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Doktorandsky detUstavu informatiky Akademie végeske republiky se kona jiz podesaté, nepretizité
roku 1996. Tento seminaf poskytuje doktorandiim, mitiim se na odbornych aktivitadhstavu infor-
matiky, moznost prezentovat vysledky jejich odbornghalia. Sou€asné poskytuje prostor pro oponentni
pfipominky k pfednasené tematice a pouzité melmgioprace ze strany pfitomné odborné komunity.

Z jiného Ghlu pohledu, toto setkani doktorandli pad@viifezovou informaci o odborném rozsahu peda-
gogickych aktivit, které jsou realizovany na pracdiah ¢i za spoluiCastistavu informatiky AVCR.

Jednotlivé pfispévky sborniku jsou uspofadangipgmen autorti. Uspofadani podle tematického Zamié
nepovazujeme za Ucelné, vzhledem k rozmanitosti jedgioh témat.

VedeniUstavu informatiky a Védecka radi#l jakozto organizator doktorandského dne véfitdte setkani
mladych doktorandi, jejich Skolitelli a ostatni odh®vefejnosti povede ke zkvalitnéni celého procesu
doktorandského studia zdjianého v souginnostil$stavem informatiky a v neposledni fadé k navazani a
vyhledani novych odbornych kontakt.

1. Afi 2005



......... nejprve se obfate k Ustfednimu dilu staré Cinské matematickeditury, k “Matematice v deviti
knihach” (“Tiou €ang suan éLE) V tomto traktatu byly shrnuty vysledky mnohaleté pracatematikil, ktefi
Zili v 1. tisicileti pfed n. |. Tento traktat je nejs&rz dochovanych &inskych spist, vénovanychraginé

matematice. Jeho jazykem je starovéka CinstinagrzmadliSna od souctasné spisovné cinstiny.

Pfesna doba vzniku, prameny a autofi “Matematiky v tidwiihach” nejsou znami. Liou Chuej, ktery ve

3. stoleti “Matematiku v deviti knihach” komentoval,adi, Ze ji podle starSich spist Vvytvofil vjznamny
Ufednik financni sluzb¥ang Chang, ktery vykonaval fadu let funkci prvého rsirda. Cang Chang po-
dle staro€inskych kronik zemfel rokib2 pfed n.l. Tentyz Liou Chuej piSe, ze pfiblizné o $t pozdéji
knihu pfepracoval jiny vysoky Grednik a ministr KeBgu-&chang; jeho plisobnost spada do obdobi viady
imperatora Stian-tiqQ3 —49pfed n.l.). .........

......... metoda fang ¢cheng, probirana v 8. knize “Mwtky v deviti knihach”, je bezesporu nejvétsim
objevem €inskych matematikill, zabyvajicich seféi soustav linearnich Gloh. Tato metoda udavariig
mus FeSeni systémulinearnich rovnic o neznamych. Pouzijeme-li moderni symboliku, pak metfaohg
€cheng je pfimou metodou pro feSeni systému rovnic

a11r1  +  a12x2  + e+ AT, = b
a21r1  +  aex2  + e+ AT, = b
anp1r1 + Ap2Ty + te + ApnTn = bn

Tento systém rovnic je pomoci tabulky fang ¢cheng vigadna pocitaci desce, pficemz koeficienty jed-
notlivych rovnic se pfenaseji do tabulky shora dolivanice jsou “zapisovany” zprava doleva:

Qn1 -+ A21 Q11
Qp2 -+ 422 Q12
Ann e A2p  Aln
b, cov by b1

1pfevzato z A.P.Juskevit, D&jiny matematiky ve stgdmi, Academia, Praha, 1977.



Tato tabulka se zatne upravovat odettenim prvého saprava od prvkll druhého sloupce, ktery byl
pfedtim vynasoben prvkem ;, tak dlouho dokud na misté prvki; nezbude nf§: Tentyz postup apliku-
jeme i na dalSi sloupce, takze prvni fadek bude krgmvu a1, obsahovat jen prazdna mista. Obdobné
vyprazdnime druhy fadek tabulky, dokud neziskaatmutku, jejiz levy horni roh je prazdny. Ukazme si
nazorné toto obecné schéma na prvni Gloze ze 7. knéngakladé které bylo pravidlo fang €cheng for-

mulovano:

3 SNOPY Z DOBFRE URODY, 2 SNOPY Z PRIMERNE URODY A JEDEN SNOP ZESPATNE URODY DAVAJI
39 TOU ZRNi; 2 SNOPY Z DOBFE URODY, 3 Z PRUMERNE A 1 ZE SPATNE DAVAJI 34 TOU; 1 SNOP Z
DOBRE, 2 SNOPY Z PRIMERNE A 3 ZE SPATNE DAVAJI 26 TOU. PTAME SE, KOLIK ZRNI DAVA KAZDY
SNOP Z DOBFE, PRUMERNE A SPATNE URODY?

Odpovidajici posloupnost tabulek fang &cheng po jéjeh Gpravach je nasleduiilli

L0 | 1l
L L | I |
m o m
=T =Wl = =W =W =

1 J1

e ] B i ]
m I

M =W =m

......... Gpravy tabulky fang €cheng jsou v podstatérapes maticemi a determinanty, kterym dnes Fikame
Gaussova eliminace. Metoda fang ccheng byla v Oriente divinuta a nakonec vyustila ve svéraznou
teorii determinantll, pfedevsim v rukopise japonskématematika Seksinsuke (Kowa) z roku 1683. V
Evropé se s metodou pfimého feSeni linearnicmiogestkavame poprvé u Leonarda Pisanského a G.
Cardana 1545. Zcela jasné vsak formuloval mySlenku zavést deteamty pfi eliminaci neznamych az
Leibnitz v dopise I'Hospitalovi r1693 Pozdgji ji pak rozpracoval a pfi feSeni linearnitstéma pouzil
Gabriel Cramer750. .........

2Koeficienty v Glohach “Matematiky v deviti knihach” jseela kladna &isla. V diisledku postupného odetitloupctl se v obecné
linearni Gloze musi vyuZivat zaporna Cisla. Vtow® fang Echeng se prvné v historii zavadi pojem zajpadr Cisel.

3V dobé sepisovani “Matematiky v deviti knihach” pogli v Ciné desitkovou pozicni soustavu, kterou vyjadiiol@ Cislicemi
1-9d ..mm T ..M )a0-90« .. L ... & ) Znakpronuluchybdl nahrazoval se prazdnym
mistem Cisla se zapisovala tak, ze jednotky na 3-tim mistéueppznatovaly stovky, desitky na 4-tem misté zpraveatovaly tisice
atd. Zaporna Cisla se ozna€ovala poloZenim tycikmo pfes posledni €islici.
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Abstract

In the framework of Henkin-style higher-order fuzzy logi@wlefine two kinds of the fuzzy lattice
completion. The fuzzy MacNeille completion is the latticempletion by (possibly fuzzy) stable sets; the
fuzzy Dedekind completion is the lattice completion by bly fuzzy) Dedekind cuts. We investigate
the properties and interrelations of both notions and camp#em to the results from the literature. Our
attention is restricted to crisp dense linear orderingsicivlare important for the theory of fuzzy real
numbers.

1. The framework

In [@] and [Z], Henkin-style higher-order fuzzy logic is grased as a foundational theory for fuzzy math-
ematics. In this framework, and following the methodologylk}, we define and investigate two notions
of fuzzy lattice completion of crisp dense linear orderintpe MacNeille completion and the Dedekind
completion. Both methods generalize the (classicallyvedent) constructions of complete lattices by ad-
mitting fuzzy sets into the completion process. The thedmhe fuzzy lattice completion is important for
the construction of fuzzy real numbers within the formahfi@work for fuzzy mathematics.

For the ease of reference we repeat here the definitions diéimkin-style higher-order fuzzy logic pre-
sented in[[2], generalized here to any fuzzy logic contajritre first-order logidBLa. Seel[3] forBLa,
and [4] for first-order fuzzy logics with function symbols.

Definition 1 (Henkin-style higher-order fuzzy logic) Let F be a fuzzy logic which extendd.A. The
Henkin-style higher-order fuzzy logic ovét (denoted here by,,) is a theory over multi-sorted first-order
F with the following language and axioms:

For all finite n, there is the sort of fuzzy sets of theh order, which subsumes the sortskefuples of
fuzzy sets of the-th order (for all finitek). Fuzzy sets of th@-th order can be regarded as atomic objects;
1-tuples of fuzzy sets can be identified with the fuzzy setsstiiees; and we can assume that foralln

PhD Conference '05 5 ICS Prague



Libor BEhounek Fuzzy MacNeille and Dedekind Completions. . ..

such thatn > n, the sort of fuzzy sets of orderis subsumed in the sort of fuzzy sets of ordeNariables
of sortn are denoted by(™), (") .. _; there are no universal variables. We omit the upper indekéf
order is arbitrary or known from the context.

The language of the theory contains:

e The function symbols for tuple formation and componenteiittn. We shall use the usual notation
(x1,...,zy) for k-tuples.

e Comprehension termie | ¢}, for any formulap. If = is of ordern, then{z | ¢} is of ordern + 1.
e The identity predicate- (for all sorts).

e The membership predicatebetween orders andn + 1.
The axioms of-,, are the following, for all orders:

1. The axioms of identity: the reflexivity axiam= 2z and the intersubstitutivity schema= y —

(p(z) = ©(y))-

2. The axioms of tuples: tuple formation and component etitia are inverse operations; tuples equal
iff all their components equal.

3. The comprehension schema {z | ¢(z)} < ¢(y), for any formulap.
4. The extensionality axioWz)A(zr € X -z €Y)—- X =Y.

The intended models of the theory are Zadeh's fuzzy setslafrdérs on a fixed domain. For further
technical details se&l[2].

We shall freely use all abbreviations common in classicahematics, and assume the usual precedence of
logical connectives. Unless stated otherwise, definitaomdtheorems apply to all orders of fuzzy sets (in
this paper, however, we only employ the first three orderss th fact we work in the third-orddBL ).

Convention 2 We shall denote atomic objects by lowercase variablesyfseis of atomic objects by up-
percase variables, and second-order fuzzy sets by cafiigcavariables.

Definition 3 We shall need the following defined concepts:

Id =qt {(z,y) |z =y} identity relation
Ker(X) =4 {z]| Az e X)} kernel

Xny =g {z|zeX&zxeY} pair intersection
P(X) =a {Y|Y C X} power set

NA =qt {z | (VA€ A)(z € A)} set intersection
UA =ar {2 ] (3A € A)(z e A)} set union
XCY =4 Va)(zeX —z€Y) inclusion
X=~rY =4 Vo)(zeX—zeY) bi-inclusion
Refl(R) =a¢ (Vz)Rax reflexivity
Trans(R) =aqr (Vayz)(Rry & Ryz — Rxz) transitivity
ASymg(R) =4t (Vay)(Rzy & Ryx — Exy) E-antisymmetry
Fncg(R) =ar (Vayz)(Rzy & Rxz — Fyz) E-functionality

By convention, the indeX can be dropped iA(E = Id); if AFnc(F), we can writey = F'(z) instead of
AFxy.

PhD Conference '05 6 ICS Prague



Libor BEhounek Fuzzy MacNeille and Dedekind Completions. . ..

2. Cones, suprema, and infima

We fix an arbitrary binary fuzzy relatiod. Although the following notions are most meaningful for fyz
quasi-orderings (i.e., reflexive and transitive relatjomge need not impose any restrictionsgn

Definition 4 The setd is upper(in <) iff (Vz,y)[z <y — (z € A — y € A)]. Dually, the setd is lower
iff (Va,y)[z<y— (ye A—x e A).

Definition 5 Theupper conend thelower coneof a setA (w.r.t. <) are respectively defined as follows:

Al =g {z|(Va€ A)(a<2)}
AY =g {z|(Va € A)(x <a)}

Lemma 6 The following properties of cones (known from classicalheatatics for crisp sets) can be
proved inF,, (we omit the dual versions of the theorems):

1. AC B— B! C AT (antitony w.r.t. inclusion)

2. AC ATl (closure property)

3. ATT = AT (stability)

4. Trans(<) — AT is upper

The usual definition of suprema and infima as least upper mand greatest lower bounds can then be
formulated as follows:

Definition 7 The sets of all suprema and infima of a detv.r.t. < are defined as follows:

SupA =4t A'NAT
InfA =g A'NnAlT

Lemma 8 The following properties of suprema (known from classicatimamatics for crisp sets) can be
proved inF,, (we omit the dual theorems for infima):

1. (ACB&zeSupA&yeSupB)—xz<y (monotonyw.r.t. inclusion)

2. (xeSupA&yeSupA) — (x<y&y<z) (uniqueness)
3. Sup A = Inf AT (interdefinability)

Notice thatSup A andInf A are fuzzy sets, since the property of being a bound in a fuzdgring is
generally fuzzy. Nevertheless,4f is antisymmetric w.r.t. relatioi’, then by[2. of Lemmpl8, the suprema
and infima areE-unique. If furthermoreKer(E) is identity, the unique element der(Sup A) can be
calledthesupremum ofd and denoted byup A.

Example 1 | J.A is a supremum aofl w.r.t. C. By[2. of LemmBl8, the suprema w.gtare unique w.r.t. bi-
inclusion~. Due to the extensionality axiom, the element of the kemBlip A is unique w.r.t. identity;
thussupc A = [J A. (Dtto for ) and infima.)

PhD Conference '05 7 ICS Prague



Libor BEhounek Fuzzy MacNeille and Dedekind Completions. . ..

Definition 9 A is lattice complete=qs (VX C A)(3x € A)(x € Sup X).

ThusA is lattice complete in the degree 1 iff all fuzzy subsetsldfave 1-true suprema iA. The existence
of 1-true infima then already follows by 3. of Lemifda 8

Example 2 Due to ExamplEl1, the power sBtA) =q4; {X | X C A} is lattice complete w.r.iC.

3. Fuzzy lattice completions of dense linear crisp orders

Further on, we restrict our attention lioear crispdomains, since we aim (ct.l[5]) at constructing a formal
theory of fuzzy numbers in the usual sense, i.e. based on sgstem of crisp numbers (integer, rational,
or real). The theory of fuzzy lattice completions of lineande crisp domains is an important part of this
enterprise, as we want the resulting system of fuzzy realbarmor intervals to be lattice complete. It turns
out that discrete domains behave quite differently underfuattice completions, so we shall only consider
densedomains here.

We distinguish two methods of fuzzy lattice completion agprlinear dense domains, which generally
differ in fuzzy logic (unlike classical logic)Dedekindcompletion by fuzzy Dedekind cuts (lower right-
closed sets), ansllacNeillecompletion by fuzzy stable sets. Both methods directly gaime the classical
Dedekind-MacNeille completion by admitting fuzzy sets &itwolved in the process. Both methods yield
complete lattices and preserve existing suprema and infilmaever, the resulting lattices cannot generally
be characterized as the least complete lattices extendangriginal order. (The latter is, of course, the
crisp Dedekind-MacNeille completion, as we start with sgrorder; they are just the least completions
containing all fuzzy cuts or all fuzzy stable sets.)

In crisp linear dense orderings, cones have a special profat will be used later:
Lemma 10 If < is a crisp linear dense ordering, thenc A" = (Va > y)—(a € A).

3.1. The fuzzy MacNeille completion

We define the fuzzy MacNeille completion for lower stabless&he construction can of course be dualized
for upper sets.

Definition 11 We call A a (lower) stable seiff AT} = A.

Definition 12 The MacNeille fuzzy lattice completiotM (X) of X is the set of all stable subsets &f,
ordered by inclusion.

Observation 13 All lower stable sets are lower in the sense of Definifibn 4 ptoperty of being a stable
set is crisp, since= is a crisp predicate irfF,,. Therefore M(X) is a crisp set of (possibly fuzzy) sets.

Theorem 14 M(X) is lattice completeX is embedded inV((X) by assigning{z}! to z € X; the
embedding preserves all suprema and infima that alreadyeekia X . The suprema and infima i (X)

are unigue w.r.t. bi-inclusion. Due to the extensionalityomn, there is a uniqueup A € Ker(Sup .A) for

any A € M(X) (dtto for infima). Furthermoreinf A = N A andsup.A = (|J.A)'!, as in classical
mathematics.
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3.2. The fuzzy Dedekind completion

We define the fuzzy Dedekind completion for lower DedekintscThe construction can of course be
dualized for upper cuts.

Definition 15 We call A a (lower) Dedekind cuiff it satisfies the following two axioms:

AVz, )z <y— (ye A— z € A)]
A(Vz)[(Vy <z)(y € A) » z € 4]

Thus fuzzy Dedekind cuts are lower, right-closed subset¥ oife., their membership functions are non-
increasing and left-continuous. The conditions reflectittigitive motivation that the membership €

A expresses (the truth value of) the fact thaminorizesthe “fuzzy element’A: the first axiom then
corresponds to the transitivity of the minorization retati and the second axiom to the minorization in
the sense oK rather than<. Since any flaw in monotony or left-continuity makdsstrictly violate the
motivation, the axioms are required to be 1-true (by tkis in the definition); the property of being a
Dedekind cut is therefore crisp (although the Dedekind thasselves can be fuzzy sets).

Definition 16 Thefuzzy Dedekind completio®(X) of X is the set of all Dedekind cuts dfi, ordered by
inclusion.

The properties of the MacNeille completion listed in Theof&4 hold forD(X), too. Considering that in
the embedding off into D(X), the cone{z}! is the counterpart of € X in D(X) andC onD(X)
corresponds t&< on X, the following theorem proves the soundness of the axionieafekind cuts w.r.t.
the intuitive motivation above:

Theorem 17 For all Dedekind cutsA € D(X) and for allz € X it holds thatr € A — {z}! C A.

4. A comparison of the two notions

In classical mathematics/{(X) = D(X). In F,,, only one inclusion can be proved generally:
Theorem 18 Any stable set is a Dedekind cut. Therefotd(X) C D(X).

The converse inclusion does not generally hold. If the riegas strict (i.e.,~¢ vV ——¢p holds, as e.g. in
Godel or product logic), all cones (and therefore, all Ealets) are crisp by Lemnial10. Thus in the logic
SBLA (i.e., BLa with strict negation) or stronger (e.dsa, I1a, or classical logic), the fuzzy MacNeille
completion coincides with the crisp MacNeille completidihe fuzzy Dedekind completion of non-empty
sets, on the other hand, always contains non-crisp Dedekitsdin non-crisp models of,,).

In Lukasiewicz logic ta (or stronger), the properties of fuzzy completions are meloker to properties of
the classical Dedekind—MacNeille completion than in offaery logics (this is due to the involutiveness
of Lukasiewicz negation):

Theorem 19 In t o, the notions of Dedekind cuts and stable sets coincide € X ) = D(X).

Theorem 20 C is a weak linear order on the Dedekind—MacNeille completien, (VA, B € D(X))(A C
BV B C A),whereV is the strong (co-norm) disjunction.

The latter property cannot be proved generally (in logicerito-norm disjunction is present): in particu-
lar, it fails for the Godel co-normv (as the max-disjunction linearity is equivalent to exclddeiddle).

PhD Conference '05 9 ICS Prague
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5. A comparison with results from the literature

Hohle's paperlll7] and a chapter in Bélohlavek’s bddk [i8idy the minimal completion duzzyorderings
(by the construction that we call the MacNeille completiortie present paper). In our present setting we
are, on the other hand, concerned with the lattice compistidcrisp orders by fuzzy sets. The MacNeille
completion of crisp orders is mentioned towards the endlpfs@me of the results of Secti@h 4 ovi (X)

int A, IIA, andGaare obtained there.

Both [4] and [8] use slightly different definitions of fuzzyderings and suprema. In particular, they use
the min-conjunctiom in the definition of antisymmetry[([8] also in the definitiookthe supremum and
infimum) instead of strong conjunctida. Such definitions are narrower, and thus the results lessrgen
Reasons can be given why strong conjunction rather thancamjunction should (from the point of view
of formal fuzzy logic) be used in the definitions: the reswit48|] are then well-motivated only in Godel
logic. Nevertheless, their results on the suprema and inifiinteth works are virtually the same as those
in Sectior[ 2, since most of the properties of the suprema tideyend on the properties gf. The setting

of [[7] is further complicated by the apparatus for the accardation of the fuzzy domains &f. However,
the analogues of Theordml14 for fuzzy ordering are proved avéhe different settings of[7] andl[8].

Incidentally, both notions of fuzzy lattice completion defil in the present paper satisfy Dubois and Prade’s
requirement ofi[B] that the cuts of fuzzy notions be the cgponding crisp notions. This is a rather general
feature of classical definitions transplanted to formakfulogic (which is a general methodology &1 [2],
foreshadowed already ihl[7]).
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Abstrakt

Ziskané znalosti v rliznych oborech je mozné repremet ve formé oborovych doporuceni. Tex-
tova doporuceni Ize formalizovat grafickym GLIF modeléGuideLine Interchange Format). Znalostni
ontologie je chapana jako explicitni specifikace systépojm(l a zakonitosti modelujici uritou ¢ast
svéta. Tento ¢lanek se zabyva moznosti pouzidlastnich ontologii ve fazi konstrukce GLIF modelu
z oborovych doporuceni.

Kli €ova slova oborova doporuceni, GLIF model, znalostni ontologie

1. UVOD

Znalosti ziskané v rliznych oborech je mozné fornmla do oborovych doporugeni usnadiiujicich
rozhodovani v daném konkrétnim pripadé optiagie o znalostni bazi oboru. Oborova doporuceni jsou
obvykle distribuovana v textové podobég, pro podtadll implementaci a zpracovani je vsak nutné mit tato
doporucenive strukturované formé. Proces formabzegtovych doporuceni do strukturované podoby neni
zcela trivialni.

2. CiL A METODIKA

Cilem tohoto pfispévku je porovnat zplisoby reprezemtznalosti pomoci GLIF modelu a znalostnich
ontologii. Dale je v ¢lanku naznatena moznost pwfitologii pfi konstrukci GLIF modelu z textovych
oborovych doporuceni.

GLIF model

GLIF model GuideLine Interchange Formpgtnejcastéji pouzivany pro pfehlednou reprezeirghorovych
doporuceni, vznikl spolupraci Univerzity Columbia,idardské, McGillovy a Stanfordské univerzity. GLIF
poskytuje objektové a procesné orientovany pohled naraka doporuceni (vizL[6] a7]). Vyslednym
modelem je orientovany graf skladajici se z péti hialartasti (krokl):

e akce- predstavuje specifickou €innost nebo udalost. Akazenbyt i podgraf, ktery dale zjemiuje
danou Cinnost.

PhD Conference '05 11 ICS Prague



David Buchtela Konstrukce GLIF modelu a znalostni ontologie

¢ rozhodovani - pfedstavuje vétveni (vybér) na zakladé autonké&tio spinéni logického kritéria, kdy
dalSi postup grafem je dan vysledkem aritmetickéhmoriegického vyrazu nad konkrétnimi daty, a
nebo rozhodnuti uzivatele, kdy akce reprezentovasiedaym krokem miize ale nemusi byt prove-
dena, nebo miiZe probihat paralelné s jinymi akcemivatél ma v tomto misté moznost se rozhod-
nout, kterou ¢asti grafu bude dale pokracovat.

e vetveni a synchronizace- vétveni se pouZiva pfi modelovani nezavisljaiokli, které mohou
probihat paralelné a synchronizace slouZi pro tytdkkijako slucovaci bod.

e stav - zna€i stav, ve kterém se zkoumany objekt nachdzrgttipu do modelu nebo po provedeni
nékterého pfedchoziho kroku.

Prtichod jednotlivymi vétvemi GLIF modelu je zavisha splnéni ¢i nesplnéni podminek v rozhodovacich
krocich podminky typu strict-in a strict-ogtnebo na interaktivnim vybéru pfislusné vétvefgnazivatelem
na zakladé doporucené ti nedoporucené nasleéive grafu podninky typu rule-in a rule-ogt

GLIF model je graficky, pro dalSi pocitaCové zpraaoV je proto nutné jej zakddovat ve vhodném
formalnim jazyku, napf. GELLO][5] nebo XML [2]. GELLOGQuideline Expression Languagg ob-
jektové orientovany dotazovaci a vyjadfovaci jazykany pro podporu rozhodovani. XMleXtensible
Markup Languaggje univerzalni znackovaci jazyk pfimo popisujiginé informace a jejich hierarchii. To
je vyznamné zejména pfi pfenosu informaci mezi §iminsystémy.

Ontologie

Uvadi se celkem sedm historicky vzniklych definic pojrmtalogie, které se do znacné miry prekryvaji.
Zde uvedeme pouze definici formulovanou T. Gruberem, jedniduchovnich otcli ontologitfOntolo-

gie je explicitn specifikace konceptualizacdd, a jeji modifikaci provedenou W. BorsterfOntologie

je formalni specifikace sitené konceptualizace3]. Pojem konceptualizace znamena definovani vsech
objektt, které uvazujeme pri fedeni Gloh rellné&svéta (universum), vymezeni relaci a funkciorgini
vztahll mezi nimi. Objekty universa mohou byt konkréatebo abstraktni, realné existujici nebo fiktivni,
jednoduché nebo slozené.

Z hlediska znalostniho inzenyrstvi Ize ontologie pmahé v procesu vyvoje znalostni aplikace rovnéz
chapat jako znalostni modely, tedy abstraktni popis§i{@ casti) znalostniho systému, které jsou refet
nezavislé na finalni reprezentaci a implementaci mtalé®odstatné je, ze jde o modely sdilitelné vice
procesy v ramci jedné aplikace, a opakované pouZteio rliizné aplikace, které mohou byt oddélené
Casove, prostorové i personalné.

Podle pfedmétu formalizace Ize ontologie rozdélit aaledujici typyl[B]:

e Doméno\e ontologigsou typem daleko nejfrekventovanéjsim. Jejich préthm je vzdy urcita speci-
ficka vécna oblast, vymezena sifeji (napf. celdbpematika mediciny nebo fungovani firmy) €i Gzeji
(problematika urcité choroby, poskytovani Gvérwdyp).

e Genericle ontologieusiluji o zachyceni obecnych zakonitosti, které&iphapfic vécnymi oblastmi,
napr. problematiky ¢asu, vzajemné pozice objektipdtogie), skladby objektll z ¢asti (mereolo-
gie) apod. Nékdy se jesté vyslovné vyclenu;ji tzatalogie vyssi Grovné, které usiluji o zachyceni
nejobecngjsich pojml a vztahtl, jako zakladu taxoisk@nstruktury kazdé daldi (napf. doménoveé)
ontologie.

e JakoUlohow ontologiejsou nékdy oznacovany generické modely znalostnioh a metod jejich
feSeni. Na rozdil od ostatnich ontologii, kterélaamiji znalosti o svété (tak, jak je), se zaméfuji na
procesy odvozovani. Mezi Glohy tradi¢né zachycem@pci takovych znalostnich modell patfi napf.
diagnostika, zhodnoceni, konfigurace, nebo planovani
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o Aplikatni ontologiejsou nejspecifictéjsi. Jedna se o konglomerat mogdédvzatych a adaptovanych
pro konkrétni aplikaci, zahrnujici zpravidla domé&pa i Ulohovou ¢ast (a tim automaticky i gener-
ickou Cast).

Zakladem znalostnich ontologii jsou tfidy, kteréazuji mnoziny konkrétnich objektli. Na rozdil ahit”

v objektové-orientovanych modelech a jazycich nezajnontologické tfidy proceduralni metody. Jejich
interpretace je spiSe odvozena z pojmu relace v tom sp#siiiida odpovida unarni relaci na dané doméné
objektli. Na mnozing tfid byva tasto definovanadniehie (taxonomie).

Individuum v ontologii odpovida konkrétnimu objekte&lného svéta, a je tak do jisté miry protipblem
tfidy. Termin instance je Casto chapan jako ekvintle asociuje vsak pfislusnost k urité tfidéz nemusi
byt nutné skute¢nosti - individuum miiZe byt do ontpe provizorné vloZeno i bez vazby na tfidy.

Podobné jako v databazovych modelech jsou podstatindikall ontologii vztahy Cili relace-tic objektl
(individui). Vedle vyrazh explicitné vymezujicigifislusnost ke tfidam a relacim je obvykle moZwéod-
tologii zafazovat dalSi logické formule, vyjaditijnapf. ekvivalenci/ subsumpci tfid Ci relaci,jdisktnost
tfid, rozklad tfidy na podtfidy apod.. NejCast&g oznacuji jako axiomy.

3. VYSLEDKY A DISKUSE

Konstrukce GLIF modelu

Vytvoreni GLIF modelu z textovych doporuceni a jehglementace neni zcela jednoduchou zalezitosti a
cely proces Ize rozdélit na nékolik fazi. Cely progesstrukce a implementace je patrny z obréazku 1.

Ve fazi konstrukce GLIF modelu z textovych doporucentjilezité najit procesni strukturu doporuéent,
vSechny podstatné parametry modelu a jejich vzajenmighy. Zakladni parametry pfedstavuji pfimo
meéfitelné (nebo jinak ziskateln€) hodnoty, odvazpafametry se ziskaji aritmetickou, logickou Ci logiek
aritmetickou operaci nad zakladnimi parametry.

P¥i hledani procesni struktury doporuceni, tj. steeni algoritmu feSeni daného problému, se jako-neje
fektivnéjsi jevi vzajemna spoluprace informatiéaxperta z oboru (nejlépe autora pfislusnych textbv”
oborovych doporuéeni). Pfi tomto procesu Ize s UbpétvyuZzit technik navrhu informaénich systeml na
bazi metodologie UML nified Modelling Languaugd8]

GLIF XML
Doporuéeni +
:D >::> Para-
metry

GLIF
prohliZec

Podpora
rozhodoviani

Konstrukee GLIFu Implementace Poutit Expertni
ouzit .
systéem
expert | expert | expert |
informatik [ miormatik informatik [
uzivatel uFivatel uzivatel [

Obrazek 1:Proces konstrukce a implementace GLIF modelu

Pfi hledani parametrii a jejich vztahll Ize vyuZikistou z metod automatického dolovani znalosti z textu
[1]. Dokument Ize reprezentovat vektorem terminli (slmebo viceslovné spojeni), kde ke kazdému
terminu je zjisténa frekvence vyskytu daného temmirdokumentu.
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Tato reprezentace je velmi €asta, skryva v sobé vEblik omezeni:

e nepostihuje kontext, ve kterém se slovo objevilo

je obtizné vyjadrit semantickou podobnost termin®

otazkou je, jak volit mnozinu reprezentativnich tenini velky pocet terminli vede na extrémné velké
a ridké matice frekvenci vyskytu, maly pocet naopplisobuje ztratu informace

otazkou je i vhodna volba slozitosti jednotlivych téma

problémem je i vlastni formulace doporuceni, kterduj€asto ur€ena k feSeni specialnich Gloh za
predpokladu, Ze uzivatel ma urcitou Uroven zakliath znalosti (neobsazenych v textu)

Pouziti ontologii

V této fazi konstrukce by byly, za pfedpokladu jejichgtence, vyznamny pomocnikem doménové a gener-
ické ontologie vztahujici se k problémové oblasti@itené v oborovych doporucenich. Znalosti jsou v on-
tologiich uloZeny ve formé hierarchie (taxonomiediffojmii a objektll realného svéta. Takova reprezenta
umoziiuje vyjadfit dlileZité pojmy modelované atila jejich vzajemné vztahy.

Pomoci ontologii Ize tedy vhodné urgit potet a slogitterminll pfi dolovani znalosti pfi maximalnim
omezeni ztraty ulozenych informaci. Ontologie napbigi i modelovani znalosti souvisejicich zndlost
pfimo neobsazenych v textu doporucent.

DalSi moznosti pouziti ontologii je implementacatal/ého modelu, tj. ulozeni vSech zakladnich i
odvozenych parametrll GLIF modelu ve formé (ontologjckierarchie tfid. Tento zplisob uloZeni us-
nadiuje navazani parametrli GLIF modelu na realté ulazena bazi dat tykajici se konkrétniho feseo
problému. Zarovei umoziuje sdileni parametrlirjeginotlivymi modely a aplikacemi.

Vysledkem faze konstrukce je graficky GLIF model a dgtavddel zakladnich a odvozenych parametril,
které co mozna nejlépe odpovidaji znalostem skéabsazenym v textovych doporucenich.

4. ZAVER

Modelovani oborovych doporuceni v GLIF modelu neiviidlni proces a je nutné dodrzet jisté podminky,
aby vysledny model co mozna nejvice odrazel znatisdazené v textové podobé oborovych doporuceni.
V prlib&hu tohoto procesu hraji znalostni ontologiegtathou roli, zejména pfi konstrukci datového mod-
elu, tj. hledani véech podstatnych parametrli GLIF elodNasledné se uplatiuji pfi jejich implementaci
(ulozeni) vhodné pro snadné navazani na bazi dakiainiho feSeného probléemu a sdileni s ostatnim
modely a aplikacemi.

Literatura

[1] Berka P., “Dobyvani znalosti z databazRcademia, Praha366 s., ISBN 80-200-1062-9, 2003.

[2] Buchtela D., “Implementace GLIF modelu v XML"Sborrik prispaviéi, PEFCZU Praha str.48 +
CD, ISBN 80-213-1150-9, 2004.

[3] Borst W.N., “Construction of Engineering Ontologies fiknowledge Sparing and Reuse’PhD
dissertation, University of Twente, Enschd@97.

[4] Gruber T.R., “A Translation Approach to Portable OnigyoSpecifications”, Knowledge Acquisi-
tion,5(2), ISSN 1042-8143, 1993.

[5] Ogunyemi O., Zeng Q., Boxwala A.A., “BNF and built-in skes for object-oriented guideline ex-
pression language (GELLO)Technical Report: Brigham and Women'’s Hospitéport No.: DSG-
TR-2001-018, 2001.

PhD Conference '05 14 ICS Prague



David Buchtela Konstrukce GLIF modelu a znalostni ontologie

[6] Ohno-Machado L., Gennari J. H., Murphy S.N., Jain N.lu, S.W., Oliver D., et al., “The Guide-
Line Interchange Format: A model for representing guidediin Journal of the American Medical
Informatics Associatiorb(4), pp. 357-372, ISSN 1067-5027, 1998.

[7] Peleg M., Boxwala A.A., et al., “GLIF3: a representatimnmmat for sharable computer-interpretable
clinical practice guidelines” Journal of Biomedical Informatics/olume 37, Issue 3, pp. 147-161,
ISSN 1532-0464, June 2004. 1067-5027, 1998.

[8] Schmuller J., “Myslime v jazyku UML", Grada Publishing, Praha360 s., ISBN 80-247-0029-8,
2001.

[9] Uschold M., Gruninger M., “Ontologies: principles, rhetds and applications.”,The Knowledge
Engineering Revieywol.11:2, pp. 93-136, ISSN 0269-8889, 1996.

PhD Conference '05 15 ICS Prague



Ing. L. Bulej, Mgr. T. Kalibera Regression Benchmarking: Approach to Quality Assurance...

Regression Benchmarking: An Approach to Quality
Assurance in Performance

Post-Graduate Student: . Supervisor:
ING. L. BULEJ, MGR. T. KALIBERA ING. PETR TUMA, DR.

Institute of Computer Science
Academy of Sciences of the Czech Republic
Pod Vodarenskou vézi 2

182 07 Prague 8 Faculty of Mathematics and Physics
Charles University in Prague
Charles University in Prague Malostranské namésti 25
Faculty of Mathematics and Physics 118 00 Prague 1
Malostranské nameésti 25 Czech Republic

118 00 Prague 1

lubomir.bulej@mff.cuni.cz

. ) etr.tuma@mff.cuni.cz
tomas.kalibera@mff.cuni.cz P @

Field of Study:
Software systems
Classification: 1-2

Abstract

The paper presents a short summary of our work in the areagoéssion benchmarking and its
application to software development. Specially, we expthie concept of regression benchmarking as
an application of classic benchmarking for the purpose gfegsion testing of software performance,
the requirements for employing regression testing in axsft project, and methods used for analyzing
the vast amounts of data resulting from repeated benchnmarkile present the application of regression
benchmarking on a real software project and conclude witlingpge at the challenges for the future.

1. Introduction

Quality assurance in software can have many forms, rangong festing of various high-level usage sce-
narios by human operators, to the low-level testing of basictionality. With the increasing complexity
of software, quality assurance has gained popularity anoineé form or another, slowly became a necessity
for upholding the quality in large scale software projeetpecially when the developmentis carried out by
multiple developers or in distributed fashion.

While the human operators can be, to a certain degree, explag software robots simulating human
behavior, the high-level testing is still rather costly amtypically carried out in commercial projects, where
the cost of testing has its own place in the development Hutge-level testing of functionality is usually
much cheaper to come by. Low-level testing, called regoessisting, can be performed automatically
without human intervention and comprises a series of thstisare run on the software and are expected to
return results that are known to be correct.

Even though the idea is simple, it has been very successflis@overing all kinds of programming errors.
Obviously, this method is not suitable for discovering esrof the kind when the low-level functions return
correct results but the software as a whole does not actpelfiprm what was required of it. Such errors
can be usually attributed to bad design and are best disedrhigh-level testing.
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Because of its simplicity and clearly visible benefits, esgion testing has become a widely accepted
practice in quality assurance and is for example an intgaaelof the Extreme Programming development
paradigm. Probably the most prominent example of a framkewdich eases the integration of regression
testing with a software project is JUnitl [1], which makesatg for developers to write tests for individual
classes in their project.

Regression testing, as used today, typically exercisesdte to find implementation errors which result
in incorrect operation. This kind of testing usually negéeanother aspect to software quality that would
benefit from repeated testing, which is performance.

Performance of software often degrades with time, and tlyeadiation is usually due to added features,
sometimes due to subtle bugs that do not result in incorrgetation, and sometimes due to use of in-
appropriate algorithms for handling data structures. @fitha performance track record, telling which of
the modifications to the software code base caused the bper&brmance degradation is difficult when

performance becomes an issue.

To that end, we have proposed to extend classic regressitingevith regular testing of performance.
The testing is carried out by benchmarking the key parts efsbftware, tracking the performance, and
looking for changes in performance that resulted from modifons to the code base. Besides tracking
the performance, which may serve to confirm expected pedooa improvements, the idea is to alert
developers when a performance degradation is detectdue Hegradation was unanticipated, locating the
code modification which resulted in the degradation is eaghen the degradation is reported soon after
the modification was introduced into the code base.

In analogy toregression testingthis process is calletkgression benchmarkingeing an application of
benchmarking for the purpose of regression testing of sofvperformance.

The rest of the paper is organized as follows: Sedflon 2 de=xthe concept of regression benchmarking
in greater detail and explains how it differs from classio@@marking and what are the key requirements
for employing regression benchmarking in quality assuegmocess. Sectidd 3 briefly mentions the prop-
erties of the collected data and presents an overview ofadstbhised for automatic processing of the data.
Sectior[# illustrates the application of regression berarking on a real world project and provides some
directions for future work. Sectidd 5 then concludes thegpap

2. More Than Just Benchmarking

There is much more to regression benchmarking than the teasn suggest. When compared to classic
benchmarking, we can observe several major differenceighagtand behind the increased complexity of
regression benchmarking.

Classic benchmarking is typically carried out to deternanevaluate performance of one or more software
products. Such performance evaluation is only done ocoabjoand typically includes a human operator
in the process. The collected data are processed into eejppended for human audience and the actual
numbers are important for interpretation of the resultse Treasurements should follow the best practices
used in the field and avoid pitfalls such as describedlin [2tlve precision of the measurements generally
does not play a significant role as long as the measuremeocégsaemains transparent and takes place
under identical circumstances, i.e. on the same hardwpegating system, etc.

Regression benchmarking, on the other hand, is perforngrdady and the goal is to exclude any human
intervention from the process. The subject of the benchingiik always the same software project, but in
multiple versions. The amount of collected data is vast astdmiended for human audience — the data is
processed and analyzed by a machine and developer attentialy required when a performance regres-
sion is found. Consequently, the absolute values of pediona measures are not as important as relative
changes in the values. Correct and robust benchmarkingodelbgy is important to ensure reproducibility
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of the results in the same environment, which is especiafficdlt with today’s hardware platforms and
operating systems. An estimate of the precision of the tessilimportant to improve the robustness of
the machine analysis as well as to help determine the amduiaita to collect to conserve computational
resources.

2.1. Regression Benchmarking Requirements

We have first proposed the concept of regression benchnugairki3, [4]. The feasibility of the concept for
use with simple and complex middleware benchmarks has beswestrated in]5.16], yet the automatic
analysis of results of complex benchmarks remains a chgglemainly due to lack of robust automatic data
clustering algorithms. In the course of above works, we ledaborated the requirements for incorporating
regression benchmarking into development process of eadtproject, which can be split into following
categories:

1. Benchmark Creation

To conserve developer time, which is a valuable resouresgtbation of new benchmarks for use in
regression benchmarking must be easy and straightfonaakd tn our experience with middleware
benchmarking, this is best achieved with a benchmarkinte sthat provides the developer with
portable, generic benchmarking facilities for preciseitioy thread management, locking, etc., as
well as domain-specific benchmarking facilities, e.g. fenbhmarking CORBA middlewargl[7].

If there is no benchmarking suite for a given domain, it skldag fairly easy to adapt existing bench-
marks for use with regression benchmarking, as we have ddms wetting up regression bench-
marking project([B] for the Mond]9] project.

2. Benchmark Execution

Benchmark execution must be fully automatic. This includes/nloading (and possibly compil-
ing), installing and executing all the software requiregression benchmarking of a given software
project. The execution of benchmarks includes non-ingrusionitoring of the running benchmarks
and recovery from crashes, deadlocks and other kinds ofumetibns typical for software under
development.

In addition, all the activity associated with benchmarkax@®n must be carefully orchestrated to
avoid distortion of results and must observe a sound bendtingemethodology to provide robust
and reproducible results.

While this part of regression benchmarking may not be thedjchallenge, it indeed is very complex
and requires a great amount of highly technical work. Fataly, if regression benchmarking is
being set up for a specific project and using only simpler berarks, a lot of the complexity can be
avoided.

3. Result Analysis

Similar to benchmark execution, the analysis of benchmesklts must be also fully automatic and
represents a major challenge in regression benchmarkinge $he measurements are carried out
on real systems, the measured data contain a significantraérabdistorted values which, while not
indicative of performance, cannot be simply filtered ot ko, the complexity of today’s hardware
platforms and operating systems hinders reproducibilithenchmark experiments, which is most
clearly visible on the problem of random initial statel[10].

Benchmark results are typically processed and analyzet)statistical methods, but there are no
readily available statistical methods that would be desigto work with the kind of data produced
by benchmarks. That is to say that the underlying distrdnutf the data is typically unknown, there
is a significant amount of outliers present in the data, aatl dine to the random initial state, two
identical benchmark experiments do not provide data thaldcbe described by distributions with
the same parameters.
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As a result, automatic analysis of benchmark data requitesaf processing to achieve robustness
which is in turn required to minimize the amount of false alar More details on our current approach
to data analysis are provided in Sectidn 3.

2.2. Generic Benchmarking Environment

From the above list of requirements, it may seem that setfngn environment for regression benchmark-
ing is not worth the effort. We believe though, that most @& thquirements can be satisfied by a generic
benchmarking environment which would relieve the develspémany of the tedious tasks and allow them

them write their own benchmarks to be included in the pracess

This approach is similar to that of JUnit, but is inevitablpma complex because of the scope of the full
automation requirement. In_[11] we have elaborated theirements and proposed a basic architecture
of a generic benchmarking environment that is suitable &gression benchmarking. A project called

BEEN [1Z] has been launched to implement the proposed envieot.

There are several other projects that execute benchmagkiarey, most notably the TAO Performance
Scoreboard[13] and the Real-Time Java Benchmarking Framkefd4,[15] associated with the TAO [116]
and OVM projects. Both projects benchmark their softwaiigydesing the above frameworks, but only only
for the purpose of tracking performance. Both benchmarkiameworks are tailored to their associated
software projects and their needs. Consequently, they tiprowide the required scope of automation and
functionality as required for regression benchmarking.

3. Sifting Through the Data

The automatic data analysis has two goals. The first, andapyirgoal is to detect changes in performance.
The second goal is to determine what amount of data is suffitiedetect the changes so that the com-
putational resources are utilized effectively. There awesal obstacles which make these goals difficult to
achieve.

3.1. Using Statistics to Detect Changes

Even though computers are deterministic and the benchmepksitedly measure the duration of some op-
eration, the data obtained in the measurements always shoe, seemingly random, fluctuations. Figidre 1
shows an example of data obtained from multiple executibasdT benchmarl{117]. The horizontal axis
bears an index of data sample while the vertical axis shoevsirtte it took to perform the operation. Each
execution of the benchmark collects a certain amount of, daitidtiple executions are separated by vertical
lines.

As can be seen in Figulte 1, the data in single run are disparsedd some central location. For the purpose
of analysis, we consider the individual samples to be olagiems of multiple independent and identically
distributed random variables. This reduces the analysthaoproblem of finding the parameters of the
underlying distribution of the data and the detection ofrcfes to the problem of comparing whether data
from two different versions of the software follow the samstigbution.

The challenge remains in that the distribution the data khfmllow is unknown and that the data are not
typically well behaved. Often they contain outliers, npiki clusters, and autodependency, if not between
individual samples, then between clusters of samples.

We have shown that in some cases the standard statistidabdsetan detect changes in performaftEl[5, 6]
but unfortunately not in the general case, especially whervant to avoid human intervention during the

analysis. For certain cases of misbehaving data, we caronse form of preprocessing or robust statistics
to get useful results, as shown In L8] 19].
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Individual samples, vertical lines denote new runs

Figure 1: Data collected in multiple runs of FFT benchmark

3.2. The Problem with Precision

The detection of performance regressions must be highigilel, because even a low number of false
alarms may result in loss of trust from the developers. Tiabdy compare the performance of two versions
of the same software, we need an estimate of precision ofslues we are comparing.

Typically, the location and dispersion parameters of therithution of the measured data are estimated
as sample average and sample variance. The confidenceainfi@rthe sample average is then used as a
measure of precision. However, this approach cannot be exsmdfor the (relatively tame) data shown in
Figure[l. The problem lies in that each execution of the saemetimark under the same circumstances
results in a collection of samples for which the locationgmaeter of their distribution shifts randomly with
each execution.

More detailed description of the problem as well as methadl&termining the precision of a benchmark
result using a hierarchical statistical model is provide{d, 18/ 19].

Depending on the type of benchmark and the tested softwafjeqbr the precision of the result is more
influenced either by the number of benchmark runs or by thebmuraf samples collected in each bench-
mark run. Given a total cost of resources allotted to a bermch@xperiment, we can determine the optimal
number of samples that should be collected in each benchmnago that the contribution of the samples to
the precision of the result is maximized. The resulting fiea then depends on the number of benchmark
runs.

Knowing precision of the results, we can detect the changpsiformance of the software project. While
a difficult task in itself, it is certainly not the last challge in regression benchmarking.
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4. Pointing Out the Problems

While identifying changes is performance is difficult, thés more to be done to aid the developers in
identifying the code modifications that caused them. We Isateip regression benchmarking [8] for the
Mono [€] project to serve as a testbed for our methods. Thedvmoject (virtual machine, run-time li-
braries) is an open source implementation of the .Net piatfand we are using 5 different benchmarks to
determine performance of daily development snapshotsedftbno environment.

Figurel2 shows the history of performance for the FFT benchrtaken from the SciMark C#£]20] bench-
marking suite. Each data point shows the confidence intarfvitie mean execution time and the lines
connecting some of the data points indicate significant ghaim performance, which were detected auto-
matically by the regression benchmarking system.
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Figure 2: Data collected in multiple runs of FFT benchmark

The benchmarks are run daily and the results are immediptdilished on the web page of the project.
To help the developers identify the code modifications capiie changes in performance, the regression
benchmarking systems shows the differences between thedmpared versions in the form of source
code diff.

In [29] we have experimentally tracked some of the perforoeachanges to the modifications in the code.
The tracking can be much easier if the source code versiottai@ystem groups logical changes to the
project code. We realize that this may still require a lot @frkvfrom the developers, especially when the
project is changing quickly.

The challenge for future work is to automate, at least pliytitne finding of candidate source code mod-

ifications that may have caused particular change in pedao®s, or at least excluding those that could
not have caused it. Such modifications are mostly cosmetiogds in the source code, but it has been
shown [Z21] that even this kind of changes may impact perfocaa

More advanced methods may attempt to correlate profilerwabathe modifications for a particular ver-
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sion, or attempt to analyze portions of code affected by tiamges and look for certain patterns that would
suggest whether the change is purely cosmetic or whethdhiences the behavior of the software.

5. Conclusion

Regression benchmarking is an approach to software quediurance which aims to extend the widely
accepted practice of regression testing with regulantgsif performance.

Regression benchmarking employs classic benchmarkirogipeao obtain performance data which is then
automatically processed and analyzed. The whole processgodssion benchmarking needs to be fully
automated to and request attention only when a performageession has been found.

We have presented a summary of work done on various problefated to regression benchmarking,
especially the automation of benchmark execution andssitzl analysis of the performance data. The
challenges for the future lie mostly with the automationratking performance regressions back to source
code modifications.

The concept of regression benchmarking is being tested oaadworld project, the results of which are
available on-line atI8]. So far the effort has resulted iantfication of several performance regressions,
which suggests that regression benchmarking can indeetilatte to the quality assurance process in
software development.
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Abstract

Although component based engineering has alredy becomeeyaccepted parading, easy com-
bining components from different component system in or@iegtion is still beyond possibility. In our
long-term project we are trying to address this problem kgeding OMG D&C based deployment. We
rely on software connectors as special entities modelinbraalizing component interactions. However,
in order to benefit from connectors, we have to generate théonatically at deployment time with
respect to high-level connection requirements. In thisepape show how to create such a connector
generator for heterogeneous deployment.

1. Introduction and motivation

In the recent years, the component based programming beaanigely accepted paradigm for build-
ing large-scale applications. There are a number of busiteeg., EJB, CCM, .NET) and academic (e.g.,
SOFA[12], Fractal[11], C2[10]) component models varyingnaturity and features they provide. Although
the basic idea of component based programming (i.e., comgpagpplications from encapsulated compo-
nents with well defined interfaces) is the same for all congodsystems, combining components for differ-
ent component systems in one application is still beyondipdiy. The main problems hindering this free
composition of components comprise different deployment@sses (e.g., different deployment tools), dif-
ferent ways of component interconnections (e.g., differeiddleware), and compatibility problems (e.g.,
differect component lifecycle and type incompatibiliieBo allow for freely and uniformly composing, de-
ploying, and running applications composed from compomehdifferent component systems (as depicted
in Figure[d) is the aim of heterogeneous deployment.

In our recent work we have used OMG D&C[13] as a basis for uthifieployment. OMG D&C defines a
deployment of homogeneous application in a platform indepat way. It describes processes and artifacts
used in the deployment. OMG D&C follows the MDA paradigm;ghthe platform independent description
of deployment is transformed to a particular platform sfiecnodel (e.g., deployment for CCM). In order
to allow for the heterogeneous deployment, we have extettte®MG D&C model to make it capable
of simultaneously handling components from different comgnt system$ 9], and we have introduced the
concept of software connectofs [3] to the OMG D&C model teetedsponsibility for component interac-
tions [5].
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Figure 2: Using connector to interconnect components

Connectors being first class entities capturing commuioicamong components (see Figlle 2) help us at
design time, to formally model intercomponent communaatand at runtime, to implement the communi-
cation. Connectors seamlessly address distributioniisigg a particular middleware). They also provide a
perfect place for adaptation (for overcoming incompaitiles resulting from different component systems)
and value added services (e.g. monitoring). Importanufeadf connectors is that an implementation of
a particular connector is prepared as late as at deployrireat which allows us to tailor the connector
implementation to specifics of a particular deployment node

The fact that connectors are prepared at deployment timeever, brings a problem of their generation.
They cannot be provided in a final form in advance. Forcingweliger to be present at deployment stage
to tailor connectors to a particular component applicatiod deployment nodes is not feasible either. Our
solution to this problem is to benefit from the domain speityfiof connectors and to create a connector
generator which would synthesize connectors automati¢id., without human assistance) with respect
to a high-level connector specification. As the specificatiee take connection requirements, which are
associated with bindings in OMG D&C component architecferg., a requirement stating that a connec-
tion should be secure with a key no weaker than 128-bits)ulrcase the the connection requirements are
expressed as a set of name-value pairs (ewgimal_key_length — 128). Also, the connector synthesis
reflects particular target deployment environment (efdopth the components connected by the binding
required to be secure reside on one computer, then the se@udssure even without encryption). The
description of the environment is taken from OMG D&C targatadmodel.
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Figure 3: A sample connector architecture

2. Goals and structure of the text

In this work we present our approach to automated connegtuhssis for heterogeneous deployment.
We base the work on our previous experiences with buildingranector generator for SOFA component
system[[4]. However, the connector generation in SOFA wadully automatic — a connector structure

must have been precisely specified — and it did not allow fordtiag and combining different component

systems (i.e., it was homogeneous).

In this paper, we show how to create a connector generatbitlmavs for the heterogeneity and works
fully automatically, generating connectors with respectarget environment and higher-level connection
requirements.

The paper is structured as follows. Sectidn 3 shows the a@tonmodel we use. Sectidh 4 describes the
architecture of the connector generator and discusseaigdrts of it in greater detail. Sectibh 5 presents
the related work and Sectifh 6 concludes the paper.

3. Connector model

Software connectors are first class entities capturing comication among components. They are typically
formalized by a connector model, which is a way of modelirgjitfeatures and describing their structure.
The connector model thus allows us to break the complexigyaainnector to smaller and better manageable
pieces, which is vital for automated connector generatimaur work we have adopted (with modifications)
the connector model used in SOFA, since it has been speciafligned to allow for connector feature
modeling and code generation. In the rest of this sectionbriefly describe this model along with the
modification we have made to it.

Our connector model is based on component paradigm (seeelfg connector is modeled as composed
of connector element#An element is specified bglement typewhich on the basic level expresses the
purpose of the element aparts Ports play the role of element interfaces. We distinguisae basic type

of ports: a) provided ports, b) required ports, and c) renpates. Elements in a connectors are connected
via bindings between pairs of ports. Based on the type okpmhnected we distinguish betweeloeal
binding(between required-provided or provided-required pontg) aremote bindingbetween two remote
ports). Local bindings are realized via a local (i.e., ies@whe address space) call. Remote bindings are
realized via a particular middleware (e.g., RMI, JMS, RT#,)e Since it is not possible to easily capture
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Port signatures:
: call: Jtf
@ line: rmi_server(rmi_iface(ltf))

Figure 4: Specification of formal signatures of ports on an element.

line
call

the direction of the data flow on a remote binding (i.e., whts @s a client and who acts as a server) we
view these bindings as undirected (or bidirectional).

On the top-level a connector is captured byomnector architecturenvhich defines the first level of nesting.
Allinter-element bindings in a connector architectureraraote. Thus, elements in a connector architecture
encapsulate all the code which runs in one particular addspace. Alternatively, we call these elements
on the first level of nestingonnector units

Elements in an architecture are implemented ugpirigitive elementandcomposite elementé primitive
element is just code (or rather a code template as we willteg)lapart from code, a composite element
consists also of aalement architectureBinding between sub-elements in an element architectaseba
only local. Thus, an element cannot be split among more addygaces.

Figurel3 gives an example of a connector realizing a rematequiure call. The top-level connector archi-
tecture is in Figurgl3a. It divides a connector to one seraérand a number of client units. An implemen-
tation of the client unitis given in Figuf@ 3b. It implemetite client unit as a composite element consisting
of an adaptor (which is an element realizing simple adagtatin order to overcome minor incompatibility
problems) and a stub. Notice that the stub exposes on thledefi side a provided interface (i.e., local) and
on the right hand side it exposes a remote interface, whicisésto communicate with a skeleton on the
other side using a particular middleware. An implementatibthe server unit (in Figurg 3c) comprises a
logging element (which is responsible for call monitoring)synchronizer (which is an element realizing
a particular threading model), and element called skeletdiection. The architecture of the skeleton col-
lection element is given in FiguEé 3d. Its purpose is to graupumber of skeletons implementing different
middleware protocols, and thus to allow the connector tgeuifferent middleware on the server side.

A concrete connector is thus built by selecting a conneathitecture and recursively assigning element
implementations (either primitive or composite). The tésg prescription stating what connector archi-
tecture and what element implementations is calledranector configuration

Connectors are in a sense entities very similar to compgpkatvever, there are a few basic differences be-
tween components and connectors: a) Connectors are tyspan different address spaces and deal with
middleware, while component (at least the primitive onesjde in one address space only. b) Connectors
have a different lifecycle to components — remote links ket connector units have to be established
before a connector can be put between components, and ¢orsey appear at runtime as component

references are passed around. c) Connectors are in faclatespwhich are later adapted to a particular

component interface (as opposed to components which haebixsiness interfaces).

In our model we do not only view connectors as whole as terap)diut we view also connector elements
as templates. Thus, an adaptation of a connector impliggtatitan of all elements inside a connefltoks
elements are templates, their signatures are variablieajypwith some restrictions and relations to other
ports of an element. To capture the restrictions and relatizve use interface variables and functions. An
example is given if FigurEl4. The skeleton element has twespai! andiine. The RMI implementation
of the skeleton element as depicted in the example prescnibeestriction on theall-port. The actual
signatur of thecall-port is assigned to the interface varialbtg’. The formal signature of thEne-portis

1Although this approach is more tedious, it allows us to penfetatic invocation inside the connector; as opposed téngav
elements with general interfaces and being forced to parfdynamic invocation. The main benefit of static invocatiaerothe
dynamic one is better performance.

2When necessary we distinguish in this text betwémmal port signatureand actual port signatureBy formal signatures we
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Figure 5: An example of interface propagation thorough a connector.

more complicated. It expresses the fact the original iateft f is accessible via RMI. It uses the variable
1tf to refer to the actual signature of tleel/l-port and two functiongmi_server andrmi_i face. The
rmi_i face function changes the interfade f by adding neccessary features so that the interface can be
used by RMI — it modifies the interface to extgasta.rmi.Remote and changes the signature of every
method in the interface to throvigva.rmi.RemoteException . Thermi_server function expresses
that the interface it takes as a parameter is accessibletedmada RMI. Notice that we do not use the
functions only to capture changes in the interface itself.(emi_i face), but also to assign a semantics
(e.g.,rmi_server).

To perform the adaptation of a connector to a particular comept interface we need to know the actual
signature of each element port of every element inside the@ctor. To realize this, we assign the adjoining
components’ interfaces to respective interfaces of theneotor and let the interface propagate through
the elements inside the connector. The result of this psiseshown in Figur€l5. Th&ervice_v1’ and
'Service_v2' in the example are names of a sample component interfagegith_: f ace function returns
an interface identified by a name. The adaptor element intample solves incompatibilities between the
two interfaces.

4. Connector generator

The connector model we have presented in the previous seatiy clearly outlines how connectors are
generated — we synthesize a connector configuration andseedse and adapt a connector accordingly.
From the implementation point of view this is, however, mooenplicated.

An important fact to note is that we are not actually intezdsh building a connector as whole. Rather we
want to build a server part and different client parts sejgdyaas it better corresponds to the lifecycle and
evolution of an application. Thus, in the rest of the text weus on generation of connector units.

We have designed the connector generator from a few intemtipg components (see Figlile 6). Tdener-
ation managerchestrates the connector generation. atohitecture resolvers responsible for creating

a connector configuration with respect to high-level cotiveaequirements and a target deployment envi-
ronment (as described in Sectldn 1). Eiement generatadapts element templates to particular interfaces
and creates builder code for composite element architest&ince we are interested only in connector units
which are modeled also as elements, we can perform all the gederation only with help of the element
generator. Theonnector template repositotyolds connector architectures and element implementation
(i.e., code templates and composite element architegtutés used by the architecture resolver to create
a connector configuration and by the element generator i@vetcode templates to be adapted. €ba-

mean the interface variables and restrictions as declarad element implementation represented as a template.tB3l axgnatures
we mean the interfaces as values which are assigned to dlgpuga and to which the element implementation is adaptée T
terminology is in some sense similarfrmal andactual argument&nown from programming languages.
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Figure 6: The architecture of the connector generator.

nector artifact cachés a repository where adapted elements are stored and fraahwHey can be reused
when needed next time. It addresses the problem that thegewaation tends to be slow. Finally, ttype
system manages a responsible for providing unified access to type-infation originating from different
sources and being in different format.

The synthesis of a connector configuration performed in tbleigecture resolver is discussed in more detail
in SectioZ1l. The element generator is elaborated on itiddé€2. Due to the space constraints we have
omited the details on the handling different type-systemisch, however, can be found inl[8].

4.1. Architecture Resolver

We have implemented the architecture resolver in ProlodfiNhe Prolog knowledge base with predicates
capturing information about architectures and elements ikethe connector template repository. Then we
use the inherent backtracking in Prolog to traverse thecheaage of various connector configurations and
to find the configuration satisfying our requirements.

For every element implementation in the connector tempégiesitory we introduce to the knowledge base
a predicateelem _desc (see Figur€l7). The purpose of the predicate is to build &itra representing an
instance of the element in a connector configuration (wethalktructurgesolved elemeptThe resolved
element contains all information required by the elememiegator (i.e., the name of the element imple-
mentation, which is a reference to the element’s code teimpdad actual signatures of ports). In the case
of a composite element, the resolved element includes auved elements of the sub-elements. Thus,
the connector configuration in our approach has the form eft asresolved elements for the units of the
connector.

The auxiliary predicates used in teeem _desc predicate are in charge of constructing the resolved ele-
ment. Predicatelem _decl/3 creates its basic skeleton, predicalem _inst/7  chooses and constructs

a sub-element, predicatesovided _port/2 ,remote _port/2 create the element ports, and predicates
binding/4  andbinding/5 create delegation and inter-element bindings respeytivel

Theelem _desc predicates are built based on the information kept in réposiTo partially abstract from
the Prolog language and to capture the element descriptiorore comprehensible way, we use an XML
notation which is during resolving transformed to the Pgotwedicates. An example of the XML element
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elem_desc(logged_client_unit,rpc_client_unit,Dock,T his,CurrentCost,NewCost) :-
elem_decl(This,logged_client_unit,rpc_client_unit),
cost_incr(CurrentCost,0,CurrentCost0),
elem_inst(This,Dock,SE_stub,stub,stub,CurrentCost0, CurrentCostl),
elem_inst(This,Dock,SE_logger,logger,logger,Current Costl,NewCost),
provided_port(This,call),
remote_port(This,line),
binding(This,call,logger,in),
binding(This,logger,out,stub,call),
binding(This,line,stub,line).

Figure 7: Prolog predicate describing a sample cliemit implementation

description is shown in Figufd 8. The XML description consps also parts related to code generation
which are use by the element generator. As these are not famtdor us now, we have omited them in the
example (marked by the three dots).

<element name="logged_client_unit" type="client_unit" . >

<architecture cost="0">
<inst name="logger" type="logger"/>
<inst name="stub" type="stub"/>
<binding portl="call" element2="logger" port2="in"/>
<binding elementl="logger" portl="out" element2="stub" port2="call"/>
<binding elementl="stub" portl1="line" port2="line"/>
</architecture>

</element>

Figure 8: XML specification of a sample clieninit implementation — architectural part

Using theelem _desc predicates we are able to build a connector configuratiowelier, what remains

to ensure is that the connector configuration specifies aingrtonnector which respects the connection
requirements. We have formulated these concerns as thnséstency requirements — a) cooperation con-
sistency, b) environment consistency, and ¢) connectignirements consistency. They are reflected in the
following way.

Cooperation consistendy.assures that elements in a connector configuration casestand” one another.
We realize this by unifying signatures on two adjoining pdih predicatdinding ). Recall that the sig-
natures encode not only the actual type but also semantigesii@i_server(rmi_iface('Compl face’))).

Environment consistencit assures that the element can work in a target environment it requires
no library which is not present there, etc.). We realize thystesting requirements on environment in
elem _desc predicate (the description of environment capabilitieis ithe variableDock).

Connection requirements consistentyssures that the connector configuration reflects all eotion re-
quirements. Since some connection requirements requngliiole connector configuration to be verifiable,
we do not check them on-the-fly during building the connectmfiguration, but we verify them once the
configuration is complete. We realize the checking by pragis able to test that a given connection require-
ment (in our case expressed as a name-value property)dfiesatly a particular connector configuration. In
order to not loose extensibility and maintainability, werqumose the predicate from a number of predicates
verifying the connection requirement for a particular e@rhimplementation. In the case of a primitive
element the connection requirement is verified directlfhimcase of a composite element, the verification
is typically delegated to a sub-element responsible foftinetionality related to the connection require-
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ment. If there is no predicate for the connection requirenassociated with the element, the verification
automatically fails. The example in Figuik 9 shows the praigis for checking a "logging” property for
a primitive element (consalleg in our example) and for a composite element (loggkeht unit in our
example).

nfp_mapping(This,logging,console) :-
This = element(console_log,_, , . ).

nfp_mapping(This,logging,Value) :-
This = element(logged_client_unit, , , , ),
get_elem(This,logger,SE_Logger),
nfp_mapping(SE_Logger,logging,Value).

Figure 9: An example of predicates verifying connection requireradat a primitive and a composite element

To select the best configuration we use a simple cost functMmassign a weight to every element im-
plementation reflecting its complexity. The cost of a conaeconfiguration is then computed as a sum
of weights of all element implementations in a configuratife then select the configuration that has the
minimal cost. To prune too expensive configurations onfihelready during their building, we use the
cost _incr/2  predicate (as shown in Figurk 7).

4.2. Code generation

The connector configuration (which is the result of the pssagescribed in the previous section) provides
us with a selection of element implementations and presoripo which interfaces they should be adapted.
The next step in the connector generation is the actual atiapiof elements and generation of so called
element builde(i.e., a code artifact which instantiates and links elemastording to an element architec-
ture) for each composite element.

In our approach, we generate source code and compile it tmpiorm (e.g., Java bytecode). The exact
process of element’s code generation is captured by elésrapecification. An example of such specifi-
cation is shown in FigurEZ10. The omited parts correspongézification of element’s architecture and
signatures previously shown in Figuie 8.

The code generation is specified as a script of actions the¢ @ be performed. In our exam-
ple the actionjimpl calls the classCompositeGenerator , which creates the source code (i.e., a
Java clasd oggedClientUnit ) based on the actual signature it accepts as input parsndtke
CompositeGenerator  works actually as a template expander providing contertbigs used in a static
part of element’s code template (in our case stored irciimpound _default.template — see Fig-
ure[T1). By dividing the code template to the static and theadyic part (the template expander), we can
reuse one template expander for a number of elements. Merdmy using inheritance to implement the
template expanders and providing abstract base classesrfanon cases we can keep the amount of work
needed to implement a new code template reasonably small.

5. Related work

To our knowledge there is no work directly related to our agmh, however, there are a number of projects
partially related at least in some aspects.

Middleware bridging An industry solution to connect different component modelsrather middleware
they use) is to employ middleware bridges (e.g. BEA WebLpBimrland Janeva, IONA Orbix and Artix,
Intrinsyc J-Integra, ObjectWeb DotNetJ, etc.). A middlesvaridge is usually a component delegating calls
between different component models using different middte. In this sense, it acts as a special kind of
connector. However, middleware bridges are predomingnibprietary and closed solution, allowing to
connect just two component models for which a particuladdpiwas developed and often working in one
direction only (e.g. calling .NET from Java).
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<element name="logged_client_unit" ... impl-class="Log gedClientUnit">
<script>

<command action="jimpl">
<param name="generator" value="org.objectweb.dsrg.dep loyment.
connector.generator.eadaptor.elements.generators.Co mpositeGenerator"/>
<param name="class" value="LoggedClientUnit"/>
<param name="template" value="compound_default.templa te" />

</command>

<command action="javac">
<param name="class" value="LoggedClientUnit"/>
</command>

<command action="delete">
<param name="source" value="LoggedClientUnit"/>
</command>

</script>

</element>

Figure 10: XML specification of a sample clientnit implementation — code generation part

package %PACKAGE%;
import org.objectweb.dsrg.deployment.connector.runti me.*;

public class %CLASS% implements ElementLocalServer, Elem entLocalClient,
ElementRemoteServer, ElementRemoteClient {

protected Element[] subElements;
protected UnitReferenceBundle[] boundedToRemoteRef;

public %CLASS%() {
}

%INIT_METHODS%

}

Figure 11: A static part of element’s code template — filempound _default.template

Modelling connectorsA vast amount of research has been done in this area. Thegrarmber of ap-
proaches how to describe and model connectors (&lg.[ ], [4]). Save thel[l] which is able to synthe-
size mediators assuring that a resulting system is deddfiee, the mentioned approaches are not gener-
ally concerned with code generation. That is why we have osedwn connector model, which has been
specifically designed to allow for code generation. Also,ake rather interested in rich functionality than
formal proving that a connector has specific propertiess thati this point we do not associate any formal
behavior with a connector.

Configurable middlewardn fact connectors provide configurable communicationtdalyem this point of

view, the reflective middleware (e.g., OpenORB [2]) beindtiitom componentsis a very similar approach
to our. The main distinction between the reflective middienand connectors is the level of abstraction.
While the reflective middleware deals with low-level comriuation services and provides a middleware
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API, connectors stand above the middleware layer. They aimt@rconnecting components in a unified
way and for this task transparently use and configure a miditke (e.g., OpenORB).

6. Conclusion and future work

In this paper we have shown how to synthesize connectoredddMG D&C-based heterogeneous deploy-
ment. We have used our experience from building the conngetaerator for SOFA. However, compared
to SOFA, where the generator was only semi-automatic ancdlgemeous, we had to cope with the hetero-
geneity (which caused the co-existence of different tyymsesns) and fully automatic generation based on
target environment and higher-level connection requirese

We have created a prototype implementation of the connegperator in Java with an embedded Pro-
log [6] for resolving connector configurations. Currentlgare integrating the generator with other our
tools for heterogeneous deployment. As for the future woekwould like to concentrate on automatic han-
dling of incompatibilities between different componenstwms (i.e., life-cycle incompatibilities and type
incompatibilities).
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Abstrakt

Zmeék€ovani hran je technika strojoveho uceni slouke zlepSeni predikce metod zaloZzenych na
rozhodovacich stromech. Hledani takoveého zmékbean v daném rozhodovacim stromu, které dava
nejlepsi (Ci dostatecné dobré) vysledky na tr@mdvmnozing, se ukazuje jako dosti obtizna optimali-
zacni Gloha. Tento ¢lanek se zabyva zakladnimpekty takovéto Glohy, které je tfeba uvazit pri hed
vhodného algoritmu &i heuristiky k jejimu feSenik&ge ukazano na vysledcich experimentl, jak mlze
technika zmék€ovani hran zlepsit predikci klasifdd@ a ze tedy zkoumani této problematiky ma prak-
ticky vyznam.

1. Uvod

Tradi¢ni metody strojového uceni zaloZzené na raivacich stromech, napf. CARII [3], C4[5 [5] ¢i C5.0,
generuji stromy, v nichZ je kazdému vnitfnimu uziy pfifazena podminka tvaru,; < c;, kdez,; je
néjaky atribut pfedlozeného vzoru:aje konstanta specificka pro tento ufbl.

Princip zmékCovani hran spociva v tom, Ze je-li hoth testovaného atributey,; blizko rozdélujici hod-
notéc;, potom se postupuje ob&ma vétvemi vedoucimi z wzla vysledna predikce je kombinaci takto
Ziskanych predikci s vahami zavisejicimi na vzdalgiz,; od c;. Tento postup byl pouzit jiz v metodé
C4.5 [5], kde motivaci byla existence tloh, u nichz egmézmékcené) rozhodovani neodpovida expertni
znalosti problematiky — napfiklad v problému rozhoday,"zda klientovi banky vydat kreditni kartu na
zakladeé aktualniho zlstatku na jeho (¢tu, jehoidieiného pfijmu a daldich podobnych atributti, kdena
nedostate¢nost v nékterém z ukazatelll mlize bya¥gua vyraznou saturaci v jinych.

Dalsi motivaci ke zmék€ovani hran je znamy pesbliradiCnich metod strojového uceni zalozenych na
rozhodovacich stromech, Ze strom ziskany takovou doetairCuje rozdéleni vstupniho prostoru Glohy po-
moci nadrovin kolmych na osy prostoru, ¢imz vznikngpérkvadry (jez mohou byt v nékterych smérech
nekonecné) takové, ze pro vSechny body v jednom hy@ehtu strom predikuje stejnou vystupni hodnotu.
Strom se zmékcenymi hranami umoziuje i slozitéjry predikce. Pfitom zlistava do znatné miry za-
chovéana vyhoda pfimocaré interpretace rozhodidwastromu pro lidského experta, pouze jednoznacna
rozhodovaci pravidla jsou nahrazena fuzzy-pravidly.

Ve stromu ve skute¢nosti mohou byt i uzly, v nichZ se rafiije podle nominalniho atributu, kde pfifazena patka nema tento
tvar. V téchto uzlech se zmékéovani neprovadi, @minich nadale neuvazujeme. To vSak nijak neomezujeifendst techniky
zmékEovani hran, protoze v praxi Ize ve stromu snadmatkinovat uzly se zmékéenim s uzly s jinymi rozhoder@godminkami
pfi zachovani platnosti nasledujicich tvah.
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Budeme se zde zabyvat zmékcovanim hran v rozhoddvatiomech jakozto metodou postprocessingu
stromll — tedy pfedpokladame, ze mame dany rozhatiastaom ziskany nékterou z vy$e zminénych
tradi¢nich metod, jakozto aproximaci neznamé funkcedale mame k dispozici trénovaci data, tedy
mnozinu vzorl z definiéniho oboru funkeg z nichz u kazdého je znama funkéni hodnota funkce
Hledame néjaké zmékceni hran, které dava co p&jleproximaci funkce.

V dal$im textu se zaméfime na zmék&ovani hrannavstch pro klasifikaci, atkoliv nékteré ze zavérlimaj
platnost i v pfipadé regrese.

2. Parametry zmékceni

Abychom mohli zmék€ovani hran formulovat jako Glohrogového uceni, je tfeba ur€it mnozinu moznych
zmékeeni resp. vymezit, mezi jakymi zmékEenimi &ong hledat to nejlépe vyhovujici. K tomu nejprve
formélné upfesnime, jak pomoci rozhodovaciho stra® zmékcenymi hranami klasifikujeme predlozeny
vzor.

Z vnitfniho uzluv;, kterému je v plivodnim (nezmék&eném) stromu gérea podminka
Tq, < cj Q)

vychéazeji dvé hrany, z nichz oznacime. s, tu, po které se postupovalo pfi spinéné podmibke €1).a.
druhou. Kazdé takové dvojici hran vychazejicichdrjeho uzlu pfifadime dvojici zmékcujicich k¥ivei
funkci

Fitert(2), firight(z) : R — (0, 1)

takovych, Ze jejich souCet je 1. Hodnoty téchto funkcibodé z,, (hodnota pfislusného atributu
predlozeného vzoru) urcuji vahy, s jakymi se zdp@ji predikce prislusnych vétvi stromu. Rratalsi
rozumné pozadavky na tyto funkce jsou, aby

1
fitesi(ci) = firignt(cj) = 5

a dale abyf; ;cr:(z) proz << ¢; bylo rovno nebo aspon blizkba proz >> ¢; bylo rovno nebo blizk®.
Tento pozadavek vyjadfuje, Ze zmék&ovani se fgkavzori, které jsou blizko rozdélujici hodnetéz ().

Kdyz listy stromu poskytuji odhad pravdépodobnosi$lpSnosti predloZzeného vzoru do jednotlivychal tf
jako hodnoty(b|) pro listv; a tfidu s indexerh, potom odhad pravdépodobnosti pfislusnosti pieshého
vzorux dany stromem se zmék&enymi hranami lze vyjadfit:

Pk = > pl) JI  fialza)

v; € Leaves ei,a€Path(v;)

kde Leaves oznatuje mnoZzinu vsech listdr2ath(v;) je mnozina vSech hran na cesté z kofeneo uzlu
V.
J

Optimalizace zmékéeni daného stromu potom znamesdahi tvarli zmékeujicich kfivek. Pfitom oproti
klasifikaci bez zmékteni se predikce miize zménit vembg kde je hodnota zmékéujici kfivky

fitest(xa,) #1 Proz,, <c¢;

respektive

fj,right(xaj) 7& 1 pro xaj > Cj
Je vyhodné, aby zmékceujici kfivky byly parametriany tak, Ze jejich tvar na jedné strané od rozdélujic
hodnotyc; Ize zménou parametrli ménit aniz by se ménil tvar na @sthané od rozdélujici hodnoty. Diky

tomu bude zménou jednoho parametru zmékceni zmém@ubkce u jednoduSeji strukturované mnoziny
vzorll — vSechny budou v jednom poloprostoru uréenéwopiii rozhodovaci podminkou. Jinak fe€eno,
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fijert(@a;) =1 = firight(2a;)
—————— 1

|

|

|

|

|

|

! 1/2

|

|

|

|

| Ta,

lbj Splitj ubj

Obrazek 1:Zmékceujici kfivka

umoznuje to postihnout zmékeenim oblast na jedrengtod délici nadroviny a pfitom zachovat klasifikaci
na opacné strané, pokud napf. je jiz vyhovujici.

Z tohoto dlivodu jsme pro dalsi experimenty zvolili zra&fci kfivky jejichz tvar je na Obrazkid 1. Jedna
se o spojité kfivky po castech linearni, které sad@ v bodeclib; (lower bound)¢; aub; (upper bound).
Hodnotac; je dana z vychoziho stromu, hodndiy aub; jsou parametry kfivky, pficemz plati

V] lbj < Cj < ubj (2)

Zmékeovani hran ve strom@ je potom Ulohou optimalizace paramet#), ub;, kde j prochazi indexy
vsech vnitfnich uzlll strom@ tak, aby strom se zmék&ujicimi kfivkami uréenymirtito parametry posky-
toval nejlepsi predikci na trénovaci mnoziné.

3. Optimalizace zn&kcéeni

Byly provedeny experimenty zjigfici efekt zmékceni hran. V téchto experimentechggpouzili optima-
lizatni metody pro hledani minima funkce, ktera by&ametrizovana stromef a trénovaci mnozinou
a jejimz argumentem byl vekt@m realnych &isel, kde: oznatuje pocet vnitfnich uzll stromfu Tento
vektor obsahoval hodnoty;, ub; pro vSechny vnitfni uzly. Funk€ni hodnotou byl po€kyb pfi klasifikaci
trénovaci mnoziny stromef se zmék&enim ur¢enym parametry obsazenymi v argtume

ProtoZe pouzité implementace optimalizatnich metedmozniovaly omezeni defini€niho oboru, pfitom
vSak pripustné zmékéeni uréu;ji jen takové arguaty, pfi kterych je spinéna nerovndst (2), byla optiizal
vana funkce definovanatak, Ze pokud argument urcaypiiptné zmékceni strontl, funk&éni hodnota byla
rovna poctu chybnych klasifikaci stromems timto zmék&enim na trénovaci mnoziné, pokud argt
nebyl parametrizaci pfipustného zmékceni, potank€ni hodnota byla o 1 vétsi, nez velikost tréndvac
mnoziny. Jako inicialni hodnota argumentu pro optimedi byl pouzit vektor, ktery obsahoval parametry

\V/j le = Cj = Ubj (3)
coz definuje ,,nulové zmékceni”, tedy takové, zemstis timto zmékcenim dava stejné predikce, jakastro

bez zmékceni. Zarovei je tato inicialni hodnotarpkem hraniénich nadrovin vymezujicich pripustn’
zmékeenil[R).
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Protoze optimalizovana funkce zavisi na vSech vdoeténovaci mnoziny, vykazuje velkou ,,Clenitost” a
ma znacné mnozstvi lokalnich minim, coz je tfelzé v Gvahu pfi vybéru optimalizatni metody. Tesiov
byl simplexovy algoritmus pro minimalizadil[4], a simulavé Zihani[Jl1]. Simplexovy algoritmus nema
prostfedky k vyvaznuti z lokalnich minim a zmékgelvsazena timto algoritmem klasifikovala data pod-
statné hlife, nez zmékéeni ziskana metodou sivankeho Zihani, jeZ je diky randomizaci proti lahiah
minimm mnohem odolng&;si.

Pouzité optimalizatni metody pro spravnou funkd&ngaaduji, aby ve vstupnim prostoru mély vSechny
dimenze stejnou skdlutedy aby jednotkovy krok v libovolném sméru mél vzdihtizné stejny vyznam.

V nasem pripadé jednotlivé dimenze parametru urdtghice oblasti zmékceni u jednotlivych podminek
v rozhodovacim stromu, neboli u hranic hyperkvadri. IRmovaci strom uréuje hierarchii hyperkvadrl
se tedy moZnost odvozovat $kalu prostoru parametrietidosti hyperkvadrli vy3si Grovné v prisludmy
smérech nasledovné: Nejprve cely prostor ve vSeclreah’ omezime nejzazSimi trénovacimi vzory, tak
ziskame zéakladni hyperkvadr. Kdyz v uzly podminka[[lL) rozdéluje hyperkvadr vyssi Grovnieri je

v proménnér,, omezen hodnotandi, b2, kdeb, < ¢; < by, potom za jednotkovy krok v parametrty;
resp.ub; povazujeme:; — by resp.by — ¢;.

Je v8ak pravda, ze na hodnotu optimalizované funkce lwdpocet trénovacich vzorli zahrnutych do
oblasti zmék&eni, ktery zavisi kromé velikosti abli zmékeeni také na hustoté trénovacich vzoréte t
oblasti. Proto by se méla 8kala odvozovat také od ret@mi vzorll. V dosavadnich experimentech pouZziti
gkaly zalozené na medianu pfipadné primérualesti bodli v oddéleném hyperkvadru od délici
nadroviny vedlo k vysledklim podobnym jako pouzitakzaloZené na velikosti hyperkvadrii. Tato oblast
je predmétem dalSiho zkoumani.

4. Vysledky experimentl

Experiment byl proveden na datech ,,Magic Telescape”[@}, sou data s 10 realnymi atributy klasi-
fikovana do 2 tfid. Trénovaci mnoZina obsahovala B26Zorl, data byla standardizovana priimérem a
smérodatnou odchylkou. Trénovaci mnozina byla réexti@ na dvé Casti stejné velikosti, jedna ¢ast byla
pouzita pro vytvofeni stromu a druha ¢ast jako vatidiamnozina pro profezavani. Strom byl vytvoren
metodou CART a potom postupné profezavan postuperzipaoym v metodé CART (viZ]3]). Po kazdém
profezani bylo hledano zmékeéeni s pouzitim siorahého Zihani vici celé trénovaci mnozinét®ze
simulované zZihani je nedeterministicka metodagkéehi bylo hledano 10-krat a potom vybrano nejieps’

Vysledky ukazuje ObrazdH 2, na horizontalni ose jekgedt stromu v logaritmickém méfitku, krouzky
vyznacené body zobrazuji relativni pocet chyb nadr@aci mnoziné pfi pouziti stromu bez zmékceni,
kFizky oznacuji chybu stromu se zmékcenim. Bodyujpro lepSi nazornost spojeny carami. Z obrazku je
patrné, ze stromy se zmék&enymi hranami o méné feizkch mohou dosahovat lepsi kvality predikce
nez stromy bez zmékceni velikosti 60, coz zejméndpaue, ze chceme klasifikator interpretovat do formy
srozumitelné ¢lovéku, je Gspora znatna. U stromice ez 20 uzlech nebylo nalezeno zmékéeni, které by
vedlo ke zlep3eni klasifikace. Je to zplisobeno tim,iibenze optimalizované funkce je potom také vétsi
nez 20 a vzhledem k tomu, Ze inicialni hodnota optinzalelB) je ve vrcholu kuzelu pfipustnych hodnot,
je pravdépodobnost, Ze jeden krok simulovanéhoriipastoupi do oblasti pfipustného feseni giitiala
(mensi ne2-29),

V experimentu provedeny vybér z nékolika zmékcatia nejlepsiho vzhledem k trénovaci mnoziné se
ukazuje jako legitimni vzhledem k silné korelaci zlepea trénovaci mnoziné a na testovaci mnozing, co”™
ukazuje ObrazeK3 (testovaci mnozina obsahovala 63dd).vz

2Metodam sice miize byt pfedana funkce, ktera tentmgavek nespliuje a Skala miize byt predana jakisinvi parametr. To je
ovSem pouze formalni rozdil, jde totiz o to, Ze $kalusi byt v obou pfipadech znama.
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Obrazek 2:Relativni chyba klasifikace plivodnim stromem a stromerarsék&enim pfi postupném profezavani
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5. Zavér

Ukéazali jsme v tomto Clanku nékteré vlastnosti zm@kdni hran v rozhodovacich stromech, pokud je
chapano jako Gloha minimalizace poctu chyb na trénbranoziné v zavislosti na parametrech zmék&eni
pro pfedem dany strom. Prozkoumani vlivu parametrigkieni v jednotlivych hyperkvadrech prostoru
rozdéleného zadanym stromem nas vedlo k parametrzzaékceni pomoci zmékcujicich kfivek, jejichz
Casti 1ze obménovat rliznymi parametry bez vzajemavislosti. Uvedli jsme, Ze chaoti¢nost optimali-
zované funkce vyzaduje pouziti optimalizacni mgtadiolné proti uvaznuti v lokalnim minimu. Pro ex-
perimenty byla zvolena metoda simulovaného Zihaméedi Skaly prostoru parametrli zmék&eni aby se
vyznacoval rovnomérnosti v rliznych smérech je piétem vyzkumu, zminény byly 8kaly zalozené na
rozmérech hyperkvadrll a na rozlozeni trénovactth d

V experimentech jsme ukazali, Ze zmék€ovani hrarevasizlepseni klasifikace rozhodovacim stromem a
ze velikost zlepSeni na trénovaci mnoziné je daobrgkazatelem zlepSeni na testovacich datech, takze je
legitimni z nékolika rliznych zmékceni vybrat n@$ pouze s pouzitim trénovacich dat.

Literatura

[1] C.J.P. Belisle, “Convergence theorems for a class ofiited annealing algorithms on RdJ, Ap-
plied Probability, vol. 29, pp. 885-895, 1992.

[2] R.K. Bock, A. Chilingarian, M. Gaug, F. Hakl, T. Hengseslk, M. Jifina, J. Klaschka, E. Kotr¢,
P. Savicky, S. Towers, A. Vaicilius, “Methods for multidénsional event classification: a case study
using images from a Cherenkov gamma-ray telescogacl. Instr. Meth. A 516, pp. 511-528, 2004

[3] L. Breiman, J.H. Friedman, R.A. Olshen, C.J. Sto®#assification and Regression TreeBelmont
CA: Wadsworth, 1993

[4] J.A. Nelder and R. Mead, “A simplex algorithm for funationinimization.”, Computer Journavol.
7, pp. 308-313, 1965.

[5] J.R. Quinlan,C4.5: Programs for Machine Learningiorgan Kaufmann Publishers, San Mateo —
California, 1993

PhD Conference '05 39 ICS Prague



Jan Kofron Behavior Protocols: Efficient Checking For Carsifion Errors

Behavior Protocols: Efficient Checking For Composition

Post-Graduate Student: . . Supervisor:
MGR. JAN KOFRON PROF ING. FRANTISEK PLASIL, DRSC.
Faculty of Mathematics and Physics Faculty of Mathematics and Physics
Charles University in Prague Charles University in Prague
Malostranské namésti 25 Malostranské namésti 25
118 00 Prague 1 118 00 Prague 1
Czech Republic Czech Republic
kofron@nenya.ms.mff.cuni.cz plasil@nenya.ms.mff.cuni.cz

Field of Study:
Software Systems
Classification: 12

Abstract

Checking components behavior compatibility when usingavir protocols as a specification plat-
form brings, besides others, the state explosion probléris. @roblem lowers the complexity of protocols
that can be checked on rather low level. The problem lies niytio high time requirements, but also in
keeping information about visited states in the memory. jgecwith this problem, we present bit-based
state representation enabling for keeping a substanti@ter number of states identifiers in the memory.
Thus, it is possible to check protocols describing almdseall-life components.

1. Introduction

High reliability is a property is required more and more offeom a number of today’'s computational
systems. This requirement originates in the use of modetmtdogies in the areas of surgery, avionics,
but also banking industry. To assure absence of errors, ysiera has to undergo a process of formal
verification. One way to prove that a system satisfies a setapfgsties (usually absence of certain errors)
is model checking. To perform model checking (i.e. checKorgvalidity of a system property), a formal
description of both the system and the property is needeglsy$tem in conjunction with the tested property
usually yields a huge state space that has to be exhaudtisgedrsed. This problem is known as the state
explosion problent]3].

As well as in model checkind ]3], behavior protocols alsoéhawy face the state explosion problem. The
state explosion, i.e. enormous (exponential) growth obglstem state space, causes high time and memory
requirements of these methods and hinders their everydaeuss a method for finding bugs in software.

Besides the time requirements, problems lie also in kedpiiogmation about what parts of the state space
has been already visited. One cannot profit from the secgndamory usage, because the overall time
needed to access this type of memory for storing statestrimdtion exceeds all acceptable limits. The
problem of state space explosion is inherent to model chgaind today’s computational systems are not
powerful enough to successfully cope with it.

The goal of our work is to develop methods that would allowattieg of behavior protocold [1] of all
components; recently, components featuring complex hehpwotocols couldn’t be checked due to high
time and memory requirements.
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1.1. State Space Explosion

In order to make the traversal of large state spaces postiiBenecessary not to generate the whole state
space before the computation. Therefore, state spaceajmmestrategy called on-the-fly is to be used
[B]. Using this strategy, the states and transitions imtenecting these states are not pregenerated at the
beginning of the checking process, but each time (i.e. im&)ya transition (or another state) needs to be
explored, it is generated. The structure of already vigiiad of the state space can be forgotten saving thus
the memory. On the other hand, it is desirable to recogniesdlalready visited parts, in order no to visit
them more than once, so a kind of information about statésviss to be kept along the checking process.

Sometimes, the state space to be traversed may be so hugeghdtolding this kind of information within
the memory is not feasible on today’s systems. There aredlfsthree options to solve this: (i) To "forget”
information about some states visited when the memory besduil, (i) use approximate information
about states, and (iii) use a symbolic state space repeggentAlthough very fast and memory saving,
the second option may cause omitting traversal of some pétie state space lowering thus the checking
result’s reliability [4]. The third option requires furtheesearch of applicability of these methods (e.g.
OBDDs) in the scope of behavior protocols and currently weraat sure of their contributions. Thus, we
decided to focus on the first option.

1.2. Behavior Protocols

SOFA behavior protocol$][1] are a mechanism for componemabier specification. They were originally
developed for description of SOFA componeilis [5], but captiended for behavior description in a wide
variety of component models; they describe component bhehax the level of method calls and method
calls’ responses.

In SOFA, component behavior is described by the componamidr- a black-box view that defines provided
and required interfaces of the component. The architecfisieomposed component describes its structure
at the first level of nesting - the connections between sulpoorants and the bindings of the component
interfaces to the interfaces of the subcomponents.

The component behavior is defined by a set of possible traeesequences of events (method calls and
returns from methods) the component is allowed to perforimceSthis set might be quite huge or even
infinite, the explicit enumeration of its members becomepdssible. Thus, the behavior protocols, i.e.
the expressions generating all traces allowed to be exgicarte used. Besides standard regular-expression
operators (e.g. ’;’ for sequencing, '+ for alternative andor repetition), there are also special operators
like the and-parallel operator. The and-parallel opergtmerates an arbitrary interleaving of all events
within its operands (e.da ; b) | (c ; d) protocol generates those six traces starting with 'a’ or
'c’ where 'a’ precedes 'b’ and 'c’ precedes 'd’).

As an example consider the following protocol:
(open ; (read + write)* ; close) | status*

This behavior protocol generates the set of those tracemgtavith theopen method and ending with the
close method with an arbitrary sequence of repeatingréieel andwrite  methods between them. The
traces may be interleaved with an arbitrary number ofstia¢us method calls.

Behavior protocols allows for testing protocol compliarazel absence of composition errors. Since the
compliance (i.e. conformance of a component frame protaithl its architecture protocol) is realized as
a composition test of the architecture protocol and therbedeframe protocol[6], only the checking for
composition errors will be described in more detail.

The composition test allows for detection of three erroetybad activity no activity, andinfinite activity.
Bad activity denotes the situation when a call is emitted oeqaiires interface, but the component bound
via its (provides) interface to this required interfaceusrently (according to its frame protocol) not able to
accept that call. No activity basically denotes deadlogk,the situation when (i) none of the components
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is able to perform any action and (ii) at least one comporenbt in one of its final states. Situation where
the components input a loop without a possibility to reacial ftate (i.e. there is no trace from any loop
state to a final state in the state space) is called infiniteigct

Size of the state space generated by protocols describimaylme of a composed component tends to grow
exponentially when using a type of parallel compositiom, the and-parallel and consent operators.

Evaluating both compliance and composition relations iregiexhaustive state space traversal. Thus, cop-
ing with the state space explosion problem is inevitable.

2. Behavior Protocol Checker

The behavior protocol checker is a tool performing comp®mand composition tests of communicating
components’ behavior described by behavior protocolsésBarse Tree Automat@TA) [Z] for the state
space generation; PTAs are subject to various optimizatiecreasing the size of the state space they
generate. These optimizations invoMelltinodes Forward Cutting andExplicit Subtree Automati2].

The multinodesoptimization is applied on the parse tree during its comsion (when parsing the input
protocol). It replaces the repeating occurrences of theespratocol operator by a single occurrence of
multi-version of the same operator, i.e. the sequence oboelirrences of an operator is replaced by one
n-ary version of the same operator.

The forward cutting optimization is applied after the parse tree constructind @ inheres in iterative
deleting those leaves of the parse tree that are discarddgblygstriction operator present in a higher level
of the parse tree.

The last optimization applied on the parse tree isak@glicit subtreesptimization. This optimization con-
verts some subtrees of the parse tree into an explicit automahis means that for this parse subtree
the states are not generated on-the-fly, but they are pratechpefore the state space is traversed. There
are two criteria for selecting subtrees to be converted fdieik automata: (i) The subtree has to have a
reasonable size to fit in the memory and (ii) its states havmtased more than once (e.g. in subtrees of
an and-paralleloperator) during the composition test. As it is necessatyaeerse the whole state space
generated by the subtree to construct the explicit automatere will be no benefit from converting this
part to an explicit automaton if its states are used only o@cethe other side, there must be enough free
memory left for future storing information about visiteds.

It is almost obvious that none of the optimization describbdve affects the language (the set of traces)
generated by the PTA. Although the multinode and expliek ptimizations, unlike forward cutting, don’t
reduce the state space, they increase the checking spesujimifecant way in the sense of higher transition
generation speed.

Sometimes, however, even after applying these optimiaafiie size of the resulting state space may still
exceed the limits of the system the test is performed on. &fbeg, suitable methods for large state space
traversal have to be used.

2.1. Fastening the State Space Traversal

The use of th&epth First Search with Replacemerdaversal technique (DFSR)I[2] (similar to DFS, but it

forgets information about some state visits when the avklenemory becomes full) may result in travers-
ing a significant part of the state space more than once. ®©hispusly, negatively affects the checking

time requirements. To successfully cope with this problgis,necessary to maximize the number of state
identifiers storable in the memory; thus, compact statetifiers are needed.

As mentioned in the previous section, PTAs are used for e s{pace generation. PTA representing a
behavior protocol is a tree isomorphic to the protocol parse, extended as follows: (i) in each leaf there
is a primitive automaton representing an event of the patfie. it has two states - an initial and a final
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one) and (ii) each inner node combines its children PTAsguaiprotocol operator. We can then exploit
the fact that a state within a state space is uniquely deteunby the states of all the leaf automata of
PTA. Since each leaf automaton has only two states, it isalaturepresent its state by a single bit. The
leaf automata state identifiers are then combined in a givéerdregarding the position in the parse tree)
and enriched by necessary information from some inner nobles resulting bit-field represents a state
of the whole PTA. The information added to a state identifienf an inner node includes, for instance,
information about which "branch” of an alternative nodepfesenting the alternative operator) carries valid
information about this state (exactly one branch of an aétive node may be valid in a particular state).

As an example consider PTA corresponding to the protocatféection 1.2 on Figufd 1. The state identifier
representing the initial state of the behavior protocotesponding to this PTA has the foid91100000 .
The leading two zeros represent initial states of the pimiautomata foopen 1 andopen$, two fol-
lowing ones express that none of the branches of the alteen@at’) operator has been selected so far, the
following zero (redundant) represents the state of tharateve subtree (to simplify and fasten the identi-
fier manipulation) and last four zeros represent initiategaf primitive automata foclose T, close$
status 1 andstatus$ .Having the PTA, the information about inner nodes type égxdor the alterna-
tive operator) needn’t to be stored inside an identifier.ifiry, the identifier of a final state of this protocol
has the forn111101111 (neithertheead norwrite , unlike thestatus operation, were executed in
the trace corresponding to this final state, thus, the automfar alternative subtree is still in its initial state
-110). The size of state identifiers is 9 bits in this case. To campawith the size of previous state iden-
tifiers representation, the former identifiers denotingitfial and accepting states weeé®s0i0s0  and
Ci3i2s3i2s3 |, respectively (9 and 11 BYTES), being thus at least eigh¢sitarger. The letters inside
of the original state identifiers denotes the inner nodegypéecting their relation to the associated type of
state; for instance 'c’ stands for composite state expngg$iat all of corresponding node subtrees creates
the state (e.g. the parallel operatpf); while index state ('i’) denotes the only subtree cregtthis state
(e.g. alternative operator '+’).

Figure 1: Protocol parse tree

In the case PTA is deterministic, the proposed state idergtifire all of the same size and this fact can be
exploited in state identifier memory allocations. HoweWFAs are non-deterministic in general, which
slightly complicates the state identifiers’ memory managengreallocations take place from time to time
in a way trying to keep the time and memory requirements lzgdn While traversing the state space,
state identifiers (of entire PTA) are stored in memory (in taddructure called "state cache”) and, as they
represent a lossless state representation, they are usst@ti® space generation (generation of transitions
from the state an identifier represents). When the memoricdtat! for the state cache use becomes full, a
randomly chosen subset of states stored in the state caphegied from the cache letting thus new states
to be stored.
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3. Evaluation

Although the original representation enabled represgratates of the same complexity (i.e. states of the
same input behavior protocol) in a context of slightly sieipland smaller) parse tree (the leaves could
represent more complex automata), the new representatagrproximately eight times more efficient. This
implies not only a larger number of state identifiers stagabthe memory, but decreases also checking time
requirements in two aspects: (i) the state identifiers caiapais much faster, and (ii) the state identifiers
need not to be "forgotten” so often, therefore larger staces can be traversed without states forgetting
(e.g. purging of the state cache), thus in a reasonable titarce, when using the new state identifiers,
most of real-life protocols can be checked for their compimwith each other and absence of composition
errors.

4. Related Work

The other methods for fighting the state explosion probleatuthe Partial Order Reductior[3], using
symbolic state representation, e@rdered Binary Decision Diagram@BDDs) [3], parallel state space
traversing, andit-state Hashindd4]. Although these techniques have been more or less ssfotlgused

in model checking in last years, applying the partial ord=tuction and using OBDDs for state space
representation has showed to be very difficult (and probatiypeneficial) in the case of behavior protocols.
Bit-state hashing and parallel state space traversing &thads that we believe can be applied to the
behavior protocol checking and are subject of future redear

5. Conclusion and Future Work

Although very beneficial, the on-the-fly state generatioatsgjy and DFSR traversing in conjunction with
bit-based state identifiers still don’t allow for model ckiegy of all real-life behavior protocols due to the
enormously high size of states spaces (often in the ord&d¥f In these cases, when an exhaustive state
space traversal is impossible with current methods, ancipate technique (e.g. bit-state hashing) will
be implemented as it may still provide a piece of useful infation. Furthermore, research regarding the
state cache purging (now a random eighth of the state caghedged) will be done, although now it seems
to be very hard to develop an purging algorithm for generak¢aince no useable information about the
structure of the state space to be traversed is at the morhpatging available.

The future work will therefore focus on further improvemenf state representation and increasing of the
checking speed using hashing and parallel state spacedirayeas well as on generalization of the methods
for use in other model checkers (e.g. Spih [4]).
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Abstract

This article is on obstacles we faced when developing anutable representation of guidelines
formalized the Guideline Interchange Format (GLIF). Thelletioes not fully specify the representation
of guidelines at the implementation level as it is focusedhtgan the description of guideline’s logical
structure. Our effort was to develop an executable reptaien of guidelines formalized in GLIF and to
implement a pilot engine, which will be able to process sugiilglines. The engine has been designed
as a component of the MUItimedia Distributed Record systemsion 2 (MUDR). When developing
executable representation of guidelines we paid sped&itain to utilisation of existing technologies to
achieve the highest reusability.

Main implementation areas, which are not fully covered byllGlare a data model and an execution
language. Concerning the data model we have decided to ugeR¥d native data model for this mo-
ment and to keep watching the standardisation of a virtualicaérecord to implement it in execution
engine in the near future. When developing the executioguage, first of all we have specified neces-
sities, which the execution language ought to meet. Thenave bonsidered some of the most suitable
candidates: Guideline Execution Language (GEL), GELL®aJnd Python. Finally we have chosen
GELLO although it does not completely cover all requiredaarerhe main GELLO’s advantage is that it
is a proposed HL7 standard. In this paper we show some of tiseimportant disadvantages of GELLO
as an executable language and how we have solved them.

1. Introduction

One of the main research projects running at EuroMISE Ceaatthe development of clinical decision
support systems. The aim of this effort is to develop tookt thill reduce routine activities performed
by the physician as well as allow standardisation and impguef given care, which implies substantial
financials savings. Many projects focused on formalizatithe knowledge contained in clinical guidelines
were recently running at EuroMISE Centre. It is known thdy@small number of physicians uses clinical
paper-based guidelines during diagnosing and treatméig pfoblem is caused by the existence of a large
amount of relevant guidelines, which are frequently updateaddition . It is very time-consuming to
monitor all relevant guidelines. We have experience fornray clinical guidelines using the Guideline
Interchange Format (GLIF)]1]. Guidelines formalized ircbla way have been used mainly for education
of medical students, but a tool for automatic execution aff@ized guideline<]2][13] did not exist.
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Another important project recently realized at EuroMISEh@e was the development of a new system for
structured electronic health record called MUIltimediatBisited Record version 2 (MUDR [4]. One of

the MUDR>’s most valued features is that it allows to change the da@etdynamically and on-fiy(]5]. In
addition, it supports versioning of the data model, so tleess to the data is possible not only by the current
date, but also at an arbitrary point in the past. This featummportant for checking whether a treatment
conforms to the guidelines.

2. Materials and Methods

We have decided to join outputs from both these projects ¢éatera guideline based decision support
system. We have created an execution engine that is abletegs formalized guidelines and added it
to MUDR? system. MUDR already contained some decision support system tools.€Tioeds could be
extended by plugins, but the knowledge gained from guidslimas required to be hardwired in the program
code of plugins. This approach was not convenient, sincad eifficult and expensive to change a plug-
in, when a certain guideline had been updated. The utitisatf GLIF-formalized guidelines solves this
problem. As the GLIF does not specify the guideline’s impdenation level, we have developed our own
executable representation of the GLIF model.

When developing an executable representation of guidelireepaid special attention to utilisation of ex-
isting technologies and tools wherever possible. We haeady converted some guidelines to the GLIF
model in Protege 20001[6]. These guidelines are transfaoemh executable representation in XML. It is
also possible to export a formalized guideline from Protegthe Resource Description Framewoark [7]
(RDF) format. This export depicts static structure verylwielit there are few possibilities to represent a
dynamic behaviour like data manipulation. Therefore weehdsveloped our own representation, which is
based on XML and has all features missing in the Protege RIPpBréx

From the point of implementation, two areas of executahpeagentation are important: the data that are
processed (data model) and the program that works with thesgexecution language). In the next sections
we will describe them in greater details.

3. Results

3.1. The Data Model

The data model must define following three topics: which digpaovides, a data naming convention and
a structure of these data. An obvious choice of the data nfodelinical guidelines is a virtual medical
record (VMR) [8]. As the standard of the VMR is still being @&doped, we have decided for now to use the
native data model of MUDRand keep watching the standardisation process to be altepiernent the
VMR in the future.

3.1.1 Which Data It Provides: As the MUDR allows to represent arbitrary data in its data
model, it does not fully specify which kind of data it contsiror the purposes of guidelines we can use
the minimal data model (MDM), which is specified for certaindical specialties. The MDM for a medical
specialisation is an agreement made by specialists on thinaili data set, which is necessary to know
about a patient in the medical specialisation, for instavicemal Data Model for Cardiology.19].

3.1.2 The Naming Convention: ~ The naming convention specifies the name of certain data. The
naming convention of the MUDRdata model has its origin in the logical representation &f thodel [6].
Data are represented as an oriented tree, where each nodenhase. A certain piece of data is addressed
by its full name, which is build of nodes’ hames on the patimftbe root to the given node.

3.1.3 The Structure of Provided Data:  The data structure specifies which information is carried
by a data item (a node in MU A data item in MUDR contains a value and a unit of measurement.
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Further, it contains some administrative information abwben the item was created, by whom it was
created, how long it will be valid, etc.

3.2. The Execution Language

The execution language is another importantissue of theugable representation of guidelines. All expres-
sions contained in a formalized guideline are written ughig language. An execution language consists
of four sublanguages with different roles.

e The arithmetic expression sublanguage is a language febedéc formulae and for the control of the
program flow.

e The query sublanguage is probably the most important patteéxecution language. Its role is to
retrieve the requested data from an underlying data madelst meet two conflicting requirements:
sufficient language’s power and performance. SQL, for imstais a good example of a suitable query
sublanguage.

e The data manipulation sublanguage contains constructsfotrivial data transformations like ma-
nipulation with strings, converting data from one formattwther (e.g. sorting of a sequence by a
given attribute), etc.

e The date related functions. Although it is not a real subleatge, we mention it separately, because
it is very important for medical guidelines. It must be pbésito write expressions like three month
ago or to count a difference between two dates, and to repréhie difference in arbitrary time units
(days, months, etc.). These operations must conform todimeron sense, e.g. a month is from 28 to
31 days long depending on the context.

When choosing the execution language, we considered fogukges: GEL, GELLO, Python and Java.
They are shortly described below and theirs pros and conmangioned.

e GEL is an execution language defined in the GLIF specificatamsion 3.5[[1]. GEL is not object-
oriented and it does not contain a query sublanguage. Tlendabipulation language is in some
aspects very limited (e.g., itis impossible to order segesraccording to other attributes then time.).
At this state of development, GEL is not suitable to be an etten language.

e GELLO [10] is an object-oriented successor of GEL. It coméaa query language, which is seman-
tically very similar to SQL. The data manipulation languagenore powerful than in GEL, but it
still lacks some important features, e.g. working withregs. Furthermore, GELLO does not contain
any date related functions, which have to be provided by ttaetlying layers. A great advantage of
GELLO is that it is proposed to be an HL7 standard.

e Javais an all-purpose modern programming language. Thandalye is that Java is a widespread lan-
guage and it contains all sublanguages mentioned abosgeedssily extendable through packages. In
addition, many compilers and interpreters are availablerddver, there is an embeddable interpreter
called BeanShell[11]. Beside this, Java’s standard paakgya.util. Date and java.util. Calendar meet
all requirements on data and time processing. A disadvarnsaat Java is too general and it is more
complicated to use it in guidelines than any specialiseguage.

e Python has an advantage over Java — though it is a procedmglidge, it has many functional
features. That is useful in the knowledge representatiani.dmpared to Java, there is a major
disadvantage: datetime, a build-in module for working withe and date, does not fully comply
with the above stated requirements (the months in datetiodute have always 30 days, etc.) Other
pros and cons are the same as in Java.
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Although GELLO does not meet all requirements, we have fineltlosen it as the execution language,
mainly because it is a proposed HL7 standard. Then we soleedtb cope with the features it lacks.
Specification of GELLO left all things that GELLO does not\solto the technologies or languages in
the sublayers. In this case a programmer formalizing dinguidelines would have to master another
formal language in addition to GELLO and GLIF. We have dedidet to solve missing features by another
language, which would appear in GELLO’s expressions, antave introduced all necessary extensions
directly into GELLO. The extensions are described in thé oéthis section.

First, GELLO does not contain constructs that make the cogietenance significantly easier and that are
usually present in modern programming languages. Thesgngisonstructs are for instance the typedef
and the function (or similar) construct. We have added béthem to the execution language.

Second, neither GLIF nor GELLO specify the scope of varisbldere exist three logical scopes in formal-
ized guidelines: an entire guideline, a subgraph and aBiepdding the function construct there is another
scope: a body of the function. There is no need to have a \raneith scope of the entire guideline, since
each guideline consists of one or more subgraphs and GLIgfigsethat subgraphs interact only through
the in, out and inout variables. It is useful to distinguishaag the remaining three scopes. To do so we
have added three keywords that are to be used when defining gamiable with either the function scope,
the step scope, or the graph scope.

Finally, we faced the problem of missing date functions. GBldoes not define any date or time functions.
This functionality it is left to the underlying facilitie¥Ve have added all the necessary time constructs that
were defined in GEL.

3.3. Encoded Guidelines

To verify that the described representation is suitablefioical guidelines formalized in the GLIF model,
we have converted six guidelines to the executable reptatsem European Guidelines on Cardiovascular
Disease Prevention in Clinical Practi¢el[12], GuidelinmsDiagnosis and Treatment of Ventricular Fibril-
lation [13], 1999 WHO/ISH Hypertension Guidelinesl[14]0&ESH/ESC Guidelines for the Management
of Arterial Hypertension[[155], Guidelines for Diagnosistafireatment of Unstable Angina Pectoris 2002
[18], Guidelines for Lung Arterial Hypertension Diagnoaisd Treatmen{[17].

4. Discussion

There are some projects concerning the issues of commtegpretable guidelines. The best known are
Asbru [18] language and SAGE projeCt[19].

Asbru has been developed at the University of Vienna as aopdine Asgaard project. The Asbru repre-

sents clinical guidelines as time-oriented skeletal pldihss is a very different approach compared to the
GLIF's flowchart-based point of view. We believe that the fdwart-oriented approach is more natural to
physicians than the Asbru’s one. Thus we assume that flowohianted decision support systems will be

more acceptable for them.

The SAGE project is built up on GLIF’'s experience, but it usies opposite approach to formalizing
of guidelines (GLIF's top-down approach versus the from-tlottom approach in SAGE). Unlike GLIF,
SAGE specifies the implementation level of guidelines, bgivies up the aspiration of shareable guideline
representation. As SAGE is still in the testing stage, ita@ra debatable which approach is more advan-
tageous. Thus we have decided to utilise the guidelineshthdtbeen formalized in GLIF and we have
converted them into the described execution language.

5. Conclusion

When developing an executable representation of guideforenalized in the GLIF model, we realised that
GLIF version 3.5 meets the needs of formalized guidelineg well.
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During the conversion of formalized guidelines into the @xable representation we have found out that
the execution language GEL (a part of the GLIF 3.5 specificdtacks important features. Further, we have
found out that GELLO, the successor of GEL, made considemiolgress in bridging these gaps. However,
GELLO still does not address some important features like-delated functions. Also the constructs that
simplify maintenance of the code are still missing. We haddeal these features as an extension to the
GELLO language. Further, we have developed a componentémaprocess an executable representation
of a guideline. This component is a part of the MUB$ystem, which allows guidelines to use the data from
structured health records stored in MUBREinally, we have converted six guidelines to the execetabl
representation and verified that this representation talsl@ for clinical guidelines formalized in the GLIF
model.
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Abstract

Migration is an influential as well as important operator inlthdeme evolutionary algorithms. We
investigate an time-convergence model of a deme. The madps$ o understand it's significance and
effect on the algorithm itself. As far as novelty is concese propose additions to migration equations
to the known equations to investigate a broader scope ofltjegitam behavior. To clarify and confirm
it, evaluation tests of new features against real runs oéterithms are done in the broad fashion.

1. Introduction

Multi-deme parallel genetic algorithms (PGAS) are patalkrsions of sequential genetic algorithms in
such a way that they do not run one population at the time, lautynpopulations (demes) concurrently or
in parallel. When they converge to a sub-solution, they erge individuals with other deme and then the
demes continue their runs.

The exchange is called migration and it is the basic term isf plaper. Apart from migration, there are
other terms like migrants, migration, migration rate, séten of migrants, migration frequency, migration
intensity, replacing policies and takeover times. The teane named intuitively, so no explanation is needed
or complete definitions are in [2,3,4].

The article is organized as follows. Background sectiorhes introduction to the research work on mi-
gration, migration policies and takeover times. Sectioris &out replacement policies. In Section 4, the
main focus is on the estimate of good individuals in a demeivBgon of takeover times is in section 5. In
Section 6, the improvements are combined in short mannetidbeb concludes important findings of the
paper.

2. Background

In the next section, we review the analysis[[?, 4] of mignatéamd takeover times for parallel genetic algo-
rithm. Equations of the analysis were derived from a sedakcdase([1], that one we start with first.
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Let P, denote the proportion of good individuals in the populatibtimet and@,; = 1— P, is the proportion
of bad individuals. In case of tournament selection of siz& bad individual survives if all participants in
the tournament are bad){;1 = Q7). When we substitut® = 1 — @, the proportion of good individuals is
P41 =1— (1 - P,)*®. The extensions below presuppose that migration occury gemeration, it occurs
after selection and it is clear that a close link from the pas derivations.

We should say that we have go6dand badB individuals in the population and they could be randoiily
chosen and/or replaced. Let’s define it as the third one esodmplete set of individuals i € {G, B, R}.

G B R

Figure 1: Diagram represents relations between the sets of indilddleft). Conditions between the sets afe:=
BNGNR = 0;R € {G,B};U € {G, B, R}. A fitness comparison between Go64 Bad B and
RandomR individuals (right). The size of a bar shows the size of iidlial fithess. One bar represents one
individual. One can see that a bigger bar means higher fitResslom seR has good and bad individuals.

3. Replacement policies

Whendemesxchange individuals one must decide how many individudlsmigrate from thesending
demeand how they replace individuals at treceiving demeThe analysis expects a migration every gen-
eration. Equations below give the proportion of good indidlsP; , ; at the current generatiant 1 based
on the proportion of good individualB; from the previous generatian At the sending deme, the size

of tournament selection defines how many individuals wenseh for migration. The migration raterns.
When good migrants replacing bad individuals, we definedhig> - B) and similarly for other cases.

3.1. Good migrants replace bad individuals:G + B)
When good migrants replace bad individuals, the propodiayood individuals increases by migration rate
m. S0 justm was added to the above mentioned sequential case,

Pt+1:1—(1—Pt)S+m. (1)

3.2. Good migrants replace random individuals:(G F R)

When good migrants replace individuals randomly, we arer@dted how many bad individuals are re-
placed. Replacement of good ones by good ones does not ctieengjeuation. The probability of bad ones
is equal to their proportion after selectioh.1; = Q; = (1 — P;)® and so the proportion of bad ones that

PhD Conference '05 52 ICS Prague



Zdenék Konfrst Time-convergence Model

is replaced by good migrantsis.(1 — P;). So we get

Pt+1:1—(1—Pt)s—|—m(1—Pt)s. (2)

3.3. Random migrants replace bad individuals(R - B)

When random migrants replace bad individuals, we need takrmav many migrants are good. As migrants
are chosen randomly, the proportion of good migrants is #mesas the proportion of good individuals
present in a deme, sb— (1 — P;)°. Thus, the proportion of good individuals at the receiviregre is
incremented by good migrants as

Pro=1-(1-F)’+m1-(1-F)")=0+m)1-1-F)). (3)

Note: Likewise when random migrants replace random indiald (R - R). This policy use random
migrants for replacing random individuals. When we imaginat fithess at all demes is approximately
the same, there is no effect on the takeover tiind\s it was shown by published experimental resulis [2].
If it is not stated otherwise, the input parameters of theadiqus for the figures in the article are: Population
size in a demer{ or Popsize) =000, tournament selection (TS)2-and migration rates (Migrate) &05.

= I
2 4 6 8 10 12 14 16 18 20
Generations

Figure 2: Figure shows the dependency Bbb based on Generations (Time) for three replacement polidiee
policies differ in the time convergency. TheH B policy was omitted.

4. Estimate of good individuals in a deme

We suppose that the estimate of good individuals in a denfeeattart time{ = 0), which was defined as
P, = 1/n, does not reflect the reality even for the Onemax functionitAs presented illl3, it should be
changed because it does not reflect the reality. We changeditch a way, that we run a simple random
function, which gives’, more accurately. The random function depends on the tebtgaro(Onemax) and
PopSizen.

5. Derivation of takeover times
This section starts with definition of takeover times, thierlarifies what takeover times are and what they

mean.Takeover timeare times when a population gets uniform and does not imgtsv@éness anymore.
The uniformity is ensured by selection and migration opamatThose operators improve overall fithess in
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Figure 3: Figure describes the issue B§. There are three curves. The first one is for the old model.SEoend one
reflects experimental data and the third one is the theatatiove for Onemax function.
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Figure 4: P,, and migration rate in a deme. Figures show that migrationhias an impact oR,, and the convergence
time in a deme withP, based on the old estimate &%. Migration rate was set ten = 0.00 (Left) and
migration rate wasn = 0.05 (Right).
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Figure 5: P,, and migration rate in a deme. Figures show that migrationhias an impact oR,, and the convergence
time in a deme based on the new estimat@afMigration rate was set t;, = 0.00 (Left) and migration
rate wasn = 0.05 (Right).
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the population by giving priority to better (good) individis against worse (bad) ones (in our case, good
and bad).

From the approximations of equations below, the takeowee ti* is gained in a such way, th& equals
"T‘l (all but one are good individuals) ari¢y equals}—L (only one individual is good) and is derived out.

5.1. Good migrants replace random individuals:(G + R)

This is a new approximation of equation (2) to obtain thevahe takeover time. Important to note that the
equation has changed a bfit, is not derived from a previous stép_; as in the equation (2), but it is from
the starting poinf?,. The equation is

t2 t2

P=1-(1-P)" (1-m)". (4)

5.2. Random migrants replace bad individuals(R - B)

To get the relevant take over time, this is a new approximaticequation (3). Similarly, as in the previous
equation,P; is not derived from a previous stép)_; as in the equation (2), but it is from the starting point
P,. P, is defined as

(%)

Figure 6: The recurrent equations’( — P,1) vs. the approximation equation®{ — P;). The left one shows the
recurrent equations. The right one presents new and oldzippations for the approximation ones.

5.3. Takeover times

Equations of takeover time$ were derived from the approximation equations. The data*for(R - R)
were derived from experimental measurements, becausedweotlihave neither a recurrent equation nor
an approximation for this policy.

Takeover time* : (G - B) is

In(1 —m)+In(1+41/n)

£~ —0.5(——1In ( /)

Ins

))- (6)

Takeovertime* : (G + R) is

In(1 —m) 4+ In(1 + l/n)))
In(1/n) '

1
t* ~ —0.55(—1
(lns n(

(7)
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Takeovertime* : (R B)is

n m+1/n
. o.75(ﬁ[1n(h(1(+§)))}). (8)

14r

i»—<»-o-o—e-e—e—cr—¢~+«>—¢—e-e—o—<>—o-«>—<s—e—o

Takeover times
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Mig rate

Figure 7: The diagram presents four replacement policies and thiediotzer times depending on the migration rate.
Parameters are: Popsizel 800, tournament selection 2and migration rates 8.0 — 0.2.

6. Conclusion

The modified time-convergence model of a deme shows manyngatyeous features for theoreticians as
well as practitioners. It provides recurrent equationsdomputation of the proportion of the good indi-
viduals in a deme. From those equations, the approximatioat®ns and later the equations for takeover
times are derived. As one could see, there are some featumesritioned equations which were not tackled.
There are described shortly in the following list and they ander our research.

e The model does not reflect tipeoblem difficulty , so there is no relation to the difficulty of a problem
being solved by a parallel genetic algorithm. The proposedehworks only for Onemax function.

e The assumption is thamigration must be a constant, therefore the model is too static. Andghm
have been more flexible in that view.

e No bounds for migration rate were specified. By this statement, we mention that #rerao bounds
on the size of migration rate, the number of neighbor andltapoof demes.

e Currently, there is no equation for thi& + R) policy.

This work is a first part of the research on the convergenoe-tnodel of a deme in parallel genetic al-
gorithms. Currently, in the second part, we focus on the aboentioned flaws to change the model in all
mentioned "problem” points.
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Abstract

Random Forests (RF) method is very successful and powddssification (and regression) method
based on ensembles of decision trees. To grow diverse tneas ensemble RF uses two randomiza-
tion techniques and all trees in an ensemble are created etreas gain the same weight. Although
L. Breiman proved that RF converges and does not overfitetarist some improvements of the basic
classification algorithm. This paper is concerned with twpiovements, which are based on weighing
of individual trees. Some of the basic principles of these approaches are very similar, but there are
significant differences, which will be discussed in thisgap

1. Introduction

This paper deals with a brief theoretical comparison of twfecent weighing techniques for the Random
Forests (RF) method][3]. The first technique is based on leafi¢ences and it is described Id [9]. The
second is based on the analysis of the pdger [8] and of theesgodes developed by Marko Rotfhik

At first we will briefly give some basic notions. We will be caroed with standard two-class classification
problem. LetY be our domain space and tet= (z1, ..., zk,...,x,) € X be a vector oh measurements
(attributes, variables). We will call these vectors as sasestances, examples or similar. et {0,1} be

the class label set of two classeand1. The clasd can represent in applications some useful signal, and
the clas9) noise or some background. We want to classify (predict) aeen casea into the one of two
classes using some classifierThis classifier is a functioh : X — C, and it is build using some learning
algorithm on some learning set. Learning (or training) sethie set of cases from the spatewith the
known class. Lell = {(x1,¥1),--., (Xm,¥ym)} be our training set, where; € X is a case ang; is its
true class. Training cases with the class label equalarce called positive examples, the others are called
negative.

There exist several learning algorithms for building cifisss, see for examplé]4], but this paper is con-
cerned with improvements of classifiers built by RF methdtk fiext section briefly describes this method
for growing decision forests. After that we will introducerd improvements of prediction step of this
method and the closing section will be dedicated to the shortmary and to the ideas for further work.

Lhttp://lkm.fri.uni-lj.si/rmarko
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2. Random Forests

Random Forests technique grows ensemble of decision tdeession forest) as a classifier and it is de-
scribed in[[3]. Each tree in a forest is a standard binarygiesitree (according to the CART methodology
[ with two kinds of nodes - decision nodes and leaves. Sleninodes contain univariate tests, for ex-
ample in the formX;, < a, where X}, is some ofn attributes and: is some threshold. To classify using
one decision tree, a casestarts its path in the root node of decision tree and it goesitih the tests in
decision nodes. If it satisfies a condition (test), it coméis by the left way otherwise by the right way. This
process is repeated until a leaf is encountered and the fiedigtion is given by that leaf.

Random Forests uses set of decision trees to make a predittigrow diverse decision trees RF uses two
randomization techniques - bagging (bootstrap aggreggtee([2], and randomization of split selection.
For each tree a new training set (bootstrap sample) is drawanglom from the original training set.
Individual decision trees are grown on the new bootstrappdamsing the CART methodology, see [1],
with two differences - RF does not prune trees, it grows thethée maximal size and the tests in decision
nodes are chosen using a simple randomization, for mordsisée [3].

Let us mention more details about bagging, since it will meamportant in the next sections. The boot-
strap sample for each decision tree is drawn at random wilacement from the original learning set and
it has the same size as the learning set, it means that a saomilensm cases. Because of drawing with
replacement some cases (approximately ~ (1 — 1/m)™ % ) do not occur in a sample. We will call
these cases out of bag (OOB) for the given tree. On the othret d@me cases may occur more than once
in a sample, these will be called in bag cases. Let us havemegrample.

Example 3 Let £ = {x1,x2,x3,X4,X5} be our learning set (classeg are omitted) and letl; =
{x1, %1, X2, X2, X5} be a random sample with replacement for the first tree. Therncisesx;, x» and
X5 are inbag, and the caseg andx, are out of bag.

RF uses a simple majority voting approach for classificatibmeans that the final prediction is given by
the majority of votes of individual trees in the forest. Fengral problem we can define it as follows

h(x) = C'where C = argmngi e{l,...,N} | hi(x) = c}| 1)

whereh;(x) is the prediction given by i-th tree for a caseln this case, all trees have the same weight.
Weighing strategies try to assign weights to trees or todedw improve the final prediction. This paper
introduces two such strategies in the next two sections.

To close this section we will give some notions, which willdseful for the next sections. A forest will be
a set ofN decisiontree§ = {T1,...,Tn} andT;(x) will denote a leaf which is encountered by the case
x in the treeT;. If u is a leaf, therx € © means that a caseencountered leaf.

3. Leaf Confidences

This first type of voting assigns weights (confidences) tol#awes of individual trees (not to the whole
tree) during the learning phase. This approach is inspiygaiipers([5] and [10] and it is described in [9] in
more details, this paper gives only a short summary.

It is very simple to define leaf confidences for two class peoblLetu stands for a leaf andw) € R for

its confidence. Positive values of leaf confiden@e) means preference for the clasand negative for the
class0. The level of confidence is given by the absolute vatije)|. The higher absolute value the higher
confidence level.

Leaf confidences depend on the training set only. After astasggrown all training cases are passed through
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each tree and each leafyains two statistics

pos(u) = {x; € L | x; € u, y; = 1} 2)
neg(u) = [{x; € L | x; € u, y; = 0}] (3)

pos(u) represents the number of positive training cases whictheshthe leal: andneg(u) represents the
number of negative training cases in the leafVe will use these two numbers to determine a confidence of
a leaf. The larger and purer leaves will obtain higher comftde the smaller leaves and leaves with nearly
equalpos andneg will obtain smaller confidence. Let : A” x A" — R be a function which takesos and

neg as its arguments. Then we define leaf confidence as

c(u) = w(pos(u), neg(u)) (4)

The study|[[9] was concerned with searching the most accigateconfidence. The best weightswere
found using a simple statistical model, which describedi&leaviour of an ensemble grown by RF. We
have tried several functions, some of them were more successful some of them less. Théesimeights
calledr f simulate the true behaviour of RF - the majority voting.

rf(ni,no) def sign(ny — no) (5)

Instead of using all training cases iy weights, RF uses only the inbag cases to assign a predic-
tion to leaves. Since these weights reached quite goodtsesd also used the sigmoidal function
s(x) =(1—e"*)/(1+ e ") to approximate the signum function ifll (5). These weights erade asr

and they are parametrized ky The definition ofo weights follows

def ny—n
oy (n1,m0) = 8 (ﬁ) (6)

One of the best results in our experiments in previous workeweached by the simple weights called
normalized differencer{d) defined as follows

def M1 —no — h
nd(q,p)(n1,10) = m (7)

Thesend weights use two parameteisanda, the best results we got usithg= 0 anda = 0.9.

The final prediction of RF with leaf confidences is based orstira of leaf confidences of leaves reached
by the unknown case. Let

F(x) =) c(Ti(x)) ®)

=1

be this sum. IfF'(x) is greater than some threshdaldhe final prediction id otherwise0. In other words,
the final prediction is parameterized byndt has a close relation to the desired background acceptance
(probability that a case from the cla@swill be classified ad). You can see the prediction function in the

following definition
[ 1 iffF(x) >t
hix) = { 0 otherwise 9)

The advantages of leaf confidences is their simplicity. Siieaf confidences can be assigned during the
learning process, they do not slow down the prediction ptaoe The best results were reached on smaller
forests, as the size of foresV] was growing the improvement was smaller. Leaf confidenoesmaple-
mented using R statistical systen [7], only two classes amdemnical predictors are supported at present.
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4. Margin weighing (weighted voting)

This section introduces much more complicated approacheighing. All equations were derived from
the original Robnik’s source codes, since the descriptiahé paper[8] is very poor. In spite of that more
than two classes are supported by this type of voting, wesivilplify it for two classes only to be able to
make a comparison to leaf confidences. Margin weighing isdbas the two step procedure using primary
and secondary weights based on the margin of trees. Durinigénning process there are assigned primary
weights to single leaves in each tree, similarly to the leaffitlences technique. The second step is taken
in the prediction phase, where secondary weights are cadgdat each tree using margins of trees. Let us
describe this process in more detail, for a short summaryreetbldlL.

Let T; stands for a tree in a forest, where {1,..., N} and letx,; denotes a training case with the true
class label; € {0,1} for j € {1,...,m}. Let us definsign™ (0) = —1 andsign* (1) = 1. For each tree
T; and each training case; we can define the numbey ;, which represents the number of occurrence of
a casex; in the inbag sample of the tré&g.

Example 4 For our example on padeb8; ; =2,b12 =2,b13=0,b14 =0andb; 5 = 1.

Remember that for building each tree a new set of trainingsa&sdrawn at random with the same size as
the original training set and that it is drawn with replaceth@ hen the out of bag set (OOB) for the i-th
tree can be seen as the set

Oi = {Xj el | b@j = 0} (10)

To use the margin weighing we will need the number of posiive negative cases in each leaf similarly to
the leaf confidences in previous section, §ée (2) Bnd (3)h8r4t is first significant difference - for margin
weighing we will computgos andnegs on the basis of the inbag sample not on the whole learnih&eet
let us define

pos*(u) = Z bi (11)
yjzl; TI(I]):U
neg”(u) = Z bi j (12)

y;=0; T (z;)=u

for each leafu in each tre€T;. It can be seen thatos*(u) can be smaller thapos(u) if some positive
example is missing in the bootstrap sample, and plat(u) can be greater thapos(u) since positive
examples may occur more than once in the inbag sample. Wéalgto mention that a lot of leaves will
be pure on the inbag sample, since RF grows trees to pure dirlemaes. So there will be a lot of couples
(pos*(u), neg*(u)) with the zero on the one of these two positions.

Using these two statisticE{l11) alidi(12) we can define priwaights for margin weighing (in spite of that
M. Robnik does not call it so). Primary weights can be assigh&ing the learning procedure as the leaf
confidences. From the original Robnik’s source codes weveétihese weights in the form

c1(u) = w(pos™(u), neg” (u)) (13)
which is very similar to the leaf confidences approach, Be4Robnik uses only one function

ny—no

w(ni,no) = (24)

ni —|— no
which is exactly equal to thed; o, weights, see[{7). But still remember that this time we usagnésti-
mates ofpos* andneg* and that is the significant difference. If the leals pure on the inbag sample then
c1(u) = +£1. It can be easily seen that primary weights can be more gksedaising some other function

w, for example[(b),[06) ol{7).
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T5(x)
Tr(x) xs
Ti(x)
X1 X3 X4X X6
X2
Figure 1: Three leaves reached by an unseen sasrd by training cases, . .., xg

The second difference between margin weighing and leaf dendies is visible in the classification proce-
dure. When leaf confidences are used, the prediction is defipen the sunf{8) of the leaf confidences of
the leaves reached by an unknown case in each tree. The fvadising margin weights is much more
difficult, since margin of each tree depends on all leaveshred by an unseen caself we are going to
classify a cas& we will at first need the set of the "most” similar training easWe will denote this set as
H(x). M. Robnik usesH (x) equal to the set of training cases with the highest proximity to the case
The proximity will be defined bellow.

At first we have to find leave reached by the cada each tre€l’;. We will denote
Hi(x)={x; € L|x; €Ti(x)},Vie{l,...,N} (15)

set of training cases covered by the ledvéx). To select the most similar training cases to the unseen case
x we will define the proximity of a training case first. The pnoiy of a training casex; € Uf\il H;(x)
(to the unseen case) is denoted agrox(x;) and it is defined as the number of occurrence in all leaves
T;(x), in other words
N
prox(x;) = Z I(x; € Ti(x)) (16)

=1

Wherel () is the indicator function] (true) = 1 otherwise 0. The set of "similar” training instances can be
the set ofr cases with the highest proximity. We will dendi&x) as such set.

Example 5 Figure[l shows a simple example using only three trees. lictethree leaved? (x), T»(x)
andT5(x) reached by a case and it shows learning cases, ..., xs covered by these leaves. Let sets
H; in this example bd{;(x) = {x1,X2,X3,X4,%X6}, Ha(x) = {x3,%x4} and Hs(x) = {x4,X5,X¢}-
Let us taker = 3, thenH(x) = {x3,x4,X¢}, Sinceprox(x4) = 3, prox(xs) = prox(xs) = 2 and
prox(xy) = prox(xs) = prox(xz) = 1.

As soon as we know the s&f(x) we are able to determine margins of each tree. The margiredféeT’;
depends on the out of bag cases of the ffgavhich are similar to the case More precisely, margin for
the treeT; will be defined using a sef; = H(x) N O;. Let S; be the sefS; = {x;'- |7=1,...,m;} then
margin is defined as

S|

me(T3, 5) = o > sign”(yh) - e (T(x))) (17)
3 j:1
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Let x be an unseen case to classify &nd. . ., T,, be the forest

=

. Foreach € {1,..., N} find leavesT;(x) reached by a case

N

. Foreach € {1,..., N} find setsH;(x) of training cases covered by leavEgx)
. Foreachk; € U, Hi(x) compute proximityrox(x;) = SN | I(x; € Ty(x))

. Let H(x) containsr casesk; with the highest proximity

[ 2 B O]

. Foreach tre;,i € {1,..., N}, compute margin

Sil
mg(T;, S;) = 5] Zsign*(y;) -1 (Ti(x5))
3 J:1

whereS; = H(x) N Oy, x} € S;

6. Final prediction is[{l9) using’(x) = Zf;l a1 (Ti(x)) - e2(T5, S;)

Table 1: Prediction procedure using margin weights

The numbesign™ (y%) - c1(Ti(x})) will be positive if and only if the prediction of the i-th trée correct, it
means iffh; (x;) = y!. If the setS; is empty, then the margin is set@o

The secondary weight is defined as the nonnegative part ofi#tigin function

oy J me(Ti, S ifmg(Ti, S;) >0
c2(Ts, 8i) = { 0 otherwise (18)
You can easily see that the trees with the negative margiefi@ut from the prediction process for the case
x, since their secondary weight is set to zero. The final ptdids then defined agl(9) using the weighted
sum of primary weights

F(x) =Y a(Ti(x)) - (T}, S) (19)

=1

The difference between this weighted suml (19) and the Eliris (8 usage of the secondary weighis

As written above primary weightE{IL3) are in fact a speciatkif leaf confidencd]4) using the weigHik (7)
with « = 1 andh = 0. Leaf confidences and primary weights can be set during #ieitig process. On
the other hand the margins and secondary weights are segdhe prediction phase, because they depend
on the leaves, respectively on séfg(x), of each tree in a forest. This process slows down and coatpkc
significantly the prediction. Margin weighing is implemedtas a part of standalone classification system
and it supports more than two classes. At present we are goingplement it to the R system.

5. Remarks and Conclusion

The main contribution of this paper is to show main differembetween two discussed weighing approaches
and mainly to summarize the second approach - margin weighinis paper is dedicated to the technical
details only and it does not show any experimental compasizat nevertheless we can see some significant
differences and new ideas. For example the estimation wsihgf bag examples may be a good technique
for determiningpos andnegs to compute leaf confidences. On the other hand we know thdttiction
(@3) does not have to be the best function, so there is a spacg some other which we have already
used. A second problem using margin weights lies in the usatee setS;. It consists only of out of bag
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examples similar to an unseen case, but it influences signtficthe margin function. In other words, it is
possible that the margin is computed using cases which areonered by that leaf. Recall example 5 and
figure[d, it can be possible that the margin of the [Bafs computed using the cases, x», xg and it is not
what we would expect. So it is possible, that the margin isated incorrectly and a "good” leaf is left
out from the voting.

As you can see, the selection of most similar cases to comparigin can be very difficult and it brings some
problems. Itis true that RF and proximity is very close tortlearest neighbour method, see for example the
paper|[11], but margins bring complications by using out af lzases. Our further work will be dedicated
mainly to the more detailed and experimental comparisowofdiscussed weighing approaches and to the
searching the new types of weighing strategies.

Acknowledgements
This work was partially supported by the Program "InformatBociety” under project 1IET100300517 and
by the project MSM6840770010.

References

[1] Breiman L., Friedman J.H., Olshen R.A., Stone C.J., $Sifcation and regression treefBeglmont
CA:Wadsworth1984

[2] Breiman L., “Bagging predictors"Machine learningvol. 24, pp. 123-140, 1996
[3] Breiman L., “Random forests"Machine learningvol. 45, pp. 5-32, 2001
[4] Hastie T., Tibshirani R., Friedman J. H., “The ElemerftStatistical learning” Springer-Verlag2001

[5] Quinlan J.R., “Bagging, boosting and C4.5Proceedings of the Thirteenth National Conference in
Artificial Intelligence pp. 725-730, 1996

[6] Quinlan J.R., “C4.5: Programs for Machine Learniniylprgan Kaufmann1992

[7] R Development Core Team, “R: A language and environmargtatistical computing’R Foundation
for Statistical Computingvww.r-project.org, 2004

[8] Robnik, M. “Improving random forestsMachine learning, ECML proceeding8004.

[9] Savicky P., Kotr€ E., “Experimental study of leaf caldinces for Random ForestsProceedings of
COMPSTAT2004

[10] Shapire R.E., Singer Y. “Improved boosting algorithnsing confidence rated prediction®achine
learning, vol. 37, pp. 297-336, 1999

[11] Yi Lin, Yongho Jeon, “Random Forest and Adaptive NeaMsighbors”, Department of Statisti¢s
Technical Report No.1055, 2002

PhD Conference '05 64 ICS Prague



Petra Kudova Kernel Based Regularization Networks

Kernel Based Regularization Networks

Post-Graduate Student: Supervisor:
RNDR. PETRA KUDOVA MGR. ROMAN NERUDA, CS&C.
Institute of Computer Science Institute of Computer Science
Academy of Sciences of the Czech Republic Academy of Sciences of the Czech Republic
Pod Vodarenskou vézi 2 Pod Vodarenskou vézi 2
182 07 Prague 8 182 07 Prague 8
petra@cs.cas.cz roman@cs.cas.cz

Field of Study: _
Theoretical Computer Science
Classification: 11

This work was supported by GA CR grant 201/05/0557 and by the Institutional Research Plan
AV0210300504 "Computer Science for the Information Society: Models, Algorithms, Appplications”.

Abstract

We discuss one approach to the problerfeafning from examples the Kernel Based Regularization
Networks. We work with a learning algorithm introduced lif).[#Ve will shortly introduce special types
of kernels:Productkernels andSumkernels (joint work with T.éémalové). We will describe technique
we use to estimate the explicit parameters of the learniggrihm, the regularization parameter and the
type of kernel. The performance of described algorithmslvdldemonstrated on experiments, including
a comparison of different types of kernels.

1. Introduction

The problem oflearning from examplegalso calledsupervised learningis a subject of great interest.
The need for a good supervised learning technique stemsdraide range of application areas, covering
various approximation, classification, and predictiok$as

Kernel methods represent a modern family of learning atgors. A comprehensive overview of kernel
learning algorithms can be found inl [2,[3, 4].

In this work we study one type of a kernel based learning élgor, Regularization Network, a feed-forward
neural network with one hidden layer, derived from the ragahtion theory. While it is well studied from
the mathematical point of view, we are more interested ictral points of its application.

In the following two sections we introduce RegularizatioatiNork with its basic learning algorithm. In
sectio# we present two special types of kernels, ProdutSam kernel (join work with Téémalové\),
sectiorb deals with a choice of a kernel type and the a regatitn parameter. Experimental results are
reported in sectiofl 6.

2. Regularization Network

Our problem can be formulated as follows. We are given a sexamples (pairsj(#, y*) € R? x R},
that was obtained by random sampling of some real funcfiagenerally in the presence of noise (Eke 1).
To this set we refer aa training set Our goal is to recover the functigfi from data, or to find the best
estimate of it. It is not necessary that the function exatigrpolates all the given data points, but we need
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Figure 1: The problem of learning from examples

a function with a goodjeneralizationthat is a function that gives relevant outputs also for th&adot
included in the training set.

This problem is generally ill-posed, there are many funimterpolating the given data points, but not all
of them exhibit also the generalization ability.

Therefore we have to consider some a priori knowledge altwufunction. It is usually assumed that the
function issmoothin the sense that two similar inputs corresponds to twolaimoutputs and the function
does not oscillate too much. This is the main idea of the ex@dtion theory, where the solution is found
by minimizing the functional{l1) containing both the dataieand the smoothness information.

N
1 . .
H{fl = 5 d_(F@) —y')* +2[f), (1)
=1
where® is called astabilizerand~y > 0 is the regularization parametezontrolling the trade-off between
the closeness to data and the smoothness of the solution.

Poggio and Smale in]1] studied the Regularization Netwadi$ved using a Reproducing Kernel Hilbert
Space (RKHS) as the hypothesis space. gt be an RKHS defined by a symmetric, positive-definite

kernel functionKz(Z') = K (&, 2Z'). Then if we define the stabilizer by means of ndim||x in Hx and
minimize the functional

N
min H[f], whereH[f] = — (s ~ F() +ll7l% @

H
fetx i=1

over the hypothesis spaé¢x, the solution of minimizatior{{2) is unique and has the form
N
F@) =Y wiku (&),  (NVI+K)ii =7, (3)
=1

whereT is the identity matrix, K is the matri&; ; = K (z*,27), andg = (y,...,yN).

The solution[(B) can be represented by a feed-forward neetatork with one hidden layer and a linear
ouput layer (sed]2)). We refer to a network of this formRegularization NetworkRN). The units of
hidden layer realize thkernel functionK (-, -), with the first argument fixed tg;. We will refer to the
vectorsc; ascenters In the optimal solutior{3), they are fixed to the data poifits

3. RN learning algorithm

The Regularization Network scheme derived in previoussedtads to the RN learning algorithm (Algo-

rithm[33).
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Figure 2: Regularization Network Scheme.

The algorithm is simple and effective for data sets of smiadl medium size, i.e. those for which we can
solve the linear systerfil(4) by means of available numerafédare using current computational resources.

The tasks with huge data sets are harder to solve using th@esialgorithm, and they lead to solutions
of implausible size as well. Other algorithms should be ugeslich cases, RBF networks represent one
option. They belong to the family of Generalized Regulai@aNetworks, see |5] for a comparison of RBF
networks and Regularization Networks. Alternatively, e thext section we propose tBévide et Impera
approach, dividing the task to several smaller subtasks.

The strength of the algorithm stems from the fact, that thedr system we are solving is well-posed, i.e.
it has a unique solution and the solution exists. (It Nagariables, N equations/ is positive-definite and
(N~I + K) is strictly positive.) We are interested in its real perfamae in the first place. Therefore we
are also asking the question, if the system is well-conaéh i.e. insensitive to small perturbations of the
data.

The rough estimate of well-conditioning is the conditiomrher of the matrix NI 4+ K). [6] shows that
the condition number depands only on the regularizatioamater and the separation radius (the smallest
distance between two data points). We know that the comditiomber is small, ifN+ is large, i.e. the
matrix has a dominant diagonal. Unfortunately, we are nttedy free to choose/, because with too large

~ we loose the closeness to data. See fifjlire 3b.

Both the numerical stability and the real performance ofalgerithm depends significantly on the choice
of the regularization parameterand the type of kernel (sE 3a). These parameters are ¢pgliaimeters of
the algorithm and their optimal choice always depends opéngcular task. We will discuss the techniques
we use to estimate these parameters in the sdgdtion 5 .

Input: Data set {i%, ¢y}, CR" xR
Output: Regularization Network.

1. Set the centers of kernels:

Vie{l,...,N}:& « &

2. Compute the values of weights Wi, . .., WN.
(NI + K)o =, (4)
where I is the identity matrix,

K;; =K (&, ),
and §=(y',...,y"), v>0.

Algorithm 3.1. RN learning algorithm
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Hearta
10 T T T

Glass1, test set error

Trallmng error —
Testing error-74---
T log10(Condition number)/#----- 4

091011 13

0.7

error / log10(condition number)

0000 0001 0002 0003 0004 0005 0.006 0.007 0008 0.009 0.010

6 5 -4 3 2 -1
log10(gamma)

Figure 3: a) The dependence of the error function (computed on téstisgarameters ab (the width of the Gaussian
kernel). b) The relation betweenand training and testing error.

4. Product and Sum Kernels

In [[Z](joint work with T. éémalové\) we proposed two types of composite kernelglURtkernels and Sum
kernels. These kernels should better reflect the charattita.

By a Product kernelsee figltb) we mean an unit with + m) real inputs and one real output. It consists
of two positive definite kernel function&; (¢, -), K2(¢3,-), one evaluating the first inputs and one
evaluating the othem inputs. The output of the product unit is computed as the yebdd’; (c1, #7) -
Ko(c3,43).

Product kernels are supposed to be used on data with diffgnees of attributes, since different groups of
attributes can be processed by different kernel functiSes.[8].

By aSum kerne{see figlta) we mean a unit withreal inputs and one real output. It consists of two positive
definite kernel functions<; (¢, -), K2(¢,-), both evaluating the same input vector. The output of the sum
unit is computed as the suf, (¢, 7) + K»(c, 7).

There are two different motivations for the choice of Sunmiedr

The former supposes we have some a-priori knowledge of datgesting that the solution is in a form of
sum of two functions. The kernel is than a sum of two kernetfioms , for instance two Gaussian functions
of different widths

K(7,§) = Ki(@§) + Ko(@g) =¢ Ca ) yeUm (5)
The solution in this case has a form
[#—cill [E#—cjll
F@) = w; (e(—dl P peCat >2) . (6)

=1
The latter supposes we have data with different distrilutiodifferent parts of the input space. Here we
may want to let different kernels operate on different paftthe input space.
[[7] shows that ifK is a kernel function for an RKHS F, then function
K@) fz§eA,
0 otherwise

Ka(Z,9) = { (7)
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PRODUCT

Figure 4: a) Sum Unit, b) Product Unit.

is a kernel function for the RKH$'y = {fa,f € F}, wherefa(Z¥) = f(&) if £ € Aandfa(Z) =0
otherwise.

Suppose that we have a partition of the training sét tlisjunct subsetsl; and for each subset we have a
kernel functionX;. We can define

= - K’L fvﬂ fa.ﬁeAi
K(x,w{ &9 &9 (®)

o otherwise

and we get a solution in the form

N
f(f) - Z Cza Z wz Cn .+ Z lek sz a (9)
=1

i€l i€l
wherel; = {i,&; € A;}.

The formulal®) is also an justification for oDivide et impera approacHn case of huge data sets, we can
divide the data set to several subtasks and apply the digfl on each of these subtasks, possibly in
parallel. The solution is then obtained as a sum of the soigtof subtasks.

5. Choice of kernel function and regularization parameter

As we showed in the secti@h 3, the choice of the explicit patans ¢ and the type of kernel) are crucial for
the successful application of the AlgoritimI3.1. There \exiseasy way for estimation of these parameters,
usually some kind of an exhaustive search for parametesthdt lowest cross-validation error is used. The
choice of regularization parameter was discussed for el@amfd].

First we need a measure of a real performance of the netwuak enables us to say that one particular
choice of parameters is better than another. WekuB#d cross-validation to estimate a real performance
of the network and its generalization ability.

Suppose we are given a training set of daa = {7, y*}Y, C R™ x R. We split this data set randomly

into k folds T'S1, ..., TS, such asU -, TS; =TS andT'S; ﬂ . TS; # 0. Then f; is the network
obtained by the AIgonthrEEll run on the data @;;é TS;. The cross valldatlon error is given by

k
Eeross = % Z Z (fl(f) - y)Q (10)

(%U)ETS

In our experiments we use Gaussian kernels, so the choickeshal type is reduced to the choice of Gaus-
sian width. We use thAdaptive grid searclfAlgorithm[E51) for estimation of the regularization pararer
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Input: Data set {&, ¢}V, CR" xR
Output: Parameters ~ and a width b.

1. Create a set of couples {[v,b]:,1 = 1,...,m}, uniformly
distributed in < Ymins Ymaz > X < bmin,s bmaz >-

2. For each [y,b]; for ¢ =1,...,m and for each couple evaluate
the cross-validation error (10)  E,..

3. Select the i with the lowest E?

Cross*

4. If the couple [v,0]; is at the border of the grid, move
the grid. (see Fig. 5a) 0O

5. If the couple [v,0]; is inside the grid, create finer grid
around this couple. (see Fig. 5b) O

6. Go to 2 and iterate until cross-validation error stops
decreasing.

Algorithm 5.1. Adaptive grid search

and the width of Gaussian kernels. The character of depeyddrihe error function on these parameters,
as shown on Fidll3a, enables us to start with a coarse grichanccteate a finer grid around the point with
the lowest cross-validation error.

The winning values of parameters found by the Algorifin Selthen used to run the Algorithin8.1 on the
whole training set.

6. Experiments

The goal of our experiments was to demonstrate the perfocenaihRegularization Networks and compare
different kinds of kernels (Gaussian kernels, Product &srand Sum kernels).

Gaussian kernels were used, regularization parameter adtth were estimated by the Adaptive grid
search (Alg[&l).

All algorithms are implemented in Banp ]10], the standardhetical library LAPACK [11] was used for
linear system solving.

Benchmark data repository Probenl (dee [12]) containirilg Bpproximation and classification tasks was

width
X X X X
width

X X X X X X X X
X x |x X

. X X X X
X x |[x min

new grid « N min « /new grid

X X X X
reg. parameter reg. parameter
a) b)

Figure 5: a) Move grid b) Create finer grid
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chosen. The short description of Proben1 tasks is listedhtel. Each task is present in three variants,
three different partitioning into training and testing aat

Taskname n  m  Nygain Nest  Type
cancer 9 2 525 174 class
card 51 2 518 172 class
flare 24 3 800 266  approx

6

1

1

glass 9 161 53 class
heartac 35 228 75  approx
hearta 35 690 230 approx
heartc 35 2 228 75 class
heart 35 2 690 230 class
horse 58 3 273 91 class
soybean 82 19 513 170 class

Table 1: Overview of Proben1 tasks. Number of inputg,(number of outputsrf), number of samples in training and
testing sets¥:rqin,Niest). Type of task: approximation or classification.

For each experiment we used separate data sets for traimihigsting. The normalized error was evaluated
B =100 3" |17~ @)
N . )

whereN is a number of examples arfdis the network output.

In tablel2 errors on training and testing set for Regulaigranhetwork with Gaussian kernels (RN), Sum
kernels and Product kernels are listed, together with nurobevaluations needed to estimate the explicit
parameters. Error values obtained by RBF are added to cantpamperformance of Regularization Net-
works with other standard neural network approach.

At Fig. @ a kernel consisting of sum of two Gaussians found asameter search is shown. This kernel
showed an interesting behavior on several data sets. ToeaTithe training set is almost a zero (rounded
to zero) and still the generalization ability of the netwislgood, i.e. the error on testing set is not high.
This is caused by the fact, that the kernel consists of twosGians, one being very narrow. The diagonal
in matrix K from (@) is dominant and so regularization member is not rdegreciselyy is near to zero.

The figure€dIIB show the results obtained with propd3ivitle et imperaapproach. We can see that this
approach significantly reduces the time requirements, leubave to pay for it but slightly worse perfor-
mance.

7. Conclusion

We discussed Kernel Based Regularization Network leart@olgnique and special types of kernels, Sum
and Product kernels.

We showed that the performance of basic RN algorithm depemtise choice of explicit parameters (kernel
type, reg. parameter). We proposed a technique for estmafithese parameters, the Adaptive grid search.

On experiments we demonstrated the performance of RN #igovith parameters estimated by the Adap-
tive grid search and compared performance of RN with clasg&ernels, Product kernels and Sum kernels.

By parameter search for Sum kernels we found an interestpeyaf kernel, that exhibit a good generaliza-
tion on many tasks, even without regularization member.
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RN Sum kernels Product kernels RBF
Task Etrain Etest evals Etrain Etest evals Etrain Etest evals Etrain Etest
cancerl 228 1.75 96 0.00 1.77 664 268 181 396 231 211
cancer2 1.86 3.01 76 0.002.96 624 2.07 3.61 412 191 312
cancer3 211 2.79 97 0.002.73 292 2.28 281 415 1.66 3.19
cardl 8.75 10.01 126 8.81 10.03 472 9.22.99 6618 8.12 10.16
card2 7.5512.53 101 0.00 12.54 376 7.96 12.90 6925 8.05 12.81
card3 6.52 12.35 113 6.55 12.32 387 6.94 12.23 6930 a7.09
flarel 0.36 0.55 76 0.35 0.54 200 0.36.54 1008 0.37 0.37
flare2 0.42 0.28 60 0.440.26 164 0.42 0.28 756 041 0.31
flare3 0.38 0.35 36 0.420.33 164 0.40 0.35 1092 0.37 0.38
glassi 3.37 6.99 165 2.356.15 439 264 7.31 567 510 6.76
glass2 432 7.93 137 1.096.97 699 255 7.46 667 493 7.96
glass3 3.96 7.25 72 3.046.29 724 331 7.26 424 5.80 8.06
heartl 9.6113.66 57 0.00 13.91 600 9.56 13.67 472 9.96 14.05
heart2 9.33 13.83 57 0.00 13.82 260 9.43 13.86 503 a3&7
heart3 9.23 1599 117 0.00 15.94 324 9.15 16.06 487 a992
heartal 342 4.38 134 0.00 4.37 532 3.47 4.39 1175 34036
hearta2 3.54 4.07 134 3.51 4.06 478 3.28 4.29 476 34805
hearta3 3.44 4.43 122 0.00 4.49 372 3.40 4.44 514 3429
heartacl 422 2.76 496 0.00 3.26 483 4.222.76 1944 2.26 3.69
heartac2 3.50 3.86 342 0.003.85 500 3.49 3.87 1346 1.78 4.98
heartac3 3.36 5.01 405 3.36 5.01 1588 3.26 5.18 200 1.66 5.81
heartcl 9.99 16.07 900 0.005.69 470 10.00 16.08 3528 6.07 16.17
heartc2 12.70 6.13 917 0.00 6.33 680 12.37 6.29 3375 7.99 6.49
heartc3 8.79 12.68 121 0.002.38 760 8.71 12.65 496 7.13 14.35
horsel 7.3511.90 121 0.2011.90 408 14.25 12.45 1644 10.57 11.96
horse2 7.97 15.14 117 2.845.11 768 12.24 15.97 1332 10.04 16.80
horse3 4.2613.61 85 0.18 14.13 328 9.63 15.88 479 9.88 14.56
soybeanl 0.120.66 57 0.11 0.66 367 0.13 0.86 351 0.28 0.73
soybean2 0.240.50 85 0.25 0.53 175 0.23 0.71 463 0.38 0.60
soybean3 0.23 0.58 89 0.220.57 367 0.21 0.78 367 0.31 0.72

Table 2: Comparisons of errors on training and testing set for RN @igtussian kernels, Sum kernels, Product kernels
and RBF. The lowest testing error for each task is highlighte

winning sum_kenel for cancerl ——
winning simple kernel for cancerl

-10 5 ) 5 10

Figure 6: Kernels found by parameter search for cancerl data set.
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18 T T T T T T T T T R T T
Gaussian kernels s
Divide at impera s

16 .

14 | .

Error on the Test Set

Cancer Card Diabetes Flare Glass Heart Hearta Heartac Heartc Horse Soybean
Data set

Figure 7: Comparison of the error on the testing set for RN with Gausk&nels and Divide et impera approach.

T T T
Gaussian kernels s
4e+10 Divide et impera ms=
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Cancer Card Diabetes Flare Glass Heart Hearta Heartac Heartc Horse Soybean
Data set

Figure 8: Comparison of time requirements of RN with Gaussian keraats Divide et impera approach. Measured
in clock cycles using113].

PhD Conference '05 73 ICS Prague



Petra Kudova Kernel Based Regularization Networks

References

[1] T.Poggioand S. Smale, “The mathematics of learninglidgavith data,”"Notices of the AMSol. 50,
pp. 536-544, 5 2003.

[2] B. Schoelkopfand A. J. Smolagarning with KernelsMIT Press, Cambridge, Massachusetts, 2002.

[3] J. Shawe-Taylorand N. CristianirKernel Methods for Pattern Analysi€ambridge University Press,
2004.

[4] F. Girosi, M. Jones, and T. Poggio, “Regularization tfyeend Neural Networks architecturebleural
Computationvol. 2, pp. 219-269, 7 1995.

[5] P. Kudova, “Comparison of kernel based regularizatietworks and RBF networks.,” iBroceedings
of ITAT, 2004,.2004.

[6] F. Narcowich, N. Sivakumar, and J. Ward, “On conditiomnrhers associated with radial-function
interpolation,”Journal of Mathematical Analysis and Applicationsl. 186, pp. 457485, 1994.

[7] T. Samalova and P. Kudova, “Sum and product kernel netwoflesh. Rep. 935, Institute of Com-
puter Science, AS CR, 2005.

[8] P. Kudova andsamalova T., “Product kernel regularization networks,Proceedings of ICANNGA,
2005 Springer-Verlag, 2005.

[9] S. Haykin,Neural Networks: a comprehensive foundatidom Robins, 2nd ed., 1999.

[10] BANG, “Multi-agent system for experimentints with cqutational intelligence models..”
http://bang.sf.net/

[11] LAPACK, “Linear algebra packagetittp://www.netlib.org/lapack/

[12] L. Prechelt, “PROBEN1 — a set of benchmarks and benckimgrules for neural network training
algorithms,” Tech. Rep. 21/94, Universitaet Karlsruhe994.

[13] PAPI, “Performance application programming inteddc
http://icl.cs.utk.edu/papi/

PhD Conference '05 74 ICS Prague



Martin Lanzendorfer Flow in the Journal Bearing

Flows of Fluids with Pressure Dependent Viscosity
in the Journal Bearing

Post-Graduate Student: Supervisor:

MGR. MARTIN LANZENDORFER Doc. RNDR. JOSEFMALEK, CSc.

Mathematical Institute
Charles University

Sokolovska 83 ’ Mathematical Institute
CZ-186 75 Prague 8 - Karlin Charles University,
Czech Republic; Sokolovska 83

. . CZ-186 75 Prague 8 - Karlin
Institute of Computer Science

Academy of Sciences of the Czech Republic Czech Republic
Pod Vodarenskou vézi 2

182 07 Prague 8
lanz@karlin.mff.cuni.cz, lanz@cs.cas.cz malek@karlin.mff.cuni.cz

Field of Study:
Mathematical modeling
Classification: F11

Abstract

Journal bearings that have been used for thousands of yedrthat go along with our civilization
as well as the wheel, could be imagined as two eccentricdgis) separated by fluid. Within this simple
geometry we investigate the flow of non-Newtonian fluid.

In the first part, we describe the geometry, the fluid model,briefly mention related theoretical
results and previous investigations. In the second partpreeide numerical simulations of the planar
steady flow within the annular region using the finite elenrmaathod. We compare the classical Navier-
Stokes model and the generalized one and provide severapéxaimulations discussing the parameters
of the model.

1. Introduction?

Lubrication generally, and the journal bearings as weNgiaeen helping mankind for thousands of years.
Basic laws of friction were first correctly deduced by da Vi(it519), who was interested in the music
made by the friction of the heavenly spheres. The scientifidysof lubrication began with Rayleigh, who,
together with Stokes, discussed the feasibility of a thismaktreatment of film lubrication. The journal bear-
ings are heavily used in these days, and they are designestadidd on the mathematical basis and by nu-
merical computations for a long time. Even by browsing thermet you can find web sites where simple
computational simulations are provided by an automatitasok for free. (Mostly based on the Reynolds
approximation.) This paper does not aspire to present amy &f directly applicable numerical result or
method at all. The intentions of this work are rather to fallone of the lines of today’s investigation;
to present, in the perspective of numerical results, onéefrécent generalizations of the Navier-Stokes
model of fluid motion in the context of journal bearing lulaimn problem: the main aim is to follow
the theoretical results achieved [n]10] and to study theabdities of the constitutive model, for which
we know that our problem formulation has a solution.

IMany of what is written in the beginning of this section carfdmend in [4].
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Lubrication is used to reduce/prevent wear and lower fiittiThe behavior of sliding surfaces is strongly
modified with the introduction of a lubricant between themhé&i the minimum film thickness exceeds,
say,2.5um, the coefficient of friction is small, and depends on no pthaterial property of the lubricant
than its viscosity. When there is a continuous fluid film sapag the solid surfaces we speak of fluid film
bearings. Here we deal with tiself-actingbearing, operating in thiydrodynamical modef lubrication,
where the film is generated and maintained by the viscous dffage surface themselves, as they are
sliding relative to one another. Hydrodynamic bearingyarormously both in their size and in the load
they support, from the bearings used by the jeweler, to thmpl bearings of a large turbine generator set,
which might bed.8m in diameter and carry a specific load3Pa, or the journal bearing of a rolling mill,
for which a specific load oc80MPa is not uncommon.

If the motion which the bearing must accommodate is rotafi@md the load vector is perpendicular to
the axis of rotation, the hydrodynamic bearing employgdusnal bearing In their simplest form, a jour-
nal and its bearing consist of two eccentric, rigid, cylirdérhe outer cylinder (bearing) is usually held
stationary while the inner cylinder (journal) is made toatet at an angular velocity. If the bearing is
“infinitely” long, there is no pressure relief in the axialection. Axial flow is therefore absent and changes
in shear flow must be balanced by changes in circumferentasispre flow alone. In this paper, we follow
this assumption, which allow us to restrict our further ddesations to two-dimensional plane perpendic-
ular to the axial direction.

We thus consider the geometry as it can be seen in fidure 1. dmaid of the flow is an eccentric annular
ring, the outer circle with the radiug z, the inner circle radius being ;, the distance between their centers
is denoted by. The inner circle rotates around its center with (clockeyi®tational speed, or we can say,
with tangential velocityy,. It is customary to define the radial clearan€e= Rp — R;. As the possible
values ofe are in the range € (0,C) we denotes = ¢/C, ¢ € (0, 1) the eccentricity ratio. Hereafter,
we say “eccentricity” talking about We can clearly seRp = 1 such that the geometry of our problem is
described by two characteristic numbemsndR ;.

Figure 1: Journal bearing geometry

In practice, the journal is not fixed at all but flows in the liglant, driven by the applied load on one hand,
and by the forces caused by the lubricant on the other hareteldre, in the time dependent case the ge-
ometry would not be fixed, the journal axis would observe sowm-trivial trajectory in the neighborhood
of the bearing axis. The simulation would then look someheviodlows: we could set all fluid parame-
ters, the radii of both the bearing and the journal cylinderescribe the speed of rotation and the load
applied on the journal, and then we could study the trajgoddijournal axis in time. Such an approach
could be seen e.g. inl[3] with many important outcomes coringrthe operational regime. One of these
observations is that in some cases the motion of the jouxiscan cease and can become stable in some
“equilibrium” position. Naturally, the position depends the applied load. In theteady-state approach
which we present here, the position of the journal is présctiand from the solution of lubricant motion
we afterwards compute the force applied to the journal byithé. By this procedure we obtain the reaction
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force depending on the eccentricity of cylinders, withoatfprming complex and more time consuming
time-dependent simulations. Thus we can effectively sthdyinfluence of both geometrical and fluid pa-
rameters on the resulting operational re@me

2. Governing equations

We consider the lubricant to be a homogeneous incompresiiliti. We do not consider any cavitation
in the model, treating only full film of lubricant. The circigtances and effects of cavitation can be found
e.g. in [3]. The motion is described by the equations exjmgdhe balance of mass (recall thais a con-
stant)

dive=0 inQ 1)
(we denot&? the domain of the flow) and the balance of momentum
v 2 ov . .
pa—kp;via—xi:dwT—l—pb in €. 2)

As we have decided to study the steady-state problem, th@tabf momentum takes the form
2 ov
i = divT in Q. 3
p ;:1 ) e ivI+pb in (3)

For simplicity, we assume that= 1 in all what follows. We complete the systelih (1) ad (3) by tlvichlet
boundary condition
v=1vy 0noX, 4)

such that the lubricant particles on the boundary are swgghts follow the motion of the rigid walls.
In the geometry of journal bearing we suppose the outereciittle bearing wall) to be fixed and the inner
circle (the journal) to rotate along its own axis. This medra we prescribe

vg = 0 onlo C 09 (the outer circle) (5)
vg = wvor onl} C 99 (the inner circle) (6)

whereu is given andr = 7(x) is the (clock-wise) unit tangential vector to the inner [8IE,.
The crucial step now is to set the model of Cauchy stress tdnso

A fluid is called Newtonian if the dependence of the stressdeion the spatial variation of velocity is
linear. This model was introduced by Stdies 1844 [1] and already Stokes remarked that the model
may be applicable to fluid flows at normal conditions. Foranse, while the dependence of the viscosity
on the pressure does not show up in certain common flows, haama significant effect when the pressure
becomes very high.

As the lubricant in journal bearing is forced through a veayrow region, of order of micrometers, the pres-
sure can become so high that the fluid obtains a “glassy”.dt&iesover, since the shear-rate becomes also
high, the viscosity of the lubricant does not suffice to besid@red constant with respect to the shear-rate.
We thus consider the Cauchy stress tensor to be of the form

T = —pI + pv(p, |D|*)D, )

where .
D> =trD?, ~ D= 5 (Vv + (Vv)T).

2 Also, knowing the dependence of the reaction force on therdgcity, we can proceed to “quasi-stationary approadiViag
the system of ODEs for the journal axis trajectory, assuntliag at each time step the flow of the lubricant is “steady”.tmother
hand, one of the disadvantages of this approach is that kggative position of the journal and the corresponding readtioce, we still
do not know anything about the stability of such a configoratiAnyway, this questions are out of the scope of this work.

3 the model was earlier introduced also by Navier and Poisson
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For details concerning the derivation of this class of cibmiste models see e.d.][bl 6,[4,[8.110]

As we introduce the new variabjeinto the equations, the pressure, we have to add the corfhitio

1
TOl pd(E = Do, (8)
12 Jo
wherep, is given constant. We note that as soon as the pressure figutes viscosity formula the value
of py is no more dismissible, but it can affect the behavior of thkitson, in the contrary to the case
of Navier-Stokes equations (séé [9]).

The dependence of the viscosity on the pressure has beeiedstiod quite a long time. For instance
in the magisterial treatise of Bridgman [2] there is a disbos of the studies up to 1931. The dependence
of the viscosity on the pressure is mostly considered to pemantial, the simple form

v(p) = exp(ap) 9)

is often used. As a representative of models where the \itgabespends only on the shear-rate we mention
the (shear-thinning) power-law model

v(D) = v|DP7%, pe(1,2).
Here we test a different viscosity formula, following theeat positive results in the existence theory.

Although the fluid models with the pressure dependent visessare studied and used at least from
the first third of the last century, mathematical resultsaarning the existence of solutions are rare. Re-
cently, the global-in-time existence of solutions for asslaf fluids with the viscosity depending not only
on the pressure but also on the shear rate was established|€, &l 7]. These results, established under
the assumption that the flow is spatially periodic, was aadealso for homogeneous Dirichlet boundary
condition in [8]. This was generalized to the case of non-bgemeous Dirichlet condition in the paperl[10],
provided that only a tangential component of the velocitydazero on the boundary, i.e. under the assump-
tion that
v-n=0 onof (20)

(n means a normal vector @X2). Note that the boundary conditioll (£}-(6) given for therjual bearing
fulfills (L0). These results strongly use the fact, that tisewsity does not depend only on the pressure, but
also (in a suitable way) on the shear-rate. For detailednagsans made on this subclass@f (7) de¢151 6, 7,
8,[9,[10]. Let us only mention, that any exponential modehefform

v(p,|D|?) = vp(ID[?) exp(ap) (11)

or similar does not meet the assumptions and, up to our krigelethe existence of a solution for such
a case is not clear.

Here, we examine the model, also introduced and numerisalljied in[[7], of the following form:

r—2
2

v(p, [DI?) = vo (A + (8 + exp(ap)) = + [D?) (12)

This model (under some additional assumptions on the gesitinstantsy, A, a, 3, g andlonr € (%, 2))
meets the assumptions givenlin][10] (se€e [9] for more détaiisl thus the theoretical results given[ini[10]
can be applied. Let us point out the propertiesa] (12) briffhe viscosityv(-, ) is decreasing function
of |D|? and increasing function gf (as soon as < 2). For |D| great enough the remaining terms are
bounded byA + 37¢ and the shear dependence becomes dominant. Asymptati@@&lybehaves like
the power-law model:

v(p,|D|*) ~ v|D|""%, as|D| — oo, p arbitrary.

4 or some similar condition on the level of the pressure field
5 Ourtheoretical results give the existence onlyrfag (%, 2). However, we provided the simulations wittbeing within the range

r € (1,2) and, in our geometry, we did not observed any significant gaai (numerical) behavior near the value= %
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We see that in some feasible range of pressure (suchgtican be neglected, but in the same moment
exp(—qap) >> A+ |D|?)

v(p,|D|?) ~ vy exp(ozp)q%TT, for A, |D|> << 1 andp in some feasible range

such that the model is in this sense similar to the relafinWafortunately, for the pressure being large,
asymptotically
v(p,|D|?) ~ (A +|D|>)=", asp — oo, |D|fixed

the viscosity is bounded, its supremum beir@gl%. This property necessarily follows from the method
used in[[10] in order to prove the existence of solutions.

In order to keep the similarity of our model withl (9), we set

q:= ., A:=03:=107°. (13)

3. Non-dimensional form of the equations

In the classical Navier-Stokes equations it is customargharacterize the flow problem by the non-

dimensional Reynolds number, defined as

Re:g,
v

whereU andV are the characteristic length and the characteristic Wglaespectively. This is a conse-
quence of the fact, that if we introduce these charactergtantities into equations, writing them in terms
of non-dimensional velocity, pressure and length, the aefyn that remains in the equations is exactly
the Reynolds number. This is no longer true as soon as wedmnrthiat the viscosity depends non-trivially
on the pressure and/or on the velocity gradient.

Let us consider the classical model with constant viscasstyan approximation of the generalized one,
in the case when the pressure and the shear-rate are noteab Bollowing this idea, it seems to be
reasonable to define a quantity

v
Re* :=

N )

Vo

where 7y := (0, 0). (14)

The momentum equatioll(3) then transforms to the non-dimneakform

0

’D'L_A
6:@»

~ 1 . A~ A TTYI2Y T 7
+Vp— = div (#(5, D)D) = b, (15)

where we define the modified viscosity form
- 1 1 vZ .
b(p, |D|?) = — D]?) = — 25, —|D? . 16
9(6.1D) = 2w (5. 1DP) = oo (V29 151DF) (16)
Let us note tha?(0,0) = 1.

4. Numerical method

We briefly discuss the numerical method used to obtain theoappations of the solution. We use the soft-
ware packagéeatflow |, the finite element method package developed initially teesthe Navier-Stokes
equations and modified in order to solve also the Navier<&dike systems with the non-constant viscos-
ity. For the information concerning the basic methods usetthé package, concerning the efficiency and
the mathematical background, as well as for the softwaelf itwe refer towww.featflow.de | the feat-
flow manuall[12] and the book by S. Tureék[11].
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The triangulation of the domain is done via quadrilateraheénts. The&)1/Q0 Stokes element uses “ro-
tated bilinear” shape functions for the velocity and pieisevwconstants for the pressure. One of the features
of this element choice is that it admits the simple upwindtsgies which lead to matrices with better prop-
erties, these methods are includedeatflow  and we use it without providing any further description.
For details see [11].

For the definition of the discrete weak solution to our probleee [[9]. The discrete formulation leads
to the system of nonlinear algebraic equations, that akedalia the adaptive fixed point defect correction
method (solving an Oseen-like subproblem at each iteratldnear problems resulting in each step are
solved by a multi-grid method, where Vanka-like block-Geafdel scheme is used both as a smoother
and a solver. For all details, documentation and furthelyaieawe refer tol[11, 12].

Since we use the formulation including the symmetric pathefvelocity gradienD, this approach in itself
is unstable due to the failure to satisfy a discrete Korné&qimality. The stabilization technique is thus
included in the code, see [13] for reference.

5. Numerical results

The first component of this section are the results of thesidabNavier-Stokes model applied to the jour-
nal bearing geometry. The main aim is to show the influencénefvarying eccentricity of the journal
and the behavior of the Navier-Stokes model with variousri®éds numbers. In all simulations we set
the velocity prescribed on the inner circle to be 1, i.e. tdh®echaracteristic velocity of the real problem.
Similarly, we setl the radius of the outer circle. The radius of the inner cimteset to bé).8, which gives
us the possible range of absolute eccentrieity (0,1) ~ e € (0,0.2).

The resulting (non-dimensional) pressuralistributions (we sep, = 0) for the Reynolds numbers,
100 and 1000 and for the eccentricitie.3 and0.8 are shown in figur€l2. In figurg 3 there are shown
the distributions of D| and figurd¥ shows the streamlines of the resulting flow.

Re=1 Re =100 Re = 1000

Figure 2: The pressurg distribution for the Navier-Stokes model
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Re =100

Re = 1000

Figure 4: The stream-lines for the Navier-Stokes model
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In the second part we show the differences that occur whenntvediuce the generalized model, with
the viscosity of the form{d2). We set= 1.5 as the lower border of the range within we proved the ex-
istence, and in order to keep{13) we get 4. As we have already mentioned, we set= (5 := 1075,
Motivated by [3] we setv := 1078,

Let us look to the previous simulations. We can see, obsgrianinstance the case = 0.5, Re = 1

in figure [, that on the majority part of the flow domdiRP|?> ~ 30. On the other side, the (non-
dimensional) pressure results somewhere in the rgnge —100.. + 100. Since we would like to have

a positive pressure values (realizing that in the presdemendent viscosity case this becomes important,
in contrast to the Navier-Stokes case) we set the pressuae raduep, = 100 such that we can expect

p ~ 0..200 from the Navier-Stokes case. If we would $§ét= V' = 1 in the non-dimensional transforma-
tion (I8), we would obtairi3 + exp(ap)) ¢ ~ from 1 — 1075 to 1. Note that setting the Reynolds number
higher than one we obtain even smaller range of the presslde(iin the Navier-Stokes case). Naturally,
we wouldn’t obtain any visible dependence of the viscositytlee pressure setting the parameters in this
manner.

We recall the non-dimensional transformatibnl (16), whighemploy in order to balance the pressure- and
the shear- dependence [0](12) in such a way that we can demtentte abilities of the model. We keep
Re* = 1 in what follows - from now, the influence of the convectivanigs not in the center of our interest.

First, we set the characteristic velocity in such a way thatg3 + exp(aV?p))~¢ ~ 0.5 for p ~ 200.

We thus sel’ = 300. We notice that fop ~ 100, that is for the prescribed mean value of the pressure,
we obtain(8 + exp(ap))~9 ~ 0.7. Therefore, as a second step, we set the characteristithl€hguch
that for|D|? ~ 30 we obtain|D|? = ¥—§|ﬁ|2 ~ 0.7 We thus seU = 2000. As we have decided to keep
Re* = 1 for now, we must set, such thatyy, = v(0,0) := UV = 6 x 10°. The last choice is, of course,

a very unrealistic one. This should be understood as a noal@kperiment, preliminary to the further
studies of the real-case parameters and geometry, whiatoasidered as the next step.

Cells = e / Cells
Pressure X - r NormD{u)
7B " 128

627 = // 1.4

[' N > [
-70.0 0.0504
values of the pressure values oflD|

Figure 5: Some Navier-Stokes results fore= 0.5

In figure[@ we show the viscosity field for the case- 0.5. In tabld1l we present the comparison of the fol-
lowing quantities for the Navier-Stokes and for the mod&) (e show the minimum and maximum values
of the pressure (we shifted the pressure mean valué@an the Navier-Stokes case), of the sh{efat and

of the viscosity, then we show the (hon-dimensional) foregnitude and its direction.

In table and graphl2 we show the minimum and maximum visessitir several eccentricities fie” = 1.
In tabled B[} andl5 we present the maximum pressurélahealues, the force magnitude and its direction,
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Figure 6: The viscosity field for the moddl{12Re* = 1

Pmin  Pmax | [Dlmin  |Dlmax | Pmin  max | force mag. force dir.
N.-S. 22 178 0.05 12.6 1 1 172 0.4998
model [12) 41 159 | 0.002 612 0.51 1.13 137 0.5011

Table 1: A comparison between N.-S. and the mofel (B); = 1,6 = 0.5
compared with the Navier-Stokes case for several eccéigsc

6. Conclusion

We presented one sample form of the viscosity which fulfills tonditions of the recent existence result,
and we shown that it is indeed able both of significant sheianthg and pressure thickening effects,
so important in the context of the journal bearings. The pt@gty influence was systematically studied
in order to compare the behavior of our generalized modet Wit Navier-Stokes fluid in one selected
example. The main aim was not to give any engineering priedicir quantitative results but to show
the extended capabilities of the generalized model sambearded to determine and set the additional
parameters occurring in the model.
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Viscosity
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0.1 02 03 04 05 06 0.7 0.8 0.9

Eccentricity

Umin Umax
e=0.11] 085 1.07
0.2 | 0.77 1.09
0.3 | 0.69 1.10
0.4 | 0.60 1.12
0.5 | 051 1.13
0.6 | 0.43 1.15
0.7 1 0.35 1.8
0.8 | 0.26 1.22
0.9 | 017 1.35
0.95 | 0.12 1.64

Table 2: The minimum and maximum viscositieRe™ = 1
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Table 3: Maximum pressurg values, N.-S. and the mod€{1Re* = 1
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4 05 06 07 0
Eccentricity

8 09 1

84

N.-S. gen. N.-S.

e=0.1 113 110
0.2 | 126 121
0.3 | 140 132
0.4 | 157 144
0.5 | 178 159
0.6 | 209 179
0.7 | 262 208
0.8 | 378 261
0.9 | 813 412
0.95 | 1931 701
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Table 4: Force magnitude, comparison between N.-S. and the modglR22 = 1
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Eccentricity

.7 0.8 0.9

0.0025

N.-S.
0.002 - 9en- N.-S.
0.0015 -
0.001 r
0.0005 -

Force angle

0001 |

-0.001

Table 5: Force direction, comparison between N.-S. and the m@d) R& = 1
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5 P
0.1 0.2030405060.

Eccentricity

7 0.8 0.9

85

N.-S. gen. N.-S.

e=0.1 34 27
0.2 67 55
0.3 | 101 82
0.4 | 136 109
0.5 | 172 137
0.6 | 213 167
0.7 | 265 202
0.8 | 339 249
0.9 | 493 330
0.95 | 694 415

N.-S. gen. N.-S.

e=0.1 | -0.00047 -0.0013
0.2 | -0.00043 -0.0010
0.3 | -0.00037 -0.0007
0.4 | -0.00029 -0.0002
0.5 | -0.00019  0.0003
0.6 | -0.00009 0.0009
0.7 | 0.00002 0.0013
0.8 | 0.00012 0.0014
0.9 | 0.00019 0.0014
0.95 | 0.00020 0.0022
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Abstract

Integration has been an acknowledged data processingepndiar a long time. However, there is
no universal tool for general data integration. Becausmuardata descriptions, data heterogeneity, and
machine unreadability, it is not easy way. Improvement ig #ituation could bring the Semantic Web.
Its idea is based on machine understandable web data, whnghus an opportunity of better automated
processing. The Semantic Web is still a future vision, beterare already some features we can use. The
paper describes how is integration solved in mediationgitatiion system VirGIS and discusses use of
nowadays Semantic Web features to improve it. Accordinfpégaroposed changes, a new ontology that
covers data used in VirGIS is presented.

1. Introduction

Today’s world is a world of information. Expansion of Worldif¢ Web has brought better accessibility to
information sources. However, in the same time, the big arhotidifferent formats, data heterogeneity,
and machine unreadability of this data have caused manygimsbOne of them is a problem of integration.
To integrate data could mean to provide one global view oseeial data sources and let them be processed
as one source. To integrate data means to provide one gl@vabver different data sources [1]. This view
can be either materialized, or virtual. An important thiegd combine data in meaningful way and let them
be accessible as one whole. There are two main problemgingsfrbm the data integration. The first is
the data modeling (how to integrate different source sclsgntize second is their querying (how to answer
to the queries posed on the global schema). The integratamegs is not easy. Yet, there is no universal
tool or method that could be used every time when needed.riheless, there are some partial solutions in
many research areas.

As mentioned above, data features make automated progetiffioult. Exactly from this base rises the
idea of the Semantic Webl[2]. It considers data to go along thitir meanings. An addition of semantics
would make data machine readable and understandable. Ttmation could be easier. This proposal is
for general web data, so it offers to use it also for specalizind of data.

PhD Conference '05 87 ICS Prague



Zdenka Linkova Data Integration ...

query answer

y

Mapping | Composition
A

| Decomposition/Rewrite |

| Execution

local local local local
query answer query answer

Figure 1: VirGIS System

Integration has been solved also in the area where GIS (@pbgrInformation Sources)|[3] are used.
Among these solutions, there is also VirGIS, an integrasigstem that work with satellite images.

2. VirGIS System

VirGIS [4] is a mediation platform that provides an virtuatégrated view of geographic data. In general,
the main idea in a global virtual view use is a system of congpdsicalled mediators. Mediators provide an
interface of the local data sources. There are also otheifam®mponents - wrappers, which play the roles
of connectors between local source backgrounds and thalglok. The principle of integration is to create
a nonmaterialized view in each mediator. These views ame tised in the query evaluation. Essential are
mapping rules that express the correspondence betweeroth@ gchema and the data source ones. The
problem of answering queries is another point of the mealigtitegration - a user poses a query in terms
of a mediated schema, and the data integration system neeefotmulate the query to refer to the data
sources.

VirGIS accesses GIS data sources via Web Feature Servic8)@éfver and uses WFS interfaces to per-
form communications with sources. WFSs play the role of weap in the mediation system. VirGIS uses
GML as an internal format to represent and manipulate gedmecanformation. GML is a geographic
XML-based language; therefore GQuery, a geographic XQbesed language, is used for querying. The
integration system has only one mediator called GIS Medidtdas composed of a Mapping module, a
Decomposition/Rewrite module, an Execution module and @sition module.

The Mapping module uses integrated schema informationdardo express user queries in terms of local
source schemas. Each mapping rule expresses a corresperdween global schema features and local
ones. For the global schema definition, a Local As View (LAgpebach is applied. This approach consists
in defining the local sources as a set of views made on the lgkabama. In current version of VirGIS,
there are used simple mapping rules that allow the spedtfitat one-to-one schema transformations under
some constraints: aggregations and one-to-many mappieg®aconsidered. The Decomposition/Rewrite
module exploits information about source feature types smdce capabilities to generate an execution
plan. A global GQuery expression is used as a container fiteating and integrating results coming from
local data sources. The Execution module processes sufeggentained in the execution plan and sends
them to the appropriate source’s WFS. The Composition neoalehts the final answer to delete duplicities
and produces a GML document, which is returned to the user.
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3. Use of Semantic Web features in mediation integration sysm

The Semantic Web is intended as an extension of today’s Wit Web. It should consist of machine
readable, understandable and meaningfully processatae e basis is addition of data semantics - there
will be stored data meaning description together with dagartselves. The Semantic Web idea belongs still
to the future; however, there have been made already sorgdsalt is based on standards, which are
defined by W3C (WWW Consortium)|[5]. The Semantic Web coulgrave or make easier to automate
some operations. Hopefully it could bring something mose &h data integration process. There are some
areas, which could benefit by better automatization; fongpla addition of new sources, mapping rules
generation and schema evolving.

3.1. Data sources

An important requirement of machine processable inforameis data structuring. On the web nowadays,
the language XML (eXtensible Markup Languade€) [6] is usednfi@king web document structure. But
only XML is not enough to describe data. The technique to ifp#lte meaning of information is RDF
(Resource Description Framework] [7]. It is basic tool oforeurces metadata addition. RDF data model
gives an abstract conceptual framework for metadata defirdgind usage. It uses XML syntax (RDF/XML)
for encoding. Additionally, there is also an extension of R€alled RDF Schemal[8] that is useful for
class definition and class hierarchy description. Instmitsiéor definition of terms used either in data or in
metadata are ontologies. In the context of web technolpgi@slogy is a file or a document that contain
formal definitions of terms and term relations. The Semanb technique for definition of ontologies is
the OWL (Ontology Web Languagée) [9] language.

In the VirGIS integration system, an XML-based languagesisduifor data representation. If the integration
is XML-based, why not bring more and, instead of simple XMkglRDF, which has bigger expressive
power. So in the proposed integration system, the RDF isded to represent information. Also XML
document primarily not intended for RDF applications cdubddescribed using RDF. By observing several
guidelines when designing the schema] [10] proposed howateran XML "RDF-friendly”. For already
existing documents, there is possibility to make some XMDFbridge. Of course, it has not to be always
simple way.

As with data, the XML and RDF worlds use different formalison €xpressing schema. The Semantic Web
currently uses languages such as RDFS and OWL. So in the ggdpotegration system, OWL is used to
publish sets of terms (called ontologies). Of course a oan use some richer ontology (richer than the
source need as the schema). In this case, the source scheimas2en as a view of the ontology.

3.2. Querying

According to data description change, a change in quergingéded. Since RDF is defined using an XML
syntax, it might appear on the first sight, that a query lagguand system for XML would also be applicable
to RDF. This is, however, not the case, since XML encodestthetsre of data and documents whereas the
RDF data model is more abstract. The relations or predicdth® RDF data model can be user defined and
are not restricted to child/parent or attribute relatiohgiuery language based on XML element hierarchies
and attribute names will not easily cope with the aggregatifodata from multiple RDF/XML files. Also,
the fact that RDF introduces several alternative ways tmée¢he same data model in XML means that
syntax-oriented query languages will be unable to query [RBf&a effectively. Having motivated the need
of an RDF query language, there was developed some quenydgeg. A standardized query language for
RDF data is called SPARQLTIL1].

3.3. Mapping and query rewriting

Essential task for the integration system are mapping anelsquery rewriting, too. Closely related with it
is also new sources addition and how (or whether) it coulddredautomatically. Mapping rules in VirGIS
are expressed utilizing XML. However, the idea about thermapment of the integration system is to be
able apply existing mapping rules, knowledge about alréathgrated sources, and knowledge about the
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new one to generate (automatically as much as possiblepppate new mapping rules. Doing this, taking
advantage of an inference mechanism tool would be prad#icBlot it requires machine processable data.
Similarly to data sources, there is an idea to use RDF/XMteiagd of this pure XML. Nevertheless, even
RDFS has no construct for terms or classes equivalency ssipre There must be used some additional
capabilities.

A possibility is own development to enrich RDF(S). Anothespibility is to work with OWL, which is
standard extension of RDFS. Using OWL provides at least fww@aches. The first way is definition of
mapping rules as a special class. The second way is to presgpging between schemas and concepts
of sources by usage of OWL construct in order to express atpriey of some parts of different sources
ontologies. The same situation is also in field of query rémgi It needs further study. Of course, there
some existing algorithms that could be used. Or, this coaldrproved, according to chosen technique of
mapping rules definition, cleverness of particular localrses query mechanism, and potentialities of an
accessible tool that implements SPARQL.

4. Building ontology for VirGIS system

The first step towards a Semantic Web-based version of wiegrsystem VirGIS was VirGIS ontology
development. This task was joint work with Radim Neflo&lur aim was to build an ontology for a given
data domain; it had cover at least data provided by VirGIS.

The term “ontology” has been used in many ways and acrossreiff communities. A popular definition
of the term ontology in computer science is: an ontology isranfl, explicit specification of a concep-
tualization. A conceptualization refers to an abstract ei@d some phenomenon in the world. However,
a conceptualization is never universally valid. Ontolegimve been set out to overcome the problem of
implicit and hidden knowledge by making the conceptuaiimaexplicit. An ontology may take a variety
of forms, but it will necessarily include a vocabulary ofites and some specification of their meaning.

There are many tools and languades [12] that can be empley@éans for ontology development. Among
available ontology languages, Web Ontology Language (OW4&$ chosen. OWL is proposed to be an
ontology language for the Semantic Web. OWL, a XML baseduaigg, has more facilities for expressing
meaning and semantics than XML, RDF, and RDF Schema, andD¥isgoes beyond these languages in
its ability to represent machine interpretable content@web. OWL adds more vocabulary for describing
properties and classes. A large number of organizations haen exploring the use of OWL, with many
tools currently available.

As an ontology design tool, Protégé Systém [13] was usemtége is an integrated software tool used to
develop ontologies and knowledge-based systems. Rrdtag been developed by the Stanford Medical
Informatics (SMI) at Stanford University.

4.1. VirGIS data

VirGIS is implemented as an integration system of sateiiitages. Figur€l2 illustrates local and global
sources of VirGIS. As local sources are used subsets of sthdrawn from SPOT and IKONOS catalogues
and QUICKLOOK database.

SPOT and IKONOS catalogues provide information about el QUICK LOOK refers to a sample of
small images that give an overview of satellite images saggh the catalogue. The role of the global
source is played by the VIRGIS mediated schema. The VIRGh8rea contains just one entity VIRGIS
with following attributes:

e stringid (a common id for the different region photographed)

e stringname(the name of the satellite that takes the photo)

lnhedbal@cs.cas.cz
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SPOT IKONOS VIRGIS
Attribute Type Attribute Type id string
date Date date_acqui Date name string
sun_elev numeric sun_el numeric satid string
satellite string satellite string date Date
sat id numeric sat id numeric sun_elevation numeric
key string key string url string
the geom. Polygon the geom Polygon geom Polygon
QUICK LOOK
Attribute Type
key string
filename string

Figure 2: Local and global satellite schemas

string satid (the id for the satellite)

datedate(the date when the photo was taken)

numericsunelevation(the sun elevation when photo was taken)

stringurl (the url where the real photo is saved)

polygongeom(the geometry of the region photographed)

According to this schema description, the aim was a devedopimf an ontology satisfying the VirGIS data
semantics. It had to cover not only the global schema, batthkslocal ones and relationships among them.

4.2. The VirGIS ontology

The aim was a description of satellite image knowledge inr&M ontology. In ontology re-use, we can
consider only some general spatial ontology for basic génafeatures. The VirGIS data area itself is not
covered with any existing GIS ontology. A new ontology foisthurpose is needed.

The proposed VirGIS specified ontology comes out of the datdehdescribed above. The main domain
concepts and their relationships are depicted in Figlire Bi&sns of ISA tree.

s-a
atellite_images

owl:Thing

is-a is-a
QUICK_LOOK_images
is-a is-a
SAT1_images VirGIS_images
is-a

IS

SPOT_images

Figure 3: ISA diagram of the model

is-a

IKONOS_images

Observe that each node corresponds to one coné@PNOSimages andSPOTimages refer to local
sourcesVirGIS _images refers to the global mediated source. The fact that evergé@mntained in
IKONOS or SPOT database is also contained in VirGIS indulcescbrresponding concepts relationship
that can be understood as set inclusions:
IKONOS images C VirGIS_images,
SPOT _images C VirGIS_images, (1)
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Analogical relationship applies t¥irGIS _images and Satelite _images concepts. Observe that
there is an additional clas®AT1 images in the model. It contains satellite images not integratediin
GlS.images. Finally, an inherent feature of the OWL data modtidesunique supercla§HING being the
superclass of all other classes.

In  OWL, a owlClass construct is used for concept indication and
rdfs:subClassOf construct for expressing the concept relationships cpmeding to set inclu-
sion relations:

Example 6 The OWL expression of the relationshipSHFOTandVirGIS classes

<owl:Class rdf:ID="SPOT_images">
<rdfs:subClassOf rdf:resource="#VirGIS_images" />
</owl:Class>

The rdfs:subClassOf construct expresses inclusion relationship on both setcamdeptual level.
Therefore, the above OWL code example implies SE@ages being conceptually more specific than
VirGIS_images.

In OWL, classes are also characterized by means of propgife attributes of corresponding concepts.
Properties definitions are to represent the semantic oalsitips of the corresponding concepts and their
attributes.

Observe that SPOT and IKONOS use semantically equivaléitiiaes without any common name con-
vention. In addition, VirGIS introduces its own identifiefgr respective attributedate -~ (SPOT),
date _acqui (IKONOS) anddate (VirGIS) represent semantically equivalent attributes iftstance.
This is solved with mapping of mediation integration in VIB5However, it can naturally be expressed on
the semantic level, by means of OWL.

With regard to the above discussion and considering theisimhl, it follows:

(Vimage € SPOT_images)(date_(image, DD/MM/YY) — date(image, DD/MM/YY)),
which defines the semantic relationship of the binary pregdedate - anddate . The relationships
between other predicates can be expressed analogically.

In OWL, rdfs:subPropertyOf construct is used for expressing such semantic relatipashi

Example 7 The OWL interpretation of the relationship of the propestiate . anddate

<owl:DatatypeProperty rdf:about="#date_">
<rdfs:subPropertyOf rdf:resource="#date" />
</owl:DatatypeProperty>

This relationship is more vague than the relationship of\eence. However, the relationship of “subProp-
ertyOf” mirrors SPOTimages being conceptually more specific than Vir@itages.

For completeness, there is an additional class in the m@ad&metry class contains geometric elements,
designed for geometry type properties description. In taaericher geometry is needed, geometry classes
from existing spatial ontologies can be imported. At thisdj the presented ontology is suitable for VirGIS
data description. It can be enriched in case more capalibtiould be needed.
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5. Conclusion

Data integration is a real problem of information procegdor a long time. There were already done some

solving steps, whether partial solutions in particulaesesh areas, or development towards the Semantic
Web. A lot of work must be still done. The first step for in thigper proposed system was done. A hew

ontology describing sources and data in the VirGIS intégnasystem was developed. Further tasks are

planned: mapping expression, query rewriting, and infeclma@ism and tools.
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Abstract

The paper proposes to extend the classical relational datkelnby the notion of preference realized
through a partial ordering on the set of relation instan@éss extension involves not only data represen-
tation but also data manipulation. As the theory of the nigjoff query languages for the relational model
is based on the relational algebra and because of its funttafmeture, the algebra can be regarded as
a basic measure of expressive power for database languageséral. To reach this expressive power
in the proposed — semantically reacher — extended relatitzta model, the relational algebra operators
need to be generalized. Simultaneously, it is desirabledsguve their usual properties. To sum up, the
proposed extension of the relational model should be asmairas possible, in the sense that the formal
basis of the relational model is preserved. At the same tiheeextended model should be fundamental
enough to provide a sound basis for the investigation of nesgiple applications.

1. Introduction

Preference modelling is used in a great variety of fields. dumpose of this article is to present fundamental
ideas of preference modelling in the framework of relatiataa model.

In this section, a brief overview of related research workd &amdamentals of the proposed, extended re-
lational model are presented. In the second section, themot preference and methods of its realization
through ordering is introduced. In particular, order resanetation throughP, I) preference structuren
attribute domains and ordering on instances of a givenioslare explored. The third section discusses an
effective implementation method through a generalizedsEl@a$agram notation. The last section summa-
rizes the solutions pursued and the the approach potential.

1.1. Related Research Work

Recent work in Al and related fields has led to new types ofgresfce models and new problems for
applying preference structures.

Preference modelling fundamental notions as well as sowenteesults preser@ztiirk et al. [6]. The
authors discuss different reasons for constructing a mafdeeference and number of issues that influence
the construction of preference models. Information usedmguch models are established is analyzed, and
different sources and types of uncertainty are introduéésb, different formalisms, such as classical and
nonclassical logics, and fuzzy sets, that can be used i todstablish a preference model are discussed,
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and different types of preference structures reflectingoitegavior of a decision maker: classical, extended
and valued ones, are presented. The concepts of thresialdsiaimal representation are also introduced.
Finally, the concept of deontic logic (logic of prefereneg)d other formalisms associated with “compact
representation of preferences”, introduced for specigbpses, are explored.

As ordering is inherent to the underlying data structuredtaase applications, Ng [5] proposes to extend
the relational data model to incorporate partial orderimgs data domains. Within the extended model,
the partially ordered relational algebra (the PORA) is deify allowing the ordering predicate to be
used in formulae of the selection operator. The developmie@tdered SQL (OSQL) as a query language
for ordered databases is justified. Also, ordered functidependencies (OFDs) on ordered databases are
studied.

Nedbal [4] allows actual values of an arbitrary attributeb partially ordered. Accordingly, relational
algebra operators, aggregation functions, and arithnaeéaedefined. Thus, on one side, the expressive
power of the classical relational model is preserved, ahthesame time, as the new operators operate
on and return ordered relations, information of preferemdach is represented by a partial ordering, can
be handled. Nevertheless, the redefinition of the relatioparators causes loss of some of their common
properties. For instancel = A\ (A \ B) does not hold. To rectify this weak point, more general cptice
is needed.

1.2. Extended Relational Data Model

The model proposed is a generalization of the one introducdd]. It extends the classical relational
model both on the data representation and data manipulatiets. On the data representation level, the
extension is based on incorporating an ordering into the/4gR) of all possible instanceB* of a relation

R. Consequently, on the data manipulation level, the opeyafoelational algebra need to be generalized to
enable handling the new information represented by therimrgleConsidering the minimal set of relational
algebra operators, at least, five operators: union, diffege cartesian product, selection, and projection,
need to be generalized.

2. Preference on a Relation

Let us start with the following illustrative and motivatiegample introduced ir.{4]:

Example 1 (Partially ordered domain) How could we express our intention to find employees if we pre-
fer those who speak English to those who speak German, whareferred to those speaking any other
germanic language? At the same time, we may similarly hagfemmce for Spanish or French speaking
employees to those speaking any other romanic languageuiiap, we have the following preferences:

A. Germanic languages: .
B. Romanic languages:

1. English,

1. Spanish of French,
2. German,

. 2. other romanic languages.
3. other germanic languages.

These preferences can be formalized by an ordering, in argknase by a partial ordering on equiv-
alence classes. The situation is depicted in the followiggré. The relationR( NAME, POSI Tl ON,
LANGUACGE) of employees is represented by a table and the above pregydry means of the standard
Hasse diagram notation.

Marie is preferred to David as she speaks English and Davehkp “just” German. Analogically, Patrik
is preferred to Andrea due to his knowledge of French. How&adrik and David, for instance, are “in-
comparable” as we have expressed no preference order bet@eeman and French. Similarly, Roman is
“incomparable” to any other employee as Russian is in thefgmence relation with no other languagél
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Dominik | President

Marie Manager

David Manager German Dominik

Petr Manager Swedish Ronald
Adam Manager German

Filip Programmer, Dutch ><
Martina | Programmer David Rudolf Andrea
Patrik | Programmer, LR EN

Rudolf | Programmer Italian

Ronald | Programmer| M [Petr
Andrea | Programmer | Portuguese

Roman | Programmer| Russian

Figure 1: Partially ordered relation

Remark 1 The ordering representing the preference from the abovepl@can be formally described by
means of P, I) preference structure[([6]).

Definition 1 (Preference Structure) A preference structure is a collection of binary relatiorefided on
the setd and such that for each coupleb € A exactly one relation is satisfied

Definition 2 ({P, I) preference structure) A (P, I) preference structure on the sdtis a pair (P, I) of
relations onA such that:

e P is asymmetric,

o [ is reflexive, symmetric.
Remark 2 Any instanceR*, of arbitrary relation, R, with an ordering,<*", represented by &P, I)
preference structurez® = P U Ag, determines, through a mappifi)
{[A; =4]|A is arbitrary se} — Z(11(A)),

a set,
PR =) = (Rt = 4 = pun(t!) < prlt])},

of fuzzy instances?™™, (of R) whose tuples,
tf = (ala e 7an7/'LR(tf))a
have membership degrees; (/") € (0; 1), consistent with the ordering ", i.e.

ti <ty = pr(tl) < pr(th) 0
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Consider a classical unary relational operator,
0:J(R) = J(Q),

operating on the set? (R), of all possible instance®*, of a relationR. Despite eaclR* being assigned a
preference<®", the operator(?, returns an instanc&*, of a resulting relation(, ignoring the ordering
<R

O A[R:="]|R* € J(R)} - 7(Q)

Therefore we would like the operatd?, to be generalized so that its result contains orderingedas the
ordering,<*", of the corresponding operardt}:

O {[R*: =] | R* € Z7(R)} = {[Qc: 21 ... [Qe: 2¥¢]n}
Specifically, we would like the generalized operatfy;, to be consistent with respect to remftk 2, i.e. to
return a resultOg ([R*; <)) = [Qq; =9¢], that determines a set,
P([Qa; <)) = {OF(R"™) | R € P([R"; =]},

containing all the fuzzy instance®* = Ox(R*), we obtain if we employ a fuzzy propositional calculi
equivalent,0r, of the operato© to fuzzy instancesR™™ ¢ P(|R*;<"]). Moreover, this consistence
should be independent of a t-norm related to the fuzzy pitipoal calculi, 7, employed. Observe that
Q¢ is generally a se® C .Z(Q). In brief, we are looking for such a generalized operatty, that the
mappingP is a homomorphism from algebra

{[R =] R € #(R)} U{[Qs; =°°] | Qu € #(Q)}; Oc)
into algebra
(r(R) U 7r(Q); OF)
for any t-norm.

Intuition suggests considering tuples according to the#fgrences. That is to say, we always take into
account the more preferred tuples ahead of those with lonefegence. In addition, the other tuples that
are explicitly not preferred less should also be taken imtosgderation. To sum up, with each tuplg,we
take into account a se$;,, containing this tuple and all the tuples with higher prefere:

S, ={t|teR* A t; <}

Then the relational operata®, is applied to all the elements;;, of S = {S; = Uy,er; Si,| Ry C R*}.
Finally, the order=%¢, on the set

{O(55)I5; € S} € 7(Q)
is to be determined.

Example 2 Consider a sef[O(S;); Si]|S; € S} C .#(Q) with a relation,C, implied by preferences ",
on R* through the inclusion relation oA:
[0(8:); Si] E[O(S;); Sj] < Si € 5

[Pet

David |

David,
Adam, Patrik

David,
Patrik

Figure 2: Projection{[O(S;); S;; C]|S; € S} on{[O(S;); C]|S; € S}
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Notice thatO generally is not an injection. In other word®,S;) = O(S;) for someS; # S;. In particular,
O(S;) = O(S;) = Petr andO(Sx) = O(S;) = O(S,,) = David. To get an ordering, we need to resolve
the duplicities:

e Firstly, as the occurrences of “Petr” are in the relatidn, we drop the less “preferred” one.

¢ In the case of the triplet of occurrences of “David”, we arealnte to determine the one with the
highest “preference”. Nevertheless, notice that:

— The set{Marie, David} is preferred to any of the occurrences of “David”. In other rds,
whichever the most preferred occurrence of “David” is, it lisss preferred then the set
{Marie, David}.

— There is a unique occurrence of “Filip”, for which we can find accurrence of “David” with
a higher preference. In other words, whichever the mosteprel occurrence of “David” is,
it is preferred more then the occurrence of “Filip”. The sanaionale applies for the sets
{David, Adam, Patrik and{David, Patrik}.

Thus, we get the resulting order, depicted in the followiggri:

K—‘ David ‘ ‘

David, David,
Adam, Patrik Patrik

Filip

Figure 3: Ordering=“< on{O(S;)|S; € S} C #(Q)

To sum up, the ordex@< on the se{O(S;) | S; € S} C .#(Q) is defined as follows:

O(Si) =9 O(S;) & (VS € S)([O(Sk) = O(Si)] = (351 € 9)[O(S1) = O(S;) A Sk 2 S1])

Approaching in this way a binary relational operator,
0:J(R)x J(R) = J(Q),
applied to a couple of relation®, R’, we get a set
{O(Si,5,) | (8i,8) € S x 8"} € F(Q)
and the order @< definition:
O(8i, 8;) =99 0(;,5)) &

(S, S1) € S x S')([O(Sim, SL) = O(Si, S})] =
(S, 55) € S % S|[OS, 5) = O(S;,5]) ASm 2D S A S, SL)

What are the consequences of this approach? Generally
O(S:) 29¢ O(85) = O(S;) 2 O(S;)

does not hold. With respect to the relational propertyclofsure it is clear that the concept of defining
preference through @, I') preference structure needs to be generalized.
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In fact, we need to express the preference structure on geigr( R) of all possible instanceR* of a
relation R. This structure can be viewed through the model-theorgiic@ach as disjunction of conjuncts,
where each conjunct, corresponding to an instaRtef a relationR, has a given preference.

If we go further on in generalizing this structure, we get afprence structure on powersét(DB) of
all instances of a given databaB&3. It can be shown that such a structure generalizes the fdcaire
componenbf M-table data structure (see Appendix) introducedby [2].

3. Sketch of Implementation

Animportanttask to solve is the implementation of the pgabrelational model. The so-callgeneralized
Hasse diagranmotation is suggested.

Example 3 Consider a sefS = {a, b, c,d} and its powersetZ(S), with an order,<? (%), represented
by means of the standard Hasse diagram notation. The ordéhe@powersetZ?(S), can be represented
as a relationR on S by means of the generalized Hasse diagram notation. Theyedgo-one mapping
between these two representations.

The generalization is based on the occurrences of “negatiements, i.e. elements with a dash in front
of them. Going through the diagram arrow-wise, they cancptecedent occurrence of their “positive”
equivalents (see figui& 4). Moreover, all the elements tieghio the diagram are preferred to those that are
absent in the diagram.

{a} a
SN 7N
{a‘7 b} {a, C} b [¢

NS N S

{b, c} -a
o ”
{a,i,d} i

(a) Relation <2 (5) on 2(S) (b) Relation R on S

Figure 4: Standard and generalized Hasse diagram notation

Employing the generalized Hasse diagram notation, it isiptesto develop effective algorithms for pro-
posed, generalized relational algebra operations. Thesicription, however, is beyond the scope of this
article. Their complexity is studied.

4. Conclusion

Methods of preference realization through, I) preference structuren attribute domains and through
ordering on instances of a given relation have been disdudssing the second approach, it has been
proposed generalizing relational algebra operators inptiamce with intuition. Also, a relationship of the
proposed model witthM-table data structurdias been mentioned. Finally, tgeneralized Hasse diagram
notation has been introduced as a means of effective impittien of the proposed model.

The proposed generalization of relational operators i®ssary for a user of DBMS to be able to handle
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new information represented by preference. In the sametivayggregation functions and arithmetics can
be generalized.

Itis possible to show that associativity and commutatieftthe original union, product, restrict, and project
operators are retained. Specifically for the generalizsttict operator, the following equivalences, which
hold for the classical restrict operator, are retained:

R(p1V2) = R(p1)UR(p2)
R(p1 Ap2) = R(e1)N R(p2)
R(-p) = R\ R(p)

Using the proposed approach, other relational operatotsr§ect, join, and divide), also, retain the usual
properties of their classical relational counterparts:

RNS = R\(R\S)

R+ S R[A— B]\ ((R[A—B] x S)\ R)[A - B]
RS (R x S)(¢)[4]

With respect to retaining of the above properties and edgies, we can conclude that the expressive
power of the ordinary relational data model is maintained],at the same time, as the new operators
operate on and return ordered relations, new informatiopreference represented by an ordering can be
handled. This results in the ability to retrieve more actaicatd]

Appendix

Definition 3 (M-table) An M-table schemé\/ R, is a finite list of relation schem&s,, ..., Rx), k > 1,
where k is referred to as the order of the M-table. An M-table over tleable schemeM R =
(R1,...,Ri) isaparT = (Tsyre; Timaybe) Where

Toure C{(t1,..ste) | (V)1 <i<k=t, € F(R)| N1 <i<kAt; #0]}
Tmaybe S {(rl,...,rk) | (Vl)[l <i1<k=rmrc€ f(Rl)]},

Remark 3 We can associaté predicate symbolsRl, ..., Ri, with an M-table of orderk. An M-table
consists of two components.

e Sure component, which consists of mixed tuple sets, wheseets

{{th -t bt ot )
represent definite and indefinite kind of information andrespond to the following logical formula
[Ri(t1) V... VRt )]V .oV [Re() V.V Ri(th )]
That is, the sure component can be viewed as a conjunctiosjahdtive formulas.

e Maybe component, which consists of maybe tuples, repraganicertain information. They may or
may not correspond to the truth of the real world. Some of theay have appeared in the past in
mixed tuple sets and there is more reason to expect them twehiruth of the real world than others
that have not been mentioned anywhere.

1To my best knowledge, there is no similar study describediérliterature.
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List of Symbols

P(A)  powerset of4,

MN(R*) {Ry | Ry isafuzzy subsetaR*},

J(R)  setofall possible instanceB;, of a relationR,
Jr(R) setof all possible fuzzy instanceR!™, of a relationR,

AR {t, )|t € R}

PhD Conference '05 101 ICS Prague



Martin PleSinger Core problem

Core problem v Glohach nejmensich ¢tvercl

doktorand: . . Skolitel:
ING. MARTIN PLESINGER PROF. ING. ZDENEK STRAKOS, DRSc.
Fakulta mechatroniky a mezioborovych inzenyrskyardgt . . . M
Technicka universita Liberec Ustav informatiky AVCR
Halkova 6 Pod Vodarenskou vézi 2
46117 Liberec 1 18207 Praha 8
martin.plesinger@vslib.cz strakos@cs.cas.cz
obor studia:

Veédecko-technické vypocty
Ciselné oznaceni: M6

Tato prace byla podpofena grantem narodniho programu vyzkumu “Informacni spole¢nost”, €.
1ET400300415.

Abstrakt

Prispévek struéné pojednava o core problemu wéubd linearnich nejmensich &tvercll. Velmi zb&zn
se podivame na klasickou Glohu nejmensich CtveridjideSeni. Dale se zaméfime na feSeni (piné
probléemu nejmensich ttverct a na komplikace, kteohou pfi feSeni nastat.

Na UpIny problém nejmensich ¢tvercll se podivamerzkud odlisného Ghlu, coZ povede k pfirozené
formulaci core problemu. UkaZzeme souvislost mezéfgs core probléemu a obvyklym feSenim Gplného
problému nejmensich &tverc.

1. Uvod

V mnoha problémech matematickych, fyzikalnich i teickfich potfebujeme FeSit soustavy linearnich al-
gebraickych rovnic (k popisu soustav budeme pouzivalykly maticovy zapis). Je-li takova soustava
&tvercova a regularmi, mame k dispozici fadu metocejinju feseniCasto, napfiklad ve statistickych
aplikacich, se ale setkavame s obecngjSimi soustiawdatice soustavy mlize byt obecné obdélnikova,
hovofime o nedourenych a preuréenych soustavifichice, atuz ctvercova nebo obdélnikova, nemusi
mit pIny soupcovy a/nebo fadkovy rank. Vektor pratéany obecné miiZze ale nemusi leZet v oboru hodnot
matice, miiZe tedy leZet vné podprostoru generovasi@upci matice.

Uvazujme tedy obecnou soustavu

Az =~b, A€ R™™ beR", pfitemz r=rank(A) <min{m,n}, m § n (1)
a plati bud b ¢ R(A) (nekompatibilit sysem) nebob € R(A) (kompatibilri sysém), obvykle
predpokladame # (), v opa&ném pfipadé je feSeni trivialni.
2. Klasickéftesenti, tplny problém nejmersichctverci

Za klasicka bychom nap¥. mohli oznacit feSeni pesbli [1) pomocsoustavy norialnich rovnica pomoci
roz&fené soustavy rovnic

AT Az = ATb, respektive [ AIT ‘3 ] {_g] — {b] ,
x
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kdeg = Az — b je reziduum. Obecnou sousta\ll (1) jsme pfevedli na soustawttvercovou, za jistych
predpokladli regularni matici, navic s vektorem gratrany lezicim v oboru hodnot matice soustavy.
Predpokladame, Ze takovou soustavu umime Feinapriklad[l].Redeni takto ziskané je fe$enim mini-
malizacni Glohy

Az =b+g, min|g]. )

Minimalizujeme residuuny, vektorz | N(A), ktery nazyvamdeSen ve smyslu nejmefeh Etverdl
minimalni v norn®, je jednoznacné uréen. Minimalizacni Glohh (2) seywa problem nejmerigh ttverdl
-LS

P¥i hledani feSenll2) v podstaté hledame nejmeriznou modifikaci vektord (pravé strany, vektoru po-
zorovani, odezvy systému, ...). Pfipoustime takyektorb obsahuje chyby, ale zcela ignorujeme moznost,
Ze chyby obsahuje i maticé (model). To je jisty nedostatek feSeli (1) pomoci LS.

Chyby miiZe obsahovat vektiba/nebo maticel, popfipadé mohou byt chyby obsaZeriéan A v néjakem
vztahu. Podrobnéjsi analyza, viZ [5], ukazuje, Zengmna (loha, jejimuz feSeni se pokusime pora&tum”
je tplny probem nejmerigh Etverdl — TLS

(A+E)z=b+g, mn [[g|E]|lr 3)

V dalSim textu budeme tedy pfedpokladat, Ze chyby lbbjgacela soustava, cela matijogA].

3. Analyza Goluba a van Loana

Pro jednoduchost budeme v této sekci uvazditat (1) s matikfera ma plny sloupcovy rank, navic budeme
predpokladab ¢ R(A).

Z analyzy Goluba a van Loanal[2] vyplyva, Ze probl&h @) za vySe uvedenych predpokladil a za jisté
nize uvedené podminkid(6) preformulovat a maticoxpsat

[;1] =0. (4)

Vidime, ze maticgb + g|A + E] ma netrivialni nulovy prostor (jadro), ve kterénelejektor s nenulovou
prvni komponentou.

[b—i—glA—i—E

Redme tedy Uloh{I3). Netlkekonomicky singularni rozklad mati¢kl A] je

q
b|A] = UV, = Zuiaiv;‘r, pficemz ¢ = rank([b|A]) < min{m + 1,n}.

=1

Obecné platr < ¢ < r + 1, kder je hodnost maticel, z pfedpokladii na zacatku sekce oviem vyplyva
r=m<mn,q=m+1<n,tedyr < g = r+ 1. Minimalni perturbacgg|E] matice[b|A] takova,
abychom dostali matici s netrivialnim jadrem, je

[g|E] = —uqaqvg, (5)
vektor lezici v jadru matice je, = (v1,. .., Vm+1)T = (v1,w?)?. Za predpokladU6) je; # 0, viz [2],
zfejmé plati

-1 1 1
=——vy, Vvektor r=-—w
T 141 141

je fesenim minimalizaéni Glohid(3), nazyvamerhéen ve smyslu TLS/ySe popsany postup ggoritmem
Goluba a van Loana — AGV[Doto feSeni mlizeme také nazyvat, zejména v kdntéaxlsi sekcegenericle
feSen.
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Obtize nastanou pokud = 0, vektorovée] v, = 0. Minimalni petrurbacel{5) snizujici hodnost matice
[b]A] sice Ize sestrojit, ale feSeni Gloly (3) neexistujestmminima existuje pouze infimum. Lze ukazat,
Ze pro nékterd, b ztraci formulacel{3) probléemu TLS zcela smysl, vizqdd v [2, str. 884].

Ona “jista podminka”, za které Ize problef (3) prefaovat v [4), ktera zajisti;, # 0, je
Or = Omin(A4) > omin([b|4]) = 4. (6)

Je-li @) splnéna, formulace Uloh[d (3) ma vzdy smysl aljfem Ize feSit pomoci AGVL. BohuZel tato
podminka je pouze podminkou postacujici, nikoliv pdakou nutnou!

4. Negenericlereseni

Sabine Van Huffel a Joos Vandewallé [3] navazuji na pfedthnalyzu, ale zavadgji kvalitativné odlisSné
feSeni aproximacniho probléenfl (1). Toto feSeni jistem smyslu zobecnénim feSeni TLS probléfhu (3)

Tentokrat ovsem budeme vychazet ze zadidu (4) (veaiejzcela obecny probléml (1)). Chceme ziskat
nejmensi petrubady| E] takovou, aby byla spinéna rovnoEl (4), hledame maticgjwrjz jadru leZi vektor
s nenulovou prvni komponentou. Nejmensi takova pettefy| F] je zfejmé

[9|F] = —usosvl, v = ['ul} , @)

z
kdeo, je nejmensi singularni &islo takové, e # 0. Redeni

1
r=—-——2z
H1

nazyvamenegenerickfeSen TLS postup nazyvammzsienim Van Huffel a Vandewalle — EVHV
Negenerické fe3ni TLS odpovida fedeni plivadiriimalizatni Glohy[(B) s rozsifujici podminkou

(A+E)e=b+g, mn |[glE]llr A 9B, ve] =0. (8)

Negenerické feSeni vzdy existuje (pro libovolda b z [)) a v pfipadé, ze je splnéna podminkh (6),
je identické s feSenim nalezenym pomoci AGVL, pod@&bviz [3]. Toto feSeni je tedy zobecnénim

(roz8ifenim) generického feSeni na data negmihpodminku [6). Ve skute€nosti vsak hledame negen
erické feSeni minimalni v normé, vizl[3], zde to peslpoduchost vynechavame.

5. Odlisny Ghel pohledu

UvaZzujme aproximacni probléil(1) a ortogonalni mai, Q odpovidajicich rozmérl. Transformovany
problém 3 3
Ai = [PTAQ] [Q"z] ~ [PTb] =b, P '=P", Q'=Q" (9)

ma, aZ na transformaci = Qz, stejné generické, resp. negenerické feSeni jakblpm plivodni (nebot
Frobeniova norma i singularni rozklad jsou ortogoméilnvariantni). Pfedpokladejme, Ze transformovany
problém ma nasledujici strukturu

P%Mmzmm:[hHAu|@].

10 A (10)

Plvodni problénib| 4] se rozpadl na dva podproblérfiy |A:1:] a [#]| Asz], z nichZ druhy ma zfejmé jediné
smysluplné feSeni, = (). Intuice napovi, Ze feSeni plivodniho probléemugegpdminecné

x:Q[g}:Qfgy (11)
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kdez; je feSeni prvniho podprobléemu. Bez Gjmy na obecnizkiuvidime pozdgji, miizeme predpokladat,
Ze prvni podproblemd;;z; =~ by vyhovuje [) (je feSitelny pomoci AGVL a; je jeho generickym
feSenim).

Abychom nahlédli, kde se skryva obtiz pfi feSerdlgému pomoci AGVL, budeme predpokladat
0g = Omin(A22) < Omin([b1]A11]),

intuitivni feseni [TIL) se tim nijak nezméni. Pokesse cely problém vyfesit pomoci AGVL (hned si
vS§imnéme, Ze neni splnéna (ovéem postacujiahutied) podminkd{6)). Plati nasledujici rovnost

il ot [ <0 ke 5= 2] 2 e=a[] a2
q

O[] 0 [ Az —wugogeg Vg0

pficemzu,, vq jSou levy, resp. pravy singularni vektor odpovidagingularnimu Cislu, ze singularniho
rozkladu blokuAss, z je libovolné zvoleny vektor & = Aj1z — by, 6 > 0 je kladné €islo. Perturbace
[9|E] plivodniho systém(b| A] tak je

Pokud se pokusime nalézt minimalni perturbaci, nanazia problém. Zfejmé p — +oo
glEllF = \/IrlIP6=2 + o  —  0g = Omin(A22)

a zaroven
lall = 12l = |[| +
Tl = ||T|| = — 0.
Vgt

Minimum tedy neexistuje, existje pouze infimum. Narazithgs pravé na p¥ipad, kdy formuladd (3) TLS
problému zcela postrada smyslu (ostatné snadno daétae, Ze pravy singularni vektor odpovidajigi

v rozkladu maticéb| A] musi mit prvni slozku nulovouRe%enil[B) v tomto pfipadé neexistuje, a takani
fesici [I2) nemliZe byt ani vzdalenou aproxinragehil(B). Nedosti na tom,fesici [IR) je, krom libovolné
zvolenych komponent a 6, tvofeno pravym singularnim vektorem blokly,, ktery jsme v intuitivnim

pristupu cely zanedbali.

Dulezité je nasledujici pozorovani, jez nam budotivaci pfi formulovani core problemu:

e Pokud se nam plivodni problem podafi transformovafli a feSeni budeme hledat ve tvdrul (11),
zcela potlacime vliv dat obsazenych v blakgy. Jinymi slovy: z problému odfiltrujeme komponenty
souvisejici se singularnimi €isby (Asq) bloku Ags.

Tento blok neni pfi intuitivnim pFistupu viibec nytk TeSeni probléemu, informace v ném obsaZené
jsou zcela irelevantni a s feSenim problemu, tedy obl@mem samotnym, vlibec nesouvisi.

e Resime-li ptivodni problem pomoci EVHV dospéjemeeni shodnému s intuitivnim fesenfml (11)
(vSechny pravé singularni vektory z rozkladu malﬂ&|e§] odpovidajici singularnim &isliim bloku
Ao maji zfejmeé nulovou prvni sloZzku). Pomoci EVHV odfilieme ¢ast informace obsazené v bloku
Ass, ovSem odfiltrujeme pouze ta data, ktera souviseji sputdmnimy Cislyo; (Aqq) < o5 (tedy pro

i > s), viz @).

6. Core problem
Vhodné by bylo pro fe$enll(1) vyuzit pouze informaadng a postacujici k feSeni. Nasi snahou bude

odfiltrovat veSkerou informaci, ktera s problémem nessiua na jeho feSeni nema vliv. V dalsim textu
budeme predpokladat” b # 0, tj. vektor pravé strany neni ortogonalni na podprogtmerovany sloupci
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matice A (v opatném pfipadé existuje pouze negenerickéniiea je trivialniz = 0, pficemz[g|FE] =
[—b|0]; pfedpoklad pfirozené zahrnuje i pfipad, Kdje identicky nulovy vektor).

Budeme hledat ortogonalni matidg, P! = P7, Q, Q—' = QT transformujici plivodni problém na
problém se strukturol{10), navic budeme pozadovat &y A mél maximalni moznou dimenzi (a blok
[b1]A11] minima&lni).

Definice 1 PodprobeEm A;1z; ~ by z rozkladu [ID) nazvemeore problem v aproxima&nim probEmu
[b|A] v pFipadg, ze[b1| A11] mé& minimélni dimenzi (ad22 maximélni dimenzi).

Pokusime se core problem nalézt. Necht

S |0 - :
e T = T T = . . T =
A=UxV —U[ 7 MV _;uzml, Y, = diag(oy, ..., 00)
je singularni rozklad maticel. Zavedme pomocné znatebl = [U;|Us], kdeU; = (uq,...,u,), Uz =
(Upg1, ..., upn), @ analogickyy = [V1|Vs], kdeVy = (v1,...,v.), Va = (Vpg1,. .., 0m). Plati
T o & Er @
UTblAV] = [ AR } . (13)

Vektory ¢, d mohou obsahovat nulové prvky, pomoci ortogonalniahsgformaci se budeme snazit problém
upravit tak, aby tyto vektory obsahovaly maximum nulovfeikil (tim nalezneme core problém). Nejprve
ortogonalni matici/,, (Householderova reflexe) modifikujeme vektbtak, ze H,d = e16, 6 = ||d].
Podmaticil/ v rozkladu [IB) nahradime matith Hss.

Nyni budeme upravovat vekter = (v1,...,7,). UvaZujmeo; = ... = o, singularni ¢isla maticel,
jinak feCenog; je singularni €islo s nasobnogti- i + 1, pfitemz; > i. Pomoci ortogonalni maticH;;
(Householderova reflexe) transformujeme jim odpovdajodvektore;; = (v, ... ,7;) tak, 2eH£cij =
e1vij, Yi; = llcijll. OznaEmeH;; ortogonalni, blokové diagonalni matici, ktera mé diagonale matice
H;; (signularnim €islim s nasobnosti jedna tedy odgaj’jednotky na diagonale). Touto transformaci
ziskame na misté vektorwvektor s maximalnim moznym poétem nulovych prvkialézneme permutaci
P fadkl maticeH, [c|%, H11] tak, Ze (lidové feteno) fadky s nenulovou prvnizélati sefadime pod
sebe a vSechny fadky za€inajici nulou odsuneme. dblfozkladu [IB) nahradime podmatici matici

U H1P1 a podmatiCM maticiVlHHPu.

V pfipadé, zé # 0, provedeme jesté permutaci fadRi tak, Ze tento fadek zafadime pfimo pod ostatnimi
fadky s nenulovou prvni slozkou, zfejmé&# 0 tehdy a jen tehdy, je-li plivodni problém nekompatihiln’
tedy kdyzb ¢ R(A). Ziskame tak rozklad

ez ] 0
PT[b|AQ] = | P [UiH11Pri|UzHao)" b|A [ [ViH11P1i|Va) =5 0|0 |, 19
0l 0 |2

kdeX; obsahuje pouze vzajemné rlizna signularni Cisticma (ovsem obecné ne véechni), obsahuje

vSechna ostatni singularni Cisla mati¢evSechna opakovani singularnich €isel a navio fifehlednost
zapisu) obsahuje nulova singularni ¢isla. Tim jgpneblém transformovali na blokovou struktufl10).

Véta 1 Existuje tako#@ ortogoralni transformace[[9), tedy takéwrtogorélni matice P, Q, Ze blokA;1,
resp. Az z rozkladu[ID) rd mininalni, resp. maxiralni maznou dimenzi f@s véechny ortogdini trans-
formace vedouma danou strukturu. Blokl;; nerma zZadné opakuici se a ani nulo& singuéarni cislo a
blok A5; obsahuje vSechna opakaw singubrnich Cisel (redundance), vSechna nerelevardata (sin-
gularni Cisla jimz odpovdajici leve singuérni podprostory jsou ortogdani na vektord) a vSechna nulcv
singulrni Cisla.
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Podprobem A, 21 ~ b; je core probém a je zdyreSitelry pomot AGVL a podprot#m Azszo ~ 0 ma
jediné smysluplatesen z; = (). ReSenplivodriho probEmu je

X
x:Q[Jy (15)
Diikaz vétyd byl z ¢asti proveden v pfechozim textujadnéii viz [4].

Véta 2 Matice A;; z \ety[l jetvercoa maticeRP*?, resp. obé@lnikova maticeRP+1 <P tehdy a jen tehdy,
kdyz vektorb ma pravé p nenuloych projeké do levych singuarnich podprostoll odpovdajicich rlizriym
singulrnim &islim maticeA a zarovei b € R(A), resp.b € R(A).

Véta 3 PodprobEmA;;x; = by z rozkladu[[ID) je kompatibiltehdy a jen tehdy, kéhyje kompatibilincely
problem Az = b, tedy
beR(A) < b €R(A11).

Jinymi slovy: v kompatibilim pfipace je maticed;; € RP*P z \ety[1&tvercowa a regubrni.
Dukazy obou VEfIZI3 vyplyvaji z textu, z konstrukce radu [I3), podrobnéji opét vizl[4].

7. Nalezeni core probému

Ortogonalni matice?, Q z véty[l dokazeme nalézt pfimo, transformaci mdticé] na horni bidiagonalni
tvar (Householderovy reflexe, nebo Lanczos-Golub-Kaharimgliagonalizace). Dllkaz vyuZivajici sin-
gularni rozklady jednotlivych blokll rozklad[i{]10) eaheme v ¢lankui]4].

S vyhodou vyuzijeme faktu, Ze bidiagonalizaci prowad postupné. Diky tomu mlizeme proces zastavit
v momentg, kdyZ dojde k odd&leni obou podproblénmiakifeceno: blokd;, nemusi byt bidagonalizovan.
K oddéleni obou podproblémi dojde:

¢ V kompatibilnim pfipad®é € R(A)
B1 | a1

B2 a2
[b1]A11] = L ERPPHL ;3 £0, i=1...p.
Bp o
pokud 8,411 = 0 nebop = n. Matice A, je Ctvercova dimenze, nesingularni. Core problém
Aq121 = by je kompatibilni.

e V nekompatibilnim pfipadé ¢ R(A)
Bi | aa

B2 a2 .
[b1|A11] = . . c Rptixp+l ;B8 #0, i=1...p,
. 5 ’ BPJrl ?’é 0.
P Qp
Bp+1

pokuda,;1 = 0 nebop = m. Matice [b1|A411] je Ctvercova dimenze + 1, nesingularni. Core
problémA;;z; = by je nekompatibilni.

V obou pfipadech ma matic&;; piny sloupcovy rank a maticp;|A11] méa piny fadkovy rank.
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8. Shrnuti a zavér

Reseni ptivodniho problemu ziskané technikou cooblpmu je obecné shodné s negenerickym fedenim
(s feSenim pomoci EVHV), za predpoklaflli (6) je shoslf&Senim generickym (pomoci AGVL). Vyhodou
pristupu pomoci core problému je vyuziti pouze iypatma postacujicich informaci k feSeni. Opravosn
feseni[Ib) core probleml{10), narozdil od Golubata Loanova feSeni podminénéhb (6) a rozsifenéh
na negenerické feser (8), je snadno nahlédnutelmgzaam feSeni[{15) zcela odpovida nasi intuici.
Celkovy vhled do problematiky prostfednictvim core lpl@mu je jasny a zfejmy, ¢ehoz neni mozné
doshahnout prostfednictvim AGVL a EVHV.

Cely postup pfitom neni slozitéjSi nez pristugnpoci AGVL a EVHYV, ba pravé naopak. Abychom zjistili,
zda je splnéna podminkil (6), potfebujeme spocitat sihgularni €islaryi, (A) a omin ([b|A]). Teprve
potom muZeme rozhodnout zda hledat generické nebo eegké feSeni. K nalezeni core probléemu
potfebujeme provést bidiagonalizaci mat{éed], ovsem nelplnou, nebdiiok A;; nemusi byt bidiago-
nalizovan. Core problém pak Ize bezpodminetné pesinoci AGVL. K porovnani slozitosti obou pfistup®
si staci uvédomit, ze bidiagonalizace je prvni (fifjitasti algoritmu pro vypocet singularniho roaél.

Kolem problematiky linearnich nejmensich Etverdeénych prostfednictvim core probléemu je fada
dalezitych, otevienych otazek:

¢ Jak vytvofit analogickou teorii pro Ulohy s vicenasobrpravou stranou?
o Pifedeniill-posed problemi provadime reguadi, hledame minimum
min (|| Az — || + || Lz|),

kde L je matice ur€ena pro dany problém. V pfipadé, zeiceal. kombinuje feSeni obou pod-
problémlid;1z1 ~ by a Assxs ~ 0, nemlizeme polozity = 0.

e Cela teorie byla odvozena v pfesné aritmetice. Jak serabude core problém chovat v aritmetice
s konetnou presnosti? Jaka je citlivost a jaké je nigkerchovani core problemu?

o Neposlednim dlilezitym Ukolem je numericky stabilmiplementace software pro feSeni Glgh (1)
pomoci core problému.
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Abstrakt

Vyuziti mezinarodnich nomenklatur a metatezaurll géwlovani terminologie ve zdravotnictvi
je prvnim nezbytnym krokem interoperability heterog@hnsysteml zdravotnich zaznami, ktera je
zakladem pro sdilenou zdravotni péci vedouci k édéktve zdravotnictvi, financnim Gsporam i snizen
zatéze pacientll. V tomto ¢lanku popisuiji rlizné imamdni nomenklatury a metatezaury pouzivané ve
zdravotnictvi. Hlavni dliraz kladu ranified Medical Language Systearzejména n&MLS Metatezau-
rus, ktery mi nejvice napomaha pfi mapovani odbornéaxdtnické terminologie. Svou praci se snazim
0 ovéfeni praktické pouzitelnosti mezinarodné figanych terminologickych slovnikl, tezaurl, on-
tologii a klasifikaci a to na atributeddinimalniho datoveho modelu kardiologickeého pacéeriba-
tového standardu Ministerstva zdravotnicBéské republik nékterych vybranych modulll komerénich
nemocnitnich informagnich systenttianek popisuje, jakym problem@im pfi mapovaniiteh nastinuje
jejich feseni.

1. Uvod

Vymezeni, pojmenovani a tfidéni Iekafskychmbjve srovnani s ostatnimi pfirodnimi védami dosedi
optimalni. Dokladem je skute€nost, ze pro jeden pojessteje Casto vice nez deset synonym, chapani
presnéjsiho vymezeni klinické jednotky (pfizndlagno6za) je v fadé oborll u jednotlivych lekarskigkol
rozdilné i v narodnim méfitku a mezinarodné uzré konvence dosud nejsou prilis Casté. Vésije
napr. v ramci botaniky a zoologie. V téchto oborech jgaréem autorska priorita, tzn. Ze pojmenovani je
platné jen podle autora, jenz popsal druh jako prvni. @de/k zamezeni opakovaného popisu téhoz druhu
s rliznym nazvem a tim i synonym.

Praktickym negativnim dlsledkem v |ékafstvi je aite, kdy je napfiklad efekt nového leku nebo hodnot
nové vysetfovaci metody u dané diagndzy popisovdwou publikacich. Pokud je chapani této diagnbzy
v kazdé z uvedenych publikaci ponékud posunuto agesdntedy o rozdilné mnoziny pacientll, mlizeme se
Casto setkat i s kontroverznimi vysledky, coz hodngtsiedné informace samozfejmé snizuje.

Se zavadénim vypocetni techniky v Iekafstvi setdeproblém pouze prohloubil, nebot jeji vyuzivani
predpoklada veétsi jednoznacnost zadavanivdahezeni pojmd, jejich pfesné pojmenovani atdnz’se
znacné nedostatky projevu;ji jesté vyraznégji.

Obecné je velmi vyhodné vyuzivat v odborné termimpilgro jeden pojem vzdy pouze jediny vyraz.
Synonyma Ize sice pocita¢ naucit, zvetsuji vSaksah slovniku databaze i po€et nezbytnych operaci,
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coz prodluzuje komunikaci. Synonymie v odborné ternmigd vede pfi sdélovani informaci navic
k nepfesnostem a nedorozuméni. V soucasné lé&diskiinologii se Ize nyni setkat s fadou synonym
pro jediné onemocnéni.

2. Klasifika¢ni sysémy

Klasifikatni sysemy(klasifikace) jsou takové kbdovaci systémy, kter@ijgaloZzeny na principu vytvareni
tfid. TF¥idy tvofi agregované pojmy, které se shpdualespon jednom klasifikacnim atributu. TFridy &ia
fikace musi pokryvat ipIné vymezenou oblast a nesmiedafvat. Tvorba klasifikatnich systeminamen-
klatur byla motivovana pfedevsim jejich praktickym vyuwitv evidenci, tfidéni a statistickém zpracovani
Iekarské informace. Prvotnim zajmem bylo evidowskyt nemoci a pficiny smrti.

2.1. ICD - International Classification of Diseases

ZakladyMezirarodri klasifikace nemddd] (ICD) polozil William Farr v roce 1855. V roce 1948 ji pfala
S\etowa zdravotnick organizaceVHO. V této dobé Slo jiz o 6. verzi. Zakladnim nedokéah ICD je jeji
nizsi stupen hierarchie. ICD vyhovuje pro Gcely stiity diagnoz, nikoli vsak pro dalsi kbdovani kom-
plexni |eékafské informace, jelikoz zde chybi ndg&d pojmy pro pfiznaky a terapii. Posledni revize se
ale snazi o co nejpodrobnéjsi klasifikace (misto ptislice je pismeno latinské abecedy, dalsi njsta
Cislice).

V soucasné dobé se pouziva 10. revize ICD, ktera pthtoku 1994 a obsahuje 22 kapitol.

2.2. SNOMED

Akronym SNOMEDI2] vznikl ze spojeniSystematizedNOmenclature oMEDicine. SNOMED byl prvné
publikovan v roce 1965. Jedna se o detailni klinickowereficni terminologii zalozenou na kédovani.
Sklada se z 344 549 pojmi vztahujicich se ke zdraviinicumoZiuje vyuZivat zdravotnické informace
kdykoli a kdekoli je to potfeba. SNOMED poskytuje "spatggazyk”, ktery umoziuje konzistentni zptisob
ziskavani, sdileni a shromazdovani zdravdtpah dat od rliznych klinickych skupin, mezi které pat”
oSetfovatelstvi, medicina, laboratore, Iekarmgtierinarni medicina. Tento klasifikaCni systemogafivan
ve vice nez 40 statech. SNOMED umoznuje popis jaké&kiniace v mediciné pomoci 11 rovni - dimenzi:
topografie morfologig funkce zivé organismyfyzicti Cinitelg, aktivity a dly; chemilélie, Ieky a biologick
produkty procedury zanéstrani; socélni kontext nemoci/diagbzy, modifikatory. Jednotlivé pojmy jsou
oznacovany zkratkou dimenze a 5-mistnym zvlaSthadem, kde je vyuzivano €isel 0-9 a navic pismen
A-F. Jednotliva mista kodu smérem doprava stalesapig obsah popisovaného pojmu.

2.3. MeSH

Medical Subject Headings(MeSH) [3] je slovnik kontrolovaniNarodri |ékaskou knihovnouNLM)

v USA. Tvori ho skupina pojmti, které hierarchicky pojnowavaji klicova slova a tato hierarchie napomaha
pfi vyhledavani na rliznych Grovnich specificiodtlicova slova jsou usporadana jak abecedné tak
hierarchicky. Na nejobecnégjsi Grovni hierarchickéuktury jsou Siroké pojmy jako napf. "anatomie”
nebo "mentalni onemocnéni”. NLM vyuziva MeSH k ixdeani ¢lankll ze 4600 svétovych prednich
biomedicinskych tasopisti pro databBtEDLINE/PUbMED®. MeSH se vyuZiva také pro databazi katalo-
gizujici knihy, dokumenty a audiovizualni materiad§azdy bibliograficky odkaz je spojovan se skupinou
termindl v klasifikacnim systému MeSH. Vyhledavaotaky pouZzivaji také slovni zasobu z MeSH, aby
nasly ¢lanky na pozadované téma. Specialist&] MeSH slovnik vytvareji, ho priibézné aktualizakon-
troluji. Shiraji nové pojmy, které se zacinaji elapvat ve védecke literatufe nebo ve vznikajicictast#ch
vyzkumu, definuji tyto pojmy v ramci obsahu existuiicislovniku a doporucuji jejich pfidani do slovniku
MeSH. Existuje i ceska verze MeSH, jejiz pfeklad je, dehuzel, na pomérné nizké a tézko prakticky
pouzitelné Grovni.
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2.4. LOINC®

Klasifikatni systéniogical Observationd dentifiers,Names,Codes— LOINC® [4] je klinickou termi-
nologii dlilezitou pro laboratorni testy a laboratoviisledky. V roce 1999 byl LOIN@ pfijat organizaci
HL7 jako preferované kodovani pro nazvy laboratomtesttl a klinickych pozorovani. Tento klasifikacni
systém obsahuje vice nez 30 000 rliznych terminiimR@povani lokalnich kodt rliznych testll na kody
LOINC napomahéa mapovaci program Regenstrief LOINC MiagAssistant (RELMA M),

2.5. ICD-O

Klasifikatni systenilCD-O [5] je rozSifenim Mezinarodni klasifikace nemocD@ro kddovani onkologie,
ktera byla prvné publikovana WHO v roce 1976. Jedna siyi@imenzionalni systém, mezi jeho dimenze
patfi topografie, morfologie, prlibéh a diferenciacenBnze jsou uréeny pro tfidéni morfologickych typl
nadorll. V soutasné dobg existuje jeji tfeti verze.

2.6. TNM-klasifikace

TNM klasifikace [6] je klinicka klasifikace malignich nadgrktera se vyuZziva pro (cely srovnavani te-
rapeutickych studii. Vychazi z poznatku, Ze pro praginonemocnéni je zvlasté dilezita lokalizas#ani
tumoru.

2.7. DSM I

Mezi psychiatrické nomenklatury mtizeme zaradit n&M Ill., ktera obsahuje i definice jednotlivych
pojmu. Jedna se o velice propracovanou nomenklaturuuBalhjde o uzavieny systém bez navaznosti na
dalSi obory l€karstvi.

2.8. Dabi klasifikatni sysemy

V soucasné dobé existuje v mediciné vice nez 100wrdiz klasifikatnich systémi. Mezi né patfi i
AI/RHEUM,; Alternative Billing ConceptsAlcohol and Other Drug ThesauruBeth Israel Vocabulary
Canonical Clinical Problem Statement Syst&Stinical Classifications Softwar&urrent Dental Termino-
logy 2005(CDT-5); COSTARMedical Entities DictionaryPhysicians’ Current Procedural Terminology
International Classification of Primary CaydicMaster University Epidemiology Terpihysicians’ Cur-
rent Procedural TerminologyCRISP Thesaurys€COSTART DSM-III-R; DSM-1V; DXplain; Gene Ontol-
ogy;, HCPCS Version of Current Dental Terminology 20Bigalthcare Common Procedure Coding System
Home Health Care Classificatiohlealth Level Seven VocabulaMaster Drug Data BaseMedical Dictio-
nary for Regulatory Activities TerminologiedDRA); MEDLINE; Multum MediSource LexicgiNANDA
nursing diagnoses: definitions & classificatiddCBI Taxonomy mnoho dalSich.

3. Prostredky pro sdileni informaci z vice zdrojl

Rostouci pocet klasifikatnich systemll a nomenklsitwyzadal vytvareni rliznych konverznich nagiro
pro pfevod mezi hlavnimi klasifikagnimi systémy a pazlyceni vztahli mezi terminy v téchto systémech.
Modelovany jsou rozsahlé ontologie a sémantick&sit prenos informaci mezi rliznymi datovymi bazemi
vytvareny jsou tzv. metatezaury k zachyceni a propoijeigrmaci z rliznych heterogenich zdrojii. Nej-
rozsahlejSim projektem tohoto druhu je v dnesSni dOMLS.

3.1. UMLS

Vyvoj Unified Medical Language SystanfUMLS) [4] zacal v roce 1986 Warodri |ekaské knihovié

v USA jako "Long-term R&D project”. UMLS znalostni zdrojesgu univerzalni, to znamena, ze nej-
sou optimalizované pro jednotlivé aplikace. UMLS obgehtice nez 730 000 biomedicinskych termind
z vice nez 50 biomedicinskych slovnikl. Jedna seteligentni automatizovany systém, ktery "rozumi”
biomedicinskym termindim a jejich vztahlim a vyu#itehoto porozuméni ke &teni a organizovani infor-
maci ze strojové zpracovatelnych zdrojli. Jeho ciletkgmpenzace terminologickych a kodovych rozdill
téchto nesourodych systémil a soucasné i jazykovgeiaci uzivatelll. Jedna se o vicejazytny slovnik
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Ciselnikll MeSH, ICD, CPT, DSM, SNOMED a dal8i) na wi&pacitnim médiu, coz umozhuje pfevod
kddovanych termint mezi riznymi klasifikacnimsggmy.

UMLS se sklada ze tfi znalostnich zdrojetathesauru8, Semantic Networka SPECIALIST Lexican
Semantic Network obsahuje informace o sémantickychidhua jejich vztazich. Ve SPECIALIST lexikonu
kazdé slovo nebo termin zaznamenéyatakticle, morfologiclé a ortograficlké informace.

UMLS Metathesaurus je rozsahla, vicelcelova ajam&na lexikonova databaze, ktera zahrnuje infarena

o biomedicinskych, zdravotnickych a jim pfibuznymimech, obsahuje jejich rlizné nazvy a vztahy mezi
nimi. UMLS Metathesarus vznikl z elektronickych verzi aiva rliznych tezaurt, klasifikaci nebo souborti
kodil jako jsou napfiklad SNOMED, MeSH, AOD, Read Cod€®-10 a dalsich. Jeho hlavnim cilem je
spojeni alternativnich nazvili stejnych pojmi a idféavani uziteénych vztahl mezi riznymi pojmy. el
rlizné slovniky pouzivaji stejny nazev pro rlizeéminy, v Metatezauru se objevi oba vyznamy a ukaze se
v ném, ktery vyznam je pouzit v kterém slovniku. Polaglstejny termin objevuje v rliznych slovnicich
v rliznych hierarchickych kontextech, v Metatezaurwjgachyceny vdechny tyto hierarchie. Metatezaurus
nepodava jeden konzistentni pohled, ale zachovavdhmpohledt, které jsou obsaZeny ve zdrojovych
slovnicich.

Pocitacova aplikace, ktera poskytuje internetoifgtpp ke znalostnim a pfibuznym zdrojiim se nazyv’
UMLS Knowledge Source Servéeho cilem je zpFistupnéni UMLS dat uZivatellimst®ynova architektura
umoziiuje vzdalenym uzivatelim poslat dotaz do Maidékarské knihovny. UMLS Knowledge Source
Server mlizeme nalézt na www strance http://umlisksmilmgov/. Po pfihlaseni se uzivatel dostane na
stranky UMLS Knowledge Source Serveru. Zde si nejprveimvelverzi, se kterou budeme dale pracovat.
Nejaktualngjsi verze je 2005AA. Poté vloZzime hlegéermin. Objevi se nam identifika¢ni €islo termj
sémanticky druh, definice a synonyma. Jak uz bylo zmdné&/Se, pro jeden vyraz nebo termin existuje
v mediciné mnoho synonym. UMLS Knowledge Source Seraen nkaze, ve kterych vSech klasifikacnich
systémech se nami zadany termin nachazi. Zpiigoy jsou i informace o obdobnych terminech, uzsich
pfipadné Sirsich terminech, sémantickych viiaz jinymi terminy a dalsi podrobné informace.

Pro moji praci z hlediska prvni analyzy vyuZzitelnogithto klasifikatnich systeml pro potfeby popsani
klinickeho obsahu nékterych systemil pouzivaniekdravotnictvi \Ceské republice je nejdiilezitgjsi zjis-
tit a vyhledat, zda se dany termin nachazi v klasifikasystému SNOMED CT a zjistit jeho identifikacni
Cislo v tomto systému. Toto a pfipadné identifikiitedalSich systémech Ize pozdéji vyuZzit pfi modéiov
tzv. archetyl — zakladnich stavebnich kameni elektronickych zolrsieh zaznamd.

3.2. SNOMED CT

SNOMED Clinical Term$SNOMED CT) [8] vznikl spojenim dvou terminologi@NOMED RTa Clinical
Terms Version 3Read Codes CTV3). SNOMED RT predstav@gstematized Nomenclature of Medicine
Reference Terminologiterou vytvorilaCollege of American PathologistSlouZi jako spolecna referencni
terminologie pro shromazdovani a ziskavani zdtaickych dat zaznamenanych organizacemi nebo jed-
notlivci. Clinical Terms Version 3znikl v United Kingdom’s National Health Servieeroce 1980 jako
mechanismus pro ukladani strukturovanych inforntagfimarni péci ve Velké Britanii.

V roce 1999 se tyto dvé terminologie spojily a vznikl tak SMED CT, coz je vysoce komplexni termi-
nologie. Na jejim vytvareni se podili kolem 50 lekaSester, asistent(l, [ekarnikll, informatikl dSetzn
zdravotnickych odbornikli z USA a Velké Britanie. Bylytvofeny specialni terminologické skupiny pro
specifické terminologické oblasti jako je napfiklasetfovatelstvi nebo farmacie. SNOMED CT zahrnuje
364 400 zdravotnickych terminli, 984 000 anglickychip@@m synonym a 1 450 000 sémantickych vztahii.

Mezi oblasti SNOMED CT patffinding diseaseprocedure and interventigobservable entitypbody struc-
ture, organism substancepharmaceutical/biological producspecimenphysical objegtphysical force
eventsenvironments and geographical locatigsscial contextcontex-dependent categorjesaging and
scales attribute a gaulifier value V sou€asné dobé existuje americka, britska, Sjstaéa némecka verze
SNOMED CT.
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4. Vlastni vyzkum

4.1. Vyuziti klasifikaénich sysém pro sdilenou zdravotni @i

Mapovani terminologie uvadéné v aplikacich elekického zdravotniho zaznamu na mezinarodné
pouzivané terminologické slovniky, tezaury, ontpta klasifikace je zakladem pro interoperabilitu he-
terogennich systému elektronického zdravotnitmnamu. K zajisténi interoperability véak nestatiipe
porozuméni si na (rovni terminologickych vyrazil. |[&len predpokladem pro Gspésné sdileni dat mezi
rlznymi aplikacemi zdravotniho zaznamu je harmonrégdimického obsahu. Tato harmonizace nemusi byt
Uplné stoprocentni, pak je ale mozné sdilet pouza, d&éra jsou mezi aplikacemi spolecna. Interoperabili
usnadni, pokud si odpovidaji tzv. referen¢ni infotmianodely jednotlivych aplikaci zdravotnich zamria
Samozfejmeé se nabizeji moznosti vzajemného mapawezi témito modely, coz je vSak tézké vzhledem
k odlinému pfistupu jednotlivych modeli.

NapfikladRefereni informatni model HL7(HL7 RIM) [B] pfedstavuje model uzavieného svéta defino
vaného pomoci tfid, jejich atributli a vztahti memildimi. Pro dali pouZiti v konkrétni oblasti se oHdto
modelu odvozuje takzvanoménoy informani model(D-MIM). Abychom se od takovéhoto modelu
dostali ke zpravam nesoucim informace o zdravotniemaéu pacienta, pouzijeme tRefined Message
Information ModelR-MIM), ktery je podmnozinou D-MIM pouzitou pro vyjdieni informacniho obsahu
jedné nebo vice abstraktnich struktur zprav nazyearnézHierarchicke popisy zpav.

Jinym prikladem je CEN TC 251, ktery definuje v evropsk@redbézném standardu ENV 13606
(Sdélovani elektronickych zdravotnich zaznam{i¢dst - zpravy pro vyménu informaci) obsah elektro-
nického zdravotniho zaznamu pomoci pomérné hraldbdelu specifikujiciho 4 zakladni slozkyolder

— popisujici vétsi sekce zaznamu daného subjektumposition— reprezentujici jeden identifikovatelny
pFispévek ke zdravotnimu zaznamu daného subjeitaded Section- obsahujici mnoziny Gdajli na
jemné;jsi trovni nez CompositionGuster— identifikujici skupiny dajli, které by mély zlistsskupeny,
hrozi-li ztrata kontextu.

Zcela jiny pfistup pouziva asociace NEMAdtional Electrical Manufacturers Associatippfi speci-
fikaci DICOM SR DICOM Structured Reportingve které dochéazi k rozsifeni specifikace pro gewnani,
prezentaci, vyménu a archivaci medicinskych snidklOM na modelovani celého zdravotniho zaznamu
pacienta. Hlavni ideou zde je pouZit existujici istrakturu DICOM pro vyménu strukturovanych zprav,
které predstavuji hierarchicky strom dokumentu s fgoymi koncovymi uzly. Sémantika jednotlivych
uzll je popsana kbdovacimi systémy jako nap¥. ICCEISNOMED.

Referenéni modeSynapses Object Mod€bynOM) vytvofeny v ramci projektsynapsesresp.SynEx
(Synergy on the Extranef{ld] je velmi podobny modelu definovanému v CEN ENV 13606ko
typy sbiranych hodnot jsou zde vyuZzity tarchetypy- definice strukturované sbiranych Gdajii v uréité
doméné obsahujici specifikovana omezeni zaj&tintegritu celkového zaznamu. Projekt dale postitau
neziskovéopenEHR Foundatiopokracoval a definoval tzGood European Health Reco(GEHR) [11].

V projektu odbornici specifikuji poZzadavky elektrongtio zdravotniho zaznamu s hlavnim cilem podpofit
moznosti integrace a spoluprace heterogennich EHRagiliZa timto 4¢elem vznikl formalni model speci-
fikujici GEHR architekturu GEHR Object ModelGOM) a znalostni model specifikujici klinickou struk-
turu zaznamu pomoci archetypll. Vystupy projektu ogéRHEze v dnedni dobé povaZzovat za vyznamnou
konkurenci standardim orientovanym na implementagpekty EHR systémdl.

4.2. Mapovani terminologie a tvorba archetypl

Aby informatici mohli mapovani na terminologie do budoacryuzit, je vhodné na spravnou terminologii
myslet jiz od zac€atku, tj. jak pfi navrhovani archeiytak pfi tvorbé ostatnich zakladnich elementinygin
typech modelll architektury zdravotnich zaznamd.

Jako pfiklad, jak spravnou terminologii odkazovat jid vytvareni archetypll, mlize fungovat editor od
firmy Ocean Informatic§IZ] zobrazeny na obrazku ¢idlb 1.
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Obrazek 1:Prace s terminologii v editoru archetypl.

Je mozné pridat libovolny pocet jazykl, ve kteryamgt termin popiseme. Zaroven je mozné zvolit z dos-
tupnych terminologii ty, které pouzijeme k tomu, abgatdefinovali spravny vyznam jednotlivych terminii.

Na dalSich zalozkach v tomto editoru definujeme jetivdterminy a na zalozce Term bindings provedeme
prislusné mapovani nasich terminli na termingenminologickych slovnicich tak, jak je zobrazeno na

obrazku ¢isl@R.
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Obréazek 2:Mapovani pouzité terminologie na standardni koadbegstemy.

4.3. Standardizace klinickeho obsahu

Analyzu vhodnosti a vyuzitelnosti jednotlivych termingickych slovnikli jsem zapotala mapovanim Kli-
nického obsahu tzWinimalniho datoeho modelu kardiologi@ho pacientfMDMKP) [L3] na riizné ter-
minologické klasifikatni systémy. MDMKP je souborenibfizné 150 atributil, jejich vzajemnych vztahi,
integritnich omezeni a jednotek. Na téchto atributexhtsodli pfedni odbornici v oblasti eské kardiologie
jako na zakladnich Gdajich nutnych pfi vySetflaidiologického pacienta.

Pfi analyze jsem zjistila, Ze pfiblizné 85 % atriolMfDMKP je obsaZeno alespoi v néjakem klasifikagnim
systému. VeétSina z nich (pfes 50 %) je obsazena v syst8BNOMED CT. Atributy z pohledu moznosti
jejich mapovani na standardni kbdovaci systémy lasifikovat nasledujicim zplisobem:
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e Bezprobléemové atributy - tj. atributy, které Ize mapbpéimym zplisobem, tak, Ze u nich existuje
pravé jedna moznosti mapovani, pfipadné edigtajize synonyma se zcela stejnym vyznamem a
tedy i klasifikanim kbdem (napikfestri jméno pacientasoltasry kurak, hybnostvyska pacienta

e Castetné problematické atributy - tj. atributy, leézé mapovat tak, Zze u nich existuje pravé nékolik
moznosti mapovani na rlizna synonyma, ktera se hleelési vyznamem a tedy zpravidla i klasi-
fikacnim kddem (napfischemick ceévri mozko# pfihoda angna pectoris hypertenzeméstnae
srde&ni selkani).

e Atributy s pfilis malou granularitou, tj. atributy pagijici ur€itou vlastnost na pfilis obecné Grovni
tak, ze klasifikatni systémy obsahuji pouze termig§ilno vyznamu (napemailv MDMKP vs.
email do zaréstrani / email donti / email Ekd’e atd. v klasifikagnich systémech).

e Atributy s prilis velkou granularitou, tj. atributy pagujici ur€itou vlastnost na Gzké Grovni tak,
Ze klasifikacni systémy obsahuji pouze terminy oBgtho vyznamu (napselest nad AQisim,
sounirny tep karotid atd.).

o Atributy, které se v klasifikacnich systémech dohletzdari, napitodné Eislo, dyslipidemieatd.

K obdobnému zavéru jsem dospéla pfi analyze moimstsndardizace atributdatoveho standardu Mi-
nisterstva zdravotnichCesle republiky(DASTA) [I4]. Strukturované atributy v tomto standarduvak
ve velké mife omezuji na administrativni a laboratdrdaje. Pfi mapovani administrativnich dajtiyyl
vysledky obdobné jako pfi mapovani administratsmiidajii v MDMKP. Laboratorni idaje jsou v tomto
standardu velmi podrobné specifikované pomoci tzvodatho Ciselniku laboratornich polozék][15], na
jehoz podrobnéjsi analyze teprve pracuiji.

V neposledni fadé se snazim o mapovani atributtiaryfach klinickych modulti komerénich nemocniénich
informacnich systemil. Jako pfiklad uvedu vysledkgpovani specializovaného EKG modulu v kli-
nickém informacnim systémtvinMedicalc Vzhledem k velké specializovanosti tohoto modulu se pitala
namapovat pfiblizné 60 % atributli na rlizné klasifikasystemy. Prevladajici klasifikaéni problesou-
visi v tomto pfipadé s prilis velkou granularitouibtitll v tomto modeludjeleni frakce 1, ejekeni frakce 2
septum leg komory.

Reseni problemil pfi mapovani je zpravidla nutnovardit v Gzké spolupraci s odborniky z fad lekari.
Casto je tfeba provést volbu vhodného synonyma naticizuicity odborny termin. Toto je vsak tieba
provadét s nejvyssi opatrnosti tak, aby nedoslotk&& informace pfipadné jejimu zkresleni. Vyaie,

Ze toto nelze bez ztraty informace, provést, je leps&$enim popsat urcity nekddovatelny termin po-
moci skupiny nékolika kbdovatelnych termint,paidné téZ se zachycenim vzajemnych sémantickgeh v
tahll. Neni-li ani toto mozné, Ize polemizovat s pisslymi odborniky, zda by tyto standardné& "nepop-
satelné” terminy (atributy) nebylo mozné nahradifjim ekvivalentnimi a standardné;jsimi. Ve specién’
pfipadech je mozné vyvinout aktivitu za G€elem pnd urciteho terminu do pfipravované nové verze
urciteho kddovaciho systému. V pfipadé€, ze mangné pouzit zadnou z vySe uvedenych mozneseni
problémi pfi mapovani, je treba smifit se s tim dapovani nebude nikdy 100%. Nedostatetné mapovani
pak ale v praxi limituje moZnosti interoperability s jimy systéemy pouZivanymi k rtiznym Gcellim ve
zdravotnictvi. Omezena interoperabilita je vSak Gasevyhnutelna jiz ze samotného jadra problému,
napfiklad pfi nelpiné harmonizaci klinickeho obsdieterogennich systémi elektronického zdravotniho
zaznamu.

5. Souhrn a Avér

Svoji praci se snazim o ovéfeni praktické pouddsti mezinarodné pouzivanych terminologickych
slovnikil, tezaurll, ontologii a klasifikaci a to koekré tak, Ze studuiji atributy Minimalniho datového-mo
delu kardiologického pacienta, Datového standardu stémstva zdravotnicteské republiky a nékterych
vybranych modulli komerénich nemocni€nich infoomigh systému, které dohledavam primarné v klasi-
fikaci SNOMED CT, pfipadné v dalSich. SNOMED CT je powéin v HL7 verzi 3, a proto se snazim
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v prvni fadé mapovat na tento klasifikacni systemripadé neexistence terminu zkouSim ostatni dogupn
terminologie. P¥i této praci vyuzivam UMLS Metatezas.

Pfi mapovani ¢elim nékolika problemim — nejedraimosti pfi mapovani a nemoznosti provést mapovan’
z diivodu neexistenci odpovidajiciho terminu v kl&sifinich systémech. Velkym problémem pfi vyuziti
nomenklatur a metatezaurll ve zdravotnictvCeskée republice zlistava neexistence &eskych tetmin
gickych systémti &i jejich vhodnych Eeskych prekia

| pfes problemy, které pfi vyuziti mezinarodnicbmenklatur a metatezaurti ve zdravotnictvCeské
republice pretrvavaji, je jejich vyuziti prvnim nggtnym krokem k umoznéni interoperability hetero-
gennich systémil zdravotnich zaznamil. Dostatietesoperabilita téchto systémd je zakladem prossutili
zdravotni péci, ktera vede k efektivité ve zdravotvigfinanénim Usporam i snizeni zatéze padieatproto
se ve své praci snazim analyzovat, jak mezinarodkadifikatnich systéem{ vyuZit co nejlépe pro pbife
Ceskéeho zdravotnictvi.
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Abstract

In the paper we introduce the application of the mathemlaticalel of piezoelectric resonator. The
finite element (FEM) model of the piezoelectric resonatobased on the physical description of the
piezoelectric materials. Discretization of the problerarttheads to a large sparse linear algebraic system,
which defines the generalized eigenvalue problem. Resenfiequencies are subsequently found by
solving this algebraic problem. Depending on the discatitm parameters, this problem may become
large, which may complicate application of standard teghes known from the literature. Typically, we
are not interested in all eigenvalues (resonance freqashdror determining of several of them it seems
therefore appropriate to consider iterative methods.

The model was tested on the problem of thickness-sheartigbraf plan-parallel quartz resonator.
The results are given in the article.

1. Physical description

| briefly sketch the physical properties of the piezoeleatnaterials. For more detailed description (includ-
ing more references), see eld. [6].

A crystal made of piezoelectric material represents a sirean which the deformation and electric field

depend on each other. A deformation (impaction) of the ahyjsiduces electric charge on the crystal's
surface. On the other hand, subjecting a crystal to elefitrid causes its deformation. In linear theory of
piezoelectrocity, derived by Tiersten inl [8], this procésslescribed by two constitutive equations - the
generalized Hook’s law() and theequation of the direct piezoelectric effec(@d),

Ty = cijr S — drij Ex, 1,7 =1,2,3, 1)
Dy = dkij Sij + €k Ej, k=1,23. (2)

Here, as in other similar terms troughout the thesis, we lusednvention known as the Einstein’s additive
rule (a;;b; = Z?:l a;;b;. The Hook’s law[(ll) describes dependence between the symorseess tensor

T, the symmetricstrain tensor S and thevector of intensity of electric field E,

9%

- ) k:112731
8Ik

g _1 {aai o,

1,0 =1,2,3 Ex =
axj—i_axz]a (2W) ) Ly 9y k
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wheret = (i1, 12, u3) T is thedisplacement vectorand is theelectric potential. The equation of the
direct piezoelectric effecf]2) describes the dependeatieden thevector of electric displacementD, the
strain and the intensity of electric field. Quantitieg;;, dx;; ande;; represent symmetric material tensors,
playing role of the material constants. Additional, terssgy;; ande;; are positive definite.

1.1. Oscillation of the piezoelectric continuum

Consider resonator made of piezoelectric material withsitgrp, characterized by material tensors. We
denote the volume of the resonatorfsnd its boundary aE. Behavior of the piezoelectric continuum
is governed, in some time range, T), by two differential equations: Newton’s law of motidd (8fhthe
guasistatic approximation of Maxwell's equatidh (4) (s&e,, [4]),

0%u; 0Ty ,
05 = oz, 1=1,2,3, xeN, te(0,T), )
v.p=-Li_, 4)
8Ij
Replacement of, resp.D in @) and [@) with the expressiordd (1), redp. (2), gives
0%, 0 1[oa,  Ow 0P ,
92 = ox, (kal 3 [8—501 + 8—M}+dm 8—:z:k) i=1,2,3, (5)
0 1[du; 0Ouy, P
= —(dpii = | — I —ep; == |. 6
0 (Q)xk(kJQ{@xj_Faxj ki ij) ©)
Initial conditions, Dirichlet boundary conditions and Neann boundary conditions are added:
ﬂz(vo) = U, TE Qa (7)
@ = 0, i=1,2,3 zely,
Tijnj = fi, = 1,2,37 xr e Ff,
¢(,0) = o
¢ = ¢p, zely,
Dxnk = ¢, z €Ty,

where
r,ury=r,r,Nry=0,r,Ur,=r, r,Nr,=0.
Right-hand sidef; represents mechanical excitation by external mechanorak$,q denotes electrical

excitation by imposing surface charge (in the case of freélasons, they are both zero). Equatiohk (B)-(6)
define the problem of harmonic oscillation of the piezoeleatontinuum under given conditiond (7).

We will discretize the problem using FEM. Its basic formidatwas published by Allik back in 19701[1],
but the rapid progress in FEM modelling in piezoeletricianee in the last ten years.

2. Weak formulation

Discretization of the problenid(5l4(7) and the use of the éiditement method is based on so calleshk
formulation We briefly scetch the function spaces used in our weak fatiar. We deal with the weak
formulation derived in[[l7], chapters 28-35. For more dataile recommend the reader to this book. We
consider bounded domafhwith Lipschitzian boundary'. Let L, (£2) be the Lebesgeue space of functions
square integrable if. Sobolev spach(l) (Q) is made of functions froni.(2), which have generalized
derivatives square integrableh To express values of functiane WQ(”(Q) on the boundary, thetrace

of functionw is established (seEl[7]; for function fro@{>) (Q0), its trace is determined by its values on the
boundary). We establish

V(Q) ={vfve Wél)(Q), v|r, = 0inthe sence of tracés
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the subspace diIVZ,(l) (©), made of functions, which traces fulfil the homogenous bampdonditions.

We derive the weak formulation in the standard way ([7], ¢kap1). We multiply the equationEl(5) with
testing functionsy; € V(Q), summarize and integrate them o¥erAs well, we multiply the equatiol6)
with testing functionp € V(£2) and integrate it ovef2. Using Green formula, symmetry of material tensors
and the boundary conditions, we obtain the integral edaaliboundary integrals are denoted with sharp

brackets)
021, Op ) < >
— Wi |+ Cijrr Sk Rij | +{dkij 57— Rij | = fi,wi ) 8
(Q ot )sz ( TPk J)sz ( " Gy Q / T, ®)

oler op 09\
<djik Siks a—CCj>Q_ (Eji a—xi, (9—.ch>9_ <q,¢>rq. 9

Weak solution:  Let

ap € (W3 (@, C¢®(0,1), ¢p € (W;"(2),4C(0, 1))
satisfy the Dirichlet boundary conditions (in the weak s&n€&urther, let

o € (W3 (@), CP(0,T), po € (W3 (%), AC(0,T))
be functions, for which equalitieEl(8) arld (9) are obsereeatil choices of testing functions

w = (w1, w2, w3) € [V(Q), ¢ € V().
Then we define theveak solutiorof the problem[(b)f{7) as
u=up-+uo, ¢=&p+ Po-

Weak solution, on the contrary to the classical solutiomsdaot necesarilly have continuous spatial deriva-
tives of the 2nd order. The weak solution has generalizetisderivatives and statisfies the integral iden-

tities (@), [9).

3. Discretization of the problem

We discretize the problem in space variables, using tethaimeelements with linear base functions (Fig.
2) The system of ordinary differential equations for valeéslisplacement and potential in the nodes of
division results. It has block structure,

MU + KU +PT® = F, (10)
PU—-E® = Q. (11)

After introduction of Dirichlet boundary conditions (segF1 ), sub-matriced!, K andE are symmetric
and positive definite. For detailed description of disaation process sekl[1] arid [5] ¥ [6].

The core of the behavior of the oscillating piezoelectriatamuum lies in its free oscillation. Free os-
cillations (and computed eigenfrequencies) tell, whensystem under external excitation can get to the
resonance. For the free harmonic oscillation, the sysféIngan be transformed to

(™ %) (8)=(0): a2

wherew is the frequency of oscillation. Eigenfrequencies can bmmated by solving the generalized
eigenvalue problem
AX = ABX (13)
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Table 1: Comparison of measured and computed resonance frequencies

Resonator Measured Computed
Sample | R(mm) | »(mm) | A (mm) | res. frequency (kHz)| res. frequency (kHz)
1 7 35 0.3355 5000.200 5025
2 3.975 25 0.168 10000.125 10104
3 3.475 1.5 0.0833 19990.700 20100

with -
(K P (M 0 9

A_(P —E)’B_< 0 0>’A_“”
whereA is symmetric and® is symmetric and positive semi-definite matrix. Computepkavectors (resp.
part U) describe the modes of oscillations. For solving the gdizex eigenvalue probleni{IL3), we use
implicitly restarted Arnoldi method implemented in Arpadrary [9] (in Fortran language). Inner steps in
the process use algorithm SYMMLQJ11] for solving the symreahdefinite linear systems. It is suitable
for solving partial eigenvalue problem with possibility thfe shift and it allows to deal with the sparsity
of the matrices. The method solves the partial eigenvalaklpm (computes several eigenvalues with high

precision). Using of the shift enables to obtain the eigkre@from desired part of the spectrum with better
accuracy, than in the approach mentioned bellow.

Other possibility is to use the static condensation, i.¢tansform the probleni{13) to the positive definite
eigenvalue problem
K*U = A\MU, K* =K — PTE~'P. (14)

This approach was used in [2]. It has many disadvantageshe.dpss of sparsity of matriK* or neces-
sity of computation of the matri TE—'P. For solving eigenvalue problerfi{14), the algorithm based o
generalized Schur decomposition, implemented in Lapdwiardy [10], was used. It solves the complete
eigenvalue problem and therefore is suitable only for probbf low dimensions (coarse meshes). This
algorithm is (on the same sizes of problem) about 10 timesesloNe exposed this method and show here
results obtained by the implicitly restarted Arnoldi medhavhich allows us to deal with the linear system
without necessity of any transformations.

4. Practical problem - Oscillation of Plan-parallel Quartz Resonator

The model was applied on the problem of oscillation of thenglarallel quartz resonator (Fig. 2) in shear
vibration mode in one direction. The dimensional paranseter three different shapes of the resonator
(oscillating at three different resonance frequencies)iated in the (Tali]1). The table includes comparison
between computed results and measurement (these resoasananufactured and their behavior is well
known).

The (Fig[1) describes parts of the computation process.

The preprocessing part consists of building the geometigqialing to the engineering assignments) and
mesh of the resonator, see (Hijj. 2). We use the GMSH [12] ddueprocessing part computes the global
matrices and the consecutive eigenvalue problem (usindjieewith parameters - accuracy, number of com-
puted eigenvalues, shift, etc...). It gives several ouifas, which are used in the postprocessing. Computed
eigenvalues and eigenvectors define the oscillation medesh are sorted according theitectromechan-
ical coupling coefficientsThe electromechanical coupling coefficiént defined[[3]

k2 _ E72n
EstEd’
where )
E, = - (U'PD
5 (U'Pa)
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Preprocessing 1. Geometry
2. Boundary conditions
0 3. Mesh GMSH
Computation 1. Computing of global matrices
2. Solving the eigenvalue problem ===<——= Use of shift
0 Arpack + SYMMLQ
Postprocessing 1. Text output Resonance frequencies

/ Electromechanical coupling coefficients

Selection of proper modes If proper modes not found

!

2. Graphic output  Vizualization of selected vibration modes

GMSH

Figure 1: Description of the parts of computation

/"//
/ g /
mounting / V/ /I/ d/ ﬂt:i_'![
wmo | electrodes D.._'__-_-_,__
S h |

Figure 2: Geometry and discretization of plan-parallel resonator

is the mutual energy,

1
Eqy = 3 (U'KU)
is the elastic energy and
1
Ei=3 (®'E®)

is the dielectric energy. The higher is the valugpthe better is the possibility excitation of the oscillatio
mode. The (Fid3) shows the graph of coefficidntsr the part of spectra about 5 MHz and the selection of
modes with highest coefficients. Selected modes can be thplaged in GMSH (Figll4). As a remark, in
the (Fig[3) is shown the dependance of number of inner itarabf SYMMLQ in the process of solving the
eigenvalue problem to the size of the problem. The deperiamoughly linear, which is quite positive. In
the same figure, there are shown the reziduas after the catigytwhich are of order0~!2 in magnitude

in the worst case.

5. Conclusion
The presented mathematical model gives suitable resulthéotesting problems. It uses methods of nu-

merical linear algebra for solving the partial generaliré@genvalue problem with possibility of shift mode,
which allows to compute eigenfrequencies in the neighbadhaf the desired value. The restarted Arnoldi
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Figure 3: Selection of the dominant modes.
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Figure 4: Two examples of oscillation modes

methods looks pretty effective for this problem. Used nuoamethod brings significant improvement to
the method used ir]2] and it is suitable for solving largestpems originated by discretization of more
complicated shapes of resonators. The difference betwalenlated and measured results can be caused
by several reasons - mainly in the mathematical formulatiothe use of the simply, linear piezoelectric
state equations; in the process numerical solution, itescese of rounding errors during the computation
(both in discretization and solving the eigenvalue probtditarge dimension).

Nowadays, the next step to do is computation of the graphgpéidance of certain resonance frequency
to the geometrical characteristic of the resonator andthlsalistance of carrier resonance frequency from
the spurious frequencies. It still remains as a big tasknfarove the postprocessing part of the program for
classification of the computed oscillation modes - mainlyoading to the graphs of amplitudes in several
sections of the volume of the resonator.
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Abstrakt

Metoda odhadovani struktury dat spojuje vizi sémartick webu a dnesni webové datové zdroje,
které pfevazné neobsahuji zadnou doprovodnowasiéiku prezentovanych informaci. Aby bylo mozné
tyto zdroje pouzit pokroCilymi nastroji semantahod webu, je potfeba sémantiku prezentovanych dat
alespon odhadnout. PFispévek popisuje takovou metddazuje jeji pouziti pro tlohy induktivniho log-
ického programovani a jmenuje vyhody pouziti prémiggch systemu pro jeji implementaci.

Jednou z klicovych otazek dnesni doby je zpfistupninformaci nejen lidem, ale i vypocetnim
prostfedklim, které by na dotaz uZivatele ziskalyrgime informace a provedly by na jejich zakladé
potfebné (kony (integrace z vice zdrojli, odvozavaférmaci, zahrnuti pfeddefinovanych uzivatelshy
profilll nebo preferenci) tak, aby uzivatel ziskal infaci ve zkompletovang, prehledné formé.

Moznou odpovédi na tyto otazky je vize sémantickérebw[1], tedy rozSifeni soutasnych webovych
zdrojti o dokumenty navic vhodné ke strojovému zpracdyTyto dokumenty by vedle samotné informace
obsahovaly i jeji popis - sémantiku, coz by umoznilmgivé zachazeni s témito dokumenty. V dnesni
dobé se jevi jako perspektivni format RDF (ResourcecBpson Framework)[[2], popisujici realitu po-
moci binarnich predikatiiastnost(objekt, subjekt) s navaznosti na deskripéni logiky jako odvozovaciho
mechanizmu, nebo format OWL (Web Ontology Langua@é) [3dpmjici realitu pomoci vztahli mezi
mnozinami.

Avsak vybrané typy soucasnych webovych zdrojii (nap&bova rozhrani pro databaze) nemusi byt
ochuzeny o moznosti semantickeého webu, nelmty v jisttm smyslu obsahuji sémantiku, bynéjake
implicitni formé. Takovou formou muize byt nap¥. tdka nebo poloha hodnoty v $abloné designu we-
bové stranky (u XHTML stranek Ize data extrahovat pom&Fath dotazll) apod. Z takové formy je
mozné odhadnout strukturu dat (napf. relatni modéhznz teorie databéazi) a z tohoto modelu nasledné
i semantiku. Informace ze zdroju pak mohou byt extralrova uloZeny budlo databazi nebo do formati
vhodnégjsich pro sémanticky web. Zaclenéni dabtgkh dokumentli do portfolia semantického webu je
mozné fesit integraci dokumentli sémantickéhowveb

Prispévek popisuje jednu takovou metodii [4] odhadu,ejiang vstupu je tabulka dat s oznacenymi
sloupci a vystupem je relacni model dat. Metoda byla mgjpmplementovana pomoci ulozenych pro-
cedur v databazi Postgrés [5], které ale vétSinou steeavaly pravidla (Kdyz-Pak). Z tohoto dlivodu byla
zvolena jesté implementace v pravidlovém systemusJEp popsana v samostatném odstavci.
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1. Odhadovani struktury dat

Odhadovani struktury dat vychazi z metod dekompaichi databazovy modell[7] Bl djllohou téchto
metod je upravit vstupni model popsany pomoci mnozimkEnich zavislosti na novy model tak, aby
splhoval dalSi pozadavky, napf. vyssi norm&brmu €i automatické rozsifeni modelu o dalSi uhesti,
napf. modely oznaCované jako multi-level secliré: [1G@istdpem téchto metod je model popsany mnozinou
funkénich zavislosti. Aby byl vycet dekompozichimetod kompletni, uvade jesté metody oznacované
jako vertical a horizontal partitioning [1L L, 12], sloaZk dekompozici modelu s ohledem na paralerizaci
pFistupu k datlim.

Na rozdil od vy3e uvedenych pfistupli, metoda odkadostruktury datl4] ziskava model pouze z dat,
vstupem metody je mnozina tabulka dat a vystupem je maudiglimalni mnozina funkcnich zavislosti
platnych na mnoziné vstupnich dat.

Metoda je primarné vyvijena jako doplnék soucasnieb-miningovych metod113]. Ty operuji pfedevsim
nad metadaty webovych stranek a zprostfedkovavajich souhrnné informace. Navrhovany doplnék
rozSifuje tyto metody o extrakci samotnych prezentgedrdat a podrobuje je analyze a dalsi agregaci.

1.1. Zakladni vilastnosti funkénich zavislosti
V tomto odstavci zopakujeme nékteré zakladni viagtrameamé z teorie relacnich databazi.

Pokud dva atributy jsou vzajemné funkéné zavisléji stzodnou velikost aktivnich domén.
A1 — Ay N Ay — Ay = [|[Da(AL)|| = (| Za(A2)]] 1)
Mnozina funk&nich zavislosti vykazuje transitivitedy:
Aj — Ay NAy — Az = Ay — Aj 2

Funkéni zavislost mezi atributy mlize existovat pouzgfipadé, kdy velikost aktivni domény zavislého
atributu neni vétsi nezli velikost aktivni domértyilautu, na némz zavisi.

A1 = Az = [ Za(A)] 2 (| Za(A2)]] (3)

Trivialni funk€ni zavislosti jsou ty, které nepopjsvlastnosti modelu, plati nezavisle na ném. Mezpa#i
napr.

Ai — Al

A — O (4)
Komplexni atribut slu€uje nékolik atributli v jeden ekl Pokud (komplexni) atribul funk&né zavisi
na (komplexnim) atributd, funk&ni zavislost atributii/ na atributuG rozSifeném o libovolny dalsi atribut
je trivialni.

G—-H=G —H VG >G (5)

1.2. Algoritmus odhadu struktury dat
Méjme mnozinu vstupni tabulku dat (relaci)rosloupcich a hledejme miniméalni mnozinu funk&nich

zavislosti, ktera dana data popisuije.

Algoritmus inicializujeme prvnim prvkem mnoziny dat. ¥to chvili miizeme hovofit o modelu ob-
sahujicimn? funkénich zavislostit; — A;, budeme-li uvazovat téz komplexni atributy, pak mquishtryva
n! (i trivialnich) funkénich zavislosti.

Vystupem algoritmu je minimalni mnozina funk&nichvislosti,kostra modelu , reprezentujici ele-
mentarni vazby v modelu. Takova mnoZzina neobsahagimé trivialni funkéni zavislosti4f] 5) a obsahuje
pouze ty funkE€ni zavislosti, které tvofi jadro mmiay vSech netrivialnich funk€nich zavislosti.
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Hledani takového jadra viigi jejimu transitivnimzaveéru je vsak NP Uplna GloHz [7]14] a nema jedigec
feSeni. Proto navrzeny algoritmus vytvofi v pmmkroku trivialnim zplisobem kostru modelu a takto

vytvofenou kostru v kazdém kroku aktualizuje, pficeproblém aktualizace je jiz polynomialné feSitgln

Povsimnéme si, Ze po pfidani prvniho zaznamu katdbut je extensionalné funkené zavisly na kedad
jiném atributu (neexistuje zadny dalSi zaznamykiey takovou zavislost poruSoval), tyto zavislostys
vzajemné. Diskutujme nyni, jaké jsou mozné konfigerkostry modelu a zplisoby jejich odvozeni.

Prvni zplsobline arn i kostra  na obrazkitll, spociva v nahodném usporadarbutfria umisténim
vSech orientovanych hran mezi sousedicimi atributkalstry modelu. Takovych usporadani je faktorialni
pocet, metoda vSak na ném dale nezavisi. MoZnoyhmddu je, Ze takovato kostra modelu obsahuje cykly
délky az2(n — 1).

(AD—(Ape—(A)—(A)

Obrazek 1:Kostra v linearni konfiguraci

Tuto potencialni nevyhodu odstraiuje druhy zptisedr, kostra  na obrazkil2, kdy je nahodné vybran
jeden z atributli a kostru modelu tvofi funkéni zaesl mezi timto atributem a ostatnimi. Je zfejmée, Ze
kazdy cyklus nabyva budlélky 2 (vzajemna funkéni zavislost) nebo délkyPocet takovych modelll je
roven poctu atributll, tin. MoZnou nevyhodou je vétsi poCet zmén v kostigppiiuseni funkéni zavislosti.

Obrazek 2:Kostra ve "star” konfiguraci

DalSi mozné konfigurace funk€nich zavislostirktgsou kostrou, museji byt vytvoreny kombinaci téch
dvou pfistupl, vlastnosti takovych koster se pohybupzmezi vlastnosti obou zplisobl.

Pfidejme nyni do Ulozisté dalsi zaznam. Predad&me, Zze nékteré atributy nabyvaji stejné hdgno
a nékteré hodnoty jiné. To podld (3) znamena, Ze budeSema néktera z funkénich zavislosti.

V okamziku, kdy je do GUlozisté pridan dalSi zammge nutné nejprve aktualizovat kostru modelu. Aby-
chom zachovali dany pozadavek "elementarnosti vazedst&”, definujme primarni kritérium usporadani
atributll s ohledem n&l(3) tak, ze

1Za(A)]| < | Za(Aj)ll =i < j (6)

Béhem aktualizace kostry pfi zméné poradi atribmiize dojit k situaci[7) neb@l(8), kdy existuje kratsi
hrana (podle[{[7) obrazék 3), ktera je dopliikem hranitioh kostru (délku hrany(A;, A;) reprezentuje

rozdil pozic v usporadani atributf,je mnoZzina funk&nich zavislosti tvofici kostrisae transitivni uzaveér
této mnoziny).

(Al — Ag) eESA (Al — Ag) eESA (Ag — Ag) S g/\é(Al,Ag) > 6(A2,A3) (7)
(Al — Ag) eSA (Ag — Ag) eSA (Al — Ag) S g/\é(Al,Ag) > 6(A1,A2) (8)

Jak ukazuje obraz4l 4, tato hrana se pak stava hrandgitkostru na Gkor del$i z hran.

/74:@9 / ®\:®

Obréazek 3:Kostrad(A1, As) > (A2, As)  Obréazek 4:Kostra po aktualizaci
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Predpokladejme, Ze kostra modelu je aktualizovanestdjme nyni, zda-li nékteré funk&ni zavislostigmj
poruseny.

Protoze kostra tvofi jadro mnoziny, pokud je porusgakakoli funkéni zavislost v modelu, musi byt
porusena néktera z funkEnich zavisladti — A, tvoficich kostru. Diky tomuto faktu neni nutné testo
vat pfi kazdém kroku vSechny funkéni zavisloste glouze ty, které tvori kostru (takovych je nejvise.

V pripadé, kdy je takova funkZni zavislost porudgefe nutné navic testovat i funkéni zavislosti sersigj
stranou a aktualizovat kostru (najit jiné funkéni igdwsti s minimalni délkou spojujici atributy ptivioé
spojené presl; a A;).

Pridejme dalsi zaznamy a predpokladejme, ze @iotéani funkEnich zavislosti v aktualnim kroku je
poruSena zavislost; — A;, pfiemz v minulosti byly poruSeny i funkeni zaasti A, — A; a4}, — A;
amezi atributyd,,, A} a A; neexistuje zadna funkeéni zavislost. To miize kestzniku netrivialni zavislosti
na komplexnim atribut§ A;, A, A} }, viz obrazelb. VloZme tedy tent@mplexn i atribut pomoci

) N -,
B x> B 3 Ao A

Obrazek 5: Porusenid; — A;  Obrazek 6:Virtualni atribut ~ Obrazek 7:Dekompozice

notacevirtu aln iho atributu do modelu, virtualni atribut reprezentujici kartkgsoucin je pouZzit,
aby nebylo nutné Glohu feSit v prostoru hypergraftitestujme funkéni zavislostA,, Ay, A} — A;.
Pokud tato funkéni zavislost je spinéna, virtualmikait je v modelu ponechan - obrazdk 6.

U komplexnich atributli arity vétsi nez 2 je navic pmehdekompozice komplexniho atributu nutné testovat
(obrazel), zda-li dana zavislost neni triviald).(Bokud je, virtualni atribut je dekomponovan. Vseghn

ziskané netrivialni funkeni zavislosti z této opee jsou pridany do kostry modelu a model je rozSifen
i 0 dalSi neporusené funkeni zavislosti mezi novyirtualnimi atributy a ostatnimi atributy v modelu.

Jak je patrné, vznik netrivialni funkZni zavislosta komplexnim atributu on atributech je mozny
za podminky, Ze existuja < m’ (alespoimn z celkovychm') porusenych funkénich zavislosti na atributu
A;, ktery bude na hledaném komplexnim atributu zaviskteré nemaji mezi sebou zadné jiné funkéni
zavislosti. Operace hledani komplexniho atributugpaolynomialné slozita, je potfeba otestovat celkeém a
k kombinaci (dekompozice atributu), pficemz (pfi aesani celoCiselného délent)

m’ m’ m'!
v (7 )= (e ) = G ©
Jedinou moznosti, kdy bude hledani komplexniho atulpolynomialné fesitelng, je dikid(3) pfipad.ykd
velikost aktivni domény komplexniho atributu roste migji nez velikost aktivni domény atributu na kom-
plexnim atributu zavislém.

m

(A= B), A={Ay... An} : Du(A) > [[ Za(A) > 24(B) (10)

=0

To je ovéem velmi specialni pfipad, v praxi nastésiadfidkakdy. Pfikladem miiZe byt tabulka popisij
funkéni zavislost paritniho bitu na vzoru. V pfipgde je mozné vstupni data pfedzpracovat, je vhodné
je usporadat podle takového kritéria, ¢imz se psoeghadovani modelu urychli (napf. udrzovat seznam
vhodnych trénovacich pfikladl pro opakovany odhamtielu).

Pfipomenme, Ze ostatni operace v metodé jsou vzdynpohialné slozité, tedy hledani netrivialnich

funkénich zavislosti komplexnich atributll je jedinoperaci, které z celé metody €ini nepolynomialné
slozity algoritmus.
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Obecné existuji dva pfistupy ke hledani netriviainfunkénich zavislosti novych komplexnich atrib.
Prvni vychazi ze slozeni komplexniho atributu saritn a jeho postupné dekompozici na jednodussi
komplexni atributy (viz obrazdR €] 7). Naopak druhydéiva dalsi atributy k atributu, na némz byla funkén”
zavislost porusena, tak dlouho, dokud neni dosazemkchi zavislosti nebo arityn’. Oba pfistupy vedou
ke shodnému vysledku, vhodnost pouziti mbize byiadideuristikou odvijejici se od hodnoty .

Algoritmus 1

A .. mndina atributi

D .. mn&ina dat

C .. matice pokryt’

.. kostra modelu
C={ciy=1,i#3Vij€l.|A]}
S={A; = Aj:li—j|=1}

Pro Vd € D

wn

uld d do ulase
aktualizuj velikost domén a podle zn€n i paad” atribut iv SacC
dokud (zmena)

V(i,5, k), 1 <k<j:(Ai > Aj))€ESAN(Ar = A;) € SACi, =1
V(i,j, k), i<k <j:(Ai > Aj) € SA(A; - Ak) € SACy; =1

testuj V(A; — Aj;) e S
pokud A; — A; porseno

testyj V(A, — Ay), kde Cip, =1V Cy; =1
pokud poriseno, Cup =0

¥

S=5—-(A; — Aj)
ro=t kostru

testuj komplexn” atributy

1.3. Vlastnosti modelu

Uspofadejme modely podle poctu vSech funk&nichistésti pokrytych modelem. Oznatme pocet
atributli,m pocet zaznamti\f;, pak model pd-tém zaznamu @My | pocet funkénich zavislosti pokrytych
modelem)/;,. Podle algoritm{lll pocet hran monotonné klesa, tedy

|My| = n! (12)
M1<MJ:>|MZ|> |M]| (12)
VM : My < My, < My, < My (13)

Oznacime-liM, nejpresnéjsi (logicky) model reality, posledni omost znaci, Zze model vraceny algo-
ritmem muZe oproti tomuto modelu obsahovat navic mékfankéni zavislosti. Tento rozdil mlize byt
zplsoben nereprezentativnimi daty (jedna se o algaststrojového uéeni, kde reprezentativnost dat hraje
marginalni roli), jednak granularitou hodnot doménrjetlivych atributli (kone¢ny potet zaznamii ver-
sus nespocitateliné domény atributll v realité) spmjesiuvazovanim extensionalnich funkénich zagsl
Posledni moznosti je moznéa zavislost dat na zdrak §amotnych hodnot, tak struktury dat). Z téchto
dbivodll hovofime o odhadu struktury, nikoli o jeji reletrukci. Prvni a posledni problém Ize vyfesit inte-
graci dat z vice zdrojt, druhy pak predstavuje prifédigi limit metody.

Metoda je urena pro deterministicka data neobsahafigbné pfiklady a pfedpoklada konzistenci dat
v ramci kazdého zdroje. Pokud tyto podminky nejsou &pih mohou byt nékteré funkéni zavislosti
obsaZené v logickém modelu z kostry vyjmuty (existhijit chybné, zaznamy porusujici tyto zavislosti).
To miiZe vést k situaci, kdy

My < My, (14)

Vyhodou odhadovani struktury dat je nezavislost ggsieho modelu na pofadi vstupnich dat.
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1.4. Hiklad

Nékteré jednoduché tlohy induktivniho logickeéhogramovani Ize pfevést na tlohu odhadovani stmyktu
dat [15]. Ulohou induktivniho logického programovani]16] 1€ fajit interpretaci predikatu na zakladé
dat ve znalostni bazi. Pfikladem takovych algoritieOLEM [18] (vyuZivajici postupnou generalizaci),
FOIL [19,[20] (postupna specializace), inverzni metddRQGOL, ALEPH) a dalsi.

llustrativni pfiklad je pravé z tohoto prostfedietia koncept predikat( V1, Vo) popisujici skute€nost,
Ze objektVy je dcerou objektlVy.. Znalostni baze v tabulcETJ15) obsahuje predik&ty:, Vi) (objekt
V2 je rodiCem objektu/y1) a predikat: (V1) (objektVy, je Zenského pohlavi).

n | Vi V2 d(Vu1,Vuz) | 2(Va1) | 2(Vaz) | v(Va1, Va2) | r(Va2, Va1) | 7(Va1, Va1) | 7(VE2, VE2)
1 Eva Tomas (&3] ® [S) @ S] S] S}
2 Eva Kamila &® (&3] (&3] @ S] S] S}
3 Milan Tomas <] S o @ S] S] S}
4| Eva | Milan o ® o e e o o
5 Karel Milan <] <) e e S] S] S}
(15)

Nasledujici obrazekl8 ukazuje vyvoj modelu po kandpfidani fadku z tabulky[{15) podle algo-

T e @i Ve~V

Krok 2:

W@V Td—@in Vi@ VaD—>C Vi Vi)
Krok 3:

TG
TGV De—Vin, Vi) Vi, Vi)

Obrazek 8:llustrativni pfiklad

ritmulll. Je patrné, Zze koncept predik@l 1, Vi2) je odhadnut jiz ve 4. kroce. Model ve smyslu teorie
relatnich databazi mtizeme interpretovat tak, zZedivostni ohodnoceni predikad(Vy 1, Vi2) je funkéné
zavislé na ohodnoceni predikat(Vy2) a r(Vii, V). Z hlediska modelovani struktury dat nezalezi
na konkrétnich hodnotach ohodnoceni, hledame ghdladbecny popis viastnosti mezi byti-dcerou, byti-
rodiCem a byti-zenou.

Krok 5 pak jesté doladi koncept predikat(dz;1 ). Poznamenejme, Ze model v této fazi zadnym zptisobem
nereflektuje fakt, ze rlizné atributy(Vy1) a z(Vyz) reprezentuji tentyz predikat jen s jinou kombinaci
argument.

Pouzita vstupni data byla volena tak, aby byla velmi ezpntativni, diky cemuz cely model byl pfesné
detekovan v malém pottu krokll. To ale v praxi u obecrgaitojii nemusi platit.
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2. Implementace pomoci pravidloeho sysému

Metoda byla v prvni fazi implementovana jako souborzéioych procedur v databazovém systému Post-
gres [5] (verze 7.4). Zakladni funkénost byla zajiiéomoci triggerll. S rostoucim stupném implementace
se vsak tento zplisob staval neschiidnym, helhmetody nejenze zavisi na poradi volani dildogeract,

ale nékteré z nich pracuji jiz s aktualizovanymi (idgjiné, po nich nasledujici, s Gdaji pfed zacatkakn
tualizace. Z téchto dlivodl se stavalo pouziti daraveho systému tézkopadné a SQL dotazy prii&itd.
VétSina z nich navic implementovala vztahy "je-li sph@’ podminka, zmén data”, tedy prakticky pravidla.

Druhym problémem byla nutnost uchovavat i doCasna databulkach. To Ize sice vyfeSit pouzitim
docasnych tabulek, avSak toto feSeni vyrazné zloja start aplikace.

Diky témto dvéma aspektlim se zacal rysovat pozadawehledani alternativnich, 1épe vyhovujicich,
zplsobli implementace. Nasledné byl zvolen pfechodmmementaci metody pomoci pravidlového
systému.

Jako vhodny kandidat byl posléze zvolen Clips [6] (ve8223). Hlavnim pozadavkem byla moznost dyna-

micky ménit znalostni bazi (funkéni zavislosti sespgoné odebiraji, vznikaji jejich nové instancegjexnné

se transformuji). Dal3i vyhodou tohoto systému oppjiofm je pfima gnavaznost na souborovy systém

(funkce pro praci se soubory) a dynamické nacitamia@stni baze, coz v budoucnu umozni paralelni zpra-
covani a uvazovani pouze pro vypocet nutnych um&h zavislosti a jejich instanci.

Dalsi vyhodou je multiplatformita a dostupnost zdrgjola kodll tohoto systému, coz umoziuje nékteré
slozitgjsi nebo v zakladni sadé neobsazené epataprogramovat a z ni plynouci rozsifitelnost a modu-
larita (napf. standardné dostupny modul pro fuzzy pia)i

2.1. Transitivita, aktualizace kostry

Pro ilustraci pouZiti takového systému pro implementaetody uvedne nékolik pfiklad vybranych
pravidel. Mezi zakladni operace metody patfi aktuadzkostry.

Abychom mohli kostru aktualizovat, je nejprve nutné po@ vytvorit koncept transitivity funkénich
zavislosti.

Pravidlo 1 Transitivita

(defrule transitivity
(fd skeleton $?leftside "=>" $?centerside )
(fd ? $?centerside "=>" $?rightside )

(assert
(fd derived $7?leftside "=>" $?rightside )))

Nadefinujme ve znalostni bazi fakittribute order { A1 } ... { A, }) udavajici pofadi atributll a fakt
(attribute domaincount { A; } |Z.(A;)|) udavajici velikost aktivni domény daného atributdktuali-
zace poradi atributli po pfidani nového zaznamuldaisté podlel{l6) obsahuje pravidlo:

Pravidlo 2 Aktualizace ptadi atributli

(defrule attribute-order-update

?order<-(attribute order $?left { $7attr1  } { $7attr2 } $?right )
(attribute domaincount { $?attrl  } 2domaincountl)
(attribute domaincount { $?attr2  } ?domaincount2)

(if (> ?domaincountl ?domaincount2)

(
(assert

(attribute order $?left { $7attr2  } { $?atrl  } $?right))
(retract ?order )

)]
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Nyni jiz mame cely aparat pro aktualizaci kostry. Rdéw pro pfipad aktualizace kostid(7) je:

Pravidlo 3 Aktualizace kostry

(defrule skeleton-update
(attribute order $? { $?leftside } $? { $?centerside } $? { $?rightside } $?)
(fd skeleton { $?leftside }+ "=>" { $?centerside )
?s<-(fd skeleton { $7?leftside } "=>" { $?rightside )
?d<-(fd derived { $?centerside } "=>" { $?rightside )

(retract ?s 2d)
(assert
(fd derived { $7?leftside } "=>" { $?rightside 1)
(fd skeleton { $?centerside } "=>" { $?rightside 1))

Vyhodou tohoto pfistupu je jednoduchost pravidel acfejzapisu, uloZzené pl/pgsql procedury se stej-
nou funk&nosti byly podstatné slozitéjsi (kod lojpuhy fadove v jednotkach kB), k vypoctu optimlit
kostry (analogicky k pravidill3) bylo potfeba spojit v #adni verzi celkem 6 tabulek, 3 tabulky obsahujici
mnozinu funkénich zavislosti a 3 tabulky atributtéwdjici jejich porfadi (pokud uvazujeme verzi pro kom
plexni atributy a neredundantni ulozeni dat, toto epbje rozSifeno o dalSi 3 tabulky popisujici, leter
atributy tvofi dany komplexni atribut). Navic na tertotaz bylo mozné provést pouze jednu zménu (dilci

zména kostry ovlivhuje i dalsi zavislosti v kostre).

U pravidlového systému se jedna o nalezeni 4 faktl \aamini bazi, problematicky miiZze byt jen pocet
moznych kombinaci, ktery je ale u téchto systémirdavladnuty. Druhou moznou kombinaci je interpre-
tace negace vyskytu faktu, které opét mize vést karalk pottu pfipusntnych kombinaci.

2.2. Uloziste

Naopak nékteré operace se pfi pouziti pravidlovgysiésnu nepatrné komplikuji. Jednou z nich je ope-
race pridavani relace do Ulozisté, kterou nelzevpst pfimo, ale oklikou pres vzor takové instance.
Meéjme pro kazdy atribut nadefinovan fakt ve tvaastribute pattern{ A } { [ A -] } ) nebo v pfipadé
komplexniho atributu(attribute pattern{ A B } { [A-] [ B -]} ) a vkladany zaznam rozdéleny
po atributecHtuple attribut hodnota ).

Vlozeni zaznamu do UloZisté pfedstavuje nejpesaveni vzoru instance funkeni zavislosti:

Pravidlo 4 Priprava vzoru instance

(defrule prepare-instance
?p<-(fd skeleton { $?leftside } "=>" { $?rightside )

(attribute pattern { $7?leftside } { $7leftpattern )
(attribute pattern { $?rightside } { $?rightpattern )
=
(assert

(rel ?p  { $7leftpattern } "=>" { $?rightpattern 1))

V druhém kroku je pak tento vzor napInén daty podle vki&te zaznamu.

Pravidlo 5 PInéri daty

(defrule data-fill
?r<-(rel ?p $7left [ ?attr _ ] $?right )
(tuple ?attr ?value] )

(retract 2r )
(assert
(rel ?p $?left [ ?attr ?value ] $?right )))

Vysledkem je ulozeny ptedpis pro asociacni pravidlo
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3. Shrnuti

Prispévek volné navazuje na praci publikovanou v r@muro¢niku Doktorandského dnie [21]. Zakladni
myslenka fedeni problematiky zlistava stejni&ili zplisobem se modifikuji cile prace.

Oproti pfedchozimu roéniku neni hlavni cil spafiia ve fuzzifikaci funkénich zavislosti, nebpbruseni
klasické funkéni zavislosti v realnych datech reli#t problematické (data nemusi byt natolik repreaent
tivni, aby doslo k poruseni zavislosti), tudiz slabslabeni této vlastnosti neni Zadouci. Spasly tochazi

ke kladeni pozadavkl na vstupni data, pfedpoklagajeterministické hodnoty, bezchybnost a konzistence
zdrojb dat a hledani alternativnich procesti, napibfemy chybovosti se daji pfevést na znamy problem
hledani vyjimek asociativnich pravidel.

Hlavnim cilem naopak zlistava orientace na sémantiob, konkrétné odhad sémantiky ze struktury
a popis integrace modell. Diky moznosti pouzit préswgich systéemll pro implementaci metody a s tim
souvisejici implementaci jednoduchych pravideMaidgjici data na jiné reprezentace ¢i rlizné graiiyl
primitivnich vztahll (nap¥. pravidla pro ziskavanetadat nebo jednoducha kombinace rtiznych typli vztah;
pfi prohledavani Glozisté). Tyto nové moznaostviraji cestu k jednodudsimu popisu vztahti mezbaty,
zjednodusi se popis integracniho procesu (bude pojstapfidat novy typ vztahu mezi atributy a prish&
odvozovaci pravidlo).

Novym cilem se stava hledani generalizovaného hoglmoZziujici odhadovani hodnot atributll na zékla
vlastnosti zintegrované kostry nékolika modelt, pifity integrace €i hledani vyjimek. Pomérné zajiryiav
tématem se jevi konstrukce metadat, konverze meziyraziriterpretacemi informace (rlizna granularita
atributll majicich tentyz vyznam) nebo hledannmtivnich ¢asti informace a vztahti mezi nimi.

Za pomérné Uspésné lIze povazovat hledani metgdic isomorfismll. Podafilo se ukazat, ze nékteré
zakladni Glohy induktivniho logického programovgajichz zadani spliuje pozadavky metody odhaddv”
struktury dat, Ize na tuto metodu prevésfl[15]. Tentovptebud Ize udélat trivialnim zplisobem transfor-
movanim znalostni baze do tabulky pokryvajicishiSné kombinace konstant, jak ukazuje p¥iklad (15),
nebo (existuje-li takovéa informace - ohodnoceni pratliije zavislé na jeho proménnych nebo na ohodno-
ceni jinych predikatl) znalostni bazi prevéesinpd do relacniho modelu a pocitat pouze zavisloslkeko
atributu reprezentujiciho hledany predikat.

Dalsi oblasti je rozbor vliastnosti kostry a jeji rézkonfigurace (viz obrazdR I 2) a definice uspofadani
atributti [®) a vliv tohoto usporadani na kostru (vizabel8,[}). Zde se jevi jako perspektivni pfistup pos-
tupného (proudového) on-line zpracovani dat. On-lipeacovani je vhodné jak z hlediska pravidlovych

systémdl, tak z hlediska moZzné paralerizace probléma®ostupné zpracovani vychazi z moznosti poly-
nomialné slozité iteracni aktualizace kostry opM® Uplnému hledani jadra z transitivniho uzaveéru

V neposledni fadé doslo oprdii]21] k rozsifeni mado komplexni atributy a analyze probléemu vytvaren
komplexnich atributti v modelu (obrazky[3,[, 7) a hleidéetrivialnich funkénich zavislosti kolem técht
atributti [4]. To je jedinou asti vykazuijici az naesjalni pfipadyl(10) nepolynomialni slozitost (9)

Metoda byla implementovana plivodné jako ulozenégsih procedury databazovéeho systemu pro va-
riantu, kdy data jsou uloZena redundantnim zplisobemedesh dané struktufe (prakticky reprezentujici
jednu relaci mezi zadanymi atributy). Tato varianta peércelou problematiku odhadu struktury dat. Vari-
anta s daty ukladanymi podle odhadnutého modelu je emxmana, nékteré partie se ukazaly jako obtizné
zvladnutelné korektnim zplsobem. Proto doslo kggeni implementacnich praci a migraci z databazovée
systému na systém pravidlovy, ktery se pro implemeamestody v soucasné dobé jevi jako velmi perspek-
tivni. V soucasné dobé probiha implementace metaédyév tomto systému (viz pravidla 1 @2 5).

Jelikoz znalostni baze generovana metodou na zéktathadnutého modelu je ve formé asociacnich
pravidel, bude zajimavé do takové baze pridat znapmsthazejici z dokumentli sémantického webu a sle-
dovat vliv struktury téchto dokumentli na globalni mbdebudoucnu by méla byt data z této znalostni baze
vCetné metadat pfistupna pfes webové rozhraréla twy byt implementovano webové rozhrani pro vyhle-

davani dat ve znalostni bazi.
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Abstract

The pap& describes a possible treatment of data sharing in a largeonebdbf users. The mathemat-
ical model is based on weighted hypergraphs whose nodesdgied eenote the users and their relations,
respectively. Its flexibility guarantees to have basictietes between users robust under frequent changes
in the network connections. Approach copes with the comoaiiin/computing issues from different
point of view based on a structure evolution and its furthgtimization in sense of keeping tiparallel
space and time complexities low. Although the idea is aintethé field of mobile computing, it can
be generalized in straightforward way to other similar eswiment. An experimental application is also
proposed and discussed in the paper.

1. Introduction

The aim of the paper is to present a consistent model of a figewable network with a distributed man-
agement useful for representing security and other redakigps among users and their groups. By the
consistencyf the model we mean that the internal structure of the nétwarst not degenerate over time
to its limiting cases: small number of very large groups,asgé number of small groups. In other words,
our model has to have a feedback related to the fragmentatitire network into subnetworks. This we
will achieve by careful use of our mathematical model, edadlgorithms, and implementational details.

The mobile computing area (see Figlite 1) is faced by someaidimits like small bandwidth, battery
power, and also by the needs of communication and computigiibility [2],[8],[4]. While we can still
expect rapid improvements in the areas of these limitatiamémportant question is the security of wireless
networks[[5]. In recent years there has been a strong pregretevelopment of coding and cryptography
which allow to have pretty secure individual transmissioDs the other hand, the security on a higher
level of abstraction is still an open question and has to lwkremsded([6]i17](1B]. Namely, it is important
to have tools for defining, evaluating, and maintaining &guts of group securities. This assumes creating
an infrastructure of a network where users are restructium@dsmaller units (groups), and they take into
account these relations in their communicatidn [9],[10].

1The work was partially supported by the project 1IET1003@0dflthe Program Information Society (of the Thematic Pragth
of the National Research Program of the Czech Republicglligent Models, Algorithms, Methods and Tools for the Sati@wWeb
Realisation”.
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Figure 1: Mobile Database Architecture

This paper proposes a full model which can handle secustyeis in mobile networks which can be dy-

namically evolving, or frequently reconfigured. Its mattegital basis form weighted hypergraphs. Edge
and vertex weights can express most practical situatidaseeto users (vertices) and relationships (hy-
peredges). By the term practical situations we mean not grdyp security issues but also possible gen-
eralizations. Network reconfigurations induce new hypapgrweights. We propose algorithms for local

modification of weights. This is important for distributegins of the algorithms. The choice of the algo-
rithms guarantees that the model will not degenerate toalgtstate limiting case with too many or too

little groups. Dynamic changes in the hypergraph model aaniplemented using standard tools from

numerical linear algebra[l5].

The paper is organized as follows. Secfidn 2 describes thleemeatical model. Basic operations on under-
lying structure are proposed in Sect[dn 3. Sedilon 4 is del/tai application of the model and the following

sectior® is sharply aimed to make a brief overview on theirsplementation of proposed algorithms. The
paper finishes by some conclusions.

2. Mathematical Model

Our mathematical model is based on weighted hypergraplisgeiteral real weights. Note that in many
cases we will use integer weights only. In the following wél mitroduce some basic terminology.

The weighted hypergraph is a generalization of the condepemhted graph which allows edges incident
to more than two vertices. Formally, hypergrafhs a quadrupléV, E, Wy, W), whereV is its set of
vertices,E € 2V is its edge set, antVy, andW g present vertex and edge weights, respectively. That is,
the weights are mappings frol and E to the set of reals, respectively. For simplicity, we willnsider

V ={1,...,n}. Note that in some applications the incidence of verticesetges is explicitly expressed
by so-called vertex and edge connectars [11]. Here we ptbterclassical definition [12] given above
which is suitable for our purposes. Most of the importantaapts from graphs can be easily generalized
to hypergraphs. Here we will mention only some of them. Théiits may express further properties of
graphs and hypergraphs, in addition to their connectioosirstance, they can express quality or priority
of communication, cost issues, efficiency of evaluationgadividual vertices. As we will emphasize later,
in our application related to security in networks, the ggniveights will expresseliability of users, and
edge weights correspond security of vertex connections
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3. Basic Operations on Hypergraphs and Related Data Structes

This section is devoted to a brief overview of basic operatiosed in our application, and underlying data
structures. Note that application-related issues willrbated later.

A basic assumption of the mobile computing and/or commuiuinas that the whole hypergraph model is
not centralized but distributed. In addition to global netkwproperties we need to store most of the data
locally, or in close neighborhood of vertices. Small to madigrids may assume that individual vertices
store: a/ vertex related information, b/ their adjacendg sé weights of incident (hyper)edges depending
on the size of their local memories. If the local memory aldtythey may store also more levels of infor-
mation. They can store vertices and edges up to thadljacencies for somie >= 1 which is what we will
assume. Larger grids may need a domain-based distriblfffrf¢r faster execution/communication even
if the local memories are relatively large. Specific veri¢group leaders) contain all relevant information
on weights and incidences for whole domains. In our impletatén they correspond to meta-vertices, i.e.
seed vertices of meta-associations related to groups of.UHee following text describes some application
related issues which help to reflect specific model features.

4. Application

A crucial assumption is that the application is distribut€dat is, the representation and the updates must
be implemented with respect to this. Therefore, all the pssgl ideas have to keep tharallel space and
time complexity low.

4.1. Group representation

Two extremal types of distributed representation of gragpbgraphs) are as follows. First, a user (note that
a user is equivalent to a vertex in the application sectitorks all information (connections, edge weights)
related only to its adjacency set (set of all its neighbdrs}his case, communication with neighbors has
time complexity O(1), space complexity is small, but oviecammunication with distant neighbors might
be expensive. Second, users can store more levels of negfibiothe concept of levels in graphs which can
be easily generalized to hypergraphs §eé [14]). That isriméition on neighbors of neighbors can be stored,
and so on. Using more explicit representation of more distartices decreases average time complexity to
communicate with other users but (local) space complexdy be rather high. Complexities are described
more in detail in sectiofit4.5. Our representation is a hadvaal with morelayersof hierarchy. Thebase
layeris formed by standard users. Each group has a represenaig tesponsible for group management
called aGroup leader(GL). This vertex is also responsible for communicationganp to other groups.
The group leaders form thenhanced layeof users. Communication is allowed only between nodes on
the same level or to one level deeper. This combines advestadoth extremal possibilities. The vertices
are members of groups which dynamically evolve dependingh@nges in vertex and edge hypergraph
weights. A group joining process is managed by a special jzadiedGroup Gate(GG).

An important assumption for distribution of vertices intagps is that strong hypergraph components will
be a part of the same group. That is, the connections amotigagform aracyclichypergraph.

4.2. Edge evaluation

Up to now we have explained the role of vertex weights. Edgghts are the basis of the dynamic behavior
of the network of users. In other words, by their approprateluations and reevaluations the network thus
gets itsSocial Network Propertyi.e. the ability to describe social relationships in terafisa weighted
hypergraph model. Consequently, in this subsection wepréisent a consistent set of rules and algorithms
which do represent consistent static and dynamic propesfia secure network. The fact that an edge has
a high weight we will equivalently call that the connectedioes (users) have a good mutual relationship.
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4.2.1 Edges’ evaluation rules: Here we will describe possible cases which force evaluadimh
reevaluation of hypergraph edges. The procedures can biecjppall layers of vertices of a hierarchical
model but we will not distinguish this here. Although we hasken into consideration full spectrum of

Figure 2: Four possible cases.

possible modifications in edge reevaluation and additioe, which worths mentioning here is a case de-
picted in Figurd®. A newly added edge is plotted in a dotted.IWhen the edge has been added into the
structure its weight might by in imbalance with the old oneig(rel2 d)). If so there is a need to do some
reevaluation that will preserve the weights in the consisstate. A possible approach is to decrease the
weight between vertices 1 and 3 to the weight of edge 1-2. Werqhossibility is to give to all vertices in
the cycle their average value. The decision can be made atitmdly basedn user trigger(see section
E3) or chosen by involved users.

Once edge has been re-evaluated, it might cause some otixaltmtions. Consequently, this might result
in huge computational overhead. In cases a), b), and c) wegist ithat the further re-evaluation is not
necessary. On the other hand, in d) this is not longer trueaBse of imbalance in edges’ weights (namely
edges 1-2, 1-3), re-evaluation has to be done to preseruetyguroperties of the structure based on mutual
relationships. When the new edge has weight 6, the weighadgds (1-2, 1-3) must be re-evaluated. Once
the weights were changed we are done since we get case a) or c).

4.3. Optimization and self-monitoring

We will introduce two important termgraph condensatioandgraph expansionThe graph condensation
means representing groups of nodes by a single item. It étfjuoccurs when new nodes and/or new
edges are added as shown in the previous Sedciiod 4.2.1.

Graph expansion will be performed if a group of users fulfit§ > & | K4/, Wwhere

| K| is the component sizé,is a non-negative real number, ajfd,.,| is the average size of all groups of
users in the structure. In this case, the component is toarmgcannot be efficiently managed, and a graph
expansion is initiated. It divides the group into a set of Ben@nes. For each newly created component a
GL is found and necessary data structures are set up as mediimsectiofn 221 1.

For optimization and diagnosing purposes, additional patars are defined. The one which is worth
mentioning here is éime stampthat stores the last moment when the edge was used. It hepsto
uate an importance of the edge. At specified time momentsgtbep leader runs a program struc-
ture Trigger (see sectiof_414) to get a difference between the time stamdpttee real time, given as
Time_Dif f = Time_Stamp — Actual_time. If the size of I'ime_Dif f is too small (with respect to
a threshold), the edge is deleted.
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4.4. Triggers

Our implementation makes use of triggers in order to evalaat reevaluate the role of users in the network.
In fact, this is a global communicating mechanism which keidye overall consistency of our distributed
model. The most important role of triggers is to check whethe users’ weights (vertex weights) and
weights of their connections (edges and hyperedges) argistent. In our case, whether they express a
consistent model with weighted securities of users and twginections. Om scheduled triggethe struc-
ture is inspected. Group leader issue®ptimization messagahich propagates through the structure and
users optimize their adjecent sets in the terms of spadeaiitin and computation load. Am event trigger

is run whenever a new edge has been added into the strucheection is reported to the corresponding
GL by an information message

An on user request triggas a way how a user can influence the hypergraph structure ghobally. A user
can predefine some actions which should be treated difigriérgn defined for the whole group. Another
reason to start this trigger may be the need to modify assabets of some of users which influence the
user. In the other words it enables a personalization intiiuetsire.

4.5. Sharing

This subsection explains some issues concerning sharthgammunication among users. Communication
is done through message interchanging. Tdrget user idis the unique group identifier of the user that is
asked for data. Second value identifies the data demandeaier asset number and edge’s weight are
also included. Théink typecell holds information either it is transitive or direct,&vboard or inter-group
link respectively.

As given above, each user may store up to k level of adjacegihbers. Clearly, ifc = 1 then the commu-
nication complexity
2+ d(K),o 1)

whered(K) is a diameter of the groufl (which may consist of more components of the acyclic hyper-
graph). Space complexity is

|E| = Z dout(i)- (2)
If £ =2, communication load is
d(K) 3)
and space complexity is
Bl= Y dowdow. 4)
(1,7)€E(K)

Each user hassharing valueset for sharing data. In our case, we use an integer valudidgraothreshold
under which sharing information with other users is rejdcte

The following three rules controlling the sharing feature defined in our implementation. The first rule

is calledDirect. It is useful in cases where data sharing is requested by figan an adjacent set. In
such case direct connection weight and user’s asset numbtaken and compared to sharing value. The
second rule will be callettiend-of-my-friendIn such case there were no direct connections between users
markedl andn. Therefore the message was released and users were fangidrdince the destination,
usern, was found. Consequently the minimal edge’s weight of adlgilnle paths is taken and compared to
sharing threshold. The third rule we call tbeer-borderrule. This rule is based on the communication via
appropriate group leaders. This procedure offers a pdigitn join groups with common interests from
different groups.

4.6. Security questions

Up to now we have discussed mostly mathematical and tedhmiestions of a network of users. There
are some global security questions which should be satisfiethy useful model. One of the biggest threat
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in security area is misapplication of private informatieng. credit card number, personal identification
number). Namely, if some secure information have beenstioten their proper holder, it can be conse-
quently misused. Potential damages can be minimized byeagtamp validation. Since time stamps and
invalidation times are part of GIN, both the proper user dmldroup leader/gate know time of the GIN
invalidation. Further, the proper user and group leadée/gapect the time of the GIN invalidation and they
also anticipate issue of a new GIN. Therefore only very sageliser with stolen GIN, would try to access
group with invalid GIN and can be easy revealed. The maintipresvhich still remains, is how to treat
with the GIN misuse while it is still valid? A possible solati lies in the underlying hypergraph structure.
The structure is under continual evolution and it is optiedion every question issued by a group member
(see sectiofi413). Therefore the structure reflects favoeiiationships between users. An example would
be a good way to make it clear. Assume that a user stole a GlX@istie is about to download as most as
she/he could till the stolen GIN become invalid. In such ¢asé'bad” user would ask as many group par-
ticipant as he/she could and would demand data. The hygdrgteucture - however, reveals such misuser
very quickly. Once a group member behavior is found veryadéht from its standard behavior, the user is
disconnected from the network and a new GIN is consequesglyed to the proper user. The time stamp
validation time and the behavior check based on the undherigiaph structure will significantly improve
security issues.

5. Experimental Implementation

As the precedent was manly devoted to theoretical issuateteto communication/computing in the large
network of users, the implementation section makes thequalp alive. While the target environment might
change a lot, as was mentioned earlier, an experimentatagiph, called SECMOBILE, must be designed
and created with respect to this. ANSI C language offers useatgpportunity to re-use existing imple-
mentations of both numerical and distributed computing@daym with very optimized code as an imported
DLL. Although the application is currently written as a cotesapplication without any graphic interface,
in the future it will be given by a user friendly one.

The aim of the experimental application is to prove the arress of the proposed algorithms and refine
them if necessary. By the prove we will consider behavioheftietwork to not degenerate into one of the
limiting cases; many groups consisting only one node; ordevups covering all nodes.

The implementation is based on a dynamic system of strustescribing non zero values in the “ad-
jacency” matrix. Adding new edges and vertices into thetagsstructure is maintained through binary
or text files. Text files are designed in CSV fashion with a spseparator. Since the structure should re-
flex usual behavior of users, creating such network canndiete by random generation of nodes and/or
vertices. An input file should be well formed taking into cesation “probable behavior” of a user.

While the proposed methodology keeps into consideratierctimplete spectrum of possibilities, the ex-
perimental application employs only a part. Its target isracture creation and related operations. Higher
levels of abstraction (e.g. sharing, user invitation pes¢avill be considered and added consequently.

6. Conclusions

The paper deals with the security issues from a viewpointi$@ibuted and self-evolving application. The
design is mathematically sound being based on the weiglyteergraph model. The low level algorithms
use supernode merging and splitting which was implememntedinerical linear algebra. The model is dis-
tributed and the local space and time complexities are w\\e discusses the relation among graph items
and real-world application. The most important questioretliler the model can be consistently developed
and model secure communication among users and their greaganswered positively in our implemen-
tation. Although we explained the model in the environmédmnobile computing and communication, it
can be easily generalized for some other application areas.
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Abstract

According to the objectives of the Ph.D. thesis | have suidie possibilities of electronic health
record representation and analyzed the suitability ofovaridata storing techniques. On the basis of the
EHR system requirements, e.g. the dynamically modifiabieteollected concepts, | have picked up
the threads of my diploma thesis, | have further extendedhaaitiematically formalized them during the
work on this Ph.D. thesis and during the research and deralopin the frame of my employment at
the Institute of Computer Science, Academy of Sciencesefhech Republic, the EuroMISE Centre.
| have proposed a completely n&vaph Technology of Medical Knowledge and Healthcare DatacS
turalizationthat was submitted as an application of invention with amaquest to the Czech Industrial
Property Office. | have implemented the stated technologydeta basis of the MUDR electronic health
record (EHR) that this paper describes in detail.

Although the MUDR EHR meets practically all the requirensesitated for an EHR system, the real
practice showed that there are situations when there sh@ulth effortless solution that could be more
customized, e.g. for physicians collecting special kindlafa for the purpose of a clinical study. As
a response to this need | started with research and deveftpha lighter form of an electronic health
record called MUDRLite that provides a functionality to extl the potential and capabilities of the sys-
tem including advanced user-defined components. The pameing interface was tested by integrating
theDental Crosscustom component, whose data model is based obé¢n¢al-Medicine Data Structural-
ization Technology Using a Dental Crodsat was also applied for a Czech national patent.

Last but not least, | considered the possibilities of usilaggical mobile phones as a telemedicine
applications’ platform. | have analyzed the possibilitiéghe Micro-Edition of the Java language with
the focus on its usage for telemedicine purposes as alsdloedin the paper.

The thesis was submitted with the date of defence set to @ctbb, 2005.

1. Introduction

Nowadays, in the medicine area there is still a number oflerab and unsolved issues. Many computer
scientists keep on trying to find new possibilities of sofyirarious tasks to make the computers serving in
the healthcare more effective. The advancement of medit@imatics was raised by the ongoing special-
ization of medical professions and thus the need of shanfagmation about patients. The development
in medicine motivates significantly the usage of informattechnologies for the purpose of mass data
processing in the medical domain. New research topics asrg@ny, e.g. the optimal representation of
a patient record, of medical documentation or of medicaledge and guidelines.
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Medical informatics is understood as a specialization fgiog complex information services in the public
health domain. The importance of this field is increasingstamtly as the computer scientists are getting
into a new position as a part of a top management of hospphbrmacies and health insurance compa-
nies. Together with the importance of medical informatissfield of activity grows proportionally. Spe-
cific requirements are set on applications in the fielth@$pital information systembealthcare registers
telemedicingetc.

Recently, theelectronic health recordeHR) has become a crucial part of medical documentatisrinit
plementation, with a stress on maximally structured infation in conjunction with other tools, becomes
a basis fopersonalized health carfeased orevidenceknowledgeandmedical guidelinesThe new pos-
sibilities of clinical data sharing have the potential t@ dawn the number of pointlessly repeated exami-
nations and thus to lower not only the strain on patients lsat he expenditures in healthcare. The use of
telemedicineven enhances those benefits by adding new possibilitiestahde care and consultation.

2. The State of the Art

2.1. EHR Standards and Norms

Relevant standards and norms are mainly created by intenahtorganizations operating in the health
informatics. Any discussion on EHR standards requirememist begin by defining not only the EHR as
an entity but also the scope of what constitutes an EHR stdn@ae viewpoint is that the job of groups de-
veloping standards for the EHR is limited to the structure fmction of the record and systems processing
the record. This is inherent in the structure of many healtbrimatics standards organisations, including
ISO/TC 215which typically divide standards working groups into tBEIR messagingterminology and
concept representatio@ndsecurity issuesA broader viewpoint is that EHR standards include stanslard
for all of the EHR building blocks, i.e. thEHR structureterminology messagingsecurity privacy, etc.

By far the most important components of healthcare data larea data that are directly related to the
patient care. Unfortunately, there is currently a massiagrhentation of them. This contributes significantly
to the cost of information management, but more importaittlgads to a lower quality of patient care, ant
to more medical errors as well. The focus of EHR standaridisahould therefore be to promote a high level
of interoperability of clinical information systems withhealthcare organisations and between healthcare
organisations, initially within individual regions andwuatries, but global interoperability of EHR systems
should be the ultimate aim. Moreover, in order to suppomifeitautomatic processing and functions like
intelligent decision support, the aim must be to build EH&ndiards, which support not just functional
(syntacti¢ interoperability but full knowledge-levesémantig interoperability as well[i].

The major problem is the huge amount of different proprietaistandardized interfaces [2], ergessage or
interface standardike HL7, EDIFACT, DICOM, rathercontent oriented standardike LOINC, ICD-10,
ICPM or hybrid approaches like CEN 13606, openEHR to name lbesv. However, none of the standards
is sufficient to cover completely the EHR issues to achieeéhijh level of EHR interoperability.

2.2. EHR Projects and Best Practices

The research in the field of electronic health record is a enait great concern to many institutions and
working groups. Within th&ynEXSynergy on the Extrangtroject, partners from nine European countries
were developing a secure and shareable electronic healtihdieThey used the HTTPS protocol for data
exchange purposes and XML for data encoding using the Sgsapbject Model, which is similar to
the CEN ENV 13606 model. As a semantic for the collectablgbaties they used so-calledchetypes
formal models of clinically relevant EHR elements definihgit data structure and terminological basis.
The research continued under the patronage obffenEHR Foundatioand it has defined the so-called
Good Electronic Health Recof@GEHR), which served as an information source for my furilerk.

Thanks to my employment in the EuroMISE Centre | have ledratresults of theé4C/TripleC project
where the EuroMISE Centre had cooperated in the past. TH i@ C has developed tHeRCA(Open
Record for Carg EHR [3] that also influenced my further work.
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2.3. The Main Objectives of the Thesis
According to the assignment the main objectives of thisithexe stated as follows:

e To analyze the suitability of various techniques of elegicdealth record data representation includ-
ing multimedia attributes, to evaluate the appropriatermésKML-based trends for communication
and other purposes and to consider the possibilities of Bt4Rems design including the integration
of decision support systems in the form of formalized meldicédelines.

e To evaluate the EHR possibilities in the telemedicine anehuding the possibilities of remote access
to EHR systems using mobile devices.

Because of the applied character of this research, pilolementations of selected software components
should become a part of the thesis.

3. Author’s Research and Development

3.1. MUDR Electronic Health Record

3.1.1 Architecture of the System:  The system is based on a 3-tier architecture with a database
layer, an application layer and a user interface layer. Timetion of the database layer is to store the data
and check basic data integrity. The application layer mtesia view of the data connected with the cor-
responding context and without implementation detailee Tiker interface layer represents various client-
applications designed mainly for physicians to view and imalate patients’ data. Another type of a client
application can be an automated system making statistioabpsing of the data.

Within the implementation | have split the application layerthermore. The application layer service
communicates directly with the database layer, but it da@#ésammunicate directly with user interfaces.
There is an XML-based messaging between the user intedgee &nd the application layer and thus it
is advantageous to use the HTTPS protocol to ensure the coioation. It would be a pointless effort to
develop an own HTTPS server and thus a third-party HTTPSesexan be used (e.g. the Apache2 web
server).

Optional components of the MUDR EHR system are librariesoofalizedmedical guidelinesThese
guidelines represent decision support tools integratede@pplication layer, however, medical guidelines
are updated continuously and thus they should not be irntejtathe application layer service tightly. From
a special point of view a formalized guideline can be unadedtas a special type of EHR client application
that acquires patient’s data. From another point of viewait be understood as a server application that
provides a kind of services (its advice) based on the pa&ielatta combined with medical knowledge
hardwired in a formalized way. Thus, within the pilot implemation | have designed medical guidelines
as dynamic libraries (DLL) that can be linked dynamicallytite application layer service. The set of the
libraries can be updated continuously without any need efsrvice recompilation. The same MUDR
API is used for the communication between the applicatigariaervice and medical guidelines as for the
communication with user interfaces. As a pilot test guigeli have formalized and implemented @99
WHO/ISH Guidelines for the Management of Hyperten§jn

3.1.2 Data Representation: The main goal of my work was to suggest common general pliegip
to increase the quality of EHR systems, to simplify data isiggand data migration among various EHR
systems and to help to overcome the classical free-textideesath record. | did not want to choose a par-
ticular database or an operating system and thus | trieddjoqse an open information storage meta-model
with various implementation possibilities as inspiraidar EHR software vendors.

Because of the requirement of a dynamically extensible andifiable set of collected attributes, it is
complicated to use a classical relational database steugtith columns corresponding to the gathered
features as the basis of the information storage. The dptagentation in the MUDR EHR application uses
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an entirely new graph technology of which | am the main o@gan. ThisGraph Technology of Medical
Knowledge and Healthcare Data Structuralizatias applied as a Czech national patent (application no.
PV 2004-1193) in December 2004.

Using this solution the collected attributes and relatimm®ng them as well as other medical knowledge are
stored in a so-calleknowledge baseAnother graph structure namel@ta filesis used to store the patient
data itself. Both the structures are mathematically pedgidescribed in my Ph.D. thesis or [A [5].

3.1.3 User Interfaces:  Within my own work | have implemented two thick user integac the
applicationsEHRClientandEHRC The EHRClient is a user interface application that enahlsanple
usage of the MUDR EHR system. The EHRC is a test client apgficalesigned mainly for debugging
purposes.

In regard to the fact that the development of a comfortabér urgerface of an electronic health record
is a far too complicated issue to be solved by a single manirwahreasonable time periodl[6], there
was an extra project assigned at the Department of softwayimeering of Charles University in Prague,
Faculty of Mathematics and Physics that | consulted. Thegae of this project was to develop a user-
friendly interface to the MUDR EHR system. The result of thieject is an application calleflUDRc
(MUDR clien) [[7] that enables to take advantage of the EHR MUDR systenflexiéle and a comfortable
way. The MUDRCc enables to enter the patients’ data by usmeteforms as well as directly into the
data files tree. It also includes a simple tool supportinguattic structuralization of data in the form of
free-text-based discharge letters (based on regular sisagchniques and results of the diploma thesis of
Jifi SemeckylIB]). Furthermore, the MUDRCc supports tmport and export of patient’'s data, it supports
multimedia data types (e.g. images, audio- and videdsatis) and it includes a simple decision support
tool. For administration purposes, the MUDRCc includesaasieditors, e.g. the knowledge base editor, the
user-rights and policy editor, the forms editor or the otitemplates editor.

3.1.4 MUDR EHR from the Telemedicine Point of View: A simple solution how to use the
MUDR EHR system for telemedicine purposes comes forwand. based on the implementation of spe-
cialized CGI scripts creating various outputs for userffigiges in varied forms. In such a case, the CGI
script integrates most of the logic of the client applicatiavhich then has just the presentation functional-
ity. In the frame of the thesis | considered the possibsitie implement such CGI scripts for thin clients
in the form of web browsers and the Nokia 9110 communicatoaddition, | dealt with the possibilities
to implement the MUDR EHR client application running in thévibbile MDA device [9]. The research
showed that the implementation of a thin client based on @@pts generating HTML outputs is realis-
tic. However, the capabilities of such a client are limit&d.use such a user interface, it is convenient to
fix the knowledge base. It means that we would dispose of ardigadly modifiable and extensible set of
collectable features. Actually, it is not really necessanyt in case of a variable knowledge base, we get
a disorganized user interface that would be hardly accdptéide physicians’ public. Furthermore, we have
to face the fact that the web browsers in mobile devices arehmmore limited than the classical HTML
browsers in desktop computers. For example, the HTML browsegrated in the Nokia 9110 communi-
cator supports neither tables nor frames. This fact forbesdeveloper to implement an extra CGI script
nearly for each device supported.

As analysing the possibilities of the EHR MUDR user integfagnning in the T-Mobile MDA device, | have
chosen another approach. Using the Windows CE .NET or Wisd¥® Embedded operating systems we
can transfer more of the logic and functionality back to thabite client device. In this case it is proposed
to use the potential of the .NET Compact Framework and implarthe communication between the user
interface of the MUDR application layer based on .NET Rengiir even more universal version based on
web services, which both | have tested with a positive re3ile computing power of this modern mobile
device brings new capabilities compared to the thin clibatsed on HTML or the WAP protocol; however,
we still have to conform to some limitations compared to aspeal computer. The implementation of
a complex mobile user interface is quite difficult and timmynding; a developer has to conform to small
displays, limited controlling possibilities, lower op&mnal memory and computing power as well as lower
communication speed.
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3.2. MUDRLite Electronic Health Record

Currently, most hospitals use an electronic form of heattords included in their hospital or clinical infor-
mation systems. But these systems are often more suitatileefbiospital management than for physicians.
The health record is not structured as much as necessangluties a lot of free-text information and the
set of collected attributes is fixed and practically impbkesto be extended. Physicians gathering informa-
tion for the purpose of medical studies have to often useedgsroprietary solutions based on MS Access
databases or MS Excel Sheets. The usage of the MUDR EHR incasels is possible, but it may be too
complicated and unavailing. Furthermore, the result maybeoas user-friendly as a special application
dedicated to particular user needs. Those were the maionsaghy | started another research and devel-
opment with the aim to create a light version of an EHR systaahwould provide just basic functionality
and would be extendable according to special needs in aplatienvironment.

3.2.1 MUDRLite Architecture: The MUDRLite [10] architecture is based on 2 layers. The first
one is a relational database and the second layer is a MUBRiIsir interface. The database schema
corresponds to the particular needs and varies therefatdferent environments, in contrast to the fixed
database schema in the MUDR database layer. It can be ddsigimg standard data modelling techniques,
e.g. the E-R Modelling [11].

All the visual aspects and the behaviour of the MUDRLite uségrface are completely described by
an XML configuration file, which is loaded by the MUDRLite Inpeeter at the beginning. This config-

uration file specifies directly in its head section the dasabserver that should be used. The MUDRLite
Interpreter establishes a connection and asks the usagito ifter that the MUDRLIte Interpreter creates

the user interface consisting of user-defined forms and ovirsd

The fact that the MUDRLite Interpreter is able to handle edrilatabase schemas often simplifies the way
of importing old data stored using different databases esfiFurthermore, this feature enables to tailor
the system according to special needs of data collectingorécular environment or for the purposes of
clinical studies.

3.2.2 User Interface and Dynamic Behaviour Specification:  All the visual aspects and the be-
haviour of the MUDRLIite User Interface are described corghleby an XML configuration file. This file
builds the user interface as a set o defined forms with vagousrols placed on them. Dynamic behaviour
and data manipulation are described using the so-cMlgBRLite Languag€MLL), those constructs are
included in the configuration file as well. The power of the Mislbased mainly on the power of the SQL
[12] that the MLL includes. A detailed description of the fignration file and the MLL can be found in
my Ph.D. thesis or ir [13].

3.2.3 Custom Components and Controls:  Additional functionalities can be included by user-
defined custom components. It is possible to insert visualelsas non-visual components. Using this
feature it is possible to develop graphically advanced comepts for particular needs in a special envi-
ronment or computationally advanced components to provédious supplementary potency of the EHR
application.

A custom component must fulfil defined requirements to beuihet! into the MUDRLite EHR application.
These requirements specify mainly the data exchange rul@galicies between a component and the
MUDRLite Interpreter. Moreover, a custom component mugtlament the interface defined and compiled
separately in thMUDRLiteInterfaces.dll file.

3.2.4 An Example of an Advanced Custom Component: An advanced example of a compre-
hensive graphical custom component is the so-c@ledtal-crosscomponent that is intended for the appli-
cation of MUDRLIte EHR into the area of dental medicine. Tédsnponent was ordered to be developed
by an external co-operator of the EuroMISE Centre accorthrydetailed specification, on whose prepa-
ration | participated. The data specification of this comgrdrdetermines the data model of the component
in the relationship to the MUDRLite Interpreter and the MUD®R database layer. This model originates
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from a logical data model that | have designed in close caaijmn with other colleagues from the Eu-
roMISE Centre as well as from the Department of Stomatoldgytarles University in Prague, 1st Faculty
of Medicine and General University Hospital in Prague. ltakoit describes 28 independent entities with
more than 160 data columns; entirely describedin [14] imidlet

Together with these colleagues we have further generattziednodel to the so-calleBental-Medicine
Data Structuralization Technology Using a Dental CroBhkis technology was applied for a Czech national
patent under the no. PV 2005-229. Furthermore, the Dentslsccomponent itself demonstrates relatively
well the possibilities of data exchange provided by the @efimterfaces.

3.2.5 MUDRLite Applicability: The testing of the MUDRLIite EHR has demonstrated that this
electronic health record is flexible enough and that it alamlynamical changes in the database schema
requiring just small changes in the XML configuration file €ltiwo-layer architecture of this EHR separates
the user interface from the data storage and in spite of tttetiat it is very simple, it is suitable in many
standard cases.

The verification and evaluation of the MLL language shows thé& sufficient for many applications,
which is mainly because of the power of the integrated SQLlwéi@r, some constructs expressed in the
MLL language are quite ponderous and thus it is not ruled loatt the MLL language will be extended in
the future. Possibilities of an extension are for exampléway of including arithmetical expressions or
logical conditions right into the MLL.

One of the motivations to develop electronic health recquoliaations is to simplify the sharing and mi-
gration of medicine data that is needed among various playsicogether participating in the health care
of a single patient with the purpose to eliminate pointhesspeated examinations. A way to contribute to
the enhancement of health care quality is to help with ovaing of the classical free-text-based discharge
letters. Nowadays, most healthcare providers use a kindedlieal documentation in an electronic form of
health record. However, the systems used in medical ougrgatepartments do not often provide sufficient
possibilities of data structuralization. The real struetliattributes are limited to the first name, surname
and birth number of a patient in many out-patient departmehgeneral practitioners (GP). Further struc-
turalization lies in the form of headings of different pavfsa discharge letter and the GPs are lucky to have
the name and birth number automatically assigned to vadoaaments, e.g. to an order form accompany-
ing the patient to a specialist]15]. But from the computéestist point of view this is not sufficient. Many
physicians do not realize that they could expect more bstrdlates to the fact that no one has offered
them anything more. We can not be surprised that physicieims need to collect specific data (e.g. for the
purpose of a clinical study), use various proprietary dédairsy methods that are often based on "office-
software” tools, e.g. the MS Word, MS Excel or MS Access t@nlring my studies | have seen a few of
technically advanced physicians who have designed antkedr@aMS Access database themselves. How-
ever, such a database was often in the form of a single diseghtable containing many various columns
breaking "all the database normal forms”. But the fault lieg on the physicians; it lies on the computer
scientists who do not support the physicians enough.

The MUDRLite EHR system, which | present as a partial restithg Ph.D. thesis, represents a relatively
simple solution of creating an electronic health recoribtad to special needs in a particular situation. First
of all, it can be used as an advanced tool for collecting ofioedata, but it does not have to be limited for
this purpose. Mainly thanks to the defined interface thabksathe integration of custom components, it
is possible to start with a simple tool used to collect mddieta and extend it step by step to an advanced
EHR system according to special needs.

3.3. Telemedicine Applications on Mobile Phones

Lately, we have been undergoing a significant progress ifigkteof mobile telecommunication. Rarely do
we meet a person who does not possess a mobile phone. Theggagthe telecommunication area goes
together with the progress in the field of information tedimg@es. The computing power of microprocessors
commonly used in mobile phones overtakes multiply the pswécomputers controlling first flights to the
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Universe. A mobile phone is not just a phone anymore; it bexoam indispensable tool providing the range
of services and tools, e.g. a diary, a notebook, a calcykatalarm clock, a dictaphone, a camera, and much
more. It often enables the Internet access using a WAP or avilHbrowser and an email client application,

it supports data connection using GPRS or HSCSD and it emablénterconnection to a computer using
a cable as well as wireless using of IrDA or Bluetooth tecbg@s. The continuously extending potential
of mobile phones was the main motivation why | have analyhedibssibilities of the usage of a mobile
phone as a platform for telemedicine applications. Sineentlobile phones vendors frequently implement
Java support into their mobile phones, it was of concern tdPmyD. thesis and it is detailed described in it.

3.3.1 Java in Mobile Phones: Lately, the word Java is inflected in all grammatical caseth@
connection with mobile phones. The Java term often idestdig object-oriented programming language
with libraries of standard classes and sets of applicatitarfiaces. This set of libraries and interfaces exists
in three different editionslava2 Enterprise Editio(J2EE), Java2 Standard Editio@2SB, andJava2 Mi-
cro Edition(J2ME). As one would guess, J2ME is the relevant edition from theifegohone point of view.
J2ME was created with the purpose of harmonizing the Javaastum small devices including not only
mobile phones but also other electronic devices. Therefl@®IE is not a complex uniform specification,
yet it is divided into various configurations. A configuratiepecifies a basic set of libraries and device
features and it is further refined by so-called profiles. Egmdcification[[115] determines the minimal hard-
ware configuration of a device supporting it. For the purpafg¢elemedicine applications on mobile phones
theConnected Limited Device Configurati(@LDC configuratiolis relevant. It specifies the minimum of
128 kB of a permanent memory, which content must be presemadd switched on as well as switched
off (but from the custom application point of view it does tatve to be writeable), and the minimum of
32 kB of the memory that must be at virtual machine dispodad¢ device must dispose of at least a 16 bit
processor (RISC/CISC) running at least on the 16 MHz frequen

3.3.2 Mobile Java Applicability: Although the mobile Java is used mainly as a platform for var-
ious games nowadays, the analysis shows that this smadiestdition will find its use in the telemedicine
field in the future. However, it must be admitted that a smialblhy and just a few of input keys limiting the
controlling possibilities will probably be always limitinfactors for comfortable and user-friendly applica-
tions. The mobile phone manufactures are not in an easyigasihe users want to get a larger and more
colourful display and the keys should not be too small, batghone itself should become smaller, lighter
and more powerful. For a telemedicine J2ME applicationitinéihg factors lie in the mobile phones’ hard-
ware as well as in the software. The size of the applicatistristly limited. The possibilities regarding the
CLDC 1.0 and MIDP 1.0 specifications are limited as well. Ineleping MIDP 1.0, the specification au-
thors were very conservative in the functionality they ahfig the base profile. The absence of any type of
standard security functions, in particular, proved to beyVieniting. Nevertheless, the first mobile phones
supporting the MIDP 2.0 profile emerged on the Czech markas 3pecification enables some low-level
facilities, e.g. the TCP/IP sockets or even the UDP datagrand it enables the secure HTTPS connec-
tion as well. In addition to that, the MIDP 2.0 profile rectffithe security issue through the introduction
of WAP Certificate Profile (WAPCERT) support, based on thedmét X.509 Public Key Infrastructure
(PKI) Certificate and the Certificate Revocation List (CRIdfife. The introduction of PKI functionality
is utilized by MIDP 2.0 to provide secure connections andtdigignatures for trusted MIDlets. Trusted
applications are permitted to use APIs that would othenveseestricted by MIDP 2.0’s enhanced security
model. This convinces me that using the MIDP 2.0 telemedieipplications in mobile phones become
a common reality in the future.

3.3.3 APilot Mobile Application:  While analysing the possibilities of J2ME applicationssked
myself whether it would be possible and realistic to develdpll EHR client application, e.g. a kind of
MUDR user interface. Unfortunately, nowadays | have fountltbat this is unrealistic mainly because of
mentioned limitations. However, the J22ME may be sufficierdevelop some simpler telemedicine applica-
tions. Thus, as a demonstration | have formalized the —djre@ntioned 1999 WHO/ISH Guidelines for
the Management of Hypertensif##] into a form of pilot J2ME application, which can be laumchin most
mobile phones supporting Java. A more detailed descripticdnding a simple manual how to download,
install, and try in one’s own mobile phone can be found in thiele [14].
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4. Conclusion and Summary

According to the objectives of the Ph.D. thesis | have saidie possibilities of electronic health record
representation and analyzed the suitability of various daoring techniques. On the basis of the EHR
system requirements, e.g. the dynamically modifiable sebldcted concepts, | have picked up the threads
of my diploma thesi< [18], | have further extended and mathitérally formalized them during the work on
this Ph.D. thesis and during the research and developméme iframe of my employment in the Institute
of Computer Science, Academy of Sciences of the Czech Rieptti# EuroMISE Centre. | have proposed
a completely new Graph Technology of Medical Knowledge ardlthcare Data Structuralization. Within
this research my colleagues Ing. Petr Hanzlicek, Ph.@Paaf. RNDr. Jana Zvarova, DrSc. have supported
me with valuable pieces of advice and together we submittisdéchnology as an application of invention
with a patent request to the Czech Industrial Property Offid@ecember 2004 (application no. PV 2004-
1193). | have implemented the stated technology as a daits @lahe MUDR electronic health record
where | have also verified the applicability of contempordML-based communication trends and used
XML as the basis of the MUDR API interface.

Itis a difficult task to harmonize all the requirements aidte en ideal electronic health record application.
Thanks to the graph data storage technology the MUDR EHRsiketrequirement of a structured way
of data storage combined with free text information stonagssibilities, the requirement of the dynamicity
of the system, mainly in the way of modifiability of the set afllectable data and the requirement on
the integration of pedigree information for the purpose qfatient’s family history. This technology is
multilingual and it enables to associate patient’s data@ling to the events in patients treatment or life. It
includes an administrative record about all changes coirgpatients’ data and a record about the origin
of any piece of information. It integrates multimedia daay. audio and video records, images, and other
unspecified binary types. Furthermore, the technology lesatefining of access control policies encoded
in the knowledge base, which even increases the securitydamo by the database systems themselves.

| participated in the leadership and consulting of a sofenapject in the Department of Software Engineer-
ing, Faculty of Mathematics and Physics, Charles UniweigitPrague, that resulted in an advanced user
interface of the MUDR EHR. This user interface called the MRIElient (MUDRCc) [{] represents a thick
client application supporting data structuralization lsgrdefined forms and by a specialized tool enabling
to use a set of user-defined regular analysis rules to stalte data from free-text-based discharge letters.
The MUDRCc integrates the support of data visualization aradieation, it enables to define various types of
templates for various types of data reports, prescriptiand other documents and additionally it includes
a special statistical module retrieving descriptive stats about the population stored in the EHR system.
The interface including such a module is open and thus it &sipte to add more modules in the future
and extend the functionalities hereby. Furthermore, theDNRO enables an easy way of data verification
according to a user-defined set of integrity rules and it mtedi consulting the health record of a particu-
lar patient with formalized medical guidelines running agidion support tools at the MUDR application
layer. Forthe MUDR EHR | have proposed the methodology atedfaces to formalize medical guidelines,
which enable to integrate them as a part of the MUDR appticdtigic. As a pilot test | have formalized
and integrated the WHO/ISH Guidelines for the Managemeitygfertension([4]. The other possibilities
to integrate medical guidelines formalized by the GLIF madere onward considered within the diploma
thesis|[19].

To extend the applicability of the MUDR EHR with the stresssmupport in the telemedicine area, | have
further analyzed the possibilities how to implement both thin MUDR mobile clients (HTML / WAP)
and the thick MUDR mobile clients (PDA and similar deviceSyr the purpose of this analysis | have
implemented several software components, which showebtdhéers. The implementation of a complex
mobile user interface is quite difficult and time-demandlitng limitations of small displays, controlling
possibilities, operational memory, and computing poweglinthat it might be necessary to maintain a good
arrangement of the user interface to fix the set of colleetédrtures or the whole knowledge base.

Although the MUDR EHR meets practically all the requirensssiaited for an EHR system, the real practice
showed that there are situations when there should be anle$®solution that could be tailored to special
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needs of the particular environment, e.g. for physiciarlecting special kind of data for the purpose of

a clinical study. As a response to this need | started witkaeh and development of a lighter form of
an electronic health record called MUDRLIi{e[10],[13] ttetandons the challenge to meet all require-
ments coming with a completely different approach. The MUR&KEHR system is designed with the goal

to provide simply the services that are needed in a smalligpeaevironment and no others. The research
resulted in another pilot application that simplifies theteyn architecture as well as the data storing prin-
ciples. Furthermore, thanks to the easier conception,wdmables the database schema to be user-defined,
the data import possibilities are easier. However, it pdegia functionality to extend the potential and ca-
pabilities of the system including advanced user-definedpmmnents that could for example enhance the
security or ensure the interoperability with various othgstems.

The interface was tested by integrating the Dental Cros®ousomponent to the MUDRLite EHR system
in the domain of stomatology. This component was develoyeahbexternal contractor of the EuroMISE

Centre, however its data model origins in the Dental-Mewiddata Structuralization Technology Using
a Dental Cross. Together with other colleagues from the K& Centre as well as from the Department
of Stomatology of Charles University in Prague, 1st Facaftivedicine and General University Hospital

in Prague we have applied it for a Czech national patent utheéesipplication no. PV 2005-229.

Last but not least, | considered the possibilities of usilaggical mobile phones as a telemedicine applica-
tions’ platform. Lately, we have been undergoing a signifiqarogress in the field of telecommunication.
A mobile phone becomes an indispensable tool providinggafgervices and frequently implementing
support for applications in Java. Therefore, within my Ptsfdies | have analyzed the possibilities of the
Micro-Edition of the Java language with the focus on its @stg telemedicine purposes 17]. The limita-
tions that | have described in this thesis make it imposdtievelop a complex user interface of an EHR
system. However, it does not mean that there is no J2ME aility in telemedicine. As an example
how to implement a telemedicine application for a mobile @haosing the Java2 Micro Edition | show
formalizing of the mentioned hypertension guideliri€s [gpal2ME application that everyone can test for
themselves [17].

In general, | considered many electronic health recordeissaas well as telemedicine application issues.
Some new technologies and pilot software applications wezated and can be used as a motivation while
developing commercial products.

The thesis was submitted with the date of defence set to ®ctbh, 2005.
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Abstrakt

V tomto €lanku jsou popsany a porovnany nékteré mefrd feSeni takzvané technické optimalizace,
tj. hledani optima Gc€elové funkce za situace, kdy re&ndispozici pouze velmi maly pocet vyhodnoceni
Gtelové funkce a vyhodnoceni Ggelové funkce jeladké. Hlavni dlraz je kladen na porovnani ge-
netickych algoritmll a nékterych dalSich stochdstih optimalizatnich metod na zakladé testovani na
analytickych funkcich a také na aproximacich funkgraxe.

1. Uvod

V oblasti globalni optimalizace, tj. hledani glob#ilo extrému Ucelové funkce, se setkavame se dvéma
zakladnimi druhy optimalizace - "modelovou” a "technieK. Jako modelovou optimalizacthapeme
situaci, kdy k fe3eni zadaného problému mame k dispehodny matematicky model. Tento model nam
dava ucelovou funkci, ktera je vétsinou analytickebo je alespon algoritmicky vycislitelna. Vyhodeni
funkéni hodnoty v zadaném bodé tedy netrva prildutio a pfi vypottu si miizeme dovolit vysoky pocet
funkénich volani (100 000, 1 000 000 atd.). Pod modelayatimalizaci mtizeme zafadit napfiklad problem
obchodniho cestujiciho.

Jina situace nastava v pfipatiehnicke optimalizace Ugelova funkce v tomto pfipadé neni analyticka
a nemusi byt ani algoritmicky vycislitelna. Funk&wdnoty v rliznych bodech ziskavame napfiklad poimo
fyzikalniho méfeni urCitych veliCin nebo jako stupy pocitacovych simulaci. Pfikladem techeiciptimal-
izace miiZze byt uréeni optimalni koncentrace katatgrii v chemické reakci. Obecné pod pojmem tech-
nicka optimalizace rozumime situaci, kdy optimalizugttelovou funkci, jejiz vyhodnoceni trva dlouhou
dobu (tedy jde o Glohy, ve kterych hraje doba vyhodnodemilové funkce hlavni roli v dobé vypoctu).
V pfipadé technické optimalizace je G€elova funké&inou funkce typu "terna skfinka”, coz znaragpé
jsme schopni pouze ziskat funkéni hodnotu v libovolri#dé, avsak nemame zadné dodatecné informace
o UCelové funkci (spojitost, diferencovatelnost, Navic vyhodnoceni G¢elové funkce trva dlouhou dobu
a mlzZe byt také finanéné nakladné, nemlizeme i dedolit tolik volani Gtelové funkce jako v pfipad”
modelové optimalizace.

P¥i technické optimalizaci je velmi tézké nalézt lgddni optimum, a proto se ¢asto omezujeme na hledani
tzv. suboptindlnihofeSen, tj. feSeni, které sice neni globalnim optimensakwhodnotou ¢elové funkce se
od négj prilis nelisi. Pro fe3eni Gloh technigkitimalizace se nejCastéji pouzivstpchastick algoritmy coz
jsou metody pro hledani optima, které pracuji na zé&lndhodného rozhodovani. Nej¢astéji pouzivany
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stochastickymi algoritmy jsogeneticle algoritmy které jsou inspirovany biologii a genetikou. Z dtiwod®
své biologické inspirace jsou tyto metody srozumiteinéematematiklim, a kvlli tomu jsou Casto fa-
vorizovany na Ukor ostatnich stochastickych optimetnich metod. Tato prace se snazi popsat nékteré
Casto pouzivané stochastické optimalizacni alggr vhodné pro technickou optimalizaci, v€etné algo-
ritml genetickych, a porovnat jejich chovani na zaklaestovani. Metody jsou otestovany na analytickych
funkcich a také na funkcich aproximovanych pomocietiofi neuronovych siti, které byly nauceny na
datech z praxe, a snazi se tak simulovat technickou opzata

Vyznamnym kritériem pfi optimalizaci je moznost plalizace Glohy. Optimaliza€ni algoritmy mohou byt
totiz implementovany jako paralelni systém — vyhodijeme G€elovou funkci v nékolika rliznych bodech
soutasné. V praxi se Casto setkavame se situaci, Kdeme ziskat hodnotu (celové funkce v nékolika
bodech najednou (napfiklad mame k dispozici nékolikaveslych Cidel méficich urcitou veli€inu). Rm
jsou metody porovnavany v paralelni verzi, kdy se v Kaadckroku optimalizace provede nékolik vyhod-
noceni Ucelové funkce. Takovéto vyhodnoceni budermyvatsdruzere volani (celowe funkcea pocet
vyhodnoceni (¢elové funkce béhem jednoho sdruzenelani Gcelové funkce budeme nazywadznost
paralelizacetlohy.

2. Stochasticle algoritmy

Mezi stochastické algoritmy patfi algoritmy jako simu&né zihani, metoda adaptivniho prohledavani,
stochastickad metoda vétvi a mezi, ale také evolafgdritmy. Mezi evolu€ni algoritmy patfi napf. alger
mus SOMA (Self Organizing Migration Algorithm), diferer@ni evoluce, optimalizace mravenci kolonii,
metoda imunologického systému, a pfedevsim alggrgametické. Obecnymi evolu€nimi algoritmy se zde
zabyvat nebudeme (nebetpraxi se pouzivaji pfedevsim algoritmy genetigk&ipadny zajemce miize
jejich popis a odkazy na dalsi literaturu nalézt nklaid v [H]. Ze stochastickych algoritmli popiseme
Cisté nahodné prohledavani, stochasticky haed&y algoritmus, simulované zihani a zakladnzige-
netického algoritmu. Popis nékterych dalSich statickych optimalizacnich algoritmll Ize nalézt niigd

v [3].

2.1. Cisté nahodneé prohledavani

Jedna se o nejjednodussi stochasticky algoritmugzallizen na nahodném vybéru vzorkll pripustnych
feSeni a vybrani toho feseni, jez ma optimélmkecni hodnotu. V principu jde o matematickou aplikaci

metody pokus-omyl. V praxi je tento algoritmus samostatepouzitelny, lze jej vSak pouzit k ziskani

odhadl extremalni funk&ni hodnoty — vyuZitim tétformace mliZeme totiz mnoho algoritmt urychlit.

PFi béhu algoritmu nijak nevyuzZivame znalosti zisich z G€elové funkce. Jedinou vyhodou Cisté
nahodného prohledavani je, ze jde 0 metodu vysocaglaf. PFi paralelni implementaci nam staci dedact
jediné sdruzené volani Ucelové funkce (pokud uh@ha neomezenou moznost paralelizace). Pro Glohy
s velmi vysokou moznosti paralelizace mlize tedyedisthodné prohledavani predstavovat kvalitni adgo
mus. V této praci jej pouzijeme pro porovnani jedngttih algoritmd.

Algoritmus: Hledame minimum funkcé (x), kdeVi € i (m; < x; < M;).

1. Nahodné vybereme pfipustné feSemia zakladé rovhomérného rozdéleni.

2. Je-li f(x) lepsi nez dosud nejlepsi nalezena funkéni hodifdte ), ulozime dox* hodnotux a
ulozime sif (x).

3. Opakujeme od kroku 1. Algoritmus ukon€ime po pevnémtpderaci.

Paralelni verze metody Cisté nahodného prohledénéiZze byt implementovana tak, Ze v kazdé iteraci
provedeme tolik krokll neparalelniho Cisté nahodngtohledavani, kolik je moznost paralelizace Gloy.
kazdeé iteraci tedy provedeme jedno sdruzené valéeiové funkce.
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2.2. Stochasticky horolezecky algoritmus

Stochasticky horolezecky algoritmus v kazdém krokumeuicky prohleda okoli aktualniho pfipustného
feSeni (sousedstvi) a pfesune se do bodu ze soussdwtjepsi hodntou Gcelové funkce. SousednirfeSe
jsou generovana nasledovné: z aktualniho bodu sengose v nahodné vybrané slozce o nahodnou
vzdalenost tak, abychom neopustili oblast pfipustnigSeni. Jinou moznosti je nahodné generovat v
krychli s hranow2m (kdem je konstanta udavajici maximalni velikost kroku vzl& slozce) a tézistém

v aktualnim fedené bodll (s ohledem na omezeni stavového prostoru), a z ibhavfeseni s nejlepsi
hodnotou Gcelové funkce.

Jde o algoritmus spiSe lokalniho charakteru, i kdsizopuziti druhé z vySe uvedenych metod generovani
sousednich feSeni se pfi dostatecné velké hednavysuje jeho globalnost. Uvadime jej zde proto, aby-
chom mohli porovnat efektivitu ostatnich algoritmil vetiém k algoritmu s lokalnim charakterem.

Algoritmus: Hledame minimum funkcé(x), kdeVi € i (m; < x; < M;).

1. Inicializace — zvolime nahodné na zakladé rovnorako rozdéleni pripustné fesent?). Nastavime
hodnotu konstanty (pocet generovanych sousednich bod).

2. Iterace — pro aktualni fesexi®) vygenerujeme sousednich bodll a presuneme se do bddtt)
ze sousedstvi s nejlepsi hodnotou Gcelové funkceedhmu dobu vypoctu mame ulozeno v paméti
dosud nejlepsi dosaZené FeSehi Body ze sousedstvi bodi) vybirame nasledovné:

(&) Vybereme nadhodné slozKkue 7.
(b) V j-té sloZce se posuneme o nahodnou vzdalenost tak, atwcbopustili interva{m,;, M) :

T = xlgk) +u(M; — x§k)) prou € (0,1),

(k)
J

+ u(xgk) —mj) prou € (—1,0),
zi =" proi# j,

kdeu ~ U (—1,1) je nahodné €islo mezi -1 a 1 na zakladé rovhomérméhdéleni.

T; =T

3. Opakujeme krok 2. Po dosazeni urCitého poctu ifeatgoritmus zastavime s vysledke.

PYi paralelni implementaci stochastického horoleadck algoritmu v kazdém kroku (tj. pFi kazdém
sdruzeném volani t¢elove funkce) vygenerujenik smusednich bodu, kolik je moZnost paralelizace yloh
(tedy de facto nastavime hodnotu konstantpvnu moznosti paralelizace Glohy§im vy33i je moznost
paralelizace Glohy, tim Iépe prohledame okoli akiitéo pFipustného feseni.

2.3. Simulovare zihani

Princip simulovaného Zihani miizeme zjednode3ergsat takto: Nahodné vybereme pfipustné poebate”
feSenix € R™ a nastavime pocatecni tepldtu= 1 (teplota je parametr urcujici globalnost algoritmu a
b&hem vypoctu se méni). Z bosuse nadhodné posuneme do bodwa ur€imef(x) a f(x’). Je-li funkeéni
hodnota v bod&’ stejna nebo lepsi nezy, pfesuneme se do boat, tedyx := x’. Je-li funk€ni hodnota
horsi, miizeme se do tohoto (horsiho) bodu takéeysiest, ale pouze s uritou pravdépodobnosti. Tato
pravdépodobnost je funkci rozdilu funkénich hodradtualni teploty a také funkéni hodnoty v bogléa

s klesajici teplotou klesa. Konkrétnich predpis@ pypocet této pravdépodobnosti je nékolik, miiEesn
vybrat, ktery se nam pro danou Glohu Iépe hodi. Po kazlroku (pfipadné po kazdém zhorSujicim kroku)
snizime teplotu podle tzv. ochlazovaciho planuzettié napfiklad pouzit tzv. simulované haseni di@ee

T = T/(1 + BT). Koeficientg je mala nezaporna konstanta,< 1. Pokud se teplota snizi pod ur€itou
mez, tzv. zmrazeni, nastavime ofét= 1. Po pfijmuti/odmitnuti bodx’ opakujeme celou proceduru
vybérem nového pfipustného feSeni. Tim, zeGitom zmen3ujici se pravdépodobnosti pfijiméarhersi
feSeni, donutime funkci opustit okoli lokalnihotiopa a pfitom se stale blizit k optimu globalnimui P¥
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béhu simulovaného Zihani je zpocatku prohledbgiobalné cely stavovy prostor, pozdéji (pfisiiigploté
je nizsi pravdépodobnost pfijmuti horSiho ie§ena simulované zihani spiSe lokalni chaeakt

Algoritmus: Hledame minimum funkcg(x), kdeV: € 7 (m; < x; < M;). Zvolili jsme konkrétni ochla-
zovaci plan, vypocet pravdépodobnosti akceptacgihoifeseni a metodu generovani sousednich bodu.

1. Inicializace — zvolime pocate¢ni pFipustngdirix(®) ¢ R™ a nastavime teplotli(®) = 1
2. Iterace — pro aktualni fedexf®) vygenerujeme jedno sousedni Fedeffit?):

(&) Vybereme nadhodné slozkue n

(b) V j-té sloZce se posuneme o nahodnou vzdalenost tak, atwcbopustili interva{m,, M) :

2 = 2y — 2) prow e (0,1),

(k+1) _ (k) (k)
x =xz; +u(z;

p —m;) prou € (—1,0),

2D — ()

i

proi # j,
kdeu ~ U (—1,1) je ndhodné €islo mezi -1 a 1 na zakladé rovhomérméhdeleni.
3. Je-lif(x*+1)) < f(x*®), akceptujemex**1), teplotu nesnizujem@& *+1 = T*) a opakujeme
od kroku 2.
Je-li f(x 1) > f(x(*)), potom rozhodneme zda akceptovat feSeni:

(a) Spocitame pravdépodobnost pfijeti horSigeni :

AN

P(A,TW) = 700 |

kdeA = f(x* D) — f(x*)) aT® je teplota vk-tém kroku.
(b) Zvolime n&hodng ~ U4 (0,1).
(c) Je-lip > P(A,T™), bod x*+1) neakceptujemex*+1) := x(*) teplotu nesnizujeme:
T*+1) = 7(k) 3 opakujeme od kroku 2.
(d) Je-lip < P(A,T™), akceptujeme horsi feseri*+1) a snizime teplotu podle ochlazovaciho
planu:
T (k)
1+ pT® 7
kdes € (0, 1) je mala konstanta, vhodné je napf= 0.1. Klesne-li teplota pod ur€itou mez,
napk. 0.01, nastavime opBtFt1) = 1.

Tk+1) _

4. ZvétsSimek 0 1 a opakujeme od kroku 2. Po urcitém pevném poctu itengmocet zastavime.

Simulované zihani mlizeme implementovat jako anaklgoritmus tak, Ze budeme prohledavat v kazdem
kroku tolik nezavislych cest, kolik je moznost paratelte Glohy (algoritmus tedy spustime nezavisle to-
likrat, kolik je moznost paralelizace Glohy). Jako p&Zné nejlepsi feSeni bereme nejlepsi freenwsech
prohledavanych cest.

2.4. Geneticlé algoritmy

Genetické algoritmy jsou inspirovany teorii evolucefaiqzeného vybéru a zakony genetiky. Tyto principy
jsou aplikovany v matematice (a v mnoha jinych oboreclo) ywrtvofeni novych, zatim nevyzkouSenych
postupll. Snazime se napodobit pfirodu v tom, jalogéné vybira silngjsi jedince, a tento vybér agplist
pfi optimalizaci — vytvofime populaci jedinct, lagédince spolu kfizime a ty hor§i nechame vyhynout.
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Pfed popisem funkce genetického algoritmu je vhodnérs€ree zminit o nékolika poznatcich z biologie
a genetiky a s tim spojenou terminologii. VSechny Zivganismy se skladaji z bunék, v kazdé bunce je
stejna sadahromozom, skladajicich se z molekul deoxyribonukleové kysgldNA. Chromozomy uréuji
vlastnosti celeho organismu a skladaji sgettl, coz jsou bloky DNA. Kazdy gen reprezentuje uritou
vlastnost, napfiklad barvu o€i. Cela genetickaiinface organismu se nazyganom Konkrétni nastaveni
genll se nazyvgenotyp Spolu s vnéjsimi vlivy po narozeni, jako je napfikiaychova, uruje genotyp
jedince tzvfenotyp jeho fyzické a psychické viastnosti (barva vlast, akgtinteligence atd.).

Pri reprodukci organisml dochazi kiézeri nebolirekombinaci (CrossoverPfi tomto procesu se vybiraji
geny rodi¢l a jejich kombinaci se vytvarli genotyp abw jedince —-potomka (Offspring)MUze také
dochazet k nahodnymutadm, tedy zm&nam malé &asti genotypispadnost (Fitnessdrganismu hod-
notime jako pravdépodobnost toho, Ze pFezije do speadukce, nebo jako pocet jeho potomki. Repro-
dukci si zajisti pouze nékteré organismy a s vysSvgempodobnosti se to podafi tém Uspésnéjsim.

Predchozim textem je v podstaté ¢innost genetickjgbrdmi popsana, nebgde pouze o aplikaci tohoto
postupu na problém optimalizace. Pfipustné feSenptimalizacni Gloze nazyvanjedinec (Individual,
SpecimenjPozn.: Uvazujeme, Ze kazdy jedinec se sklada poyedrmho chromozomu, a tedy miizeme
tyto pojmy zaménovat.). Genu odpovida slozka vekfaifpustného feseni, v aplikacich na pocita&ehyt

v binarni reprezentaci — je vSak nékdy vyhodnéjEigovat s genem jako s jednim bitem. Chromozom
neboli jedinec je tedy kolekce gend, ktera byva repnéaeana jako bitovy fetézec pevné délppulad
rozumime soubor viech jedincli, mnoZinu jedincll viggemanych ve stejné iteraci nazyvamenerag.
Dale se setkavame s pojmdm@Esnostnfunkce (Fitness Functiongoz je funkce ur€ujici zdatnost jed-
ince, a tedy urcujici néjakym zplisobem pravdépoaash, Ze se jedinec doZije své reprodukce. V pfipadé
optimalizace bereme za UspéSnostni funkci G€eldualici. K operacim s geny se pouzivaji tgeneticle
operatory, jako operator kfizeni, mutace atd.

Geneticky algoritmus v zakladni verzi pracuje tak, zepapulace jedincli vybira na zakladé jejich
Gspésnostni funkce dvojice jedincll (rodice), zerkth pozitim operatoru kfizeni vytvori dva potdy.
Lepsi jedinci (tedy ti s vySSi hodnotou UspéSnbfinkce) maji vétsi pravdépodobnost vybrani kreep
dukci, avSak vSichni jedinci maji pravdépodobnostrogiukce nenulovou (tedy i nejhorsi jedinec v pop-
ulaci méa Sanci, i kdyz malou, byt vybran k reprodukdéazdy potomek je s urcitou pravdépodobnosti
podroben mutaci, tedy nahodné zméné genotypu. Potérjejhorsi jedinci v populaci nahrazeni témito
noveé vytvofenymi potomky a cely proces opakujeme.

P¥i pouZziti genetickych algoritmt mame moznostosotliznych reprezentaci jedinci pomoci chomozomd,
rlznych selekénich schemat, a také rliznych opelidkiizeni a mutace. PopiSeme zde geneticky #lgor
mus v takovém tvaru, v jakém byl implementovan pro teativa srovnani jednotlivych stochastickych
optimalizacnich metod. K implementaci byl pouzit k&d]. Vice o genetickych algoritmech a pfipadné
alternativni implementace Ize nalézt napfikladlv [4].

Algoritmus: Hledame minimum funkcg (x), kdeVi € 7 (m; < x; < M;). NebotUspé&snostni funkce
se veétsinou maximalizuje, volime jako UspéSnokinkci — f(x). Neuvadime zde pfesny popis pouzitych
genetickych operatorll, nebsj Ize nalézt vI[l].

1. Inicializace — vygenerujeme nahodnou populaci jedik&zdy jedinec je reprezentovan jako fetézec
(realnych €isel) jednotlivych sloZzek odpoviddfio vektoru pfipustného feSeni (tedy geny jsou jed
notlivé slozky vektoru pfipustného feseni).

2. Ohodnoceni - pro kazdého jedince vypoctteme hodmspé@Snostni funkce.
3. Test konce — pokud jsme jiz dosahli pfedepsanéhtugtaraci, algoritmus ukon€ime.
4. Vytvoreni nové populace:

() Selekce — pomoci selekénich schemat vybereme m&h@drodiCe (Cim vys5i hodnota
Uspésnostni funkce, tim vyssi pravdépodobngbiéw). Jako selekéni schema bylo pouzito
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"normGeomSelect” z baliku[1]. Jedna se o selekci pofaedinci jsou nejprve sefazeni
do posloupnosti podle hodnot UspéSnostni funkce, & gmu vybrani dva rodiCe, pficemz
pravdépodobnost vybéru konkrétniho jedince zames pofadi jedince v této posloupnosti),
zalozenou na normalizovaném geometrickém rozdéleni

(b) Kfizeni— pomoci operatoru kfizeni provedekiizeni rodicl pro vytvoreni potomkl. K imple-
mentaci byl pouZzit operator "arithXover” z balikll [1]téey potomky vytvafFi tak, ze zvoli na
zakladé rovnomérného rozdéleni nahodné &iste U (0, 1), a poté provadi interpolaci obou
rodicu:

potomeky = a - rodicy + (1 — a) - rodicy
potomeks = (1 — a) - rodicy + a - rodicy

(c) Mutace — pro kazdy gen kazdého jedince s danou aeddbnosti provedeme mutaci pomoci
operatoru mutace. Jako mutaéni operator byl vybréarar "nonUnifMutation” z balikul]i1],
ktery méni konkrétni gen na zakladé rozdéleripgerozptyl klesa s rostoucim poctem generaci.
Zpocatku tedy tato mutace zplisobuje velké zmény, @ipEeh malé.

(d) Nahrazeni— nahradime starou populaci novou.

5. Opakovani— vratime se k bodu 2.

Genetické algoritmy jsou jiz ze své podstaty paraleftd paralelni implementaci tedy staci v kazdé it-
eraci vytvorit tolik novych potomkd, kolik je moznosamlelizace Ulohy. Také mlizeme vytvofit nékolik
nezavislych populaci, ve kterych probiha optimatie oddélené — tim mdzeme snizit pravdépodobnost
predcasné konvergence algoritmu do lokalniho optima

3. Testovani algoritmt

Pro Ucely porovnani byly vySe uvedené algoritmy lepentovany v prostfedi MATLAB. Pfi implementaci
byl diiraz kladen predevsim na to, aby Zadna metotdglaevyhodnéna. Metody byly otestovany na ¢asto
pouzivanych analytickych testovacich funkcichviifra Druha De Jongova funkce a Ackleyho funkce) a
také na Ctyfech funkcich aproximovanych pomoci i@ neuronovych siti, které byly nauceny na dat-
ech z praxe. Moznost paralelizace Glohy byla volénad2 a 128. Kazdy algoritmus byl spustésn-krat
nezavisle, pokazdé bylo provedest iteraci (tedy500 sdruzenych volani G€elové funkce). PFi béhu algo
ritmu byla méfena stfedni hodnota, rozptyl, smérodaidchylka &.1-, 0.5- a 0.9-kvantily funkéni hod-
noty v dosud nejlepsim nalezeném extrému Ucelowida (pfes viech 50 béhll). Tyto veli€iny v dalSim
textu znaCimé&(f(x)), D(f(x)), STD(f(x)), x0.1, 0.5 axg.9, N znaci index iterace (pocet dosavadnich
sdruzenych volani G¢elové funkce). Podrobny gdpiplementace a testovani algoritmll Ize naléZflv [4],
kde jsou k dispozici i vysledna data z testovani. Vzbhed rozsahu tohoto textu neni mozné zde prezen-
tovat vSechny vysledky, proto pouze ve strucnosti smmeysledky testovani a uvedeme grafy zavislosti
mérenych veli¢in pro jednu konkrétni funkci.

Vysledky porovnani na analytickych funkcich nazuja&e pro tuto tfidu funkci (tedy pro jednoduché ana
lytické spojité funkce) neni simulované Zihanbdmé, vyhodnéjsi je pouzit stochasticky horotdgealgo-
ritmus nebo algoritmus genetick§isté nahodné prohledavani dosahuje nejhorsjstedkil. Pokud mame

k dispozici pouze velmi maly pocet sdruzenych voladelové funkce a vysokou moznost paralelizaace
Ulohy (coz odpovida technické optimalizaci), dogatgeneticky algoritmus lepSich vysledkll nez stecha
sticky horolezecky algoritmus. Analytické funkce, ntach byly algoritmy testovany, vsak nelze brat jako
pfiklad technické optimalizace, nebotpraxi se setkavame s podstatné slozitéjSimi fenkic Proto jsou
pro nas dillezitéjsi vysledky porovnani algoritma aproximacich funkci z praxe:

Z porovnani jednotlivych metod na funkcich aproximoyeh pomoci umélych neuronovych siti vychéazi
jako nejvhodnégjsi algoritmus simulované zih&aeneticky algoritmus a stochasticky horolezecky algo-
ritmus dosahuji ve vétsiné pripadl dobrych hodstéedni hodnoty a medianu, avSak dosahuji vysokych
hodnot rozptylu a v charakteristi€el -kvantilu jsou €asto horSi nez Cisté nahodné pedhlani (je to dano
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pravdépodobné jejich €astou predtasnou konvenyeDproti tomu simulované zihani sice konverguje po-
maleji, ale dosahuje podstatné lepSich hodnbkvantilu a nizSich hodnot rozptylu nez ostatni algoy.
Pokud vSak mame k dispozici pouze velmi maly po€et zeingtth volani Gcelové funkce (fadové desitky),
ukazuje se, ze u vetSiny testovacich funkci je vyt&gginpouzit geneticky algoritmus nebo stochastick”
horolezecky algoritmu<isté nahodné prohledavani opét dosahuije nejtios/sledktl. Simulované zihani
se tak na zakladé téchto testll jevi (za predpoklaglmame k dispozici dostate¢ny pocet sdruzenycaniol”

Uceloveé funkce) jako nejvhodnéjsi metoda pro teckoi optimalizaci z metod prezentovanych v této praci.

V tomto textu prezentujeme vysledky ziskané na jedn@rmxdmaci funkci z praxe, nebgé zde dobie
patrny odlisny charakter jednotlivych metod. Na atkdd je znazornén graf zavislo®{ f (z)), E(f(z))+
STD(f(z)) aE(f(x)) — STD(f(x)) naN pro jednotlivé metody, graf zavislosth 1, .5 axo.9 NN je

na obrazklR. X-ova osa grafll je logaritmicka. PRS ziaté nahodné prohledavani, LOCAL stochastick”
horolezecky algoritmus, SA simulované Zihani a GAeficky algoritmus. Z téchto obrazki je vidét, ze
simulované zihani konverguje sice pomaleji, avSagathuje nizSich hodnot rozptylu a lepSich hodhbt
kvantilu, coz jej €ini "spolehlivéjsim”.
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Obréazek 1:ZavislostE(f(z)) a E(f(z)) £ STD(f(x)) naN pro moznost paralelizace 32
4. Shrnuti

Z vysledkl testovani algoritmi Cisté nahodnéhahpedavani (jako referenéniho algoritmu), stodltkého
horolezeckého algoritmu a simulovaného Zihanidjakstupcll tradi¢nich stochastickych optimalidalin
algoritml) a genetického algoritmu (jako zastupce ednlch algoritml) vyplyva, Ze evoluéni algoritmy
mohou predstavovat kvalitni pfistup k optimalizacgnin mozno je vSak favorizovat pouze kvili jejich
snadné srozumitelnosti. Nékteré tradicni stocleiétialgoritmy mohou byt totiz srovnatelné s evoluini
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Obrazek 2:Zavislostzg 1, 9.5 azg.9 NaN pro moznost paralelizace 32

algoritmy, pfipadné mohou byt i lepsi.

Pokud feSime optimalizacni Glohu, je vzdy dobrébiieat co nejvice informaci o optimalizované funkcia s
ohledem na tyto skute€nosti se rozhodnout, ktery algarit k hledani optima pouzit. Pfedevsim je dobré
zjistit, jaky charakter méa €elova funkce (zda je $fagpriblizné konstantni, priblizné linearmitd.), jaky je

jeji definiéni obor (napfiklad genetické algoritnspju schopny optimalizovat funkce, jejichz nékter&kio™
jsou diskrétni), ma-li mnoho lokalnich extrémi ke lepsi pouzit globalni algoritmus, napf. simudoé
Zihani), nebo pouze jedno globalni optimum (pak ESlgouzit geneticky algoritmus nebo néjaky lakal
algoritmus, napf. stochasticky horolezecky), vzitvahu, jaka je moznost paralelizace tlohy, kolik mame k
dispozici sdruzenych volani tcelové funkce (poleitento pocet maly, je lepsi zvolit geneticky algorits
nebo stochasticky horolezecky algoritmus) atd.

Jsou vSak i situace, kdy vétSinu z téchto informacémeg schopni zjistit, a pfesto musime vybrat konkrétni
algoritmus. V tomto pfipadé je zfejmé nejlepsi zalgnl popisovanych v této praci vybrat simulované
zihani, které se jevi jako nejuniverzalnéjg@itmus.
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Abstrakt

Pfi rozhodovani na zakladé obecného souboru datase @musime vyporadat s kombinaci dvou
slozitych problémd, totiz s vagni neurditostisaiienou ve zpracovavaném souboru dat a s nemoznosti
predem zcela jasné formulovat relevantni hypotézio dehodny model vagnich dat Ize vyuzit fuzzy
mnoziny, formulaci a ovéfovanim relevantnich higmse zabyvaji metody tzv. explorativni analyzy.
Bohuzel, tyto metody, mezi které je fazena i metoda GUBWy v minulosti konstruovany témér
vyhradné pro ostra data (data bez vagni neur€itdSilem diplomové prace tedy bylo rozSifeni metody
GUHA tak aby byla schopna zpracovavat i vagni data.

1. Uvod

Mnoho rozhodovacich problemil sdili dvé charaktixys které ve svém dlsledku znamenaji vyraznou
komplikaci. Prvni je neschopnost jasného vymezenemaloctu relevantnich hypotéz, které maji byt na
daném souboru dat zkoumany. Velka ¢ast rozhodotgmiabléml je totiz takové povahy Ze potencialnich
hypotéz je velmi mnoho a nelze pfedpokladat ze bychomagatku “uhodli” vSechny zajimavé zavislosti.
Metody tzv. explorativni analyzy se proto ke vstupninauisoru dat snazi pfistupovat flexibilng, tj. jen
s minimalnimi pfedpoklady o datech, a hypotézy forrvakoaz v prlibéhu samotného zkoumani dat a
rozhodovat zda jsou daty podporovany nebo zda jim naopkqatifeci. Do této skupiny nalezi i metoda
GUHA, formulujici hypotézy jako formule urité modifice predikatového kalkulu, jejiz zaklady jsou
shrnuty v Odstavdil2.

Druhou dullezitou charakteristikou je tzv. vagnost pstich dat, coZ je typ neurcitosti vyrazné odlisny od
neurcitosti pravdépodobnostni. Vagni neurtitestasto ilustrovana pomoci vyrazli bézné uziemyeci

- “priblizné,” “rychle,” “vysoky” a podobné. Z nich jefejmé Ze rozdil mezi pravdépodobnostni a vagni
neurcitosti Ize zjednoduSené vyjadfit tak Ze metth pravdépodobnostni neur€itost spociva v nerasiin
presné urtit jednu neznamou avsak existujici hdulpozorované veli€iny, vagni neurcitost spocprave

v tom Ze velitina jedné konkrétni hodnoty nenabyZ4ohoto diivodu se pravdépodobnostni model vagni
neurcitosti jevi jako velmi nevhodny, a vyvstava tedfizka vhodného modelu vagni neurcitosti.

Bohuzel, metoda GUHA resp. jeji konkrétni pFipadgysormulovany témér vyhradné pro data ostra, tj.
data neobsahujici vagni neurcitost (obsahujicizechodnoty “ano” a “ne”, pfipadné jeSté symbol reprez

tujici neznamé hodnoty), a je ji tedy tfeba vhodnyrmisbem zobecnit pro vagni data. Toto roz8ifenp.res
jeho popis, je obsahem Odsta¥de 5.
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2. Zaklady metody GUHA

2.1. Vstupni data a jejich interpretace

Vstupni data metody GUHA sestavaji z konecné tabulkyfadcich ak sloupcich ¢, k € N), znazornéné
na Obrazkil, jejiz fadky reprezentuji pozorovabgkty Q2 = {w;,...,w,}, a ve sloupcich jsou ulozeny
informace o jejich vlastnostech.

P Py | P3 P4 Py
w1 0 1 0 0 1
w2 1 0 0 1 1
wn, 1 0 0 1 1

Obrazek 1:Tabulka vstupnich dat

Jak je naznaceno v TabulEk 1, informace o vlastnosféchbjektliw; jsou v klasické metodé GUHA
kdédovany pomoci hodndik resp.1, znacicich ze objekt pfisluSnou vlastnost nensprena, a na sloupce
tedy Ize pohlizet jako na unarni pred|katy v urcitedifikaci klasického predikatového kalkulu (viz. dale
Pro kazdou vlastnog®; kdej € i je tak mnozina objektfl vlastné rozdélena na podmnozﬁﬁ; aQJ

Q) ={w|Pw)=0} (1)

0 = {w|Pj(w)=1} ?)
tj. vlastné mnoziny objektl které danou vlastnost ngmesp. maji. PredikaP; tedy Ize popsat pomoci
charakteristické funkce mnoziny;, tj. funkcey; :  — {0, 1} definované predpisem

v [ 1 prowe®)
XJ (W) - { 0 jinak (3)

Pravé interpretace tabulky vstupnich dat jako soubedikatli P, ..., P, pro objektyws,...,w, je
pro metodu GUHA velice dulezita, nebdtypotézy jsou formulovany jako formule tzv. monadickéh
observa¢niho predikatového kalkulu (viZl [5]). Stejdilezite je ale vyjadreni predikatf;, pomoci
podmnoZin®/ resp. charakteristickych funkgj;, coz bude vyuzito v OdstavEl 4 pfi hledani vhodného
modelu vagnich dat.

Pklad 1 (Priklad vstupni tabulky) Uvazujme skupingtyf osob
Q = { Alzketa Jiri, Petr, Pavel} 4)
na ktefch jsou v &amci pitizkumu sledany i vlastnost - predikatll (nanisto zavedesho znéeri

Py, ..., Psjsou Wwita rdzorra jména):

e Koufi
e PijeAlkohol
e MazdravotiProblemy
Vstupn tabulka tedy bude hctyfi fadky a fi sloupce, a nize nalyvat nagiklad podoby uveddénna

Obrazku2, ze ktérlze v¥ist nagikladze Petr sice kaii, ale g‘esto nera zdravotii problemy a naopake
Jifi nekotfi ani nepije, a pesto zdravothproblemy né.
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Koufi | PijeAlkohol | MazdravotniProblemy
Alzbéta 1 1 0
Jifi 0 0 1
Petr 1 0 1
Pavel 0 1 0

Obrazek 2:P¥iklad vstupnich dat

2.2. Hypotézy jako logické formule

Jestlize Ize na sloupce tabully 1 pohlizet jako na prétifisteho predikatoveého kalkulu, nabizi se maogino
hypotézy, tj. vlatné tvrzeni o zavislostech mezi sloupbulky, formulovat jako vhodné logické formule,
pficemZ oznaceni “vhodné” Ize interpretovat rézn”

Hlavnim subjektivnim kritériem je skute¢nost zda falmvyjadfuje takovy typ zavislosti ktery nas zagm”
- napfiklad asociacni nebo implikacni typ zavisiokterymi se diplomova prace zabyvala. VyuZzijenie-|
predikaty zavedené v prikladii 1, mohou byt prikladiarmuli zachycujicich asocia¢ni resp. implika¢n”
zavislost formule[{b) respll(6), pficemz za jednatlivyskyty proménn@soba Ize dosazovat konkrétni
hodnoty z mnoziny).

Koufi(osoba) &  MaZdravotniProblémipsoba) (5)
Koufi(osoba) & PijeAlkohol(osoba) = MéaZdravotniProblémisoba) (6)

Objektivnim kritériem je napfiklad volba takovychrfouli, jejichz pravdivost je “svazana” s celou tabulko
vstupnich dat, nikoliv pouze s jednim konkrétnimKéuh. To v klasickém predikatovem kalkulu zajigt
tzv. kvantifikatory, které pfislusné tvrzeni vztghk celé vstupni tabulce. Pfedmétem naSeho kalgk-
oumani tedy budou formule ve kterych jsou vSechny yfsskroménnych vazany néjakym kvantifikatorem,
tzv. sentence. Pfikladem sentenci klasického peadi€ho kalkulu mohou byt napfiklad formulé (7 (8).

3 osoba (KouFi(osoba) &  MazdravotniProblémisoba)) (7)
Y osoba (Koufi(osoba) = MazdravotniProblémipsoba)) (8)

Zatimco pravdivost formulil{5) d1(6) zavisi na konkrewolbé osoby, pravdivost formul[l(7) &l(8) je
prostfednictvim kvantifikatorli svazana s celou psfitabulkou.

Stejny princip plati i v pfipadé monadického obsémnido predikatoveho kalkulu, avSak zatimco v kla-
sickém predikatovém kalkulu jsou uzivany pouze dvarkifikatory, totiz kvantifikatory univerzalii a
existentnt, v observacnim predikatovem kalkulu je k definici kuifiktorli vyuzivano tzv. pfidruzenych
funkci, pomoci kterych Ize vyjadfit v podstaté litmmé (matematicky zformulovatelné) tvrzeni o konkiiét
vstupni tabulce jako celku.

NecthadéIeJ\/l’{“Oyl} oznatuje mnozinu vSech konecnych tabulegk sloupcich obsahujicich pouze hod-
noty 0 a 1, ¢ bud libovolny kvantifikator s aritou. Potom pfidruzenou funkci f, kvantifikatorug je
takova funkce

Afq: M,y — {0,1} 9)

ktera navic spliuje podminky

1. Af, je invariantni vzhledem k izomorfismu

2. je rekursivni funkci proménnycgha M
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Pfitom funkZni hodnota funkce na dané tabul&éf{’o_l} udava pravdivost tvrzeni reprezentovaného
pFislusnym kvantifikatorem, a je jeho matematickygiadrenim. Je zfejmé ze pomoci pridruzené funkc
Ize velice jednoduse vyjadfit kvantifikatory znaméiasického predikatového kalkulu, v nasledujicim
pfikladé jsou vSak zavedeny dva obecné typy zauistoasociacni a implikacni - a jim odpovidajici
velmi trivialni pfidruzené funkce. SloZitéjsivantifikatory, tykajici se téchto dvou pfipadivisosti, je-
jichZz zobecnéni pro vagni data bylo soucasti dipboé prace, jsou podrobnéji rozebrany dale (a velmi
detailné v[[5]).

Pklad 2 (Priklady zobecnénych kvantifikatort)

e Implikacni kvantifikator - Implikatni zavislost (mezi sloupci) je é@pana obdob#@ jako v fFipade
klasicleho predilatoveho kalkulu, tj. pracuje nad tabulkou se&a sloupci (je biarni) a sleduje
zda se v Bkteeémradku v prviim sloupci nevysktuje hodnotazaimco ve druBm hodnotd (nebdt
1 — 0 v jisttm smyslu odporuje épani klasiclé implikace). Fidruzenou funkci je o definovat
napriklad jako

Af (M

0 v nékteemradku jel — 0
) = { : (10)

11 jinak

e Asocia&ni kvantifikator - Na asoci&ni zavislost (mezi sloupci) je niao pohizet jako na situaci
kdy “dostat&né previada” shoda hodnot nad rofthosf. Ozn&ime-li pctet Fadkll se shodimi
resp. rozéinymi hodnotamiA resp. B, Ize @idruZenou funkci asoctaiho kvantifilatoru definovat
napriklad jako

Afz(M) =

{ 1 pokudA > B (1)

0 jinak

Poznmka 1 Lze stanovit po&rné girozeré a razorre podninky, kteé mu$ splhovat kady kvantifikator
testujci asoci&ni a implikatni zavislost (viz.[[5], str. 57 - 60). Asoctaich a implika&nich kvantifilatorti
tedy Ize formulovat vetkmnasti, prave uvedeg asoci&ni a implikatni kvantifikatory jsou pouze velmi
jednoduclé demonstrativipfiklady. Dal§ priklady implika&nich kvantifilatorl Ize najt napriklad v [1].

PFi zpracovavani tabulky/ samoziejmé nejsou pomoci kvantifikatorli zpracargvpouze jednotlivé
predikaty, ale z téchto predikatl jsou (pomoci logick spojek) vytvareny slozitéjsi formule a tepradi
ulka slozena z téchto formuli je zpracovana zvolerwantifikatorem. To Ize chapat také tak ze kazdy
kvantifikatorq s aritoup pracuje na “virtualni” tabulce z mnoiinM’{)Ovl}, jejiz sloupceps, ..., ¢, jsou
pomoci logickych spojek kombinovany ze sloupcli ptnddbulky (totiz predikatti daného kalkulu).

Otazkou je jakym zplisobem formufe z predikatliPy, . . ., P, kombinovat - jak znamo Ize kazdou formuli
prepsat jako konjunktivni resp. disjunktivni normiéfarmu, tj. jako konjunkce disjunkci resp. disjunkce
konjunkci predikatll a jejich negaci (viz. napfiklfg]). Tyto normalni formy v8ak maji dvé podstatné
nevyhody. Zaprvé nejsou urceny jednoznacné, tj. ke m formulim existuje vice nez jedna konjunktivni
nebo disjunktivni normalni forma, a zadruhé je jejiokeirpretace ¢asto velmi nesnadna.

Jako velmi vhodné se naopak jevi nékteré pomérnégedohé tvary, napfiklad prosté konjunkce resp.
disjunkce predikatl a jejich negaci, tj. formule tvardi

N @) \ @) (12)
=1 i=1

kde @Q; oznatuje budpfimo predikatP; nebo jeho negacir je permutace mnoiin@, ar € k. Formule
téchto tvarli se velmi jednoduse sestavuji a vyhodnpeigjich interpretace je ve srovnani s konjunktivinim
i disjunktivnimi normalnimi formami podstatné jedngi$i. Z téchto dlivodl byly v diplomové praci a
souvisejici implementaci vyuzivany pravé formtéehto tvarl.
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3. Kvantifik atory statistické povahy

Na predikatyP; vychozi tabulky, resp. na hodnoty formuylj z nich nakombinovanych, se Ize divat jako na
realizace néjakych nahodnych veli¢in - vzhledem kticta oba kvantifikatory uvazované dale jsou binarni,
tj. jsou definovany pro tabulkyz/lf0 1} oznacme tyto dva sloupce tabulky jako X aY'.

Jako pfirozeny zplisob formulace kvantifikatorli se inafiormulace pomoci statistiky a statistického
testovani hypotéz. Uvazujme vstupni tabulky e M?0,1} za soubor realizaci vicerozmérné nahodné
(kazdy fadek je realizace) veliciny, hypoté#ly vyjadfujici zavislost zachycenou kvantifikatorena al-
ternativni hypotézu,, pfisluSnou testovou statistiktidefinovanou na mnoiinmfi’oyl} a kritickou oblast
K(a) kdea € (0,1). Potom pfidruzenou funkci kvantifikatoru statistickévahy mtizeme pomoci statis-

tiky T definovat napfiklad jako
Af(M)=1 & T(M) € K(a) (13)

Praveé takto definované asociacni a implikani kifidwatory a jejich zobecnéni byly pfedmétem zkouman’
diplomové prace. Jejich korektni odvozeni a definicgaduje podstatné vice prostoru nez je k dispozici
na tomto misté, uvéhe vsak alespon prislusné hypot&zy a Hy, a interpretaci statistik. Precizni popis
téchto testll Ize najit naprikladM [2][d [5], pripainv [7].

3.1. Fisherlv faktorialovy test a asociéni zavislost

V prikladul2 byla uvedena jedna z moznych interpregaciciacni zavislosti jako dostate¢na pfevaha shody
nad odlisnosti hodnot dvou formuli. Alternativni, mé odliSna, je interpretace vyuzivana pfi fornuila
asociacni zavislosti na zakladé statistiky. V tortppilé je vyuzivana nasledujici dvojice hypotéz

Hy : X,Y jsou statisticky nezavislé vsH; : X,Y jsou statisticky zavislé (14)

a toto pojeti asociacni zavislosti je tedy ekvivalértavislosti statistické. Zbyva tedy odvodit vhodnou
statistiku pouzitelnou pro testovani pravé uveddnirypotéz.

Pro testovani obecné statistické zavislosti je &astivan tzv.y?-test (viz. napfiklad[12]), ktery za
predpokladu platnosti hypoté#y, (tj. za pfedpokladu nezavislosti a tedy neexistenceiaéntzavislosti)
pocita pravdépobnost ze vzorek bude ve smyslu Peavgoxt statistiky vychylen alespoii tak jako po-
zorovany vzorek. P¥ili§ nizka pravdépodobnost mamitnou hypotézu nezavislosti, nélzatpredpokladu
nezavislosti je realizace takovéhoto vzorku velmi negépodobna.

V tomto pFipadé vsak jeho pouziti neni mozné nebmiedna o test asymptoticky a jako jedna z podminek
jeho uziti se uvadi ze zadna z Cetnosti kontirigétabulky nesmi byt mensi nézTo je vSak velmi obtizné
zarucit, nebdinejen Ze ¢asto mame k dispozici jen velmi maly potetrkizpale pfi transformaci pomoci
fezll (viz. Odstavec4l.1) takové nizké hodnoty na Kodjiiezech nevyhnutelné vznikaji.

Existuje vsak test znamy jako Fisherlv faktorialoigst, zaloZzeny na stejném principu jako tegt
konstruovany vak pfimo pro tabulky s nizkymi ¢ettmi. Stejné jako test? pocita pravdépodobnost
vychyleni vzorkll alespon tak jako pozorovany vzorakyychazi vsak z pearsonowy statistiky, ale

z multinomického rozdéleni. Podrobnosti o Fisheroaktdrialovém testu Ize najit \‘]2], a podrobnosti
0 vyuziti pro vagni data Ize najit Z[7].

3.2. Binomialni test a implikacni zavislost

Implika€ni zavislost Ize chapat tak ze implikacipfivé pfipadyl — 1 dostatecné previadaji nad pfipady
nepriznivymil — 0. Z pohledu statistiky tedy implikacni zavislost Izeagtat jako vysokou podminénou
pravdépodobnost

P(Y=1]X=1)%)p (15)
a prave tato hodnota je pfedmétem binomialniho testu, jehoz podrobnyipdge najit napfiklad vi2] a
[[7]. Tento test je ve skute€nosti formulovan pro testidypotéz

H()SPSO VS. H15p>9 (16)
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kde# € (0,1) je zvoleny prah, jehoz pfesna hodnota vSak na kaCtgstovani neni k dispozici. Tento
problém Ize do jisté miry obejit pfeformulovanimgotéz do vagniho tvaru, tj. do podoby

Hy:pjemala vs. Hy : pjevelka a7

pfi jejichz testovani je zkombinovan klasicky bin@imi test s vagnim pojmem “velky” resp. negaci pojmu
“maly,” a to nasledujicim zplisobem. Nejdfive jeem#na takova hodnofigpro kterou klasicky binomialni
test pfechazi od zamitani k pfijimani (a naopakytupen pfisluSnosti tohoto pojmu k vagnimu pojmu
“velky” resp. negaci pojmu “maly” je povazovan za vgdek binomialnihi testu fuzzy hypotéz. Podrobnou
definici binomialniho testu pro fuzzy hypotézy Ize naj[d] a v [4].

4. Vagnost dat

Jak jiz bylo zminéno, vagni neurCitost je velmi @@ od neurCitosti pravdépodobnostni.
Pravdépodobnostni neurcitost je obvykle spojovarstaacemi kdy sledovana veli€ina nabyva prave gdn”
hodnoty, kterou vSak neni mozno urcit - peknym Edem je hod kostkou, kdy sice vime Ze v pfistim hodu
padne pravé jedno celé Cislo addo 6, pfedem vSak nejsme schopni urCit které to bude. Poladhe
napfiklad hodnot&, nemliZe soutasné padnout také hoddatgodobné - vzdy se realizuje pouze jedna
jedina z moznych hodnot.

Povaha vagni neurcitosti je vsak zcela odlisna zuymé napfiklad mnozinu realnych Cisel a vagnepo
“priblizné 5. V tomto pfipadé neexistuje jedina hodnota ktera lpjalipfiblizné 5” ale k tomuto pojmu
vice i méné prislusi vSechny hodnoty - je pouzazké do jaké miry. Na rozdil od pravdépodobnostni
neurcitosti se tedy nerealizuje pouze jedna jedina htagrede vSechna realna Cisla jsou “pfiblizsaé
Napfiklad hodnotd bude “pfibliznés” spiSe ne3, ale méné nei, 5.

4.1. Reprezentace &gnich dat

Vyvstava tedy otazka jak vagnost modelovat. Nejjedridilje zFejmé rozdéleni mnoziny realnychetisa
podmnozinyA a B, pficemzA reprezentuje hodnoty které jsou “pfibliz6&a mnozinaB hodnoty které
“pfiblizné 5" nejsou. To je zfejmé intervalovy model, plné popsagetharakteristickou funkci4 : R —
{0,1} mnozinyA, tj. funkci

|1 prozeAd
xa(@) —{ 0 jinak (18)

Tento model ma vsak jeden podstatny nedostatek - jehwvactidotiz neodpovida pfirozenému chovani
vagnich dat. Uvazujme pro nazornost opét vagnimdjefiblizné 5.” PFi pouZiti intervalového modelu se
zcela ztraci informace o tom jak moc je dana hodnotabli#iné 5", nebot kazda hodnota bugbatfi do
mnoziny A nebo nepatfi. Stejné nezadouci je viak chovartiraaicich mnozinyd. Uvazujme napfiklad
A = [4,6] - prot by hodnotal méla byt “pfiblizné5” a hodnotad — € nikoliv? To zcela jasné odporuje
pfirozenému chapani pojmu “pfiblizi&

Oba pravé uvedené diivody naznacuji Ze intervaioagel neni pro vagni data vhodny, ackoliv velmi
dobfe vyhovuije pro popis pravdépodobnostni neurtitBgivodem nevhodnosti je pravé neschopnost pop-
sat “stupnovitou” povahu vagni neurcitosti, kteralje jeji nejdllezitéjsi charakteristikou. To je atutasné
navod jak model upravit aby vagni neurcitosti Iepe @dpal - staci prejit od klasického intervalovéhodn
elu k tzv. fuzzy mnozinam, tj. ptejit od charakterigécfunkcey 4 k obecnéjsimu stupni prislusnogiil19),
coz je ilustrovano na Obrazki 3.

pa: R —[0,1] (19)

Ackoliv volba konkrétniho tvaru funkcg@ 4 musi odpovidat pfirozenému chapani daného vagpo-
jmu, jedna se o velmi subjektivni otazku. DalSi podroti o rozdilech mezi vagni a pravdépodobnostni
neurcitosti, jejich kombinacich a volbé vhodnéhatvuzzy mnoziny Ize najit napfiklad ¥1[4] al[3], a je
jim vénovana také cela prvni kapitola mé diplomovage.
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1 1
0.5¢ 1 0.5}
0 0
3 4 5 6 7 3 4 5 6 7
(a) intervalovy model pojmu “pfiblizné 5” (b) fuzzy model pojmu “pfiblizné 5”

Obrazek 3:Pfechod ody 4 k p 4

Vstupni tabulkdll vlastné odpovida vyse popsanértenialovému modelu, nebgrredikaty P; vymezuji
podmnozinyS); objektli které maji pfislusnou vlastnost, a pretik@) tedy vlastné odpovidaji pfimo
charakteristickym funkcinf{18) téchto mnozin. Pisjae-li k vagnim datlim popsanym fuzzy mnoZzinami,
prejdeme vlastné od klasickych predik&ik fuzzy predikatlim

P :Q —[0,1] (20)

Bezprostfednim dlisledkem pfechodu k fuzzy predikaje skute¢nost Zze Tabulkh 1 vstupnich dat jiz neb-
ude obecné obsahovat vyhradné hodribty1, ale libovolné hodnoty z intervali®), 1]. Jaky vliv ma toto
zobecnéni na metodu GUHA?

5. Modifikace metody GUHA pro vagni data

Ackoliv pro manipulaci s vagnimi daty rerezentovanyfarzy mnozinami mame k dispozici velmi mocny
nastroj - fuzzy logiku, pfechod k vagnim datlim se mupndjevi jiz pfi sestavovani hypotéz. Jak jiz bylo
uvedeno, jsou hypotézy formulovany jako sentence obéaito predikatového kalkulu, tj. jsou to uzaviené
formule a jejich dilezitou soutasti tedy nutné mingi kvantifikator. Kvantifikatory zavedené napfiéla
v [§] jsou vdak definovany vyhradné pro vstupni tabuztk)y/li{’oyl}, nikoliv pro vagni tabulky/\/lfo_rl].

Je tedy tfeba zavést tzv. fuzzy zobecnéné kvantifigafracujici na tabulkach M?O,l}’ a odpovidajici
pojem fuzzy pfidruzené funkce
FAf,: MZ{)OJ} —[0,1] (21)

kdegq je fuzzy zobecnény kvantifikator arigy

Existuji v zasadé dva “extremni” zplisoby, kteryrei lze s touto definici vyporadat. Prvni moznosti je
zapomenout na vSechny jiz zavedené kvantifikatory gofjttkvantifikatory zcela nové, ¢imz ale vicengn™
zahodime mnohdy velky kus prace. Druhou moznosti jeipout vagnost, tj. tabulku transformovat fezem
na “ostrou” tabulku (napfiklad vSechny hodnoty riaéipfepiSeme na a zbytek n&) a nasledné aplikovat
néktery z jiz znamych kvantifikatorll, pficemzattracime velmi podstatnou charakteristiku dat - vagno
Ani jeden z téchto zplisobl tedy neni prilis vhodny.

Nasteésti existuje rozumny kompromis mezi obéma gmstpii kterém je sice vyuzita transformace na data
ostra a na tato data jsou nasledné aplikovany jiz deéiné zobecnéné kvantifikatory, ale transformace je
provadéna takovym zplisobem Ze velka ¢ast infommacagnosti je zachovana a negativni dopady uvedené
v pfedchozim odstavci jsou velmi dobfe vyvazeny.

Bud p libovolna fuzzy podmnozina mnozirfy, reprezentovana stupném pfislusndsi] (19). Poterern
fuzzy mnozinou na hladin& € [0, 1] rozumime podmnozinus zavednou vztaher {(R2)

s ={w: plw)>a} (22)

tj. podmnozinu mnoziny? do které nalezi prave ty prvky jejichz stupen pfislusnosti k fuzzy mnoZzipé
je alespor. Rezem je vlastné mnozirfa rozdélena na dvé klasické podmnoziny dle stupnglyghosti
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0.66r

0.33- E o3l

(a) nizky pocet fez (b) vysoky potet fezli
Obrazek 4:Potize s skvidistantnimi fezy

k fuzzy mnozin&., a predstavuje tedy jakoby postup inverzni k pfechodimtetvalového modelu k modelu
pomoci fuzzy mnozin (viz. OdstavEch.1).

Poznmka 2 Rez Ize samégjmeé definovat tak “ostre”, tj. vztahem [2), vliv &to modifikace na princip a
fungovani transformace je vsak mingémi (viz. [3]).

s ={w : p(w)>a}

Bud M libovolna vagni vstupni tabulka/k/lfoyl], anecht € [0, 1]. VSechny fuzzy predikaty; tvofici tab-
ulku M vlastné popisuji néjakou fuzzy mnozinu (jsou jejiramtém prisludnosti), a jejich fezy na hladiné
§ oznatmeP?. Rez M; tabulky M na hladin& definujme jako tabulku sloZzenou z ezl predik&lina
stejné hladin®. Rez tabulkyM na zvolené hlading tedy vznika tak Ze véechny hodnoty ostfe mensi nez

0 jsou pfepsany na hodnofie vSechny ostatni hodnoty na hodnbtu

Pokud bychom provadéli jeden jediny fez, znamenalodylastné prostou transformaci na ostra data,
tj. druhou moZznost definice zobecnénych kvantifikaigejiz nevyhody byly popsany vyse. Je tedy tfeba
provadét vice fezli na vhodné zvolenych hladinaehficich vlastné posloupnogt (viz. Definice[l),
na kazdém fezu aplikovat pfislusny kvantifikatesp. jemu odpovidajici statisticky test, a takto argk
vysledky testll a hladiny fezli zkombinovat do jednériugl.

Definice 1 (Posloupnostez(l A) NechtA = (6j);.”:1 je kon€na oste rostoud posloupnost, pro kterou
d; € [0,1]. PotomA je naZvanaposloupnostezl.

Poznmka 3 Posloupnostezll A vlastre cgli interval [0, 1] nam + 1 disjunktrich intervali D, kde

Dl = [0751]
D, = (516 jem~{1} (23)
Dm+l = (57717 1]

V§znam tohoto @leri bude #ejmy z principu kombinace megisiedki v Odstavdib.

Otazkou vsak i nadale zlistava jak hladiny testltv@volime-li jich pFilis malo nebo pokud je umistam
nevhodnég, ztratime pfilis velkou ¢ast informaceéjemném chovani funkci, coz je ilustrovano na &xui
A(a). Naopak zvolime-li prili§ vysoky potet fezigZ je znazornéno na Obrazku 4(b), zachytime obvykle
velmi dobfe informace o vzajemném chovani funkcij&sné viak vzroste také vypocetni narotnosighe
na kazdém fezu je aplikovan statisticky test).

Jako optimalni se tedy jevi vioZit do posloupnaitivSechny hodnoty z tabulky vstupnich dat, nepdt
takové volbé fezli bude zachyceno maximum informact@emném chovani a soucasné bude provadén
minimalni pocet statistickych testd.
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Statistické testy (uvedeny byly napfiklad test Fistved binomialni) vak nejsou provadény az do
posledniho kroku, tj. rozhodnuti “ano” €i “ne,” ale zgskédek testu je brana hodnota statistiky - v uve-
denych prikladech se jedna o pravdépodobnosti@hbitevu (viz. odstavde_3.1[@B.2 o téchto testech),
kterou Ize interpretovat jako stupen pfisludnostinvieh pojmi “tabulka je asociatné zavisla” respbtta

ulka je implikacné zavisla.”

Vysledkem transformace a aplikace testll na jednothiviitadinach je tedy tabulka dvojic hladinya
vysledku statistikyl’s na této hladinég, jejiz pfiklad je uveden na obrdzku 5

6 0.10 | 0.21 | 0.34--- | 0.73 | 0.91
Ts | 0.71 | 0.34 | 0.15--- | 0.54 | 0.13

Obrazek 5:Priklad tabulky vysledkd na fezech

5.1. Fuzzy integaly

Ugelem fuzzy integralll, jen velmi struéné popsanydito kapilole, je kombinace vysledki testdl na jed-
notlivych fezech do jediné hodnoty, reprezentujsiii” zavislosti. Pfed definici fuzzy integréalu jeeta
zaveést nékolik nasledujicich pojmi - fuzzy mirkothorma, pseudo-rozdil a jednoducha funkce.

Definice 2 (Fuzzy mira) Bud X libovolna nepézdra mn&ina aX takow sysém jejch podmnain, pro
ktery plat
lL.0eX, XeX

2. X je uzavena vzhledem ke sjednodenonoton rostoudch posloupno$t
Potom fuzzy imou na mnainé X nazvame takovou funkgi : X — [0, 1], sphujici podninky

e n(®)=0ap(X)=1

e ABeX a CB = u(A) <u(B)

e je monotonB spojit
Definice 3 (Jednoduch funkce) Funkcef : X — [0, 1] se nagva jednoduch, pokud pro vSechnae X
plati

f@) =Y ailp,(x) (24)
=1

kdea; € [0, 1], D; je sysém disjunktich podmnain X s charakteristickmi funkcemi p, .

Definice 4 (t-konorma) T-konormou naaame funkciA : [0,1] x [0,1] — [0, 1] sphujici nasledujci
podninky:

1. 1A1=1,0Ax=2/A0=2a (korespondence s Archimedeovskou logikou)

2. (Vz,y € [0,1]) (xAy =yAx) (symetrie)

3. (Vz,y,z € [0,1]) (zA (yAz) = (xAy) Az) (asociativita)

4. (Vx, 2’ y,y' €[0,1]) (z <y, 2’ <y)(zlha’ <yAy') (monobnnostv obou parametrech)
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Poznmka 4 T-konorem je samdgjmé nekonéné mnoho, aleft nejcasgji uzivaré t-konormy jsou

¥y = min(z+y,1) (25)
zVy = max(z,y) (26)
TQy = x+y—x-y (27)

VSechny tyto it t-konormy jsou spoji#, t-konormy tukasiewiczova a Produkdoysou navc
Archimedeovsk T-konormy jsou vamci fuzzy logiky vyiivany pro vyhodnocani logické spojky “nebo”
a pravé uvedea podninky tedy zaji&tji v jisttm smyslu firozeré chowani. Dal¥ informace o t-konoriach
Ize najt napfiklad v [4].

Definice 5 (Pseudo-rozdil)Bud A libovolna t-konorma, potom tzv. pseudo-rélzd A je pro k&zdez,y €
[0, 1] dan predpisem

x—py= inf {z :z<yAz} (28)
z€[0,1]

Lemma 1 Nechit A je libovolra spojita t-konorma, a— » prislusry pseudo-rozidl Potom pro vSechna
x,y € [0, 1], takova zex > y, plati

(z—ny) Dy=2x (29)

Pklad 3 (Pseudo-rozdily pro &zré t-konormy) Pseudo-roziy pro tfi nejb&zréjd t-konormy [25),[(26)
a ([Z1) jsou ény rasledujcimi pfedpisy

-y T2y
rT—zy = { 0 z<y (30)
. T T>Y
v = {02 (31)
0 z<y

Definice 6 (Integral vzhledem k fuzzy mfe) Bud (X, X, u) fuzzy néfitelny prostor, necht 7 =
(A, 1, 1,0) je sysem fi t-konorem kteg jsou budArchimedeovgkneboVv, a ¢ nechtje “produkto\a”
operace, tj. necht

o:[0,1] x [0,1] — [0, 1] (33)

Potom pro jednoduchou &itelnou funkcif : X — [0,1] je integral vzhledem k fuzzy iife funkce f
zalazery na sysemuF vzhledem k fuzzyife p definovan jako

() / fodu= L ((a-nai 1) o u(Ar)) (34)

Fuzzy integral je tedy plné zadan systém@&mpfiCemz v diplomové préaci byly podrobnéji rozedry tfi
integraly, zadané systemy

¢ FoFLF, ) (35)
S = (V,V,V,A) (36)
P = (0,0,0,%*) (37)

tj. integraly Choquetliv (system), integral Sugenliv (systés) a integral produktovy (systérR), a sou-
visejici (zce s jednotlivymi t-konormami uvedenynmpeznamcgl.
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Interpretace téchto integralll, pochazejicichyj@wkou integralu produktového) plivodné z rliznydioall,

je pomérné komplikovana otazka, jejiz pomérnéséaidy a dukladny rozbor Ize najit naptikladV [4]. Zed
denych definic a poznamek vsak vyplyva dillezity patek, a totiz Ze spiSe nez zobecnénim Lebesgueova
integralu jsou fuzzy integraly agregaci hodnot, z&jits na zvolenych t-konorméach a produktové funkci.

Pravé této interpretace Ize s Uspéchem vyuzit prolkinaci vysledkl testll na jednotlivych hladinachire
ilustrovanych Tabulko@5. Tyto vysledky Ize totiz zapgko jednoduchou funkci, kterou Ize po volbé
vhodného systémg integrovat, tj. pfevést na jedinou hodnotu.
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Abstrakt

Nezbytnou soucasti kazdého elektronického vyékmy kurzu jsou zpétnovazebni prvky. Zpétna
vazba je soubor kontrolnich prvkl (otazky, Gkoly, yestpod.), pomoci kterych lektor sleduje praci stu-
denta v kurzu a hodnoti jej. Dosazené vysledky jsouzitglié také samotnymi studenty jako zpétna
vazba jejich studiaClanek se snaZi nastinit, jakym zpfisobem a prokgfedmodelovat zpétnou vazbu,
aby Gcelné plnila svoji funkci.

Kli €ova slova Elektronicka vyuka, zpétnovazebné prvky, matenikdtimodely, modelovani zpétnée
vazby. ontologie

1. UVOD

Je zfejmé, ze je velmi narocné vyvinout kvalitni arexi pouzitelny elektronicky vyukovy systém, a tdja

z hlediska technického provedeni, tak i s ohledem na kedpedagogické. Je nutné, aby systém zahrnoval
obeé tyto roviny. K tomu, aby dany vyukovy systém byl kird a pfinosny, a to jak pro studenta, tak i pro
pedagoga, musi také kromé zakladnich funkci (tjikyy testovani, komunikace, konzultace, atd.) obsahova
G¢inné zpétnovazebné prvky, pomoci kterych je né%tudenta hodnotit a uréitym zplisobem korigovat
jeho prlichod vyukovym systémem. Je proto nezbytndyapweat, jak vhodnym zplisobem konstruovat
a aplikovat do elektronického vyukového systému fumild kvalitni zpétnovazebné prvky.

2. CiL A METODIKA

V matematické teorii vypoctu se pro popis prib&hua§ginino procesu vyuZziva fada formalnich modell
Vznika pfirozena otazka, zda by nebylo mozné tyto sigdo jejich pfipadné modifikaci, vyuziti v elek-
tronické vyuce, a to pro modelovani procesu prlichdddenta vyukovym kurzem a vyuzit je jak pro jeho
navigaci, tak i pro zprostfedkovani zprav uzivatalitj. student, lektor, tviirce kurzu, apod.). Z tohoto
dbivodu je cilem této prace vytipovat ze stavajiaicatematickych modeld ten, ktery je nejvhodng;jsi pro
konstrukci zpétné vazby v elektronickém vyukovémtéysu.

3. METODIKA

V nasledujici Casti této prace se strutné zmininejCastéji uzivanych matematickych modelechlagom
se 0 jejich struéné zhodnoceni z hlediska vhodnostefiopro konstrukci zpétné vazby.
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3.1. Kon&€ny automat

Konetny automat (téz FSM z anglického finite state machine) je teorgtigkpocetni model pouzivany

v informatice pro studium vyg&islitelnosti a obecné f@mich jazykll. Popisuje velice jednoduchy po&itat
ktery mlize byt v jednom z nékolika stavil, mezi kterjafechazi na zakladé symbold, které &te ze vstupu.
Mnozina stavll je konetna (odtud nazev), konetnpmat nema zadnou dalsi paim&omé informace

0 aktualnim stavu. Konetny automat je velice jednogugypocetni model, dokaze rozpoznavat pouze
regularni jazyky. Konetné automaty se pouZivafi ppracovani regularnich vyrazil, napft. jako sasi¢”
lexikalniho analyzatoru v prekladacich.

\ START

Obrazek 1:Znazorreri kon€ného automatu se stavy,5 a S

Princip €innosti konetného automatu

Na pocatku se automat nachazi v definovaném pogatestavu. Dale v kazdém kroku pfecte jeden sym-
bol ze vstupu a prejde do stavu, ktery je dan hodnotouaktgfechodové tabulce odpovida aktualnimu
stavu a prectenému symbolu. Poté pokracuje Cterdfsiltb symbolu ze vstupu, dalSim pfechodem po-
dle prechodové tabulky atd., az do precteni poslediZznaku zpracovavaného slova. Skonci-li automat
v nékterém z cilovych stavil, je slovo pfijato. Pokubisti mimo mnozinu cilovych stavil, je slovo
odmitnuto.

Mnozina vSech fetézcl, které konetny automajmaj tvofi regularni jazyk. Dle[]1] Ize dokazat, ze
regularni jazyky jsou pravé ty jazyky, které Ize gemeat pomoci tak zvanych regularnich gramatik, to
je gramatik Chomského tfidy 3. Prave tak Ize dokazategularni jazyky jsou prave ty jazyky jejichz stov
Ize popsat pomoci tak zvanych regularnich vyrazi.

3.2. Zasobnikovy automat

Zasobnikovy automat(PDA z anglickéhgushdown automatgie teoreticky vypocetni model pouzivany
v informatice pro studium vy¢islitelnosti a obecné fa@amich jazykil. Je to jednosmérny nedeterministicky
automat, ktery ma pomocnou, potencialné omezenoeparganizovanou jako zasobnik (tedy s pfistupem
LIFO, pouze na vrchol zasobniku).

Zasobnikovy automat se v podstaté sklada z korfe€métomatu, ktery ma navic k dispozici potencialné
neomezenou pam&e formé zasobniku. Obsah tohoto zasobniku ovligi@innost automatu tim, Ze vstu-
puje jako jeden z parametrll do pfechodové funkce.

Sila modelu Asobnikoweho automatu

Nejdllezitéjsi casti zasobnikového automigtjeho pamét(zasobnik). Samotny koneény automat bez
zasobniku dokaZe rozpoznavat pouze regularnikiazivnitini” konetny automat miize byt velice
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o~

jednoduchy, dokonce s jedinym stavem - dlileZitgiti je zasobnik, ktery umoziiuje automatu roraeat
bezkontextové jazyky, tedy jazyky Chomského tfidy 2.

JelikoZ se tedy pfidanim zasobniku rozSiid#jazyk, které automat umi rozpoznat, nabizi seks; zda

by se tehoz nedosahlo pfidanim dalSiho zasabmikskutecné, zasobnikovy automat se dvéma zakgbn’
ma vypocetni silu ekvivalentni Turingovu stroji,owé jednim zasobnikem miize emulovat ¢ast pasky vievo
od polohy hlavy, druhym zasobnikem pak €ast paskyavprod hlavy. O Turingovu stroji se zminim
v dal3im odstavci. Avdak dalsim pfidavanim Zasiki jiz vypocetni sila neroste.

3.3. Turinglv stroj

Turingliv stroj (Turing machine) je teoreticky model jiiaEe, popsany matematikem Alanem Turingem.
Sklada se z procesorové jednotky, tvofené konetagtomatem, programu ve tvaru pravidel pfechodové
funkce a potencialné nekonetné pasky pro zapis msteukl. Vyuziva se pro modelovani algoritmt
v teorii vycislitelnosti.

Turingliv stroj ma nékolik zakladnich viastnosti:

o musel nahradit sloZitou symboliku matematickych krokitakovém pfipadé $lo kazdou koneénou
mnozinu symbolll nahradit pouze dvéma symboly (jako je1) a prazdnou mezerou, ktera by oba
symboly oddélovala,

e Turingliv stroj ma k zapisu nekonetnou pasku ski@ilaée z bunék, do/ze kterych se symbol za-
pisuje/cte,

e nad touto paskou je mozné provadét za pomoci Clewlytoperace €teni, zapisu a posunu pasky,

e protoze je mozné symboly &ist, zapisovat nebo se pmsatpo pasce, je pro Turingliv stroj dilezity
vnitfni stav, ve kterém operaci ¢teni provadime(§ symbol a stav tak ur€uji dalsi akci a pfechod
do dalsiho stavu).

ProtoZe se chovani tohoto stroje vyviji podle tabulkgchodt, miizeme ¥ici, Ze kazdy nasledujiaidze
jednoznacné urcit na zakladé cteného symbolu a&dikiino stavu. Jeho chovani je prateterministick.

““11]ofo]ofo[1|1]o]o]o] 1]o]1]0]

t/w hlava,

stavova
tabulka

Obrazek 2:Deterministicl Turingliv stroj

Vypocet zacina tak, ze jsou na pasce ulozenatpébadata a vlastni kod programu. Hlava je pak uvedena
do stavu, ktery odpovida nacteni kddu programu aj $#o zapocne vypocet, pfechazi mezi stavy a po
skonceni vétSinou zapise vysledek. Je zfejreé&akto se chovajici model by se dal velmi dobfe pfirdvna
k funkci dnesnich potitatl. PfestoZze modernhtedogie nevidané od 30.let pokrogily, Turingliv model
mlzeme k popisu chovani potitatti pouzit beaupdnes([3].

Turingliv stroj je v mnoha smérech podobny koneénéntaraatu, ma koneény pocet stavil, ve kterych se

mUiZze nachazet, postupné pfijima jednotlivé vgtilperé dostava ze svého okoli, a reaguje na né pideim
do nového stavu. Na rozdil od konecného automatu je @hawen navic jeSté i potencialné nekonecné
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dlouhou paskou, na kterou si mlize zapisovat znaky z&upgvné dané abecedy. V kazdem okamziku je
vSak na této pasce zapsan jen konetny pocet symbakir nekonecnosti pasky, kterou si Turingliv stroj
mUZe podle potfeb posouvat, tak ma k dispozici neknéet&lkou paméfobdobné jako zasobnikovy au-
tomat). Praveé diky tomu, a na rozdil od kone¢néhomatl, je pak schopen namodelovat jakykoli vypocet,
kterého je v principu schopen kterykoli pocitac.

3.4. Petriho sié
Petriho sittmi (Petri nets) je v oznacovana $iroka tfida diskiétnimatematickych modelll (stroju),

které umoznuji opisovat specifickymi prostfedkgli€i toky a informacni zavislosti uvnitf modelovarh

systémd. Jejich historie je datovana od roku 1962, keipecky matematik C. A. Petri zavedl ve své dok-
torské disertacni praci "Kommunikation mit Automaterové koncepty popisu vzajemné zavislosti mezi
podminkami a udalostmi modelovaného systému. Pesitiovznikly za G€elem rozsifeni modelovacich

moznosti kone¢nych automatd.

Neoznatena Petriho’ g orientovany ohodnoceny bipartitni graf. Petrinbs# tedy sklada z uzll, které
jsou navzajem propojeny hranami. Oznacena Petrihovaiikne umisténim znatek (tokenl)) do mist
neoznacené Petriho sité [4].

e misto (place - miiZe obsahovat nezaporny cely potet znacek,

e prechod (ransition) - v okamziku aktivace (pfeskoku) pfechodu jsou odalrznacky ze vstupnich
mist a pfidany znacky do vystupnich mist pfechodu,

e hrana (arc) - propojuji mista a pfechody.

rristo se tnisto hez
znackoy piechod mratky
P ™ | O
—> . : > > |
T Tk
ana \\R_J hratia hrana \\__ _Jff

Obrazek 3:Prvky Pefino sité

Umisténi znacek v mistech Petriho sité pfed paktivaci (pfeskotenim) nékterého pfechodu seywaz”
pocatecni znaceni a popisuje pocatecni statesys. Vyvoj systemu je reprezentovan presunem znace
v siti na zakladé aktivace pfechodll. Kazdé nov&enareprezentuje novy stav systému.

4. VYSLEDKY A DISKUSE

4.1. Vyuziti konetného automatu pro modelowani zpétné vazby

Konetny automat (resp. sekventni stroj), je dostiysiimprostfedkem. Postacuje napfiklad pro formalni
popis vétSiny pfenosovych protokolll pouZzivanyicho&itatovych sitich. Je ovéem jen jednim z mnoha
nastrojb, které si vytvorily teoreticky orientovan@dy o pocitacich, a neni zdaleka prostfedkem nej-
silnéjSim. Existuji totiz i takové "Cinnosti” (y§octy, algoritmy), které pomoci kone€ného automadu n
modelovat nelze. Na viné je pravé omezeni dané kojmadpottem stavli automatu, ktery je diky tomu
schopen si pamatovat napfiklad jen kone¢ny pocet wisledkl (resp. konecny pocet krokli ze své

"historie”). Konecny automat napfiklad nelze pauzio namodelovani tak banalniho vypoctu, jakym je
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nasobeni dvou libovolné velkych €isel, nélgit urtité velikosti obou Einitelll by si jiz nedokakza-
pamatovat potfebné mezivysledky v tom pottu stavérékima k dispozici. Obecné Ize Fici, Ze kazdou
jednotlivou Glohu, kterou Ize FfeSit pro dana jedna dalgoritmicky, tj. pocitaci, Ize FeSit i kone€nym
automatem. Neplati to vSak o algoritmu jako takovémpiktey mél byt hromadny, tj. pracovat pro
celou, potencialné nekone€nou mnozinu danych Wotymi slovy, kazdy konkrétni algoritmicky vypet
provadény pocitacem Ize modelovat koneCnym aatierm, avSak neexistuje kone¢ny automat, kterym by
bylo mozné modelovat kazdy algoritmicky (na néjakpocitaci proveditelny) vypocet.

Jedna z vlastnosti konetného automatu, které jseninilast predeslém odstavci, tj. Ze konecny auto-
mat je schopen zapamatovat si jen konetny pocet stawéizoji jeho vyuziti pfi modelovani vyukového
systému. Je-li jadro vyukového systému tvofené porkonecného automatu, nedokaze si systém zapama-
tovat pfirozené €islo a je schopen rozlisovat pouzeskmy pocetl{) stavll. Pokud by tedy student pro
Uspésny priichod vyukovym systéemem potifebovakvjak téchto N stavli, kone€ny automat by nebyl
schopen vSechny tyto stavy uchovat. Pfi uziti kordtnautomatu pro modelovani procesu vyuky musi
byt tedy brana v potaz tato omezeni.

Pfesny matematicky dlikaz vyplyva z Nerodovy vétigrk se nejcastéji pouziva v dlikazech, Ze néjaky
jazyk neni rozpoznatelny kone€¢nym automatem. Tedyljge rozpoznatelny kone¢nym automatem tehdy
a jen tehdy, jestlize existuje ekvivalence na mnoziog,dttera je invariantni viiCi rozSiteni zprava ayh,
ktery se ma rozpoznat je sjednocenim z konecné mndtigtdle této ekvivalence. Pfesna formulace
Nerodovy véty je uvedena Z1[1] al[2]. Pokud bychom tedy Ehg@uzit konecny automat pro modelovani
vyukového systému (kurzu), bylo by potfeba nejprveetat apriorni omezeni na poéty priichodil kurzem
a pokud by student "vy&erpal” tento pocet prlichodl Zkoy byl ukonéen.

4.2. Vyuziti zasobnikoweho automatu pro modelowani zpétné vazby

Zasobnikovy automat by v elektronickém vyukovémzwbyl vhodny pro navigaci studenta pfi prlichodu
kurzem (nebbfie obecné nedeterministicky) i pro poskytovani zpléktorovi (pomoci zasobniku). Pa-
trné ale neposkytuje studentovi pfi prlichodu kurzerdypotfebnou volnost, nebahoznosti pfechodu
z daného stavu nezalezi na historii (na kontextu).

4.3. Vyuziti Turingova stroje pro modelovani zpétné vazby

Pomoci Turingova stroje Ize implementovat kazdy algous. Proto by bylo mozné pomoci Turingova
stroje implementovat také algoritmus prlichodu studetgitronickym vyukovym kurzem. Pro tento (cel
by vSak vyuziti Turingova stroje bylo prilis slo&itje proto vhodngjsi pouZit jing, jednodusSidaly,
napfiklad Petriho sité.

4.4. Vyuziti Petriho siti pro modelowani zpétné vazby
Sitovy vyukovy sysém

Dle mySlenek obsazenychiM [5]ld [6] 1ze vyukovy syst@mdelovat pomoci barevné (ohodnocené) Petriho
sité. Sibvy vyukovy systém lze definovat jako mnozinu vSechigiti, z nichz kazda tvofi urcity vyssi
logicky celek (modul, kapitolu, vyukovou lekci, apod.kazda muze byt pfipojena i k dalsi podsiti, kter”
na prezentované ucivo navazuije.

Vyukovy systém se &itvou strukturou vazeb mezi lekcemi umoziuje implemeataztahy, které jsou
soucasti prezentovaného uciva. Jednou ze zalkdagrddminek, ktera musi byt pfi implementaci spinéna
je spravna navaznost vyucované latky, nebeni vhodné vysvétlovat urcity odvozeny pojem, polstu-
dent nezna vyznam pojmu zakladniho. DalSim pringipe moznost aktivhiho zapojeni studenta, u néhoz
je zapotfebi podle povahy uciva ovéfovat teoretizk@losti nebo mu ulozit trenovani a zmechanizovani
postup.

Obycejna Petriho stinliZe byt pouzita napfiklad pro obecné modeloy@jinove sité daného predmétu. Jeli

Petriho sitpouzita jako Fidici mechanismus vyukového systéomoziiuje implementovat nejen zminéné
principy, ale i napfiklad variantni cesty vykladu netestovani, coz zmirfuje stereotypni projevy stroje
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a zvysuje vypovidaci schopnost testd.

Vyukovy systém navrzeny za pomoci barevné Petritidlge vystavét jako prazdny vyukovy systém, jgho”
naplnénim teprve ucitel urci charakter vyucovamakbo zkouseného pfedmétu.

Interpretace sité

Pfed definovanim modelu vyukového systému je nezbirterpretovat vSechny prvky barevné (ohodno-
cengé) Petriho sité vzhledem k vazbam na vyukovyesyst”

e Mista - predstavuji pozice vyukového systému, které Ieespé charakterizovat ur€itou mnozinou
zvladnutych pojml (vymezeni pojmi, které ma dapakova mnozina vysvétlit a protestovat vytvari
pfesné stanovené misto v siti).

e Pfechody - predstavuji vyukové procedury, kazdy prechod gdrjoznacné charakterizovan
vysvétlovanym pojmem (nebo mnozinou pojmd, ktera jamci systému povazovana za nedélitelny
celek a v jinych souvislostech se vzdy v jednom celku vysje).

Pro to, aby vyukovy proces mohl byt zahajen z libovélo@nista, zacina kazdy prechod testem porozumeéni
a schopnosti uzit bezprostfedné predchazeji pofo jeho Uspésném priichodu nasleduje viastnigorez
tace. Pfechod bez pfedchlidcl (kazdy jeho uzelzh@e mnoziny "pocatecnich uzll”) neobsahuije test,
ale pouze odkazy na mnozinu pojmtl, které se pokladdiiedem k danému systemu za vseobecné znamé
(napt. cilové pojmy jiné podsité). Vystup systépak tvori pfechody, z nichZ vychazeji pouze "koneov”
uzly”. Tyto uzly obsahuji pouze test, ktery ovéfuje dbeni cile podsité. Pfi vynechani prezentace fiojm
v urCité mnoziné prechodu systém pouze diagnogik&domosti studenta.

Test u pfechodu ovéfuje znalost véech bezprostiptiriichozich pojmu. Jestlize je v testu znalost aht”
pfipadé je proces vyuky/examinace presunut do uzkrykodpovida nezvladnutému pojmu. Timto postu-
pem Ize pfi Cisté examinaci z jakéhokoliv pocatdsnuzlu dospét do stavu, kdy bude oznatena mnozina
pravé téch uzll, jejichz pojmy student Gspésniadmul.

e Znacky - oznaceni stavu znazoriiuje (spésné dosazeréhdastavu, cilem priichodu systemem
(vyukového nebo examinacniho tahu) je oznateré oahoziny stavll, kterou stanovi ucitel. Podle
charakteru mnoziny skute¢né oznacenych stavi [zi elbsah zvliadnutého uiva.

Podsit sméfujici z mnoZiny uréitych vychozich staviukcittmu koncovému stavu, Ize nazvat "vyukovym

tahem”. Vyukovy tah charakterizuje samostatnou ¢astvaj kterou chce pedagog prezentovat (napr.
vyukova lekce, vyucovaci blok, jedna kapitola). D&le definovat "examinacni tah”, tj. takovy tah, jehoz

vSechny pfechody maji blokovano prezentovani pojddplitkem k tahu pfedchozimu je "prezentaénitah”,
ktery Ize definovat jako mnoZinu pfechodu, které nidgkovano testovani.

5. ZAVER

K modelovani zpétné vazby elektronického vyukow&ystému Ize vyuzit vSechny vySe jmenované
matematické modely. Vyuziti prvnich tfi z nich vssikyta cetna omezeni. Pfi pouziti konetného mnat
musime definovat jen omezeny pocet stavli (reprezenfufichody studenta kurzem) a po vy&erpani tohoto
poctu stavll kurz ukongit. Zasobnikovy automat négage studentovi pfi prlichodu kurzem potfebnou
volnost. Pomoci Turingova stroje Ize modelovat jakykadigoritmus, tedy i prlichod studenta a gen-
erovani zpétné vazby. Pro tento (cel by v8ak vydiitingova stroje bylo pfilis slozité, je proto vhojzi
pouZit jiné, jednodussi modely, napfiklad Peirgité. NejvhodngjSim typem Petriho siti pro modélu
vyukového systému jsou ohodnocené (barevné) PetitRoVyukovy systém navrzeny za pomoci barevné
Petriho sité Ize vystavét jako prazdny vyukovy €yst jehoz naplnénim teprve ucitel urCi charakter
vyucovaného nebo zkouSeného predmétu.
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