvislost s Galoisovou konexiou,
dolezitou Strukturou vo formélnej konceptovej analy-
ze. Vlastni metdédu na hodnotenie faktorov zis-
kanych pomocou relacie nerozliSitelnosti prezen-
tujeme v Stvrtej kapitole. V piatej kapitole uvadzame
zékladné pojmy z formélnej konceptovej analyzy a na-
vrhnutd myS$lienku ohodnotenia faktorov zo Stvrtej
kapitoly aplikujeme na novi metédu ohodnotenia ex-
tentov konceptov. Nakoniec uvadzame zaverecné po-
znamky s ohladom na dalsiu pracu v danej oblasti.

2 Drsné mnoziny

UvaZujme objektovo-atribtitovy model (B, A, J), kde
B je neprazdna mnoZina objektov, A je neprazdna
mnozina atribitov a J je zobrazenie, pre ktoré plati
Dom(J) = B x A. Na tomto modeli definujeme neroz-
lisitelnost objektov ako relaciu:

Definicia 1 Nech Y C A. Potom Y-reldciou nerozli-
Sitelnosti objektov nazyvame reldciu

RY = {<b1,b2> € BxB: (Va S Y)J(bl,a) = J(bg,a)}.

(1)

Tato relacia je reflexivna, symetrické, tranzitivna,

teda je relaciou ekvivalencie. To nas opréaviiuje cela
mnozinu objektov rozdelit na triedy ekvivalencie tvaru

blry ={c€ B:(b,c) € Ry}. (2)
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Mnozinu vSetkych tried ekvivalencii na mnozine B
s relaciou nerozlisitelnosti Ry budeme oznacovat
B/Ry.

Tlustrujme tieto pojmy v nasledujucom priklade.

Priklad 1. O povySeni v zamestnani sa rozhoduje na
zéklade veku zamestnanca a ocenenia jeho nadriade-
nym. V naSom pripade hodnoti nadriadeny zamest-
nanca v stupnici od 0 — 3, kde 3 predstavuje najvacsiu
spokojnost so zamestnancom. Hodnoty pre siedmich
zamestnancov firmy st uvedené v tabulke 1.

zamestnanec |vekovy interval |ocenenie |povySenie
v o p
1 31 - 40 1 NIE
2 31— 40 3 ANO
3 41 - 50 2 NIE
4 21 - 30 3 ANO
5 41 - 50 2 NIE
6 31-40 1 ANO
7 21 - 30 0 NIE

Tab. 1. Objektovo-atributovy model povySenia v zamest-
nani.

Mnozinu objektov tvori B = {1,2,3,4,5,6,7},
mnozinu atribatov tvori A = {v,o0,p}. Uvazujme rela-
ciu nerozliSitelnosti objektov pre atribut vek:

Ry ={(1,1),(1,2),(1,6),(2,1),(2,2),(2,6), (6,1),
(6,2),(6,6)y U{(4,4),(4,7),(7,4),(7,7) }U
U{(3:3),(3,5), (5,3), (5,5)}.

Trieda ekvivalencie, ktora obsahuje zamestnanca 2
pre Ry je:

[2]R{v} ={1,2,6}.

Mnozina vSetkych tried ekvivalencii pre R,y méa
tvar

B/R{v} = {{17 2, 6}7 {45 7}7 {37 5}}

Mobézeme uvazovat aj viac atribatov (vek a ocenenie).
V takom pripade mnozina vSetkych tried ekvivalencii
pre Ry o) mé tvar

B/R{V,o} = {{L 6}7 {2}a {37 5}; {4}7 {7}}

Uvedeny priklad ukazuje, ako je moZné pouzitim
relacie nerozligitelnosti rozdelit celd mnoZinu objek-
tov na disjunktné mnoziny tried ekvivalencii. Na kazda
takuto triedu ekvivalencie sa mozeme pozerat ako na
tzv. zékladnu definovatelnt podmnoZinu mnoZiny
objektov (zékladny stavebny blok). Zjavne vsak vieme

najst aj takt podmnoZinu objektov (napr. {1,2,3}),
ktor4 nie je triedou ekvivalencie, a teda v naSom zmys-
le nepatri medzi zédkladné definovatelné podmnoziny.
V takom pripade vS8ak vieme takuto podmnozinu apro-
ximovat pomocou zakladnych stavebnych blokov zdola
a zhora. Preto v dalSom definujeme pojmy dolnej
a hornej aproximécie mnoziny.

Definicia 2 Nech X C B a Y C A. Dolnou aprozi-
mdciou mnoziny X nazjvame zobrazenie Ry : P(B) —
P(B)

By (X) ={z € B: [z]r, C X} (3)

Definicia 3 Nech X C B a Y C A,Hcﬂou aproxi-
mdciou mnoZiny X nazgvame zobrazenie Ry : P(B) —
P(B)

Ry(X)={z€B:[z]r, N X #0}. (4)

Dvojicu (Ry (X), Ry (X)) nazveme drsnou mnozi-
nou pre X C B a Y C A. Definované pojmy ilustru-
jeme na nasledujacom obrazku.

trieda ekvivalencie mnozina objektov

horné aproximacia

|
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|
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|
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podmnozina objektov  dolna aproximaécia

Obr. 1. Grafické znazornenie hornej a dolnej aproximaécie
drsnej mnoziny.

Kazda podmnozinu mnoziny objektov vieme né-
sledne aj numericky charakterizovat pomocou koefici-
entu aproximacie.



Definicia 4 Nech X C B a 'Y C A. Koeficientom
presnosti aprorimdcie nazyvame zobrazenie
ay : P(B) — [0,1]

By (X))
Ry (X))
Ak ay (X) = 1, tak mnoZinu X nazgvame zdkladnd

Ry -definovatelnd mnoZina.

Priklad 2. Aproximujme skupinu zamestnancov, ktori
boli povySeni v zamestnani. To znamena, Ze z tabul-
ky 1 vyberieme objekty X = {2,4,6}. MnoZina v3et-
kych tried ekvivalencii pre reldciu nerozlisitelnosti,
ktora zohladiuje vek a ocenenie ma tvar

B/R{V,o} = {{L 6}7 {2}a {37 5}; {4}7 {7}}

Dolnt aproximéciu najdeme podla vztahu (3) tak, ze
vyberieme vsetky triedy ekvivalencie, ktoré sa celé
podmnozinou X:

R{Vvo} (X) = {27 4}'

Horna aproximéciu nadjdeme podla vztahu (4) tak, ze
vyberieme vSetky triedy ekvivalencie, ktorych prienik
s mnozinou X je neprézdny:

Ry oy (X) = {1,2,4,6}.

Koeficient presnosti aproximacie je potom

Ziskané vysledky je moZné interpretovat nasledovne.
Vek a ocenenie zamestnancov, ktori sa nachédzaju
v dolnej aproximacii, jednozna¢ne predurcuje ich po-
vySenie v zamestnani. U zamestnancov, ktori sa na-
chadzaju v hornej aproximacii, ale do dolnej aproxi-
macie nepatria, nevieme na zaklade ich veku a oce-
nenia jednoznac¢ne predikovat, ¢ dosiahnu povysenie.
Vek a ocenenie zamestnancov, ktori sa nenachédzaju
v hornej aproximacii, jednozna¢ne predurcuje to, ze
povysenie nenastane. Z tabulky 1 moZeme napriklad
vidiet, ze vek 31 — 40 a ocenenie hodnotou 1 moze, ale
nemusi viest k povySeniu. Zamestnanci s tymto vekom
a ocenenim sa sice objavili v hornej aproximéacii, no
v dolnej chybaju.

3 Aproximacie ako Galoisova konexia

V druhej kapitole sme =zaviedli operatory hor-
ného a dolného ohrani¢enia mnozin. NaSou tulohou
bude ukéazat niektoré vlastnosti hornych a dolnych
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aproximécii, ktorymi potvrdime pritomnost Galoiso-
vej konexie v stvislosti s drsnymi mnozinami. Pripé-
jame vlastné dokazy tychto vlastnosti a zdévodnujeme
ziskané vysledky.

Najskor ukaZeme prirodzent vlastnost umiestne-
nia mnoziny medzi jej dolnou a hornou aproximéaciou
a nasledne distributivnost hornej aproximacie nad
zjednotenim a dolnej aproximécie nad prienikom.

Lema 1 Nech X, X1,Xo C B aY C A. Potom plati:

a) Ry(X) € X C Ry(X),
b) Ry (X1 U Xs) = Ry (X1) U Ry (Xa),
¢) Ry (X1 N X3) = Ry(X1)N Ry (Xs).

Dokaz.
a) ¢ € Ry (X),

akk! [z]g, € X podla definicie 2,

ztv.2 z€ X  lebo z € [2]Ry,

ztv. [z]gy, NX #0 lebo x € [z]R,,
akk x € Ry(X) podla definicie 3.

b) T € R_Y(Xl U Xg),

akk [I]RY n (X1 UXQ) #* @,
akk  ([z]r, N X1) U ([z]ry N X2) # 0,
akk  ([z]gy N X1 #0)V ([z]r, N X2 #0),

akk z € Ry(X1)Vz € Ry(Xa),
akk =z € R_Y(Xl) U R_y(XQ)

c) ¢ € Ry (X1 NXy),
akk [I']RY Q (X1 ﬂXQ),
akk [z]r, C X1 A [z]r, C X2,
akk 2 € Ry(Xi) Az € Ry (X>),
akk =z G&(Xl)m&(Xg)D

Je potrebné si uvedomit, ze distributivnost hornej
aproximacie nad prienikom neplati. Pre relaciu neroz-
lisitelnosti Ryyy z prikladu 1 a mnoziny X; =
{1,2,4,6}, X5 = {1,2,6,7} dostavame

R{v}(X1 NXs)={1,2,6},
R{v}(Xl) N R{v}(XQ) = {1, 2,4,6, 7} .
Takisto dolné aproximacia nad zjednotenim nepla-

ti. Staéi si zobrat ta istt relaciu nerozliSitelnosti
a mnoziny X; = {1,2,4,6} a Xy = {1,2,6,7}. Pre
tieto mnoziny

R{V}(X1 U XQ) = {1, 2,4,6, 7},

R{v}(Xl) @] R{v}(Xg) = {1,2,6} .

Zaoberajme sa dalej monoténnostou a kompozi-
ciou dolnej a hornej aproximécie.

! prave vtedy ak (skratka pre ekvivalenciu medzi tvrde-
niami, analégia anglického iff)

2 2 toho vyplyva (skratka pre implikaciu medzi tvrdenia-
mi)
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Lema 2 Nech X, X1, Xo CBaY CA.

a) Ak Xy C X, tak Ry (X)) C
b) Ak X1 C XQ, tak Ry(Xl) g RY(XQ)
¢) Ry (Ry(X)) = Ry (X).
d) Ry (Ry(X)) = Ry (X).

9) By (X) = B\ Ry
h) Ry (X) =B\ Ry(B\X)
Dokaz
a) X1 - XQ,
akk X1 ﬂXQ = Xl,
ztv. &(leXg):&(Xl),
akl Ry (X1) N Ry (X2) = Ry (X))
podla Casti ¢) lemy 1,
ztv. &(Xl) Q&(Xg)
b) X7 C Xo,
akk X1 UX2 = )(27
ztv. R_y(X1 U XQ) = R_y(XQ),
akk Ry(Xl) U Ry(XQ) = RY(XQ)
podla ¢asti b) lemy 1,
ztv. R_y(Xl) g R_y(XQ)
¢) C Podla ¢asti a) lemy 1.
D z € Ry(X),

akk pre v8etky z € [z]gr, plati
[2lry N X # 0 (lebo [z]r, = [2]ry),

akk pre vietky z € [z]r, plati z € Ry (X),
ztv.  [z]r, C Ry (X),

akk z € Ry (Ry(X)).

d) C e By(Ry(X)),
akk [l‘]RY N Ry(X) #+ 0,
ztv. existuje z € [z]Rr,, Ze z € Ry (X),
ztv. [zlry € X,
akk [x]RY cX (1eb0 [Z]RY = [x]RY)7

akk z € Ry(X).
D Podla casti a) lemy 1.
e) Z X C Ry(X) podla ¢asti a) lemy 1
a z Ry(Ry(X)) = Ry(X) podla &asti c) dosta-
vame tvrdenie.
f) Z Ry (Ry (X)) = Ry (X) podla ¢asti d)
az Ry (X) C X podla casti a) lemy 1 dostavame
tvrdenie.
g) z€ B\ Ry(B\ X),
akk x € BA-([z]g, C B\ X),
akk z € BA-([z]g, N X =0),
akk x € BA[z]r, NX # 0,
akk z € Ry (X).
h) z € B\ Ry(B\ X),
akk 2 € BA-([z]g, NB\ X #0),
akk x € BAx]g, ﬂB\X 0,
akk x € BAx]g,
akk 2 € Ry(X).O

Zadefinujeme pojem antiténnej a izoténnej Galoi-
sovej konexie.

Definicia 5 Izoténnou Galoisovou konexiou medzi
mnozinami K a L nazgvame dvojicu zobrazeni (f,g),
ak pre kaZdi I C K a J C L plati

I'Cg(J) akk f(I) C J. (6)

Antitonnou Galoisovou konexiou medzi mnoZinami K
a L nazgvame dvojicu zobrazeni (f,q), ak pre kaZdi
ICK alJCL plati

I'Cg(J) akk f(I) 2 J. (7)

Nasledujuca veta uz hovori o tom, Ze dvojica zobra-
zeni (Ry (X), Ry (X)) tvori izoténnu Galoisovu kone-
xiu medzi tou istou mnozinou objektov B.

Veta 1 Nech X1,Xo C B aY CA. Potom
X1 g &(Xg) akk R_y(Xl) g Xg.

Doékaz.

g: Xl g &(XQ)v
Ry (X1) € Ry (By (X))
podla ¢asti b) lemy 2,
akk Ry (X1) C Ry(Xa)
podla ¢asti d) lemy 2,
Ry (X1) C Xo
___ podla ¢asti a) lemy 1.
: Ry (X1) € Xa,
ztv. Ry (Ry(X1)) € Ry(X2)
podla ¢asti a) lemy 2,
akk Ry (X:) C Ry(X2)
podla Casti ¢) lemy 2,
X1 C Ry (X2)
podla ¢asti a) lemy 1. O

ztv.

ztv.

U

ztv.

Dalej definujme zobrazenie clg, : P(B) — P(B)
ako zlozenie zobrazeni Ry a Ry . UkadZzeme, Ze takto
ziskané zobrazenie spliia tri podmienky pre operator
uzéveru na mnozine objektov B.

Lema 3 Nech X, X;,Xo C B, Y C A a nech
clry (X) = Ry(Ry(X)). Potom platia nasledujice
podmienky:

(l) X gCIRY(X),
b) ak X1 g XQ, tak CIRY(Xl) g ClRY(XQ),
C) CIRY (X) = CIRY (CIRY (X))

Dokaz.

a) Je to Cast e) lemy 2.
b) X; C Xy,
ztv. R_y(Xl) Q R_y(XQ)
podla ¢asti b) lemy 2,
Ry (Ry (X1)) € Ry (Ry (X2)
podla Casti a) lemy 2.

ztv.



asti ¢),d) lemy 2. O

i)
o
o,
e
&
[eX

Ak by sme poradie zloZenia zobrazeni Ry a Ry
vymenili, tak vysledné zobrazenie je operator vnitra
na mnozine objektov B.

4 Ohodnotenie faktorov

Doteraz sme sa zaoberali sposobom, ako modelovat re-
laciu nerozligitelnosti, ako vytvorit systém tried
ekvivalencii, ako pracovat s hornym a dolnym ohrani-
¢enim a aké maju tieto ohranicenia vlastnosti. V tejto
¢asti navrhujeme a prispievame vlastnou metédou na
ohodnotenie faktorov faktorovej mnoziny, ktord defi-
nujeme pomocou relacie nerozliSitelnosti z kapitoly 2
nasledovne:

Definicia 6 Nech X C B a Y C A. Potom definu-
jeme faktorovi mnoZinu X /Ry takto:

X C ¥/Ry akk existuje indexovd mnoZina I
a{x;:ic I} C B také, zZe X = J;c/@ilRy -

To znamené, ze faktorovi mnozinu vytvorime tak, Ze
mnozinu B/Ry uzavrieme na zjednotenie. Kedze je
zrejmé, Ze faktorova mnozina X'/ Ry je uzavreta aj na
komplement, tak je to Booleova algebra. V nasleduj-
tcom priklade ilustrujeme vytvorenie faktorovej mno-
ziny na zaklade jednej moznej konkrétnej relacie ne-
rozligitelnosti pre sedem objektov.

Priklad 3. Pre mnozinu siedmich objektov z prikladu 1
a pre relaciu nerozlisitel nosti

B/R{v} = {{15 2, 6}a {47 7}a {37 5}}

mé faktorova mnozina tvar

Z/R{V} - {@, {17 2, 6}7 {4a 7}7 {37 5}7 {17 2,4,6, 7};
{17 2’ 37 5’ 6}7 {3’ 47 5’ 7}’ {17 2’ 3’ 47 57 6’ 7}}'

Vytvorenim faktorovej mnoziny sme ziskali vSetky
podmnoziny objektov (faktory), ktoré sa pouzitim
hornej alebo dolnej aproximacie nezmenia. St to akési
zékladné jednotky, ktorych prvky st v istom zmysle
medzi sebou podobné. Treba si v8ak uvedomit, Ze pre
kazda podmnozinu atribatov dostavame ina faktorova
mnozinu. Ktoré faktory st najdolezitejSie, sa snazime
zistit ohodnotenim faktorov a ich vyskytu v roéznych
faktorovych mnozinéach.

Definicia 7 Nech X C B a Y C A. Definujme zobra-
zenie ND : P(B) — P(P(A)) nasledovne:

ND(X)={Y CA:X € ¥/Ry} (8)
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To znamena, ze kazdej podmnozine objektov priradi-
me vietky podmnoziny atributov, ktorych faktorova
mnoZzina tito podmnozinu objektov obsahuje, a teda
nerozliSuje jej prvky. Nakoniec vypoéitame ohodno-
tenie pre kazdu podmnozinu a definujeme zobrazenie
FE : P(B) — [0, 1] nasledovne:

Definicia 8 Nech X C B, n = |A|. Ohodnotenim fak-
tora X nazyvame hodnotu

_ IND(X)|

FE(X) o

(9)

Inymi slovami uréime, v kolkych faktorovych mnozi-
néch z celkového poc¢tu 2™ faktorovych mnozin sa vy-
skytla konkrétna podmnozina objektov.

Priklad 4. Uvazujme objektovo-atributovy model po-
vySenia v zamestnani z prikladu 1. Potom zo vzta-
hu (8) dostavame

ND({2a 4, 6}) - {{p}v {Va p}a {07 p}a {Va o, p}}

a ohodnotenie tejto podmnoziny objektov je zo vzta-
hu (9) rovné hodnote:

FE((2,4,6)) = FOUZLONT_ 1

V tabul'ke 2 st uvedené niektoré faktory s najvyssi-
mi hodnotami.

X [FE(X)]
{3,5} H

{7}

{3,5,7}

{1,2,4,6} s
{1,2,4,6,7}
{1,2,3,4,5,6}

{1,6} 3

Tab. 2. Ohodnotenie faktorov pre zamestnancov.

Takto usporiadané podmnoziny objektov na zé-
klade ohodnotenia faktorov méZzeme interpretovat ako
najpodobnejsie skupiny zamestnancov. Prazdna mno-
Zina a mnoZzina v8etkych objektov sa vyskytuje v kaz-
dej faktorovej mnozine, kedZe t4 je uzavreta na prienik
a zjednotenie a ich hodnotenie bude rovné jednej. Tie-
to mnoziny v8ak pre nas nie st z hladiska uvazovania
skupin zamestnancov vyznamné.
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5 Formalna konceptova analyza

V tejto Casti pripomenieme pojmy formalneho kon-
textu, forméalneho konceptu, konceptového zvizu
a ukadzeme vlastnosti dualne adjungovaného péru
zobrazeni.

Definicia 9 Nech B, A su neprdzdne mnoZiny a nech
I C B x A. Potom trojicu (B, A, I) nazveme formdlny
kontext (pripadne objektovo-atribitovy model alebo len
kontext), proky mnoZiny B objekty, proky mnoZiny A
atribity a relaciu I budeme volat incidencnd.

Tento kontext moéZeme znazornit ako objektovo-
atributova tabulku a definovat nasledujtice zobraze-
nia:

Definicia 10 Definujme zobrazenie 1: P(B) — P(A)
takto: Ak X C B, tak

t(X)=XT={yecA: (Vz e X)(z,y) €I}. (10)

Definicia 11 Analogicky  definujeme  zobrazenie:

1: P(A) = P(B) takto: AkY C A, tak

L(Y)=Y*={xeB:(VyeY)(z,y) €I}. (11)
Tieto zobrazenia 1 a | maji podla [6] nasledujice
vlastnosti:

Lema 4 Nech X,X1,Xo C B aY C A. Potom plati:

a) Ak X, C X,, tak X] D X],
b) AkY, C Y, tak X+ D X3,
¢c) X C XN

d) Yy CY¥,

Podmienky a) — d) v leme 4 pre dvojicu (1,]) st
ekvivalentné tvrdeniu, Ze pre kazdé X C BaY C A
plati

Xcvtakky c XT.

Tato tzv. dudlne adjungovanéa dvojica (1,]) teda
tvori tzv. antitonnu Galoisovu konexiu medzi mnozi-
nou objektov B a mnoZinou atribatov A.

Zaoberajme sa teraz zloZzenim tychto dvoch zobra-
zeni. Zobrazenie cl : P(B) — P(B), ktoré vznikne ako
zloZenie zobrazeni 1 a |, ma nasledujtce vlastnosti:

Lema 5 Nech X, X1, X5 C B. Potom plati:

a) X Ccl(X),
b) Ak X1 - Xg, tak Cl(Xl) - Cl(X2)7
¢) cl(X) = cl(cl(X)).

Z vlastnosti ziskanych v leme 5 dostavame, ze
zobrazenie cl je operator uzaveru na mnozine B. Ak by
sme poradie zloZenia zobrazeni 1 a | vymenili, vysled-
né zobrazenie je operator uzaveru na mnozine atrib-
atov A.

Pre niektoré mnoziny X vo vztahu X C cl(X) na-
stava rovnost, pre niektoré nie. V prvom pripade do-
stavame tzv. pevné body (fixpointy) zobrazenia cl:

Definicia 12 Dwvojicu (X,Y) nazgvame formdlny
koncept, ak zdroveri plati XT =Y a Y+ = X. Mnozinu
objektov X mazijvame extentom a mnoZinu atribitovyY
intentom tohto konceptu. MnoZinu vsetkych konceptov
kontextu (B, A, I) oznacéime C(B, A, I).

Zrejme je (X,Y) koncept prave vtedy, ked X =
cl(X) a Y+ = X. Koncepty mozno prirodzenym spo-
sobom usporiadat:

Definicia 13 Na mnoZine C(B, A, I) definujme uspo-
riadanie < takto: Ak (X1,Y1),(X2,Ys) € C(B,A,I),
tak polozme (X1,Y1) < (Xao,Y2) vtedy, ked X1 C X,
(alebo ekvivalentne Y1 D Y3). Usporiadani mnoZinu
(C(B, A, I),<) budeme oznacoval CL(B, A,I) a nazy-
vat konceptovy zviz kontextu (B, A, T).

Takto definovany konceptovy zviz CL(B, A,I) je
tiplnym zvazom.

6 Ohodnotenie extentov

V tejto ¢asti navrhujeme ohodnotenie extentov
konceptov vo formélnej konceptovej analyze. Vyuzi-
jeme nas§ pristup popisany v kapitole 4 a uplatnime
myslienku z teérie drsnych mnozin, kde pri modelovani
relacie nerozliSitelnosti pre rozne podmnoziny atrib-
atov mozu byt rozne aj relacie nerozlisitelnosti. Ve-
rime, Ze tento pristup aspon z Casti pomdze odstra-
nit problém formaélnej konceptovej analyzy, v ktorej
ziskavame vel'ké mnozstvo konceptov uz pri relativne
malom kontexte.

Zatial sme si povedali, ¢o to koncept je, ako vy-
tvorime pomocou usporiadania konceptov konceptovy
zvaz. Pre dalSie potreby zavedieme oznadenie
ExtCL(B, A,I) pre mnozinu vietkych extentov kon-
ceptového zvizu CL(B, A, I).

Ak budeme uvazovat formalny kontext pre I'ubo-
volnt podmnoZinu atribitov, dostaneme 2" rdznych
kontextov a k nim prislichajacich konceptovych zvé-
zov. Skiimajme, ktoré extenty sa tam najcastejsie vy-
skytli a ohodnotme tuto ich ucast Ciselne.

Definicia 14 Nech X C B a Y C A. Definujme
zobrazenie NDCL : P(B) — P(P(A)) nasledovne:

NDCL(X) ={Y C A: X € ExtCL(B,A,I)} (12)



To znamena, 7e kazdej podmnoZine objektov prira-
dime tie podmnoziny atribiitov, z ktorych kontextov
sme dostali konceptovy zvéz obsahujuci uvaZovani
podmnozinu objektov.

Nakoniec vypoc¢itame hodnotu pre kazdi podmno-
zinu a teda definujeme zobrazenie CE : P(B) — [0, 1]
nasledovne:

Definicia 15 Nech X C B, n = |A|. Ohodnotenim
extentu X nazgvame hodnotu:

_ INDCL(X))]

CE(X) -

(13)
Tlustrujme ohodnotenie extentov na nasledujicom
priklade.

Priklad 5. UvaZzujme nasledujici formalny kontext
s piatimi objektmi a piatimi atribitmi, na zaklade kto-
rého ohodnotime vzniknuté extenty.

| [l af[bfe]d]e]
1| x | x
2 X X
3 || x X X
4 || x | x X
5 || x X

Tab. 3. Formalny kontext.

Na zaklade vztahov (12) a (13) dostavame napri-
klad pre mnozinu X = {1,4}:

NDCL({L 4}) - {{aa b}a {av b, C}a {av b, d}v {aa b, e}a
{a7 b’ C’ d}’ {a7 b’ C’ e}’ {a7 b’ d7 e}7 {a” b7 C7 d’ e}}

a ohodnotenie tejto podmnoziny objektov je

INDCL({1,4})] 1
CE({1,4}) = 5 =7

V tabulke 4 uvadzame vSetky podmnoziny objek-
tov, ktorych ohodnotenie je nenulové.

Tabulka 4 obsahuje vSetky extenty konceptov (je
ich osem, prazdnu mnozinu a mnozinu vsetkych objek-
tov opat vynechavame), ktoré sa postupne objavili
v roznych konceptovych zvazoch.

Vysledky moézeme interpretovat nasledovne. Kon-
cept, ktory obsahuje objekty {1,3,5} je vyznamnejsi
ako koncept s objektami {1,4}. Ak by sme potrebo-
vali vybrat z 6smich konceptov len najdolezitejsie, bolo
by to prave prvych pat. NavySe jednoprvkové kon-
cepty mozeme z naSich tvah vynechat pre ich nizku
vypovedni hodnotu a tym sa pocet najvyznamnejsich
konceptov opét zredukuje. Pri interpretacii vysledkov
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X |CE(X)]

{3}

{2,4}
{1,2,4}
{1,3,5}
{1,3,4,5}
{1}

{4}

{1,4}

Tab. 4. Ohodnotenie extentov.

SIS

=

v naSom priklade je potrebné uvedomit si, Ze ohodno-
tenie ilustrujeme na kontexte s pomerne malym poc-
tom objektov a atributov, a preto aj pocet konceptov
nie je vysoky. Pri kontextoch s vy$sim pocétom objek-
tov a atributov moze byt aj vySsi pocet konceptov,
v §pecidlnom pripade pocet konceptov zavisi od poctu
objektov, resp. atribatov exponencialne. V takychto
pripadoch vagsich kontextov je vyber niekolkych naj-
vyznamnej$ich konceptov nevyhnutny.

NavySe po hlbSej analyze, ktorid tu neuvadzame,
v §pecidlnom pripade forméalneho kontextu (napriklad
kontext uvedeny v tabulke 3), ktory je bez prazdneho
stipca, plného riadku, resp. rovnakych riadkov nado-
bida ohodnotenie extentov len hodnoty 0,5 a 0,25 ako
v tabulke 4.

7 Zaverecné poznamky

Ohodnotenie konceptov, resp. ich extentov, je dolezita
iloha aj pre praktické problémy, kedZe z velkého
mnoZstva konceptov ¢asto potrebujeme vybrat iba
niektoré z nich, véc8inou tie najvyznamnejsie. Preto
navrhujeme pristup v ramci v8etkych kombinacii kon-
ceptovych zvazov, ktoré ziskame z réznych podmnozin
atributov pre formélne kontexty.

Galoisova konexia a operator uzaveru su algebraic-
kymi Struktdrami, ktoré tvoria zakladné piliere for-
malnej konceptovej analyzy. Otazka vyuZzitia aproxi-
macii z analyzy drsnych mnozin vo formalnej koncep-
tovej analyze je predmetom dalsieho stidia, kedZe sme
v tejto praci zistili, ze v tedrii drsnych mnozin vieme
najst sivislost so spominanymi §truktiarami ako je Ga-
loisova konexia a operator uzaveru. V tomto smere
chceme prispiet k vysledkom Vlacha [11,12,13], ktoré
sa zaoberaju drsnymi mnoZzinami a ich vztahom s iny-
mi oblastami.

Vhodnym praktickym prinosom ziskanych vysled-
kov sa pre nas javi vyuzitie drsnych mnozin pri spra-
covani a analyze obrazu vhodnou fuzzifikaciou pri dol-
nych a hornych aproximaciach, kde nebudeme uvazo-
vat to, ¢i objekt patri alebo nepatri dolnej, resp. hornej
aproximacii, ale v akej miere jej patri.



16 Lubomir Antoni, Stanislav Krajc¢i
Reference
1. L.Antoni, S. Kraj¢i: Quality measure of fuzzy formal

10.

11.

12.

13.

concepts. Abstracts of 11th International Conference
on Fuzzy Set Theory and Applications FSTA 2012,
Liptovsky Jan, Slovak Republic, 2012, 18.

S.M. Dias, N.J. Vieira: Reducing the size of concept
lattices: The JBOS Approach. In Proceedings of the
8ht International Conference on Concept Lattices and
Their Applications, CLA 2010, 80-91.

B. Ganter, R. Wille: Formal concept analysis, mathe-
matical foundations. Springer Verlag, 1999.

M. Klimushkin, S. Obiedkov, C. Roth: Approaches to
the selection of relevant concepts in the case of noisy
data. In: L. Kwuida, B. Sertkaya (Eds), Formal Con-
cept Analysis, volume 5986 of Lecture Notes in Com-
puter Science, chapter 18, Springer Berlin, Heidelberg,
Berlin, Heidelberg, 2010, 255-266.

J. Komorowski, Z. Pawlak, L. Polkowski, A. Skowron:
Rough sets: a tutorial. In: S. K. Pal, A. Skowron (Eds),
Rough-Neural Computing: Techniques for Computing
with Words, Cognitive Technologies, Springer-Verlag,
Heidelberg, 2004, 3-98.

S. Krajci: Cluster based efficient generation of fuzzy
concepts. Neural Network World 13(5), 2003, 521-530.
S. Krajci, J. Kraj¢iova: Social network and one-sided
fuzzy concept lattices. In: FUZZ-TEEE 2007, The IEEE
International Conference on Fuzzy Systems July 23-26,
London, 2007, 222-227.

S. O. Kuznetsov: On stability of a formal concept. An-
nals of Mathematics and Artificial Intelligence 49,
2007, 101-115.

Z. Pawlak: Rough sets Theoretical Aspects of Reaso-
ning about Data. Kluwer Academic Publishers, Dord-
recht, 1991.

Z. Pawlak: Rough sets. International Journal of Com-
puter and Infomation Sciences 11, 1982, 341-356.

M. Vlach: Topologies of approximation spaces of rough
set theory. Advances in Soft Computing 46, 2008, 176—
186, Springer-Verlag, Berlin Heidelberg, Germany.
(ISSN 1615-3871).

M. Vlach: Mathematical structures of rough sets. Pro-
ceedings of the 27th International Conference Mathe-
matical Methods in Economics, Kostelec, Czech Re-
public, September 2009, 335-340.

M. Vlach: Links between extended topologies and ap-
prozimations of rough set theory. Multicriteria Deci-
sion Making and Fuzzy Systems, Shaker Verlag, Aa-
chen, Germany, 2006, 13-22. (ISBN 3-8322-5540-0).



Task scheduling in hybrid CPU-GPU systems

Martin Krulis, Zbynék Falt, David Bednarek, and Jakub Yaghob *

Department of Software Engineering, Faculty of Mathematics and Physics, Charles University in Prague
Malostranské nam. 25, 118 00 Prague, Czech Republic
{krulis,falt,bednarek,yaghob}@ksi.mff.cuni.cz

Abstract. The distribution of workload among available
computational units is an essential problem for every paral-
lel system. It has been attended thoroughly from many per-
spectives, such as thread scheduling in operating systems,
task scheduling in frameworks for parallel computations,
or constrained scheduling in real-time systems. Howewver,
each system has unique properties and requirements, thus
we cannot design a universal scheduler which would accom-
modate all of them. In this paper, we propose methods for
task scheduling in parallel frameworks that process highly
heterogeneous tasks that consists of both computational and
CPU-blocking operations. Furthermore, we extend the idea
of heterogeneous tasks to design combined scheduler for
multi-core CPUs and many-core GPUs. Our methods sig-
nificantly increase the utilization of hardware resources,
which leads to improvement of speedup and throughput.

1 Introduction

Task scheduling is one of the most important issues
in any parallel system. If approached from wrong di-
rection, it has the ability to significantly hurt overall
performance. It may have also direct impact on other
system attributes, such as CPU or memory utilization,
thus having serious influence on the power consump-
tion of the whole system.

From the general point of view, there are many
quality aspects of a scheduler, like:

latency

throughput

fairness

overhead

scalability

hardware utilization (and power consumption)

The importance of the aspects differs with each
system. For instance, the thread/process scheduler of
an operating system is most concerned with latency
and fairness, while the tasks scheduler of a parallel
framework for high performance computations re-
quires especially high throughput and small overhead.

As this topic is too broad to be overviewed within
one paper, we will focus on computational parallel

* This work was supported by the Grant Agency of
Charles University (GAUK) project no. 277911 and by
the specific research grant SVV-2012-265312.

frameworks designed to process large datasets. There-
fore, we will not consider fairness nor latency, as we ex-
pect that our framework is always processing one prob-
lem (which consists of many tasks) and all hardware
resources (CPUs, GPUs, ...) are allocated solely for
the framework at the time. As we have restricted the
domain of the problem, we can discuss some generic
attributes of task schedulers.

The scheduler should focus mainly on throughput
and scalability. The throughput defines how large data
could be processed at a unit of time or how fast a prob-
lem of fixed size could be solved. Scalability reflects the
overhead and limits of the parallel processing. It helps
us predict the future and determine, how would the
same application work on newer hardware with more
processing units. We will also monitor hardware uti-
lization closely since idle computational units usually
suggest some room for improvement.

The scheduler should be non-preemptive. Preemp-
tive schedulers are able to pause running tasks, sus-
pend them and switch them for another task, thus
allowing multiple tasks to run on the same process-
ing unit in quasi-parallel manner. Preemptive execu-
tion is very important for latency and fairness of the
scheduling. However, since these two aspects are no
concern to us and preemptive scheduling (which re-
quires interrupt and context switching) is bound with
nontrivial overhead, we can dismiss it. There seems
to be no point of swapping running tasks on the pro-
cessing units when the system needs all the tasks to
terminate anyway.

Load balancing is very important especially in non-
preemptive systems. We can choose either static or
dynamic load balancing. Static load balancing usually
requires at least some assumptions about the executed
tasks. Since we have no such assumptions and we want
to deal with all kinds of tasks (including blocking, or
GPU bound tasks), we will use dynamic load balanc-
ing in combination with oversubscription technique.
The oversubscription expects that the application will
generate many small tasks rather than few large ones,
so the number of tasks significantly exceeds the num-
ber of availabile processing units. On the other hand,
tasks should be large enough so that the scheduling
overhead remains still negligible.
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The problem of uniform task scheduling has been
investigated thoroughly as we show in Section 2. Sev-
eral frameworks are available and there is little that
can be done to improve them. We will focus mainly
on the problem of nonuniform tasks (e.g., combining
computational and I/O task) and hybrid CPU-GPU
platforms. Section 3 describes our CPU scheduler for
Bobox framework which is ready to deal with heteroge-
nous tasks.

In past few years, common GPU cards evolved
enough to encompass general purpose computations
in addition to their graphic-related capabilities. GPUs
are currently used as computational coprocessors, that
can take some workload and ease the overloaded CPUs
However, GPUs are designed for quite special tasks
and they are incapable of running complex systems,
thus the presence of CPU is still required. We have to
deal with a hybrid system, that needs to schedule tasks
for both CPUs and GPUs efficiently. Task scheduling
and dispatching is much more complicated in such sys-
tems as the task dependencies may create periods of
time when CPU waits for GPU or vice versa. Details
of GPU systems and of our proposed scheduler are
described in Section 4.

We present several practical applications of our
schedulers to demonstrate benefits of our approaches
in Section 5. Section 6 concludes the paper.

2 Related work

2.1 Task scheduling on CPUs

The task scheduler is an essential part of any frame-
work for parallel applications such as Intel Threading
Building Blocks [14] or OpenMP [5]. Therefore, many
of the existing works focus on its effective implemen-
tation [12,6, 3].

The common idea of these works is to have a thread
pool, which contains so called worker threads (or work-
ers). The workers wait dormant until a task appears.
When it does, a worker from the pool is selected by the
scheduler and the task is dispatched to it. The thread
pool is prefered to other solutions since waking and
blocking existing threads has significantly lower over-
head than creating and destroying them. The thread
pool usually contains as many workers as there are
CPU cores available, so in ideal case, each worker oc-
cupies exactly one core.

The schedulers chose different strategies for dis-
patching tasks to the worker threads. In the remainder
of this section, we describe the scheduling strategies of
two the most popular parallel frameworks.

Threading building blocks. The scheduler is thor-
oughly described in the TBB Reference Manual [1].

Basically, it keeps a pool of worker threads, where each
worker thread has its own double ended task queue.
When a task is spawned, it is inserted to the end of
the queue of a thread that spawned it. When a thread
terminates current task and looks for another one to
execute, it takes the newest spawned task (i.e., the
task in the end of its queue). If the local queue of the
thread is empty it attempts to steal the oldest task
(from the beginning of the queue) of another thread.
These rules increase data locality. The newest tasks
have the biggest probability to have their data still
hot in the caches.

The scheduler is non-preemptive — the evaluation
of a task cannot be interrupted and the blocking op-
erations called from the tasks are not recom-
mended. Additionally, the TBB scheduler lacks sup-
port for NUMA! systems.

OpenMP. The OpenMP task scheduler is very sim-
ilar to TBB scheduler, thus we focus only on differ-
ences. The most important one, is that the evaluation
of tasks may be interrupted in so called synchroniza-
tion points under certain circumstances. These points
might be stated explicitly by the programmer or in-
serted automatically by the compiler. Interruptions
are used for evaluation of child tasks, for instance.
However, the scheduling is still non-preemptive and
it does not support blocking operations.

The second largest difference is that there are mod-
ifications of the OpenMP scheduler that include sup-
port for NUMA systems and shared caches [13]. This
increases scalability of OpenMP on modern systems.

2.2 Task scheduling in hybrid systems

The first attempt for hybrid tasks scheduling was in-
corporated into the OpenCL framework. The OpenCL
specification defines out-of-order command queues in
which the commands are enqueued and the framework
executes them concurrently if possible. Unfortunately,
this interface is too crude and most implementations
do not cope well with the scheduling problem.

To our best knowledge, there is only one project
that attends the problem of hybrid scheduling seri-
ously. The StarPU [2] is an unified platform for
scheduling tasks on heterogeneous multi-core archi-
tectures. Their implementation is built on the top of
OpenCL as well as ours. However, their goal is to
automatize as many operations as possible and offer
simpler parallel model to the programmer, so it can
be used by scientists from other fields (physics, biol-
ogy, ... ) for high performance computations. The cost

! Non-uniform memory access/architecture.



for this generalization is releasing control of some cru-
cial operations to the framework, which can lead to
suboptimal performance in some cases. Our main ob-
jective is to provide a framework that will also simplify
the design of GPU applications, but we have chosen
a lower level approach that allows the programmer to
remain in control of every aspect of the application.

3 Bobox scheduler

The Bobox [7,4] is a highly parallel framework de-
signed for data processing applications. It concurrently
evaluates so called execution plans on available CPUs.
These plans consist of boxes connected together by
directed edges, which determine the data flow among
them. When a box receives some data, it becomes ac-
tive and active boxes are planed on available threads
by Bobox scheduler. The threads execute internal
methods of the boxes to process the input data, pro-
duce the output data, or alter the internal state of the
box.

The scheduling strategy of the Bobox system is
described in standalone paper [8]. The scheduler takes
many various factors into account:

1. Tt attempts to increase data locality by taking data
flow into account. The data are produced and con-
sumed in the same thread if possible.

2. It is aware of shared caches. In case of task steal-
ing, the thief-thread prefers threads with which it
shares cache as victims.

3. The scheduler is NUMA aware. The evaluation of
an execution plan is kept on one NUMA node
if possible. However, the scheduler tries to keep
the workload of nodes well balanced and performs
a migration of the execution from the overloaded
NUMA node to another if needed. Therefore, when
multiple plans are executed, each plan runs on
a single node, thus the data locality is increased.
On the other hand, if there are only a few running
plans, they may spread to other nodes to exploit
the full potential of all available CPUs.

Since the main objective of the Bobox framework is
data processing, it provides support for I/O opera-
tions. An I/O operation is usually blocking, which
means that the calling thread is suspended by operat-
ing system, until the requested data are read from or
written to a storage device. However, during this op-
eration another box may process its data or perform
some computations.

The Bobox scheduler provides functions detach
and attach, which may be called from the internal
procedure of the box. The detach function informs the
scheduler, that the box is about to perform a blocking
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call. At that moment, the scheduler activates a backup
thread, which performs the blocking call, and the orig-
inal thread takes another active box for processing.
If there are no backup threads available, the blocking
operation is enqueued and it will be processed as soon
as one of the blocking threads becomes available.

After the blocking call terminates, the box invokes
attach method, which informs the scheduler that the
blocking call has finished, so the scheduler can eventu-
ally suspend the backup thread again and the rest of
the internal procedure is finished by a regular worker.

If every blocking operation is correctly enclosed
by these functions, the number of active computing
threads remains constant, thus the parallelism is not
restricted. However, this approach has some technical
problems with which needs to be attended:

1. The scheduler has to keep two thread pools (the
pool of worker threads and the pool of backup
threads) to implement the detach and attach op-
erations efficiently without the overhead of cre-
ation and destruction of the backup threads.

2. The I/O operations usually interfere with them-
selves. For instance, a parallel access to a storage
device may be even slower than a sequential access,
as it may lead to large number of seek operations.
Therefore, the size of the pool of backup threads
has to be reasonably limited.

The backup threads significantly increase the parallel
potential of the application in many scenarios. How-
ever, our experiments indicate that the scheduler also
needs to be informed of the type of the blocking op-
eration, since the optimal number of backup threads
depends on it heavily (see Section 5).

4 Hybrid CPU-GPU scheduler

In the following section, we attend the problems of hy-
brid computational systems. First, we review the GPU
computing principles and API from the perspective
of task scheduling. This environment brings us many
challenges, both performance and technical. In order
to identify them properly, we present a few model use
cases that reflect our experience in GPU algorithms
[11,10,9]. We describe our scheduler and advocate its
design process at the end of this section.

4.1 GPU computing and OpenCL API

The GPU cards are quite independent on the host sys-
tem. They have their own memory and the GPU chip
is capable of executing pieces of code on its own. On
the other hand, GPU processors are much more simple
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than CPUs and GPU memory does not employ any ac-
cess protection mechanisms such as paging or segmen-
tation, so the GPU cannot run independent operating
system. All computational tasks and all host-device
memory transfers are issued from the code running on
CPU. This have several advantages:

e The GPU code can focus solely on computations
(no interrupt handling, I/O management, ... ).

e The CPU can perform other tasks while the GPU
is computing.

But also several disadvantages:

e The input data must be transferred to the GPU
memory and the results must be transferred back.
These transfers are performed over PCI-Express
bus which is rather slow in comparison with inter-
nal GPU busses or CPU-memory bus.

e The CPU code must explicitly issue every com-
mand to the GPU.

The GPU programming holds many challenges, but
most of them are no concern to the task scheduling.
Henceforth, we denote a GPU task as the following
sequence of operations:

e A transfer of the input data from the host memory
to the GPU device memory.

e An execution of a GPU method (called kernel) or
of a sequence of such methods.

e A transfer of the results from the GPU device back
to the host memory.

The data transfers may also include some nontrivial
work for CPU, such as gathering/scattering data or
converting data to different format that is more suit-
able for GPU memory architecture.

There might be more complex situations that
would require more complex model of a GPU task.
However, our case study shows that this model is suf-
ficient to design efficient hybrid scheduler.

OpenCL framework. OpenCL is a framework for
parallel computations designed not only for GPU com-
puting, but for other parallel devices as well. We have
chosen this framework over the alternatives? as this
is currently the only framework that supports both
NVIDIA and AMD GPUs and runs on multiple plat-
forms (Windows, Linux, and OS X). Furthermore, the
framework is designed to work also with other parallel
devices, thus we can expect that our scheduler could
be extended to other hybrid systems.

The API that OpenCL provides is quite simple
and easy to use. The host program can detect par-
allel devices that support OpenCL and create com-
mand queues attached to these devices. A command

2 NVIDIA CUDA and DirectX Compute

queue is then used to issue commands to that device,
most importantly copying memory buffers and execut-
ing kernels on the device.

The procedures (kernels) that can be executed on
the device are provided as source code (usually in text
form) and compiled by the OpenCL. This way the code
is fully optimized for the target device that is detected
at runtime. Even though there are some minor techni-
cal issues concerning the kernel compilation and man-
agement, we simply assume that all required kernels
are compiled at the application startup and available
for every device in the system.

Since the device have memory of its own, the mem-
ory allocation must be handled by the framework
aswell. The OpenCL provides memory buffer objects
that encapsulate memory blocks allocated on GPUs.
Writing and reading data to and from these buffers
can be issued via command queues.

4.2 Identifying problems on model cases

Each of the following models describe a possible use
case of the GPU framework. These models do not
cover every conceivable scenario, but rather help us
understand and identify problems of the hybrid
scheduling.

e The most simple case is using a single GPU task.
This scenario is possible only if all input, inter-
mediate, and output data fit in the GPU mem-
ory. Multiple simple tasks may be executed con-
currently, but they solve different problems, thus
they are completely independent from the schedul-
ing point of view.

e If the data of the GPU task do not fit the GPU
memory, or they are being streamed, multiple
GPU tasks are required. In this iterative case, the
data are divided into blocks and all the blocks are
processed by GPU tasks that perform the same
algorithm (kernel).

e The GPU algorithm might require some data
structures to be always present in the GPU mem-
ory (e.g., a precomputed read-only lookup table
or intermediate results that are updated by GPU
tasks). We designate this case the incremental case.

We have implemented all models in a naive way and
test them in various combinations and settings us-
ing profiling techniques. Following problems has been
identified as a result of our experiments:

e There is a fragile balance between CPU and GPU
workloads. In many situations the CPU was wait-
ing for the GPU and vice versa.

e The data transfers are especially problematic as
they take considerable time and stall both CPU



and GPU. The data transfers need to overlap with
computations, in order to reduce their effect on the
performance.

e The data transfers are most efficient if aggregated
in only a few bulk transactions. Unfortunately, the
data gather operations that compacts the input
data in one block and the scatter operation that
processes the results of GPU task take approxi-
mately the same time as the transfers themselves.

e Allocation and deallocation of GPU memory is
also bound with nontrivial overhead. It might be
beneficial to reuse allocated buffers, especially in
the iterative case.

We must also consider all model cases from the per-
spective of the multi-GPU systems. The simple case
scenario is best suited for single-GPU system, how-
ever, we can still benefit from having multiple GPUs
if there are more subproblems to be solved by separate
simple tasks. Furthermore, we can divide simple GPU
task in multiple tasks and use the iterative method if
the task is truly data parallel.

The iterative case scales almost ideally with the
number of GPU devices available. We only assume
that there are more GPU tasks than GPUs. If not, the
size of the data blocks must be reduced so that more
tasks are spawned. Finally, the incremental case has
to use data replication so that the required data struc-
tures are copied to every GPU. This can be done only
during initialization stage in case of read-only lookup
tables, or it must be performed on regular basis, if the
data are mutable.

4.3 Scheduling GPU tasks

We have designed our GPU scheduler as a flexible
module which can be combined with various parallel
frameworks for multicore CPUs. We describe the pos-
sibilities of interoperation with them in Section 4.4.

The scheduler has two parts — a GPU wrapper that
provides more suitable access to OpenCL API and
feeding thread pool of CPU threads. The overall de-
sign is depicted in Figure 1.

The GPU wrapper is an object oriented API built
on the top of the OpenCL framework. It manages de-
vices, memory buffers, and kernels. The wrapper is
represented by singleton object, which is also a con-
tainer for device managers. Each detected device in the
system is handled by a device manager object which
provides the API to work with the device and manages
necessary OpenCL structures (handles, context, etc.).

Each device manager is equiped with one or more
end points. An end point is a logical structure that en-
capsulates one command queue. Multiple end points

Hybrid task scheduling 21

GPU Wrapper

GPU Manager GPU Manager

Memory
Buffer

Memory
Buffer

End Point

M Memory
El Buffer

End Point

Memory
Buffer o Memory
g Buffer
e 5
Buffer

@ Thread to End Point Mapping

[é Feeding Thread J [é Feeding Thread J é Feeding Thread

A Feeding Threadpool :
H Input Queue Output Queue
Tasks to Process

Fig. 1. The design of the GPU scheduler.

Memory
Buffer

Completed Tasks |
A

may be attached to one device so that we can achieve
concurrent operations running on the device — espe-
cially, overlap of the kernel execution and the data
transfers.

The end points are also responsible for managing
memory buffers. We recognize three types of buffers:

e Anonymous buffers, which are allocated and deal-
located by the GPU task itself and they belong lo-
cally to the end point. They are most suitable for
simple cases, when the buffer is used only once.

e Replicated buffers, which are allocated and reg-
istered under a name before the GPU tasks are
dispatched to the scheduler. They are allocated
through device manager, which ensures that each
end point allocates its own buffer, thus when the
GPU tasks are scheduled, they may use any end
point with the same functionality. These buffers
are designed to be used in iterative cases.

e Shared buffers are similar to replicated buffers, but
only one instance is allocated by the device man-
ager and it is shared by the end points. They are
designed for incremental cases. Note that shared
buffers do not ensure data replication/sharing be-
tween multiple devices. Every iterative case we
have examined so far uses different approach to
replication and we have not found a replication
technique that would be both universal and effi-
cient.

The feeding thread pool. It was created in order
to reduce the amount of time the GPU spends waiting
for the input data from the CPU. The threads are
handling the CPU part of the GPU task, which usually
consists of gather/scatter routines and data transfers.
The tasks are dispatched to the pool by one input
queue. This queue is thread-safe and blocking, thus it
easily synchronizes the threads. We did not used other
techniques like task stealing for several reasons. This
design is much simpler, the GPU tasks do not spawn
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another tasks, and the locking overhead of the queue is
negligible in comparison with the execution time of the
GPU tasks. Completed tasks are stored into output
queue, which can be accessed by the remaining parts
of the system.

Mapping between feeding threads and GPU end
points is mnot fixed, so we can chose differ-
ent approaches for different scenarios. One end point
is always mapped to exactly one feeding thread, but
each thread may have multiple end points assigned.
If so, the thread dispatches GPU tasks to the end
points in round-robin manner. In common cases, we
have used thread-per-end-point and thread-per-device
mappings.

This concept was designed under the assumption
that there are always more CPU cores than feeding
threads. However, we have observed that there is no
reason to have more than two end points per GPU
in normal situations, thus a four-GPU system will re-
quire at most 8 feeding threads. Mainstream CPUs
have 12 logical cores at present time and multiproces-
sor servers are also quite common. For these reasons
we advocate that our assumption holds for the current
mainstream hardware.

4.4 Hybrid scheduling

If the majority of the work is performed in the GPU
tasks, the GPU scheduler can be used with only sin-
gle main thread. The main thread may influence the
scheduling up to certain level by issuing the tasks to
the input queue and waiting for them to complete.
This way it may control the dependencies between
tasks or their priorities.

Since the input and output queues are thread safe,
the GPU scheduler may be used in combination with
any other parallel framework such as TBB or OpenMP.
Parallel frameworks usually create as many threads as
there are CPU cores available. Since our scheduler has
a thread pool of its own, there will be more threads
than CPUs, thus they will be planed on available cores
by the scheduler of the operating system. This ap-
proach is not ideal; however, since we cannot easily
modify schedulers of existing frameworks, this solution
is the best available. We can improve the situation by
increasing thread priority of the feeding threads if the
operating system supports it.

If we combine out GPU scheduler with Bobox sys-
tem, we may use the same approach as if we are deal-
ing with blocking operations. When a GPU task ex-
ecutes its kernel on the GPU and waits for it to ter-
minate, it may use the detach and subsequently the
attach method to regulate the number of currently
available threads in the Bobox thread pool. This way
the number of active computing threads remains the

same as the number of available CPUs, thus the feed-
ing threads are not suppressed by computing threads
and waiting operations do not reduce parallelism.

Our current implementation of the GPU scheduler
operates with one input and one output task queue.
It will be trivial to modify it to use multiple input/
output queue pairs, so that that multiple independent
parts of the system may easily interoperate with our
GPU scheduler.

5 Experiments and applications

In this section, we demonstrate effectiveness of our
methods on several examples. Providing a full-scale
testing of various scenarios is beyond the scope of this
paper, thus the following experiments are considered
to be a proof of concept that our scheduling approach
improves the performance in common situations.

5.1 Hardware and methodology

The following experiments are oriented on per-
formance, so the system real-time clock was used to
measure the time required to complete each test. We
realize that these times are strongly dependant on the
hardware, used compiler, or implementation details.
However, we have tried to maintain the same condi-
tions for corresponding tests and we are mainly inter-
ested in relative speedup rather than absolute time
values. All measured values should be perceived in
such context.

The Bobox experiments were performed on a Dell
server with two Xeon E5310 running at 1.6 GHz with
8 GB RAM and with two local 73 GB HDDs with
15000 rpm connected in RAID 1.

The GPU experiments were performed on a server
with special motherboard (FT72-B7015) designed to
embrace up to 8 GPU cards. The server was equipped
with Xeon E5645 processor that contains 6 physical
(12 logical) cores running at 2.4 GHz, 96 GB of DDR3-
1333 RAM, and 4 NVIDIA Tesla M2090 GPU cards
based on Fermi architecture. Each GPU chip consists
of 512 cores (32 cores per 16 SMPs) and 6 GB of mem-
ory. We also tested the implementation on commod-
ity PC with two NVIDIA GTX 580 which have also
512 cores, but only 1.5 GB of memory. We have found
that the GTX 580 cards have similar performance as
the Teslas, thus we do not provide detailed compari-
son.

5.2 Blocking operations in Bobox

As we mentioned in Section 3, the most significant dif-
ference between the Bobox system and other libraries
is the support of blocking operations. Therefore, both
experiments in this section focus on them.



The first experiment compares how the TBB li-
brary and the Bobox deals with I/O operations in the
tasks. For the experiment, we have generated a 4 GB
file of random data. Then we ran 100 requests in par-
allel, where each request reads 32 MB (of 32b inte-
gers) from a pseudorandom position in the file and
sorts them using std: :sort. The filesystem cache was
flushed before each experiment and for each experi-
ment the same sequence of random positions was used.

The TBB experiment used parallel _for template
to execute the requests in parallel. The Bobox frame-
work was tested under multiple settings. The first set-
ting does not call detach and attach functions. Re-
maining settings enclose all I/O operations with these
function calls correctly, but with different sizes of the
backup thread pool.
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Fig. 2. Real times (in seconds) of the I/O tasks.

The results of this experiment are summarized in
Figure 2. They indicate that if an appropriate number
of backup threads is chosen, the Bobox significantly
outperforms the TBB library. We have determined
(and also verified by additional tests) that the our hard
drive and the I/O controller work on their peak perfor-
mance if four parallel reads are performed. For some
reasons, the performance in other cases is much worse
even than the performance of single threaded version.
Therefore, we can choose four backup threads, thus
four parallel reading operations, while the remaining
worker threads can work on sorting operations using
the full potential of our multi-core CPU.

The second experiment uses mutually independent
blocking operations. It simulates I/O operations per-
formed on independent storage devices, asynchronous
tasks dispatched to co-processors, or waiting for re-
sponse from peer servers participating in a distributed
computation. For the sake of simplicity, the blocking
operation is represented by the sleep system function
that suspends calling thread for 2 s.

We wused the same configuration for TBB
and Bobox as in the previous experiment. The re-
sults are presented in Figure 3. As expected, they
show that the overall speedup is proportional to the
number of backup threads. We have observed that if
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Fig. 3. Real times (in seconds) of the sleeping tasks.

less than 8 backup threads are used, the performance
is worse than the performance of the solutions with-
out detach/attach operations. On the other hand, with
16 threads we approach the 2x speedup with respect
to the TBB solution. The poor performance observed
for the small backup thread pools can be expected in
this case, since the sleep function is called only from
the backup threads and not from the worker threads.

Use of detach and attach functions improved per-
formance significantly. However, the proper size of the
backup thread pool must be determined. We will focus
on this area in our future research.

5.3 Similarity search on GPUs

To present the benefits of our GPU scheduler, we chose
an image similarity search problem. This problem and
its GPU solution has been thoroughly described in pre-
vious work [10,9]. We will summarize it briefly just for
the purposes of these tests. The problem of similarity
search is based on query-by-example paradigm. Let
us have a database of images that are not annotated
or otherwise classified. The user cannot search such
database using conventional text-query interface, but
rather provide an example image and expects to get
similar images in response.

The images are represented as signatures, each sig-
nature is a set of points in 7-dimensional space with
weights. A metric distance function (Signature Quad-
ratic Form Distance in our case) is defined to compute
distance (inversed similarity) of image signatures. The
distance between a query signature and all (or at least
a subset of) the signatures in the database needs to
be computed in order to determine the results of the
query. The distances are computed iteratively on avail-
able GPUs and each GPU task has following steps:

1. Gather image signatures into single block.

2. Copy the signatures to GPU in one transfer.

3. Invoke SQFD kernel that computes distances from
query to all signatures in the block.

4. Transfer the distances back to host memory.

5. Use the distances to determine which images from
the block will be included into the result.
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In the following experiments we compare original naive
approach which uses single CPU thread to both dis-
patch work to GPUs and process the distances to cre-
ate a result with a solution that uses our GPU sched-
uler. The scheduler uses 2 end points per GPU? and
one feeding thread per end point. We provided results
measured for different numbers of GPU cards.

~&—naive ~li=GPU scheduler —&—naive ~ll=GPU scheduler

5000 120

—————
wr—.—

1GPU 2GPU 3GPU 4 GPU 1GPU 2 GPU 3GPU 4 GPU

Fig. 4. Measured real times in ms (left) and average uti-
lization of GPUs in percent (right).

Figure 4 depicts the results of experiments. The
left graph shows absolute times required for processing
database of 950, 000 images. As we can see, the feeding
threads help significantly in achieving better perfor-
mance (1.4x for single GPU and 5x for 4 GPUs) and
the GPU scheduler scales almost idealy with increas-
ing number of GPUs. The reason for this behaviour
is visualized in the right graph which shows the uti-
lization of GPUs in percents of total time. The GPU
scheduler is capable to utilize even 4 GPUs more than
90% of time. Naive approach utilizes single GPU only
up to 65%, and more GPUs does not improve the situ-
ation since their utilization decreases in the proportion
of their numbers. Furthermore, we have observed that
GPU scheduler overlaps data transfers with SQFD
computations significantly, while the naive approach
does not.

6 Conclusions

We have proposed a method which successfully deals
with blocking tasks in parallel environment and ex-
hibits a significant speedup over traditional parallel
frameworks. Furthermore, we have proposed a GPU
task scheduler that can be easily combined with any
other parallel framework for CPUs and create a hy-
brid CPU-GPU task scheduler. Our GPU scheduler
is much faster than naive approach to OpenCL GPU
programming and we have successfully tested its scal-
ability up to 4 GPUs.

We were not able to provide any experiments of
the GPU scheduler in combination with Bobox sys-

3 This was empirically determined as an optimum for
overlapping data transfers and computations.

tem. Preliminary results are promising, but the inte-
gration is still an ongoing process and we will address
it in the future work. We are also planing to combine
our scheduler with a message passing framework (like
OpenMPI) to test it in the distributed environment.
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Abstract The Model Driven Development approach be-
came popular in the past years. Domain-specific profiles
are defined for various domains and tools are used to trans-
form UML class models using these profiles to source code
artifacts. However, rules need to be defined for the pro-
file elements’ usage so the transformation can be effective
and reliable. The paper deals with an approach of erpress-
ing these specific rules using a special type of meta-model
using UML class diagram notation with the stereotypes de-
fined in the profile — we call them constraint diagrams. In
these diagrams we can restrict usage of specific stereotypes
according to the other connected stereotypes. OCL invari-
ants can be generated from these diagrams that can be used
to validate a model that uses the profile. The approach is
illustrated on an example of a UML profile for J2EE and
Flex application.

1 Introduction

Model Driven Development is a modern and popular
software development approach. It is based on Model
Driven Architecture (MDA) [1] and consists of cre-
ation of models of various abstraction levels and trans-
formations between these models. It also includes for-
ward and reverse engineering processes. Forward en-
gineering becomes especially popular for generation of
source code from models.

Models of software systems are usually created us-
ing Unified Modeling Language (UML) notation [2,3]
and transformed to a source code using a tool that
generates all required artifacts from the model. For
instance, many various artifacts for J2EE application
such as Entities, Session beans, Message-driven beans
and many others can be generated from a UML class
model. For various domains of software systems,
domain-specific UML profiles are wusually defi-
ned. UML profile [2] is a meta-model that allows the
definition of stereotypes and tagged values for model
elements. If a profile is defined and used, the model

* This research was partially supported by Grant Agency
of CTU No. SGS12/093/OHK3/1T/18, and partially
also by the AVAST Foundation

transformation process can be adapted according to
the specified stereotypes and tagged values. However,
special rules usually come with the profile to restrict
usage of various profile artifacts that need to be sat-
isfied by any model based on the profile. To make
those adapted transformations effective, model valid-
ation against the rules defined in the meta—model is
required.

In our current research, we deal with an approach
to express the rules for the use of the UML profile
stereotypes by a generally known notation of UML
class diagrams. These diagrams can be easily trans-
formed by a tool such as Dirigent [4] to OCL con-
straints that can be used for model validation using
various CASE and OCL tools. Object Constraint Lan-
guage (OCL) [5] is a specification language used to
define restrictions such as invariants — conditions that
must be satisfied by all instances of the element —, pre-
and post-conditions for connected model elements.

In [6], we introduced the basic idea of validating
the model by generated OCL invariants from a special
class diagram. In this paper, we define the more pre-
cise semantics of the constraint diagram. We also add
the possibility to restrict the number of classes con-
nected by the same stereotype from a single class in
the model and the possibility to allow various number
of stereotypes being connected by the same stereotype
from a single class.

The paper is structured as follows: Section 2 pre-
sents related work and their difference from our ap-
proach. In section 3, we explain our approach. The
UML profile definition, the application model creation,
the rules definition and modeling and the constraints
generation processes are explained in its respective
subsection. Conclusions and further work plans are
given in section 4.

2 Related work

There have been done some research on model check-
ing and model validation using OCL. Richters and Go-
golla [7] presented an approach of animating model
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snapshots and validating it against OCL constraints.
The authors use USE tool [8] for model animation and
validation. The authors also introduced a method of
automatic model snapshot generation in USE tool [9].
However, the authors only generate snapshots of the
model and the constraints must be defined directly in
OCL.

Some research was made on model validation aga-
inst fundamental properties of models defined in UML.
Chae et al. [10] focuses on analysis class model used in
many standard object-oriented processes where three
basic stereotypes are defined for analytical classes —
boundary, control and entity. The authors define a set
of constraints in OCL that any analytical class model
should satisfy including constraints for associations
between classes of particular stereotypes. The authors
also demonstrate a case study of validation of analysis
models against defined OCL constraints using OCLE
tool [11]. However, the authors only define particular
constraints for these three basic stereotypes of analyt-
ical classes.

In [12], Guizzardi defines ontological extension of
UML class diagram with ontology stereotypes and con-
straints called OntoUML. He presents a fine-grained
approach for domain modeling using stereotypes to
distinguish between various types of domain artifacts
and relationships. In [13], Benevides and Guizzardi
present a graphical editor for OntoUML and valida-
tion of OntoUML model using OCL constraints. These
constraints are based on stereotypes of model elements
and defined according to the specification of
OntoUML.

In comparison to the approaches mentioned above,
in our approach we do not define any particular con-
straints for any particular domain. Instead, we pro-
pose a general approach to create a constraint dia-
gram using a domain-specific and user-defined pro-
file to model domain-specific business rules. This con-
straint diagram is created using the well-known UML
class diagram notation. It can be used to generate
OCL constraints for validation of any model based on
the user-defined profile. In this paper, we deal with
generating OCL constraints to restrict the use of pro-
file stereotypes and particular relationships between
various stereotyped classes. We focus on UML class
diagram models.

There is also a lot of tools that support model
transformation and validation against OCL con-
straints. Dirigent [4] is a tool that can be used to trans-
form models to source code files. The tool parses model
created in Enterprise Architect [14] from the exported
XMI or directly from the repository. A pattern can be
defined for a class with particular stereotype with a
set of Velocity [15] templates for various source code
artifacts such SQL scripts, java classes and more. The

tool tries to match each element of the model to the
patterns provided. When a match is found, all the Ve-
locity templates defined in the pattern are evaluated
and source code files are created or updated.

Dirigent could also be extended to validate the
model using the generated OCL constraints it-
self. However, there are also many other tools that
support model validation using OCL constraints.
OCLE tool [11] can be used as mentioned above.
DresdenOCL [16] is a toolkit for creating and val-
idating OCL constraints for specified model. It also
supports model validation and transformation of the
model along with the constraints to SQL or Java with
AspectJ.

3 Owur approach

In our approach, we do not try to define a set of ex-
act constraints for any particular domain or program-
ming language. We propose a method to define the
rules for the usage of a UML profile stereotypes using
the same constructs as used in the model itself. We
define a constraint diagram that is based on the UML
class diagram notation. In this diagram, designers and
developers can express the rules using a familiar and
well-known notation. From this diagram, OCL invari-
ants can be generated using a tool such as Dirigent
that can be used to validate the model.

UML profile

Constraint class diagram

Contraints violations
Class Student: EntityAssociation violated
Class ExamResult: EntityAssociation violated

Class BoundaryForm: BoundaryUseAssociation violated
Cls i i jice: Control U iati i

Fig. 1. Overview of the model validation process.

An overview of our approach is shown in Fig. 1 and
can be expressed by the following steps:

1. Profile definition
Application model creation
Rules definition

Rules modeling
Constraints generation
Model validation

S PN



Each of these steps are explained in more details
in the following subsections.

To demonstrate our approach to model validation,
we created an example of a model of a J2EE applica-
tion with the user interface written in Adobe Flex and
ActionSecript [17]. In such an application, value objects
are used as containers to transfer data from the Java
business layer to the ActionScript and Flex present-
ation layer and vice versa. The value objects are not
persistent and persistent data from entities is trans-
ferred to these value objects first before transferring
to the presentation layer.

We use Dirigent to generate the source code files
of an application. Dirigent parses a model and gener-
ate source code files according to the stereotypes of
the model elements. Using this tool, various types of
classes can be generated for a J2EE application such as
entity classes, data access classes, session bean classes
and more. Furthermore, if extended appropriately, Di-
rigent would be able to parse the proposed constraint
diagram and generate OCL constraints for validation
of a model based on the same profile. However, this
extension is not realized yet but planned for the near
future.

3.1 Profile definition

To make transformations of a domain-specific model
in UML to source code files effective, a domain-specific
UML profile should be defined. Such a profile includes
mostly stereotypes of classes and associations for class
diagrams and can define tagged values of such ste-
reotypes as well. In the model, various defined stereo-
types are used to model various types of artifacts using
classes and their associations. During the transforma-
tion of the model to source code files, various stereo-
typed classes can be transformed to various source
code artifacts such as J2EE entities, session beans or
servlets.

The UML profile of our example is shown in Fig. 2.
It defines three stereotypes for classes — Entity, Value-
Object and Form View — and three stereotypes for asso-
ciations — DataLink, FormModel and FormData with
the following meaning;:

Entity — A class with the Entity stereotype represents
a persistent class for data stored in the database.

ValueObject — A class with the ValueObject stereo-
type represents a class for data not stored in the
database and used to encapsulate the data for the
transfer between various business services in Java
and presentation layer in ActionScript.

FormView — A class with the FormView stereotype
represents a form that is a part of the user interface
of the application developed.
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DataLink — An association with the DataLink ste-
reotype represents a standard data association
between two objects.

FormModel — An association with the FormModel
stereotype links an Entity or a ValueObject to
a FormView to define the form structure and
a container to hold the form data.

FormData — An association with the FormData ste-
reotype links an Entity or a ValueObject to
a FormView to provide lists of values for combo-
boxes and similar form elements.

class profile_/

amstaciasss

Entity €y FormView I+

- _alias: String = Entity
- _metatyps: String = Entity

Datalink [ Formilode! o FormData &

- _slies; String = DataLink - _slias: String = FarmModel - _aliss: String = FormData
- _metatype: String = DataLink - _matstype: String = FormMode! - _metatype: String = FormData

Fig. 2. The UML profile for developing a J2EE and Flex
application.

Using the defined profile, the Dirigent tool is used to
generate the source code artifacts for the application
according to the profile stereotypes as follows:

— An entity class, a data access object class and
a value object class in Java, a value object
in ActionScript and an SQL creation script are
generated for each Entity-stereotyped class.

— A value object in Java and a value object in -
ActionScript are generated for each ValueObject-
stereotyped class.

— A form component in Flex and the form model
in ActionScript are generated for each FormView-
stereotyped class.

Associations with particular stereotypes used in the
model are used to generate links and attributes of the
generated source code artifacts as follows:

— The DataLink-stereotyped association is used to
create a relationship between two classes. Accord-
ing to the multiplicities of both association ends,
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a one-to-one, a one-to-many or a many-to-many
relationship is created in the Java classes. Also,
relationships in ValueObjects in Java and Action-
Script are created. In the database, foreign keys
are created for the association.

— The FormModel-stereotyped association is used to
link a form with a class that define the structure of
that form. Therefore, various form input elements
are generated in the form component in Flex and
a link to the value object class of the associated
class is generated in the form model in Action-
Script to store the form input data according to
the association.

— The FormData-stereotyped association is used to
link classes to a form to fill the form selection
inputs such as combo-boxes, radio-button groups
and check-box groups. Therefore, a list of links to
instances of the value object class of the associated
class is generated for each of such associations.

According to the defined transformations, we can eas-
ily create a model of an application consisting of UI
forms using the defined stereotypes. According to the
MDD approach, such a model can be processed by a
tool such as Dirigent to generate source code classes
with their attributes and links between various classes
to save a lot of manual typing.

3.2 Application model creation

When a UML profile is defined, it can be used to create
an application model. An example of the application
based on the profile defined in 3.1 is shown in Fig. 3. It
is a part of a university information system that allows
to register and manage students of the university and
subjects teached there. It also allows register students’
results in various studied subjects.

Entities Student, Subject and Classification are cre-
ated to store persistent data of the students, the sub-
jects and the classifications of students in subjects,
respectivelly. Also, forms are defined to create or up-
date each of these entities. The ClassificationForm is
defined to create or edit the student’s classification. In
this form, use chooses from a list of students to classify
and a list of subjects to classify the selected student
in. However, a value object Student WithGroup instead
of the entity is used for the student’s selection where
the student’s name and group name are concatenated
for the combo-box value label.

3.3 Rules definition

Because the transformations of the Dirigent tool are
based on the stereotypes of model elements, the model
must satisfy specific rules for the usage of the stereo-
types to generate such artifacts and links effectively

class model /

«entitys
Student

«entitys aentityn

+student +dsss| Classification | +class +subject Subject

- id: int
- name: String
- studyGroup: Sting

1 «Datalinkz 0 *|.  maic Sting [0.° «=Datalinkn 1] name: String

+subjects
+dlass /\ 1 oy 1
+student 1 +subject

«FormModels «FormDatas aFormMadel»

«FormModels

«FormViews
SubjectForm

«FormViews
ClassificationForm

«FormViews
StudentForm

«FormDatas

0.5y ¢ +students

«ValueObjects
StudentllithGroup

- nameAndGroup: String
- studentid: int

Fig.3. A UML class model of an university informa-
tion system created using our UML profile for developing
a J2EE and Flex application.

and correctly. These rules must be defined and obeyed
during the modeling. According to the transformation
patterns used in our example, the following rules can
be defined:

1. Only an Entity-stereotyped class can be connected
from an Entity-stereotyped class by a Datalink-
stereotyped association.

2. Only an Entity-stereotyped or a ValueObject-ste-
reotyped class can be connected from a FormView-
stereotyped class by a FormModel-stereotyped as-
sociation.

3. Only an Entity-stereotyped or a ValueObject-ste-
reotyped class can be connected from a FormView-
stereotyped class by a FormData-stereotyped as-
sociation.

4. Exactly one class can be connected from a Form-
View-stereotyped class by a FormModel-stereoty-
ped association.

The rule 1 is required to generate a valid relationship
between existing Entity classes and database tables.
Analogously, the rule 2 is required to generate valid
references between the form components in Flex and
ActionScript and the Entity or ValueObject classes
that define the form structure and hold the input data.
Similar rule 3 is required to generate valid references
from the forms to the collections of data for the forms’
choice elements such as combo-boxes. The rule 4 re-
stricts the number of classes connected by the Form-
Model stereotype to a single class because only one
class can define the structure of the form and keep the
input data.



Notice that the definition is always defined in the
direction from the source class in the relation. This
is to eliminate redundancy and to make each relation
checked only once. If these rules are obeyed in the
model, the transformation to the source code artifacts
will be correct and no error shall appear.

3.4 Modeling rules

To generate source code artifacts effectively and cor-
rectly, the model have to be valid before the transform-
ation and generation process is applied. Otherwise, the
transformation process can fail or invalid source code
artifacts can be generated containing invalid references
or elements.

To validate the application model automatically,
the rules must be defined in some formal way. We de-
cided to use OCL invariants because there are tools
that can be used for the validation such as OCLE [11]
or DresdenOCL [16].

These constraints can be defined for each UML
profile. However, we focus on a method to easily define
the rules in a special constraint diagram using the well-
known UML class diagram notation and generate the
OCL invariants from that diagram. This way, we can
easily define the rules for any possible domain or trans-
formation tool.

We propose an approach of creating a special class
diagram — we call it the constraint diagram — to model
the rules using stereotypes used in the model and to
generate the OCL constraints for model validation.
The constraint diagram is defined in the following
definition:

Definition 1. The constraint diagram is a special
diagram using the UML class diagram notation with
classes and associations using domain-specific stereo-
types used to define domain-specific rules for associ-
ations allowed between various stereotyped classes and
to restrict the number of related target classes.

The constraint diagram is used to restrict the ste-
reotype of the target class of a particular stereotyped
association from a particular stereotyped source class
in the model and the number of target classes associ-
ated to a single source class by that association. In the
constraint diagrams, we use the same notation as used
in UML class diagrams because it is familiar to almost
every developer and analyst. However, the semantics
of the diagram differs from standard UML class dia-
grams of the UML model.

The constraint diagram for the rules of our UML
profile for developing a J2EE and Flex application is
shown in Fig. 4. Classes in the constraint diagram does
not represent classes of objects existing in the modeled
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system. On the contrary, each of the classes in the con-
straint diagram represents any class with the same ste-
reotype in the model. Therefore, the AnyEntity class
in the constraint diagram in Fig. 4 represents the Stu-
dent class as well as the Subject class or any other
Entity-stereotyped class in the Fig. 3. The Another-
Entity class represents the same set of model classes
because of the same stereotype.

class constraint
«entitys Gly «entitys
AnyE ntity y 4 AnotherEntity
0.* «Datalinks 0.*
|/ 1 -.-\I
\__I‘ II'_F/- .’_.--i --._'\'I
_ : | / o _
zentity, \ValueObject: o «Formviews
AnyClass 1 «FormModel= g = AnyForm
0.* scFOITT'IDEItEI:@____U____*

Fig. 4. The constraint diagram for our UML profile for
developing a J2EE and Flex application.

If the class in the constraint diagram has more than
one stereotype, it represents the set of all model classes
with any of these stereotypes. Therefore, the AnyClass
class in the constraint diagram in Fig. 4 represents all
the Entity- and ValueObject-stereotyped classes in the
model. If an association can be created between two
classes with the same stereotype, two classes can be
defined in the constraint diagram with the association
connecting them, or a single class with a recursive as-
sociation can be defined. We prefer the first option in
our constraint diagrams.

Modeling an association between two classes in the
constraint diagram represents the possibility of creat-
ing an association with the same stereotype between
two classes with the same stereotypes as the source
and target classes, respectively, of the association in
the constraint diagram. Therefore, the FormModel-
stereotyped association between the classes AnyForm
and AnyClass in the constraint diagram in Fig. 4 mea-
ns that there can be a FormModel-stereotyped asso-
ciation created between a FormView-stereotyped class
and an Entity- or ValueObject-stereotyped class in the
model. Examples of such associations in the model
are the associations with the FormModel stereotype
between the classes StudentForm and Student, and the
classes ClassificationForm and Classification, respect-
ively, in the model in Fig. 3.
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context c:Class inv <SourceClassStereotype><RelationStereotype>Association:

let sts(c:Classifier) : Set(String) =
c.stereotype->collect (name)->asSet ()
let associationSet(c:Classifier, s:String)

: Set(Association) =
c.association.association.connection -> select(isNavigable =

true)->

select(a:Association | (s = "" and sts(a)->empty()) or sts(a)->includes(s))->asSet()

let associatedSet(c:Class) : Set(Class) =

associationSet(c, <AssociationStereotype>) ->collect (participant) ->

select(ac:Classifier | ac <> self)

sts(self)->includes(<SourceClassStereotype>) implies
(associatedSet (self)->forAll(ac:Classifier | not(sts(ac)->excludesAll(<TargetClassStereotypes>)))

and associatedSet(self)->size() >=
and associatedSet(self)->size() <=

<MinimalTargetMultiplicity>
<MaximalTargetMultiplicity>)

Fig. 5. General form of OCL invariant generated from a constraint class diagram with wildcards for SourceClassSte-
reotype, TargetClassStereotype, AssociationStereotype, MinimalTargetMultiplicity and MazimalTargetMultiplicity.

According to the rules defined in section 3.3, we
have to express 4 rules in the constraint diagram — they
are marked in the constraint diagram in Fig. 4. For the
rule 1, we add two classes AnyFEntity and Another-
Entity with the stereotype Entity to the constraint
diagram. Then we add an association with the stereo-
type DataLink between the AnyFEntity and the An-
otherEntity classes. This association means that there
can be a Datalink-stereotyped association between
one entity — represented by the AnyEntity class — and
another entity — represented by the AnotherEntity
class.

Analogously, the rule 2 is expressed by the
FormModel-stereotyped association between the
classes AnyForm and AnyClass and the rule 3
is expressed by the FormData-stereotyped association
between the same classes.

Furthermore, we can restrict the number of target
classes connected to a single source class by an associ-
ation with particular stereotype by defining the target
multiplicity of the association in the constraint dia-
gram. In the constraint diagram in Fig. 4, the target
multiplicity of the FormModel-stereotyped association
between the classes AnyForm and AnyClass is restric-
ted to 1. This stands for the rule 4. On the contrary,
the FormData-stereotyped association has target mul-
tiplicity of * therefore there is no restriction for the
number of classes connected in the model.

Notice that the names of the classes and associ-
ations are not important in this diagram, they just
represent any class with a particular stereotype and
any relation of a particular type and stereotype in the
model. Also notice that for correct rules definition and
constraint generation, some rules for the constraint
diagram modeling must be obeyed as well. However,
we have to check the rules only for this single con-
straint diagram, while all the model diagrams based
on the same profile with the rules defined in the con-

straint diagram can be validated and checked auto-
matically by the generated constraints.

3.5 Generating OCL constraints

A set of OCL constraints can be generated from a con-
straint diagram using a tool such as Dirigent [4] to
parse the model diagrams. The tool traverses
the model and for each association in the diagram,
an OCL invariant is generated. To explain the con-
straint structure, let us define several terms used in
the constraint first.

Definition 2. The SourceClassStereotype is the ste-
reotype of the source class of the association in the
constraint diagram just being processed by the gener-
ation tool. The TargetClassStereotypes is a collection
of the stereotypes of the target class of that association.
The AssociationStereotype is the stereotype of that as-
sociation or an empty string if the association have no
stereotype.

Definition 3. The Minimal Target Multiplicity is the
lower multiplicity value of the target end of the associ-
ation in the constraint diagram just being processed by
the generation tool. The Maximal Target Multiplicity
1s the upper multiplicity value of the target end of that
association.

Both target multiplicity values are always extrac-
ted from the association. If only one value is defined
for the target multiplicity, it is transformed to both
values as usually, for example value 1 is equivalent to
both minimal and maximal multiplicity values 1 and
value * is equivalent to minimal multiplicity value 0
and maximal multiplicity value *.

The structure of such constraint is shown in Fig. 5.
The invariant is defined in the context of Class with its
name generated from the Source Class Stereotype, the



-- rule 1
context c:Class inv DatalLink:
let associatedSet(c:Class) : Set(Class) =
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associationSet(c, "DataLink")->collect(participant)->

select(ac:Classifier | ac <> self)
sts(self)->includes("Entity") implies

(associatedSet(self)->forAll(ac:Classifier | not(sts(ac)->excludesAll("Entity"))))

-- rule 2 and 4
context c:Class inv FormModel:
let associatedSet(c:Class) : Set(Class) =

associationSet(c, "FormModel")->collect(participant)->select(ac:Classifier | ac <> self)

sts(self)->includes("FormView") implies

(associatedSet(self)->forAll(ac:Classifier | not(sts(ac)->

excludesAll(Set {"Entity", "ValueObject"})))
and associatedSet(self)->size() = 1)

-- rule 3
context c:Class inv FormData:
let associatedSet(c:Class) : Set(Class) =

associationSet(c, "FormData")->collect(participant)->select(ac:Classifier | ac <> self)

sts(self)->includes("FormView") implies

(associatedSet(self)->forAll(ac:Classifier | not(sts(ac)->

excludesAll(Set {"Entity", "ValueObject"})))

Fig. 6. OCL invariants for the rules to check and validate the model.

RelationStereotype and the type of the relation. Then,
three functions are defined — the function sts() returns
a set of names of stereotypes of the classifier para-
meter — i.e. a class or an association —; the function
associationSet() returns a set of associations from the
given classifier that include the given stereotype ac-
cording to the stereotype given as the parameter; the
function associatedSet() returns a set of classes con-
nected by the associationSet() except self — the class
just being processed by the invariant. Then, the main
constraint body is defined — if the class in context in-
cludes the SourceClassStereotype then target classes of
all associations with the same stereotype as the Asso-
ciationStereotype must include at least one of the Tar-
getClassStereotypes and the size of the associatedSet()
must be between the MinimalTargetMultiplicity and
Mazimal TargetMultiplicity or equal to one of them.
However, if the MinimalTargetMultiplicity is equal to
0 or the MazimalTargetMultiplicity is equal to * the
appropriate part of the constraint body may be omit-
ted and if both multiplicities are the same value, the
both multiplicity checking parts of the constraint body
may be combined to a single one.

When parsing the constraint diagram shown
in Fig. 4, the tool will find three associations to gen-
erate OCL invariants — DataLink-stereotyped associ-
ation between two entities, a FormModel-stereotyped
association leading from the AnyForm class to the
AnyClass class and a FormData-stereotyped associ-

ation from the AnyForm class to the AnyClass class.
Therefore, three OCL invariants are generated as
shown in Fig. 6. All generated invariants use the same
functions sts() and associationSet as defined in Fig. 5.

3.6 Model validation

When a set of OCL constraints is generated for the
rules for the usage of UML stereotypes in the model,
the application model can be validated. A tool such
as DresdenOCL can be used to validate the model us-
ing the OCL invariants. The validation process will
identify violated rules and the context in which they
are violated, pointing out taht the class is connected to
some other class using wrong-stereotyped association,
the target class have wrong stereotype attached or the
number of connected classes is invalid, respectivelly.
With this information, the designer or developer can
modify the application model so it satisfies the OCL
invariants and therefore also satisfies the rules.

If no violations are detected, the model is correct
according to the defined rules and the transformation
process can by applied to generate the source code of
the application.

4 Conclusions

Model-Driven Development approaches for software
development became popular in last years. Many soft-
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ware development processes use a tool to transform
models and to generate source code artifacts. Many
domain-specific UML profiles are also created for vari-
ous domains or software projects and generation tools
are adapted to utilize these profiles during transform-
ation and generation. However, this approach brings
the need of domain rules definition of how the profile
should be used.

In this paper, we presented an approach of model-
ing these domain rules for the use of user-defined ste-
reotypes and relations between each other using a spe-
cial constraint diagram based on the well-known UML
class diagram notation. We presented a method how
such diagram can be created for a set of example rules.
We also presented a technique how to generate OCL
invariants from the constraint diagram to be used for
the model validation. Whole process was illustrated
on an example of a J2EE application with the user
interface written in Flex and ActionScript.

In our further research, we would like to extend
our approach to enable to model directed associations
constraints to validate usage of directed associations in
the model, other types of relations such as generaliza-
tions or dependencies. Finally, extending the approach
by other types of model artifacts such as actors, com-
ponents or use cases can be explored.
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Abstract. This paper introduces the new scripting lan-
guage which is used for searching the code snippets
i a Java source code. This language, named Scripthon,
is a compiled language outputting an abstract syntax tree.
Next, this tree is compared with the Java abstract syntax
tree. The Compiler Tree API is used in the searching al-
gorithm. Both the language specification and searching are
described in this paper.

1 Introduction

The Scripton language is a response on a demand for
a tool for the Java source code description and ad-
dressing. A purpose of the language is to provide a tool
for finding code snippets which are needed for further
processing.

Scripthon was designed to be very easy to under-
stand and easy to read. In Scripthon, the code de-
scription is much quicker than finding wanted sections
in a source code. Because it is possible to describe
the Java structures by this language, its keywords are
based on the Java structures. The keywords, as well
as the statements, are the Java structures names. The
Scripthon has a simple and modern syntax which is
similar to the syntax of contemporary programming
languages. Syntactic elements of the Scripthon
are similar to analogical elements of the Java lan-
guage. Even the layout and nesting of the statements
is the same as in Java. A short example follows. Con-
sider the following piece of the Java code:

public class TestDecompile {
public static void main(String [] args) {
String toPrintValue = "Hello world!";
System.out.println(toPrintValue) ;

}

This piece of code can be described by the following
Scripthon script:

Class(Name="TestDecompile" ;Rest=public)
Meth(Name="main";Ret=void;Rest=public)
Init(Name="toPrintValue"; Type=String)
MethCall(Name="System.out.println")

* This work is supported by the SGS 11/167 grant.

Scripthon source

References to
original Java
source code

Java source AST
code

Fig. 1. Scripthon action flow

2 How it works

A script, written in the Scripthon language, corre-
sponds to a required/desired piece of code in Java.
Next, this script is compiled. The output of the com-
piler is an abstract syntax tree, hereinafter AST. Fur-
ther, the AST is compared with the AST of Java code
which was created by the Java Compiler API. This
API is a part of the Java SDK distribution.

Scripthon is a language which offers a variable de-
gree of Java source code description. This means that
it can describe both the very precise and the very
vague code snippet. The previous example can be also
described by this script:

Class()
Meth ()
Any ()

It is obvious that the degree of detail will often vary
depending on the search results. If there are few results
(or no result at all), we have to decrease the degree of
detail. If there are too many results, the degree of de-
tail detail is to be increased and the results should be
refined. Summing up, Scripthon allows a very detailed,
but also a very free description of an intended struc-
ture. The detailed description refers to the source code
level description, while the free description reaches up
to the class blocks.

An intended code snippet is found by comparison
of its compiled tree and the corresponding abstract
syntax tree. Unlike in the case of the Java language,
there is no need of the translation it into the bytecode.
However, the files describing an AST are generated
for a repeated searching. The Scripthon compilation
process is fast enough to regenerate the files again in
reasonable time.
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The final output of the compilation is a list
of references to the relevant parts of the source text. If
any snippet does not match, the list is empty. Because
the amount of the results can be disproportionately
large, the compiler also detects scripts that are too
general.

3 Language specification

Scripthon is a dynamically typed, interpreted, and
non-procedural language. Its translation into a tree-
expressing form and usage is very similar to the usage
of other modern script languages. The language was
formed on the basis of the references [1-8].Because the
language is designed to be a scripting language only,
there are no special constructions starting a script.
Neither is this language pure object-oriented. An in-
put for a compiler is a text file with a sequence of
commands. This sequence describes consecutive state-
ments in a Java source code. The commands with
a variable detail degree correspond to a variable length
code segment. The detail level is not fixed and can vary
in every command. One command can correspond to
a line of a source code; other one can describe the
whole class in Java.

The Scripthon structure is very close to other con-
temporary dynamic programming languages. The in-
dividual commands are separated by lines. There is no
command separator in Scripthon. Inner parts of blocks
are tab nested. A block is not delimited by any signs;
just a hierarchy of tabulators is used. An example:

Block() a
Loop(Type=while)

3.1 Denotational semantics

The complete definition of the Scripthon language se-
mantics is beyond the scope of this paper. Therefore,
only the commented building blocks of the denota-
tional semantics and syntax will be given.
Syntactic domains:
n: Num (numerals)
VT : Lang (language)
x : variable names
a : Aexp (arithmetic expressions)
b : Bexp (boolean expressions )
Str :
SAtr :
AVal :

S : statements

structures
structure attributes

attribute values

D : declarations

Sets definition:
digit :==0|1]...]8]9
numeral = < digit > | < digit >< numeral >
integers :=2Z={...,—-2,—1,0,1,2,...}
V ={AB,...,Zab,...,z}

N = {1,2,3,4,..}
W = {a"}}, Va;eV
Ve o= {w;}il,
e ... emptyword
VT = V*\{e}
r e VIN{StrI\{SAtr\{Aval}\n
B = {true, false}
Str = {Meth, Init, Block,Class, ...}
SAtr = {Name, Lenght, Rest,Val,...}
AVal = {public,private, ...}
AVal C V*
AVal C Num
The first few sets are similar to wusual def-
initions. Therefore, a comment is not needed. The

interesting domain is “Str”. This domain specifies the
structural keywords. It is the set of words, starting
with a capital letter, which corresponds to every source
code structure in Java. For example, Meth, Init, Block,
Stmt correspond to a method, a variable initialization,
a block of code, and a statement in the same order.
The next domain “SAtr” contains the structure at-
tributes. The Java code structure can have a lot of at-
tributes. For example, an attribute, or a method can
have a scope, a variable can have a name and type, and
so on. Therefore, examples of the set “SAtr” could be:
Scope, ParamType, Type, ... The last interesting set
is AVal. This set contains the values of the structure
attributes. The typical values for a scope are “public”,
“private” and “protected”. On the other side, this set
can contain even other text values. Most often, these
values are the names of the methods, variables and its
values. The usage in a program can look like this:

Init(Name=increment)

It means that a variable is initialized (Str) with
an attribute “Name” (SAtr), and the value of
the attribute is “increment” (AVal). All three sets
are linked with a dependency graph. This graph de-
termines which specific structures are able to be used.
Moreover, it determines the structure attributes and
its values. While compiling, the source code is checked
if it complies with requirements of the dependency
graph. However, in fact, the dependency graph is much
larger. Figure 2 shows a small example.
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public

Fig. 2. The semantic sets dependency graph

3.2 Syntax

i, jeN
xSty
AVal == n|z

a == true|false|AVal; == AVal,]

|AValy! = AV als|!b|by && ba|by || be|

|a1 == aslai! = as]

lar > asla; > asla; < asla; < ag

D ::= Str;() x

S ::= Str;()|D|X.SAtr; = AVal;|skip|S1 < er > Ss
§1 < cr ><tab> Sylif bthen S|

ifbthen S; < cr > else S|

|whilebdo S|Str;(SAtry = AValy; SAtry = AVals;...)

X ...setof all states
A:Aexp — (X = Z)

B: Bexp — (X — B))

S : Statement — (X — X))
[S]: X~ X(partial function)

According to the syntax, it is obvious that all the op-
erations and expressions are the same like, or at least
similar to, corresponding ones in Java. Scripthon has
only one kind of a loop; the while loop. A state is
defined by the variables stored in a stack, and by an
abstract syntax tree which is created during compila-
tion process. To simplify the definition of transition
between states, the partial function is used.
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3.3 Notes on the syntax

Scripthon distinguishes the uppercase and lowercase
letters. Despite of the above described differences, the
Scripthon syntax is very similar to the syntax of the
Java language. Thus, the Java programmers do not
have to learn the new rules and syntax. Except for
a few differences, there are very similar operators and
as in Java. The basics of the Scripthon syntax will be
briefly introduced in the following paragraphs.

3.4 Description of the program structures

It is possible to describe every program element in
Java program with Scripthon. The description is based
on the so called structural keywords. A structural key-
word starts with a capital letter, and ends with
a parenthesis. Each structural keyword corresponds to
an element in the Java language. Parameters are de-
fined inside the parentheses which specify an element
closer. It is not necessary to use the parameters; the
level of description abstraction is higher without them.
The names of structural keywords are the shortened
names of the elements in Java. Some basic structural
keywords will be mentioned here; the scope of this pa-
per does not allow to include all of them.

The structural keywords correspond to the Java
structures, the parameters are the shortcuts of their
properties. The parameters are separated by a semi-
colon, and the value is assigned using the = oper-
ator. For example, the following series of keywords:
Block(), Loop(), Class() indicates (in the same or-
der): a block of statements, a loop, and a class. For
a closer determination, the parameters can be used.
For example, this command: Loop (Type=for;Lines=4)
indicates a for loop with 4 lines.

3.5 Variables

Variables in the Scripthon language are initialized in
a very similar way to Java. A variable can be declared
only by its name and type, but it is possible to give
variable a value, too. There are two kinds of variables
in Scripthon: the basic ones and the structural ones.
Basic types of variables are either textual or integer
variables. In the case of a basic type variable, the =
sign is used to assign it a value.

If no value is given, the value of a textual variable
is the empty string (""), or 0 in the case of an integer
variable. The types of basic variables are detected au-
tomatically. A compiler detects whether a variable is
textual of integer one.

In the case of a structural variable, if no value is
given, and the structure is not further specified, this
variable is initialized in the most common form. Struc-
tural variables can have parameters in parentheses;
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however, these variables can stand alone. An exam-
ple follows:

Meth (ParamType=Long) method
method.ParamType=String

a = method.ParamType

It is obvious that the variable a has a String value.

3.6 Functional and blank lines

Blank lines are inadmissible in the middle of the block
of code, and the compiler reports an error in such
a case. Empty lines only separate the blocks. In that
case, their number is not important and they act as
one line. Similarly, the same rule holds at the end and
at the beginning of each script. In contrast, the func-
tional lines are those that are not empty, or are not
a part of the comments. They have a logical function-
ality. Here is a difference between Scripthon and other
languages where the blank lines mean nothing.

4 Compiler

The compiler of this language is written in Java, and
it consists of the parser, the tokenizer, the state ma-
chine, and the lexical analyzer. The compilation pro-
cess is similar to any other compilation. Thus, it con-
sists of several steps: First, during the lexical analysis,
the characters of source code are transformed into to-
kens. In order to determine, where the program starts,
where the blocks start, or where it ends, other control
tokens are are added. After this, a grammar and syn-
tax is checked by the state machine. Finally, the se-
mantics is checked and a tree describing the searched
structure is generated. While building the AST, the
structure is checked against the dependency graph de-
scribed above. A visitor design pattern was used in
the compiler. It allows easier adding the new struc-
tures into the language. In conclusion, the result is an
AST which consists of interlinked objects representing
the different structures of the language.

5 Abstract syntax tree

An abstract syntax tree is used to search the required
parts of a source code. In this case, it is a tree which is
quite similar to a classical abstract syntax tree (AST),
except several parts. The AST is described in [11]
and [12]. The main difference between these trees is in
two special types of nodes arising from the Scripthon
translation. These two special node types are Any and
Condition. These types do not describe any data type,

source code

Lexical Analyzer

tokgns

A

Syntax Analyzer

Semantic
Analyzer

AST

Fig. 3. Compiler flow. Source: [10]

Block

N

Type = Long

Any

Fig. 4. Simple example of tree with Any node

block, or other element. Furthermore, they have a spe-
cial list of features and rules, and they also behave
differently in comparison with other trees.

The node type Any tells the comparing algorithm
that this node corresponds to any other node of
a searched tree.

Block()
Init (Type=Long)
Any ()

If used together with a property Subtrees=true, the
node type Any corresponds not only to any other node,
but to the whole sub tree with the searched node as
a root. However, the only node (element) is assumed
by default.



A slightly more complicated situation occurs when
using the node type Condition. While comparing, this
type indicates that it is necessary to take into account
other conditions, or to follow some special rules. These
rules arise from a Scripthon source script. The com-
parison will be then enriched by considering the rules.
The rules and restrictions are used according to the
optimistic strategy. This means that when they are
satisfied, the rest of the node acts like a type Any. For
example, if the node type Condition with condition
ParamsNum=4 representing a method is compared with
another method node, only those methods with four
parameters will match. If nothing else will be men-
tioned (e.g. method name, visibility), and all the above
conditions will be met, any method matching the con-
ditions will be considered adequate.

6 Searching

The main reason why the language is developed is to
find the specified Java source code structures. Search-
ing is realized by a gradual comparing of two abstract
syntax trees. The first tree is assembled by the com-
piler from the Scripthon source code. The second one
is obtained by the Java Compiler API. This API is
a result of the JSR (Java Specification Request) 199,
and it has got the tools for controlling a Java compi-
lation process. One of the important parts of this API
is the Compiler Tree API. The Java source codes are
possible to get using the Tree API in the form of an
AST. The requested structures can be found by using
the well known, and many times described, algorithms
for trees comparing [11]. The results of comparing the
trees are the references to the original lines of given
Java source code. If nothing was found, the references
are empty.

7 Language usage

There are several fields where Scripthon can be ap-
plied.

One area of Scripthon usage is the detection of code
clones in the Java source code. According to [9], the
machine-only made clone detection methods are not
without complications in the case of non-ideal clones.
An empirical element in the form of a human help
could bring an improvement. A user (programmer)
can help the detection by defining an expected du-
plicity with a simple code description, but he or she
does not know the precise form of the code snippet; he
or she can give only a rough description. The typical
scenario is that a user, working on a project, notices
similarities in a code. A lot of the so-called “non-ideal”
clones occurred in a project; however, it is difficult to
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find them. He (or she) tries to use clone detection soft-
ware but it fails; no one of the code snippets can be
considered an exact clone.

Another usage of the Scripthon language is the
teaching of the Java programming. The language is
appropriate especially for the teachers. He or she can
check the student’s homework with a special condition
of using some specific Java constructions or structures
very fast. He or she can have prepared the Scripthon
scripts corresponding to this construction. Finding
these constructions is very easy then. Further, if he or
she knows about the usual student’s mistakes, he or
she can be prepared for it with the scripts in advance.
Scripthon can also check, whether the students rewrit-
ten the work from each other. The usual practice is to
change a variable or method name. This easy example
shows up the different source code but with the same
results:

doSomething(Long vi,int b) {

}
newMethod (int a,Long v2) {

3

This code can be discovered by following script:
Meth (ParamType=Long;ParamType=int ; Order=no)

This line of code in Scripthon will discover both the
code snippets written in Java. The three parameters
determine the method types, while the last one says
that it is not order depending.

Unfortunately, one of the disadvantages of
Scripthon is that it allows writing, for example, so gen-
eral script that the whole source code could be a result.
Furthermore, a user could create too large and general
script that the searching will be inefficient.

8 Conclusion: Current state and the
scheduled work

Currently, the compiler has been finished. Some fine
features are scheduled to add. For example, the com-
piler should be able to detect the basic types of perfor-
mance problems caused by an unnecessary searching,
or infinite loops. Moreover, many optimizations can
be applied in the algorithms for a corresponding code
finding. The work on searching the trees is still run-
ning.

The complete deployment including the optimiza-
tion, searching, and a preparation of a user interface
is scheduled for the summer 2012.
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Abstrakt Sucasné IT technolégie a systémy generuju
obrovské mnoZstvo ddt, ¢i uz vo forme réznych zaznamov
behu systémov, alebo uZivatelskych ddt, ktoryjch spracova-
nie, analjza a ukladanie zac¢ina byt problematické pre tra-
dicné databdzové systémy. VyuZitie lokdlneho paralelizmu
na spracovanie tychto ddt nardZa na jednej strane na hra-
nice paralelizovatelnosti iloh, na druhej strane na financéni
ndrocénost Specializovaného hardvéru. Ndrast kvality poci-
tacovjch sieti a dostupnost relativne vijkonného beiného
hardvéru prispieva k rastu popularity rozlicniych distribuo-
vangjch rieseni pre prdacu s velkymi ddtams.

Systém Bobox je framework uréeny k paralelnému spraco-
vaniu velkého mnozstva ddt. Ndvrh zaloZeny na rozdelent
ulohy na samostatné mensie podilohy, ktoré komunikuji
pomocou sprdav, nabada k jeho rozsireniu na distribuovany
systém. Cldnok analyzuje moznosti a problémy rozsirenia
a na ich zdklade definuje poZiadavky na Bobox a jeho dis-
tribuovani nadstavbu D-Bobox s prihliadnutim na schop-
nost automatického generovania pldnov pre distrtibuované
spracovanie.

1 Uvod

Rastice mnozstvo stucasnych systémov zacina pro-
dukovat ohromné mnozstva dat. Moze sa jednaf
0 zaznamy ¢innosti behu réznych systémov, alebo
uzivatelské data internetovych aplikacii ako napriklad
socialne siete. Tieto ddta st zdrojom uzitoénych infor-
macii, ktoré je mozné ziskavat réoznymi zlozitejsimi
analyzami, alebo st to data nestruktirované, ¢i bez
pevnej schémy, ktoré sa bez predchadzajicej pripravy
nehodia pre spracovanie v klasickych RDBMS
systémoch a warehouse riesenia vyzaduju finan¢ne
narocné softwarové a najméd hardwarové rieSenia.
Zéroveii rastie dostupnost vykonného obyéajného
hardvéru, ktory moéze byt vyéleneny primdrne na
spracovanie uloh, ¢i vo forme dostupnych pracovnych
stanic, ktoré bezia 24 hodin denne, avSak ich vykon
je vyuzity iba minimédlne. To je hnacim motorom
vyskumu vysoko gkalovatelnych paralelnych a distri-
buovanych systémov schopnych vyuzit ttito dostupnt
vypoctovi silu k spracovaniu (ddtovo) naroénych tiloh.

Systém Bobox [1] je framework uréeny k vyvoju
aplikdcii pre spracovanie velkych dat v paralel-

* Cldnok bol podporovany Grantovou agenturou Univer-
zity Karlovy, projekty ¢. 277911 a ¢. 28910, grantom
SVV-2011-263312, a projektom GACR ¢. 202/10/0761.

nom prostredi. Bobox méd dva primérne ciele: zjed-
nodusit pisanie paralelnych, ddtovo niro¢nych prog-
ramov a slizif ako testovaci zaklad pri vyvoji para-
lelnych algoritmov. Bobox je schopny dosiahnut vy-
soky stupen paralelizmu na jednom pocitaci [2], avsak
ako lokdlny systém nedokize vyuzif potencidl spra-
covania 1iloh na viacerych poéitacoch. Preto je dalsfm
logickym krokom jeho rozsirenie na D-Bobox pridanim
podpory pre distribuované spracovanie skalovatelné
od jedného uzlu, ¢ malej skupiny uzlov, az po
tisicky uzlov. Clanok popisuje moznosti rozsirenia Bo-
boxu a ukazeme, ze takto rozsireny systém bude
schopny poskytnitf podporu pre §irsiu skupinu tloh
nez sucasné populdrne systémy.

V praci sa nevenujeme problematike ulozenia
a lokality dat a pristupu k nim, ktorda zavisi na
konkrétne riesenom probléme. Obecne mozeme pred-
pokladatf, Ze data si umiestnene na distribuova-
nom suborovom systéme resp. v distribuovanej da-
tabaze a rozumne dostupné na kazdom vypoctovom
uzle. Dalej predpokladédme nasadenie v jednej admi-
nistrativnej doméne s vykonnou a spolahlivou tech-
nolégiou a znamou siefovou topolégiou s centralnou
spravou. To nam umozituje zamerat sa na navrh
s ohladom na skélovatelnost a privetivost frameworku,
bez nutnosti riesenia fazkych problémov distribticie
stvisiacich s komunik4ciu po nespolahlivych sietach.
Na zaver na¢rtneme mozny prinos na priklade systému
pre spracovanie SPARQL poziadaviek.

1.1 Schéma Boboxu

Zakladnou myslienkou za systémom Bobox je rozde-
lenie tlohy na nezavislé podilohy, ktoré mozu byt
usporiadane do (nelinedrnej) pipeline [3]. Beh jednot-
livych komponent, nazyvanych krabicky, ktoré repre-
zentuji podilohy je riadeny dostupnostou dét na ich
vstupoch. Krabicky si predavaji data pomocou sprav,
ktoré prijimaju na svojich vstupoch a nové spravy
preddvaji na svoje vystupy. Preddvanie sprav medzi
vystupmi a vstupmi krabiciek prebieha automaticky
v jadre Boboxu, krabicky nemusia riesit problémy
typické pre programovanie v paralelnom prostredi
ako synchronizéicia, planovanie, alebo konkurentny
pristup.
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Aby bolo mozné tilohu konkrétneho problému riesit
paralelne, je nutné pripravit jej pldn umoznujici
takéto spracovanie. Zlozitejsie problémy vyzaduju
$pecifické plany pre jednotlivé tlohy a ich automatické
generovanie ulahéuje pracu s vyslednym systémom.
Zodpovednost automatického generovania prindlezi
komponente frontend, ktory je Specificky pre dany
problém. Jednotlivé frontendy mozu navyse obsa-
hovat optimalizaéné algoritmy pomahajice budovat
efektivne plany. Prikladom kompexnejsieho pouzitia
moze byt pouzitie Boboxu ako systému pre spracova-
nie SPARQL poziadavok [4].

1.2 Suvisiace prace

V sti¢asnosti je velmi populdrnym nédstrojom na para-
lelné a distribuované spracovanie velkych dat na komo-
ditnom hardvéri open-source framework Hadoop [5],
zalozeny na MapReduce principe navrhnutom a hojne
vyuzivanom spoloénostou Google [6]. Aviak MapRe-
duce ma obmedzenia, ktoré znizuji jeho flexibilitu
a obmedzuju ho iba na tlohy na ktorych spraco-
vanie sa dé aplikovat jednoduchd schéma rozdelenia
tlohy (map) a redukcia vysledkov (reduce), pricom
st podporované hlavne agregacné funkcie ako napr.
SUM, AVG ...Dalsfm obmedzenim je vykondvanie
fazy redukcie dat az po ukonceni fazy map. Na-
proti tomu Bobox umoznuje prudové spracovanie dat,
priebeznym posielanim vysledkov medzi vypoctami
tak, ako si generované a umoznuje pracu s kompli-
kovanejsimi planmi nez Hadoop. Prikladom takych
pldnov moze byt kompildcia zdrojovych kédov, ktora
obsahuje zavislosti a neumoziiuje nasadit jeden velky
paralelizaény MapReduce krok [7].

V préci [7] autori experimentélne poukdzali na to,
ze stucasny navrh a implementacia MapReduce frame-
worku neposkytuje dostatoéni flexibilitu a efektivnost
v pripade programov s mnohymi paralelizovatelnymi
krokmi namiesto jedného obrovského paralelizovatel-
ného kroku a pripadne taktiez netrividlnou logikou.
Zaroven navrhli odlahéeny framework, ktory sa snaii
odstranit tieto obmedzenia a poskytnif nizku latenciu
pre obecnejsiu a flexibilnejsiu schopnost paralelného
spracovania v prostredi cloud computingu.

Podobnym systémom ako D-Bobox je Dryad [8],
postaveny na podobnych zdkladoch rozdelenia tlohy
na jednotlivé podilohy a vytvoreni planu v podobe
orientovaného acyklického grafu reprezentujiiceho
vypocet. Namiesto komunikacie pomocou sprav pod-
poruje rozne sposoby komunikicie pomocou TCP
streamov, zdielanej pamite a suborov. Najzdsad-
nejsim rozdielom je, ze neumoznuje automatické gene-
rovanie planov a pre kazdu tilohu musi byt definovans
kostra planu ru¢ne. Bobox k tomuto tucelu vyuziva
$pecializované frontendy [9] [3].

2 Problémy

Snaha vyuzif potencidl clustrov dostupnych ser-
verov, ¢i beznych pocitacov stoji za rozsirenim
Boboxu na D-Bobox. Pridanie distribicie umozni
vicsie skalovanie, avSak vyzaduje zvazenie roznych
problémov, ktoré z tohto vyplyvaju. Podstatnejsie
z nich su popisané v nasledujicich kapitolach
spolu s ich dopadmi, resp. poziadavkami na systém
D-Bobox.

2.1 Riadenie behu

Riadenie behu v Boboxe mé na zodpovednosti run-
time ¢ast v backende, konkrétne planovaé ktory urcuje
ktoré krabicky majui byt napldnované vzhladom na do-
stupnost zdrojov, dit a d'alsie okolnosti [3]. D-Bobox
musi byt rozsireny o logiku obsluhujticu zélezitosti
ohladom distribiicie a tdto méze byt umiestnena bud
v krabickach alebo v jadre, pricom kazdé z tychto
umiestneni kladie odlisné poziadavky a vyplyvaji
z neho iné dosledky na D-Bobox.

Umiestnenie riadiacej logiky do krabiciek je
z pohladu &truktiry systému prenesenie problému
na uzivatelskd ¢ast. To minimalizuje poziadavky na
jadro D-Boboxu, ktoré nemusi tento problém priamo
riegif. Avsak planovaé si musi byt vedomy pritomnosti
takychto krabigiek v uzivatelskej ¢asti a prisposobit
im pldnovanie, pretoze riadiace krabicky musia byt
vysoko dostupné pre spracovanie komunikdcie so
vzdialenymi uzlami. Podstatnym nésledkom neschop-
nosti riadenia distribicie z jadra je nutnost vykonat
vsetok distribuovany vypocet v ramci jednej krabicky.
Nevyhodou tohto riesenia je, ze prenesenie distribtcie
na uzivatelskd cast ide proti zdkladnému principu,
ktorym je ulahéit vyvoj paralelnych a distribuovanych
aplikacii.

Druhou moznostou je umiestnenie riadiacej lo-
giky do jadra D-Boboxu, kde by tvorila nezéavisli
vrstvu. Téato vrstva by mala na starosti zadavanie
tloh podriadenym uzlom, riadenie distribuovanej ko-
munikdcie (vzdialené posielanie sprav) a findlny zber
dat. Tymto sa podstatns cast problémov distribticie
skryje pred uzivatelom, avSak nie je ju mozné skryt
uplne. V pripade potreby rozdelenia a redukcie dat
poskytne D-Bobox implementaciu obecnych krabiciek
pre trividlne operécie rozdelenia, ¢i redukcie dat. Pre
§pecifické 1lohy bude moct uzivatel poskytnif vlastni
implementaciu potrebnych operacii, ktoré sa pouziji
pri distribuicii na trovni ddt (vid kapitola 2.2). Im-
plementdcia frontendu si taktiez musi byt vedoma
distribuovaného spracovania a generovat plan s po-
mocnymi informéciami pre distribuéni riadiacu ¢ast
poma&hajicimi pri deleni planu medzi jednotlivé uzly.

Integracia do jadra D-Boboxu je preferovanym
rieSenim pretoze je jednak v silade s ideou



(D-)Boboxu a umiestnenim do samostatnej vrstvy
vytvara prostrednika medzi frontendom a backendom,
¢im zachova zameranie backendu na lokalny paraleliz-
mus a umozni jeho vyuzitie s minimalnymi zmenami.

2.2 Uroven distribtcie

Na distribticiu moézeme nahliadat z dvoch rdznych
pohladov a to: distribiicia na vypoétovej irovni a dis-
tribucia na datovej urovni. Distribicia na datovej
urovni pozaduje, aby bolo mozné vstupné data tulohy
rozdelit na mensie (nie nutne disjunktné) casti, ktoré
je mozné spracovavat paralelne. V pripade Boboxu
nesmu byt vytvarané plany, ktoré vytvaraji zavislosti
medzi vstupnymi ddtami, ktoré neumoznia ich rozde-
lenie. Logiku povodnych frontendov postacuje rozsirit
o schopnost obalenia vypoétu o map a reduce
logiku (pridanim vhodnych map/reduce krabiciek)
dostavame tradicnd MapReduce schému, avsak déata
medzi map a reduce fazou nie si limitovane na key-
value formét a na jednotlivé ¢asti dat moze byt apliko-
vany netrividlny algoritmus vyuzivajuci paralelizmus
pre zvysenie vykonu vypoctu na jednom vypoctovom
uzle.

Distribiicia na vypoctovej drovni naproti tomu
predpokladd rozdelenie planu na dielcie casti, ktoré
je mozné vykonavat paralelne. Pre efektivitu para-
lelného spracovania su dva zédkladne predpoklady:
nelinedrny pldn spracovania a pridové spracovanie
dat. V pripade, ze ani jeden z predpokladov nemoze
byt splneny, nedd sa hovorif o paralelnom spraco-
vani. Idedlnym rieSenfm moze byt kombindcia oboch
pristupov, ktora zvysuje Sance distribtcie vypoctu, ak
je splneny aspon jeden vstupny predpoklad.

2.3 Granularita

Vhodné zvolenie velkosti granularity planov pre
distribiciu ma dolezity vplyv na navrh a vykon
vysledného systému. Jemna granularita umoznuje
lepsie rozdelit 1lohu medzi dostupné uzly, avsak za
cenu velkej komunikécie, naproti tomu hrub4 granu-
larita zaruéi menej komunikécie, ale nemusi umoznit
vhodné vyuzitie dostupného vypoctového vykonu.
Z pohladu Boboxu existuji tri pristupy k rozdeleniu
planov z pohladu granularity a to na trovni krabiciek,
casti pldnov a celych pldnov. Kazdé z tychto rozdeleni
kladie iné poziadavky na podporu zo strany systému.

Najjemnejsiu granularitu poskytuje rozdelenie na
urovni jednotlivych krabiciek (Obr. 1b). Tento sposob
nevyzaduje Specialny pristup frontendu pri vytvarani
pldnov a na uzloch bude postacovat odlahéend ver-
zia Boboxu pozostdavajica z backendu a distribuénej
logiky obsluhujicej komunikéaciu s hlavnou riadiacou
¢astou, prijimajicej tilohy a zabezpectujicej vzdialené
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preposielanie sprav. Vzdialend komunikacia v tomto
pripade tplne nahradi komunikéciu lokalnu.

Distribiicia na tdrovni celych planov je hrubd forma
granularity, ktord redukuje velkost komunikécie, avsak
degraduje moznosti distribticie (Obr. 1la). Pouzitie
m4 najmé v pripadoch, ak plén spracovania je velmi
jednoduchy, resp. ho nie je mozné delif na mensie
casti. V takychto pripadoch je nutné, aby bolo mozné
rozdelit vstupné ddta medzi instancie celého pldnu.
V opaénom pripade sa nemédze hovorit o distribu-
ovanom spracovani. Toto riesenie pozaduje, aby fron-
tend vytvaral plany s parametrizovatelnymi vstupmi,
¢o umozni automaticky definovat rozsah d&t, nad
ktorymi m4 konkrétny uzol pracovat. Taktiez bude
musiet poskytnif implementdciu Reduce krabicky,
ktora bude mat na starosti spojenie vystupov jednot-
livych diel¢ich casti.

Distribiicia  casti  planov  je  kombindaciou
predchddzajicich rieseni (Obr. 1lc). Vyvazuje granu-
laritu podla velkosti a typu aktudlne spracovavanej
ulohy. Postupnost operacii, ktoré je efektivnejsie
vykonat lokédlne, moze vytvorit zlozitejsie podplany,
no je zachovans moznost rozdelenia planu. Vyzaduje,
aby na jednotlivych wuzloch bezal plnohodnotny
Bobox a vyzaduje naroc¢nejsiu logiku vo frontende,
ktory mus{ byt schopny rozhodntt o rozdeleni plénu.
Komunikdciu medzi krabickami je nutné rozsirit
o vzdialent.

2.4 Spravy

Predédvanie dat medzi krabickami prebieha v Bo-
boxe pomocou predavania sprav, ktoré si zabalene
v takzvanych obdlkach. Format obdalok v Boboxe
je optimalizovany s ohladom na beh na lokdlnom
systéme. Data st v obalke reprezentované nésledovne:
jednoduché détové typy (Ciselné détové typy a lo-
gické hodnoty) st v obélke uloZené priamo, naproti
tomu pri zlozenych ddtovych typoch (typicky tex-
tové refazce) je ulozend ich hash hodnota a jed-
nozna¢ny identifikdtor (pre efektivitu typicky uka-
zatel do pamiite). Tdto reprezentdcia zarucuje sta-
bilnt velkost obdlok a jej optimalizdciu vzhladom na
velkosti cache pamiiti v systéme pre dosiahnutie ma-
ximalnej rychlosti vypoctu. Avsak tato reprezentdcia
zlozenych datovych typov je v pripade identifikatorov
ako ukazatelov do lokdlnej pamiite nepouzitelns v dis-
tribuovanom prostredi.

V pripade pouzitia identifikatorov je nutné za-
bezpeéit dostupnost mapovania identifikdtorov na
hodnoty refazca vo vypoétovych uzloch. K to-
muto uéelu je mozné vyuzit napriklad distribuo-
vany stuborovy systém (DFS), distribuovand da-
tabdza (DDB), alebo zdieland pamit. PouZitie ro-
bustnejsicho DFS alebo DDB, moze narazif na
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Obr. 1. Priklady pldnov pre rozne stupne granularity. Plné ¢iary reprezentuji tok lokalnych sprav, ciarkované tok
vzdialenych sprav. a) hrubd granularita - plan je vykonavany v celku, avSak kazdy uzol pracuje na inej casti ddt. Roz-
delenie vstupu je docielené nastavenim réznych rozsahov pre InBox krabicky. Vysledok je dosiahnuty spojenim diel¢ich
dat v pridanej Reduce krabicke. b) jemnd granularita - kazdd krabicka je vykondvand distribuovane a vsetka komu-
nikdcia je vzdialend. c) kombindcia predchddzajicich - plan je rozdeleny na vicsie celky, ktoré mozu byt vykondvané

distribuovane.

problém s rychlostou distribticie d4t v rdmci pouzitého
systému. Sprava moze byf doruéend krabicke na
cielovy uzol a ta byt nasledne naplanovana rychlejsie,
nez budd data pre tento cielovy uzol redlne do-
stupné. Pridanie mechanizmu na pozdrzanie spraco-
vania do doby, nez budi data skutocne dostupné, zna-
mena znizenie vykonu systému ako celku. Riesenie so
zdielanou pamitou nie je vhodné pre velké objemy
dét, kedze ma radovo mensie kapacity nez DFS, ¢i
DDB a hostiaci uzol je iizkym komunika¢nym hrdlom.

Druhou moznostou je pouzitie marshallingu na
vzdialené obalky, tj. posielat konkrétne dita. Tymto
sposobom je zarucené, ze data budu stale so spravou
a teda je zaruéens ich dostupnost v ¢ase vypoétu.
Prebalenie obdlok je z pohladu krabicky transpa-
rentné. Predpokladdame, ze takéto preddvanie dat bude
rychlejsie nez distribucia dat v DSF, ¢ DDB.

Vhodnost kazdého zo spomenutych rieseni zavisi
od velkosti a povahy dét v rieSenom probléme. Po-
kial' ddta obsahuji napr. velké texty, ktoré sa v prie-
behu vypoctu nemenia (napr. dotazovanie sa nad RDF
datami pomocou SPARQL) tak je vyhodnejsie pouzit
prvy sposob. Mapovanie identifikatorov sa rozdistri-
buuje na zaciatku vypoctu a je dostupné po cely
cas vypoctu vsetkym uzlom, ¢im dochddza k tuspore
¢asu za (de)marshalling. Pri vyuzit{ vhodného DFS je
moplanovat vykondvanie medzi uzly obsahujice po-
trebné data.

Avsak v pripade, ak sa ddta pocas vypoctu
neustdle menia, je vhodné pouzit druhy sposob,
pretoze sa dé ocakdvaf, ze marshaling bude rddovo
efekt{vnejsf, nez sa spolichat na distribticiu dat

v pouzitom tulozisku. Taktiez v tomto pripade nebude
nutné riesif pripadne d'alSie problémy, ako napriklad
migraciu vypoctu blizsie k datam, ak DFS rozhodne
o umiestneni mapovani medzivysledkov na iny uzol.

Ked'Ze vhodny sposob zavisi na riesenom probléme,
je vhodné podporovat oba postupy a pouzitie
spravneho z nich nechat na implementécii problému
uzivatelom.

3 Navrh architektury

Vzhladom na zékladnt myslienku systému D-Bobox
je riadiaca logika distribiicie umiestnené do jadra,
kde tvori medzivrstvu medzi frontendom a backen-
dom. Dalej umoziiuje podporou pre distribiciu na
oboch trovniach, t.j. na tirovni dit aj vypoétu. Velkost
granularity bude uréovana frontendom a moze byt
rozna pre kazdi individudlnu tdlohu. V dalsej kapi-
tole nasleduje podrobnejsi popis navrhu architektiry
systému D-Bobox.

3.1 Architektiura

D-Bobox pozostava z dvoch celkov Bobox Master
a Bobox Slave, lisiacich sa nasadenim a stéastami,
ktoré obsahuji. Schému systému a jeho nasadenie po-
pisuje obrazok 2.

Bobox Master (BM) bez{ v jedninej instancii
na hlavnom wuzle. Je to riadiaci celok distribuo-
vaného systému a poskytuje rozhranie pre komu-
nikdciu s uzivatelom. Pozostdva z frontendu, dis-
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Obr. 2. Architektira distribuovaného Boboxu —
D-Boboxu.

tribuénej vrstvy a backendu. Frontend transfor-
muje zadanie tlohy od uzivatela na plan spracova-
nia. Tento plan oproti planu Boboxu obsahuje po-
mocne informécie pre riadene distribucie nasledujicou
vistvou a modze navyse obsahovat Specifické dis-
tribuéné krabicky (map, reduce). Distribu¢nd vrstva
je nova vrstva medzi frontendom a backendom. Je
tvorend Distribuénym Manazérom (DM), ktory ma
za 1lohu rozdistribuovat plan tilohy medzi dostupné
Bobox Slave uzly, riadif distribuované spracovanie
a zber vysledkov. Distribuény Manazér pilotnej ver-
zie podporuje iba statickd, pri spusteni definovanu
mnozinu pracovnych uzlov, ¢o umoziuje primarne za-
meranie sa na moznosti a schopnosti automatického
generovania distribuovatelnych planov. V d'alsom po-
stupe vyvoja bude rozsireny o podporu behového
planovania tloh v dynamickej mnozine dostupnych
pracovnych uzlov, moznosti vyvazovania zataze a po-
dobné rozsirenia. Backend vrstva je na BM voliteln4,
takze je na uzivatelovi, & povoli, aby sa riadiaci uzol
podielal na samotnom vypoéte, alebo aby sa venoval
iba riadeniu.

Bobox Slave (BS) je pracovni ¢ast D-Boboxu,
ktora bezi na vypoctovych uzloch. Pozostava z dvoch
casti: backend a démon. Ulohou backendu je lokalne
paralelne vykondvanie zadaného (pod)pldnu. Démon
ma za ulohu komunikéciu s ostatnymi uzlami pri po-
sielani vzdialenych sprav a s hlavnym uzlom, na kto-
rom bezi Bobox Master. Od BM prijima plany, ktoré
maji byt vykonané na danom uzle a iniciuje beh bac-
kend casti. Zdrojom dat pre BS si read krabicky
z dostupného zdroja dat (DFS, DDB), alebo spravy
doruc¢ené od vzdialenych krabic¢iek pomocou vzdia-
lenych sprav. V pripade vzdialenych sprav je komu-
nikécia obsltizen4 démonom a z pohladu krabiciek sa
javi ako lokalna.

D-Bobox: O distribuovatelnosti Boboxu 45

4 Priklad vyuzitia: Distribuovany
SPARQL engine

Ako priklad mozného vyuzitia D-Boboxu moze
poslizit SPARQL engine na vykonavanie poziadaviek
nad RDF datami. RDF je standardizovany model na
vymenu dat na webe [10] a je jednym z dolezitych
nédstrojov sémantického webu. V stiéastnosti je velkost
a dostupnych sémantickych dat z réznych oblasti
obrovskd a neustédle narastd. SPARQL [11] je jazyk
poziadaviek nad RDF datami, pre ktory je typicka
operacia join RDF trojic. Tato casto krat pracuje
s velkym mnozZstvom dit a je teda tizkym hrdlom
pri spracovani na jednom uzle, avSak predstavuje
vhodného kandiddta na zvysenie efektivity pomocou
distribuovaného spracovania [12,13].

Pri operdcii join (bez dalsich predpokladov)
dochadza k porovnavaniu kazdého prvku z jedného
vstupu operacie s kazdym prvkom na druhom vstupe.
Aj pri pouziti priddového spracovania, ked st vystupné
data jednej krabicky priebezne odosielané dalsim
krabickam tak, ako si generované, musia byt pritomne
kompletné déta jedného vstupu, ktoré mozu byt
d’alej priebezne porovndvané s pridom dét zo vstupu
druhého. K zvyseniu efektivity je mozné pouzit infor-
mécie o velkosti vstupov, pripadne zotriedenie vstu-
pov k efektivnejsiemu prehladdvaniu. Velkd cast ty-
pickych SPARQL dotazov obsahuje join operécie,
ktoré maji na vstupe velké ddta. Pokial st velké ddta
iba na jednom vstupe, moézu byt spracovane pridovo
oproti ulozenym mensim datam z druhého vstupu.
V pripade oboch velkych vstupov je navyse kladend
zvysend pamitovd narocnost na udrzanie jedného
celého vstupu.

Distribuovanim tejto operacie medzi N uzlov je
mo7né teoreticky dosiahnut linedrneho zrychlenia
vypoctu. V prvom pripade sa to dosiahne rozdelenim
velkych vstupnych dat medzi N uzlov a porovnanim
tychto casti s képiou dat druhého vstupu na kazdom
uzle. V druhom pripade zrychlenie dosiahneme rozde-
lenim ulozenych dat medzi uzly a preposlanim prudu
ddt druhého vstupu na vsetky uzly (nie je mozné de-
lif data oboch vstupov, pokial ma doéjst k porovna-
niu kazdého zdznamu s kazdym). Tymto dojde nie-
len k zmens§eniu po¢tu porovnani na jednom uzle, ale
aj k znizeniu paméifovej ndrocnosti na ulozenie po-
rovnavaného vstupu.

Priklad moznosti konkrétneho planu pre distri-
buovani operaciu join znazornuje obrazok 3. Déta
z Tavého vstupu si preposlané na vstup join krabiciek
na vsetkych zicastnenych uzloch pomocou Specialnej
krabicky B-cast. Data z druhého vstupu st rozde-
lene medzi jednotlivé uzly, napriklad pomocou metédy
round-robin v krabicke Split. Vystupy z jednot-
livych uzlov si nésledne redukované pomocou Re-
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Obr. 3. Ukézka jednej z moznosti distribicie pre operaciu
join.

duce krabicky. Expanziu planu v obla¢iku ma na sta-
rosti DM, pricom povodny plan frontendu bude obsa-
hovat prechodové krabicky (B-cast, Split, Reduce)
a jednu operaciu Join.

Podobne efektivne vyuzitie distribiicie bude mozné
vyuzit aj pre d'alSie operdcie ako napriklad optional
(left join), filter, sort [14], ¢i nacitanie trojic.

5 Zaver

V ¢lanku sme navrhli sposob rozsirenia systému Bobox
na D-Bobox pridanim moznosti distribuovaného spra-
covania tloh. Popri tom sme ukézali, ze navrhnuty
systém je schopny pokryt nielen tlohy, na ktoré sa
v suicasnosti pouziva MapReduce schéma, ale podpo-
ruje aj ulohy vyzadujuce zlozitejsiu schému vypoctu.

Oproti v stcasnosti populdrnemu Hadoopu nema
Bobox limitacie ako napriklad vykonavanie operacii
Reduce az po vykonani vsetkych Map operécii.
Jeho pridové spracovanie dat zvysuje efektivitu
spracovania a v idedlnych pripadoch minimalizuje
naroky na velkost ukladanych medzivysledkov. Tak-
tiez umoznuje distribuované vykonavanie zlozitejsich
planov ako napriklad kompilacia zdrojovych kédov,
ktoré obsahuji zavislosti a nemdze byt teda vykonan4
v jednom kroku ako to vyzaduje MapReduce.

Budtca prdca pozostiava z dokonéenia imple-
mentdcie a nasadenie na SPARQL engine. To nam
umozni otestovat prinos nasho navrhu a expe-
rimentalne overif schopnost gkalovania D-Boboxu.
Naésledne sa zameriame na podpore behu D-Boboxu
na nespolahlivych siefach a v dynamickom prostredi
s cielom poskytnit kvalitny ndstroj na lahky vyvoj
efektivnych, datovo a vypoctovo naroc¢nych aplikacii
v distribuovanom prostredi.

Literatura

1. D. Bednarek, J. Dokulil, J. Yaghob, F. Zavoral: Using
methods of parallel semi-structured data processing
for semantic web. In 3rd International Conference on
Advances in Semantic Processing, SEMAPRO. IEEE
Computer Society Press, 2009, 44—49.

2. 7. Falt, D. Bednarek, M. Cermak, F. Zavoral: On pa-
rallel evaluation of sparql queries. In DBKDA 2012,
The Fourth International Conference on Advances in
Databases, Knowledge, and Data Applications.
IARIA, 2012, 97-102.

3. J. Dokulil, D. Bednarek, J. Yaghob: The bobox project:
Parallelization framework and server for data proces-
sing. Charles University Prague, Technical Report 1,
2011.

4. M. Cermak, J. Dokulil, Z. Falt, F. Zavoral: SPA-
RQL Query Processing Using Bobor Framework. In
SEMAPRO 2011, The Fifth International Conference
on Advances in Semantic Processing, IARIA, 2011,
104-109.

5. “Apache hadoop.”
http://hadoop.apache.org/

6. J. Dean, S. Ghemawat: Mapreduce: simplified data
processing on large clusters. Commun. ACM,
51(1), Jan. 2008, 107-113. [Online]. Available:
http://doi.acm.org/10.1145/1327452.1327492

7. Z. Ma, L. Gu: The limitation of mapreduce: A probing
case and a lightweight solution. In CLOUD COMPU-
TING 2010: Proc. of the 1st Intl. Conf. on Cloud Com-
puting, GRIDs, and Virtualization, 2010, 68-73.

8. M. Isard, M. Budiu, Y. Yu, A. Birrell, D. Fet-
terly: Dryad: distributed data-parallel programs from
sequential building blocks. SIGOPS Oper. Syst.
Rev., 41(3), Mar. 2007, 59-72. [Online]. Available:
http://doi.acm.org/10.1145/1272998.1273005

9. M. Cermak, J. Dokulil, F. Zavoral: SPARQL Compiler
for Bobox. In SEMAPRO 2010, The Fourth Internati-
onal Conference on Advances in Semantic Processing.
TARIA, 2010, 100-105.

10. J.J. Carroll, G. Klyne: Resource description frame-
work: concepts and abstract Syntaz, W3C, 2004. [On-
line]. Available: http://www.w3.org/TR/2004/REC-
rdf-concepts-20040210/

11. E. Prud’hommeaux, A. Seaborne: SPARQL query
language for RDF. W3C, 2008. [Online]. Avai-
lable: http://www.w3.org/TR/2008/REC-rdf-sparql-
query-20080115/

12. B. Gedik, P.S. Yu, R. R. Bordawekar: Fzecuting
stream joins on the cell processor. In Proceedings of
the 33rd International Conference on Very Large Data
Bases, ser. VLDB ’07. VLDB Endowment, 2007, 363—
374.

13. C. Kim, T. Kaldewey, V. W. Lee, E. Sedlar, A. D. Ngu-
yen, N. Satish, J. Chhugani, A. Di Blas, P. Dubey: Sort
vs. hash revisited: fast join implementation on modern
multi-core cpus Proc. VLDB Endow., 2, August 2009,
1378-1389.

14. Z. Falt, M. Krulis, Y. Jakub: Optimalizace tridicich
algoritmu pro systémy proudového zpracovdni dat. In
Informacné Technoldgie — Aplikécie a Tedria. PONT
s.T.0., 2011, 69-74.

[Online]. Available:



Zachovanie mentalnej mapy farebného zobrazenia popiskov hran*

Jit{ Dokulil’ and Jana Katreniakova?

! Universitit Wien, dokulil@gmail.com
2 Univerzita Komenského v Bratislave, katreniakova@dcs.fmph.uniba.sk

Abstrakt V oblasti kreslenia grafov sa vjznamnd éast ve-
nugje zobrazovaniu popiskov hrdan. Medzi bezné spdsoby patri
umiestnenie popiskov na okraji obrdzku. Takto zobrazené
popisky sa spdjaji s hranou pomocou vodiacich Cciar, c¢o
zneprehladiiuje zobrazenie grafu. Navrhli sme spésob, ako
pomocou farieb tito neprehladnost odstrdnit. V pripade
zmien v grafe potrebujeme miesta popiskov a ich farby me-
nit v zdvislosti od tjjchto zmien. Pouzivatel si viak uz pri
prvom zobrazeni grafu vytvoril svoju mentdlnu mapu, ktord
zohladriuje pouité farby a miesta popiskov. V ¢ldnku popi-
sujeme sposob, ako upravit zobrazenie popiskov ak chceme
zachovat tito mentdlnu mapu pouzivatela.

1 Uvod

Kreslenie grafov sa bezne vyuziva na vizualizdciu
Struktirovanych dat. Informéacia sa deli na objekty
(reprezentované vrcholmi) a vzfahy medzi nimi (re-
prezentované hranami). Techniky kreslenia grafov né-
sledne priradia vrcholom pozicie v priestore a hranam
krivky spéjajice zodpovedajice vrcholy na zédklade
vybranych estetickych kritérii.

Avsak pre mnozstvo aplikécii je dolezity aj nejaky
blizsi popis objektov a relacii — ohodnotenie vrcho-
lov a hran. V oblasti kreslenia grafov sa preto venuje
vyznamnd oblast aj umiestiiovaniu popiskov vrcholov
a najmi hrandm.

V tomto ¢lanku sa venujeme umiestiiovaniu popis-
kov hran. Hrany (na rozdiel od vrcholov) totiz samé
o sebe nemozu obsahovaf nejaki informéciu a preto
ich popisky zaberaji miesto niekde v priestore a moézu
kolidovat s ostatnymi vykreslenymi prvkami. Od
umiestnenia popisku vyzadujeme, aby nekolidoval
s inymi prvkami a bol jednoznaény (t.j. jednoznacne
priraditelny k prdve jednej hrane).

Tradi¢ne sa popisky umiestiuju niekde v blizkosti
¢iar, ktoré reprezentujui hrany (napriklad [3,13]). Pre
popis hrany sa vyhradi obdiZnikovy priestor a tento
sa umiestni na zaklade zvolenych kritérii nad alebo
pod hranu vo vhodnej vzdialenosti od vrchola. Vo vse-
obecnosti ak mame graf a pre kazdi hranu e koneény
pocet moznych kandidatov na umiestnenie C¢, potom
najdenie umiestnenia pre kazdd hranu aby ziadne dve
nekolidovali je NP-fazké [11]. Preto existuje najmé
mnozstvo heuristik rieSiacich problém umiestnenia po-

* Préca bola podporens grantom VEGA 1/1085/12.

piskov. Prehlad existujticich prac na tito tému mozno
néjst v [12].

Préave pre NP-fazkost problému umiestnenia po-
piskov sa zagali objavovat alternativne rieSenia. V nie-
ktorych pracach [1,6] sa popisky hran neumiestiiuji
priamo do vykresleného grafu, ale na okraj a s prislus-
nou hranou sa spoja pomocou vodiacich ¢iar. Vodiace
¢iary ani popisky sa nesmu navzajom pretinat. Toto
rieSenie je vhodné najmé v oblasti kreslenia map, kde
sa na okraji umiestinuji popisky objektov. Pre klasické
kreslenie grafov je ale pritomnost vodiacich éiar skor
méttica a sposobi este neprehladnejsi obrdzok. Preto
sme v [2] navrhli framework pre zobrazovanie popis-
kov na kraj, ale bez vodiacich ¢iar. Tieto st nahradené
farbami, ktoré oznacuju hrany a ich popisky.

V tomto ¢lanku nasSe rieSenie popiSeme podrob-
nejsie a zameriame sa aj na dynamické zmeny v grafe.
V pripade zmien v grafe, ¢i uz sa jednd o zmeny
v struktire grafu alebo zmenu pohladu na graf, potre-
bujeme miesta popiskov a ich farby menit v zavislosti
od tychto zmien. Pouzivatel si v8ak uz vytvoril svoju
mentdlnu mapu, ktord zohladiiuje pouzité farby
a miesta popiskov. Tuto mentdlnu mapu je mozné za-
chovat, ak nebudeme graf pri zmene od zakladu pre-
kreslovat, ale skor spravime drobné tstupky v ostat-
nych estetickych kritériach — dIZky hrén, pocet farieb
a pod.

Clanok je d'alej struktirovany nasledovne: V nasle-
dujicej ¢asti popisujeme sposob umiestniovania popis-
kov pre hrany. Dalej popiSeme, ¢o je pre pouzivatela
pri zobrazovani popiskov dolezité a nacrtneme problé-
my, ktoré potrebujeme riesit, ak chceme zachovivat
mentalnu mapu. Pontkame dva rozne pristupy k za-
chovaniu mentalnej mapy — update schémy pre jednot-
livé operacie na grafe a komplexné riesenie vyuzivajice
zmenu vahovania rieSenia v povodnom algoritme. Na
zaver zhrnieme nage rieSenie a pozrieme sa na otvorené
problémy, ktoré bude potrebné riesit.

2 Algoritmus

Popisky zobrazujeme ako odeZniky s textom a fareb-
nym pozadim v stfpci nalavo od nakreslenia grafu. Ich
pozicia viak nie je iplné lubovoln — musia lezat v do-
predu urcenych slotoch pevnej sirky. Pre vizualne spo-
jenie s hranou priddme na kazdu popisovanu hranu
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farebny stvorcek, tzv. znacku. Potom popisok s na-
priklad ¢ervenym pozadim obsahuje text prislichajuici
k hrane s ¢ervenou znackou. Ked'ze rozlisitenych fa-
rieb je iba obmedzené mnozstvo pouzivame pre viac
dvojic popisok-znacka rovnaku farbu. Pridelenie rov-
nakej farby viak nesmie sposobit nejednoznaénost pri-
radenia popisku ku znacke a naopak.

Algoritmus pre zobrazovanie popiskov hrén pra-
cuje v troch zakladnych fazach.

V prvej faze sa zvoli pozicia popiskov — popisky pri-
tom umoziiujeme umiestiiovat na lavom kraji obrdz-
ku a ich maximdlny pocet je dopredu dany. Vstu-
pom je informécia, ktoré ¢asti hran su v aktudlnom
pohlade viditelné. Je totiz mozné, Ze z grafu je zobra-
zend, iba uréitd oblast, ktord neobsahuje vietky hrany.
Preto o kazdej hrane zistime minimédlnu a maximal-
nu y-ovu suradnicu, na ktorej je hrana zobrazena. Pre
kazdu hranu a potencidlne umiestenie popisku spoci-
tame cenu, ktoré uréuje nakolko je pozicia vhodné na
popisok danej hrany. V stiéasnosti je cena vzdialenost
pozicie od priemeru miniméalnej a maximélnej y-ovej
suradnice. Pokial je pozicia mimo tychto suradnic je
cena dvojnasobnd. Vysledné pozicie popiskov si zvo-
lené tak, aby stcet cien jednotlivych umiestneni bol
minimélny — v podstate ide o problém hladania naj-
lacnejsieho parovania.

V druhej faze algoritmus vyberd poziciu znaciek
— farebného oznacenia hran, ktoré zodpoveda farbe
popisku. Aj tu je pouzitd cenova funkcia, algoritmus
vyberu je vsak iny. Prechadza postupne jednotlivé
hrany a pre kazdu vyberie kandidatov — body na na-
kreslenie znacky na hrane. Potencidlne body by mali
byt primerane husto, v naom pripade volime v odstu-
pe cca 5 pixelov. Pre kazdy takyto bod vypocitame
cenu — vhodnost umiestnenia znacky. Body mimo
aktudlne zobrazeny vysek neuvazujeme rovnako ako
body prekryté inymi objektami — vrcholmi. Zakladna
cena je vzdialenost y-ovej stradnice bodu od y-ovej
sturadnice popisku plus x-ovéd suradnica bodu vyde-
lena 100. Preferované rieSenie je teda umiestnenie
znacky v rovnakej vyske ako popisok s tym, Ze pokial
je to mozné, tak ¢o najblizdie k lavému kraju, kde st
umiestiiované popisky.

Poslednym krokom je pridelenie farieb. Vstupom
st tzv. intervaly vplyvu“, ¢o je mnozina intervalov
obsahujica pre kazdu dvojicu popisok-znacka interval
y-ovych siradnic ktory je tak velky, aby zarucil, Ze
pokial v ilom nebude umiesteny popisok alebo znaéka
rovnakej farby ako k nemu prislichajica dvojica, tak
bude mozné jednoznaéne priradit spravny popisok ku
znacke podla farby (t.j. najblizs{ popisok farby znacky
je prave ten spravny). To isté musi platit aj opacne.
Vznikne graf, kde vrcholy st hrany povodného grafu
a medzi dvoma vrcholmi je hrana prave vtedy, ak sa
prekryvaju prislusné intervaly vplyvu. Ofarbenim toh-

to grafu vznikne ofarbenie popiskov a zna&iek. S ohla-
dom na &pecifické vlastnosti tohto grafu je mozné néjst
optimélne ofarbenie v ¢ase O(n * log(n) + n x k), kde
n je pocet hran a k pocet farieb.

Priklady vystupu st na obrazku 1. Prvy z obrazkov
je identicky s vystupom tu popisaného nemodifiko-
vaného algoritmu. Zvislé ¢iary napravo od popiskov
znazornuju interval vplyvu.

3 Zachovanie mentalnej mapy

Pri statickom vykresleni grafu sa ako najdolezitejsie
povazuju statické kritéria ako napriklad velkost obraz-
ku, pocet krizeni hrén, di7ka hran a podobne. Preto
povodny algoritmus eliminoval nepotrebné vodiace
ciary, ktoré sposobovali zbytotné krizenia Ciar, ¢im
zneprehladiiovali obrézok.

V pripade dlh§ej prace pouzivatela s grafom a jeho
vykreslenim sa vSak graf stdva dynamickym a pocas
prace sa modze menit (priddvat a odoberaf vrcholy
a hrany). Okrem toho, najmi pri vii¢som grafe je moz-
né, ze v aktudlnom okne nie je zobrazeny cely, ale iba
nejaka jeho éast. Potom okrem spominanych zmien
v grafe je potrebné riesit aj situdciu, kedy sa posiva
zobrazené okno.

Pri kazdej z tychto zmien sa graf (alebo jeho zobra-
zend cast) meni. Pouzivatel vSak uz mé zapamita-
ny isty vnutorny obraz grafu a jeho sucasti, ktorému
sa hovor{ mentélna mapa grafu [8]. V pripade, ze sa
nasledne vykonaju zmeny v grafe je zachovanie tejto
mentalnej mapy dolezitejsie ako statické estetické
kritérid [10,7,5].

3.1 Mentalna mapa

Ako uz bolo spominané vyssie, pouzivatel si pri po-
hlade na vykresleny graf uchovéva v pamiiti niektoré
vyznamné Crty tohto grafu. Pri zmene v grafe, ktora
ovplyvni aj vykreslenie grafu, vie pouzivatel na z4-
klade tychto uchovanych &t nédjst/detekovat zmeny
v grafe. Je preto dolezité, aby tieto zmeny boli v takom
rozsahu, aby ich pouZivatel vedel vietky zachytit.

Klasicky mentdlna mapa grafu zahina hlavne po-
zicie vrcholov pred a po zmene — prislugnost do clus-
tra vrcholov, vzajomné pozicia vrcholov a podobne.
O rozsirenie pojmu mentalna mapa aj pre hrany sa
pojednava v [9]. Pri vykreslovani hrdn v grafe preto
zrejme bude délezité zachovavat mentdlnu mapu hran,
ktord obsahuje hlavne smery vychadzania hran
a umiestnenie vyznamnych ohybov. Nasg algoritmus
v8ak spracovava popisky na hranach a tak mentéalna
mapa celého vykreslenia musi obsahovaf aj informéaciu
o umiestneni popiskov a ich farbe.



Umiestnenie znaciek a popiskov Asi najdolezitejsim
kritériom je umiestnovanie popiskov na okraji obrazku
(umiestnenie znacky na hrane sa urcuje na zdklade
umiestnenia popisku). Preto by sme mali zachovévaf
priblizni poziciu z popiskov a ich vzdjomné po-
lohy (v idedlnom pripade nemenit poradie). Kritické
su najmé zmeny poradia popiskov s rovnakou farbou
— tieto vymeny by sa vyskytovat nemali, nakolko si
pre pouzivatela métice.

Farby popiskov Podobne dolezité ako umiestnenie po-
piskov je aj ich farba. PouZzivatel si méZe z predché-
dzajiceho pouzivania pamitat farbu popisku a tato by
sa nemala vyrazne menit. Tento problém vsak zatial
nevieme pre vietky modifikacie grafu uspokojivo riesit
bez zbytoéného plytvania farbami.

3.2 prravy grafu

V pripade nejakych zmien v grafe — pridavanie alebo
mazanie vrchola alebo hrany je potrebné graf a teda
aj jeho popisky prekreslit. Najjednoduchsie riesenie
by bolo vykreslif graf ako tiplne novy nezavisle od
predchadzajiceho vykreslenia. Toto rieSenie moze
umiestnit popisky na tplne inych miestach a dokonca
pouzit iné mnozstvo farieb (a teda tplne iné farby).

Ked'Ze vsak chceme zachovavat ment4lnu mapu pri
zmenéch v grafe, musime riesit prekreslenie s ohladom
na predchédzajice umiestnenie popiskov a ich farbu.
Pre kazdd modifikdciu grafu preto potrebujeme vlast-
ny update, ktory zachovidva mentalnu mapu. Je zrej-
mé, ze toto zachovavanie mentalnej mapy nas bude
stat istd neefektivnost v ostatnych parametroch.

Odobratie hrany Najjednoduchsim pripadom je odo-
bratie hrany. Ak odoberieme hranu a jej popisok, ne-
vznikne Ziadna kolizia, ktort by bolo treba riegit. Kaz-
d4a hrana mé svoju znacku a popis, ktoré zodpovedaji
spravnemu oznaceniu a nie su navzajom kolidujice.

Pridanie hrany Pri pridani hrany by sme radi neme-
nili pozicie a farby popiskov ostatnym hranam. Toto
je mozné v pripade, Ze existuje volny slot na umiest-
nenie popisku. V pripade, ze takyto slot existuje (nech
je aj lubovolne d'aleko) je mozné ho pouzif ak by
sme vedeli pridat farbu tak, aby interval vplyvu novej
hrany nekolidoval s inym intervalom tejto farby. Naj-
horsi pripad nastava, ak mame obsadené vsetky sloty
a preto je potrebné pocet slotov zdvojnasobit. Tym
sa vSak dostdvame do situdcie, kedy sme iste ziskali
volné miesto pre novy popisok priamo na najvhod-
nejsom mieste, pre ktoré vieme néjst farbu.

Pridanie a odobratie wvrchola Pridanie a odobratie
vrchola ndm vo vSeobecnosti méze zmenit komplet na-
kreslenie hran. Ich smerovanie je totiz zavislé od preka-
zok — vrcholov. Keby sme pri odobrati vrchola vsetky
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hrany upravili, aby zodpovedali estetickym kritériam
pre hrany, velmi jednoducho by sa mohlo stat, ze ne-
prechadzaji cez y-ovi stradnicu svojej znacky. St dve
moznosti, ako sa s problémom vysporiadat:

— Hrany pri pridani alebo odobrati vrchola menime
len miniméalne — pri odobrati iba vyrovname tsek
povodne obchadzajici odobraty vrchol a pri pri-
dani usek poruSeny pridanim vrchola presmeru-
jeme aby neprechadzal cez ziaden vrchol. Na pre-
smerovanie mozeme pouzit napriklad algorit-
mus [4]. Toto rieSenie vo vicsine pripadov sposobi,
7e znacky hran mozu ostat na svojom mieste a te-
da modzu ostat na mieste aj popisky. Tymto zéro-
ven dosiahneme, Ze ani farby nemusfme menit.

— Hrany naozaj prekreslime s tym, ze hrany neovp-
lyvnené pridanym/odobratym vrcholom dostani
prednostne svoju poziciu. Ostatné hrany nakres-
lime odznovu a v pripade, ze obsahuji aj y-ovi
poziciu byvalej znacky tak ju prednostne vyuzije-
me. V pripade Ze nie, je potrebné pozicie menit
a tym pokazif mentalnu mapu pouzivatela.

3.3 Globalne riesenie pomocou vah

Alternativou k rieSeniu, ktoré sa snazi vyriesit kon-
krétne situacie pri modifikacii grafu je zovSseobecnenie
algoritmu pre zobrazovanie popiskov tak, aby dokazal
vygenerovat nové zobrazenie po zmene (grafu alebo
pohladu) s aspoi ¢iastoénym zachovanim mentélnej
mapy.

KedZe pre vyber pozicie popisku pouzivame mi-
nimalizaciu ohodnocovacej funkcie nad mnozinou po-
tencidlnych rieSeni, mézeme dosiahnut zaujimavé vys-
ledky jednoduchou zmenou tejto ohodnocovacej funk-
cie. Vd'aka tomu, Ze tdto funkcia nevyzaduje splnenie
ziadnych vyznamnych predpokladov, mozeme si tiuto
zmenu dovolit.

Najviac sa zatial osvedéilo riesenie, kedy k cenovej
funkcii este pripo¢itame vzdialenost zvazovanej pozicie
popisku od poévodnej pozicie (pred zmenou). Pokial
takd pozicia neexistuje (hrana bola priddvand, alebo
nebola pred zmenou vidiet) nepripo¢itame nic.

Celkovo dosiahneme, ze popisky ,,preferuju“ zacho-
vanie svojej predchdadzajicej pozicie alebo aspon mi-
nimalizaciu zmeny. Pri novych popiskoch umiestnenie
nie je ovplyvnené.

Dalsim krokom je umiestnenie znaciek na hranéch.
Aj v tomto pripade pouzivame cenovu funkciu, ktoru
je mozné takmer lubovolne upravit. Podobne ako
v predchadzajicej faze sa snazime, aby preferovala
svoju predchadzajicu poziciu tym, ze k cene pripo-
¢ftame vzdialenost od predchidzajicej pozicie.

.....

pouziva cenovi funkciu, ale ofarbi popisky aj znacky
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Obr. 1. Priklad aktualizdcie — presunutie vrcholu

s pouzitim minimalneho mnozstva farieb. Aj relativne
mald zmena v pozicii zna¢ky moze sposobit velki zme-
nu intervalu vplyvu a tym moéze vyvolat ,kaskddu®,
takze sa zmeni pocet farieb a ich alokacia. Napriek
tomu v sucasnej dobe pouzivame toto rieSenie.

Priklad vystupu modifikovaného algoritmu ukazuje
obrazok 1.

4 Zaver

Zobrazenie popiskov na hrany, ktoré sme prezentovali,
sprehladiiuje zobrazeny graf, nakolko sa potencidlne
dlhé popisky umiestnia na okraji a nie si napojené na
hrany ani vodiacimi ¢iarami. V pripade zmien v grafe
mentalna mapa pouzivatela zohladiiuje okrem men-



talnej mapy vrcholov a hran aj pozicie popiskov a ich
farby. Preto sme algoritmus na vykreslenie modifikova-
li tak, aby sa snazil tieto zachovavat. Pri zachovavani
umiestnenia popiskov dosahuje velmi dobré vysledky.
V pripade, Ze chceme zachovavat aj farby bude prav-
depodobne potrebné vedief menit paletu pridanim far-
by pocas behu programu, na ¢o sa chceme v budiicnos-
ti zameraf.
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Piiklad pravidelnych slovotvornych vzorci
v automatickém zpracovani ceStiny a rustiny
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Malostranské namésti 25, Praha 1

Abstrakt. V cestiné i v rustiné existuje mnozina predpon,
Jejichz pripojenim k nedokonavému slovesu a pridanim
zvratného zdjmena pozménime vyznam puvodniho slovesa vzdy
témer stejnym zpusobem. Toho lze vyuzit pri automatickém
rozpoznavani slovnich tvarii, aniz by bylo treba je ukladat do
morfologickych slovnikii.

1 Uvod

Pii automatickém zpracovani textd se vétSinou vyuziva
morfologickych slovniki, které obsahuji “vSechny” slovni
tvary (dale jen slova) daného jazyka. Slivko “vSechny” je
v uvozovkach proto, Ze umistit vSechna slova do slovniku
v praxi nelze, a to z mnoha divodi. Jednim z nich je
neshoda mezi uzivateli jazyka, kterd slova do jazyka patfi,
a ktera ne — napf. spory o slova piejata z jinych jazykd,
v —dne$ni dobé predevs§im z anglictiny. Stejn¢ tak neni
mozné zahrnout do slovniku vSechna vlastni jména, tedy
jména osob, zemépisné nazvy, nazvy firem apod.

Dalsim divodem je pfirozeny vyvoj jazyku, ktery
neustale pfinasi nova a nova slova. Nékterd se uchyti
natrvalo, jind se objevi jen v nékolika malo textech,
neziidka jde jen o tzv. okazionalismy, tj. slova vytvofena
pro jednu konkrétni prilezitost. Jina slova naopak ze slovni
zasoby mizi, a pfestoze se s nimi mizeme ve stars$i litera-
tufe setkat, Casem prestavaji byt v bézné populaci srozu-
mitelna. Patii takova slova jest¢ do soucasného jazyka,
nebo ne?

Slovnik tedy z principu nemtize obsahovat vSechna slova
né¢jakého jazyka. Pii morfologické analyze textl, ktera je
zakladnim kamenem pro vSechny dalsi automatické jazy-
kové aplikace, vsak je tieba rozpoznat co nejvetsi mnozstvi
slov. Nastésti jsou jazyky do zna¢né miry pravidelné, cehoz
lze vyuzit k vytvofeni tzv. guesserd, tedy k hadani, co slo-
vo, a¢ nepritomno ve slovniku, znamena, a jaké ma vlast-
nosti.

V nasem piispévku jsme se zaméfili na dva zastupce slo-
vanskych jazykt - ¢eStinu a rustinu. Zabyvame se zde jen
jednim malym vysekem, a to nckolika slovesnymi
predponami, které pozménuji nedokonava slovesa vzdy
stejnym zpasobem, takze je 1ze velmi snadno a spolehlivé
analyzovat.

2 ,Stupniovani sloves” v CeStiné a rustiné
2.1 ,,Stupnovaci® piredpony

Vétsina Ceskych a ruskych nedokonavych sloves ma
schopnost spojovat se s nékterymi specialnimi pfedponami
v kombinaci se zvratnym zdjmenem, pficemz takto vzniklé
slovo modifikuje vyznam ptivodniho slovesa, a to podob-
nym zpuisobem.

Jde o ¢eské ptedpony: roz-, po-, za-, na-, vy- a u- a jejich
ruské ekvivalenty pas-(pac-), no-, 3a-, na-, évi- a y-. Pro
rustinu tuto fadu mizeme prodlouzit jesté pfedponou u3z-
/=z/.

Jednotlivd prefigovand zvratnd slovesa v ceStiné je
mozno s urcitou toleranci uspofddat podle intenzity déje,
jak ukazuje nasledujici obrazek:

| istoctof—~ | intenzia
| DL IS T e
roz- po- za- na- vy- U-
se si/se silse se se Se

Krajni body tvofi predpony roz- a u-, uprostied je podle
intenzity posloupnost po-, za-, na- a vy- s vagnim az
prekryvajicim se rozsahem.

Z tohoto diivodu nazyvame tento zpisob tvofeni s jistou
nadsdzkou pracovné ,stupiiovani“ intenzity slovesného
déje.

Podobng, i kdyz ne uplné stejné, vypada situace s t€mito
pfedponami a zvratnym ,.csa“ v rustiné. Srov. nasledujici
obrazek::

1, vysledek déje:

pozitivni Bbl-
-cH
A< intenzia
N— dgje
pas/pac- no- ~CA
-ca  O/cebe -cA -cs
vysledek déje:

negativni

Prvni tfi pfedpony bychom mohli schématicky zobrazit
stejné jako pro Cestinu, i kdyZ vyznam ptedpony 3a- uz
zasahuje ,,pfes obvyklé hranice”. Pfedpona pas-(pac-)
navic neni umisténa tak striktné na samém zac¢atku skaly, je
vagnéjsi. Predpony ewi-, ua-, y- a u3z- vSak jsou jiz
z hlediska intenzity déje na stejné Grovni a lisi se séman-
tickymi odstiny jako je napf. kladny a negativni vysledek
déje, coz je v obrazku schematicky znazornéno svislou
osou po levé stran€.

Obrazek zobrazuje vyznam piedpon zjednoduSené. Vice
o vyznamu kombinaci danych piedpon se zvratnym zéajme-
nem je popsano napf. v [3].
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V nasledujicim piehledu uvadime vyznamy jednotlivych
predpon v kombinaci se zvratnym zajmenem.

U kazdé dvojice predpon (pro cestinu a pro rustinu)
uvadime slovotvorny vzorec: X znaci néjaké nedokonavé
sloveso, pfidanim pfedpony a zvratného zdjmena vytvorime
sloveso ,stupiiované®. Uvadime stru¢né¢ vyznam. Rozdil
mezi ¢eStinou a rustinou (pokud existuje) je uveden jen
velmi vagné. Kazdou piedponu ilustrujeme piikladem
z obou jazykd, rusky piiklad je pielozen do &edtiny. Ceské
ptriklady pochazeji z korpusu SYN, ruské piiklady byly
nalezeny pomoci vyhledavace Google na internetu.

2.1.1 roz-X se, paz-X-ca

Vyznam: zacit X
rusky + zesilit intenzitu X

Priklady:
Z jara se clovek nejdiive musi rozlétat.

Ipocmo paccrywamopcs Ha0o, Mo20a NOYYECmeyeulb
/= Musis se proste rozposlouchat, pak to pochopis./

2.1.2 po-X se/si, no-X 0/cebe

Vyznam: X néjakou dobu

Cesky + vétsinou spis v klidu, uzit si to

rusky + nejcasteji relativné kratce

Poznamka: Rozdil 0/ce6e je stylisticky, pfitomnost kompo-
nentu cebe (=sob&) je neobligatorni, piidava hovorovy
subjektivni odstin.

Priklady:

Pak vyslechl Aliciny kritické pozndamky, par minut si_po-
premital, nacez prohlasil, ze vsecko souhlasi.

Anamons Maxcumosuy YKpenuics Ha C60ux Hozax, euje
HeMHO20 N0000YMbISAN cumyayuio, a 3amem, OYeHb
6HE3ANHO, HAYAL NPOABIAMb NOBLIUEHHYIO AKIMUBHOCTb.
/=Anatol Maximovic se upevnil na svych nohou, jeste chvili
si popremyslel nad situaci a pak najednou zacal projevovat
zvySenou aktivitu./

2.1.3 za-X se/si, 3a-X-ca

Vyznam:X po delsi dobu

Cesky + a uzit si to

rusky + déle nez obvykle, pfilis dlouho

Priklady:
Loupil tady i loupeznik Klempera a zaloupezil si tu i slavny
lupic¢ Babinsky.

Hzbasnsemcs om gewuuex, Komopvle O0AGHO 3A6UCENUCH
6 Hauem wKkaguuxe!

/=Zbavujeme se veéci, které prilis dlouho visi (lit. zavisely
si) v nasi skrinil/

2.1.4 na-X se, na-X-ca

Vyznam: hodné X
rusky + uplné, Casto spi§ s kladnym vysledkem

Priklady:

Prestoze profesor napsal tolik dopisii a tak na sebe
upozornoval, tolik se snazil a napredstavoval se v desitkach
kancelari, jeho stale hektictéjsi usili se bohuzel nesetkalo
s uspéchem.

Ona pyky npusasana, umodsi He no36oHums Hosukosy u ne
CHpoCUmb, KAKUMU Jce MO UYOeCHbIMU UMEHAMU OH
Escenuro I'opoeesy nanpedcmasgnsics.

/= Uvdzala si ruku, aby nezavolala Novikovovi a nerekla
mu, jakymi uzasnymi jmény se napredstavoval Jevgeniji
Gordejovovi./

2.1.5 vy-X se, éb1-X-ca

Vyznam: hodné X

Cesky + s viceméné kladnym vysledkem

rusky + az do vycCerpani

Priklady:

Francis Kennedy se tam uchylil, aby se vytruchlil ze smrti
SVé Zeny.

A mHOo20 gbicmpadancs ¢ mex nop, Kak paccmaics ¢ 6amu 8
Ilemepbypee.

/=Hodné jsem si vytrpél od té doby, kdy jsme se rozloucili
v Petrohrade./

2.1.6 u-X se, y-X-ca

Vyznam: az do vyCerpani

Ptiklady:

Zemrel na tézkou bronchitidu. Prosté se ukaslal!

Bcem cmewino, a s yoice 6eco YKAWIALCA U YCONTUBUACA. .
/=V3sichni se sméji, ale ja jsem se uz uplné ukaslal a us-
mrkal.../

2.1.7 -, u3- X-ca (jen rusky)

Vyznam: velkd intenzita, Casto s viceméné negativnim
vysledkem

Priklady:

3a 40 ¢ auwnum nem pucoganus Ox He UPUCOBAILCSL.

/= lit. Za 40 let malovani se nevymaloval (ve smyslu
neprestal byt dobrym malirem)/

2.2 ,Stupiiovana slovesa® v kontextu béZné slovni
zasoby

Jak je vidét z predchoziho pfehledu a uvedenych piikladu,
situace v rustiné a ¢estiné je velice podobna. Lisi se jednak
produktivitou v kazdém z jazykl, ale hlavné odstiny
vyznaml zkoumanych ptedpon. To ale bude predmétem
dalsiho, spise lingvisticky zaméfeného vyzkumu.

Nektera slova utvofena podle vySe popsané¢ho zptlisobu,
jsou béznou soucasti jazyka. Napft. slovo rozesmdt se zna-
mena zacit se smat, vyjadiuje tedy pfesné to, co uvadime
v predchozim vycétu. Podobné je na tom jeho rusky ekviva-
lent paccmesmocs.



Jiné slozeniny tohoto typu jsou nezvyklé a vznikaji
skute¢né jen pfrilezitostné (viz vétSina vySe uvedenych
prikladi). Existuji vSak i takova slova, ktera jsou soucasti
bézného slovniku, maji vSak jiny vyznam. Pfikladem je
usmat se. B&ny vyznam je vyjadien v SSJIC jako
,usmévem projevit radost” (napt. Hezky se na mé usmal.)
V naSem stupnovaném vyznamu nejde o Usmév, ale
o smich. Nasledujici ptiklad je vymysleny, protoze vyhle-
dat kontext, ve kterém by dané slovo vystupovalo v jiném
vyznamu, je obtizné, navic jde o velmi ridky jev.

Cely vecer jsme se néecemu smali, az jsme se skoro usmdli.

3 Vyuziti v automatickém

jazyku

zpracovani

3.1 Morfologické slovniky a guessery

Pfi automatickém zpracovani pfirozeného jazyka je tieba
nejprve rozpoznat slova texti.. K tomu slouzi morfologicka
analyza, ktera kazdému slovu pfifadi n¢jaké morfologické
charakteristiky. Nejcast&ji to byva zakladni slovni tvar
(lemma), potom slovni druh a pfipadné dalsi hodnoty mor-
fologickych kategorii, jako je rod, ¢islo, pad, ¢as apod., v
zavislosti na slovnim druhu. Tyto hodnoty byvaji vétSinou
vyjadfeny pomoci morfologické znacky (tagu). Lemmatem
sloves v cestin€ 1 v rustin¢ (ale i ve vétSiné ostatnich
jazyki) byva infinitiv.

Mnoho jazykd ma dnes k dispozici morfologicky slov-
nik, ktery bézna slova obsahuje, takze ho lze vyuzit pro
jejich rozpoznani. Ostatni slova, ktera slovnik neobsahuje’
je tfeba n&jak odhadnout, oznacit pomoci né&jaké heuristiky.
Takovym néstrojiim se iika guesser’. Obecné miize guesser
vyuzivat nejriznéj$ich pravidel odpozorovanych z textd
daného jazyka. Pozorovani mize byt jednak “ru¢ni”, potom
mluvime o pravidlovych guesserech, jednak automatické,
smétujici ke guesseriim statistickym.

Nase pozorovani, popsané v piedeslych sekcich, se tyka
spiSe pravidlového piistupu. Vzhledem k velké pravi-
delnosti tvofeni stupniovanych sloves neni tieba (a vlastné
ani neni mozné) vSechna zahrnovat do slovniku. Ta, ktera
jsou béznou soucasti jazyka, ve slovnicich vétSinou jsou
(napft. jiz diive uvedeny ptiklad rozesmadt se), ostatni se
mohou velmi spolehlivé rozpoznat.

3.2 Homonymie béZnych a stupiiovanych sloves

V piipadech homonymie (viz ptiklad slovesa usmdat se) by
samoziejmé¢ bylo nejspravngjs$i analyzovat slovo obojim
zpusobem, tedy jako bézné sloveso tykajici se Usmévu,
ijako nejvyssi stupen stupniovani slovesa smat se. Vzhle-
dem k nizkému vyskytu tohoto vyznamu to vSak ned¢la-
me’.

Presto existuji urcité ptiznaky, které by bylo mozno pfi
rozliSovani vyznamu v takovych piipadech pouzit. Ve
vétach se stupnovanym slovesem Casto nebyva vyslovné

! Pouzivé se zkratka OOV — out of vocabulary words

? Pres velké sili se ndm nepodatilo zvolit vhodny Cesky ter-
min.

3 Homonymie vétSinou odradi mluv¢i od pouziti stupiovaného
slovesa. Pokud se takové uziti presto vyskytne, bude to spiSe
v mluveném projevu.
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vyjadieno jeho doplnéni. V nasem piikladé se ¢lovék pii
usmévu usméje na néco nebo na nékoho, pfi smichu jako
takovém sloveso usmdt se ztraci svij predmét. To plati
o vétsiné sloves, kterd maji ve svém nestupiiovaném vy-
znamu né&jaké rozviti (at’ uz pfedmét, nebo piislovecné
urceni). Pfikladem muze byt sloveso vyhrabat se. Ve svém
bézném vyznamu je toto zvratné sloveso rozvito nejcastéji
né&jakym piisloveénym uréenim, jako v ptiklad¢é z korpusu
SYN: Vyhrabu se z perin. Jako stupiiované sloveso by
kontext mohl vypadat napf. takto (ptiklad je opét vymysle-
ny): Hol¢icka se hrabala v pisku celé odpoledne. Kdyz se
do sytosti vvhrabala, $la si hrat s panenkou.

Rozpoznani stupnovanych sloves mize usnadnit dalsi in-
tenzifikator ve véte, jako do sytosti, dosyta, uplne, k smrti,
do (uplného) vycerpani a podobné, v rustingé coscem,
docbima, 00 cmepmu.

3.3 Lemma stupiiovaného slovesa

Na prvni pohled je otdzka lemmatizace jednoducha. Ptida-
nim pfedpony vzniklo nové slovo, pfitfadme mu tedy jeho
infinitiv 1 s pfedponou, stejné jako ostatnim slovestim.
Vzhledem k vysoké pravidelnosti se vSak na vytvoreni
stupniovaného slovesa mizeme divat nikoli jako na slovo-
tvorbu, jak by bylo z pohledu pfisné lingvistiky ptirozené,
nybrz jako na morfologii, ¢ili na operaci tvaroslovnou’.
Uvedené predpony totiz v téchto pripadech pouze modi-
fikuji vyznam zakladniho slovesa, jak bylo ukazano v pie-
hledu vyse.

Z toho divodu nam ptipada ptirozengjsi zvolit jako
lemma zékladni sloveso bez piedpony. Tedy napi.
uslovesa rozsténat se by mélo byt lemmatem zakladni
sloveso sténat, nikoli rozsténat. Podobné pro rustinu.

Kromé toho by se tim usnadnilo rozliSeni mezi homo-
nymnimi slovesy, jejichz piiklady jsme uvedli v pfedchozi
sekci. Ve zminéném piikladu homonymie slovesa usmdt se
bychom dostali dvé lemmata — smdt se pro stupiiovany
vyznam, usmat se pro sloveso odkazujici k usmévu.

Toto znackovani se také snaze vyuzije pii naslednych
procesech automatického zpracovani textti. Napt. pfi auto-
matickém ptekladu je velmi malo pravdépodobné, ze se
stupniované sloveso vyskytne v piekladovém slovniku,
nebot’, jak jsme upozornili vyse, jde vétsinou o piilezitostna
slova. Podle pfedpony se potom mohou vytvofit pravidla
pro pieklad. Napt. Ceska predpona roz- pii prekladu do
anglictiny by mohla byt nahrazena vyrazem start (begin)to
+ lemma.

Budeme-li tedy chtit aplikovat uvedené pravidlo na
sloveso rozsténat, piekladovy slovnik nam prelozi jeho
lemma — sténat — moan, a dostaneme pieklad start (begin)
to moan:

James Stidham, ktery to vse sledoval z nositek, se tise
rozsténal hriizou.

James Stidham, who watched all this from a stretcher,
began to moan quietly with horror.

Podobna pravidla by se dala vytvorit i pro ostatni uvede-
né ptedpony.

* Podobné spory se vedou o zafazeni stupnovani pfidavnych
jmen a pfislovci. VEétsinou se ale povazuje za souc¢ast morfologie,
i kdyz nekteré vlastnosti jsou slovotvorné. Blize viz prace [4],
ktera pro nas byla inspiraci pro termin ,,stupfiovani sloves®.
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3.4 Poznamky k morfologické analyze stupiiovanych
sloves

Pravé predstavené poznatky o ,stupiiovani sloves® jsou
zatim jen rozpracovanym tématem, nicméné tzv. piedpo-
novy guesser uz se v ¢eské morfologii pouziva, a to v pro-
jektu Morfo (viz [7]). Zde vsak jesté nebyla implementova-
na lemmatizace tak, jak je popsana v pfedchozi sekci. Slo-
vesa, jakoz i ostatni slova, jsou lemmatizovéna i se svymi
predponami.

Rozpoznavéani stupiovanych sloves by bylo vhodné
u vSech sloves s pfedponami, aby se v piipadech homony-
mie mohlo rozhodnout, o které sloveso se jedna — zda ma
byt predpona soucasti lemmatu, ¢i nikoli. Jelikoz se ale
stupnovana slovesa objevuji v textech jen zfidka, budou se
zpocatku analyzovat jen ta slovesa, ktera nerozpozna mor-
fologicky analyzator vyuzivajici morfologicky slovnik.
Vzhledem k fidkosti vyskytu je riziko chyby pomérné ma-
1é.

Kvili malému poctu vyskytd nemiizeme ani uvést zadné
Ciselné charakteristiky zlepSeni uspéSnosti morfologické
analyzy, byly by zanedbatelné. Zpiesnéni morfologickych
a slovotvornych charakteristik vSak vzdy muze piispét
k pfesnéj$imu zpracovani jazyka.

4 Zavér

V tomto ¢lanku jsme upozornili na existenci fady produk-
tivnich slovotvornych vzorci skladajicich se z predpony
(roz-, po-, za-, na-, vy-, u- v rustiné také z-) a zvratného
zajmena. Na piikladech z Cestiny a rustiny jsme ukazali, Ze
pti aplikaci na téméf libovolné nedokonavé sloveso tyto
vzorce meéni jeho vyznam vzdy podobnym zpusobem. Tato
vlastnost ma vsak zatim jenom charakter pozorovani. Pro
efektivni pouziti v NLP je tfeba se podrobné vénovat nékte-
rym formalné gramatickym isémantickym vlastnostem
téchto konstrukei.

Z gramatickych ryst je zajimava tranzitivita. Zda se, ze
pfi stupiiovani tranzitivniho slovesa se jeho objekt genera-
lizuje (srov. yumamo /=Cist/ - yuumamocs /=ucist se/) a ve
vete se vetSinou nevyjadiuje.

Ze sémantickych ryst pravdépodobnost vyskyti danych
slovotvornych vzorcl zvétSuje existence zivotniho aktora,
ktery je schopen dany dgj fidit. U riiznych typa sloves maji
analyzované slovotvorné vzorce riznou miru produktivity.
Také samotné piepony nejsou vzdy stejné produktivni
v Cestiné a rusting, coZz mize ovlivnit pravdépodobnost
vyskytu ,,nasich® vyznamu pti vyhledavani.

V dalSim vyzkumu se chceme vénovat i dalsim jazyktm,
zejména slovanskym, kde predpokladame také existenci
.stupniovanych sloves®.

Podékovani

Prace na tomto pfispévku byla podpofena z prostiedkii
granti GACR ¢. P406/10/0875 a P406/12/0658.
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Tvaroslovnik — databaza tvarov slov slovenského jazyka*
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Abstrakt Prezentujeme databdzu tvarov slov slovenského
jazyka obsahujicu cca 30 milionov riadkov, z ¢oho cca
820 tisic su zdkladné tvary slov zo Slovnika slovenského ja-
zyka a Velkého slovnika cudzich slov. Zdrover navrhujeme
jednoduchy systém na prdcu s tymito ddtami a prezentu-
jeme vykonnostné testy pri typickych operdcidch s tymito
ddtami. Systém v kombindcii s databdzou mozno efektivne
pouZivat ma lematizdciu slov i na vyhladdvanie vietkyjch
tvarov daného slova.

1 Uvod

Pouzivanie prirodzeného jazyka je jednym z najdolezi-
tejsich atributov udstva, ktoré ho podstatne odlisuji
od ostatnych zivych tvorov. Je totiz prejavom mys-
lenia, odraza jeho struktiru a, ¢o je eSte dolezitejsie,
spatne ho vyznamne ovplyviuje, ba az podmienuje.
Jeho dokladné spracovanie je tak neustalou vyzvou,
a stalo sa preto vyznamnou siéastou informatiky.

Dnesnou ,lingua franca“ je (dokedy?) anglic¢tina,
ktorej vyskum je (hlavne preto) znaéne preskimany
a prepracovany. Vyraznou pomockou je pritom jeho
jednoduchd morfologickd struktira — slovotvorbu tu
mozno vykonat pomerne jednoducho zo spoloéného
slovného zakladu. Jeho néjdenie je uz takpo-
vediac Standardizované v pomerne jednoduchom, ale
efektivnom Porterovom algoritme [9], ktorého podsta-
tou je odstrdnenie niekolkych pripon (napriklad ,-ed*,
H-ing“, & ,-s“). Takyto postup je potom vyraznou
pomockou napriklad pri vyhladdvani textovych doku-
mentov podla kltiéovych slov.

V pripade slovenciny je vsak morfolégia podstatne
komplikovanejsia. T4 totiz na rozdiel od anglictiny
patri k tzv. flexivnym jazykom, kde moze mat slovo
znacny pocet tvarov, ¢o je vsak horsie, pravidla ich
tvorby st neporovnatelne zloZitejsie a je v podstate
nemozné zachytit ich do akéhokolvek efektivneho algo-
ritmu. Klasicky skolsky pristup pouzivat niekolko mé4-
lo tzv. vzorov (,chlap, hrdina“, ,dub®, ,stroj“, ...)
je preto iba velmi slabou aproximdciou riesenia tejto
tlohy, ktord je porusovand neimernym mnozstvom vy-
nimiek.

* Této préca je ¢iastotne podporend grantom VEGA
(1/0832/12), grantom APVV (APVV-0035-10) a pro-
jektom CaKS (ESF, ¢. 008/2009/2.1/OP VaV, 262201-
20007).

K hladaniu tvarov slova (& uz zdkladného, alebo
vsetkych) vsak existuje alternativa. T4 spociva v jed-
norazovom ziskani vietkych tvarov (rozumnej mnozi-
ny) slov a ich ulozeni do databdzy. Takéto ziskanie je,
ako neskor uvidime, znacéne pracne a ¢asovo narocné,
jeho vyhodou vsak je, Ze ho netreba robif druhy raz.

Pri takomto pristupe si treba uvedomit jednu dole-
zitd vec: Jazyk je takpovediac zivy organizmus, lebo
kazdodenny zivot prindsa potrebu novych slov. Tempo
ich vzniku vsak nie je natolko vyrazné, aby takito da-
tabdzu nebolo mozné raz za (primerany) c¢as aktua-
lizovat. NavySe tu mozno pozorovat zaujimavy fakt,
ze ¢im novsie je slovo, tym st jeho tvary pravidel-
nejsie — nepravidelnost ohybania slova svedéi o jeho
starodavnosti jeho pévodu. Nové slova, ¢asto prebe-
rané z inych jazykov, si preto bud neohybné, alebo
ich pouzivatelia poslovencia tym, ze pri ich ohybani na
nich aplikuju uz existujice koncovky z inych slov. Toto
pozorovanie tak umoziiuje efektivne spracovat i slova
este nezaradené do databdzy. (Prislusny jednoduchy
algoritmus popiSeme nizsie.)

Téma spracovania prirodzeného — slovenského — ja-
zyka néas dlhodobo zaujima. Po zvazeni vSetkych as-
pektov sme sa napriek tusenym problémom rozhodli
vyrobit spominantd databédzu tvarov slovenskych slov,
ktora sme prilichavo nazvali Tvaroslovnik. S tymto
cielom prebehla na Ustave informatiky UPJS v Ko-
Siciach v poslednom desatroéi elektronizécia Slovnika
slovenského jazyka [4] i Velkého slovnika cudzich
slov [14]. V tejto praci sme dalej pokracovali v rdmci
dspesného projektu NAZOU [10], ale i dlho po jeho
ukonceni. Ziskali sme tak zoznam okolo 320 000 do-
teraz oficidlnych slovenskych slov s celkovym poctom
zhruba 30 miliénov tvarov. Ako ukédzeme, napriek to-
muto mnozstvu dét nie je rychlost prace s touto da-
tabaze marna.

Netajime, ze sme pri svojej prace boli (¢ uz po-
zitivne, alebo negativne) ingpirovan{ i d’alsfmi pokusmi
spracovavat slovenéinu. Spomeiime tu pristup Emila
Pélesa [8], zalozeny skor na hladani pravidiel slovo-
tvorby, I-spell s manudlnym znackovanim jednotlivych
lexém [3], € na vyhladdvani tvarov s minimdlnou Le-
venshteinovou vzdialenostou [2]. Prehlad existujticich
pristupov v pocitacovej lingvistike je zhrnuty napr.
v [1] a [7].
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2 Proces tvorby Tvaroslovnika

Projekt tvorby Tvaroslovnika bol iniciovany myslien-
kou prof. Vojtéasa. Predpripravou bolo, samozrejme,
ziskanie zoznamu slov z fyzickych zdrojov. Ru¢né spra-
covanie vzhladom na rozsah dat (uz len Slovnik slo-
venského jazyka [14] m4 Sest pomerne hrubych zviiz-
kov) neprichddzalo do tvahy, rozhodli sme sa preto
pre digitalizdciu zdrojov pomocou OCR softvéru
ABBYY [11]. Desiatky nasich studentov (nie uplne
nezistne) tak vytvorili textové sibory s obsahom ako
na obrazku:

@extravaganza@ |-nca] -y z. ftal./ umel. vypra
@extravaskularny@ /lat./ lek. poloZeny, leZiac
@extravazacia@ -ie z. /lat./ lek. vystipenie t:
@extravazat@ -u m. /lat./ lek. telova kvapalin
@extravertovany@ /lat./ -> extrovertny
@extraverzia@ -ie Z. /lat./ -> extroverzia
@extravilan@ -u m. flat./ stav. oblast, Gzemie
@extrém@ -u m. flat./ 1. krajnost, vystrednost
@extrémista@ -u m. (@extrémistka@ -y %.) /lat.,
@extrémisticky@ /lat./ odb. krajny, vystredny,
@extremit@ -u m. /lat./ meteor. extrémna, t. j
@extremitas@ Z. /lat./ anat. konéatina ako cel
@extrémizmus@ -mu m. i @extrémnost@ -ti Z. /la
@extrémny@ flat./ 1. vystredny, krajny 2. lek.
@extrinzitny@ /lat./ odb. nevlastny

@extrofia@ -ie Z. /gréc./ lek. chybné uloZenie

(Treba vSak povedaft, Ze nie kazdy ticastnik tohto pro-
cesu k svojej préaci pristupil dostatoéne zodpovedne,
¢im vzniklo mnozstvo chyb (zlé rozpoznanie textu, z1é
vyznacenie hesiel, dokonca chybajiice strany), z kto-
rych mnohé doteraz nie st opravené.)

Po ukonceni tejto pripravy sme z tychto textovych
stuborov ziskali zoznam slov, v drvivej véi¢sine pripadov
i ich slovnych druhov a pripadne d'alsich pre ohybanie
dolezitych informécii. (Ciel takto ziskat aj ich kon-
covky sa vzhladom na nedokonalost a znaéni chybo-
vost OCR procesu, zial, nepodaril.) Ziskané slovd sme
potom ulozili do tabulky relaénej databézy. Uloha tym
vSak nebola ani zd'aleka splnend, ved v slovnikoch st
len slova v zakladnom tvare.

Pustili sme sa teda do vytvarania ostatnych tva-
rov. Ako sme uz uviedli, ddta sme mali vo forme tex-
tovych siiborov, nasim cielom ich vsak bolo umiestnit

do relacnej databazy. S datami sme teda potrebovali
pracovat v tychto dvoch médoch. Aby sme sa vyhli
zbytoénym technickym komplikaciam, vytycili sme si
tieto zésady:

— Kvoli jednoduchosti prace i cenovej dostupnosti
budeme pracovat s jednoduchym, ale pre nage po-
treby dostato¢ne silnym systémom MySQL [12].

— Vzhladom na oakdvany vysoky pocet slovnych
tvarov nebudeme pouzivat SQL prikaz INSERT, ale
omnoho rychlejsiu MySQL utilitu 1load. To vsak
znamena, ze Struktdra takto importovanych sibo-
rov musi zodpovedat struktire databdzy. Jej da-
tovd cast teda bude pozostdvat z jednej tabulky,
ktord bude mat takéto stipce (pripadne v inom
poradi):

e idSlovo — jedinetny identifikator slova,

e idTvar — jedineCny identifikdtor tvaru v rdmci
daného slova (pricom zdkladny tvar bude mat
pevné ¢islo, napr. 0),

e tvar — samotny textovy tvar slova,

e slovnyDruh — slovny druh (v pripade pod-
statnych mien véitane rodu),

e charakteristika — zoznam hodndét relevant-
nych gramatickych kategorii.

Primérny kIi¢ bude pritom tvoreny dvojicou
stfpcov idSlovo a idTvar. Pripustame teda, sa-
mozrejme, ze niektoré slovd maju rovnaky tvar.
(Pri stipci charakteristika sme si, pravdaze, ve-
domi zrejmého porusenia zasady zvanej prva nor-
maélna forma. Na druhej strane je vsak zrejmé, ze
po koneénom umiestneni vsetkych potrebnych dat
nebude problémom preusporiadat ich tak, aby bol
tento princip dodrzany.)

— Bolo by naivné o¢akévat, Ze sa proces vytvarania

tvarov daného slova vydari vzdy na prvy pokus.
V negativnom pripade to znamend opravu ¢i do-
plnenie tvarov tohto slova. Vzhladom na tazko-
padnost takychto tprav ich nebudeme robit v da-
tabaze, ale vSetky udaje o slove exportujeme do
textového stiboru, ktory lahko upravime, a potom
tudaje z neho opdtovne importujeme do databazy.
To vsak implikuje, Ze najlepsie bude udrziavat pre
kazdé slovo samostatny subor, ktory bude obsaho-
vat vietky jeho tvary. Stbory tak budd mat pri-
merant velkost, s ktorou textovy editor nebude
mat Ziadne problémy, a navyse ich budeme méct
prehladne zna&it v tvare <idSlovo>-<tvar>.txt,
¢o nédm znaéne ulahéf orientdciu v siborovom sys-
téme.
Vzhladom na kvality pouzivaného textového edi-
tora Textpad [13] pritom nestratime ani moznost
hromadnej opravy pripadnych viacndsobne sa vy-
skytujicich chyb.

Typicky subor, s ktorym takymto spésobom pracu-
jeme, vyzera takto:
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Opiit si uvedomili, Ze popri slovhom druhu a v pripade
postatnych mien hlavne rodu je najdolezitejsim (i ked
urcite nie jedinym) faktorom pri ohybani slova jeho
koniec. Slové jednotlivych ohybnych slovnych druhov
sme preto zoradili retrogradne a roztriedili ich podla
koncoviek (vzhladom na rytmicky zékon vSak bolo ¢as-
to treba uvazovaf aZ predposledni slabiku). Vznikli
tak niektoré velké skupiny, pri ktorych bolo mozné
aplikovat pravidelné ohybanie, a tak slova v nich bolo
mozno vybavif naraz. Takéto hromadné spracovanie
potom prebiehalo podla nasledujiceho postupu:

1. Zo skupiny sme vybrali typického reprezentanta.

2. Jeho subor sme rucne upravili tak, aby obsaho-
val vSetky (spravne ocislované) pozadované tvary
prislusného slova.
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3. Tento sibor sme importovali do databdzy (nevy-
hnutnou stéastou importu je, samozrejme, vyma-
zanie starych zéznamov).

4. Prislusné koncovky sme aplikovali na vsetky ostat-
né slova z tejto skupiny urcenej slovnym druhom,
rodom a koncovkou podla nizsie uvedeného algo-
ritmu, a automaticky sme tak vygenerovali ich st-
bory.

5. Aby sme sa vyhli pripadnej systematickej chybe,
takto vygenerované subory (alebo aspon ich ty-
pickych reprezentantov) sme opticky prezreli.

e Ak chyba naozaj nastala, upravili sme mnozi-
nu slov, na ktort treba algoritmus aplikovat,
a postup sme zopakovali.

e V opacnom pripade sme data z tychto vyge-
nerovanych suborov importovali do databazy.

Algoritmus pouzivany v kroku 4 je malou modifikaciou
postupu prevzatého z nasej prace [6] a mohli by sme
nazvat podvojnd vimena. Vyzera takto:

— nezname slovo: X = ponuka

— koncovka: K = uka

— zname slovo (tzv. predloha): P = ruka

— zadiatok predlohy: P =r (teda P = P + K)

— zaciatok slova: X = pon (teda X = X + K)

— ohnuty tvar predlohy: P’ = rik

— koniec ohnutého tvaru predlohy: K’ =
P =P+ K

— ohnuty tvar slova: X’ = X + K’ = poniik

ik (teda

Dolezité je si tu uvedomit, Ze vietky gramatické kate-
gérie ohnutého slova X’ sa zhoduji s gramatickymi
kategoriami slova P’ ktoré uz pozndme.

Takto sme teda viac-menej automaticky ziskali tva-
ry pomerne velkych skupin slov. Tym sme vsak, Zial,
ani zd'aleka nevycerpali vietky slovd. Ked'ze zvysné
skupiny boli natolko malé, Ze akykolvek pokus o ich
aspon ¢iastoéné automatické spracovanie by bol skor
kontraproduktivny, ostévalo jediné — prebraf ich rué-
ne. ..

3 Typy a pocet tdajov
v Tvaroslovniku

V Tvaroslovniku si pre hlavné slovné druhy evidované
takéto typy tudajov:

— podstatné mena:
e rod (muzsky, zensky, stredny)
e (v pripade muzského rodu) podrod (zivotné,
nezivotné)
¢islo (jednotné, mnozné, alebo pomnozné)
pad (nominativ, genitiv, dativ, akuzativ, voka-
tiv, lokdl, instrument&l)
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— pridavné mena:

rod (a pripadne podrod)
cislo

pad

stupen (prvy, druhy, treti)
— sloveso (pri vsetkych formdch aj zvratnost (sa,
si, —) a negdcia (ne-, —)):
e neurcitok
e pritomny cas:
* rod (muzsky, zensky, stredny)
x ¢islo (jednotné, mnozné)
minuly cas:
* osoba (prvé, druhd, tretia)
* ¢islo (jednotné, mnozné)
rozkazovaci sposob:
* osoba
* Cislo
e prechodnik
e Cinné pricastie:
* rod (a pripadne podrod)
* Cislo
* pad
e trpné pricastie:
* rod (a pripadne podrod)
* Cislo
* pad
e minulé pricastie:
* rod (a pripadne podrod)
* Cislo
* pad
e slovesné podstatné mena:
* rod
* (v pripade muzského rodu) podrod
* Cislo
* pad
— prislovky:
e stupen (prvy, druhy, tret{)

Ostatné slovné druhy (zatial) vdéSinou nemaji uve-
dené ziadne kategorie.

Ako sme uz spomenuli, Tvaroslovnik obsahuje oko-
lo 30 miliénov tvarov priblizne 320 000 doteraz oficial-
nych slovenskych slov. Na jedno slovo tak pripada prie-
merne priblizne 100 tvarov. Toto ¢islo sa mozno na
prvy pohlad zd4 prekvapivo velké, ked'ze napriklad
podstatné meno mé, ako vieme, obvykle len 14 tvarov
(sedem pédov v dvoch éislach). Uvedomme si v8ak, ze
temer kazdé pridavné meno prindsa 168 tvarov (7 pa-
dov, 2 ¢&isla, 4 rody (pri muzskom su totiz Zivotny
a nezivotny podrod) a 3 stupne), a sloveso dokonca
394 tvarov.

4 Testovanie Tvaroslovnika

Vysledok nasej prace sme obalili do jednoduchého in-
ternetového programu, ktory je umiestneny na adrese
http://158.197.31.218:8080/slovnik/, respektive
http://tvaroslovnik.ics.upjs.sk/. Vie plnif tieto
tri poziadavky (a to podla potreby s diakritikou i bez
nej):

— vyhladanie vietkych vyskytov daného slova (v&i-
tane ich gramatickych kategdrif),

— vyhladanie vSetkych tvarov daného slova (véftane
ich gramatickych kategdrif),

— vyhladanie zékladného tvaru daného tvaru slova.

Vzhladom na statickii povahu dat sme zvolili data-
bazovy stroj MyISAM, v ktorom mozeme s vyhodou
vyuzit zabudovani moznost fulltextového vyhladdva-
nia. (Z implementaéného hladiska ide o vyuZitie
FULLTEXT indexu na stipci tvar.) Vykonnostné expe-
rimenty sme vykonali pri Standardnom nastaveni
MySQL na opera¢nom systéme Windows 7 64bit, CPU
Intel i7, 8MB RAM.

Priemerné rychlost pre uvedend operacie na uve-
denych détach dosahovala 250 ms pre vyhladanie tva-
rov slova, pricom samotné vyhladanie trvalo 10 ms
(zvysok ide na vrub komunikécii a préci s databazovy-
mi prostriedkami). Analogické hodnoty sme dosiahli aj
pre vyhlad4vanie vietkych tvarov slova. Vyhladdvanie
zékladného tvaru trvalo v priemere 145 ms.

Dalsie experimenty sme vykonali na kolek-
cii 353 ¢lankov zo servera bulvar.sk, ktoré obsa-
hovali v priemere 525 slov. Priemernd rychlost lema-
tizacie jednotlivych dokumentov dosahovala 132 slov
za sekundu (minimum 93, maximum 145). Rychlost je
ovplyvnend predovsetkym poc¢tom slovnych tvarov pre
jednotlivé slova a tiez poctom variantov zdkladného
tvaru slova, ktoré vyplyvaji z nejednoznacnosti lema-
tizacie.

5 Zhrnutie, problémy a d'alSia praca

Predstavili sme nds dlhodoby projekt Tvaroslovnik —
databdzu (takmer) vsetkych tvarov (takmer) vsetkych
slovenskych slov. Sme si, samozrejme, vedomi rezerv
ukrytych za oboma slovami ,,takmer*:

— V procese tvorby Tvaroslovnika sa vyskytli objek-
tivne i subjektivne fazkosti, ktoré sposobili, Ze nie-
ktoré chybné déta ostali neopravené (domnievame
sa vSak, ze takychto chyb je hlboko pod 1 promile).
Budeme preto musiet pripravit testy, ktorymi ta-
kéto chyby, hlavné systematické, identifikujeme,
a nasledne opravime.



— V Tvaroslovniku nie st zohladnené tidaje z nového
Slovnika stc¢asného slovenského jazyka [5], ktorého
dva diely z predpokladanych 6smich uz vysli. Tva-
roslovnik bude preto treba doplnit. Ako sme vsak
uz naznagcili, tvary novych slov si vac¢sinou vytva-
rané pravidelne, predpokladame preto, ze proces
zahrnutia takychto slov do databdzy bude moct
byt automatizovany, a to vyuzitim vyssie uvede-
ného algoritmu podvojnej vymeny.

— Je otéazne, ktoré vlastné mend maji byt v slovniku
a ktoré nie, Specialne napriklad priezviskd. Aj ich
tvary v8ak mozno ziskat viac-menej automaticky
opit podvojnou vymenou. Treba ,len“ ziskat tu
spravnu predlohu.

— Pri niektorych menej zastipenych slovnych dru-
hoch chybaji gramatické kategérie. Bude ich treba
doplnit. Nastastie ich pocetnost nie je vyrazna.

— V slovnikoch (dokonca ani v najnovsom [5]) z ne-
pochopitelnych dévodov nie je uvddzana informé-
cia o zivotnosti muzskych (ale i zenskych) pod-
statnych mien, hoci je velmi délezitd ako pre ich
spravne sklonovanie, tak i pre existenciu pri-
vlastiiovacich pridavnych mien (typu ,otcov®).
V Tvaroslovniku sme zatial zvolili extrémisticky
pristup, ze tieto odvodené tvary pripravime pre
kazdé, teda aj nezivotné, podstatné meno muzské-
ho a zenského rodu.

Rychlost prace s Tvaroslovnikom je prijatelnd,
mozno ju viak zvysit nasledujicim spésobom: Je zrej-
mé, Ze nie vSetky slova ¢i ich tvary maju rovnaku frek-
venciu pouzivania, s mnohymi slovami sa bezny ¢lovek
nestretne ani raz za zivot. Po istom ¢ase teda mozno
ziskat primerane velku (lepSie povedané mali) pod-
mnozinu ¢asto pouzivanych (tvarov) slov a tie umiest-
nif do databézy s rovnakou strukttrou. Pri lematizicii
by sa potom priméarne pouzivala tato chudobnejsia da-
tabdza, materskd by sa pouzila iba v pripade neispe-
chu lematizécie.

Je tiez zrejmé, ze morfologickd analyza nie je ta-
kymto slovnikom uzavreta, a to pre problémy s disam-
bigudciou — rozlisenim, ktory z pripadnych viacerych
moznych zékladnych tvarov je ten pravy.

Napriek tomu sa vSak domnievame, ze nas Tvaro-
slovnik moZe byt vyraznou pomockou pri rieSenf prob-
lému morfologickej analyzy slovenského jazyka. Sme
presvedéeni, Ze ho tiez bude mozné pouzit i vo vyssej
vrstve spracovania jazyka, a to pri vetnom rozbore.
Prave ten povazujeme za nasu dlhodobt vyzvu.

Ked'ze pomocou Tvaroslovnika mozno zdruZovat
rozne tvary jedného slova, moze byt efektivnou poméc-
kou pri plnotextovom vyhladdvani. Dalsou aplikdciou
moéze byt pomoc pri vytvarani réznych Statistik (na-
priklad korpusu ¢i valenéného slovnika). Oblikom sa
tak mozeme vratif k naoko zavrhnutej tilohe hladat
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v jazyku pravidla, tentoraz vSak podporenej datami
ulozenymi v Tvaroslovniku.
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Using noisy GPS for good localization on a graph
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Abstract. In this work, we present a method how to handle
noisy GPS signal for good localization of an autonomous
robot travelling along pathways in a park. One of the re-
quirements on the robot’s behaviour is it shall not leave the
pathways and “step” on the grass. That is maintained by its
internal local control system, but global localization is needed
as well for the robot to be able to navigate and reach the des-
tination place. For this purpose, the localization problem is
addressed by an implementation of the Monte Carlo Localiza-
tion method with connection to a graph-based map. We show
that our method serves as an appropriate and robust solution
for this problem even in situations when the GPS signal is not
good or if the robot leaves the pathway despite the require-
ments.

1 Introduction

Once, robots were used only in closed environments like
factories and other well-protected areas. However, robots
started recently to emerge from such concealed places and
immerse in the “human world”. Such examples include
transport carts in buildings where they transport stuff
through the same corridors as people walk on (e.g. in the
Forth Valley Royal Hospital (UK) or in the Fakultni ne-
mocnice Motol (CZ) [1]) or autonomous cars running on
regular streets together with human-controlled vehicles
(e.g. the currently popular “Google Car” [2]).

In all these cases, their authors have to deal with number
of theoretical as well as practical problems; one of such
problem is the localization and navigation of these robots.
For indoor areas, it is often possible to adapt the environ-
ment so that the localization problem is easier to address
(e.g. using passive or active beacons, creating easily detect-
able artificial landmarks etc. [3]). In outdoor areas, the
localization techniques are more difficult, but since the
satellite localization is publicly and freely available and
covers the whole Earth, the robot outdoor localization can
be solved efficiently too despite imprecise primary (input)
data.

In this paper, we show the usage of a cheap GPS locali-
zation module (device) on an autonomous robot running in
a publicly accessible park. Data from such module is fil-
tered and further used as one of the inputs for the Monte
Carlo Localization (MCL) [8,9]. The system then localizes
the robot on a vector map (from the OpenStreetMap pro-
ject [4]) and provides the control system of the robot suffi-
ciently precise information about its position even if the
GPS source data mistakenly indicate the robot is off the
pathway or if on the other hand the robot really leaves the
pathway.

The following text is organized as follows: In Section 2,
we outline the backgrounds for this project. Section 3 gives
short introduction to Monte Carlo Localization, Section 4
describes the OpenStreetMap data, which was used in this

project. Section 5 explains some general aspects of using
vector-map based localization in connection with MCL and
GPS and Section 6 briefly explains the implementation.
Section 7 concludes the work by showing some results of
the localization on real data gathered during the Ro-
botour 2011 contest and giving some ideas for future work.

2 Backgrounds and setup

This project follows a project of an autonomous robot for
the Robotour contest [5]: the task of an autonomous robot
is to travel in a public place (a park) from one given place
to another. The robot shall travel only using the pathways
and shall not leave it (“Do not step on the grass!” rule).

Practical experiences from observing this robot and sev-
eral others during the 2011 and earlier editions of Robotour
have confirmed the expectation that standard GPS cannot
be straightforwardly used for robot localization. Even the
theoretical precision of GPS is on the edge of usability, but
practically such precision is never reached, and it is not rare
that GPS error rises to tens of metres or higher or the GPS
fix gets lost at all. Local real conditions prevent reaching
good precision nearly at all times. The most important
sources of error in GPS measurement in a park are the
obstacles in the direct line of sight towards the localization
satellites — the trees, and indented terrain that limits the
number of satellites detectable on the visible part of the
sky. Other factors like the weather, solar activity, multi-
path effect, actual satellite geometry, EMI etc. contribute
too [6], but these two mentioned are the gravest.

Having good experiences with Monte Carlo Localization
indoors [7], we have decided to study the possibility of
connecting GPS as one of the sources of Monte Carlo Lo-
calization also for outdoor use with special requirements as
mentioned earlier in this section.

3 Monte Carlo Localization

Monte Carlo Localization (MCL) [8,9] is currently one of
the widestly used methods for handling noised data in the
localization process. Being one of the probabilistic localiza-
tion methods, MCL does not deal with exact positions but
with beliefs about positions. The basic principle is as fol-
lows:

The MCL tracks bigger number of the particles — possi-
ble robot states (in our case its position as coordinates and
rotation in the space). The probability that the particle mir-
rors the actual robot state is represented by the particle
weight. The MCL repeatedly maintains this set by updating
the particles and their weights. Based on the intended
movement of the robot, all particles in the set are updated
(moved) in the Prediction phase, and based on other meas-
urements, their weights are updated too, reflecting the cor-
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respondence between the particle state and the measure-
ment in the Measurement Phase. For the long-time stabil-
ity, usability and success of the algorithm, additional man-
agement steps are taken during the MCL work in the
Resampling phase. Besides other impacts, these additional
steps help to find out the robot position from scratch or to
keep the set valid even in the case of “kidnapping” the
robot, i.e. forcibly changing its position by other means
than its regular movement.

During the position update step, random noise is added
to the particles. This apparent deterioration helps to over-
come the fact that the real move of the robot may be differ-
ent to the intended move due to random and/or systematic
errors (mechanical, electrical and others). By adding the
noise, the algorithm gets less prone to such problems.

The MCL algorithm outline is:

1: For every x; in S do
2: set xX7; = X; moved based on ug

3: set w?; = valued x; based on z¢
and M

4. For every x”; do

5: insert x’; into S” based on

probability w’;
6: Add random particles to S~

where X;j is a particle (position or state of the robot), S the
current particle set, X”; the new particle, Uy the move in
time step t, Z¢ the measurement after the move, M the map
and S’ the new particle set.

At the beginning, the particle set needs to be initialized.
If we know the position of the robot, we can set the initial
set S to contain just a single particle representing that place
and state and assigning it the maximum weight (i.e. the
probability = 1).

If we do not know the position of the robot, the initial set
may be created by preparing a uniformly distributed set of
N particles, which all have the same weight (i.e. the proba-
bility of each particle is 1/N). The space, over which the set
is generated, does not have to be identical with the free-
space area covered by the graph. Such situation is shown
on Figure 1 — the particles are generated only on the graph
edges.

bl 4o

Fig. 1. An example of a particle set just after the initializa-
tion (Tiirkenschanzpark in Vienna, Austria).

4 Open Street Map

The OpenStreetMap Project [4] maintains and develops
a vector map of the world; its main goal is to provide this
map for free and with the possibility to edit it and extend it.
The map format is a topological data structure with four
basic elements:

e Node — a point with known position.

e Way — an ordered list of nodes forming a closed
polyline, open polyline or area.

e Relation — a group of elements with certain
properties; may be recursive.

e Tag — name & value pair of additional infor-
mation (metadata).

There are several data file formats used for OSM data:

e OSM XML — XML format,

e OSM Binary — binary format,

e PBF — optimized binary format,

e 05m — xml-structured data with PB coding,
and others.

For our purposes, the XML structured data was the best
for its simplicity and readability.

For our project, we needed to acquire a vector map of
pathways in a particular park (the Tiirkenschanzpark in
Vienna where Robotour 2011 was held). The OSM pro-
vides adequate data and tools for this task: A pathway in
the Tiirkenschanzpark is represented in OSM as a Way
element with a Tag attribute featuring a key highway with
the value of footway. Such Ways contain references to
Nodes, which form the pathway shape. The Nodes have
attributes describing their position (lat for latitude and lon
for longitude) which are used by our project, and number of
others, which are not important for us.

Example of a small area covered by Open Street Map
and corresponding data structures is given on Figures 2,
3 and 4.
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Fig. 2. An example of an Open Street Map (Riegrovy sady,
Prague, Czech Republic).



Fig. 3. Extracted graph map corresponding to the highlight-
ed area on Figure 2.

<node id="597577110"
<node id="597577157"
<node id="597577180"
<node id="597577190"
<node id=""597577197" lat="50.0807300" lon=""14.4404646"/>
<node id="597577211" lat="50.0806052" lon="14.4403671"/>
<node id="1328266791" lat="50.0799797" lon="14.4400023"/>
<way id="46754360"">

<nd ref="597577180"/>

<nd ref="597577190"/>

<nd ref="597577211"/>

<nd ref="597577197"/>

<tag k="highway" v="footway"/>
</way>

<way id="46754409">

<nd ref="597577157""/>

<nd ref="597577180"/>

<nd ref="1328266791"/>

<nd ref="597577110"/>

<tag k="highway" v="footway"/>
</way>

Fig. 4. OSM data in XML format corresponding to the
highlighted area on Figure 2 and drawn on Figure 3 (only
relevant elements and their attributes are shown).

lat="50.0800108"
lat="50.0799893"
lat="50.0800229"
lat="50.0802411"

lon=""14.4398193"/>
lon="14.4405980"/>
lon="14.4402738"/>
lon=""14.4403271"/>

Data from the OSM project can be easily transformed in-
to a topological graph: an OSM Node may represent
a graph node and an OSM Way may define the edges (the
edge connects the two adjacent nodes). As can be seen,
there could be many nodes with the degree of 2. For the
localization, the shape of the curve and absolute distances
are important, therefore no optimization (e.g. number of
nodes reduction) of the graph is done. On the other hand,
from the path-planning or navigation point of view nodes
with degree 2 are not interesting so an optimized graph may
be easily created by systematic extraction of such nodes or
by marking the nodes and using only a subset of the graph
for navigation.

5 Vector map localization

One of the basic questions in implementing MCL on
a vector map is how the noise should be applied during the
MCL Prediction phase. There are several possibilities:
firstly, it is possible to adapt the new particle position so
that it lies again on the graph edge. Secondly, the particles
could be freely placed in the map area without snapping to
the graph edges while their relation to graph edges is ad-
dress in later phases of MCL. That can be done during the
Measurement phase by adjusting their weights based on
their relation to an edge (e.g. the distance to the closest
edge etc.). It could be also possible to deal with off-path
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particles during the Resampling phase by e.g. snapping
them back to the edges. However, that might affect the
MCL algorithm and damage its robustness because it tam-
pers the effect of random noise and its distribution. Thirdly,
we can separate the MCL particle set and the map, dealing
with the MCL as without the knowledge the robot travels
on a vector graph. This knowledge could be used later by
the robot control system: let us consider a particle whose
position indicates the robot is off the pathway. Such situa-
tion may have the following explanations: either the robot
actually has left the pathway, or the robot is still on the
pathway but its last move was not performed in real but
should it be performed, the robot would move off the path-
way, or the sensor measurements were erroneous and let
position the particle wrongly off the pathway. However, in
all the three cases, this does not mean a principal problem
for the localization subsystem of the robot. If the robot is
off the pathway, then this particle might correctly represent
the robot position. If the robot is still on the pathway, then
this particle does not represent the true position of the ro-
bot, but that is the characteristic of the MCL method — the
particle set is composed of many particles, each one repre-
senting a possible state/position of the robot together with
their respective weights which represent the probability of
that state.

Another question arises if we want to use GPS device for
graph-locked movement. As we mentioned earlier, the GPS
position is error-prone. If we know that the robot should
travel only on the pathways and the GPS provides the posi-
tion, which is off any pathway, we cannot move the particle
exactly as the GPS says. Instead, we should keep it on the
graph edge. We considered two possible options: first, the
nearest edge to the GPS position could be selected. Howev-
er, because we know the expected precision (the GPS de-
vice provides it), we should consider all edges, which are at
least partly inside the circle with the centre at the GPS
position and the diameter of the reported precision. Fig-
ure 4 shows the example.

(b)
]E////
T

Fig. 4. Particles (green) generated on the closest edge (a)
and considering the GPS precision (b).

6 Implementation

For the pilot implementation, the following decisions have
been made:

The number of particles in the particle set will not be
constant; it will be adaptable based on the set quality.

The quality of the particle set will be controlled by
measuring the short-term and the long-term average of the
particle weights. If the short-term weight average substan-
tially drops below the long-term weight average, it means
that the measurements do not correspond with the robot
state belief represented by the particle set. In such case,
arecovery step is taken: the most appropriate edge is de-
tected and new particles are generated on this edge. The
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particle direction will be either compass-determined (if the
compass is used as one of the MCL inputs) or the edge
direction is used (otherwise) because we expect the robot
travelling along the edge. In either case, this direction may
be not exactly true, but it does not pose any problem from
the MCL point of view.

We consider that the robot always moves on the path-
ways and so all correct particles can lie only on the graph
edges. This substantially reduces the allowed space for the
particles and so there could be much less particles handled
in comparison to covering the complete space.

In real life, the robot could move to places not depicted
on the map as a pathway. That could mean that the robot
has mistakenly left the pathway and runs on the grass, or
that the robot is moving on a pathway (or other “allowed”
surface) which is not recorded on the map. In both cases, its
virtual position in the particle set might leave the edges too
to better match the position and address this situation.
However, during the testing phases of the implementation,
we decided not to implement such behaviour for two rea-
sons. Firstly, the robot control system should aim for not
allowing such situation. Should it happen, it should aim to
recover and return to the pathway recorded in the map: the
robot is not allowed to travel on the grass and if it is not on
the grass but started to run along an unrecorded pathway,
the navigation module would not be able to use that newly
explored path anyway. Secondly, the MCL algorithm is so
robust that when the robot leaves the track and later returns
back, the localization can recover by itself without external
help or without the considered modification.

It should be also noted that for the algorithm, the graph
nodes are not much important. The robot moves on the
edges so the particles are on the edges too. The graph nodes
are used only to switch from one edge to another.

7 Conclusion and future work

The presented MLC implementation for a special case — the
localization on a graph — was dry tested using data gathered
during the Robotour 2011 contest in Vienna. After the con-
test, the authors of the Eduro robot (see Fig. 5) provided us
with the odometry information, compass readouts and GPS
readouts record in time. During the contest, the robot con-
trol system (which was not part of our work and is not our
concern) kept fortuitously the robot running in accordance
with the requirements only on pathways. Without any mod-
ifications, we have used that recorded data as input for our
implementation. The resulting particle set (evolving in
time) well matched the logged behaviour of the robot in
respect to the position along the pathway'. As we do not
have exact measurements of the absolute robot position in
the park?, we can only compare the two localization algo-
rithms. The correspondence of our testing MCL implement-
ation with the original control algorithm was very good —
our calculated position differed from the recorded data only

' The sideways position (perpendicularly to the path direction)
cannot be by principle checked because the map does not contain
the information about the pathway width.

% No independent robot absolute tracking was done during the
contest so no such data is available. We have just a record of what
the robot itself believed in.

in centimetres. However, in contrast to standard odometry
and sensor measurements methods, MCL can recover from
otherwise untraceable position changes (slips, skids or
outer-force caused changes). Therefore, we are convinced
this algorithm can be a useful addition to the robot control
system.

Fig. 5. The Eduro robot which was used as a data source
for the tests.

Our next planned work (now in progress) is the integra-
tion of this localization technique in a robot control system
and its test in real world environment, e.g. in the next Ro-
botour edition. Consequently, the comparison, evaluation,
and measurements of the impact and contribution of MCL
to the control system can be performed.

Concerning the algorithm itself, we would also like to
consider the implementation of core parts on a GPU. Cur-
rent GPUs are designed for handling points in the space and
their manipulation, which is similar to particle shifting
based on the robot move and weight recalculation. The
particles are independent so the needed manipulation could
be done in parallel. However, we foresee some challenges
with the adaptive particle count.
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