Preface

The 7th workshop ITAT’07 — Information Technology — Applications and Theory
(http://ics.upjs.sk/itat) was held in Horsky hotel Polana, Slovak Ore Mountains
(http://www.polana.sk/) located 1260 meter above the sea level in district Detva, Slovakia, in
end of September 2007.

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

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

Thematically workshop ranges from foundations of informatics, security, through data and se-
mantic web to software engineering.
These proceedings consists of

— one invited lecture paper and
— 16 original scientific papers

All original scientific papers were refereed by at least two independent referees. There
were 45 abstracts submitted.

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

Partial support has to be acknowledged from projects of the Program Information Society of the
Thematic Program II of the National Research Program of the Czech Republic 1ET100300419
“Intelligent models, algorithms, methods and tools for the semantic web realization” and
1ET100300517 “Methods for intelligent systems and their application in data mining and natural
language processing”.

Peter Vojtdas
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Funkéni generativni popis a formalni teorie preklada*
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Abstrakt V tomto prispévku se zabyvame Funkénim ge-
nerativnim popisem cestiny (FGP) na pozadi formdind teo-
rie prekladi a formdini teorie jazyku. Klademe diraz na
propojent formdlnich modelu s jejich jazykovou (lingvistic-
kou) ndpini. FGP byl rozvijen od Sedesdtych let. Jednou
z jeho formdinich podob byla kompozice prekladi pomoci
péti prekladovych gramatik. Zavedeme zde rozliSovact silu
takovych systému. Ddle predstavime novy formdini model
zaloZeny na prekladoviych restartovacich automatech.

Nasim hlavnim zdmérem je predstavit metodu redukéni
analgzy pro FGP a jeji souvislost s formdlnim prekladem.
Z vlastnosti formalizované redukéni analyzy lze wvycist
1 pozadavky na vlastnosti formdlnich ramci pro FGP. Proto
v posledni ¢asti diskutujeme primé uplatnéni prekladovych
restartovacich automati v roli formdlniho rdmce pro FGP.

1 Uvodni poznamky

Tento text by byl pfed par lety zatazen do ob-
lasti, které se fikalo algebraicka lingvistika. Obsa-
huje definice a tvrzeni matematicko-informatického
charakteru, lingvistické priklady, lingvistické diskuze
a jisté informaticko-lingvistické hypotézy. Navazuje na
préce [8], [17], [11] a [13]. Pfi psani jsme se snazili
vyhybat konfliktim mezi informatickymi a lingvis-
tickymi zvyklostmi.

Funkéni generativni popis je zavislostni systém pro
popis gramatiky ceStiny, ktery se rozviji od 60. let
20. stoleti, viz zejména [20], [22], [21]. Jeho zdkladni
charakteristikou je stratifikacni piistup — popis ja-
zyka je rozclenén do nékolika rovin, kazda z rovin je
mnozinou zapist vét (md svij slovnik a svou syntax).
Z4pis véty na nejnizsi roviné si muzeme zjednodusené
predstavit jako fetézec slovnich tvaru a interpunkce.
Nejvyssi rovina zachycuje jazykovy vyznam véty po-
moci tektogramatické reprezentace (dédle TR), jejimz
zékladem je linedrni zapis zavislostniho stromu, reali-
zovany vhodnym uzdvorkovanim, viz [23], [18].

Formdlni rdmec pro FGP byl puvodné navrzen
jako generativni zafizeni pomoci sériové fazenych
zdsobnikovych automatt (odtud sluvko generativni
v ndzvu), viz [23], [18]. Ten byl také pocitacové
implementovan a postupné vypliovan generativnimi
a prekladovymi instrukcemi, které nesly zakddované
lingvistické poznatky, viz napft. [15].

* Autofi jsou podporovéni programem ‘Informaén{

spole¢nost’, projekt ¢. 1IET100300517.

Zde navazujeme na praci [17] z osmdesédtych
let, kde byl navrzen formalni rdmec pro FGP po-
moci (syntax{ Fizenych jednoduchych) piekladovych
schémat, kterd byla interpretovana dvojim zpusobem
— jednak jako generativni, jednak jako analyticky
systém, a ktera obsahovala ¢asové a prostorové odha-
dy slozitosti jejich prace.

Z préce [17] piejimédme obecné pozadavky na
forméalni popisy pfirozenych jazykua L — kazdy takovy
systém by mél explicitné rozliSovat:

— mnozinu
pfirozeného
oznacovat LC;

— formalni jazyk LM reprezentujici véechny mozné
tektogramatické (vyznamové) reprezentace TR ja-
zyka L, tedy mnozinu (korektnich) tektograma-
tickych stromovych struktur daného jazyka,;

— relaci SH mezi LC a LM popisujici vztahy synony-
mie a homonymie;

spravné utvorenych vét daného
jazyka L, kterou dale budeme

Na relaci SH lIze pohlizet jako na specidlni piipad
formélniho piekladu. Nese informaci jak o svém
vstupnim jazyce (LM), tak o svém vystupnim ja-
zyce (LC).

Abychom porozuméli vyvoji formélni stranky
FGP, budeme se nejprve vénovat zdkladum formalni
teorie pfekladu (oddil 2), kde pfipomeneme po-
jmy formélniho piekladu a piekladovych gramatik
(oddil 2.1) a sklddan{ pieklada (oddil 2.2), na jejichz
zékladech byl zaveden formdlni rdmec FGP ze [17] —
zde jej budeme znacit Fgp (oddil 2.3).

V nasledujici ¢asti se vénujeme metodé redukéni
analyzy. Redukéni analyza, metoda, kterd modeluje
praci lingvisty pfi rozboru vét pfirozeného jazyka,
je zalozena na postupném zjednodusovani rozebirané
véty — pfedstavime ji v oddile 3, kde vysvétlime
jeji zdkladni principy (oddil 3.1) a ukdzme je na
konrétnich jazykovych jevech (oddil 3.2).

Nas§im hlavnim zadmérem je zafazeni redukéni
analyzy do vhodného formélniho ramce pro FGP
— vénujeme mu cast 4. Takovym rdmcem mohou
byt restartovaci automaty, viz napf. [14], [11], zde
oddil 4.1. Ukazeme, ze pomoci restartovacich automa-
tu lze pfirozené splnit hlavni pozadavky na formélni
ramce FGP, tedy pozadavky na rozliSeni mnozin LC
a LM a relace SH i na zfetelné rozliseni jednotlivych
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rovin FGP. Tento novy formélni rdmec FGP, ktery
oznacujeme symbolem F 7, pfiblizujeme v oddilech 4.2
a 4.3.

Navic nastinime predstavu, jak pomoci restarto-

vacich automatu a jejich vlastnosti vystavét boha-
tou taxonomii forméalniho prekladu. Navazeme tak na
bohatou literaturu, kterd restartovaci automaty pre-
zentuje jako flexibilni prostfedek pro rozpoznavani
formélnich jazyku, viz napi. [14]. Od automatu roz-
poznavajicich jazyky k automatiim definujici preklady
prejdeme podobnym obratem, jakym se prechazi od
generativnich gramatik k prekladovym gramatikam
v Casti 2.
Pozndamka: Restartovaci automaty nechapeme jako
model procedury rozpoznavani vét v nasem védomi
¢i jako model tézko pozorovatelné procedury lidského
porozuméni vété prirozeného jazyka. Nasi ambici je
pomoci restartovacich automati piimocaie modelo-
vat chovdn{ lingvisty, ktery provad{ (na tabuli nebo
na papite) specializovanou ¢innost, redukéni analyzu,
kterd je dulezitym piipravnym i kontrolnim krokem
pro rozbor (¢eské) veéty.

Obrafme se nyni k vécné ndplni FGP. Pocet ja-
zykovych rovin, se kterymi FGP pracuje, se v jed-
notlivych fazich jeho vyvoje ménil. Zde pracujeme se
¢tyfmi rovinami, stejné jako napt. Prazsky zavislostni
korpus (PZK, viz zejména [1], je aplikaci metodiky FGP
na velky, elektronicky ptistupny soubor ¢eskych vét).
Jsou to nésledujici roviny:

— rovina slovnich tvaru a interpunkce (v PZK tzv.
w-rovina), kterd zde odpovida jazyku LC;

— morfematickd rovina (v PZK m-rovina), ktera pro
kazdy slovni tvar ¢i interpunkéni znaménko udava
jeho lemma a morfologické kategorie;

— rovina povrchové syntaxe® (v PZK a-rovina)
zachycujici  vztahy  jako  ‘byti_subjektem’,
‘byti_objektem’, ‘byti_ptivlastkem’ ...;

— rovina jazykového vyznamu, oznacovana jako tek-
togramatickd rovina (¢-rovina v PZK), kterd spe-
cifikuje zejména tzv. hloubkové role, gramatémy
a aktudlni ¢lenéni; zde tato rovina odpovida
formalnimu jazyku LM, viz vySe.

2 Formalni pieklad a FGP

V tvodu jsme zminili pojem SH-relace jako relace mezi
jazykem korektnich ceskych vét (LC) a jazykem je-
jich vyznamu (LM), kterd pro jednotlivé véty rozlisuje
ruzné vyznamy a naopak pro jednotlivé vyznamové
zapisy rozlisuje jejich korektni vyjadieni v LC. Na

3 Poznamenejme, 7e v soucasné specifikaci FGP Petr Sgall,
autor FGP, povazuje tuto rovinu za redundantni.

SH-relaci, které budeme téz fikat rozliSovaci relace
a jejiz postupné vybudovani je hlavnim cilem FGP,
pohlizime jako na dulezity piiklad (viceznaéného)
formalnitho piekladu. Proto v této ¢éasti nejprve
vylozime zdklady teorie (viceznaénych) formélnich
prekladu. Vyuzijeme piitom pojmu piekladové grama-
tiky.

Predpokladame u ¢tenare zékladni znalosti
o formalnich generativnich gramatikach. Na nich bu-
dujeme pojmy pro piekladové gramatiky a formalni
preklad.

Zavedeme Chomského hierarchii pirekladu a potom
jeji podstatné zjemneéni zalozené na skladani prekladu.
Podle této hierarchie budeme klasifikovat rozlisovaci
silu formélnich rdmcu pro FGP.

2.1 Prieklad a prekladové gramatiky

Nejprve  zavedeme  pojmy  formélni  preklad
a prekladovéa gramatika. Prekladovou gramatiku poté
vyuzijeme jako prostfedek pro zaddvani formalnich
prekladi.

Terminologickd pozndmka: Abychom pfedchézeli ne-
dorozumeénim v lingvistické interpretaci navrhovanych
pojmu, pouzivame ¢asto puvodni Chomského termi-
nologii. Tedy napt. slovnik na misté abecedy, slovo
nebo symbol jako prvek slovniku ¢i véta nebo retéz na
misté slova ze soucasné terminologie obvyklé v teorii
formélnich jazyku.

(Formdlnim) prekladem budememe nazyvat
mnozinu dvojic tvaru (u,v), kde w,v jsou Fetézy
symbolti nad danym slovnikem.

Pétici G = (Vn, 1,0, P,S) nazveme prekladovou
gramatikou, pokud

— Vn al ataké Vy a O jsou konecné disjunktni
mnoziny symbola (I a O disjuktni byt nemusf),

— P je konetna mnozina pravidel tvaru o — (3, kde
a € (VyUTUO)T obsahuje alespori jeden symbol
zVyape (VNUIUO)*,

- SeVy.

Mnozinu I nazveme  wstupnim  slovnikem,
mnozinu O vystupnim slovnikem gramatiky G, déle
mnozinu 1O = I U O nazveme prekladovym slovnikem
gramatiky G a jazyk L;o(G) = {w € I0* | S = *w}
prekladovym jazykem gramatiky G.

Daéle definujme preklad podle gramatiky G, T(G),
jako mnozinu dvojic vét vytvorenych nésledujicim
zpusobem:

T(G) = {(u,v) | 3 w € Lio(G) : u vzniklo
z w odstranénim vSech symbolu nepatiicich do I&v
vzniklo z w odstranénim vSech symbolu nepatiicich
do O}.



Ozna¢me déle Lj(G) mnozinu vsech vét (fetézu),
které lze ziskat z Fetézi z Lio(G) odstranénim vsech
symbolu nepatiicich do I. Tento jazyk nazyvame
vstupnim jazykem prekladu podle gramatiky G.

Analogicky Lo(G) oznacuje mnozinu vsech vét,
které lze ziskat z Fetézi z Lio(G) odstranénim vsech
symbolu nepatiicich do O. Tento jazyk nazyvame
vystupnim jazykem prekladu podle gramatiky G.

Pfedchozi definice (formélniho) prekladu, zalozena
na pojmu piekladovych gramatik, umozinuje mlu-
vit o Chomského hierarchii (formdlnich) piekladu
a prekladovych jazykt. Mame tedy tfidu prekladu bez
omezeni, tedy typu 0, ti¥idu kontextovych piekladu,
tedy typu 1, tiidu bezkontextovych prekladu, tedy
typu 2, a tfidu regularnich prekladu, tedy typu 3. Po-
dobné je to s prekladovymi jazyky.

Dulezita fakta: Neni tézké nahlédnout, ze tiidy
Chomského hierarchie ptekladu lze oddélit pomoci
podobnych piikladu jako tiidy Chomského hierar-
chie jazyku. Sta¢i uvazovat prekladové gramatiky,
které tyto separujici jazyky kopiruji. Poznamenejme
déle, ze tifidy regularnich prekladu lze charakte-
rizovat pomoci jednocestnych konecnych automati
s vystupem a tiidy bezkontextovych piekladu pomoci
zasobnikovych automatu s vystupem. Povsimnéme
si jesté, ze fakt, Zze néjaky prekladovy jazyk
(preklad) je kontextovy (typu 1), nezarucuje kon-
textovost prislusného vstupniho jazyka, ani kontex-
tovost piislusného vystupniho jazyka. Jinak je tomu
u zbylych tiid Chomského hierarchie jazyku, diky
uzavienosti téchto tfid na operaci homomorfismu (viz
napf. [24]).

2.2 Skladani piekladiit a Chomského
hierarchie

Abychom mohli charakterizovat klasické modely
FGP, budeme se zabyvat specidlnimi typy slozenych
prekladi a ukézeme, Ze tvoil podstatné zjemnéni
Chomského hierarchie piekladu. Toto zjemmnéni se
bude tykat kontextovych pirekladu. Uvniti Chomského
t¥idy kontextovych prekladu tak ziskdme nekonecnou
hierarchii prekladi v zavislosti na poctu uzitych
prekladovych gramatik v kompozici.

Necht T';,Ts je (uspoiddand) dvojice piekladi.

Symbolem  Comp(T;,T) budeme  oznaovat
slozeni prekladu T;,Ts, definované vztahem
Comp(T;,T2) = {(us,ve) | I ug (uz,ug) €

Ti,(ug,vg) € To}. Je ziejmé, ze Comp(T;,T2) je
také preklad. Jako Comp(T;,Ts,...,T;) oznatime
preklad, ktery vznikl postupnym slozenim piekladu
T;,Ts,...,T; zleva doprava.

Dale budeme skladat pouze preklady dané bez-
kontextovymi gramatikami. Bez jmy na obecnosti
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se omezime na korektni gramatiky, t.j. na grama-
tiky, které generuji bez chybnych kroku. To znamen4,
ze z kazdé vétné formy takové gramatiky (odvodi-
telné ze startovaciho symbolu), 1ze odvodit vétu jejiho
prekladového jazyka. Kdybychom uvazovali takovéto
preklady bez dalstho omezeni, byli bychom schopni
jiz se tfemi preklady simulovat libovolny Turinguv
stroj. Proto si pov§imnéte nasledujicich omezujicich
podminek.

Necht G4,G3,...,Gr jsou korektni bezkontex-
tové prekladové gramatiky. Budeme fikat, ze P =
Comp(T(G;),T(Gyg),...,T(Gy)) je linedrné korektnim
prekladem (LK-prekladem) stupné k, pokud spliuje
nasledujici podminky:

— Existuje kladna konstanta j takova, ze pro kazdé

1 < i < k plati, ze |u] < jlv|, kde (u,v) €
Comp(T(Gy),...,T(Gy)).
To zhruba feteno znamend, ze preklady defi-
nované jednotlivymi gramatikami k-stupnového
prekladu P na vystupu zachovavaji délku vstupu
(az na multiplikativni konstantu).

— P =Comp(T(G;), T(Gg),...,T(Gy)) je zleva ko-
rektni, coz znameni, Zze vystupni jazyk T(G;) je
podmnozinou vstupniho jazyka T(G;y;) pro 1 <
1< k.

To znamena, ze vSe co, G; vygeneruje, P opravdu
postupné pielozi. Na zakladé predchozi podminky
pritom pti prekladu zkracuje pouze nepodstatné.

Necht k je celé kladné &islo. Jako LK ozna&ime
t¥idu LK -piekladu stupné k, tedy slozeni k prekladu
splnujici pfedchozi podminky. Nep#ilis slozitou trans-
formaci vysledki a postupu z [18], [17] dostdvéme
nasledujici fakta.

Dulezitd  fakta: LK; je tfidou bezkontextovych
prekladu a tiidy LKy tvori nekonecnou hierarchii sepa-
rovanych t¥{d pteklada v rdmci Chomského tfidy 1. To
znamena, ze pro libovolné prirozené k je LKy vlastni
podmnozinou LK ;.

Této skdly vyuzijeme v nasledujicim oddile pro
charakterizaci prekladové, tedy rozliSovaci sily FGP.

V této casti jsme zavedli Chomského hierarchii
preklad a jeji vyrazné a dulezité zjemnéni. Pod poj-
mem rozliSovaci sila prekladu P (G zaffzeni, které
ho definuje) rozumime zafazeni P do nékteré z ti{d
této (nebo jiné) hierarchie. V nésledujicich oddilech
se budeme zabyvat rozliSovaci silou prekladu, de-
finovanych nékterymi modely FGP. Pfirozené ndam
jde o to, aby formélni rdmec pro FGP mél pokud
mozno optimélni rozlisovaci sflu vzhledem k FGP
odladitelnosti a lingvistickou adekvatnosti i vzhle-
dem k efektivité algoritmu SH-analyzy a SH-syntézy
(viz oddil 4.2). Tento pozadavek nds vede ke studiu
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rozliSovaci sily a dalsich relevantnich vlastnosti po-
tencidlnich formélnich rémcta pro FGP.

2.3 Formadlni rdamec klasického FGP a sila
jeho rozliseni

Pomoci symbolu Fge znaéime formdlni ramec
Funkéniho generativniho popisu ze 70. let, viz [17].
Takovy model lze charakterizovat jako LK-pteklad
stupné 5, tedy jako linearné korektni pieklad dany péti
prekladovymi bezkontextovymi gramatikami, které
oznacujeme jako G;,G2,Gs3,G; a Gs. Mnozina
vétnych vyznami LMgp (tektogramatickd rovina) po-
psand pomoci Fge odpovidd vstupnimu jazyku gra-
matiky G;. Mnozina korektnich ¢eskych vét LCgo
popsana pomoci Fge odpovidd vystupnimu jazyku
gramatiky G5. RozliSovaci relace ve Fgo je tedy
prekladem mezi fetézy z LCgeo a LMgs.

Prvky z LMgs jsou dobte uzavorkovanymi vyrazy,
které reprezentuji tzv. projektivni zavislostni stromy,
viz [17].

Gramatika G; simuluje generativni gramatiku, jeji
vstupni jazyk se rovna jejimu vystupnimu jazyku.
Gramatiky Gz,Gg,G,; postupné pickladaji vstupni
(tektogramatické) struktury na struktury odpovidajici
dalsim rovindm FGP. V3echny tyto preklady transfor-
muji projektivni zavislostni stromy opét na projek-
tivni zavislostni stromy. Teprve preklad pomoci gra-
matiky G5 odstranuje zavorky, aby ptevedl projek-
tivni zavislostni strom do obvyklé typografické formy
Ceské véty.

Z dnesniho pohledu a v dnesni terminologii lze
vySe zminéné reprezentace projektivnich zavislostnich
stromu chapat jako XML-struktury. Gramatiky G,
Ggs,G,; pak podle této terminologie realizuji jisté
XMUL-transformace, které vzhledem k zatfazeni do
t¥idy prekladu LKj;, nemuzeme povazovat za prili§
slozité.

Ve zbytku tohoto oddilu zminime duvody, pro¢ bu-
deme uvazovat nové formalni rdmce pro FGP.

Ptirozené chceme, aby nové navrhovany formalni
ramec pro FGP umoziioval modelovat a kontrolovat
nejen vSechny podstatné jevy, které modeloval Fggz, ale
i vyznamné jevy, které puvodni model nezachycoval.

Jednim z takovych jevu je napiiklad ¢esky (po-
vrchovy) vétny slovosled, ktery piipousti neprojekti-
vity vysokého stupné, viz [5]. Netrividlni a dulezité je
zachyceni jeho vztahu k valenci, k hloubkovému slo-
vosledu a aktudlnimu ¢lenéni.

Metodu piimocarého zachyceni vztahu valence
a slovosledu pomoci redukci nazyvame redukénd
analyzou (pro FGD ). Cilem nésledujici ¢dsti je priblizit
Ctendfi praci lingvisty provadéjiciho redukéni analyzu
¢eskych vét, a tuto ¢innost formélné modelovat. K mo-
delovan{ vyuzijeme konceptu (prekladovych) restarto-

vacich automati. Nésledujici ¢ast vychédzi z piimé spo-
luprace autoru s Petrem Sgallem, autorem FGD, jejimz
vysledkem byl ¢lanek [8].

3 Redukéni analyza pro FGP

Tento oddil je vénovdn redukéni analyze (RA)
pfirozeného jazyka — napfed vysvétlime zédkladni prin-
cipy RA (oddil 3.1), pak ukdzeme pouziti RA pfi zpra-
covani dvou konkrétnich jazykovych jevi: zachyceni
slovosledu a urc¢ovani zavislosti ve vété (oddil 3.2).

3.1 Principy redukéni analyzy

Redukéni analyza modeluje metodu prace lingvisty
pri rozboru vét prirozeného jazyka. Dovoluje zkoumat
zavislostni strukturu véty a pfitom pfimérené zachy-
tit jeji slovosledné varianty. To je nezbytné zejména
pro jazyky s relativné volnym slovosledem, jako je
CeStina, kde zavislostni struktura a slovosled souvisi
pouze volné.

Redukéni analyza je zalozena na postupném zjed-
nodusovani (vstupniho) zdpisu zpracovdvané véty —
krok RA spociva ve vypusténi vzdy alespon jed-
noho slova (symbolu) vstupniho zépisu.* Tento postup
umoziuje urcit jazykové zavislosti, viz [7].

Zduraznéme, ze béhem RA se zpracovdava vstupni
véta, kterd je doplnéna metajazykovymi kategorie-
mi ze vSech rovin FGP — kromé slovnich forem
a interpunkce tedy obsahuje také informace morfo-
logické, (povrchové) syntaktické a tektogramatické.
Tato vstupni véta je postupné zjednoduSovana tak
dlouho, dokud se nedospéje k zdkladni predikacnd
strukture, kterd je tvorena:

— fidicim slovesem (predikdtem) nezdvislé slovesné
klauze a jeho valenénimi doplnénimi, nebo

— Fidicim substantivem nezavislé nominativni klauze
a jeho wvalenénimi doplnénimi, napi. Nazory
Ctendri, nebo

— Tidicim substantivem nezavislé vokativni klauze,
napf. Jano!, nebo

— fidicim slovem nezavislé citoslove¢né klauze, napt.
Pozor!

Pri kazdém kroku RA je pozadovédno splnéni
nasledujicich principu:

— zachovani syntaktické spravnosti zpracovavané
véty (tedy ze syntakticky spravné véty vznikne
po kazdém redukénim kroku opét syntakticky
Spravng véta);

* Zde pro zjednoduseni pracujeme pouze s operaci vy-
pousténi (delete), v [7] se predpokladd téz operace
prepisovdni (rewrite).



— zachovani lemmatu a mnoziny morfologickych ka-
tegorii u nevypusténych slov;

— zachovani vyznamu jednotlivych slov, reprezento-
vaného napf. jako polozka ve (valenénim) slovniku;

— zachovani tzv. vyznamové tplnosti véty; v tomto
textu pozadujeme zachovani tuplného valenéniho
ramce (t.j. aktantu a obligatornich volnych do-
plnéni specifikovanych u daného slova ve va-
lenénim slovniku) vsech lexikdlnich polozek, které
nesou valen¢ni informaci.

Dopliime zatim alesponn neformalné, ze kazdy
krok RA musi byt v jistém smyslu minimélni -
jakykoliv potencialni redukéni krok, ktery by se tykal
mensiho poétu symbolu ve vété, by vedl k syntakticky
nespravné nebo vyznamoveé netplné vété, a porusoval
by tak vyse uvedené principy RA.

Tyto pozadavky ilustrujeme rozborem piikladu
v nésledujicim oddile.

3.2 Redukéni analyza v prikladech —
slovosled a zavislostni struktura

Cestina je jazyk s pomérné vysokou mirou volnosti
slovosledu. To pfirozené neznamend, ze by véty lisici
se slovosledem byly zcela synonymni, nebof slo-
vosled v Cestiné odrdzi aktudlni ¢lenéni (a nékteré
véty lisici se aktudlnim ¢lenénim nelze povazovat
za synonymni, nebot mohou mit rizné pravdivostni
podminky). Zména slovosledu v8ak s sebou nemusi
nést zménu zdvislostni struktury (a nemusi byt
narusena gramati¢nost véty). Slovosled a zdvislostni
struktura spolu souviseji jen volné, zavislostni re-
lace (bindrni vztah mezi fidici lexikaln{ jednotkou
a jednotkou zavislou / rozvijejici) neni mozné urcit
pouze ze slovoslednych pozic téchto jednotek. Metoda
RA umoznuje odvodit zavislostni vztahy z moznych
pofadi redukce jednotlivych slov ve ve véte, viz [7].

Slovosled. Vyjasnéni role slovosledu v jazycich
s volnym slovosledem je vénovano velka pozornost, viz
napf. [2], [5], [4], [3], abychom citovali alespon nej-
novéjsi publikace pro ¢estinu.

Zopakujme dva zdkladni principy pro tektogra-
matickou reprezentaci véty, kterd ve FGP zachycuje
vyznam, viz [22], [2]:

— Slovosled na TR (hloubkovy slovosled) spolu se
specidlnimi kategoriemi odrazi aktualni ¢lenéni
véty — vyjadiuje Skalu vypovédni dynamiénosti
véty (a tedy se muze lisit od povrchového slo-
vosledu).

— Princip projektivity pro TR umoznuje adekvatné
zachytit §kalu vypovédni dynamicnosti véty povr-
chové véty (projektivni i neprojektivni)
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Nez se podivame, jakym zpusobem se tyto prin-
cipy promitaji do zpracovani konkrétni véty, zave-
deme konvenci, kterd ndm pozdéji umozni zachytit
nékolikarovinnou reprezentaci véty jako vstup restar-
tovaciho automatu.

Konvence: Zéapis véty na vSech rovindch repre-
zentujeme (napf. na vstupni pdsce automatu)
jako ftetézec cCtveric, kde kazdd cCtvefice odpovida
néjakému vstupnimu slovu. Na obrazcich zachy-
cujicich pftikladové véty jsou tyto Ctvefice pro
prehlednost na samostanych fadcich. Prvni polozka
¢tvefice vzdy zachycuje slovn{ tvar (pfip. inter-
punkéni znaménko), druhd polozka zachycuje (morfo-
logické) lemma a morfologické kategorie daného slova,
tiet{ polozka jeho (povrchovou) syntaktickou funkei
a konecné ¢tvrta polozka udava pro plnovyznamova
slova® piislusné tektogramatické informace — tekto-
gramatické lemma, funktor, identifikdtor valen¢niho
ramce, gramatémy a informaci o aktualnim c¢lenéni.
Navic uvazujeme ctvetice, které reprezentuji aktudlni
elipsy — ty maji neprazdné pouze tektogramatické
polozky, viz Pozndmku za ptikladem (1).

Kazdé vstupni slovo je reprezentovano jednou nebo
dvéma ctveficemi: (i) jednou éEtvefici, pokud povr-
chovy slovosled souhlasi se slovosledem hloubkovym
nebo pokud dané slovo nemd samostatnou polozku
v TR (tedy nejde o plnovyznamové slovo), piip.
mé neprazdnou pouze tektogramatickou polozku (jde
o elipsu); (ii) dvéma ¢Etveficemi, pokud se povrchovy
slovosled lisf od slovosledu hloubkového (jedna ¢tvetice
popisuje slovni tvar, lemma, morfologické kategorie
a syntaktickou funkci; druha ¢tvefice zachycuje tek-
togramatické informace).

Usporadani c¢tvefic odrazi slovosled na jednot-
livych rovindch popisu — sledujeme-li prvni az tieti
polozky ¢tvetic, dostaneme povrchovy slovosled, pos-
ledni polozky ¢tveric udavaji hloubkovy slovosled.

Nyni se tedy podivejme, jakym zpusobem se slo-
vosledné principy stanovené FGD promitaji do zpra-
covan{ konkrétn{ véty (Fid{me se zde pravidly i notaci,
kterd jsou pouzita v PZK, viz [1] a zejména [12]).

Priklad:
(1)

Naseho Karla planujeme poslat na pristi rok
do Anglie. (viz [22], p. 241, rozvinuto)
~ Co se tyka naseho Karla, tak toho planujeme

poslat na pfisti rok do Anglie.

Vlastni jméno Karel tvoii kontrastivni topik véty
(tfa = ‘¢, tedy jde o zndmou informaci, kontextove

5 Vyznam pomocnych a funkénich slov, jako jsou napf.
predlozky, pomocna slovesa nebo podradici spojky, je
zachycen pomoci funktoru a gramatému u jejich tidicich
slov.
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Naseho  muj.PSMS4 Atr
Karla KareLNNMS4  Obj
[my]. ACT_t
planujeme planovat.VB-P- Pred pldnovat.PRED.Frl_f
Karel PAT ¢
my.APP_f
[my]. ACT_t
poslat poslat. Vf- - - Obj poslat.PAT.Fr2_f
na na.RR- - 4 AuxP
DSt pristi. AA4IS Atr
rok rok.NNIS4 Adv  rok. THL_f
pristi RSTR_f
do do.RR- - 2 AuxP
Anglie Anglie NNFS2 Adv  Anglie. DIR3.basic_f
- - - AuxK

Obrazek 1. Vstupni reprezentace véty (1).

zapojenou, ktera je v textu strukturovana jako kon-
trastivni, s pffzvukem v mluvené podobé vypovédi).
Podle pravidel aktualniho ¢lenéni je kontrastivni to-
pik v povrchové realizaci véty umistén na zacatek
véty (i s ¢leny na ném zavislymi, zde piivlastek nds),
mezi n&j a jeho tidici vétny ¢élen (sloveso poslat, viz
druhd ¢ést pifkladu) se dostavaji dalsi ¢leny véty, coz
zpusobuje neprojektivitu povrchové struktury.

Teoreticky predpoklad projektivity TR si vynucuje
zmény v hloubkovém slovosledu — ptislusna polozka
Karel. PAT ¢ je v TR pfemisténa na pozici pied t{dici
slovo t-poslat. PRED.Frl f (podle piijatych pravidel
pred nekontrastivni topik, zde nevyjadfanym aktorem
[my]. ACT_t, viz [12]). Z&roven se piesouvaji i vSechny
¢leny na ni zavislé.

Dalsi pravidlo urcuje, ze piivlastky maji vySsi
vypovédni dynamiku nez lexikalni jednotka, kterou
rozvijeji, jejich pozice v hloubkovém slovosledu je tedy
za fidicim substantivem.

Pozndmka: Uvédomme si jesté, ze TR je z defi-
nice vyznamové uplnd, jsou v ni doplnény aktualni
elipsy (obligatorni polozky, které nejsou v povr-
chové realizaci véty vyjddieny, posluchac/ctendi si
je dopliiuje na zdkladé kontextu). Takové doplnéné
elipsy jsou reprezentovany ctverici, kterd obsahuje
pouze zjednoduSenou tektogramatickou informaci,
sestavajici pouze z funktoru,® viz i bod (2b) déle (ve
vété (1) napt. dvakrat aktor [my], ktery odpovida ne-
vyjadienému podmétu).

Redukéni analyza véty (1) mé tedy na vstupu
fetézec z obrazku 1.

Urcovani zavislostni struktury. Nyni se
podivejme na redukéni fazi analyzy, ktera umoziuje

8 Funktor specifikuje syntakticko-sémanticky vztah mezi
piislusnou polozkou a jeji #idici lexikalni jednotkou.

urCit zavislosti mezi jednotlivyni slovy ve vété
(podrobnéji viz [7]).

Redukci/vypusténim zde rozumime odstranéni
v8ech symbolu, které reprezentuji jedno vstupni slovo,
viz Konvenci vyse. Jde tedy v prototypickém piipadé,
kdy povrchovy slovosled souhlasi se slovosledem
hloubkovym, o odstranéni jedné ctvefice symbolu;
obdobné v ptipadé, kdy jde o funkéni ¢i pomocné slovo
(a tedy m4 prézdnou tektogramatickou polozku), nebo
kdy jde o elipsu (a naopak tektogramatickd polozka
je jedind neprézdnd). Pokud se povrchovy a hloub-
kovy slovosled 1isi véty 1isi, jsou pfi redukénim kroku
odstranény obé ¢tvefice pro vstupni slovo.

Zavislosti se zpracovavaji dvéma zpusoby, podle
funkce daného slova ¢i skupiny slov ve vété:

1. Volna doplnéni, kterd nezapliiuji valenéni doplnéni
zadné lexikalni jednotky ve vété, jsou postupné,
v libovolném poradi, vypousténa.

2. Redukéni komponenty (tvofené slovy, kterd mus{
byt redukovana v jednom kroku RA, aby se vy-
loucily negramatické, tedy nedplné tektograma-
tické reprezentace, viz prvni Pozndmku nize) jsou
zpracovavany v zavislosti na své funkci ve vété:

(a) Pokud ‘hlava’ redukéni komponenty ne-
napliiuje valenéni pozadavky (napf. pifvlastek
nebo pifvlastkovd véta), je celd redukéni kom-
ponenta vypusténa.

Pokud ‘hlava’ redukéni komponenty napliuje
valen¢ni pozadavky, potom:

(i) vSe az na ‘hlavu’ redukéni komponenty je
vypusténo;

(ii) polozka reprezentujici ‘hlavu’ redukéni
komponenty je zjednoduSena — vSechny sym-
boly pfislusné c¢tverice az na funktor jsou
vypustény; vysledkem takového zjednodusSeni
je polozka, kterou lze interpretovat jako repre-
zentaci nulové lexikalni realizace obligatorni
polozky, viz téz Poznamku vyse.

(b)

Poznamka: Redukéni komponenty jsou typicky
tvofeny bud  jednim v&tnym ¢lenem  (napf.
predlozkové skupiny, jako do Anglie), nebo lexikaln{
polozkou vyzadujici valenéni doplnéni a témito
doplnénimi, jako [my].ACT posleme Karla.PAT
domu.DIR3, viz [7].

Pozndmka: Uvedeny postup redukei odrazi skutecnost,
ze urcité slovo je zavislé na jiném slové, pokud je vzdy
vypusténo diive; slova jsou navzajem nezavisla, pokud
je lze vypoustét v libovolném potradi, viz [7].

Vrafme se tedy k vété (1) — podivame se na po-
stupné urcovani jeji zavislostni struktury.



— (3 kroky)
Karla KareLNNMS4  Obj
[my]. ACT_t
planujeme planovat.VB-P- Pred pldnovat.PRED.Frl_f
Karel PAT ¢
[my]. ACT_t
poslat poslat.Vf- - - Obj poslat.PAT.Fr2_f
do do.RR- - 2 AuxP
Anglie Anglie NNFS2 Adv  Anglie. DIR3.basic_f
- - - AuxK

Obrazek 2. Reprezentace véty (1) po t¥ech krocich RA.

Priklad:

(1) Naseho Karla pldnujeme poslat na pristi rok
do Anglie.

V prvnich krocich muzeme v libovolném potadi re-
dukovat slova naseho a pristi — vysledna reprezentace
je gramatickd, tato slova nezaplnuji zadné valenéni
pozadavky a jsou vzajemné nezavisld. V dalsim kroku
lze redukovat predlozkovou skupinu na rok — jde opét
o volné doplnéni, jeho vypusténim neporusime tplnost
véty.

Je ziejmé, ze stejné dobfe jsme mohli redukovat
slovo naseho az po vypusténi predlozkové skupiny na
rok (jde o vzdjemné nezdvisld slova); naproti tomu
predlozkovou skupinu na rok nelze redukovat diive

v

nez slovo pristi, je tedy jeho fidicim ¢lenem.

*Naseho Karla pldnujeme poslat na pristi do
Anglie.

Po tfech krocich RA tedy ziskame zjednodusSenou
vétu (2), jejiz reprezentace je na obrdzku 2.

(2)

Tuto vétu jiz nelze zjednodusit prostym vy-
pousténim, aniz bychom porusili principy RA
(konkrétné zachovani uplnosti véty):

Karla planujeme poslat do Anglie.

*Karla planujeme poslat.
*Karla planujeme do Anglie.
*Karla poslat do Anglie.
*Planujeme poslat do Anglie.

Podivame-li se na lexikdlni obsazeni véty (2),
zjistime, ze sloveso poslat mé (v tomto vyznamu) tii
valenéni doplnéni, ‘kdo’, aktor (ACT), posild ‘koho’,
patient (PAT) ‘kam’, smér (DIR3); sloveso pldnovat
mé dvé valen¢n{ doplnéni, ‘kdo, aktor (ACT), pldnuje
‘co/inf’, patient (PAT). Sloveso v infinitivnim tvaru
poslat tedy tvoil se svymi doplnénimi [my].ACT,
Karla.PAT a do Anglie. DIR3 redukéni komponentu,
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[my]. ACT_t
pldnujeme pldanovat.VB-P- Pred pldanovat.PRED.Frl._f
[ ].PAT.f
- - - AuxK

Obrazek 3. Reprezentace véty (1) po redukei komponenty
[my] Karla poslat do Anglie.

jejiz je ‘hlavou’; tato ‘hlava’ pak zapliuje valenéni
pozadavek slovesa planovat.

Postupujeme tedy podle bodu 2b: (i) vypustime
valen¢ni doplnéni slovesa poslat, tedy ¢tvefice repre-
zentujici vstupni slova [my].ACT, Karla.PAT a do
Anglie DIR3; (ii) ¢tvefici reprezentujici sloveso po-
slat.PAT zjednodusime — vypustime vSechny symboly
az na funktor PAT. Vyslednd reprezentace takto zjed-
nodusené véty je na obrazku 3.

Tato reprezentace tvoii zakladni predikaéni struk-
turu (jde o Fidici sloveso nezavislé slovesné klauze
a jeho valenén{ doplnéni), redukéni analyza tedy konéi.
Véta (1) je postupné zredukovana tak, ze kazdou re-
dukci ziskame spravné utvofenou véta jazyka, pficemz
ta posledni nelze déle redukovat.

Redukéni analyzu, kterou jsme zde ukédzali na
ptikladu konkrétni véty, 1ze formalné modelovat po-
moci restartovacich automatu, kterym je vénovan
nasledujici oddil.

4 Restartovaci automaty a FGP

V této ¢asti postupné v nékolika oddilech zavadime
formalni model redukéni analyzy FGP a popisujeme
jeho vlastnosti.

V prvnim oddile jsou zavedeny jednoduché re-
startovaci automaty (sRL-automaty), které slouzi jako
vychozi pojem. Tam jsou zavedena i tzv. meta-
instrukce, slouzici k prehlednému zapisu restarto-
vacich automatu a jejich postupnému budovani po
nezavislych krocich. Tento model restartovaciho auto-
matu jsme vybrali hlavné proto, ze 1ze upravit tak, aby
byl schopen stavét z vypousténych symbolu zavislostni
struktury.

Druhy oddil zavadi automaty typu Fp; jako
specialni piipad sRL-automatu. Jejich pomoci se po-
stupné zavadeéji nasledujici zdkladni pojmy pro auto-
mat M g7 typu Fyr:

— charakteristicky jazyk Lo(Mg7);

— Ctyfi formalni jazyky reprezentujici jednotlivé ro-
viny FGP, pficemz jazyky reprezentujici prvni
a posledni rovinu odpovidaji po fadé jazyku
spravné utvofenych vét LC a jazyku tektograma-
tickych reprezentaci LM z kapitoly 1;

— prekladovy jazyk Los(M g7);
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— charakteristickou relaci SH(M g7);

— SH-syntézu, kterd piedstavuje FGP jako genera-
tivni zafizeni, tedy v jeho puvodni 1loze;

— SH-analgzu, kterd plni dlohu syntakticko-
sémantické analyzy realizované na zakladée FGP.

4.1 t-sRL-automat

Nejprve popiSeme neforméalné restartovaci automat,
ktery vyuzivame k modelovani RA. Tento oddil je
adaptaci kapitoly definic z [11].

Jednoduchy — RL-automat  (sRL-automat) M
je (v obecném pifpadé) nedeterministicky stroj
s konec¢né stavovou Fidici jednotkou (mnozinu
stavi oznaCujeme @), koneénym charakteristickym
slovnikem X' a pracovni hlavou se schopnosti ¢ist
a pracovat pravé s jednim symbolem, ktera operuje na
pruzné pdsce (seznamu) ohranic¢ené levou zarazkou ¢
a pravou zarazkou $, viz obrézek 4.

[¢]alalbla]b]b]b]alb]a]$]

Obrazek 4. Restartovaci automat.

Pro vstupni vétu w € X* je vstupnim zapisem
na pésce ¢cw$. M zacéind vypocet ve svém startovnim
stavu gy s hlavou na levém konci pasky, ve vyhledu
ma levou zardzkou ¢. Automat M muze provadét
nésledujici kroky (viz téz obrazek 5):

— posuny doprava a posuny doleva — posouvaji hlavu
o jednu pozici doprava, resp. doleva a urcuji
nésledny stav;

— wypoustéci kroky — vypoustéji symbol pod pracovni
hlavou, urcuji nasledny stav a posunuji hlavu na
pravého souseda vypusténého symbolu.

Na pravém konci pasky se M bud zastavi a ohldsi
prigmuti, nebo se zastavi a ohlasi odmitnuti, nebo re-
startuje, coz znamena, ze premisti hlavu na levy ko-
nec pasky a prepne se znovu do startovniho stavu
(obrazek 6). Pozadujeme, aby M pied kazdym restar-
tem a mezi kazdymi dvéma restarty provedl alespon
jedno vypusténi.

Pokra¢ujme ponékud formélnéji a presnéji. Jedno-
duchy RL-automat je Sestice M = (Q,X,d,qp,¢,$),
kde:

| g |
~
— posun doprava ' o '
- posun doleva ' . __'
- vypusténi ' G L
|
@
— restart

Obrazek 5. Operace.

[ L)

Obrazek 6. Vyznamné konfigurace.

— restartovaci konfigurace

—  prijimaci konfigurace

— @ je kone¢nd mnozina stavu;

— X je koneény slovnik (charakteristicky slovnik);

— ¢, $ jsou zardzky, {¢, $} nepatii do X;

— qp z @ je startovacim stavem,;

— § je prechodovou relaci ~ kone¢nou mnozinou in-
strukel tvaru: (¢,a) — um(p,Op), kde ¢,p jsou
stavy z @, a je symbol ze Y| a Op je operace, kde
jednotlivé operace odpovidaji jednotlivym typum
kroku (posun doprava, posun doleva, vypusténi,
prijiméni, odmitdni, a restart).

Konfigurace jednoduchého restartovactho auto-
matu M je fetéz agB, kde ¢ € @, a bud a = A
apefct X" {8}, neboa e {c}-X*apBe X {$};
zde ¢ reprezentuje momentalni stav, a8 je momentalni
obsah péasky a rozumi se, ze hlava ¢te prvni sym-
bol (slovo, token) z (. Konfigurace tvaru gocw$ je
nazyvana restartovaci konfiguract.

Povsimnéme si, ze libovolny vypocet M se sklada
z fazi. Féaze, zvana cyklus, za¢ina restartovaci konfigu-
raci, hlava provadi posuny a vypousti podle do chvile,
kdy je proveden restart, a kdy tedy nastane restarto-
vaci konfigurace. V piipadé, ze faze nekonéi restartem,
nazyvame ji koncovkou, nebot nutné konéi zastavenim.
Pozadujeme, aby kazdy cyklus automatu M provedl
alespori jedno vypusténi — tedy kazda novéa faze zacina
na jednodus§$im fetézu nez ta predchozi. Pouzivame
notaci u F ©); v pro oznaceni cyklu M, ktery zac¢ina
v restartovaci konfiguraci qpcu$ a konéi restartovact
konfiguraci ¢gev$; relace - ¢y je reflexivnim a tran-
sitivnim uzdvérem F ¢ps. Par RS(M) := ((2)*,F “n)
nazyvame redukénim systémem indukovanym automa-
tem M.



Retéz w € X* je prijimdn pomoci M, pokud
existuje prijimaci vypocet startujici z pocatecni
konfigurace qpew$. Jako charakteristicky jazyk
Lo (M) oznacujeme jazyk sestavajici ze vSech fetézu
prijimanych pomoci M; tikdme, ze M rozpozndvd
(prigimd) jazyk Lo(M). Jako S¢(M) oznacujeme
jednoduchy jazyk prijimany pomoci M, ktery sestava
z Tetézu, které M prijimd pomoci vypocCtu bez
restartu (koncovkami). Snadno lze nahlédnout, ze
S¢(M) je reguldrnim podjazykem jazyka Lo (M).

Takovy sRL-automat M, ktery pouzivd nejvyse
t vypustén{ v jednom cyklu (¢ > 1) a zdroven libo-
volny fetéz z S ¢ (M) nemd vice nez t symbolu, budeme
nazyvat t-sRL-automatem. Symbolem t-sRL zna¢ime
tiidu vSech t-sRL-automatu.

V niasledujicim textu budeme pracovat jiz jen
s t-sRL-automaty.

Pozndamka: Takto definované t-sRL-automaty jsou
dvoucestné automaty, které dovoluji v kazdém cyklu
kontrolu celé véty pred provadénim zmén (vy-
pousténi). To piipomind chovéni lingvisty, ktery si
muze celou vétu precist jesté pred volbou (korektni)
redukce. Model automatu je zadmérné obecné ne-
deterministicky, aby mohl ménit pofadi redukénich
cykli. To slouzi jako nastroj pro verifikaci vzdjemné
nezavislosti nékterych ¢asti véty, viz ¢ast 3 o redukéni
analyze. Dalsim podstatnym rysem je skutec¢nost, ze
se omezujeme na praci s modelem, pro ktery existuje
prirozené c¢islo ¢t dominujici po¢tu vypusténi v cyklu
a velikosti pfijimaného neredukovatelného retézu. Ve-
likost ¢isla ¢ ddvé (hruby) horni odhad stupné valence
prislusného jazyka.

Podobné jako v [11] muzeme t-sRL-automaty po-
pisovat pomoci metainstrukci ve formé

(Q:'EO,(I],E],(ZQ,E27...,Es_17CLs,ES $) )
1<s<t,kde

— Ep,E;,..., E; jsoureguldrni jazyky (¢asto repre-
zentované reguldrnimi vyrazy) ...nazyvame je re-
gularnimi omezenimi téchto instrukei, a

— symboly aj,az,...,as € X odpovidaji sym-
bolum, které jsou vypustény automatem M béhem
ptislusného cyklu.

Vypocet pomoci M, fizeny touto metainstrukei,
startuje z konfigurace qgew$; vypocet zkolabuje (tedy
nebude ani pfijimacim vypoctem), pokud w nenf
mozno rozlozit do tvaru w = vga;vias - Vs_ 1AV
takového, ze v; € F; pro vechna i =0, ...,s. Na dru-
hou stranu, pokud w lze rozlozit do takového tvaru,
pak jeden z nich je vybran nedeterministicky a re-
startovaci konfigurace gpew$ je redukovdna do kon-
figurace tvaru gpevovy ---vs_ 10,8, Abychom popsali
prijimaci koncovky, pouzivame tzv. pfijimaci metain-

Funkéni generativni popis ... 11

strukee tvaru (¢ E-$, Accept), kde F je reguldrni jazyk
(v nasem piipadé dokonce konecny).

Priklad: Necht ¢t > 1 a mnecht Lg, =
{cowcsweg---ci—yw | w € {a,b}*}. Pro tento
jazyk sestrojime t¢-RL-automat M; se slovnikem
Yy = {607017"'7015—1} U 207 kde 20 = {a7b}7
pomoci nésledujici sady metainstrukei:

'720*'Ct—15a720*'$)7
X0 1,0, 50" - 8),

(¢co,a,Xp* -ci,a, X% - co,..
(eco,b, X" -c1,b, X" - ca,..
(ecocyq ... ci— 18, Accept).

Snadno nahlédneme, ze plat{ L(M;) = Lp,.

Povsimnéte si nésledujicich vlastnosti restarto-
vacich automati, které hraji dulezitou roli v nasi apli-
kaci restartovacich automatu..

Definice: (Vlastnost zachovdni chyby)
Rikame, ze t-sRL-automat M zachovdvd chybu pokud
u ¢ Lo(M) aubk ¢y vimplikuje, ze v € Lo (M).

Definice: (Vlastnost zachovdni korektnosti)
Rikéme, ze t-sRL-automat M zachovdvd korektnost po-
kudu € Lo(M)au b €y vimplikuje, ze v € Lo (M).

Je celkem ziejmé, ze kazdy t-sRL-automat za-
chovava chybu a 7ze vsechny determi-
nistické t-sRL-automaty zachovavaji korektnost. Na
druhé strané lze snadno zkonstruovat ptiklady nede-
terministickych ¢-sRL-automatt nezachovavajicich ko-
rektnost.

4.2 Formalni ramec redukéni analyzy a jeho
vlastnosti

V tomto oddile vyuzijeme pojmy ptfedchoziho oddilu
a zavedeme forméln{ rdmec redukéni analyzy pro FGP,
ktery budeme oznacovat Fy;.

Jako automat typu Fp; budeme oznacovat ta-
kovy t-sRL-automat M g7, ktery zachovava korek-
nost a jehoz charakteristicky slovnik X' je sestaven
ze C¢tyl podslovniku Xy, ..., Y3. Pozadujeme pfitom,
aby v kazdém cyklu M y7 byl vypustén alespon jeden
symbol z kazdého jeho podslovniku Xy, ..., Y.

Automat M y7 je obvykle popisovan pomoci meta-
instrukei.

Pozndmky: Kazdy z podslovniku Xy, ..., X' g reprezen-
tuje jednu rovinu FGP, viz oddil 1.

Zachovavani korektnosti u My, mé zajisfovat
vérnou simulaci lingvisty provadéjictho redukéni
analyzu. Podobné jako lingvista by automat M yy
nemél béhem redukéni analyzy délat chyby. Pokud je
tomu jinak, je néco Spatné, napf. je $patné navrzen
charakteristicky jazyk. Tuto situaci je mozné vylepsit
napfiiklad priddnim novych metakategorii (tedy sym-
bolu z jiné roviny nez nulté) nebo novych metain-
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strukci. Vlastnosti, které zarucuji zachovani korek-
nosti, 1ze pfitom formulovat tak, aby je bylo mozno
automaticky testovat (a tedy s vyhodou vyuzivat pii
ladén{ FGP).

Dulezity pozadavek na vypusSténi nejméné jed-
noho symbolu z kazdého podslovniku v kazdém cyklu
(coz odpovidé redukei vzdy celé Gtvefice, piip. obou
Ctvefic reprezentujicich (povrchové) slovo v jediném
kroku RA, viz oddil 3.2) reprezentuje pozadavek na
zobecnénou lexikalizaci FGP.

Pojmy L¢o(Myy), charakteristického jazyka auto-
matu M g7, a S (M py), jednoduchého jazyka automa-
tu M g7, prebirdme z predchoziho oddilu. Odvodime
z nich nékolik dalgich dulezitych pojmu.

Jako prvni zavadime pojem redukéniho systému
daného automatem M p7, budeme znacit RS(M y7),
jako nésledujici pétici :

RS(M07) = (E*,}_ CMU7,Sc(M07),Eg,.. .723)

Redukéni systém (automatu M ) formalizuje pojem
redukéni analyzy FGP algebraickym, neprocedurdlnim
zpusobem, tedy ve stylu tzv. analytickych modelu,
viz [9]. Povsimnéme si, Ze pro kazdy fetézec symbolu
w € X* plati, ze w € Lg(Myy), pravé kdyz pro
néjaky fetéz v € Sc(Mgy) plati w F € y,,v (tedy
véta w patii do charakteristického jazyka automa-
tu M g7, pravé kdyz ji 1ze redukovat na vétu v z jed-
noduchého jazyka automatu M 7).

Pozndmka: Redukéni systémy jsou z lingvistického
hlediska dulezité. Dovoluji formulovat vlastnosti
spolecné pro konecné preklady a jazyky (typicky ndm
jde o kone¢nd pozorovéni o pfirozenych jazycich) a ne-
konecné formalni preklady a jazyky. Pomoci takovych
vlastnosti se snazime matematickym zpusobem bu-
dovat uziteéné taxonomie, prevazné ve formé hie-
rarchif. Zajimavé jsou zde zejména spolecné vlast-
nosti kone¢nych a nekonecénych ptekladu, které by
charakterizovaly jistd zjemnéni Chomského hierar-
chie a piipadné vypovidaly néco zajimavého z hle-
diska Casové ¢i prostorové slozitosti prekladu. Vétsina
vlastnosti restartovacich automatu, které studujeme,
jsou omezeni vypozorovand z vlastnosti kone¢nych re-
dukénich systému vytvorenych na zakladé redukéni
analyzy ceskych vét. To nam pripadd v dobé velkého
rozvoje jazykovych korpusu zajimavé a uzitecné.

Jazykem j-té roviny rozpozndvané pomoci M g7,
kde 0 < j < 3, je mnozina vSech vét (Fetézu), které lze
ziskat z fetézu z Lo (M p7) odstranénim vsech symbola
nepatficich do X;. Tento jazyk oznacime L;(M g7).
Je ziejmé, ze Ly (M g7) reprezentuje mnozinu spravné
utvorenych vét LC definovanou pomoci M y7; podobné
je Lg(M y7) je jazykem tektogrammatickych reprezen-
taci LM definovanym pomoci M 7 (viz ¢ést 1, jde
o obdobu definic z oddilu 2.1).

Prekladovym jazykem rozpozndvangm pomoci M g7
je mnozina vSech Fetéziu, které lze ziskat z fetézu
z Lo(Myy) odstranénim vSech symbolu nepatiicich
do Xy nebo do X'3. Tento jazyk oznaéime Lz (M 7).
(Jde tedy o paralelu k prekladovému jazyku L;o(G)
z odd{lu 2.1.)

Nyni muzeme definovat charakteristickou relaci
SH(M y7) danou automatem M g7

SH(Mo7) = {(u,y) | v € Lo(Mo7) & y €
L3(Myy) & FJw € Lo(Mpy) takové, ze a u vzniklo z w
vypusténim symbola nepatiicich do X'y a y vzniklo z w
vypusténim symbolu nepatiicich do X'g}.

Vidime, ze charakteristickd relace je formalnim
prekladem. V pfipomenme si, ze v kazdém cyklu se
pii redukéni analyze vypousti z kazdé roviny zhruba
stejné symbolu (az na malou multiplikativn{ kon-
stantu). Odtud lze vydedukovat, ze jazyky Lgs(M p7),
Lo(My7) a Lg(M g7) patii do tiidy 1 (kontextovych)
Chomského hierarchie jazyku. Tedy SH(M p7) je kon-
textovym prekladem z kontextového jazyka do kontex-
tového jazyka.

Poznamka: Charakteristickd relace reprezentuje
dulezité vztahy v popisu pfirozeného jazyka, vztahy
synonymie a homonymie (viceznacnosti) pfirozeného
jazyka L. Jinak FeCeno, reprezentuje pieklad z jazyka
spravné utvotrenych vét LC do tektogramatického ja-
zyka LM a naopak. Z charakteristické relace odvodime
zbyvajici dulezité pojmy, pojmy analyzy a syntézy.

Pro libovolné y € Lg(My7) (tedy tektogramatic-
kou reprezentaci z LM) zavddime SH-syntézu pomoct
M p7 jako mnozinu dvojic (u, y) patiicich do SH(M g7).
Formalneé:

synt-SH(M p7,y) = {(w,y) | (u,y) € SH(Mp7)}

SH-syntéza spojuje tektogramatickou reprezentaci
(tetéz y z LM) se vSemi ji odpovidajicimi vétami
u patiicimi do LC. Tento pojem dovoluje kontro-
lovat synonymii a jeji stupen, tak jak ji zachy-
cuje automat M yy. Lingvistickym zdmérem je po-
stupné snizovat stupen synonymie zachycené automa-
tem M p7 pomoci postupného zjemnovani M ;.

Na zavér zavadime dudlni pojem k SH-syntéze, po-
jem SH-analyzy retézu u pomoci M g7 :

anal-SH(M p7,u) = {(u,y) | (u,y) € SH(M)}

SH-analyza vraci pro danou vétu u vSechny jeji
tektogramatické reprezentace, tedy dovoluje kont-
rolovat vicezna¢nost jednotlivych povrchovych vét.
Tento pojem déva formalni definici tkolu uplné
syntakticko-sémantické analyzy zadané pomoci M p5.
Lingvistickym tkolem je postupné zjemnovat M g7
se zvlastnim ohledem na adekvatni zachyceni
viceznac¢nosti vét.



V tomto oddile jsme predstavili Fy, jako vhodny
formalni model pro redukéni analyzu se ¢tyfmi ro-
vinami symbolu. Ukazali jsme také, ze Fy, spliuje
zakladni pozadavky na formalni ramec pro FGP.
V nasledujim oddile nazna¢ime moznosti pro stu-
dium jeho sily. Ukazeme, ze formalni ramec Fy, dava
fadu moznost{ jak formulovat omezeni (¢i naopak roz-
volnéni) jejich rozliSovaci sily.

4.3 Poznamky o rozliSovaci sile a slozitosti
automatu typu Fgy;

Automat My, typu Fyr je mozno budovat po-
stupné podle slozitosti lingvistickych jeva. Mg, je
stavbou, kterd roste postupnym piiddvanim metain-
strukci. Pripomenme jesté, ze M g7 ma dodrzovat ko-
reknost. Zhruba naznaé¢ime, jak je mozné postupovat.
Nejprve se vkladaji pfijimaci metainstrukce. Ty au-
tomaticky zachovavaji korektnost. Pak se postupné
pridavaji redukéni instrukce, které lze pouzit pii re-
dukéni analyze difve nez instrukee jiz vlozené. Pokud
néjaké pouziti instrukce neni korektni, bud’ opravime
uvazovanou instrukci nebo pfiddme jednu nebo vice
instrukei, které upravi jeji nekorektni kroky na kroky
korektni (nekorektnimi kroky jsou minény kroky ve-
douci k zastaveni automatu v nepfijimaci konfigu-
raci v pripadé, kdy jinad vétev vypoctu nad stejnou
vétou vede k jejimu prijeti). Lze predpokladat, ze ta-
kovyto model je mozné ladit snadnéji nez model ze
sedmdesatych let. Budeme se snazit tento predpoklad
podpoftit exaktnim (slozitostnim) vyzkumem.

Velikost ¢i momentdalni velikost M p7 muzeme mérit
pomoci poctu metainstrukci. Domnivame se, ze ne-
bude tézké ukézat na zakladé préce [11], Ze rozliSovact
sila automatt typu Fy7 roste s povolenym poctem me-
tainstrukei.

Ocekava se, ze Myy se bude postupné budovat
od metainstrukei pro jednoduché jazykové jevy a ze
postupné se bude prechazet k metainstrukeim pro
slozitéjsi jevy. Zminme zde moznosti, jak lze charak-
terizovat silu M y7 v jednotlivych fazich jeho naplnéni
a jak formulovat pozadavky na jeho ocekavanou silu,
s ohledem na pldnované zpracovani jazykovych jevi.

Prvnim typem charakteristiky je omezeni na
pocet vypousténi pomoci jednotlivych metainstrukei.
Z prace [11] vyplyvd, ze rozlisovaci sila automatu
typu Fyp; s timto omezenim roste. Podobné je to
s dalsimi omezenimi pro restartovaci automaty, jako
je napft. vicenasobna monotonie, které byly studovany
pro formalni jazyky. Staci se v tomto smyslu ohlédnout
na prace uvefejnéné jiz diive na této konferenci
(ITAT), jako napt. [19].

Timto zpusobem ziskdvdme fadu pojmu, které
nam umozni formulovat, které tiidy jazykovych jevua
jsou jiz do automatu reprezentujictho FGP zahr-
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nuty a na kterych je tfeba jesté pracovat. Mo-
mentalné je napf. zjevné, ze je jesté dosti prace
na slozitéjsich slovoslednych a interpunkénich jevech,
a potom zejména na koordina¢nich a apozi¢nich ja-
zykovych konstrukcich, které jsme v tomto textu
nechavali zcela stranou.

5 Vyhledy a zavérec¢né poznamky

V blizkém budoucnu planujeme modelovat pomoci
restartovacich automatt i SH-syntézu a SH-analyzu.
Snadno nahlédneme, zZe tyto automaty budou muset
pouzivat nejen operaci vypousténi, ale i operace
piepisovani a pripisovani (i kdyZz jen omezenym
zpusobem). Budeme se snazit popisovat postupy, jak
prechazet od automatu typu F 7 popisujicich redukéni
analyzu k automatum modelujici SH-syntézu a hlavné
SH-analyzu. Domnivame se, Ze formdlni rdmec pro
FGP zachycujici redukéni analyzu usnadni i automa-
tizovany pfechod od FGP k dalsim zavaznym apli-
kacim, jako je napiiklad vyhledavéani a lokalizace gra-
matickych chyb v ¢eskych textech.

Ctenaf zbéhly v pocitacové lingvistice si jisté jiz
diive povsiml, ze pouziti formdalniho prekladu jako
aparatu pro vyjadieni rozliSovaci relace je typické
pro FGP. Domnivame se, ze tato volba Petra Sgalla
a jeho spolupracovnikii ze Sedesatych let byla stastna.
Umoznuje pruhlednym zpusobem ptenaset lingvistické
problémy do teorie automatu a formélnich jazyku
a exaktnim zpusobem formulovat jejich feSeni. Nagi
snahou je i nadéle této techniky vyuzivat. Nebudeme
pritom zanedbdvat ani techniky zachycujici rozlisovaci
relace slozitéji strukturovanymi prostiedky.
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Abstract. The formal semantics of XQuery 1.0,
XPath 2.0, and XSLT 2.0 relies on sequences as the only
compound data type assigned to all variables and expres-
sions throughout the execution. Since concatenation of se-
quences is not commutative, it is difficult to reorder the
operations during static optimization or to parallelize their
execution. In this paper, we suggest enriching the execu-
tion model with several types that carry less information
than sequences and whose operations are easier to opti-
mize and to evaluate. Various XQuery operators and
XSLT instructions access their operands in different ways;
backward propagation of the usage information allows using
weaker types for variables and expressions. Thus, the exe-
cution cost of an XQuery/XSLT program may be reduced
in both time and space and more sophisticated methods of
static optimization or parallelization become available.

1 Introduction

With the introduction of XPath 2.0 [11] and its com-
panions XQuery 1.0 [12] and XSLT 2.0 [13], the uni-
verse in which their expressions are evaluated was
enlarged. Instead of separated universes of input node
sets, output tree fragments, and atomic values, uni-
versal sequences were introduced that may contain
arbitrary mixture of atomic values and input, tem-
poral, or output nodes. Although this change unified
the semantics and improved the expressing power of
the languages, it brought difficulties to the implemen-
tation. Moreover, real-life queries and transformations
usually do not intensively mix values of different kinds;
therefore, the cost of the implementation is concen-
trated in the handling of corner cases that are quite
rare.

The unified sequence-based universe does not fit
into the mathematical models used to reason about
XML traversals, queries, and transformations. The
most often used models [5] of XPath expressions,
including monadic second order (MSO) logic [4],
automata [2] or attribute grammars [1], are well-suited
for queries that select sets of nodes or transform
unordered trees.

Of course, newer methods dealing with XML
Query are aware of mixed sequences. For instance,

* Project of the program “Information society” of the
Thematic program II of the National research program
of the Czech Republic, No. 1IET100300419

in [7], an extensive theoretical framework is developed.
Nevertheless, there is a gap between the older, so-
phisticated methods focused on a fragment of the lan-
guage [9, 8], and the unlimited universal frameworks.
Therefore, older optimized evaluation methods are not
directly applicable to the current languages. This
problem is not only academical — 18 months after the
first Call for Implementations by W3C [10], only a few
of production-quality XPath or XSLT engines was suc-
cesfully upgraded to the version 2.0 of these languages.

In this paper, we suggest to return back to the
node-set based evaluation whenever possible. We de-
fine a hierarchy of modes of evaluation, ranging from
the canonical sequence-based evaluation through node
sets to atomic values. In most parts of real-life pro-
grams, the required evaluation mode may be reduced
to node-set mode or atomic-value-sequence mode.
Thus, the evaluation cost is diminished and some of
the algorithms devised for XPath 1.0 may be applied
to portions of XPath 2.0 programs.

Special care is dedicated to two difficult areas of
XQuery and XSLT: Constructors and effective boolean
value. Constructors are expressions that create new
nodes with new identity; thus, violating the functional
character of the language. Effective boolean value is
a concept of implicit conversion, distorted by its back-
ward compatibility.

Since the XSLT and XQuery are related languages
and the translation from XSLT to XQuery is known
(see [3]), the approach applies also to XSLT. Of course,
it may be also applied to stand-alone XPath 2.0
environments. In this paper, we describe only the core
of the languages and rely on the conversion of other
features to the core, as shown for instance in [6].

The rest of the paper is organized as follows: First,
the evaluation modes are defined and the behavior
of important operators with respect to the modes is
shown. As a justification of the approach, the section 4
defines the semantics of selected XQuery operators,
based on the set-theoretic building blocks defined in
section 3. This alternative definition provides a back-
ground for the evaluation modes and also for further
optimizations not described in this paper.
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mode |sequential set navigation children atomic boolean
seq-NA ° . . . ° °
seq-TA ) ° ° ° °
seq-A ° ° ° .
set-A . °
seq-N ° °
set-N °
XEBV

Table 1. Evaluation modes and their capabilities.

2 Evaluation modes

Table 1 shows the list of evaluation modes defined by
our method together with their capabilities. XQuery
operators access various facets of their operands:

Sequential enumeration of the items in the stored
order

Set membership test

Navigation to ancestors, descendants or siblings;
comparisons based on node identity and document
order

Children - enumeration of children and their descen-
dants

Atomic value

Boolean - extraction of effective boolean value

The seven defined modes are partially ordered by
the inclusion of their capabilities; the resulting hierar-
chy is shown in Fig. 1. The behavior of some operators
make use of suprema wrt. the partial order.

XEBV mode (extended effective boolean value) is
a five-valued logic representing the five conditions dis-
tinguished in the definition of effective boolean
value [11]:

empty — empty sequence

false — singleton atomic value that converts to false
true - singleton atomic value that converts to true
node — non-empty sequence beginning with node

s2-NA

40

Seg-

XEBV

Fig. 1. Mode hierarchy.

error —sequence of two or more items, beginning with
atomic value

The conversion of a sequence to boolean value is
now performed in two steps: Conversion of the
sequence to the XEBV mode and final conversion to
boolean (when empty is converted to false and node is
converted to true). The five values are selected so that
the conversion to the XEBV mode may be distributed
inside the sequence (comma) operator, as shown
in Table 2. After the distribution, the evaluation of
comma, operators is trivial; moreover, their operands
may be evaluated in reduced mode since they are
immediately converted to the XEBV mode.

a,b
empty|empty false true node error
false | false error error error error
true | true error error error error
node | node node node node node
€ITOr | error error error error error

empty false true node error

Table 2. Sequence operator in XEBV mode.

Table 3 shows the mode behavior for impor-
tant operators: When an operator is evaluated in mode
m, the table defines the modes in which the operands
shall be evaluated. The for and filter expressions form
scopes in which an explicit or implicit (. or current)
variable is defined. Therefore, their mode behavior de-
pends on the supreme of modes (Myqr 0 Meyrrent,
respectively) in which the variable is evaluated. The
behavior is described in tables 4 and 5.

operator in mode m operand operand mode
element constructor content seq-TA
for-expression |return-expression m
for-expression in-expression see Table 4
filter-expression condition XEBV
filter-expression |filtered expression| see Table 5
axis step context set-N
atomization seq-A
sequence both m

Table 3. Mode behavior of important operators.

3 Value models

The XML Path language defines primitive atomic
types, such as xs:integer or xs:string. Our method
is not limited to a particular collection of types,
although some of these types play special role in the
method. We will denote the sets (carriers) of their
values Winteger, Witring, etc. We assume total orders
<integer, <string, €bC. on the carriers.



m sup(Myar) Min
seq-any seq-NA seq-NA
seq-any seq-TA, XEBV |seq-TA
seq-any seq-A, set-A | seq-A
seq-any seq-N, set-N | seq-N
seq-any 0 seq-TA
set-any seq-NA seq-NA
set-any seq-TA, XEBV |seq-TA
set-any seq-A, set-A | set-A
set-any seq-N, set-N | set-N
set-any 0 seq-TA
XEBV seq-NA seq-NA
XEBV seq-TA, XEBV|seq-TA
XEBV  seqg-A, set-A | seq-A
XEBV  seqg-N, set-N | set-N
XEBV 0 seq-TA

for Xyar in Xin return X,

Table 4. Determination of in-expression mode.

m Sup(Mcur'rent) Mexpr
seq-NA any seq-NA
seq-TA seq-NA, seq-N, set-IN seq-NA
seq-TA seq-TA, seq-A, set-A, XEBV|seq-TA
seq-TA 0 seq-TA
seq-A seq-NA, seq-N, set-IN seq-NA
seq-A seq-TA, XEBV seq-TA
seq-A seq-A, set-A seq-A
seq-A 0 seq-A

set-A seq-NA, seq-N, set-N seq-NA
set-A seq-TA, seq-A, set-A, XEBV/| set-A
set-A 0 set-A
seq-N seq-NA seq-NA
seq-N seq-N, set-N seq-N
seq-N seq-TA, seq-A, set-A, XEBV|seq-TA
seq-N 1] seq-N
set-N seq-NA seq-NA
set-N seq-N, set-N set-N
set-N seq-TA, seq-A, set-A, XEBV|seq-TA
set-N 0 set-N
XEBV seq-NA seq-NA
XEBV seq-N, set-N set-N
XEBYV seq-TA, seq-A, set-A, XEBV [seq-TA
XEBV 0 XEBV

Xesz [ Xfilter ]

Table 5. Determination of filtered expression mode.

For simplicity, we assume that the carriers are pair-
wise disjoint. Then, we can define universal atomic
carrier as

Watomic = integer ) Wstring U...
The union of total orders on particular types form
a partial order <gtomic ON Watomic-
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To keep track of the execution of an XML Query
or XSLT program (or the evaluation of an XML Path
expression), an alphabet of markers Wi, arker is used.
Markers are attached to positions in the program (or
the expression), i.e. to functions, templates, XSLT
instructions and some XML Path subexpressions. For
a particular program, the set of used markers is finite,
proportional to the size of the program. To cover all
programs, the alphabet W, 4,k must be infinite.

The same alphabet of markers is also used to label
edges of input documents (see below).

In the most general case, an XML Path expression
produces a sequence of items from some universe W.
A sequence s may be modeled by a mapping s: Ss—W,
where S, is a finite totally ordered set. In our ap-
proach, Sy is a finite set of words over an alphabet X,
ordered by the lexicographic order induced by a total
order on .

This approach is further extended to encode
unranked ordered trees: Assume a prefixless language
Legge C X%, ie. a,ab € Legge = b = A. To encode
a tree, each edge is labeled with a word in L¢g4g. so that
sibling edges have different labels and that the order
of edges in the tree corresponds to the lexicographic
order of their labels. Then, each node in the tree is
uniquely identified by the concatenation of edge labels
along the path from the root to the node; we will call
the resulting word the branch of the node. Moreover,
the set of branches of all nodes is sufficient to encode
the tree.

The branch alphabet Y contains atomic types,
execution markers, and two special symbols — brackets:

Y= Watomic ) Wmarker U {[, ]}

Of course, we assume that the three sets are pairwise
disjoint. The brackets are used to define the prefixless
language of edge labels: Lcgge is the smallest subset
of X* such that

[(Watomic U Wmarker U Ledge)*] - Ledge

Thus, each edge label is a sequence of atomic values,
markers, or other edge labels, enclosed in a pair of
brackets.

Consequently, branch is a word in

*
Lbranch = Ledge

A finite set B C Lpranen, €ncodes a tree, if and only if,
for each a, b,

ab€ BAbE Legge =a € B

When encoding sequences the

following domain is used:

as mappings,

Lseq = (Watomic ) Wmark:er U Ledge>*
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To distinguish trees created during the execution of
a program, the same domain is used under new name
Lipee = Lseq~

The elements and attributes of output documents
and temporary trees have names from the name uni-
verse Wyame. In most cases, these names are
explicitly stated in the program, as a part of XML
Query constructors or corresponding XSLT instruc-
tions. In general, the names may be arbitrary strings
(or QName’s) generated during the execution.

The property universe corresponds to the proper-
ties that may be attached to a node:

Wprop = Watomic U Wname U (Wname X Watomic)

For simplicity, we assume that the three unioned sets
are pairwise disjoint. The first set is used to store the
values of text nodes or stand-alone atomic values, the
second to store the names of element nodes, and the
third to pair attributes with their values.

XML Query and XSLT languages allow construc-
tion of new nodes wusing constructor expressions
or instructions. The presence of constructors violates
functional character of the language: Each invocation
of a constructor generates a node with new identity;
thus, two invocations return different values even if
invoked with the same arguments. Thus, constructors
and functions containing them are not pure functions.
Fortunately, this impurity may be removed by the fol-
lowing method:

As defined in the language specification, each invo-
cation of a constructor creates a new tree by creating
a new root node and copying the nodes of the con-
tent. This tree will never be altered or joined with
other nodes during its lifetime. Therefore, to handle
the identity of nodes, it is sufficient to handle the iden-
tity of trees — whenever a constructor is invoked, the
whole tree is assigned a unique string from Ly,.c. — the
tree identifier. Tree identifiers are explicitly generated
and distributed through the execution of the program
using additional parameters so that each constructor
receives a tree identifier corresponding to the dynamic
invocation path that lead from the start of the pro-
gram to the invocation of the constructor.

Furthermore, the node identity may play its role
only when the constructed tree is navigated by path
expressions, compared, or manipulated by set opera-
tors. In the most typical case, constructed trees are
used only in the contents of other constructors (or as
the final output of the transformation); in this case,
their identity is not relevant and their tree identifiers
are not needed. Our backward analysis method is able
to determine this situation and remove the request for
tree identifiers. After the analysis, there are two kinds
of constructors, plain and unique. Only the latter re-
ceive the tree identifiers and assign them to the trees.

4 Canonic sequence model

The formal semantics of the XPath states that each
expression evaluates to a sequence containing zero or
more items. Each item is either an atomic value or
a node. While an atomic value consist only of a single
value, a node carries more information:

— Several properties attached to the node (kind,
name, typed value, string value etc. as defined by
the XML standard)

— Node identity

— The whole tree which contains this node

In a sequence, several nodes may belong to the
same tree and it will not be wise to replicate the tree
with the nodes; therefore, our mathematical model
consists of two parts: An environment, containing the
trees, and a walue, containing the sequence of nodes
(as references to the trees) and atomic values. The
environment will be modeled by a TBV-set while the
sequence will be represented by an SATB-set, defined
below. Note that all the sets are actually partial map-
pings; nevertheless, we are rather using the word set
since they will be often manipulated by set operations.

TBV-set is a partial mapping

XTBV : Ltree X Lbranch - Wprop
TBV-set is called complete if, for each t, the set
B(t7XTBv) = {b|<t7b,’l)> S XTBV}

encodes a tree.
SATB-set is a partial mapping

XSA : Lseq - (Ltree X Lbranch U Watomic)

assuming that Liree X Lpranch and Watomic are disjoint.

In this section, the semantics of XPath and XQuery
operators and XSLT instructions will be expressed in
the SATB- and TBV-set model of sequences. First, we
define the model of the dynamic context as required by
the XPath language; then, we will show the semantics
of important operators.

The dynamic context consists of the following com-
ponents:

— The context item is represented by the pair
{cur, env), where

cur € Watomic U (Ltree X Lbranch)

is the atomic value of the context item or the
context node (identified by its tree identifier and
branch) and env is a TBV-set (the environment)
containing (at least) the tree to which the context
node belongs.



— The context position and context size are repre-
sented by the pair (pos, size) of atomic values.

— Each wariable wvalue is represented by a pair
(val,env), where wval is a SATB-set storing the
sequence and env is a TBV-set containing
the environment of trees for this sequence. For
variables declared by the for, some, and every
expressions, val is always a singleton.

Note that XML Path language defines more com-
ponents of the dynamic context like available docu-
ments or current date. We do not explicitly model
these components because they are constant during
the execution of the program.

Based on the presented representation, an XPath
function £($X1,...,$X,) will be modeled by the
pair of functions

valg(t,C, P, X1,...,X,)

envy(t,C, P, X1,...,Xy)

where t € L. 1s the tree identifier and
C = (cur,env), P = (pos, size), X; = (val;, env;)

The valy and envy functions return the value sequence
and the tree environment, respectively.
The semantics of concatenation operator

£f($X1,...,8X,) =

g($X1’ “ee ,$Xn) s h($X1’ L y$X7l)

is expressed by the following equations:
vals(t,C, P, Xq,. ..

= {{masg, vy)|

7Xn) =

(8g,09) € valy(t-mq,C, P, X1,...,X,)} U
U {(masn, vn)|
(Sh,vn) € valp(t-me,C, P, X1,...,Xpn)}

envy(t,C, P, X1,...,X,) =
=envy(t-m1,C, P, Xy,...,Xp)U
Uenuvp(t-me,C, P, X1,...,X,)

where my, ms are markers such that m; < ms.
The semantics of a for expression like

f($X1,...,$X,) =
for $X,,41 in g($Xy,...,$X,)
return h($Xy,...,$X,,$X,41)

is expressed by the following equations:

vals(t,C, P, X1, ...
= {(Isgllsn], vn)l
(8g,vq) € valg(t-m,C, P, X, ...

A (Sh,vn) € valp(t[sq], C, P, X1, ...

7Xn) =
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{{(N vg)}, envg(t-m,C, P, Xq, ...
envs(t,C, P, Xq,...,X,) =
= U{envh(t[sg], C,P,X1,...,Xn,
{(A\vg) },envg(t-m,C, P, X1,...,X,)))|
(8g,vq) € valy(t-m,C, P, Xy,...,Xp)}

, X))}

where m € Warker-
The semantics of a computed element constructor

£(8X1,...,8X,) =

element QName { g($Xi,...,$X,) }

is expressed by the following equations:

val(t,C, P, Xq,...,X,) =
={(\ ({6, A)}
envy(t,C, P, X1,...,X,) =

= {{t, A\, QName)} U
U{<t7 [Sg]bZaUgH
(8g, (tg,01)) € valy(t,C, P, Xy, ...
A (tg,biba,vg) € envy(t,C, P, X1, ...

aXn) A
s Xn)}

5 Conclusion

We have presented a method of backward analysis and
transformation that replaces the original XML Path
operators and XSLT instructions by operators of re-
duced strength. This replacement is justified by back-
ward analysis of the data flow.

For XQuery/XSLT programs containing no recur-
sive functions (as well as stand-alone XPath queries),
the application of the method is straightforward. How-
ever, under presence of recursive functions or tem-
plates, a more sophisticated algorithm is required.
Currently, a precise exponential algorithm and a poly-
nomial conservative approximation are known. Our fu-
ture work will be focused on finding an effective precise
algorithm for the recursive case.

There are two levels of benefits brought by the
strength reduction. First, when the transformed pro-
gram is interpreted directly in the canonical order,
the reduction diminishes both the time and space con-
sumption demands. Second, some of the reduced
operators are commutative; thus, transformations
based on reordering of their operands become avail-
able.

We have defined an alternative way of expressing
the values, based on sets of string tuples. In this rep-
resentation, sequence, for, and other major operators
are replaced by string manipulations and set unions.
Such a representation opens new options in analy-
sis and optimization, including the transformation to
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joins and parallel execution of the query, which is sub-
ject of our future work.
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Abstrakt Rovnako ako velkd cast XML dokumentov ne-
obsahugje definiciu pouZitej schémy, je mozZné ocakdvat, Ze
budi existovat aj RDF dokumenty bez RDF schémy alebo
ontoldgie. Pri prezentdcii tychto ddt pouZivatelovi s nimi
moZeme pracovat ¢isto ako so vSeobecngm ohodnotenym
orientovanym grafom a zdd se prirodzené ho prezentovat
vhodngym nakreslenim tohoto grafu. KedZe RDF ddta mézu
byt potencidlne velmi velké, zobrazovanie celého grafu je
prakticky nemozné. Graf preto vykreslujeme postupne poc-
nic vhodngm pociatoénym vrcholom. Pocas prehladdvania
ddt pritom poskytujeme pouZivatelovi moZnosti dal§ich
smerov navigdcie vdaka technike ’zlucovania vrcholov’, kto-
rd zdrover, Setri priestorové ndroky na vizualizdciu grafu.
Kombindciou vhodného nakreslenia a spdsobu mnavigdcie
ziskame ndstroj, vdaka ktorému moéZe pouZivatel nadobud-
nit predstavu o obsahu a Struktire ddt.

1 Uvod

Skusenosti z XML sveta ukazuji, Zze napriek tomu,
7e existuju pokrocilé prostriedky na definovanie pri-
pustnej struktary pre XML dokumenty (DTD, XML
schémy, ...), readlne XML dokumenty ¢asto bud tuto
definiciu nevyuZivaju alebo jej nezodpovedaju (nie si
validné) [7]. Je mozné, ze obdobna situicia nastane
aj pri RDF dokumentoch. Preto ma zmysel uvazovat
nad nastrojom, ktorym by bolo mozné preskumaéavat
obsah RDF dokumentu bez akejkol'vek znalosti o jeho
strukture. KedZe RDF data sa chapané ako oriento-
vany ohodnoteny graf, je prirodzené ponuknut pouZi-
vatelovi ich grafické znazornenie. Pri umozneni vhod-
nej navigacie v tomto grafe bude pouzivatel schopny
ziskat predstavu o skuto¢nom obsahu déat.

Praca s RDF datami prinasa niekolko problémov.

1. Data mozu by potenicalne velmi rozsiahle. V na-
som modelovom pripade méme k dispozicii graf
s miliénmi uzlov a desiatkami miliénov hran [3].
Zrejme preto neprichddza do tvahy ich stcéasné
zobrazenie, ale dokonca ani moZznost mat data pri
zobrazovani celé ulozené v paméti.

* Tato praca je ciastoCne podporovanid Grantom Uni-
verzity Komenského UK/359/2007 a Narodnim pro-
gramem vyzkumu (projekt Informac¢ni spolec¢nost
1ET100300419).

2. V datach sa budu pravdepodobne vyskytovat uzly
s velmi velkym stuptiom. Modelové data obsahuji
viacero uzlov so stupiiom radovo desat tisic a do-
konca jeden uzol, do ktorého vedie niekolko mi-
libnov hran. Pre takyto uzol si nemozeme dovolit
graficky zobrazovat vSetkych jeho susedov.

3. Pri préci s jednym uzlom je mozné jednoducho
pracovat s jeho bezprostrednym okolim. V bez-
nych pripadoch je moZné zvladnut aj prehladava-
nie vo vzdialenosti 2. VAcSie okolie uz moze pred-
stavovat potencialne prili§ velku ¢ast celého grafu.

4. Casto nastéva situacia, kedy z uzlu, ktory repre-
zentuje nejaky objekt, vychadzaji hrany reprezen-
tujice vlastnosti daného objektu. Takéto hrany
dalej nepokracuju. Vytvaraja teda hviezdu, kde
stredom hviezdy moze byt napriklad nejaka osoba
a vychadzajucimi hranami jej vlastnosti (meno,
datum narodenia, ...).

Pri navrhu algoritmu vizualizicie a navigécie sme
vychadzali zo skisenosti s tvorbou datoveho stohu [1].
Implementovana vizualizacia dat stohu (zndma pod
nazvom Tykadlo) bola napriek odlisnosti formatu dat
uzlov. Z datového stohu sme tiez ziskali rozsiahle RDF
data, ktoré vznikli zo skutoéného Zivota, takze sme si
mohli vytvorit predstavu o problémoch, s ktorymi sa
pri vizualizacii budeme stretavat.

Néstroj pre vizualizaciu RDF dét je vytvarany nad
infragtruktarou pre sémanticky web, ktord vznika na
MFF UK Praha [10].

2 Vizualizacia dat

Vizualizdcia dat je pre pouzivatelov dolezita najmi
z psychologického hladiska, kedze zrakovy vnem je pre
¢loveka vel'mi podstatny. Pondka sa v8ak nespocetné
mnoZzstvo moZnosti, ako sa data daju vizualizovat.
V oblasti kreslenia grafov sa za ’dobré’ nakreslenie po-
vazuje také, ktoré zachovava dobre meratelné kritéria
(plocha grafu, pocet kriZeni hran, pocet ohybov hran,
atd.). KedZze tieto kritéria nevychadzaja z redlnych ex-
perimentalnych dat [6], nie je z pohladu vizualizacie
dat situacia taka jednoznacni. Pojem ’pekna vizual-
izacia dat’ je navySe velmi subjektivny. Najmé v pri-
pade operéacii pri navigacii vo vizualizovanych datach
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sa vSak v poslednej dobe povazuje za klac¢ové zachova-
vanie mentalnej mapy, t.j. snaha o miniméalne zmeny v
pozicii vrcholov, ktorych sa operacia netyka. Zachova-
vanie mentalnej mapy v8ak prudko kontrastuje s mer-
atelnymi kritériami pre ’pekné’ nakreslenie a je preto
dolezité najst vhodny kompromis.

Pri vizualizacii RDF dat bez znalosti RDF schémy
alebo ontolégie ziskdvame ohodnoteny orientovany
graf. Velkost vzniknutého grafu viak moze spoésobovat
niekol'ko zésadnych problémov. V prvom rade moze
vzniknut problém uz s ukladanim velkého mmnoZstva
dat, ktoré potrebujeme na vykreslenie kompletného
grafu. Dalsim problémom méze byf prilis dlhy ¢as na
vypocet pozicii vrcholov grafu. Tento problém je pod-
statny najméi pokial chceme v grafe robit aj nejaké
modifikicie alebo navigiciu. V neposlednom rade mo-
7Zeme v poc¢te zobrazovanych objektov dospiet aZ
k hodnote, ktord uz nemame ako zobrazit alebo vieme
zobrazit iba velmi neprehladne (napr. moéze byt vo
vyslednom zobrazeni problém rozligit vrcholy a hrany,
nehovoriac o Citatelnosti obsahu vrcholov).

Medzi obvyklé sposoby riegenia problémov vizuali-
zéacie velkého grafu patria podla [5]:

— Geometricky zoom zabezpeCuje podrobnejsi
néhlad zva¢8enim vybranej ¢asti grafu. Najvacsim
problémom byva strata kontextu v okoli tejto vy-
branej ¢asti. Jednym z rieSeni, ktoré sa snazi riesit
zoom bez straty kontextu je tzv. fisheye pohlad,
ktory vSak tiez funguje iba obmedzene.

— Sémanticky zoom poskytuje moznost menit
mieru zobrazenia podrobnosti v grafe. Je viak po-
trebné predspracovanie, kde na zaklade semantiky
dat uréime sémanticky podobné prvky a vytvorime
z nich tzv. clustre.

— Postupné preskiimavanie vytvira zobrazovany
graf postupne. Na zatiatku zobrazujeme iba mali
Cast grafu (v extrémnych pripadoch iba pociatocny
vrchol) a zvy$né casti grafu sa zobrazuju iba v pri-
pade potreby.

KedZe nemame ziadne znalosti RDF schémy ani
ontologie je priblizovanie na zaklade semantiky dat
nemyslitelné. Zvolili sme preto techniku postupného
preskiimavania a vykreslovania grafu. Ten zarovei ne-
vyzaduje pracu s celym grafom, ale iba s vykreslenou
¢astou a je teda menej naroény na pamit a cas. Pre
aktudlne vykresleny podgraf poskytneme pouzivate-
Tovi moznost preskimavat okolie vykreslenej ¢asti, t.j.
rozsirit podgraf o jeden (alebo viac) priamych susedov
niektorého vykresleného vrcholu. Takymto spésobom
vytvarame prehladdvaci strom pre data. V kazdom
momente chceme mat vizualizovany tento prehlada-
vaci strom spolu s ostatnymi (nestromovymi) hranami
medzi zobrazenymi vrcholmi.

Stvorcoveé
zloZenie

(a) Radialne rozloZe-
nie

(b)

ro-

Obrazok 1. PouZivané rozloZzenia pri kresleni velkych
stromov.

2.1 Algoritmus vykreslovania

Aktualne vykresfovany graf mame uréeny vykreslova-
nymi vrcholmi a prehladévacim stromom. Ako pod-
statnu Struktiru povaZujeme prave strom, ktory nam
pre kazdy vrchol uréuje cestu k poc¢iatoénému vrcholu.

Jednym z obltubenych spdsobov vizualizacie vel-
kych grafov a §pecidlne stromov je radiilne rozlozenie,
kde vrcholy umiestiiujeme na sistredné kruznice so
stredom v niektorom vyznamnom vrchole (pozri
Obr. 1(a)). Ked’ze v nagom pripade st vrcholy obdl'Zni-
ky bez moZnosti roticie (chceme umoznit pozerat
obsah vrcholu), potrebujeme také rozlozenie vrcholov,
kde pocet vyskovych bodov (t.j. rozdiel y-ovych si-
radnic) oblasti zodpovedajtucej nejakému uhlu a bude
nezavisly od umiestnenia tejto oblasti. Preto sme sa
rozhodli pre modifikdciu radidlneho rozlozenia tzv.
Stvorcové rozloZenie (pozri Obr. 1(b)). Polomerom
§tvorca budeme v dalsom texte oznacovat polomer
kruZnice opisanej tomuto Stvorcu.

V prvom rade sa zameriame na vykreslenie stromu.
Vrcholy v stromu budeme reprezentovat obdlzdnikmi
(ozna¢me I'(v)), kde vyska bude nanajvys rovna sirke
obdl'Zdnika. Tato podmienka je prijatelné, pretoZze me-
né hran, ktoré vo vrcholoch uchovédvame si URL, ktoré
st obvykle dlhé. Naproti tomu, vysku vrcholu mézeme
I'ahko ovplyvnit tym, Ze nevykreslime v8etky jeho riad-
ky a umoznime si riadky prezerat. Vrcholy umiestiiu-
jeme zvonku na strany sustrednych §tvorcov (v prvom
kvadrante je na §tvorci umiestneny lavy dolny roh,
v ostatnych kvadrantoch analogicky). Roh obdlZdni-
ka I'(v), ktory lezi na jednom zo stustrednych $tvorcov
budeme oznafovat ~o(v) a protilahly vrchol 1 (v).
Vzdialenost od korenia stromu uréuje jednoznafne
Stvorec, na ktorom sa vrchol zobrazuje. Hrany stro-
mu budi priame ¢iary spajajtce vrcholy stromu. Hra-
na (u,v) kde u je predchodcom v je reprezentovana
usetkou spajajiucou 1 (u) 8 o (v). Pritom sposob ukla-
dania jednotlivych bodov nam zaruduje, Ze na tejto
usecke nelezi ziaden iny vrchol a nepretina ju in4 stro-
mova hrana.



Majme teda strom T' = (V, E) s korefom vo vrcho-
le 7. Vrcholy, leziace v hibke h stromu oznaéme L(h)
(zrejme L(0) = {rr}). Pre kazdy vrchol v priradime
jednoznaéna sféru vplyvu t.j. uhol (aq(v), as(v)), do
ktorého sa umiestni podstrom s korenom vo v. Pokial
obmedzime a4 (v), az(v), iba na prvy kvadrant, potom
pokial  je polomer Stvorca a (a1(v),asz(v)) je uhol,
do ktorého ideme vykreslovat, tak pocet vykreslenych
vyskovych bodov pre zénu vplyvu vrcholu v bude d =

sin o (v) sin as(v)

T. (sin a1 (v)+cos ar(v)  sin az(v)+cos ag(v))' Ostatné
kvadranty sa vypocitaju analogicky. V pripade, ze
(a1 (v), a2(v)) presahuje viacero kvadrantov, je pocet
vyskovych bodov suctom vyskovych bodov v tychto
kvadrantoch. Sumu tychto vyskovych bodov budem
v dalsom oznacovat D. Do tychto bodov umiestihujeme
potomkov vrcholu v. Bez ujmy na vSeobecnosti nech st
to vrcholy vy ... vk, kde v; ma rozmery H (v;) x W (v;).
Ak pozadujeme, aby medzi jednotlivymi vrcholmi bola
minimalna vzdialenost ¢, potom je pre synov vrchola v
potrebnych X% | (H(v;) + &) vy¥kovych bodov. Z uve-
deného musi teda platit nerovnost D > X | (H (v;)+0).

Samotny algoritmus vykreslovania najprv vykresli
pociatoény vrchol so stredom v pociatku stradnicovej
stustavy. Nasledne bude postupne prechadzat strom
a pre hibku h (h > 0) bude pracovat nasledovne (pozri
tiez Obr. 2 a 3). Nech sa doteraz vykreslené vrcholy
stromu daju vpisat do Stvorca s polomerom 7,ps.

Pre kazdy vrchol v z predchadzajticej trovne (h — 1)
mam urceny uhol, do ktorého patria jeho potomkovia
v1...v; 8 vySkami H(vy)...H(vx). Na zéklade ich
velkosti a nerovnosti D > X | (H(v;) +§) viem uréit
minimalny potrebny polomer 7, pre jeho priamych
potomkov.

Maximum z tychto polomerov a polomeru doteraz
obsadeného §tovrca r.ps je polomer, na ktory ideme
vykreslovat droveni h.

Novy polomer urcuje pre kazdy podstrom zodpove-
dajici pocet vyskovych bodov, do ktorych budeme
rozmiestiiovat vrcholy. Preto aj vzdialenost medzi ni-
mi je nutné znovu prepocitat (opdtf pouZitim nerov-
nosti D > X* | (H(v;) +6)).

Pre kazdy vrchol z trovne h — 1 vypoéitame stradnice
a sféry vplyvu pre kazdého jeho potomkov. VyuZzivam
pri tom vypocitany polomer r a minimalnu vzdiale-
nost 0(v) zodpovedajicu tomuto podstromu. Nech te-
da vrchol v mé sféru vplyvu (a; (v), as(v)) a potomkov
s vyskami H(vq)...H(v;). Budeme predpokladat, Ze
celd sféra vplyvu je iba v prvom kvadrante. Vypo¢i-
tame si sféru vplyvu (aq(v;), az(v;)) a y-ova stradni-
cu v (ozn. y(v;)). Z y(v;) a polomeru r vieme jedno-
znacne urcit aj druhu suradnice ~p.

V pripade, ze sa sféra vplyvu nachadza cela v inom
kvadrante, vypo¢itaji sa nové hodnoty analogicky. Ak
sa sféra vplyvu zasahuje do viacerych kvadrantov, roz-
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Umiestnime podiatoény vrchol ¢, so stredom [0, 0].
Pre jednotlivé hibky stromu h =1,2...
Pre vietky vrcholy v € L(h — 1) vypo&itam 7pmin(v)
r — maz{maz{rmin(v) | v € L(h — 1)}, rops }
Pre v8etky vrcholy v € L(h — 1) vypo¢&itam J(v)
Pre vSetky vrcholy v € L(h —1).
Nech v ma sféru vplyvu (a1 (v), a2(v)) a potomkov
v1...vg s vySkami H(v1) ... H(vg).
a1(vo) «— az(v)
Prei=1...k

az(v;) — a1(vi-1)
r.sin oo (v;)
sin as(i)+cos as(i)

?/(Ui) — Ypom — H(Ui) - %

y(vi)— 2
ai(v;) « arctg | ——%ay
T*y(vi)*T

z(vi) 1 —y(vs)

~—

yporn —

Obrazok 2. Algoritmus vykreslovania stromu

vplyvu obmedzené na 1. kvadrant).

(sfery

delime jednotlivych synov medzi tieto kvadranty
a v kazdom postupujeme samostatne.

Zvy$né nestromové hrany grafu mozeme vykreslo-
vat tieZ ako spojnice medzi vrcholmi. Nemame vgak
zarucené, Ze tato tsecka nebude pretinat iné hrany
alebo vrcholy. Nepredpokladame v8ak prilis velké
mnozstvo nestromovych hran. NavySe v rdmci navigé-
cie umoZnime menit pohlad v pripade, Ze sa graf stane
neprehladnym.

2.2 Navigacia

Pre pouzivatela je potrebné okrem prehladného na-
kreslenia grafu zabezpecit aj moZnost si pohlad na graf
prisposobit svojim poziadavkam. Ako vhodny spodsob
preskiimavania grafu sme zvolili rozgirovanie pohladu
o niektorého suseda uz vykresleného vrchola.

Zlucovanie vrcholov. Pocas preskimévania grafu vy-
uzivame techniku zluCovania vrcholov. Vykresleny
vrchol neobsahuje iba svoj popis ale aj zoznam vy-
chadzajacich a vchadzajucich hran. Tymto umoznime
prehliadat susedov vrchola bez toho, aby to vyzadova-
lo zva¢Sené naroky na vykreslovaci priestor. Vyznam-
nou vyhodou je, Zze pouzivatel si sam vyberie, ktori
susedia ho zaujimaji a rozgiri pohlad iba o tieto vrcho-
ly. Tym odbtirame problém so §pecifickymi vrcholmi,
ktoré mozu mat desaftisice susedov, ktoré vsak nie
su zaujimavé. Pri priamom vykreslovani by sme vSak
¢asto narazili na problém, ako tieto vrcholy vsetky
zrazu vykreslit alebo ktoré z tychto vrcholov vykres-
lit. V pripade zla¢eného vrcholu moézeme pouZivatelovi
v pripade uzlov s mensim mnoZstvom susedov poskyt-
nut moznost ich prelistovat a v pripade Specifickych
uzlov umoznit vyhladavanie. Zluéovanie vrcholov tiez
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(b) Vysvetlenie premennych

Obrazok 3. Vysvetlenie vypoctu algoritmu.

umozni lep8iu prehladnost u d’alsieho typu vrcholov.
V RDF datach sa vyskytuju aj uzly reprezentujice
nejaky objekt, kde vychadzajice hrany reprezentuju
vlastnosti tohoto objektu. Ako priklad moze byt oso-
ba, kde vychadzajice hrany mozu byt meno, datum
narodenia, atd’. Zlaceny uzol bude obsahovat tieto hra-
ny prehladne a nebude mat dalgie priestorové naroky
na susedov, z ktorych je dalia navigicia nemozna.
Pritom sa jedna o potenciilne velké mnoZstvo suse-
dov (desiatky hodnét), z ktorych vSak nevychadzaju
dalgie hrany.

Zvolenie pociatoéného vrcholu. Na zaciatku prehlada-
vania si zvolime pociato¢ny vrchol, z ktorého sa za-
¢ne preskimavanie grafu. Pokial je graf nesivisly, je
moZné, 7e pri niektorych volbach podiato¢ného vrcho-
la sa pouZivatel nedostane k pre neho zaujimavym da-
tam. Nagtastie situécie, kedy je graf nesuvisly sa dost
zriedkavé.

Na vyber pociato¢ného vrcholu mézeme uvazit nie-
kolko moZnosti.

— VoI'ba ndhodného vrcholu. Jednoduchéa meto6-
da vychadzajuca z predpokladu, ze pokial zvolime
akykol'vek pociato¢ny uzol, tak na niekol'ko krokov
sa pouzivatel sam jednoducho dostane k zajima-
vym datam.

— Vol'ba vrcholu s najvy$§im stupfiom. Tato
moznost sice umozni pouzivatelovi najrych-
lejsi pristup k ¢o nejvacsiemu pocétu dalsich vr-
cholov, ale vrchol s velkym po¢tom susedov moze
byt ¢asto iba vrchol pridany z technickych dévodov
(napriklad vrchol reprezentujuci nezadant hod-

notu) a moéze byt k d'alsej navigacii absolttne nevhodny.

— Analyza Struktiry grafu. Teoreticky je mozné
skumaf vlastnosti celého RDF grafu a z nich odvo-
dit vhodny pociato¢ny vrchol, napriklad ako stred
grafu. AvSak s ohladom na velkost dat je tato
metdda v praxi len fazko pouZitelna.

— Vyuzitie ontologie. PouZzivanym postupom [2]
je nechat pouzivatela vybrat vhodny podiato¢ny
bod z ontologie nebo datovej schémy. Kedze viak
chceme rieSenie, ktoré funguje na Tubovolnych
RDF datach, nie je v naSom pripade tato moznost
pouZitelna.

— Dotaz. Dalgia redlne pouZzivani moznost je dovolit
pouZivatelovi polozit dotaz v niektorom dotazova-
com jazyku (napriklad SPARQL [8] ) a vysledok
dotazu pouzit jako pociatocény bod. Aj toto rie-
Senie pre ndas nie je pouzitelné, pretoZe predpok-
ladame, Ze pouZivatel neméa na zaciatku Ziadnu
predstavu o tom, ako data vyzerajud, takze ani ne-
bude schopny polozit vhodny dotaz.

— Analyza pouzivatelov. Je mozné sledovat, akym
sposobom predchadzajtci pouzivatelia prechidzali
graf a na zaklade toho zvolit vyznamny uzol, ako
napriklad najéastejsie navitevovany.

Ako najvhodnejsia sa nam v stu¢asnosti javi prva moz-
nost, pri¢om v budticnosti o¢akivame jej kombinovanie
s poslednou moznostou. Takto zvoleny vrchol zobrazi-
me do podiatku suradnicovej sustavy ako zliceng vr-
chol. Aktualny vykreslovany graf ako aj prehladéavaci
strom bude pozostavat iba z tohoto vrchola.

Rozsirenie pohladu. Majme aktualny zobrazeny graf
G = (V,E) a prehladavaci strom T = (V, E’), kde
E’' C E. Nech je vybrany vrchol v € V, s mnoZzinou
susedov N(v). V pripade, ze N(v) CV, potom
vrchol mé uz vykreslenych vsetkych svojich susedov
a nemodzeme v hom pokracovat. Nech teda N'(v) =
N(v) \ V' je mnozina doteraz nezobrazenych susedov
vrchola v a u € N'(v). Potom moéZeme rozsirit aktual-
ne zobrazeny graf a strom nasledovne:



— Nova mnozina vrcholov bude rozsiren4 o vrchol u,
t.j. V—VuU{u}

— Mnozina hrén bude rozSirend o vSetky hrany
z RDF grafu susediace s vrcholom v a s niektorym
uz vykreslenym vrcholom.

(F — EU{(u,w) | w eV A Tp: (upw) €
RDF}U{(w,u) |w eV A Ip: (w,p,u) € RDF})

— Do stromu T = (V, E’) pridame hranu z vrcholu v

do vrcholu u. Potom E' «— E' U {(v,u)}.

Vykreslenie nového pohladu je mozné vykonat via-
cerymi sposobmi. Prvou trividlnou moznostou je kom-
pletné prekreslenie celého grafu. Z hladiska optima-
lizacie priestoru po pridani vrcholu sa jedna o vel'mi
dobrit moznost. Jej zadsadnou nevyhodou je, Zze neza-
chovava mentilnu mapu pouzivatela, kedze vrcholy
sa mozu pri kompletnom prekresleni vyrazne posunit.
Pri rozsireni pohlTadu vSak nepotrebujeme ani kom-
pletne prekreslit cely aktuédlny graf. Vo vic8ine pripa-
dov bude potrebné prekreslit iba podstrom zakoreneny
vo predchodcovi pridaného vrcholu. MoZeme teda pre-
kreslit iba oblast sféry vplyvu vrcholu, ktorému sme
pridali nového potomka. Iba v pripade, Ze sa vrchol
nezmesti do sféry vplyvu svojho predchodcu, bude po-
trebné zvacsit polomer Stvorca, na ktory vrchol u po-
trebujeme umiestnit. Pri tejto zmene v3ak pre uz vy-
kreslené vrcholy nemusime preratédvat nové saradnice
pomocou vykreslovacieho algoritmu. Nové sturadnice
vznikna jednoduchou projekciou na novy $tvorec (po-
sunutim zobrazenia vrchola v v smere vektora vy (v) po
urovei §tvorca, na ktory sa ma vykreslit). Tato zmena
sa moze tykat vietkych Stvorcov s polomerom vicsim
ako §tvorec, na ktory sa mal vrchol u umiestnit. Jedn4
sa v8ak o jednoduchu transformaciu, ktord sa navyse
nevykonava Casto. Samozrejme, tito metoda nie je
optimalna z hladiska minimalizicie vykreslovacieho
priestoru, avSak kompletne zachoviava mentalnu mapu
pouzivatela a preto sme sa rozhodli ju v navigacii
uplatnit. V buddcnosti uvazujeme aj nad moZnostou
jej vylepsenia, ked v pripade nevyuZivania sfér vplyvu
niektorych vrcholov budeme moct rozsirit sféru vplyvu
pouzivaného vrcholu.

ZiZenie pohladu. Je moZné, 7e pocas navigicie v grafe
pouzivatel bude povaZovat niektoré podstromy pre-
hladavacieho stromu za nepodstatné. Preto umoznime
aj zuzenie pohladu o vrchol resp. cely podstrom pre-
hladavacieho stromu. Pritom si vrcholy, ktoré v po-
hlade zostali zachovaju stucasné stradnice (v budac-
nosti uvazujeme aj nad vhodnou dpravou vykresleného
stromu av8ak so zachovanim mentalnej mapy, t.j. so
zachovanim smerov hran medzi vrcholmi, ktoré v grafe
ostali). Napriek tomu, Ze graf neprekreslujeme, ziskame
tymto krokom miesto pre dalgie rozsirovanie pohladu
o vrcholy, ktoré sa pre pouzivatela relevantné. Rov-
nako ako pri rozsireni pohladu existuje samozrejme
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moznost prekreslenia celého grafu, alebo vhodného
kompromisu medzi tymito moznostami.

Zvolenie nového pohladu. PouZivatel moze pocas pre-
skimavania grafu dospiet k zéveru, Ze aktuilne vy-
kresleny graf pre neho stratil vyznam, ale napriek to-
mu chce pokracovat v prehliadani dat. V takychto pri-
padoch umoznime novy pohlad na preskimané data
niektorym s nasledovnych spésobov:

— Zmena poéiato¢ného vrcholu (pozri Obr. 4(b))
ponechéd vSetky zobrazené vrcholy. Zmeni iba
zobrazovany strom tym, Zze za korefi stromu zvoli
vybrany vrchol. Tento spdsob je vhodny najmé
v pripade, Ze pouZivatel planuje pokracovat v pre-
sktimavani z vybraného vrcholu, ale zaujima sa
0 prepojenie so zvysSkom uz preskiimaného grafu.

— Zachovanie cesty do vybraného vrcholu (pozri
Obr. 4(c)) zrusi cely zobrazovany graf okrem cesty
od korefia stromu do vybraného vrcholu, pri¢om za
novy koreni oznacime vybrany vrchol. UmoZznime
tym zachovanie postupnosti krokov, ktoré viedli
k objaveniu vrcholu. Pritom tento spdsob nemé
velké naroky na vykreslovaci priestor.

— Zachovanie vrcholu (pozri Obr. 4(d)) je naj-
extrémnejSou zmenou pohladu na preskimévané
data. Z existujiceho grafu je zachovany iba vy-
brany vrchol (samozrejme v tvare zluc¢eného vrcho-
lu) a tento je vyhlaseny za novy po¢iato¢ny vrchol,
z ktorého moze pouzivatel preskimévat graf.

3 Existujtce pristupy k vizualizacii
RDF dat

Kedze uz v stcasnosti existuju rézne RDF data, po-
kuisaju sa ich prehliadanie pomocou vizualizacie riesit
mnohé aplikicie. VAcSina vSak vizualizuje cely graf, ¢o
v pripade vic8§ich dat nardza na uz spomenuté problé-
my s ukladanim grafu a neprehladnostou vizualizacie.
Z mnoZstva, existujucich rieSeni sme vybrali niekol'ko
prikladov, ktoré zastupuja hlavné trendy v oblasti vi-
zualizacie RDF dat:

— RDF Gravity [4] pracuje primarne s celym gra-
fom a iba ako moznost naviac umoziuje skryt niek-
toré uzly. Preto se hodi najmé na proskiimavanie
ontologii alebo malych dat.

— Node-centric RDF Graph Visualization [9]
sa ako jedno z méla rieSeni nepokusa zobrazit pres-
ne graf s datami, ale vidy zobrazuje strom pred-
chodcov a nasledovnikov zvoleného uzlu. V pripa-
de, 7e je k nejakému uzlu mozné prist viacerymi
cestami (pri presnom vykreslovani grafu by vznikla
nestromova hrana), potom je takyto uzol zobraze-
ny na vsetkych tychto cestach a tym je zachovana
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(b) Novy koreir

(c) Cesta do vrcholu

(d) Vrchol
Obrazok 4. Nové pohlady na graf.

Gisto stromova Struktdra. Nevyhodou tohoto rie-
Senia je, ze zobrazuje iba uzly do vzdialenosti 2 od
pociato¢ného uzlu a neriesi problém uzlov s vel-
kym stupiiom.

— Paged Graph Visualization (PGV) [2] Toto
rieSenie je podobné nd$mu v tom, Ze sa nepokusa
zobrazif naraz cely RDF graf. Na zobrazovanie
uzlov s velkym stupfiom pouZiva metodu Ferris-
Wheel, ktora zobrazi susedov vrcholu do hviezdice
okolo vrcholu. Je v8ak pouzitelna iba pre uzly so
stuphiom radovo niekolko stoviek. Navyse pokraco-
vanie prehladavania v niektorych vrcholoch vedie
k neprehladnosti zobrazovania alebo uplnej strate
mentalnej mapy v okoli vybraného vrcholu.

Napriek rozmanitosti rie§eni existuje velmi malo
aplikicii, ktoré je mozné pouzit aj na rozsiahle RDF
data. Ziadna z tychto aplikaciii vSak nevyuziva tech-
niku podobnti nami navrhovanému zlucovaniu uzlov
a navySe vSetky maju problémy s vrcholmi velkych
stuptiov, ktoré sa v redlnych velkych datach ¢asto vys-
kytuja.

4 Zaver

V ¢élanku sme popisali algoritmus na vizualizaciu RDF
dat a navigaciu v nich. Tento algoritmus pracuje na
v8eobecnych RDF datach bez znalosti podrobnejsej
Struktary a preto sa da vyuzif aj pri preskumavani
dat, ktoré neobsahuja RDF schému alebo ontolégiu.
NavySe je vhodny aj pre velké data a na rozdiel od
existujacich aplikicii zvlada aj pracu s datami, kto-
ré obsahuju uzly z velkych stupiom, vd'aka technike
zlu¢ovania vrcholov. Pri vytvarani algoritmu sme ski-
mali vlastnosti velkych realnych dat, ktoré sme mali
k dispozicii. Samotny algoritmus je budovany nad
infrastrukurou pre Semanticky web, ktoré sa vyvyja na
Matematicko-Fyzikalnej Fakulte Univerzity Karlovej.

V budicnosti by sme cheeli dopracovat systém na
vyber podiatocného vrcholu navigacie. Dalsou dolezi-
tou oblastou, ktorej sa planujeme venovat je vylepSenie
vizualizécie, kde planujeme zlepsit vykreslovanie ne-
stromovych hran a modifikovat vypocet velkost sféry
vplyvu podla velkosti podstromu. Tento krok si vy-
zaduje aj dpravy v oblasti navigacie a preskimanie
vplyvu na prehladnost a zachovanie mentalnej mapy.
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Abstract. Self-Organizing Maps performs a non-linear
mapping from a high-dimensional data space to a low-
dimensional space, typically two dimensional, aiming to
preserve the topological relations of the data. SOM net-
works are based on unsupervised learning. The quality of
the learning process is usually measured by using mean
square error. Alternative quality judgment methods based
on Singular Value Decomposition resp. High Order SVD
and BMU movements monitoring are proposed. Some
experimental results are provided.

1 Introduction

The Self-Organizing Map (SOM), also called Kohonen
network, is an unsupervised neural network algorithm
developed by Teuvo Kohonen [3] that provides us with
two useful operations in exploratory data analysis.
These are clustering, reducing the amount of data into
representative categories, and projection (non-linear),
aiding in the exploration of proximity relations in the
patterns. The SOM algorithm has some resemblance
with vector quantization algorithms [5]. The great dis-
tinction from other vector quantization techniques is
that the neurons are organized on a regular grid and
along with the selected neuron also its neighbors are
updated.

Self-organizing maps were born to emulate the hu-
man brain characteristic of topological and geomet-
rical organization of information. The training algo-
rithm aims at finding analogies between sim-
ilar incoming data in a nonsupervised process. The
algorithm places the weight vectors such that geomet-
rically close vectors (in weight space) are also topo-
logically close in the grid represented by the network.
In other words, for similar incoming vectors (in input
space), the neurons responding more vigorously should
also be similar (in terms of their weight vectors) and
located in nearby positions in the network grid.

A comprehensive description of the SOM algorithm
can be seen in [3]. Here we will just make a brief
presentation. The SOM consists of an array of ele-
ments called neurons or units mj, usually arranged
in a low dimensionality grid (1D or 2D), the map,
for ease of visualization. The grid may have several
forms like rectangular, hexagonal. For each input vec-
tor x(t), the unit (neuron) that best matches input

vector is selected. This neuron is called Best Matching
Unit (BMU).

Then the weights of the BMU and its neighborhood

will be adapted as follows:

mi(t+ 1) = my(t) + n(Oh(E)(x(t) — my(t)), Ym;
where 7, 0 < 1 < 1 is the learning factor, which de-
termines the speed of weight adaptation, and (h(t) is
neighborhood size determining function.

The paper is organized as follows. Section 2 briefly
review Singular Value Decomposition of given matrix,
and High Order SVD of given tensor. Section 3 de-
scribes the proposed SVD resp. HOSVD decomposi-
tion of SOM network. The last section 4 presents
experimental results.

2 SVD and HOSVD

In this paper, tensors are denoted by calligraphic
upper-case letters (A, B,...), matrices by uppercase
letters (A, B,...), scalars by lower case letters
(a,b,...), vectors by bold lower case letters (a,b,...).

2.1 Matrix SVD

The SVD of a matrix is visualized in Figure 1. For
a I x Iy matrix F', it can be written as the product:

F=UWM.g.y®

U@ —

ug)) are the matrices of the left and right

where UW
(u§2)ug2) ..
singular vectors. The column vectors ugl), 1<i<
and u‘gg) 1 <353 < Db orthogonal. S =
diag(o1,02, ..., Omin(r1,12)) is the diagonal matrix of
singular values which satisfy o7 > 09 > ... >
Omin(11,12)) By setting the smallest (minli, Io — k)
singular values in S to zero, the matrix F' is appro-
ximated with a rank-k matrix and this approximation
is the best approximation measured in terms of recon-
struction error. Theoretical details on matrix SVD can
be found in [2].

O wM) and

1
= (ug )u2 couy

, are
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Fig. 1. Visualization of matrix SVD.

2.2 Tensor and HOSVD

A tensor is a higher order generalization of a vec-
tor (first order tensor) and a matrix (second order
tensor). Higher order tensors are also called multidi-
mensional matrices or multi-way arrays. The order of
a tensor A € RI1*I2XXIN i N Elements of A are
denoted as a;,...i,...iy, where 1 < 4, < I,,. In tensor
terminology, matrix column vectors are referred to as
mode-1 vectors and row vectors as mode-2 vectors.
The mode-n vectors of an N-th order tensor A are
the I,,-dimensional vectors obtained from .4 by vary-
ing the index i, and keeping the other indices fixed,
that is the column vectors of n-mode matrix unfolding
Ay € RInx*(nlzTnslnsaIn) of tensor A. See [1] for
details on matrix unfoldings of a tensor.

The n-mode product of a tensor A4 € R *I2xxIn
by a matrix M € R7»*» isan I} x Iy x - -+ x I,_1 X
Jn X Inyq X -+ X Iy-tensor of which the entries are
given by

(‘A Xp M)i1"'in71jnin+1'“iN =

= E Aiyvip_viningrin Mnin

in

Note that the m-mode product of a tensor and
a matrix is a generalization of the product of two ma-
trices. It can be expressed in terms of matrix unfold-
ing:
By = MAp)

where B(,) is the n-mode unfolding of tensor B =
A x,, M.

In terms of n-mode products, the matrix SVD can
be rewritten as F = S x; V(1) x5 V(). By extension,
HOSVD is a generalization of matrix SVD: every I; X
I x --- x Iy tensor A can be written as the n-mode
product [1]:

A:SX1V(1) X2V(2)...XNV(N)

as illustrated in Figure 2 for N = 3. V,, contains the
orthonormal vectors (called n-mode singular vectors)
spanning the column space of the matrix A,
(n-mode matrix unfolding of tensor A). S is called core
tensor. Instead of being pseudodiagonal (nonzero ele-
ments only occur when the indices satisfy iy = iy =

- = iyn), S has the property of all-orthogonality.

That is, two subtensors S;, = o and S;, = 3 are
orthogonal for all possible values of n , @ and (3 sub-
ject to a # . At the same time, the Frobenius-norms
ol = ||S;,=:l| are n-mode singular values of A and
are in decreasing order: o > 0§ > -+ > a?n >0Sis
in general a full tensor and governs the interactions
among V,,.

Fig. 2. Visualization of a 3-order Singular Value Decom-
position.

3 SVD and HOSVD approximation of
SOM

One problem that still remains in SOM research
and/or in their application is problem of quality of
network training. Usually mean square error is used
to measure a quality of learning process. This error
is just a number without any dimension or scale, and
may be hard to understand. Alternative approach for
measurement of quality of learning process is the goal
of our research.

BMU is found for each training vector during learn-
ing process. As SOM network learns the structure of
training set, the BMU of given training vector usually
changes its position within the network. Movement of
the BMU at the initial phase of learning process will
be probably very rapid, and as the network converges
to stable configuration the movement of the BMU will
be very tight. The learning process could be stopped,
when user specific maximal number of moved BMUs
is reached.

In this way, the number of moved BMUs can be
taken as alternative learning process quality measure-
ment. The number of changes of BMUs’ positions
between successive iterations was considered as mea-
sure in our initial work. But this approach is not very
helpful. Some movements of the BMU still remain.



3.1 SVD approach

The second approach to measurement of BMU move-
ment uses SVD decomposition of SOM network. It
is supposed, that movement of BMUs among original
SOM and its rank-k approximations will be very low,
when stable configuration of the SOM is reached.

To verify this hypothesis following experiment was
performed:

1. The SOM network S is transformed to r¢ x m ma-
trix A, where r is the number of rows, c¢ is the
number of columns of SOM S, and m is the di-
mension of input.

mlyl(t)
mlyz(t)

m,.(t)

Note: Each m; ;(t) is m dimensional vector.

2. Rank k approximation Ay of matrix A is com-
puted, 1 <k <m.

3. Network S(k) is created from matrix Ag.

4. The BMU for each training vector is computed
with original SOM S.

5. The BMU(k) is computed with rank k approxima-
tion S(k) for each training vector.

6. If BMU is different from BMU(k) the movement
is encountered.

3.2 HOSVD approach

As it is demonstrated in Figure 2 SOM network can
be understood as 3-order tensor, and High Order SVD
can be applied onto SOM network. There is no need
to form matrix by transformation of SOM network.
3-order SVD can directly decompose SOM network.
It is expected that High order SVD preserves better
relationships among neurons and structure of SOM
network.

Experiment similar as in SVD approach was per-
formed:

1. The SOM network S is transformed to tensor
A € R™¢*™ where r is the number of rows, ¢ is
the number of columns of SOM S, and m is the
dimension of input.

2. A(k, ks ks) apPproximation of tensor A was com-
puted. This approximation generalizes rank-k
approximation of matrix in SVD.

3. Network S(ki,ko,ks) is created from tensor

A(k1>k27k3)'
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4. The BMU for each training vector is computed
with original SOM S.

5. The BMU((kq, ko, k3) is computed with approxi-
mated network S(kq, ko, k3) for each training vec-
tor.

6. If BMU is different from BMU(k, ko, k3) the

movement is encountered.

4 Experimental results

A number of experiments were carried out to prove
our hypothesis. One of them is provided in this paper.
Parameters of used SOM network S are given in ta-
ble 1. The input data comes from experiments done
by Kudelka et al. [4].

# of rows 50

# of columns 50
SOM shape toroid
input dimension 10

# of input vectors|approx 25,000
# of iterations 5000

Table 1. Experimental SOM network S parameters.

The experimental results are summarizing in fol-
lowing tables and graphs. Table 2 provides insight to
learning process. Each rank-k, 1 < k < 10, approxima-
tion S(k) of SOM network S is computed and number
of moved BMUs are stored, moreover a distance of the
movement.

In initial phase of learning process, there is no sig-
nificant difference among S(k) approximations. The
number of moved BMUs varies from 99% to 26% in
iteration 0. Average distance of movement is also near
constant, from 13.6 to 15.4.

There are significant difference among each
S(k) approximations after 4000 and 5000 iterations.
S(1) approximation has 76% of moved input vectors,
but S(8) resp. S(9) has only 9% resp. 2.6% of moved
input vectors after 5000 iterations. The average dis-
tance is also very small, only 2.4 resp. 3.

Although maximal distance of the movement re-
mains very high in all phases of learning process, the
average distance of BMUs movement decreases. His-
tograms of these distances can provide very
useful information about learning. Figure 3(a) demon-
strates initial state of SOM network S. The distribu-
tion of distances is random; there are plenty of short
movements and also a lot of long movement of BMUs.
The charts 3(d) have different shape. Histogram of dis-
tances has strong hyperbolic shape, i.e. very short
movements are predominate. Cumulative histogram
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shows, that movements of length 1 (less than 20%)
comprise slightly more than 80% of all movements for
S(8) resp. S(9) approximations. These results coincide
with the widely known rule called “Paretos 80,/20 law”.
In other words, networks S(8) resp. S(9) are very
close to original network S, consequently network S
after 5000 iterations completed contains very small
amount of noise (compare S(9) approximation after
500 iterations completed). We can conclude, that well
trained SOM network is resistant to SVD decomposi-
tion.

U-matrices [6] of experimental SOM network S and
its approximations S(k) are given in figure 4. These
figures show, that even S(1) approximation is used,
the main features, main structure, of original SOM
network is preserved. S(2) resp. S(3) approximation
add more details to basic structure of S(1) approxi-
mation. S(8) resp. S(9) approximations are not easily
distinguishable from original SOM network.

(a) Original SOM (b) k =1 approximation

(c) k = 2 approximation (d) k = 3 approximation

(e) k = 8 approximation

(f) k=9 approximation

Fig. 4. SVD rank-k approximations of final SOM S (after
5000 iterations).
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On the other hand performance of HOSVD
approxiamtion of SOM S was very disappointing.
U-matrices of approximated SOM are very similar to
SVD ones, see Figure 6. Also cumulative histograms 5
of BMUs’ movements show very similar characteris-
tics. But when absolute values are compared, there
are veryu high diffrences, see table 4 e.g. only 616 pat-
terns were moved after 5,000 iterations in rank-9
SVD approximation, which is only 2.63 % of all
input patterns. But in similar HOSVD approximation
more than 9,000 patterns were moved. It is topic of
our future work explain this discrepancy.

(b) k1 =5,ke =5,ks =1
approximation

(C) ki = 10,k2 = 10,]€3 = (d) ki = 15,k2 = 15,k3 =
2 approximation 3 approximation

(e) kl = 40,]€2 = 40,]63 = (f) k‘1 = 45,](:2 = 44, k3 =

8 approximation 9 approximation

Fig. 6. S(k1, k2, k3s) HOSVD approximations of final SOM
S (after 5000 iterations).
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Number of singular values k
1] 2] 3] 4] 5] 6] 7| 8] 9] 10
0 completed iterations
MSE(k) 0.784| 0.74| 0.712| 0.64| 0.614| 0.57| 0.536| 0.537| 0.522|0.517
# of moved patterns|23,381|22,570(18,053|15,897|14,963(12,326|11,031|10,654| 6,162 0
Moved patterns [%] (99.825(96.362|77.077|67.872|63.884|52.626(47.097|45.487|26.309 0
Max. distance 25 25 25 25 25 25 25 25 25
Average distance 13.6| 13.9| 16.6| 17.7| 17.2| 16.3 17 14.9] 154
500 completed iterations
MSE(k) 0.603| 0.456| 0.366| 0.303| 0.244| 0.209| 0.172| 0.132| 0.106| 0.07
# of moved patterns|22,000/19,805(18,468|16,496|13,823|11,681| 9,788| 7,147| 5,283 4
Moved patterns [%] (93.929(84.557|78.849| 70.43|59.017|49.872| 41.79|30.514(22.556|0.017
Max. distance 25 25 25 25 25 25 25 25 24 1
Average distance 14.3 10 9.2 6.6 6.4 5.9 5.5 5 4.8 1
4000 completed iterations
MSE(k) 0.595| 0.452| 0.356| 0.284| 0.236| 0.184| 0.143| 0.092| 0.04|0.015
# of moved patterns|20,643|16,252(13,698(11,964| 9,353| 8,185| 4,907| 3,925| 1,865 0
Moved patterns [%] |88.135/69.388|58.483| 51.08|39.933|34.946| 20.95(16.758| 7.963 0
Max. distance 25 25 25 25 25 25 25 25 24
Average distance 11.4 8 6.9 5.8 4.8 3.8 4.2 3.7 4.7
5000 completed iterations
MSE(k) 0.595| 0.452| 0.355| 0.284| 0.229| 0.18| 0.119| 0.083| 0.038|0.005
# of moved patterns|1,7748|10,760( 7,555| 6,868| 5,058| 3,781| 2,564| 2,125/ 616 1
Moved patterns [%] |75.775| 45.94(32.256|29.323(21.595|16.143|10.947| 9.073| 2.63|0.004
Max. distance 25 25 25 25 25 25 25 25 25 1
Average distance 13.2 9.1 7.5 5.5 5 4 3.7 24 3 1

Table 2. Parameters of SVD rank-k approximations of given SOM.
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Approximation parameters (k1, k2, k3)

(5, 5, D[(10, 10, 2)[(15, 15, 3)[(20, 20, 4)[(25, 25, 5)[(30, 30, 6)[(35, 35, 7)[(40, 40, 8)[(45, 45, 9)

0 completed iterations

MSE(k) 1.485 1.218 1.136 0.979 0.887 0.754 0.696 0.665 0.602
# of moved patterns| 23,422 23,421 23,407 23,104 23,299 23,109 21,829 18,876 13,799
Moved patterns [%] 100 99.996 99.936 98.642 99.475 98.664 93.199 80.591 58.915
Max. distance 25 25 25 25 25 25 25 25 25
Average distance 18.4 14.6 16.3 16.7 15 15.9 15.9 15.4 16.7
4000 completed iterations
MSE(k) 0.595 0.452 0.356 0.285 0.237 0.184 0.143 0.092 0.04
# of moved patterns| 23,404 23,304 22,722 21,671 20,141 18,890 17,265 13,761 12,218
Moved patterns [%] | 99.923 99.496 97.011 92.524 85.992 80.651 73.713 58.752 52.165
Max. distance 25 25 25 25 25 25 25 25 25
Average distance 14.3 11 6.6 6.5 5 2.5 2.3 2 1.8
5000 completed iterations
MSE(k) 0.595 0.453 0.356 0.285 0.23 0.182 0.12 0.084 0.039
# of moved patterns| 23,398 23,220 21,419 18,217 19,305 18,132 15,638 14,639 9,252
Moved patterns [%] | 99.898 99.138 91.448 77T 82.423 77.414 66.766 62.501 39.501
Max. distance 25 25 25 25 25 25 25 25 25
Average distance 14.6 13.7 8.6 6 3.4 2.2 1.8 1.4 1.3

Table 3. Parameters of S(k1, k2, ks) HOSVD approximations of given SOM S.
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5 Conclusion

Alternative approach of quality measurement of SOM
network learning process was presented. This approach
uses SVD decomposition of the SOM network, and
number of moved BMUs are counted among each con-
secutive rank-k approximations of original SOM net-
work. Our experiments show some properties of SVD
decomposition of SOM network. On the other hand
High Order SVD cause some problems, because num-
ber of moved patterns is very high. We should check
if this behavior is feature or bug of this method or if
it is a matter of coincidence.
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Abstrakt Pri XSLT transformdciach sa na lokalizd-
ciu elementov vstupného XML dokumentu pouZivaji XPath
vyjrazy. Pocas jedného kroku transformdcie je potrebné vy-
hodnotit a spracovat Sablonu pozostivajici z dvoch poloZiek
- mena vstupného kontextového uzlu a postupnosti XPath
vyrazov. V tomto cldnku analyzujeme zloZitost vyhodnoco-
vanie $ablon v pripade, ktory sa casto vyskytuje v prazi,
ked vstupny XML dokument je moZné Citat iba sekvencne
a podobne vystupny dokument je mozné generovat iba sek-
venéne. Potom postupnost XPath vyrazov v Sablone uréuje
poradie spracovania elementov vstupného dokumentu, na
ktoré odkazuji. Toto poradie je vo vSeobecnosti permutd-
ciou poradia, v akom sa elementy spristuptiuju sekvencne.
Pre $ablénu navrhujeme prirodzené sekvencéné miery zlo-
Zitosti (pocet transformacnych hldv, poéet prechodov vstup-
ného dokumentu), ktoré matematicky definujeme ako mini-
mdlne pokrytie takejto permutdcie podpostupnostami. Na-
Sim hlavngm vysledkom je metdda pre vypocet rozsahu hod-
not sekvencnej zloZitosti pre Sablony obsahujice zostupné
XPath vyrazy odkazujice menom. DéleZitiou ¢rtou vypoctu
je nezduvislost na vstupnom dokumente, vyuZiva sa iba
informdcia obsiahnutd vo vstupnej schéme.

1 Uvod

XSLT [13] je popularny jazyk pre transformacie XML
dokumentov, pre ktory existuje mnozstvo implementa-
cii. XSLT program sa skladé z podprogramov - §ablén,
z ktorych kazda definuje jeden transformac¢ny krok.
gablény sa moZu v programe navzajom nepriamo vo-
lat. Jednoduchy priklad Sablény je uvedeny nizgie.

<xsl:template match="a">
<output>
<xsl:apply-templates select="child::b">
<xsl:apply-templates select="child::c">
</output>

</xsl:template>

Atribat match="a" v hlavicke Sablony $pecifikuje me-
no elementu, pri navsteve ktorého sa mé Sabléna akti-
vovat. Telo Sablony obsahuje dva konStantné retazce
<output> a </output> tvoriace Cast vystupu a dve
instrukcie apply-templates, ktoré predstavuja vola-
nia pre spracovanie dalich elementov vo vstupnom

* Tato praca bola podporena grantom GUK 358/2007.
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Obrazok 1. (a) Stromové spracovanie a (b) sekvencné
spracovanie XSLT programu.

XML dokumente. Elementy st adresované vyrazmi ja-
zyka XPath [12] uvedenymi v atribute select. Oba
vyrazy adresuju deti aktualneho elementu - prvy deti
s menom b, druhy deti s menom c. XSLT program sa
vzdy zacina v korefiovom elemente vstupného doku-
mentu.

Stromové spracovanie. Klasické XSLT procesory
spracovavaju XSLT programy stromovo, t.j. najskor
nacitaju cely vstupny dokument do paméte ako inter-
na hierarchickt strukttru, typicky DOM strom [11],
a potom na tejto strukture aplikuja jednotlivé trans-
formacné kroky (Obr. 1 (a)). V stcasnosti sa v praxi
stale Castejie stretdvame s XML dokumentami, pre
ktoré tento pristup nie je vhodny. Jedn4 sa rozsiahle
XML dokumenty (napr. vystupy z databaz), ktoré sa
nemusia celé zmestit do opera¢nej paméte a ich stro-
mové spracovanie vedie k narastu vyuZzivania virtual-
nej pamite a spomaleniu procesu transformécie. Ako
ukazuju vysledky experimentov [7], velmi velké doku-
menty klasické procesory nedokizu spracovat vobec.
Pri XML datovych tokoch (napr. data z monitorova-
cich zariadeni) takisto nie je vhodné pouzif klasicky
pristup, nakolko sa typicky vyZaduje spracovanie
v redlnom dase.

Sekvenéné spracovanie. Tieto dovody viedli k sk-
maniu sekvenéného spracovania XML transformacii.
Pri sekvenénom pristupe sa vstupny dokument ¢ita po
Castiach, ktoré sa hned spracovavaju a transformuji
na ¢asti vystupu (Obr. 1 (b)). Klafovym problémom
je stanovenie vyuZitia prostriedkov pocitaca (najma
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operacnej pamiite) potrebnych pre spracovanie roz-
nych tried XSLT programov.

V tomto ¢lanku najskor definujeme abstraktné
miery zloZitosti sekvenéného spracovania a nasim hlav-
nym prinosom je uvedenie metédy pre vypocet hodnét
definovanych mier pre jednotlivé sablény XSLT pro-
gramu. Vypocet je zaloZeny na analyze obsahu $ablony
a vstupnej XML schémy, popisujicej §truktiaru vstup-
nych XML dokumentov.

Stvisiaci vyskum. Vig¢sina predchédzajicej préce
bola zamerana na vyskum sekvenc¢ného vyhodnote-
nia samotnych XPath vyrazov [3,6,9,10]. Bolo imple-
mentovych niekol'ko procesorov pre sekvencné spraco-
vanie XML transformacii. Procesory pre jazyk XQuery
[2,5,8] pokryvaju sice vel'ké mnoziny transformaécii, ale
autori neanalyzuji spotrebu operac¢nej paméte pri
spracovani roznych tried transformacii. Pokial je ndm
zname, doteraz bol vyvinuty iba jeden sekvenény pro-
cesor pre jazyk XSLT [7]. Procesor vébec nevyuZziva
pamét pre docasné ukladanie dat, a preto je schopny
spracovat iba velmi jednoduché transformacie. NaSe
vysledky teda predstavuju krok d'alej, nakolko ana-
lyzujeme komplexnejsie transformacie a ich naroky na
vyuzitie prostriedkov pocéitaca.

2 Pojmy a oznacenia

Najskor definujeme potrebné matematické pojmy
a abstraktné modely. Abstrakcia XML dokumentu vy-
chadza z modelu predstaveného v [1].

XML strom. XML dokument reprezentujeme prirod-
zene ako strom, ktory vznikne mapovanim elementov
na jednotlivé uzly. Mnozinu XML stromov nad X' oz-
natujeme 7Tx!. Nech t € Tx. Mnozinu vietkych
uzlov t oznacdujeme Nodes(t) C (N{.})*. Na identi-
fikdciu uzlov pouzivame dynamické hierarchické ¢islo-
vanie, kde kazdy uzol ma priradeny retazec ¢isel odde-
lenych ".". Jednotlivé ¢isla oznacuja poziciu uzla v da-
nej drovni stromu a v danej vetve, t.j., koren je iden-
tifikovany refazcom 1, jeho deti refazcami 1.1,1.2,
1.3,..., atd. (Obr. 2).

Postupnosti uzlov. balej potrebujeme zaviest nie-
kolko pojmov tykajucich sa postupnosti uzlov. Poradie
elementov v XML dokumente zodpovedé v stromovej
reprezentécii postupnosti uzlov v preorderi. Relaciu
usporiadania v preorderi na postupnosti uzlov ozna-
¢ime symbolom <. Pokrytie postupnosti uzlov s je
mnoZina podpostupnosti {s1,...,s,} takd, Ze kazdy
uzol z s patri prave do jednej z nich. Minimélne pokry-
tie je pokrytie minimélne na pocet prvkov. Minimalne

! NeuvaZujeme ostatné prvky XML dokumentu, ako
atribity, datové hodnoty, menné priestory.

pokrytie postupnosti uzlov s rasticimi podpostupnos-
tami oznatime MinCover(s,inc) a rasttcimi spojity-
mi podpostupnostami (behmi) MinCover(s, run).
XSLT sabléna. XSLT 8ablona je definovana ako
(n + 1)-tica tmp = (o,expy,...,expy,), kde ¢ € X
je meno kontextového uzlu a expi,...,exp, je pos-
tupnost XPath vyrazov nad Y. V tomto ¢lanku sa
obmedzime na zostupné XPath vyrazy odkazujice me-
nom, pricom pouzivame nasledujtcu zjednodusent syn-
tax: exp = child[ai]/ ... /child[ag], ktora v XPath
syntaxi zodpoved4 vyrazu

child::o [child::as . . . [child::ay.

Ako kontextovy uzol uvazujeme korein XML stromu, ¢o
je pre nage tcely postadujice?. Nech t je XML strom
nad Y. Vyhodnocovacia funkcia pre XPath vyraz exp v
kontexte ¢ je oznacen eval(exp,t) a vracia postupnost
uzlov t v preorderi, ktoré zodpovedaju uzlom odka-
zovanym vyrazom exp v strome ¢. Napr. ak
exp = childla] a t = o(a, 8, «), potom eval(exp,t) =
1.1, 1.33.
XML schéma. XML schéma nad X' je z abstraktného
pohl'adu mnozina pomenovanych regularnych vyrazov
nad X. V regularnych vyrazoch uvazujeme pat konst-
ruktorov so §tandardnym vyznamom: "|" "1 M0
""" Priorita konStruktorov je vyjadrend uzatvor-
kovanim. Instanciami schémy sa XML stromy, ktoré
splhajt strukturalne podmienky 3pecifikované regular-
nymi vyrazmi. MnoZinu inStancii schémy xs oznacu-
jeme T.

Pokial nie je uvedené inak, v dalsom texte uvazu-
jeme XML stromy, XSLT 8ablony a XML schémy nad
Tubovolnou, ale pevne danou abecedou X.

3 Sekvenc¢né spracovanie XSLT
Sablony

Nech tmp = (o0, exps, ..., exp,) je XSLT sablona. Sab-
lona sa pocas transformacie aplikuje pri navsteve kaz-
dého vstupného uzla pomenovaného o. XPath vyrazy
exp1, . .., erp, sa potom vyhodnocuja relativne vzhla-
dom na tieto uzly. My sa v tomto ¢lanku zameriavame
na zlozitost sekven¢ného spracovania jednej aplikacie
danej XSLT gablény. Najskor definujeme zakladny po-
jem potrebny pre jej urcenie - permuticiu vyvolani
Sablénou. Potom prestavime abstraktny model pre
sekvenéné spracovanie XSLT sablén a nakoniec ukaze-
me, Ze zlozitost sekventného modelu pre spracovanie
danej Sablony sa da definovat pomocou vyvolanej per-
mutécie.

2 Sta&i uvazovat taky podstrom vstupného stromu trans-
formaécie, na ktorom sa danad XSLT 8ablona aplikuje.

3 Kvoli prehladnosti jednotlivé uzly v postupnosti odd-
elujeme ¢iarkou.



Permutacia vyvolana Sablonou. Ked7Ze pri sek-
venénom spracovani potrebujeme vystup transformé-
cie generovat najskor, ako je to mozné (t.j. minimal-
nym vyuZitim paméte pre docasné uloZenie vystupu),
uzly adresované XPath vyrazmi v XSLT Sablone musia
byt navstivene a potom spracované v poradi, v akom
sa jeden po druhom vyhodnotia. Z hladiska sekvené-
ného spracovania si kritické prave situécie, ked pos-
tupnost vyhodnotenych uzlov nezodpoveda preorde-
rovému poradiu, v akom sa vyskytuji vo vstupnom
strome. V tomto pripade je potrebné vyuzitf aj paméit
na docasné uloZenie vstupu resp. vystupu. Permutdciu
vyvolanti Sablénou tmp v kontexte ¢ definujeme ako
postupnost uzlov vratent postupnym vyhodnotenim
XPath vyrazov expy,...,erp,.

Permutation(tmp,t) =

eval(expy,t) eval(exps,t) ... eval(expy,t).

Permutécia vyvolana Sablonou je teda explicitnym vy-
jadrenim poradia, v akom musia byt adresované uzly
navstivené pri spracovani vstupného stromu.

Priklad 1. Majme Sablonu tmp = (o, exp;, exps, exps,
expy), kde

expy = child[a]/child[f)],

exps = child[y],

exps = child[a]/child[a]/child]5],

exps = /,

a XML strom t = o(a(8,a(8,5)),8,v(c)) (Obr. 2).
Potom

eval(expr,t) = 1.1.1
eval(exps,t) = 1.3
eval(exps,t) =1.1.2.1, 1.1.2.2

eval(expy,t) =
Vybrané uzly je potrebné spracovat v poradi

Permutation(tmp,t) = 1.1.1, 1.3, 1.1.2.1, 1.1.2.2, 1
Sekvenény model. Sekvencény model predstavuje
jednoduchi abstrakciu sekvenéného procesora, v roz-
Sirenej podobe sme ho prestavili v [4]. Je definovany
ako Sestica M = (Q, X, A, R, k,l), kde @ je mnoZina
stavov, X je vstupné abeceda, A je vystupna abeceda,
R je mnozina pravidiel, k je pocet hlav a [ je pocet pre-
chodov ponad vstupny dokument. Pravidla sekven¢né-
ho modelu st tvaru

Obrazok 2. XML strom ¢ z Prikladu 1. Uzly adresované
XPath vyrazmi Sablony tmp st vyznacené sivou farbou.
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(Q7 (Ul7taglvlal>7 sy (Uka tagka lak:)) -

str(q',my, ..., myg)

kde q, ¢’ st aktualny a novy stav, o; € X' je meno vs-
tupného elementu, tag;,la; € {start,end} je druh ak-
tualneho tagu a nasledujtceho tagu (lookahead tag),
str je konStantny retazec, ktory tvori ¢ast vystupu
a m; € {stay,advance,skip,restart} si akcie hlav
nasledovnym vyznamom:

wn

— stay - hlava sa nehybe

— advance - hlava sa posunie o jeden krok v pre-
orderi,

— skip - hlava prejde cely podstrom pod aktuilnym
uzlom (zodpoveda prechodu na koncovy tag
aktualneho elementu),

— restart - hlava sa presunie spit na korei (zatiatok
nového prechodu)

Konfiguracia sekven¢éného modelu v kontexte ¢, je
(k + 1)-tica

(qv (ulvtagl)v RN (ukvtagk)atout>7

kde ¢ je aktualny stav, dvojia (u,,tag;) vyjadruje po-
ziciu hlavy ¢ a toy¢ je XML strom prestavujici doteraz
vygenerovany vystup. Pociatoéna konfiguracia v kon-
texte tin je (qo, (1,start)...,(1,start),e), koncovi
konfiguracia je (qo,(1,end)...,(1,end),toy:). Trans-
forméacia indukovana M je mnozina dvojic (tin,tout),
kde t,y: je vystup vygenerovany prechodom z pocia-
to¢nej konfiguracie do koncovej konfigurdcie v kon-
texte t;, a s vyuZitim maximalne [ reStartovacich pra-
vidiel. Miery zlozitosti sekvenéného modelu M st

Heads(M) =k, Passes(M) = 1.

Spracovanie S$ablony sekvenénym modelom.
Sekventny model budeme pouzivat ako formalizmus
pre sekvenéné spracovanie XSLT Sablony. Kedze uva-
zujeme Sablony bez generovania vystupu, na pravej
strane pravidiel bude vzdy iba stav a mnozinu in§truk-
cii pre pohyby hlav, vystupny refazec bude prazdny.
Aby sme vedeli identifikovat poradie najdenia adreso-
vanych uzlov, rozlisujeme pre kazda hlavu ¢ Specidlne
stavy zhody Q(matcn,iy € Q- Pokial sa sekventny mo-
del nachadza v takomto stave, znamené to, Ze hlava ¢
je nastavena vo vstupnom strome na niektory z adreso-
vanych uzlov. Sekven¢ény model pre spracovanie XSLT
Sablony tmp v kontexte ¢ je potom taky model, ktory
pocas vypoCtu prejde postupne stavmi zhody
q1,---,qm, prislusné hlavy v stavoch zhody su nas-
tavené na uzly wuq,...,u,, a plati, Ze tato postupnost
uzlov je prave permuticia vyvolana Sablénou tmp na t.
Mnozinu takychto modelov ozna¢ime M iemp, 1)
a konstrukciu demongtrujeme na priklade.

Priklad 2. Majme 8ablonu tmp = (o, exp;,exps)



40 Jana Dvorakova

a XML strom t, kde exp;,exps,t s definované ako
v Priklade 1. Jednoprechodovy jednohlavovy sekvenc-
ny model pre spracovanie tmp skonStruujeme nasle-
dovne. M = (Q, X, A, qo, R,1,1), kde

Q= {qu 4(0,0)549(1,0)s 4(match,0)> q(O,match)}y

Q(match,l) = {Q(match70)7Q(07match)}7

Y ={o,a,8,7}, A =10, a R pozostava z pravidiel:
Inicializacia:

(qo, 0, start, start) — (q(o,0), advance),

(qo, 0, start,end) — (qo, advance)

Vyhodnocovanie prvého kroku exp;:

(q(0,0), o, start,la)  — (q(1,0), advance),
(9(0,0); , start,la)  — (q(o,0), skip), T #
(9(0,0), T, end, start) — (q(o,0), advance)

(9(0,0), 7, end,end) — (qo, advance)

Vyhodnocovanie druhého kroku expy:
(q(l,O) ) /8’ start, la) - (Q(match,O)7 Skip)v
(91.0)> 2, start,la) — (q(1,0), skip), x # B
(9(1,0), z, end, start) — (q(1,0), advance),
(q(1,0), z, end, end) — (q(o,0), advance),

Aktualizacia stavu po najdeni uzla adresovaného exp;:
(@(mateh,0), B, end, start) — (q(1,0y, advance),
(@(mateh,0), B, end, end)  — (q(o,0y, advance).
Vyhodnocovanie prvého kroku exps:

(9(0,0), B, start,la) — (q(o,match)» Skip),

Aktualizacia stavu po ndjdeni uzla adresovaného exp;:
(Q(O,mat(:h)v ﬂa endv St(l?"t) - (q(0,0)7 Sklp),
(q(O,match)v ﬂa end, end) - (qu Sklp)

Sekven¢ny model M vyhodnocuje obidva XPath vy-
raz. Pri konStrukcii sme vyuzili informaciu, Ze uzly
adresované exp; sa v t nachadzaju pred uzlami adreso-
vanymi expy (vzhladom na preorder), inak by poradie
navstivenia adresovanych uzlov nemuselo zodpovedat
permutécii vyvolanej tmp na t. Samotné pravidla vsak
nie st zavislé na vstupe.

Pre 3ablonu tmp = (o, exps,...,exp,) ma sekvenény
model pociatocny stav qo a dalej stavy tvaru qs, ... s,)s
kde s; moze mat hodnoty {0, ..., steps; — 1, match},
steps; je pocet lokaliza¢nych krokov v XPath vyraze
exp;. Hodnota s; indikuje, aki cast vyrazu exp; uz
bola vyhodnotena.

Sekven¢éna zlozitost Sablény. Vo vSeobecnosti
XSLT sablonu nie je mozné spracovat pomocou jed-
noduchého jednohlavového a jednoprechodového sek-
ven¢ného modelu ako v Priklade 2. V nasledovnom
texte sa zameriame na hladanie metody pre vypodet
sekvenénej zlozitosti Sablény, t.j., vypofet minimal-
neho po¢tu hlav a poctu prechodov, ktoré musi mat
sekven¢ény model pre jej spracovanie.

Heads(tmp,t) =
min{Heads(M) | M € Mymp), Passes(M) = 1}

= minimalny pocet hlav potrebny na sekven¢né spra-
covanie tmp v kontexte ¢ v jedinom prechode,

Passes(tmp,t) =
min{Passes(M) | M € Mmp.), Heads(M) = 1}

= minimalny pocet prechodov potrebny na sekvencéné
spracovanie tmp v kontexte ¢ pomocou jedinej hlavy.

Ukazeme, ze sekvenénu zlozitosti vieme jednoducho
vypocitat analyzou XSLT Sablony a vstupného doku-
mentu, pricom vyuZijeme permutéiciu vyvolana Sablo-
nou. Pozrime sa bliz§ie na sposob prace sekvencného
modelu.

Viachlavovy jednoprechodovy model. Pri kongtrukcii
viachlavového modelu potrebujeme poznat priradenie
XPath vyrazov jednotlivym hlavam, t.j. pre kazda hla-
vu mnozinu XPath vyrazov, ktoré iou buda vyhod-
notené. Na zafiatku transformacie sa hlavy nastavené
na koreii a pocas aplikicie transformacnych krokov
sa kazda mozZze hybaf iba v preorderi alebo nehybat
vobec. Zrejme pokial permutacia vyvoland Sablénou
tmp je rastica postupnost, vieme ju spracovat jed-
nohlavovym sekveénym modelom. Akonéhle v§ak per-
mutécia obsahuje nejakd inverziu, potrebujeme viac
hlav, pretoZe jedna hlava nie je schopna navstivit dva
uzly v opac¢nom poradi, ako je ich poradie vo vstupnom
dokumente. Kazdej hlave teda moze byt priradena na
vyhodnotenie mnozina XPath vyrazov, ktor4 vracia
rasticu postupnost uzlov vzhladom na ich preorderové
usporiadanie vo vstupnom strome.

Viacprechodovy jednohlavovy model. Situacia je po-
dobné ako v pripade hlav - v jednom prechode vieme
jednou hlavou spracovat podpostupnost uzlov, ktoré
musi byt rastica. Rozdielom je, Ze podpostupnost mu-
si byt aj spojita, pretoZe v pripade viachlavého modelu
mohli hlavy navzajom komunikovat, aviak v pripade
viacprechodového modelu moZnost komunikécie medzi
jednotlivymi prechodmi neexistuje.

Dostavame teda, Ze obe definované miery zloZitosti
mozeme vypocitat ako minimélne pokrytia permuta-
cie vyvolanej Sablénou, pri¢om v pripade poctu hlav je
to pokrytie rasticimi podpostupnostami a v pripade
poctu prechodov pokrytie rastiicimi a spojitymi pod-
postupnotami, teda behmi.

Heads(tmp,t) = MinCover(p,inc),
Passes(tmp, t) = MinCover(p, run),
kde p = Permutation(tmp,t). Permutéacia p sa da
ur¢it priamo vyhodnotenim XPath vyrazov z tmp
v kontexte t. Potom je uZ iba potrebné vypocitat mi-
nimélne pokrytie p rastiicimi podpostupnostami, resp.
behmi a dostaneme vysledni sekvenéni zlozitost.

Priklad 3. V Priklade 1 permutaciu vyvolanu Sablénou
tmp v kontexte t tvorila postupnost uzlov

1.1.1, 1.3, 1.1.2.1, 1.1.2.2, 1



Tuto postupnost vieme minimélne pokryt rastiicimi
podpostupnostami  {(1.1.1, 1.3),(1.1.2.1, 1.1.2.2, 1)},
ktoré su spojité. Sekvecné zlozitost spracovania Sab-
lony je teda Heads(tmp,t) = Passes(tmp,t) = 2.

Samostatny XPath vyraz sa vzdy dé spracovat jed-
nou ¢itacou hlavou v jednom prechode. Preto hornou
hranicou pre Heads(tmp, t) aj Passes(tmp,t) je pocet
XPath vyrazov v dotaze tmp. Beh je vizdy rastica
postupnost, ale rastiica postupnost nemusi byt nutne
behom. Preto pocet hlav potrebny pre spracovanie
dotazu tmp tvori dolnt hranicu poc¢tu prechodov po-
trebného pre spracovanie tmp.

Heads(tmp,t) < Passes(tmp,t) < n,

kde n je pocet XPath vyrazov v tmp.

4 Vypocet sekvencnej zlozZitosti
vzhl'adom na vstupnii schému

Uvedeny postup vypoctu sekvencénej zloZitosti pre Sab-
l6ony ma jednu podstatni nevyhodu. KedZe v praxi
sekvencne typicky spracovavame velké dokumenty ale-
bo datové toky, je Ziaduce, aby sme vedeli vypodi-
tat sekvencénu zlozitost Sablon nezévisle na vstupnom
dokumente. Pokial by sme uvaZovali XPath vyrazy
odkazujuce indexom, situédcia by bola jednoduch4 -
permutacia vyvolana dotazom by bola v kazdom kon-
texte rovna postupnosti indexov zoradenych v poradi
vyskytu v jednotlivych vyrazoch. My sa v3ak zaobe-
rame XPath vyrazmi, ktoré odkazuji na vstupné uzly
menom. Ako vidno z nasledovného prikladu, v tomto
pripade mozeme pre rozne kontexty dostat rozne per-
mutéacie a hodnoty sekvencnej zlozitosti.

Priklad 4. Majme 8ablonu tmp = (o, child[8], child[a])
a XML stromy t; = (83, a) a ts = o(a, ). Potom

Permutation(tmp,t1) = 1.1, 1.2 #
Permutation(tmp,ta) = 1.2, 1.1

Prirodzenym rieSenim, ktoré navrhujeme, je vyuzitie
informécie o $trukture vstupného dokumentu obsiah-
nuti vo vstupnej schéme. XML schéma je typicky mala
v porovnani s velkostou vstupnych XML dokumentov
a jej analyzou vieme pre danu $ablonu ur¢it mnoZinu
moznych permutécii a presny rozsah hodnét pre sek-
venéna zloZitost. Vo v8eobecnom XPath existuji
kongtrukcie, pri ktorych sa mnozina permutécii ned4
urc¢it ani za pomoci vstupnej schémy, vo vi¢8ine pri-
padov sa im vSak da vyhnut.

V nasledovnom texte uvaZzujeme Tubovolnua, ale
pevne dant $ablénu tmp = {0, exps,...,exp,}, XML
strom ¢t a XML schému zs. Z dévodu obmedzeného
priestoru sa zameriavame na vypocet rozsahu hodnét
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pre Heads(tmp,t).

Sekvenéna zlozitost vzhl'adom na schému. Mi-
nimalny a maximalny pocet hlav potrebnych na spra-
covanie tmp nad zs definujeme

MinHeads(tmp, xs) =

min{Heads(tmp,t) | t € T s,ro0t(t) = o},
MazxHeads(tmp, xzs) =

mazx{Heads(tmp,t) | t € T s, root(t) = o}.

Nagim cielom je vypocitat obe hodnoty. Vypodet pria-
mo podla definicie nie je moZny, pretoze schéma xs
moze mat vo vSeobecnosti nekonecne vela ingtancii.
Kone¢ny pocet insStancii maja iba schémy bez konst-
ruktorov "*a "+". Jadrom naSej metody vypoctu je
modifikicia danej schémy xs na ohranicent schému
xS, s koneénym po¢tom instancii, priCom plati, Ze
sekvencénéa zlozitost tmp nad xs, je rovnaka ako sek-
veéna zlozitost tmp nad zs.

Konstrukcia ohrani¢enej schémy. Ohrani¢ena
schému xs, ziskame z poévodnej schémy substiticiou
podvyrazov:

1. podvyraz (r)* nahradime podvyrazom (r)",
n

2. podvyraz (r)* nahradime podvyrazom (r)",
kde n je pocet XPath vyrazov v 8abléne zs. Sta¢i ndm
ukazat, Ze pre takto zostrojent schému plati

MinHeads(tmp, xs,) = MinHeads(tmp, xs)
MazHeads(tmp, xs,) = MazxHeads(tmp, xs)

Prvéa cast tvrdenia je zrejma. Iteracie nam iba pridava-
ju dal'sie podstromy do XML instancii a teda vkladaji
podpostupnosti do permutécii vyvolanych ablénou
tmp. Permutacia vyvolana na XML strome z 7,5 — Tys,.
je teda vZdy nadpostupnostou permutacie vyvolanej
na niektorom z XML stromov patriacich do 7s,. Mi-
nimalne pokrytie nadpostupnosti ma vzdy vac¢si alebo
rovnaky pocet prvkov ako minimalne pokrytie samot-
nej postupnosti z ¢oho jasne vyplyva platnost rovnosti.
Néaro¢nejsiou ulohou je ukazat platnost druhej rovnos-
ti. Nebudeme uvadzat formalny dokaz, ktory je znaéne
technicky, ale iba pomocou prikladu nacértneme jeho
zékladna ideu.

Priklad 5. Majme Sablonu tmp = (o,exp;,exps,

exps), kde
exp; = child[a],exps = child[f], exps = child[y].

Dalej majme XML schému xs obsahujicu jediné pra-
vidlo 0 — (o, (,7v)*. XPath vyrazy z tmp vyhod-
notime v kontexte tych XML instancii schémy xs, kto-
ré vznikli jednou, dvomi, resp. tromi iterdciami pod-
vyrazu «, 3,y v pravidle schémy.
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t1 =o(afy): eval(expy,t1) = 1.1,
eval(expa,ta) = 1.2,
eval(exps, ts) = 1.3,

to = o(afyaBy),: eval(expy,t;) = 1.1, 1.4,
eval(expa,ta) = 1.2,1.5,
eval(exps,ts) = 1.3,1.6,

ts = o(afyabyafy),: eval(expy, t1) = 1.1, 1.4, 1.7,
eval(expa,ta) = 1.2, 1.5, 1.8,
eval(exps,t3) = 1.3, 1.6, 1.9.

Uréime minimélne pokrytia permutécii vyvolanych
tmp v kontexte stromov t1, ts, t3 a pocet hlav potrebny
pre sekven¢né spracovanie.

MinCover(tmp,t;)={(1.1, 1.2, 1.3)},
MinCover(tmp,t2)={(1.1, 1.2, 1.3), (1.4, 1.5, 1.6)},
MinCover(tmp, t3)=
{(1.1, 1.2, 1.3), (
{(1.1, 1.4, 1.7), (

Heads(tmp, t1) =1,

Heads(tmp, ty) = 2,

Heads(tmp,t3) = 3.

Pre minimélne pokrytie permutécie vyvolanej tmp
v kontexte t3 mame dve moZnosti. Lahko vidno, Ze
druha moZznost pokrytia podpostupnostami sa dé ana-
logicky pouzit pre permutécie v kontexte XML ingtan-
cif 8 podtom iterdcii vA&im ako 3. Dalgie adresované
uzly sa budu jednoducho pridavat na konce pospotup-
nosti v minimalnom pokryti pre t3. Preto sa pocet hlav
potrebny na spracovanie tmp pri dal'Sich iteraciach uz
nezvysi.

4, 1.5, 1.6), (1.7, 1.8, 1.9)}U
2, 1.5, 1.8), (1.3, 1.6, 1.9)},

HH

Myslienku na¢rtnuta v priklade je mozné zovseobecnit
a tvori jadro dokazu platnosti tvrdenia pre vypocet
maximalneho po¢tu hldv potrebnych na spracovanie
Sablony nad XML schémou.

5 Zaver

V &anku sme analyzovali zlozitost vyhodnocovania
zostupnych XSLT 8ablén pocas sekvenénych XSLT
transformacii. Vytvorili sme vhodny matematicky za-
klad - sekven¢né miery zloZzitosti spracovania XSLT
Sablony sme definovali prirodzenym sposobom ako mi-
nimélne pokrytia permutacie elementov vstupného
XML dokumentu vyvolané dotazom. Uviedli sme me-
tédu pre vypocet sekvencnej zlozitosti, ktord je ne-
zavisla na vstupnom dokumente, pri vypocte vyuziva
iba informaciu o $trukture vstupného dokumentu zo
vstupnej schémy. Metédu sme implementovali a zacle-
nili do prototypu sekvenéného XSLT transformétora.

V ¢lanku sme uvazovali viaceré obmedzenia klade-
né jednak na XML dokument (uvaZovali sme iba ele-
menty), XPath vyrazov (uvaZovali sme podmnoZzinu
zostupnych vyrazov), ako aj XSLT Sablony. Pouzité

abstraktné modely v8ak zachytavaju zakladné problé-
my vyhodnocovania XSLT Sablén v kontexte sekvendé-
nych XSLT transformaécii a ako nam ukézala prakticka
skiisenost, mnohé z obmedzeni moéZzu byt preklenuté
jednoduchymi modifikdciami algoritmu.

V dal'8ej praci sa planujeme zaoberat sekvenénym
vyhodnocovanim XSLT 8Sablén obsahujicich spétné
osi, pri¢om planujeme vyuZit zname metddy pre prepi-
sovanie spatnych osi na dopredné [6,9], a takisto pos-
tupnym vyhodnocovanim skupiny XSLT $ablon, t.j.
kompletného XSLT programu.
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Geometry in the data space*
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Abstract. We introduced in [1] new characteristics of
probability distributions. The central tendency of a distri-
bution is characterized by the Johnson mean. We discuss
its estimation and construction of confidence bounds.

1 Inference function

The usual parametric model of observed data z1,...x,
is a parametric family {Fy, 0 € O} supported by X CR
with parameter 0 = (04,...,6,,),© C R™. Data are
considered to be a random sample from Fy,, i.e., a re-
alization of independent random variables X7,...X,,
identically distributed according Fp, with unknown
vector parameter 6.

Two questions arise:

i/ How to estimate 6, (to know, approximately, the
underlying distribution Fy,)?

ii/ How to characterize the data by a few numbers
(to use them, perhaps, in further processing)?

Let us discuss the solutions consisting of choosing
a suitable inference function @) and a study of averages
of the type =37 | Q(z;;6).

If @ is the identity function, the solution of both
problems is easy. Supposing that 6y = (u,0) where
p is the mean and o2 the variance of the underly-
ing distribution, a ’center’ of the data is the aver-
age  : 13" (z — %) = 0 and a measure of dis-
persion of the values around it is the sample variance
6% = 53" | (z — Z)*. However, both the mean and
variance are not good characteristics of skewed distri-
butions and, moreover, they may not exist for some
"heavy-tailed’” distributions with densities slowly de-
caying to zero for which the integrals defining mo-
ments may not converge. In such cases, z and 62 are
not appropriate characteristics of the data.

The inference function of the classical statistics is
a vector-function U = (Uy(x;0), ..., Upn(z;6)), where,
for j=1,...,m,

O \og f(:0)

Uj(x) = 90,
J
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are the partial scores for the component ¢;. The sys-
tem of so called maximum likelihood equations

1 n
=Y Uj(zi:0) =0, j=1,..m (1)
n

1=1

gives estimates 0, = (él, ey ém) of Oy with in a certain
sense best properties. However, with exception of one-
parameter models, the pseudometric introduced in the
sample space by vector function U is too complicated
to offer simple characteristics of a ’center’ and vari-
ability of the data.

Inference functions of the robust statistics are
called "psi-functions’; they are to a certain extent arbi-
trary bounded functions, making possible to introduce
location and scale parameters, not taking into account
the actual parameters of the underlying distribution.
Thus, for instance, the M-estimate [ of location p is
the solution of equation

1 n
g;%(% —p)=0.

Such /i is shown to be under reasonable regularity con-
ditions consistent (Eji = p) and its distribution
asymptotically (that is, for large n) normal, N (i1, v3/n),

where )
E
o? = v )

(5]

(see e.g. ([5])). The boundedness of inference func-
tion 1) guarantees the suppression of the influence of
possible outlier observations. However, the approach
does not take into account possible prior knowledge of
the underlying distribution.

It was shown in [1] that any continuous probability
distribution with arbitrary interval support X € R
can be characterized, besides the distribution function
F(z) and density f(x), by its Johnson score S(z) ([1],
Definition 1). Instead of the usual moments, we can
use the Johnson score moments

ES’“:/XS"'(x)f(m) de, k=12,.. (3

It was shown that £S = 0 and it can be shown that
ES* < 00 if ES? < oo (the last condition is equivalent
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to the usual regularity requirements). Thus, Johnson
score is a scalar function characterizing the distribu-
tion and giving a possibility to find simple character-
istics of distributions.

2 Johnson data characteristics

As a ’center’ of the distribution we find ([1]) the John-
son mean z* : S(z) = 0 and as a measure of variability
of values around z* the Johnson variance, we introduce
an analogy of (2),

5 ES?

(ES)? @

For distributions with Johnson parameter, (4) is equal
to the suggestion given in [1], for other distributions,
(4) is better.

Densities, Johnson scores, Johnson means and
Johnson variances of distributions presented below
as examples are given for reference in Table 1. Apart
from the normal distribution, the support of all other
distributions in Table 1 is X = (0, 00).

Distribution f(a;) , S(l’) xz* w?
normal 217r0671%(i7“) ) cc;u 1% o?
lognormal %6_5 log 2(%) % log(x/t)ﬁ t t2/ﬁ2
Weibull B2y (D7 Bl —1] ¢t /8
gamma @xaefw 157 —1) a/y a/~?
inv. gamma #@)x—ae—w/x a(l — ’Y/Ta) ’Y/Oé 'y2/oz3

. 1 P r— +q)2
beta-prime | 3505 ) Grnpte P4 ple iy

Table 1. Some distributions and their characteristics.

Fig.1 shows densities and Johnson scores of three
inverse gamma distributions with v = a = 0.6(1), 1
and 1.5(3). The densities are heavy-tailed so that
extremely large values can be observed. Johnson scores
are bounded in infinity, so that averages of S(x;) are
not sensitive to large x; (on the other hand, it
is apparent from the figure that the averages of S(z;)
can be heavily influenced by x; near zero). The mean
of distribution 1 and 2 do not exist, the mean of distri-
bution 3 is denoted by the star. All three distributions
have the same Johnson mean z* = 1, which seems to
give a reasonable description of the position of a dis-
tribution on the z-axis.

Unlike the usual moments, the sample versions of
the Johnson score moments cannot be deter-
mined without an assumption about the underlying
distribution family. On the other hand, by substitut-
ing the empirical distribution function into (3), the
resulting system of equations,

1
3
1
0 : %
0 1 4
2
0
1
3
—_ 4 L
0 1 4

Fig. 1. Densities and Johnson scores of inverse gamma dis-
tributions.

k=1,.. (5)

n
%ZS"'(@;G):ES’“(H), .m
i=1
appears to be an alternative to system (1). The esti-
mates 6, from (5) are M-estimates so that they are
for large n approximately normally distributed with
mean 6y and variance given by expression similar
to (2). The variances are slightly larger than that of
the maximum likelihood estimates, but the estimates
are robust in cases of heavy tailed distributions.
Generally, Johnson mean z* = a*(0y,...,0,,). If
0; = const. for j = 2,...,m so that z* = z*(61) or
if #* = ¢(02/601) and 6; = const. for j = 3,...,m, the
first equation of system (5) can be written in the form

> S(aizat) =0, (6)
=1

where x* plays the role of a parameter. For example,

in case of the beta-prime distribution,

qqr—p Fa—z*
px;+1 p x+1

S(x:p,q) (7)
so that (6) has a form

T, —x*
x;+1

—0. 8)

i=1

Let us call the estimate 2 of * a sample Johnson
mean. Since 27, is an M-estimate, we have immediately
the following result:

Theorem 1. The sample Johnson mean &) deter-
mined from (6) is approzimately distributed by
N(z*,w?/n) where w? is given by (4).



3 Johnson distance

Definition 1 Let S be Johnson score of distribution F'
with support X CR. A Johnson difference of x1,x0€ X
from distribution F is

d(x1,x9) = S(x2) — S(x1). (9)

If the Johnson score is written as S(z;z*),
d(x1,22) = S(x2;2*) — S(z1;2%). In what follows,
S’ (z*; *) means (dS(x;x*)/dx)|z=z~. We approach to
the main result of this paper.

Theorem 2. Let &* be the estimate of the Johnson
mean x* of distribution F from (6). Then d(Z},x*) is
approzimately N (0, [S"(z*; 2*)]*w?/n).

Proof follows from Theorem 1 and so called invariance
principle saying that if \/n (6 —60) — N(0,0?%) as n— 0o
in distribution and ¢ is continuous, then

V(e (6;) — ¢(0%)) — N(0,[¢/(0%)]%0?)
as n — oo in distribution.

By Theorem 2, the approximate (100 — «)% con-
fidence bounds for Johnson mean can be determined
from condition

D = = N =
) = i aman — Slanianon = "

(10)
where A\, = uq/2/y/n and ug /2 is the (a/2)-th quantile
of the normal distribution (in (10), we used relation
S(z%;&r) = 0 and replaced w by its estimate).

n*'n

4 Examples

As an example of a procedure taking into account the
geometry in the sample space of the given (assumed)
distribution we determine the confidence intervals for
Johnson mean of distributions from Table 1. We work
with simplified formulas for Johnson scores without
constant multiplicative terms, since they are cancelled
in (10).

In case of the normal distribution, the first two
Johnson moment equations (5) are identical with the
maximum likelihood equations (1) so that & = Z and
w? = &% For large n, the approximate (100 — a)%
confidence interval is, as usually,

(T — MOy T + AnGn)

(in this case we know, of course, the exact distribution
of (x — %)/5).

Sample Johnson mean of distributions with
Johnson parameter ¢ is ), = t,, and its asymptotic
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variance w? = 1/ES?. In case of the lognormal dis-
tribution, S(z,t) = log(z/t), by (6) &, = L 3" log;,
i=1

D(tn,t) = |S(tn,t)|/(1/t % t/3) and the approximate
(100 — )% Johnson confidence interval for z* is

(fne_kn/ﬁ) fnekn/ﬁ)_

From the second eq. of (5), 32=n/ > log®(z;/t,). In
i=1

case of the Weibull distribution, S(z;t) = (z/t)” -1,
tn = (220 2)1/8, which is the f-th mean, and,

since D(tn,t)=|S(tn,t)|/(B/t xt/B), the approximate
(100 — @)% Johnson confidence interval for z* is

(Fn(1 = X)YP 2, (14 2p) Y5,

Let us determine confidence intervals for distri-
butions without Johnson parameter. In case of the
gamma distribution, S(z,z*) = vz — « so that &} =
a/y=x. From (10) we obtain D(z, x*) = /&, |z* /z—1]
and the approximate (100 — «)% Johnson confidence
intervals is

("E - )\an x+ )\npn)

where p2 =1/d,, = L 3" 22 /22 — 1 (it follows from
the second eq. of (5)). In a particular case a =1,
v = 1/t (the exponential distribution), Johnson dis-
tance is identical with the well-known Rao distance.

In case of the inverse gamma distribution,
S(x,2*) = a — v/x so that the sample Johnson mean
&5 = vy/a = n/Y. 1/x; = Ty is the harmonic
mean. Since S'(z*;2%) = a?/, ES? = q,
E(-0S(z;2%)/0x*) = a?/y and D(z*,Zy) =
Vén|l = Zp/x*|, the approximate (100 — )% John-
son confidence interval for z* is

TH TH
1+Anpn71_/\npn ’

where, from the second equation of (5), p2 = 1/é&, =
fH/% i Lzf — L.

By (6), the sample Johnson mean of the beta-prime
distribution is

Zn xX;
Ak i=1 ].+(E1
Ty = ——5 -

11)

Zi:l T+z;
Since S(z;x*)=(x—x*)/(x+1), S (x*;2%)=1/(p+q),
ES?* = pg/(p+q+1) and E(-0S(z;z*)/0z*) =
¢*/(p + q), the approximate (100 — a)% Johnson con-
fidence interval for z* is

1+)\npn ’ 1_)‘npn ’
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where p, = @, /(2 + 1).

In Table 2 we present confidence intervals (¢, ;)
for Johnson mean of distributions from Table 1 with
the values of parameters chosen such that all the dis-
tributions have the same (assumed) values £} = 2 and

O = 1.

distribution e of
Weibull 1.700 2.260
gamma 1.723 2.277

lognormal 1.741 2.297
beta-prime 1.746 2.305
inverse gamma 1.757 2.322

Table 2. Confidence intervals for n = 50 and o = 0.05.

With exception of the interval for gamma distrib-
ution, all intervals are non-symmetric. Their lengths
are similar, which is the consequence of equal Johnson
variances of all distributions. The results of simula-
tion experiments are in a good agreement with the
predicted Johnson confidence intervals.
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Abstract. The paper considers deterministic communica-
tion in radio networks whose underlying reachability graphs
are undirected 2-dimensional grids. Radio communication
is synchronous and differs from other communication
models in a way, how simultaneously incoming messages
are processed. A node receives a transmitted message iff
exactly one its neighbor transmits in a given time slot. In
our setting, we assume that the nodes (networks stations)
are spread in a region in a reqular way. Particularly, they
are located at grid points of a square mesh. Initial knowl-
edge of a node is limited only to its unique identifier. The
node is not aware of its position in the grid as it was assu-
med in other papers. We design an algorithm completing
the broadcasting task in O(ecc + log N) rounds using total
O(n+log N) transmissions, where ecc is the eccentricity of
the source and N is an upper bound of unique integer iden-
tifiers assigned to the modes. Moreover, we present a mo-
dification of the algorithm that solves a task of computation
grid coordinates of each node in the asymptotically same
time. All presented algorithms are asymptotically optimal
according to both considered complexity measures.

1 Introduction

A radio network is a collection of autonomous stations
that are referred as modes. The nodes communicate
via sending messages. Each node is able to receive
and transmit messages, but it can transmit messages
only to nodes, which are located within its transmis-
sion range. The network can be modelled by a directed
graph called reachability graph G = (V, E). The vertex
set of G consists of the nodes of the network and two
vertices u,v € V are connected by an edge e = (u,v)
iff the transmission of the node u can reach the node v.
In such a case the node u is called a neighbor of the
node v. If the transmission power of all nodes is the
same, then the reachability graph is symmetric, i.e.
a symmetric radio network can be modelled by an
undirected graph. In what follows, we focus on commu-
nication in a radio grid, i.e. an underlying reachability
graph of the radio network is a grid graph. Our aim is
to model radio communication in the real-world case
when the nodes (networks stations) are spread in a re-
gion in a regular way. Particularly, they are located at

* Author thanks to an anonymous reviewer for his sugges-
tions and references concerning 2-distance coloring.

all grid points of a square mesh and the transmission
radius of a node is equal to 1.

Definition 1. For p,q > 1, an undirected graph G, 4
1s called a grid graph iff:

V(Gp,q) = {(Za])m S i <pa0 S] < q}

E(Gpq) = {((i,5), (', 1))
(i'=inj =j+1)Vv(E'=it1A] =7}

Radio communication is synchronous and differs
from other communication models in a way, how simul-
taneously incoming messages are processed. A node re-
ceives a transmitted message iff exactly one its neigh-
bor transmits in a given time slot. In particular, the
nodes of a network work in synchronized steps (time
slots) called rounds. In every round, a node can
act either as a receiver or as a transmitter. A node u
acting as transmitter sends a message, which can be
potentially received by each its neighbor. In the given
round, a node, acting as a receiver, receives a message
only if it has exactly one transmitting neighbor. The
received message is the same as the message transmit-
ted by the transmitting neighbor. If in the given round,
a node u has at least two transmitting neighbors we
say that a collision occurs at node u. We assume that
the nodes cannot distinguish an interference noise (at
least two transmitting neighbors) and a background
noise (no transmitting neighbor), i.e. the collision at
the node u seems for the node u as the round in which
no its neighbor transmits. We discuss communication
complexity of tasks. Hence the time for determining an
action in a round is insignificant, i.e. the complexity
of an internal computation is not considered.

The goal of broadcasting is to distribute a mes-
sage from one distinguished node, called a source, to
all other nodes. Remote nodes of the network
are informed via intermediate nodes. The time, re-
quired to complete an operation, is important and
widely studied parameter of mostly every communi-
cation task. Since the nodes (radio stations) used in
real-world applications are very often powered by bat-
teries, another important complexity measure is
a energetic complezity. It is denoted as the total num-
ber of transmissions that occur during the execution
of an algorithm in the network.
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In this paper, we consider both complexity mea-
sures: time and energetic complexity. The complexity
of an algorithm is described as a function of three pa-
rameters of radio network: the number of nodes (de-
noted as m), the unknown upper bound of identifiers
assigned to the nodes (denoted as N), and the largest
distance from the source to any other node of the net-
work (denoted as ecc).

According to different features of stations form-
ing a radio network, many models of radio networks
have been developed and discussed. They differ in used
communications scenarios and in an initial knowledge
assumed for nodes. The overview of the models of ra-
dio networks can be found e.g. in [9]. Through this
paper, we focus on the deterministic distributed algo-
rithms in unknown radio networks with a grid
topology. An initial knowledge of a node is limited only
to its unique integer identifier (label). The node is not
aware of its position in the grid. Moreover, neither the
size of an underlying reachability graph (the number
of nodes) nor an upper bound of identifiers are known
to the nodes. Most of previous works deal with the
assumption that N = O(n?), for a constant p > 0. In
this paper, we consider that there is no relationship
between N (an upper bound of identifiers) and n (the
number of nodes), except trivial N > n. It models the
case when each network station possesses a unique fac-
tory identifier (e.g. MAC address) of large scale, but
the number of nodes forming a network is relatively
small. Note that considered settings are not a typical
real-world case since the network topology is fixed to
a specific graph topology. On the other hand, all con-
sidered assumptions cover the case immediately after
appropriate arrangement of nodes (with only a factory
initial knowledge) in an area. In this sense, the algo-
rithms proposed in this paper could be seen as the
algorithms computing an auxiliary information that
serves also for establishment of a fast communication
mechanism.

1.1 Related work

The first distributed algorithms for unknown radio
networks were presented by Diks et al. in [4]. The
authors considered a restricted class of networks
having the nodes situated in a line. Moreover, they
assumed that each node could reach directly all nodes
within a certain distance. Systematic study of deter-
ministic distributed broadcasting has been initiated
by Chlebus et al. in [2]. Recently, Czumaj and Ryt-
ter [3] gave currently best deterministic broadcasting
algorithm that completes the task in time O(nlog® D)
where D is the diameter of the reachability graph.
Note that D < 2.ecc. In the case when underlying
reachability graph is symmetric, i.e. radio networks is

modelled by a undirected graph, more efficient broad-
casting algorithm has been constructed. In [7], Kowal-

ski and Pelc gave a Q(nlogh?%) lower bound for

symmetric radio networks and designed a O(nlogn)-
rounds broadcasting algorithm.

Radio communication in networks with grid
topology was investigated by Kranakis et al. in [8]. The
authors discussed fault tolerant broadcasting in known
topology radio grid networks (each node knows its co-
ordinates and dimensions of the grid graph). Bermond
et al. [1] considered modified model of communication
in know topology radio grid networks that follows from
a problem proposed by France Telecom. In this model,
transmission of a node causes an interference in some
nodes that are not within the transmission range of
the node. This region is called an interference range
of the node. In standard model, the interference range
and the transmission range of a node are the same.
The authors studied a gathering task where the goal
is to gather information from all nodes of the network
to a distinguished central node.

2 Radio broadcasting in grid networks

In this section, we focus on the broadcasting task in
unknown radio networks whose underlying reacha-
bility graph is a grid graph G, 4, for p,q > 1. Con-
sidering this setting, we design a deterministic distri-
buted broadcasting algorithm that completes the task
asymptotically optimal in O(ecc+ log N) rounds. The
algorithm consists of three parts. At first, the source
selects one of its neighbors during the first part. The
goal of the second part is to compute an initializa-
tion information which is later used in third part of
the broadcasting algorithm. We shall compute the ini-
tialization information only in the neighbors of the
source and in the nodes that have in their neighbor-
hood two neighbors of the source. Finally, the third
part of the algorithm disseminates a source message
through the network. Simultaneously, a control infor-
mation that is similar to the initialization information,
is computed for newly informed nodes.

Definition 2. A node is referred to as a 2-neighbor
of the source iff it is adjacent with two neighbors of
the source.

2.1 Common subroutines and techniques

In this subsection, we present some supplementary
techniques that are applied in the first and the
second part of the broadcasting algorithm.

Definition 3. Let v be a node with identifier I D(v) >0
and let (a1, as,...,ar)2 be a binary representation of



the number ID(v). An infinite binary sequence
1,ax,ak_1,...,a2,a1,0,0,... is called a transmission
sequence corresponding to the identifier ID(v).

Ezample 1. The transmission sequence corresponding
to the identifier 11 = (1011)5 is 1,1,1,0,1,0,0,0, .. ..

Note that the previous definition implies that
transmission sequences corresponding to different
identifiers differ at least in one position.

Consider the following case. A node u has at least
one and at most two active (participating) neighbors,
say v and w, that become informed in some unknown
rounds (possibly different). We have to deliver
an information from one of participating neighbors
to the node u as soon as possible. This task can be
easily solved applying previously defined transmission
sequences. Suppose that a participating neighbor be-
comes informed in the round 0. In the i-th round, it
transmits its information iff the i-th element of the
transmission sequence corresponding to its identifier
is equal to 1. This subroutine is referred to as TAI
(transmission according to identifier). We show that at
most O(log Max(ID(v),ID(w))) rounds are enough
to inform the node u by one of its participating neigh-
bors.

Lemma 1. The TAI-subroutine completes the task in
at most O(log Max(ID(v),ID(w))) rounds. The total
number of transmissions is O(log Max(ID@),IDwWw))).

Proof. Suppose that the node v is informed in the
round ¢ and the second participating neighbor w (if
exists) is not already informed in this round. Since
the first element of the transmission sequence is
always 1, v transmits in the round 7 + 1 due to the
TA -subroutine. The node w does not transmit in the
round ¢ + 1 and thus v becomes informed. Now sup-
pose that v and w are informed simultaneously in the
round 4. According to TAI they transmit in the round
i+1, but the interference causes that v is not informed.
Since ID(v) # ID(w), the transmission sequences cor-
responding to ID(v) and ID(w) are different. Hence,
there must be an index j such that j-th elements of
their binary transmission sequences are different. It
implies that exactly one participating neighbor of u
transmits in the round corresponding to the index j
(i.e. in the round ¢ + j). Therefore the node w is
informed in this round. ]

In order to avoid interaction during a simultaneous
execution of several communication tasks, we can use
a time division multiplexing strategy. Particularly, the
i-th task from the set of k tasks is executed only in
each round j such that j =i (modk). In our setting,
we do not allow spontaneous transmission, i.e. a node
(except the source or the initiator) cannot transmit
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before successful receiving of a message transmitted
by other node. If we include the number of actual
round modulo k in each transmitted message, newly
informed nodes can synchronize. Thus all nodes par-
ticipating in the algorithm can simultaneously execute
the same task in a given round.

2.2 Selection of a neighbor of the source

Now, we describe an algorithm that selects one of the
neighbors of the source. We shall utilize the
TAI-subroutine. If a message which is transmitted in
the TAlI-subroutine, includes an identifier of sender,
successful receiving of the message implies that the
receiver can select one of the senders. TAI-subroutine
works only in the case when there are at most two
participating senders. On the other hand, the source
has at most 4 neighbors in the grid graph. Hence, a di-
rect application of the TA-subroutine is not possible.
With the assistance of 2-neighbors of the source, we
split the selection process into several applications of
TA-subroutine, where at most 2 nodes participate in
process of transmitting information towards a specific
node.

In the first round, the source transmits an ini-
tialization message. It is received exactly by all neigh-
bors of the source. Subsequently, we start 4 simulta-
neous tasks (each of them in a separate time
slot modulo 4). In the first task, each neighbor of the
source tries to inform adjacent 2-neighbors by its iden-
tity. Since exactly two neighbors of the source have to
transmit towards a 2-neighbor, we utilize the TAI-sub-
routine. After at most O(log N) rounds, at least one
2-neighbor becomes informed. Note that the nodes are
not aware of the fact whether they are 2-neighbors
of the source or not. We can solve this problem by
a modification of the TAILsubroutine in such a way
that the first transmission of a node contains a special
message. If a node receives this special message, it
knows that it is not 2-neighbor. Indeed, all neigh-
bors of the source transmit in the second round of
the algorithm (the first round of the TAFsubroutine)
the special message that due to interference cannot
be received by 2-neighbors. An informed 2-neighbor
starts its activity during the second task and ignores
all messages received in the rounds assigned for the
first task. Particularly, it attempts to send a message
that includes the received identifier of one its neighbor.
Again, we utilize the TAIsubroutine. All nodes, ex-
cept neighbors of the source, ignore transmitted mes-
sages during execution of this task. Further, a neigh-
bor of the source that receives its identifier in a round
of the second task, starts an execution of the third
task and attempts to send its identifier in a message
to the source utilizing the TAI-subroutine. If a neigh-
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bor of the source has received identifier of other node,
it finishes its participation in all tasks, expect the
fourth task. Moreover, each node that is active in the
third task transmits a message in all rounds of the first
task. Indeed, it blocks receipt of a message by its adja-
cent 2-neighbors. The source acknowledges the receipt
of a identifier of one its neighbor by transmission of
a message in the round reserved for the fourth task.
This transmission stops execution of the first and the
third task by all neighbors of the source because the
selection task is accomplished. Besides, the neighbors
ignore all received messages transmitted in rounds of
the second task. The goals of tasks can be summarized
as follows:

— first task - neighbors of the source send their iden-
tifiers towards 2-neighbors

— second task - 2-neighbors of the source send re-
ceived identifier (that was received in the execu-
tion of the first task) towards neighbors of the
source

— third task - neighbors of the source that are
informed in a round of the second task, send their
identifiers towards the source

— fourth task - the source acknowledges selection of
a neighbor

Lemma 2. The source selects one of its neighbors in
O(log N) rounds and using total O(log N) transmis-
sions, where N is the unknown upper bound of identi-
fiers assigned to the nodes of the network.

Proof. Time and energetic complexity of this part of
the algorithm are obvious. The proof of correctness
will appear in the full version of the paper [6]. It is
based on the case analysis of all possible states (and fu-
ture transmissions due to the algorithm) in the round
when a 2-neighbor of the source has received a mes-
sage at the first time. a

2.3 Computation of initialization information

During this part, an initialization process is per-
formed. The goal is to mark neighbors of the source
by distinct labels from the set {A, B,C, D} in such
a way that a node marked by A (B) has not a com-
mon neighbor with the node marked by C (D, respec-
tively). Furthermore, we require that each 2-neighbor
of the source knows the labels of both adjacent neigh-
bors of the source. Thus these nodes (2-neighbors of
the source) can be marked by distinct labels from the
set {AB, BC,CD, AD}. Desired initial labelling of the
nodes is described on figure 1.

Note that only neighbors and 2-neighbors of the
source participate in this part of the algorithm. All
other nodes ignore transmitted messages.

BC C CD
B D
AB A AD

Fig. 1. The initial marking of nodes.

Fig. 2. Scheme of the initial marking computation.

1. The source transmits an initialization message
containing the identifier of a selected neighbor.

2. Selected neighbor transmits a message and marks

itself with label A.

. 2-neighbors of the source that received the mes-
sage in the previous round, retransmit the received
message. A neighbor of the source that does not
receive a message in this round, marks itself with
the label C.

4. Each unmarked neighbor of the source executes
the TAlIsubroutine. It transmits messages con-
taining its identifier as an information content of
the node (in the sense of TAI). Execution of the
TA 'subroutine is interleaved with rounds that are
reserved for the source. In one of this rounds, the
source informs the nodes participating on TAI that
an unmarked neighbor is selected. This notifica-
tion is realized by a transmission of the identifier
of a selected (unmarked) neighbor.

5. Selected unmarked neighbor sets its label to B and
the unselected neighbor (if exists) to D.

6. In one of 4 rounds, each neighbor transmits its
label in a round that is designated for its labels.

7. 2-neighbors of the source set the labels according
to labels received in previous rounds.

w

It is easy to see that the initialization schema works
properly even the source has less than 4 neighbors.
All steps, except step 4, require constant number of
rounds. The step 4 is accomplished in O(log V) rounds
due to lemma 1. We summarize the time complexity



of this part that computes initialization information
in the following lemma.

Lemma 3. The initialization information can be
computed in O(log N) rounds with the energetic com-
plezity O(log N) transmissions.

2.4 Dissemination of the source message

This part of broadcasting algorithm works in phases.
The goal of each phase is to disseminate a source mes-
sage to the nodes that are in neighborhood of
nodes informed during the previous phase. Further-
more, newly informed nodes compute an auxiliary
information that is used to arrange their transmis-
sions in the next phase. The auxiliary information
has a similar structure as the initialization informa-
tion. Particularly, the auxiliary information is a label
of a node. Each node can be marked by a label from the
set {A,B,C,D, A", BT, C*, D" AB,BC,CD, AD}.
The source message is disseminated from the source in
a wave that has a shape of square. All nodes located on
one side of square have the same label, however each
side is marked by different label. The corner nodes are
marked by a label from the set {AB, BC,CD, AD}.
Intuitively, a label of a corner node expresses that the
node belongs to two sides (directions of the broad-
casting wave). We mark the nodes that are adjacent
with corner nodes, by a label with + sign.

Initially, we change labels of nodes in the neigh-
borhood of the source in such a way, that the la-
bel A is changed to AT, B to BT, C to C*, and D
to DT. This transformation guarantees that the labels
of nodes are compatible with the semantic description
of labels stated above. In the first round of this part,
neighbors and 2-neighbors of the source are considered
as the nodes that were informed in the previous phase.

We assume that each transmitted message contains
the source message and the number of actual round of
executed phase. Each phase takes 5 communication
rounds:

1. A node informed in the previous phase and marked
by the label A, AT, AB, AD, C, C*, BC, or CD
transmits a message containing its label.

2. A node informed in the previous phase and marked
by the label B, BT, C, or CT transmits a message
containing its label.

3. The nodes that receive a label in the round 1 or 2
of the phase and are not yet informed, set the label
to the received label. These nodes are referred to as
newly informed nodes of given phase. Each newly
informed node that received the label At BT,
C™, or D7 in the round 1 or 2 of the given phase,
transmits its label.
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4. Newly informed nodes marked by label AB, AD,
BC, or C'D that received in the previous round the
label AT or Ct transmits their labels (received in
round 1 or 2).

5. Newly informed nodes marked by label AB, AD,
BC, or C'D that received in the previous round the
label BT or D% transmits their labels (received in
round 1 or 2).

At the end of the phase, we change labels of some
newly informed nodes. No communication is required
in this step. First, the nodes with label AT, BT, CT,
or DT change the label to A, B, C, or D, respec-
tively. Next, the nodes with label AB, AD, BC, or CD
change the label to a label received in the round 3. Fi-
nally, if a node has received messages transmitted in
the rounds 4 and 5, it sets its label to the received
value and is considered as a newly informed node of
the given phase. Note that the label received in the
round 4 and in the round 5 is the same.

It is easy to see that the number of phases is li-
mited by the eccentricity ecc of the source. Each phase
takes constant number of round and thus the third
part of algorithm is completed in O(ecc) rounds. Each
node transmits constantly many times. It implies
that energetic complexity of this part is O(n) trans-
missions.

2.5 Complexity of the broadcasting
algorithm

The time and energetic complexity of designed broad-
casting algorithm is summarized in the following
theorem.

Theorem 1. Consider a radio network such that its
underlying reachability graph is a grid graph. There
s a distributed deterministic algorithm that completes
the broadcasting task in O(ecc+log N) rounds using to-
tal O(n+log N) transmissions, where n is the number
of nodes and N is the unknown upper bound of identi-
fiers in the network. Moreover, designed algorithm is
asymptotically optimal.

Proof. The first part of algorithm (selection of a neigh-
bor of the source) takes O(log N) rounds and uses
O(log N) transmissions. Time complexity of the
second part (computation of the initial information)
is O(log N') rounds. Energetic complexity of this part
is O(log N) transmissions. Finally, the third part of
algorithm that disseminates the source message, takes
O(ecc) rounds and uses O(n) transmission. Therefore,
the time complexity of the broadcasting algorithm is
O(ecc + log N) rounds. Summing total number
of transmissions in each part of algorithm we obtain
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that at most O(n + log N) messages are transmitted
by nodes during the execution of the algorithm.

Note that it is usually assumed that N = O(nP),
for a constant p > 0. In grid graphs, it holds that ecc >
v/n > logn for sufficiently large n. Hence O(log N) =
O(logn) = O(ece). In our setting, parameter N can-
not be bounded in this way. Let fix a deterministic
broadcasting algorithm. One can show that there is
such an assignment of identifiers to the nodes of a grid
radio network (3 3 that the broadcasting task cannot
be completed in less that 2(log V) rounds. The proof
could be obtained by adaptation of the argument that

was used in the proof of Q(nlogl?%) lower bound of

the time complexity for the broadcasting task in [7].
Complete proof will appear in the full version of the
paper [6]. o

2.6 Algorithm for acknowledged broadcasting

Note that the broadcasting algorithm presented in the
previous section is not acknowledged, i.e. the source is
not aware of the round when the broadcasting task
is completed. Furthermore, the source is not able to
compute the duration of the algorithm, because pa-
rameters of the radio network are unknown for the
nodes. Presented principles of the constructed broad-
casting algorithm allow to extend the algorithm to an
algorithm completing the acknowledged broadcasting
task. We present modified algorithm only briefly. The
modification is based on the following. First, we add
new labels A*, B*, C*, and D* to the set of labels that
is used to mark the nodes. In each phase, new labels
are used to mark one node, called a progress node, in
each direction of the broadcasting wave. In particular,
the progress nodes will form a cross with the center
in the source. The nodes forming a limb of a cross are
marked by the same label and each limb of a cross is
marked by a different label. We append a new round
to each phase of algorithm. In this round, each active
progress node informs its neighboring progress node
which is closer to the source, about the fact that the
broadcasting task in the given direction is not yet
accomplished. If an active progress node does not re-
ceive a message in this round during an appropriate
phase, it becomes inactive. Since the nodes located on
the border of grid do not inform new nodes, a progress
node on this border does not receive a message in this
round. It causes a chain of continuous deactivations
of progress nodes. Finally, there must be a phase in
which the source is notified (by silent) about complet-
ing broadcasting in the given direction. If the source
is informed that disseminations of the source message
are completed in all direction, it knows that all nodes
are informed. In order to avoid interference during the
last round, we have to schedule transmissions in

appropriate manner. Let v to be a progress node that
has been informed in the i-th phase (the number of
the current phase must be included in each transmit-
ted message). We define a number P(v) as follows:

— P(v) = (i mod 3) mod 4, if v is marked by A*

— P(v) = (i mod 3+ 1) mod 4, if v is marked by B*
— P(v) = (i mod 3 + 2) mod 4, if v is marked by C*
— P(v) = (i mod 3+ 3) mod 4, if v is marked by D*

An active progress node v transmits a message in
the last round of the j-th phase iff j = P(v) (mod4).

It is easy to see that asymptotical time and ener-
getic complexity are preserved by this modification.

3 Computation of grid coordinates

Since we consider radio networks with a regular
topology, it could be assumed that the radio network
is static. It means that the topology of the network
remains unchanged for a long time period. This
assumption heads towards the issue of computation of
an communication structure for the collision-free com-
munication. As we show later, the grid coordinates of
nodes can serve as the basic information for a collision-
free communication schema. In this section we present
a distributed algorithm which computes grid coordi-
nates of each node. The algorithm is a modification of
the previously presented broadcasting algorithm. Par-
ticularly, it takes advantage of the auxiliary informa-
tion computed during the third part of the broadcast-
ing algorithm. We assume that the task of computa-
tion of grid coordinates is initiated by a distinguished
node, called a initiator.

The algorithm consists of 3 parts. First two parts
of the algorithm are identical to first two parts of the
broadcasting algorithm. After this two part, an
initialization information is computed. Now, we
assign to the source coordinates [0, 0] and to its neigh-
bor marked by AT (BT, Ct, DT) coordinates [0, 1]
([-1,0], [0,-1], [1,0], respectively). It is easy to see
that the assignment of coordinates is correct. Indeed,
it follows from the way how the nodes are marked by
labels during the second part of the algorithm. Simi-
larly, we assign to a node marked by AB (BC, CD,
AD) coordinates [—1,1] ([-1,-1], [1,-1], [1,1], re-
spectively). Notice that in the broadcasting algorithm
the labels of nodes store an information about direc-
tion in which the source message is disseminated. We
shall use the sense of direction in order to compute
grid coordinates of nodes according to information re-
ceived from some their neighbors.

We modify content of messages sent in the third
part of the broadcasting algorithm in the following
way. Each message that is transmitted in the round 1



or 2 of the phase, contains coordinates of the sender.
During execution of the third part of the algorithm,
we preserve an invariant that each informed node (in
sense of broadcasting algorithm) has already com-
puted its grid coordinates. Thus the nodes transmit-
ting in first two rounds of a phase have already com-
puted their coordinates. Moreover, we modify mes-
sages sent in the round 4 and 5 of a phase. We attach
grid coordinates received in one of first two rounds of
the phase (in fact it happens in exactly one of those
rounds) to the transmitted message. Finally at the end
of the phase, the newly informed nodes compute their
coordinates. Let [z, y] be the coordinates which were
included in a message received in the round 1, 2, 4,
or 5 of a phase. We apply the following rules to set
the coordinates of a newly informed node:

— label of node A or A™: [z,y + 1]
— label of node B or BT: [z — 1, ]
— label of node C or C: [z,y — 1]
— label of node D or DT: [z + 1,y]
— label of node AB: [z — 1,y + 1]
— label of node BC: [z — 1,y + 1]
— label of node CD: [z + 1,y — 1]
— label of node AD: [z + 1,y + 1].

Theorem 2. Consider an unknown radio network
such that its underlying reachability graph is a grid
graph. There is a distributed deterministic algorithm
that computes grid coordinates of each node in O(ecc+
log N) rounds with total O(n + log N) transmissions,
where n is the number of nodes and N is the unknown
upper bound of identifiers in the network. Designed
algorithm is asymptotically optimal.

Proof. Correctness of the algorithm follows from the
properties of the broadcasting algorithm and the rules
for computation of coordinates of newly informed
nodes. Since we do not allow spontaneous transmis-
sion (i.e. to participate on algorithm before receiving
a message from other node), the task cannot be
accomplished in better time (and energetic com-
plexity) than the broadcasting task. It implies
asymptotical optimality of designed algorithm. 0O

Note that we can design an algorithm in which
the initiator of the computation is notified that the
task is completed. It could be achieved by a similar
modification of acknowledged broadcasting algorithm
for radio networks with grid topology that is presented
in the section 2.6

4 Collision-free communication
mechanism

In this section, we discuss a collision-free communica-
tion mechanism for radio networks with grid topology.
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It is based on results concerning 2-distance coloring of
grids that have been proposed by Fertin et al. in [5].
A 2-distance coloring of a graph is a proper coloring
of vertices satisfying that no vertices in distance at
most 2 have assigned the same color. Hence no vertex
has in its neighborhood two vertices with the same
color. Applying algorithm for computing grid coordi-
nates, we may assume that each node is aware of its
grid coordinates.

Definition 4. Let [z,y] be the coordinates of
a node v. The number TR(v) = (2z + y) mod5 is
called a collision free number of the node v.

Collision free mechanism is defined as follows.
A node v is allowed to transmit a message in the i-th
round iff i=TR(v) (mod5). Correctness of this
mechanism follows from that fact that TR(v) corre-
sponds to a 2-distance coloring of a grid with 5 colors,
which is moreover shown to be optimal in [5]. Thus we
can use algorithms that are not primary designed for
the communication in radio networks. The slowdown
caused by the presented mechanism is by a constant
factor.

5 Conclusion

We discussed communication in radio networks in the
case when underlying reachability graph is a grid
graph. We presented asymptotically optimal broad-
casting algorithm. Moreover, the energetic complexity
is asymptotically optimal, too. The algorithm has been
modified and we obtained two another algorithms. The
first one realizes the task of acknowledged broadcast-
ing. The second one solves the problem of computation
of grid coordinates in an unknown grid network. The
later algorithm can be applied to compute an initial
information for a collision-free communication mecha-
nism. Note that the algorithm for computation of grid
coordinates of nodes can be extended to compute di-
mensions of the underlying grid graph. Another
extension could be an algorithm that solves the task
of assignment of compact identifiers to the nodes (i.e.
the nodes have to be labelled by unique numbers from
the set 1,...,n).
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Abstract. The paper addresses key problems pertaining to
the commonly used evolutionary approach to optimization
problems in materials science. These are on the one hand
the insufficient dealing in existing implementations of ge-
netic algorithms with the constrained mized programming
problems, which play a crucial role in materials science,
on the other hand the narrow scope of specific genetic
algorithms developed for this area. The paper proposes an
approach to mized constrained programming problems based
on formulating a separate linearly-constrained continuous
optimization task for each combination of values of the
discrete variables. Then, discrete optimization on the set
of nonempty polyhedra describing the feasible solutions of
those tasks is performed, followed by solving those tasks
for each individual of the resulting population of polyhedra.
To avoid computationally expensive checking of the non-
emptiness of individual polyhedra, the set of polyhedra is
first partitioned into equivalence classes such that only one
representative from each class needs to be checked. Finally,
the paper outlines a program generator generating problem-
tailored genetic algorithms from descriptions of optimiza-
tion tasks in a specific description language, into which the
proposed approach to mixed linear programming has been
incorporated.

1 Introduction

In modern engineering, health care and science, a cru-
cial role is played by the search for new materials,
materials that are optimal from the point of view of
some physical or chemical property or combination
of properties, or from the point of view some desired
functionality, such as catalytic or inhibitory effects in
some chemical or biochemical reactions, a particular
biological impact, etc. At the same time, the mate-
rials have to fulfil a number of restricting require-
ments, implied by the conditions in which they will
be used, by cost reasons, as well as by general physi-
cal or chemical laws. Consequently, the search for such
new materials entails a complex optimization task with
the following features:

* The research reported in this paper has been supported
by the grant No. 201/05/0557 of the Grant Agency of
the Czech Republic and partially supported by the Insti-
tutional Research Plan AV0Z10300504.

(1) high dimensionality (30-50 variables are not an
exception);

(i) maxture of continuous and discrete variables;

(iii) constraints;

(iv) objective function cannot be explicitly described,
its values must be obtained empirically.

Commonly used optimization methods, such as the
steepest descent, conjugate gradient methods or
second order methods (e.g., Gauss-Newton or Leven-
berg-Marquardt) cannot be employed to this end.
Indeed, to obtain sufficiently precise numerical esti-
mates of gradients or second order derivatives of the
empirical objective function, those methods need to
evaluate the function in points some of which would
have a smaller distance than is the measurement
error. That is why methods not requiring any deriva-
tives have been used to solve the above optimization
task - both deterministic ones, in particular the sim-
plex method and holographic strategy, and stochastic
ones, such as simulated annealing, or genetic and other
evolutionary algorithms. Especially genetic algorithms
(GA) have become quite popular for the optimization
tasks in materials science, mainly due to the pos-
sibility to establish a straightforward correspondence
between multiple optimization paths followed by the
algorithm and the technical realization of the way how
the materials proposed by the algorithm are subse-
quently tested, e.g., channels of a high-throughput re-
actor, or assay plates.

Nevertheless, a lack of appropriate implementa-
tions still hinders genetic algorithms to be routinely
used to this end. Generic GA implementations, such
as the Matlab Genetic Algorithms and Direct Search
Toolbox [9], do not sufficiently address all the above
features (i.)-(iv.), in particular the mixed program-
ming and the constrained programming are always
addressed only quite superficially. In addition, they
use a low-level coding of input variables by means of
bit strings and real numbers, which is tedious, error
prone, and difficult to understand for end users in ma-
terials science. This disadvantage can be avoided with
GA developed specifically for this area, and several of
them have really appeared in recent years [11,14,17].
However, none of those specific algorithms attempts to
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seriously tackle the problem of mixed constrained pro-
gramming, and the experience gathered with them so
far shows that they bring a problem of another kind:
they are usable only for a narrow spectrum of
particular optimization tasks and have to be reimple-
mented each time when different tasks within the same
application area emerge.

This paper proposes an approach to constrained
mixed programming problems in optimization tasks
in material science that deals with them on a very
general level. However, to avoid the disadvantages of
generic GA implementations, and at the same time not
to suffer from the narrow scope of specific GA, this
approach has not been implemented in any particu-
lar algorithm. Instead, it has been incorporated into
a program generator that generates problem-tailored
GA from descriptions of optimization tasks in a spe-
cific description language developed to this end [5].

In the next section, theoretical principles of GA,
and main approaches to using them for constrained
programming are recalled. The approach proposed for
optimization tasks in materials science is explained in
Section 3. Finally, Section 4 sketches a prototype pro-
gram generator that generates problem-tailored GA
implementing this approach.

2 Genetic algorithms and their
modifications for constraints

The term “genetic algorithms” refers to the fact that
their particular way of incorporating random
influences into the optimization process has been inspi-
red by the biological evolution of a genotype [8,12,15].
Basically, that way consists in:

— randomly exchanging coordinates between two
particular points in the input space of the objec-
tive function (recombination, crossover),

— randomly modifying coordinates of a particular
point in the input space of the objective function
(mutation),

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

In the context of materials science, it is useful to
differentiate between quantitative mutation, which
modifies merely the proportions of substances already
present in the material, and qualitative mutation,
which enters new substances or removes present ones
(Fig. 1).

Genetic algorithms have been originally introduced
for unconstrained optimization. However, there have

Crossover
[B=0  [Fe=0 [Ga=40 [La=0 [Mg=34 [Mn=0 [Mo=11[V=15 |
+
[B=0  [Fe=0 [Ga=32 [La=0 [Mg=17 [Mn=18 [Mo=10 [V=23 |
[B=0  [Fe=0 [Ga=40 [La=0 [Mg=17 [Mn=18 [Mo=10 [V=15 |
+
[B=0  [Fe=0 [Ga=32 [La=0 [Mg=34 [Mn=0 [Mo=11[V=23 |
Qualitative mutation
[B=0  [Fe=0 [Ga=32[La=0 [Mg=17 [Mn=18 [Mo=10 [V=23 |
[B=0  [Fe=0 [Ga=49 [La=0 [Mg=21 [Mn=0 [Mo=12 [V=18 |
Quantitative mutation
[B=0  [Fe=0 [Ga=32 [La=0 [Mg=17 [Mn=18 [Mo=10 [V=23 |
[B=0  [Fe=0 [Ga=48 [La=0 [Mg=15 [Mn=1 [Mo=16 [V=20 |

Fig. 1. Illustration of genetic operations used in materials
science, the values in the examples are molar proportions
(in %) of oxides of the indicated element in the material.

been repeated attempts to modify them forconstrained
programming. Basically, those attempts belong to one
of (or combine several of) the following approaches
[1-4,7,10,13]:

(i) To ignore offsprings infeasible with respect to con-
straints and not include them into the new popu-
lation. Because in constrained programming, the
global optimum frequently lies on a boundary de-
termined by the constraints, ignoring infeasible
offsprings may lead to discharging information on
offsprings very close to that optimum. Moreover,
for some genetic algorithms this approach can lead
to the deadlock of not being able to find a whole
population of feasible offsprings.

(ii) To modify the objective function by a superposi-
tion of a penalty for infeasibility. This works well
if theoretical considerations allow an appropriate
choice of the penalty function. If on the other hand
some heuristic penalty function is used, then its
values typically turn out to be either too small,
which can allow the optimization paths to stay
forever outside the feasibility area, or too large,
thus suppressing the information on the value of
the objective function for infeasible offsprings.

(iii) To repair the infeasible offspring through
modifying it so that all constraints get fulfilled.
This again can discard information on some
offsprings close to the global optimum. Therefore,
various modifications of the repair approach have
been proposed that give up full feasibility, but pre-
serve some information on the original offsprings,
e.g., repairing only randomly selected offsprings



(with a prescribed probability), or using the origi-
nal offspring together with the value of the objec-
tive function of its repaired version.

(iv) To add the feasibility/infeasibility as another
objective  function, thus transforming the con-
strained optimization task into a task of optimiza-
tion with respect to multiple goals. Unfortunately,
this new task is similarly far from the original pur-
pose of genetic algorithms and other evolutionary
methods, and similarly difficult for solving with
them as the original one.

(v) To modify the recombination and/or mutation
operator in such a way that it gets closed with re-
spect to the set of feasible solutions. Hence, also
a mutation of a point fulfilling all the constraints
or a recombination of two such points has to ful-
fil them. An example of such an operator is the
edge-recombination operator used for the travel-
ing salesman problem [16]. Unfortunately, such
a modification always requires enough knowledge
about the particular constraints, therefore this
approach can not be elaborated in a general set-
ting.

The experience with those approaches shows that each

of them has its specific problems, and non of them is

an ultimate way of dealing with constraints, generally
better than the others.

3 Proposed approach to constrained
mixed programming

The proposed way of solving constrained mixed pro-

gramming problems follows the above recalled

approach (v) and is based on two specific features of
such problems in the area of materials science:

(i) It is sufficient to consider only linear constraints.
Even if the set of feasible solutions is not con-
strained linearly in reality, the finite measurement
precision of the involved continuous variables
always allows to constrain it piecewise linearly and
to indicate the relevant linear piece with
an additional discrete variable. Consequently, the
set of feasible values of the continuous variables
that form a solution together with a particular
combination of values of the discrete variables is
a polyhedron, though each such polyhedron can be
empty, and each has its specific dimension, rang-
ing from 1 (closed interval) to the number of conti-
nuous variables.

(ii) If a solution polyhedron is described with an
inequality

P ={x: Az <b}, (1)

then its feasibility (i.e., P # )) is invariant with
respect to any permutation of columns of A, as
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GENERATOR OF GENETIC ALGORITHMS
FROM PROBLEM DESCRIPTIONS

=lolx|

TASK REQUIRES CHECKING 221352 INITIAL SOLUTION SETS
FOUND 43308 NONEMPTY SETS AMONG 221352 CHECKED

Fig. 2. Screen-shot of the graphical interface of a generated
GA after all the polyhedral solutions sets for individual
continuous optimization tasks have been checked for non-
emptiness.

well as respect to any permutation of rows of (A b).
Moreover, since:
— identity is also a permutation,
— each permutation has a unique inverse permu-
tation,
— the composition of permutations is again
a permutation,
the relation ~ between solution polyhedra, defined
for P and P/ = {z : A’z < b'}, by means of

P ~ P'iff (A'V) can be obtained from
(Ab) through some permutation
of columns of A, followed by

(2)
some permutation of rows
of the result and of b

is an equivalence on the set of solution polyhedra.
Consequently, it partitions that set into disjoint
equivalence classes, the number of which can be
much lower than the number of polyhedra. In the
optimization problems encountered in the testing
of the approach, the number of solution polyhedra
ranges between thousands and hundreds of thou-
sands (Fig. 2), but the number of their equivalence
classes ranges only between several and several
dozens. Whereas a separate check of the nonemp-
tiness of each polyhedron could prohibitively in-
crease the computing time of the generated GA,
forming the equivalence classes is fast, and then
only one representative from each class needs to
be checked.

Those features together with the fact that the con-

straints determine which combinations of values of dis-
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crete variables to consider, suggest the following proce-
dure for dealing with constrained mixed optimization
in the generated GA:

1. A separate continuous optimization problem is for-
mulated for each combination of values of discrete
variables that can be for some combination of con-
tinuous variables feasible with respect to the
specified constraints.

2. The set of all solution polyhedra corresponding to
the continuous optimization problems formulated
in step 1, is partitioned according to the equiva-
lence (2).

3. Ome representative polyhedron from each parti-
tion class is checked for nonemptiness, taking into
account the discernibility (measurement precision)
of considered variables.

4. On the set of nonempty polyhedra, discrete opti-
mization is performed, using operations selection
and mutation developed specifically to this end. In
particular, selection is performed in the following
way:

— In the first generation, all polyhedra are se-
lected according to the uniform distribution.

— In the second and later generations, a pre-
scribed proportion is selected according to an
indicator of their importance due to the points
from the earlier generations, and the rest is se-
lected according to the uniform distribution.

— As an indicator of the importance of a poly-
hedron due to the points from the earlier ge-
nerations, the difference between the fitness of
the point and the minimal fitness of points
in the earlier generations is taken, summed
over all points for which the discrete variables
assume the combination of values correspond-
ing to the polyhedron.

— Each of the polyhedra forming the population
obtained in this way corresponds to a sub-
population of combinations of values of con-
tinuous variables.

5. In each of the polyhedra found through the dis-
crete optimization, a continuous optimization is
performed. The combinations of values of con-
tinuous variables found in this way, combined with
the combinations of values of discrete variables,
corresponding to the respective polyhedra, form
together the final population of solutions to the
mixed optimization problem.

4 Implementation by means of
a program generator

To be available for a possibly broad spectrum of prob-
lems in materials science, the proposed approach has

FeedbackTable GlobalParameter vam

FeedbackField GlobalParameter fitness

vam_catalyst ComposedOf support InProportion support_fraction,

& support_dopants InProportion support_dopants_fraction, Pd InProportion
& Pd_fraction, Au InProportion Au_fraction, dopants InProportion

& dopants_fraction PreparedUsing dopants_preparation

support_fraction Frominterval 87,100 WithPrecision 1
support_dopants_fraction FromInterval 0,10 WithPrecision 0.1

Pd_fraction OneOf 0.7,1

Au_fraction One0Of 0,0.2,0.4,0.6,0.8

dopants_fraction Frominterval 0,1.2 WithPrecision 0.01
dopants_preparation OneOf sequential, intermediate_drying
support_fraction + support_dopants_fraction + Pd_fraction + Au_fraction
& + dopants_fraction = 1

support OneOf siliperl, aerosil200, aerosil300, basisP25, zirkonix, TIO2BET
support_dopants ComposedOf number_of_support_dopants FromAmong
& B InProportion B_fraction, Ti InProportion Ti_fraction, Ce InProportion

& Ce_fraction, Fe InProportion Fe_fraction, Y InProportion Y_fraction,

& La InProportion La_fraction, Mo InProportion Mo_fraction, Cr InProportion
& Cr_fraction, Nb InProportion Nb_fraction

number_of_support_dopants OneOf 0,1,2

B_fraction FromlInterval 1,10 WithPrecision 0.1

Ti_fraction FromInterval 1,10 WithPrecision 0.1

Ce_fraction Frominterval 1,10 WithPrecision 0.1

Fe_fraction Frominterval 1,10 WithPrecision 0.1

Y_fraction Frominterval 1,10 WithPrecision 0.1

La_fraction FromlInterval 1,10 WithPrecision 0.1

Mo_fraction Frominterval 1,10 WithPrecision 0.1

Cr_fraction Frominterval 1,10 WithPrecision 0.1

Nb_fraction Frominterval 1,10 WithPrecision 0.1

B_fraction + Ti_fraction + Ce_fraction + Fe_fraction + Y_fraction +

& La_fraction + Mo_fraction + Cr_fraction + Nb_fraction =

& support_dopants_fraction

siliperl IsPrimitive

aerosil200 IsPrimitive

aerosil300 IsPrimitive

basisP25 IsPrimitive

zirkonix IsPrimitive

TiO2BET IsPrimitive

Fig. 3. Example fragment of a problem description in the
description language proposed in [5].

not been incorporated into a particular GA implemen-
tation, but has been combined with a program ge-
nerator that transforms a description of the optimiza-
tion task to an executable program. A first prototype
of such a generator has been developed at the Leibniz
Institute for Catalysis (LIKat) in Berlin and is cur-
rently in the testing phase. It has been developed in
Matlab; also the generated GA implementations are
in Matlab and make use of its Genetic Algorithm and
Direct Search Toolbox [9], as well as of the Multi-
Parametric Toolbox from ETH Zurich [6]. Differently
to a human programmer, a program generator needs
the description to be expressed in a rigorously formal
way, i.e., with some kind of a problem description lan-
guage. For the area of materials science, such a lan-
guage has been proposed in [5]. It allows expressing
a broad variety of user requirements on the catalytic
materials to be sought by the genetic algorithm, as
well as on the algorithm itself (Fig. 3).

An overall scheme of this solution is depicted in
Fig. 4. The program generator accepts text files with
problem descriptions as input, and produces GA
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Fig. 4. Scheme of the proposed approach to generating
problem-tailored genetic algorithms according to formal
problem descriptions.

implementations as output. For the approach, it
is immaterial how such an implementation looks like.
It can be programmed in various languages; it can be
a stand-alone program or can combine calls to generic
GA software with parts implementing the function-
ality that the generic software does not cover. If the
values of the objective function have to be obtained
through experimental testing, then the GA implemen-
tation runs only once and then it exits. However, the
approach previews also the possibility to obtain those
values from some simulation program instead. Then
the GA implementation alternates with that program
for as many generations as desired.

Finally, the implementation places a graphical
interface between the user and the program genera-
tor, the purpose of which is to remove from the users
the necessity to write files with problem descriptions
manually, and the necessity to understand the descrip-
tion language and its syntax. To this end, the inter-
face provides a series of windows through which a user
can enter all the information needed to create a com-
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-) GENACAT :: Experiment Details.. Choose an Experime

| Sy —

——© New

Expetimentname |
€ Select existing file

I™ Choose experiment [Select experiment directory E|
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© Create new description
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Select mode
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Select experiment
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[setect nent name ( Directory )
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) file

Create newr

[Fake from existing experiment

< ] 1 [ (8 < K
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Close

OK

Select mode
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) GENACAT: Interface for Describing Catalyst

‘Show Composedot Herarchy.
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Flle Generated So Far

Gl Parameters

[Enter Additional Information
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I
) GENACAT :: Sub Component Template P =] 3
SUB COMPONENT TEMPLATE
Sub component fer

F InProportion

Known quantity [Cist of known quantities |
New quantity [C:—propomon
T~ PreparedUsing
e il

Known Identifier

New identifier |

Add Sub-Comp Delete Comp I

[noncopper ComposedOr Py
Cr InProportion Cr-proportion
[P InProportion P-proportion
Sn InProportion Sn-proportion
Ga InProportion Ga-proportion

Co InPropartion Co-proportion
Ca InProportion Ca-dronortion |

Save And Exit | Close |

Fig.5. Three example windows of the graphical interface
allowing users to enter the information needed to create
a problem description.

plete problem description (Fig. 5). In addition, also
the generated GA implementations contain a simple
graphical interface, which shows the progress of the
performed optimization, and allows deciding whether
to run the implementation only once or which external
program to use for simulation (Fig. 6).
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GENERATOR OF GENETIC ALGORITHMS
FROM PROBLEM DESCRIPTIONS

Generation 2 of the following experiment :

Oxidative dehydrogenation of ethane

START QUIT

o run 1 generation

c simulate till generation

using call

CHOOSE "run 1 generation” OR "simulate” AND PRESS "START"

Fig. 6. Simple graphical user interface of the generated
GA implementations.

5 Conclusion

The paper has presented solutions to two key prob-
lems encountered when using genetic algorithms for
optimization tasks in materials science. First, it has
proposed an approach to constrained mixed program-
ming problems based on specific features of such prob-
lems in the area of materials science. Second, it has
shown that it is possible to avoid repeated reimple-
mentations of specific genetic algorithms in this area
without having to resort to generic algorithms. To this
end, a program generator has been used that generates
problem tailored genetic algorithms from descriptions
of optimization tasks, at the same time incorporating
the proposed approach to constrained mixed program-
ming into them. A first prototype of such a generator
has been developed at LIKat Berlin and is currently
in the testing phase.
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Abstrakt V tomto c¢lanku informujeme o naSom experi-
mente so socidlnou sietou istej triedy studentov osemrocné-
ho gymndzia. Kazdy Ziak najprv charakterizoval svoj vztah
ku kaZdému spoluZiakovi hodnotou z istého rozsahu. Na
takto ziskané relacné ddta sme aplikovali data-miningovi
metddu jednostranne fuzzy konceptovych zvizov, véitane
prislusne modifikovaného Rice-ovho a Siff-ovho algoritmu.
Pomocou neho ziskané zhluky sme sa v zdvere pokusili inter-
pretovat ako skupiny Ziakov vnimanijch svojimi spoluziakmi
rovnakym spdésobom.

1 Uvod

Socidlna sief moze byf charakterizovand ako systém
vzdjomnych vztahov medzi Iudmi istej skupiny. Ta-
kéto sief je Easto vyjadrena vo forme orientovaného
grafu, ktorého vrcholy tvoria ti¢astnici siete. V najjed-
noduchsom pripade pritomnost (orientovanej) hrany
znamend iba existenciu vztahu osoby reprezentova-
nej zac¢iatoénym vrcholom tejto hrany k osobe repre-
zentovane] jej koncovym vrcholom. (Poznamenajme,
7e takyto vztah nemusi byt vzdjomny, orientovanost
hréan je preto pochopitelna.) Takyto graf moze byt
reprezentovany klasickou relaciou: Ak B je mmnozina
zucastnenych osob, tak nasa relacia je istd podmnozi-
na mnoziny B x B. Ak je tato relacia zndzornena vo
forme tabulky, mnozina B znamen4 jednak jej riadky
(ako objekty) a jednak stipce (ako atribity). Kazdd
hodnota v tejto tabulke potom znamend ohodnotenie
vztahu osoby zo stfpca k osobe z riadku.

Toto je vsak idedlna situacia na aplikovanie neja-
kej data-miningovej metédy na ziskanie pripadnych
skrytych informécif z tejto tabulky. V tomto ¢lanku sa
sustredime iba na jednu z nich, na formdalnu koncep-
tovi analyzu (¢im, samozrejme, nevylucujeme pouzitie
inych pristupov). Ako vysledok tak budeme ocakdvat
zhluky o0s6b, ktoré su povazované inymi osobami za
podobné.

Klasickd podoba formélnej konceptovej analyzy
pracuje s dvoma hodnotami — &no, resp. nie. Existuje
v8ak mnoho situécif, ked’ tieto dve hodnoty nedokazu

* Tento ¢lanok je podporeny grantom 1/3129/06 Sloven-
skej grantovej agentury VEGA.

skiimané vzfahy plne popisat. V takom pripade potre-
bujeme na ich charakterizaciu viac hodnot, tie budui
hodnotami (farbami, vdhami) hrdn grafu popisujiceho
socialnu siet. Hovorime tu potom o fuzzy reldcii, ktora
nie je ni¢im inym ako funkciou z mnoziny B x B do
predpisanej mnoziny hodnét (ktord je ¢asto uspori-
adand, ba dokonca linedrne). Ak tu chceme pouZit
formalnu konceptovii analyzu, musime sa uchylit
k niektorej jej viachodnotovej verzii. V nasom experi-
mente pouzivame tzv. jednostranne fuzzy konceptovy
20d2.

2 Experiment

N4&s experiment bol vykonany na Osemro¢nom gymna-
ziu, Alejovd 1, Kosice, kde ako uéitelka pracuje i spo-
luautorka tohto ¢lanku. Vybrali sme triedu Sekunda,
ktori dobre pozné, lebo bola skoro rok a pol jej tried-
nou uéitelkou. Tuto triedu navstevuje 34 okolo
12-roénych studentov, z toho 11 dievcat a 23 chlapcov.
Kazdy student dostal za tlohu vyjadrit svoj vzfah
ku kazdému spoluziakovi vyberom jednej z nasledujui-
cich siedmich hodnét (poznamenajme, Ze tento pocet
zodpovedd dobre zndmej Lickertovej stupnici):

3 — je to moj vyborny priatel

2 — je to moj kamarat

1 — je mi sympaticky

0 — nie je mi ani sympaticky, ale ani nesympaticky
—1 — nie je mi sympaticky

—2 — nemam ho rad

—3 — neznasam ho

Vsimnime si, ze hodnoty sd stupniované, véacsia zna-
mend lepsi vzfah. Hodnoty boli vybraté v stilade s bei-
nym chapanim celych ¢isel, teda tak, aby kladné vy-
jadrovali pozitivny vzfah, zdporné negativny a nula,
prirodzene, neutralny. Treba zdéraznit, Ze tu nedoro-
zumenie zo strany ziakov nehrozilo — v tomto veku
uz velmi dobre rozumeji vyznamu zipornych &fsel,
navyse je tato trieda explicitne zamerana na matema-
tiku. Ziakov sme motivovali prisfubom, ze sa dozve-
dia (aspon ciastkové) vysledky experimentu. Mozno
aj preto k ankete pristtipili velmi zodpovedne, Vypiﬁali
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ju v dobrej atmosfére, bez ¢asového stresu i bez inych
rusivych elementov.

Vysledky st v nasledujicej tabulke. Stipec kazdej
hodnoty znamen4 ziaka, ktory hodnotil, jej riadok zod-
poveds ziakovi, ktory bol hodnoteny. Treba povedat,
ze hodnoty na diagonéle (t. j. samohodnotenia studen-
tov) boli upravené na jednotni, prirodzene najvyssiu,
hodnotu (v&ic¢sina z nich ju naozaj pouzila, no niektor{
tuto polozku vobec nevyplnili a par ich pouzilo nizsie
(dokonca zéporné) hodnoty). Vsetky ostatné hodnoty
vSak ostali, samozrejme, nezmenené. Plné mena ziakov
su doverné, pohlavie vyplyva z ich krstného mena.

3 Jednostranne fuzzy konceptovy zvaz

Nasa tabulka d4t je jednoducho objektovo-atribiitovy
model: Riadky su ziaci, ¢ize objekty nasho vyskumu,
stipce zodpovedaji hodnotiacim spoluziakom a mo-
zeme ich chdpat ako atribity. Nase (ako sme uZz na-
znacili, psychologicky uzitoéné) hodnoty z mnoziny
{-3,-2,-1,0,1,2,3} mozno Tahko transformovat
(pomocou funkcie T — ’%3) na hodnoty z mnoZiny

intervalu [0, 1]. Hodnoty v kazdom riadku zodpove-
daji jednému objektu a mozu byt chiapané ako jemu
zodpovedajuca funkcia z mnoziny vsetkych atributov
do [0,1]. Budeme teda pracovat s klasickymi (tzv.
crisp) podmnozinami objektov a fuzzy podmnozinami
atributov.

V ¢ldnku [5] sme modifikovali klasickd bindrnu for-
mélnu konceptovi analyzu z [4] na tzv. jednostranne
fuzzy konceptovy zvdz, ktory pracuje prave s crisp
podmnozinami objektov a fuzzy podmnozinami atri-
butov. Tento pristup je v podstate ekvivalentny tzv
Skdlovaniu Gantera & Willeho ([4]), mézeme ho vsak
povazovat za jeho rychlejsiu a efektivnejsiu ver-
ziu. (Poznamenajme, Zze podobné pristupy sa vysky-
tuji i v prdcach Ben Yahiu a Jaouu v [3] a Bélohldvka
a inych v [1].)

Pripomenme zakladné pojmy z tedrie jednostranne
fuzzy konceptovych zvazov, ako boli navrhnuté v na-
Som ¢lanku [5]:

Nech A (ako atribity) a B (ako objekty) su ne-
prazdne (obvykle kone¢né) mnoziny a nech R je fuzzy
reldcia na ich kartezianskom sicine, t. j. R: AxB —
[0,1]. T1to reldciu potom moézeme chapat ako tabulku
s riadkami a stfpcami zodpovedajicimi objektom,
resp. atribitom, hodnota R(a,b) vyjadruje stupen,
v akom ma objekt b atribut a.

Definujme zobrazenie T : Z(B) — [0,1]*, ktoré
priradi kazdej mnozine objektov X fuzzy mnozinu atri-
bitov 7(X), pricom hodnota v bode a € A bude

1(X)(a) = inf{R(a,b) : b€ X}.
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T4to funkcia teda priraduje kazdému atribtitu najvié-
§iu moznu hodnotu taku, aby kazdy objekt z X mal
tento atribit aspon v takomto stupni.

Symetricky definujme zobrazenie | : [0, 1] —22(B),
ktoré prirad{ kazdej funkcii f : A — [0, 1] mnozinu

L(f)={be B:(Va e A)R(a,b) > f(a)},

¢ize vsetky objekty majice vSetky atriblty v aspon
takom stupni, ako predpisuje funkcia f.

Lahko vidiiet, ze tieto zobrazenia majd nasledujtice
vlastnosti:

[ ] Ak Xl ng,tak T( ) Z (XQ)
o Ak f1 < fy, tak [(f1) 2 L(f2)-

o X C (1(X)).

o f=T10L(f)-

(Pod f1 < fo pritom rozumieme, ze pre vietky prvky
z definicného oboru (spoloéného pre fi i fo) plati
fi(2) < fo(a).)

Tieto vlastnosti si ekvivalentné tvrdeniu, ze pre
kazdé X C B a f € [0,1]* platf

f<1(X), X Cl(f)

(alebo, ekvivalentne, ze stvorica (1, |, C, <) je Galoi-
sova konexia).

Poznamenajme, ze v dvojhodnotovom pripade, t. j.
ked je obor hodnot reldcie R (najviac) dvojprvkova
mnozina {0,1}, znamend R(a,b) = 1, ze atribit a
je atribitom objektu b, a opacne, R(a,b) = 0 zna-
mens, ze a nie je atribitom b. V tomto zmysle je tento
pristup zovseobecnenim klasického Ganterovho-Wille-
ho pristupu.

Teraz definujme zobrazenie cl : #(B) — Z(B)
ako zlozenie zobrazeni T a |: pre vSetky X C B poloz-
me cl(X) = |(1(X)).

Opit Tahko vidiet, 7e cl je operator uzaveru, ¢ize
ze su splnené nasledujice tri podmienky:

e X Ccl(X).
o Ak X1 g XQ, tak Cl(Xl) g CI(XQ)
o cl(X) = cl(cl(X)).

Ako v klasickom pripade, i tu hraji doleziti rolu
tie mnoziny objektov X, pre ktoré X = cl(X) (pretoze
vtedy plati f = 1(X) prave vtedy, ked X = [(f)).
Takito dvojicu (X,1(X)) nazyvame jednostranne
fuzzy koncept (lebo 7(X) je fuzzy mnozina, kym mno-
zina X je klasickd). Potom X nazyvame extent takého-
to konceptu a zodpovedajicu fuzzy mnozinu 7T(X) jeho
intent. Kvoli moznosti jednoznaé¢ného vzdjomného
uréenia oboch stradnic sta¢f uvazovat len jednu z nich,
casto je to prva: Mnozina {X € #(B) : X = cl(X)}
usporiadand inkliziou je potom (lplny) zviz s operé-
ciami Xl /\XQ = X1 n X2 a Xl \/XQ = Cl(Xl @] XQ)
Tento zvéz nazveme jednostranne fuzzy konceptovy
20dz.

akk
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4 Rice-ov a Siff-ov algoritmus

Pouzitie formélnej konceptovej analyzy (¢i uz klasic-
kej alebo viachodnotovej) méd (podobne ako mmnoho
inych zhlukovacich metdd) jednu velkd nevyhodu —
spravidla privelké mnozstvo najdenych zhlukov. Stalo
sa to i v naSom pripade — jednostranne fuzzy kon-
ceptovy zvaz vzniknuty z nasich dat obsahoval viac
nez 25000 zhlukov. Uvazovat o kazdom koncepte jed-
notlivo je pri takomto mnozstve zrejme nemozné. Je
preto potrebné hladat doplnkové metédy na reduk-
ciu tejto Skaredej vlastnosti. Niektoré z nich vynasiel
tim Radima Beélohlavka (napriklad [2]). Su zalozené
bud’ na vyuZzit{ nejakej dodatoénej informécie o objek-
toch alebo atribitoch (napr. ich usporiadanie alebo
nejakd ind reldcia), alebo na redukcii kardinality oboru
hodnét pouzitim tzv. zdérazrnovacov pravdy. V nasom
priklade vSak neméame ziadnu dodatoénu informéciu
tohto typu a nechceme ani umelo redukovat pomerne
maly pocet moznych hodndt (to by totiz znamenalo, 7ze
v ankete staé&f respondentom poskytnif menej alterna-
tiv). (Predsa sme vSak v tomto smere isté pokusy uro-
bili, ked sme nagich sedem hodnét prirodzene zreduko-
vali na dve, ako mozné odpovede na otazku sympatie
44 (3,2a1)a,—“ (-3, =2, =1 a 0), avsak pocet
konceptov bol i nad’alej privelky, a to okolo 2000.)

Aby zhluky mohli byt pre pouZivatela aspont v ne-
jakom zmysle uzitoéné, musi ich byt bud dost maélo,
alebo mal4 musi byt ich kardinalita. Na tito poZia-
davku existuje ist4 odpoved, ktord je na formaélnej
konceptovej analyze zalozend, avsak vyuziva i dalsie,
metrické vlastnosti. Je navrhnutd v nasom élanku [5]
a teraz ju v kratkosti pripomenieme:

Definujme funkciu p : Z(B) x #Z(B) — R tak, ze
pre X1, Xo C B polozme

~ Yacamin{1(X1)(a), 1(X2)(a)}
P aea max{1(X1)(a), T(X2)(a)}

D4 sa dokazat, Ze tdto funkcia je na mnozine vietkych
extentov {X C B : cl(X) = X} metrikou. Pozna-
menajme, ze tato metrika je zovSeobecnenim vzdia-
lenostnej funkcie pouzitej Rice-om a Siff-om v [6], a to

p(X1, X2) =

| X1 N X
| X1 U X

Teraz vezmeme hierarchicky zhlukovaci algoritmus
z [6] a jednoducho nahradime ich metriku p’ nasou p.
Vysledny algoritmus moézeme vyjadrit nasledujicim
pseudokdédom:

pl(X1,Xp)=1-

vstup A, B, R
C—D —{cl({b}) :
kym (|D| > 1) rob

b € B}

m%min{p(Xth) : X1,X2 € D,Xl 7& Xg}
5<—{<X1,X2> €eDxD: p(Xl,Xz) =
V—{XeD:(3Y eD)X,Y) €&}
N<—{C1(X1 UXQ) : <X1,X2> S 5}
D (D~ V)UN
C—CUN

}

vystup C

m}

Premennd D je mnozina zhlukov-konceptov
v aktudlnej iteracii, C je zjednotenie vsetkych dote-
rajsich iterdcii D. Cislo m je najmensia vzdialenost
dvojic z D. Mnozina £ obsahuje ,hrany“ — dvojice
zhlukov z D, ktorych vzdialenost je prdve m a pre-
menna )V obsahuje ,,vrcholy“ — konce takychto hran.
Prvky mnoziny A st nové zhluky. Novd iterdcia D
nahradzuje ,,staré“ zhluky z V ,novymi“ z N.

Volne povedané, v kazdom kroku spijame tie dva
zhluky, ktoré si najblizsie (v zmysle nasej metriky) —
z novej iteracie ich vyhodime a namiesto nich do nej
pridame ich spojenie t. j. uzaver ich zjednotenia. Hoci
tento algoritmus je v principe exponencialny, v pri-
pade, ked v kaZdej iteracii je najblizsie prave jedna
dvojica (o je zrejme pravda pre vacsinu redlnych dat),
dostavame len okolo 2|B| zhlukov.

V naSom pripade sme dostali nasledujice zhluky.
(Cisla v zatvorkach znamenaji kroky. Singletony (jed-
noprvkové mnoziny) st vynechané pre ich zrejmi ne-
zaujimavost. Zhluky oznacené (0.*) si ne-singletony,
ktoré vznikli v 0. iteracii, si uzadvermi podciarknutych
objektov.)
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(19) D06, D07, D01, D10, D02, D05, D04, D09

(20) Ch20, Cho4

(21) D11, Chl4, Ch21

(22) Ch10, Ch12, Ch23, Ch07, Ch03, Ch13, ChO6,

Cho02

(23) Ch09, D11, Ch07, Ch1d, Ch21

(24) rovnaky ako (0.6)

(25) Ch09, D11, Ch11, Ch07, Ch14, Ch21

(26) D03, D06, D07, D01, D10, D02, D08, D05, D04,

D09

(27) Ch09, D11, Ch08, Ch11, D10, Ch16, Ch07, Ch18,
Ch05, Ch22, Ch14, Ch21

(28) Ch09, D03, D11, D06, D07, Ch08, Chll, D01,
D10, D02, D08, D05, Ch23, Ch16, Ch07, Chls,
Ch05, D04, Ch22, Ch14, Ch21, D09

(29) Ch10, Ch01, Chl2, Ch23, Ch07, Ch03, Chl3,
Ch06, Ch14, Ch02, Ch21

(30) Ch09, D03, D11, D06, D07, Ch08, Chll, DO1,
D10, D02, D08, D05, Ch23, Ch16, Ch07, Chls,
Ch05, Chl17, D04, Ch22, Ch14, Ch21, D09

(31) Ch09, D10, Ch10, Ch01, Ch12, Ch23, Ch07, Ch03,
Ch13, Chl18, Ch05, Ch06, Chl4, Ch02, Chl5,
Ch21

(32) vsetci ziaci okrem Ch10, Ch01, Ch12, Ch13, Ch06
a Chl5

(33) vsetci ziaci

Nasledujtici diagram zobrazuje tieto zhluky (s vy-
nimkou poslednych troch). Na Tavej strane st vsetky
objekty, smerom doprava su postupne spdjané do vac-
§ich a véacsich skupin. Tmavosiva farba je pouzita na
chlapcov a chlapéenské skupiny, svetlosivd znamena
diavcatd a dievéenské skupiny. ZmieSané skupiny si
biele.

5 Interpretacia

Nasa interpretédcia je zalozena na jednoduchom pozo-
rovani vyjadrenom slovenskym prislovim , Vrana
k vrane sadi“, teda ze Iudia s podobnymi charak-
teristikami st priatelia (ak, pravdaze, maji na vy-
tvorenie priatelstva dostatok casu a prilezitosti, ¢o je
v8ak v nasom pripade zrejme splnené). Mozeme teda
s velkou ddvkou istoty dedukovaf, Ze zhluky, ktoré
vznikli na zdklade vzajomnych hodnoteni spoluziakov,
ktori sa navzajom uz dostatocne dlho poznaji, po-
zostdvaji z 0s6b s dobrym vzidjomnym vztahom, pri-
¢om &m je zhluk mensi, tym je ich priatelstvo sil-
nejsie. Pokisme sa preto zhodnotit nase zhluky z tohto
hladiska:

— Najviditelnejsou értou je dost striktné delenie
podla pohlavia (existuje len 9 pohlavne zmiesa-
nych zhlukov, 6 z nich je na¢rtnutych na diagra-
me). Toto pozorovanie koresponduje so vieobec-
ne zndmym spravanim 12-ro¢nych deti. Jedinou
vynimkou je D11, dievéa s chlapéenskymi zdujma-
mi typu karate.
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— Velmi zaujimavé skupina je (0.6), pozostavajica
z troch chlapcov, ktori si spoluziakmi v istom
zmysle podceniovani, pretoze maju relativne horsi
prospech a zaroven pochadzaju zo slabsich socidl-
nych pomerov.

— Zhluk (31) (nie je na diagrame) je zaujimavy tym,
ze popri mnohych (hoci nie vsetkych) chlapcoch
obsahuje jediné dievéa — D10, povazované za kras-
ku triedy, ktoré je navySe velmi priatelské (ako
vidiet, je spojivom dvoch mensich dievéenskych
skupin).

— Chlb je triedny exhibicionista. Sam ¢asto hovori,
7e chce byt stredom pozornosti spoluziakov i uéi-
telov. To je pravdepodobne pri¢ina, pre¢o nie je
prili§ obltibeny. Je iba v troch (na diagrame ne-
znézornenych) zhlukoch.

— Ako vo véacsine slovenskych tried, aj tu Ziaci se-
dia po dvojiciach. Tento rok im triedna uécitelka
dala, moznost urobit si tieto dvojice po svojom.
Je zaujimavé, ze sme v zhlukoch odhalili vac¢sinu
2 nich: D01 & D02, D06 & D09, D07 & D05, D03
& D08, D10 & D04, Chl14 & Ch21, Ch1l & Chl7,
Ch07 & Ch23, Ch10 & Ch02, Ch04 & Ch19.
Zaujimavé si i dva pary Ch08 & Chl8 a Chl6
& Ch05. Povodné dvojice boli Ch08 & Chl16 and
Ch18 & Ch05 (¢ize podvojnéd vymena), ako to vi-
dime na diagrame. Chlapci v8ak boli v tejto kon-
figuracii az prili§ hluéni, boli preto rozsadeni.
Zostavajuce pary D11 & Chl5 (vyssie spomenuti
dvaja ziaci), Ch12 & Ch13, Ch22 & Ch01, Ch09
& Ch03 a Ch06 & Ch20 zostali neodhalené.

Samozrejme, vznika prirodzend otazka, ¢i existuju
aj iné zaujimavé a podobne prirodzene interpretova-
telné skupiny Ziakov. Nepozndme ich, nevyluéujeme
viak, 7e existuji. Mozno mézu byt odhalené nejakou
inou zhlukovacou metédou.

6 Zaver

V tomto ¢lanku sme popisali experiment s triedou
ziakov istého koSického gymnézia Po vyhodnoteni ich
vzéjomnych vzfahov sme uvazovali ich socidlnu siet
ako viachodnotovy objektovo-atribiitovy model a apli-
kovali jednostrannu fuzzifikdcie formalnej konceptove;j
analyzy. Pocet vzniknutych konceptov — skupin ziakov
— bol vsak privelky, a preto v praxi nepouzitelny. Re-
dukovali sme ho preto, a to pomocou nasej modifikacie
Rice-ovho a Siff-ovho algoritmu, ktord popri koncepto-
vej analyze vyuziva aj isté metrické vlastnosti. Ziskali
sme tak rozumny pocet zhlukov a na nase milé prekva-
penie sa ukdzalo, Ze boli skutoéne zaujimavé a lahko
interpretovatelné.

Samozrejme, tento postup moéze byt pouZity na
Iubovolnt relativne uzavretd skupinu Iudi, v ktorej
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kazdy pozné kazdého. Po tomto experimente sme pre-
svedceni, ze takato aplikacia formalnej koncepto-
vej analyzy moze pomdct manaZérovi skupiny (napr.
triednemu uéitelovi) lepsie pochopit struktiru zvere-
nej socialnej siete.
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Abstract. XML (Extensible Mark-up Language) has re-
cently been embraced as a mew approach to data model-
ing. Nowadays, more and more information is formated as
semi-structured data, e.g. articles in a digital library, docu-
ments on the web and so on. Implementation of an efficient
system enabling storage and querying of XML documents
requires development of new techniques. The indexing of an
XML document is enabled by providing an efficient evalua-
tion of a user query. XML query languages, such as XPath
or XQuery, apply a form of path expressions for composing
more general queries.

In this article, we present the up-to-date state in the area
of indexing XML data. A classification of approaches is
depicted and some important approaches are described. We
are interested in the efficiency of proposed approaches and
their ability to manage large XML documents.

Key words: indexing XML data, XPath, XQuery

1 Introduction

The mark-up language XML (FEztensible Mark-up
Language) [27] has recently been embraced as a new
approach to data modeling [22]. A well-formed XML
document or a set of documents is an XML data-
base and the associated DTD or schema specified in
XML Schema language [30] is its database schema.
Implementation of a system enabling us to store and
query XML documents efficiently (so-called native
XML databases) requires a development of new tech-
niques [22].

An XML document is usually modeled as a graph
of the nodes which correspond to XML elements and
attributes. The graph is usually a tree (without IDREF
or IDREFS attributes). A number of special query lan-
guages like XPath [29] and XQuery [28] have been de-
veloped to obtain specified data from an XML data-
base. Most XML query languages are based on the
XPath language. The language applies reqular path
expressions (RPEs) for composing paths in the XML
tree. This path is a sequence of steps describing how
to get a set of result nodes from a set of input nodes
(a set of context nodes).

* Work is partially supported by Grant of GACR No.
201/03/0912.

The basic XPath query step in non-reduced nota-
tion is axis: :tagl[filter], which provides by evalu-
ation on node u an answer a set of nodes u':

— relation given by the axes contains (u,u’),
— tag for v’ is tag,

— the condition assigned by filter assumes the
value TRUE on u'.

The important subset of the language is RPE
including two axes / and //. However, there are other
axes generated by the language. For example,
//books/book [author=’John Smyth’]/title indi-
cates siblings axes. The language allows to generate
common used queries as //books/book [author=
>John Smith’]//book// author or /books/book
[title= ’>The XML Book’]/ author.

As proposed in [4], we can classify RPEs depend-
ing on their structure into simple paths and branching
queries. Branching queries can be modeled as a tree
with more than one branch and simple path queries
correspond to a single path without conditions.
Another classification criterion of XML queries can
be defined according to the initial node of the query,
thus we recognize total matching queries starting in
the root node and partial matching queries starting in
an internal node. If a query matches the string content
of a node, we call it a content-based query.

There is a lot of approaches to indexing XML data.
Each database conference includes an XML track or
a workshop. There is a lot of articles in journals as well.
It is hard to understand which approach is the best, or,
which approach brought a new idea in this problem.
This paper tries to clarify an up-to-date state-of-the-
art in XML indexing area.

In Section 2, we propose truncated state-of-the-
art. We observe that there are two major methods to
indexing XML data different to each other, element-
based and path-based approaches. Therefore, in Sec-
tion 3, we described two models of an XML document
for these two methods. In Sections 4 and 5, representa-
tives are detailed described. We put emphasis on ad-
vantages and disadvantages of these representatives.
In Section 6, we show an evaluation.
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2 Related work

In recent years many approaches to indexing XML
data have appeared. In [4], authors propose a clas-
sification of approaches to indexing XML data. The
classification includes: element-based, path-based and
sequence-based approaches. We adopt this classifica-
tion.

One way how to index XML data is to summa-
rize all nodes with the same labeled path (e.g.
DataGuide [23], Index Fabric [8], APEX [7]). We call
this one the summary index. DataGuide is an early
work which indexes only paths starting in the root
node. It only supports total matching simple path
queries which do not contain wildcards and descen-
dant axis. Index Fabric extends the data structure
called Patricia trie, where the summary index and fre-
quently used paths (refined paths) are stored. It is not
able to efficiently process more complicated queries,
which are not prepared in the index. Such inefficiency
improves APEX which utilizes data-mining algorithm
retrieving refined paths. APEX is able to proceed un-
prepared queries more efficiently. However, branching
and content-based queries require additional process-
ing.

A simple way to index an XML document is to
store each node as a tuple with some document
order information. We call these approaches element-
based. The proposed element-based approaches,
XPA [11], XISS [20], e.g. Zhang et al. [32],
can easily solve ancestor-descendant and parent-child
relation between two sets of nodes. For better query
support XPA can utilize the multi-dimensional data
structures and Dietz labeling scheme, so it can find
all nodes in relation with one node using single range
query. The work proposed by Zhang et al. and XISS
apply the inverted list for retrieving sets of ancestors
and descendants according to a node name and resolve
their relationship (make a structural join). [32] in-
troduces MPMGJN algorithm which outperform the
relational processing of the XML query. Also other
approaches [1, 3, 14] improve the structural join since
performance of query processing in element-based
approaches relies on effectiveness of structural join. An
algorithm proposed in [1] introduces in-memory stack
and improve structural join in that way each node in
joined sets is handled only once. Also their algorithm
have better results outside RDBMS. XR-tree [14]
is a special data structure which can even skip the
nodes having no matches in ancestor-descendant rela-
tionship. The structural join is an extensive operation
because the size of the intermediate result sets can be
much larger then the size of the result set in the end.
The advantage of element-based approaches is that
they can process branching queries, partial matching

queries and content-based queries without altering the
algorithm’s performance.

Other approaches try to decrease the number of
structural joins and it is the goal of path-
based approaches as well (e.g. Blas [5], [13], XRel [21],
ViST [31]). Blas indexes suffix paths of an XML docu-
ment and allows us to retrieve results for a simple path
query without expensive joins. XML query is split into
paths with length one or more, and results for each
path are joined together as in element-based
approaches. A disadvantage of the Blas method
is that it indexes only paths beginning with
descendant-or-self axis (abbreviated by //) and
containing a child axis in every location step of the
path. The approach described in [13] works similar to
the Blas method. It is a combination of the element-
based and path-based methods, where path indexing
is used for data set preprocessing before structural
joins are applied. The best results are obtained when
processing simple path queries. The ViST method con-
verts an XML file into a sequence of pairs, where each
pair contains a path in the XML tree. Therefore, the
ViST method is sometimes referred to as a sequence-
based approach. Sequences of the various documents
are put together and evaluated by using a labeling
scheme. The query is also mapped to the sequence and
ViST looks for non-contiguous subsequence matches.
Although no join is necessary the result can contain
false hits so additional processing of the result set is
necessary. XRel is work which use labeled paths only
for decrease number of structural joins between tables.
In [6] authors propose a path-based approach as well,
however, each path of all subtrees is stored.

Recently a lot of works have been introduced for
improving efficiency of XML-to-relational map-
ping [2,9, 10, 19]. They use an XML-shredding [26] sys-
tem which decompose XML data into relations and
process queries with RDBMS. Most of above men-
tioned element-based and path-based approaches [11,
1,20, 32,5, 21] use some kind of an XML-shredding as
a core of their functionality and they can be processed
on RDBMS. Relational approaches translate XML
queries into SQL queries which use usually self-joins
(edge XML-shredding) or even compare unindexed
values in relation. When an XML Schema is available
an XML-shredding based on inlining [25] can be used
for a better performance of SQL queries, but expen-
sive structural joins are still there and number of re-
lations grows rapidly with number of different XML
Schemas. More complex content-based or branching
queries cannot be easily handled without joining many
tables together and this issue limits them for process-
ing large collections. The performance is mainly de-
pendent on a type of the RDBMS applied for process-
ing this type of SQL queries. The single advantage of



these approaches, which can be crucial for some data-
base vendors, is possibility to realize them on RDBMS.
Some of these ”relational” approaches [11,21,32] can
be implemented more efficiently only by utilizing mul-
tidimensional data structures. So we understand XML
processing on relational databases as a different prob-
lem, which cannot be compared with more efficient
native XML processing.

We summarize often cited approaches which we have
mentioned above.

— Approaches which in some way extend a summary
index (e.g. DataGuide, Index Fabric, APEX) are
able to process only simple and refined queries
efficiently. Inefficiency occurs when process-
ing branching and content-based queries. Content-
based queries are quite important because we are
usually concerned more with the element content
then with the structure itself.

— Element-based approaches (e.g. Zhang et al.,
XISS, XPA) are able to process all types of queries
with the regular effectivity, however, due to fact
that they are based on structural joins their level
of efficiency is not very high. The structural join is
a very expensive operation, as we will demonstrate
in our experiments. The time required for query
processing increases dramatically with the number
of structural joins.

— Path-based approaches (e.g. Blas, [13]) try to de-
crease the number of structural joins. The Blas
is only efficient for simple queries with child axes
(abbreviated by /) and the number of structural
joins increases with the number of branches and //
axes. The second path-based approach [13] is more
about decreasing the number of nodes in a struc-
tural join. The best results are again achieved only
for simple queries.

— Sequence-based approach ViST processes query
without a structural join, however, the result can
contain false hits, so the query result requires
additional processing.

3 A model

Let X.Tree be the XML tree of an X XML document.
We describe models for both element-based and path-
based approaches.

3.1 A model of an XML document for
element-based approaches

The element-based approaches store all nodes of
X.Tree in a single relation. The relation scheme is in
a form (id, parentld,tag, value) where id corresponds
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to some numbering scheme, parentld store link to the
parent node, tag is a tag of node and value is content
of node. In XPath accelerator [11] they use the Dietz
numbering scheme, where id of node is represented by
preorder and postorder value. The parentld then store
only preorder value of the parent node. This number-
ing scheme allows us to resolve all XPath axes. Let v
and v’ be nodes of XML tree. Then

— v’ is descendant of v
post(v') < post(v),

— v’ is following of v &
post(v') < post(v).

< pre(v) < pre(v') A

pre(v) > pre(v’) A

Similarly, relations ancestor and preceding can be
evaluated between any two nodes. Parentld then
allows us to resolve parent, child, following — sibling
and preceding — sibling axes. XPath accelerator also
store the indication if the node is attribute or not.

There are other numbering schemes applied in ele-
ment-based approaches. In XISS [20], authors intro-
duced the interval numbering scheme to be equivalent
with the proposed Dietz numbering scheme.

3.2 A model of an XML document for
path-based approaches

A path, p, is a sequence (ng,n1,...,n;) of nodes from
the root node to a leaf. The length of the path is [.
For each p path, there is a labelled path as a sequence
of (to,t1,...,%), where t;,0 < i < [, is the tag of
n;. Let us consider the [p attribute of the p path in-
cluding the labelled path of the p path. There are dif-
ferences between path-based approaches. Path-based
approach [16] stores all root-to-leaf paths, approach[21]
stores paths to all nodes of an XML tree,
whereas approach [6] includes each path of all sub-
trees. For a content-based query, some path-based
approaches [16, 6] include a string value, an element
content or an attribute value of the last element to
each path. Let X.PP be a set of all root-to-leaf paths
in an X.Tree. Let X.P be a set of all labelled root-
to-leaf paths in an X.Tree.

Ezample 1. In Figure 1(b) we can observe an X.Tree
of the XML document from Figure 1(a). X.P? =
{(0,1,2)0), (0,1,3)v), (0,4,5.6,%), (0,4,5,7,%),
(0,8,9,'y), (0,8,10,z")}, X.P® = {(a,b,c),(a,b,d),
(avbafvc)’(aaba fad)}

4 Element-based approaches

In this Section, we will describe XPA as the repre-
sentative of element-based approaches. XPA index is
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<?xml version="1.0" 7> <a>
<b>
<c>u</c>
<d>v</d>
</b>
<b>
<f>
<c>v</c>
<d>w</d>
</f>
</b>
<b>
<c>y</e>
<d>z</d>
</b>
</a>

Fig. 1. (a) An XML Document X (b) X.Tree of the docu-
ment,.

done after we map the whole XML docu-
ment into 5-dimensional space. We resolve loca-
tion steps of XPath query step by step. The location
step consists of name of the axis, name of the node
(nodeName) and predicate. The predicate is optional
but in the case there is some predicate we have to
solve azxis::nodeName part and predicate separately
and then we have to union the results. We designed
implementation of XPA so that it is possible to han-
dle nested predicates. Solving azis::nodeName part of
one location step is realized using query upon 5-dimen-
sional space.

In Figure 2, an evaluation of four major axis for
content node is shown. When the index applies R-trees
or other multi-dimensional data structure retrieving of
all nodes inside 5-dimensional cube can be performed
by a single range query.

XPath query is evaluated from one context node v.
XPath query consists of a sequence of location steps.
Query processing is done in these phases:

1. We obtain a set of nodes S7 as a result of evalua-
tion of the first location step from context node v..
We set i = 1.

2. The set S; is established as a set of context nodes
for the following step.

3. We evaluate (i + 1)th location step for every con-
text node from the set S; and the result is a set of
nodes S;11. We increment 4 by one.

4. Phases 2 and 3 are repeated until the last location
step of XPath query is evaluated.

5. Set of nodes S; is the result of the XPath query.

That means running many range queries during
every phase 3. With increasing number of loca-
tion steps the execution time of the query increases as
well. Size of the set S; which is created during each
location step may be much larger then the size of the
XPath query result. Such inefficiency leads to unnec-
essary execution time overhead.

a)
post
f §
| ancestor::* following..*
10e 4 f
] T
.h I
5 preceding:* |. ¢ descendant::*
| Og i
- .b d
b L
pe C .e
— ——t—+—+— -
(0,0) 5 10 pre
b)

Fig.2. (a) Evaluation of an XML tree with pairs
(pre(v), post(v)). (b) Node distribution in pre/post plane
and four major axes for a context node h.

5 Path-based approaches

We consider two path-based approaches: a relational
approach [6] and multi-dimensional approach [16].
Other path-based approaches are similar to these
methods, e.g. [21] is similar to [6].

Various numbering schemes are applied in path-
based approaches. A global numbering scheme is
applied in approaches [16,6,21]. In Figure 1(b), we
observe the global ordering of an XML tree. There
is a local numbering scheme where a node of a path
is evaluated by a number which is unique among its
siblings. Dewey Order [26] is an example of the num-
bering scheme. This numbering scheme is more suit-
able for both update and insert operations in an XML
document. Obviously, this numbering scheme is possi-
ble to apply for path-based approaches depicted above.

In work [6], a relation scheme (HeadId, Labeled
path, String value, Path) is defined. In Table 1, we
observe an example of the relation for the XML docu-
ment from Figure 1(a). Authors propose two indices



Headld | Labeled path | String value | Path
0 a null
0 ba null 1
0 ba null 4
0 ba null 8
0 cba null 1,2
0 cba u 1,2
0 dba null 1,3
0 dba v 1,3
0 fba null 5,4
0 cfba null 6,5,4
5 f null
5 cf null 6
5 cf W 6
5 df null 7
5 df X 7

Table 1. An example of the relation for an XML document
from Figure 1(a).

tdp,idip,| Path idy
0,0 [0,1,2 idr (W)
L1 |0,1,3 idr (')
2,2 0,4,5,6 idr(w’)
33 10457  |ide(x)
4,0 10,89 wdr(y’)
51 10,8,10 idr (')

Table 2. Multidimensional points for an XML document
from Figure 1(a).

ROOTPATHS and DATAPATHS. The ROOTPATHS
index includes a concatenation of StringValue and
reversed Labeled path for each root-to-leaf path and
paths are retrieved for a query. The DATAPATHS
index includes a concatenation of StringValue,
HeadId and reversed Labeled path for each path of
all subtrees and paths are retrieved for a query. Each
attribute is indexed by a B-tree, consequently simple-
path queries are processed in one index search.

In work [16], we define a multi-dimensional point
(tdp, idip, idny, idn, , - . ., idy,, id;) for each root-to-leaf
path. One point built for each leaf of the tree is stored
in a multidimensional data structure [24], e.g.
R-tree [12]. In Table 1(a), points for an XML docu-
ment from Figure 1(a) are put forward.

Although there are some differences, common
issues for path-joining remain. In the case of the first
approach, there is a redundancy, e.g. the same re-
versed labelled paths appear in many records.
Authors propose that this problem is possible to solve
by a compression. However, the depicted redundancy
does not appear in the case of the second approach.
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Querying a path’s node is processed by the multi-
dimensional range query [24] in this case. Multidi-
mensional forests [17] and Signature multidimensional
data structures [18] are applied for a handling various
path length and more efficient range queries, respec-
tively. When a twig query is considered, the path-join
is a common operation for all path-based approaches.

6 An evaluation

Although, basic idea of element-based approaches is
the same, each new paper often overcomes the effi-
ciency of these approaches. In [11] author compares
XPA with a simple element-based approach. XPA is
more efficient than the proposed index. However, the
overhead of structural joins remains for all these
approaches. In [13] authors applied path-based fea-
tures for an element-based method and their method
is more efficient than other element-based approaches.
When real data collections are considered, it seems
that path-based approaches overcome element-based
approaches. In [15], authors compared MDX with
XISS and XPA. They put forward that MDX is more
than 10x more efficient when simple-path and
content-based queries are considered. It seems that
a problem of path-based approaches appear when twig
queries with many twigs are processed. However, this
feature has not been published yet.

7 Conclusion

In this article, we present the up-to-date state in the
area of indexing XML data. A classification of ap-
proaches is depicted and some important approaches
are described. We are interested in the efficiency of
proposed approaches and their ability to manage large
XML documents.

References

1. Al-Khalifa S., Jagadish H.V., and Koudas N., Struc-
tural Joins: A Primitive for Efficient XML Query Pat-
tern Matching. In Proceedings of ICDE’02, 2002

2. Amer-Yahia S., Du F., and Freire J., A Comprehensive
Solution to the XML-to-Relational Mapping Problem.
In Proceedings of WIDM 2004, New York, USA, ACM
Press, 2004, 31-38

3. Bruno N., Srivastava D., and Koudas N., Holistic Twig
Joins: Optimal XML Pattern Matching. In Proceed-
ings of SIGMOD Conference, 2002, 310-321

4. Catania B., Maddalena A., and Vakali A., XML Doc-
ument Indexes: A Classification. IEEE Internet Com-
puting, 9, 5, 2005, 64-71



74

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Michal Kratky, Radim Baca

. Chen Y., Davidson S.B., and Zheng Y., Blas: an Ef-
ficient xpath Processing System. In Proceedings of
ACM SIGMOD 2004, New York, NY, USA, 2004, 47—
58

Chen Z., Korn G., Koudas F., Shanmugasundaram N.,
and Srivastava J., Index Structures for Matching XML
Twigs Using Relational Query Processors. In Proceed-
ings of ICDE 05, IEEE Computer Society, 2005, 1273—
1273

Chung C.-W., Min J.-K., and Shim K., Apex: An
Adaptive Path Index for XML Data. In Proceedings
of ACM SIGMOD 2002, New York, NY, USA, 2002,
121-132

Cooper B., Sample N., Franklin M.J., Hjaltason G.R.,
and Shadmon M., A Fast Index for Semistructured
Data. In Proceedings of VLDB’01, 2001, 341-350
DeHaan D., Toman D., Consens M.P., and Ozsu M.T.,
A Comprehensive XQuery to SQL Translation Using
Dynamic Interval Encoding. In Proceedings of the
2003 ACM SIGMOD, New York, USA, ACM Press,
2003, 623-634

Georgiadis, H. and Vassalos V., Improving the Ef-
ficiency of XPath Execution on Relational Systems.
In Proceedings of EDBT 2006, Springer—Verlag, Jan
2006, 570-587

Grust T., Accelerating XPath Location Steps. In Pro-
ceedings of the 2002 ACM SIGMOD, Madison, USA,
ACM Press, June 4-6, 2002

Guttman A., R-Trees: A Dynamic Index Structure for
Spatial Searching. In Proceedings of ACM SIGMOD
1984, Boston, USA, June 1984, 47-57

Hanyu Li W.H., Li Lee M., A Path-Based Labeling
Scheme for Efficient Structural Join. In Proceedings
of XSym 2005, Springer—Verlag, 2005, 34-48

Jiang H., Lu H., Wang W., and Ooi B., XR-Tree:
Indexing XML Data for Efficient Structural Join. In
Proceedings of ICDE, 2003, India, IEEE, 2003
Kratky M., Baca R., and Snasel V., On the Efficient
Processing Regular Path Expressions of an Enormous
Volume XML Data. In Accepted at DEXA 2007, Re-
gensburg, Germany, 2007

Kratky M., Pokorny J., and Snasel V., Implementation
of XPath Axes in the Multi-dimensional Approach to
Indexing XML Data. In Current Trends in Database
Technology, EDBT 2004, Springer—Verlag, 3268, 2004
Kratky M., Skopal T., and Snasel V., Multidimen-
sional Term Indexing for Efficient Processing of Com-
plex Queries. Kybernetika, Journal, 40, 3, 2004, 381—
396

Kratky M., Snésel V., Zezula P., and Pokorny J., Ef-
ficient Processing of Narrow Range Queries in the R-
Tree. In Proceedings of IDEAS 2006, IEEE CS Press,
2006

Krishnamurthy R., Kaushik R., and Naughton J.F.,
Efficient XML-to-SQL Query Translation: Where to
Add the Intelligence? In Proceedings of the 30th
VLDB Conference, 2004

Li Q. and Moon B., Indexing and Querying XML Data
for Regular Path Expressions. In Proceedings of 27th
International Conference on VLDB’01, 2001

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yoshikawa T.S.M., Amagasa T. and Uemura S., Xrel:
a Path-Based Approach to Storage and Retrieval of
XML Documents Using Relational Databases. ACM
Trans. Inter. Tech., 1, 1, 2001, 110-141

Pokorny J., XML: a Challenge for Databases? Kluwer
Academic Publishers, Boston, 2001, 147-164
Goldman J.W.R., DataGuides: Enabling Query For-
mulation and Optimization in Semistructured Data-
bases. In Proceedings of VLDB, 1997, 436-445
Samet H., Foundations of Multidimensional and Met-
ric Data Structures. Morgan Kaufmann, 2006
Shanmugasundaram J. and at al., A General Tech-
nique for Querying XML Documents Using a Rela-
tional Database System. SIGMOD Rec., 30, 2001, 20—
26

Tatarinov I. and at al., Storing and Querying Ordered
XML Using a Relational Database System. In Pro-
ceedings of the ACM SIGMOD 2002, New York, NY,
USA, ACM Press, 2002, 204-215

W3 Consortium. Extensible Markup Language
(XML) 1.0, W3C Recommendation, 10 February 1998,
http://www.w3.org /TR/REC-xml.

W3 Consortium.  XQuery 1.0: An XML Query
Language, W3C Working Draft, 12 November 2003,
http://wuw.w3.org/TR/xquery/.

W3 Consortium. XML Path Language (XPath) Ver-
sion 2.0, W3C Working Draft, 15 November 2002,
http://www.w3.org/TR/xpath20/.

W3 Consortium. XML Schema Part 1: Struc-

ture, W3C Recommendation, 2 May 2001,
http://wuw.w3.org/TR/xmlschema-1/.
Wang H., Park S., Fan W., and Yu P.S., ViST: a

Dynamic Index Method for Querying XML Data by
Tree Structures. In Proceedings of the ACM SIGMOD
2003, ACM Press, 2003, 110-121

Zhang C., Naughton J., DeWitt D., Luo Q., and
Lohman G., On Supporting Containment Queries in
Relational Database Management Systems. In Pro-
ceedings of the ACM SIGMOD 2001, New York, USA,
ACM Press, 2001, 425-436



Vliv nastaveni slovniku na duc¢innost komprese malych souboru*

Jan Lénsky and Michal Zemlicka

Univerzita Karlova, Matematicko-fyzikalni fakulta, Malostranské ndm. 25, 118 00, Praha 1
zizelevak@gmail.com, michal.zemlicka@mff.cuni.cz

Abstrakt Pri kompresi velkych kolekci malgjch textovych
soubort, jako jsou naptiklad zprdvy elektronické posty,
éldnky z novin a éasopisi nebo webové stranky, zjistujeme,
Ze mnohé kompresni techniky zde nebyvaji tak ispésné jako
na vétsich dokumentech. Rozhodli jsme se proto mnalézt
vhodné modifikace nebo nastaveni parametri existujicich
textovych kompresnich metod, které by tspésné pracovaly
v prostiedi, kde je nutné uchovdvat velké mnoZstvi samo-
statné pristupnych malyjch souboru, napriklad ve webovém
vyhleddvaci. Jednim z faktori ovliviiugici chovdni testova-
nyjch kompresnich metod je poédteéni nastavent jejich slov-
niku. Pri kompresi velkyjch soubori je vyznam tohoto na-
staveni velmi maly, a proto byvd autory programi, vyuZi-
vagicich téchto metod pocdteéni mastaveni slovniku zjed-
noduseno na minimum — byvaji prdzdné. Dle nasich mé-
rent je vyznam vhodného pocdtecniho naplnéni slovniku pri
kompresi malyjch soubori znacény.

1 DMotivace

Vyvojari obvykle optimalizuji textové kompresni me-
tody na velké soubory nebo jejich kolekce. Domnivame
se, ze je zajimavé se zabyvat i kompresi velkych ko-
lekci malych souboru, kde muzeme k jednotlivym sou-
borum pristupovat samostatné, tedy bez pouziti tar
pro konverzi kolekce do jednoho velkého souboru ¢i
obdobnych technik. Naptiklad v prostfedi internetu je
nutné prendset po siti od serveru k uzivateli konkrétni
webové stranky podle pirani uzivatele. Pomoci kom-
prese bychom mohli snizit ndroky systému na diskovy
prostor. Mnoho kompresnich metod vyzaduje néjakou
minimélni velikost souboru urc¢eného ke kompresi, aby
doslo k rozumnému zmenseni velikosti komprimované-
ho souboru. V pripadé nékterych textovych kompres-
nich metod je tato minimalni velikost souboru dana
nutnosti prendset slovnik zakladnich kompresnich jed-
notek (slabik, slov) mezi kodérem a dekodérem. Pied-
pokladame, ze pfi zpracovani kolekci malych, indivi-
duélneé piistupnych dokumentu je mozné vyrazneé zlep-
§it kompresni pomér, vytvoiime-li slovnik ¢astych
kompresnich elementu, které se vyskytuji ve velké ¢asti
dokumentu. Tento slovnik ¢astych elementu se pak

* Prace byla ¢astecné podporovdna Nédrodnim progra-
mem vyzkumu v rdmci projektu Informaéni spole¢nosti
1ET100300517 a Grantovou agenturou Univerzity Kar-
lovy v ramci projektu Slabikova komprese (&islo 1607
v sekci A).

vyuzije pro vlastni inicializaci slovniku elementu uzi-
tych v ruznych kompresnich metodach.

V tomto ¢lanku se zaméfime na slovni a slabi-
kové kompresni metody a na rozdilné zpusoby inicia-
lizace jejich slovniku. Nastaveni algoritmu jsme tes-
tovali na tfech ruznych jazycich: anglicting, ceStiné
a némciné, reprezentujicich t¥i rozdilné tiidy jazyku.
Jejich nejdulezitéjsi vlastnosti shrnuje tento piehled:

anglictina — slova maji nékolik mélo gramatickych
tvaru a jsou pomérné kratka; v jejich psané podobé
je tézké rozeznat hranice slabik;

¢estina — slova maji velmi mnoho gramatickych tvaru
a jsou delsi; v jejich psané podobé je snadné roze-
znat hranice slabik;

némcéina — slova jsou casto tvofena slozenim jinych
slov (mohou tedy byt i velmi dlouhd) a majf o tro-
chu vice gramatickych tvart nez v angli¢ting; hra-
nice slabik jsou pomérné snadno rozpoznatelné;

2 Priibuzné prace

V této sekci se zaméfime na prace pojedndvajici
o kompresi malych textovych soubort a déle o alterna-
tivnich piistupech k feseni problému pienosu slovniku
mezi kodérem a dekodérem.

2.1 Komprese malych souboru

Vyznam vhodné volby slovniku pro kompresi textu
nad velkou abecedou byl zminén napiiklad v [10]. Zvla-
§té na velmi malych souborech je tento efekt velmi
vyrazny. V préci [8] byla zminéna dulezitost problému
ruzného nastaveni slovniku pro ruzné jazyky.

V préci [16] byl predstaven algoritmus pro kom-
presi kratkych textovych zprav (SMS), ktery mél tak
nizkou ¢asovou a prostorovou naro¢nost, aby byl vhod-
ny pro pouziti v mobilnich zafizenich. Tato metoda
pouzivala statisticky kontextovy model pro jednotlivé
symboly a nasledné pak aritmetické kédovani. Model
pouzity v této metodé byl staticky a byl nacvi¢en na
vzorcich textovych dat. Tato metoda byla testovana
na datech o velikosti 50 - 250B, tedy na mensich sou-
borech nez je zaméteni nasi préce.

Préace [7] se zabyva kompresni metodou zalozenou
na vyuziti posloupnosti kontextovych stromu, kde kaz-
dy strom je rozsitenim pfedchoziho stromu. Pii ké-
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dovani symbolu se zac¢ind hledat v prvnim kontex-
tovém stromé. Pokud zde symbol nenf nalezen, pomoci
escape sekvence se prepneme do nasledujictho stromu.
Stromy se tvoii podobné jako pracuje napiiklad me-
toda PPM [12], ale s tim rozdilem, ze stromy jsou
vytvoreny staticky na zdkladé vzorku textovych dat.
Tato préace byla také zaméfena na kompresi velmi ma-
lIych soubori, testovany byly i soubory textové. Tato
metoda davala zajimavé vysledky pouze pro data do
velikosti 200B, pro data veétsi velikosti nebyla piilis
ucinna.

2.2 Komprese slovniku

V ¢ldnku [8] je popsdna metoda, kterd vyuziva sdilenf
slovniku ¢astych elementu mezi kodérem a dekodérem.
Pfendseny jsou pouze ty elementy (slabiky, slova), kte-
ré nejsou v tomto sdileném slovniku.

Alternativnim pristupem muze byt zakédovani ce-
1é mnoziny slov ¢i slabik a jeji prenos mezi kodérem
a dekodérem jako soucasti komprimovaného souboru.
V ¢lanku [9] je navrzena metoda TD3 pracujici na
principu efektivniho kédovani datové struktury trie,
pomoci které je slovnik elementt reprezentovan. Inspi-
raci pro tuto metodu byl dobfe zndmy princip pfedni
komprese. Metoda TD3 dévéa dobré vysledky na vét-
gich souborech (zhruba od 20 kB), ale na velmi malych
souborech tvori zakdédovany slovnik zna¢nou ¢ast ko-
dované zpravy.

Existuji nékteré dalsi metody pro kompresi mno-
ziny Fetézcu jako celku, které jsou navrzeny pro kom-
presi fetézcu nad velmi omezenou abecedou, napiiklad
v ¢ldnku [11] je pouZzito jen 26 pismen malé abecedy.
V ¢ldnku [5] je popsdna metoda kombinujici kompresi
predpon a piipon, které byla navrzena pro slovniky
dlouhych elementu, tedy pro piipad slabik neni vhod-
na.

3 Komprese textovych dokumenti

Pii kompresi texti muzeme pouzivat jako zakladni
jednotku znaky, slova, ¢i slabiky. Vétsina metod byla
vyvinuta pro kompresi po znacich, pak byla upravena
na slova, piipadné i na slabiky.

Pri adaptaci klasickych znakovych metod na slovni
nebo slabikové metody se musi vétsinou podstatné mo-
difikovat datové struktury, aby byly schopny pracovat
misto s 256 znaky s predem neuréenym a navic vy-
sokym poctem slov ¢i slabik. Pii kompresi nad vel-
kou abecedou musi kodér informovat dekodér, jaké
prvky obsahuje abeceda, kterou pouziva. Nejcastéji
se tento problém fesi pridanim zakddované abecedy
k vlastnimu zakédovanému dokumentu [9].

3.1 Komprese po slovech

Pii pouziti slovnich kompresnich metod [21] je nutné
rozdélit dokument na posloupnost slov a neslov. Jako
slova se nejcastéji oznacuji fetézce pismen a ¢islic, ne-
slovy jsou pak fetézce zbylych znaku. Pfi déleni do-
kumentu se hledaji maximélni alfanumerické fetézce,
které se oznacuji za jednotlivé slova. Retézce znakil,
které zustanou mezi slovy, se prohldsi za jednotliva
neslova.

Muzeme tedy vychazet z predpokladu, ze v doku-
mentu se pravidelné stiidaji slova a neslova. Déle se
pouziva heuristika, ze slovo byva obvykle nasledovano
specidlnim typem neslova — "mezerou”. MuZeme si
tedy dovolit neslova ("mezery”) vynechat a nekédovat.
Spravna dekomprese se zaruci tim, ze pokud dekddu-
jeme posloupnost dvou po sobé jdoucich slov auto-
maticky mezi né vlozime mezeru, kterd byla pii kom-
presi vynechéana. Pokud po slovu nenésleduje mezera,
je nutné tuto skutecnost zakédovat pomoci specialniho
symbolu.

Pro praktické pouziti se neuvazuji neomezené dlou-
ha slova a neslova, ale jejich délka se omezuje néjakou
rozumnou konstantou. Pfili§ dlouhé fetézce se rozdélu-
ji, a aby byl zachovan model stiidani slov a neslov,
musime mezi né vlozit fetézec nulové délky opacného
typu (prazdné slovo, neslovo). Napiiklad pokud rozdé-
lime slovo na dvé slova, musime mezi né vlozit prazdné
neslovo.

3.2 Komprese po slabikach

Pouzijeme-li slabikové kompresni metody, musime slo-
va dale délit na slabiky. Piestoze slabika je logickou
jednotkou, ze kterych se slova skutec¢né skladaji, roz-
délit slovo na slabiky neni vzdy snadné. Budiz nam
utéchou, ze pro potfeby komprese neni nezbytné, aby
déleni slov na slabiky bylo vzdy z lingvistického hle-
diska zcela korektni; staci se tomuto idedlu jen pfi-
blizit. Dulezité je, aby z ndmi vytvotrenych slabik ¢i
”slabik” bylo mozné zrekonstruovat puvodni text.

Slabiku jsme definovali jako posloupnost hlasek,
ktera obsahuje pravé jednu podposloupnost samohla-
sek. Z definice vyplyva, ze pocet maximalnich podpo-
sloupnosti samohlédsek ve slové se rovna poctu slabik
ve slové. Napiiklad slovo famous obsahuje dvé sekven-
ce samohldsek a a ou, tedy toto slovo je tvoreno dvéma
slabikami: fa a mous. Slovo pour obsahuje pouze jednu
maximélni podposloupnost samohlasek ou, tedy celé
slovo je tvoreno jen jednou slabikou.

Formdlni definice pojmu pismeno, samohldska,
souhléska, slovo, slabiky a jazyk a jednotlivé algo-
ritmy déleni slov na slabiky jsou podrobné popsiny
v ¢ldnku [8]. Odlisny pifstup k déleni slov na slabiky
(za pomoci genetickych algoritmt) lze nalézt v [19].



Protoze vliv algoritmu déleni slov na slabiky na dosa-
zeny kompresni pomér neni ptili§ vyznamny, rozhodly
jsme se pouzit pro ¢eStinu a némcéinu algoritmus Pymr,
a pro angli¢tinu algoritmus Pyr,.

Tyto algoritmy rozdéli slova na bloky samohlédsek
a souhlasek. Bloky samohlasek tvoii zaklady slabik
a bloky souhldsek se k témto zakladum slabik prida-
vaji. Algoritmus Pywyy, rozdéli blok souhldsek na dvé
poloviny rovnomérné mezi sousedni bloky samohlasek
(v piipadeé liché velikosti bloku souhldsek mirné pre-
feruje levy blok samohldsek). Algoritmus Py, priradf
cely blok souhlédsek k levému bloku samohlasek.

4 Kompresni metody

Uvazujme rozsitenou kategorizaci slov, kdy misto dé-
leni textu na slova a neslova budeme délit text na slova
velkd (psand velkymi pismeny), mald (psand malymi
pismeny), smiSend (za¢ing velkym pismenem a pokra-
¢uje malymi pismeny), numerickd (obsahuje pouze ¢i-
slice) a specidlni (obsahuje ostatni znaky — odpovida
neslovim z dvouprvkového déleni). V nasi praci vy-
chazime z predpokladu, ze text je strukturovan do vét
a lze jej popsat témito pravidly: Véta obvykle zac¢ina
smiSenym slovem (prvni pismeno je velké, zbyld mald)
a kon¢i specidlnim slovem (neslovem v klasickém po-
jeti), které obsahuje tecku. Obvykle se dile ve vété
pravidelné stfidaji mala a specidlni slova. Za¢ina-li
véta velkym slovem, pak se obvykle dale v ni pravi-
delné stridaji velka a specidlni slova.

Po rozdéleni slov na slabiky nastava s timto mo-
delem problém. Kazdé slovo ma jiny pocet slabik. Za-
timco malé slovo je vétsinou néasledovano specidlnim
slovem, tak mala slabika muze byt nasledovdna jak
malou slabikou, tak specialni slabikou.

Kédovéni pouzité abecedy elementu probihé takto:
Pro kazdy jazyk mdme slovnik ¢astych elementu (sla-
bik ¢i slov). Timto slovnikem ¢astych elementu mu-
zeme naplnit pii inicializaci slovniho nebo slabikového
algoritmu jeho slovnik. Potom ndm stac¢i mezi kodérem
a dekodérem prenaset pouze informaci o elementech,
které se v dokumentu vyskytly a zaroven se nenachézi
ve slovniku ¢astych elementti. Toto vylepSeni je nejvice
uzitecné pro malé soubory, na vétsich souborech se
jeho vliv stdva zanedbatelnym. Konstrukce slovniku
castych elementu je hlavni naplni tohoto ¢lanku a je
popséana v sekci 5.

4.1 LZWL

Algoritmus LZW [20] je slovnikovou kompresi pracu-
jici se znaky. Slabikovou verzi této metody znac¢ime
LZWL. Algoritmus LZWL muze pracovat jak nad sla-
bikami ziskanymi libovolnym algoritmem délicim slova
na slabiky, tak i nad slovy.
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01 TInitialize dictionary with empty syllable
and frequent syllables of given language

02 OLDSTRING = empty syllable

03 NEWSTRING = empty syllable

04 SYLLABLE = empty syllable

05 WHILE not end of input stream OR SYLLABLE is

not empty

06 IF NEWSTRING + SYLLABLE is in the dictionary

07 NEWSTRING = NEWSTRING + SYLLABLE

08 SYLLABLE = next input syllable

09 ELSE

10 IF NEWSTRING is empty syllable

11 output the code of empty syllable

12 encode SYLLABLE by character-by-character

coding method and output this code

13 add SYLLABLE to the dictionary

14 SYLLABLE = empty syllable

15 ELSE

16 output the code for NEWSTRING

17 IF OLDSTRING is not empty syllable

18 FIRSTSYLLABLE = first syllable of
NEWSTRING

19 add OLDSTRING and FIRSTSYLLABLE to the
dictionary

20 ENDIF

21 ENDIF

22 OLDSTRING = NEWSTRING

23 NEWSTRING = empty syllable

24 ENDIF
25 ENDWHILE

Obrazek 1. LZWL — komprese.

Nejdfive pripomenme puvodni verzi LZW. Metoda
vyuzivé slovnik frazi reprezentovany datovou struktu-
rou trie. Fréze jsou ¢islovany pfirozenymi ¢isly v po-
radi, jak byly vlozeny do slovniku.

Slovnik je na zac¢atku naplnén vSemi znaky z abe-
cedy (znakové sady). V kazdém dalsim kroku se ve
slovniku hledé nejdelsi fetézec S odpovidajici prefixu
nezpracované Casti vstupu. Pozice S ve slovniku je
nasledné zapsana na vystup. Do slovniku je vlozena
nova fraze slozena z S a jednoho znaku bezprostiedné
za S. Aktudlni pozice ve vstupnim souboru se posune
o délku S vpied.

Dekédovani je veelku jednoduché: dostdvame cisla
frazi, které jsou ve slovniku. Z dekédované frézi po-
stupné rekonstruujeme slovnik tak, jak to bylo pfi
kédovani. Prijde-li ¢islo, jemuz ve slovniku zadna fraze
neodpovida, pouzijeme posledni dekdédovanou frazi
prodlouzenou o jeji prvni znak. Je to totiz jediny moz-
ny piipad, kdy muze piijit kéd, k némuz jesté ve slov-
niku neni zcela definovand polozka (nové priddvana
fraze je vlastné predposledni fraze doplnéna o prvni
znak naposledy dekédované fraze — proto je slovnik
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u dekodéru o jednu polozku zpozdén proti slovniku
u kodéru).

Slabikové verze (obr. 1) pracuje nad abecedou sla-
bik. Slovnik inicializujeme prazdnou slabikou a vSemi
slabikami z databéze frekventovanych slabik daného
jazyka. Nalezeni tetézce NEWSTRING, zakddovani
jeho ¢isla i jeho prodlouzeni je obdobné jako ve verzi
pro znaky — jen s tim rozdilem, Ze Tfetézec
NEWSTRING neni tvoren znaky, ale slabikami. Muze
se stat, Zze potfebujeme zakdédovat — slabiku
SYLLABLE, kterd jesté neni ve slovniku. Pak uve-
deme prazdnou slabiku, a za ni zapiSeme nové prida-
vanou slabiku znak po znaku.

01 Imnitialize data structures

02 WHILE not end of input stream

03 SYLLABLE = next input syllable

04 EXPECTEDTYPE = expected type of SYLLABLE

05 TYPE = type of SYLLABLE
06 IF EXPECTEDTYPE != TYPE
o7 output escape sequence for correct type
08 ENDIF
09 IF SYLLABLE is unknown
10 CODE = escape code for new node in TYPE
Huffman tree
11 output CODE
12 encode SYLLABLE by unknown-syllable
coding algorithm and output this code
13 insert SYLLABLE to the TYPE Huffman
tree
14 ELSE
15 CODE = code of SYLLABLE in TYPE Huffman
tree
16 output CODE
17 ENDIF
18 increment weight of SYLLABLE
19 if necessary reorganize the TYPE Huffman
tree

20 ENDWHILE

Obrazek 2. HuffSyllable — komprese.

4.2 HuffSyllable (HS)

HuffSyllable (obr. 2), prvné publikovany v ¢lanku [8],
je statistickd kompresni metoda vyuzivajici adaptivni
Huffmanovo kédovani. Tato metoda je ¢dstecné inspi-
rovana algoritmem HuffWord [21]. Pomoci me-
tody HuffSyllable 1ze dokument kédovat po elemen-
tech typu slabika nebo slovo.

Pro kazdy typ elementu (maly, velky, smiSeny, ¢i-
selny a specidlni) je postaven adaptivni Huffmanuv
strom [6], pomoci kterého se kéduji elementy daného
typu. V inicializa¢ni fazi naplnime strom malych slabik
typickymi slabikami daného jazyka.

V kazdém kroku algoritmu je odhadnut typ ele-
mentu, ktery mé nasledovat. V piipadé, ze nasledujici
element m4é jiny typ nez jsme odhadli, je pouzit kéd
espace sekvence pro spravny typ elementu. Nésledné
se element zakdduje za pouziti stromu elementu svého
typu. U daného elementu se zvysi ¢etnost o jedna.
Odhad typu elementu, ktery ma nasledovat, se provadi
na zakladeé jiz zkomprimované ¢asti dokumentu.

5 Inicializace kompresnich slovniki

Vytvoreni slovniku ¢asto pouzivanych slabik pro dany
jazyk je pomérné pracné. Ten pak muzeme pouzit jako
pocatecni slovnik pro ruzné kompresni metody. Poca-
te¢ni nastaveni slovniku slabikové komprese ma zasad-
ni vliv na jeji tcinnost: Je-li ve slovniku ptili§ mnoho
slabik, muze se stat, ze vétsinu z nich ke kompresi
nevyuzijeme. Kédova slova pouzitych slabik tak mo-
hou byt zbyteéné dlouha. Opaény ptripad nastava, po-
nechame-li slovnik na zacatku prazdny. Kazda sla-
bika pak musi byt pfi svém prvnim vyskytu draze
kédovana znak po znaku. Optimdalni nastaveni kom-
presniho slovniku je nékde uprostied.

Pro ruzné jazyky a ruzné algoritmy déleni slov na
slabiky dostaneme odlisné slovniky. Pravidla pro pfi-
déni slabiky do slovniku jsou vsak jednotnd. Slabiky
pfidané do pocatecniho slovniku musi byt pro dany
jazyk a déleni slov na slabiky typické. Jak rozhodnout,
kolik slabik do pocate¢niho slovniku zatradit? Zda se,
ze tato dvé kritéria pro vybér slabik do poc¢atecniho
slovniku jsou rozumna:

— Kumulativni kritérium — podil vyskytu dané sla-
biky na celkovém poctu slabik v kolekci.

— Vyskytové (appearance) kritérium — V kolika do-
kumentech se slabika vyskytuje alespon jednou.

Kumulativni kritérium bylo pouzito v [8]. Slovniky
zde byly naplnény slabikami vyskytujicimi se v dané
kolekci s pravdépodobnosti vétsi nez 1/65000. Takto
vytvoreny slovnik budeme znacit C65.

Mohlo se stat, ze slovnik obsahoval slabiky vysky-
tujici se jen v malo dokumentech, ale hojné.

Domnivame se, ze pouziti vyskytového kritéria je
v daném pifpadé vyhodné&jsi, nebot castéji Setii de-
finice slabik. Vytvofili jsme ruzné pociteéni slovniky
pro ruzné frekvence vyskytu (znacime je Axx, kde xx
reprezentuje minimdlni procento dokumentu, v nichz
se slabiky vyskytly). Tyto slovniky obsahuji slabiky
vyskytujici se nejméné v 5% (A05), 20% (A20),
40% (A40), 60% (A60), 80% (A80) nebo 100% (A100)
dokument.

Abychom mohli vytvofit rozumny pocatecni slov-
nik slabik, potfebujeme mit dostateéné velkou kolekci
dokumentu svym obsahem typickych pro dany jazyk.



Jak dokumenty, tak celd kolekce by mély byt co do ve-
likosti stfedni az velké, abychom co nejlépe vyhovéli
vyskytovému kritériu. Nevhodna volba testovacich do-
kumentt muze zpusobit, ze se do slovniku dostanou ji-
nak vzacné se vyskytujici slabiky, coz nevhodné zveétsi
vytvéreny slovnik. Také se muze stét, ze se do slovniku
nedostanou jinak velmi casté slabiky pro dany jazyk
typické. Vyznam spravného pocatecniho nastaveni
roste se zmensujici se velikosti komprimovanych sou-
boru. Experimentalné jsme ovérili, ze rozdily v efekti-
vité komprese mohou byt vyrazné ovlivnény trénovaci
mnozinou.

Pouzitim sady dokumentu, které chceme kompri-
movat, pro inicializaci slovniku muzeme (v pfipadé na-
staveni A05 ¢i A20) zlepsit dosazeny kompresni pomér
az o 10 %.

Pro tvorbu slovniki a pro ziskdni statistik pro
vSechny tii jazyky jsme pouzili tfi sady dokumenttu —
jednu pro ¢estinu (obsahovala 69 souboru o tthrnné ve-
likosti 15 MB; zdroj: [2]), jednu pro angli¢tinu
(obsahujici 334 souboru o dhrnné velikosti 144MB;
zdroj: [4]), a jednu pro néméinu (obsahujici 100 sou-
bort o thrnné velikosti 40MB; zdroj: [4]). Velikosti
slovniku jsou v Tabulce 1.

Inicializace| Angli¢tina| Cestina | Néména

slovniku |slova|slab. [slova|slab.|slova|slab.
A05 458| 151| 701| 114| 688| 166
A20 174| 84| 152| 64| 163| 79
A40 80| 53| 49| 40| 63| 48
A60 41| 35| 21| 26| 27| 32
A80 17 22 8 15| 11| 18
A100 1 2 1 2 1 3

Tabulka 1. Pocatecni velikosti slovniku (v KB).

6 Pokusy a vysledky

6.1 Cil

Metody komprese textu byvaji srovnavany na kolek-
cich velmi velkych dokumentu. Setkali jsme se i s ko-
lekcemi, kde tyto velké soubory vznikly spojenim mno-
ha soubori mensich. To je vyhodné pro kompaktni
archivy, ale ne pro praci s dynamicky se ménicimi ¢i
nahodné pristupovanymi daty, jak je tomu v piipadé
webovskych stranek (kde ruzné stranky se ruzné mén{
v ¢ase) nebo v ptipadé novinovych élanku (kdy nékteré
¢lanky mohou byt zajimavé dlouho, zatimco jiné ¢lan-
ky jsou zajimavé nejvys pouhy den).

Takovéto dokumenty byvaji obvykle malé: prumér-
na velikost webovskych stranek je dle zdroje od
5-10 KB ([15]) do 10-20 KB ([14]). Novinové ¢ldnku
v Prazském z&vislostnim korpusu [3] jsou velké asi
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Metoda LZWL HuffSyl
Jazyk|Slovnik [slabiky| slova |slabiky| slova
CZ C65 5.14 | 5.27 | 4.44 | 4.46
CZ | A05 5.40 | 5.56 | 4.42 —
CZ A20 5.27 | 5.81 | 4.35 | 4.34
CZ | A40 5.07 | 5.79 | 4.39 | 4.73
CZ | A60 | 4.99 | 5.78 | 4.46 | 4.93
CZ | A80 5.03 | 5.73 | 4.64 | 5.15
CZ | A100 | 5.25 | 5.64 | 5.49 | 5.56
EN | C65 2.99 | 291 | 3.23 | 2.44
EN | A05 3.26 | 2.88 | 3.36 —
EN | A20 | 3.09 | 290 | 3.24 | 2.35
EN | A40 2.99 | 2.94 | 3.23 | 2.46
EN | A60 297 | 295 | 3.23 | 2.58
EN | A80 | 2.92 | 297 | 3.26 | 2.71
EN | A100 | 3.03 | 293 | 3.62 | 2.93
GE | AO05 491 | 499 | 4.06 | 3.54
GE | A20 | 4.65 | 4.85 | 3.92 | 3.60
GE | A40 | 4.50 | 4.68 | 3.98 | 3.77
GE | A60 | 4.52 | 4.64 | 4.03 | 4.17
GE | A80 | 4.45 | 4.61 | 4.17 | 4.07
GE | A100 | 4.66 | 4.66 | 4.88 | 4.53

Poznamka: Inicializace slovniku A05 pro ¢estinu a anglicti-
nu se ukézala jako ¢asové neimérné narocnd, a proto byla
prislusnd méteni vyrazena.

Tabulka 2. Kompresni pomér (v porovndni s puvodn{
velikosti souboru) v bitech na znak pro ruznd naplnéni
slovniku.

1,5 KB a soubory z Kalifornského zédkoniku jsou dlou-
hé v pruméru 8KB. Domnivame se, ze m4a smysl méfit
i na takovychto kolekcich.

6.2 ZkuSebni data

Pro testy jsme pouzili tii sady neformédtovanych doku-
mentu. Prvni sada obsahovala 1000 novinovych ¢lanku
v CeStiné o prumeérné velikosti 1,5KB. Tyto ¢lanky
jsme nahodné vybrali z PDT. Druhé sada obsahovala
1000 zakonu v angli¢tiné o prumérné velikosti 8 KB.
tyto dokumenty byly ndhodné vybrany z kalifornského
zékoniku. Ttet{ sada obsahovala pouze 89 novinovych
¢lankt v némciné o prumeérné velikosti 3 KB. Tyto
clanky jsme ziskali z www.sueddeutsche.de.

6.3 Vysledky

Porovnejme kompresni poméry v bitech na znak zi-
skané ruznymi kompresnimi metodami pro anglické
(obr. 4), ¢eské (obr. 3) a némecké (obr. 5) texty s ruz-
nym nastavenim slovnika (tab. 2) s nejlepsim nasta-
venim pro dany jazyk a kompresni metodu (tab. 3).
Cestina je bohatéd na slova stfedni délky. Mnoh4,
slova se vyskytuji ve vice tvarech. Slabikova komprese
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Metoda\Jazyk |anglicky| cesky |némecky
LZWL(slabiky) | 2.92 | 4.99 | 4.45
LZWL(slova) 288 | 556 | 4.61
compress 4.0 [18]| 3.65 5.43 4.80
HS(slabiky) 3.23 4.35 3.92
HS(slova) 2.35 4.34 3.54
ACM(slova) [13] | 2.56 4.78 4.03
FGK [6] 458 | 515 | 477
bzip?2 [17] 242 | 469 | 3.96

Tabulka 3. Porovndni kompresnich poméru v bitech na
znak pro ¢eské, anglické a némecké dokumenty.
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Obrazek 3. Porovndni kompresnich poméru v bitech na
znak (nizs${ hodnota je lepsi) pro dokumenty v ceStineé.
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Obrazek 4. Porovnani kompresnich poméru v bitech na
znak (mensi hodnota je lepsi) pro dokumenty v angli¢tineé.
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Obrazek 5. Porovndni kompresnich pomértu v bitech na
znak (nizs${ hodnota je lepsi) pro némecké dokumenty.

se proto pro ¢estinu jevi jako vyhodnéjsi pro obé me-
tody (LZWL a HuffSyllable) s jedinou vyjimkou
(HuffSyllable a slovnik A20), kdy slova jako zdkladn{
kompresn{ jednotka vychazeji nepatrné lépe nez sla-
biky.

Angli¢tina ma mnoho velmi krétkych slov. Slova se
vyskytuji jen v nékolika malo tvarech. Pro kompresi
anglickych textu se proto vyrazné lépe hodi slovni
metody. V piipadé LZWL je rozdil mensi (v pifpadé
slovniku A80 vychdzeji dokonce slabiky 1épe).

V némciné se setkdvame i s velmi dlouhymi slovy.
Slova se pouzivaji jen v nékolika mélo tvarech. Srovna-
ni slabikové a slovni komprese vychdzi mezi ¢estinou
a anglictinou: Pro LZWL vychézeji 1épe jako zakladni
jednotka slabiky, pro HuffSylable zas slova.

Obecné plati, ze pro slabiky se hodi inicializovat
slovnik pouze velmi frekventovanymi slabikami, zatim-
co pro slova se vyplati naplnit na zacatku slovnik vice.
Duvodem je vysoka cena kédovani nové priddvanych
slov.

Nejvyhodnéjsimi nastavenimi (z hlediska dosaho-
vaného stupné komprese) pro HuffSyllable jsou A05
a A20, zatimco LZWL vychazi nejvyhodnéji s A60
¢ A80.

Nase méteni ukdzala (tab. 3), ze nejlepstho prumér-
ného kompresniho poméru bylo dosazeno pro slovni
verzi algoritmu HuffSyllable se slovnikem inicializo-
vanym dle A20 pro angli¢tinu a ¢estinu a dle A05 pro
némcinu. Pro ¢estinu je také mozné pouzit slabiko-
vou verzi HuffSyllable, ktera dosahuje srovnatelnych
vysledk.



7 Zavér

Testovali jsme nékolik kompresnich metod (compress,
bzip, upravené (pro slova) aritmetické kédovani, FGK,
HuffSyllable a LZWL pro slova a slabiky) na tfech
sadach mensich dokumentu — po jedné pro kazdy z ja-
zyku Cestina, angli¢tina a némcina.

Nejlepsich vysledku jsme dosahli pro slovni verzi
HuffSyllable, kdy pro ¢estinu a angli¢tinu je nejvyhod-
ngjsi inicializovat slovnik dle A20, pro némcinu pak dle
A05. Pro estinu se velmi slibnou zd4 i slabikové verze
HuffSyllable, kterd dosahovala vyssi i¢innosti nez jeji
slovni obdoba — jedinou vyjimkou bylo nastaveni A20,
ale rozdil byl nevyznamny.

Dospéli jsme k zavéru, ze chceme-li komprimovat
velkou kolekei mengich dokumentu, muze byt uzite¢né
vyzkouSet ruzné metody s ruznymi po¢atetnimi nasta-
venimi. Nejuc¢innéjsi metoda muze zaviset na jazyce
komprimovanych dokumentu a na jejich prameérné ve-
likosti a strukture. Vysledky mohou byt vyrazné ovliv-
nény volbou pocate¢niho naplnéni slovnik.

V nasem dalsim vyzkumu jsme se proto rozhodli
porovnat vice kompresnich metod. Také bychom radi
vyzkouseli, jak ¢inné budu testované metody na spe-
cifickych dokumentech jako jsou zpravy elektronické
posty ¢i webovské stranky.
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Abstrakt Vseobecne sa predpokladd, Ze expresivita pldno-
vania zaloZeného na operdtoroch typu STRIPS je niZdia,
neZ expresivita plinovania zaloZeného na hierarchickej sie-
ti uloh (Hierarchical Task Network, HTN). To by zname-
nalo, Ze planovac zaloZeny na HTN dokdZe vo vSeobecnosti
vyriesit viac domén meZ plinovaé zaloZeny ma STRIPS.
Tento ¢ldnok ukazuje, Ze obidva pristupy, tak ako sa prak-
ticky pouZivaju, maji rovnakd expresivitu a dokdZu vyriesit
vietky domény riesitelné Turingovym strojom s konecnou
pdskou (tzn. riesitelné beZnym pocitacom,).

1 Uvod

Dva najznamejsie a najpouzivanejsie pristupy k domé-
novo nezavislému symbolickému planovaniu st plano-
vanie typu STRIPS (zaloZené na operatoroch) a plano-
vanie typu HTN (zaloZené na hierarchickej dekom-
pozicii). Planovanie typu STRIPS je starsie a zaloZzené
na vytvarani planu ako retazca akcii, z ktorych kazda
mé svoju predpodmienku a vysledky. Planovanie typu
HTN je zalozené na hierarchickej dekompozicii - plano-
vaé zacina s poc¢iatocnou tlohou a postupne ju dekom-
ponuje na primitivnejsie tlohy podla informéacii, ktoré
mé planovaé k dispozicii. Primitivne tlohy, ktoré nie
je mozné d'alej dekomponovat, tvoria kone¢ny plan.

HTN vzniklo ako rozsirenie ,klasického planova-
nia typu STRIPS a dovoluje planovacu vyuzivat doda-
to¢né informécie o hierarchickej dekompozicii.

KedZe je hierarchickd dekompozicia rozsirenim pla-
novania zalozeného na operatoroch, vyvstava otazka
expresivity: Je expresivita pldnovania typu HTN vac-
Sia nez expresivita planovania typu STRIPS? Dokaze
planovanie typu HTN vyriesit viac domén nez plano-
vanie typu STRIPS?

Téato otazka bola v minulosti zodpovedané pozitiv-
ne [2]. Tento dokaz bol vSak zaloZeny na predpoklade,
7e planova¢ HTN moZe pouZit na znackovanie tloh
nekone¢ni mnozinu symbolov. Pre teoreticky model
HTN to plati, avSak tento predpoklad nemozZe splnit
Ziadny prakticky pouzitelny planova¢ implementovany
na beznom pocitaci.

Tento ¢lanok ukazuje, Ze expresivita planovania ty-
pu STRIPS a planovania typu HTN st identické za
predpokladu, Ze pouzijeme Iubovolné obmedzenie,

* Tato praca bola podporena SPVV 1025/04; APVT 51-
024604; VG 1/3102/06.

ktoré sposobi Ze bude proces planovania pomocou
HTN rozhodnutelny. Tento predpoklad nie je velmi
obmedzujtci, kedze kazda implementacia planovania
typu HTN pouziva takéto obmedzenie pre ukoncenie
vypoctu v konetnom ¢ase (hoci aj netispesné).

V tejto kapitole poskytneme stru¢ny prehlad pla-
novania typu STRIPS a HTN. Kapitola 2 pojednava
o expresivite oboch pristupov. V kapitole 3 ukazeme,
ze STRIPS dokaZe emulovat Turingov stroj s kone¢nou
paskou bez zmeny Casovej zlozitosti. Kapitola 4 potom
ukazuje jednoduchtt konverziu domén typu HTN na
domény typu STRIPS.

1.1 STRIPS

Zakladny princip STRIPS [3] a planovania typu
STRIPS je najdenie postupnosti akcii, ktora zmeni
podiatoény stav sveta na koncovy stav sveta. Stav
sveta je vyjadreny mnozinou literdlov. Planova¢ do
planu postupne pridava akcie, ktorymi sa snazi do-
siahnut korektnu transformaciu poc¢iato¢ného stavu na
koncovy.

Planovanie STRIPS je zalozené na operatoroch
v tvare Op = (pre, del, add), kde pre je predpodmienka
ktora musi byt splnena bezprostredne pred tym ako sa
operétor pouZije, add / del st mnoziny literalov, ktoré
st po ukonceni operatora pridané/vymazané do/zo
stavu sveta. Operator, ktory sa vykona (prida sa do
planu) sa nazyva akcia.

Od vzniku STRIPS (pred 35 rokmi) vzniklo vela
planovacov pouzivajucich myslienku STRIPS. Vaésina
planovacov sa neobmedzuje na zékladny formalizmus
STRIPS a ma rozne rozsirenia ako zdroje, paralelné
vykonavanie, senzorické a koordina¢né akcie, podmie-
nené a nahodné akcie atd'.

Zékladny algoritmus planovania typu STRIPS je
zaloZeny na sekvenénom pridévani akcii do planu. Ak
zacina z pociatocéného stavu, hovorime o doprednom
retazeni, ak zaCina z koncového stavu, ide o spétné
retazenie. Ak priddvame akcie na lubovolné miesto
v plane, potom hovorime o prehladévani priestoru pla-
nov. Plan sa vytvara len na zdklade znalosti o pred-
podmienkach a vysledkoch operatorov a na zéklade
aktualneho stavu sveta. Planova¢ nedostava ziadne
d'algie informécie, ¢o je hlavnym rozdielom oproti pris-
tupoch typu HTN o ktorych pise d'alsia kapitola.
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1.2 Hierarchicka siet iloh (HTN)

HTN]J7] (Hierarchical Task Network) a pristupy typu
HTN su zalozené na manualnej hierarchickej dekom-
pozicii problémovej domény. Planova¢ dostava domé-
nové znalosti vyjadrené ako mozné dekompozicie iloh
na podilohy. Ulohy mézu byt primitivne (priamo vy-
konatelné) alebo zlozené. Zlozené ulohy musia byt d'a-
lej dekomponované na podulohy. Pre kazdu zlozent
ilohu je jeden alebo niekol'ko zoznamov tloh, na ktoré
moze byt dekomponovana. Tento zoznam tloh spolu
s d'alsimi obmedzeniami (ako napriklad poradie tloh,
viazanie premennych alebo vzajomné vylufovanie) sa
nazyva siet tloh.

Hladanie planu zacdina jednou alebo niekolkymi
pociatoénymi ulohami, ktoré sa postupne dekompo-
nuju na jednoduchsie, az kym vSetky tlohy nie st
dekomponované na primitivne. Ak dekompozicia nie je
mozn4 (napriklad kvoli nezluditelnym obmedzeniam),
planovaé sa vrati a pouzije ini dekompoziciu.

Dekompozicia méZe byt tplne usporiadané, ale exis-
tuju aj planovace, ktoré povoluja prekryvanie podiloh
roznych tuloh (napriklad SHOP2 [6]).

Na HTN sa mozeme tiez pozerat ako na rozsirenie
planovania zalozeného na akciach o gramatiku, ktora
osekava priestor moznych planov [4].

Zakladny algoritmus HTN je nasledujtci:

. VloZz do planu pociatocné dlohy.

. Ak plan obsahuje len primitivne dlohy, Gspech.

. Vyber z planu jednu zloZend idlohu.

. Nahrad vybrantd dlohu jej podalohami podTa

nejakej siete uloh.

5. Vyries interakcie a konflikty v plane.
Ak to nie je moZné, vrat sa a pouZi ind
dekompoziciu.

6. Pokracuj krokom 2.

s W N e

Planovace typu HTN, podobne ako planovace typu
STRIPS, zavadzaju rozne rozsirenia ako sprava zdro-
jov, paralelné vykonévanie, senzorické a koordinacné
akcie. Planovace typu HTN maji vyznamnt tlohu
v planovani pre multiagentové systémy. Planovace ako
STEAM [8] alebo PGP/GPGP [5| poskytuju mecha-
nizmy koordinacie a vyjednévania, umoziujuc tak
agentom spolupracovat na splneni spolo¢nych tloh.
STEAM poskytuje timové tlohy, ktoré sa dalej de-
komponuju na tlohy pre jednotlivé agenty. Oproti to-
mu pri PGP m4 kazdy agent svoju vlastni pociatoénu
tlohu ktorta mé splnit a Casti stromov dekompozicie
jednotlivych agentov sa mozu prekryvat (obrazok 1).

2 Expresivita

Prevlada vseobecny néazor, Ze expresivita planovania
typu HTN je vicsia ako expresivita planovania typu

STRIPS. Pod pojmom expresivita rozumieme mnozi-
nu domén, ktoré dokaze planovaci systém vyriesit.

Existuje dokaz [2] zaloZeny na transformacii plano-
vacieho problému na gramatiku, ktory ukazuje, Ze pla-
novanie typu STRIPS zodpoveda regularnym grama-
tikdm a planovanie typu HTN zodpoveda bezkontex-
tovym gramatikaim. Tym potom ukazuje, Ze plano-
vanie typu HTN pokryva Siriu triedu domén.

Hlavny rozdiel, ktory sposobuje tento vysledok, je
fakt, ze teoreticky model HTN pouZziva na znac¢kovanie
iloh nekoneénd mnozinu symbolov, takze dokiZe pre
mnohé domény vytvorit nekoneény priestor planov. Na
druhej strane ma STRIPS a planovanie typu STRIPS
kone¢ny priestor planov, ak nepouziva niektoré roz-
Sirenia, ktoré sa zvyCajne povazuji za neStandardné.
Niektoré planovace typu STRIPS (napriklad FHP [9])
rozsiruju zakladny formalizmus o funkéné symboly,
¢im umoziiuja vyjadrit aj nerozhodnutelné problémy.

Teoreticky model HTN je pochopitelne expresiv-
nejsi ako zakladné planovanie typu STRIPS. Teoretic-
ky model HTN v8ak na druhej strane nie je pouzitelny
v praxi, pretoZe je nerozhodnutelny, a to aj pri velmi
silnych obmedzeniach. HTN je vo vSeobecnosti neroz-
hodnutelné, ak siet tloh mdZe obsahovat dve zloZené
ulohy bez uréenia ich poradia, a to aj ked nie su po-
volené premenné [2].

KedZe je teoreticky model HTN nerozhodnutelny,
vypocet modZe trvat neobmedzeny ¢as a nemozeme do-
predu ani spolahlivo predpovedat ¢as ukondenia. To
znamend, Z%e teoreticky model nie je (a nemdze byt)
prakticky pouzitelny. V praxi sa pouzivaji rézne mo-
difikéacie, ktoré obmedzuju priestor planov na koneény
a menia problém na rozhodnutelny [2].

Najpouzivanejsie obmedzenia pre HTN st

1. Obmedzenie dlzky planu. Ked je koneéna maxi-
malna dlzka planu, potom priestor moznych pla-
nov je tiez koneény, kedze pri pridavani dloh do
planu si vyberame z kone¢ného mnozstva moznos-
ti.

2. Obmedzenie uloh na acyklické. Kazda tloha moze
byt dekomponovana len do konec¢nej hibky, ktora
je menSia nez je celkovy pocet tloh.

3. Obmedzenie siete tloh, aby boli uplne usporiada-
né. Ulohy st plnené sekvencéne jedna po druhej,
takze podulohy réznych tdloh sa nemoézu v Case
prekryvat.

Lubovol'né z tychto obmedzeni je postacujice, aby
bolo planovanie typu HTN rozhodnutelné, a teda
prakticky pouzitelné. Vietky doterajsie planovade za-
lozené na HTN pouzivaji aspoi jedno z tychto obmed-
zeni (alebo ich malé modifikacie). To je dévod, preco
je vhodnejsie pouZivat pojem ,planovanie typu HTN®
pre planovanie zalozené na modeli HTN pouzivajice
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Obrazok 1. Priklad dekompozi¢ného

jedno z tychto obmedzeni a nie pre teoreticky model
HTN bez obmedzeni.

Pomenovacia konvencia. Pojem "pldnovanie typu
HTN" bude pouZivany pre pldnovanie zaloZené na mo-
deli HTN a pouZivajuce obmedzenie, ktoré spdsobi, Ze
priestor pldnov bude konecnyj a pldnovaci problém roz-
hodnutelnyj.

V tomto ¢lanku dodrziavame tuto pomenovaciu
konvenciu.

Veta 1. Kazdu doménu typu HTN je mozné vyjadrit

ako doménu typu STRIPS. KaZdi doménu typu
STRIPS je mozné vyjadrit ako doménu typu HTN.
Z toho vyplyva, Ze expresivita planovania typu STRIPS
je rovnakd ako expresivita pldnovania typu HTN.

Dokaz (ndcrt). Priestor planov domény planovania ty-
pu HTN je kone¢ny. Z toho vyplyva, ze stavovy pries-
tor tejto domény je konecny. Pre konecény stavovy
priestor mézeme vytvorit doménu typu STRIPS jedno-
duchym vymenovanim vSetkych stavovych prechodov
ako akcii STRIPS. Z toho vyplyva, Ze expresivita pla-
novania typu STRIPS nie je menSia ako expresivita
planovania typu HTN. Druhé polovica dokazu, ukazu-
jaca Ze expresivita planovania typu HTN nie je mensia
nez expresivita planovania typu STRIPS, je konstruk-
tivna, je mozné ju najst v [2] a je zaloZena na transfor-
mécii domény typu STRIPS na plytka doménu typu
HTN s hibkou dekompozicie 0. 0O

Vymenovanie vSetkych stavov v doméne nie je vel-
mi praktické a moze viest k exponencidlnemu mnozst-
vu akcii. V d'alsich kapitolach ukaZeme, ako transfor-
movat doménu typu HTN na doménu typu STRIPS
v polynomialnom ¢ase, pouzijuc STRIPS na emulaciu
dekompozicie v HTN.

3 STRIPS ako Turingov stroj
s konec¢nou paskou

V predchadzajicej kapitole sme ukazali, Ze expresivita
planovania typu STRIPS a typu HTN je rovnaka.

Expresivita planovania zalozeného . .. 85
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stromu pre STEAM (a) a PGP (b).

V tejto kapitole uvadzame jednoduchy sposob kon-
strukcie Turingovho stroja s kone¢nou paskou za pou-
zitia STRIPS. Takto ukdZeme, Ze expresivita STRIPS
(a teda aj planovania typu HTN) je rovnaka ako expre-
sivita Turingovho stroja s kone¢nou péskou.

Turingov stroj je Sestica:

:(Q7F7b167q07F) (1)
kde @ je koneéna mnozina stavov, I' je koneéna mnozi-
na symbolov pasky, b € I' je prazdny symbol, § = @ x
I' - Q x I' x {L, R} je prechodova funkcia (L a R st
symboly posunutia dolava a doprava), qo je pociato¢ny
stav a F' C @ je mnozina koncovych stavov.

V emulacii pomocou STRIPS je mnozina stavov
reprezentovana mnozinou konstant Cg. I je reprezen-
tovana mnozinou konstant Cpr. Aktuélny stav je vy-
jadreny literdlom state(q), pozicia ¢itacej hlavy lite-
ralom position(p) a symbol na paske na pozicii p je
vyjadreny literalom symbol(~, p). Prechodova funkcia
je definovana literalmi transition(q,g,q,g’,m), kde
q € Cg a g € Cr st povodny stav a symbol na paske,
¢ € Cg a g € Cr sanovy stav a novy symbol na
paske a m € {LEFT,RIGHT} je smer pohybu ¢i-
tacej hlavy. Nasledujuce operatory koduju Turingov
stroj s kone¢nou péaskou:

operator: stateTransition

pre: state(q), position(p), symbol(g, p),

transition(q, g, q’, g’, m),
translate

del: state(q), symbol(g, p),

add: state(q’), symbol(g’, p), move(m)

translate

operator: moveHeadLeft

pre: move(LEFT), position(from),
del: move(LEFT), position(from)
add: position(to),

left0f(to, from)
translate

operator: moveHeadRight
pre: move(RIGHT),
del: move(RIGHT),
add: position(to),

position(from), leftOf(from, to)
position(from)
translate

operator: finish
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pre: state(q), final(q), translate
del: state(q), translate
add: stop

MozZeme vidiet, Ze stroj pracuje v dvoch krokoch:
zmena stavu a pohyb hlavy. Stroj zastavi, ak je dosiah-
nuty jeden z koncovych stavov oznacenych literalom
final(q).

Este pred =zadiatkom odvodzovania pomocou
STRIPS musime ,yytvorit* gtruktiaru pasky pridanim
literalov leftO f(left,right) pre kazdé dve susediace
policka pasky. Ak by sme pouzili rozsirenie STRIPS
dovolujuce aritmetické operatory, mohli by sme na po-
hyb hlavy namiesto toho pouzit operdtory + a —.

Reprezentacia pasky pre pasku dlzky n pouziva
n — 1 literdlov. Na druhej strane obsah paméite stroja
je tiez uloZeny v podobe literalov, takze n paméatovych
miest je reprezentovanych 2n — 1 literdlmi, ¢o oproti
Turingovmu stroju zvySuje pamétova naroc¢nost iba
konsStantne.

Emulovany Turingov stroj s kone¢nou paskou je de-
terministicky, ak pre kazda dvojicu (g, g) existuje naj-
viac jeden literal transition(q, g,q',p’, m). V opaénom
pripade je stroj nedeterministicky.

Mohli by sme stroju este pridat vstup, ktory by
bol reprezentovany rovnako ako péaska. Toto by ale
samozrejme nezmenilo expresivitu.

Veta 2. Vyssie zadefinovand doména pre STRIPS
emuluje Turingov stroj s konecnou pdskou. Casovd zlo-
Zitost emuldcie je konstantne vyssia ako zloZitost emu-
lovaného stroja.

Dokaz (ndcrt). Pociatotnd mnozina literdlov je
state(qo) spolu so zakoédovanim Turingovho stroja
(uvedenym vyssie). Podmienka koncového stavu pre
planova¢ STRIPS je nastavena na stop. Lahko vidno,
ze ak sa Turingov stroj zastavi, planova¢ STRIPS vy-
tvori plan vedici z poc¢iatoéného do koncového stavu
a kazdé dva nasledujuce kroky tohto planu (stateTran-
sition, moveHeadLeft/Right) zodpovedaji jednému
kroku Turingovho stroja. Ak Turingov stroj s konec-
nou paskou nezastavi, nebude najdeny ziadny plan. Ak
je emulovany stroj deterministicky, potom je v kazdom
stave vykonatelna prave jedna akcia a proces odvodzo-
vania planu je deterministicky. Ak je emulovany stroj
nedeterministicky, planova¢ STRIPS vyberie v kaz-
dom stave na vykonanie jednu akciu, rovnako ako musi
jednu akciu vybrat aj Turingov stroj. Ak toto rozhod-
nutie nevedie ku koneénému stavu, planova¢ sa vrati
a systematicky prehladéava vSetky alternativy az kym
nedosiahne koncovy stav alebo mu neostavaju dalsie
alternativy (¢ize Turingov stroj s konefnou péaskou
nezastavi). |

Turingov stroj s nekone¢nou péskou je dolezity
teoreticky koncept. Na druhej strane, pocitace ktoré

v praxi pouzivame maji len koneénd paméit a mozu
byt simulované Turingovym strojom s konec¢nou pés-
kou.

Rovnost expresivity STRIPS a Turingovho stroja
s konecnou paskou ma dolezity dosledok. Znamena,
ze STRIPS dokaze vyjadrit vietky problémy riesitelné
pocitac¢om. Vyjadrenie pomocou domény STRIPS mo-
ze byt samozrejme v mnohych pripadoch velmi umelé
a nesikovné a vypoc¢tova zloZitost moze byt ovela vac-
Sia. Napriek tomu by v8ak vyjadrovacia sila STRIPS
nemala byt podcefiovana.

4 STRIPS ako emulator HTN

Predchadzajuca kapitola ukazuje, Ze je mozné vyjadrit
Turingov stroj s konetnou paskou ako doménu
STRIPS. Spolu s moZnostou vyjadrit doménu typu
HTN (s obmedzeniami zaru¢ujucimi rozhodnutelnost)
pomocou Turingovho stroja s kone¢nou péaskou to zna-
mena, ze STRIPS dokaze vyjadrit lubovolni doménu
typu HTN.

V tejto kapitole uvadzame konverziu domény typu
HTN na doménu typu STRIPS v polynomiélnom ¢ase.
Konverzia je zalozena na emulécii dekompozicie tloh
pomocou odvodzovania planu v STRIPS. Vysledny
plan v STRIPS potom predstavuje poradie dekom-
pozicie.

Povedzme, %e méame siet dloh n = (A,{B,C}),
ktora hovori, Ze tlohu A mézeme dekomponovat na B
a C. Vytvorime dva operatory Agqre, Astop @ Opera-
tory pre B a C. Agtqrt pridava literaly (Ba,,.,, Ca;i)s
ktoré povoluju vykonanie B a C. B moze byt znovu
zlozena tloha, takze tiez pozostava z operatorov
Bstart, Bstop, ktoré dovoluju jej dalsiu dekompoziciu.
Ak je B primitivna tloha, pozostava len z jedného
operatora B. Po tom, ako je B spracovana (operator
Bgtop alebo B skoncil), prida literal Ba,,,, ., , ktory je
¢astou predpodmienky operatora Agsop. Asiop sa takto
vykona jedine ak su vSetky podilohy A plne dekom-
ponované alebo primitivne. Po¢iato¢ny stav planovaca
STRIPS obsahuje len literal S;,;;, ktory povoluje zaci-
atok podiatocnej ulohy S (pripadne niekol'ko literalov
ak je viac poc¢iato¢nych tuloh). Koncovy stav obsahuje
literdl Syinisn, ktory je dosiahnuty po tplnej dekom-
pozicii podiato¢nej tlohy S a vSetkych jej podiloh.
Koncovy stav moZe navySe obsahovat literaly pridané
v tlohéch, ktoré su oznacené ako cielové tlohy.

Ak je povolené prekryvanie tloh, musime zabranit
situacii, kedy by ukonéena podiloha povolila skonce-
nie rodicovskej tulohy z inej siete tloh. Musime preto
vytvorit roézne operatory pre podulohu, ktora sa na-
chadza vo viacerych sietach tloh. Z rovnakého dovodu
musime vytvorit rézne operatory aj pre rodi¢ovsku
ulohu, ktorda sa nachadza vo viacerych sietach tloh.
Uloha, ktora je rodi¢ovskou tilohou v n sietach tloh



a podulohou v m sietach uloh, je teda v koneénom
dosledku reprezentovand m % n operatormi.

Algoritmus na konverziu HTN na STRIPS pre do-
mény s acyklickym grafom dekompozicie je vyjadreny
nasledujicim pseudokdédom. Pouzivame skrateni no-
taciu operatora Op = (pre,del,add), kde pre, del
a add st predpodmienka a mnoziny zmazanych a pri-
danych literalov operatora Op. Prehlad zodpovedaju-
cich konceptov domény typu HTN a typu STRIPS po
konverzii je v tabulke 1.

pre kazda dlohu A
ak A je dekompozicia nejakej ulohy B,
pre kazdé B
ak A je primitivna
pridaj operator
Ap = (A.pre U {Ap;nit}t, A.del U
{ABinit}: A.add U {ABfinish})
inak
pre kazdd siet dloh n; = (4, {C,Ij})
pridaj operatory
AiBgore = (A.pre U {Aginit},
{ABinit}s {CjAmit})
AiBstop = ({CjAfinish}’ A.del @]
{CjAfinish}’ A.add U {ABfim'Sh})
inak
ak A je primitivna
pridaj operator
A= (A.pre U {Ainit}, A.del U
{Ainit}, A.add U {Afinisn})
inak
pre kazdid siet dloh n; = (4, {C,Ij})
pridaj operatory
Aiorie = (Aipre U {Ainic}, {Ainitt,
€Az )
Bicrop = ({Cjayni s A.del U
{Cjasiniants A.add U {Atinisn})
pre kazda pociatoénii dlohu S
pridaj do pociatoémného stavu literadl S;n;:
pridaj do koncového stavu literal Syfinisn

V pripade potreby je mozné predavat parametre
(premenné alebo konstanty) z rodi¢ovskej tilohy A na
jej podulohu C pridanim parametrov do literalu
Ca,,, ;.- Jednoduchym pridanim literalov do operatorov
mozeme vyjadrit aj dalsie obmedzenia ako poradie
uloh alebo vzajomné vylu¢ovanie. Ak by sme naprik-
lad chceli aby bola uloha B vykonana aZ po tlohe A,
jednoducho pridame literal do mnoziny add operatora
pre A a ten isty literdl aj do mnoziny pre operatora
pre B. To zabrani vykonaniu B pred skonc¢enim A.

Veta 3. Vyssie wvedeny algoritmus konvertuje acyk-
licki doménu typu HTN na ekvivalentni doménu typu
STRIPS. Casovd zoitost tejto domény typu STRIPS
je konstantne vysSia nez zloZitost pévodnej domény ty-
pu HTN.
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Dékaz (ndcrt). Odvodenie planu vo vyslednej doméne
typu STRIPS kopiruje dekompoziciu pévodnej domé-
ny typu HTN. Pre kazda dekompoziciu nejakej tlo-
hy A (tzn. vyber vhodnej siete tiloh a pridanie jej
podaloh {B;} do planu) je v odvodeni STRIPS prave
jedna akcia Agiqr¢, jedna akcia B; , pre kazdd primi-
tivnu dlohu z {B;}, jeden literal Bj, .. . pre kazdd
zlozenu tlohu z {B;} a jedna akcia Agop. Akcie re-
prezentujuce podulohy A nie st nikdy vykonané pred
Astart alebo po Agyop. Planovaci algoritmus STRIPS si
vybera akcie z moZnosti len vtedy, ked by aj planovac
typu HTN vyberal dlohu na dekomponovanie a siet
uloh, ktora sa mé na tuto dekompoziciu pouZit. Zna-
mena to teda, ze mame presne jednu akciu STRIPS
pre kazdy krok planovaca typu HTN a presne jedno
rozhodnutie planova¢a STRIPS pre kazdé rozhodnu-
tie planovaca typu HTN. O

Ak chceme pouzit cyklicku dekompoziciu uloh (te-
da tloha moéze byt po niekolkych krokoch dekompono-
vand sama na seba), musime obmedzif maximal-
nu hibku dekompozicie alebo musi byt doména tplne
usporiadana (kapitola 2 Expresivita), aby sme dostali
rozhodnutelnit doménu.

Pre plne usporiadani doménu jednoducho opera-
torom pridame obmedzenia na poradie vykonévania.

Ak chceme obmedzit maximalnu hibku dekompozi-
cie a mat pri tom cyklicki a nie plne usporiadant
doménu, musime znackovat akcie, aby sme v cyklickej
dekompozicii rozoznali dekompozicie tej istej tulohy
pomocou tej istej siete tloh. Toto mdZeme dosiahnut
vytvorenim postupnosti znackovacich symbolov (po-
dobne ako pri kone¢nej paske v predchadzajtcej kapi-
tole), ktoré potom pouZijeme na oznacenie akcii repre-
zentujucich jednu dekompoziciu. Po kazdej akcii Agpqrt
jednoducho pridame inkrementujicu akciu (podobne
ako moveHeadRight v predchadzajtcej kapitole). Hod-
nota ,pocitadla” bude parametrom A .+ a bude pre-
nasana medzi operatormi reprezentujtcimi ti ist siet
tiloh pomocou literadlov Ba,,,, a Bay,,,.,- Tato ko-
ne¢né mnozina znackovacich symbolov je ekvivalentna
znackovacim symbolom pouZivanym planova¢mi typu
HTN.

Mnohé planovace (& uZz zaloZzené na HTN alebo
STRIPS) umoziujt rozne rozsirenia, ako je sprava
zdrojov, premenné a aritmetické operatory, paralelné
vykonévanie alebo planovanie s neurcitostou. Podla
vety 2 mozu byt vSetky rozSirenia planovania typu
HTN (za predpokladu Ze ostane rozhodnutelné) trans-
formované do STRIPS, hoci aj za cenu zvySenia vypoc-
tovej zlozitosti. Na druhej strane je v8ak véc¢Sina roz-
8ireni spolo¢né pre oba pristupy, takze je mozné poz-
menit konverzny algoritmus z tejto kapitoly tak, aby
mal vysledny planovaci proces rovnaku zloZitost.
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HTN [STRIPS

primitivna tloha A

operator A

zloZen4 tloha A

operatory A

istart)

A

istop

siet uloh n; = (A4,{Cj|j})

operatory A

istart)

Aigiops Cja C’inswp alebo Cj 4,

istart’

pridanie tlohy A ako podilohy pre ulohu B |pridanie literalu Apg

do aktuéalneho stavu

init

vyber jednej z moznych dekompozicii A
Ap,

init

vyber jedného z aplikovatelnych operatorov A;p
v predpodmienke

. s literdlom

star

dekomponovanie A s pouzitim siete tloh n; =|vykonanie postupnosti operdtorov Aip.u,+; Cidsrare; Cjastop

(4, {G5l5})

alebo Cja; AiB,,,),

Tabul'ka 1. Zodpovedajuce koncepty HTN a emulacie HTN pomocou STRIPS.

5 Zhodnotenie

Koncept HTN nie je o ni¢ viac (a o ni¢ menej), nez
umoznenie pouZivatelovi poskytnat planovacu doda-
tofné heuristické informécie o tom, ako méa vytvarat
plan. Nezvacsuje vSak priestor riesitelnych domén.

Napriek tomu je HTN velmi uZitoény a pouZiva-
telsky prijemny koncept, ¢o potvrdzuje aj velké
mnozstvo jeho praktickych pouziti.

Tento ¢lanok ukazuje, ze planovanie typu STRIPS
moze byt pouZité pre tie isté domény ako planovanie
typu HTN (s obmedzeniami zaru¢ujicimi rozhodnu-
telnost), teda Ze expresivita oboch pristupov je rov-
naki. NavySe je mozné v polynomidlnom case kon-
vertovat domény typu HTN na domény typu STRIPS
a spat, takze je mozné teoretické vysledky pre plano-
vanie typu STRIPS vyuzit aj pre planovanie typu
HTN a naopak.

Tento ¢lanok tiez ukazuje, Ze expresivita STRIPS
je rovnaka ako expresivita Turingovho stroja s konec-
nou paskou, ¢o znamena Ze vietky problémy riesitelné
(beznym) pocitatom st tiez rieSitelné pomocou
STRIPS. Toto je skor teoreticky vysledok nez prak-
ticky pouzitelna konverzia. Uréuje vSak hornu aj dolnu
hranicu expresivity planovania typu STRIPS a plano-
vania typu HTN. NavySe je mozné vyuzit formalizmus
Turingovych strojov pre vysledky zlozitosti domén ty-
pu STRIPS a typu HTN.
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Abstrakt V cldnku analyzujeme algoritmus DBIy, . pre
overovanie RSA podpisov v ddvke [1]. Tento algoritmus si
kladie za ciel nielen overit korekinost vietkijch podpisov, ale
v pripade, Ze je v ddvke najviac jeden zly podpis, identifiko-
vat aj jeho poziciu. Ako bolo ukdzané v [2,3], pévodny algo-
ritmus nie je korektny. UkdZeme, Ze ani rieSenie naznacené
v [2,8] nie je korekiné. Nakoniec, napriek nasej pévodnej
snahe algoritmus opravit, ukdZeme, Ze to nie je mozné do-
stahnut dpravou exponentov, ani pri povoleni vicsieho poc-
tu iterdcit nezdvislom na dizke vstupnej ddvky.

1 Uvod a zakladné pojmy

V dnesnej dobe sa ¢oraz viac stretavame s digitalnymi
podpismi. PouZivaja sa pri elektronickom nakupovani,
plateni, a inych finan¢nych transakciach, pri komu-
nikécii so §tatnou spravou, pri hlasovani, pri archivo-
vani dokumentov, a tak d'alej. Zatial ¢o digitalny pod-
pis sa vytvori vic¢sinou iba raz pri podpise spravy ma-
jitelTom privatneho kl'ic¢a, overovanie podpisov prebie-
ha v mnohych pripadoch opakovane (kymkol'vek, kto
pozné verejny kl'ac). Dokonca takéto overovanie moze
prebiehat v davkach, ked sa overuje velké mnozstvo
podpisov vytvorenych jednym subjektom (napriklad
pri pravidelnom overovani platnosti zaznamov v di-
gitalnom archive). Tento problém forméalne popiSeme
v nasledujtcej ¢asti.

1.1 Overovanie podpisov v davke

Vstupom je postupnost (davka) n usporiadanych dvo-
jic (my,81),...,(my, sp) predstavujucich spravu m
a jej digitalny podpis s. V8etky podpisy st vytvorené
jedinym subjektom. Ulohou je overit, & je kazdy pod-
pis korektny. V pripade, Ze algoritmus zisti pritomnost
nekorektnych podpisov, moZeme este chciet uréit aj ich
poziciu v davke. Takto zadana tiloha méa samozrejme
zmysel iba vtedy, pokial jej rieSenie je efektivnejsie
ako postupné overovanie vietkych podpisov.

1.2 RSA

V tomto ¢lanku budeme pouzivat digitalne podpisy na
béze RSA. Konkrétna instancia RSA je dana:

* Téato praca vznikla s prispenim grantu Univer. Komen-
ského ¢. UK/409/2007 a VEGA grantu &. 1/3106/06.

1. Verejnym modulom N v tvare N = pq, kde p a ¢
sa velké prvodisla.

2. Verejnym exponentom e, kde e je nesudelitelné
sp(N)=(p—1)(¢g—1).

3. Sukromnym exponentom d, ktory je zvoleny tak,
aby platilo de = 1(mod ¢(N)).

Digitalny podpis s spravy m sa vypocita pomocou
stikromného exponentu a verejného modulu ako s =
m? mod N. Potom digitalny podpis s je korektnym
podpisom spravy m prave vtedy, ked plati:

m = s°(mod N) . (1)

Podpis je teda mozné overit pouZzitim verejného expo-
nentu a modulu. Pri praktickom nasadeni digitalnych
podpisov na baze RSA sa pri podpisovani neumociiu-
je cela sprava m ale iba jej odtlac¢ok (hash) H(m).
Teda pocita sa s = H(m)? mod N a overuje sa, &
H(m) = s¢(mod N). Pripadne’ sa eSte pouZiva zarov-
nanie (padding) ako ochrana pred ,jednoduchymi*
spravami, ktoré sa Tahko desifruju (napriklad
m=0). Bez ujmy na v8eobecnosti a zjednodugenie z4-
pisov budeme v dalsom namiesto H(m) pisat iba m.
MoZeme sa na to pozerat tak, Ze vlastne nepodpisu-
jeme spravy ale iba ich odtlacky (¢o sa aj v skuto¢nosti
robi).

1.3 Genericky test

LCahko sa da nahliadnut, ze pokial by overované davka
(mq,s1), (ma, s2),..., (M, s,) obsahovala iba korekt-
né podpisy, tak plati nasledovny vztah [4]:

ﬁmiz <ﬁ51> mod N .
i=1

=1

(2)

Toto tvrdenie v8ak vo vSeobecnosti opaénym smerom
neplati. Napriklad staci, ak v Tubovolnej korektnej
davke prehodime medzi dvomi réznymi spravami ich
podpisy a (2) bude platit, ale davka bude obsahovat
prave dva nekorektné podpisy.

Dalsim cielom bolo znizif pravdepodobnost omylu,
ak sa aplikuje predchadzajica dvaha opaénym sme-
rom. Na tento acel bol v [4] zavedeny genericky test.

! Pozri napriklad RSAES-OAEP.
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Definicia 1. Genericky test je pravdepodobnostnij po-
lynomidlny algoritmus, ktorého vstupom je ddvka x =
(ma,$1), (M2, 82), ..., (Mn,sn) a ,bezpecnostny® para-
meter 1. Ak vstupnd ddvka x neobsahuje nekorekiné
podpisy, potom vystup algoritmu musi byt true. Ak x
obsahuje aspoti jeden nekorektny podpis, potom vystup
algoritmu je sprdvne false, alebo chybne true s prav-
depodobnostou chyby najviac 2.

Definicia generického testu je schématicky znézor-
nené v algoritme 1.

Algoritmus 1 Genericky test

Vstup: = = (mi, s1), (m2,52),..., (Mn, sn)

Vstup: [ € N

Vystup: true ak st vSetky podpisy korektné.

Vystup: false ak je v x aspon jeden nekorektny podpis
(pravdepodobnost omylu je v tomto pripade 27°).

function GENERICTEST(z;1)

Pri redlnom nasadeni sa genericky test implemen-
tuje roznymi algoritmami [5,6,7]. Jednou z moZnosti
je napriklad SMALL EXPONENT TEST (pozri algorit-
mus 2). Tento test umochuje m; a s; z vyrazu (2) na
néhodne zvolené malé | bitové exponenty ;.

Algoritmus 2 Genericky test — malé exponenty
1: function SMALLEXPONENTTEST(x;!)

2: nahodne vyber z1,z2,...,2, € {0,1}

3: vypoditaj:

M — Hmfl (mod N), S« Hsfl (mod N)
i=1 i=1
4 if M # S° (mod N) then return false
5: return true
6: end function

Pokial je verejny exponent e maly (v bindrnom
zépise mé& maly pocet jednotiek, napriklad 3, 5, 35
alebo 216 4+ 1 = 65537), tak je vyhodnejsie testovat
kazdy podpis samostatne [2]. SMALL EXPONENT TEST
a generické testy vo vS8eobecnosti prinagaju vyssi vy-
kon oproti testovaniu kazdého podpisu samostatne,
ked je verejny exponent e velky.

DalSou moznostou ako implementovat spominany
genericky test je RANDOM SUBSET TEST (pozri algo-
ritmus 3). V tomto pripade sa genericky test realizu-
je pomocou ! krat opakovaného testovania vyrazu (2)
na zakazdym nahodne zvolenej podmnozine vstupne;j
déavky.

Algoritmus 3 Genericky test — ndhodné podmnoziny
1: function RANDOMSUBSETTEST(x;1)

2: repeat [ times
3: nédhodne vyber I C {1,2,...,n}
4: vypocitaj:

M — Hm,- (mod N), S « Hsi (mod N)

i€l iel

if M # S° (mod N) then return false
end repeat
return true
end function

2 Algoritmus DBI

Autori v ¢lanku [1] navrhli novy sposob identifika-
cie nekorektnych podpisov v davke. Najprv prezentuji
metédu DBI ., ktord dokaze uréit poziciu jediného
nekorektného podpisu v davke. Vstupom tohto algo-
ritmu je davka x a uZz spominany ,bezpec¢nostny“ pa-
rameter [. Vystupom je true, ked st vSetky podpisy
v davke korektné. Algoritmus vrati false, ak v davke
je viac ako jeden nekorektny podpis. Pokial je v davke
iba jeden nekorektny podpis (mg, s) tak je vystupom
jeho index k (pozri algoritmus 4).

Algoritmus 4 Division Based Identifier — Basic

Vstup: = = (ma, s1), (m2,82), ..., (Mn, Sn)

Vstup: [ € N

Vystup: true ak si v8etky podpisy korektné.

Vystup: Index k jediného nekorektného podpisu.
Vystup: false ak je v = viac ako jeden nekorektny podpis.

1: function DBI(z;!)

2 if GENERICTEST(x;!) then return true
3: M — T, mi, S —T[,_, si (mod N)

4 M — T, mi, S T[], si (mod N)

5 hladaj od 1 po n vratane prvé také k, Ze:

Se k SIE
<M) =~ (mod N) (3)
if k neexistuje then return false
if GENERICTEST(z \ (my, sx);!) then return k
return false

end function

Algoritmus 4 sme oproti [1] bez ujmy na vSeobec-
nosti spresnili v kroku 5 tak, aby hladal & presne uve-
denym spo6sobom a to postupne v cykle od 1 po n.
Tato uprava nam neskor sprehladni dokaz vety 3.

Okrem toho autori v ¢lanku [1] rozgiruju algorit-
mus DBIy ;. na DBI,, ktory identifikuje vSetky neko-
rektné podpisy v dédvkach bez obmedzenia na najviac



jeden nekorektny podpis v davke. V naSom ¢lanku sa
vzhladom na ocakivané negativne vysledky sustredi-
me iba na analyzu algoritmu DBl ., ktory je zak-
ladom ¢lanku [1] a z ktorého vychadza aj algoritmus
DBI,. Preto DBI, ani neuvadzame a v dalSom pre
zjednoduSenie oznacenia budeme v stlade s algorit-
mom 4 namiesto DBIy,,q;. pisat uz iba DBL

2.1 Poévodny dokaz korektnosti DBI

V c¢lanku [1] sa dokazuje korektnost algoritmu DBI
nasledovnou vetou 1. (Upozofiujeme, Ze veta neplati,
ako ukdZeme hned po uvedeni pévodného nekorekt-
ného dokazu.)

Veta 1. Nech x= = (mq,81),...,(mp,s,) je ddvka
s prave jednym nekorektnym podpisom. Ak celé ¢islo
1 < k < n spliia rovnost (8), tak potom (my,sy) je
nekorektnyj podpis v ddvke.

Dékaz. Nech j je index nekorektného podpisu v déav-
ke . Kedze vietky podpisy v davke okrem (mj,s;)
splitaji rovnost (1), mozeme zjednodusit zlomky:

NG
(Tys) (T
H?:l m; H?:l m:

nasledovnym spésobom:

n — i M
[Tieymi — mime  my  my
s¢
= — (mod N),
m;
. ,
M)y s o
H:‘L:1 m; my m3 ; mn
sie
= Lj (mod N)
m;
> je n . e n ie
Substituovanim i 5 (L, =) (I, =)

s
J J

a - Za @ a T .
m; J | | . i
J my T | | m?

v rovnosti (3) dostavame rovnost:

Z toho podla [1] vyplyva, Ze k je rovné j, €o je index
nekorektného podpisu. 0O

(4)

2.2 Analyza DBI podrla |2]

Pri dokaze korektnosti algoritmu DBI autori v [1] po-
vaZuju za trividlne to, Ze vlastnost (4) pre k # j
neplati. Toto tvrdenie vSak nie je pravdivé. V [2,3]
je skon§truovana davka s prave jednym zlym podpi-
som, ktory algoritmus DBI nie je schopny urcit. Vyuzi-
va sa pritom prave neplatnost uvedeného tvrdenia.
Konstrukcia je nasledovna:
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Definicia 2. Nech x je ddvka. Potom x oznacéime poj-
mom korektnd ddvka prdve vtedy, ak si v x vsetky pod-
pisy korektné.

Definicia 3. Nech © = (m1,$1),...,(my, $n) je ddv-
ka. Potom symbolom x|’ oznac¢me ddvku, ktord vznikne
z ddvky x nehradenim dvogice (mj, s;) novou dvojicou
(mj,—s; mod N).

Veta 2. Nech ¢ = (mq, $1),. i (my, $n) je korektnd
ddvka. Potom ddvka ' = x|’ obsahuje prdve jeden
nekorekinyj podpis.

Dékaz. Kedze verejny exponent RSA je neparne €islo,
plati nasledovné:

(=s5;)¢ = —(s5) = —m; £ m; (mod N).
Preto v davke 2’ je prave jeden nekorektny podpis. 0O

Veta 3. Nech © = (mq,$81),...,(mp, sn) je korekind
ddvka s n > 4 podpismi. Zvolme si lubovolné pdrne
4 < j < n. Potom DBI nedokdZe v 2’ = x|’ sprdvne
urcit poziciu nekorektného podpisu.

Dékaz. Na zéklade vety 2, davka 2’ obsahuje prave
jeden nekorektny podpis (a ten je na parnom mieste j).
Napriek tomu pri vypo¢te DBI na davke z’ je rov-
nost (3) splnena pre kazdé parne 1 < k < n:

e € k
(Se)k _ (—Sj) Hie{1,...,n}—{j} Si)
M m; Hie{lﬁ...,n}—{j} M

el :
m; Hie{l,.“,n}—{j} m;

((=s))) _ (59"

S

M

=1 (mod N)

Pri zjednodugovani lavej a pravej strany bol vyuZzity
fakt, ze k a j st parne. Kedze l'ava aj prava strana sa
rovnaju, tak DBI identifikuje ako index nekorektného
podpisu prva parnu hodnotu k, ktort bude testovat.
Na zaklade nasho spresnenia (bez ujmy na vieobecnos-
ti) algoritmu 4 to bude k = 2. AvSak pozicia jediného
nekorektného podpisu je j > 4, teda k # j. Preto ge-
nericky test na z’\ (my, i) vrati false akoby davka 2’/
obsahovala viac ako jeden nekorektny podpis.
Algoritmus DBI teda nie je schopny uréit pozi-
ciu nekorektného podpisu a navySe sa domnieva, Ze
v davke je viac ako jeden nekorektny podpis. O

Vo vete 3 sme na rozdiel od jej pévodného zne-
nia v [2], pouZili nase definicie 2 a 3, ktoré budeme
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vyuZzivat aj neskor. Zarovehi sme vetu mierne upravi-
li tak, aby na rozdiel od poévodného znenia nevznikal
trividlny problém s pripadom, ked sa j zvoli rovné 2.
Vtedy by algoritmus 4 ndhodou spravne uréil poziciu
nekorektného podpisu v rozpore s tvrdenim povodnej
vety.

2.3 Modifikacia DBI podTla |2]

V ¢lanku [2] je navrhnuty aj nenaro¢ny sposob ako
zamedzit problému s parnymi indexmi. Navrhované
rieSenie je pouzivat iba neparne exponenty pri vypocte
hodnot S’ a M’. Teda riadok 4 v algoritme 4 sa zmeni
na:

n n
M — Hm?i’_l, S — Hsfi_l (mod N)
i=1 i=1

a zaroveil vlastnost (3) sa zmeni na:

ge\2h—1
(37)

Autor v &anku [2] dalej pise, ze korektnost a bez-
pecnost takto upraveného algoritmu DBI treba eSte
podrobne analyzovat.

S//€
= M

(mod N). (5)

3 Nase pozorovania

Zatial sme pomléali o zdkladnom probléme v algo-
ritme DBI a doteraz vedenych dokazoch. Problém spo-
¢iva v tom, %e mnozina {0,1,...,n — 1} s operacia-
mi séitania a nasobenia modulo n = pq netvori pole.
Problém spoésobuje operécia néasobenia, ktord nemé§
inverzny prvok pre kazdy nasobok p alebo g. Preto
sa neda uvazovat o deleni nad celou touto mnoZinou.
Konkrétne by sa nedali vypocitat zlomky v tvare %,
kde z nie je nasobok y a y je nasobok p alebo ¢ (teda
aj 0).

Tymto problémom sa vSak v élanku nebudeme za-
oberat, lebo ukazeme, Ze aj ked zakdZeme spravy, ktoré
si nésobkom p alebo ¢, tak aj tak algoritmus 4 nie
je korektny. Preto v dalom texte predpokladame, Ze
vietky davky (m1,s1),...,(mn,s,), ktoré budeme
pouzivat, maji vietky m; nesudelitelné s p a q.

3.1 Analyza modifikacie DBI

Ukazeme, Ze ani tprava algoritmu 4 podla ¢lanku [2]
nezarucuje jeho korektnost.

Veta 4. Nech © = (my,$1),...,(mp, $n) je korektnd
ddvka s n > 2 podpismi. Zvolme si lubovolné 2<j<n.
Potom DBI upravené podla [2] nedokdZe v ' = x|
spravne uréit poziciu nekorektného podpisu.

Dékaz. Na zéklade vety 2, davka 2’ obsahuje prave
jeden nekorektny podpis. Napriek tomu pri vypocte
upraveného DBI na davke 2’ je rovnost (5) splnena
pre kazdé 1 < k < n:

- . e 2k—1
(56)276 1 _ ((—Sj) Hie{l,...,n}*{j} S”)
i =

m; Hie{l,...,n}—{j} mi

2k—1
) = —1 (mod N)
S//e

_ ((—Sj)jSl)e Hie{l,...,n}—{j}(sgi_l)e
— = 5T 2i—1
N, mjj Hie{l,...,n}*{j} m;
251
J
275—1\e
7 ) —1 (mod N)

2j—1  —
m;

m

Pri zjednoduSovani lavej a pravej strany bol vyuZzity
fakt, 7e 2k — 1 a 2j — 1 st neparne exponenty. Ked'ze
Tava aj prava strana sa rovnaju, tak DBI identifiku-
je ako index nekorektného podpisu prvia hodnotu k,
ktora bude testovat. Na zdklade nasho spresnenia (bez
ujmy na vSeobecnosti) algoritmu 4 to bude k = 1.
Avgak pozicia jediného nekorektného podpisu je j > 2,
teda k # j. Preto genericky test na o’ \ (my, s;) vrati
false akoby dévka 2’ obsahovala viac ako jeden neko-
rektny podpis.

Algoritmus DBI upraveny podla navrhu z [2] tiez
nie je schopny urc¢it poziciu nekorektného podpisu
a navySe sa domnieva, Ze v davke je viac ako jeden
nekorektny podpis. (]

3.2 ZovSeobecnenie DBI

Vzhl'adom na to, Ze ani uprava z [2] nezabezpecila DBI
jeho korektnost, rozhodli sme sa povodny algoritmus
ofistit a zovseobecnit tak, aby sme ho mohli Tahgie
analyzovat.

Hlavnym cielom povodného algoritmu je urcit po-
ziciu jediného nekorektného podpisu v davke. Preto
budeme rovno pozadovat, aby davka na vstupe, mala
préave jeden nekorektny podpis. Na zaklade tohto pred-
pokladu mézeme z algoritmu vypustif tvodné volanie
generického testu za tcelom overenia, ¢ je davka ko-
rektna. Taktiez mozeme vynechaf zéveretné volanie
generické testu, ktorého ucelom bolo zistit, ¢i v davke
nie je viac nekorektnych podpisov.

Prvym zovSeobecnenim, ktoré ndm umozni jedno-
ducho a bez opakovanych uprav algoritmu menit expo-
nenty, ktoré sa budu pouZivat pri umochovani jed-
notlivych m; a s;, bude zavedenie pomocnej funkcie
GETEXP (pozri algoritmus 6).



Druhé zovSeobecnenie posilni algoritmus DBI tym,
7ze ak pomocou jednej postupnosti exponentov nie je
mozné jednoznatne urcit, kde sa nachadza nekorekt-
ny podpis, tak DBI moéze opakovane testovat vstupnu
déavku s inou postupnostou exponentov. S tym savisi
aj tprava testu z riadku 5 algoritmu 4. Uz nebudeme
hladat prvé také k, ktoré spliia rovnost (3), ale vietky
také k. Pocet tychto indexov sa potom budeme snazit
redukovat v d'al3ej iteracii zoveobecneného algoritmu
s d'alsou postupnostou exponentov, az pokial nam ne-
zostane jediny index.

Pre prehladnost vyjmeme funkcionalitu redukova-
nia poc¢tu indexov z hlavného algoritmu 5 (GDBI)
a vytvorime z nej samostatny algoritmus 7 (REDUCE).

Algoritmus 5 Zovseobecnenie DBI

Vstup: Davka x = (ma, s1), (m2, 82),. .., (Mn, Sn) s prave
jednym nekorektnym podpisom.
Vystup: Index jediného nekorektného podpisu v z.

function GDBI(z)
11
T—1,2,...,n

while |T| #1do  //|T| je dizka postupnosti T
E — GETExP(;;|T|), i — i+ 1
T «— REDUCE(x;T;E)
end while
return T'[1]
end function

1:
2
3
4
5:
6
7
8 // vrat prvy prvok T
9:

Pri algoritme GDBI si v premennej ¢ pocitame
poradie aktuélnej iteracie. Tuto informéciu odovzda-
vame funkcii GETEXP, aby (ak to potrebuje) mohla
pre kazdu iteraciu generovat int postupnost. Algo-
ritmus nemusi skon¢it, pokial sa nevhodnou volbou
exponentov stane, ze postupnost indexov T sa prestane
redukovat?. Postupnost T' sa nemoze uplne vyprazd-
nit lebo rovnost z riadku 6 algoritmu 7 bude platit
minimélne pre nekorektny podpis.

V hlavnom algoritme 5 sa vold pomocna funkcia
GETEXP. Ak by sme pouzili implementaciu z jej riad-
ku 2, a obmedzili by sme sa iba na jednu iteraciu,
dostali by sme povodny algoritmus DBI. Ak by sme
pouzili implementéciu z riadku 5, a obmedzili by sme
sa iba na jednu iteraciu, dostali by sme algoritmus DBI
podla tpravy z ¢lanku [2].

Funkcia REDUCE neprechadza vetky prvky davky x
ale iba tie, ktorych index je v postupnosti 1. Prvok
(mj, sj), ktory je na i-tom mieste v postupnosti I (te-
da I[i] = j) bude umocneny na exponent F[i].

% Napriklad ak by funkcia GETEXP zakazdym vratila pos-
tupnost samych nil.
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Algoritmus 6 Vypocet exponentov

Vstup: Poradie iterécie i.

Vstup: Pocet testovanych podpisov n.

Vystup: Postupnost dizky n exponentov pre testovanie n

podpisov v i-tej iteracii.

function GETEXP(%;n) // verzia podla élanku [1]
return 1,2,...,n

end function

function GETEXP(%;n)
return 1,3,...,2n -1

end function

function GETEXP(%;n) // vyuZiva aj argument i
return 1 +4,24+4,...,n+1

end function

// verzia podla ¢lanku [2]

Algoritmus 7 Redukcia postupnosti indexov

Vstup: Davka x = (m1,s1), (m2, $2), ..., (Mn, Sn) s prave
jednym nekorektnym podpisom.
Vstup: Postupnost testovanych indexov I = i1,1i2,...,i.,

obsahujica aj index nekorektného podpisu.
Vstup: Postupnost exponentov E = e, e, ..., €.
Vystup: Zredukovana postupnost indexov (podpostup-
nost I bez indexov, o ktorych sme zistili, Ze prislugny
podpis je korektny), obsahujtica aj index nekorektného
podpisu.

1: function REDUCE(z; [; E)
22 M ][ mu, S — [, s1) (mod N)
3: M —TI_, mﬁ%% S —T1I_, sﬁ%] (mod N)
4: T+—¢ // prazdna postupnost
5: for i — 1,c do
6: if %; e i; (mod N) then
7 T — T,1[i] // pridaj na koniec postup.
8: end if
9: end for
10: return T

11: end function

3.3 Situacia je zla

Najprv ukdzeme, ze pévodny algoritmus je neopravi-
telny, nech uZz sa zvolia exponenty pre umociiovanie
akokol'vek ale pevne pre kazdé n.

Veta 5. Nech funkcia GETEXP je zvolend lubovolne
ale pevne. Potom existuje ddvka, na ktorej algoritmus
5 (GDBI) neskonci po prvom zavolani REDUCE.

Dékaz. Nech x = (mq,s1), (ma, s2), (ms, s3) je korekt-
na davka. Nech GETExP(1;3) = e1,e9,e3. Na zak-
lade dirichletovho principu moézeme najst také i # j €
{1,2,3}, 7e e; a e; maju rovnakid paritu. Bez ujmy na
vieobecnosti nech i = 1 a j = 2. Nech 2/ = :v|2. Na
zéklade vety 2 tato davka obsahuje prave jeden neko-
rektny podpis.
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Ukéazeme, ze GDBI(z') neskon&i po prvom zavo-
lani REDUCE. Presnejsie, Ze po prvej iteracii bu-
de T obsahovat index 1 aj 2. Na to potrebujeme uka-
zat, ze REDUCE(2'; 1,2, 3; e, ea,e3) obsahuje 1 aj 2.

Vzhladom na to, ze E[i| = e; a I[i] = i a konstruk-
ciu 2/, bude cyklus v algoritme 7 vyzerat nasledovne:

1: T «—¢ // prazdna postupnost
2: for i — 1,3 do

3: if (=1)¢ = (-1)° (mod N) then

4: T« T, // pridaj na koniec postup.
5: end if

6: end for

Je zrejmé, ze podmienka v cykle je splnené pre ¢ = 2.
KedZe e; ma rovnaka paritu ako es, bude podmienka
splnené aj pre ¢ = 1. Preto po skonceni cyklu bude
postupnost T obsahovat aspoii indexy 1 a 2 a to je aj
postupnost, ktora funkcia REDUCE vréti. O

Dosledkom tejto vety je, ze povodny algoritmus 4
(DBI) nie je opravitelny len ,lepSou” volbou expo-
nentov. Vzhl'adom na existenciu hypotézy?, Ze algorit-
mus by mohol byt korektny, ak by mal moznost testo-
vat davku na viacerych postupnostiach exponentov,
rozhodli sme sa analyzovat aj tato alternativu.

3.4 Situacia je eSte horsia

Ukézeme, Ze algoritmus nie je mozné opravit ani po-
volenim Tubovolného ale pevne zvoleného poctu za-
volani REDUCE. Pre tento tgel algoritmus 5 prepiSeme
do ekvivalentného algoritmu &8, kde namiesto itera-
cie budeme pouzivat rekurziu. Pocet zavolani REDUCE
v algoritme GDBI sa zhoduje s poc¢tom zavolani RE-
DUCE v algoritme RGDBI.

Algoritmus 8 Rekurzivna verzia GDBI

Vstup: Davka x = (mq, s1), (m2, s2),. .., (Mn, Sn) S prave
jednym nekorektnym podpisom.

Vstup: Interny parameter i. Pokial tento parameter chy-
ba, m4 preddefinovant hodnotu 1.

Vystup: Index jediného nekorektného podpisu v z.

function RGDBI(z;i «— 1)
: if |x|=1 then return 1
E — GeTExP(i;|x|)
T «— REDUCE(x;1,2,... |x|;E)
y—e // prazdna postupnost
for j — 1,|T| do
y — y,z[T[j]
end for
return T[RGDBI(y;i+1)]
end function

1:
2
3
4
5:
6:
7.
8
9
10:

3 Hypotéza bola, 7e pri povoleni dvoch iteracii by mohlo
pomoct GETEXP implementované podla riadku 8.

Definicia 4. Nech n > 1 a nech 1 < j < n. Potom
symbol X|! definujeme nasledovne:

X[ =(1,1),....(1,1) .
~———————

nx

Davka X\fl obsahuje prave jeden nekorektny pod-
pis, lebo 1 = 1¢ (mod N). Nasledujice tvrdenie by
sa dalo dokézat aj bez vyuzitia §pecidlneho tvaru ko-
rektnych podpisov v X|’. Len dokaz lemy 2 by bol

zlozitejsi (pri konstruovani ' z X \?)

Definicia 5. Oznacme P(k) nasledovné tvrdenie:
Jup, Yo > v, VGETEXP Vi > 1 Jj:
RGDBI(X|?;4) spravi viac neZ k volani REDUCE.

Lema 1. Turdenie P(1) je pravdivé.

Dékaz. Nech v; = 3. Potom ukéZeme, Ze pre lubovol-
né ale pevne dané GETEXP a Vv > v; Vi > 1 existuje
j také, ze RGDBI(X|’;4) spravi aspoii dve volania
funkcie REDUCE.

Postupnost E « GETEXP(i;v) moZeme rozdelit na
podpostupnost parnych a podpostupnost nepéarnych
exponentov. Aspoil jedna z nich bude mat asponi dva
prvky. Ozna¢me j index akéhokol'vek prvku tejto pod-
postupnosti v postupnosti E.

Potom z’ = X|? je davka, na ktorej RGDBI(z';1)
spravi aspon dve volania REDUCE.

Po prvej redukcii bude mat postupnost T° vdaka
volbe j a konstrukeii 2’ dizku aspon dva. Preto pride
k dalgiemu zavolaniu funkcie REDUCE. Podrobnosti
dokazu s analogické s vetou 5. O

Lema 2. Tvrdenie P(k) = P(k+ 1) je pravdivé.

Dékaz. Nech vg41 = 2v, — 1. Potom ukizeme, Ze pre
Tubovol'né ale pevne dané GETEXP a Vv > vy Vi > 1
existuje j, ze RGDBI(X|?;i) spravi viac nez k + 1
volani REDUCE.

Postupnost E «— GETEXP(i;v) mozeme rozdelit
na podpostupnost parnych a podpostupnost nepar-
nych exponentov. Aspon jedna z nich bude mat aspon
v, prvkov. Ozna¢me [ > v, dizku tejto podpostup-
nosti a j, index a-teho prvku tejto podpostupnosti
v postupnosti F.

Nech X |;) je davka, pre ktord na zaklade platnos-
ti P(k) spravi RGDBI(X|);i + 1) viac ne# k volanf
REDUCE. _

Potom 2/ = X|* je davka na ktorej RGDBI(2'; 1)
spravi viac nez k + 1 volani REDUCE.

Tvrdenie vyplyva z toho, Ze po prvom zavolani
funkcie REDUCE(2';1,2, ..., v; E) v RGDBI(2';i) bude
y:X|?. Preto nasledujice volanie T[RGDBI(y;i+1)]
spravi viac nez k volani REDUCE. O



Lema 3. Vk > 13Ju, Vv > v, VGETEXP Vi > 135
RGDBI(X|/;4) spravi viac neZ k volani REDUCE.

Dékaz. (Pomocou matematickej indukcie.)

Baza indukcie: Lema 1.

Indukény predpoklad: Nech plati P(k).
Indukény krok: Lema 2. 0O

Veta 6. Nech funkcia GETEXP je zvolend lubovolne
ale pevne. Dalej nech k > 1 je lubovolne zvolené celé
¢islo. Potom existuje ddvka, na ktorej algoritmus 8
(RGDBI) spravi viac neZ k volani REDUCE.

Dékaz. Na zaklade lemy 3 mame pre kazdu volbu &
a GETEXP garantovant existenciu nekone¢ne vela d4-
vok z dizky aspoit vj, s prave jednym nekorektnym
podpisom na ktorych RGDBI(x;1) spravi viac nez
k volani REDUCE. O

4 Zaver

V ¢lanku sme ukazali?, Ze algoritmus DBl 5ic prezen-
tovany v ¢lanku [1] nie je moZné opravit ani inou vhod-
nejsou volbou pouZitych exponentov (ako sa pokusal
¢lanok [2]), ani povolenim vi¢sieho poctu iterdcii nezé-
vislého od dlzky vstupnej davky. Dalsim pokracovanim
préace by mohlo byt analyzovanie pripadu, ked bude
povolené, aby pocet iteracii zavisel od dizky vstupnej
davky. Otazkou v8ak ostava, ¢ takyto algoritmus by
eSte stéle bol opravou pévodného algoritmu DBIy .,
alebo by to uz bol iny algoritmus.
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Abstrakt Tento prispevok sa zaoberd integrovanim algo-
ritmu vytvdrania hierarchie konceptudlnych modelov z tex-
tovyjch dokumentov do prostredia Gridu z dévodu znacénej
vgpoétovej ndrocénosti daného algoritmu. Algoritmus
je integrovany do prostredia systému GridMiner. Hierar-
chie konceptudlnych modelov si vytvdrané pomocou hybrid-
nej metody kombinujicej jednostranne fuzzifikovani verziu
formdlnej konceptudlnej analyzy (FCA) a zhlukovacich
algoritmov pre redukciu zloZitosti problému. Algoritmus
pracuje s mnozZinou textovych dokumentov, ktoré sa
v prvom kroku rozdelia pomocou zhlukovacieho algoritmu
GHSOM (Growing Hierarchical Self-Organizing Maps) na
mengie podmnoziny zhlukov. V dalsSom kroku sa vijpocet
jednotlivych mdp rozdistribuuje medzi pracovné uzly. Pra-
covny uzol predstavuje zdkladni vypoctovi jednotku, ktord
méze byt reprezentovand vo forme vidkna v pripade para-
lelnej verzie algoritmu alebo ako gridovy uzol v distribuo-
vanej verzii. Na takto vytvorené distribuované mapy sa
aplikuge algoritmus FCA (upraveny algoritmus generovania
horngch susedov), ktory vytvori lokdlny jednostranne fuzzy
konceptovy zviz pre kaZdy zhluk na jednotlivijch mapdch.
Jednotlivé konceptové zvdzy su ndsledne spdjané do vysled-
nej hierarchie konceptov aglomerativnym zhlukovacim
algoritmom na zdklade podobnosti ich popisov. Déraz tohto
prispevku je kladeny na strdnku zrychlenia pomocou para-
lelizdacie a aplikovanim na Gride. Cely proces bol testovany
na dvoch mnozindach dokumentov - c¢lanky dennika Times
a Standardnd databdza Reuters-21578.

1 Uvod

Formalna konceptova analyza (FCA, [1]) poskytuje
formélny rozbor tabulky dat a umoziuje identifikdciu

* Priaca prezentovand v tomto prispevku vznikla za
podpory Vedeckej grantovej agentury Ministerstva
skolstva SR a Slovenskej akadémie vied v ramci
projektu  VEGA ¢.1/4074/07 s ndzvom ”Metédy
anotovania, vyhladdvania, tvorby a spristupiiovania
znalosti s vyuzitim metadat pre sémanticky popis
znalosti”, za podpory Agentury na podporu vyskumu
a vyvoja na zaklade zmliv ¢. RPEU-0011-06
(projekt PoZnaTl) a ¢ APVV-0391-06 (projekt
SEMCO-WS), a za podpory Kultirnej a edukacnej
grantovej agentury Ministerstva Skolstva SR v rdmci
projektu €.3/3124/05 s ndzvom ” Virtuélne laboratérium
manazmentu dodévatelsko odberatelskych refazcov”.

zhlukov podobnych objektov (reprezentujicich kon-
cepty) z formélneho konceptualneho pohladu. Vystu-
pom tejto metddy si netrividlne informaécie o vstupe
v zésade dvoch typov - konceptovy zvéiz a atribiitové
implikacie. Koncept je vlastne zhluk ”podobnych”
objektov (tato reldcia je zalozend na pritomnosti rov-
nakych resp. podobnych hodndt atribitov objektov).
Koncepty je mozné nésledne hierarchicky zoradit do
podoby zvizu. Standardné pouzitie FCA je zalozené
na bindrnej objektovo-atributovej tabulke — ”crisp”
pripad.

Pri pouziti tohto postupu v textoch je problémom
nutnost pouzit vektorovi reprezentdciu dokumentov
pomocou véh jednotlivych termov, teda objektovo
atribtitova tabulka (v tomto pripade tzv. dokumento-
vo-termova matica) obsahuje redlne hodnoty (v nasom
pripade to boli hodnoty z intervalu [0,1]). Tu je po-
trebna fuzzifikdcia minimalne na strane atribitov. Je-
den pristup ku tzv. jednostrannej fuzzifikacii je mozné
najst v [2]. Konceptovy zviiz vytvoreny na zdklade
takéhoto vstupu je potom jednostranne fuzzy koncep-
tovy zviz. Vypoctova zlozitost tvorby formalnych kon-
ceptovych zvizov s velkych vstupnych kontextov je
znaénd, preto mé zmysel hiadat metédy pre efektivne;j-
Sie generovanie konceptov, napr. kombinaciou s inymi
algoritmami a pouzitim heuristik. V spominanej praci
autor navrhol aj moznost redukcie budovania zviizu
pouzitim aglomerativneho zhlukovania v procese hla-
dania zmysluplnych konceptov, definuje potrebné zo-
brazenia a vzdialenostni funkciu pre tento pripad.

Dalsf pristup k redukcii problému budovania kon-
ceptualnych modelov z dokumentov moéze byt zalozeny
na dekompozicii problému spracovania mnoziny doku-
mentov [3]. Tento pristup buduje hierarchiu lokélne
vytvorenych konceptovych zvézov resp. ich vyextraho-
vanych popisov. Vstupujica mnozina dokumentov je
na zaciatku dekomponovana pouzitim rozdelujiceho
zhlukovacieho algoritmu na mensie mnoziny navzajom
podobnych dokumentov. Nasledne si pre kazdy klas-
ter vybudované pomocou FCA lokalne modely, ktoré
st potom kombinované do jednoduchej hierarchie kon-
ceptov pouzitim aglomerativneho zhlukovania na zdk-
lade podobnosti ich popisov. Pre experimenty
bol v procese dekompozicie pouzity algoritmus GH-
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SOM [4], pre budovanie lokdlnych FCA modelov bol
pouzity algoritmus generovania hornych susedov (ako
bol definovany v [5], aviak generujici koncepty jedno-
stranne fuzzy konceptového zvézu), tieto boli popisané
charakteristickymi termami a jednoduchy aglomera-
tivny zhlukovaci algoritmus bol pouzity pre budovanie
hierarchie konceptovych zvizov pomocou metriky za-
lozenej na tychto charakteristickych popisoch. Popi-
sand metéda bola testovand na mensej mnozine tex-
tovych dokumentov v anglickom jazyku (Times 60 -
novinové élanky, 420 dokumentov z obdobia Sestde-
siatych rokov minulého storocia). Pre pricu z doku-
mentmi bola pouzitd nami navrhnutd kniznica
JBOWL [6] pre spracovanie a reprezentaciu textovych
dokumentov.

Tento prispevok sa zaoberd integrovanim tohto
algoritmu vytvarania hierarchie konceptualnych mo-
delov z textovych dokumentov do prostredia Gridu
z dovodu jeho znacnej vypoctovej naroc¢nosti. Algorit-
mus je integrovany do prostredia systému GridMiner,
pracuje s mnozinou textovych dokumentov, ktoré sa
v prvom kroku rozdelia pomocou zhlukovacieho algo-
ritmu GHSOM (Growing Hierarchical Self-Organizing
Maps) na mensie podmnoziny zhlukov. V dalsom kro-
ku sa vypocet jednotlivych méap rozdistribuuje medzi
pracovné uzly. Pracovny uzol predstavuje zakladnu
vypoétovii jednotku, ktord moze byt reprezentovani
vo forme vldkna v pripade paralelnej verzie algoritmu
alebo ako gridovy uzol v distribuovanej verzii. Na tak-
to vytvorené distribuované mapy sa aplikuje algorit-
mus FCA (upraveny algoritmus generovania hornych
susedov), ktory vytvori lokdlny jednostranne fuzzy
konceptovy zvéz pre kazdy zhluk na jednotlivych ma-
pach. Jednotlivé konceptové zvézy si nasledne spajané
do vyslednej hierarchie konceptov aglomerativnym
zhlukovacim algoritmom na zdklade podobmosti ich
popisov. Doraz tohto prispevku je kladeny na stranku
zrychlenia pomocou paralelizacie a aplikovanim na
Gride. Cely proces bol testovany na dvoch mnozinach
dokumentov - ¢lanky dennika Times a standardné da-
tabaza Reuters-21578.

V nasledujucej kapitole st popisané zakladné mys-
lienky a postup algoritmu povodnej sekvenénej verzie
(vid. [3]) potrebné pre dalsie ¢asti prispevku. Nasledne
je popisana myslienka paralelizicie a distribticie vy-
poctov za ucelov dosiahnutia zlepSenia casovej efek-
tivnosti. Nasleduje struény popis experimentov, kratke
zhrnutie a myslienky pre dalsiu pracu sa nachadzaji
v zavere prispevku.

2 Popis sekvenénej verzie algoritmu

V tejto kapitole je struéne popisany algoritmus v jeho
sekvencnej podobe, ktorej distribucia bude popisana
v dalsich kapitolach.

2.1 Jednostranne fuzzy konceptovy zviz

Majme neprazdnu mnozinu atribtutov A, neprazdnu
mnozinu objektov B a fuzzy relaciu R, pricom R : A x
B — [0,1]. Tdto reldciu potom reprezentuje tabulka
dat, kde R(a,b) vyjadruje hodnotu atribitu a objek-
tu b. V nasom pripade objekt je dokument a atribit
je term, resp. miera vyjadrujica vyskyt daného termu
(slova) v dokumente.

Definujme zobrazenie 7 : P(B) — [0,1]4, ktoré
priradi kazdej mnozine X prvkov z B nejaki funkciu
7(X), hodnotou ktorej v bode a € A je:

7(X)(a) = min{R(a,b) : b € X}, (1)

t.j. tato funkcia prirad{ kazdému atribitu aspon taku
hodnotu, akd minimélne dosahujui vSetky objekty z X.

Definujme dalej zobrazenie o : [0,1]* — P(B),
ktoré prirad{ kazdej funkcii f : A — [0, 1] mnozinu:

o(f)={be B: (VacA)Ra,b) > f(@)},  (2)
t.j. objekty ktoré ”dominuju” danej funkcii f v kazdom
atribtte.

Je lahké ukézat, ze tieto zobrazenia maji nasle-
dovné vlastnosti:

X1 C Xy — 7(X1) = 7(X1) 3)
fi < fo—o(fr) 27(f2) (4)
X Co(r(X)) (5)

f<r(a(f)) (6)

Potom dvojica zobrazeni < 7,0 >, ktord splna tie-
to podmienky, tvori tzv. Galoisovu konexiu.

Definujme zobrazenie cl : P(B) — P(B) ako kom-
poziciu zobrazeni T a o, t.j. nech pre kazdi mnozinu
X je cl(X) = 71(0(X)). Z predchddzajicich vlastnosti
spajanych zobrazeni je mozné lahko vidiet, ze cl je
uzaverovym operatorom, t.j. splna nasledovné pod-
mienky:

X Cc(X)
X1 € Xo — cl(X1) Ccl(Xo2)
cd(X) = d(d(X))

Hlavnu tlohu pri identifikécii konceptov (rovnako
ako v "crisp”pripade) hrajd také podmnoZiny objek-
tov X C B, pre ktoré je X = cl(X). Potom péar
< X,7(X) > sa nazyva fuzzy koncept, pricom X je
extentom a 7(X) intentom daného konceptu. Potom
mnozina L v8etkych extentov, t.j. L = {X € P(B) :
X = c(X)}, usporiadand inkliziou je zvéz, v ktorom
st operacie definované nasledovne: X1 A Xy = X1 NXo
a X1V Xy = cl(X1UXs). Tento zviz potom nazyvame
jednostranne fuzzy konceptovym zvdzom.



2.2 Navrhnuty algoritmus redukcie problému

Velkost problému v doméne textovych dokumentov
nas privadza k myslienke redukcie na sub-problémy.
Jednou z moznosti je zakomponovanie redukcie pomo-
cou rozdelujicej zhlukovacej procediry. Potom riese-
nie budovania konceptudlneho modelu pozostava
z nasledujuicich krokov:

— Zhlukovacia faza - predzhlukovanie vstupnej mno-
ziny dokumentov, nédjdenie zaujimavych podsku-
pin podobnych dokumentov

— Faza budovania lokdlnych modelov - kazdy
zhluk je nezévislou trénovacou mnozinou, pre kaz-
dy z nich sa vytvori lokdlny konceptualny model
vyuzitim fuzzy FCA pristupu

— Féza spajania - mnozina lokalnych modelov sa
v tomto kroku spéja do jedného velkého modelu,
vztahujiceho sa k celej testovanej mnozine

Vo faze zhlukovania je pouzity hierarchicky algo-
ritmus na béze samo-organizujicich sa mdp (SOM) -
GHSOM (Growing Hierarchical SOM). Tento kombi-
nuje adapticiu SOM-ov v ramci jednej mapy (Grow-
ing Grid resp. GSOM) a hierarchického rozkladu na
systém podmép (Hierarchical SOM). Znamen4 to, ze
kazd4 vrstva hierarchickej struktiry pozostava z mno-
ziny nezévislych mép, ktoré adaptuji svoju velkost
s ohladom na poziadavky vstupnych dat (prikladov
prislichajicich danej mape). Viac o tychto algorit-
moch a pribuznych pracach je mozné néjst v [4]. Hlav-
nym cielom je vsak rozdelenie na relevantné podmno-
ziny podobnych dokumentov.

Na vzniknuté zhluky (podmnoziny vstupnej mno-
ziny dokumentov) sa vo faze budovania lokdlnych mo-
delov aplikuje metoda tvorby lokalnych hierarchii s vy-
uzitim FCA (pouzity jednostranne fuzzy konceptovy
zviz). Kazdy koncept je charakterizovany svo-
jim extentom a intentom. Extent predstavuje objekty,
v nasom pripade nazvy dokumentov a intent pred-
stavuje atributy, v nasom pripade vahy termov pre
prislusné dokumenty ziskané vo fize predspracovania.
Teda koncept v nasom pripade mozno chapat aj ako
mnozinu textovych dokumentov, charakterizovand mi-
nimalnymi hodnotami vah termov.

Na vytvorenie zvézu sme pouzili algoritmus zaloze-
ny na generovani hornych susedov, ako je uvedeny v [3]
resp. [5]. Tento algoritmus je vzhladom ku navrhnutej
distribicii nemenny, vystupom su konceptové zvizy
pre kazdy ”listovy”zhluk hierarchie GHSOM-u.

V zaverecnej faze sa vzniknuté lokdlne hierarchie
spajaju do vyslednej hierarchie. Z jednotlivych lokal-
nych hierarchii konceptov sa ziskaja termy, ktoré dana
hierarchia obsahuje a zoradia sa podla miery, do akej
st jednotlivé termy vyznamné, resp. charakteristické
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pre dant hierarchiu. Miera dolezitosti termu pre kon-
krétny konceptovy zvéiz sa urci na zaklade pozicie kon-
ceptu, ktory je charakterizovany tymto termom, t.j.
term patri do intentu daného konceptu. Cim vyssie
sa koncept v hierarchii nachadza, tym viac dokumen-
tov charakterizuje, a teda termy, ktoré tvoria intent
daného konceptu budi mat vyssiu délezitost. Pre kaz-
da lokalnu hierarchiu sa potom vytvori “uzol”, ktory
obsahuje zoznam obsiahnutych dokumentov, zoznam
charakteristickych termov zoradeny zostupne podla
vahy, vektor vah jednotlivych termov, normovany vek-
tor vah termov. Jednotlivé uzly sa dalej porovnavaji
na zaklade vah charakteristickych termov, preto je
nutné ziskané vektory védh termov normovat, aby sa
zanedbali rozdiely v mnozstve dokumentov pre jed-
notlivé uzly. Po ich ziskani pre v8etky lokalne hierar-
chie st jednotlivé uzly porovnavané prave na zdklade
ziskanych vektorov. Nasledne st uzly na zaklade po-
dobnosti zlucované. Na urcenie podobnosti dvoch
uzlov sa pouziva nasledovné funkcia podobnosti. Uzly
Uy a U, su reprezentované vektormi normovanych vah
termov U; = (u;1, Uiz, ..., Uin), kde n je potet termov
v kolekcii ddt. Potom funkcia podobnosti medzi nimi
ma tvar:

Z min(Ulj,Ugj)
X m(l:()(Ulj,Uzj)

RY ’

Sim(Ul,Uz) = (10)

kde X je mnozina vsetkych tych termov ¢;, pre ktoré
plati maxz(U1[j],U2[j]),t; € X. Na samotny proces
zlucovania na zaklade uvedenej podobnosti bola po-
uzitd metoda spédjania na principe aglomerativneho
zhlukovania. Metéda je zalozend na hladani najvyssej
podobnosti medzi dvojicami uzlov. Po néjdeni uzlov
s najvyssou hodnotou podobnosti sa tieto spoja do
nadradeného uzla. Nésledne su tieto uzly odstranené
zo zonamu uzlov a novovytvoreny uzol je pridany. Cely
proces sa opakuje az kym v zozname uzlov nezostane
len jeden uzol.

Podobnost medzi jednotlivymi dokumentmi sa
urcuje na zaklade ich normovanych vahovych vekto-
rov. Spolo¢ny uzol z podobnych uzlov sa vytvara zld-
¢enim mnozin dokumentov a sé¢itanim vektorov vah
jednotlivych termov. Vyslednd hierarchia potom po-
zostava z uzlov obsahujtcich zoznam dokumentov vo
vnutri uzla a zostupne zoradeny zoznam charakteri-
stickych termov uzla. Kazdy uzol obsahuje odkaz na
nadradeny uzol a zoznam odkazov na podradené uzly.
Uzly na najspodnejSej drovni hierarchie navyse obsa-
huji odkaz na prislusnt lokalnu struktiru konceptov.

Nakolko cielom je najmé popis distribicie vipoé-
tov na gride (paralelizdcia procesu), podrobnejsie
informaécie k vytvaraniu popisov, priklady a detailnejsi
popis algoritmov a vysledkov sekvencnej verzie ndjdete
v [3].
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3 Grid

Grid je vo vSeobecnosti technolégia, ktora umoznuje
z geograficky distribuovanych vypoétovych a paméto-
vych zdrojov vytvorit univerzélny vypoctovy systém
s extrémne velkym vykonom a pamifou [7]. Systém
ma ¢rty globalneho celosvetového pocitaca, kde kom-
ponenty s spojené sietou Internet. Pre uzivatelov sa
javi ako obyc¢ajna pracovnd stanica; v skuto¢nosti nie-
ktoré asti uzivatelskej tlohy sa riesia na rézne vzdiale-
nych miestach pocitacového systému. Vyhodou Gridu
je vysoka efektivnost vyuzitia zdruzenych technickych
kapacit a tvorivého potencidlu uzivatelov.

Gridové poéitanie je vhodné pouzif na masivne
vypoctové problémy vyuzitim zdrojov (vykon CPU,
diskovy priestor) velkého poétu pripojenych poéitacov,
ktoré svoje zdroje nevyuzivaji na 100%. Grid pozos-
tava z definicii protokolov, sluzieb a pokryva aj otazku
bezpecnosti zdielania zdrojov. Protokoly st postavené
na zaklade stucasnych internetovych protokolov, ktoré
st doplnené a rozsirené. Zavadza sa pojem virtudlna
organizacia. Ide o organizaciu, ktora zdruzuje zdroje,
ktoré poskytuji skutoéné organizicie. Samozrejme tie-
to organizacie urcujui, ktoré zdroje a poskytni a za
akych podmienok ich spristupnia virtuélnej organiza-
cii.

Zakladom paralelnej a distribuovanej verzie algo-
ritmu je implementacia kniznice pre spracovanie tex-
tovych dokumentov JBowl do prostredia pre dolovanie
v datach na Gride GridMiner. Takto navrhnuty sys-
tém umoznuje paraleliziciu celkového procesu, nakol-
ko algoritmy mézu v tomto prostredi bezat paralelne,
¢fm sa zvysuje efektivita a rychlost vypoctu.

V tomto rieSeni sme sa zamerali na algoritmus moz-
nost paralelnej tvorby lokdlnych modelov. Boli
navrhnuté dva typy algoritmu. Paralelny algoritmus
je navrhnuty pre viacprocesorové systémy. Distribuo-
vany algoritmus je urceny pre gridové prostredie. Oba
algoritmy implementuji aj optimalizaciu rozdelenia
GSOM mép medzi pracovné uzly.

4 Implementacia

V oboch navrhnutych rieSeniach vyuzivame princip
rozdelenia problému na mensie ¢asti. Zakladna vypoc-
tova alebo vykondavacia jednotka pre obidva pristupy
(paralelizdcia, distribiicia) je pracovny uzol. Pracovny
uzol predstavuje v ramci paralelizicie jedno pracovné
vlakno. Pri distribuovanej verzii algoritmu predstavuje
pracovny uzol gridovy uzol. Pricom uzol modze byt
reprezentovany vo forme PC, pracovnej stanice, klas-
tra a pod.

Nésledne je potrebné uréit ¢o jednotlivé pracovné
uzly budi vykonavat. Ako vychodiskovy bod som si
ur¢il moznosti pridelenia jednotlivych konceptovych

zviizov. Z tohto hladiska mézeme algoritmus rozdelif
na dve zékladné vetvy - pridelovanie zhlukov samos-
tatne alebo pridelovanie zhlukov v ramci GSOM mapy.
Faktor, ktory do znaénej miery ovplyviiuje rychlost
vypoctu je vstupnd GHSOM mapa. V zéavislosti od
jej struktiry sa meni zlozitost vypoétu konceptovych
zviizov. Dalsim dolezitym faktorom si dolované doku-
menty. V pripade rozsiahlych dokumentov, ktoré obsa-
huju znaény poéet termov, ¢asovd naro¢nost narast.

4.1 GridMiner

GridMiner je servisovo zalozend softvérova architekti-
ra pre distribuovany datamining v Grid prostredi [8].
Je postaveny na Globus Toolkit 3, ¢o predstavuje Stan-
dard v oblasti gridovych sluzieb. Cielom systému Grid-
Miner je poskytnif uzivatelovi ndstroj pre proces
objavovania znalosti v distribuovanom gridovom pro-
stredi. Systém taktiez poskytuje grafické pouzivatelské
rozhranie, ktoré ukryva komplexnost Gridu, ale stile
poskytuje moznosti na interferenciu pocas vykonava-
nia, kontrolu 1loh a vizualizéciu vysledkov.

4.2 JBOWL

JBowl (Java Bag-Of-Worlds Library) je softwarovy
systém, ktory bol vyvinuty v prostredi Java ako Open
source pre podporu ziskavania znalosti a text min-
ing [6]. Systém poskytuje jednoduchi rozsfritelnost
a modularnu konstrukciu pre predbezné spracovanie
indexovania a dalsieho vyskumu velkych textovych si-
borov. Medzi charakteristické vlastnosti Jbowlu moze-
me zahrnit:

— Schopnost efektivne predspracovévat velké sibory
textovych dokumentov s flexibilnou mnozinou dos-
tupnych technik prespracovania

— Jednotlivé predspracujice techniky dobre adap-
tovat na réznych typoch a formétoch textu (napr.
zrozumitelny text, HTML alebo XML)

— Predstavitelny stibor textov v rozliénych jazykoch,
napr. angli¢tina a slovencina ako velmi odlisné
druhy jazykov vyzaduju rozdielne pristupy vo féze
predspracovania

— Podpora pre indexaciu a objavovanie v tomto su-
bore textu (a experimenty s réznymi technikami
objavovania znalosti)

— M4 dobre navrhnuté rozhranie pre znalostné
struktury ako ontologie, kontrolované slovniky ale-
bo WordNet

4.3 Paralelny algoritmus

Tento algoritmus bol navrhnuty pre viacprocesorové
systémy. Ako uz bolo spomenuté zdklad algoritmu je



postaveny na rozdeleni GSOM map medzi pracovné
uzly. Pracovny uzol je v tomto pripade reprezentovany
vlaknom. Vstupom do tohto procesu st dve struktiry
— dokumenty rozdelené zhlukovacim algoritmom
(GHSOM mapa) a vektory dokumentov. Algoritmus
vyuziva kniznicu JBowl, v ktorej je implementovany
algoritmus FCA. Tento algoritmus, ktory sekvencne
generuje lokdlne konceptové zvézy, sme rozsirili o trie-
du vykondvajicu paralelné generovanie zvézov.

4.4 Paralelny algoritmus

Algoritmus implementuje kniznicu JBowl v ramci sys-
tému GridMiner. Algoritmus umoziiuje vyuzivat trie-
dy kniznice JBowl pre cely proces dolovania dokumen-
tov od predspracovania, zhlukovania, generovania kon-
ceptovych zvézov az po vytvorenie vysledného mode-
lu. Zvoleny algoritmus je teda implementovany ako
gridova sluzba, vyuzivajuca ”workflow engineimple-
mentovany v systéme GridMiner. Mechanizmus dis-
tribudcie rozdeli data rovnomerne medzi dostupné pra-
covné stanice, na ktorych sa spustia instancie tejto
sluzby.

5 Experimenty

5.1 Datové mnoziny a popis architektar

V tejto praci su pouzité dve kolekcie dokumentov.
Prvou z nich je TIMES 60. Je to kolekcia dat ktord
tvoria ¢lanky dennika Times zo Sestdesiatych rokov
minulého storocia. Obsahuje 420 dokumentov. Textové
dokumenty st ¢lankami s roéznymi vojnovymi a poli-
tickymi témami mnohych krajin sveta ako je Rusko,
Velkd Briténia, Franctzsko, Malajzia, Egypt, Syria,
atd. Ddtovd mnozina bola pomocou zhlukovacieho
algoritmu GHSOM rozdelend na 11 podmap (GSOM
map).

Kolekcia dat Reuters je tandardny volne dostupny
korpus textovych dokumentov. Obsahuje 12,902 doku-
mentov. Kazdy dokument je novym ¢lankom s ne-
jakou témou, najcastejSie ekonomického charakteru.
Pre tcel tejto diplomovej price boli vybrané doku-
menty z roku 1987. Kategorie jednotlivych ¢lankov
boli priradené ru¢ne. Pocet dokumentov je 7769, pocet
termov 2401. Mnozina bola algoritmom GHSOM roz-
delend na celkovo 286 podmaép.

Experimenty boli vykonané na dvoch architekti-
rach, v zavislosti na verzii algoritmu. Paralelny algo-
ritmus bol vykondvany na tejto konfigurdcii pocitaca:
Dual Core AMD Opteron (tm) 265, 1808.343MHz,
2GB ECC RAM, 3x250GB HDD. Distribuovany algo-
ritmus sa vykonaval na viacerych pracovnych stani-
ciach. Vo vSeobecnosti sa jednalo o pracovné stanice
Sun s réznymi typmi procesorov a roznou velkostou
paméte.

Distribuovana tvorba hierarchie konceptov ... 101

Times - Casova zavislost

180,00

160,00

140,00
120,00

. 100,00
Casv[s]

0,00

60,00

40,00
pruifina}

-l [l

1 2

B

4

I

Pocetuzlov

‘D Treshold 0.03 @ Treshald 0.05 O Treshold 0.07 O Treshold 0.1 ‘

Obrazok 1. Vysledky paralelnej verzie na datach Times.
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Obrazok 2. Vysledky paralelnej verzie na datach Reuters.

5.2 Experimenty na paralelnej verzii

Experiment bol zamerany na zistenie casovej néroc-
nosti generovania konceptovych zvizov v zavislosti od
poctu uzlov (v tomto pripade poc¢tu vldkien). Pracovali
sme s ddtovymi mnozinami Times60 a Reuters. K dis-
pozicii sme mali §tvor-jadrovi architektiru (2 x dvoj-
jadrovy procesor).

Hodnoty parametra treshold sme zvolili 0.03, 0.05,
0.07 a 0.1. Pre kazdu hodnotu parametra treshold boli
konceptové zvizy generované tri krat a uréili sme prie-
mernu hodnotu z tychto merani. Tieto testy boli vyko-
nané aj pre optimalizované pridelovanie GSOM mép.
Pocet vSetkych merani pre paralelny algoritmus
bol 192. Vysledky st zhrnuté v nasledujicich grafoch.

5.3 Experimenty na distribuovanej verzii

Distribuovand verzia algoritmu je implementovand
v prostredi GridMiner. Experimenty prebehli na rov-
nakych datach a s rovnakymi nastaveniami ako v pri-
pade paralelnej verzie algoritmu. K dispozicii bolo cel-
kovo devit pracovnych stanic. Jednotlivé experimenty
som vykonal iba raz pre Styri hodnoty parametra
treshold 0.03, 0.05, 0.07 a 0.1.
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Vysledky distribuovanej verzie na datach

6 Zaver

V tejto praci je predstavena myslienka moznosti para-
lelizécie tvorby lokalnych FCA modelov a navrh pa-
ralelného a distribuovaného algoritmu pre ich tvorbu
a kombinaciu. V experimentoch sme porovnéval