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Streszczenie

Celem rozprawy ,Formalne 1 algorytmiczne metody przetwarzania informacji
nieprecyzyjnej w systemach informatycznych” byto opracowanie oraz weryfikacja rozwigzan
umozliwiajacych przejscie od informacji nieprecyzyjnej, rozumianej szeroko jako nieostros¢,
niepetno$¢, zaszumienie lub kontekstowo$¢, do postaci formalnie okre§lonej 1 algorytmicznie
przetwarzalnej w realnych $rodowiskach obliczeniowych. Przedstawiony cykl publikacji
potwierdza, ze dla réznych postaci nieprecyzyjnosci mozliwe jest budowanie spdjnych
rozwigzan spetniajacych trzy warunki: (I) jawna formalizacja sposobu interpretacji informacji
rozumiana jako okre$lenie modelu i semantyki przetwarzania albo jednoznacznej funkcji celu,
(IT) algorytmiczna realizacja formalizacji w postaci procedury mozliwej do uruchomienia
w systemie informatycznym (np. transformacja, wnioskowanie, rekonstrukcja lub uczenie) oraz
(III) empiryczna weryfikacja jakosSci i1 kosztu przetwarzania w warunkach systemowych i/lub
eksperymentalnych.

Weryfikacje tezy sformulowanej w podrozdziale 2.2 przeprowadzono w czterech obszarach
badawczych [-IV. W obszarze I przedstawiono wykonalno$¢ zapytan rozmytych w relacyjnych
bazach danych poprzez formalizacj¢ semantyki stopniowej oraz transformacj¢ do
standardowego SQL. W obszarze II ustalono, Ze niepetna specyfikacja przebiegu procesu
przetwarzania moze zosta¢ uzupelniona przez formalny opis ustug, wnioskowanie
i rekonstrukcje planu wykonania. W obszarze III zaprezentowano mozliwos¢ redukcji
nieprecyzyjnosci wymagan projektowych przez formalizacje opisu komponentéw i regul ich
faczenia oraz dedukcyjna syntezg¢ struktury aplikacji. W obszarze IV potwierdzono, ze ten sam
schemat badawczy: formalizacja — algorytm — weryfikacja pozostaje spojny réwniez dla
innych no$nikow nieprecyzyjnosci, w tym sygnalow zewnetrznych, brakow struktury w tekscie
oraz formalizacji optymalizacyjnej prowadzacej do kompresji informacji w danych
syntetycznych. W kazdym z obszaro6w ocena obejmowata weryfikacje jakosci oraz, tam gdzie
bylo to istotne, analiz¢ kosztu obliczeniowego z uzyciem miar adekwatnych do danej domeny.

Rozprawa dostarcza spojnego ujg¢cia przetwarzania informacji nieprecyzyjnej, w ktorym
jawna semantyka lub jednoznaczna funkcja celu jest konsekwentnie przektadana na wykonalne
procedury algorytmiczne i poddawana empirycznej weryfikacji jako$ci oraz kosztu. Wkitad
wlasny autora obejmuje opracowanie metod uruchamiania semantyki stopniowej
w standardowym SQL, sformulowanie formalno-algorytmicznego przejscia od celu

uzytkownika do wykonalnego planu integracji ustug, zaproponowanie mechanizmu syntezy



struktury aplikacji w procesie projektowania oraz rozszerzenie schematu badawczego na rdzne
no$niki nieprecyzyjnosci, w tym o formalizacj¢ optymalizacyjng w uczeniu maszynowym.
Wyniki rozprawy potwierdzaja postawiong tez¢, zgodnie z ktorg formalne modele oraz
algorytmiczne metody przetwarzania informacji nieprecyzyjnej umozliwiaja skuteczne
iobliczeniowo efektywne wykorzystanie informacji niejednoznacznych, niepelnych,
zaszumionych 1 kontekstowych w systemach informatycznych, pod warunkiem jawnego
zdefiniowania semantyki przetwarzania lub funkcji celu oraz empirycznej weryfikacji jakosci

1 kosztu.

Stowa kluczowe: informacja nieprecyzyjna, formalizacja semantyki, algorytmy przetwarzania
informacji, zapytania rozmyte i transformacja do SQL, integracja ustug i plan wykonania, baza

wiedzy i wnioskowanie, formalizacja optymalizacyjna i destylacja danych
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Summary

The aim of the dissertation ‘Formal and Algorithmic Methods for Processing Imprecise
Information in Information Systems’ was to develop and validate solutions that enable
a transition from imprecise information — understood broadly as fuzziness, incompleteness,
noise, or context dependence — to a form that is formally specified and algorithmically
processable in real computational environments. The presented publication cycle confirms that,
for different manifestations of imprecision, coherent solutions can be constructed that satisfy
three conditions: (I) an explicit formalisation of how information is interpreted understood as
defining a processing model and semantics or an unambiguous objective function, (II) an
algorithmic realisation of that formalisation as an executable procedure within an information
system (e.g., transformation, inference, reconstruction, or learning) and (III) empirical
verification of processing quality and cost under system and/or experimental conditions.

The thesis formulated in Section 2.2 was verified in four research areas (I-1V). In Area I, the
feasibility of fuzzy queries in relational databases was presented by formalising graded
semantics and transforming fuzzy queries into standard SQL. In Area II, it was established that
an incomplete specification of a processing workflow can be complemented by a formal
description of services, inference, and reconstruction of an execution plan. In Area III, the
possibility of reducing imprecision in design requirements was demonstrated through
formalisation of component descriptions and composition rules, followed by deductive
synthesis of the application structure. In Area IV, it was confirmed that the same research
pattern: formalisation — algorithm — verification remains coherent for other carriers of
imprecision, including external signals, missing structure in text, and optimisation-based
formalisation leading to compression of information in synthetic data. In each area, the
evaluation included quality verification and, where relevant, analysis of computational cost
using metrics appropriate to the given domain.

The dissertation provides a coherent framework for processing imprecise information in
which explicit semantics or an unambiguous objective function is consistently translated into
executable algorithmic procedures and subjected to empirical evaluation of quality and cost.
The author’s contributions include methods for executing graded semantics in standard SQL,
a formal-and-algorithmic transition from a user goal to an executable service-integration plan,
a mechanism for synthesising application structure at the design stage, and an extension of the
research pattern to multiple carriers of imprecision, including optimisation-based formalisation

in machine learning.



The results confirm the dissertation’s thesis that formal models and algorithmic methods for
processing imprecise information enable effective and computationally efficient use of
ambiguous, incomplete, noisy, and context-dependent information in information systems,
provided that the processing semantics or objective function is explicitly defined and that

quality and cost are empirically verified.

Keywords: imprecise information, semantic formalisation, information processing algorithms,
fuzzy queries and SQL transformation, service integration and execution plan, knowledge base

and inference, optimisation-based formalisation and dataset distillation
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1.

Wykaz publikacji stanowiacych podstawe rozprawy

[1] Nowakowski G., Fuzzy queries on relational databases.

Publikacja: 2018 International Interdisciplinary PhD Workshop (IIPhDW 2018), 2018,
Institute of Electrical and Electronics Engineers, IEEE, pp. 293-299, ISBN 978-1-5386-
6143-7, doi: 10.1109/IIPHDW.2018.8388376.

Typ: publikacja konferencyjna (artykul w materiatach konferencyjnych). Rok: 2018.
MNiSW: 20 pkt. Cytowania: Scopus — 11; Google Scholar — 14.

Wklad autora rozprawy: 100%. Rola: autor korespondencyjny.

Upowszechnienie: referat konferencyjny, 8th IIPhDW 2018, 9-12.05.2018, Swinoujscie,
Polska.

Zakres wkladu: sformutowanie problemu i celu pracy; opracowanie formalnego ujgcia
zapytan rozmytych w relacyjnych bazach danych, w tym semantyki stopniowej oraz miary
dopasowania krotek; zaprojektowanie sposobu wykorzystania tej miary do filtrowania
wynikow (przekroje a) oraz ich porzadkowania wedhug stopnia speinienia warunkéw;
przygotowanie zestawu reprezentatywnych klas zapytan; przeprowadzenie oceny
wykonalnosci 1 narzutu obliczeniowego; opracowanie 1 interpretacja wynikow;
przygotowanie manuskryptu oraz prezentacja wynikéw w formie referatu na konferencji

I[TPhDW 2018.

[2] Nowakowski G., Methodology of transformation of fuzzy queries into queries in the SQL

standard.

Publikacja: IDAACS 2019: proceedings of the 2019 10th IEEE International Conference
on Intelligent Data Acquisition and Advanced Computing Systems: Technology and
Applications (IDAACS), vol. 2, 2019, Institute of Electrical and Electronics Engineers,
IEEE, pp. 674-679, ISBN 978-1-7281-4069-8, doi: 10.1109/IDAACS.2019.8924312.
Typ: publikacja konferencyjna (artykut w materiatach konferencyjnych). Rok: 2019.
MNiSW: 20 pkt. Cytowania: Web of Science — 1; Scopus — 3; Google Scholar — 5.
Wklad autora rozprawy: 100%. Rola: autor korespondencyjny.

Upowszechnienie: referat konferencyjny, IDAACS 2019, 18-21.09.2019, Metz, Francja.
Zakres wkladu: sformutowanie celu pracy jako metodyki przej$cia od zapytan rozmytych
do postaci wykonywalnej w standardowym SQL oraz opracowanie spojnego opisu dwoch
wariantow realizacyjnych, tj. realizacji po stronie DBMS oraz po stronie aplikacji,

opracowanie algorytmicznego ujecia analizy warunkow zapytania, w tym klauzuli WHERE

13



obejmujacego konstrukcje drzewa wyrazen oraz rekurencyjne wyznaczanie stopni
spelienia dla warunkéw ztozonych zgodnie z przyjeta semantyka operatoréw taczenia
(T — norma / S — norma); opracowanie czesci porownawczej i weryfikacyjnej metodyki;
przygotowanie manuskryptu oraz prezentacja wynikow w formie referatu na konferencji

IDAACS 2019.

[3] Telenyk S., Nowakowski G., Yefremov K., Khmeliuk V., Logics based application

[4]

integration for interdisciplinary scientific investigations.

Publikacja: IDAACS 2017: proceedings of the 2017 IEEE 9th International Conference
on Intelligent Data Acquisition and Advanced Computing Systems: Technology and
Applications (IDAACS), vol. 2, 2017, Institute of Electrical and Electronics Engineers,
IEEE, pp. 10261031, ISBN 978-1-5386-0697-1, doi: 10.1109/IDAACS.2017.8095241.
Typ: publikacja konferencyjna (artykut w materiatach konferencyjnych). Rok: 2017.
MNiSW: 20 pkt. Cytowania: Web of Science — 3; Scopus — 6; Google Scholar — 9.
Wklad autora rozprawy: 55%. Rola: autor korespondencyjny.

Upowszechnienie: referat konferencyjny, IDAACS 2017, 21-23.09.2017, Bukareszt,
Rumunia.

Zakres wkladu: wspoltworzenie koncepcji integracji ushug przy niepetnej specyfikacji
celu uzytkownika, w tym w =zakresie opracowania aparatu formalnego metody;
przygotowanie kluczowych elementow formalizacji (definicje, relacje oraz reguly
wnioskowania) oraz opracowanie opisu elementow algorytmicznych prowadzacych od
specyfikacji celu do konstrukcji planu wykonania, w tym mechanizmu rekonstrukcji
struktury rozwigzania na podstawie wnioskowania; przygotowanie znaczacej czg¢Sci
manuskryptu w obszarze formalizacji 1 algorytmoéw; integracja uwag wspotautordéw;
pelienie roli autora korespondencyjnego 1 koordynacja procesu publikacyjnego;
reprezentowanie zespotu oraz prezentacja wynikéw w formie referatu na konferencji

IDAACS 2017.

Nowakowski G., Telenyk S., Yefremov K., Khmeliuk V., The approach to applications
integration for World Data Center interdisciplinary scientific investigations.

Publikacja: Proceedings of the 2019 Federated Conference on Computer Science and
Information Systems (FedCSIS), Annals of Computer Science and Information Systems
(ACSIS), vol. 18, 2019, New York, Institute of Electrical and Electronics Engineers,
pp. 539-545, ISBN 978-83-955416-0-5, doi: 10.15439/2019F71.
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Typ: publikacja konferencyjna (artykul w materiatach konferencyjnych). Rok: 2019.
MNiSW: 70 pkt. Cytowania: Web of Science — 3; Scopus — 6; Google Scholar — 10.
Wklad autora rozprawy: 75%. Reola: autor korespondencyjny.

Upowszechnienie: referat konferencyjny, 14th FedCSIS 2019, 1-4.09.2019, Lipsk,
Niemcy.

Zakres wkladu: wspottworzenie koncepcji integracji aplikacji i ustug w Srodowisku
World Data System i World Data Centers (WDS/WDC), w tym doprecyzowanie problemu
oraz zatozen metody; opracowanie i opis architektury rozwigzania obejmujacej podziat na
warstwe ustug oraz warstwe orkiestracji agentowej; rozwinig¢cie formalizmu logicznego
stanowigcego podstawe wnioskowania i dedukcyjnej konstrukcji planu; przygotowanie
mechanizmu rekonstrukcji struktury rozwigzania oraz zasad wykonania planu, w tym
obslugi rozgalezien 1 fragmentéw mozliwych do uruchomienia réwnoleglego;
przygotowanie zasadnicze] cze$ci manuskryptu w obszarze formalizacji, algorytmow
1 architektury; integracja uwag wspotautorow; petnienie roli autora korespondencyjnego
1 koordynacja procesu publikacyjnego; reprezentowanie zespotu oraz prezentacja wynikoéw

w formie referatu na konferencji FedCSIS 2019.

[S] Nowakowski G., Telenyk S., Yefremov K., Khmeliuk V., Simple and flexible way
to integrate heterogeneous information systems and their services into the world data
system.

Publikacja: Journal of Automation, Mobile Robotics and Intelligent Systems (JAMRIS),
vol. 15,2021, no. 4, pp. 76-90, doi: 10.14313/JAMRIS/4-2021/29.

Typ: publikacja w czasopismie. Rok: 2022. MNiSW: 70 pkt.

Cytowania: Scopus — 1; Google Scholar — 1.

Wklad autora rozprawy: 75%. Rola: autor korespondencyjny.

Zakres wkladu: wiodacy udzial w sformulowaniu problemu i zatozen integracji
heterogenicznych systemow 1 ustug w kontekscie WDS/WDC oraz opracowanie
architektury rozwigzania; opracowanie opisu pelnej $ciezki od celu uzytkownika do
wykonania, tj. przej$cia: cel uzytkownika — wnioskowanie — plan wykonania —
wykonanie; rozwini¢cie formalizacji logicznej oraz kluczowych procedur algorytmicznych
prowadzacych do konstrukcji planu  wykonania; przygotowanie przykladu
demonstracyjnego pokazujacego rekonstrukcje struktury rozwigzania jako kompozycji

ustug oraz uruchomienie tak wyznaczonego planu zgodnie z zalezno$ciami danych;

15



(7]

przygotowanie i redakcja zasadniczej czgs$ci manuskryptu; integracja uwag wspolautorow;

koordynacja procesu publikacyjnego jako autor korespondencyjny.

[6] Telenyk S., Nowakowski G., Zharikov E., Vovk J., Conceptual foundations of the use
of formal models and methods for the rapid creation of web applications.

Publikacja: IDAACS 2019: proceedings of the 2019 10th IEEE International Conference
on Intelligent Data Acquisition and Advanced Computing Systems: Technology and
Applications (IDAACS), vol. 2, 2019, Institute of Electrical and Electronics Engineers,
IEEE, pp. 512-518, ISBN 978-1-7281-4069-8, doi: 10.1109/IDAACS.2019.8924416.
Typ: publikacja konferencyjna (artykut w materiatach konferencyjnych). Rok: 2019.
MNiSW: 20 pkt. Cytowania: Web of Science — 1; Scopus — 3; Google Scholar — 9.
Wklad autora rozprawy: 55%. Rola: autor korespondencyjny.

Upowszechnienie: referat konferencyjny, IDAACS 2019, 18-21.09.2019, Metz, Francja.
Zakres wkladu: wspottworzenie koncepcji artykutu i sposobu ujecia problemu, w tym
sformutowanie problemu badawczego, okreslenie zakresu oraz uzasadnienie przyjetych
zatozen; opracowanie formalnego ujecia przejscia od specyfikacji i wymagan do struktury
aplikacji oraz schematu wykonania i wspoéldzialania modutow, stanowigcego rdzen
zalezno$ci: formalizacja — konstrukcja rozwigzania; uzgodnienie i opis metodycznych
zasad doboru oraz taczenia komponentéw aplikacji webowej, w tym wariantu
szablonowego; przygotowanie zasadniczej czg$ci tresci artykutu; redakcja i integracja
catosci oraz dopracowanie narracji naukowej; petnienie roli autora korespondencyjnego
1 koordynacja procesu publikacyjnego; reprezentowanie zespotu oraz prezentacja wynikoéw

w formie referatu na konferencji IDAACS 2019.

Telenyk S., Nowakowski G., Gavrilenko O., Miahkyi M., Khalus O., An analysis of the
influence of famous people’s posts on social networks on the cryptocurrency exchange rate.
Publikacja: Bulletin of the Polish Academy of Sciences: Technical Sciences, vol. 72, no.
4,2024, pp. 1-9, doi: 10.24425/bpasts.2024.150117.

Typ: publikacja w czasopi$mie. Rok: 2024. MNiSW: 100 pkt.

Wskazniki bibliometryczne: Scopus CiteScore 2024 —2.7; JCR Impact Factor 2024 —1.1.
Cytowania: Web of Science — 1; Scopus — 1; Google Scholar — 4.

Wklad autora rozprawy: 55%. Rola: autor korespondencyjny.

Zakres wkladu: wiodacy udzial w sformutowaniu problemu badawczego oraz metodyki

walidacji statystycznej wplywu sygnatlu zewnetrznego (publikacji w mediach
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8]

spoteczno$ciowych) na kurs kryptowaluty; zaprojektowanie poréwnania metod
predykcyjnych (z uzyciem ATAPSN (ang. algorithm for forecasting the cryptocurrency
exchange rate taking into account posts on social networks) oraz metod klasycznych:
ARIMA (ang. autoregressive integrated moving average) i wygtadzania wyktadniczego
(ang. exponential smoothing)) oraz przygotowanie procedury oceny obejmujacej miary
btedu prognozy, korelacje Spearmana i Pearsona oraz test t— Studenta;
wspoltksztattowanie narzgdzia obliczeniowego do pozyskiwania danych i1 uruchamiania
obliczen; opracowanie zasadniczej czg$ci manuskryptu; integracja uwag wspotautorow;

koordynacja procesu publikacyjnego jako autor korespondencyjny.

Shymkovych V., Nowakowski G., Telenyk S., Joint Punctuation Restoration and Text
Capitalisation with a Hybrid XLM-RoBERTa—LSTM Model.

Publikacja: IDAACS 2025: proceedings of the 13th IEEE International Conference on
Intelligent Data Acquisition and Advanced Computing Systems (IDAACS), Vol. 1, 2025,
Institute of Electrical and Electronics Engineers, IEEE, pp. 990-997, ISBN 979-8-3315-
8045-2, doi: 10.1109/IDAACS68557.2025.11322226.

Typ: publikacja konferencyjna (artykul w materiatach konferencyjnych). Rok: 2025.
MNiSW: 20 pkt.

Wklad autora rozprawy: 55%. Rola: autor korespondencyjny.

Upowszechnienie: referat konferencyjny, IDAACS 2025, 04-06.09.2025, Gliwice,
Polska.

Zakres wkladu: wiodacy udzial w sformutowaniu problemu rekonstrukcji brakujace;j
interpunkcji 1 kapitalizacji jako nos$nika nieprecyzyjnosci w danych tekstowych oraz
okreslenie celu 1 zakresu eksperymentow; formalizacja zadania 1 metodyki oceny, w tym
ujecie problemu jako klasyfikacji tokendw w przestrzeni klas taczacych wariant
interpunkcji z informacja o kapitalizacji oraz zastosowanie masek (tokeny konca stowa
oraz tokeny wypetniajace sekwencje, padding); opracowanie sposobu raportowania
wynikéw z uwzglednieniem niezbalansowania klas, obejmujgcego metryki: accuracy,
precision, recall i F1, a takze macierz pomylek oraz tabelaryczne poréwnania wynikow
z literaturg; wspotprojektowanie architektury hybrydowej (enkoder XLM — RoBERTa,
warstwa BILSTM, klasyfikator liniowy) oraz opracowanie kluczowych elementow opisu
metody 1 interpretacji wynikow; przygotowanie zasadniczej cz¢§ci manuskryptu;

integracja uwag wspotautoréw; pehienie roli autora korespondencyjnego i koordynacja
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procesu publikacyjnego; reprezentowanie zespolu oraz prezentacja wynikéw w formie

referatu na konferencji IDAACS 2025.

[9] Gordienko Y., Nowakowski G., Kochura Y., Taran V., Stirenko S., Generative Data
Augmentation by Dataset Distillation.
Publikacja: Artificial Intelligence for Biomedical Data: First International Workshop,
AlBio 2025, Held in Conjunction with the European Conference on Artificial Intelligence,
ECAI 2025, Communications in Computer and Information Science, vol. 2696, 2026,
Cham, Springer, pp. 105-118, ISBN 978-3-032-17215-0. DOI: 10.1007/978-3-032-17216-
7 9.
Typ: publikacja konferencyjna (artykut w materiatach konferencyjnych). Rok: 2026.
MNiSW: 140 pkt.
Wklad autora rozprawy: 40%.
Upowszechnienie: referat konferencyjny, First International Workshop, AIBio 2025, Held
in Conjunction with the European Conference on Artificial Intelligence, ECAI 2025,
25-26.10.2025, Bolonia, Wtochy.
Zakres wkladu: wiodacy udzial w zdefiniowaniu problemu oraz w sformulowaniu
formalizacji optymalizacyjnej dla generatywnej augmentacji przez destylacj¢ zbioru
danych w podejsciu GDADD (ang. generative data augmentation by dataset distillation),
w ktorym formalizacja przyjmuje posta¢ jednoznacznie okreslonej funkcji celu sterujacej
konstrukcja danych syntetycznych; wiodacy udziat w ujeciu celu jako dopasowania
trajektorii uczenia DDMTT (ang. dataset distillation by matching training trajectories)
z wykorzystaniem trajektorii eksperckich jako odniesienia dla procesu destylacji;
wspotopracowanie metodyki badan i protokotu ewaluacji, w tym dobdr zbioréw danych
i scenariuszy poréwnawczych, konfiguracja parametrow oraz sposob raportowania
wynikéw; wiodagcy udzial w interpretacji rezultatbw wraz z omdéwieniem ograniczen
systemowych, takich jak koszt obliczeniowy destylacji, zalezno$¢ od jakosci trajektorii
uczenia, wrazliwo$¢ na niezbalansowanie klas oraz potencjalne obcigzenia danych;
przygotowanie znaczacej czesci manuskryptu; integracja wktadow wspotautoréw; redakcja
wersji finalnej; reprezentowanie zespotu oraz prezentacja wynikow w formie referatu na

konferencji ECAI 2025.
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2. Wstep
2.1. Motywacja i kontekst pracy

Wspotczesne systemy informatyczne coraz rzadziej operuja na danych, ktorych interpretacja
jest jednoznaczna i kompletna. W praktyce dominuja informacje nieostre (np. wyrazane
jezykiem naturalnym i obarczone nieostro$cig poj¢¢), niepetne (braki danych, luki pomiarowe),
zaszumione (bledy rejestracji, degradacja sygnatu) oraz kontekstowe (zalezne od uzytkownika,
celu 1 sytuacji). Skuteczne przetwarzanie takiej informacji wymaga podej$cia taczacego
formalizacje — tak, aby wtlasnosci istotne z punktu widzenia interpretacji i przetwarzania
(nieostro$¢, niepetnosé, zaszumienie, kontekstowos¢) byty jawnie modelowane i kontrolowalne
— oraz algorytmizacj¢ — tak, aby przetwarzanie byto wykonalne i efektywne obliczeniowo
w rzeczywistych systemach. W niniejszej rozprawie termin informacja nieprecyzyjna
rozumiany jest szeroko jako informacja, ktorej interpretacji nie da si¢ w petni opisa¢ za pomoca
predykatow dwuwarto§ciowych bez utraty istotnych aspektow znaczenia. Pojecie to obejmuje
cztery podstawowe postacie: (I) nieostro$¢ poje¢ (ang. fuzziness) typowa dla termindow
lingwistycznych, (II) niepelno$¢ (ang. incompleteness) opisu danych lub procesu,
(IIT) zaszumienie (ang. noise) wynikajace z bledow rejestracji 1 degradacji sygnatu oraz
(IV) kontekstowo$¢ (ang. context dependence) znaczenia zaleznego od uzytkownika i celu.
Przyjeta perspektywa zaktada, ze formalny opis semantyki oraz algorytmiczna realizacja nie sg
konkurencyjnymi podej$ciami, lecz komplementarnymi warunkami tworzenia rozwigzan, ktore
sg jednoczesnie interpretowalne 1 wykonalne obliczeniowo. Ten dualizm stanowi 0§ tematyczng
rozprawy , Formalne 1 algorytmiczne metody przetwarzania informacji nieprecyzyjnej
w systemach informatycznych”.

Naturalnym punktem wyjscia do rozwazan o formalnym przetwarzaniu informacji
nieprecyzyjnej sg systemy bazodanowe, poniewaz formalizm (model danych, algebra relacyjna,
logika predykatow) jest w nich szczegdlnie silnie ugruntowany [10]-[13]. Klasyczny model
relacyjny Codda stanowi fundament projektowania i teorii relacyjnych baz danych [10].
Roéwnolegle standard SQL — jako dominujacy jezyk zapytan [13], [14] — zostal sformalizowany
1jest rozwijany w postaci norm ISO/IEC, w tym w aktualnej edycji standardu (SQL:2023
/ISO/IEC 9075:2023) [15]. Zaréwno model relacyjny, jak i standardowy SQL zostaty
zaprojektowane przede wszystkim z my$la o przetwarzaniu informacji ostrych (ang. crisp).
Warunki selekcji sg oceniane logicznie (w klasycznym ujeciu: prawda/fatsz; w SQL dodatkowo
wystepuje warto§¢ UNKNOWN wynikajaca z obecnosci NULL), natomiast semantyka zapytania

SQL nie przewiduje oceny stopniowej [13], [15]. W konsekwencji klasyczne systemy
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bazodanowe nie umozliwiaja bezposredniego wyrazania preferencji uzytkownika w postaci
wymagan stopniowych, co w literaturze ujmowane jest jako problem sztywnosci (ang. rigidity)
w kontekscie elastycznego wyszukiwania [16]-[21]. Wymagania uzytkownikow sg czgsto
formutowane za pomocg predykatéw lingwistycznych (np. ,,wysoki”, ,,podobny”, ,,blisko”,
,»W przyblizeniu”, ,raczej”), ktdrych znaczenie ma charakter nieostry. Sprowadzenie ich do
predykatow dwuwartosciowych wymaga zatem przyjecia ostrych progéow decyzyjnych, czego
skutkiem moze by¢ utrata intencji zapytania [18], [22]-[24]. Zastosowanie takich progow
powoduje ponadto efekty brzegowe polegajace na tym, ze krotki (ang. tuples) o warto$ciach
nieznacznie przekraczajacych ustalong granice sa odrzucane w takim samym stopniu jak krotki
wyraznie niespelniajace kryterium, mimo ze z perspektywy uzytkownika moga nadal
odpowiadac¢ poszukiwanym cechom [1], [2], [25]. W rezultacie sztywnos¢ klasycznych zapytan
skutkuje brakiem mechanizmu réznicowania i1 porzadkowania odpowiedzi zgodnie
z preferencjami uzytkownika oraz nadwrazliwoscig na dobor progoéw, ktéra moze eliminowaé
krotki lezace blisko granicy kryterium, a w skrajnym przypadku prowadzi¢ do wyniku pustego
i wymuszacd iteracyjne dostrajanie parametrow zapytania [1], [25]. Z tego powodu w literaturze
sformutowano formalne modele reprezentacji nieostro$ci, m.in. oparte na teorii zbiorow
rozmytych [26]. Ujecie to umozliwia przejscie od logiki binarnej do opisu stopniowego poprzez
funkcje przynaleznosci i stanowi podstawe logiki rozmytej, w ktorej terminy lingwistyczne
oraz operatory logiczne interpretuje si¢ w sposob ciagly [26]-[29]. Kolejnym krokiem byto
poglebienie 1uporzadkowanie zagadnien semantyki oraz wnioskowania w warunkach
niepewnosci [16], [20]. Na gruncie baz danych doprowadzito to do powstania jezykdéw zapytan
rozmytych (ang. fuzzy query), w ktorych warunki selekcji i/lub dopasowania sg oceniane
stopniem spetnienia [25], [30] (np. z uzyciem funkcji przynaleznosci), a wyniki moga by¢
porzadkowane wedtug stopnia spelnienia warunkow zapytania w ujeciu rozmytym [18], [19],
[22]-[24], [31]. Logika rozmyta byta wielokrotnie wskazywana jako narz¢dzie zwigkszajace
elastycznos¢ jezykow zapytan do baz danych, co znajduje odzwierciedlenie w pracach m.in.
[20], [22], [24], [32]-[40].

Wisréd klasycznych propozycji wskazuje si¢ m.in. relacyjny jezyk SQLf dla zapytan
rozmytych [41], ktory stanowi przyktad formalnego rozszerzenia semantyki zapytan przy
zachowaniu relacyjnego rdzenia. W takim ujg¢ciu dopasowanie krotki do warunku nie jest juz
traktowane dychotomicznie, lecz stopniowo, a wynik zapytania mozna interpretowac jako
relacj¢ wzbogacong o atrybut opisujacy stopien spetnienia w przedziale [0,1]. Umozliwia to

porzadkowanie (rankingowanie) odpowiedzi zgodnie z preferencjami uzytkownika.
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Istotnym wyzwaniem pozostaje przetozenie formalnego opisu nieostro$ci na rozwigzanie
mozliwe do praktycznej realizacji. Dotyczy to pytania, jak realizowaé zapytania rozmyte
w systemach, ktorych rdzen opiera si¢ na standardowym SQL oraz klasycznych mechanizmach
wykonania 1 optymalizacji zapytan relacyjnych, bez modyfikacji silnika DBMS. Z tego
wzgledu w niniejszej rozprawie wyodrgbniono obszar badawczy (publikacje [1], [2]) dotyczacy
metod transformacji zapytan rozmytych rozumianych jako przeksztalcenia pozwalajace
zachowa¢ formalng semantyke zapytania nieostrego, a jednocze$nie umozliwiajace jego
wykonanie w istniejagcych systemach relacyjnych bez kosztownej przebudowy DBMS.
Uzasadnieniem takiego podej$cia jest m.in. fakt, ze w literaturze podkresla si¢ ostrozno$¢
wobec zapytan rozmytych ze wzgledu na koszt ich przetwarzania. W przeciwienstwie do
selekcji dwuwarto$ciowej wykonanie zapytania rozmytego wymaga obliczenia stopnia
spelnienia warunkow dla kazdej krotki oraz uporzadkowania wynikéw wedtug tej wartosci.
Powoduje to dodatkowy narzut obliczeniowy i etap porzadkowania, utrudniajgc tym samym
optymalizacj¢ zapytania i moze znaczaco zwigksza¢ koszt jego wykonania w poréwnaniu
z selekcja klasyczng [18], [21].

W tym kontek$cie warto zaznaczy¢, ze problematyka przetwarzania zapytan rozmytych
pozostaje aktualnym obszarem badan rozwijanym w kilku uzupehiajacych si¢ kierunkach.
Obejmuja one m.in. (I) przeglady systematyzujace, ktoére porzadkuja podejscia zaréwno do
modelowania danych rozmytych, jak i do formutowania zapytan rozmytych nad danymi
ostrymi w roznych modelach danych, wskazujac jednoczesnie trendy oraz otwarte problemy
badawcze [42]; (II) nurt zwigzany z traktowaniem zapytan rozmytych jako elementu systemow
wyszukiwania, w ktorych rekordy sa oceniane i porzadkowane wedlug stopnia spetnienia
warunkow; stopien ten jest wyznaczany na podstawie zdefiniowanych predykatéw
1 obstugiwany przez widoki, zamiast by¢ kazdorazowo liczony podczas wykonania zapytania;
upraszcza to uzycie konstrukeji rozmytych i moze skraca¢ czas odpowiedzi [43]; (III) rozwdj
formalnych modeli relacyjnych integrujacych rézne postacie niedoskonatosci informacji, takie
jak rozmyto$¢ wartosci atrybutow oraz niepewno$¢ na poziomie krotek, tj. przypisanie
rekordom prawdopodobienstwa (stopnia pewnosci) ich istnienia lub poprawnosci, co wzmacnia
podstawy teoretyczne przetwarzania zapytan rozmytych w paradygmacie relacyjnym [44] oraz
(IV) mechanizmy wspierajace zapytania rozmyte w Srodowiskach danych semi-
ustrukturyzowanych (np. JSON/NoSQL) obejmujace formalizacje oceny stopnia spelnienia
warunkow i agregacji rozmytych w jezykach zapytan, a takze meta-model mechanizméw oceny
oraz konstrukcje wspierajace ich definicje i uzycie [45]. Na tym tle metody transformacji

zapytan rozmytych do standardowego SQL przedstawione w publikacjach [1], [2] mozna
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traktowa¢ jako podejscie wykonawcze realizowane w warstwie bazy danych w oparciu
o standardowy SQL zachowujace formalng semantyke rozmytosci przy jednoczesnym
wykorzystaniu istniejacych mechanizméw wykonania i optymalizacji zapytan.

Z perspektywy implementacyjnej mozna wyrdézni¢ dwa komplementarne podejscia.
Pierwsze polega na realizacji zapytah rozmytych po stronie bazy danych. Do wyznaczania
stopni spetnienia warunkéw oraz porzadkowania wynikéw wedhug stopnia dopasowania
wykorzystuje si¢ standardowe mechanizmy DBMS, takie jak funkcje 1 procedury. Drugie
podejscie przenosi czg$¢ logiki na poziom aplikacji komunikujacej si¢ z baza, co wymaga
algorytmicznego przetwarzania warunkow zapytania oraz kontroli kosztu obliczeniowego
zwigzanego z wyznaczaniem stopni spetnienia i porzagdkowaniem odpowiedzi. W publikacjach
[1], [2] rozwini¢to metodyki 1 algorytmy transformacji zapytan rozmytych do postaci
wykonywalnej w standardowym SQL, przy zachowaniu semantyki stopniowej oraz weryfikacji
wykonalnosci 1 kosztu przetwarzania.

Inny kontekst badawczy rozprawy dotyczy integracji aplikacji i zrédel danych w systemach
informatycznych, zwlaszcza w warunkach niejednorodnosci technologicznej i semantyczne;j
[46]-[49]. W s$rodowiskach badawczych, a takze w wielu zastosowaniach przemystowych,
typowym scenariuszem jest konstruowanie procesu przetwarzania prowadzacego do uzyskania
okreslonego rezultatu, obejmujacego liczne narze¢dzia, formaty danych i ustugi, przy czym ich
dobdér oraz sposéb potaczenia nie sa zadane wprost na wejsciu. W takiej sytuacji
nieprecyzyjno$¢ ujawnia si¢ nie tylko na poziomie danych, lecz takze na poziomie opisu
procesu, m.in. w zakresie doboru ustug i ich kolejnosci. Uzytkownik okresla cel obliczeniowy
w jezyku dziedziny, opisujac oczekiwany rezultat, natomiast przeptyw pracy (ang. workflow),
rozumiany jako konkretna sekwencja krokow przetwarzania, nie jest podany 1 musi zostaé
skonstruowany przez system w postaci planu wykonania [3]-[5]. Problem ten jest szeroko
omawiany w literaturze dotyczacej kompozycji przeplywow pracy, w ktorej podkresla sig, ze
w wielu dziedzinach nadal dominuje r¢czne faczenie heterogenicznych narzedzi, a zwigkszenie
poziomu automatyzacji wymaga jawnych opisow semantycznych 1 mechanizmow
wnioskowania [46]-[50].

Ten typ nieprecyzyjno$ci ma charakter niepetnosci specyfikacji. System powinien uzupetni¢
brakujace elementy procesu poprzez wyznaczenie wykonalnego planu przy zachowaniu
poprawnosci. Z tego wzgledu uzasadnione staje si¢ zastosowanie metod formalnych, ktore
pozwalaja przejs¢ od specyfikacji celu uzytkownika do algorytmicznie skonstruowanego planu
wykonania. W ujeciu logiczno-formalnym zaproponowanym w [3]-[5] ustugi sa opisywane

jawnie za pomoca warunkoéw wstepnych 1 koncowych (ang. preconditions / postconditions)
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oraz aksjomatow wigzacych metody z danymi. Nastgpnie system realizuje wnioskowanie
prowadzace do konstrukcji dowodu, z ktorego rekonstruowany jest plan wykonania w postaci
drzewa wykonania (ang. execution tree) [3], [4]. W praktycznej realizacji plan wykonania ma
posta¢ acyklicznego grafu skierowanego (DAG, ang. directed acyclic graph), w ktorym obok
krokow sekwencyjnych moga wystgpowac operacje rozdzielania i scalania danych, co pozwala
identyfikowa¢ fragmenty mozliwe do wykonania rownolegle. Uwzglednia si¢ rowniez kontrole
ztozonosci obliczeniowej, aby ograniczy¢ przyrost liczby mozliwych rozwigzan. W tym celu
wnioskowanie jest prowadzone z wykorzystaniem abstrakcji typow (ang. typification
abstraction), dzigki czemu mozliwe jest najpierw uzyskanie struktury rozwigzania
w przestrzeni bardziej abstrakcyjnej, a nastgpnie wykorzystanie jej do sterowania
wyszukiwaniem rozwigzania szczegétowego. Takie prowadzenie dowodzenia pozwala juz na
wczesnym etapie eliminowaé nieperspektywiczne gatezie 1 ogranicza¢ koszt przeszukiwania
[4], [5]-

Warto zauwazy¢, ze we wspotczesnych podejsciach do integracji na poziomie infrastruktury
procesy obliczeniowe sg coraz cz¢$ciej traktowane jako artefakty, ktore powinny by¢ nie tylko
wykonalne, lecz takze wspotdziatajace i mozliwe do ponownego uzycia. Taki sposob myslenia
jest spdjny m.in. z koncepcja FAIR Hourglass, ktora porzadkuje wdrazanie zasad FAIR (ang.
Findable, Accessible, Interoperable, Reusable) poprzez rozroéznienie etapéw FAIRification
oraz FAIR Orchestration [51], [52]. W tym kontek$cie koresponduja rowniez publikacje
postulujagce budowe ekosystemu ustug wspierajacych przeptywy pracy zgodne z FAIR
1 traktowane jako pelnoprawne obiekty badawcze [53]-[55]. Ponadto w literaturze podkresla
si¢ rosngcg role rozwigzan agentowych w zarzadzaniu i ewolucji przeptywow pracy [56]-[58].
W rezultacie akcentuje si¢ znaczenie mechanizméw planowania, koordynacji i kontroli, ktore
pozwalaja utrzymac spojnos¢ i wykonalno$¢ procesow w heterogenicznych $rodowiskach
narzedzi 1 ushug.

Wktad obszaru badawczego I obejmujacego publikacje [3]-[5] polega na formalizacji opisu
ustug za pomocg warunkow wstepnych i koncowych oraz aksjomatéw, na dedukcyjnej
konstrukcji dowodu realizowalnosci celu uzytkownika, a nastgpnie na rekonstrukcji planu
wykonania. Ujecie to obejmuje takze mechanizm ograniczania ztozonos$ci, w ktorym
wnioskowanie prowadzi si¢ najpierw na poziomie uogoélnionym, z wykorzystaniem abstrakcji
typow, a uzyskany wynik stuzy do ukierunkowania wyszukiwania rozwigzania szczegétowego.
W efekcie nieprecyzyjnos¢ w systemie zintegrowanym dotyczy nie tylko tresci danych, lecz

takze opisu procesu i regul kojarzenia jego elementow. Zastosowanie metod formalnych
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pozwala t¢ niejednoznaczno$¢ jawnie reprezentowac oraz przetwarza¢ w sposob kontrolowany
i obliczeniowo wykonalny.

Kolejny wazny kontekst rozprawy dotyczy nieprecyzyjnos$ci ujawniajgcej si¢ na etapie
projektowania systemOw informatycznych, zwlaszcza gdy wymagania sa formulowane
w sposOb niepelny, ewoluujacy lub wieloznaczny, a czas wytworzenia rozwigzania ma
kluczowe znaczenie. W takim ujeciu informacja nieprecyzyjna nie dotyczy wylacznie danych
wejsciowych, lecz takze opisu projektowanego systemu, obejmujacego model dziedziny,
reguly biznesowe oraz zalezno$ci migdzy elementami. Opis ten musi zosta¢ sformalizowany na
tyle, aby umozliwi¢ algorytmiczne wyprowadzenie spojnej struktury aplikacji, w tym szkieletu
aplikacji webowej ztozonej z komponentéw o jawnie okreslonych wejsciach i1 wyjsciach.
Wyniki badan w obszarze badawczym III przedstawiono w publikacji [6].

W [6] skoncentrowano si¢ na skroceniu procesu przejscia od niepelnej specyfikacji
uzytkownika do spdjnej konstrukcji rozwigzania poprzez przyjecie standardowej architektury
aplikacji webowych oraz formalny dobor jej komponentoéw zgodnie z wymaganiami.
Projektowanie jest w tym ujeciu traktowane jako proces formalny, poniewaz skonstruowanie
rozwigzania odpowiada wyprowadzeniu opisu okreslajagcego sposob dziatania i wspoétdziatania
modutéow systemu. Jest to zatem przejscie od niepelnej specyfikacji do jednoznacznie
zdefiniowanej struktury aplikacji, ktora moze stanowi¢ podstawe implementacji [6]. Formalny
opis wspiera przy tym automatyczne zestawianie warstw aplikacji oraz wykorzystanie
gotowych szablondw i1 wzorcow projektowych typowych dla aplikacji webowych [6]. Na
poziomie inZynierii oprogramowania podejscie to wpisuje si¢ w szerszy nurt modelowania
1 automatyzacji wytwarzania aplikacji webowych [59]-[62]. W publikacji [6] przyjeto
zatozenie, ze formalizacja nie pelni wytacznie funkcji opisowej, lecz ma charakter operacyjny,
poniewaz umozliwia dobor i integracje komponentow systemu w spojng catos¢, a tym samym
stanowi podstawe algorytmicznej syntezy rozwigzania. W takim ujgciu nieprecyzyjnosé
wymagan nie jest eliminowana heurystycznie, lecz redukowana poprzez kontrolowany
mechanizm formalny, ktory wspiera przejscie od specyfikacji do artefaktoéw projektowych
1 implementacyjnych.

Perspektywa przedstawiona w [6] znajduje potwierdzenie w nowszych badaniach, w ktérych
zwraca si¢ uwage na systemowy charakter nieprecyzyjnosci specyfikacji. W obszarze inzynierii
wymagan akcentuje si¢ to, ze metody formalne realizowane w postaci narzedzi wspierajacych
analiz¢ pozwalajg wczesniej wykrywacé typowe defekty specyfikacji, takie jak niespojnosci,
sprzecznos$ci czy niedookreslenia i dzigki temu ogranicza¢ ryzyko kosztownych poprawek na

péznych etapach wytwarzania [63]-[65]. Systematyczne przeglady w obszarze inzynierii
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aplikacji webowych pokazuja ponadto, Ze automatyzacja projektowania oraz generowanie
artefaktow implementacyjnych pozostaja aktywnym kierunkiem badan, a jako najczesciej
wskazywane korzys$ci raportuje si¢ wzrost produktywnos$ci 1 usprawnienie procesu
wytworczego [66]-[68]. Tendencja ta obejmuje takze wspodtczesne, ztozone domeny, w tym
srodowiska chmurowe i Internet Rzeczy, w ktérych projektowanie jest uyymowane jako proces
iteracyjnego identyfikowania i doprecyzowywania wymagan, a cz¢$¢ informacji potrzebnej do
poprawnej konstrukcji rozwigzania musi zosta¢ uzupetniona na etapie konfiguracji, poniewaz
nie wynika bezposrednio z samego modelu [69]-[71]. W tym sensie wktad [6] traktujacy
formalizacj¢ jako mechanizm operacyjny wspierajacy przej$cie od niepelnej specyfikacji do
jednoznacznej struktury rozwigzania, pozostaje spojny z aktualnymi kierunkami badan.

W szerszym kontekScie wspoiczesnej informatyki coraz wigksze znaczenie ma
przetwarzanie informacji pochodzacej ze zrddet nieustrukturyzowanych oraz sygnatéw
posrednich, ktore sa trudne do jednoznacznej interpretacji, ale moga mie¢ wysoka warto$¢
decyzyjna. Informacje dostgpne w Internecie sg czesto zaszumione, a ich uzyteczno$¢ zalezy
od zdolnosci systemu do szybkiej selekcji 1 analizy tresci istotnych dla danego problemu. Jak
pokazano w [7] na przyktadzie analizy wptywu publikacji w mediach spotecznosciowych na
zjawiska ekonomiczne, istotne jest szybkie uwzglednienie tego sygnalu informacyjnego,
poniewaz oddziatywanie informacji zewnetrznej bywa krotkotrwate. Jednoczesnie zachodzi
ono réwnolegle z wieloma innymi bodzcami, dlatego obserwowany efekt zalezy od aktualne;j
sytuacji rynkowej 1 informacyjnej, utrudniajgc tym samym jednoznaczng interpretacje [7].
W tym ujeciu nieprecyzyjno$¢ ma posta¢ sygnatu kontekstowego, ktorego znaczenie wymaga
formalizacji umozliwiajacej jego algorytmiczne wykorzystanie, a nast¢pnie empirycznej oceny
wplywu na wynik prognozy [7].

Perspektywa ta jest spdjna ze wspotczesnymi kierunkami badan, tym samym [7] wpisuje si¢
w ten nurt, ujmujac sygnaty z mediow spotecznosciowych jako krétkookresowe impulsy
informacyjne, ktorym moga towarzyszy¢ wzrosty zmiennosci i inne reakcje rynku. W centrum
uwagi pozostaja m.in. wyznaczenie horyzontu czasowego oddziatywania, odporno$¢ wnioskdéw
na szum oraz uwzglednianie czynnikéw zakldcajacych. Literatura ostatnich lat wskazuje na
dwa uzupelniajace si¢ kierunki badan. Pierwszy obejmuje analiz¢ wplywu aktywnosci
pojedynczych, silnie oddziatujacych kont na rynki kryptowalut [72]-[74]. Drugi dotyczy
rozwoju systeméw wspomagania decyzji i prognozowania, ktére tacza sygnaty z mediéw
spotecznosciowych i serwisOw informacyjnych [75]-[77]. Rownolegle podejmowane s3 takze
prace przegladowe porzadkujace metody integracji danych finansowych, on-chain oraz

tekstowych w zadaniach predykcyjnych [78]-[80].
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W  przetwarzaniu j¢zyka naturalnego (NLP, ang. natural language processing)
nieprecyzyjnos¢ w wielu przypadkach wynika z niepelnej struktury tekstu. Dotyczy to
zwlaszcza transkrypcji mowy oraz tresci tworzonych przez uzytkownikow, w ktorych czesto
brakuje interpunkcji i wielkich liter. W efekcie tekst jest trudniejszy zar6wno do czytania, jak
1 do dalszego automatycznego przetwarzania. W takim ujeciu celem jest odtworzenie
brakujacych elementow struktury, czyli automatyczne przywrocenie interpunkcji i kapitalizacji
[81]. Zadanie mozna formalnie opisa¢ jako etykietowanie sekwencji, w ktérym dla kazdego
tokenu model przewiduje etykiete okreslajaca, czy po danym tokenie powinien wystapi¢ znak
interpunkcyjny oraz czy token powinien rozpoczynac si¢ wielka literg. W procesie uczenia
1 oceny nalezy poming¢ tokeny techniczne, takie jak wypelnienie sekwencji (ang. padding) oraz
znaczniki specjalne, aby modele byly trenowane i oceniane wylacznie na fragmentach
niosacych tresc.

Oba przyktady pokazuja, ze nieprecyzyjnos¢ nie ogranicza si¢ do klasycznej nieostrosci
rozmytej. Moze ona wynika¢ z kontekstowos$ci sygnatow zewnetrznych 1 krotkotrwatos$ci ich
wplywu, a takze z brakow strukturalnych w danych jezykowych, takich jak brak interpunkcji
i kapitalizacji. Z perspektywy niniejszej rozprawy istotne jest, ze rowniez w takich zadaniach
realizuje si¢ ten sam schemat badawczy obejmujacy formalizacje problemu, ujecie
algorytmiczne oraz empiryczng weryfikacje skuteczno$ci proponowanego rozwiazania [7], [8].

Watek ten jest konsekwentnie rozwijany w literaturze ostatnich lat, w tym w pracach
powstatych w zblizonym okresie do [8], w ktorych rekonstrukcje interpunkeji i kapitalizacji
traktuje si¢ jako etap normalizacji 1 ustrukturyzowania tekstu przed dalszym przetwarzaniem
[82]-[87]. Rekonstrukcja ta bywa ujmowana jako modut postprocessingu w tancuchach
rozpoznawania mowy [86], [87] oraz jako etap przygotowania tekstu pochodzacego z domen
nieformalnych, takich jak wpisy uzytkownikow [84], [85], gdzie brak tych elementow
strukturalnych jest zjawiskiem czestym. Prace te wskazuja na dominacj¢ podejs¢ opartych na
transformerach [82]-[87], jednocze$nie akcentujac aspekty istotne z punktu widzenia wdrozen.
Po pierwsze, w scenariuszach strumieniowych kluczowe sag wymagania wydajnosciowe i niskie
opoznienie, co prowadzi do poszukiwania rozwigzan o niskim koszcie obliczeniowym
1 dziatajacych online [86], [87]. Po drugie, ocena jakosci powinna uwzglednia¢ nierbwnowage
klas oraz trudno$¢ predykeji rzadkich znakéw interpunkcyjnych, poniewaz te czynniki silnie
wplywaja na interpretacj¢ wynikoéw w praktyce [82]—[87].

Wspdlczesne systemy oparte na uczeniu maszynowym wprowadzaja dodatkowy wymiar
nieprecyzyjnosci. Informacja o zjawisku jest pozyskiwana posrednio, na podstawie danych

empirycznych, a zbiér treningowy stanowi jedynie przyblizenie tego zjawiska 1 moze
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odzwierciedla¢ szum, ograniczong liczb¢ danych, nierdownowage klas oraz obcigzenia
wynikajace z procesu pozyskiwania i uczenia. Jednoczes$nie rosngce koszty obliczeniowe
1 pami¢ciowe uczenia glebokiego sprzyjaja metodom, ktore pozwalaja kompresowac
informacj¢ zawarta w danych, przy zachowaniu jako$ci generalizacji. W publikacji [9]
rozpatrzono w tym kontek$cie podejscie GDADD oparte na destylacji zbioru danych
1 generowaniu danych syntetycznych, w ktérym formalizacja ma charakter optymalizacyjny.
Zbior syntetyczny wyznacza si¢ tak, aby uczenie modelu na danych syntetycznych prowadzito
do przebiegu mozliwie zblizonego do uczenia na danych rzeczywistych, rozumianego jako
sekwencja kolejnych stanow modelu (trajektoria w przestrzeni parametrow). Cel ten jest
formalizowany przez kryterium dopasowania trajektorii uczenia DDMTT. W tym ujeciu wiedza
nie jest zapisana w postaci regut lub semantyki logicznej, lecz jest utrwalona posrednio
w danych syntetycznych, a proces jej ,,kompresji” jest sterowany jednoznacznie zdefiniowana
funkcja celu. Podejscie to jest spdjne z teza niniejszej rozprawy, poniewaz réwniez tutaj
realizowany jest schemat badawczy: formalizacja — algorytm — weryfikacja empiryczna.
Formalizacja przyjmuje postac celu optymalizacji, na jej podstawie konstruowany jest algorytm
destylacji, a skutecznos$¢ rozwigzania jest oceniana eksperymentalnie na r6znych zbiorach
danych, z uwzglednieniem kosztéw obliczeniowych i ograniczen systemowych.

Zagadnienie destylacji okreslane rowniez jako kondensacja zbiorow danych, stanowi
obecnie aktywny 1 szybko rozwijany kierunek badan [88]-[92]. Kluczowe znaczenie ma w nim
precyzyjne zdefiniowanie celu kompresji informacji oraz zaprojektowanie stabilnej procedury
optymalizacji, ktora pozwala ograniczy¢ koszt uczenia przy zachowaniu jakosci generalizacji
na nowych danych [92]. W literaturze rozwijane sa podejscia, w ktorych zbior danych
syntetycznych jest konstruowany poprzez bezposrednig optymalizacje tak, aby mozliwie
szybko przybliza¢ efekt treningu na danych rzeczywistych [88], jak i metody wzmacniajace
stabilno$¢ procesu przez dopasowanie przebiegdw uczenia rozumianych jako trajektorie
treningu [93], lub przez wiaczenie rézniczkowalnych mechanizméw augmentacji do petli
optymalizacyjnej [94]. Rownolegle powstaja przeglady porzadkujace warianty metod, ich
zatozenia oraz ograniczenia, takie jak stabilno$¢ optymalizacji, zalezno§¢ od architektury
1 mozliwos¢ transferu miedzy zadaniami [92]. W tym konteks$cie publikacja [9] odnosi si¢ do
uksztattowanego stanu badan i rozwija podejscie oparte na destylacji danych oraz generowaniu
zbioru syntetycznego.

Podsumowujac, przedstawiony cykl publikacji mozna uja¢ w cztery uzupetniajace sie
obszary badawcze. Obejmuja one: (I) formalizacj¢ nieostrosci w danych i zapytaniach oraz

transformacje¢ zapytan nieprecyzyjnych do postaci wykonywalnej w SQL, (II) formalno-
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algorytmiczng konstrukcje plandéw integracji ustug przy niepeinej specyfikacji celu, (III)
formalizacje nieprecyzyjnej specyfikacji i wymagan na etapie projektowania w modelach
wspierajacych szybkie tworzenie aplikacji oraz (IV) rozszerzenia obejmujgce inne no$niki
nieprecyzyjnosci, takie jak informacja zewngtrzna, niepetno$¢ struktury danych jezykowych
oraz posrednia reprezentacja empiryczna w danych syntetycznych. Obszar IV pehi role
weryfikacyjna, pokazujac, ze przyjety w rozprawie schemat badawczy: formalizacja —
algorytm — weryfikacja pozostaje zasadny rowniez poza klasycznymi zapytaniami rozmytymi
1 przeplywami pracy.

Motywacje do napisania niniejszej rozprawy stanowil fakt, ze w wielu typach systemow
informatycznych, od relacyjnych baz danych, przez platformy integracyjne i $rodowiska
ustlugowe, po analityke informacji zewnetrznej i systemy oparte na uczeniu maszynowym,
informacja nieprecyzyjna jest reguta, a nie wyjatkiem. Kluczowym wyzwaniem nie jest samo
dopuszczenie nieprecyzyjnosci, lecz zaprojektowanie metod, ktore formalizujg jej znaczenie,
na przyklad przez logike, modele semantyczne, jawne reguty lub jednoznacznie zdefiniowane
cele optymalizacji oraz dostarczajg algorytméw mozliwych do implementacji i oceny
w realnych srodowiskach obliczeniowych, takich jak standardowe systemy zarzadzania bazg
danych oraz systemy integracji oparte na ustugach i agentach. Wymaga to takze uwzglednienia
jakosci wynikow, kosztu obliczeniowego oraz interpretowalnosci.

W takim ujeciu przedstawiony cykl publikacji stanowi spdjny wktad naukowy w rozwdj
formalnych i algorytmicznych metod przetwarzania informacji nieprecyzyjnej w systemach

informatycznych.
2.2. Celei teza pracy

Przedmiotem rozprawy sg formalne i algorytmiczne metody przetwarzania informacji
nieprecyzyjnej w systemach informatycznych. Definicje informacji nieprecyzyjnej
przedstawiono w podrozdziale 2.1. Przyjeto takie ujgcie nieprecyzyjnosci, w ktorym semantyka
informacji jest jawnie okre$lona w modelu, przetwarzanie jest wykonalne w realnych
srodowiskach obliczeniowych, a jako$¢ ikoszt przetwarzania podlegaja weryfikacji
empirycznej. Z tego wynika potaczenie perspektywy formalnej (modele, reguty i semantyka)
z perspektywa algorytmiczng (transformacje, procedury wykonania oraz kontrola ztozonosci
1 kosztu).

Weryfikacje tezy przeprowadzono w czterech obszarach badawczych (I-1V)

odpowiadajacych cyklowi publikacji przedstawionych syntetycznie w rozdziale trzecim.
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Obejmuja one: (I) zapytania rozmyte w relacyjnych bazach danych i1 ich wykonanie
w srodowisku SQL [1], [2], (I) integracje heterogenicznych ustug przy niepeinej specyfikacji
celu uzytkownika [3]-[5], (III) formalizacj¢ nieprecyzyjnej specyfikacji na etapie
projektowania oraz dedukcyjna synteza struktury aplikacji [6] oraz (IV) rozszerzenia
obejmujace inne no$niki nieprecyzyjnosci, takie jak informacja zewnetrzna, braki strukturalne
w tekscie oraz formalizacja optymalizacyjna prowadzaca do kompresji informacji w danych
syntetycznych [7]-[9].

Cel glowny zaklada opracowanie oraz empiryczng weryfikacje formalnych
i algorytmicznych metod przetwarzania informacji nieprecyzyjnej w  systemach
informatycznych. Metody te majg zapewnia¢ przetwarzanie skuteczne i kontrolowane, oparte
na jawnie zdefiniowanej semantyce, wykonalne w praktycznych srodowiskach obliczeniowych

oraz umozliwiajace empiryczng ocen¢ jakosci 1 kosztu przetwarzania.

Cele szczegolowe:

C1. Formalizacja semantyki zapytan rozmytych w relacyjnych bazach danych poprzez takie
ujecie warunkow zapytania, aby klasyczng selekcje dwuwartosciowa zastapi¢ semantyka
stopniowa oraz uzyska¢ wynik interpretowalny i mozliwy do uporzadkowania wedtug
stopnia spetnienia warunkow.

C2. Opracowanie metodyk i1 algorytméw transformacji zapytan rozmytych do postaci
wykonywalnej w standardowym SQL w taki sposob, aby formalna semantyka zapytania
mogla by¢ realizowana w istniejacych systemach relacyjnych bez ingerencji w ich rdzen,
z zachowaniem przeno$nos$ci rozwigzania migdzy systemami DBMS oraz wykonalnos$ci
obliczeniowej (kontroli kosztu).

C3. Opracowanie formalno-algorytmicznego podejscia do integracji heterogenicznych ustug
1zrodel danych przy niepelnej specyfikacji celu uzytkownika, w ktéorym system na
podstawie formalnych opisow ustlug i mechanizmu wnioskowania konstruuje plan
wykonania w postaci drzewa wykonania, z uwzglgednieniem ograniczen zlozonoSci
wyszukiwania i kompozycji.

C4. Ujecie nieprecyzyjnosci specyfikacji na etapie projektowania oraz skrocenie drogi od
modelu do implementacji poprzez wykazanie, ze formalizacja wymagan umozliwia
dedukcyjne wyprowadzenie (syntezg) spojnej struktury aplikacji, w tym aplikacji
webowej, a tym samym ogranicza skutki niepelnych 1 ewoluujacych wymagan przy

zachowaniu kontroli semantycznej rozwigzania.
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CS. Weryfikacja zakresu stosowalno$ci schematu: formalizacja — algorytm — weryfikacja dla
innych no$nikow nieprecyzyjnosci poprzez wykazanie, ze podejscie pozostaje zasadne
rowniez wtedy, gdy nieprecyzyjno$¢ wynika z sygnatow zewnetrznych (kontekstowosci
1 krotkotrwato$ci oddzialywania), z brakéw struktury w teks$cie, ktore wymagaja
rekonstrukcji oraz z formalizacji optymalizacyjnej prowadzacej do kompresji informacji

w danych syntetycznych.

Teza rozprawy

Formalne modele oraz algorytmiczne metody przetwarzania informacji nieprecyzyjnej
umozliwiajga wykonalng obliczeniowo, skuteczng i kontrolowang integracje oraz analiz¢ danych
niepetnych, zaszumionych i niejednoznacznych w systemach informatycznych, pod warunkiem
jednoznacznego okreslenia semantyki oraz empirycznej weryfikacji jakosci 1 kosztu

przetwarzania.

2.3. Zawartos$¢ rozprawy

Niniejsza rozprawa doktorska ma forme cyklu publikacji. Obejmuje streszczenie w jezyku
polskim i angielskim, cze$¢ syntetyczna prezentujaca uzyskane wyniki, czgs¢ zrodlowa
zawierajacg pelne teksty publikacji oraz cze$¢ uzupetniajaca, w ktorej zamieszczono wykaz
literatury, spis tabel 1 wymagane o$wiadczenia. Zasadnicza cze$¢ rozprawy sklada si¢ z pieciu
rozdziatow, ktérych krotki opis przedstawiono ponize;.

Rozdzial 1. Wykaz publikacji stanowiacych podstawe rozprawy — przedstawia liste
publikacji wchodzacych w sktad cyklu wraz z danymi bibliograficznymi, informacja
o wktadzie autora oraz wybranymi wskaznikami bibliometrycznymi i punktacja ministerialng.
Rozdzial 2. Wstep — przedstawia motywacje i kontekst pracy, cele i tezg rozprawy oraz opis
jej zawartosci.

Rozdzial 3. Prace badawcze — stanowi czg$¢ syntetyczng i przedstawia wyniki badan
zaprezentowane w publikacjach [1]-[9] sktadajacych si¢ na cykl w uktadzie czterech obszaréw
badawczych I-1V. Zawiera rowniez pozycjonowanie wybranych wynikéw na tle literatury
w obszarze | (podrozdziat 3.1.7) oraz w obszarze IV (podrozdziat 3.4.4).

Rozdzial 4. Teksty publikacji stanowiacych podstawe rozprawy — zawiera petne teksty
publikacji wchodzacych w sktad cyklu.

Rozdzial 5. Podsumowanie — przedstawia przekrojowe podsumowanie rozprawy
w odniesieniu do celow i tezy, w tym oryginalne elementy rozprawy, ograniczenia

przedstawionych rozwigzan, koncowe wnioski oraz kierunki dalszych badan.

30



3. Prace badawcze

W Rozdziale 3 przedstawiono opis badan zaprezentowany w publikacjach [1]-[9], ktore
tworza spdjny cykl. Wyodrebniono cztery obszary badawcze obejmujace rdézne nosniki
1 poziomy wystepowania nieprecyzyjnosci w systemach informatycznych. W kazdym
zZ obszardw zastosowano t¢ samg $ciezke badawcza: (I) sformutowanie problemu i jego
formalizacje, w tym jawne okreslenie semantyki, (I) opracowanie metody lub algorytmu wraz
z realizacja wykonalng w realnym $rodowisku obliczeniowym oraz (III) empiryczng
weryfikacje jakosci 1 kosztu przetwarzania. Taki uklad pozwala zestawi¢ cele CI1-C5
z rezultatami uzyskanymi w czterech obszarach oraz poréwnywaé przyjete rozwigzania
w roznych kontekstach zastosowan.

Przekrojowe podsumowanie wynikow, wyodrebnienie oryginalnych elementéw rozprawy,

ograniczen oraz kierunkow dalszych badan przedstawiono w Rozdziale 5.

3.1. Obszar I: Nieprecyzyjnos¢ w danych i w zapytaniach relacyjnych — zapytania

rozmyte oraz ich wykonanie i transformacja do SQL

Kryteria wyszukiwania formulowane przez uzytkownikow maja czgsto charakter nieostry,
natomiast relacyjny model danych i1 standardowy SQL operuja warunkami ostrymi, czyli
dwuwartosciowymi. W konsekwencji uzytkownik jest zmuszony do jednoznacznego
doprecyzowania poje¢ takich jak fani, nowy, wysoki lub podobny poprzez dobdr progow
1 zakresow wartosci. Prowadzi to do efektow brzegowych, na przyktad arbitralnego odrzucenia
krotek minimalnie przekraczajacych préog oraz do ryzyka uzyskania wyniku pustego albo
wyniku o ograniczonej uzytecznos$ci, co wymusza iteracyjne modyfikowanie warunkéw
zapytania.

Zapytania rozmyte (ang. fuzzy query) stanowig odpowiedz na t¢ sprzecznos$¢, poniewaz
pozwalajg przenies¢ nieostro$¢ z poziomu jezyka naturalnego do formalnej reprezentacji, na
przyktad w postaci zbioréw rozmytych i funkcji przynalezno$ci, a nastepnie przetwarzaé ja
algorytmicznie w $rodowisku relacyjnym. Dzigki temu warunki zapytania moga by¢ spetniane
w réznym stopniu, a wynik moze by¢ interpretowany oraz porzadkowany wedtug stopnia
spetnienia warunkow rozumianego jako miara dopasowania do kryteriow uzytkownika.

W polskiej literaturze spotyka si¢ rézne okreslenia odnoszace si¢ do zapytah formutowanych
z uzyciem aparatu logiki rozmytej (m.in. zapytania nieprecyzyjne, zapytania rozmyte).
W niniejszej rozprawie przyjeto termin zapytanie rozmyte jako odpowiednik angielskiego fuzzy
query, natomiast okreslenie zapytanie nieprecyzyjne traktowane jest jako pojecie nadrzgdne,

obejmujace szersza klase zjawisk nieprecyzyjnosci.
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Obszar badawczy I opiera si¢ na wynikach przedstawionych w [1], [2] i koncentruje si¢ na
sformalizowaniu semantyki stopniowej warunkow rozmytych w zapytaniach relacyjnych oraz
na metodyce ich realizacji w standardowym SQL, w tym na algorytmach wyznaczania stopni
spelnienia dla warunkoéw prostych 1 ztozonych oraz na transformacji zapytania do postaci

wykonywalne;.
3.1.1. Formalizacja zapytan rozmytych i stopnia spelnienia warunkow

W przedstawionej formalizacji warunek zapytania wyrazony terminem lingwistycznym jest
modelowany jako zbior rozmyty opisany funkcja przynaleznosci. Dopasowanie krotki do
warunku nie ma charakteru dychotomicznego (spetnia / nie spelnia), lecz jest wyrazane
stopniem spetnienia w przedziale [0,1]. W przypadku warunkéw ztozonych stopnie czastkowe
sg agregowane operatorami odpowiadajagcymi spojnikom logicznym. Wykorzystuje si¢ przy
tym operatory agregacji zdefiniowane na bazie T —normai S —norm [95]-[101], dzi¢ki
czemu mozliwe jest zachowanie spojnej semantyki konstrukcji AND 1 OR oraz precyzyjne
zdefiniowanie operacji negacji dla NOT. Wybor konkretnej T — normy 1 odpowiadajacej jej
S —normy (np. MIN/MAX lub PROD i suma algebraiczna) determinuje sposob agregacji
stopni spelnienia w warunkach ztozonych. Tak zdefiniowana semantyka stopniowa prowadzi
do dwoch podstawowych mechanizmow uzytkowych. Pierwszym jest porzagdkowanie wynikow
wedlug stopnia spelnienia warunkow, drugim ograniczanie zbioru wynikowego przez
zastosowanie przekrojow a, czyli przyj¢cia minimalnego wymaganego stopnia spelnienia
warunkow.

Na poziomie wykonania zapytania istotne jest, by semantyka ta byla nie tylko formalnie
poprawna, lecz takze jednoznacznie interpretowalna w kontekscie relacji wynikowej. Dlatego
wynik zapytania jest traktowany jako relacja wzbogacona o jawnie wyznaczang miar¢
dopasowania, na przyktad atrybut FUZZY_DEGREE [1], [2], [25], ktora moze by¢ nastepnie

wykorzystywana zaréwno do filtrowania, jak i do porzadkowania odpowiedzi.
3.1.2. Reprezentacja terminow lingwistycznych w relacyjnej bazie danych

Aby umozliwi¢ praktyczne wykonywanie zapytan rozmytych w systemie relacyjnym,
terminy lingwistyczne powigzano z reprezentacja danych mozliwg do przechowywania
w tabelach. Parametry funkcji przynaleznosci, na przyktad funkcji trapezowej, s3
przechowywane w tabelach metadanych. Umozliwia to jednoznaczne wigzanie termindw

z konkretnymi atrybutami relacji oraz zarzadzanie ich definicjami (modyfikacje 1 ponowne
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wykorzystanie) w oparciu o standardowe mechanizmy DBMS, takie jak tabele, zapytania SQL
i kontrola uprawnien.

W implementacji referencyjnej funkcje przynaleznosci zaimplementowano w jezyku
PL/SQL w $rodowisku Oracle Database 11g Express Edition (Oracle 11g XE). W tym samym
srodowisku przeprowadzono wykonanie zapytan oraz pomiary czasu. Wynik zapytania
wzbogacono o jawnie wyznaczang miar¢ dopasowania (np. atrybut FUZZY_DEGREE), ktora jest
dalej wykorzystywana do filtrowania i porzadkowania odpowiedzi.

W takim ujeciu stownik termindéw lingwistycznych stanowi formalne powigzanie mi¢dzy
sposobem formutowania potrzeb informacyjnych przez uzytkownika a semantyka
obliczeniowa realizowana w systemie. Umozliwia on takze kontrolowang parametryzacje
znaczen. To samo pojecie moze by¢ roznie zdefiniowane w zalezno$ci od kontekstu dziedziny
lub preferencji uzytkownika, co sprzyja adaptacji semantyki zapytan w zastosowaniach

praktycznych. Szczegoty implementacyjne przedstawiono w [1], [2].

3.1.3. Transformacja zapytan rozmytych do postaci wykonywalnej

w standardowym SQL

Kluczowym problemem systemowym jest przejscie od formalnego opisu nieostrosci do
rozwigzania, ktore moze zosta¢ wykonane w istniejacym Srodowisku relacyjnym, czyli
w systemie realizujacym standardowy SQL wraz z typowymi mechanizmami wykonania
1 optymalizacji zapytan. W ramach obszaru I przedstawiono metodyki transformacji, ktore
sprowadzaja konstrukcje rozmyte do postaci wyrazen SQL wykonywalnych bez ingerencji
w rdzen systemu zarzadzania baza danych, przy zachowaniu jednoznacznej interpretacji
semantyki stopniowe;.

W ujeciu ogdélnym transformacja polega na jawnym obliczaniu wartosci funkcji
przynaleznosci dla atrybutow wystepujacych w warunkach lingwistycznych oraz na
wyznaczeniu miary dopasowania krotki i jej propagacji w warunkach ztozonych. Spojniki
logiczne s3 odwzorowywane na operacje agregujace stopnie spelnienia zgodnie z przyjeta para
operatorow T — normy i S — normy. Dodatkowo zbidér wynikowy moze zosta¢ ograniczony
przez zastosowanie przekrojow a, czyli przyjecie minimalnego wymaganego stopnia
spelnienia, a wyznaczona miara dopasowania jest nastgpnie wykorzystywana do
porzadkowania wynikow zapytania.

Zakres transformacji obejmuje réwniez konstrukcje zwigzane z grupowaniem i agregacja.

Rozpatrzono rozmyte odpowiedniki wybranych agregatow 1 sformutowano ich definicje.
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Niech G oznacza zbioér krotek tworzacych rozpatrywang grupe (np. po GROUP BY), a dla
kazdej krotki t € G niech u(t) € [0,1] oznacza stopien spelnienia warunku rozmytego przez
t (w implementacji wyznaczany jako miara dopasowania, np. atrybut FUZZY_DEGREE).

Rozmyte zliczanie definiuje si¢ jako sume stopni spetnienia:

FUZZY_COUNT(G) = Yec n(t) (1)

Z (1) wynika, ze wartos¢ zliczania nie musi by¢ liczba catkowita, poniewaz wktad kazdej krotki
jest proporcjonalny do stopnia spetnienia warunku.
Rozmyta $rednig warto$ci atrybutu x definiuje si¢ jako $rednig wazong, w ktorej wagami sg

stopnie spelnienia:

FUZZY_AVG(G,x) = % o

Z roéwnania (2) wynika, ze wkiad krotek do wartosci FUZZY_AVG jest wazony stopniem
spetnienia p(t): krotki o wyzszym p(t) majg wigkszy udzial w wyniku, natomiast krotki

o niskim u(t) sg uwzgledniane w mniejszym stopniu.
3.1.4. Dwa warianty realizacji transformacji w DBMS i po stronie aplikacji

W celu zapewnienia wykonalno$ci w zrdéznicowanych srodowiskach przedstawiono dwa
komplementarne warianty realizacji transformacji zapytan rozmytych. Pierwszy wariant
zaktada realizacje po stronie systemu zarzadzania bazg danych (DBMS). W tym ujeciu
obliczanie stopni spetnienia oraz elementy transformacji s3 wykonywane w bazie danych
z wykorzystaniem programowalnych mechanizméw DBMS, tj. zdefiniowanych w bazie
funkcji 1 procedur sktadowanych. Rozwigzanie to pozwala wykonywac obliczenia
w bezposrednim sasiedztwie danych oraz korzysta¢ z natywnych mechanizméw wykonania
1 optymalizacji zapytan relacyjnych. Drugi wariant zaklada realizacj¢ po stronie aplikacji
komunikujacej si¢ z baza danych. W tym przypadku czgs$¢ logiki zwigzanej z interpretacja
1 przeksztatceniem zapytania jest wykonywana poza DBMS; dotyczy to zwlaszcza warunkow
w klauzuli WHERE. Warunki te sg najpierw rozktadane na elementy sktadniowe (operandy,
operatory i nawiasy), a nastepnie przeksztatcane do postaci umozliwiajacej konstrukcje drzewa
wyrazen z wykorzystaniem algorytmu stosowego, tj. procedury opartej na stosie,
uwzgledniajacej priorytety operatorow i1 nawiasy. Nastepnie redukcja jest prowadzona
z zachowaniem przyjetych operatoréw rozmytych, tj. T — norm i S — norm, zapewniajac tym

samym spojne wyznaczanie stopnia spetnienia dla warunkow ztozonych zgodnie ze strukturg
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drzewa, np. w sposob rekurencyjny. W efekcie uzyskuje si¢ jednoznaczng postaé zapytania
wykonywalng w SQL.

Oba warianty realizuja t¢ samg ide¢ polegajaca na przejsciu od formalnego opisu nieostrosci
do algorytméw 1 struktur umozliwiajacych wykonanie zapytania w praktycznym $rodowisku
obliczeniowym. Roznig si¢ jednak miejscem realizacji obliczen i wynikajacymi z tego
konsekwencjami. Dotyczg one zaleznosci od konkretnego DBMS i dostepnych mechanizméw
rozszerzen oraz rozktadu kosztu obliczeniowego pomiedzy serwerem bazy danych a warstwa
aplikacyjna. Obejmuja takze koszt komunikacji aplikacja — DBMS w scenariuszach
wymagajacych  dodatkowych przeliczen oraz tatwo$¢ zastosowania rozwigzania

w srodowiskach heterogenicznych, w ktérych mozliwos$ci rozszerzania DBMS sg ograniczone.
3.1.5. Weryfikacja wykonalnoSci i kosztu obliczeniowego

Weryfikacje w obszarze I przeprowadzono na zestawie reprezentatywnych klas zapytan
rozmytych obejmujacych warunki lingwistyczne, warunki zlozone oraz przypadki
wykorzystujace grupowanie i agregacje. Dla tych klas wykazano mozliwos$¢ uzyskania postaci
wykonywalnej w standardowym SQL, w ktorej stopien spetnienia warunkow jest wyznaczany
jawnie 1 moze by¢ wykorzystywany zaréwno do ograniczania zbioru wynikowego
z zastosowaniem przekrojow «a, jak i do porzadkowania odpowiedzi wedlug stopnia spetnienia.

Roéwnolegle przeprowadzono ocene kosztu obliczeniowego w funkcji rosnacej ztozonosci
zapytan oraz rosnacej skali danych. Analiza obejmowata wptyw liczby i1 typu warunkéw
rozmytych, w tym warunkow opartych na rozktadach mozliwosci i relacjach podobienstwa,
a takze wplyw struktury warunkow ztozonych, w ktorych stopnie spetlienia agregowano
zgodnie z przyjeta parg operatorow T —normy i S —normy. W eksperymentach przyjeto
wariant odpowiadajacy operatorom MIN/MAX dla koniunkcji 1 alternatywy. Uzyskane wyniki
potwierdzaja, ze narzut zwigzany z wyznaczaniem stopni spelnienia oraz ich agregacja jest
mierzalny i mozliwy do kontrolowania w ramach przyjetej metody transformacji, przy
zachowaniu wykonalno$ci w $rodowisku relacyjnym. Dla zapytan o rosnacej ztozonosci,
uruchamianych na 1000 rekordow w $§rodowisku Oracle 11g XE, czasy wykonania miescity si¢
w zakresie 8—54 ms, a analiza skalowalno$ci przy zmianie liczby rekordow od 10 do 1000
potwierdzita przewidywalny wzrost kosztu wraz z rozmiarem danych.

Warto podkresli¢, ze celem eksperymentéw byta ocena narzutu i trendéw kosztu
wynikajacych z transformacji oraz z przyjetej semantyki stopniowej, a nie porOwnawcza ocena
wydajnosci réznych systemow bazodanowych. Szczegotowa konfiguracje eksperymentdéw oraz

zestawy zapytan testowych przedstawiono w publikacjach [1], [2].
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3.1.6. Wyniki I obszaru badawczego

W obszarze I uzyskano spojne ujecie, w ktorym nieostros¢ (rozmytos$¢) warunkéw zapytan
relacyjnych zostata formalnie zdefiniowana w postaci semantyki stopniowej, a nastepnie
przelozona na algorytmiczne procedury pozwalajagce uzyskaé posta¢é wykonywalng
w standardowym SQL. Przedstawiono odtwarzalng metodyke transformacji zapytan rozmytych
do zapytan SQL obejmujaca zasady wyznaczania stopni spetnienia dla warunkéw prostych
1 ztozonych oraz ich propagacji w zapytaniu, z zachowaniem jawnej interpretacji wyniku.

Wynik zapytania moze by¢ traktowany jako relacja wzbogacona o miar¢ dopasowania,
umozliwiajac zaréwno filtrowanie odpowiedzi przez przekroje a, jak 1 porzadkowanie
wynikow wedlug stopnia spelnienia. Ponadto wskazano mozliwo$¢ objecia transformacja
wybranych konstrukcji grupowania 1 agregacji poprzez zdefiniowanie rozmytych
odpowiednikow agregatow (m.in. (1) FUZZY_COUNT 1 (2) FUZZY_AVG) oraz wskazanie ich
jednoznacznej realizacji w standardowym SQL jako operacji wykorzystujacych stopnie
spetnienia.

Istotnym rezultatem jest wyrdznienie dwoch uzupeilniajacych sie¢ wariantow realizacji
transformacji. Pierwszy zaktada wykonanie obliczen po stronie DBMS z wykorzystaniem
programowalnych mechanizméw systemu, tj. zdefiniowanych w bazie funkcji 1 procedur
sktadowanych. W drugim wariancie warunki zapytania s przetwarzane algorytmicznie
w warstwie aplikacyjnej (rozklad na elementy sktadniowe oraz procedura oparta na stosie
prowadzaca do konstrukcji drzewa wyrazen), co umozliwia uzyskanie jednoznacznej postaci
zapytania wykonywalnej w SQL oraz spojne wyznaczanie stopnia spetnienia dla warunkow
ztozonych.

Weryfikacja empiryczna potwierdzita, ze transformacja zapytan rozmytych do postaci
wykonywalnej w standardowym SQL moze by¢ realizowana w relacyjnym s$rodowisku
bazodanowym. W badaniach oszacowano narzut obliczeniowy wynikajacy z wyznaczania
1 agregowania stopni spetnienia, analizujgc go wraz ze wzrostem ztozonosci zapytan oraz skali
danych. Wyniki pokazuja, Ze przetwarzanie informacji nieprecyzyjnej w relacyjnych systemach
bazodanowych moze by¢ realizowane bez modyfikacji rdzenia DBMS, przy zachowaniu
interpretowalnosci odpowiedzi dzigki jawnie zdefiniowanej semantyce stopniowe;.

Na tle prac dotyczacych elastycznego wyszukiwania w relacyjnych bazach danych
w obszarze | akcent potozono na wykonanie zapytan rozmytych w standardowym SQL, tj. bez

ingerencji w silnik DBMS, przy zachowaniu formalnie okre§lonej semantyki. Zestawienie
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porownawcze podejs¢ oraz syntetyczne umiejscowienie wktadu obszaru I przedstawiono
w Tabeli 3.1.1 oraz w Tabeli 3.1.2.
Wyniki obszaru I opublikowano w [1], [2], natomiast ograniczenia rozwigzan oraz kierunki

dalszych badan omowiono w Rozdziale 5.
3.1.7. Pozycjonowanie wynikow obszaru I na tle literatury

Zestawienie funkcjonalne (Tabela 3.1.1) propozycji z literatury dotyczacych zapytan
rozmytych w relacyjnych bazach danych pokazuje, ze wiele elementéw funkcjonalnosci, takich
jak wyznaczanie stopnia spetnienia, rozktady mozliwosci czy operatory pordwnan rozmytych,
bylo obecnych od dziesigcioleci. Jednocze$nie poréwnanie wskazuje czgsty rozdzwiek miedzy
zakresem deklarowanej funkcjonalno$ci a mozliwoscig jej realizacji w praktycznym
srodowisku relacyjnym. W tym kontekscie ostatnia kolumna tabeli stanowi syntetyczne ujecie
wktadu [1], [2] w obszar I oraz identyfikuje, ktore elementy opisywane na poziomie modeli

zostaly przelozone na posta¢ wykonywalng w standardowym SQL.

Tabela 3.1.1. Poréwnanie funkcjonalne wybranych podejs¢ do zapytan rozmytych w relacyjnych bazach danych

Praca / podejscie |
[32] | [102] | [103] | [37] | [104] | [41] | [105] | [1], [2]
Obstuga danych skalarnych v v v v v v v v

Obstuga danych ztozonych v v
(nieskalarnych)

v
Relacja podobiefistwa v - v
v

Model

Rozktady mozliwosci -
Stopien spetnienia na poziomie
atrybutu
Stopien spetnienia na poziomie
krotki (rekordu)

Modyfikatory rozmyte - - v - -

IR NN RN
|
&
&
<]«

&
<
&

Kwantyfikatory rozmyte - - -

NN
|

&
I
<
<

Operatory porownania rozmyte
Grupowanie rozmyte (GROUP BY) | — - - - -
Ztaczenia rozmyte (fuzzy joins) -

NININENENIEN

Przechowywanie danych rozmytych

<«

Zapytania rozmyte

ANENEANEA
ANENEANEA
SIS
|
SIS

Rozszerzenia SQL - - _

Zestawienie potwierdza, ze zaproponowane podejscie nie polega na wprowadzeniu nowych
poje¢ do modelu rozmytego, lecz na domknieciu $ciezki: formalizacja — wykonanie
w warunkach ograniczen praktycznych. Kluczowe jest tu utrzymanie jawnej interpretacji
stopnia spelnienia w wyniku oraz mozliwo$¢ realizacji zapytania w standardowym $rodowisku

SQL, bez modyfikacji rdzenia DBMS.
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Tabela 3.1.2. Typologia podejs$¢ do realizacji zapytan rozmytych

Praca / podejscie ”ljyp : Oparte na Zakres’ Kluczowe zagadnienia
rozwiazania SQL zapytan
SEQUEL, jezyk . L .
Zapy(tilﬁ oz rjnqy t};] ch jezyk _ zapytania terminy lingwistyczne
[106] proste (warto$ci lingwistyczne)
FQUERY III+,
prototypowy system/ _ zapytania kwantyfikatory
system zapytan prototyp proste lingwistyczne
rozmytych [107]
rf)’zzgziys;)w}tlaﬁ procesor/ _ zapytania klasteryzacja rozmyta
Frjozmy tych Fly 08] prototyp proste Z progowaniem
_ spojniki logiczne, zdania
[2) z(;if Oep.acrzcr;a koncepcja _ zapytania rozmyte z kwantyfikacja,
Su e}riltoj [109] formalna proste operator dzielenia relacji
& rozmytych
konstrukcje jezykowe
FQL, jezyk zapytan Tk _ zapytania obejmujace modyfikacje,
rozmytych [110] ey proste kompozycje, kwantyfikacje,
kwalifikacje
. . predykaty rozmyte,
a ngl;t;’ ()Jz@rflyﬁ ch rons Z}rllz(e/:nie v zapytania kwantyfikatory, ograniczenia
Py [41] yy SQL proste rozmyte, ztaczenia rozmyte,
operatory rozmyte
. . terminy lingwistyczne,
FQUFfRY’ Jezyk Jezyk/ . zapytania relacje rozmyte,
zapytan rozmytych | rozszerzenie v
[111] SQL proste kwantyfikatory
lingwistyczne
. . etykiety lingwistyczne,
a Ffa(r%];:)Jz anlylt( ch I‘OZJS Zz}rlzkénie v zapytania komparatory rozmyte, progi
Py [112] Y SQL proste spetnienia, kwalifikatory,
warto$ci rozmyte
Soft-SQL, jezyk jezyk/ sapvtania predykaty lingwistyczne,
zapytah rozmytych | rozszerzenie v pr}(,)s te kwantyfikatory
[113] SQL P lingwistyczne
Bipolarno$é . . . —
W teorii mozliwosci koncepcja _ zapytania zapytania z.p.referenCJam1 .
[114] formalna zlozone negatywnymi i pozytywnymi
Preferencje koncepcja/ zapytania podejscia 110§q1owc? (oceny
rozmvte [115 del v e punktowe) i jako$ciowe
yte [115] mode zlozone . it
(relacje preferencji)
Transformacja jawna semantyka
Zapvtan stopniowa, parametry
L . funkcji przynaleznos$ci
rozmytych do zapytania .
standardowego proste oraz W tabelach, propagacja
SOL oraz metodyka, wybrane i akumulacja stopnia
wvkonanie algorytmy v elzmen ¢ spelnienia, redefinicja
- 2 wykonawcze Y agregatow, dobor
w relacyjnym zapytan operatorow laczenia
DBMS bez zlozonych p 4

ingerencji w rdzen

(11, [2]

(T-normy i S-normy),
wykonalnosé i koszt
w czystym SQL
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Uzupetnieniem pordéwnania funkcjonalnego jest zestawienie typologiczne (Tabela 3.1.2),
ktore porzadkuje propozycje z literatury wedtug strategii realizacji zapytan rozmytych. Pozwala
ono odrozni¢ rozwigzania skoncentrowane na rozszerzeniach jezyka i1 prototypowych
procesorach zapytan od tych akcentujacych mechanizm ewaluacji, w tym progi akceptacji
(przekroje ) oraz porzadkowanie wynikow.

W ostatnim wierszu tej tabeli ujeto syntetycznie wkiad [1], [2] w obszar I, pokazujac, ze
zapytania rozmyte zostaly sprowadzone do postaci wykonywalnej w standardowym SQL
w relacyjnym DBMS bez ingerencji w rdzen, przy zachowaniu jawnej semantyki stopniowej
oraz z uwzglednieniem mechanizmow takich jak propagacja stopnia spelnienia, redefinicja
agregatéw 1 dobor operatoréw taczenia (T — normy / S — normy).

Wynik typologii wspiera teze, ze o zastosowalnosci zapytan rozmytych decyduje nie tylko
ekspresyjno$¢ formalizmu, ale przede wszystkim mozliwo$¢ jego realizacji w typowym
srodowisku relacyjnym oraz kontrola kosztu wykonania. Z tego wzgledu w [1], [2] priorytetem
jest transformacja do standardowego SQL oraz wykazanie wykonalno$ci i narzutu

obliczeniowego w eksperymencie.

3.2. Obszar II: Nieprecyzyjnos¢ na poziomie celu uzytkownika - integracja

heterogenicznych ustug

Obszar badawczy II dotyczy klas probleméw, w ktérych zrodiem nieprecyzyjnosci nie sg
same dane (jak w przypadku zapytan rozmytych), lecz niepetno$¢ specyfikacji procesu
przetwarzania. Uzytkownik potrafi okres$li¢, jaki rezultat chce uzyska¢ (cel obliczeniowy
wyrazony w jezyku dziedziny), natomiast nie dysponuje wiedza, w jaki sposob ustali¢
sekwencj¢ krokéw przetwarzania (przeplyw pracy, ang. workflow) oraz dobra¢ narzgdzia,
ustugi i zrodta danych w §rodowisku heterogenicznym. W konsekwencji dobor komponentéw
oraz ich kompozycja nie sg zadane jawnie na wej$ciu 1 musza zosta¢ wyznaczone w sposob
systematyczny, z zachowaniem poprawnosci i wykonalnos$ci procesu.

Problem ten jest szczegdlnie widoczny w zastosowaniach interdyscyplinarnych
realizowanych w ekosystemie World Data System oraz o$rodkow World Data Center, gdzie
wspolistnieja rozproszone aplikacje, ustugi i zasoby danych o zréznicowanych formatach,
interfejsach i protokotach. W takich warunkach reczne konstruowanie przepltywu pracy staje
si¢ istotng bariera dla uzytkownika-badacza, ograniczajac mozliwos¢ efektywnego
wykorzystania dostepnych zasobow 1 narzedzi w ramach jednego spdjnego procesu

obliczeniowego.
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Aby temu zaradzi¢, system konstruuje plan wykonania w postaci drzewa wykonania (ang.
execution tree), ktore w realizacji ma posta¢ acyklicznego grafu skierowanego (DAG, ang.
directed acyclic graph). W tej strukturze obok krokéw sekwencyjnych moga wystepowac
operacje rozdzielania i scalania danych, dzigki czemu mozliwe jest wskazanie fragmentdw,
ktore moga by¢ wykonywane rownolegle.

W obszarze badawczym I, rozwinigtym w publikacjach [3]-[5], przedstawiono metodyke
przejscia od celu uzytkownika do wykonalnego planu integracji ustug (przeptywu pracy)
poprzez formalny opis ustug w bazie wiedzy, wnioskowanie prowadzace do konstrukcji

dowodu oraz rekonstrukcje planu wykonania.

3.2.1. Formalizacja celu uzytkownika i uslug, baza wiedzy oraz warunki wst¢pne

i koncowe

Punktem wyjscia w przyjetej metodyce jest zalozenie, ze brak jawnie okre§lonego przebiegu
procesu przetwarzania (przeptywu pracy) mozna kompensowaé poprzez formalng
reprezentacje wiedzy o ustugach oraz o celu uzytkownika. Kazda ustuga jest opisywana jako
metoda o okres§lonych warunkach wstepnych 1 koncowych (ang. preconditions/
postconditions). Analogicznie formalizowany jest problem uzytkownika, tj. oczekiwane
przejscie od stanu wejsciowego do stanu docelowego.

Formalizm oparto na klauzulowej logice pierwszego rzgdu wykorzystujacej klauzule Horna
(ang. horn clauses), co pozwala sprowadzi¢ kompozycj¢ ustug do zadania wnioskowania
w bazie wiedzy. W notacji stosowanej w [3]-[5] wykorzystuje si¢ specyfikatory opisujace
konstrukcje uzywane w formutach logicznych, metody (ustugi) wraz z ich warunkami
wstepnymi 1 koncowymi oraz specyfikacje celu uzytkownika. Zalezno$ci miedzy metodami
idanymi sg zapisywane w postaci klauzul, ktére stanowig podstawe dalszego dowodzenia
wykonalnosci celu.

Baza wiedzy jest dodatkowo wspierana warstwg ontologiczng. Opisy ustug i zrodet danych
moga by¢ wyrazone w standardach OWL/RDF, co porzadkuje semantyke poje¢ dziedzinowych
1 yjednolica opisy w Srodowisku heterogenicznym. W tym ujg¢ciu warstwa ta dostarcza spojnej
terminologii, natomiast klauzule 1 reguly wnioskowania umozliwiaja algorytmiczne

konstruowanie planu wykonania.
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3.2.2. Algorytmiczne przetwarzanie, wnioskowanie i konstrukcja dowodu jako

kompozycji

System generuje odpowiedz na zapytanie uzytkownika poprzez konstrukcje dowodu, ktory
formalnie wskazuje, jak zestawi¢ dostgpne ustugi, aby przej$¢ od stanu poczatkowego, tj.
zestawu spelnionych warunkéw wstepnych oraz dostgpnych zasobéw do oczekiwanego
rezultatu opisanego jako warunek koncowy. Mechanizm wnioskowania opiera si¢ na metodzie
m — rezolucji (ang. m-resolution) oraz jej wariancie uporzgdkowanejliniowej m —
rezolucji (ang. ordered linear m-resolution). Strategia ta operuje na m-klauzulach
rozumianych jako multizbiory literatéw (dopuszczajacych powtodrzenia), w ktorej dowod
powstaje jako sekwencja krokéw unifikacji i redukeji prowadzaca od sformutowanego celu do
warunkow poczatkowych [3]-[5]. Zastosowanie wariantu uporzagdkowanego narzuca strategie
doboru regul w kolejnych krokach dowodzenia, ograniczajac liczbg alternatywnych $ciezek
wnioskowania i utatwiajac implementacj¢ mechanizmu planowania w systemie integracyjnym.

Uzyskany dowdd reprezentuje kompozycje ustug. Okresla, ktore aksjomaty 1 metody nalezy
zastosowac oraz w jakiej zaleznos$ci, aby uzyskac stan spetniajacy cel uzytkownika. Dowod
petni w tym ujeciu rolg reprezentacji posredniej, z ktdrej nastepnie rekonstruowany jest plan
wykonania.

Kontrola kosztu obliczeniowego stanowi odrebne wyzwanie. Wraz ze wzrostem liczby
dostepnych ustug i mozliwych podstawien ro$nie liczba alternatywnych $ciezek dowodzenia,
co moze istotnie wydluza¢ czas znajdowania rozwigzania. Aby temu przeciwdzialaé,
zastosowano selektywne sterowanie przeszukiwaniem, w tym mechanizm oparty na abstrakcji
typodw (ang. typification abstraction). W pierwszym etapie wnioskowanie jest prowadzone na
poziomie uogodlnionych typow (klas poje¢), a dopiero potem zawezane do instancji
szczegotowych. Pozwala to weze$niej odrzuca¢ kierunki nieprowadzace do celu i ograniczac
koszt wnioskowania w przestrzeni rozwigzan. Wynikiem wnioskowania nie jest jedynie
odpowiedz ,wykonalny / niewykonalny”, lecz dowdd, ktory stanowi podstawe do
algorytmicznej rekonstrukcji struktury rozwigzania w kolejnych etapach. W ten sposob
weryfikacja obejmuje zar6wno poprawno$¢ konstrukeji rozwigzania (dowodd i rekonstrukcja
planu), jak i kontrole kosztu obliczeniowego przez mechanizmy ograniczania ztozonosci

przeszukiwania.
3.2.3. Rekonstrukcja planu wykonania, od dowodu do rozwiazania

Sam dowod logiczny nie jest jeszcze planem wykonania w sensie systemowym. Kluczowym

elementem jest zatem rekonstrukcja struktury rozwigzania (ang. solution tree recovery), czyli
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algorytmiczne przeksztatcenie dowodu w plan wykonania w postaci drzewa. Drzewo to mozna
interpretowac jako acykliczny graf skierowany (DAG) opisujacy wykonalng integracje ustug.
Wezly planu odpowiadaja uslugom (metodom) oraz operacjom przeksztalcen danych.
Uwzgledniane s3 réwniez operacje rozdzielania i scalania strumieni danych, co pozwala
modelowa¢ fragmenty wykonywane rownolegle pomigdzy etapami rozgat¢zienia i ponownego
polaczenia.

Oznacza to przejscie od specyfikacji celu uzytkownika, w ktorej nie jest podany jawnie
okreslony przebieg procesu przetwarzania (przeptyw pracy), do planu wykonania
realizowanego jako uporzadkowany zestaw wywolan ustug uzupetlniony o posrednie

transformacje danych i potencjalng rownolegto$¢ wybranych fragmentow.
3.2.4. Aspekt systemowy, architektura integracji i warstwa wykonawcza

Rozwigzanie osadzono w architekturze dwupoziomowej obejmujacej warstwe ustug
bazowych oraz warstwe inteligentnych agentéw petnigcych role orkiestratorow. Agenci
odpowiadaja za interpretacje celu uzytkownika, konstrukcj¢ dowodu, rekonstrukcj¢ planu
wykonania oraz uruchomienie przebiegu procesu przetwarzania w srodowisku integracyjnym.

W warstwie integracyjnej przyjeto rozwigzania typowe dla architektury zorientowanej na
ustugi SOA (ang. Service-Oriented Architecture), w tym rejestracj¢ 1 odkrywanie ustug UDDI
(ang. Universal Description, Discovery and Integration), opis interfejsow WSDL (ang. Web
Services Description Language), komunikacje SOAP (ang. Simple Object Access Protocol) oraz
orkiestracjc BPEL (ang. Business Process Execution Language). Do realizacji warstwy
agentowe] wykorzystano platforme¢ JADE (ang. Java Agent DEvelopment Framework).
Warstwa wykonawcza rozdziela poziom specyfikacji od poziomu realizacji i wspiera przejscie
od celu uzytkownika, przez plan wykonania, do uruchomienia ztozonego procesu opartego na
ustugach.

Takie ujecie wigze czgs$¢ formalng i algorytmiczng. Formalne opisy ustug w bazie wiedzy
(warunki wstepne i koncowe oraz aksjomaty) sa bezposrednio wykorzystywane przez
algorytmy wnioskowania i rekonstrukcji planu, a wynik jest realizowany w systemie

przeznaczonym do pracy w srodowisku heterogenicznym.
3.2.5. Weryfikacja: demonstracja przejscia od celu do planu wykonania

Weryfikacja polega na wykazaniu, ze uzytkownik moze opisa¢ problem w jezyku dziedziny,
bez jawnego okreslenia przebiegu procesu przetwarzania (przeptywu pracy), a system potrafi

automatycznie skonstruowac plan wykonania jako kompozycje ustug prowadzacg do uzyskania
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wyniku. Studium przypadku przeprowadzono dla scenariusza analizy wskaznikoéw zagrozen
oraz bezpieczenstwa zycia w wybranych regionach Ukrainy. Mechanizm wnioskowania
najpierw konstruuje dowodd realizowalnosci celu, a nastgpnie na jego podstawie
rekonstruowany jest plan wykonania w postaci drzewa wykonania w mechanizmie
rekonstrukcji struktury rozwigzania. Struktura ta ma posta¢ acyklicznego grafu skierowanego
(DAG). Wykonanie polega na wywotywaniu ustug zgodnie z zalezno$ciami danych
1 kolejno$cig wynikajaca z planu, z uwzglednieniem fragmentéw mozliwych do uruchomienia
réwnolegle pomigdzy etapami rozdzielania i scalania danych. W publikacji [5] zaprezentowano
przyktadowy rezultat rekonstrukcji w postaci wyznaczonej sekwencji wywotan ustug
(§1,S2,S5,57,56,59), gdzie S; oznacza ushuge/metode opisang formalnie przez pare
warunkow wstepnych 1 koncowych w notacji uzytej [5], przy czym gatezie po rozdzieleniu

danych moga by¢ wykonywane réwnolegle do momentu ich scalenia.
3.2.6. Wyniki II obszaru badawczego

Wyniki obszaru badawczego II stanowig spojne ujecie, w ktérym nieprecyzyjnos$c
spowodowana niepelng specyfikacja przebiegu procesu przetwarzania (przeplywu pracy) jest
domknigta w schemacie: formalizacja — wnioskowanie — plan wykonania — wykonanie.
Uzytkownik okresla cel w kategoriach dziedzinowych, natomiast system uzupeinia brakujaca
cze$¢ specyfikacji poprzez automatyczng konstrukcje wykonalnego planu integracji uslug
w srodowisku heterogenicznym.

Formalny rdzen rozwigzania polega na jawnym opisie ustug i problemu uzytkownika
w bazie wiedzy. Ustugi sa3 modelowane przez warunki wstgpne i koncowe oraz aksjomaty
w postaci klauzul Horna, dzigki czemu kompozycja ustug zostaje sprowadzona do zadania
dowodzenia twierdzen. Warstwa algorytmiczna realizuje to zadanie poprzez wnioskowanie
oparte na metodzie m — rezolucji oraz jej wariancie — uporzadkowanejliniowej m —
rezolucji — prowadzac tym samym do konstrukcji formalnego dowodu realizowalnosci
postawionego celu.

Rezultatem metodycznym jest wykazanie, Zze dowod moze zosta¢ przeksztalcony
w jednoznaczny artefakt wykonawczy. Zastosowany mechanizm rekonstrukcji struktury
rozwigzania wyznacza plan wykonania w postaci drzewa wykonania, ktore ma postaé
skierowanego grafu acyklicznego (DAG). W strukturze tej wyrdznia si¢ wezty odpowiadajace
metodom/ustugom oraz operacjom przetwarzania danych, w tym rozdzielaniu i scalaniu

strumieni. Umozliwia to identyfikacj¢ fragmentéw mozliwych do uruchomienia rownolegle.
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Wyniki obejmuja rowniez aspekt zlozono$ci. Zastosowano selektywne sterowanie
przeszukiwaniem z wykorzystaniem abstrakcji typow. Najpierw wnioskowanie odbywa si¢ na
poziomie uogdlnionych typow poje¢ powigzanych z ontologia, a dopiero w kolejnym kroku
rozwigzanie jest uszczegdtawiane do poziomu predykatéw i instancji ustug. Oznacza to
zawezenie zbioru rozpatrywanych aksjomatow i ustug do tych zgodnych typowo z wymaganym
formatem danych, zanim zostang rozwazone szczegdlowe podstawienia. Jezeli w trakcie
konstrukcji dowodu dla danego kroku istnieje kilka zgodnych aksjomatow, mechanizm buduje
réwnolegte warianty dowodu generujac tym samym zbidr alternatywnych kompozycji o roznej
dhugosci i ztozono$ci. Nastgpnie wybierany jest wariant o najmniejszej liczbie wierzchotkow
(trojek) oraz o najmniejszej liczbie uzytych aksjomatow, natomiast warianty dtuzsze, cykliczne
lub prowadzace do $lepych zakonczen sg odrzucane.

Na poziomie systemowym rozwigzanie osadzono w architekturze SOA oraz w warstwie
agentowej (JADE), co pozwala realizowac przejscie od celu, przez plan, do uruchomienia ustug
zgodnie z zalezno$ciami danych i kolejnos$ciag wynikajacg z planu. W warstwie agentowe;]
wyrdzniono agenta nadrzgdnego odpowiedzialnego za przetwarzanie zapytania uzytkownika
w oparciu o baz¢ wiedzy (aksjomaty i reguly wnioskowania) oraz agentéw poziomu
uslugowego odpowiedzialnych za wyszukiwanie dostepnych ustug i1 zasobow oraz
uruchamianie planu. Przeptyw realizacji obejmuje powigzanie opiséw ustug (np. z rejestru
1 opisu interfejsow) z odpowiadajacymi im aksjomatami w bazie wiedzy, konstrukcje dowodu
realizowalnosci celu, rekonstrukcje drzewa wykonania na podstawie dowodu, a nastgpnie
wywolywanie ustug zgodnie z zalezno$ciami danych, z uwzglednieniem rozdzielania i scalania
strumieni.

Weryfikacja zostala przedstawiona na przykladzie studium przypadku analizy wskaznikow
zagrozen 1 bezpieczenstwa zycia w regionach Ukrainy; w publikacji [5] zaprezentowano
przyktadowy rezultat rekonstrukcji w postaci sekwencji wywotan ustug (S1, S2, S5,S7, S6,S9),
gdzie S; oznacza usluge/metod¢ opisang formalnie przez par¢ warunkdéw wstepnych
i koncowych, akolejno$¢ realizacji wynika z zalezno$ci danych pomigdzy warunkami
koncowymi poprzednikow a warunkami wstepnymi nastepcoOw, z mozliwoscig réwnolegtego
wykonania galezi pomigdzy etapami rozdzielania i scalania danych.

Wyniki obszaru badawczego II opublikowano w pracach [3]-[5], natomiast ograniczenia

rozwigzan oraz kierunki dalszych badanh oméwiono w Rozdziale 5.
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3.3. Obszar I1I: Nieprecyzyjnos¢ specyfikacji na etapie projektowania systemow

Obszar badawczy III dotyczy nieprecyzyjnosci ujawniajacej si¢ przed implementacja,
podczas definiowania wymagan oraz specyfikacji projektowej. W tworzeniu aplikacji
webowych wymagania sa czesto formutowane na wysokim poziomie ogodlnosci, bywaja
niepelne i ewoluuja w czasie, a ich interpretacja zalezy od kontekstu dziedziny, przyjetego stylu
architektonicznego oraz dostgpnych komponentoéw. W rezultacie nieprecyzyjno$¢ ma w tym
obszarze charakter semantyczno-projektowy. Oznacza to, ze nie istnieje prosta, jednoznaczna
reguta odwzorowania pozwalajaca bezposrednio przej$¢ od opisu potrzeb uzytkownika do
doboru komponentéw systemu oraz ich konfiguracji. Rgczne przetozenie wymagan na spdjna
strukture aplikacji bywa kosztowne, czasochtonne i podatne na niespojnosci, zwlaszcza gdy
specyfikacja jest iteracyjnie modyfikowana w trakcie projektu.

W publikacji [6] redukcja tej nieprecyzyjnosci realizowana jest przez formalizacj¢ opisu
komponentoéw 1 wymagan w bazie wiedzy oraz wnioskowanie prowadzace do syntezy struktury
aplikacji.

Wyniki obszaru III przedstawiono w publikacji [6].

3.3.1. Formalizacja projektowania jako przetwarzania informacji nieprecyzyjnej

W obszarze badawczym III przyjeto zalozenie, Zze redukcja nieprecyzyjnosci specyfikacji
jest mozliwa wtedy, gdy proces projektowania zostanie oparty na jawnych modelach
formalnych oraz na bazie wiedzy opisujacej komponenty systemu i relacje migdzy nimi.
Projektowanie aplikacji jest traktowane nie jako rg¢czne zestawianie modutow, lecz jako proces,
w ktorym na podstawie wymagan oraz zatozen architektonicznych konstruuje si¢ formalny opis
struktury rozwigzania. Wynikiem tego procesu jest struktura aplikacji opisana jako zestaw
warstw, komponentow oraz ich powigzan.

Kluczowa role pelni jawna reprezentacja wiedzy architektoniczno-komponentowe;.
Komponenty, ich wilasno$ci oraz reguly laczenia sa opisane w sposdéb umozliwiajacy
wnioskowanie i1 kontrolowane przetwarzanie algorytmiczne. W rezultacie nieprecyzyjnosé¢
wymagan nie musi by¢ rozstrzygana wytacznie na drodze recznych decyzji projektowych, lecz
moze zosta¢ ujeta formalnie 1 wykorzystana do skonstruowania spojnej konfiguracji aplikacji.

Rozwigzanie to przedstawiono w publikacji [6].
3.3.2. Baza formalna, logika klauzulowa i semantyczna baza wiedzy komponentow
W [6] przyjeto, ze przejscie od niepeinej specyfikacji do struktury rozwigzania wymaga

formalnego opisu zarowno wymagan, jak i dostgpnych komponentéw oraz regut ich taczenia.
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Projektowanie sprowadzono wigc do wnioskowania w oparciu o baze wiedzy, ktorej czgsé
formalna jest zapisana w postaci klauzulowej i dodatkowo wspierana ontologia pojgc
dziedzinowych.

Formalng podstawe rozwigzania stanowi klauzulowa logika pierwszego rzedu. W jej ramach
zdefiniowano jezyk opisu elementdéw istotnych dla procesu projektowania obejmujacy encje
dziedzinowe i relacje miedzy nimi, konstrukty i komponenty, metody oraz problem projektowy
rozumiany jako specyfikacja oczekiwanego artefaktu wraz z wymaganymi wtasnosciami.

Na tej podstawie zbudowano baze wiedzy o komponentach, ktéra opisuje ich znaczenie
1 zalezno$ci oraz umozliwia automatyzacje¢ projektowania.

Baze wiedzy wsparto ontologicznie z wykorzystaniem OWL/RDF, co umozliwia
ujednolicenie poje¢ dziedzinowych, ich wlasno$ci oraz zalezno$ci pomigedzy komponentami.

Ontologia komponentow peini funkcje formalnej warstwy pojeciowej projektowania.
Wspiera ocen¢ zgodnos$ci semantycznej oraz uzasadnianie doboru komponentow do

okreslonych rél architektonicznych w tworzonym rozwigzaniu.
3.3.3. Algorytmizacja, reguly wnioskowania i dedukcja struktury aplikacji

Przetwarzanie informacji nieprecyzyjnej na etapie projektowania przyjmuje w tym
przypadku posta¢ wnioskowania opartego na bazie wiedzy o komponentach. Na podstawie
wymagan oraz przyjetych zatozen architektonicznych system dobiera i1 taczy komponenty
zgodnie z regulami, zapewniajac semantyczng spojnos¢ uzyskanej struktury aplikacji webowe;.
W publikacji [6] wnioskowanie przebiega w sposéb semantycznie kontrolowany, zapewniajac
zgodnos$¢ z wymaganiami 1 zatozeniami architektonicznymi.

W pierwszym kroku dokonywany jest wstepny dobor metod i komponentdw powigzanych
wspolnymi wejsciami i wyjéciami. Dopiero w drugim kroku weryfikowane sg warunki wstepne
i koncowe oraz domykana jest architektura rozwigzania. Taka dedukcja ogranicza przestrzen
przeszukiwania 1 porzadkuje proces konstrukcji rozwigzania. W ten sposob kontrolowany jest
koszt obliczeniowy syntezy rozumiany jako ograniczanie liczby rozwazanych wariantow
W procesie wnioskowania.

Rezultatem dedukcji nie jest dwuwartosciowa odpowiedz o spelnieniu warunkéw, lecz
konstrukcja opisujaca projekt aplikacji jako konfiguracje modutoéw, klas, metod 1 ich powigzan.
Otrzymany wynik stanowi schemat wspotdziatania komponentow, ktéry mozna bezposrednio

zinterpretowa¢ w kontekscie projektu i wykonania
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3.3.4. Wynik systemowy: od nieprecyzyjnej specyfikacji do schematu wykonania

modulow

Projektowanie aplikacji webowej okreslonej klasy jest traktowane jako proces, w ktérym
przyjmuje si¢ referencyjny wariant architektury tréjwarstwowej, a nastgpnie formalnie
konfiguruje si¢ jej elementy poprzez dobor komponentdw zgodnie z wymaganiami.
W publikacji [6] architektura ta obejmuje warstwe prezentacji, warstwe logiki biznesowej oraz
warstwe dostepu do danych, a dobor komponentow jest porzadkowany przez zastosowanie
typowych wzorcow projektowych w tych warstwach. Dzigki temu nieprecyzyjno$¢ specyfikacji
jest redukowana przez ograniczenie przestrzeni rozwigzan do konfiguracji zgodnych z przyjeta
architekturg oraz przez formalne reguty dopuszczalnych potaczen migdzy komponentami.

Istotnym uzupehieniem tego podejscia jest przedstawienie go jako procesu tworzenia
aplikacji. Uzytkownik, korzystajac z interfejsu webowego, definiuje model bazy danych,
a system generuje bazowy szkielet aplikacji obejmujacy operacje CRUD oraz interfejs w postaci
REST API. Nastepnie mozliwe jest wlaczanie gotowych szablondw na réznych poziomach
architektury — od poziomu metod po poziom komponentow ztozonych z klas. Przewidziano
takze mozliwo$¢ tworzenia, przechowywania i ponownego uzycia szablonow uzytkownika, co
wspiera szybkie wytwarzanie rozwigzan w warunkach zmieniajacych si¢ wymagan.

W publikacji [6] zaproponowano réwniez kierunek dalszego rozwoju, ktory zaktada
trojwymiarowa wizualizacje procesu tworzenia aplikacji webowych. Wizualizacja ta miataby
wykorzystywa¢ zaproponowany model teoretyczny oraz szablon procesu budowy systemu
z reprezentacja webowa, wspierajac inspekcje kolejnych krokow syntezy oraz interakcje

Z systemem wspomagajacym automatyzacje.
3.3.5. Woyniki III obszaru badawczego

Wyniki obszaru badawczego III tworza spdjne ujecie, w ktorym nieprecyzyjnosé
specyfikacji projektowej wynikajaca z niepetnych i ewoluujacych wymagan jest redukowana
przez formalizacj¢ oraz wnioskowanie prowadzace do syntezy struktury rozwigzania.
W publikacji [6] formalizacja obejmuje opis komponentdéw, ich wtasno$ci oraz reguty taczenia
komponentow zapisane w bazie wiedzy. Dzigki temu dobor i1 konfiguracja elementow aplikacji
nie opieraja si¢ wylacznie na rgcznych decyzjach projektowych, lecz moga by¢ realizowane
w sposOb semantycznie kontrolowany.

Kluczowym rezultatem jest domkniecie $ciezki: formalizacja — dedukcja — struktura
rozwigzania w obrgbie ustalonej klasy architektury aplikacji webowych. Wnioskowanie

prowadzi do wyznaczenia struktury aplikacji jako kompozycji modutow, klas i metod,
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a jednoczes$nie jest organizowane w sposOb ograniczajacy przestrzen poszukiwan. Najpierw
wykonywany jest wstepny dobdr elementdow powigzanych wspdlnymi wejSciami i wyj§ciami,
a dopiero nastepnie weryfikowane sg warunki wstepne 1 koncowe oraz domykana jest
architektura rozwigzania.

W ujeciu systemowym podejScie z [6] przedstawia proces generowania aplikacji na
podstawie specyfikacji formalnej. Automatyzacja dotyczy przejScia od modelu danych
1 wymagan do wygenerowania szkieletu aplikacji oraz jego dalszej rozbudowy o komponenty
1 szablony zgodnie z regutami zapisanymi w bazie wiedzy. Uzytkownik definiuje model bazy
danych w interfejsie webowym, a system generuje szkielet aplikacji obejmujacy operacje CRUD
oraz interfejs REST API. Nastgpnie system automatycznie integruje szablony i komponenty na
réznych poziomach architektury. Elastyczno$¢ w tym procesie umozliwia tatwa modyfikacje
aplikacji, dzigki czemu uzytkownicy moga integrowa¢ komponenty w zaleznosci od biezacych
potrzeb.

W ten sposéb wykazano, ze formalne modele 1 metody mogg skraca¢ droge od niepeine;j
i niejednoznacznej specyfikacji do struktury rozwigzania mozliwej do implementacji, przy
zachowaniu kontroli semantycznej. Podej$cie to ogranicza ryzyko niespdjnosci oraz btedoéw
projektowych, poniewaz automatyzuje cze$¢ decyzji konstrukcyjnych w oparciu o jawnie
zdefiniowane reguty i1 zatozenia architektoniczne. W rezultacie generowana struktura pozostaje
zgodna z przyjetym stylem architektury i wymaganiami opisanymi w modelu.

Wyniki obszaru badawczego IIl opublikowano w pracy [6], natomiast ograniczenia

rozwigzan oraz kierunki dalszych badan omoéwiono w Rozdziale 5.
3.4. Obszar IV: Rozszerzenia — inne nos$niki nieprecyzyjnosci

Obszar badawczy IV obejmuje publikacje [7]—[9], w ktorych nieprecyzyjnos¢ nie wystepuje
bezposrednio ani jako nieostro§¢ warunkow zapytania, ani jako niepelno$¢ specyfikacji
przebiegu procesu przetwarzania, lecz ujawnia si¢ w innych formach. Dotyczy to
(I) zewnetrznego sygnatu kontekstowego o potencjalnym znaczeniu decyzyjnym opartego na
informacjach z mediow spotecznosciowych [7], (IT) brakow struktury w tekscie wymagajacych
rekonstrukcji [8] oraz (III) posredniej, empirycznej reprezentacji wiedzy w danych uczacych
zwigzanej z kompresja i destylacja zbioru danych [9].

Wspolnym mianownikiem pozostaje schemat badawczy przyjety w rozprawie, czyli
przejscie od formalizacji problemu, przez jego ujecie algorytmiczne, do empirycznej
weryfikacji skutecznosci rozwigzania. W trzecim z wymienionych watkow realizowanym

w publikacji [9] formalizacja ma charakter optymalizacyjny, wyrazony numerycznie poprzez
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funkcje¢ celu. Uzasadnia to uznanie tej publikacji jako granicznej w obrgbie omawianego cyklu

publikacji.

3.4.1. Nieprecyzyjna informacja zewnetrzna, zalezno$s¢ od sytuacji rynkowej

i krotkotrwalo$é wplywu

W pracy [7] przedstawiono analiz¢ wplywu postow publikowanych przez znane osoby
w mediach spoleczno$ciowych na ksztalttowanie si¢ kursu wymiany kryptowalut. Jako
ekspertéw wybrano osoby rozpoznawalne, ktore jednocze$nie wykazujg zwigzek z rynkiem
finansowym (w szczego6lnosci kryptowalut) lub sa powiazane z okre$long kryptowaluts.
W analizie wykorzystano przypadek Dogecoin oraz wpisy Elona Muska, przedsigbiorcy
1 osoby publicznej, w serwisie X (Twitter). Punktem wyjscia byla obserwacja, ze taki sygnat
zewnetrzny ma charakter niejednoznaczny i silnie zalezy od aktualnej sytuacji rynkowej. Ton
wypowiedzi moze zosta¢ oceniony jedynie w sposob uproszczony, a skala reakcji rynku bywa
krotkotrwata i trudna do odseparowania od innych réwnoleglych czynnikow.

W publikacji [7] nieprecyzyjnos¢ sygnalu zewngtrznego zostata ujeta w formie formalizacji
wykorzystywanej w algorytmie ATAPSN (ang. algorithm for forecasting the cryptocurrency
exchange rate taking into account posts on social networks), ktory jest narzedziem do
uwzgledniania wpiséw z mediéw spotecznosciowych w prognozowaniu kursu kryptowaluty.
Wplyw konkretnego wpisu zostat opisany przez wspétczynnik istotnosci ¢; zdefiniowany jako
iloczyn dwoch skfadnikow. Pierwszym jest dyskretna ocena tonacji wpisu ch;, ktora przyjmuje
warto$¢ 1 dla wpisu pozytywnego, 0 dla neutralnego oraz —1 dla negatywnego. Drugim
skfadnikiem jest wielko$¢ odchylenia prognozy z poprzedniego kroku k; liczona jako warto$¢
bezwzgledna roznicy migdzy prognozg y; a wartoscig rzeczywista x;. Tak wyznaczony
wspotczynnik ¢; jest nastgpnie uzywany do modyfikacji prognozy w kolejnym kroku, co tworzy
jednoznaczny tancuch przetwarzania od sygnalu zewnetrznego do zmodyfikowanej prognozy.

Weryfikacje przeprowadzono empirycznie, poréwnujac prognozy uzyskane metodg
ATAPSN z prognozami metod klasycznych, w tym ARIMA (ang. autoregressive integrated
moving average) oraz wygtadzania wyktadniczego (ang. exponential smoothing).

W publikacji [7] prognozy tych trzech algorytméw zestawiono dla tego samego okresu i tych
samych momentéw pomiaru, a nast¢pnie wykorzystano do zbudowania prébek statystycznych
Y;(ATAPSN), Y,(ARIMA), Y;(WYGLADZANIE WYKLADNICZE). Ocena jakosci prognoz
obejmowata miary btedu oraz analize¢ zaleznos$ci miedzy warto§ciami prognozowanymi

1 rzeczywistymi z wykorzystaniem wspoétczynnika korelacji Spearmana i Pearsona. Ponadto
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przeprowadzono test istotnosci statystycznej za pomocg testu t — Studenta przy poziomie
istotnosci a = 0.05. Wyniki pokazaty, Ze nawet uproszczona formalizacja bodzca zewn¢trznego
moze by¢ skutecznie wlaczona do procesu prognozowania w sposob algorytmiczny i oceniona

ilosciowo.

3.4.2. Informacja niepelna  strukturalnie: rekonstrukcja  interpunkcji
i kapitalizacji

Drugi watek rozszerzen dotyczy sytuacji, w ktorej tekst jest pozbawiony czgsci informacji
o strukturze, na przykltad w wyniku automatycznego rozpoznawania mowy (ASR, ang.
automatic speech recognition) lub specyfiki tresci internetowych. W takich danych czesto
brakuje znakéw interpunkcyjnych oraz wielkich liter, co obniza czytelno$¢ tekstu i utrudnia
jego dalsza analiz¢ w zadaniach przetwarzania j¢zyka naturalnego (NLP). W tym ujeciu
nieprecyzyjno$¢ ma postac brakujacej struktury jezykowej, ktora nie zmienia tresci leksykalnej,
ale ogranicza poprawng interpretacj¢ granic zdan, typéw wypowiedzi oraz nazw wiasnych.

W publikacji [8] zadanie sformalizowano jako klasyfikacje tokenow z ustalonym zbiorem
etykiet. Kazdemu tokenowi przypisywana jest klasa kodujaca jednoczesnie informacje
o interpunkcji oraz o tym, czy nast¢gpne stowo powinno zaczynaé si¢ wielkg litera.
Zdefiniowano 10 klas jako polaczenie wariantu interpunkcji z wariantem kapitalizacji. Aby
zapewni¢, ze predykcja dotyczy tylko pozycji majacych sens jezykowy, wprowadzono dwie
maski binarne. Pierwsza wskazuje tokeny odpowiadajace petnym stowom albo koficowym
fragmentom stow w tokenizacji podwyrazowej (ang. subword tokenization). Druga odcina
tokeny techniczne uzywane do wyréwnywania dtugosci sekwencji (ang. padding), tak aby nie
wptywaty na uczenie i wnioskowanie.

Algorytmicznie zaproponowano architekture hybrydowa, w ktorej wielojezyczny enkoder
transformerowy XLM — RoBERTa — base dostarcza reprezentacji kontekstowych, a warstwa
sekwencyjna BILSTM wzmacnia modelowanie zaleznosci lokalnych w ciggu tokenow.
Predykcje¢ klas realizuje warstwa liniowa. Uczenie przeprowadzono z uzyciem funkcji straty
CrossEntropyLoss oraz optymalizatora Adafactor, a proces treningu zorganizowano etapowo.
W pierwszej epoce trenowano caly model, natomiast w kolejnych epokach zamrazano enkoder
transformerowy i aktualizowano jedynie warstwy sekwencyjne BiLSTM oraz klasyfikator, co
ogranicza koszty obliczeniowe i pamigciowe bez utraty jakoSci.

Weryfikacje wykonano na zbiorze IWSLT 2012 (TED Talks) obejmujacym ponad 140 tys.
sekwencji. Jako$¢ oceniano nie tylko miarami globalnymi, lecz takze z zastosowaniem

procedury raportowania uwzgledniajacej niezbalansowanie klas. Zaprezentowano metryki
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zaréwno z klasa dominujaca 0 (brak interpunkcji i mata litera), jak i bez niej, poniewaz jej
obecno$¢ moze zawyzac oceny. Uzupetniajaco przedstawiono analize w podziale na klasy (ang.
per-class) oraz macierz pomytek, co pozwala oceni¢, ktore znaki interpunkcyjne i przypadki
kapitalizacji sg dla modelu najtrudniejsze, a tym samym wprost przektadaja si¢ na uzytecznosé

rozwigzania w zastosowaniach praktycznych.

3.4.3. Praca graniczna: kompresja wiedzy empirycznej w danych syntetycznych

(formalnos$¢ optymalizacyjna)

Trzeci watek w obszarze IV jest graniczny wzgledem wcze$niejszych obszarow
badawczych, poniewaz dotyczy sytuacji, w ktorej zrédlem nieprecyzyjnosci jest empiryczny
charakter danych wykorzystywanych do uczenia modelu. Zbidr obserwacji jest ograniczony,
moze by¢ zaszumiony i niezbalansowany, a zarazem stanowi przyblizenie rozktadu, do ktorego
model ma si¢ odnie$¢ w procesie uczenia. W takim ujegciu wiedza o zjawisku jest dostgpna
posrednio poprzez dane i musi zosta¢ skondensowana do postaci bardziej zwartej, przy
zachowaniu skutecznosci generalizacji.

W publikacji [9] formalizacja przybiera charakter optymalizacyjny. Celem jest stworzenie
niewielkiego syntetycznego zbioru danych, ktéry umozliwia uczenie modeli o jakosci
porownywalnej z uczeniem na zbiorze pelnym. Zaproponowane w [9] rozwigzanie GDADD
(ang. generative data augmentation by dataset distillation), oparte na DDMTT (ang. dataset
distillation by matching training trajectories), realizuje t¢ ide¢ poprzez dopasowanie trajektorii
procesu uczenia. W tym kontek§cie DDMTT pozwala na wyznaczenie trajektorii procesu
uczenia na danych syntetycznych, ktére maja zblizong charakterystyke do trajektorii
uzyskanych na danych rzeczywistych. Dane syntetyczne sg optymalizowane w taki sposob, by
proces uczenia na nich prowadzit do wynikow poréwnywalnych z wynikami uzyskanymi na
pelnych zbiorach danych rzeczywistych. W tym sensie formalnie zdefiniowany obiekt
optymalizacji, czyli trajektorie uczenia, staje si¢ podstawg algorytmicznej kompresji informacji
empirycznej w danych syntetycznych.

Weryfikacje przeprowadzono na zbiorach CIFAR — 10, CIFAR — 100 oraz MedMNIST.
Zbiory MedMNIST obejmuja rézne podzbiory danych medycznych, takie jak PathMNIST,
DermaMNIST i RetinaMNIST, ktore sg uzywane do zadan klasyfikacji obrazow medycznych.
Analizowano wptyw liczby IPC (liczba obrazow na klase, ang. images per class) oraz stopnia
zbalansowania klas na skuteczno$¢ modeli uczonych na danych syntetycznych mierzong na
zbiorze testowym. Wyniki wskazuja, ze w wybranych konfiguracjach syntetyczny zbiér danych

pozwala uzyska¢ jako$¢ poréwnywalng z uczeniem na danych rzeczywistych, przy znaczaco
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mniejszej licznos$ci danych treningowych. Obserwowany efekt zalezy od charakterystyki

danych oraz doboru IPC.
3.4.4. Wyniki IV obszaru badawczego

Wyniki obszaru badawczego IV potwierdzaja, ze schemat przyjety w rozprawie, czyli
formalizacja problemu, ujgcie algorytmiczne oraz weryfikacja empiryczna, pozostaje zasadny
takze wtedy, gdy nosnik nieprecyzyjnosci roézni si¢ od tego wystepujacego w obszarach I-III.
W pracach [7]-[9] nieprecyzyjno$¢ nie wynika bezposrednio ani z nieostro$ci warunkow
zapytania, ani z niepelnej specyfikacji przebiegu procesu przetwarzania, lecz ujawnia si¢
kolejno jako (I) sygnat zewnetrzny o krotkotrwatym wptywie, (I1) brak struktury w tek$cie oraz
posrednia, (IIT) empiryczna posta¢ wiedzy zawartej w zbiorach uczacych.

W publikacji [ 7] wykazano, Ze kontekstowy sygnat zewnetrzny moze zosta¢ sformalizowany
na tyle, aby dato si¢ go wiaczy¢ do algorytmu prognozowania i oceni¢ jego znaczenie
ilosciowo. W algorytmie ATAPSN wplyw postu jest modelowany wspotczynnikiem zaleznym
od dyskretnej oceny tonacji oraz sktadnika zwigzanego z historyczng trafno$cig prognoz,
a nastepnie wykorzystywany do korekty warto$ci prognozy. Weryfikacja na danych Dogecoin
(kursy z Binance) obejmowata poréwnanie z metodami klasycznymi (ARIMA i1 wygtadzanie
wyktadnicze) z uzyciem S$redniego btedu wzglednego oraz miar zalezno$ci Spearmana
1 Pearsona wraz z testem istotnosci wspotczynnikéw korelacji przy poziomie a = 0.05.
Istotno$¢ statystyczng potwierdzono jedynie dla zalezno$ci migdzy wartosciami rzeczywistymi
1 prognozami uzyskanymi metoda ATAPSN, natomiast dla ARIMA 1 wygladzania
wyktadniczego nie potwierdzono istotnosci przy tym samym poziomie a. Jednoczesnie $redni
btad wzgledny wyniost ok. 0.23% dla ATAPSN, wobec ok. 3.28% dla ARIMA 1 ok. 3.14% dla
wygladzania wyktadniczego.

W publikacji [8] nos$nikiem nieprecyzyjnosci jest niepelnos¢ struktury tekstu. Brak
interpunkcji 1 kapitalizacji potraktowano jako brakujaca informacje strukturalng, ktorg nalezy
odtworzy¢ algorytmicznie. Zadanie to zostalo sformalizowane jako klasyfikacja sekwencji
tokenow, gdzie uczenie i ocena obejmuja tylko te tokeny, ktore odpowiadaja rzeczywistym
stowom. Aby to zapewni¢, zastosowano maski eliminujace tokeny techniczne, takie jak tokeny
wypetniajace (padding) oraz znaczniki specjalne, dzigki czemu raportowane miary odnoszg si¢
tylko do tych fragmentdéw tekstu, dla ktorych rekonstrukcja ma sens semantyczny.

Proponowane rozwigzanie ma posta¢ architektury hybrydowej XLM — RoBERTa- LSTM,
ktora 1laczy reprezentacje kontekstowe uzyskane przez enkoder transformerowy

z modelowaniem zalezno$ci sekwencyjnych w warstwie rekurencyjnej. Skuteczno$¢ oceniono
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w dwoch ujeciach. Pierwsze obejmuje metryki globalne, ktore zostaty raportowane w dwoch
wariantach — bez klasy dominujacej ,,brak interpunkcji” oraz z jej uwzglgdnieniem. Drugie
ujecie przedstawia wyniki per — klasa dla znakéw interpunkcyjnych, co jest szczegodlnie
istotne w praktyce, poniewaz klasy rzadkie w najwigkszym stopniu wplywaja na jakos¢
rekonstrukcji, a zarazem sg niekiedy maskowane przez wyniki globalne zdominowane przez
klase najliczniejsza.

Poréwnanie per — klasa dla pigciu znakdéw interpunkcyjnych przedstawiono w Tabeli 3.4.1.
Zestawienie pokazuje, ze model z [8] osigga wysokie wartosci F1 nie tylko dla klas czgstych,
lecz takze dla klasy my$lnika, dla ktorej uzyskano F1 = 0.831. W cze$ci prac porownawczych
wynik dla tej klasy jest znaczaco nizszy (np. 0.425) albo w ogdle nie jest raportowany, co

utrudnia poréwnanie jakos$ci rekonstrukcji dla rzadszych znakow.

Tabela 3.4.1. Porownanie F1 dla poszczegolnych klas interpunkcji

F1-score
Model — 9 . ? —
(brak znaku) | (przecinek) | (kropka) | (znak zapytania) (mysInik)
[116] 0.991 0.819 0.948 0.890 0.425
[117] 0.990 0.760 0.880 0.820 —
[84] - 0.678 0.840 0.876 —
[118] — 0.625 0.373 0.268 —
[119] - 0.809 0.938 0.846 —
[8] 0.987 0.896 0.946 0.863 0.831

Uzupehieniem analizy jest zestawienie metryk globalnych w wariancie bez klasy 0 oraz
z klasg 0, gdzie klasa 0 odpowiada przypadkowi ,,brak interpunkcji”. Wyniki tego poréwnania
przedstawiono w Tabeli 3.4.2. Dla modelu XLM — RoBERTa- LSTM uzyskano odpowiednio
(bez klasy 0/ z klasg 0): Accuracy 0.923 /0.959, Precision 0.906 / 0.927, Recall 0.899/0.919,
F1 0.901 / 0.923. Zestawienie pokazuje, ze uwzglednienie klasy dominujacej podnosi miary
globalne. W zwiagzku z tym wariant bez klasy 0 lepiej odzwierciedla jako$¢ rekonstrukcji
znakow interpunkcyjnych, poniewaz ogranicza wptyw dominujacej klasy braku interpunkcji na

miary globalne.
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Tabela 3.4.2. Porownanie metryk globalnych bez klasy i z klasg 0 ,,brak interpunkcji”

Accuracy Precision Recall F1-score
Model (bez klasy 0 (bez klasy 0 (bez klasy 0 / (bez klasy 0/
/ z klasa 0) / z klasg 0) z klasa 0) z klasg 0)
[116] — — — —/0.94
[117] -/0.97 0.813/0.858 0.83/0.87 0.82/0.863
[84] — 0.758 / — 0.851/— 0.798 / —
[118] — 0.607 /0.661 0.341/0.426 0.422/0.518
[119] — 0.887/0.912 0.844 /0.88 0.864 /0.894
[8] 0.923 / 0.959 0.906 / 0.927 0.899/0.919 0.901/0.923

Publikacja [9] pelni rol¢ pracy granicznej, poniewaz formalizacja nie przyjmuje tu postaci
regul lub semantyki logicznej, lecz ma charakter optymalizacyjny i jest wyrazona numerycznie
przez funkcje celu. W tym ujeciu nieprecyzyjno$¢ wynika z faktu, ze wiedza o zjawisku jest
dostepna posrednio jako skonczony zbidér danych uczacych, ktéory bywa zaszumiony
i obcigzony, a jednoczesnie jest kosztowny w przechowywaniu i w uzyciu obliczeniowym.
W pracy pokazano, ze ,,domknigcie” tancucha: formalizacja — algorytm — weryfikacja jest
mozliwe rowniez wtedy, gdy formalizacja oznacza precyzyjnie zdefiniowany cel optymalizacji
prowadzacy do destylacji zbioru danych i generatywnej augmentacji.

Weryfikacje empiryczng w [9] przeprowadzono na zbiorach zbalansowanych (CIFAR — 10,
CIFAR — 100) oraz na zbiorach o nier6wnowadze klas z kolekcji MedMNIST. W publikacji
podano maksymalng doktadno§¢ walidacyjng (Srednia = odchylenie standardowe) uzyskana
w badanych ustawieniach 1 zestawiono ja z warto$ciami referencyjnymi odpowiadajacymi
uczeniu na pelnym oryginalnym zbiorze. Dla danych zbalansowanych destylacja polaczona
z generatywng augmentacjg (GDADD), oparta na destylacji przez dopasowanie trajektorii
uczenia (DDMTT), uzyskata wyniki wyzsze niz uczenie na petnym zbiorze, co przedstawiono
w Tabeli 3.4.3. Dla CIFAR — 10 uzyskano 0.879 £+ 0.001 wobec 0.848 + 0.001, adla
CIFAR — 100 uzyskano 0.591 £+ 0.003 wobec 0.562 + 0.003, czyli odpowiednio ok. 3.1 p.p.
12.9 p.p. przewagi na korzy$¢ rozwigzania z[9] przy jednoczesnym uzyciu mniejszej

reprezentacji syntetycznej.

Tabela 3.4.3. Maksymalna doktadnos$¢ walidacyjna dla zbalansowanych zbiorow CIFAR

Eksperyment CIFAR-10 | CIFAR-100
DD - pelny, oryginalny zbior danych [93] 0.848 £0.001 | 0.562 + 0.003
GDADD - mniejszy zbior zdestylowany (syntetyczny) [9] | 0.879 £ 0.001 | 0.591 + 0.003

Uzupehieniem tej oceny jest analiza zbiorow medycznych o roéznym

stopniu

niezbalansowania klas, ujeta w Tabeli 3.4.4. Dla PathMNIST (lekka nierownowaga) metoda
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z [9] uzyskata 0.917 + 0.003, przewyzszajac wartos¢ referencyjng w zestawieniu (ResNet-50:
0.911). Jednoczesnie dla silnie niezbalansowanych zbioréw DermaMNIST i RetinaMNIST
wyniki s3 wyraznie nizsze od metod referencyjnych, w tym od najwyzszych wartosci
referencyjnych w tabeli. Ten kontrast wskazuje, ze skutecznos¢ GDADD jest wyraznie zalezna
od struktury danych: przy lekkiej nierownowadze klas wyniki pozostaja konkurencyjne,
natomiast przy silnym niezbalansowaniu obserwuje si¢ istotny spadek jakosci. Poniewaz
w obecnej konfiguracji metody niezbalansowanie klas nie jest uwzgledniane jawnie w funkcji
celu ani w procedurze optymalizacji, destylacja moze w wigkszym stopniu odtwarzaé
regularnosci klas dominujacych kosztem klas rzadkich, co pogarsza wynik. W rezultacie [9]
dopetlnia schemat: formalizacja — algorytm — weryfikacja takze dla formalizacji
optymalizacyjnej, jednocze$nie sugerujac, ze w warunkach silnej nierownowagi klas potrzebne
sa dodatkowe mechanizmy uwzgledniajace t¢ wlasno$¢ danych w funkceji celu lub procedurze

optymalizacji.

Tabela 3.4.4. Maksymalna doktadno$¢ walidacyjna zbioréw zbalansowanych i niezbalansowanych

(PathMNIST: lekka nierownowaga klas; DermaMNIST i RetinaMNIST: silna nierownowaga)

Model / Zbalansowane Niezbalansowane Niezbalansowane
podejscie (PathMNIST) (DermaMNIST) (RetinaMNIST)
ResNet-18 0.907 0.735 0.524
ResNet-50 0911 0.735 0.528
auto-sklearn 0.716 0.719 0.515
AutoKeras 0.834 0.749 0.503
Google
AutoML 0.728 0.768 0.531
Vision
GDADD [9] 0.917 +0.003 0.655 = 0.009 0.440 £+ 0.020

Znaczenie publikacji [9] dla obszaru IV polega na tym, Ze rozszerza on rozumienie
nieprecyzyjnosci na warunki typowe dla informatyki XXI wieku. Duze wolumeny danych nie
eliminujg niepewnosci, lecz czesto ujawniajg ja w postaci szumu, nierownowagi klas i obcigzen
systematycznych, a jednoczes$nie generuja koszt obliczeniowy uczenia. W takim kontekscie
nieprecyzyjnos¢ dotyczy nie tylko interpretacji informacji, lecz takze tego, w jaki sposob
informacja empiryczna jest kodowana w danych uczacych i moze by¢ skondensowana do
postaci syntetycznej. Wiaczenie formalizacji optymalizacyjnej pokazuje, ze schemat przyjety
W rozprawie nie ogranicza si¢ do podejs¢ symbolicznych, lecz obejmuje rowniez przypadki,
w ktorych formalno$¢ ma posta¢ jednoznacznie zdefiniowanej funkcji celu, a skuteczno$¢ musi

zosta¢ potwierdzona eksperymentalnie.
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Podsumowujac, obszar IV pelni role weryfikacyjng dla tezy rozprawy. Potwierdza, Ze
przejscie od formalizacji, przez algorytm, do weryfikacji empirycznej pozostaje spojne rowniez
wtedy, gdy nieprecyzyjnos¢ ma posta¢ sygnatu kontekstowego, brakéw struktury tekstu lub
posredniej, empirycznej reprezentacji wiedzy w danych uczacych.

Wyniki obszaru badawczego IV opublikowano w pracach [7]-[9], a ograniczenia

przedstawionych rozwigzan oraz kierunki dalszych badan oméwiono w Rozdziale 5.
3.5. Podsumowanie cze$ci syntetycznej

W Rozdziale 3 przedstawiono syntetyczny opis wynikdw badan zaprezentowanych
w publikacjach [1]-[9], ktore sktadaja si¢ na cykl w uktadzie czterech obszaréw badawczych
odpowiadajacych kolejnym poziomom ujawniania si¢ informacji nieprecyzyjnej w systemach
informatycznych. Obszar I obejmuje nieostro§¢ w danych 1 w zapytaniach relacyjnych oraz
metody jej przetwarzania poprzez formalng semantyke stopniowa i transformacj¢ zapytan
rozmytych do postaci wykonywalnej w standardowym SQL. Obszar II dotyczy sytuacji,
w ktorej uzytkownik okresla cel obliczeniowy, natomiast system, na podstawie formalnych
opisow ushug, automatycznie konstruuje plan wykonania prowadzacy do uzyskania
oczekiwanego rezultatu. Obszar III przenosi cigzar rozwazan na etap projektowania systemu,
wskazujac role formalnych modeli w ujednoznacznianiu niepetnych i ewoluujacych wymagan
oraz w skracaniu drogi od specyfikacji do spojnej struktury aplikacji mozliwej do
implementacji. Obszar IV pokazuje, ze ten sam schemat badawczy mozna zastosowac¢ takze do
innych no$nikéw nieprecyzyjnosci: sygnaldow zewnetrznych o ograniczonej trwalosci
1 kontekstowej interpretacji, brakéw struktury w tekscie wymagajacych rekonstrukcji oraz
posredniej, empirycznej reprezentacji wiedzy w danych syntetycznych.

Przyjety uktad rozdzialu pozwala odrézni¢ dwie perspektywy. Pierwsza ma charakter
syntetyczny 1 pokazuje spojnos¢ formalno-algorytmicznego ujecia informacji nieprecyzyjnej
oraz jego realizacje¢ w kolejnych obszarach badawczych. Druga ma charakter Zrodtowy,
poniewaz pelne wyniki, szczegdly metod oraz procedury eksperymentalne przedstawiono
w publikacjach stanowigcych podstawe rozprawy. Z tego tez wzgledu w Rozdziale

czwartym zamieszczono pelne teksty publikacji wchodzacych w skiad cyklu.
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4. Teksty publikacji stanowiacych podstawe rozprawy

Rozdziat 4 zawiera pelne teksty publikacji wchodzacych w sktad cyklu i stanowigcych
podstawe niniejszej rozprawy doktorskiej. Zamieszczenie publikacji w calo$ci umozliwia
weryfikacje wynikoéw syntetyzowanych przedstawionych w Rozdziale 3 oraz zapoznanie si¢ ze
szczegbtami formalizacji, algorytméw 1 procedur eksperymentalnych w oryginalnym
kontekscie badawczym. Wykaz publikacji wraz z zakresem stron, na ktérych znajduja si¢ ich
pelne tresci w niniejszym dokumencie, przedstawiono ponize;.
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Abstract—This article presents various forms of fuzzy
queries, a detailed analysis of these queries and their conversion
into standard SQL queries by means of Oracle 11g XE. A
qualitative and quantitative study about the use of fuzzy queries
on relational databases has been included in this article, as well.
Given that fuzzy queries arrange results according to the degree
in which they meet the conditions of the query, it is easier to
analyze the results and the risk of obtaining an empty result is
reduced thanks to an extended interpretation of the conditions of
the query. The provided examples of conversion of fuzzy queries
into standard SQL queries by means of Oracle 11g XE point to
easy to implement methods of obtaining fuzzy information from
the database, and thereby expand its functionality.

Keywords—fuzzy logic, fuzzy queries, relational databases,
SOL, Oracle 11g XE

L.

Classic query languages (with SQL being the most widely
used) define the scope of data as well as conditions that must
be met by data throughout the entire process of searching for
information in databases. These conditions should be precisely
defined, as precision is the basic requirement when defining
conditions in query languages. At the same time, these
conditions impose limitations. For example, a customer of a car
dealership who is looking for a cheap car has to precisely
define the range of the price he is willing to pay. Regardless of
how the limits of the range are defined, a car priced slightly
above the set limit will not meet the conditions of the query.
This shows that the limits in question result from the necessity
of precisely defining the conditions, which were initially
expressed in a natural language and with imprecise terms. [1]

INTRODUCTION

The problem can be solved by the use of linguistic terms
modelled and processed with fuzzy logic in queries addressed
to a database. These are so-called fuzzy queries. Linguistic
terms are presented as fuzzy sets in an appropriate, usually
numerical, space. Therefore, matching data to the query is no
longer perceived as dichotomy: matched — unmatched. The
notion of a degree of matching data to the query is thus
introduced, and one assumes that the value of this degree of
matching corresponds (in a somewhat simplified view) to the
degree in which the data belongs to the fuzzy set representing
the condition of the query. [1, 2, 3]

This article discusses various forms of fuzzy queries, and
presents a detailed analysis of fuzzy queries as well as
documents conversion of them into standard SQL queries by
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means of Oracle 11g XE A qualitative and quantitative study
about the use of fuzzy queries on relational databases has been
included in this article, as well. The provided examples of
conversion of fuzzy queries into standard SQL queries by
means of Oracle 11g XE point to easy to implement methods
of obtaining fuzzy information from the database and thereby
expand its functionality.

II.  FuzZzZY QUERIES ON RELATIONAL DATABASES

A. The concept of a fuzzy query

A fuzzy query addressed to a relational database [1, 2, 3] is
a query which includes overtly used expressions of the natural
language, referred to as linguistic terms (modelled with fuzzy
logic), defining the following: imprecise values, imprecise
comparisons and non-standard methods of aggregation of
degrees of meeting partial conditions of the query.

Particular rows meet the conditions of such a query to a
certain degree expressed with a number in range <0,1> where 1
means that the query requirement is fully met, and 0 means that
the query requirement is fully unmet. Therefore, the result of
the query is a set of rows arranged according to the degree of
meeting the conditions of the query. This way, it is easier to
reflect the attempts undertaken by a given individual to match
the data to the query. In case of complex queries, which include
both fuzzy linguistic terms and non-standard aggregation
schemes, meeting conditions of the query is gradual. In such a
situation, a human being naturally evaluates the data and
perceives it as data which meets his/her requirements to a
greater or a lesser degree instead of distinguishing only
between the data which meets or does not meet the set
requirements. The notion of the degree of meeting conditions
of the query allows us to formally present these complex
queries and thereby naturally arrange the results in such a
manner, as to make sure the data which meets the conditions of
the query to the greatest degree is at the beginning of the
results list. [1]

B. Conversion of fuzzy queries into standard SQL queries

Construction of fuzzy queries as well as their execution and
the applied grammar of fuzzy queries are usually strongly
connected with the query language of a given database. This
item discusses the problem of conversion of fuzzy queries into
standard SQL queries by means of an Oracle 11g XE relational
database, in which SQL query language is used.



There are numerous fuzzy elements in queries addressed to
databases:

e atomic predicates based on linguistic terms: young, tall

e atomic predicates based on similarity of linguistic
terms: information technology = artificial intelligence

e complex predicates: fuzzy sum and product operators

e modified predicates: very, around, rather, antonyms

e fuzzy operators: approximately, a little more, etc.

e linguistic quantifiers

e fuzzy combination of relations

e fuzzy aggregate functions

e grouping by fuzzy values

In order to discuss the approach towards the representation
of imprecision, examples of imprecise elements in queries
addressed to database contained in the last two items of the
above list were taken into account. The first three items are
presented in [1].

can he dictinoniched: haced on dictrihntion
can oC GISUnguisneaG. 0asca On GISUoultio

based on similarity.

From the above reasoning, the whole interpretation of
fuzzy queries comes down to the following general rule: the
degree of meeting conditions of the query equates with the
value of the membership function of the relevant fuzzy set. In
case of complex queries, degrees of meeting partial conditions
of the query calculated in the above-mentioned manner,
corresponding to particular conditions contained in the query,
are aggregated with selected operators. [1]

1) Exemplary data. Assuming there are already exemplary
tables with data in Oracle 10g XE database, another column
labelled fuzzy degree, with the initially set value of 1.0 for
each row, was added to the table labelled bl cars presented in
Fig. 1. This denotes the initial state - total degree of
membership of a given row in the table labelled b/ cars.

SEI.ECT o FROM tbl_cars;

______________________ gpmanall oo sns on ccp e ies s e e e Bl s
| ID_SAM | MODEL | TYPE | PROD_YEAR | ENGINE_CAPACITY | PRICE ] FUZZY_| DEGREE
....................... T T Lt SRR
| 1 | VOLVO | SEDAN | 2010 | 1.6 | 35500 | 1.000000000 |
| 2 | ASTON MARTIN | COUPE | 2015 | 6.0 | seeeee | 1.000000000

| 3 | mazpA | caBrIO | 2012 | 2.0 | 43998 | 1.eeeeeeeee |
| 4 | OPEL | comBr | 1993 | 1.7 | 1500 | 1.000000000 |
| 5 | VOLKSWAGEN | SEDAN | 2007 | 1.9 | 239%e | 1.eeeeeeeee

| 6 | Aupr | coupe | 2005 | 1.9 | 21000 | 1.eeeeeeeee
R —— R N e e R R0 +
Fig. 1. Exemplary data from b/ cars table

Table bl possibility contains data which will be used at the
stage of conversion of fuzzy queries into typical SQL queries.

The bl possibility table, as presented in Fig. 2, stores
linguistic variables described by the membership function:

e column linguistic variable value stores the value of
the linguistic variable,
e column #ype contains information on the type of the

membership function describing the linguistic variable
(in the table in question all variables are described by
the trapezoidal membership function),
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e columns a b, ¢ and d contain parameters of the

function,

columns table name and column name store the
following information: on which column and from
which table the linguistic variable was presumed.

column username contains information on the name of
the user to which a given definition applies; this way
various users can describe linguistic variables with
identical names, presumed for the same columns of the
same tables, in a different way. [1]

SELECT * FROM tbl_possibility;

| username| table_name| column_name | linguistic_varisblevalue [a | b |c | d | type

| user
| user
| user
| user
| user
| user

| tbl_cars
| tbl_cars
| tbl_cars

X | 2e1e | 2015 |
| tbl_cars

| 1995 | 2000 |
o |

| prod_year | NEw

| prod_year | AVERAGE
| prod_year | oo | e|
| engine_capacity | SMALL |
| engine_capacity | MIDDLE |
| engine_capacity | HIGH |

2050 | 2050 | trapezoid |
2010 | 2015 | trapezoid |
1995 | 2000 | trapezoid |
0.66 | 1 | trapezoid |
1| 1.6 | 2.5] trapezoid |
5| 5| 8 | trapezoid |

| tbl_cars
| tbl_cars

Fig. 2. Exemplary data from bl possibility table

2) Fuzzy queries — FUZZY COUNT. Fuzzy queries,
similarly to classic SQL queries, can contain group functions
and the GROUP BY clause. Group functions must be
redefined. In a classic SQL query, the query condition can be
either met or unmet. Each result row meets the conditions of
the query to the same degree. In fuzzy relations, a row can
appear partially, which can be interpreted as certainty or a
degree of meeting conditions of the query.

In order to count the number of instances of a given
expression in classic SQL, the COUNT(expression) group
function is used. Considering that it has already been
mentioned above, the COUNT (expression) has been defined as
SUM(FUZZY DEGREE) in fuzzy query.

TABLE 1. EXAMPLE: DISPLAY NUMBER OF CARS THAT HAVE SMALL,

MIDDLE AND HIGH ENGINE CAPACITY

Fuzzy query (conventional form)

SELECT engine_capacity, FUZZY_COUNT(engine_capacity)
FROM tbl_cars
GROUP BY engine_capacity;

An equivalent query in SQL - Oracle 11g XE

SELECT linguistic_variable_value, ROUND(
SUM(FP_TRAPEZOID(engine_capacity,a,b,c,d)),2)
FUZZY_COUNT

FROM tbl_cars, tbl_possibility

WHERE FP_TRAPEZOID(engine_capacity.a,b,c,d)>0 and
(column_name='engine_capacity')

GROUP BY linguistic_variable value;

A fuzzy query converted to an equivalent standard SQL
query by means of Oracle 11g XE, as presented in Table I,
will display the number of cars that have small, middle, high
engine capacity.

In the discussed example, all variables are defined by the
trapezoidal membership function, the definition of which
(presented in Fig. 3) was formulated in PL/SQL in Oracle 10g
XE database.



create or replace FUNCTION

FP_TRAPEZOID(x IN NUMBER, a IN NUMBER, b IN NUMBER, c IN NUMBER, d IN NUMBER)
RETURN NUMBER IS

y number(6,5);

BEGIN
IF (x <= a) THEN y:= 0.0;
ELSIF (x > a AND x <= b) THEN y:= (x - a)/(b - a);
ELSIF (x > b AND x <= c) THEN y:= 1.0;
ELSIF (x > ¢ AND x <= d) THEN y:= (d - x)/(d - c);
ELSE y:= 0.0;
END IF;
RETURN y;

END FP_TRAPEZOID;

Fig. 3. Trapezoidal membership function defined in PL/SQL in Oracle 10g
XE

The value of the column labelled FUZZY COUNT and its
results were presented in Fig. 4, were set as
SUM(FUZZY DEGREE). Its definition can be found in Table
L.

SELECT linguistic_variable_value, ROUND(
SUM(FP_TRAPEZOID(engine_capacity,a,b,c,d)),2) FUZZY_COUNT

FROM tbl_cars, tbl_possibility

WHERE FP_TRAPEZOID(engine_capacity,a,b,c,d)>@ and

(column_name="engine_capacity')

GROUP BY linguistic_variable_value;

e dmmmmmmeeeeeeaa- +
| LINGUISTIC_VARIABLE_VALUE | FUZZY_COUNT |
fommcmecccccccccccce e e e +
| MIDDLE | 3.78 |
| HIGH | 1.89 |
e EE L L P e T +

Fig. 4. Result of the fuzzy query from Table I - FUZZY COUNT

In Fig. 5, the column labelled fuzzy degree contains the
information on the degree to which a given row meets
conditions of the query. In this case, it informs us as to what
extent the engine capacity is small, middle, high.

SELECT c.*, linguistic_variable_value, FP_TRAPEZOID(engine_capacity,a,b,c,d) FUZZY_DEGREE
FROM tbl_cars c, tbl_possibility
WHERE FP_TRAPEZOID(engine_capacity,a,b,c,d)>@ and (column_name='engine_capacity');

| ID_SAM | MODEL | TYPE | PROD_YEAR | ENGINE_CAPACITY | PRICE | LINGUISTIC_VARIABLE_VALUE | FUZZY_DEGREE |

1 | vowvo
2 | ASTON MARTIN
MAZDA

| sepan |
| coupe |
| cagro |
| cagrIo |

1.6 | 35500 | MIDDLE
900000 | HIGH
43990 | MIDDLE |
43990 | HIGH |
1500 | MIDDLE |
1500 | HIGH |
VOLKSHAGEN 23900 | MIDDLE |
23900 | HIGH |
21000 | MIDDLE |
21000 | HIGH |

VOLKSWAGEN

|
|
|
|
|
|
|
|
| AuDI
|

3]
3|
4| |

4 | OPEL |

5| | 2007 |
s | |

6| |

6| |

| coupe

Fig. 5. Result of the fuzzy query before grouping by fuzzy values

3) Fuzzy queries — FUZZY AVG. Group functions work on
row sets, called groups. Rows belong to the same group if they
have the same value for the grouping expression. The group
function calculates a single value for each group based on the
expression that is its parameter.

In order to count average value of a given expression in
classic SQL, the 4VG(expression) group function is used. In
fuzzy query the AVG(expression) has been defined as
SUM(FUZZY DEGREE * (VALUE from COLUMN NAME ))
/ SUM(FUZZY DEGREE).

TABLE II. EXAMPLE: DISPLAY AVERAGE PRICE OF A CAR DEPENDING ON
THE GROUP TO WHICH IT BELONGS: NEW CARS, AVERAGE CARS, OLD CARS

Fuzzy query (conventional form)

SELECT prod_year, FUZZY_AVG(prod_year)
FROM tbl_cars

GROUP BY prod_year;
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An equivalent query in SQL - Oracle 11g XE

SELECT linguistic_variable_value, ROUND(
SUM(FP_TRAPEZOID(prod_year,a,b,c,d)*price ) /
SUM(FP_TRAPEZOID(prod_year,a,b,c,d)),2)
FUZZY_AVG

FROM tbl_cars, tbl_possibility

WHERE FP_TRAPEZOID(prod_year.a.b.c.d)>0 and
(column_name="prod_year")

GROUP BY linguistic_variable_value;

A fuzzy query converted to an equivalent standard SQL
query by means of Oracle 11g XE, as presented in Table II,
will display average price of a car depending on the group to
which it belongs: new cars, average cars, old cars. All
variables are defined by the trapezoidal membership function,
the definition of which (presented in Fig. 3) was formulated in
PL/SQL in Oracle 10g XE database. In the query in question
(the result of which was presented in Fig. 6):

e a defined fuzzy set corresponding to the term new for
the attribute prod year was applied,

e a defined fuzzy set corresponding to the term average
for the attribute prod year was applied,

e a defined fuzzy set corresponding to the term high for
the attribute prod year was applied,

e group function FUZZY AVG was defined as

SUM(FP_TRAPEZOID(prod year,a,b,c,d)*price)  /

SUM(FP_TRAPEZOID(prod year,a,b,c,d))

SELECT linguistic_variable_value, ROUND(
SUM(FP_TRAPEZOID(prod_year,a,b,c,d)*price ) /
SUM(FP_TRAPEZOID(prod_year,a,b,c,d)),2)

FUZZY_AVG

FROM tbl_cars, tbl_possibility

WHERE FP_TRAPEZOID(prod_year,a,b,c,d)>@ and (column_name='prod_year"')

GROUP BY linguistic_variable_value;

R e L L LT e R e L +
| LINGUISTIC_VARIABLE_VALUE | FUZZY_AVG |
B e E L L L L e Fommmmmmm e +
| AVERAGE | 29665 |
| NEW | 655425.71 |
| oLp | 1500 |
L e L L L e e L L e L L e +

Fig. 6. Result of the fuzzy query from Table II - FUZZY COUNT

4) Fuzzy queries — combining fuzzy conditions. Fuzzy
queries, similarly to classic SQL queries, can contain complex
conditions resulting from combining single conditions with
logical operators. In SQL, the keyword AND corresponds to
the conjunction operator, the keyword OR corresponds to the
alternative operator and the keyword NOT to the negation
operator. [1]

Identical keywords are applied in case of fuzzy queries, but
they correspond, respectively, to: fuzzy conjunction, fuzzy
alternative and fuzzy negation.

Nevertheless, it needs pointing out that in the fuzzy sets
theory [7], there is a number of operators carrying out
intersection operation (product operation which corresponds to
the logical operation AND). These are applied interchangeably
depending on the problem at hand. Most of these operators
meet the criteria of the so-called triangular norm T (T-norm):



nane(x) = T(pa(x), us(x)) M
Similarly to the execution of the intersection operation,
numerous operators are used for the purpose of the operation
of joining (logical sum which corresponds to the logical
operation OR). The most commonly applied operators meet
the criteria of the so-called triangular norm S (S-norm) also

referred to as T-conorm:
paus(x) = S(ua(x), us(x)) @)

The criteria defining triangular norms consist of four
fundamental conditions, and will not be presented here due to
space constraints. These conditions were described in [2, 3, 8,
9], among others.

The most commonly used T-norms (mapping logical
operator AND) are the minimum MIN (a, b) and the product
(PROD) a - b, whereas the most commonly used S-norm
operators (mapping logical operator OR) are the maximum
MAX (a, b) and the so-called algebraic (probabilistic) sum a +
b-a-b.

A relevant S-norm corresponds to each T-norm, provided
that the following condition is met:

T(a,b) = 1-S(1-a,1-b) or S(a,b) = 1-T(1-a,1-b) 3)

Operators which meet the condition (3) form the so-called
complementary (conjugate, dual) pairs. Numerous operators
meeting the conditions of T-norms and S-norms have been
developed and described. These operators are divided into
non-adjustable, with a constant mode of operation, and
adjustable (parametrised), also referred to as families of
triangle norms, in the case of which the mode of operation
changes depending on the accepted parameter (the degree of
freedom) for the operator in question. In [1] selected triangle
norms forming complementary pairs have been presented.

Operators of triangle norms execute operations only on
two fuzzy (variable) sets. Operations on a greater number of
sets can be executed gradually, by combining sets into pairs
with the sequence of combining sets into pairs having no
effect on the result (coherency quality).

From the above reasoning, the degree of meeting a
complex condition is calculated based on the degrees of
meeting partial conditions as well as selected T-norm and its
complementary S-norm.

A fuzzy query converted to an equivalent standard SQL
query by means of Oracle 11g XE, as presented in Table III
(first version) or Table IV (second version), will display the
offer of mew cars with high engine cubic capacity. All
variables are defined by the trapezoidal membership function,
the definition of which (presented in Fig. 3) was formulated in
PL/SQL in Oracle 10g XE database. In the query in question:

a defined fuzzy set corresponding to the term new for
the attribute prod year was applied,

a defined fuzzy set corresponding to the term high for
the attribute engine capacity was applied,
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e a conjunction of both of the above-mentioned fuzzy
conditions was carried out, which resulted in defining

T-norm as the minimum operation MIN (a, b) [1]

TABLE 1II. EXAMPLE: DISPLAY NEW CARS FOR SALE WITH HIGH ENGINE
CAPACITY (FIRST VERSION)
Fuzzy query (conventional form)
SELECT *

FROM tbl cars
WHERE prod_year IS 'NEW’
AND engine_capacity IS "HIGH”

An equivalent query in SQL - Oracle 11g XE

SELECT *

FROM (

SELECT c.model, c.type, c.prod_year, c.engine_capacity,
MIN(CASE column_name

WHEN 'prod_year' THEN FP_TRAPEZOID(prod_year,a,b,c,d)
WHEN 'engine_capacity' THEN
FP_TRAPEZOID(engine_capacity,a,b,c.d) END) AS
FUZZY_DEGREE

FROM tbl_cars c, tbl_possibility

WHERE (linguistic_variable_value="NEW' or
]jnguigtig variable value="HIGH"Y AND (¢column name:‘p[nrl vear' or

apble value="HI1GH )/ (colu o¢_year or

column_name='engine_capacity')

group by c.model, c.type, c.prod_year, c.engine_capacity
) WHERE FUZZY_DEGREE > 0;

TABLE 1V. EXAMPLE: DISPLAY NEW CARS FOR SALE WITH HIGH ENGINE
CAPACITY (SECOND VERSION)
Fuzzy query (conventional form)
SELECT *

FROM tbl cars
WHERE prod_year IS 'NEW’
AND engine_capacity IS '"HIGH’

An equivalent query in SQL - Oracle 11g XE

SELECT c.model, c.type, c.prod_year, c.engine capacity,
MIN(CASE column_name

WHEN 'prod_year' THEN FP_TRAPEZOID(prod_year,a,b,c,d)
WHEN 'engine_capacity' THEN
FP_TRAPEZOID(engine_capacity,a,b,c.d) END) AS
FUZZY_DEGREE

FROM tbl_cars c, tbl_possibility

WHERE (linguistic_variable_value="NEW' or
linguistic_variable value="HIGH') AND (column_name='prod_year' or
column_name='engine_capacity')

group by c.model, c.type, c.prod_year, c.engine_capacity

having MIN(CASE column_name

WHEN 'prod_year' THEN FP_TRAPEZOID(prod_year,a,b,c.d)
WHEN 'engine_capacity' THEN
FP_TRAPEZOID(engine_capacity,a,b,c,d) END) >0;

The value of the column labelled fuzzy degree, the result
of which was presented in Fig. 7, was set as
min (,uprud yearNEW(pr Odjear ), Mengine capacityHl(IH( engi ineic(lpac lty) )



SEEECET *
FROM (
SELECT c.model, c.type, c.prod_year, c.engine_capacity,
MIN(CASE column_name
WHEN ‘prod_year' THEN FP_TRAPEZOID(prod_year,a,b,c,d)
WHEN ‘engine_capacity' THEN FP_TRAPEZOID(engine_capacity,a,b,c,d)
END) AS FUZZY_DEGREE
FROM tbl_cars c, tbl_possibility
WHERE (linguistic_variable_value="NEW' or linguistic_variable_value='HIGH') AND
(column_name="prod_year' or column_name='engine_capacity')
group by c.model, c.type, c.prod_year, c.engine_capacity

where FUZZY_DEGREE > 0;

| ASTON MARTIN | COUPE
| MAZDA | caBrIO |

900000 |
43990 |

0.666666667 |
©.400000000 |

2015 |
2012 |

Fig. 7. Result of the fuzzy query from Table III - combining fuzzy condition

C. Tests

Two different tests on the Oracle 11g XE database have
been performed to analyze the proposal presented in this
article:

e varying complexity of the query (examples of queries

presented in this article),

e varying the number of tuples computed on a same
query, to analyze the system scalability.

Tests have been conducted on a PC equipped with an Intel
Core i5 2.80 GHz CPU and 12 GB of RAM. Queries, varying
in complexity, are presented in Table V together with
descriptions.

TABLE V. SET OF FUZZY QUERIES [1]
Qlllle)ry Fuzzy Query Description Rows Time
. fuzzy condition
Q1 cars with bodywork for a similarity 1000 8
similar to coupe [1] type variable
new cars for sale with combining
Q2 high engine capacity fuzzy 1000 13
(first version) conditions
new cars for sale with combining
Q3 high engine capacity fuzzy 1000 22
(second vesion) conditions
average price of a car fuzzy aserceate
depending on the f&lnc%ii n Sg
Q4 group to which it Founin b 1000 37
belongs: new cars, grouping by
fuzzy values
average cars, old cars
number of cars that fuzgnz;%%f;gate
Q5 have small, middle, e 1000 38
high engine capaci grouping, by
8/t eng pacity fuzzy values
fuzzy condition
Q6 new cars for sale [1] for possibility 1000 54
type variable

A set of different queries has been designed to measure the
performance of the system. These queries, varying in
complexity, are presented in Table V together with
descriptions, the number of tuples and their execution time in
milliseconds. In Fig. 8, we can observe how the execution
time increases when the number of attributes or the
complexity of the query increases. It is important to notice that
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Fig. 8. Execution times in queries performed on Oracle 11g XE (a)
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the exception is query Q®6, it is the simplest, and its execution
time is the longest.

Q6

TABLE VI.  EXECUTION TIMES (IN MILLISECONDS) VARYING NUMBER OF
TUPLES
e | Q1 Q2 Q3 Q4 Qs Q6
10 4 3 13 3 5 3
50 4 3 13 5 5 8
100 4 4 13 9 7 12
200 4 6 14 12 11 21
300 3 6 14 16 s »
400 3 9 18 19 19 36
500 5 9 19 2% 21 46
1000 8 13 2 37 38 54

Scalability was measured by varying the number of tuples
in the database from 10 to 1000. For this purpose, examples of
queries presented in this article have been executed. Execution
times are shown in Table VI and they have been illustrated in

Fig. 9.
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Fig. 9. Execution times in queries performed on Oracle 11g XE (b)
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In these figures, we can notice how the scalability grows
accordingly with the number of computed rows in the queries.
The ones that have more computational needs and/or have
more complex syntax (eg. this same example of a query (in
Table V marked as Q2, Q3) has different execution times).
However, it is noticeable that varying the number of rows is
not enough to distinguish the delay provoked by the changes
in the number of computed rows, especially in the most
simplest queries (Q6).

III.  COMPARISON OF MOST RELEVANT FEATURES IN FUZZY
QUERY SYSTEM

A comparison between the features of the main fuzzy
relational databases in the literature and proposal presented in
this article is shown in Tables VII-IX. First models were
mainly theoretical proposals of fuzzy relational databases.
Prade H. and Testemale C. [12] have presented the original
code in MACLISP on DPS8 for fuzzy query processing.

TABLE VII. COMPARISON OF MOST RELEVANT FEATURES IN FUZZY
QUERY SYSTEMS (PART I)
Buckles B. Zemankova Medina J.
P Prade H., M. M.,
Model Potry . Testemale VoAt A Pons O.,
BRI C.[12 e Vila M. A.
[11] [13] [14]
Manage
scalar data X X X X
Manage
non-scalar X X X X
data
Similarity
. f X X X
relationship
Possibility
distributions X X X
Degree in
attributes X X X
level
Degree in
tuple level X X X
Fuzzy
modifiers X
Fuzzy
quantifiers X
Fuzzy
comparison X X X X
operators
Fuzzy group
by
Fuzzy joins X X
o | : : .
Fuz;y X X X X
queries
Extension
SQL X
language

Umano [15] and Fukami have presented FOOBD in SQL.
The most complete implementations were provided by: Bosc
P. and Pivert O. [16] called Sqlf and Kacprzyk J. and
Zadrozny S. [17] called FQuery in Microsoft Access. Also,
Medina et al. [14] proposed a conceptual framework for fuzzy
representation called GEFRED (Generalized Model for Fuzzy
Relational Databases) and a language called FSQL (Fuzzy

SQL, SQL extension) in Oracle. An implementation presented
in this article is based on a proposal by Kacprzyk J. and
Zadrozny S. and Medina. It is worth noting that there are a
few functionalities, that GEFRED has defined theoretically
[18], that have been included neither in the implemented
version, i.e. fuzzy joins and fuzzy quantifiers, nor in the
implementation presented in this article. [1]

TABLE VIIL COMPARISON OF MOST RELEVANT FEATURES IN FUZZY
QUERY SYSTEMS (PART II)
Martinez-
Umano M., Bosc P, Kacprzyk J., CruzC,
Model Hatono I, Pivert O. Zadrozny S. Noguera J.
Tamura H. [6] 7] ) M.,
[15] Vila M. A.
[18]
Manage
scalar data X X X X
Manage
non-scalar X
data
Similarity
relationship X
Possibility
distributions X X X
Degree in
attributes X X
level
Degree in
tuple level X X X X
Fuzzy
modifiers X
Fuzzy
quantifiers X X
Fuzzy
comparison X X X X
operators
Fuzzy group X X
by
Fuzzy joins X X
Store fuzzy
data X
Fuzgy X X X X
queries
Extension
SQL X X X X
language
TABLE IX. COMPARISON OF MOST RELEVANT FEATURES IN FUZZY
QUERY SYSTEMS (PART III)
Nowakowski Proposal
Model G. presented in
[1] this article
Manage
scalar data X X
Manage
non-scalar
data
Slmllarlty X X
relationship
Possibility
distributions X X
Degree in
attributes
level
Degree in
X X
tuple level
Fuzzy
modifiers
Fuzzy
quantifiers




Fuzzy
comparison
operators
Fuzzy group
by
Fuzzy joins

Store fuzzy
data
Fuzzy
queries
Extension
SQL
language

IV.  CONCLUSIONS

Fuzzy queries allow wusing a natural language.
Nevertheless, in order to maintain the fuzzy nature of these
expressions, they are modelled with fuzzy sets. This way,
fuzzy queries enable improved representation of the
requirements of the user through direct expression of the same
with linguistic terms and through the use of complex methods
of aggregation of partial conditions.

Fuzzy queries can be applied even if the user precisely
defined his/her requirements. Yet, their application is only
justified if there is no data which meets these requirements.
When a classic query with precisely defined conditions returns
an empty data set, a fuzzy query with imprecisely defined
conditions may return a data set which is not empty. Some of
the obtained results (with the highest degree of meeting
conditions of the query) may be accepted by the user. This
way, the user will have a better chance of learning the content
of the database and consequently will have the opportunity to
modify the query. A modified query may take into account the
contents of the database and may better reflect the actual
requirements of the user. The following conclusion can be
drawn: as fuzzy queries arrange results according to the degree
of meeting conditions of the query, it is easier to analyse the
results and the risk of obtaining an empty result is reduced
thanks to an extended interpretation of the conditions of the
query.

The provided examples of conversion of fuzzy queries into
standard SQL queries by means of Oracle 11g XE point to
easy to implement methods of obtaining fuzzy information
from the database and thereby expand its functionality.
Moreover, a qualitative comparison between the most relevant
fuzzy query systems in the literature and proposal presented in
this article has addressed the strengths and drawbacks of this
contribution. [1]
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Abstract—The article presents two approaches to the A relational database management system is able to
method of implementation of transformations of fuzzy interpret only classical queries which in turn specify the
queries into queries in the SQL standard. This  cone of data and conditions that the data should fulfil
implementation can be carried out: (1) in a database (in the 4, 0 (he entire process of retrieval of information from
form of functions, procedures, triggers or other acceptable the database. Those conditions should be specified in a

form), using the existing query processing system in the . . sion is the basi .
database, and thus it can expand the functionality of that precise manner, since precision Is the basic requirement

database; (2) in an application (which communicates with ~ When defining conditions in classical query languages. At
the database), and thus a considerable portion of  the same time, those conditions impose limitations.
calculations will be transferred from the database to that Therefore, employing the second approach involves
application. An analysis of those approaches was conducted the necessity to develop and implement a number of
and it was demonstrated that the presented methods should  ajgorithms which are generally already integrated into
enjoy extensive practical application. every relational database. Thus, seemingly uncomplicated
procedures (such as joining of conditions or grouping of
results) takes on a whole new dimension once fuzzy logic
has been used.

In the article, an analysis of those approaches was
conducted and it was demonstrated that the presented
When creating information systems, which allow the = methods should enjoy extensive practical application.

possibility of formulation and implementation of standard
SQL queries containing fuzzy components as well as use Il Fuzzy QUERY
relational databases (imposing the necessity of a precise A fuzzy relational database [1]-[4] query is a query
specification of conditions) at the same time, we can  containing explicitly used expressions of a natural
distinguish  two approaches to the method of  language called linguistic terms. They are modelled using
implementation of transformations of fuzzy queries into  fuzzy logic and they specify the following: imprecise
queries in the SQL standard. This implementation can be  values, imprecise comparisons and non-standard methods
carried out as follows: (1) in a database (in the form of  of aggregation of degrees of satisfaction of partial
functions, procedures, triggers or other acceptable form), conditions of a query.
using the existing query processing system in the Individual rows satisfy such a query to a certain degree
database, and thus can expand the functionality of that expressed by a number from the range <0,1> where 1
database; (2) in an application (which communicates with ~ means total satisfaction and 0 total lack of satisfaction of a
the database), and thus a considerable portion of  query. Therefore, the result of the query is a set of rows
calculations will be transferred from the database to that  ordered by the degree of satisfaction of the query, which
application. allows one to reflect better the attempts made by a given
The first approach was used, among others, in the  person to match the data to the query. In the case of
following works: [1], [2], [15], [17], [20], [21]-[24], [26],  complex queries, which contain both imprecise linguistic
[27] where after defining a number of operators, terms and non-standard aggregation patterns, the
membership functions, sum functions, the product and  satisfaction is of a gradual nature. In such a situation, the
fuzzy negations, aggregate functions and other  human naturally assesses the data as those that meet their
components, the database was allowed to interpret  requirements more or less, and does not divide them only
queries containing fuzzy components. into those that fulfil or do not fulfil their requirements.
The second approach was employed, among others, in ~ The concept of the degree of satisfaction allows formal
the following works: [3], [4], [19], [25], [28]-[31] where  presentation of those complex queries and thus ensuring
it became necessary to prepare the handling of queries  of natural ordering of query results so that the data that
within a much wider scope. best satisfy the query are at the beginning of the result list

(2]

Keywords—fuzzy logic; fuzzy queries; conversion;
transformation; methodology; SOL

I. INTRODUCTION
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III.  METHODOLOGY OF CONVERSION OF A FUzZzZY

QUERY TO A QUERY IN THE SQL STANDARD

Both the construction of imprecise queries and their
implementation as well as the adopted grammar of
imprecise queries are usually strongly related to the
language of queries of a specific database. A relational
database (Oracle 11g XE), where the query language was
SQL, was adopted for these considerations. At the same
time, that database communicated with an application
written in JAVA. Both the adopted database and the
application will make it possible to present the
highlighted approaches to the method of implementation
of transformations of imprecise queries into queries in the
SQL standard.

There are many imprecise components in database
queries: (1) atomic predicates based on linguistic terms:
young, tall; (2) complex predicates: fuzzy sum and
product operators; (3) atomic predicates based on the
similarity of linguistic terms: information technology =~
artificial intelligence; (4) modified predicates: very, more
or less, rather, antonyms; (5) fuzzy operators:
approximately, a little more, etc.; (6) linguistic
quantifiers; (7) fuzzy joining of relations; (8) fuzzy
aggregate functions; (9) grouping by fuzzy values.

In this article, examples of imprecise components in
database queries found in the first two items of the above
list were taken into account..

The whole interpretation of fuzzy queries boils down
to the following general rule: the degree of satisfaction of
a query is identified with the membership function value
of the appropriate fuzzy set. In contrast, in the case of
complex queries, partial degrees of satisfaction calculated
in such a manner, corresponding to individual conditions
occurring in a query, are aggregated with the use of
selected operators [1].

A number of membership functions [9]-[11] were
developed. In particular, the following can be mentioned
here: (1) polygonal functions — consisting of straight
sections (triangular, trapezoidal and rectangular functions
are used most commonly); (2) Gaussian functions.

The trapezoidal function (Figure 1) stands out
amongst the above-mentioned membership functions with
its good performance and simple implementation, and it
will be employed in further considerations [2]. This
function is described by four parameters (a, b, c, d).
Knowing these parameters allows one to calculate the
degree of membership of a given component in a set in
line with the formula from Figure 1.

Fuzzy queries, similarly to queries of the classical
SQL language, can contain complex conditions created as
a result of joining of individual conditions by means of
logical operators. In the SQL language, keyword AND
corresponds to the conjunction operator and OR — to the
disjunction operator, whereas NOT is the negation
operator [1], [2].
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Figure 1. Trapezoidal membership function

The same keywords are used in fuzzy queries,
however they correspond to fuzzy conjunction, fuzzy
disjunction and fuzzy negation respectively.

Nevertheless, it should be noted that many operators
completing the cut operation (of a product that
corresponds to logical operation AND) are used in the
theory of fuzzy sets [8]. They are used interchangeably
depending on the problem being solved. Most of those
operators meet the criteria of the so-called triangular
norm (T-norm):

pans(x) = T(ua(x), us(x)) (M

Similarly to the completion of the cut operation, many
operators are used for the joining operation (of a logical
sum that corresponds to logical operation OR). The most
commonly used operators satisfy the conditions of the so-
called triangular conorm (S-norm or T-conorm):

HauB(X) = S(pa(x), ps(x)) (@)

Criteria defining triangular norms consist of four
basic conditions and they will not be presented due to this
article's space constraints. Those conditions were
described in [3], [4], [5], [9], [10], among others.

An S-norm corresponds to each T-norm if the
following condition is satisfied:

T(a,b) = 1-S(1-a,1-b) or S(a,b) = 1-T(1-a,1-b) (3)

Operators fulfilling condition (3) make up the so-called
complementary pairs (coupled, dual).

Many operators satisfying the conditions of T-norms
and S-norms have been developed and described. Those
operators are divided into non-parametrized, which have
a fixed manner of operation, and parametrized (also
called triangular norm families) whose manner of
operation changes depending on the adopted parameter
(degree of freedom) for such an operator. In [1] selected
tringle norms forming complementary pairs have been
presented.



Triangular norm operators perform operations on two
fuzzy sets only (variables). Operations on a larger number
of sets can be performed gradually, combining sets into
pairs, the order of combination of sets having no impact
on the result (characteristic of conjunctiveness).

From the above reasoning, it follows that the degree
of satisfaction of a complex condition is calculated on the
basis of degrees of satisfaction of constituent conditions
as well as the selected T-norm and S-norm
complementary to it.

The following operators are taken into account in
further considerations: (1) T-norm (imitating logical
operator AND) — MIN(a, b); (2) S-norm (imitating logical
operator OR) — MAX(a, b)

Let consider the following imprecise query
(formulated in a conventional manner) displaying a sale
offer of new cars with Aigh engine capacity:

SELECT *

FROM tbl cars

WHERE prod year IS 'NEW'

AND engine capacity IS 'HIGH’

This query contains fuzzy conditions in phrase
WHERE. The first one compares numeric column
prod_year with a value expressed by means of linguistics
value ‘NEW’, whereas the second one compares numeric
column engine_capacity with a value expressed by means
of linguistic value ‘HIGH’. The conditions are joined by
means of conjunction AND.

We will use this query to show the methodology of
conversion of such a query into a query in the SQL
standard, the conversion taking place in: (1) an Oracle 11g
XE database; (2) an application written in JAVA that
communicates with the Oracle 11g XE database

A.  Implementation in the database

A fuzzy query was transformed into a query in the
SQL standard using Oracle 11g XE:

SELECT *

FROM (

SELECT c.model, c.type,
c.engine capacity,

MIN (CASE column name
WHEN 'prod year' THEN
FP_TRAPEZOID (prod_year,a,b,c,d)

WHEN 'engine capacity' THEN
FP_TRAPEZOID (engine capacity,a,b,c,d) END)
AS FUZZY DEGREE

c.prod_year,

FROM tbl cars c, tbl possibility

WHERE (linguistic variable value='NEW' or
linguistic variable value='HIGH') AND
(column name='prod year' or
column name='engine capacity')
group by c.model, c.type, c.prod year,
c.engine capacity

) WHERE FUZZY DEGREE > 0;
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All variables are described by a trapezoidal
membership function whose definition was written in
PL/SQL, in the Oracle 10g XE database. In that query:

a defined fuzzy set corresponding to term new
for attribute prod_year was used;

a defined fuzzy set corresponding to term high
for attribute engine capacity was used;

a conjunction of the two above fuzzy conditions
was performed, defining T-norm as the
minimum operation.

The value of column fuzzy degree, whose result was
shown in Figure 2, had been determined as

min(upmd yearNI:'W(prOd_year), l-lengme capac,u,ﬁ/(;H(engine_ca

pacity)).

e 4o T $emeeeeeeee s $emmnn $emmemeeeeae +
| PROD_YEAR | ENGINE_CAPACITY | PRICE | fuzzy_degree |
e TR B e e R +
| ASTON MARTIN | COUPE | 6.0 | ce00ee | ©.666666667 |
| mazDA | caBrio | 2.0 | 43998 | ©.400000000
pAEESA NSRS SRS A S IREREAR SRR S +

Figure 2. Final result of the fuzzy query

The most important thing for the user are results with
as high as possible degree of satisfaction. As a rule,

resulte with a low deoree of catisfaction are of little uge
resuints witit a 10w QOgrec O SatisSiaclion arce o1 g usc.

They can be obtained by introducing an additional
expression placed at the end of phrase WHERE or
HAVING, where the said minimum acceptable degree of
satisfaction is specified (e.g. WHERE FUZZY DEGREE
> 0.75). We will then get only those steps whose degree
of satisfaction is equal to or higher than the set threshold
of satisfaction.

TABLE 1. CALCULATION OF THE DEGREE OF SATISFACTION OF
AN IMPRECISE QUERY (PREPARED ON THE BASIS OF [1],[ [3], [4]).
Step Database system

1 retrieves a row from the table
calculates partial degrees of satisfaction of all simple
conditions of a query (or only selected ones, depending
2 on the structure of the query and the optimisation
employed), substituting in place of attributes their
values from the current row
aggregates partial degrees of satisfaction calculated in
3 the previous step to the total degree of satisfaction of a
query
if the total degree of satisfaction is sufficiently high
4 (exceeds the threshold value specified by the user or
adopted as default), the row is attached to the query
response along with the degree of satisfaction
5 proceeds to step 1
6 if there are no more steps, then STOP will occur

Considering the issue of calculation of the degree of
satisfaction of a fuzzy query, a certain significantly
simplified vision of implementation of such a query is to
be adopted. The assumption is that when implementing a
query, the whole table is viewed sequentially and that the



degree of satisfaction is calculated for each row. The
database system performs steps presented in Table 1.

B.  Implementation in the application

The presence of complex conditions in a fuzzy query
sets the developer a task involving preparation of the
appropriate procedure of dissection and analysis of such a
condition. In the proposed solution, a tree of conditions is
built for that purpose and then it is processed using a
stack

The mechanism of creation of a tree of conditions in
the considered imprecise query:

WHERE <conditionl> AND <condition2>

In line with the algorithm, the following get placed on
the stack sequentially: conditionl, operator AND and
condition2. The stack has the following form at this
point:

condition2
AND
conditionl

Since at this stage the conditions contained in phrase
WHERE have been exhausted, a complete reduction of
the stack takes place (its three top components), and we
get the following form:

condition2 AND conditionl

In practice, there is only a node describing
conjunction AND (the root of the whole tree of agreement
of conditions) at the top of the stack, whereas
components condition2 and conditionl will be
attached to it later. However, for transparency of the
notation, conditions have been added which that operator
joins.

The above considerations assume that the following
operations should be performed: (1) dissection of a fuzzy
complex condition in order to isolate individual simple
conditions and logical operators joining them; (2)
recording of information on the complex condition within
the structure which will then be able to support the
processing of results of a classical query obtained from
the database into results of a fuzzy query and (3)
processing of elementary fuzzy conditions into
elementary classical conditions and building of a classical
condition out of them.

As a result of the action of the above operations, the
following result will be generated (Figure 3):

| PRODYEAR | ENGINE CAPACTTY_

| MoDEL | TYPE | PROD_YEAR _VEAR_
| | FUZZY_DEGREE | FUZZY_DEGREE

| |
| ASTON MARTIN | COUPE
| mazoa | casrIo
| comsI
| seoan
| coupe

| ENGINE_CAPACITY | PRICE
| !

2015 |
2012 |
1993 |
2007 |
2005 |

+

| opEL
| VOLKSWAGEN
| Auor

|
1500 | 0.0 |
1

sess
ssss

Figure 3. Interjacent result of the fuzzy query
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Analysing that result, one can see the following
property: columns in the following form have been
isolated: column_name_fuzzy degree. Those are columns
in which after the query has been carried out, the initial
zeroes will be replaced with the appropriate degrees of
satisfaction of rows with query conditions. In the event
that it is necessary to create more than one columns of the
degree of satisfaction for a given column, they get
successive names (the first name corresponds to the first
fuzzy condition when looking from the left, the second
one corresponds to the second fuzzy condition, etc.). The
last one on that list is column fuzzy degree, whose values
will be determined as the value of the adopted t-norm
(imitating logical operator AND) — MIN(a, b).

Furthermore, it should be noted that the fuzzy
conditions were processed into classical conditions.
Parameters of a trapezoidal function for value ‘NEW’ had
been determined and then the condition was processed
into a classical one. The second fuzzy condition was
treated similarly. Parameters of trapezoidal function for
value ‘HIGH’ had been determined and then the
condition was processed into a classical one.

The final step of the algorithm was the calculation of
actual degrees of satisfaction of individual elementary
values in successive rows with elementary conditions of a
fuzzy query and the calculation of the final, total degree
of satisfaction for each row. The result of that operation
(and at the same time the entire processing) was shown in
Figure 4.

| TYPE | PROD_YEAR | ENGINE_CAPACITY | PRICE
| | |

................. T
| PROD_YEAR_ | ENGINE_CAPACITY_
| FUZZV_DEGREE | FUZZY_DEGREE

| ASTON MARTIN | cOUPE
| mazoa

|
| casrIo |
| opeL comBI |
| VOLKSWAGEN | SEDAN |
| Aupx | coupe |

2015 |
2012 |
1993 |
2007 |
2005 |

| 0.66667

|
6.0 |
2.0 |
1.7 |
19 |
1.9 |

Figure 4. Final result of the fuzzy query

It is worth noting here that in the case of a complex
fuzzy condition, the determination of the degree of
agreement of individual tuples with the conditions of an
imprecise query is done using a recursive algorithm. It
envisages determination of the degree of agreement of a
tuple with individual elementary fuzzy conditions and
then, using t-norm operators or (and) s-norm operators,
obtaining of increasingly more complex sub-conditions,
and finally an entire complex fuzzy condition. It should
be mentioned that the previously preserved (during the
analysis of the fuzzy condition) structure of queries is
employed here as are the employed logical operators
joining complex sub-conditions and their priorities. That
is why, due to the algorithm’s recursion, particularly
good results are obtained using a dynamic tree structure
as the structure storing the data on a fuzzy condition
while an algorithm based on a stack is used to construct
it.

As in the case of implementation in a database, results
with the highest possible degree of satisfaction are most
important for the user. As a rule, results with a low
degree of satisfaction are of little use. The level of a-cut



can be determined in the same way that was reported
when discussing databases.

Final result of the fuzzy query by applying a-cut > 0
was shown in Figure 5.

| PROD_YEAR_ | ENGINE_CAPACITY_

| MoDEL |
| | FUZZY_DEGREE | FUZZY_DEGREE |
|
|

| TYPE | PROD_YEAR | ENGINE_CAPACITY | PRICE
| | | |

| ASTON MARTIN | COUPE |
| mazoa | cagrIO |

2015 |
2012 |

6.0 | 900000 | 1.00000
2.0 | 43990 | 0.40000

| 0.66667
| ©.44444

Figure 5. Final result of the fuzzy query by applying a-cut >0

IV. COMPARISON OF MOST RELEVANT FEATURES IN
FUuzzY QUERY SYSTEMS

A comparison between the features of the main fuzzy
relational databases in the literature and proposal
presented in this article is shown in Tables II-III. First
models were mainly theoretical proposals of fuzzy
relational databases. Prade H. and Testemale C. [13] have
presented the original code in MACLISP on DPSS8 for
fuzzy query processing.

TABLE II. COMPARISON OF MOST RELEVANT FEATURES IN
Fuzzy QUERY SYSTEMS (PART I)
Dol e Medina J.
””"'l\,m Prade H., "“"'l;‘/;"wv" M.,
Model A Testemale ¥ Pons O.,
Petry F C.[13] Kandel A Vila M_A.
E. [12] [14] [15]
Manage
scalar data X X X X
Manage
non-scalar X X X X
data
Similari
relationsl:}ilp X X X
Possibility
distributions X X X
Degree in
attributes X X X
level
Degree in
tuple level X X X
Fuzzy
modifiers X
Fuzzy
quantifiers X
Fuzzy
comparison X X X X
operators
Fuzzy group
by
Fuzzy joins X X
Stozeai:zzy X X X X
Fuzzy
queries X X X X
Extension
SQL X
language

Umano [16] and Fukami have presented FOOBD in
SQL. The most complete implementations were provided
by: Bosc P. and Pivert O. [17] called Sqlf and Kacprzyk
J. and Zadrozny S. [18] called FQuery in Microsoft
Access. Also, Medina et al. [15] proposed a conceptual
framework for fuzzy representation called GEFRED
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(Generalized Model for Fuzzy Relational Databases) and
a language called FSQL (Fuzzy SQL, SQL extension) in
Oracle. An implementation presented in this article is
based on a proposal by Kacprzyk J. and Zadrozny S. and
Medina. It is worth noting that there are a few
functionalities, that GEFRED has defined theoretically
[19], that have been included neither in the implemented
version, i.e. fuzzy joins and fuzzy quantifiers, nor in the
implementation presented in this article [1], [2].

TABLE III. COMPARISON OF MOST RELEVANT FEATURES IN
Fuzzy QUERY SYSTEMS (PART II)
Umano Kacprzyk
M., Bosc P., J, Nowakowski
Model Hatono 1., Pivert O. Zadrozny G.
Tamura H. [17] S. [2]
[16] [18]
Manage
scalar data X X X X
Manage
non-scalar
data
Similarity
relationship X
Possibility
distributions X X X
Degree in
attributes X
level
Degree in
tuple level X X X X
Fuzzy
modifiers X
Fuzzy
quantifiers X X
Fuzzy
comparison X X X X
operators
Fuzzy
group by X X X
Fuzzy joins X X
Store fuzzy
data X
Fuzzy
queries X X X X
Extension
SQL X X X X
language
V. CONCLUSION

The article describes the methodology of conversion
of a fuzzy query into a query in the SQL standard, taking
place in: (1) an Oracle 11g XE database where the
needed functions, procedures, etc. were implemented and
where the existing query processing system in the
database was used, thus expanding the functionality of
that database; (2) in an application written in JAVA
which communicates with the Oracle 11g XE database
where the needed algorithms were implemented (related
to the correct interpretation of the syntax of instruction
SELECT and the interpretation of filtering conditions in
phrases HERE and HAVING) that proved useful in the
processing of fuzzy queries and interpretations of
obtained results and thus contributed to a large portion of



calculations being moved over from the database to that
application.

This leads to the conclusion that it is possible to
process fuzzy queries and their results regardless of the
database used. There are still a number of important
algorithms to be developed without which the proposed
methodology of conversion of fuzzy queries in the
application will definitely have limited practical
application. One can mention here, say, the issue of fuzzy
data aggregation or implementation of nested queries. So,
further optimisation and development are required to put
forward a solution.

Nonetheless, the success of conversion of fuzzy
queries into classical queries in the presented
methodology as well as ever richer theoretical basis for
this type of conversion bodes well for more and more
efficient use of this methodology in the future.
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Abstract—The approach to the integration of
applications based on mathematical logic and artificial
intelligence for World Data Center (WDC) interdisciplinary
scientific investigations has been developed in the article.
Key elements of the approach are a multilevel system
architecture, a formal logical system, implementation based
on the interaction of intelligent agents. The formal logical
system has been proposed. The inference method and
solution tree recovery mechanism have been elaborated.
The implementation of application integration for
interdisciplinary scientific research has been based on a
stack of modern protocols, enabling communication of
business processes over the transport layer of the OSI
model. Application integration is also based on coordinated
models of business processes, for which an integrated set of
business applications have been designed and realized.

Keywords—interdisciplinary research,
integration; business processes; mathematical logic

application

L. INTRODUCTION

At present, National Science is obliged to integrate
into world and European organizations promoting the
consolidation of research [1]. This is a very important
process, given the urgent need for interdisciplinary
research. It is necessary to create appropriate conditions
for exchanging information in solving scientific problems
in order to effectively implement interdisciplinary
research. Information exchange can be aided by modern
information and communication technologies (ICT). But
for this to happen, ICT has to be effectively used by
specialists from other fields of activity, and not just ICT

experts [2].
Consolidation and virtualization have allowed to
integrate  computing power, data storage and

telecommunication systems into a global network to
provide access to accumulated information resources. The
service approach has spread to infrastructure
(Infrastructure as a Service laaS), software
development tools (Platform as a Service — PaaS),
applications (Software as a Service — SaaS). The
emergence of a wide range of new types of services, in
particular content, has led to the convergence of services
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and the formation of a generalized concept of information
and communication services (ICS). Extensive
functionality, a high level of quality and the moderate
price of new services have allowed companies to abandon
the development of their own IT infrastructure and use a
wide variety of services available to design component-
based information systems [3].

Unified access to services becomes a condition for
distributed systems- and service-oriented technologies.
The formation of a new democratic IT-environment, in
which even small businesses can supply services, have
been accompanied by the use of various tools and access
technologies [3]. As historically the IT-environment is
heterogeneous, user access to its resources is to some
extent complicated or at least uncomfortable. As a result,
there is primarily a need for uniform access to services.
Otherwise, the advantages of distributed systems and
service-oriented technologies will remain unsuitable.

The WDC preserves enormous amounts of
astronomical, geophysical, and other scientific data.
These data are processed by different programs. This is
one of the most powerful information resources used by
hundreds of thousands scientists. The demand for it
increases in proportion to the need for interdisciplinary
research related to sustainable development, the
environment protection and others. However, the lack of
unified access to data and applications prevents the use of
WDC resources effectively. For this reason, in 2008, the
World Data System (WDS) was created. The main
purpose of the new organization is to ensure a uniform
right of access to scientific data for researchers, educators
and decision-makers. There is a number of problems
facing the WDC, and the main one seems to be the
challenge of data and applications integration.

II.

Integration is generally understood as providing a
unified, compatible interface for accessing heterogeneous
independent data sources [4]. There are a few
successfully realized and sufficiently widespread
approaches to data integration in the real systems, for
example data spaces [5]. Research in application
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integration was accompanied by the expansion of
business solutions CRM, ERP, SSM and others. The
technologies like Component Object Model (COM),
Common Object Request Broker Architecture (CORBA),
Distributed COM (DCOM), Electronic  Access
Interchange (EAI) i CORBA have provided integration of
different program systems and contributed to solving the
urgent problems of users. Service-oriented Architecture
(SOA) promoted the formation of the web-applications
integration concept [6] [13].

However, the real solution to the problem of
integration became possible only after the 2008 crisis,
with the idea of cloud computing. IT leaders offered
solutions based on integrating platforms that provide full
functionality. For most enterprises this solutions were
overpriced and they used the business-application of
different developers through program-mediators.

Existing application integration decisions are based
on different technologies, but their general principles and
theoretical approach remain the same. Heterogeneous
services must be registered, described and made available
to customers and to each other. Network co-operation is
based on the protocols of all levels of OSI model,
primarily taking into account international, states and
branches, and corporate documents [7]. In general, the
integration framework consists of the basic and applied
parts. The basic part covers four traditional levels of
standards of stack protocols of TCP/IP (NIUS, network
co-operation, transport and applied), that embrace 7 levels
of model of OSI. The applied part covers the user
applications in accordance with the class of information
system, level of ontology, level of services
intellectualization operations based on the XML protocols
system, Universal Description, Discovery of and of
Integration (UDDI), Web Service Description Language
(WSDL), SOAP [9]-[11].

It is possible to clarify the key technology of applied
applications integration on the basis of review:
applications co-operation on the base of stack UDDI,
SOAP (or REST), BPEL, WSDL, XML above a
transport level; WCF; the association of all services into
one multifunctional business-service using the service-
orchestrator. The role of service-orchestrators can be
performed by embedded agents.

The scientific community is already using systems
based on the decomposition of the overall problem (flow)
into a sequence of individual subtasks (sub flow) - the so-
called workflow system, for example Triana workflows,
Kepler, Taverna Workflow Management System [12].
Unfortunately, the description of streams and components
of these systems are incompatible. They do not have the
developed intellectual constituent and any working
sequence of services needs to be collected by hand or to
edit. On their basis a few decisions are worked out, for
example GEOSS, for the creation of the application of
accumulation, treatment and exchange by scientific data
in different areas. But there is a string of defects, above

all complication of the association of heterogeneous types
of data from different sources in one query.

There is a requirement in the creation of
mathematical models and methods as bases of integral
decision for providing centers of storage and data
processing that will give flexible possibilities at the level
of integration of information and availability of services
for users. The indicated models and methods must not
lack an algorithmic approach, algorithms of processing of
data related to the necessity of rescheduling at the
appearance of new types of data and change of realized or
appearance of new algorithms. Such a decision must
provide flexibility and adaptability, the use of remote
services, the ability to use the end-user without special
knowledge and skills; quick and easy integration with
existing information systems.

1.

The WDC system organization method of services co-
operation is an orchestrator. It allows to group the base
services in the hierarchy, subordinating to their
administrators — service-orchestrators. The WDC services
can be united by common attributes (science area,
functionality, regionai iocation and others). The service-
orchestrators receive powers in accordance with policy of
international exchange by data. Thus, it is possible to
organise a simple and effective system, such that the
search of necessary service or construction of their
composition for difficult queries inherent
interdisciplinary research will not require large time, as
every Service Orchestrator has information on the
functionality of inferior services and in addition, they can
coordinate the possibilities in the process of planning and
realization of users” queries. Plugging new services in the
system will not present specific problems either, as for
this purpose it will be necessary only to describe a
description of service, and introduce it to a register and
fasten after certain Service Orchestrator.

Such an approach will work, when a user exactly
knows his information necessities and has knowledge and
skills to compile the chain requests to a known
orchestrator. But the approach also allows to work with
the system, only formulating needs in terms of a
particular subject domain. But then for the association of
services and the organization of their co-operation an
intellectual constituent is needed. For this purpose
intellectual agents are used. They realize system logic to
promote the formation of queries, planning of their
execution, and organization of basic services interaction.
The system is two-tier: (1) the bottom level is formed by
services that decide base tasks; (2) the overhead level
consists of intellectual agents that orchestrate base
services. Intelligent agents, using registers of basic
subordinate services and their functionality, through
interaction implement methods of inference. The
inference result is the composition of based agents
operations. This composition is transferred to the lower
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level, which performs operations forming solution of the
user task. At this point, control is transferred to the lower
level agents, which give only the final result to be sent to
the user.

The implementation of user query comes true after an
inference. Actually user request is performed after the
formation of proof. The proof contains pointers to data
sources and IDs of methods which system services should
perform on the data. Some requests do not require pre-
processing of data and methods of service are performed
immediately after receiving information from the data
source. Others require a certain sequence of previously
completed operation on the data, and as a result,
execution of other service methods. The necessary
connections are described in the axioms that are entered
into the knowledge base in registration of service in the
system. These operations yield the final product of the
system - data that are solutions to the user problem. Since
the operation of the system is determined by the user's
request, the system interface should help him make a
request in familiar terms. In the solution that is proposed,
UDDI is used to create the service registry. For unified
description of services WSDL is used. Messaging is
implemented using SOAP, and orchestration of services -
BPEL. Agents are described by means of JADE.

The description of the service interface is entered in
the knowledge base of the agent-controller, to which the
new service will be sub-ordered. The agent-controller is
selected in accordance with the policies adopted in the
WDC system, for example, by the criteria of the
geographical location of the deployed agent. At agent
level, the agent-orchestrator (or several), having received
the user's request, interrogates the agents in order to
search for the necessary services and free resources. The
user's request is processed taking into account the
services of the system, their functionality (described by
the axioms of the system), and the inference rules defined
by logical formalism. To realize this interaction of
services in the WDC system, the most appropriate is a
logical approach. The implementation of approach
requires: (1) to describe the existing services in the
formal language; (2) to formulate the rules of inference;
(3) to determine the inference method; (4) to develop an
algorithm of the execution tree recovery; (5) to
implement these methods and mechanisms in the agents
of the system.

IV. THE FORMAL LOGICAL SYSTEM

The program system is built on the basis of the formal
logic system described in [2]. Consider only the problem
modifications necessary for integration. The constructive
(construct), procedural (method), and object types
(problems, entities, relation) of constants are important
for inference. Further, the formulas are converted to the
traditional for the clausal logics form (we are talking
about the Horn clause).

Specifier - it is construction of kind t,, where
T, is a therm for an individual object. The

specifiers of construct:
o if e]e...e,e, - individual object of entity kind,

I3

el ..e
A7 Caj..a,' ). 4} Caf..a’ ) - atomic

formulas for the individuals of primary types, T —
individual therm of kind construct, then t:

( e, A/ o)

A4/ ( af..a j" )) - specifier of construct;

e, - individual object of relation kind,

e e r 1
e/..e, ., el.. ( a..a,

e  other specifiers of construct are not.
Precondition:

if ¢; — specifier of construct, IT - sequence of
atomic formulas, then <t,:(c,II)>
elementary precondition;

elementary precondition - precondition;

if <t> precondition, T, elementary
precondition, then <ty, T,> - precondition;

e other preconditions are not.

Post-condition:

if T, — specifier of construct, Il - sequence of
atomic formulas, then <t:(c,;II)> - elementary
post-condition;

elementary post-condition - post-condition;

if <t;> - post-condition, 1, - elementary post-
condition, then < 1y, 7> - post-condition;

other post-conditions are not.

Specifier of methods:

if T - individual therm of method kind, <t,> -
precondition, < 1,> - post-condition, then T:
(<t>, < 1,>) — specifier of method;

other specifiers of methods are not.

Specifier of problems:

e if <t;> - precondition, a <t,> - post-condition, T —
therm for individual object of kind Problem,
then 1: <<1,>,<1,>> - specifier of problems;
other specifiers of problems are not.

Clause - an expression of kind IT — A, where Il
- sequence of atomic formulas; A - only atomic
formula.

Atomic formulas will provide these clauses depending
on the type: (1) individual (contains only atomic formulas
for individuals); (2) typified (contains only atomic
formulas for types); (3) general type (contains atomic
formulas for individuals and types).

The knowledge base of a system consists of axiom
ontology, that depicts methods of system services, and
data source ontologies, described in OWL language based
on RDF. Also, the knowledge base includes rules of
inference necessary to obtain a desired result when it is
necessary to combine methods both one and different
services.
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Inference rules:
If d1: (<t1>,< 12>) and d2: (<13>,< t1>) then
dl: (<d2>,<12>)
If d1: (<tl>,< 12>) and d2: (<3N 4>,< 11>)
then d1: (<d2>,<12>)
If dl: (<tI N 12>,< 13>) and d2: (<t4>,< 11>)
and d3: (<t5>,< 12>) then dl: (<d2/ d3>,<13
>)
If dl: (<t1>,< 12>) and d2: (<13V 14 ><11>)
then d1: (<d2>,<12>)
Ifdl: (<2 A 12>,<11>) then d1: (<12>,<11>)
If dl: (<rtl, 12>,< 13>) and d2: (<14>,< 11>)
and d3: (<t5>,<12>) then dl: (<d2, d3>,<12>)
If d1: (<t1>,<12,13>) and d2: (<12>,< 14>) and
d3: (<13>,<15>) then d2: (<d1>,<14>) and d3:
(<d1><15>)

V.

We use the proposed method in [2], based on analogy
and types of assertions. The described idea is to build
proof in an abstract space with its subsequent use for
process control in the initial solutions search space. This
will increase the effectiveness of the deduction [8] by
Cutting Off Aot £ 1. Canmalizcinn O e T e o
branches in the original space. Further multiset literals
(atomic formulas) called multi clause (m-clause) and
literal L will be recorded in m-clause as many times as it
is repeated. An ordinary clause will be assumed as m-
clause, the multiplicity of every literal in which is 1. The

operations U (union), (intersection), — (difference),

(concatenation) and relation = (occurrence) for
multisets are naturally performed.

Let A,€C,, A,€ C, and «;, o, be such substitutions
that some literal L on the right side 4; and on the left side
Az, Al(ll:{L}, Azazz{L}, and if |Ai‘>19 i= 1, 2, the
corresponding substitution «; is the most common
unification of literals from 4,. Then the clause, obtained
from the union of clauses C;o; and Cya, by removing L
of the left and right parts, is called m-resolvent of clauses
C; and C,. Let all of m-clauses in the original set S be
ordered and C,, C, are the two of them. Let 4, € C,,
A>€ C, and a,, 0, are such substitutions that for some
literal L on the right side 4, and on the left side 4,, 4,0-
1={L}, Axap={L}, and if [4]>1, i = 1, 2, the
corresponding substitution «; is the most common
unification of the literals from A,. Then the clause,
obtained from the union of clauses Ca; and C,u, by
removing L of the right part and last L of the left part and
by eliminating the any underlined literal, after which
there are no more literals, is called the ordered linear m-
resolvent of ordered clauses C; and C,. In the event that
the last literal on the left side of the ordered m-clause is
unified with underlined literal on the right side of the
same clause, the ordered linear m-resolvent can be
obtained by removing the last literal of the ordered m-
clause in left part (or by means of m-clauses reduction).

Further pair, whose first component - the set of
deduction vertices, and the second - a set of triples of

THE FORMAL LOGICAL SYSTEM

~ 4l n
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vertices (for the selection of components a couple of the
function-selectors s-N (Tm) and s-N (TT) will be
respectively used), is called m-resolution proof and
denoted 7m. Each vertex of m-resolution proof is
characterized by the tag and the depth in the proof so, that
if n € s-N(Tm), then s-L(n) is the tag of vertex »n and s-
D(n) is its depth in the proof. if <n;, ny, ny> € s-M(Tm),
then s-L(ns) is m-resolvent of s-L(n;) and s-L(n,). Each
triple of the form is called m-resolution. If n € s-N(Tm)
and vertex » is not the third component of any triples
from s-M(Tm), then n is called the initial vertex of
deduction 7m. The mark of such vertex is an initial m-
clause. If n € s-N(Tm) and vertex n is neither the first
nor the second component of any triples from s-M (Tm),
then » is called the terminal vertex of proof and its mark
is called the terminal m-clause. In general 7m must
satisfy the following restrictions: if < nj, n,, ny> € s-
M(Tm), then < n,, n;, ns> € s-M(Tm). The depth in the
proof for each vertex n, n € s-N(Tm), by definition:1) s-
D(n) = 0 for any initial vertex n; 2) s-D(n) = 1 +
min{max{s-D(n,), s-D(n,)}|<ny, ny, > € s-M(Tm)} for
any no initial vertex ».

If initial vertex marks in 7m belong to the set of m-
clauses S, then m-resolution proof 7m is called the proof
from S. C is inferred from S, if 7m is proof from S, while
C is mark of one of the 7m vertices. Let the value of
function Result() be defined to 7m and be equal to C, if
terminal clause C of proof 7m is the only one, that is
Result(7m) = C. Let Tm; and Tm, are m-resolution
proofs. Proof 7m, is called the sub proof of 7m, (and
denoted 7m; < Tm,), if the following conditions are
fulfilled: s-N(Tm,) < s-N(Tmj) and s-M(Tm;) < s-
M(Tm,). Moreover, if all the initial vertices of 7m, are the
initial vertices of Tm,, then Tm; is called the initial sub
proof of Tm,.

Let Tm is the m-resolution proof from S and all its m-
clauses are ordered. If for any triple < nj, n,, n;> from s-
M(Tm) s-L(n;) is the ordered linear m-resolvent of s-L(n,;)
and s-L(ny), then Tm is called the ordered linear proof
from S. Then, by definition, for m-resolution proof must
be satisfied by the condition: max{s-D(n,), s-D(n,)} = s-
D(I’I';) - 1.

In addition to the general properties of m-resolution
proofs, the ordered linear proofs have the own features.
So, for the ordered linear proof m-resolution proof 7m are
satisfied that conditions: 1) if <ny, ny, ny> < s-M(Tm),
then <n,, n;, ny> & s-M(Tm), 2) for any no initial vertex
ns with the depth in the proof r exists the triple < n, n,,
n;>, in which the vertex n; has the depth in the proof -1,
n, corresponds to the initial vertex or is absent; 3) 7m
contains a single terminal clause.

To manage an ordered linear proof, the proposed
abstraction of typing in [4] has been used. Let f be the
mapping from the set of m-clauses into the set of m-
clauses subset such, that: 1) if m-clause C; is the m-
resolvent m-clauses C, and C,, while D, e f(C,), then

exist D, e f(C,) and D, e f(C,) such, that the
result of the substitution of some D; m-resolvent and i D,
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belongs to Ds; 2) f (D) ={J}; 3) if the result of the

some substitution of m-clause C; belongs to m-clause C,,
then for any abstraction D, for C, exists abstraction D,
for C such, that the result of the D; substitution belongs
to D,. Such mapping is called f m-abstraction mapping,
while any D from f{C) is called m-abstraction. The
mapping of typing is some mapping ¢ from the set of
literals into the set of literals, which reflects each atomic
formula into the formula, the terms of which have the
type that is closest in the hierarchy to the based types. In
[4] it has been proved that the mapping of typing ¢ is a
m-abstraction mapping.

A relationship between the ordered linear proofs 7m
and Um is called the relationship of improvement (and

noted 7m —> , Um), where f'is m-abstraction mapping, if

the vertices of proofs 7m and Um are in the A
relationship of accordance R, that: 1) simultaneously
following conditions are fulfilled:

Vn(ne s— N(Tm)) 3n'(n'e s — N(Um))(nRn")
Vn(ne s— N(Um)) In"(n'e s— N(Tm)(nRn'") ;
2) if R n',where ne s — N(Tm),n" e s — N(Um)
then » and #' may be initial or terminal vertices only
simultaneously; 3) for the terminal vertices of proofs 7m
and Um relationship R is the one to one relationship; 4) if

<y, ny, n3> € s-M(Tm), <n]’, n;, l’l; > € s-M (Um)
and n,Rn;, then n,Rn, and n,Rn’;5)if nand n' are

the initial vertices of proofs 7im and Um respectively and
an,, TO S-L( n') S f(s-L(n)); 6) if n and }’l' are the
noninitial vertices of proofs 7im and Um respectively and
nRn', then example s-L(n") belongs to f{s-L(n)).

So the ordered linear proofs have the property of
minimality. In other words, there is exactly one terminal
vertex and if a triple <n;, n,, n;> belongs to the minimal
ordered linear deduction, then no other triple cannot
contain vertex n; as the third component, except for triple
<ny, Ny, N3>.

On this property of the ordered linear proofs the
inference mechanism has been built, which is realized by
agents. Once a user has formulated the problem, the
system builds a proof - in fact, checking the possibility of
the request satisfaction within existing resources. This
task is performed by the Agents-Orchestrators as an
important part of the system intellectual kernel. With
access to the list of services, their descriptions and
axioms that specifies and services application
capabilities, these agents trigger the inference process.
During the inference process the chain of services is
being built that will provide the desired result for a user,
starting from the obtaining of data from their relevant
sources.

The ordered linear m-resolution proofs are specified
by a pair of sets: the vertices V.= {k , k,, k, - k,}

and the vertices triple T{< k1 s k2 s k3 >, <k3 > k4 B

ki> .. <k k, ., k,>}, where k, i=1.2,...,n-1, is
the vertex of the tree,  is the terminal vertex, result of

n=2°> "“n-1>

working. Forming a proof, we take as its initial vertices
the postcondition of the formulated problem and the
compatible axiom of knowledge base as the lateral vertex.
The axiom is compatible, if the sequence of atomic
formulas, matching the proof vertex, or any part of it is a
postcondition of axiom. The third vertex of the triple is
the result of the inference rule, used to the first two
vertices. On the next step the third vertex of the first
triple becomes the first vertex of the second triple. This
process is repeated until the terminal vertex, which
corresponds the formulated problem precondition, will be
reached. There are the instances when a formula,
corresponding to third vertex of the triple, can be reduced
by using the inference rule. Then the next triple will have
only two vertices - the first, which corresponds to the
formula to reduce, and the second, which corresponds the
reduced formula.

To search the compatible axioms the constructs of the
currently processed postcondition are compared with the
constructs of the ontology axioms. Thus, from the
ontology the set of axioms is selected. Moreover, these
axioms describe services that process the objects of the
desired type and format. The deduction mechanism in the
process selects only the axioms in this set. If in
continuing the proof from another vertex, there are
several compatible axioms in the knowledge base, each of
these axioms is used for further construction of the
"parallel" version of proof. As a result, the inference
mechanism in the process can form a set of different
lengths and complexity proofs.

The number of proofs depends on the number of
axioms in the knowledge base and the combinations of
their application to each vertex. After the inference
mechanism is over we have the set of obtained proofs.
The proof with the least number of vertices triples and the
fewest number of applied axioms is selected from this set.
The longer, cyclic and blind proofs are discarded.

This set of formulas and clauses, which corresponds
to the proof triples vertices, reflects the application of
axioms and rules during the proof construction. This set
is the result of the inference mechanism.

VL

To obtain functional sequence of actions from the
proof it is necessary to restore the solution scheme. This
scheme constitutes a connected directed graph without
oriented cycles with parallel directed paths from root to
vertices, which has three types of vertices, and is given
by this three: G=<V,E,0> |, where

V=V, uV,uV,,V, -setof vertex-methods, /', -

THE MECHANISM OF SOLUTION TREE RECOVERY

set of vertex-forewords and vertex-postconditions, V', -
set of data vertexes, in which there are combination, or
separation of data; E — set of edges; ® — subset of the
Cartesian product ExVxV, which determines the ratio of
edges and pairs of vertices. The scheme determines the
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sequence and ratio according to the data of actions that
will be performed by the data processing system’s
executive mechanisms to obtain the result desired by the
user.

Algorithm ~ for vertex scheme  reconstruction.
Condition: proof Result = <V, T>. To find:
G=<V,E,0O>.

Step 1. Identification of terminal triple — triple that
contains a vertex ., that is neither the first nor the second
component of any of the triples of the set 7.

Step 2. In selected triple the initial vertex is post-
condition vertex, second — method vertex, terminal —
precondition vertex. The method that turns precondition
into post-condition is determined by the unambiguous
correspondence to the vertex formulas of the post-
condition and precondition of the method’s axiom.
Vertices are connected with edges: precondition to
method and method to post-condition. If a precondition of
the method axiom consists of combining or intersecting
several elements, a vertex of data is inserted between the
vertex of precondition and the method, which groups the
precondition according to the relevant rules of inference.
If there are two vertices in the terminal tripe, the
inference rules was used to convert the vertex clause, and
the vertex of the transformation in this branch of the tree
occupies the vertex of method in this branch,
corresponding to the inference rule used, with the
corresponding vertices of post-condition.

Step 3. The vertices, edges and their ratios are
introduced into G.

Step 4. Having extracted the processed triple from the
set of triple vertices T, we execute step 2. If the set is
empty, the tree reconstruction is completed.

The restored decision tree is fed to the actuator input.
Implementation of a particular method specified in the
solution tree is represented by a construct that describes
the input data (entities, connections, relations between
them), the preconditions of the method, the post-
conditions of the method, and the output data. The
branches of the solution tree that are after the data
splitting vertex can be executed in parallel until they
reach the data merging vertex, where, after completing all
the parallel branches involved in merging, continue to be
executed consistently.

In the report, the use of a logical approach on the real
scientific task of calculating the component of life safety
and indicating critical values of threat indicators for
analyzing the constant development of the regions of the
Ukraine has been demonstrated.

VIIL

Based on the analysis of existing data centers, a
qualitative solution that provides a simple and flexible
way of integrating heterogeneous information systems
and their services into the World Data System has been
offered. One of the key features of the proposed solution
is the automation of the construction of the actions chain,
which executes the user’s request. A logical formalism to

CONCLUSIONS

describe this solution has been created, on its basis, the
methods of inference and the restoring of the decision
tree have been developed.

An analysis of the available technologies for
distributed systems implementation made it possible to
use this set of software solutions for the practical
implementation of this soiution: UDDI for creating a
register of services entered into the system; WSDL for a
unified description of services; SOAP for exchanging
notifications between services; BPEL to implement the
overall coordination of services. Intelligent agents can be
implemented using JADE.

The implementation of the proposed solution has
provided an opportunity to use all integrated computing
capacities and data storage systems of the World Data
System in a complex manner. In this way, users can
easily access all the necessary resources and services that
are available to the system.

Further research is aimed at developing more efficient
inference methods including ontology, developing
intelligent data analysis methods.

ACKNOWLEDGMENT

Presented results of the research, which was carried
out under the theme No. E-3/627/2016/DS, were funded
by the subsidies on science granted by Polish Ministry of
Science and Higher Education.

REFERENCES

M. Z. Zgurovsky, A. D. Gvishiani, K. V. Yefremov and
A. M. Pasichny, “Integration of the Ukrainian science into the
world data system,” Cybernetics and Systems Analysis, vol. 46,
issue 2, pp. 211-219, 2010.

O. Pavlov, S. Telenyk, Algorithmization and IT in Management,
Kyiv: Technics, 2002, 320 p.

M. Kavis, Architecturing the Cloud, Wiley, 2014, 199 p.

A. Y. Levy, “Logic-based techniques in data integration,” in:
Logic Based Artificial Intelligence, edited by J. Minker, Kluwer
Publishers, 2000.

N. Shakhovska, et al., “Data space architecture for big data
managering,” in Proceedings of the Xth International Scientific
and Technical Conference “Computer Sciences and Information
Technologies” (CSIT), 2015, pp. 184-187.

D. Wage, “Cloud computing: will open services be useful?,” Open
Systems, no. 1, pp. 68-75.

OMG  Systems Modeling Language, [Online].
http://www.omg.org/docs/formal/07-09-01.pdf

R. Queiroz, et all, Functional Interpretation of Logical Deduction,
Advances in Logic, v. 5. Singapore: World Scientific, 2012.

J. Greer, Web Services Description Language: 55 Most Asked
Questions: What You Need to Know, Emereo Publishing, 2014.

S. Graham, et all, Building Web Services with Java: Making Sense
of XML, SOAP, WSDL, and UDDI (2nd Edition), Sams
Publishing; 2 edition, 2004.

J. Laznik, Y. Mannari, R. Dhruv, BPEL and Java Cookbook: Over
100 Recipes to Help You Enhance Your SOA Composite
Applications with Java and BPEL, Birmingham, 2013.

A. T. Guler, C. Waaijer, et all, “Automating bibliometric analyses
using Taverna scientific workflows: A tutorial on integrating Web
Services,” in Journal of Informetrics, 2016.

S. El-Seoud, H. El-Sofany, M. Abdelfattah, M. Reham, “Big data
and cloud computing: trends and challenges,” International
Journal of Interactive Mobile Technologies, vol. 11, issue 2,
pp. 34-52,2017.

(1]

(5]

6]
(71
(8]
[
[10

Available:

(11

[12]

[13

1031

76



Lt

Proceedings of the Federated Conference on
Computer Science and Information Systems pp. 539-545 ISSN 2300-5963 ACSIS, Vol. 18

DOI: 10.15439/2019F71

IEEE Catalog Number: CFP1985N-ART (©2019, PTI

The Approach to Applications Integration for World Data Center
Interdisciplinary Scientific Investigations

Grzegorz Nowakowski
Department of Automatic Control and Information
Technology, Faculty of Electrical and Computer
Engineering, Cracow University of Technology
Cracow, Poland
gnowakowski@pk.edu.pl

Kostiantyn Yefremov
World Data Center for Geoinformatics and
Sustainable Development, Kyiv, Ukraine
k.yefremov@wdc.org.ua

Abstract—The approach to applications integration for
World Data Center (WDC) interdisciplinary scientific investi-
gations is developed in the article. The integration is based on
mathematical logic and artificial intelligence. Key elements of
the approach - a multilevel system architecture, formal logical
system, implementation — are based on intelligent agents inter-
action. The formal logical system is proposed. The inference
method and mechanism of solution tree recovery are elabo-
rated. The implementation of application integration for inter-
disciplinary scientific research is based on a stack of modern
protocols, enabling communication of business processes over
the transport layer of the OSI model. Application integration is
also based on coordinated models of business processes, for
which an integrated set of business applications are designed
and realized.

Index Terms—research, application integration, business
processes, mathematical logic, formal logic, inference mecha-
nisms, multi-agent systems, protocols, software agents

I. IntrODUCTION: PARTICULARITIES OF WDC APPLICATION
INTEGRATION

N VIEW of the globalization of the economy and social

life, National Science must integrate into the world and Eu-
ropean organizations that promote the consolidation of re-
search and consequently the development of scientific activity
[2]. This is a very important process since there is an urgent
need for interdisciplinary research, primarily for the assurance
of sustainable development globally and regionally [3]. How-
ever, effective implementation of interdisciplinary research re-
quires the creation of appropriate conditions for information
exchange in the process of solving scientific problems. The
scientific and technical progress that in its time facilitated the
creation of information and communication technologies
(ICT) nowadays benefits greatly from them. They are devel-
oping rapidly, covering new spheres of human activity and
enhancing performance. Yet only field specialists can use ICT
in a rational way, whereas the need for efficient information
exchange within interdisciplinary research can only be met
through rational ICT [19] application by specialists with deep
knowledge in their areas of expertise [4].

The development of the information technologies (IT) do-
main that is experiencing qualitative changes related to ICT
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strengthening has created conditions for distributed computa-
tion and the efficient use of information and other resources.

Canaplidation of raganrcag and tha inteadnction of virtnalizn
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tion technologies are contributing to the process of substitut-
ing local solutions with distributed ones that allow the com-
prehensive use of all computing powers and data storage sys-
tems linked into a global network, thus granting access to ac-
cumulated information resources. The service approach
formed on the basis of communication services has spread to
the infrastructure, software development tools, and applica-
tions. The emergence of a wide range of new types of ser-
vices, especially content-based ones, has led to the conver-
gence of services and the formation of a generalized concept
of information and communication services (ICS). The num-
ber of ICS providers has grown rapidly and convergent
providers have emerged. The wide functionality, high qual-
ity, and moderate price of new services rendered by
providers allow businesses to abandon the development of
in- house or IT infrastructure and to use a wide variety of
available ICS for component-based design of their informa-
tion and telecommunication systems (ITS).

However, unified access to services is becoming a condi-
tion for the efficient use of the advantages of distributed sys-
tems and the possibilities of service-oriented technologies. At
the same time, the formation of a new democratic IT envi-
ronment, in which even small businesses can render services,
has naturally been accompanied by the use of various tools
and access technologies [5]. Therefore, historically the IT en-
vironment is heterogeneous, hence user access to its re-
sources is to some extent complicated or at least inconve-
nient.

The same situation is characteristic of scientific activity in
particular. For example, the World Data Centers (WDC) sys-
tem created in 1956 under the aegis of the International
Council for Science (ICSU) ensures collection, storage, cir-
culation, and analysis of data obtained in various science ar-
eas [2]. During its existence, the WDC system has accumu-
lated a lot of data and applications that may be used to solve
the challenging problems of social development. They are
one of the most powerful information resources used by hun-
dreds of thousands of scientists, and the demand for it is in-
creasing in proportion to the need for interdisciplinary re-
search related to sustainable development, the solution of
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urgent environmental protection issues, etc. However,
problems related to the incompatibility of legacy applications
caused by architecture differences, the variety of data
presentation formats, and other factors prevent the effective
use of such WDC resources.

Promising architectural solutions are being developed and
gradually implemented in the ICT field, such as Next
Generation Network (NGN) and Next Generation Service
Overlay Network (NGSON) [6], that ensure the interaction of
various transport layer technologies. Yet there is a need for a
comprehensive integration of resources from various sources,
and ICT developers’ efforts should seek to enable scientists
working in various domains to use the accumulated resources
based on their areas of expertise, and not on the IT
particularities. The sources, comprehensive access to which it
is reasonable to ensure, include databases, websites and
portals, various legacy file management systems, and data
repositories structured according to various models.

Nowadays there exist more than 50 WDCs that for more
than 50 years have created a system for data accumulation,
analysis, processing, and international exchange. WDCs’
powerful data storage systems retain huge volumes of
astronomical, geophysical and other scientific data. WDCs’
servers process this data using numerous and various
applications powered by different technologies.

Certainly, from the point of view of scientists working on
various resource-intensive problems, it is important to have
access not to a large disordered system of possibilities, but to
an integral complex of data and application sources intended
to meet their specific needs, with a user-friendly interface that
does not require any special IT knowledge. Nevertheless, the
system for WDC data accumulation, analysis, processing, and
international exchange does not provide such access.
Furthermore, it was not designed for the growing level of
scientific society’s requirements and is not versatile enough to
be used in interdisciplinary research. Therefore, a new
interdisciplinary structure was created in 2008 — the World
Data System (WDS) — to develop and implement a new
coordinated global approach to scientific data, which
guarantees omni-purpose equal access to quality data for
research, education, and decision making. The new structure
will have to solve the accumulated tasks, primarily the
unification of formats and data transfer protocols, assurance
of convenient access to data, and the organization of scientific
data quality control [2].

Integrating formerly independent systems for the
accumulation, storage, and processing of WDC data on a new
advanced integration basis will allow a considerable
enhancement of their overall efficiency. The creation of such
a system will provide scientists with convenient centralized
access to formerly separate resources, facilitating and
quickening scientific and research activity around the world.

II.

An overview of existing integration solutions in all the
mentioned aspects, starting with the integration technology
aspect has been done. The existing solutions are powered by
technologies for the creation, functioning, and development
of distributed systems. Notwithstanding the differences of
various technologies for the creation of distributed service-
oriented systems, the overall principles and theoretical and
methodological approaches are always similar. Independent
services should be registered, described, and provided with
the possibility to communicate transparently with clients and
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with each other. Furthermore, networking interaction
requires us to determine protocols for all levels of the OSI
model. To do so, the corporate ITS standard structure with
services intellectualization operations may be used, as
suggested in [8], taking into account international, state, and
branch standards, and corporate documents, first of all [9].
The structure consists of two parts, where the first covers the
traditional four levels of standards of the TCP/IP protocols
stack, and the second covers the user applications in
accordance with the ITS class, destination, and services
intellectualization operations. Figure 1 presents an example
of the corporate standard structure.

ICS users’ applications
services
provision systems

Business

support systems
Ontology level

Information systems
systems

ICS services intellectualization operations based of the system of protocols:

UDDI: publication and discovery of services

WSDL: description of services interfaces

SOAP: messages exchange

f\
E TCcP uop n Transport level
| 3 ] ICMP. RIP OSPF ARP m Internetworking level
= regulated
— Ethemet, MPLS IV Network interfaces level
frame relay

Fig. 1 Stack of services interaction protocols

For convenience, the figure presents the levels of the
international standard for interaction of open OSI systems
and their correlation with the corresponding levels of the
TCP/IP protocols stack. The ITS classification used is
proposed in [8]. It allows the systematization of various ICS
by the level of users’ requirements and queries, practical
needs, and professional training, with no limitations imposed
on the ITSs’ functionality, attributes, or operations. The
changes introduced apply to the first part of the structure and
to the detailing of protocols that power the intellectualized
interaction of applications in the course of solving users’
more complex problems.

The services registry is maintained by the Universal
Description, Discovery and Integration (UDDI) technology
[10] that allows both people and client-programs to publish
information on services and search for a required service.

The Web Service Description Language (WSDL) that,
according to the W3C definition, constitutes an XML format
for the description of networking services as a set of
operations working with document- or procedure-oriented
information through messages [11], is used for the unified
description of services, which allows them to be used
independently from the programming language. WSDL
documents, by virtually creating a unified layer that allows
the use of services created on the basis of various platforms,
describes the service interface, URL, communication
mechanisms 'understood' by the service, methods provided by
it with corresponding parameters (type, name, location of the
service Listener), and the service messages structure.

To implement the key part of the interaction—messages
exchange—one of the widespread technologies may be used,
and the selection should be determined by compliance with
the requirements of the system for data accumulation,
processing, and exchange:
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SOAP: a user-friendly technology that is easy to use with the
Business Process Execution Language (BPEL), which
ensures interaction of distributed systems irrespective of the
object model, operating system, or programming language.
Data is transferred as special-format XML documents [12];
CORBA: a mechanism created to support the development
and deployment of complex object-oriented applied systems,
which is used for the integration of isolated systems, allowing
programs that are developed in different programming
languages and working in different network nodes to interact
with the same ease as if they were in the address space of a
single process. Such interaction is ensured through unified
construction of their interfaces using a special-purpose
declarative Interface Definition Language (IDL). At the same
time, the interface and the description thereof do not depend
on the operating systems or the processor architecture either
[13];

REST (Representational State Transfer) is a style of software
architecture for distributed systems, which is used to create
web services. A global URL identifier unambiguously
identifies each unit of information in an unvarying format.
Data is transferred without any layers [14];

WCF (Windows Communication Foundation) is Microsoft’s
platform designed to create applications that exchange data
through the network and are independent from style and
protocol [15].

Although nowadays the most acceptable choice seems to
be SOAP, based on which the interaction presented in Fig. 1
is performed, all the technologies allow the integration of
services of various origin [16] —[17].

To take into consideration service-based, process-
functional, and component-based approaches to the design
and maintenance of users’ solutions, the following well-
known architectural means of organizing shared functionality
are used:

Web Service Choreography is the approach that
determines the protocols of web services’ interaction to
perform a single global task by performing parts thereof. The
role assumed by the service determines its model of
exchanging messages with other services. This method shows
high efficiency for small tasks, but with increased complexity
of tasks the number of services involved grows rapidly,
solutions become too massive, and the efficiency drops
quickly [18].

Based on the abovementioned technologies, a few
solutions have been worked out, which may be used to create
applied systems for the accumulation, processing, and
exchange of scientific data in different areas. The best known
among them are the ESIMO and GEOSS systems. They are
quite widespread, although they have a number of drawbacks
in terms of processing heterogeneous information.

One of the most crucial issues is that of developing
mathematical models, methods, and means for the integration
of various applications, both legacy ones based on traditional
technologies and client-server and web-oriented technologies.
The article proposes an approach to applications integration
using the mathematical logic instrument and artificial
intelligence theory for interdisciplinary research through the
example of the WDC system functioning. The specificity of
the applications integration for interdisciplinary research is
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that the coordination of business processes models is not
required because it is, in fact, substituted with schemes for
performing users’ tasks. In general, the applications
integration is performed on the basis of coordinated business
processes models, and the integrated complex of business
applications is intended to support them.

[1I. DEFINITION OF THE APPLICATION INTEGRATION

PROBLEM FOR INTERDISCIPRINAR REASARCH

Mathematical models and methods as the basis for a
holistic solution should be created to power data storage and
processing centres , which will provide users with versatile
possibilities at the level of information integration and servers
availability. The mentioned models and methods should be
devoid of the drawbacks characteristic of the algorithmic
approach, related to the need to reprogram data processing
algorithms upon the emergence of new data types and
changes in the implemented algorithms or the emergence of
new ones. At the data processing level, such a solution should
ensure:

e computations distribution and the use of remote
hardware resources;

e versatility and adaptation to the system load;
e system usage space;
e data supply by remote client or service;

e availability of intellectual data processing means
directly to the end user with no special knowledge or
skills;

e fast and simple integration of data and applications of
various global information systems
IV. THE APPICATION INTEGRATION SYSTEM
ARCHITECTURE

The principal tenet for the creation of a distributed system
is the method of organizing services interaction. Of the two
known main ways of services interaction - orchestration and
choreography - the more efficient for the WDC systems is the
former. Indeed, orchestration that aggregates basic services
into hierarchically integrated systems, subordinating them to
administrators — ‘orchestrator’ services - allows services to
be unified by attributes that are convenient to WDC (science
area, functionality, regional location, etc.), and to provide
orchestrator services with powers in accordance with the
international data exchange policies. Thus, it is possible to
line up a simple and effective system, in which the search for
the necessary services or the construction of their
composition for the complex queries inherent in
interdisciplinary research will not require a lot of time, as
every Orchestrator Service has information on the
functionality of inferior services, and in addition they can
coordinate their possibilities in the process of the planning
and execution of users’ queries. Plugging new services into
the system will not present a particular problem either, as
doing so will only require the service description to be laid
down, entered into the registry, and assigned to a certain
orchestrator service.
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Such an approach will work when users know exactly their
information needs and have corresponding knowledge and
skills to compile chains of queries to the known orchestrators.
What is more important is that the approach will provide the
opportunity to work with the system for users who cannot
initiate services, by determining the sequence of their work
and specifying execution and interaction parameters. Users
only have to know how to formulate their needs in terms of a
particular subject domain. In this case, the association of
services and the organization of their cooperation require an
intellectual constituent. For this purpose, intellectual agents
are used, which constitute the system core, implementing its
functioning logic, which promotes the formation of queries,
plans their execution, and organizes basic services
interaction. The introduction of intellectual agents as
orchestrator services into the hierarchical structure forms a
two-tier system; the bottom level consists of services
performing basic tasks, the top level consists of intellectual
agents that orchestrate basic services. By using the registries
of subordinated basic services and their functionality and by
interacting with each other, interconnected intellectual agents
implement methods of logical inference. The inference result
is the composition of basic agents’ operations that allow user-
defined tasks to be performed. This operations composition,
or proof, is transferred to the lower level, where the
operations necessary to solve the user’s task are performed.
At this point, control is handed over to the lower level agents
that only return the final result to be sent to the user.

= -
T RS Ny
intellectual agent Services
description
Basic level intellectual
agent 1
= Basic level intellectual
sgent2
‘WSDL description
-
WDC S ‘WSDL description
z = [ Acess
IT infrastructure services TS
WDC " Access
- sl usell IT infrastructure services
| Service 1 |
Data source 1
|| || =
Service n Data source m 5 \:]
UDDI description Service m Data source m
<+———» SOAP: communication support UDDI description

Fig. 2 System components interaction scheme

The user’s query itself is performed upon formation of the
proof containing references to one or several pointers to data
sources and IDs of methods that the system services should
apply to the data. Some queries do not require pre-processing
of data, since the execution of services methods is sufficient
upon receipt of information from the data source. Others
require a certain sequence of prior data operations, and as a
result, the execution of other services methods. The necessary
connections are described in the axioms entered into the
knowledge base upon registration of respective services in the
system. These operations yield the final product of the system
- data that are the solution to the user’s problem. Since the
system operation is determined by the user’s query, the

80

PROCEEDINGS OF THE FEDCSIS. LEIPZIG, 2019

system interface should help them make a query in familiar
terms.

The proposed solution uses UDDI to create the service
registries and WSDL for the unified description thereof. The
key part—messaging—is implemented using SOAP, and
services orchestration—using BPEL. Agents are described by
means of JADE. The system components interaction scheme
in presented in Fig. 2.

The description of the interface (WSDL) of every low-
level service registered in the system and of related axioms is
input into the system knowledge base and directly into the
knowledge base of the Controller Agent to which the new
service will be subordinated. The Controller Agent is selected
in accordance with the policies adopted in the WDC system,
for example, by the criteria of the geographical location of the
deployed agent, in order to minimize data exchange.

At the agent level, the orchestrator agent (or several),
having received the user’s query, interrogates the agents in
order to search for the necessary services and available
resources. The user’s query is processed taking into account
the services of the system, their functionality (described by
the axioms of the system), and the inference rules defined by
logical formalism. The resuiting proof is transferred to the
lower level to be implemented.

At the services level, each agent invokes the required
services from its set and sends processed data according to
the action chains. This process is carried out in accordance
with the task solution tree reconstructed by the solution tree
reconstruction mechanism based on the proof.

To realize this interaction of services in the WDC system,
the most appropriate is the logical approach, which allows
both the level of the abovementioned requirements to be
reached and the drawbacks of a traditional algorithmic
approach to be eliminated. Indeed, it is only required to
develop the inference method and the solution tree
reconstruction mechanism that will implement the query
formation processes, plan their execution, reconstruct and
implement the task solution scheme. The logical approach is
the most appropriate one to create and describe these
constituents. The logical approach implementation requires
one to:

e describe the existing applications and their functional
capacities in the formal language;

formulate the inference rules;
determine the inference method;

develop an algorithm of the user’s query execution
tree reconstruction based on the proof;

implement these methods and mechanisms in the
agents of the system.

V.

Let us describe the formalism upon which the program
system that will ensure solution of the formulated problem
will be built. We will take the first order clausal logic for a
base and describe the formal system language in accordance
with the structural elements determined in [3].

Symbols: service: (,), [, ], {, },: <>, .;

THE FORMAL LOGICAL SYSTEM



GRZEGORZ NOWAKOWSKI ET AL.: THE APPROACH TO APPLICATIONS INTEGRATION FOR WORLD DATA CENTER

constant:

1
1) individual, of primary types (int, real, char, bool) - 4 s
k
a; .
... where each constant "' pertains to
type (primary type) &, structural type (construct) - ¢;, ca,
...; procedural type (met ; objective type

1 2
a, a, a,
9 b b

type (inethod) - dj, d>, ...
(problem, entity, relation) — e, ey, ...;

171
2) functional i-place, for individuals of type & - hl , hZ s een
hl
1 b 2 b "';
A A
3) predicate i-place, for individuals of type k- “1, 72, ...,

A A

1, “72 ... (this class includes taxonomic, relational and
other predicates, as well as traditional relations, at least
equality = and order >);

11 2 2
variable: for individuals of type f - 1 , X2 Y e ¥ , * 3 vy
k
where every variable % pertains  to type k;
logical: —, AV, <, 3, V,<:>
Individual terms of type A:
k

1) each individual constant 4 of type k is an individual

term of type k
k

2) each free variable i for individuals of type £ is an
individual term of type &;

J
3) if h’ is a certain functional constant for individuals of
type kand 7y, ..., 7j are terms for individuals of type £, then
J
h; (1, ..., 7j) is an individual term of type &;
4) there are no other individual terms of type 4.

The terms obtained by applying construction rules 1 or 2 of
the definition will be called primary, and all the others—
complex.

Formulas for individuals:
;
" is a predicate constant for individuals and 7,
J
" (1, ..., 7j) is the

1) if

..., 7j are terms for them, then
atomic formula for individuals;
2) the atomic formula for individuals is the formula
for them;
3) there are no other formulas for individuals.

Hereinafter we consider that the system contains an
omni-purpose transformer of formulas into the
traditional for the clausal form (we are talking about the
Horn clauses) view with a single — symbol, atomic
formulas to its left and right, and an implicit quantifier

V.

Specifiers, preconditions, post-conditions, specifiers
of methods, specifiers of problems, clause, the
system’s knowledge and inference rules are presented
in detail in [1].
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VI

The method proposed in [2] based on analogy and types of
assertions has been used. A detailed description of this
method can be found in [1], [4], [7].

The inference mechanism work algorithm is presented in
o 2

ls. I
To improve the inference mechanism three known

elements were integrated:

1) a multiset of literals (atomic formulas) (which will
be called a multi clause (m-clause));

2) the ordered linear;

3) typification abstraction (to manage an ordered

linear proof).

‘

Is compatible

THE INFERENCE METHOD

©
I

Initial vertex e T
determination
‘
Formation of working .
axioms set from Creation of a
ontology parallel inference
branch
Application of
axiom and
inference rules

Is problem
precondition
reached?

Reduction using
inference rules

Fig. 3 Inference mechanism work algorithm

VII. THE MECHANISM OF SOLUTION TREE

RECONSTRUCTION

To obtain from the proof generated by the inference
mechanism a functional sequence of actions to be used by our
system, taking account of services features and nature, the
solution scheme reconstruction mechanism should be

initiated [1].

Condition: proof Result = <V, T>.
Tofind: G =< V,E,0 >

Identification of the terminal triple—the triple that contains vertex k that is neither the first nor the
second component of any of the triples of set T.

In the selected triple, the initial vertex is the post-condition vertex, the second is the method vertex, and
the terminal is the precondition vertex. The method that turns the precondition into the post-condition is

by the to the vertex formulas of the post-condition and
precondition of the method axiom. The vertices are connected with the edges: precondition to method
and method to post-condition. If the precondition of the method axiom consists of a combination or
intersection of several elements, a data vertex is inserted between the precondition and the method
vertices, which groups the preconditions according to the relevant inference rule. If the terminal triple
only contains two vertices, it means that the inference rule was used to convert the vertex clauses, and the
place of the method vertex in this tree branch is occupied by the transformation data vertex that
corresponds to the inference rule used, with the corresponding post-condition vertices.

The vertices, edges, and their correspondence are introduced into G.

Having extracted the processed triple from the set of triple vertices T, we repeat step 2. If the set is empty,
the tree reconstruction is completed.

The solution scheme constitutes a connected directed
graph with no oriented cycles with parallel directed paths

from the root to the vertices; it has three types of vertices, and
is specified by triple G=<V,E,® > , where

V= Vl & V2 . s V1 is a set of method vertices, V2 isa

Fig. 4 Algorithm for vertex scheme reconstruction
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set of precondition vertices and post-condition vertices, V3 is
a set of data vertices in which data is merged or split; E is a
set of edges; ® is a subset of Cartesian product ExVxV,
which determines the correspondence of edges to pairs of
vertices. The scheme determines the sequence and the
correspondence according to the data of actions to be
performed by the data processing system’s executive
mechanisms to obtain the result desired by the user [1].

Algorithm for vertex scheme reconstruction was presented
on Fig. 4.

The reconstructed solution tree is fed to the actuator input.
The implementation of a particular method specified in the
solution tree is represented by a construct that describes the
input data (entities, connections, relations between them),
method preconditions, method post-conditions, and output
data. The solution tree branches downstream of the data-
splitting vertex can be executed in parallel until they reach
the data-merging vertex, where, after completing all the
parallel branches involved in merging, they continue to be
executed consecutively. The work algorithm of the solution
tree reconstruction mechanism is presented in Fig. 5.

Initial triple determination ~ Is merging/ i
No intersection/ Yo
splitting of pre-/
b el
P

Placement of first and last
vertices of triples as pre- /
post-conditions vertices

Connection of
vertices with
edges

]

needed?

Addition of

data vertex for
Input of obtained
vertices and edges to

the execution tree

L]

Does the
triple have

Exclusion of
processed triple
from inference

Addition of data
vertex for
transformation

Search for
method that
implements the
triple by axioms

(| Placement of
method vertex

Fig. 5 Work algorithm of solution tree reconstruction mechanism

VIIIL. APPLICATION OF LOGICAL APPROACH TO PROBLEM

SOLUTION

The approach efficiency on the real scientific task of
calculating the component of life safety and indicating critical
values of threat indicators for analyzing the sustainable
development of the regions of Ukraine has been
demonstrated.

The life safety component formula: Csl = /3.7 Threat3,

where the threat value is normalized by formulas (2) or (3).
The purpose of indicating critical values of threat indicators
is to determine the priority in consideration thereof in the
decision-making process on the level of a single region and
the entire country in order to mitigate the impact of threats on
sustainable development.

Suppose that for every administrative unit j = 1, 5

of
- X .m >
characterize the

there is a set of values
XigsX; 0,

indicators Y which

jo S =1m
negative impact of certain phenomena on the sustainable
development processes in the economic, social, and
ecological spheres. Such indicators, whose essence and
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composition are determined by experts, will be called threat
indicators.

Given the content of the critical values indication problem,
the following characteristic function must be determined:

(0,if value of x is not critical

wlo O\ PPN
F\X) T4, if otherwise W
where j = 1. n, j=1,m
It is clear that the determination of function

Y o(x; ;)
must be based upon certain criteria that take into
consideration exceeding by X a hazardous limit, the

relative position of region i in the indicators rating v
J

compiled for the comparison groups and for the entire
country, and the degree of “hazard” of value X in

comparison to values of other indicators for region ; .
To account for the relative position of the region in the
entire country’s ratings, the following criterion is used:

@

if higher values of indicator y = correspond to a higher
J

impact of the sustainable

development, and:

respective threat on the

-1

3

if lower values of indicator ¥

J
impact. In formulas (2)-(3), parameters ¢ and b are
calculated by the following formulas:

correspond to a higher

: “

1
Criterion p = is a dimensionless number that assumes
i.J
values within [O 1 ] . Values of around 0.5 correspond to
average values of y  in the selection, and values higher
J

than 0.75 correspond to values that exceed the average ones
by more than a standard deviation. In this case, the
characteristic function (1) taking account of one criterion

Ri j may be expressed as follows:
0,R, ; <0,75;

b4 x. ) = ?
R (xi) I,R, ;2 0,75.

Criterion p that takes into account a region’s relative
i,J

position in the comparison group may be calculated by
formulas (2)-(3) taking account of the fact that parameters ¢
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and b are calculated by formula (4) independently for each
comparison group.
Criteria Ri j and p  are dimensionless numbers and
s 1, ]

are of similar nature and can therefore be aggregated through
a weighted sum:

where weighting factors R and p are determined by
experts.
Thus, for region ; = 1,5, we have a set

(K1 K, 5. K

criterion that accounts for a region’s relative position in
ratings compiled for comparison groups and for the entire
country. Now, among values Kl_’j’ j=1,m - the

> of values of the aggregated

i,m

worst must be determined, which may also be performed by

formula (2):
-1

a-K,
— b
I; ;= 1 +e
where parameters g and b are calculated in selection
K, ;. j=1m

For values of criterion ; the same remarks apply as for
rJ
criterion R; Iz Therefore, characteristic function (1) may

be expressed as follows:
0,7, ;, <0,75;

1,1, ; 0,75.
Thus, values W / (xi j) = 1 correspond to the

\Pl(x"5j'): ]>

highest priority of attention to be paid to the value of indicator
X j in the administrative decision-making process on the

level of single region i.

IX.

Based on the analysis of existing data centres, their
equipment and software, a high quality solution is offered
that provides a simple and flexible way to integrate
heterogeneous information systems and their services into the
World Data System. One of the key features of the proposed
solution is the automation of thealgorit construction of the
actions sequence that executes users’ queries. A logical
formalism has been created to describe this solution, and on
its basis an inference method and a solution tree
reconstruction mechanism have been developed.

The analysis of available technologies used for the
implementation of distributed systems allowed the use of
such a set of software solutions for practical implementation
of this solution: UDDI for creating a registry of services
entered into the system; WSDL for a unified description of
services; SOAP for exchanging notifications between
services; BPEL for the overall coordination of services.
Intellectual agents can be implemented using JADE.

CONCLUSIONS

83

The implementation of the proposed solution will provide
an opportunity to use all the integrated computing capacities
and data storage systems of the World Data System in a
comprehensive manner. Thus, users will be able to easily gain
access to all the necessary resources and services available to
the system.
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Abstract:

The approach to applications integration for World Data
Center (WDC) interdisciplinary scientific investigations
is developed in the article. The integration is based on
mathematical logic and artificial intelligence. Key ele-
ments of the approach — a multilevel system architec-
ture, formal logical system, implementation — are based
on intelligent agents interaction. The formal logical sys-
tem is proposed. The inference method and mechanism
of solution tree recovery are elaborated. The implemen-
tation of application integration for interdisciplinary sci-
entific research is based on a stack of modern protocols,
enabling communication of business processes over the
transport layer of the OSI model. Application integration
is also based on coordinated models of business process-
es, for which an integrated set of business applications
are designed and realized.
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1. Introduction

In view of the globalization of the economy and social
life, National Science must integrate into the world and
European organizations that promote the consolida-
tion of research and consequently the development
of scientific activity [27]. This is a very important pro-
cess since there is an urgent need for interdisciplinary
research, primarily for the assurance of sustainable
development globally and regionally [26]. However,
effective implementation of interdisciplinary research
requires the creation of appropriate conditions for in-
formation exchange in the process of solving scientific
problems. The scientific and technical progress that
in its time facilitated the creation of information and
communication technologies (ICT) nowadays benefits
greatly from them. They are developing rapidly, cover-
ing new spheres of human activity and enhancing per-
formance. Yet only field specialists can use ICT in a ra-
tional way, whereas the need for efficient information
exchange within interdisciplinary research can only
be met through rational ICT application by specialists
with deep knowledge in their areas of expertise [19].
The development of the information technologies
(IT) domain that is experiencing qualitative changes
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related to ICT strengthening has created conditions
for distributed computation and the efficient use of
information and other resources. Consolidation of
resources and the introduction of virtualization tech-
nologies are contributing to the process of substitut-
inglocal solutions with distributed ones that allow the
comprehensive use of all computing powers and data
storage systems linked into a global network, thus
granting access to accumulated information resourc-
es. The service approach formed on the basis of com-
munication services has spread to the infrastructure,
software development tools, and applications. The
emergence of a wide range of new types of services,
especially content-based ones, has led to the conver-
gence of services and the formation of a generalized
concept of information and communication services
(ICS). The number of ICS providers has grown rapid-
ly and convergent providers have emerged. The wide
functionality, high quality, and moderate price of new
services rendered by providers allow businesses to
abandon the development of in-house or IT infra-
structure and to use a wide variety of available ICS
for component-based design of their information and
telecommunication systems (S).

However, unified access to services is becoming a
condition for the efficient use of the advantages of dis-
tributed systems and the possibilities of service-ori-
ented technologies. At the same time, the formation
of a new democratic IT environment, in which even
small businesses can render services, has naturally
been accompanied by the use of various tools and ac-
cess technologies [19]. Therefore, historically the IT
environment is heterogeneous, hence user access to
its resources is to some extent complicated or at least
inconvenient.

The same situation is characteristic of scientif-
ic activity in particular. For example, the World Data
Centers (WDC) system created in 1956 under the
aegis of the International Council for Science (ICSU)
ensures collection, storage, circulation, and analysis
of data obtained in various science areas [22]. Dur-
ing its existence, the WDC system has accumulated a
lot of data and applications that may be used to solve
the challenging problems of social development. They
are one of the most powerful information resources
used by hundreds of thousands of scientists, and the
demand for it is increasing in proportion to the need
for interdisciplinary research related to sustainable
development, the solution of urgent environmental
protection issues, etc. However, problems related to
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the incompatibility of legacy applications caused by
architecture differences, the variety of data presenta-
tion formats, and other factors prevent the effective
use of such WDC resources.

Promising architectural solutions are being devel-
oped and gradually implemented in the ICT field, such
as Next Generation Network (NGN) and Next Gener-
ation Service Overlay Network (NGSON) [24], that
ensure the interaction of various transport layer tech-
nologies. Yet there is a need for a comprehensive in-
tegration of resources from various sources, and ICT
developers’ efforts should seek to enable scientists
working in various domains to use the accumulated
resources based on their areas of expertise, and not
on the IT particularities. The sources, comprehensive
access to which it is reasonable to ensure, include da-
tabases [16], websites and portals, various legacy file
management systems, and data repositories struc-
tured according to various models.

Nowadays there exist more than 50 WDCs that for
more than 50 years have created a system for data
accumulation, analysis, processing, and international
exchange. WDCs’ powerful data storage systems re-
tain huge volumes of astronomical, geophysical and
other scientific data. Certainly, from the point of view
of scientists working on various resource-intensive
problems, it is important to have access not to a large
disordered system of possibilities, but to an integral
complex of data and application sources intended to
meet their specific needs, with a user-friendly inter-
face that does not require any special IT knowledge.
Nevertheless, the system for WDC data accumulation,
analysis, processing, and international exchange does
not provide such access. Furthermore, it was not de-
signed for the growing level of scientific society’s re-
quirements and is not versatile enough to be used in
interdisciplinary research. Therefore, a new interdis-
ciplinary structure was created in 2008 - the World
Data System (WDS) - to develop and implement a new
coordinated global approach to scientific data, which
guarantees omni-purpose equal access to quality data
for research, education, and decision making. The new
structure will have to solve the accumulated tasks, pri-
marily the unification of formats and data transfer pro-
tocols, assurance of convenient access to data, and the
organization of scientific data quality control [27].

The related difficulties are emerging because the
existing WDCs are accumulating and providing heter-
ogeneous data determined by the specificity of a cor-
responding science area and country. The possibilities
of telecommunication systems are constantly growing,
as well as the possibilities of modern computers and
data storage, thus making way for new distributed
computation technologies - grid systems and cloud-
based computation. Integrating formerly independent
systems for the accumulation, storage, and processing
of WDC data on a new advanced integration basis will
allow a considerable enhancement of their overall effi-
ciency. The creation of such a system will provide sci-
entists with convenient centralized access to formerly
separate resources, facilitating and quickening scientif-
ic and research activity around the world.
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To implement such integration solutions that sup-
port the continuous lifecycle of research data, it is
proposed to apply the well-proven Continuous Inte-
gration (CI) and Delivery (CD) software development
practices.) [28], [29], [30]. Continuous Integration
and Continuous Delivery are often quoted as the es-
sential ingredients of successful DevOps. DevOps
is a software development approach which bridges
the gap between development and operations teams
by automating build, test and deployment of appli-
cations. It is implemented using the CI/CD pipeline.
DevOps lifecycle contains six phases: Plan, Build, Con-
tinuous Integration, Deploy, Operate and Continuous
Feedback. Throughout each phase, teams collaborate
and communicate to maintain alignment, velocity,
and quality.

CI/CD are required for software development us-
ing an Agile methodology, which recommends using
automated testing to fast debug working software.
Automated testing gives stakeholders access to newly
created features and provides fast feedback.

The use of CI/CD practices requires the fulfill-
ment of a set of basic requirements for a
ment project.

In particular, the source code and everything
needed to build and test the project should be stored
in a repository of the version control system, and
operations for copying from the repository, building
and testing the whole project should be automated
and easily called from external programs. The GitLab
environment allows to manage project repositories,
document functionality and results of improvements
and tests, as well as track errors and work with the
CI/CD pipeline [31], [32].

develop-
r

2. Related Work

In this paper, the authors would primarily like to focus
on the consideration of urgent among the WDC prob-
lems requiring efficient solutions is that of integra-
tion. Presently, numerous WDCs use legacy technolo-
gies based on program systems with rigid structures,
whereas newer solutions have for a long time been
based on client- server and web-oriented technologies.
The service approach to data processing and analy-
sis has not spread to the required extent. Sometimes
connection to geoinformatics systems and even to
basic public services such as Google Maps is unavail-
able. Combined with the lack of a unified standard, this
fact shows that the need for data sources integration,
including applications integration and databases [16]
integration, may be considered sufficiently substanti-
ated. Therewith, the formation of a modern IT environ-
ment envisages the following integration aspects:
¢ technology: integrated data and services should
be based on a single stack of interaction protocols,
using common data transfer formats in order to
render the integration
e possible;
e content: a single data description format in the
semantic structure of data sources should be sup-
ported;
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Fig. 1. Stack of services interaction protocols
e functionality: the use of different services in the The services registry is maintained by the Uni-

single structure to solve user-defined problems. versal Description, Discovery and Integration (UDDI)

An overview of existing integration solutions in all technology [6] that allows both people and client-pro-
the mentioned aspects, starting with the integration grams to publish information on services and search
technology aspecthas been done. The existing solutions for a required service.
are powered by technologies for the creation, function- The Web Service Description Language (WSDL)
ing, and development of distributed systems. Notwith- that, according to the W3C definition, constitutes an
standing the differences of various technologies for the XML format for the description of networking servic-
creation of distributed service-oriented systems, the es as a set of operations working with document- or
overall principles and theoretical and methodological procedure-oriented information through messages
approaches are always similar. Independent services [11], is used for the unified description of services,
should be registered, described, and provided with the which allows them to be used independently from
possibility to communicate transparently with clients the programming language. WSDL documents, by
and with each other. Furthermore, networking inter- virtually creating a unified layer that allows the use
action requires us to determine protocols for all levels of services created on the basis of various platforms,
of the OSI model. To do so, the corporate ITS standard describes the service interface, URL, communication
structure with services intellectualization operations mechanisms “understood” by the service, methods
may be used, as suggested in [15], taking into account provided by it with corresponding parameters (type,
international, state, and branch standards, and corpo- name, location of the service Listener), and the ser-
rate documents, first of all [4]. The structure consists vice messages structure. Let us mention that the ma-
of two parts, where the first covers the traditional four jority of platforms support the formation of WSDL
levels of standards of the TCP/IP protocols stack, and descriptions of services, enabling developers to work
the second covers the user applications in accordance with services as simple classes.
with the ITS class, destination, and services intellectu- To implement the key part of the interaction -mes-
alization operations. Fig. 1 presents an example of the sages exchange - one of the widespread technologies
corporate standard structure. may be used, and the selection should be determined

For convenience, the figure presents the levels by compliance with the requirements of the system
of the international standard for interaction of open for data accumulation, processing, and exchange:
OSI systems and their correlation with the corre- ¢ SOAP: a user-friendly technology that is easy to
sponding levels of the TCP/IP protocols stack. The use with the Business Process Execution Language
ITS classification used is proposed in [15]. It allows (BPEL), which ensures interaction of distributed
the systematization of various ICS by the level of us- systems irrespective of the object model, operating
ers’ requirements and queries, practical needs, and system, or programming language. Data is trans-
professional training, with no limitations imposed ferred as special-format XML documents [5];
on the ITSs’ functionality, attributes, or operations. ¢ CORBA: a mechanism created to support the de-
The changes introduced apply to the first part of the velopment and deployment of complex object-
structure and to the detailing of protocols that power oriented applied systems, which is used for the in-
the intellectualized interaction of applications in the tegration of isolated systems, allowing programs
course of solving users’ more complex problems. that are developed in different programming lan-
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guages and working in different network nodes to

interact with the same ease as if they were in the

address space of a single process. Such interaction
is ensured through unified construction of their
interfaces using a special-purpose declarative

Interface Definition Language (IDL). At the same

time, the interface and the description thereof do

not depend on the operating systems or the pro-

cessor architecture either [1];

e REST (Representational State Transfer) is a style
of software architecture for distributed systems,
which is used to create web services. A global URL
identifier unambiguously identifies each unit of
information in an unvarying format. Data is trans-
ferred without any layers [17];

e WCF (Windows Communication Foundation) is
Microsoft’s platform designed to create applica-
tions that exchange data through the network and
are independent from style and protocol [7].
Although nowadays the most acceptable choice

seems to be SOAP, based on which the interaction

presented in Figure 1 is performed, all the technolo-
gies allow the integration of services of various origin

[9,10].

To take into consideration service-based, pro-
cess-functional, and component-based approaches to
the design and maintenance of users’ solutions, the
following well-known architectural means of organ-
izing shared functionality are used:

Web Service Choreography is the approach that
determines the protocols of web services’ interaction
to perform a single global task by performing parts
thereof. The role assumed by the service determines
its model of exchanging messages with other servic-
es. This method shows high efficiency for small tasks,
but with increased complexity of tasks the number of
services involved grows rapidly, solutions become too
massive, and the efficiency drops quickly [13].

Service orchestration is the approach that uses
an orchestrator service to associate services into a
single multifunctional business service. The role of
orchestrator services may be performed by agents
introduced into the system, which allows its hierar-
chical structure to be maintained, thus combining the
advantages of orchestration and multi-agent systems
(MAS). To perform orchestration, a special-purpose
language was developed to describe the business
processes and the protocols of their interaction -
BPEL. This language, sometimes called the orches-
trating language, provides an orchestrator process
(service) to coordinate the work of services subor-
dinated to it. The coordinated interaction is enabled
through messages exchange between web services.
The problem lies in the fact that, in order to carry out
long-term business processes with complex struc-
ture, not only messages themselves are important,
but also the exchange sequence, account of state, re-
sults, time and other aspects of business processes.
If the work of basic web services is organized by a
program agent as a higher-level orchestrator ser-
vice, we get the management mechanism at the web
services level, whereas organizational aspects (mes-
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saging sequence, account of load, etc.) will be dealt

with by higher-level agents. As a rule, SOAP is used

along with BPEL to implement messages exchange,

although there are alternatives [2].

The scientific community is already using systems
based on the decomposition of the overall problem
(flow) into a sequence of individual subtasks (sub-
flows), the so-called workflow system. The effective
interdisciplinary workflow environments worth men-
tioning are Triana Workflows and Kepler. A research-
er user may edit the task-performing scripts, using
system automation means, which renders it versatile
and widens its application sphere. Those systems’ ar-
chitecture consists of the following levels:

1) client (allows a user to quickly develop new work-
flows using the graphic script editor);

2) middleware (its flow server ensures workflows
performance, authorization and coordination with
the heterogeneous resources involved);

3) resource (provides resources to perform separate
subflows).

A workflow constitutes a separate ready-to-use
component. Components may be parts of other com-
ponents. Due to rigid typification (internal formats
determined for flows and components) and the for-
mation of metadata for each component, which de-
scribe the types of their input and output data, flows
and components are verified to make sure their input
and output data are compatible. These systems were
widespread due to their easy-to-use graphic user in-
terface, extensive library of standard components de-
veloped for various disciplines, effective script perfor-
mance manager, and means of monitoring.

Taverna Workflow Management System, a sys-
tem for the development, design, and performance of
complex workflows, which allows the use of different
services such as WSDL, BioMoby, SoapLab and other
types to be coordinated, has also been widely used
lately [8].

Alas, such systems are incompatible at the levels
of both the performance manager and the description
of flows and components. Furthermore, they lack an
intellectual constituent, or such a constituent is not
sufficiently developed, and therefore any working se-
quence of services needs to be built up manually or
edited, which substantially limits these systems’ ver-
satility and application sphere.

Based on the abovementioned technologies, a few
solutions have been worked out, which may be used
to create applied systems for the accumulation, pro-
cessing, and exchange of scientific data in different ar-
eas. The best known among them are the ESIMO and
GEOSS systems. They are quite widespread, although
they have a number of draw- backs in terms of pro-
cessing heterogeneous information:

o difficulties in compiling the association of hetero-
geneous types of data from different sources in
one query;

e difficulties in enhancing the functionality and de-
gree of automation, caused by drawbacks in these
systems’ architecture, which does not envisage the
possibility of forming a single network;
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¢ no unified metadata model for all the metadata
objects;

¢ no unified standard for data presentation and pro-
cessing;

e users need special expertise, knowledge, and skills
to form a query.

Based on this overview, we can draw a substan-
tiated conclusion regarding the possibility of using
the developed approaches, models, technologies, and
means for integration of applications, primarily:

e schemes for the implementation of applications
interaction based on the stack of protocols UDDI,
SOAP (or REST), BPEL, WSDL, XML above the
transport level;

¢ technology of WCF type;

e approach to the integration of services through an
orchestrator service into a single multifunctional
business service.

Nonetheless, for user-formulated tasks, the level
of automation of services interaction schemes should
be enhanced. Ultimately, this is a question of devel-
oping efficient models and methods of applications
integration, bhased on which a new state-of-the-art ap-
plications integration system may be created, capable
of providing users with the abovementioned advan-
tages.

Secondly, let us dwell briefly on the content aspect.
As a rule, data integration in information systems is
viewed as the provision of a single unified interface
to access a certain number of generally heterogene-
ous independent data sources [3,14]. For a user, in-
formation re- sources from all the integrated sources
should be presented as a new single source, and the
system providing such possibilities is called the data
integration system [12]. There are several data inte-
gration approaches, some of which are successfully
implemented and quite widespread in real systems.
The analytical review thereof is presented in [12,20].
The data space concept viewed as a new abstraction
of data management has been steadily changing its
positions lately. In Ukraine and Poland, it was devel-
oped in works by N. Shakhovska, for instance [21].

Finally, let us move on to the third aspect of inte-
gration. The view on integration as the interaction
of applications is not as widespread, yet is extreme-
ly important in the con- text of resolving the com-
prehensive integration issue in the new IT environ-
ment. It was mostly formed within the community
of specialists in programming automation, notably
in relation to the implementation of promising tech-
nologies for industrial software production, such as
“component-based programming”. In terms of coun-
teracting program systems complexity, the focus was
transferred from developing versatile, adjustable, and
scalable structures, such as application packages, to
developing means for the interaction of independent
program systems.

The specific systematic research of the applica-
tion integration began at the turn of the millennium,
when the issue of the integration of numerous busi-
ness applications, primarily of CRM, ERP, SSM class-
es, etc., abruptly emerged. Under the new economic
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conditions, business charges IT with new tasks, the
fulfillment of which through the purchase of new and
the modernization of available business applications
does not ensure a return on investment any more. At
that very moment, the need arose to build enterprises’
information systems based on the integrated complex
of business applications, and the first attempts were
made at the formalized description of business appli-
cations and their interaction with the aim of reaching
the business divisions’ objectives. Thus emerged the
Component Object Model (COM) and Common Object
Request Broker Architecture (CORBA) technologies
that ensured programs interaction on a single com-
puter, and subsequently such possibilities were ap-
plied to the interaction of program systems located
on different computers. The abovementioned possi-
bilities implemented in the Distributed COM (DCOM),
Electronic Access Interchange (EAI), and CORBA
technologies ensured independent program systems
integration to solve users’ problems that are more
complex.

Another solution that is important for applica-
tions integration was the Service-oriented Architec-
ture (SOA), whose emergence gradually, through the
integration of multi-bases and federated databases,
large data storages, and various repositories, promot-
ed the transition of the integration concept onto web
applications. Nonetheless, a total renunciation by IT
departments of solving efficacy issues through the in-
tegration of business applications into the existing IT
infrastructure with minimal losses only became pos-
sible after the 2008 crisis, with the emergence and
implementation of cloud-based computation technol-
ogies. At that very moment, there arose the obvious
necessity to transparently see the IT infrastructure
of an enterprise’s entire information system and the
means of its architecting, operation, and develop-
ment, with an account of the new possibilities of the
IT environment that was being intensely formed on
the basis of consolidation, virtualization, and mul-
ti-services.

The industry leaders proposed a solution based
on integration platforms ensuring complete function-
ality through advanced means for scaling and adjust-
ment. However, such a centralized approach requires
a respective IT infrastructure and not every enter-
prise can afford this. Furthermore, it entails a certain
dependence of the enterprise on companies produc-
ing such integration solutions.

Therefore, the majority of enterprises are more
interested in the integration approach related to the
wide use of business applications by various develop-
ers through proxies, such as Message Oriented Mid-
dleware (MOM) programs, combined with modern
approaches to cost-cutting in IT-infrastructure own-
ership, primarily the means of using legacy applica-
tions. Another obstacle in the way of implementing
the decentralized approach is differences in the ar-
chitectural components of business applications by
different producers, notably in the models of data
and business processes, technologies of designing the
program system and its basic elements (DBMS serv-
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ers and applications), component cooperation means,

users’ access, etc.

Cloud-based computation allows the provision of
software services of a determined quality for a fair
price, thus justifying the practicability of software
(SaaS), infrastructure (IaaS) and platform (PaaS) ser-
vices [25]. Nowadays, this activity may be viewed as a
theoretical and methodological basis for the migration
of the service approach to information systems crea-
tion and the wide introduction of component-based
development thereof.

In order for legacy applications to become partofa
service-based system, their data models and business
processes must be in a certain way coordinated with
those supported by the new systems, and interaction
with the program system’s basic elements must be
ensured. Therefore, data integration in information
systems and integration as the coordination of appli-
cations have to be combined. The necessity arises to
develop a technical solution that will allow:
¢ creating mechanisms for efficient information re-

sources management;

e widening areas of protocols standardization and
data exchange formats based on the interaction of
commodity systems;

e creating cross-platform applications, integrating
data and applications;

o facilitating systems deployment and development
by concealing software and hardware internal de-
tails.

To create solutions that provide the above possi-
bilities, it is required to:

1) develop formal models and methods to supply
metadata in order to describe sources, their func-
tionality, and particularities of access;

2) develop models and methods for the automated
design and implementation of unified-architec-
ture applications that are capable of efficient in-
teraction in order to reach the objectives of inter-
disciplinary research, and on the basis thereof to
create platform solutions according to the PaaS
model;

3) develop models, methods, and means to imple-
ment applications interaction at the semantic
level;

4) develop models and methods to facilitate users’
queries for required data using the terms from
topical area(s) of research that are convenient for
them;

5) bring the IT infrastructure of the WDC system into
compliance with the needs through consolidation,
virtualization, and multi-services powered by
cloud-based computation models and technolo-
gies;

6) develop models, methods, and means for efficient
administration of the IT infrastructure of the WDC
system, capable of ensuring the determined level
of information services quality.

One of the most crucial issues is that of develop-
ing mathematical models, methods, and means for the
integration of various applications, both legacy ones
based on traditional technologies and client-server
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and web-oriented technologies. The article propos-
es an approach to applications integration using the
mathematical logic instrument and artificial intelli-
gence theory for interdisciplinary research through
the example of the WDC system functioning. The
specificity of the applications integration for interdis-
ciplinary research is that the coordination of business
processes models is not required because it is, in fact,
substituted with schemes for performing users’ tasks.
In general, the applications integration is performed
on the basis of coordinated business processes mod-
els, and the integrated complex of business applica-
tions is intended to support them.

3. Definition of the Application Integration
Problem for Interdisciplinary Research

Mathematical models and methods as the basis for a

holistic solution should be created to power data stor-

age and processing centres, which will provide users

with versatile possibilities at the level of information

integration and servers availability. The mentioned

models and methods should be devoid of the draw-

backs characteristic of the algorithmic approach,

related to the need to reprogram data processing al-

gorithms upon the emergence of new data types and

changes in the implemented algorithms or the emer-

gence of new ones. At the data processing level, such a

solution should ensure [18,22]:

e computations distribution and the use of remote
hardware resources;

e versatility and adaptation to the system load;

¢ system usage space;

e data supply by remote client or service;

¢ availability of intellectual data processing means
directly to the end user with no special knowledge
or skills;

e fast and simple integration of data and applica-
tions of various global information systems.

4. The Applications Integration System
Architecture

The principal tenet for the creation of a distributed
system is the method of organizing services interac-
tion. Of the two known main ways of services inter-
action - orchestration and choreography - the more
efficient for the WDC systems is the former. Indeed,
orchestration that aggregates basic services into hi-
erarchically integrated systems, subordinating them
to administrators - “orchestrator” services - allows
services to be unified by attributes that are conve-
nient to WDC (science area, functionality, regional
location, etc.), and to provide orchestrator services
with powers in accordance with the international
data exchange policies. Thus, it is possible to line up
a simple and effective system, in which the search for
the necessary services or the construction of their
composition for the complex queries inherent in in-
terdisciplinary research will not require a lot of time,
as every Orchestrator Service has information on the
functionality of inferior services, and in addition they
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can coordinate their possibilities in the process of the
planning and execution of users’ queries. Plugging
new services into the system will not present a par-
ticular problem either, as doing so will only require
the service description to be laid down, entered into
the registry, and assigned to a certain orchestrator
service [18,22].

Such an approach will work when users know ex-
actly their information needs and have corresponding
knowledge and skills to compile chains of queries to
the known orchestrators. What is more important is
that the approach will provide the opportunity to work
with the system for users who cannot initiate services,
by determining the sequence of their work and speci-
fying execution and interaction parameters. Users only
have to know how to formulate their needs in terms of
a particular subject domain. In this case, the associa-
tion of services and the organization of their cooper-
ation require an intellectual constituent. For this pur-
pose, intellectual agents are used, which constitute the
system core, implementing its functioning logic, which
promotes the formation of queries, plans their execu-
tion, and organizes basic services interaction.

The introduction of intellectual agents as orches-
trator services into the hierarchical structure forms
a two-tier system; the bottom level consists of ser-
vices performing basic tasks, the top level consists
of intellectual agents that orchestrate basic services.
By using the registries of subordinated basic services
and their functionality and by interacting with each
other, interconnected intellectual agents implement
methods of logical inference. The inference result is
the composition of basic agents’ operations that allow
user-defined tasks to be performed. This operations
composition, or proof, is transferred to the lower lev-
el, where the operations necessary to solve the user’s
task are performed. At this point, control is handed
over to the lower-level agents that only return the fi-
nal result to be sent to the user.

The user’s query itself is performed upon forma-
tion of the proof containing references to one or sev-
eral pointers to data sources and IDs of methods that
the system services should apply to the data. Some
queries do not require pre-processing of data, since
the execution of services methods is sufficient upon
receipt of information from the data source. Others
require a certain sequence of prior data operations,
and as a result, the execution of other services meth-
ods. The necessary connections are described in the
axioms entered into the knowledge base upon reg-
istration of respective services in the system. These
operations yield the final product of the system - data
that are the solution to the user’s problem. Since the
system operation is determined by the user’s query,
the system interface should help them make a query
in familiar terms.

The proposed solution uses UDDI to create the ser-
vice registries and WSDL for the unified description
thereof. The key part - messaging - is implemented
using SOAP, and services orchestration - using BPEL.
Agents are described by means of JADE. The system
components interaction scheme in presented in Fig. 2.

90

= -
High level e & W
intellectual agent Services

/ description
Basic level intellectual
agent 1
Basic level intellectual

e agent 2

fII

WSDL description
WDC S WSDL description
- -, [
IT infrastructure services TS
WD i Access
D scell IT infrastructure services
I Service 1 I

Data source 1

Service m Data source m

'UDDI description

‘ Service 1 I

Service n

i

1l

<+——— SOAP: communication support

UDDI description

Fig. 2. System components interaction scheme

The description of the interface (WSDL) of every
low-level service registered in the system and of re-
lated axioms is input into the system knowledge base
and directly into the knowledge base of the Controller
Agent to which the new service will be subordinated.
The Controller Agent is selected in accordance with
the policies adopted in the WDC system, for example,
by the criteria of the geographical location of the de-
ployed agent, in order to minimize data exchange.

Atthe agentlevel, the orchestrator agent (or sever-
al), having received the user’s query, interrogates the
agents in order to search for the necessary services
and available resources. The user’s query is processed
taking into account the services of the system, their
functionality (described by the axioms of the system),
and the inference rules defined by logical formalism.
The resulting proofis transferred to the lower level to
be implemented.

At the services level, each agent invokes the re-
quired services from its set and sends processed data
according to the action chains. This process is carried
out in accordance with the task solution tree recon-
structed by the solution tree reconstruction mecha-
nism based on the proof.

To realize this interaction of services in the WDC
system, the most appropriate is the logical approach,
which allows both the level of the abovementioned re-
quirements to be reached and the drawbacks of a tra-
ditional algorithmic approach to be eliminated. Indeed,
itis only required to develop the inference method and
the solution tree reconstruction mechanism that will
implement the query formation processes, plan their
execution, reconstruct and implement the task solu-
tion scheme. The logical approach is the most appro-
priate one to create and describe these constituents.
The logical approach implementation requires one to:
e describe the existing applications and their func-

tional capacities in the formal language;

o formulate the inference rules;

e determine the inference method;

¢ develop an algorithm of the user’s query execution
tree reconstruction based on the proof;

¢ implement these methods and mechanisms in the
agents of the system.
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5. The Formal Logical System

The principal tenet for the creation of a distributed
system is the method of organizing services interac-
tion [18,22,23].

Let us describe the formalism upon which the pro-
gram system that will ensure solution of the formulat-
ed problem will be built. We will take the first order
clausal logic for a base and describe the formal system
language in accordance with the structural elements
determined in [27].

Symbols:

service: (,),[,1.{}. <>,

constant:

1. mdzwdual of primary types (int, real, char, bool) -
a,, a, .., a}, ai, .. where each constant g’
pertains to type (primary type) k; structural type
(construct) - ¢y, ¢y, ...; procedural type (method) -

dy, d,, ..; objective type (problem, entity, relation)
— €1, €2 .
2. functional i-place, for individuals of type k - A/, h),
o hi

3. nrprii(‘nfp i- n!gce, for individuals of type k- Ai' Al,

AZ, ... (this class includes taxonomic, rela-
tional and other predicates, as well as traditional
relations, at least equality = and order 2);

variable: for individuals of type k - x]l, x;, ey xlz, xf, e

where every variable x,." pertains to type k;

logical: - A,v,<—,34,V, &

Individual terms of type k:

1. each individual constant a,k of type k is an indi-
vidual term of type k

2. each free variable xk for individuals of type kis an
individual term of type k;

3. if h,’ is a certain functional constant for individu-
als of type k and 7, ..., Tj are terms for individuals
of type k, then h’ (ty, .., Tj) is an individual term of

type k;
4. there are no other individual terms of type k.

The terms obtained by applying construction rules 1
or 2 of the definition will be called primary, and all the
others—complex.

Formulas for individuals:

1. if Al.j is a predicate constant for individuals and Ty,
. Tjare terms for them, then A;’ (ty, .. ;) is the
atomic formula for individuals;
2. the atomic formula for individuals is the formula
for them;
3. there are no other formulas for individuals.

Hereinafter we consider that the system contains
an omni-purpose transformer of formulas into the
traditional for the clausal form (we are talking about
the Horn clauses) view with a single — symbol, atom-
ic formulas to its left and right, and an implicit quanti-
fier V.
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Specifiers are constructions of type t1, where t1
is a term for an individual object. The construct spec-
ifiers are:

. e e . . .

if e ...e; are individual terms of type entity, and
e .. e,.r are individual terms of type relation, and
A/ (a,. .a; 9. A/:’(alk...a/k) are atomic formulas for

the 1nd1v1duals of primary types, and tis an individual
term of type construct then © (ef..ee ..,
A(a].. a, .. 4/ (af .. a, ")) is a construct spec1f1er

4. there are no other construct specifiers.

Preconditions:

1) if ¢, is a specifier of construct, and II is a sequence
of atomic formulas, then <t;:(c, I[1)> is the elemen-
tary precondition;

2) elementary precondition - precondition;

3) if <t;> is a precondition, and T, is an elementary
precondition, then < 1, T,> is the precondition;

4) there are no other preconditions.

Post-conditions:

1) if t; is a construct sp
of atomic formulas, the
tary post-condition;

2) elementary post-condition - post-condition;

3) if <t,> is a post-condition, and a T, is an elemen-
tary post-condition, then < Ty, T,> is the post-con-
dition;

4) there are no other post-conditions.

ecifier, an

c d S
n <t;:(cy I1)> is the elemen-

Specifiers of methods:

1) if tis an individual term of type method, and <t,>
is a precondition, and < T1,> is a post-condition,
then t: (<11>, < T2>) is a method specifier;

2) the arity by constructs of method precondition
must not be lower than the arity by constructs of
method post-condition;

3) there are no other method specifiers.

Specifiers of problems:

1) if <ty> is a precondition, and <t,> is a post-con-
dition, and t is a term for an individual object of
type Problem, then t: << 1;>,< T,>> is the problem
specifier;

2) there are no other problem specifiers.

Clause is an expression of type I[1 =A, where Il is a
sequence of atomic formulas; A is a single atomic for-
mula. Depending on their type, atomic formulas will
be distributed into the following clauses:

1) individual (contains only atomic formulas for indi-
viduals);

2) typified (contains only atomic formulas for types);

3) general type (contains atomic formulas for indi-
viduals and types).

The system’s knowledge base consists of the on-
tology of axioms depicting methods of system servic-
es and the ontology of data sources described in the
OWL language based on RDFE. The knowledge base
also includes the inference rules necessary to obtain
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the desired result when it is required to combine
methods of a single service or of different services
[18, 22, 23].

Inference rules:

1) If di: (<T1>,<7>) and dj: (<7T3>,<7;>) then d;:
(<dy>,<12>)

2) Ifd;: (<T1>,<72>) and dy: (<T3AT4>,<T1>) then d;:
(<dz>,<T2>)

3) If di: (<T1AT2>,<T3>) and dy: (<T4>,<T;>) and d3:
(<T5>,<T2>) then d;: (<dpA d3>,<T3>)

4) 1f d;: (<T1>,<7>) and d;: (<T3vT4>,<T1>) then d;:
(<dy>,<12>)

5) Ifd;: (<ToAT>,<T>) then dy: (<T,>,<T1>)

6) If dq: (<t T2>,<13>) and dy: (<14>,<T1>) and dj:
(<7ts5>,<7y>) then d;: (<dy, d3>,<T,>)

7) If di: (<T1>,< T, T3>) and dy: (<12>,<14>) and dj:
(<T3>,<75>) then d;: (<d;><t4>) and d3: (<d;>,
<T5>)

6. The Inference Method

We use the method proposed in [27] based on analogy
and types of assertions. Its idea is to build a proof in
abstract space and subsequently use it to control the
inference process in the initial solution search space.
This will increase the inference effectiveness by cut-
ting off most of the unpromising proof branches in the
initial space.

Hereinafter a multiset of literals (atomic formulas)
will be called a multiclause (m-clause), and literal L
will be recorded in the m-clause as many times as it
is repeated. An ordinary clause will be considered as
an m-clause in which every literal’s multiplicity is 1.
The operations U (unification), N (intersection), —
(difference), - (concatenation) and relation < (occur-
rence) for multisets are naturally performed.

Suppose A;Cy, A,€C; and oy, a; are such substi-
tutions that some literal L on the right side of A; and
on the left side of 4, A;0={L}, A,a,={L}, and if |A4;|>1,
i=1, 2, the corresponding substitution q; is the most
common unifier of literals from A;. Then the clause
obtained from the unification of clauses C;a; and C,a,
by removing L of the left and right parts is called the
m-resolvent of m-clauses C,; and C,. Suppose all the
m-clauses in the original set S are ordered, and C;, C,
are two of them. Suppose A;€Cy, A,€C; and ay, ap are
such substitutions that for some literal L on the right
side of A, and on the left side of Ay, Aja;={L}, A,0,={L},
and if |4;|>1, 1 = 1, 2, the corresponding substitution
o; is the most common unifier of the literals from
A;. Then the clause obtained from the unification of
clauses C,0; and C,o; by removing L of the right part
and the last L of the left part and by eliminating any
non-underlined literal that is not followed by any oth-
er literal, is called the ordered linear m-resolvent of
ordered m-clauses C; and C,. If the last literal on the
left side of the ordered m-clause is unified with the
underlined literal on the right side of the same clause,
the ordered linear m-resolvent can be obtained by re-
moving the last literal from the left part of the ordered
m-clause, i.e., m-clause reduction.
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The next pair whose first component is a set of
proof vertices and the second is a set of triples of verti-
ces (to select components, a pair of the function-selec-
tors s-N(Tm) and s-M(Tm) will be respectively used)
is called the m-resolution proof and denoted Tm. Each
vertex of the m-resolution proof is characterized by a
mark and the depth in the proof, so that if nes-N(Tm),
then s-L(n) is the mark of vertex n and s-D(n) is its proof
depth. If <ny, ny, n3> € s-M(Tm), then s-L(n3) is the m-re-
solvent of s-L(ny) and s-L(n;). Each triple of such a form
is called an m-resolution. If nes-N(Tm) and vertex n
is not the third component of any of the triples from
s-M(Tm), then n is called the initial vertex of proof Tm.
The mark of such vertex is the initial m-clause. If nes-
N(Tm) and vertex n is neither the first nor the second
component of any of the triples from s-M(Tm), then n is
called the terminal vertex of proof and its mark is called
the terminal m-clause. In general, Tm must satisfy the
following restriction: if < ny, ny, n3> € s-M(Tm), then <
n,, Ny, n3> € s-M(Tm). The depth (in the proof) of each
vertex n, nes-N(Tm), by definition:

1) s-D(n) = 0 for any initial vertex n;

2) s-D{n) = 1 + min{max{s-D(n;), s-D(n;)}|<n;, n,, n>
€ s-M(Tm)} for any non-initial vertex n.

If the marks of the initial vertices Tm belong to the
set of m-clauses S, then m-resolution proof Tmis called
the proof from S. C is inferred from S if Tm is a proof
from S, while C is the mark of one of the Tm vertices.
Suppose the value of function Result() is defined for
Tm and is equal to C, if terminal clause C of proof Tm
is the only one, i.e. Result(Tm) = C. Suppose Tm; and
Tm, are m-resolution proofs. Proof Tm is called the
sub-proof of Tm, (and denoted Tm, < Tm,), if the fol-
lowing conditions are fulfilled: s-N(Tmy) < s-N(Tm;)
and s-M(Tm,) < s-M(Tm;). Moreover, if all the initial
vertices of Tm are the initial vertices of Tm,, then Tm;
is called the initial sub-proof of Tm..

Suppose Tm is the m-resolution proof from S and
all its m-clauses are ordered. If for any triple < ny, ny,
n3> from s-M(Tm) s-L(n3) is the ordered linear m-re-
solvent of s-L(n1) and s-L(n,), then Tm is called the or-
dered linear proof from S. Then, by the m-resolution
proof definition, the following condition must be satis-
fied: max{s-D(n;), s-D(ny)} = s-D(n3) - 1.

In addition to the general properties of m-resolu-
tion proofs, the ordered linear proofs have their own
features. For example, for the ordered linear m-resolu-
tion proof the following conditions are fair:

1) if < ny, ny, n3> < s-M(Tm), then < ny, ny, nz> ¢
s-M(Tm);

2) for each non-initial vertex n; with proof depth r
there exists a triple < ny, ny, n3>, in which n; has the
proof depth r-1, and n; corresponds to the initial
vertex or is absent;

3) Tm contains a single terminal clause.

To manage an ordered linear proof, we will use the
typification abstraction proposed in [26]. Suppose fis
such mapping from the set of m-clauses into the set of
m-clauses that:

1) if m-clause C3 is the m-resolvent of m-clauses

C; and €, while D3ef{(3), then there exist such
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D,ef(C,) and D,ef(C,) that the result of the sub-
stitution of some m-resolvent D, and D, belongs to
Ds;

2) f()=(9);

3) if the result of some substitution of m-clause C;
belongs to m-clause C,, then for any abstraction D,
for C, there exists such abstraction D, for C; that
the result of D, substitution belongs to D,.

Such mapping is called f m-abstraction mapping,
while any D from f{C) is called m-abstraction. The typ-
ification mapping is understood as a certain mapping
¢ from a set of literals into a set of literals that reflects
each atomic formula into the formula whose terms
have the type closest to the basic types in the hierar-
chy. Work [8] determines that typification mapping ¢
is m-mapping.

Work [14] determines that typification mapping ¢
is m-mapping. A relationship between the ordered lin-
ear proofs Tm and Um is called the relationship of im-
provement (and denoted Tm—/Um), where fis m-ab-
straction mapping, if the vertices of proofs Tm and Um
are in such a relationship of accordance R that:

1) the following conditions are fulfilled simultane-
ously: Vn(nes-N(Tm)) 3n'(n'es-N(Um))(nRn")
and
Vn(nes-N(Um)) An'(n'es-N(Tm))(nRn");

2) ifnRn',where nes-N(Tm), n'es-N(Um), then n and
n'may be initial or terminal vertices only simulta-
neously;

3) for terminal vertices Tm and Um, relationship R is
a one-to-one relationship;

4) if <ny, ny, n3> € s-M(Tm), <n'y, n'y, n's> € s-M(Um)
and n3Rn';, then nyRn'; and nyRn’y;

5) if n and n' are initial vertices of proofs Tm and Um
respectively, and nRn’, then s-L(n") € f{(s-L(n));

6) if nand n'are non-initial vertices of proofs Tm and
Um respectively, and nRn', then example s-L(n") be-

longs to f(s-L(n)).

So the ordered linear proofs have the property of
minimality, i.e. there is exactly one terminal vertex,
and if triple <n;, ny, n3> belongs to the minimal or-
dered linear deduction, then no other triple can con-
tain vertex ns as the third component.

On this property of the ordered linear proofs,
the authors have built the inference mechanisms
implemented by agents. Once a user has formulated
the problem, the system builds a proof - in fact, by
checking the possibility of performing the query with
existing resources. This task is performed by Orches-
trator Agents as an important part of the system’s
intellectual kernel. With access to the list of services,
their descriptions and axioms that specify services
application capabilities, these agents initiate the in-
ference process. The inference process constructs a
chain of services capable of providing the user with
the desired result, starting with obtaining data from
relevant sources.

The ordered linear m-resolution proof is speci-
fied by a pair of vertices sets V = {ky, k;, k3 ... k,} and
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vertices triples T{<ky, ky, k3>, <ks, k4, ks> ... <k, 5, kn_1,
k,>}, where k; is the vertices of the tree, k, is the ter-
minal vertex, the result of the algorithm execution.
The proof is formed based on the post-condition of
the formulated problem as the initial proof vertices,
and the compatible axiom from the knowledge base
as the lateral vertex. The axiom is compatible if the se-
quence of atomic formulas matching the given proof
vertex or any part thereof is the axiom post-condition.
The third vertex of the triple is obtained by applica-
tion of the axiom to the post-condition formula, tak-
ing account of the inference rules. The third vertex of
the first triple becomes the first vertex of the second
triple, and the process is repeated until the terminal
vertex that corresponds to the formulated problem
precondition is reached. If the atomic formula corre-
sponding to the third vertex of the triple can be re-
duced by using one of the inference rules, it is reduced
in the following triple that will only have two vertices
- the first corresponding to the formula to be reduced,
and the second corresponding to the reduced formu-
la. To search for compatible axioms, the constructs of
the currently processed post-condition are compared
to the constructs of the ontology axioms. Thus, the set
of axioms that describe services processing the ob-
jects of the desired type and format is selected from
the ontology. The inference mechanism deducts and
selects axioms only in this set. If, while searching for
axioms for another vertex, several compatible axioms
are found in the knowledge base, each of these axi-
oms is used for further construction of their “parallel”
versions of the proof. As a result, the inference mecha-
nism can form several proof sets with various lengths
and complexity, depending on the number of axioms
in the knowledge base and combinations of their ap-
plication to each vertex.

After the inference mechanism’s work is over, the
proof with the fewest vertices triples and the fewest
applied axioms is selected from among the set of ob-
tained proofs. Longer, cyclic, or dead-end proofs are
discarded.

This set of formulas and clauses, corresponding to
the proof triples vertices and reflecting the applica-
tion of axioms and the rules of their construction, is
the result of the inference mechanism work.

The inference mechanism work algorithm is pre-
sented in Figure 3.
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Fig. 3. Inference mechanism work algorithm

The example of inference mechanism work and solu-
tion tree reconstruction for problem P of type problem
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P: <<A>,<K>>, where A and K are a precondition and
a post-condition is presented in Figure 4.

Proof, a set of vertices triples: <A,ArA>, <AAA,
B—A,BAA>, <BAA,C—A,BAC>, <BAC,BACAB>, <BACAB,
BACACAB>,<BACACAB,E<—BAC' EACAB>,<EACAB,D<B,
EACAD>, <EACAD,F—EAC,FAD>, <FAD,K—FAD,K>

7. The Mechanism of Solution Tree
Reconstruction

To obtain from the proof generated by the inference
mechanism a functional sequence of actions to be
used by our system, taking account of services fea-
tures and nature, the solution scheme reconstruction
mechanism should be initiated [18,22].

The solution scheme constitutes a connected directed
graph with no oriented cycles with parallel directed
paths from the root to the vertices; it has three types
of vertices, and is specified by triple G=<V,E,0>, where
V=V,uV,UV3, V; is a set of method vertices, V, is a set
of precondition vertices and post-condition vertices,
V3 is a set of data vertices in which data is merged
or split; E is a set of edges; O is a subset of Cartesian
product ExVxV, which determines the correspon-

Problem P: <<A><K>>, where A and K are a precondition and a post-condition.

Axioms

S1: (<A><B>) St

82: (<A><C>); so: FaD

:i :2:; s6: EACAD
S EACAB

$s: (<« BAC >,<E >);

§6: (<EAC ><F >);

$7: (< B>,<D>);

S8: (<EAGAH><T>);

S5: BACACAB

dence of edges to pairs of vertices. The scheme deter-
mines the sequence and the correspondence accord-
ing to the data of actions to be performed by the data
processing system’s executive mechanisms to obtain
the result desired by the user [18,22].

Algorithm for vertex scheme reconstruction was
presented on Figure 5.

Initial triple determination . Is merging/
No intersection/ Yes
splitting of pre./
+-conditi
P

Placement of first and last
vertices of triples as pre- /
post-conditions vertices

Connection of
f—{  vertices with
edges

needed?

Addition of

data vertex for
Input of obtained
vertices and edges to

the execution tree

Exclusion of
processed triple

Addition of data
vertex for Placement of
i the method vertex

triple by axioms

Fig. 5. Work algorithm of the solution tree
reconstruction mechanism

Example of the solution tree reconstruction mecha-
nism work for problem. Tree reconstruction by triples:

The inference mechanism searches the solution starting from the problem P post-condition, using available axioms and

Reduction by mule 5: BACACAB = BAC

2 s Bad
B9: (<FAD><K>). SiAad
§1:B—A  S2:C-A S5:E~BNC  S7:D—B  S6:F—ENC 59: K—FND
Reduction by rule Reduction by rule Reduction by rule
5 step ’ » 5 step 5step P ’ ’
- - - { - - - - { - .-
A ANA BNA BNC (BNC)NB  ((BNC)NC)NB  (ENC)NB  (ENC)ND FND K

Axioms describe the data sources and methods. Inferences rules deseribe how can we combine the results caleulated with

different applications.

Fig. 4. The example of inference mechanism work and solution tree reconstruction
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Fig. 6. The example of the solution tree reconstruction
mechanism work for problem

The reconstructed solution tree is fed to the actu-
ator input. The implementation of a particular meth-
od specified in the solution tree is represented by a
construct that describes the input data (entities, con-
nections, relations between them), method precondi-
tions, method post-conditions, and output data. The
solution tree branches downstream of the data-split-
ting vertex can be executed in parallel until they reach
the data-merging vertex, where, after completing all
the parallel branches involved in merging, they con-
tinue to be executed consecutively. The work algo-
rithm of the solution tree reconstruction mechanism
is presented in Figure 6.

The determined sequence of services performance:
S1 (<A>, <B>)

S2 (<A>, <C>)

S5 (<CAB>, <E>)

S7 (<B>, <D>)

S6 (<EAC>, <F>)

S9 (<FAD>, <K>)

8. Application of Logical Approach to
Problem Solution

This section is not mandatory, but can be added to the
manuscript if the discussion is unusually long or com-
plex.

The approach efficiency on the real scientific task
of calculating the component of life safety and indi-
cating critical values of threat indicators for analyzing
the sustainable development of the regions of Ukraine
has been demonstrated.

The life safety component formula:

VG Threat®

where the threat value is normalized by formulas (2)
or (3).
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The purpose of indicating critical values of threat
indicators is to determine the priority in considera-
tion thereof in the decision-making process on the
level of a single region and the entire country in order
to mitigate the impact of threats on sustainable devel-
opment. .

Suppose that for every administrative unit i=1,n
there is a set of values (x;1,X;2,...X;m) of indicators
X;j=1,m, which characterize the negative impact of
certain phenomena on the sustainable development
processes in the economic, social, and ecological
spheres. Such indicators, whose essence and compo-
sition are determined by experts, will be called threat
indicators.

Given the content of the critical values indication
problem, the following characteristic function must
be determined:

0,if value of x is not critical
W (xiy) = {1, if otherwise

where i=Ln. j=Lm.

It is clear that the determination of function ¥(x-
;) must be based upon certain criteria that take into
consideration exceeding by x;; a hazardous limit, the
relative position of region i in the indicators rating X;
compiled for the comparison groups and for the en-
tire country, and the degree of “hazard” of value x;; in
comparison to values of other indicators for region 1.

To account for the relative position of the region
in the entire country’s ratings, the following criterion

is used:
a-x, -1
R ; —[He b J

if higher values of indicator X; correspond to a higher
impact of the respective threat on the sustainable de-

velopment, and:
7”\7.! !
R,L/—l—[1+e b }

if lower values of indicator X; correspond to a higher
impact. In formulas (2)-(3), parameters a and b are
calculated by the following formulas:

P ] n .
a=X, =;Z}:x,-yj,b=a(/\j)=

Criterion R;; is a dimensionless number that as-
sumes values within [0,1]. Values of around 0.5 corre-
spond to average values of X; in the selection, and val-
ues higher than 0.75 correspond to values that exceed
the average ones by more than a standard deviation.
In this case, the characteristic function (1) taking ac-
count of one criterion R;; may be expressed as follows:

0.R ; <0,75;
LR .>0,75.

i (x/,,‘) = {
L]

Criterion P;; that takes into account a region’s rel-

ative position in the comparison group may be calcu-

lated by formulas (2)-(3) taking account of the fact
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that parameters a and b are calculated by formula (4) Axiom 1: (<D;>,<R;>)
independently for each comparison group. Axiom 6: (<P;>,<P';>)
Criteria R;;and P;; are dimensionless numbers and Reduction by rule 5: D;;,P;;,P; =D, ;,P;;
are of similar nature and can therefore be aggregated Axiom 2: (<D;>,<P;>)
through a weighted sum: Reduction by rule 5: D;;,D;;<=D;;

Kij=wWgR;+wpP;j; wrtwp=1,

where weighting factors wr and wp are determined by
experts. o

Thus, for region i=1,n we have a set (K;1,K;2,....K;m)
of values of the aggregated criterion that accounts for
a region’s relative position in ratings compiled for
comparison groups and for the entire country. Now,
among values K;;j=1,m, the worst must be deter-
mined, which may also be performed by formula (2):

a-k, 1
[,’J—[lJre 5 }

where parameters a and b are calculated in selection
KiJ',jzl, m.

For values of criterion [;; the same remarks apply
as for criterion R;;. Therefore, characteristic function
(1) may be expressed as follows:

0.1,, <0.75;
¥ 1 205,

Thus, values W,(x;;) correspond to the highest prior-
ity of attention to be paid to the value of indicator X;
in the administrative decision-making process on the
level of single region i.

Let us pass to the example.
Task: to calculate the indication of critical values of
threat indicators for the entire country, in compari-
son with the group of a macro-district, and regarding
a specific region.
Given: X;; - a set of threat indicators values
Problem: <<X;><R;,R";P;,P';;I;;I';>> where R';;,P";,
I';j are criteria that underwent 1ndlcat10n
Axioms:
Linear normalizing for the entire country: (<D;>,<R;>)
Linear normalizing for a macro-district: (<D;>,<P;;>)
Aggregation of criteria R;j, P;j: (<R;;,P;>,<K;;>)
Linear normalizing for a specific region: (<K;;><[;;>)
Indication of critical threats values for the country:
(<R;><R';>)
Indication of critical threats values for a macro-dis-
trict: (<P;>,<P';>)
Indication of critical threats values for a region:
(<IU>,<I ,j>)
Search for a solution:
Axiom 7: (<I;><I';>)
Reduction by rule 5:
RijR' PPl LSRR PP
Axiom 4: (<K;><I;>)
Axiom 3: (<R;;,P;><K;>)
Reduction by rule 5:
RijR'yj,P;j,P"Rij, PSR, R PP P
Reduction by rule 5: R;;,R";;,P;,P"; P
Axiom 5: (<R;><R’;>)

Reduction by rule 5: R,

SRR PP

Lt i p iy

,},R,],P,],P <:1?11'F)111P
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The proof constitutes a set of vertices triples:

<D; D, D>, <D, D; (<D>,<P>); D, P>, <D, P; D, P, P>, <D,
P, P; (<P>,<P’>); D, P, P’>, <D, P, P’; (<D><R>); R, P, P’>,
<R,BP; R R,PP><RR,PP;(<R><R>);R R,P P>,
<R R,PP,R,R,PP,P><R,R,PP,P;R,R,P, PR, P>,
<R R,PP,R,P; (<R, P>, <K>); R,R,P,P, K>, <R, R, P,
P’ K; (<K><I>); R, R,P, P, 1>, <R, R,PP,I;R,R,P P,
I>,<R R,BP,LL;(<I><I'>); R R, PP, I'>

RRPPII ‘

S, o

Fig. 7. The example of the solution tree reconstruction
mechanism work

ith DrawAnywhere.com Free Account ‘

The execution sequence is found:
Axiom 2: (<D;>,<P;;>)

Axiom 6: (<P;j>,<P";>)

Axiom 1: (<D;>,<R;>)

Axiom 5: (<R;><R';>)

Axiom 3: (<R;;,P;><K;>)

Axiom 4: (<K;><I;>)

Axiom 7: (<I;>,<I';>)

9. Conclusion

Based on the analysis of existing data centres, their
equipment and software, a high-quality solution is
offered that provides a simple and flexible way to in-
tegrate heterogeneous information systems and their
services into the World Data System. One of the key
features of the proposed solution is the automation of
algorithm construction of the actions sequence that
executes users’ queries. A logical formalism has been
created to describe this solution, and on its basis an
inference method and a solution tree reconstruction
mechanism have been developed.
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The analysis of available technologies used for the
implementation of distributed systems allowed the
use of such a set of software solutions for practical
implementation of this solution: UDDI for creating a
registry of services entered into the system; WSDL for
a unified description of services; SOAP for exchanging
notifications between services; BPEL for the overall
coordination of services. Intellectual agents can be
implemented using JADE.

The implementation of the proposed solution
will provide an opportunity to use all the integrated
computing capacities and data storage systems of the
World Data System in a comprehensive manner. Thus,
users will be able to easily gain access to all the nec-
essary resources and services available to the system.
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Abstract—The problem of the rapid creation of effective
web applications of one class using formal means is
considered. A conceptual approach to its solution is offered
based on an analysis of the peculiarities of the construction
of web applications. Our approach is based on defining the
standard web application architecture and selecting its
components using formal methods in accordance with user
requirements. A formal logical system is proposed that uses
the design of web applications as a process of outputting a
formula specified according to the needs of the user, which
defines the schemes of execution of the modules of the
system. An important feature of this approach is the ability
to visualise the process of designing the system in 3D, which
creates the conditions for effective interaction between
developers and machine development tools.

Keywords—web-applications, application construction,
business processes, mathematical logic

L. INTRODUCTION

Today, the creation of information systems is based on
modern methodological concepts that have inherited the
most important ideas of classical methodologies such as
SADT and IDEFO0, while enriching them with new ideas.

Historically, the most important directions for
improving classical methodologies have been: (i)
structuring software that has opened the way for
teamwork between programmers and the reuse of software
code; (ii) describing the possibilities of the created system
using the language of conceptual modelling, which was
accompanied by the development of automated design
systems; (iii) structuring the design process, which has
enriched the industry with the concept of the system life
cycle and repository, and unified models of role design
systems; and (iv) prototyping, based on  which the
concepts of parallel development of parts of the system,
and the design and implementation of the system by parts
were developed.

In general, modern methodologies for information
systems design, for example Agile methodology, have
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successfully used different combinations of these
concepts, filling them with real content and
complementing the elements of psychology.

Formalisation is very specific in  modern

BURIPS TR i R Voo Alocclional oo gl ~oiac

inculuuunugicb [1] qu In classical iucunuuunugicb, it was
considered the basis of automation, for example CASE
tools. Today, formalisation is more closely related to
describing the architecture of the system, and descriptions
are mainly used to set tasks for project participants,
discuss intermediate results, and define the next steps [1]-
[2].

This article attempts to use previously developed
formal models and effective methods to build a
technology for the automated generation of software
systems using modern methodologies.

As this problem involves very large scales, we have
identified one of the most advanced components of
modern information systems: the development of systems
with web presentation.

I1.

The expediency of the class automation of tasks is
explained by the considerable complexity of the design
and implementation of the subtasks into which they are
decomposed. Subproblems are duplicated in each project,
and changes are subject to data but not their main
transformation.

Developers should agree on a universal architecture;
the application will then have the same overall appearance
and differ from other applications only in terms of the
presence or absence of certain components, depending on
the functional requirements for the application.

Adhering to the principles of the three-tier
architecture, we identify three levels in the typical
application: representation, business logic and access to
data. The level of data access determines the ability to
work with data, and in general, this is the implementation
of the Repository template. We define access to data, if

THE ESSENCE OF THE PROBLEM



necessary, based on business logic in the traditional way:
(i) certain generalised behaviour is associated with each
entity, which is inherent in all elements of the level of
access to data; and (ii) behaviour is expanded by adding
unique methods for the current entity.

Accordingly, a specific repository class inherits its
interface, obtaining basic methods that are common to all
classes and its own methods from its own interface; it also
inherits the class that implements the basic behaviour, the
fact of which contains the implementation of only their
methods. The template has a specific architecture, and is
expanded by adding new classes and interfaces in order to
work with each entity.

Business logic is responsible for processing the data
[5] that are obtained based on the level of access, through
the use of behavioural patterns such as strategy and
behavioural classes, in certain cases of commands. Each
component implements the end-user functionality that the
user expects. Using this concept, components can be
expanded by adding classes with narrowly oriented
behaviour.

The Strategy template aims to implement a set of
different behaviours depending on the needs of the
component that is ievel higher and appealis to this strategy.
A strategy is described by an appropriate method that
takes the required parameters as input, and several
implementations of the method.

The Command template provides the implementation
of a certain behaviour on demand, allowing abstraction
from the logic of the command itself within the
mechanism.

Another mechanism that is used is an interface with
behaviour descriptions and a implementation class that
contains the data processing elements and the formation of
the result required for a component that is in the
architecture of the level above.

A web presentation is a system component that is
accessible from the outside and is visible to all users. It is
used to receive and analyse queries and to perform
necessary actions by calling business logic methods and
displaying data on the client side. This component is
mainly built on an MVC template, consisting of
representations and methods that are directly invoked
following a request from the processing client.

The MVC template is built in accordance with its
purpose: the model determines which data should be
displayed; the representation is a graphical component that
can display a particular model; and the controller
determines how to get the model, which presentation to
submit it and how to process the request.

By following this description, the task of creating any
web application can be equated to the task of filling in a
particular template. However, building a template for the
correct architecture, and writing long, monotonous code
require a great deal of time. The problem of automating
the creation of a software system therefore appears from
the automated implementation of a system template based
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on user requirements. Solving this problem involves the
following steps: designing a database model and setting
levels of access to it; realising data processing through
built-in strategies at the user's request; and generating a
presentation.

. e

EXISTING APPROACHES TO CREAT
BASED APPLICATIONS

11 iING WEB-

Attempts to automate the creation of web applications
have been made for some time, and it is worth mentioning
previously developed solutions such as CMS. The logic of
the behaviour of these constructors is to use the finished
system for the entire range of tasks, at the expense of the
means of choosing exclusively the theme of the graphic
design and adding or disconnecting those or other pages.
This approach has a number of shortcomings.

More promising is an approach to creating web
applications based on models of the processes to be
automated. Many model-driven engineering approaches
have been proposed to develop web applications. The
auto-generation of applications is also a mature research
field, and several approaches have been proposed.

A great deal of work has been devoted to the auto-
generation of web application code. For example, in [6],
the authors introduce a research agenda for assurance at
runtime with models at runtime (M@RT) as a foundation,
and emphasise that research into the use of M@RT is
fundamental to the development of runtime assurance
techniques. They define the types of information that can
be captured by M@RT, outline key research challenges
for assurance at runtime, characterise assurance methods,
and propose selected application areas in which M@RT
could provide significant benefits beyond existing
assurance techniques for adaptive systems.

In [7], the authors follow the same approach, but due
to the complexity and heterogeneity of systems that are
the object of development, suggest the use of several
models to take into account the overall complexity of the
problem.

Another solution is the composite automation of the
capabilities of individual modules through the use of
frameworks built on appropriate technology.

The authors of [8] propose a complexity less approach
for the automated generation of web-based applications in
the data management domain. This can be used to create
very complex applications by autogenerating them from
the definitions of data models. Using the proposed
approach, CRUD operations, integrity checks and user
documentation can be automatically generated from a
UML-based data model. The results of evaluation show
that the proposed approach allows the total project cost to
be reduced due to the autogeneration of code, and this can
make it easier to maintain, debug and track a generated
web-based application. The emphasis is on the complexity
of the problem of autogenerating web applications and the
need to use several interrelated models, based on data
model definitions in UML.
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In [9], the general idea of a model-driven approach to
the creation of web-based applications is developed using
technology based on the concept of prototyping. There are
services at the level of the technological core unit, and
reuse of templates is considered as a means of simplifying
and cheapening the design. This approach is suitable for
rapid prototyping and model verification, and is
compatible with common programming languages. The
authors present a meta-model for designing web services
and a related tool for verifying the consistency of a model.
The use of high-level constructions for the definition of
web-services allows web service patterns to be formally
verified and safely reused in other contexts. The overall
approach was illustrated with a case study, using the
proposed tool to demonstrate its advantages, such as
robustness and flexibility.

In [10], the authors consider the development of cross-
platform web applications with the aim of finding a
technology unifier. They analyse the foundations of
progressive web applications (PWAs) in cross-platform
development, scrutinise the status quo of current
possibilities, investigate the idea of unified development
and discuss several open questions. The authors also
introduce several technologies and their underpinnings,
and examine the possibilities of PWAs, finally suggesting
a balanced approach combining experimental and
qualitative work.

The study in [11] conceptually resonates with the work
in [3,4]. The emphasis is on prototyping, although here
this is based on the simulation of flows of information.
The development workflow forms the basis for the co-
evolution of the model and code. The authors introduce
IFMLEdit.org, an online tool for the rapid prototyping of
web applications, and describe the user's interaction with
the application by means of flows of information in
reaction to user events. The proposed tool allows the user
to edit interaction flow modelling language (IFML)
specifications, to generate the first version of the code of a
web application from the model, to improve the generated
code with manually added details, to evolve the original
IFML model and to re-generate the code for the updated
version. The proposed approach solves the well-known
problem of model-driven forward engineering through the
rapid modification of the application model and the
generation of realistic prototypes that can easily be turned
into deployable applications.

The work in [12] emphasises the model-driven
engineering trend, but with an additional aspect of the
agile methods effects study. The authors summarise
several research activities focusing on the development
and use of models in software and systems engineering.
They describe engineering software and software-
intensive systems to understand system conditions and
optimisation potentials that require a precise but abstract
understanding of these heterogeneous systems. The
authors also consider the benefits of agile methods in
language engineering, the application of model-based
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engineering techniques to different domains, and tools and
languages developed using the language workbench
MontiCore.

The study in [13] is interesting as it takes into account
the logging of interaction events when creating web
applications. The proposed original technique for the in-
page logging of interaction events can help interaction
designers make more informed design decisions. This
technique facilitates overall user satisfaction by measuring
content engagement using low-level logging on the client
side of the application. Thus, the workload on web servers
caused by server-side logging can be significantly
decreased. On the research side, in-page logging of
interaction events allows the user to analyse meaningful to
designers by capturing a rich representation of the events
in the user interface at multiple levels of granularity.

The article considers other approaches to automating
the creation of web applications, and concludes that they
are partially compliant with the solution to the problem of
generating the code of web applications, taking into
account the possibility of managing the automation
process at each level and the appropriate capability of
selecting and integrating existing components based on
formal user requirements and descriptions of these
components.

For a more detailed consideration of the architecture of
web applications, an appropriate alternative allowing their
rapid creation is to create templates for their
implementation at each level of the architecture, using
existing frameworks developed for a particular type of
technology.

However, there are several obvious aspects of solving
this problem. The level of access to data is subject to
templating based on the entities of the database as separate
components. Similarly, the creation of a REST API [14]
can be customised based on process descriptions.

The automation of the rapid creation of web
applications using this approach leaves programmers with
the key problem of combining the resulting fragments into
a general application, which requires appropriate changes
to the autogenerated product code.

IV. CONCEPTUAL FOUNDATIONS FOR CREATING
WEB-APPLICATIONS BASED ON TEMPLATES

The main idea behind the development is to build a
real model based on the basic notion of architecture, in
order to model the application development process.

A set of template processes can be implemented in one
application at the expense of means of using the
frameworks and specifications for a certain form of
technology. The application is multilevel, and consists of
template modules. Each module is constructed of classes
and interfaces that have their own structural units, and the
appearance and methods of the application depend on the
tasks to be solved in accordance with the requirements of
users.
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The design of any system begins with the
implementation of business processes and the structure of
the data warehouse to meet the objectives. The user needs
to create a schema model for the database, in order to
describe the entities and indicate their links.

Following this, the system builds the basic
functionality in the form of a data model with scripts for
database generation at the appropriate level of data access,
using scenarios to work with users and authorisations that
the user can choose depending on their needs.

The next stage of the work is the direct generation of
the data component, i.e. data selection and data
preparation, with a number of conditions created by
combining existing conditions using the proposed
template, or the user creating their own. After the user has
set the conditions, a semantic description of the
corresponding transformation is created and the data are
processed in accordance with the current business process.

The final stage is to generate the presentation with the
appropriate selection and to select and edit the most
suitable template from the proposed alternatives.

The result is a ready-made application that is
generated by creating and assembling the individual
moduies of the system.

V. MATHEMATICAL MODEL FOR CONSTRUCTING

BASIC FUNCTIONALITY

To select and integrate the components of the
complete solution, we will use first-order causal logic, the
structural elements of which are described here for the
integration of applications in the work [1].

Symbols:

serVice: (’ ), [5 ]’ {5 }5 :’ <5 >’ ’;
constant:

individual, of primary types (int, real, char, bool) -
where each constant a,"

L ]
als Ay, - als azs .
pertains to type (primary type) k; structural type
(construct) - ¢y, ¢, ...; procedural type (method) - di,
d>, ...; objective type (problem, entity, relation) —
ey, €2, ...,

>

e functional i-place, for individuals of type &k - h/,
Vs BE L B2

e predicate i-place, for individuals of type k - 4,
Ay .oy A7 A}, ... (this class includes taxonomic,

relational and other predicates, as well as traditional
relations, at least equality = and order >);
variable: for individuals of type k - Xl Xy e x? X5
..., where every variable x* pertains to type k;
logical: AV, 4,3, V,<:>.

Individual terms of type A:
e cach individual constant g* of type k is an

individual term of type £;
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e each free variable x/ for individuals of type & is an

individual term of type &;
if h/ is a certain functional constant for individuals

of type k and 71, ..., tj are terms for individuals of
type &, thenp/ (t1, ..., 7j) is an individual term of
type k;

e there are no other individual terms of type 4.
Formulas for individuals:
e if 4/is a predicate constant for individuals and 1,

..., 7j are terms for them, then 4/ (t1, ..., 7j) is the

atomic formula for individuals;

the atomic formula for individuals is the formula for

them;

there are no other formulas for individuals.
Hereinafter we consider only the systems of Horn
clauses (with a single — symbol, atomic formulas to its

left and right, and an implicit quantiﬁerv ).

Specifiers, preconditions, post-conditions, specifiers
of methods, specifiers of problems, clause are presented
in detail in [1].

The knowledge base of the system consists of three
main parts. In the first part, ontological axioms describe
the methods and other components of the framework that
are available for use. The second part provides an
ontology of the system, and is described using OWL-
based languages based on RDF. The third part summarises
the output rules that are required to achieve the desired
result for the user. There are two types of rules for the
output. The first type are used to integrate several methods
and other components into a single application. They take
into account the specific nature of the problem, the
preconditions, the stages, the descriptions of methods and
other components of the system. Realised with the desired
output proof in a certain way defines the architecture of
the application that is being created within a defined class
of architectures.

Inference rules of first type:

If dl: (<t1>,< 12>) and d2: (<13>,< 11>)
then d1: (<d2>,< 12>)

If dl: (<t1>,< 12>) and d2: (<13 N 14>,<
t1>) then d1: (<d2>,< 12>)

If dl: (<t1 N 12>,< 13>) and d2: (<t4>,<
t1>) and d3: (<t5>,< 12>) then dl: (<d2 A
d3>,<13>)

If dl: (<t1>,< 12>) and d2: (<13 V 14 >,<
t1>) then d1: (<d2>,< 12>)

If dl: (<12 N 12>,< 11>) then dl: (<12>,<
T1>)

If dl: (<tl, 12>,< 13>) and d2: (<14>,< 11>)
and d3: (<t5>,< 12>) then dl: (<d2, d3>,<
12>)
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o If dl: (<t1>,< 12,13>) and d2: (<12>,< 14>)
and d3: (<13>,< 15>) then d2: (<d1>,< 14>)
and d3: (<d1>,< 15>)

The second type of inference rules are used to speed
up the inference process. They take into account the
semantics of the user’s problem and the semantics of the
methods and the other components of the system,
expressed in terms of the system’s ontology [15]. In
essence, these rules are used to reduce the search for the
rules and axioms of the first part of the knowledge base of
the system. They describe ways of combining methods
that are semantically acceptable at the level of input and
output and other components of the system in more
functionally complete combinations. These combinations
can be used to deduce in the space of rules of the first
type. The meaningful use of the second type of inference
rules can be illustrated by the process of 3D visualisation
of the combination of methods and other components of
the system, using spatial structures based on common
entities for their inputs/outputs.

VI THE SEMANTICALLY CONTROLLED INFERENCE

MECHANISM
SM

VIO TIAINI

For the inference we will use the approach proposed
by the authors of [1]. This defines the procedures for
inference and restoring the inference tree. However, we
will add to this approach a preliminary procedure for
searching the spatial structure of the associated by
input/output methods and other components of the system,
which at inputs has entities defined by the user as input
information, and at its outputs are entities defined by the
user as the source information. Define the necessary
concepts.

Here, we focus on the means of knowledge
representation, and to reduce the search, we use the
knowledge base and particularly information on effective
inference schemes for frequently performed queries and
its ability to structure, factorise and abstract. This is a
combined inference strategy, at the lower levels of which
the birth of a lossy resolvents is blocked. Formally, this is
a question of combining the approach of Kowalski [3] and
the analogue method of Plaisted [4]. In this case, the proof
in the abstract space is based exclusively on the axioms
and inference rules of the knowledge base, and the result
is then used to control the inference in the initial search
space.

We cut off the hopeless branches of the inference in
the initial space in two stages. In the first stage, we
formulate the constructions of the associated by
input/output methods and other components of the system.
In the second stage, we use the inference in the abstract
space. For the reflection of the transition to the abstract
space, we use taxonomic connections. The inference in the
abstract space will then be reduced to the inference in the
system of types (classes of entities) with a gradual
deepening of the system of subtypes up to individuals. As
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before, to reduce the search in both the abstract (for
classes and types) and in the initial (for individuals)
spaces, we will use modifications to the Robinson
resolution strategy [16]. The properties needed for the
mutual adaptation of the method of analogy and
modification of the resolution strategy the used reflection
do naturally acquire in a responsibly structured knowledge
base.

For the analogy method, we use the concept of a multi
clause (m-clause) as a multiset of atomic formulas (the
atomic formula L will be recorded in m-clause as many
times as it is repeated). The operations U (union),
(intersection), — (difference), (concatenation) and

relation = (occurrence) for multisets are performed (note
that the operations are performed separately for the left-
and right-hand parts of the clause).

Suppose A1€ Ci, A2€ C; and ay, 0 are substitutions
that allow us to obtain the most common unifier for the
atomic formulas 4; and 4. Then, the clause obtained from
the unification of clauses Cia; and C>a, by removing L to
the left and right of the symbol — is called the m-
resolvent of m-clauses C; and C». If the m-clauses C; and
C, are ordered and the m-resolvent is obtained by
eliminating the non-underlined atomic formula in both
parts, and no other atomic formula follows it on the left,
then we get the ordered linear m-resolvent. If the last
atomic formula to the left of the — symbol in the ordered
m-clause is unified with the underlined atomic formula to
the right of the — symbol of the same m-clause, the
ordered linear m-resolvent is obtained by reduction of the
the m-clause.

Definitions of m-clauses and m-resolvents are used to
define the ordered linear m-resolutional proof. We start
with the definition of the m-resolutional proof Tm as a
pair <V, Th>, where V is the set of proof vertices and 7% is
the set of vertex triples. In the future, the first and second
components of 7m will be allocated using the s-N(7m)
and s-M(Tm) selector functions, respectively. Each vertex
n € s-N(Tm) of the proof Tm is characterised by the mark
s-L(n) and the depth s-D(n). If <nj, n, n3> € s-M(Tm),
then s-L(n3) is the m-resolvent s-L(n;) and s-L(n2), and
each triple of this type is called m-resolution. In the proof
Tm, the vertex n € s-N(Tm) is called the initial if it is not
the third component of any of the triples of s-M(Tm) (its
mark is the initial m-clause), or the terminal if it is neither
the first nor the second component of any of the triples of
s-M(Tm) (its mark is the terminal m-clause).

We call the m-resolutional proof Tm the proof from S,
if the marks of the initial vertices 7m belong to the set of
m-clause S. From S, we deduce C if 7m is a proof from S,
and C is a mark of one of the vertices of 7m.

Finally, the ordered linear m-resolutional proof from S
is called m-resolutional proof Tm from S, all m-clauses of
which are ordered and for an arbitrary triple <nj, n», n3>
from s-M(Tm) s-L(ns) is an ordered linear m-resolvent s-
L(m) and s-L(n).
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To manage an ordered linear inference, we will use the
typification abstraction proposed in [4]. Suppose f is a
mapping from the set of m-clauses into the set of m-
clauses such that: (i) if m-clause Csis the m-resolvent of

m-clauses Ci; and C,, while D, e f(C;) , then

Ival

D, e f(C)) and D, € f(C,) exists such that the
result of the substitution of some m-resolvent Dy and D>
belongs to Ds; (i) (&) ={}; and (iii) if the result of
some substitution of m-clause C; belongs to m-clause C»,
then for any abstraction D, for C> an abstraction D; exists
for Cj such that the result of D; substitution belongs to D..
This is called f m-abstraction mapping, while any D from
AC) is called m-abstraction. The typification mapping is
understood as a certain mapping ¢ from a set of literals
into a set of literals, which transforms each atomic
formula into the formula for which the terms have the type
closest to the basic types in the hierarchy.

Construction of the proof begins with the formulation
of the problem by the user. In essence, the possibility of
executing the request is checked, taking into account all
available resources. Having access to the descriptions of
all modules and other components and axioms that
determine the possibilities of their application, the
inference mechanism combines the modules and other
components into a structure (proof) that ensures the
receipt of the result from the input data.

Let the ordered linear m-resolutional proof be obtained

by definition as a pair of sets: vertices
V ={k .k,.k;,..k,} and vertex triples Th = {<k, ,
ky, ky> <ky, kg, ks> .. <k, ,, k,,, k,>},
where k; ,i=1,...,nare the vertices of proof, and kn

is the terminal vertex. The proof is formed using the initial
vertices of the problem postcondition and, as a lateral
vertex, the appropriate axiom from the knowledge base.
The axiom is appropriate if the sequence of atomic
formulas corresponding to this vertex of the proof, or any
part of it, is an axiom postcondition. The third vertex of
this triple is obtained by applying the axiom to the
formula postcondition, taking into account the inference
rules. The third vertex of the first triple becomes the first
vertex of the second triple, and the process repeats until
the terminal vertex is reached, i.e. the problem
precondition. If the atomic formula corresponding to the
third vertex of the triple can be simplified by applying one
of the inference rules, it is simplified in the next triangle,
which will have only two vertices: a vertex with a
formula, which must be simplified, and a vertex with a
simplified formula.

The search for the corresponding axioms is done by
comparing the construct of the postcondition that is
currently being processed with the axiom constructs from
the ontology. Thus, a set of axioms is chosen from the
ontology that describes the methods that process the type
and format of the objects we need.
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If there are several corresponding axioms in the
knowledge base for the next vertex, then each of these
axioms is used to build its own "parallel" version of the
proof. Thus, during the operation of the inference
mechanism, a number of proofs of varying length and
complexity can be formed. Upon completion of the
inference mechanism, we select from the set of proofs the
one with the smallest number of triples of vertices and the
smallest number of applied axioms.

To shorten the search, we can pre-select the structures
of related methods and other components, the entities of
which inputs and outputs are common. After the structures
have been selected, the preconditions and postconditions
are checked and the architecture of the solution is
determined only in the second stage.

The output of the inference mechanism is a set of
formulas and a clause that corresponds to the vertices of
the proof triples and reflects the application of the axiom
of the first part and the inference rules of the first type. To
restore the structure, we use the proof tree recovery
algorithm proposed by the authors of [1].

Then, using the constructor, we generate the user
representation using the finished elements, to which the
output points of the business logic of the application are
tied in the form of a data source.

VIL

This technology is realised using modern tools. The
user-friendly web interface allows the end user to build a
database model that is used to generate the base
framework of the application (CRUD data operations with
the subsequent generation of the interface as a REST API
[14]). The next step is to display this general view of the
application with the ability to generate the logical
behaviour and implementation of the business processes
of the required application, by means of a semantic
assignment of relationships between the relevant models
of the application.

Pre-set templates are integrated into the application
with pointing inputs and outputs. Additional functionality
includes the ability to create and store the user’s own
templates as well as the ability to put them in the public
domain. Formally, template integration can take place at
different levels of the architecture, ranging from method
integration to the integration of an entire component
consisting of classes.

The applications are composed of modules, which are
composed of classes, which in turn are composed of
methods, etc. Definition by the user of the input and
output entities and their characteristics allows the
necessary methods and their interconnections to be found
and the template model of the lowest architectural level to
be obtained, presented in the form of classes.

At the highest level, the composition model is
maintained, but the corresponding classes are already
merged through the calls of other methods and the
generation of behaviour classes, which is the source of the

IMPLEMENTATION
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module. Accordingly, the combination of modules follows
from the composition of their outgoing points and the
established connections.

VIIIL.

In the article, the problem of the rapid creation of
effective web applications of one class is considered. Our
analysis of the problem and existing decisions has
confirmed the relevance of the problem and allowed us to
formulate it and identify the key aspects of the study.

A complex approach is proposed to the solution of the
problem, based on autogenous template solutions for
information systems that can be integrated into the process
of components at different architectural levels. The main
advantages of the proposed solution are that it offers a
formal basis for creating applications, based on templating
the design and implementation processes, and the ability
to fine-tune the process [17]. In addition, the model
adopted for constructing template solutions simplifies the
work of developers and helps automate the basic process
of developing web applications for a wide range of
business information systems with web representation.

An analysis of the problem and the existing solutions
enabied the choice of appropriate formal means. The
mathematical apparatus for the proposed solution includes
means for the semantic description of business processes
and a formal logical system. The first provides a
description of business processes and allows them to be
decomposed into subprocesses from the highest level of
architecture to non-decomposable atomic components,
indicating the input and output entity, and the
characteristics based on which the choice of the
corresponding functional unit is made - a template for the
processing of the subprocess, or the creation of the user’s
own template based on the proposed methods. A formal
logic system facilitates the selection and integration of
components into a complete solution.

Future research will involve the 3D visualisation of the
processes of creating web applications, using the proposed
theoretical model for building a comprehensive solution
and based on the template for the process of creating an
information system with a web representation.

CONCLUSION
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Abstract. In this work, the level of influence of the posts published by famous people on social networks on the formation of the cryptocurrency
exchange rate is investigated. Celebrities who are familiar with the financial industry, especially with the cryptocurrency market, or are somehow
connected to a certain cryptocurrency, such as Elon Musk with Dogecoin, are chosen as experts whose influence through social media posts on
cryptocurrency rates is examined. This research is conducted based on statistical analysis. Real cryptocurrency exchange rate forecasts for the
selected time period and predicted ones for the same period, obtained using three algorithms, are utilized as a dataset. This paper uses methods
such as statistical hypotheses regarding the significance of Spearman’s rank correlation coeflicient and Pearson’s correlation. It is confirmed that
the posts by famous people on social networks significantly affect the exchange rates of cryptocurrencies.

Keywords: cryptocurrency exchange rate; forecasting algorithms; posts on social networks; methods of statistical analysis; information
technology of intellectual analysis.

1. INTRODUCTION The collection and processing of data related to the financial
sphere is of particular interest, especially the exchange rates
of various currencies and cryptocurrencies. Cryptocurrency is
gaining more popularity every day due to the relative ease of
entry and the large amount of recommended information avail-
able about the process. Buying and selling cryptocurrency is an
interesting process because certain conditions are met, an indi-
vidual can increase their wealth several times, or even replace
their main job with this activity. However, to truly make money
from this process, it is necessary to conduct research regarding
the chosen cryptocurrency, as well as its exchange rate and news
concerning it.

Today, people can obtain the information they need through the
Internet without leaving their homes. But there are problems
with availability — the Internet is filled with a large quantity
of non-informative data that has no value for the vast majority
of users, or in other words, “garbage data”. That is why every
day it becomes increasingly difficult to find relevant information
because huge amounts of data must be reviewed and analyzed.

This problem is inherent in all spheres of human activity,
whether it is building one’s own business or participating in
society through governing bodies. In addition, the appearance
of a large amount of non-informative data is, as always, the fault
of humanity itself, because every entrepreneur seeks to preserve
as much information as possible about the state of their business
and at the same time strives to remain competitive, which is a
vital factor for any enterprise.

In view of all this, methods for Internet content analysis must
be constantly developed to facilitate finding the necessary data
conveniently, and most importantly, quickly. The most expensive
commodity today is information, and at the moment the main
sources are social networks, through which people share their
thoughts and plans. However, to use these posts for specific
purposes, the data must be analyzed.

The relevance of this research is due to the growing popularity
of investing in cryptocurrency. Posts by famous people who have
their own interest in this process have a significant influence on
the formation of the prices of certain cryptocurrencies. When
traders create forecasts regarding changes in the exchange rate
of certain cryptocurrencies, they need an information system
that can analyze the impact of such publications on changes in
the exchange rates of cryptocurrencies and provide recommen-
dations on market behaviour. This will increase the accuracy of
the prediction created.

This work presents research that can be used by financial
market participants to obtain high-quality forecasts of cryp-
tocurrency rates, based on which they can make decisions about
*e-mail: gnowakowski@pk.edu.pl its purchase (or sale).
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2. ANALYSIS OF LITERARY SOURCES
AND FORMULATION OF THE PROBLEM

In general, the task of analyzing Internet posts is very important,
because a well-analyzed publication can provide much more
information than a simple question to the author such as: “What
did you mean by this publication?”. Detailed analysis of posts
on social networks will allow for obtaining information about
preferences and professional activity, as well as the users’ circle
of communication and their mutual influence.

In the paper [1], the process of the computer detection and cat-
egorization of opinions expressed in a piece of text to determine
whether the writer’s attitude towards a certain topic, product,
etc., is positive, negative, or neutral is examined. Within the
framework of the research presented in this paper, a detailed
study of the analysis of moods and the cause-and-effect rela-
tionship of moods was carried out. In addition, using sentiment
analysis, a generalized event can be identified based on mood
and time. The results of the causality analysis can be used not
only to determine the causes and effects, respectively, but also
for their subsequent prediction of user sentiments. The main
part of the publication is an overview of the combination of
these two approaches, combined into a model that allows for
determining the mood during future events, as well as creating
a time forecast about the length of the interval between certain
events. The average relative error was used to assess accuracy.

To view posts, you need to choose a place where a high
number are available and stored in a single text format. A social
network such as Twitter is useful for this. Special linguistic
analysis and Twitter statistics are discussed in detail in [2]. This
study aimed to identify criminal elements in the United States
by modelling discussion topics and then incorporating them into
a crime prediction model. A study was conducted on the impact
of social media posts on future crimes.

In [3], a comprehensive reference for researchers and prac-
titioners was considered, as well as coverage of all areas that
contribute to the construction and analysis of social networks.

The paper [4] presents an integrated framework that offers the
infrastructure needed to access, integrate, and analyze multilin-
gual user-generated content from various social media sites.

The paper [5] demonstrates that Twitter messages (tweets) can
be reliably classified based on flu-related keywords; the spread
of flu can be predicted with high accuracy; and there is a way
to monitor the spread of flu in selected cities in real time. We
propose an approach to efficiently mine and extract data from
Twitter streams, reliably classity tweets based on their sentiment,
and visualize the data using an interactive real-time map.

The paper [6] shows what topics are being voiced by individ-
uals and groups about the pandemic. It is determined whether
there are any noticeable thematic trends, and if so, how these
topics change over time and in response to important events. Us-
ing an improved sequential latent distribution model, the twelve
most popular topics present in the Twitter dataset collected from
April 3 to 13, 2020 in the United States are identified and their
growth and changes are discussed.

It is also impossible not to highlight Internet blogs, in which
many people express their own opinions and visions of certain

problems, etc. Therefore, in [7], a study was conducted on the
identification of hate groups. The proposed approach is semi-
automatic and consists of four modules, namely: blog spider,
information retrieval, network analysis, and visualization. This
investigation was conducted on the blogging site Xanga. The
results of the analysis revealed some interesting demographic
and topological characteristics in hate groups and identified at
least two large communities in addition to the smaller ones. The
proposed approach is also appropriate for the examination of
hate groups and other related blog communities.

In terms of business and the financial market, the process of
analyzing large amounts of data and understanding the needs of
the majority of people is very important, as it directly affects
the income of the company and individuals. In [8], a study of
the dominant factors that lead to currency crises was conducted.
Within the framework of the research presented in this publi-
cation, the nature and characteristics of currency crises were
identified and the forecasting of possible currency crises at an
early stage was conducted. This can save managers some time
in improving crisis management policies and corrective actions.

The work of [9] investigated the dynamics of linear and non-
linear serial dependencies in financial time series within the
framework of a moving window. In particular, the focus was on
identifying episodes of statistically significant two- and three-
tribal correlation in the returns of several leading exchange
rates, which may offer some potential for their predictability.
A moving-window approach was used to capture correlation
dynamics for different window lengths and to analyze the dis-
tribution of periods with statistically significant correlations. It
was found that for sufficiently large window lengths, these dis-
tributions correspond well to the power law. Predictability itself
was measured by the hit rate, i.e. the level of agreement between
the actual return features and their predictions obtained using a
simple correlation-based predictor.

It should be noted that in all the cited works, the research is
general and the results of forecasting currency rates, in particular
cryptocurrencies, were not provided. Accordingly, the factors
affecting them were not investigated.

In [10], a study of the main macroeconomic indicators of the
influence on the US dollar exchange rate in Ukraine was carried
out, considering the purchase/sale of cash and non-cash cur-
rency, the balance of these, inflation in the current year, and nom-
inal and real gross domestic product, as well as purchases/sales
by bank clients, transactions between banks, gross and net inter-
national reserves, unemployment rates, and accounting (interest)
rates, in addition to the balance of foreign exchange interven-
tions, and the volume of nominal value transactions. Using the
method of main components, the main economic components
of the formation of the exchange rate were determined. With the
help of an autoregressive integrated moving average (ARIMA),
exponential smoothing, and singular spectrum analysis statisti-
cal models, the values of the selected influencing factors were
predicted. The values of currency rates were predicted using re-
gression models built by fast tree, fast forest, fast tree Tweedie,
and generalized additive model algorithms, and the obtained
values were studied for accuracy. This work did not forecast
the exchange rates of cryptocurrencies in particular and did not
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investigate the influence of factors such as posts on social net-
works.

The paper [11] analyzed methods, areas of application, and
approaches to the analysis of publications and forecasting events
based on the collected data, as well as the concept of the influ-
ence of publications on changes in the cryptocurrency exchange
rate. The justification of the topicality of the topic was presented
and the possibilities of appropriate application of the results
of the work were described. The main stages of working with
event forecasting data were defined, namely: the pre-processing
of data, their further analysis, and forecasting. This work did not
investigate the level of influence of posts by famous people on
social networks on the cryptocurrency exchange rate. Within the
framework of the research presented in the previously mentioned
papers [10, 11], information systems were created to implement
the above-described tasks of intellectual data analysis.

The above discussion indicates that the influence of certain
factors on the exchange rate of cryptocurrencies, especially that
of posts by famous people on social networks, has not been
sufficiently studied to date and requires further study.

3. THE PURPOSE AND OBJECTIVES OF THIS STUDY

The purpose of this study is to examine the level of influence
of posts by famous people on social networks on the cryptocur-
rency exchange rate. This will make it possible to increase the
reliability of the forecast of the exchange rate of cryptocurren-
cies. To achieve this purpose, the following aims were set:

e To form statistical samples based on real exchange rates
of the selected cryptocurrency, as well as their forecasts
based on ARIMA, exponential smooth algorithms, and an
algorithm for taking into account posts on social networks
(ATAPSN).

e To calculate forecasting errors for all considered models and
choose the most accurately forecasted cryptocurrency rates.

e To establish the level of dependence between the predicted
and real exchange rates of cryptocurrency.

e To determine the statistical significance of the forecasted
cryptocurrency exchange rates.

4. RESEARCH MATERIALS AND METHODS

The object of this study is the level of influence of posts on social
networks on the exchange rate of cryptocurrencies. The neces-
sary information includes forecasts for a selected period, taking
into account the influence of posts by famous people on social
networks (ATAPSN) [11], using the ARIMA [12] and exponen-
tial smoothing algorithms [13], as well as real cryptocurrency
rates for the same period.

Time-limited impact: The first and most important argu-
ment is that publications and posts have the greatest impact
on decision-making during the period of greatest interest. In the
first hours, days, or weeks after publication, information can be
very relevant and important for decision-making.

Patterns of influence: Some studies show that the impact of
publications and posts on decision-making decreases rapidly
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over time. People may react more quickly to news and informa-
tion that has appeared recently, and their reactions may be more
intense.

Competition for attention: In an information society, compe-
tition for consumer attention is intense. Over time, new events
and information can displace old ones, and the impact of publi-
cations can be significantly reduced.

Importance of freshness of information: Some topics or indus-
tries may require fresh information to make accurate decisions.
For example, in the financial sector, information can become
outdated quickly, and making decisions based on outdated in-
formation can be more risky.

Of course, the length of the period for a study depends on the
specific context and objectives of the study. For example, when
providing certain services, it is necessary to take into account
the opinions of users from social networks based on their posts.

The application of a mathematical apparatus using the rank
correlation coefficient allows for using this information to deter-
mine the relationship between the real and predicted cryptocur-
rency rates. Therefore, the following information is required to
form the dataset: the real exchange rates of the chosen cryp-
tocurrency for a certain period, as well as those predicted using
various algorithms.

For ATAPSN, well-known individuals who are knowledge-
able in the field of finance in general and cryptocurrencies in
particular, or whose activities are somehow related to a certain
cryptocurrency, were chosen as experts. As part of the con-
ducted research, the Dogecoin cryptocurrency was selected to
form the dataset and Elon Musk’s posts on the Twitter social
network were taken into account.

A fragment of the dataset is given in Table 1.

Table 1
A fragment of the input dataset
Hours Real Algorithm Algorithm Exp()neqtial
rates ATAPSN ARIMA smoothing
1 467 466.19 497.8707174 502.2597
2 475 473.44 502.1439974 463.9021
3 516 513.78 506.4172773 490.0742
4 533 534.78 510.6905573 515.4008
5 508 508.31 514.9638372 523.1350
6 510 508.60 519.2371172 528.5218
7 525 525.67 523.5103971 518.3018
8 512 510.85 527.7836771 515.8382
9 514 512.55 532.0569570 529.6971
10 514 51543 536.3302370 521.8438

Table 1 shows forecasts of Dogecoin rates, which were ob-
tained using three algorithms (ATAPSN, ARIMA, exponential
smoothing), for 10 hours, as well as its real rates for the specified
period. The data were taken from the site of the crypto exchange
Binance [14].
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The dataset assembled in this way formed the input infor-
mation for this study. As part of the conducted research, the
following steps were necessary:

e Obtain forecasts based on ATAPSN and classic ARIMA and
exponential smoothing algorithms and then form statistical
samples based on them.

e Calculate forecasting errors for all considered models and
choose the most accurately forecasted cryptocurrency rates.

e Establish the level of dependence between the predicted and
real exchange rates of cryptocurrency using Spearman and
Pearson correlation coeflicients.

e Determine the statistical significance of the predicted cryp-
tocurrency rate using the Student’s t-test.

The use of the specified methods of statistical analysis guaran-
tees obtaining reliable results when forecasting cryptocurrency
rates and rescarching how they are influenced by the posts of
famous people on social networks.

Software was developed to perform statistical analysis and
obtain results based on the specified methods. It consisted of two
main parts: the client (site) and the server. The client part was
implemented using the Angular framework and was designed
to display the resulting data, as well as to configure the search
part.

The server part was implemented using the Python language
and consisted of the following main blocks: the search block of
publications — with the main goal to collect data about the publi-
cations of a certain person for a certain time; the cryptocurrency
search block —chiefly intended to collect data on cryptocurrency
exchange rates for the specified period; the algorithmic block —
aimed at analyzing and forecasting future cryptocurrency rates;
the communication unit — with the main purpose of data transter
between the client and server part and other blocks.

5. STUDY OF THE LEVEL OF INFLUENCE OF POSTS
BY FAMOUS PEOPLE ON SOCIAL NETWORKS
ON THE CRYPTOCURRENCY RATE

5.1. Formation of statistical samples based on real rates
of the selected cryptocurrency, as well as their
forecasts based on the ARIMA, exponential
smoothing, and ATAPSN algorithms

Formulation of the problem: Based on the input dataset, form
the following statistical samples X, Y; (i = 1.3) of volume n
each (n is the number of experiments (forecasts) made during
the selected time [15]. The value of n is set depending on the
desired accuracy of forecasting: hourly, daily, etc.):

X is a set of real cryptocurrency rates.

Y is a set of forecasted cryptocurrency rates obtained using
ATAPSN.

Y> is a set of forecasted cryptocurrency rates obtained using
the ARIMA algorithm.

Y3 is a set of predicted cryptocurrency rates obtained using
the exponential smoothing algorithm.

Justification. Algorithm for forecasting the cryptocurrency
exchange rate taking into account posts on social networks (AT-
APSN) [11]. The idea of the algorithm is to calculate the coeffi-

cient of significance of the expert’s post ¢ ;, which is calculated
according to the formula:

cj=kj-chj, 0
where ch; is the assessment of the tonality of the expert’s post:

1,  if'the postis positive,
ch; =10,
—1, if the post is negative,

if the post is neutral, 2)

k j is the correctness of the forecast made at the previous moment
in time:

ki=lyi=xj. (&)
where y is the predicted value of the cryptocurrency exchange
rate obtained using time series; x; is the actual value of the
cryptocurrency exchange rate; j is the moment in time.

After determining the coefficient ¢ ; from (1)—(3) a forecast of
the change in the cryptocurrency exchange rate will be created
based on the available data on the expert’s posts in the selected
social network for the specified time:

Y}+1 =Y+ tcj. “4)

Algorithm for forecasting the cryptocurrency exchange rate
using the ARIMA algorithm [12]. The ARIMA(p, d, g) model
for a non-standard time series looks like this:

p q
Ady; =C+ZakAdy‘,-,k +Zb[€‘,'7[+8j, (%)
k=1 k=1

where ¢ is a stationary time series; ¢, ay, b; are model param-
eters; A? is a time series difference operator of order d.

Algorithm for forecasting the cryptocurrency exchange rate
using the exponential smoothing algorithm [13]. The exponen-
tial smoothing model is as follows:

yi: J=1
vi=9, R T (6)
: Yio +a Yi=Yi)r o > 1,

where y’,. is smoothed series; y; is primary series; « is the
smoothing coefficient.

Statistical samples X, Y; (i = 1,_3) of volume n each are formed
based on forecasts obtained n times during the considered time
using formulas (4)—(6).

The representation of cryptocurrency rates, both real and fore-
casted, in the form of a statistical sample, facilitates the appli-
cation of statistical analysis methods to calculate forecasting
errors, determine the level of dependence between forecasted
and real rates of the selected cryptocurrency, and establish the
statistical significance of forecasted cryptocurrency rates.

The choice of forecasting algorithms is determined by the
need to compare forecasts using ATAPSN [11], the focus of this
study, with classical forecasts made utilizing time series [16]
including ARIMA and exponential smoothing [12, 13].
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It should also be noted that the quality of the obtained samples
depends on the accuracy of forecasting. Therefore, before con-
ducting this research, to obtain correct forecasts of cryptocur-
rency exchange rates, it is necessary to conduct pre-processing
of the data (reject abnormal forecasts, establish a sufficient vol-
ume of samples, normalize data, etc.).

Result. Based on the dataset presented in Table 1, the follow-
ing statistical samples in volume were obtained 1 = 10:

X =(467.0,475.0, 516.0, 533.0, 508.0, 510.0, 525.0,
512.0,514.0, 514.0),

Y| =(466.19,473.44,513.78, 534.78, 508.31, 508.6,
525.67,510.85, 512.55, 515.43),

Y, = (497.8707174289546, 502.14399737658755,
506.4172773242205, 510.69055727185344,
514.9638372194864, 519.2371171671194,
523.5103971147524, 527.7836770623854,
532.0569570100184, 536.3302369576514),

Y3 =(502.259726, 463.902197, 490.07416, 515.400778,
523.134984, 528.521778, 518.301774, 515.838192,
529.697092, 521.84384).

5.2. Calculating the forecasting error for all considered
models and choosing the most accurately forecasted
cryptocurrency rates

Formulation of the problem. Let the pairs of statistical samples
(X,Y),i= rg, be given (see Section 5.1).

For each such pair of samples, it is necessary to calculate the
deviation of the elements of the sample X from the correspond-
ing elements of the sample Y;.

Justification. The deviation of the elements of the sample X
from the corresponding elements of the sample Y; is calculated
as a relative error according to the formula:

|x./ - 'y".i | 100%,

R =
J
X_l

@)

where x; are elements of the sample X; y;; are elements of the
sample Y;; i = 1,_3, j= I,_n; n is the volume of samples X and
Y [17].

Then, the average relative error of the sample is calculated by

the formula: .
Z Rij
A

Ri=

(3)
n

The proposed approach makes it possible to assess the accu-
racy of cryptocurrency forecasts to assess the quality of samples
Y1, Y», and V3. It also allows for choosing from the proposed al-
gorithms the one that gives the highest accuracy, to further use
the forecasts obtained with the help of this particular algorithm.

Results. Values for relative errors and their average values
obtained using formulas (7) and (8) for the samples presented
in Section 5.1 are provided in Table 2.
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Table 2
Values of forecasting errors
‘ X ‘ Y, Ys Y3
467 466.19 497.8707174 502.2597
475 473.44 502.1439974 463.9021
516 513.78 506.4172773 490.0742
533 534.78 510.6905573 515.4008
508 508.31 514.9638372 523.1350
510 508.60 519.2371172 528.5218
525 525.67 523.5103971 518.3018
512 510.85 527.7836771 515.8382
514 512.55 532.0569570 529.6971
514 51543 536.3302370 521.8438
R; 0.23406855 3.27736587 3.1429464

In Table 2, it is easy to see that the sample Y| has the small-
est average relative error (0.23%), followed by the sample Y3
(3.14%), and Y> has the largest error (3.28%).

5.3. Setting the level of dependence between the predicted
and real cryptocurrency rates

Formulation of the problem. Let the pairs of statistical samples
(X, Y)),i= 1,3, be given (see Section 5.1).

It is necessary to establish the level of dependence between
pairs of samples (X, Y;), taking into account the sequence of
elements in the sample.

Justification. In general, the Pearson correlation coefficient
is used to establish the level of dependence between two sam-
ples [18]:

n

D (i =) (v ¥j)

J=1

©)

r; =
i n s

Dt —X)ZZH: (vij =7)*
=

J=1

where x; are elements of sample X; y;; are elements of the
sample Y;; X, y; are their sample averages; i = ﬁ; Jj= I,_n; nis
the volume of samples X and Y;.

Since the sequence of items in the samples is important for
this research (real and forecasted cryptocurrency rates are con-
sidered and compared at the appropriate time), using the rank
correlation coefficient, in particular the Spearman coeflicient, is
recommended [19].

Spearman’s rank correlation coefficient is calculated using
the formula:

6 Z d;‘z +Tx + Ty'.
J

BEGED (o

pi=1-
where d; = x; —y;; is the rank difference for the j-th element
of the sample ¥;; i = 1,3; Jj= 1, n; n is the volume of samples X
and Y;.
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If there are connected ranks in the samples, i.e. the ranks of
the elements of the sample are repeated:

3 3
Ny —Nx Ny — Ny,

=————— and TY;: -

—_— 11
12 12 7 an

Tx
(Nx and Ny,, respectively, is the number of repeated ranks in
the samples X and Y;, i = 1,3). For a sample that does not
have repeated elements, the corresponding coefficient from for-
mula (11) is zero.

The value of both correlation coeflicients lies in the interval
[—1,1].

It should be noted that Spearman’s rank correlation coeffi-
cient (10) is less accurate compared to Pearson’s correlation
coeflicient (9) since its calculation does not take into account
the quantitative values of sample elements, but only their or-
der. This indicates the need to consider the Pearson correlation
coeflicient in a more in-depth determination of the level of de-
pendence of samples X and Y;, i = 1, 3. It is implemented using
Table 3.

Table 3
Chaddock’s scale of identifying the strength of the relationship by the
value of the paired correlation coefficient (rank correlation)

The value of the

correlation coef- [ 0.1-0.3| 0.3-0.5 |0.5-0.7 [0.7-0.9{0.9-0.99
ficient (by module)

Characteristics of Weak | Moderate | Notable | Strong very
the bond strength = | strong

Note that if the correlation coefficient (rank correlation) is
equal to 1, there is a very strong (up to functional) directly pro-
portional relationship between random variables. If it is equal
to —1, then there is a very strong (to functional) inversely pro-
portional relationship between random variables.

The proposed approach makes it possible to assess how close
a correlation exists between the real and forecasted exchange
rates of the chosen cryptocurrency for the specified period of
time.

Result. For the samples presented in Section 5.1, the results
are shown in Table 4.

In this table, the correlation coefficients are calculated ac-
cording to formulas (9)—(11), and the strength of the connection
with the sample X is established using Table 3.

The data given in Table 2 emphasizes that the sample Y| has
the strongest correlation with the sample X among all considered
samples (very strong relationship). The sample ¥> has an average
level of connection with the sample X, while the sample Y3 has
the worst indicators.

5.4. Calculating the forecasting error for all considered
models and choosing the most accurately forecasted
cryptocurrency rates

Formulation of the problem. Let (X, Y;), 1 =1, 3, be a given pair
of samples. We know the coeflicient of rank correlation between
them (Spearman’s rank correlation coeflicient p; or Pearson

Table 4 L
Correlation analysis between pairs of samples (X,Y;),i=1,3

Spearman’s
The rank

sample | correlation
coeflicient

Pearson’s
correlation
coefficient

The strength of bond
with the sample X

Y, 0.97828283 | 0.99829258 | A very strong connection
both in terms of the simi-
larity of the elements of the
samples and in terms of tak-
ing into account their order

of follow-up

0.581244474 | A noticeable connection
from the point of view of
the similarity of sample el-
cments, and moderate from
the point of view of taking
into account their sequence

Y) 0.39040404

Y3 0.09949495 | 0.58275805 | A noticeable connection in
terms of the similarity of the
elements of the samples, but
almost absent in terms of
taking into account their or-
der of follow-up

correlation coefficient r;, the values of which were obtained in
Section 5.3).

It is necessary to test the hypothesis about the significance
of the corresponding rank correlation coefficient at the level of
significance a.

Justification. To solve the formulated problem, the following
rules were used, which are part of the Student’s t-test [20,21].

Rule 1. To test the hypothesis about the significance of the
Spearman rank correlation coeflicient at the significance level
a, it is necessary to calculate the observed value

Ii =tcr(a’k) (12)

where the critical value 7., (a, k) is taken from the Student dis-
tribution table according to the level of significance @ and the
degree of freedom k = n—2; p; is the Spearman’s rank correla-
tion coefficient; i = 1, 3, n is the volume of samples X and ¥;.

If | p;| <t;, then the hypothesis is accepted. If not, itis rejected,
that is, there is a significant correlation between the samples.

Rule 2. To test the hypothesis of the significance of the Pear-
son correlation coeflicient at the significance level «, it is nec-
essary to calculate the observed value:

riz(n—Z)
ti=|——>
l—r’f

where n is the volume of samples X and Y;; r; is Pearson corre-
lation coefficient; i = 1,_3

Next, it is necessary to compare it with the tabular critical
value of this criterion .. (a, k) (which is taken from the Student

(13)
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distribution table [20, 21] taking into account the given level
of significance @, which is a sufficient level to obtain reliable
results, and the number of degrees of freedom k =n—2).

It t; < t(a, k), then the hypothesis is accepted. If not, it is
rejected, that is, there is a significant correlation between the
samples.

By a significant correlation between the predicted rates of
cryptocurrency, i.e. samples Y; are well consistent with real
rates at similar moments of time, i.e. with the sample X. In
particular, if we consider a pair of samples (X, Y;), within the
framework of the proposed approach, it is possible to track how
much the forecast of the cryptocurrency exchange rate, taking
into account the posts by famous people on social networks,
correlates with the real exchange rates for a similar period.
This makes it possible to assess the level of influence of these
posts on cryptocurrency rates, which is the main goal of this
study.

Result. For the samples presented in Section 5.1, taking into
account the rank correlation coeflicients defined in Section 5.3,
the results are shown in Tables 5 and 6.

Table 5
Results of testing the hypothesis about the significance of the Spearman
rank correlation coeflicient between pairs of samples (X, ¥;) ata =0.05
and 7¢;(0.05, 8) =2.31

Spearman’s
The ‘1'Aunk‘ Value | Conclusions about accepting
sample Lc(())lelrel}g:;:(r;rtl of t; or rejecting the hypothesis
Pi

Y, 0.97828283 | 0.16 Significant correlation

Y 0.39040404 | 0.75 Non-significant correlation

Y3 0.09949495 | 0.81 Non-significant correlation

Table 6

Results of testing the hypothesis about the significance of the Pearson
rank correlation coeflicient between pairs of samples (X, ¥;) ata =0.05
and 7¢;(0.05, 8) =2.31

Pearson
The correlation Value | Conclusions about accepting
sample coeflicient of t; or rejecting the hypothesis
ri
Y 0.99829258 | 48.34 Significant correlation
Ys 0.581244474 2.02 Non-significant correlation
Y3 0.58275805 2.03 Non-significant correlation

In these tables, correlation coeflicients are calculated accord-
ing to formulas (9)—(11), and critical values according to for-
mulas (12) and (13), respectively.

The calculation results shown in Tables 5 and 6 confirm that
there is a significant correlation in the pair of samples (X, Y1),
while the correlation in the pairs of samples (X, ¥>) and (X, Y3)
is insignificant.
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6. THE INTRACTABLE PROBLEM OF MINIMIZING
THE TOTAL TARDINESS OF PARALLEL MACHINE
COMPLETION TIMES REGARDING THE COMMON
DUE DATE WITH MACHINE RELEASE TIMES

The use of statistical information, the formation of a dataset (Ta-
ble 1), and the calculation of informative indicators based on the
methods of statistical analysis allow for solving the formulated
research tasks.

It is worth emphasizing that the fact that both samples were
obtained from real and predicted cryptocurrency rates over the
same period and at the same moments is crucial. In addition, the
order in which they were obtained should be taken into account.
This makes it possible to justify the legitimacy of the transition
from time series to statistical samples and, thus, to correctly
calculate the average relative forecasting error.

The accuracy of the obtained results depends on the size and
quality of samples X, Y, Y», and Y3, presented in Section 5.1.
In this regard, it is recommended to carry out thorough data
processing before starting the research.

The classic ARIMA and exponential smoothing algorithms,
which have proven themselves in solving forecasting problems,
were used to create samples Y» and Y3. This study showed that
these algorithms do not make it possible to track the influence
of any specific factor, unlike the ATAPSN algorithm, based on
which the sample Y| was created. The advantage of the proposed
method of presenting the dataset (Table 1) in the form of sta-
tistical samples is the possibility of expanding the area of use
of the results of this study far beyond the boundaries of finance.
An example of the application of the proposed approach to the
analysis of public services is given in [22]. This approach was
used to study the relationship between some pillars of European
regional competitiveness depending on the quality of regional
institutions [23].

The proposed approach can also be applied in various studies
related to the design, implementation, management, and de-
velopment of services and in general supporting the life cycle
of services in high-tech industries [24, 27], and to determine
which appliances can be considered for the Demand Response
programme [25].

Checking the accuracy of the received forecasts, and therefore
the quality of samples Y1, Y, and Y3, was carried out by calculat-
ing the average value of the relative error (see Section 5.2). The
results of the analysis of the received forecasting errors showed
that forecasts based on the sample Y] are the most accurate (error
0.23%) (see Table 2). That is, the algorithm, which takes into
account posts by famous people on social networks, makes it
possible to obtain better results in terms of accuracy.

Considering the fact that the input dataset (see Table 1) was
formed from predicted and real cryptocurrency rates for a certain
period when studying the correlation between pairs of samples
(X,Y),i= l,_3, it is appropriate to use rank correlation coeffi-
cients. The Pearson correlation coefficient was also utilized to
clarify the obtained results.

According to the results obtained in Section 5.3, it can be
stated that the largest correlation exists between the samples
from the pair (X, Y}), which indicates that the predictions of the
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Dogecoin cryptocurrency exchange rates, taking into account
the posts by Elon Musk on social networks, are most consistent
with the real values of these rates. At the same time, it is worth
noting that a very strong correlation between samples from the
pair (X, Y1) was confirmed using both correlation coeflicients,
which guarantees the correctness and accuracy of the obtained
results.

Obtaining high-quality forecasts by the ATAPSN algorithm,
which are used to form the sample Y7, depends on the correctness
of the selected experts, and for this purpose, it is necessary to
choose the social network that best suits the specifics of the
study [26].

In addition, the data given in Table 4 confirm that for pairs
of samples (X, ¥») and (X, Y3) Spearman’s rank correlation co-
efficient is smaller than Pearson’s correlation coefficient. This
is because the elements in samples Y> and Y3 do not differ too
much from the elements of the sample X, which is confirmed
by the value of 3% relative error (see Table 2) for both samples.
But the orders of placement of elements for pairs of samples
(X, Y>) and (X, Y3) have moderate and almost no correlations,
respectively, because samples Y> and Y3 were formed using al-
gorithms that are based on the use of time series that are not able
to track the influence of a specific factor on the dependent vari-
able, in contrast to ATAPSN. Therefore, such forecasts achieved
a sufficient level of accuracy, but at the same time, they did not
take into account the trends of constant growth or decline of
cryptocurrency rates.

The assessment of the correlation between the real and pre-
dicted cryptocurrency rates can also be carried out using the
Kendall rank correlation coefficient [19], which could be the
subject of further research.

To check the statistical significance of the Pearson correla-
tion coefficient (Spearman’s rank correlation) (see Section 5.4),
classical stationary criteria were used at the significance level
a =0.05 (see Tables 5 and 6). As a result of testing these hy-
potheses, it was established that the existing correlation is signif-
icant in the pair of samples (X, Y}), and this fact was confirmed
by two statistical criteria at once. This means that a factor such as
a post made by famous people on social networks significantly
affects the formation of the cryptocurrency rate at the time when
the post was made. It should also be noted that for sample pairs
(X, Y>) and (X, Y3), the correlation is insignificant.

The advantage of the performed research is the relative sim-
plicity in the formation of the input dataset and the correctness
of the proposed methods of statistical analysis. In addition, this
approach can be used when checking the level of influence of
any other factor on the formation of the rate of the selected
cryptocurrency.

Disadvantages include the need to prepare a high-quality
dataset since an insufficient number of forecasts, the presence
of anomalous data (atypical forecasts), or inaccurate forecasts
in the input dataset can significantly affect the accuracy of the
results. It should also be noted that the accuracy of the fore-
cast can be negatively affected by an incorrectly selected time
interval for which the forecast is made since it is not known in
advance how long the expert’s post will affect the cryptocur-
rency rate. This indicates the need for the constant monitoring

of both cryptocurrency rates and experts’ posts on social net-
works.

An alternative way to determine the level of influence of one
or another factor on the cryptocurrency exchange rate is the
method of principal components. But to use this method, it is
necessary to have a clear list of all factors that in one way or
another affect the cryptocurrency rate. That is, the process of
forming the input dataset would be much more complicated. In
addition, this method would be more difficult from the point of
view of software implementation.

7. CONCLUSIONS

1. As part of this research, it has been established that posts by
famous people are an influential factor in the formation of
the cryptocurrency exchange rate.

2. For this study, a model was created that best suited the goals
and objectives of the research. The authors did not consider
such well-known models as Granger Causality and LSTM,
as they contradict the main goal of the study, which is to
identify the impact of celebrity posts on cryptocurrency
rates.

3. Since the current research investigates the influence of only
one factor, namely, the posts of celebrities on social media on
the cryptocurrency rate, there is no need to use multivariate
models that would complicate the forecasting process.

4. The obtained results have been used to increase the accuracy
of forecasting cryptocurrency rates.

5. The reliability of the obtained results is guaranteed by the
quality of the input dataset and the correctness of the statis-
tical analysis methods used.

6. In the course of the research, software has been developed
that, in combination with other software developed by the
authors of the study, can form an information system for
forecasting cryptocurrency rates and studying the impact of
various factors on their formation.

7. In further research, the authors plan to study the impact
of other factors on cryptocurrency rates and investigate the
impact of posts by several experts on a particular cryptocur-
rency, as well as the impact of posts by the same expert
(group of experts) on the rates of different cryptocurren-
cies. In addition, it is planned to consider a wider range of
cryptocurrencies and influencers to increase the generaliz-
ability and relevance of the study, conduct sentiment analysis
to determine the tone and sentiment of social media posts
and their correlation with market movements and conduct
comparative case studies involving different social media
platforms or financial markets to provide a broader context
for the findings.
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Abstract— Punctuation restoration is a common post-
processing task in text generation and automatic speech
recognition systems. It is crucial for enhancing the
readability and interpretability of transcribed text for
human users. Recent state-of-the-art approaches tackle this
problem using various deep learning architectures, with
transformer-based models demonstrating particularly
strong performance. In this work, we propose a hybrid
model that combines transformer architectures with long
short-term memory (LSTM) layers, leveraging both global
attention mechanisms and sequential dependencies. The
model is trained on the IWSLT 2012 dataset and achieves
results comparable to current state-of-the-art systems. Its
performance is summarised by the following metrics:
accuracy - 0.96, precision - 0.93, recall - 0.92, and F1-score -
0.92. Our findings suggest that punctuation restoration
serves as a valuable auxiliary task, enhancing structural
understanding of text and contributing to more robust
natural language representations.

Keywords—  machine learning,
processing, punctuation restoration,
transformers, neural networks

natural  language
token classification,

I INTRODUCTION

The rapid advancement of artificial intelligence
technologies and associated implementation tools has
facilitated their widespread adoption across diverse
domains of human activity, significantly contributing to
their increased sophistication [1-3]. Among these
developments, machine learning has emerged as a
particularly prominent area, experiencing remarkable
growth and popularity in recent years [4, 5, 21]. Notably,
machine learning methods and technologies have
achieved substantial progress in fields such as computer
vision [6] and natural language processing (NLP) [7].

One of the key areas in NLP is the processing of voice
data [8, 9]. However, text generated by most speech
recognition systems typically lacks punctuation, which
hinders subsequent text processing tasks [9]. Similar
challenges arise in other forms of textual data, such as
user-generated content on websites, where punctuation

979-8-3315-8045-2/25/$31.00 ©2025 IEEE
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may be incomplete, inconsistent, or entirely missing.
Incomplete or ambiguous linguistic data also poses a
well-known challenge in information systems and
database querying [10], necessitating robust interpretation
mechanisms.

Punctuation structures grammatical constructs and
disambiguates sentence meaning in written language. It
plays a crucial role in all aspects of text perception,
particularly ~ with  regard to  readability = and
comprehension, both for humans and for downstream
NLP models. This is especially important in dialogue
systems, which have recently seen widespread adoption.

A prominent solution to this problem is punctuation
restoration (also referred to as punctuation correction),
which aims to automatically reinsert appropriate
punctuation marks into unstructured or poorly punctuated
text. Recent work also demonstrates improved accuracy
when jointly leveraging text and audio modalities for
punctuation recovery [24]. Despite its significance,
punctuation restoration remains a complex and relatively
underexplored task within NLP. Moreover, the
effectiveness of downstream processes—such as text
summarisation, machine translation, and overall text
readability—largely depends on the accuracy of
punctuation recovery.

In general, the literature on capitalisation and
punctuation restoration—such as [9]—identifies seven
principal ~ methodological ~ approaches:  rule-based
methods, n-gram language models, treating capitalisation
as a discriminative task, hidden event language models,
boosting-based methods, probabilistic models based on
conditional random fields (CRFs), and neural network
approaches. Among these, the two most widely adopted
techniques are CRFs and neural networks.

Punctuation restoration typically involves several core
steps: preprocessing the input text, tokenising it into
words or subword units, and applying a machine learning
model to recover a predefined set of punctuation marks.
However, many existing models fail to account for the
full range of punctuation symbols. This limitation often



stems from the infrequent use of certain marks—such as
semicolons—which makes it difficult for models to learn
reliable insertion patterns and to adjust the associated
capitalisation accordingly.

1L

A range of methods has been proposed to address the
task of punctuation restoration in text. One notable
example is DeepCorrect [11], a widely recognised neural
network model specifically designed for punctuation
recovery. DeepCorrect follows the sequence-to-sequence
(Seq2Seq) paradigm, transforming an input sequence of
word tokens into an output sequence of punctuation
labels—such as full stops, commas, or placeholders
indicating the absence of punctuation—assigned after
each word.

The model architecture employs bidirectional Long
Short-Term Memory (BiLSTM) layers in both the
encoding and decoding stages. This design allows the
model to capture contextual dependencies in both forward
and backward directions, thereby enhancing its ability to
infer appropriate punctuation marks based on the
surrounding words within a sentence.

Another widely recognised approach is punctuation
restoration using transformer models [12], which
combines a transformer-based encoder—specifically, a
Bidirectional Encoder Representations from
Transformers (BERT) model—with a bidirectional Long
Short-Term  Memory  (BiLSTM) decoder. The
transformer component encodes rich contextual
information from the input text, while the BiLSTM layer
processes this representation to predict appropriate
punctuation marks, leveraging the full sentence context.
Further improvements have been achieved by leveraging
external data to enhance transformer-based punctuation
recovery for ASR transcripts [23].

Another noteworthy contribution is FullStop [13], a
collection of punctuation restoration models based on
fine-tuning pre-trained BERT-type transformers. These
models demonstrate that transfer learning from large
language models can be effectively adapted to
punctuation recovery tasks, often requiring only minimal
architectural modifications.

An important feature of the FullStop models is that
they were trained on the Europarl dataset, which contains
parallel texts in multiple languages, including English,
French, Italian, and German. Comparative studies have
shown that models trained on multilingual corpora
outperform those trained on monolingual datasets in
terms of punctuation restoration accuracy. This suggests
that exposure to cross-linguistic structures can improve a
model’s generalisation ability.

It is also worth noting that the aforementioned models
are available as Python software libraries, which
facilitates their integration into NLP pipelines. However,
none of the reviewed approaches fully integrates all state-
of-the-art techniques for punctuation restoration.
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Moreover, many existing models remain primarily
research prototypes, developed to evaluate specific
methods rather than to provide production-ready

solutions. As such, they often require further refinement
and optimisation before they can be eftectively deployed
in real-world applications.

Article [14] presents a multilingual approach to
sentence segmentation and punctuation prediction. The
objective is to train NLP models capable of identifying
sentence  boundaries and  inserting  appropriate
punctuation marks into automatically generated or
transcribed text. The authors demonstrate that these tasks
benefit significantly from cross-lingual transfer by
leveraging multilingual deep language models. Their
model achieves an average Fl-score of 0.94 for sentence
boundary detection and 0.78 for punctuation prediction
across English, German, French, and Italian texts.

For the analysis of texts from social networks,
sentence segmentation is also critically important, as
most social media texts are poorly punctuated. The study
in [15] proposes a punctuation restoration algorithm
based on a transformer model architecture. Various
BERT-based models were evaluated as encoders, in
combination with neural network classifiers. Among the
tested configurations, RoOBERTa-large combined with an
LSTM decoder achieved the highest accuracy: 97% on
the Amazon dataset and 90% on the Telekom dataset.

In [16], the authors present an approach to automatic
punctuation restoration using BERT models for English
and Hungarian. For English, experiments were conducted
on the TED Talks dataset, a widely used benchmark in
this domain. For Hungarian, evaluation was carried out
on the Szeged Treebank dataset. The best-performing
models achieved macro-averaged Fl-scores of 79.8 for
English and 82.2 for Hungarian.

Despite the impressive generative capabilities of
recent large language models, their ability to capture
syntactic and semantic structure remains limited. The
authors of [17] hypothesise that this limitation stems from
insufficient modelling of linguistic structure in current
pre-training objectives. Focusing on English, they
demonstrate that using punctuation restoration as an
auxiliary learning objective improves performance on
structure-related tasks such as named entity recognition,
open information extraction, chunking, and part-of-
speech tagging. In 16 out of 18 experiments across six of
seven tasks, punctuation restoration led to an average
performance improvement of 2%, highlighting its
effectiveness in enhancing structure-aware language
representations in base-sized models. Additional research
explores context-aware multimodal generation using
enhanced retrieval pipelines [22].

In [18], the authors investigate various deep learning-
based punctuation restoration approaches for the
Ukrainian language. The selected model employs a
Bidirectional Recurrent Neural Network (BiRNN) to
estimate the probabilities of potential punctuation
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placements. The input data consists of publicly available
text corpora. Through experimentation, the authors
identify an effective text processing strategy and
demonstrate a significant improvement in punctuation
prediction when incorporating word embeddings. The
model achieved an Fl-score of 51.8% and a Sentence
Error Rate (SER) of 66.2% on the test set.

Most contemporary approaches are limited to
predicting only a few of the most frequently used
punctuation marks—typically full stops, commas, and
question marks—and only a single punctuation mark per
word. However, natural written language employs a
broader range of punctuation characters (e.g.,
parentheses, hyphens) and combinations (e.g., a
parenthesis followed by a full stop), which cannot always
be unambiguously reduced to a basic subset

In [19], the authors evaluate several models on the
task of comprehensive punctuation reconstruction. They
conduct experiments on parallel corpora in two
typologically distinct languages: English, with relatively
simple morphology, and Polish, which exhibits complex
morphological structure. They also analyse the impact of
comprehensive  punctuation  modelling on  the
performance of basic punctuation restoration tasks.

Building upon insights from the reviewed literature,
this article proposes and investigates a novel approach to
punctuation restoration that integrates the most effective
techniques identified in prior work. At the core of the
proposed method is a hybrid model that combines three
well-established components: a bidirectional LSTM
layer, fine-tuning of a BERT-type transformer model, and
support for multilingual input. This combination is
designed to enhance contextual understanding, capture
sequential dependencies, and improve generalisation
across languages.

III.  THE STUDY MATERIALS AND METHODS

The input to the proposed model is a sequence of
tokens x = {x, X, ..., X, }, where n_denotes the sequence
length. Each token x; may represent a complete word, a
subword unit, a special symbol (e.g., start-of-sequence or
end-of-sequence markers), or a padding token used for
sequence alignment.

The task of punctuation restoration is formulated as a
token classification problem: for each token x;, where i =
1, ...,n, the model estimates the probability that it belongs
to one of m predefined classes j = 1, ...,m, where each
class corresponds to a specific punctuation mark or
capitalization label. As a result, the model outputs a
matrix y € R™™ | where each row represents the
predicted class distribution for the corresponding token.

This formulation frames punctuation and capitalisation
recovery as a multi-class classification problem at the
token level, making it well suited for implementation
using neural sequence models.

As mentioned earlier, tokens in the input sequence
may correspond to entire words, parts of words, or special
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symbols that do not represent linguistic content.
Consequently, not all tokens require classification. To
account for this, we introduce an additional binary mask

sequence  Ymask = {ymask,llymask,Zt ---’ymask,n} of the
same length n as the input sequence x. Each element
Ymask,i 1s set to 1 if the corresponding token x; represents
a complete word or the final subword unit of a word;
otherwise, Ymask,i = 0.

The binary sequence Yqsk » defined as described
above, is used during model training to control which
tokens contribute to the loss computation and parameter
updates. Specifically, if ypae; =0 the classification
output y; for token x; is excluded from the loss
calculation. Conversely, if ¥,45,; = 1, the output J; is
included in the loss function and used to update the model
parameters.

In addition, the input sequence x may contain padding
tokens, which do not carry any linguistic information and
are used solely to equalise input lengths within a batch.
These tokens should also be ignored during punctuation
prediction. To handle this, we introduce another binary
Sequence Xmask = {xmask,llxmask,Z' -":xmask,n}v where

v . = 1 indicateg that token x. containg meaninoful
Xmask,i 1 INGICates wat oxken X; contains meéanimngiui

input, and X,,6¢; = 0 denotes padding. During both
training and inference, both ¥,,45x and X,,4¢, are applied
to ensure that only relevant tokens influence model
predictions and learning.

If Xpgsk,i = 0, the corresponding input token x; is
excluded from the model’s computation of the output y.
This ensures that padding tokens do not influence the
prediction or training process.

Training a punctuation restoration model requires the
selection of an appropriate corpus for both training and
evaluation. In this work, we use a dataset derived from the
IWSLT 2012 corpus [20], which contains transcriptions
of TED Talks lectures. This dataset spans a wide range of
topics and has been widely used in prior research on
punctuation  restoration. Importantly, training on
transcribed speech aligns with the intended use case of the
model—enhancing the readability of text produced by
automatic speech recognition systems.

The dataset used in this study contains over 140,000
text sequences. Each sequence is presented on a separate
line and may consist of one or more complete sentences.

A. Dataset structure

The dataset is structured as a table with four fields. Its
core component is a list of tokens x, generated from the
input text using a tokenizer. The tokenizer used in this
work relies on a vocabulary of 250,002 tokens, so each
element in the list is represented as an integer in the range
[0, 250,001], corresponding to a token index in the
vocabulary.

The second crucial field is the list of punctuation and
capitalisation classes y, aligned with the tokens in x.
Each element in y is an integer in the range [0,9],
representing a  specific  punctuation—capitalisation
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combination. These classes are detailed in Table I.

The third field, xp,45,, is a binary mask indicating
whether each token in the sequence corresponds to actual
input text or a padding token. After tokenisation, padding
tokens are appended to ensure consistent sequence lengths
across batches. Each element in X, takes a value of 1
(valid token) or O (padding).

The fourth field, y,,qsk, 1S another binary mask that
indicates whether a given token is the final subword unit
of a word. Since punctuation marks are placed only after
complete words, only tokens for which y,,ec; = 1 are
relevant during training and inference. Elements of this
mask take the values 1 (end of word) or O (not end of
word or padding).

TABLE L. DESCRIPTION OF DATASET CLASSES

No | Label | Punctuation Capitalized word?
0 _ Absent No

| s No

2 No

3 ? ? No

4 - No

5 _Up Absent Yes

6 ._Up s Yes

7 -_Up Yes

8 | 2Up ? Yes

9 _Up - Yes

B. Model architecture and training

The proposed model consists of three main

components:

* XLM-RoBERTa Transformer — a pre-trained
multilingual transtormer model (xIm-roberta-
base) that encodes high-level contextual
representations of the input sentence. This
component captures general linguistic and

semantic information for each token.
Bidirectional LSTM - a BiLSTM layer that
processes the contextual embeddings from the
transformer and captures sequential dependencies
in both forward and backward directions. This
layer decodes token-level information relevant
for punctuation and capitalisation prediction.
Linear Classification Layer — a fully connected
layer that maps the output of the BiLSTM to one
of the 10 predefined punctuation—capitalisation
classes (as described in Table I).

The detailed architecture and dimensionality of each
layer are presented in Table II.
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TABLE II. MODEL ARCHITECTURE

Input data | Output Number of
Layer name size data size |hidden layers
XLM-RoBERTa 384 768 12
Transformer
Bidirectional LSTM 768 1536 1
Linear Layer 1536 10 -

To train the model, the Adafactor optimiser was
employed. This choice was motivated by practical
considerations: preliminary experiments using the Adam
optimiser resulted in excessive memory consumption and
instability during training. Adafactor is particularly well
suited for large transformer-based models due to its
significantly lower memory footprint.

The model’s loss was computed using the standard
CrossEntropyLoss function, commonly applied in multi-
class classification tasks. Since the PyTorch
implementation of CrossEntropyLoss internally includes a
softmax operation, the model outputs raw (unnormalised)
scores. During inference, the class with the highest score
is selected for each token to determine the predicted
punctuation and capitalisation label.

To improve training efficiency, a staged training
schedule was adopted. The full model—including the
XLM-RoBERTa encoder—was trained during the first
epoch. In the remaining three epochs, only the BiLSTM
and linear classification layers were updated, while the
transformer component was frozen. This strategy reduced
training time while maintaining high performance.

The model was developed and trained in Google
Colaboratory using a Tesla T4 GPU. Total training time
was approximately 20 minutes.

IV. RESEARCH RESULTS

While accuracy is a widely used metric for evaluating
model performance, relying on it exclusively can lead to
misleading conclusions—particularly in tasks involving
imbalanced data. Accuracy measures the ratio of correct
predictions to the total number of predictions. However,
it has several notable limitations when used as a
standalone metric:

e Imbalanced Data: Real-world datasets are rarely

balanced. In scenarios where one class is
significantly more prevalent than others, a model
may achieve high accuracy by simply predicting
the majority class, without truly learning
meaningful patterns. Therefore, accuracy should
always be interpreted in the context of class
distribution and complemented with additional
metrics.
Error Analysis: Understanding the types of errors
a model makes is essential for improving its
performance. A detailed confusion matrix
provides insight into class-wise
misclassifications, helping to identity systematic
weaknesses and refine the model accordingly.
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The performance of the model was evaluated using
standard classification metrics: accuracy, precision,
recall, and Fl-score. In addition, a confusion matrix was
generated to analyse class-wise prediction discrepancies.

We begin with accuracy, which reflects the overall
proportion of correct predictions across all tokens. It is
computed as shown in Equation (1):

TP+TN
accuracy = ————— (D
TP+TN+FP+FN

where TP (true positives) and TN (true negatives) denote
the number of correctly predicted positive and negative
instances, respectively, and FP (false positives) and FN
(false negatives) represent the number of incorrect
positive and negative predictions.

The second metric, precision, measures the
proportion of predicted positive instances that are actually
correct. A higher precision indicates a lower false positive
rate and greater reliability in the model’s predictions for a
given class. It is computed as shown in Equation (2):

TP
TP+FP

precision = )

The third metric, recall, quantifies the proportion of
actual positive instances that are correctly identified by
the model. A higher recall value indicates that the model
successfully captures most relevant instances of a given
class. It is calculated as shown in Equation (3):

TP
TP+FN

recall =

3)

The fourth metric, the F1-score, is the harmonic mean
of precision and recall. It provides a balanced measure
that accounts for both false positives and false negatives,
making it particularly useful when working with
imbalanced datasets. The F1-score is calculated using the
following formula, shown in Equation (4):

recision-recall
Fl-score = 2 - ZE0n et 4)
precision+recall

The confusion matrix provides a detailed breakdown
of the model’s predictions by showing how often the
model predicted class i when the true class was j.
Accordingly, the values along the main diagonal of the
matrix represent the number of correct classifications for
each class. The higher these diagonal values, the better
the model’s performance, as they indicate a greater
number of accurate predictions for the corresponding
classes. The confusion matrix for the proposed model is
presented in Table III.
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TABLE IIL MODEL CONFUSION MATRIX
Class Prediction
- s . ? - _Up [._.Up [._Up [?.Up |-_Up
~ [31630[ 112 26 | 21 | 206|124 90 | 3 | 3 | 8
- [ 98 [3003] 13 | 7 [192] 7 |79 5 | 0 | 10
| 5 [53[2325[19 [ 89 [ 1 | 2207 [5
[ 7 o311 [259]4]o0olol2]10[0
S 21 [85[ 3 [ 3 1562 1 [2]0]0]5
T 10520 2 1 14 14755| 107 | 7 6 40
.-Up 0 1500 0 7 21 | 734 | 16 7 28
-_Up 0 0 12 0 1 1 11 {307 | 12 6
2Up | 0 0 0 1 0 0 1 4 21 1
-Up| 0 1 0 0 | 3 10 2 0 89

The data presented in Table III provide several
important insights into the behaviour and performance of
the proposed model across individual punctuation—
capitalisation classes.

First, the model demonstrates high reliability in
predicting capitalisation, as most misclassifications occur
within the same capitalisation group as the correct label
(i.e., either within the lowercase or capitalised subset).
This suggests that the model successfully learns structural
cues associated with capitalisation.

Second, in some cases, the model correctly predicts
the presence of punctuation but misidentifies the specific
punctuation mark. This is particularly evident in the mid-
range Fl-scores for classes such as comma and dash,
which are frequently confused due to their similar
syntactic functions.

Third, the model appears to struggle with
distinguishing between commas and dashes, especially in
their lowercase variants. Both punctuation marks
typically occur within a sentence and are not followed by
a capital letter, which may contribute to the confusion.

Notably, the ?_Up class exhibits the lowest precision
(0.318) and Fl-score (0.446), likely due to its low
frequency in the training corpus. The rarity of this class in
the IWSLT dataset limits the model’s ability to learn a
robust representation for it.

In addition to aggregate metrics, the model also
reports class-wise precision, recall, and Fl-score,
providing more granular insight into its performance
across individual punctuation—capitalisation classes.
These per-class evaluation results are summarised in
Table IV and are also presented in Figure 1.

TABLE IV. MODEL TESTING RESULTS FOR EACH CLASS
Indicator
Class Precision Recall F1-score
- 0.993 0.982 0.987
: 0912 0.880 0.896
- 0.972 0.920 0.946
? 0.833 0.896 0.863
- 0.752 0.929 0.831
_Up 0.995 0.940 0.967
._Up 0.971 0.886 0.927
-_Up 0.839 0.877 0.858
?_Up 0.318 0.750 0.447
-_Up 0.464 0.840 0.597
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°

°
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_Up
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Figure 1. Per-class Precision/Recall/F1. Best FI for no punctuation
(0.987), _Up (0.967) and period (0.946); weakest for ?_Up (0.447) and -
_Up (0.597).

TABLE V. COMPARISON OF XLM-ROBERTA-LSTM WITH

EXISTING MODELS — PER-CLASS F1-SCORES

Model F1-score
[13] 0.991 | 0.819]0.948 [ 0.890 | 0.425
[14] 0.99 0.76 | 0.88 | 0.82 -
[15] - 0.678 | 0.84 [0.876 -
[17] - 0.625 [ 0.373 ] 0.268 -
[18] - 0.809 [ 0.938 [ 0.846 -
XLM-

RoBERTa | 0.987 | 0.896 0.946 | 0.863 | 0.831
-LSTM

(5] O] XLM-RoBERTa-LSTM

Figure 2. Per-class F1 comparison across models. Our XLM-
RoBERTa-LSTM is top-1/top-2 in all five classes and shows the
biggest gain for dash (0.831 vs ~0.43 in prior work).
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Table V and Figure 2 present a per-class comparison
of the proposed XLM-RoBERTa-LSTM model with
existing approaches from the literature. The comparison
is based on Fl-scores for five punctuation—capitalisation
classes: no punctuation (_), comma (,), full stop (.),
question mark (?), and dash (-).

Table VI presents a comparison of the overall
performance of the proposed model with existing
approaches, using key evaluation metrics: accuracy,
precision, recall, and Fl-score, both including and
excluding class 0 (the no punctuation baseline class).
Including class O typically inflates evaluation scores due
to class imbalance; therefore, both perspectives are
reported for completeness and transparency.

TABLE VL COMPARISON OF XLM-ROBERTA-LSTM WITH
EXISTING MODELS — OVERALL METRICS
Model Accuracy/ Precision/ Recall/ F1-score/
+ 0 class + 0 class + 0 class + 0 class
[13] - - - -/0.94
[14] -/0.97 0.813/0.858 | 0.83/0.87 0.82/0.863
[15] - 0.758/- 0.851/- 0.798/-

995

(171 - 0.607/0.661 | 0.341/0.426 | 0.422/0.518
[18] - 0.887/0.912 | 0.844/0.88 | 0.864/0.894
XLM-
RoBERTa [0.923/0.959 [ 0.906/0.927 | 0.899/0.919 | 0.901/0.923
-LSTM

Accuracy Precision

0906

4] sy an LSTM ‘XUM-ROBERTa-LSTM.

Recall

Ti61 XOH RoBERTa-

e

ust an
Fl-score

g ]
3 S

[} STM LM-ROBERTa-LSTM.

s

un (18] XO% RoBERTa- [

31

04 ] nn 08

= Accuracy (wio class 0) B3 Accuracy (+ class 0)

Figure 3. Overall Accuracy/Precision/Recall/F1 reported with and
without class O (“no punctuation”). Our model reaches 0.923/0.959
(Acc), 0.906/0.927 (Prec), 0.899/0.919 (Rec), 0.901/0.923 (F1)—
competitive with SOTA. Including class 0 inflates scores, so both views
are shown.

It is important to note that the overall values for
accuracy, precision, recall, and F1-score are computed by
aggregating the true positives (TP), false positives (FP),
and false negatives (FN) across all classes, excluding
class 0. This exclusion is justified by the fact that class
O—representing the absence of punctuation and
lowercase formatting—is heavily overrepresented in the
dataset. Including this class in the aggregate metrics
would artificially inflate performance scores due to the
resulting class imbalance.

In contrast, a second set of metrics is calculated
including class 0, providing a more general view of
overall model performance across all tokens, regardless
of class distribution. Both variants are reported in Table
VI to provide a balanced and comprehensive perspective
on the model’s capabilities and are also presented in
Figure 3.

An example of punctuation restoration and text
capitalisation generated by the proposed XLM-
RoBERTa-LSTM model is presented in Figure 4.

Text to be corrected

for 20 years i've been looking at how people
use channels such as email the mobile

phone texting etc
Z
Correction result
For 20 years, I've been looking at how people
use channels, such as email, the mobile
phone, texting, etc.
2

Figure 4. Example of punctuation and capitalisation correction
performed by the XLM-RoBERTa-LSTM model.
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V. CONCLUSIONS

In this work, we presented a neural network model for
automatic punctuation restoration and text capitalisation
in English-language texts. The proposed architecture
consists of a pre-trained XLM-RoBERTa-base
transformer encoder, a bidirectional L.STM layer for
contextual decoding, and a linear classification layer that
outputs punctuation—capitalisation classes.

The model was trained for four epochs using the
CrossEntropyLoss function and the Adafactor optimiser.
We reimplemented a state-of-the-art approach and
evaluated it on the IWSLT 2012 TED Talks dataset.
Notably, the model performs punctuation restoration and
capitalisation prediction jointly, using a unified label
space of 10 classes—five for lowercase and five for
capitalised tokens, each paired with a specific
punctuation mark or its absence.

Our model achieved results comparable to current
state-of-the-art methods, demonstrating the effectiveness
of combining transformer-based multilingual
representations with sequential modelling.

Future work will focus on improving the efficiency of
the XLM-RoBERTa-LSTM model. One important
direction is the development of text augmentation
methods tailored to punctuation restoration and
capitalisation, which would help address class imbalance
and significantly enhance accuracy on real-world data.
Another key objective is the effective integration of the
trained model into a production-level software
application.
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Abstract. Dataset distillation aims to create compact synthetic
datasets that retain the generalization properties of real datasets. This
study employs dataset distillation by matching training trajectories
(DDMTT), a novel approach that utilizes expert trajectories (precom-
puted sequences of network parameters trained on the full dataset) to
guide the distillation process. Experiments with the extremely increased
number of images per class (IPC) were conducted using standard datasets
such as CIFAR-10 and CIFAR-100, as well as medical benchmark-
ing datasets from MedMNIST. The proposed method of generative
data augmentation by dataset distillation (GDADD) demonstrated that,
for CIFAR datasets, their smaller distilled versions containing 40,000
images achieved higher validation accuracy than the full datasets with
50,000 images, surpassing the original dataset’s performance by 3.1%
for CIFAR-10 and 2.9% for CIFAR-100. For the considered MedM-
NIST datasets (PathMNIST, DermaMNIST, RetinaMNIST), some dis-
tilled datasets (PathMNIST) exceeded the performance of models trained
on full datasets, confirming the method’s robustness across different
domains and demonstrating the better results for the well balanced
datasets.

Keywords: dataset distillation - classification - data augmentation -
CIFAR-10 - CIFAR-100 - MedMNIST - ConvNet - health care

1 Introduction

Dataset distillation (DD) has emerged as a critical technique to address the
increasing computational and storage demands of deep learning (DL) approaches
[13]. Unlike traditional deep neural networks (DNN) that require vast amounts
of data and computing power [5,7-9,12,16,19,20,25], DD synthesizes a small set
of highly informative data points that retain the knowledge of large datasets [22].
Models trained on these distilled datasets can achieve performance comparable
to those trained on full datasets, making DD a promising approach for efficient

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2026
C. Tommasino et al. (Eds.): AIBIO 2025, CCIS 2696, pp. 105-118, 2026.
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learning and storage. Overall, dataset distillation presents an efficient alternative
to traditional data reduction, offering improved model training efficiency, storage
savings, and generalization through synthetic data generation. DD’s ability to
compress and abstract key information makes it an essential tool in optimizing
DL across explainability, design, and healthcare while improving efficiency and
security. In this context, the challenges of scalability, multimodality, labeling
complexity for the real datasets used in the practical setups are not resolved yet
fully. That is why the further research of DD approaches should be performed for
the DD better understanding. In this work, several experiments were performed
to investigate the limits of DD with regard to its application to the standard
and specific datasets to bring to the light the new ways for data augmentation
and their effect of the dataset quality on the performance of classification tasks.

2 Background and Related Work

Due to the high-dimensional nature of DL data, distilling knowledge into a few
points is challenging. DD methods can be broadly divided in several categories
[13]. In meta-learning approaches, distilled data are treated as hyperparameters
optimized in a nested loop to improve generalization [22]. Data-matching meth-
ods, on the other hand, update synthetic data by imitating the influence of real
data on model training, either in parameter space or feature space [2,30,31].

Factorized dataset distillation (DD) leverages the idea that high-dimensional
image data lie on a low-dimensional manifold and can be reconstructed using spe-
cific decoders [1,13,28]|. Instead of directly storing synthetic images, factorized
DD optimizes compact feature representations (codes) along with corresponding
decoders, reducing storage needs and redundancy. This approach improves com-
pression while preserving essential information. The factorized DD is categorized
into three types: code-based DD, decoder-based DD, and code-decoder DD, each
offering different trade-offs in efficiency and reconstruction quality, making it a
powerful strategy for dataset distillation.

DD is used across various domains that demand efficient training and storage.
It has been particularly useful in continual learning [18,24] and neural architec-
ture search [15,23], where handling large datasets is computationally expensive.
Additionally, since dataset distillation preserves gradient information, it plays a
role in privacy preservation, federated learning, and adversarial robustness by
reducing the exposure of raw data during training [6,21]. One notable applica-
tion of DD is in explainable AI (XAI) algorithms [17]. Due to their small size,
synthetic datasets allow precise measurement of how training examples influ-
ence test predictions. If both test and training images rely on the same synthetic
images, it becomes easier to trace model decision-making, making dataset distil-
lation a valuable tool for XAI. DD has also been employed in visual design where
DD used to generate representative textures by cropping synthetic images and
to model outfit compatibility, leveraging synthetic images to capture essential
visual patterns [3,4]. In the health care, DD facilitates medical image sharing
where DD can enhance data anonymization and secure data exchange between
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hospitals [14]. It allows healthcare institutions to collaboratively train Al models
for computer-aided diagnosis with reduced privacy risks and lower costs.

3 Methodology
3.1 Datasets

The following benchmarking datasets were used in the work: 32 x 32 pixel
CIFAR-10 and CIFAR-100 datasets that widely used for dataset distillation
research [10,11], and 28 x 28 pixel specific MedMNIST datasets, actually PathM-
NIST, DermaMNIST, and RetinaMNIST [26,27].

3.2 Dataset Distillation by Matching Training Trajectories

Here the dataset distillation by matching training trajectories (DDMTT) is used
which introduces a novel approach to dataset distillation by leveraging expert
trajectories to guide the learning process [2|. Expert trajectories are sequences
of network parameters obtained by training a neural network on the full, real
dataset. These trajectories represent an upper bound on performance for the
distilled dataset, as they reflect the ideal learning process of a model trained
on real data. To implement DDMTT, a large number of networks are trained
on the real dataset, and their parameter snapshots are recorded at each epoch.
These precomputed expert trajectories serve as references for guiding the learn-
ing process of a student model, which is trained on synthetic images. The student
parameters) evolve during training, and the goal is to distill a synthetic dataset
that induces a trajectory matching the real dataset’s trajectory, ensuring that
models trained on the distilled data perform similarly to those trained on the
full dataset. A key advantage of DDMTT is that expert trajectories are com-
puted before distillation, enabling faster and more efficient training. This pre-
computation allows for rapid experimentation, as the same expert trajectories
can be used across multiple distillation attempts. By explicitly aligning the syn-
thetic dataset with long-range network parameter evolution, DDMTT produces
high-quality distilled datasets, ensuring that models trained on them generalize
similarly to models trained on real data.

3.3 Network Architecture

The network architecture used for dataset distillation is based on ConvNet archi-
tectures [26] and primarily follows the intentionally simple design to enable direct
analysis of the effectiveness of the distillation method while ensuring compara-
bility with previous studies [2]. The network consists of several convolutional
blocks, where the number of convolutional blocks is adapted based on the dataset
resolution, with specific configurations defined for each dataset used in experi-
ments. Each convolutional block contains 3 x 3 convolutional layer with 128 fil-
ters, ReLLU activation functions, 2 x 2 average pooling and stride 2 and the more
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implementation details are given elsewhere [2|. By using this lightweight yet effec-
tive architecture, this work isolates the impact of the distillation method rather
than introducing confounding effects from complex architectures. This design
choice ensures that the results remain directly comparable to the previous works
[2] and similar results [26,27], facilitating fair evaluation and benchmarking of
the dataset distillation process.

3.4 Workflow

The dataset distillation workflow follows a standard evaluation protocol, where
a randomly initialized neural network is trained from scratch on the distilled
dataset and then evaluated on a validation set. This ensures a fair comparison
of different distillation methods by assessing how well models generalize when
trained on synthetic rather than real data. To generate distilled images, the
workflow implements the distillation process and follows established techniques
described in |2]. This includes applying a suite of differentiable augmentations,
similar to those used in prior studies [29,30]. These augmentations help improve
the generalization of the distilled dataset by introducing variations that mimic
real-world transformations. The key hyperparameters for the distillation process,
such as the number of real epochs per iteration, synthetic updates per iteration,
and image learning rate, are documented elsewhere [2]. These hyperparameters
are crucial in determining the efficacy of distillation, balancing training efficiency
and synthetic data quality.

4 Results

4.1 Synthesized and Reconstructed Images

CIFAR Datasets. The dataset distillation results for CIFAR-10 (Fig.1) and
CIFAR-100 reveal that the synthetic images effectively capture class-specific
information, even when highly compressed. The synthesized and reconstructed
visualizations for 1 image per class (IPC) (Fig.1, a and b) demonstrate vague,
but recognizable representations, for example from the left to right: bird (1st),
car (2nd), bird (3rd), cat (4th), deer (5th), dog (6th), ... for CIFAR-10 (Fig. 1).
It indicates that the optimization process efficiently extracts key distinguishing
features. Since the task is constrained to a single synthetic IPC, the model is
forced to compress essential information into just one representation. When the
constraint is relaxed to allow multiple synthetic IPC (e.g., 10 IPC), the optimiza-
tion distributes the class’s distinguishing features across multiple samples. This
results in a more diverse and structured set of synthetic images (Fig. 1, ¢ and d).
For example, instead of a single compressed representation, the dataset contains
varied examples of objects within a class, such as different versions of birds,
cars, deers, etc. This outcome highlights that dataset distillation benefits from
increased synthetic samples per class, as it enables the model to better approxi-
mate real-world diversity while maintaining a compact dataset size. The results
support the effectiveness of dataset distillation in generating highly informative
and expressive synthetic datasets with minimal storage requirements.
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Fig. 1. Examples of synthesized (left) and reconstructed (right) images from CIFAR-10
dataset for various images per class: 1 (a,b) and 10 (c,d).

MedMNIST Datasets. But for the specific datasets like MedMNIST the syn-
thesized and reconstructed images, for instance for PathMNIST (Fig. 2), are not
so easily recognizable even for the higher values of IPCs due to the quite specific
and complex patterns of some diseases.

Fig. 2. Examples of synthesized (left) and reconstructed (right) images from PathM-
NIST dataset for various images per class: 1 (a,b) and 10 (c,d).
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4.2 Impact of Distilled IPC on Model Performance: CIFAR

In this part of research 5 trials of training on the distilled IPC were performed
for the different IPC numbers from 1 up to 10000 to estimate the impact of
[PC number on the actual performance of the model. The saturation (i.e. no
decrease of the validation accuracy) was observed for various numbers of epochs,
for example, for CIFAR-10 (Fig. 3): for IPC from 1 to 100 - up to 5000 epochs,
for IPC from 1000 to 2000 - up to 1000 epochs, for IPC from 4000 to 5000 - up
to 500 epochs, and for IPC 10000 - up to 120 epochs.

CIFAR-10. For each IPC (from 1 up to 10000 for CIFAR-10) the maximal
validation accuracy values were plotted versus the IPC values in Fig. 3 (right).
It should be noted that training on the IPC numbers from 1 to 50 (that were
used in [2]) give the same results with regard to the maximal validation accuracy
value obtained by averaging over 5 trials after the number of epochs when accu-
racy saturation was observed. Moreover, after some IPC value (4000 here) the
maximal accuracy (0.879 £ 0.001) becomes higher than the accuracy obtained
after training on the full original dataset (0.848 £ 0.001) (denoted by “+” sym-
bol in Fig. 3, right). Here, “+” symbol corresponds the IPC number (5000) for
the full dataset but the improvement beyond the standard deviation (0.001)
was observed for the lower IPC equal to 4000. It means that distilled version
of CIFAR-100 dataset with 40000 training images can provide the better per-
formance than the original version of CIFAR-100 dataset with 50000 training
images. For CIFAR-10 the overall improvement of the validation accuracy by
DD is better than 3.1 +£0.1% (Table1).

CIFAR-100. Similarly, for CIFAR-100, after some IPC value (400 here) the
maximal accuracy (0.591 + 0.003) becomes higher than the accuracy obtained
after training on the full original dataset (0.56240.003) (denoted by “+” symbol
in Fig. 4, right). Here, “+” symbol corresponds the IPC number (500) for the
full dataset but the improvement beyond the standard deviation (0.003) was
observed for the lower IPC equal to 400. Again, it means that distilled version
of CIFAR-100 dataset with 40000 training images can provide the better per-
formance than the original version of CIFAR-100 dataset with 50000 training
images. For CIFAR-100 the overall improvement of the validation accuracy by
DD is better than 2.9 + 0.3% (Table 1).

In general, DD used for CIFAR-10 and CIFAR-100 as a generative data
augmentation by dataset distillation (GDADD) technique allows to use smaller
synthetic (40000 images) datasets in comparison to the larger original (50000
images) datasets and get the accuracy which is higher by ~ 3 + 0.3%.

4.3 Impact of Distilled TPC on Model Performance: MedMNIST

It worth to note that the results reported above relate to the standard datasets
and their potential practical value should be checked for the more specific dataset
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Fig. 3. CIFAR-10 dataset. Validation accuracy vs. epochs where the legend contains
the distilled “images per class” (IPC) values (left) and maximal validation accuracy
(observed for the stated IPC) vs. IPC (right) where the legend contains the reference
values from [2]. The error bars denote the standard deviations of accuracy after 5 trials.
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Fig. 4. CIFAR-100 dataset. Validation accuracy vs. epochs where the legend contains
the distilled “images per class” (IPC) values (left) and maximal validation accuracy
(observed for the stated IPC) vs. IPC (right) where the legend contains the reference
values from [2]. The error bars denote the standard deviations of accuracy after 5 trials.

which are more closely reflect the real-world setups. For this purpose, the medical
benchmarking datasets from MedMNIST collection were used [26,27].

PathMNIST. In this work, the performance improvement was obtained for
ConvNet architecture and it is compared with the previously published results
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Table 1. The maximal validation accuracy values for the balanced CIFAR datasets.

Experiment CIFAR-10 CIFAR-100
DD, full original dataset [2] 0.848 £0.001 |0.562 £+ 0.003
Ours, distilled smaller dataset (Fig. 3, 4)|0.879 4+ 0.001/0.591 + 0.003

[26,27] obtained for various other methods including ResNet-18, ResNet-50,
auto-sklearn, AutoKeras, and Google AutoML Vision (Fig.5).

After some IPC value (100 here) the maximal accuracy values obtained
by GDADD on the smaller synthetic version of PathMNIST dataset gradually
become the better than accuracy values obtained by the aforementioned meth-
ods on the full original PathMNIST dataset. After some IPC value (10000 here)
the maximal accuracy (0.917 £+ 0.003) becomes higher than the best accuracy
obtained after ResNet-50 training on the full original dataset (0.911) (denoted
by the “-” symbol in Fig. 5, right). Here, “-” symbol corresponds the IPC number
(10000) for the full dataset but the improvement at the brim of the standard
deviation (0.003) was observed for the same IPC equal to 10000. Again, it means
that distilled version of PathMNIST dataset with 900000 training images can
provide the slightly better performance than the original version of PathMNIST
dataset with same 90000 training images. For PathMNIST the overall improve-
ment of the validation accuracy by DD is better than 0.6 £ 0.3% (Table2). In
comparison to the well balanced CIFAR-10/CIFAR-100 datasets this improve-
ment is smaller and it can be explained by the slightly imbalanced distribution
of images among classes in PathMNIST (see the details below).

DermaMNIST. Here the slight performance improvement was obtained with
IPC growth and it was smaller in comparison with the previously published
results [26, 27| obtained for various other methods including ResNet-18, ResNet-
50, auto-sklearn, AutoKeras, and Google AutoML Vision (Fig.6). In compari-
son to the well balanced CIFAR-10/CIFAR-100 datasets and the slightly imbal-
anced PathMNIST even this improvement is much smaller and, again, it can be
explained by the imbalanced images distribution among classes.

RetinaMNIST. This dataset is similar to DermaMNIST by its imbalanced
distribution of images among classes and the slight performance improvement
with TPC growth that also is smaller in comparison with the previously published
results [26,27] obtained for various other methods including ResNet-18, ResNet-
50, auto-sklearn, AutoKeras, and Google AutoML Vision (Fig. 7).

For the slightly (PathMNIST) and highly (DermaMNIST, RetinaMNIST)
imbalanced datasets the impact of GDADD on the maximal validation accuracy
values is summarized in Table 2.
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Fig. 5. PathMNIST dataset. Validation accuracy vs. epochs where the legend contains
the distilled “images per class” (IPC) values (left) and maximal validation accuracy
(observed for the stated IPC) vs. IPC (right) where the legend contains the reference
values from [26,27|. The error bars denote the standard deviations of accuracy after 5

trials.
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Fig. 6. DermaMNIST dataset. Validation accuracy vs. epochs where the legend con-
tains the distilled “images per class” (IPC) values (left) and maximal validation accu-
racy (observed for the stated IPC) vs. IPC (right) where the legend contains the ref-
erence values from [26,27]. The error bars denote the standard deviations of accuracy

after 5 trials.

5 Discussion

The analysis was performed to calculate the overall maximal validation accuracy
values determined over all IPC values for all datasets (synthetic and original)
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Fig. 7. RetinaMNIST dataset. Validation accuracy vs. epochs where the legend con-
tains the distilled “images per class” (IPC) values (left) and maximal validation accu-
racy (observed for the stated IPC) vs. IPC (right) where the legend contains the ref-
erence values from [26,27]. The error bars denote the standard deviations of accuracy
after 5 trials.

Table 2. The maximal validation accuracy values for the slightly (PathMNIST) and
highly (DermaMNIST, RetinaMNIST) imbalanced datasets.

Model Balanced Imbalanced
PathMNIST |DermaMNIST|[RetinaMNIST

ResNet-18 (28) 0.907 0.735 0.524
ResNet-50 (28) 0.911 0.735 0.528
auto-sklearn 0.716 0.719 0.515
AutoKeras 0.834 0.749 0.503

Google AutoML Vision 0.728 0.768 0.531

Ours (GDADD) (Fig.5, 6 and 7)[0.917 4 0.003(0.655 4= 0.009 0.440 =+ 0.020

and plot them versus the IPC values for which this overall maximal validation
accuracy values were observed (Fig.8).

It should be noted that the overall maximal validation accuracy values for
synthetic versions of the datasets (the open symbols in Fig. 8) are aligned along
a line (the dotted line in Fig. 8). But the overall maximal validation accuracy
values for original versions of the datasets (the filled symbols in Fig.8) are not
aligned along a line and follow the broken line (the dashed line in Fig.8). The
error bars (red - for DermaMNIST and green - for RetinaMNIST) denote the
standard deviations of IPC distribution for the original datasets after 5 trials.
They characterize the imbalance of IPC distribution, the point’s belonging to
the trend line within the limits of standard deviation, and inability of the current
GDADD setup to take it into account to improve the accuracy.
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Actually, by this plot GDADD allow to obtain visual comprehension about
advantages of the current GDADD setup to improve the accuracy for the well
balanced datasets and disadvantages when the imbalance of IPC distribution is
not considered (in the current setup).
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Fig. 8. Comparison of the overall maximal validation accuracy (determined over all IPC
values) vs. the IPC for which this overall maximal validation accuracy was observed
(right plot) where the legend contains the reference values from [2] and [26,27]. The
error bars denote the standard deviations of IPC distribution for the original datasets

after 5 trials. (Color figure online)

In general, GDADD presents an innovative method for augmenting datasets
by leveraging expert trajectories obtained from training on real data. This app-
roach allows for trajectory-guided augmentation where the expert trajectory
guides the synthetic dataset’s evolution, ensuring it captures key data charac-
teristics. Even with a smaller number of distilled IPC, GDADD successfully
encodes essential features, making it an efficient data augmentation method
with the better performance. While effective for standard datasets like CIFAR-
10 and CIFAR-100, performance on medical datasets like MedMNIST sug-
gests the need for domain-specific enhancements. The potential of GDADD in
healthcare applications, particularly in federated learning, is significant because
synthetic datasets can replace real patient data, mitigating privacy concerns
while enabling collaborative learning across institutions. Moreover, while med-
ical imaging datasets often suffer from class imbalances and scarcity, GDADD
can generate diverse synthetic samples, improving model robustness. By align-
ing the distilled datasets with training trajectories from multiple institutions,
models can generalize better without direct access to real patient data.

GDADD offers several benefits over traditional dataset distillation and data
augmentation techniques including reduce of computational overhead by utiliz-
ing previously trained models to guide distillation, enabling rapid experimen-
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tation; strong generalization with fewer samples, significantly reducing storage
and computational requirements; preserved model performance by consequence
that models trained on synthetic data closely follow performance trends of those
trained on real data. The improved diversity with increased IPC values lead to
more detailed synthetic datasets that better approximate real-world variability.

Despite its advantages, GDADD has some limitations related with depen-
dency on initial expert trajectories, high computational cost of initial expert
training, potential for bias propagation. The matter is the quality of distilled
datasets is highly dependent on the effectiveness of the expert trajectory. Poorly
trained expert models could lead to suboptimal synthetic data. Although distilla-
tion is efficient, generating expert trajectories requires significant computational
resources upfront. Any biases present in the original dataset or training trajec-
tory can be transferred to the distilled dataset, impacting generalization.

Beyond the stated limitations, our findings suggest that the DDMTT depen-
dency on expert trajectories makes it inherently susceptible to the quality and
bias of the initial training process. The poorer performance on imbalanced
datasets indicates that the trajectory matching objective can prioritize major-
ity classes. Furthermore, the significant computational cost of generating expert
models presents a practical barrier to cheap entry for various applications. Future
work will need to explore more efficient trajectory sampling methods and inves-
tigate regularization techniques to prevent bias amplification during distillation,
moving beyond the current identification of limitations to their active mitigation.

To bridge the gap toward clinical applicability, future work must involve
close collaboration with medical experts to validate the diagnostic relevance of
synthesized images and to integrate domain-specific constraints directly into the
distillation loss function. Furthermore, the varied performance on imbalanced
medical datasets underscores the need for the specific domain adaptation. A key
next step will be to tailor the GDADD framework specifically for healthcare,
perhaps by incorporating class-balanced weighting or leveraging trajectories from
models trained on rare classes to ensure the synthetic data effectively addresses
clinical scarcity and imbalance.

6 Conclusions

The study investigates the impact of generative data augmentation by dataset
distillation (GDADD) using the dataset distillation by matching training trajec-
tories (DDMTT) technique. This method leverages expert trajectories to guide
the learning process, improving the efficiency and quality of synthetic datasets
for training neural networks. Results on the well balanced CIFAR-10 and CIFAR-
100 datasets demonstrate that distilled images successfully capture class-specific
information, even at a low image-per-class (IPC) setting. When IPC is increased,
synthetic images better approximate real-world diversity, enhancing model per-
formance. Specifically, for CIFAR-10, increasing IPC to 4000 improves valida-
tion accuracy significantly by 3.1 £ 0.1%, for CIFAR-10, increasing IPC to 400
improves validation accuracy by 2.9 + 0.3%, and for PathMNIST the overall
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improvement of the validation accuracy by DD is better than 0.6 + 0.3%. For
MedMNIST datasets, slightly imbalanced PathMNIST and strongly imbalanced
DermaMNIST and RetinaMNIST, the synthesized images are less distinguish-
able compared to CIFAR datasets due to the IPC imbalances. However, increas-
ing IPC still enhances performance, albeit with diminishing returns beyond a
certain IPC threshold. Overall, GDADD enables models trained on synthetic
datasets to achieve accuracy levels close and higher to those trained on the real
data with a potetnial to generate compact yet informative datasets, reducing
data storage needs while maintaining model generalization.
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5. Podsumowanie

Celem rozprawy ,Formalne 1 algorytmiczne metody przetwarzania informacji
nieprecyzyjnej w systemach informatycznych” byto opracowanie oraz weryfikacja rozwigzan
umozliwiajacych przejscie od informacji nieprecyzyjnej, rozumianej szeroko jako nieostros¢,
niepetno$¢, zaszumienie lub kontekstowo$¢, do postaci formalnie okre§lonej 1 algorytmicznie
przetwarzalnej w realnych $rodowiskach obliczeniowych. Przedstawiony cykl publikacji
potwierdza, ze dla réznych postaci nieprecyzyjnosci mozliwe jest budowanie spdjnych
rozwigzan spetniajacych trzy warunki: (I) jawna formalizacja sposobu interpretacji informacji
rozumiana jako okre$lenie modelu i semantyki przetwarzania albo jednoznacznej funkcji celu,
(IT) algorytmiczna realizacja formalizacji w postaci procedury mozliwej do uruchomienia
w systemie informatycznym (np. transformacja, wnioskowanie, rekonstrukcja lub uczenie) oraz
(III) empiryczna weryfikacja jakos$ci i1 kosztu przetwarzania w warunkach systemowych i/lub
eksperymentalnych.

Weryfikacje tezy sformulowanej w podrozdziale 2.2 przeprowadzono w czterech obszarach
badawczych [-IV. W obszarze I przedstawiono wykonalno$¢ zapytan rozmytych w relacyjnych
bazach danych poprzez formalizacj¢ semantyki stopniowej oraz transformacj¢ do
standardowego SQL. W obszarze II ustalono, Ze niepelna specyfikacja przebiegu procesu
przetwarzania moze zosta¢ uzupelniona przez formalny opis ustug, wnioskowanie
i rekonstrukcje planu wykonania. W obszarze III zaprezentowano mozliwos¢ redukcji
nieprecyzyjnosci wymagan projektowych przez formalizacje opisu komponentéw i regul ich
faczenia oraz dedukcyjna syntezg¢ struktury aplikacji. W obszarze IV potwierdzono, ze ten sam
schemat badawczy: formalizacja — algorytm — weryfikacja pozostaje spojny réwniez dla
innych no$nikow nieprecyzyjnosci, w tym sygnatéw zewnetrznych, brakow struktury w tekscie
oraz formalizacji optymalizacyjnej prowadzacej do kompresji informacji w danych
syntetycznych. W kazdym z obszaro6w ocena obejmowata weryfikacje jakosci oraz, tam gdzie
byto to wazne, analiz¢ kosztu obliczeniowego z uzyciem miar adekwatnych do danej domeny.

Wyniki niniejszej rozprawy potwierdzaja postawiong teze, zgodnie z ktora formalne modele
oraz algorytmiczne metody przetwarzania informacji nieprecyzyjnej umozliwiajg skuteczne
iobliczeniowo efektywne wykorzystanie informacji niejednoznacznych, niepetnych,
zaszumionych i1 kontekstowych w systemach informatycznych, pod warunkiem jawnego
zdefiniowania semantyki przetwarzania lub funkcji celu oraz empirycznej weryfikacji jakosci

1 kosztu.
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5.1. Oryginalne elementy rozprawy

Oryginalne elementy rozprawy maja charakter przekrojowy i wynikajg z konsekwentnego
domkniecia $ciezki: formalizacja — algorytm — weryfikacja w czterech obszarach
badawczych. Szczegdélowe wyniki 1 eksperymenty przedstawiono w Rozdziale 3, natomiast

ponizej wskazano elementy stanowigce wklad autora rozprawy.

Obszar I: Nieprecyzyjnos¢ w danych i w zapytaniach relacyjnych — zapytania rozmyte
oraz ich wykonanie i transformacja do SQL

Oryginalno$¢ wkiadu autora polega na dostarczeniu kompletnej 1 odtwarzalnej metodyki
przejscia od formalizmu do wykonania w standardowym SQL, bez modyfikacji rdzenia DBMS.

Wktad obejmuje:

1) formalizacj¢ semantyki stopniowej zapytan rozmytych oraz miary dopasowania krotek,
a nastgpnie metodyke transformacji zapytan do postaci wykonywalnej w SQL, z jawnym
wyznaczaniem stopnia spetnienia i mozliwo$cia filtrowania oraz porzadkowania wynikow,

2) algorytmiczne ujgcie analizy warunkéw zapytania (w tym klauzuli WHERE) poprzez
konstrukcje drzewa wyrazen oraz rekurencyjne wyznaczanie stopni speinienia dla
warunkéw ztozonych zgodnie z semantyka operatorow taczenia (T — norma/S — norma),

3) jednoznaczne ujecie i realizacje agregatow rozmytych w SQL, w tym FUZZY_COUNT
oraz FUZZY_AVG,

4) rozdzielenie dwoch wariantow realizacyjnych (po stronie DBMS i po stronie aplikacji), co
porzadkuje konsekwencje systemowe i zwigksza przeno$nos¢ rozwigzania,

5) weryfikacje wykonalnos$ci i narzutu obliczeniowego na zestawie reprezentatywnych klas
zapytan, wraz z opracowaniem i interpretacja wynikow,

6) pozycjonowanie wynikoéw obszaru I na tle literatury w postaci zestawien pordwnawczych.

Obszar II: Nieprecyzyjno$¢ na poziomie celu uzytkownika — integracja heterogenicznych
ustug

Oryginalno$¢ wktadu autora polega na sprowadzeniu niepetnosci specyfikacji przebiegu
procesu przetwarzania (przeptywu pracy) do formalnego opisu i algorytmicznie wyznaczalnego
planu wykonania, a nast¢pnie na osadzeniu tego planu w warstwie wykonawczej. Wktad
obejmuje:
1) formalizacje celu i ustug przez warunki wstepne i koncowe oraz aksjomaty w bazie wiedzy,

stanowigce podstawe dowodzenia wykonalnosci celu,
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2)

3)

4)
5)

ujecie kompozycji ustug jako konstrukcji dowodu oraz mechanizm wnioskowania,
w ktorym dowod stanowi formalny nos$nik kompozycji,

mechanizm rekonstrukcji struktury rozwigzania prowadzacy od dowodu do planu
wykonania w postaci drzewa wykonania, z uwzglednieniem rozgalezien i fragmentéw
mozliwych do uruchomienia rownolegle,

kontrole ztozono$ci wyszukiwania przez abstrakcje typow oraz selekcje dowodow,
domkniecie $ciezki cel uzytkownika — wnioskowanie — plan wykonania — wykonanie
w architekturze integracyjnej (WDS/WDC), obejmujacej warstwe ustug oraz warstwe

orkiestracji agentowe;j.

Obszar I1I: Nieprecyzyjnos¢ specyfikacji na etapie projektowania systemow

Oryginalno$¢ wkiadu autora polega na wskazaniu, ze niepelne i ewoluujagce wymagania

mozna uja¢ formalnie w sytuacji, gdy nie wyznaczaja one jednoznacznie struktury aplikacji.

Wktad obejmuje:

1)

2)

3)

4)

formalne wujecie specyfikacji projektowej, ktore pozwala przelozy¢ niepelne lub
niejednoznaczne wymagania na przestanki do wnioskowania prowadzacego do spojnej
struktury rozwigzania, zamiast pozostawia¢ ten etap wylacznie decyzjom projektowym,
semantyczng baze wiedzy komponentow jako mechanizm operacyjny taczacy wymagania
z doborem komponentoéw i struktura rozwigzania,

wnioskowanie prowadzace do syntezy struktury aplikacji jako konstrukcji (kompozycji
modutow, klas i metod), a nie jedynie rozstrzygnigcia binarnego, z kontrolg przeszukiwania
przez wstepny dobor elementoéw powigzanych wejSciami/wyjSciami 1 poZniejsza
weryfikacje warunkow wstepnych i koncowych,

domknigcie procesu generowania aplikacji: od modelu danych do szkieletu funkcjonalnego
(CRUD) i interfejsu REST API, a nastgpnie integracji szablondw na r6znych poziomach
architektury (od metod do komponentdéw ztozonych z klas) z mozliwos$cig tworzenia oraz

ponownego uzycia szablonéw uzytkownika.

Obszar IV: Rozszerzenia — inne no$niki nieprecyzyjnosci

Oryginalno$¢ wktadu autora polega na wykazaniu, ze schemat: formalizacja — algorytm —

weryfikacja moze by¢ zastosowany takze wtedy, gdy nieprecyzyjno$¢ nie dotyczy ani

warunkow zapytania, ani specyfikacji przeptywu pracy, lecz ma inny nosnik. Wktad obejmuje:

1)

sygnal zewnetrzny [7]: formalizacj¢ wptywu postu jako wspdtczynnika korekty prognozy

oraz zaprojektowanie poréwnania metod predykcyjnych (z uzyciem ATAPSN oraz metod
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klasycznych: ARIMA i wygladzania wyktadniczego) wraz z protokolem weryfikacji
statystycznej obejmujacym miary btedu prognozy, korelacje Spearmana i Pearsona oraz
test t — Studenta,

2) braki struktury w tek$cie [8]: formalizacje rekonstrukcji interpunkcji 1 kapitalizacji jako
klasyfikacji tokenéw w zdefiniowanej przestrzeni klas, algorytm rekonstrukcji w postaci
modelu XLM — RoBERTa- LSTM z zastosowaniem masek (koniec stowa i padding) oraz
metodyke oceny odporng na niezbalansowanie (wyniki z/bez klasy dominujacej, analiza
w podziale na klasy), uzupetniong o poréwnanie z literaturg,

3) wiedze empiryczng w danych uczacych [9]: formalizacje w postaci funkcji celu dla
destylacji zbioru danych oraz algorytm destylacji GDADD oparty na DDMTT wraz
z weryfikacja zaleznos$ci jako$ci od liczby IPC 1 stopnia niezbalansowania klas na
zestawach referencyjnych (CIFAR, MedMNIST). Uwzgledniono koszt obliczeniowy
destylacji, zalezno$¢ od jakosci trajektorii uczenia oraz pordwnanie z wynikami uczenia na
zbiorach petnych i metodami odniesienia.

Dodatkowo wktad obszaru IV obejmuje konsekwentne stosowanie procedur oceny
ograniczajacych ryzyko znieksztatlcen w interpretacji jakosci (m.in. przypadkowe korelacje,
dominacja klasy wigkszo$ciowej, wplyw niezbalansowania danych) oraz wskazanie

empirycznych warunkow stosowalnos$ci i ograniczen metod.
5.2. Ograniczenia przedstawionych rozwiazan

Przedstawione rozwigzania maja charakter formalno-algorytmiczny i s3 osadzone
w konkretnych modelach oraz srodowiskach wykonawczych. Zestawione ponizej ograniczenia
(W podziale na obszary badawcze I-1V) stanowig naturalng konsekwencje¢ przyjetych zatozen
badawczych 1 sg zwigzane z oryginalnym wktadem autora. Wynikajg one przede wszystkim
z koniecznosci domkniecia $ciezki: formalizacja — algorytm — weryfikacja w warunkach
rzeczywistych systemow informatycznych, gdzie dazenie do wysokiej uniwersalno$ci
i wdrazalno$ci metod wyznacza granice ich stosowalnosci. W konsekwencji zastosowanie
rozwigzan jest determinowane przez przyjete zalozenia formalne, charakter danych

wejsciowych oraz uwarunkowania implementacyjne.
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Obszar I: Nieprecyzyjnos¢ w danych i w zapytaniach relacyjnych — zapytania rozmyte

oraz ich wykonanie i transformacja do SQL

1)

2)

3)

Zaleznos¢ od definicji terminow lingwistycznych — jako$¢ odpowiedzi zalezy od postaci
1 parametrow funkcji przynaleznosci, co wymaga wiedzy dziedzinowej oraz
doprecyzowania znaczen termindw w kontekscie potrzeb uzytkownika.

Koszt obliczeniowy przetwarzania stopniowego — Wwyznaczanie stopni spelnienia,
agregacja warunkow 1 porzadkowanie wynikow zwigkszaja koszt wykonania wzgledem
selekcji dwuwarto$ciowej; wydajnos¢ zalezy od ztozono$ci zapytania, rozmiaru danych
oraz mozliwosci optymalizacji w DBMS.

Zakres transformacji i kompromisy implementacyjne — transformacja obejmuje szeroka
klase zapytan, ale nie pokrywa w pelni wszystkich rozszerzen spotykanych w literaturze
(np. zlozonych kwantyfikatorow czy rozmytych zlagczen w pelnej ogo6lnosci). Wariant
realizowany po stronie DBMS umozliwia wykonywanie obliczen bezposrednio w warstwie
bazy danych i wykorzystanie natywnych mechanizméw wykonania zapytan, jednak jest
zalezny od mozliwos$ci rozszerzen konkretnego silnika. Wariant aplikacyjny zwigksza
niezalezno$¢ od DBMS, lecz moze podnie$¢ koszty przetwarzania i komunikacji oraz

wymaga konsekwentnego utrzymania zgodnosci semantyki obliczen.

Obszar II: Nieprecyzyjnos¢ na poziomie celu uzytkownika — integracja heterogenicznych

ustug

1)

2)

3)

Zaleznos¢ od jako$ci bazy wiedzy — skuteczno$¢ rozwigzania zalezy od kompletnosci
1 spdjnosci opiséw ustug obejmujacych warunki wstgpne i koncowe oraz aksjomaty. Braki
w opisach mogg prowadzi¢ do braku rozwigzania lub do nadmiaru wariantow.
Skalowalno$¢ wnioskowania — wraz ze wzrostem liczby uslug i mozliwych dopasowan
rosnie liczba alternatywnych $ciezek dowodzenia; nawet przy mechanizmach sterowania
przeszukiwaniem istnieje ryzyko znaczacego wzrostu kosztu obliczen w §rodowiskach
z duza liczba ustug.

Ograniczenia wdrozeniowe 1 zmienno$¢ srodowiska — formalny opis ustug porzadkuje
wymagania 1 rezultaty ich dzialania, ale nie eliminuje probleméw wspotdziatania na
poziomie wdrozeniowym, takich jak zgodnos$¢ formatow i jakos¢ danych, bezpieczenstwo,
awarie, monitoring oraz zmienno$¢ ustug w czasie (zmiany interfejsu, czasowa

niedostepnosc), ktore wymagaja dodatkowych mechanizmow odpornosciowych.
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Obszar III: Nieprecyzyjnos¢ specyfikacji na etapie projektowania systemow

1)

2)

Koszt formalizacji i utrzymania bazy wiedzy — synteza struktury aplikacji zaklada
przedstawienie wymagan w postaci umozliwiajacej wnioskowanie oraz utrzymanie
kompletnej i1 aktualnej bazy wiedzy komponentéw (wilasnosci i regut Iaczenia).
Rozszerzanie rozwigzania o nowe technologie, frameworki i wzorce wigze si¢
z koniecznos$cig aktualizacji tej bazy.

Ograniczenie do okreslonej klasy aplikacji — automatyzacja jest powigzana z przyjetymi
zatozeniami architektonicznymi i1 dotyczy wybranej klasy aplikacji webowych; petna

automatyzacja wytwarzania dowolnych aplikacji nie jest przedmiotem pracy.

Obszar IV: Rozszerzenia — inne nosniki nieprecyzyjnosci

1))

2)

3)

Sygnaly zewngtrzne sa zalezne od kontekstu — wplyw informacji z mediow
spoteczno$ciowych jest krotkotrwaly i1 trudny do izolacji od innych czynnikow;
formalizacja utatwia algorytmiczne uwzglednienie sygnatu, ale nie eliminuje naktadania
si¢ wielu czynnikow.

Rekonstrukeja struktury tekstu zalezy od danych wejsciowych — skuteczno$¢ odtwarzania
interpunkcji 1 kapitalizacji jest wrazliwa na styl jezykowy, dlugos¢ sekwencji, jakos¢
transkrypcji oraz roznice mi¢dzy zroédtami danych; w zastosowaniach wdrozeniowych
moze by¢ konieczna adaptacja modelu do danych docelowych.

Destylacja danych ogranicza interpretowalno$¢ — wiedza jest tu reprezentowana niejawnie
w danych syntetycznych, co ogranicza mozliwos¢ wyjasniania w kategoriach regul;
skuteczno$¢ zalezy od hiperparametrow, niezbalansowania i zasobow obliczeniowych,
a zastosowanie metody dla innego zbioru danych lub innej domeny zwykle wymaga
ponownego przeprowadzenia destylacji.

Powyzsze ograniczenia wyznaczaja zakres bezposredniej stosowalnosci wynikéw oraz

wskazuja konkretne kierunki dalszego rozwoju metodyki. Obejmujg one adaptacje semantyki

terminéw lingwistycznych (obszar I), budowe mechanizmoéw odpornosci i monitoringu

wykonania (obszar II), utrzymanie i systematyczne rozszerzanie bazy wiedzy (obszar III) oraz

analiz¢ stabilno$ci metod przy przenoszeniu migdzy roéznorodnymi zrodtami danych

(obszar 1V). Dzigki takiemu ujeciu zidentyfikowane ograniczenia przestaja by¢ jedynie

barierami wdrozeniowymi, a stajg si¢ punktami wyjscia do dalszych prac badawczych

podkreslajac  otwarty 1 rozwojowy charakter zaproponowanej w rozprawie metodyki

przetwarzania informacji nieprecyzyjne;j.

142



5.3. Koncowe wnioski

W rozprawie przyjeto teze, ze formalne modele oraz algorytmiczne metody przetwarzania
informacji nieprecyzyjnej umozliwiaja skuteczng i1 kontrolowana, a zarazem wykonalng
obliczeniowo integracj¢ oraz analize danych niejednoznacznych, niepelnych, zaszumionych
1 kontekstowych w systemach informatycznych pod warunkiem jawnego okreslenia semantyki
przetwarzania oraz empirycznej weryfikacji jakosci 1 kosztu. Przedstawiony cykl publikacji
potwierdza t¢ teze w ujeciu przekrojowym, poniewaz w czterech obszarach badawczych
wykazano mozliwo$¢ przejScia od nieprecyzyjnej reprezentacji problemu do rozwigzania
uruchamialnego w $rodowisku obliczeniowym oraz weryfikowalnego empirycznie lub
systemowo.

Wynik przekrojowy mozna ujg¢ jako konsekwentne domknigcie schematu: formalizacja —
algorytm — weryfikacja. Formalizacja przyjmuje rézne postacie w zalezno$ci od obszaru
badawczego — od semantyki stopniowej i funkcji przynaleznosci, przez formalny opis ustug
i warunkow ich zastosowania, po semantyczny opis komponentow projektowych lub funkcje
celu w ujeciu optymalizacyjnym. Niezmienny pozostaje wymog jednoznacznej interpretacji
rezultatow formalizacji w systemie informatycznym oraz ich weryfikowalnosci w zakresie
jakosci 1 narzutu obliczeniowego.

W kazdym z obszarow formalizacja i1 algorytmiczna realizacja zostaly uzupelnione
o weryfikacje jakosci 1 kosztu w formie adekwatnej do charakteru zadania.
W obszarze 1 oceniano wykonalno$¢ transformacji w standardowym SQL oraz narzut
obliczeniowy dla klas zapytah o rosngcej ztozonosci i1 skali danych, a dodatkowo
pozycjonowano zakres funkcjonalny rozwigzan w zestawieniach poréwnawczych na tle
literatury. W obszarze II poprawno$¢ rozumowania potwierdzono przez konstrukcje dowodu
i rekonstrukcje planu wykonania, a koszt wyszukiwania ograniczano mechanizmami
sterowania przeszukiwaniem (m.in. kryteria selekcji wariantow dowodu oraz ograniczenia
liczby analizowanych rozwiazan). W obszarze III weryfikacja miala charakter systemowy
i obejmowata demonstracj¢ domknigcia procesu od formalizacji wymagan do syntezy struktury
aplikacji oraz generowania artefaktow (szkielet CRUD/REST 1 integracja szablonéw), przy
zachowaniu spojnosci 1 zgodnosci wynikowej struktury z wymaganiami. W obszarze 1V
zastosowano protokoty empiryczne wtasciwe dla danej domeny: testy istotno$ci 1 miary biedu
dla sygnatow zewngtrznych oraz metryki klasyfikacji z analiza niezbalansowania dla
rekonstrukcji tekstu. W przypadku destylacji danych oceniano maksymalng doktadnos¢

walidacyjng ($rednia + odchylenie standardowe) analizowang w funkcji IPC oraz dla zbiorow
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o roznej nierownowadze klas. Dodatkowo wykonywano pordéwnania z warto$ciami
referencyjnymi — w [8] z wynikami raportowanymi w literaturze, a w [9] z wynikami uczenia
na zbiorach pelnych oraz metodami referencyjnymi.

Realizacja celow szczegdtowych C1-C5 przebiegala nastgpujaco:

e C1-C2 zrealizowano w obszarze I przez formalizacj¢ stopnia spetnienia warunkoéw
zapytania 1 sprowadzenie tej semantyki do postaci wykonywalnej w standardowym SQL,
z zachowaniem interpretowalnosci wyniku oraz kontrolg kosztu obliczeniowego.

e (3 zrealizowano w obszarze II przez formalny opis ustug i celu, konstrukcje dowodu
w procesie wnioskowania oraz rekonstrukcje planu wykonania, co pozwala przej$¢ od celu
uzytkownika do wykonalnego przebiegu procesu przetwarzania (przeptywu pracy)
w §rodowisku heterogenicznym.

e (4 zrealizowano w obszarze Il przez formalizacj¢ wymagan i komponentow w bazie
wiedzy oraz wnioskowanie prowadzace do syntezy spojnej struktury aplikacji, co skraca
przejscie od specyfikacji do konstrukcji mozliwej do implementacji przy zachowaniu
kontroli semantyczne;.

e (S5 zrealizowano w obszarze IV, wykazujac, ze schemat: formalizacja — algorytm —
weryfikacja jest zasadny rowniez wtedy, gdy no$nikiem nieprecyzyjnosci jest sygnat
zewnetrzny, braki struktury w tekscie lub posrednia reprezentacja wiedzy w danych
uczacych, a formalizacja ma postaé celu optymalizacyjnego.

W s$wietle uzyskanych wynikow daje si¢ sformutowac¢ wniosek ogoélny, ktéry wskazuje na
to, ze skuteczne przetwarzanie informacji nieprecyzyjnej wymaga konsekwentnego domknigcia
trzech elementdéw. Zalicza si¢ do nich: (I) jawng formalizacj¢ sposobu interpretacji informacji,
(IT) algorytmiczna realizacj¢ tej formalizacji w postaci procedury uruchamialnej w systemie
informatycznym oraz (III) empiryczng weryfikacje jakosci i kosztu przetwarzania. Cykl
publikacji potwierdza, ze zaproponowana metodyka pozwala projektowaé rozwigzania
formalnie spdjne, uruchamialne w realnych srodowiskach obliczeniowych oraz weryfikowalne

empirycznie.
5.4. Kierunki dalszych badan

Wyniki rozprawy potwierdzaja zasadno$¢ schematu: formalizacja — algorytm —
weryfikacja, a jednocze$nie wskazujg kierunki, w ktéorych mozna wzmocni¢ wykonalnos¢,
interpretowalnos¢ 1 jako$¢ rozwigzan. Ponizsze propozycje wynikaja bezposrednio
z ograniczen oméwionych w 5.2. Przy kazdym z nich w nawiasie wskazano obszar badawczy

(I-IV), ktérego dany kierunek dotyczy.
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1)

2)

3)

4)

5)

6)

7)

8)

Rozwdj metod automatycznej lub poétautomatycznej adaptacji parametrow funkcji
przynaleznosci na podstawie danych, informacji zwrotnej uzytkownika lub kontekstu, przy
zachowaniu jednoznacznej interpretacji semantyki (obszar I).

Lepsza integracja obliczen stopnia spelnienia z planowaniem i optymalizacja zapytan
(selektywno$¢, statystyki, indeksowanie), aby ogranicza¢ narzut obliczeniowy i koszt
porzadkowania wynikéw (obszar I).

Rozw¢] mechanizméw odpornosci wykonania na zmienno$¢ ustug, obejmujacych
adaptacj¢ planu w trakcie wykonania, ponowne planowanie, wybdr alternatyw, obstuge
awarii i monitoring (obszar II).

Rozszerzenie formalnego opisu o wtasnosci niefunkcjonalne (czas, koszt, bezpieczenstwo,
jakos¢ danych), tak aby konstrukcja planu uwzgledniata nie tylko poprawnos$¢, ale rowniez
kryteria optymalizacyjne (obszar II).

Rozw6j metod przejScia od wymagan opisowych do formalizacji, obejmujacych
pozyskiwanie i doprecyzowywanie wymagan, mapowanie do poje¢ ontologicznych oraz
zapewnianie spojnosci reprezentacji formalnej (obszar III).

Rozbudowa 1 utrzymanie bazy wiedzy komponentéw poprzez rozszerzanie jej o nowe
technologie 1 wzorce oraz mechanizmy aktualizacji 1 walidacji regut taczenia (obszar III).
Doktadniejsze modelowanie sygnatléw zewnetrznych z uwzglednieniem czasu Zycia
sygnatu, konkurencji informacyjnej i wiarygodnosci zrddel, a takze integracja wielu
kanaléw danych w jednym protokole oceny (obszar I'V).

Wzmocnienie odpornosci metod na wiasnosci danych poprzez stabilizacje jakos$ci dla klas
rzadkich w rekonstrukcji struktury tekstu oraz wprowadzanie mechanizméw
uwzgledniajacych niezbalansowanie i stabilno§¢ w destylacji danych (np. w funkcji celu

lub procedurze optymalizacji) (obszar I'V).
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Oswiadczenie autora o wkladzie merytorycznym i samodzielnym opracowaniu prac

stanowiacych podstawe rozprawy doktorskiej

Wydziat Inzynierii
Elektrycznej i Komputerowej

% Politechnika Krakowska

mgr inz. Grzegorz Nowakowski Krakow, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Grzegorz Nowakowski, oswiadczam, ze:

¢ publikacje ztozone do oceny, oznaczone w manuskrypcie jako [1]-[9], zostaly przeze mnie
opracowane samodzielnie w zakresie mojego wktadu autorskiego,

« wykaz publikacji ztozonych do oceny wraz z opisem mojego wktadu zostat przedstawiony
w rozdziale pierwszym: ,,Wykaz publikacji stanowiacych podstawg rozprawy”, a petne
teksty publikacji zostaly zamieszczone w rozdziale czwartym: ,,Teksty publikacji
stanowigcych podstawe rozprawy”,

e publikacje [1] i [2] sa publikacjami jednoautorskimi i zostaly przeze mnie opracowane
samodzielnie,

e publikacje [3]-[9] sg publikacjami wspotautorskimi. Oswiadczam, ze moj wklad
w powstanie kazdej z tych publikacji byt znaczacy, samodzielnie wykonany w zakresie
przypisanych mi prac oraz mozliwy do jednoznacznego wyodrgbnienia,

e w odniesieniu do publikacji wspdtautorskich [3]-[9] posiadam o$wiadczenia
wspdtautoréw dotyczace ich wkiadu w przygotowanie publikacji ztozonych do oceny
(w formie opisowej), zamieszczone w czgsei: ,,O$wiadczenia wspotautorow o wkladzie
merytorycznym w publikacje wchodzace w sktad rozprawy™,

¢ wskazane publikacje oraz manuskrypt rozprawy zostaty przygotowane z poszanowaniem
zasad rzetelnosci naukowe;j.
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Oswiadczenia wspolautorow o wkladzie merytorycznym w publikacje wchodzgce

w sklad rozprawy

Wydziat Inzynierii
Elektrycznej i Komputerowej

% Politechnika Krakowska

prof. dr hab. inz. Sergii Telenyk Krakow, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Sergii Telenyk, o§wiadczam, ze jestem wspodtautorem publikacji:

Telenyk S., Nowakowski G., Yefremov K., Khmeliuk V., Logics based application integration
for interdisciplinary scientific investigations, w: 2017 9th IEEE International Conference on
Intelligent Data Acquisition and Advanced Computing Systems: Technology and Applications
(IDAACS), 2017, vol. 2, s. 10261031, DOI: 10.1109/IDAACS.2017.8095241.

Oswiadczam, ze moj wklad w powstanie powyzszej publikacji wynidst 35% i obejmowal
w szczegdlnoscei:

e wspdtudziat w koncepcji i uzasadnieniu podejscia oraz doprecyzowaniu problemu

e wklad w strukture artykutu oraz opracowanie tta/related work

e udzial w opisie podejscia na poziomie ogdlnym (architektura i orkiestracja ustug) oraz
w dyskusji i wnioskach

e przeglad merytoryczny i redakcje tekstu oraz uwagi do wersji finalnej.
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Kostiantyn Yefremov
Director at Institute for Applied System Analysis
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”
Kyiv, Ukraine

Kyiv, 15.01.2026

STATEMENT

I, the undersigned Kostiantyn Yefremov, hereby declare that I am a co-author of the
publication:

Telenyk S., Nowakowski G., Yefremov K., Khmeliuk V., Logics based application integration
for interdisciplinary scientific investigations, in: 2017 9th IEEE International Conference on
Intelligent Data Acquisition and Advanced Computing Systems: Technology and Applications
(IDAACS), 2017, vol. 2, pp. 1026—-1031, DOI: 10.1109/IDAACS.2017.8095241.

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e domain consultations on WDC/WDS (requirements and practical constraints)
e verification of the use case scenario and the assumptions adopted

e domain-specific comments on the content (substantive/technical review)
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Volodymyr Khmeliuk Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Volodymyr Khmeliuk, hereby declare that I am a co-author of the
publication:

Telenyk S., Nowakowski G., Yefremov K., Khmeliuk V., Logics based application integration
for interdisciplinary scientific investigations, in: 2017 9th IEEE International Conference on
Intelligent Data Acquisition and Advanced Computing Systems: Technology and Applications
(IDAACS), 2017, vol. 2, pp. 1026-1031, DOI: 10.1109/IDAACS.2017.8095241.

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e technical consultations regarding a distributed/agent-based environment (feasibility and
deployment/execution aspects)

e comments on the architecture description and implementation details
(integration/communication, service registry and orchestration)

e technical corrections and proofreading
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Wydziat Inzynierii
Elektrycznej i Komputerowej

wE % ] Politechnika Krakowska

prof. dr hab. inz. Sergii Telenyk Krakow, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Sergii Telenyk, o§wiadczam, Ze jestem wspotautorem publikacji:

Nowakowski G., Telenyk S., Yefremov K. and Khmeliuk V., The approach to applications
integration for world data center interdisciplinary scientific investigations, in Proceedings of
the 2019 Federated Conference on Computer Science and Information Systems, FedCSIS 2019,
2019. https://doi.org/10.15439/2019F71.

Oswiadczam, ze moj wklad w powstanie powyzszej publikacji wyniost 15% i obejmowat
w szczeg6lnosci:

e dopracowanie metodologii podejscia oraz doprecyzowanie problemu i zalozen na
poziomie koncepcyjnym

e uwagi do opisu formalizmu (sp6jnos¢ i sposob prezentacji wnioskowania oraz
rekonstrukcji rozwigzania)

e redakcje merytoryczng manuskryptu, w tym uwagi do struktury i czytelnosci opisu.
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Kostiantyn Yefremov Kyiv, 15.01.2026
Director at Institute for Applied System Analysis

National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Kostiantyn Yefremov, hereby declare that I am a co-author of the
publication:

Nowakowski G., Telenyk S., Yefremov K. and Khmeliuk V., The approach to applications
integration for world data center interdisciplinary scientific investigations, in Proceedings of
the 2019 Federated Conference on Computer Science and Information Systems, FedCSIS 2019,
2019. https://doi.org/10.15439/2019F71.

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e domain consultations regarding the WDS/WDC environment (requirements and real-
world application constraints)

e verification of the use case scenario and the practical assumptions adopted

e domain-specific comments on the content (substantive/technical review).
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Volodymyr Khmeliuk Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Volodymyr Khmeliuk, hereby declare that I am a co-author of the
publication:

Nowakowski G., Telenyk S., Yefremov K. and Khmeliuk V., The approach to applications
integration for world data center interdisciplinary scientific investigations, in Proceedings of
the 2019 Federated Conference on Computer Science and Information Systems, FedCSIS 2019,
2019. https://doi.org/10.15439/2019F71.

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e technical consultations regarding the prototype (feasibility and operational/deployment
aspects of the agent-based approach)
e comments on the technical architecture description (service communication and
orchestration)
e technical corrections and terminology consistency (proofreading).
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Wydziat Inzynierii
Elektrycznej i Komputerowej

% Politechnika Krakowska

prof. dr hab. inz. Sergii Telenyk Krakéw, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Sergii Telenyk, oswiadczam, Ze jestem wspdtautorem publikacji:

Nowakowski G., Telenyk S., Yefremov K. and Khmeliuk V., Simple and Flexible Way to
Integrate Heterogeneous Information Systems and Their Services into the World Data System,
Journal of Automation, Mobile Robotics and Intelligent Systems, vol. 15, no. 4, (Sep. 2022),
pp. 76-90. https://doi.org/10.14313/JAMRIS/4-2021/29

Oswiadczam, ze mdj wktad w powstanie powyzszej publikacji wynidst 15% i obejmowat
w szczegblnoscei:

e dopracowanie koncepcji i metodologii podejScia oraz argumentacji na poziomie
koncepcyjno-opisowym

e uwagi do narracji pracy, w tym sposobu prezentacji rozwigzania i osadzenia na tle prac
powigzanych

e przeglad merytoryczny i redakcj¢ tekstu, w tym uwagi do spojnosci i struktury opisu.
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Kostiantyn Yefremov Kyiv, 15.01.2026
Director at Institute for Applied System Analysis

National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Kostiantyn Yefremov, hereby declare that I am a co-author of the
publication:

Nowakowski G., Telenyk S., Yefremov K. and Khmeliuk V., Simple and Flexible Way to
Integrate Heterogeneous Information Systems and Their Services into the World Data System,
Journal of Automation, Mobile Robotics and Intelligent Systems, vol. 15, no. 4, (Sep. 2022),
pp. 76-90. https://doi.org/10.14313/JAMRIS/4-2021/29

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e domain consultations regarding the WDS/WDC environment (context and real-world
application conditions)
verification of the scenario/example and the practical assumptions adopted

e domain-specific comments on the content (substantive review).
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Volodymyr Khmeliuk Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Volodymyr Khmeliuk, hereby declare that I am a co-author of the
publication:

Nowakowski G., Telenyk S., Yefremov K. and Khmeliuk V., Simple and Flexible Way to
Integrate Heterogeneous Information Systems and Their Services into the World Data System,
Journal of Automation, Mobile Robotics and Intelligent Systems, vol. 15, no. 4, (Sep. 2022),
pp. 76-90. https://doi.org/10.14313/JAMRIS/4-2021/29.

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e technical consultations on feasibility and implementation/execution elements (agent-
based approach and service communication)

e comments on the technical description of deployment/execution, including protocols
and service orchestration

e technical and terminological corrections (proofreading).
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Wydziat Inzynierii
Elektrycznej i Komputerowej

WE % 3 Politechnika Krakowska

prof. dr hab. inz. Sergii Telenyk Krakow, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Sergii Telenyk, o§wiadczam, Ze jestem wspotautorem publikacji:

Telenyk S., Nowakowski G., Zharikov E. and Vovk J., Conceptual foundations of the use of
formal models and methods for the rapid creation of web applications, in Proceedings of the
2019 10th IEEE International Conference on Intelligent Data Acquisition and Advanced
Computing  Systems: Technology and Applications, IDAACS 2019, 2019,
vol. 1. https://doi.org/10.1109/IDAACS.2019.8924416

Oswiadczam, ze moj wklad w powstanie powyzszej publikacji wynidst 15% i obejmowat
w szczeg6lnoscei:

o wspodtudzial w koncepcji i okresleniu zakresu pracy oraz doprecyzowaniu zatozen
podejscia

o wklad do czgsci opisowej dotyczacej architektury rozwigzania oraz osadzenia podejscia
w kontekscie formalnych metod projektowania (tto i odniesienia)

e dopracowanie argumentacji oraz przeglad merytoryczny i redakcje manuskryptu.
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Eduard Zharikov Kyiv, 15.01.2026
Head of the Department of Computer Science

and Software Engineering

National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Eduard Zharikov, hereby declare that I am a co-author of the publication:

Telenyk S., Nowakowski G., Zharikov E. and Vovk J., Conceptual foundations of the use of
formal models and methods for the rapid creation of web applications, in Proceedings of the
2019 10th IEEE International Conference on Intelligent Data Acquisition and Advanced
Computing Systems: Technology and Applications, IDAACS 2019, 2019, vol. 1.
https://doi.org/10.1109/IDAACS.2019.8924416

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e substantive consultations on the concept and the way selected parts of the work are
presented

e comments on the text and refinement of selected passages, including clarifying wording
and terminology
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Jewhenii Vovk Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Jewhenii Vovk, hereby declare that I am a co-author of the publication:

Telenyk S., Nowakowski G., Zharikov E. and Vovk J., Conceptual foundations of the use of
formal models and methods for the rapid creation of web applications, in Proceedings of the
2019 10th IEEE International Conference on Intelligent Data Acquisition and Advanced
Computing Systems: Technology and Applications, IDAACS 2019, 2019, vol. 1.
https://doi.org/10.1109/IDAACS.2019.8924416

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e preparation of demonstration/technical components supporting the presented concept
e support in refining the technical descriptions related to the solution demonstration (at
the implementation/execution level).
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£

Politechnika Krakowska
Wydziat Inzynierii
Elektrycznej i Komputerowej

prof. dr hab. inz. Sergii Telenyk Krakéw, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Sergii Telenyk, oswiadczam, ze jestem wspotautorem publikacji:

Telenyk S., Nowakowski G., Gavrilenko O., Miahkyi M. and Khalus O., An analysis of the
influence of famous people’s posts on social networks on the cryptocurrency exchange rate,
Bulletin of the Polish Academy of Sciences: Technical Sciences, vol. 72, no. 4, (Apr. 2024), p.
e150117. https://doi.org/10.24425/BPASTS.2024.150117

Oswiadczam, ze moj wklad w powstanie powyzszej publikacji wyniost 30% 1 obejmowal
w szczeg6lnoscei:

e udzial w dopracowaniu opisu badan i procedury eksperymentalne;j
e udzial w interpretacji wynikow, wnioskach oraz omdowieniu ograniczen
e redakcje merytoryczng manuskryptu.

%
4, .
Podpis: (yﬁ /35/;974/ 7}(6/7/7/é / Data: 713, 0. LOLE

POLIT .\’”(‘)7 ¥

Katedra Automatyki i Informatyki

Wydziat Inzynierii Elektrycznej i Komputerowej

ul. Warszawska 24, 31-155 Krakéw o

tel. 12 628 26 85, e-1@pk.edu.pl wieik.pk.edu.pl

169



Olena Gavrilenko Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Olena Gavrilenko, hereby declare that I am a co-author of the publication:

Telenyk S., Nowakowski G., Gavrilenko O., Miahkyi M. and Khalus O., An analysis of the
influence of famous people’s posts on social networks on the cryptocurrency exchange rate,
Bulletin of the Polish Academy of Sciences: Technical Sciences, vol. 72, no. 4, (Apr. 2024), p.
€150117. https://doi.org/10.24425/BPASTS.2024.150117

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e consultations on data selection, the scope of analysis, and results reporting
e substantive comments on the analytical and descriptive sections
e comments on the final version of the manuscript
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Mykhailo Miahkyi Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Mykhailo MiahKyi, hereby declare that I am a co-author of the publication:

Telenyk S., Nowakowski G., Gavrilenko O., Miahkyi M. and Khalus O., An analysis of the
influence of famous people’s posts on social networks on the cryptocurrency exchange rate,
Bulletin of the Polish Academy of Sciences: Technical Sciences, vol. 72, no. 4, (Apr. 2024), p.
€150117. https://doi.org/10.24425/BPASTS.2024.150117

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e implementation of selected technical components of the computational pipeline (data
and runs/executions)
e technical support for the experiments (configuration, debugging, reproducibility).
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Olena Khalus Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Olena Khalus, hereby declare that I am a co-author of the publication:

Telenyk S., Nowakowski G., Gavrilenko O., Miahkyi M. and Khalus O., 4n analysis of the
influence of famous people’s posts on social networks on the cryptocurrency exchange rate,
Bulletin of the Polish Academy of Sciences: Technical Sciences, vol. 72, no. 4, (Apr. 2024), p.
e150117. https://doi.org/10.24425/BPASTS.2024.150117

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e consultations and support in organizing the experimental part, including verification of
run correctness

e comments on the compilation and presentation of results, as well as on the final version
of the paper.

Signature F%J;/ -~ /X'dwﬁ‘/b/f vz Date: 750/ At

Mignue rp. Mﬂ Z. \/ .
3ACBIQYYIO

Binnin kapgi
lpetat— %{%f/%&

nignuc

172



Volodymyr Shymkovych Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Volodymyr Shymkovych, hereby declare that I am a co-author of the
publication:

Shymkovych V., Nowakowski G. and Telenyk S., Joint Punctuation Restoration and Text
Capitalisation with a Hybrid XLM-RoBERTa—LSTM Model, in IDAACS 2025: proceedings of
the 13th IEEE International Conference on Intelligent Data Acquisition and Advanced
Computing Systems: Technology and Applications (IDAACS), 2025, vol. 1, IEEE, pp. 990—
997. DOI: 10.1109/IDAACS68557.2025.11322226.

I declare that my contribution to the above publication amounted to 40% and included in
particular:

e implementation and training of the hybrid model (XLM-RoBERTa + BiLSTM +
classifier)

e conducting experiments on IWSLT 2012 and compiling the results (tables/figures, per-
class) in line with the adopted reporting procedure

e refining the description of the implementation and experimental section in the
manuscript.
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w H Politechnika Krakowska
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Elektrycznej i Komputerowej

prof. dr hab. inz. Sergii Telenyk Krakow, 13.01.2026r.
Katedra Automatyki i Informatyki E-1
Politechnika Krakowska

OSWIADCZENIE

Ja, nizej podpisany Sergii Telenyk, o§wiadczam, ze jestem wspétautorem publikacji:

Shymkovych V., Nowakowski G. and Telenyk S., Joint Punctuation Restoration and Text
Capitalisation with a Hybrid XLM-RoBERTa—LSTM Model, in IDAACS 2025: proceedings of
the 13th IEEE International Conference on Intelligent Data Acquisition and Advanced
Computing Systems: Technology and Applications (IDAACS), 2025, vol. 1, IEEE, pp. 990-
997. DOI: 10.1109/IDAACS68557.2025.11322226.

Oswiadczam, ze moj wklad w powstanie powyzszej publikacji wynidst 5% i obejmowat
w szczegllnosci:

 konsultacje merytoryczne oraz przeglagd manuskryptu pod katem spéjnosci metodologii
i czytelnosci opisu
o uwagi redakcyjne do wybranych fragmentoéw i doprecyzowanie terminologii.
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174



Yuri Gordienko Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Yuri Gordienko, hereby declare that I am a co-author of the publication:

Gordienko, Y., Nowakowski, G., Kochura, Y., Taran, V., Stirenko, S., Generative Data
Augmentation by Dataset Distillation, in Artificial Intelligence for Biomedical Data: First
International Workshop, AIBio 2025, Held in Conjunction with the European Conference on
Artificial Intelligence, ECAI 2025, Communications in Computer and Information Science,
2026, vol. 2696, Cham, Springer, pp. 105-118, ISBN 978-3-032-17215-0. DOI: 10.1007/978-
3-032-17216-7_9.

I declare that my contribution to the above publication amounted to 40% and included in
particular:

e development and refinement of the algorithmic part (distillation and synthetic data
generation) in accordance with the adopted formalization of the objective function

e running a substantial portion of the experiments and compiling the results and
comparisons

e co-authorship of the methods and results sections and comments on the final version.
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Yuriy Kochura Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Yuriy Kochura, hereby declare that I am a co-author of the publication:

Gordienko, Y., Nowakowski, G., Kochura, Y., Taran, V., Stirenko, S., Generative Data
Augmentation by Dataset Distillation, in Artificial Intelligence for Biomedical Data: First
International Workshop, AIBio 2025, Held in Conjunction with the European Conference on
Artificial Intelligence, ECAI 2025, Communications in Computer and Information Science,
2026, vol. 2696, Cham, Springer, pp. 105-118, ISBN 978-3-032-17215-0. DOI: 10.1007/978-
3-032-17216-7_9.

I declare that my contribution to the above publication amounted to 10% and included in
particular:

e methodological support: refining the experimental setup and analyzing the results
substantive consultations and co-contribution to drafting parts of the discussion/related
work section

e substantive review of the text and comments on the coherence of the argumentation.
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Vladyslav Taran Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Kyiv, Ukraine

STATEMENT

I, the undersigned Vladyslav Taran, hereby declare that I am a co-author of the publication:

Gordienko, Y., Nowakowski, G., Kochura, Y., Taran, V., Stirenko, S., Generative Data
Augmentation by Dataset Distillation, in Artificial Intelligence for Biomedical Data: First
International Workshop, AlBio 2025, Held in Conjunction with the European Conference on
Artificial Intelligence, ECAI 2025, Communications in Computer and Information Science,
2026, vol. 2696, Cham, Springer, pp. 105-118, ISBN 978-3-032-17215-0. DOI: 10.1007/978-
3-032-17216-7 9.

I declare that my contribution to the above publication amounted to 5% and included in
particular:

e implementation of components of the experimental code and computation pipeline
(runs/executions, data generation, result artifacts)

e technical support for the experiments (configurations, correctness checks, and
reproducibility).
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Sergii Stirenko Kyiv, 15.01.2026
National Technical University of Ukraine

“Igor Sikorsky Kyiv, Polytechnic Institute”

Vice-Rector for Research

Kyiv, Ukraine

STATEMENT

I, the undersigned Sergii Stirenko, hereby declare that I am a co-author of the publication:

Gordienko, Y., Nowakowski, G., Kochura, Y., Taran, V., Stirenko, S., Generative Data
Augmentation by Dataset Distillation, in Artificial Intelligence for Biomedical Data: First
International Workshop, AIBio 2025, Held in Conjunction with the European Conference on
Artificial Intelligence, ECAI 2025, Communications in Computer and Information Science,
2026, vol. 2696, Cham, Springer, pp. 105-118, ISBN 978-3-032-17215-0. DOI: 10.1007/978-
3-032-17216-7 9.

[ declare that my contribution to the above publication amounted to 5% and included in
particular:

e substantive consultations and manuscript review
e editorial comments and refinement of wording
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