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METODYKA WIELOCECHOWEJ OCENY
POROWNAWCZEJ PRZYDATNOSCI JAKOSCIOWYCH
DANYCH PRZESTRZENNYCH

Dzigki wszechobecno$ci zaawansowanych technologii internetowych oraz
urzadzen lokalizacyjnych w ciggu ostatnich dwudziestu lat wszyscy uzytkownicy na
swiecie, niezaleznie od ich wiedzy lub doswiadczenia, sg w stanie tworzy¢ informacje
przestrzenne. Zjawisko to okreslane jest jako dobrowolna informacja geograficzna VGI
(Volunteered Geographic Information). Dane pozyskiwane w ramach VGI
wykorzystywane sa jako zrodlo wspierajace szeroki zakres ustug, tj. monitorowanie
srodowiska, raportowanie zdarzen czy zarzadzanie sytuacjami kryzysowymi. Nalezy
jednak podkresli¢, iz takie heterogeniczne dane przestrzenne dostarczane przez
wolontariuszy maja r6zng jakos¢. Z tego powodu standardowe wskazniki jakosci danych
przestrzennych w kompleksowym podejsciu  oceny jakosci spektrum danych
wolontariackich moga nie by¢ wystarczajagce z punktu widzenia wspodlczesnego
uzytkownika.

W  niniejszej pracy podjetam problematyke zewngtrznej oceny jakosci
wolontariackich danych OpenStreetMap (OSM) w odniesieniu do referencyjnej Bazy
Danych Obiektow Topograficznych (BDOT10k) dla gtownych szesciu klas pokrycia
terenu, wykorzystujac do tego standardowe mierniki jakosci danych przestrzennych oraz
wlasne autorskie wskazniki, ktore przedstawilam w ramach cyklu skladajacego si¢
z czterech powigzanych tematycznie artykuldéw naukowych. Przeprowadzone badania
dotyczyly wybranych siedmiu powiatow w Polsce, zrdznicowanych pod katem
srodowiska naturalnego jak 1 antropogenicznego. Pierwszy etap badan po§wigcony zostat
opracowaniu metodyki przetworzenia danych przestrzennych OSM w celu dokonania ich
zewnetrznej oceny jakosci. Oceng te przeprowadzitam zgodnie z wskaznikami ISO, ktore
dodatkowo uzupetnitam o autorskie mierniki, shuzace do holistycznej oceny jakosci oraz
pokazania jej zroznicowania wewnatrz analizowanych zbiorow. Nastepnie opracowatam
metodyke kartograficznej wizualizacji wynikow, przedstawiajaca prawidtowosci w
wynikach oceny jako$ci analizowanych zbioréw danych przestrzennych.

Zgodnie z przeprowadzonym przegladem literatury 1 wskazanymi tam gltéwnymi
ograniczeniami istniejacych wskaznikéw oceny jakos$ci niejednorodnych danych OSM,
okreslonymi jako niewystarczajaco relatywne, w dalszym etapie badan zajetam si¢

wyznaczeniem zlozonej miary oceny jakosci danych topograficznych. Wynikiem prac
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przedstawionych w niniejszej rozprawie jest opracowanie autorskiego wskaznika
skonsolidowanej analizy odpowiednios$ci zbioréw danych przestrzennych OSM
wzgledem BDOTIOk w postaci Compound Correspondence Index (CCI),
umozliwiajacego uzytkownikowi ocene, ktory z dwodch porownywanych zbiorow

jako$ciowych danych przestrzennych spetnia jego oczekiwania.



METHODOLOGY FOR MULTI-CRITERIA
COMPARATIVE ASSESSMENT OF THE USABILITY
OF QUALITATIVE SPATIAL DATA

The ubiquity of advanced internet technologies and location-based devices over the
past two decades has made it possible for all users in the world, regardless of their
knowledge or experience, to produce spatial information. This phenomenon is referred to
as Volunteered Geographic Information (VGI). The data produced by VGI is used as a
resource to support a wide range of services, i.e. environmental monitoring, incident
reporting or emergency management. However, it should be emphasised that such
heterogeneous spatial data provided by volunteers have variable quality. Therefore,
standard spatial data quality indicators in a comprehensive approach to assessing the
quality of a spectrum of volunteer data may not be sufficient from the point of view of a
contemporary user.

In the presented study, I examined the external quality assessment of volunteer
OpenStreetMap (OSM) data in relation to the reference Topographic Dataset (BDOT10k)
for the main six land cover classes, using standard spatial data quality measures and my
own original indicators, which I presented in a series of four thematically related scientific
articles. The research was carried out on selected seven counties in Poland, diverse in
terms of natural as well as anthropogenic environment. The first stage of the research was
devoted to the development of a methodology for processing OSM spatial data in order
to carry out their external quality assessment. This assessment was conducted in
accordance with the ISO indicators, which I additionally supplemented with my authored
quality metrics to holistically assess the quality and show its variation within the analysed
data sets. Subsequently, I developed a methodology for cartographic visualisation of the
results, showing patterns in the quality assessment results of the analysed spatial data sets.

According to the conducted literature review and the main limitations of the
existing indicators for assessing the quality of heterogeneous OSM data, identified as
insufficiently relative, in a subsequent stage of the research I addressed the determination
of a compound measure for assessing the quality of topographic data. The result of the
work presented in this dissertation is the development of the author's index of the
consolidated analysis of the suitability of OSM spatial data sets in relation to BDOT10k
in the form of Compound Correspondence Index (CCI), enabling the user to assess which

of the two compared qualitative spatial data fulfils his/her requirements.
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WYKAZ UZYTYCH SKROTOW

ATKIS - ang. Authorative Topographic-Cartographic Information System, cyfrowy

zbior danych wektorowych o strukturze obiektowe;j

BDOT10k — Baza Danych Obiektow Topograficznych, odpowiada w ogdlnosci
tradycyjnej mapie topograficznej w skali 1:10 000

GRS80 — ang. Geodetic Reference System '80, geodezyjny system odniesienia

ISO — ang. International Organization for Standardization, Migdzynarodowa

Organizacja Normalizacyjna

MCDA - ang. Multi-Criteria Decision Analysis, wielokryterialna analiza decyzji
MU - ang. Map Unit, jednostka mapowa

OSM - ang. OpenStreetMap

PUWG 1992 - Panstwowy Uktad Wspoéirzednych Geodezyjnych 1992

TOPSIS — ang. Technique for Order of Preference by Similarity to Ideal Solution,

metoda porzadkowania liniowego

VGI — ang. Volunteered Geographic Information, dane geograficzne pozyskiwane przez

wolontariuszy
WGS84 — ang. World Geodetic System 1984, system odniesienia

WLC - ang. Weighted Linear Combination, wazona kombinacja liniowa



1. WPROWADZENIE

Dane przestrzenne sg podstawg podejmowania wiekszosci decyzji, wg Biatousza

, Bieleckiej i Maja co najmniej 80% decyzji podejmowanych przez
administracj¢ publiczng wymaga odniesienia do wektorowych danych przestrzennych.
Od dwoch dekad wielos¢ i1 stosunkowo tatwa dostepnos¢ danych przestrzennych stawiaja
uzytkownika przed dokonaniem trudnego wyboru zbioru spelniajacego oczekiwania
zwigzane z wykonaniem konkretnego zadania. Urzgdowe i komercyjne zbiory danych
przestrzennych sg najczgéciej opisane metadanymi zgodnymi z mig¢dzynarodowym
standardem ISO 19115:2014 . Stosowane w opisie jako$ci mierniki majg charakter
normatywny 1 sg zdefiniowane w normie ISO 19157-1:2023

Zgodnie z normg ISO 19157-1:2023 jako$¢ danych przestrzennych rozumiana jest
jako zbior nastepujacych charakterystyk i atrybutow obiektow zgromadzonych w bazie
danych:

¢ Doktadnos¢ geometryczna — opisuje doktadnos¢ okreslania wspotrzednych obiektu.

e Doktadnos¢ tematyczna — opisuje doktadnos¢ lub pewnos¢ pozyskania warto$ci
atrybutu.

e Aktualno$¢ — opisuje datg, dla ktorej zawarto$¢ bazy danych jest zgodna
Z rzeczywistoscia.

o Kompletno$¢ — okresla, jak wyczerpujacy jest zbior obiektow. Moze odnosi¢ sie
do: nadmiaru (nadkompletnosci), brakujacych obiektow, ich atrybutow lub relacji
mig¢dzy nimi.

e Spojnos¢ logiczna — opisuje spdjnos¢ relacji zapisanych w strukturze przestrzennej

bazy danych (pojeciowej, dziedzinowe;j i topologiczne;j).

Jakos¢ danych OpenStreetMap, a w szczeg6élnosci jej elementy ilosciowe, sa
szeroko interesujace dla potencjalnych uzytkownikéw na calym S$wiecie. Metoda
zbierania danych stosowana w OSM uniemozliwia bezposrednie zastosowanie zasad
oceny danych geograficznych zawartych w normie ISO 19157, ktore odnosza si¢ do
porownania danych ze specyfikacjami technicznymi. Goodchild i Li wymienili
trzy alternatywne podejscia do oceny jakosci danych geograficznych pozyskanych
w ramach projektow takich jak OpenStreetMap:

1) Podejécie oparte na crowdsourcingu — uznajace zalozenie, ze uzytkownicy

wykrywaja 1 koryguja btedne dane.
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2) Podejscie spotecznosciowe — zaktadajace minimalng liczbe kontroli poprawnosci
danych przez administratorow.

3) Podejscie geograficzne — obejmujace wykorzystanie programow typu GIS do
kontroli jakosci danych poprzez sprawdzanie poprawno$ci topologii i regut

logicznych.

Zgodnie z wymienionymi standardami jako$¢ jest okre$lana jako zgodno$¢
z odpowiednimi specyfikacjami wedtug ktorych zbiory zostaly opracowane i nazywana
jest ,,jako$cig producenta” . Zbiory spoteczno$ciowe, tworzone przez
wolontariuszy, nie maja typowych specyfikacji technicznych, a jedynie wskazdwki
i zalecenia dla os6b wspottworzacych w okreslony sposéb. Ich jakosé, a w szczegdlnosci
kompletnos¢, jest zroznicowana i zalezy od aktywno$ci mapowiczéw. Dekade temu Neis
et al. stwierdzili, ze jako$¢, a konkretnie niekompletno$¢ i niejednorodno$¢, to
najwicksze wady danych OpenStreetMap znacznie ograniczajagce ich szerokie
wykorzystanie. Dwanascie lat pozniej (sierpien 2024) w bazie Web of Science
indeksowanych jest prawie 1000 publikacji naukowych, autorstwa kilku tysiecy osob,
poruszajacych kwestie jakosci zasobu OSM. Wsrod jednostek naukowych dominuja
uczelnie wyzsze, w szczegdlnosci Uniwersytety w Heidelbergu, Wuhan, Londynie,
Kalifornii i wiele innych. Wojskowa Akademia Techniczna z dziesigcioma publikacjami
znajduje si¢ na 25 miejscu na 1176 instytucji badawczych. Naukowcy najczesciej badaja
jaka jest jakos$¢ budynkow

, sieci drog 1 lasow

. Wedtug Fan et al. budynki w OSM w Monachium cechujg si¢

wysoka kompletnoscia 1 doktadnoscia semantyczng, natomiast lokalizacja jest
przesuni¢ta srednio okoto czterech metrow w stosunku do danych z ATKIS.

Drogi i koleje czesto sa analizowane jako elementy pokrycia terenu

lub w aspekcie dostepnosci do ustug

Obszarowo badania te dotycza raczej miast niz calych krajow lub
regionow. Z globalnej analizy jako$ci drog wynika, ze w wielu miejscach uzytkownicy
moga polegaé na kompletnosci OSM. Barrington—Leigh
1 Millard—Ball odkryli, ze globalnie drogi w OSM sa kompletne w 83%, a dla
ponad 40% krajow sie¢ ulic jest w 100% kompletna. Zauwazyli, ze w wysoko

rozwinigtych krajach z dobrym dostgpem do Internetu sie¢ drog jest kompletniejsza, niz
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w pozostalych regionach, ponadto zaréwno stabo zaludnione obszary, jak i gesto
zaludnione miasta sg najlepiej zmapowane.

Jakos$¢ danych o lasach takze oceniana jest jako wysoka. Dorn et al. wartos¢
kompletnosci dla regionu Rhine—Neckar w Niemczech szacuje powyzej 90%
w stosunku do danych publicznych ATKIS. Podobnie Bielecka i Leszczynska
oszacowaly doktadno§¢ kartowania laséw przez wolontariuszy w Polsce jako
zrbéznicowang wahajaca si¢ w granicach od 76,4% (w wojewddztwie lubuskim) do 92,5%
w Zachodniopomorskiem.

W geodezji i kartografii jako$¢ danych jest szczegdlnie istotna, poniewaz produkty
(mapy, serwisy, modele) powstate z ich wykorzystaniem udostepnione sg publiczne
1 sluza do podejmowania istotnych spotecznie oraz gospodarczo decyzji. Wazna jest
swiadomo$¢ zaro6wno tworcoOw danych, jak i ich uzytkownikow, dotyczaca jakoS$ci
danych zrodtowych i produktow, do opracowania ktorych zostaty one wykorzystane. Nie
ma danych nieobarczonych bledami . Opracowana przeze mnie metoda

umozliwia okreslenie stopnia zaufania do danych topograficznych.
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2. CEL, TEZA, ZAKRES PRACY

Dylematy uzytkownika, stojagcego przed wyborem zbioru (lub kilku zbioréw)

koniecznego do wykonania konkretnego zadania, staly si¢ gtéwna przestankg do podjecia

badan dotyczacych porownawczej analizy jakos$ci danych przestrzennych. Praca

doktorska zatytulowana ,,Metodyka wielocechowej oceny poréwnawczej przydatnosci

jakosciowych danych przestrzennych” stanowi cykl czterech powigzanych

tematycznie artykutéw naukowych, wyszczegolnionych w Tabeli 1.

Tabela 1. Cykl powigzanych tematycznie artykutow.

Numer Punkdty
artykulu Artykul w cyklu wg. MEIN,
IF
Borkowska, S. (90%), & Pokonieczny, K. (10%) (2022).

Al Analysis of OpenStreetMap Data Quality for Selected 100
Counties in Poland in Terms of Sustainable Development. | IF =33
Sustainability, 14, 3728. https://doi.org/10.3390/su14073728
Borkowska, S. (75%), Bielecka, E. (12,5%), & Pokonieczny,

K. (12,5%) (2023). OpenStreetMap - building data 20

A2 completeness visualization in terms of “Fitness for purpose”. F=2.1
Advances in Geodesy and Geoinformation, 72, 1, 1-20.
https://doi.org/10.24425/agg.2022.141922
Borkowska, S. (80%), Bielecka, E. (8%), & Pokonieczny, K.

A3 (12%) (2023). Comparison of Land Cover Categorical Data 100
Stored in OSM and Authoritative Topographic Data. Applied | 1F =2,5
Sciences, 13, 7525. https://doi.org/10.3390/app13137525
Borkowska, S. (75%), Bielecka, E. (10%), & Pokonieczny,

K. (15%) (2024). Weights Impact on the Comparative 20

A4 Evaluation of Topographic Data. Geomatics and
Environmental Engineering, 18, 4.
https://doi.org/10.7494/geom.2024.18.4.97

Artykuty cyklu zawieraja opis kompletnej metodyki umozliwiajacej

uzytkownikowi oceng, ktory z dwoch porownywanych zbiorow spetlnia jego
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oczekiwania. Metodyka zostata sprawdzona na przyktadzie dwoch zbioréw danych
topograficznych, tj. Bazy Danych Obiektéw Topograficznych i OpenStreetMap.
Pierwszy artykut [A1] analizuje jakos¢ danych spotecznosciowych w porownaniu do
danych urzedowych przyjetych jako zbidr referencyjny. Do analiz jako$ci wykorzystatam
istniejagce wskazniki oceny potozenia i kompletnosci oraz zmodyfikowane wskazniki
kompletnosci obiektéw topograficznych. W kolejny artykule [A2] zaproponowatam
wizualizacj¢ jakosci danych modyfikujac kartogram ztozony (dwuzmienny). Utatwia to
uzytkownikowi podjecie decyzji o przydatnosci zbioru dla konkretnego miejsca
w przestrzeni. W artykule trzecim [A3] zdefiniowatam autorski wspotczynnik Compound
Correspondence Index (CCI) przedstawiajacy konkretne miejsca w przestrzeni (pola
podstawowe), dla ktorych zawarto$¢ obu zbiorow danych jest bardzo zblizona oraz te, dla
ktorych jest zdecydowanie rozna. Wizualizacja kartograficzna oraz dane tabelaryczne
umozliwiaja szybki wybdr przez uzytkownika pozadanego zbioru danych
topograficznych. W ostatnim artykule [A4] analizuj¢ wrazliwo$¢ wskaznika CCI na
zmian¢ wag przypisanych do obiektéw topograficznych. Wizualizacja kartograficzna

ilustruje obszary, w ktorych rézne wagi zasadniczo zmieniaja wynik warto$ci wskaznika.

Gléwnym celem badawczym jest opracowanie uwarunkowan kompleksowej
oceny poréwnawczej jakosci danych przestrzennych. Na podstawie powyzszego
problemu sformulowatam tez¢ badawcza brzmiaca: ,,metoda wielocechowej analizy
porownawczej i wizualizacji jakosci danych oraz autorskie wskazniki oceny
przydatnosci danych przestrzennych stanowia podstawy do spojnej ich oceny przez

uzytkownika”.

Osiagnigcie celu 1 udowodnienie tezy wymagato weryfikacji hipotez roboczych

poprzez udzielenie odpowiedzi na nastgpujace pytania szczegdlowe:

P1. Czy zasadne jest opracowanie nowych miernikow jakosci danych
przestrzennych potrzebnych uzytkownikowi do szczegotowej 1 kompleksowej oceny
jakosci przestrzennych danych spotecznosciowych?

H1. Mierniki jakos$ci ISO uzupelnione o autorskie mierniki jakosci danych sa
wystarczajagce do holistycznej oceny jakosci danych przestrzennych z perspektywy
uzytkownika oraz pokazania zrdznicowania jakosci wewnatrz analizowanych

zbiorow.

Weryfikacja hipotezy roboczej wymagata zdefiniowania dodatkowych autorskich

miernikdw jakosci danych, uwzgledniajacych wymiar geometryczny obiektow
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przechowywanych w zbiorze danych przestrzennych. Zostalo to przedstawione

w artykulach A1, A2, A3 oraz A4 cyklu.

P2. Czy autorski wspolczynnik Compound Correspondence Index (CCI)
skonsolidowanej analizy odpowiednio$ci jest wrazliwy na powickszanie obszaru
badan? Innymi stowy, czy metoda analizy odpowiedniosci (korespondencji) dwoch
zbiorow danych przestrzennych prowadzona dla zbioréw z poszczegdlnych obszaréw

badawczych oddzielnie (lokalnie) lub tacznie (regionalnie) daje takie same wyniki?

H2. Autorski wspotczynnik skonsolidowanej analizy odpowiednio$ci zbioréw
danych przestrzennych CCI pokazuje wigksza zgodno$¢ zbioréw danych w ujgciu

regionalnym.

Odpowiedz na pytanie drugie i weryfikacja hipotezy drugiej zostaly przedstawione

w artykulach A3 1 A4.

P3. Czy autorskie potaczenie kartograméw wizualizujacych wyniki analiz jakosci

danych przestrzennych pokazuje prawidlowosci w ocenie jakosci danych?

H3. Autorski kartogram strukturalny bedacy potaczeniem kartogramu ztozonego
1 kartogramu prostego podkresla roznice w zakresie liczby obiektéw oraz doktadnosci

ich lokalizacji w poréwnywanych zbiorach.

Weryfikacja hipotezy trzeciej zostala udokumentowana w artykule A2.
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3. OBSZAR BADAN I WYKORZYSTANE DANE

3.1. Obszar badan

Obszarami testowymi byto siedem powiatow (Rys. 1):

e piaseczynski,

wszystkich artykutach);

sokolski,

sanocki,

stupski oraz ostrowski

(wystepujace  we

e otwocki oraz migdzyrzecki (wlaczone do badan w artykutach A3 oraz A4).
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Rys. 1. Obszar badan.

Legenda

granica panstwa

granica wojewodztwa

—
i

analizowany powiat

powiat dolaczony do badan
(A3, A4)

Powiaty te znajduja si¢ w réznych mezoregionach fizyczno—geograficznych Polski,

ktérych taczny obszar obejmuje 3,1% powierzchni kraju oraz odzwierciedlaja

roznorodno$¢ zarowno Srodowiska naturalnego, jak 1 antropogenicznego (Tabela 2), co

czyni je obszarami reprezentatywnymi. Dodatkowo ze wzgledu na roézne zagrozenia,

w tym naruszenie integralnosci granic panstwowych, maja one strategiczne znaczenie dla

bezpieczenstwa kraju.

Tabela 2. Ogo6lna charakterystyka analizowanych powiatow [zrédto: A3, Tabela 1].

Powiat
Cecha
piaseczynski| sokélski sanocki shupski ostrowski otwocki miedzyrzecki
Ojizt)o z mazowieckie| podlaskie | podkarpackie | pomorskie | wielkopolskie | mazowieckie lubuskie
Podprowincja|  Niziny Wysoczyzny | Zewnetrzne Pobrzeza Niziny Niziny Pojezierza
fizyczno- | Srodkowo— | Podlasko— Karpaty  |Potudniowo—| Srodkowo— Srodkowo— | Potudniowo—
geograficzne| polskie Bialoruskie Zachodnie battyckie polskie polskie battyckie

16




Powiat

Cech
echa piaseczynski|  sokélski sanocki shupski ostrowski otwocki miedzyrzecki
Powierzchni
OW(frrjf) M 6112 205434 1223,62 2347,59 1159,92 616,46 1387,61
L
iezba 1190 607 64 902 92 900 98 761 161 581 124 283 57 100
Iudnosci
Gestosé
zaludnienia 311 32 81 43 139 202 42
(0s./km?)
Liczna miast 4 4 2 2 2 3 3
Poziom
urbanizacji 47,8 41,7 472 20,7 53,7 61,8 52,3
(%)
Uzytkowanie powierzchni (km?)
Ob
szaty 82,51 72,93 43,65 85,15 55,62 58,91 24,08
zabudowane
Lasy 132,88 547,91 586,67 864,13 347,59 250,15 735,43
T
ereny 387,37 1426,28 512,14 1234,97 728,53 276,51 513,42
uprawne
Zbiorniki
rorntid 16,44 6,71 13,60 110,65 13,31 11,14 38,39
wodne
Kr .P; k Park
ajobrazow’ N .
Park Gc’)rj Stonn cli] Krajobrazowy | Mazowiecki | Pszczewski
, Chojnowski | Krajobrazowy e YU Stowinski Dolina Park Park
Glowne Jasliski Park . .
Park Puszczy . Park Baryczy, |Krajobrazowy,|Krajobrazowy,
obszary . . .. . |Krajobrazowy, .
. Krajobra- | Knyszynskiej, ., Narodowy, | Uroczyska Dolina Puszcza
chronione ; . | Cisniansko— . . .
ZOWY Biebrzanski Wetlinski Park Dolina Stupi Piyty Srodkowego Notecka,
Park Narodowy| } Krotoszynskiej Swidra Nietoperek
Krajobrazowy

3.2. Wykorzystane dane przestrzenne

W przeprowadzonym badaniu

OpenStreetMap,

stanowigce

darmowa,

jakosci

danych  wykorzystatam dane

otwarta baz¢ danych geograficznych

aktualizowang 1 utrzymywang przez spoleczno$¢ wolontariuszy za posrednictwem

otwarte] wspolpracy. Dane OSM charakteryzuja si¢ heterogeniczng doktadno$ciag

1 poziomem szczegdtowosci, w zaleznosci od techniki pozyskiwania, do§wiadczenia oraz

umiejetnosci edytora bazy. Zrodta pozyskiwania danych OSM to przede wszystkim

pomiary z przenosnych odbiornikéw GPS, zdjecia lotnicze 1 inne dostgpne otwarte Zrodta

danych. Aktualno$¢ danych OSM ro6zni si¢ w zaleznosci od aktywno$ci wolontariuszy.

OSM ma wtasng infrastruktur¢ do przechowywania, udost¢pniania, wyszukiwania

1 wizualizacji danych. Dane OSM s3 przechowywane w relacyjnej bazie danych

PostgreSQL, zgodnie z uktadem odniesienia WGS84.
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OSM uzywa topologicznej struktury danych sktadajace;j si¢ z:

o weztow (nodes) — reprezentuja konkretny punkt na powierzchni Ziemi
zdefiniowany przez szerokos¢ 1 dlugos¢ geograficzna;

¢ linii (ways) —uporzadkowane wezly, reprezentujace lini¢ (drogi, rzeki) lub wielokat
(budynki, lasy);

e relacji (relations) — wielofunkcyjna struktura danych dokumentujaca relacje miedzy
dwoma lub wigkszg liczbg elementow danych (weztami, liniami i/lub innymi
relacjami);

e tagow (tags) — stosowane do weztow, linii lub relacji 1 sktadajg si¢ z pary
klucz = wartos¢. Stuzg do przechowywania metadanych o obiektach (typ, nazwa,

wiasciwosci fizyczne).

Dane OpenStreetMap wykorzystane w analizach pozyskano 24 czerwca
2021 r. z serwisu Geofabrik

Jako drugi zbiér danych w przeprowadzonych analizach jakosci danych
wykorzystalam Baze¢ Danych Obiektow Topograficznych (BDOT10k). Jest to wektorowa
baza danych zawierajaca przestrzenng lokalizacj¢ obiektow topograficznych wraz z ich
podstawowymi charakterystykami opisowymi. Zawarto$¢ i szczegdtowos¢ bazy danych
BDOT10k odpowiadajg zawarto$ci 1 szczegdtowosci tradycyjnej, cywilnej mapy
topograficznej] w skali 1:10 000. Zasob podstawowy BDOTI10k to zbior obiektow
sklasyfikowanych na trzech poziomach szczegdélowosci 1 obejmujgcych swoim zakresem
tematycznym 286 rodzajow obiektow zgrupowanych w 57 klasach i 9 kategoriach klas
obiektow. Szczegdtowy zakres informacji gromadzonych w bazie BDOTI10k, ich
organizacja, tryb 1 standardy techniczne tworzenia, aktualizacji, weryfikacji
1 udostepniania danych okreslone sa w rozporzadzeniu . Baza danych
BDOT10k jest dostgpna bezplatnie do dowolnego wykorzystania za posrednictwem
serwisu Geoportal Krajowy . Dane BDOT10k sg pozyskiwane poprzez: pomiary
geodezyjne, rejestr gruntdéw 1 budynkoéw, ortofotomape lub inne oficjalne rejestry
panstwowe. W rozporzadzeniu okreslono, ze geometri¢ obiektéw BDOT10k pozyskuje
si¢ z doktadnos$cig nie mniejsza niz 1,5 m, a w przypadku obiektoéw, ktérych jednoznaczna
identyfikacja w terenie jest utrudniona i zalezna od oceny osoby dokonujacej
identyfikacji — z doktadnos$cig nie mniejsza niz 5 m. Warto$ci wspotrzednych punktow
opisujgcych geometri¢ obiektéw wyraza si¢ w metrach z precyzja zapisu do 0,01 m.

Kontrola jakosci BDTO10k jest przeprowadzana zgodnie z systemem kontroli danych
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przesylanych do zasobu (sprawdzanie topologii i geometrii, sprawdzanie semantyki,
sktadni i atrybutow itp.) 1 jest wykonywana w wysokim stopniu szczegdtowosci. Zestaw
danych BDOTI10k jest zdefiniowany w prostokatnym uktadzie wspoirzednych
PUWG 1992 (Panstwowy Uktad Wspotrzednych Geodezyjnych), ktory jest uktadem
wspotrzednych opartym na mapowaniu Gaussa—Kriigera dla elipsoidy GRS80 w jedne;j
dziesigciostopniowej strefie dla Polski. Aktualno$¢ dostepnych danych BDOTI10k

wykorzystanych w tej analizie to marzec 2020 r.
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4. METODY BADAWCZE

4.1. Podstawowe zalozenia badawcze i ogolny schemat badan

W przeprowadzonych badaniach jakosci danych przestrzennych zastosowatam jako
pole podstawowe siatke heksagonalng o powierzchni 1 km? Ocena jakosci danych
przestrzennych w oparciu o pojedyncze powiaty (badania na matg skalg) wymagata
zastosowania wystarczajaco szczegdtowej siatki odniesienia o mniejszych jednostkach
niz administracyjne. Siatka szeSciokatna jest najblizsza kotu, dajac jednoczesnie takie
samo pelne pokrycie badanego obszaru . Szesciokaty redukujg
stronniczo$¢ probkowania z powodu efektow krawedziowych ksztattu siatki, co jest
zwigzane z niskim stosunkiem obwodu do powierzchni ksztattu szeSciokata

. Okraglo$¢ siatki sze$ciokatnej pozwala na bardziej naturalne odwzorowanie
krzywych we wzorcach danych niz siatka kwadratowa.

Opisane analizy wykonatam przy uzyciu oprogramowania GIS — ArcGIS Pro oraz
Statisitica. Ze wzgledu na rézne uktady wspotrzednych analizowanych danych, baze
danych OSM przeksztatcitam do uktadu zgodnego z BDOTI10k — PUWG 1992,
jednolitego dla catego obszaru Polski. Transformacje pomigdzy uktadem geograficznym
WGS84 a PUWG 1992 wykonalam zgodnie z narzgdziami konwersyjnymi ArcGIS Pro.
Proces przeprowadzania transformacji uktadu wspotrzednych nie wpltywa na uzyskane
wyniki.

W przeprowadzonych badaniach jakosci danych przestrzennych OSM szczegdtowo
przeanalizowatam sze$¢ podstawowych klas pokrycia terenu:

e trzy warstwy powierzchniowe: budynki, lasy 1 zbiorniki wodne;

e trzy warstwy liniowe: drogi, linie kolejowe 1 rzeki.

Badane klasy pokrycia terenu odpowiednio wyselekcjonowatam z analizowanych
baz BDOTI10k oraz OSM, wskazujac odpowiadajace tematycznie grupy obiektow
— Tabela 3. Obiekty BDOTI10k przyjelam jako dane referencyjne
w przeprowadzonej analizie jako$ci, gdyz sa to panstwowe dane topograficzne o znanej

wyzszej doktadnosci wzgledem danych OSM.
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Tabela 3. Analizowane dane OSM oraz BDOT10k [zrodto: Al, Tabele 1,2].

Lp. Klasa pokrycia | Reprezentacja Tag OSM Kod BDOT10k
terenu geometryczna
highway = {motorway, trunk,
1 drogi linia primary, secondary, tertiary, SKJZ
unclassified, residential }
2 | linie kolejowe linia railway = rail SKTR
) o waterway = {river, stream, SWRS
3 rzeki linia
tidal_channel} SWKN
4 budynki wielokat building = * BUBD
_ landuse = forest,
5 lasy wielokat PTLZ
natural = wood
natural = water
6 | zbiorniki wodne wielokat landuse = reservoir PTWP
water = reservoir

Za wyborem wymienionych danych topograficznych przemawiala ztozonos$¢ ich
relacji miedzy sktadnikami $rodowiska geograficznego, zwigzanymi z morfologia,
geologia, hydrologia, ro§linnoscia i mikroklimatem. A takze ich strategiczne znaczenie
w zarzadzaniu sytuacja kryzysowa (tj. powodzie, pozary, ataki terrorystyczne), dla ktorej
wazna jest identyfikacja obszaréow zaludnionych, drég dojazdowych 1 obszarow
niebezpiecznych oraz ich rola w ksztalttowaniu zréwnowazonego rozwoju zgodnie
z Agenda 2030.

Zgodnie z wykonanym przeze mnie przegladem literatury na potrzeby badan oraz
praca Senaratne et al. , analizujaca 56 artykutow dotyczacych jakosci danych VGI
zaobserwowalam, iz jednym z gléwnych ograniczen jest fakt, ze istniejace miary
1 wskazniki (w tym te opisane przez ISO) nie sg wystarczajaco inkluzywne, aby ocenié
dane OSM. Dzieje si¢ tak glownie dlatego, Ze niejednorodny charakter OSM jest
zasadniczo odmienny od tego, czym do tej pory zajmowali si¢ eksperci geoprzestrzeni,
co w konsekwencji prowadzi do luki badawczej przy okreslaniu wskaznikéw jakosci
1 proponowaniu metod ich obliczania. Ponadto, z wykonanego przegladu literatury
wynika, iz przeprowadzono tylko kilka badan majacych na celu zbadanie
1 przeanalizowanie roznic w wymaganiach jako$ciowych dla rdéznych dziedzin
zastosowan . Prace badawcze nad wymienionymi ograniczeniami,

a tym samym ulepszenie istniejacych metod, stanowiag wazny wkiad naukowy
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w uzyteczno$¢ zasobow VGI. Wiekszos¢ metod wykorzystana do oceny jako$ci danych
OSM odnosi si¢ do dokladnosci geometrycznej, doktadnosci tematycznej i spdjnosci
topologicznej, mniej metod zajmuje si¢ pozostalymi miarami jakosci, takimi jak
kompletnos¢. Dodatkowo badania te skupiaja si¢ na konkretnych obiektach
topograficznych, nie dokonujac analizy jako$ci elementéw pokrycia terenu w ujeciu
kompleksowym. W zwigzku z powyzszym opracowany przeze mnie wskaznik CCI,
dotyczacy zgodnosci danych zawartych w dwoch zbiorach, stanowi istotny wkiad
w obecny stan badan nad jako$cig danych przestrzennych. Nowos$¢ badania polega na
ztozonym, uniwersalnym podej$ciu metodycznym, ktére pozwala na ocen¢ danych
kategorycznych, tj. danych jako$ciowych pogrupowanych w kategorie, ktére odnosza si¢
do formy informacji przechowywanej i1 identyfikowanej za pomoca nazw lub etykiet
(np. las, rzeka, jezioro, miasto) zgodnie z kryteriami zdefiniowanymi przez uzytkownika.

Ogolny schemat badan sktadat si¢ z co najmniej czterech gtownych faz: wstepne;,

)F

analitycznej, wizualizacyjnej 1 decyzyjnej (Rys. 2).

i} 4 ¢

STUDIA LITERATUROWE OBLICZENIE WSKAZNIKOW OPRACOWANIE OCENA WYNIKOW
PRZETWORZENIE DANYCH OPIS CHARAKTERYSTYK MAP, T“Elo POROWNANIE WYNIKOW
ORAZ WYKRESOW
STATYSTYCZNYCH :
OPRACOWANIE METODY WNIOSA KORCOWE

Rys. 2. Schemat przeprowadzonych badan.

Faza wstepna obejmowata studia literaturowe, wstepne przetworzenie danych
(np. konwersja do wspolnego uktadu wspoirzednych), opracowanie metody badan
1 sposobu wizualizacji wynikow. Faza druga, analityczna, polegata na obliczeniu warto$ci
zaproponowanych wskaznikéw, ich charakterystyk statystycznych (miar skupienia,
rozproszenia, okreslenia typu rozktadu statystycznego, sprawdzenie zaleznosci
statystycznych, np. korelacji). Kolejna faza wizualizacyjna to przedstawienie wynikow
analiz w postaci map, tabel i wykresow. Natomiast faza decyzyjna obejmowala oceng
wynikow, porownanie ich z wynikami innych badaczy i1 sformulowanie wnioskow

koncowych.
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4.2. Mierniki jakosci danych przestrzennych

W kolejnych podrozdziatach opisatam wskazniki oceny jakosci danych OSM
w odniesieniu do bazy referencyjnej BDOT10k (Tabela 3). Wyznaczone metodami
wielocechowej analizy porownawczej wskazniki oraz ich wizualizacja miaty na celu
dokonanie kompleksowej oceny poréwnawcze] jakosci danych przestrzennych.
Ze wzgledu na odmienny typ geometryczny analizowanych obiektéw pokrycia terenu,
szczegblowo omowitam oceng jakosci danych OSM dla obiektow powierzchniowych
oraz osobno dla obiektéw liniowych. Wszystkie wskazniki obliczone byly dla

podstawowego pola odniesienia — heksagonu o powierzchni 1 km?.
4.2.1. Mierniki jakosci zbiorow danych przestrzennych

W celu uzyskania informacji statystycznej o doktadnosci geometrycznej obiektow
powierzchniowych OSM w poréwnaniu z referencyjna baza danych BDOTI10k
wykorzystalam punkty homologiczne — Rys. 3.

f‘s\
% >
\
Rys. 3. Pétautomatycznie wykryte punkty homologiczne mi¢dzy budynkami OSM
(czerwony) a budynkami BDOT10k (niebieski) [Zzrodto: A1, Rys. 5].

Pomiar punktow homologicznych przeprowadzitam potautomatycznie
w oprogramowaniu ArcGIS Pro poprzez porownanie wspoirzednych odpowiadajacych
sobie naroznikow (wierzchotkdéw) obiektéw w bazach OSM 1 BDOT10k. Doktadnos¢
geometryczng obiektow powierzchniowych OSM przedstawitam w postaci pierwiastka

btedu sredniokwadratowego RMSE (rownania 1 — 3).
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2i(X - X 2
RMSEX =\/ l( OSM BDOTlok) (1)

N
RMSEY — \/Ei(YOSM _NYBDOTIOk)2 (2)
RMSE = \/RMSE,% + RMSE} 3)

gdzie:

Xosms Yosm — Wwspotrzedne punktu wierzchotka obiektu bazy danych OSM,
odpowiadajagcemu obiektowi z bazy referencyjnej BDOT10k;

XgpoT1oks YepoT10k — WSpOlrzedne punktu wierzchotka obiektu z bazy referencyjnej
BDOT10k;

N — liczba obserwacji (punktéw homologicznych).

Do okreslenia doktadnosci lokalizacji obiektow liniowych OSM wzglgdem bazy
BDOT10k wykorzystatam opracowang w badaniach Goodchild et al. (1997) metodg
strefy buforowej. Dla kazdej klasy obiektéw liniowych (drogi, linie kolejowe 1 rzeki)
wytyczytam 4 strefy buforowe o szeroko$ciach 1, 2, 51 10 m, dobrane optymalnie na

podstawie literatury oraz doktadnosci danych BDOT10k (Rys. 4).

e BDOT 108 road
m— OEM road
1 m buffer
2 m buffer
) 5 m buffer
| 10 m buffer

Rys. 4. Utworzone strefy buforowe wokot liniowego obiektu bazy danych

BDOT10k [zrodto: A1, Rys. 6].

Doktadnos¢ lokalizacji obiektu liniowego okreslitam, obliczajac jaki procent
dhugosci poszczeg6lnych odcinkéw linii danych OSM znajduje si¢ w poszczegdlnych

strefach buforowych (réwnanie 4).
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L
Coverage [%] = M . 100% 4)
BDOT10k
gdzie:
Losm — catkowita dtugos¢ obiektow OSM testowanych w buforze;

Lgporiok — catkowita dtugo$¢ obiektow liniowych BDOT 10k w buforze.

Jako kolejny wskaznik jako$ci danych OSM, obliczytam kompletnos¢ obiektow
powierzchniowych OSM, wyrazong w postaci C Index, za pomocg metody opartej na
wspotczynniku powierzchni, zwanym ,, area ratio unit” , ktéry oblicza
kompletno$¢ jako procentowy stosunek catkowitej powierzchni obiektu OSM do
catkowitej powierzchni obiektu bazy danych BDOT10k w obrebie konkretnego pola

podstawowego (rOwnanie 5).

A
C Index = <2205 100% (5)

Z ABDOTlOk

gdzie:

Apsu — powierzchnia obiektu OSM odpowiadajaca obiektowi referencyjnej bazy danych
BDOT10k w danej komorce siatki heksagonalnej;

Agpporiok — powierzchnia obiektu w zbiorze referencyjnym BDOT10k w danej komorce

siatki heksagonalne;.

Osiggane warto$ci C Index mogag by¢ wieksze lub rowne 0, gdzie 0 oznacza brak
odpowiednich budynkéw w danych OSM, rowne 100% — oba zbiory danych zawierajg te
same budynki, badz wyzsze niz 100% wskazuje na nadkompletnos¢ danych OSM.

Ze wzgledu na nadmiar danych dostepnych w OSM w stosunku do danych
BDOT10k, metoda obliczania C Index moze wprowadzi¢ zawyzenie kompletnosci
danych — wspomniang nadkompletno$¢ . Z tego powodu obliczytam
trzy dodatkowe wskazniki: TP Index (True Positive Index), FP Index (False Positive
Index) 1 FN Index (False Negative Index) — Rys. 5.
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Rys. 5. Graficzna interpretacja wskaznikéw TP, FP 1 FN.

Wskaznik TP reprezentuje nakladajace si¢ obszary obiektow powierzchniowych
pomiedzy OSM i BDOT10k, tj. wspolne obszary pomigdzy zbiorami danych (réwnanie
6). Wskaznik FP reprezentuje obiekty powierzchniowe OSM, ktére nie istniejg w zbiorze
danych BDOT10k (rownanie 7), a wskaznik FN uwzglednia obiekty BDOT10k, ktore nie

istniejg w zbiorze danych OSM (réwnanie 8).

Aosm N Apporiok

TP Index = -100% (6)
Y AREAgporiok
Aosm\ Apporiok

FP Index = -100% (7)
X AREAgporiok
Agporiok\ Aosm

FN Index = -100% (8)
Y AREAgporiok

gdzie:

Apsm — powierzchnia obiektu w zbiorze OSM odpowiadajaca obiektowi w bazie danych
BDOT10k w danej komorce siatki heksagonalnej;

Agporiox — powierzchnia obiektu referencyjnego w zbiorze danych BDOT10k;
AREAgporiok — catkowita powierzchnia obiektow w zbiorze BDOT 10k w danej komorce

siatki heksagonalne;.

Indeks TP przyjmuje warto$ci od 0 do 100%. Wartos¢ 100% jest osiggana przez
obiekty OSM z doktadnym pokryciem zbioru danych BDOT10k. Im nizsza wartos¢
wskaznika, tym mniejsze naktadanie si¢ obiektow OSM 1 BDOT10k. Dla wartosci rowne;j
0 nie ma powierzchni wspdlnej migdzy OSM a zbiorem danych BDOT10k — obiekty sa

rozlaczne.
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Dodatkowg autorska miarg oceny jako$ci danych [wyznaczong w A2] byt wskaznik
informujacy o liczbie budynkéw w analizowanym zbiorze danych OpenStreetMap
w postaci numerycznego wskaznika kompletnosci COUNT Index. Obliczat udziat
procentowy  jaki  stanowi  liczba  budynkéw  jako  obiektéow = OSM
w porodwnaniu do liczby budynkéw w danych referencyjnymi BDOT10k. Tak jak
w poprzednich badaniach, wskazniki obliczono w odniesieniu do siatki heksagonalne;j
o oczku 1 km? (réwnanie 9).

Countysy

COUNT Index = ———2"__ . 100% )
Countgporiok

gdzie:

Countygy — liczba obiektow (budynkoéw) w zbiorze OSM w danej komorce siatki
heksagonalnej;

Countgporiox — liczba obiektoéw (budynkow) w zbiorze referencyjnym BDOT10k

w danej komorce siatki heksagonalne;.

COUNT Index przyjmuje wartosci wicksze lub réwne 0, gdzie 0 oznacza, ze nie
ma odpowiadajacych obiektow OSM do danych BDOT10k. Warto$¢ 100% oznacza, ze
oba zbiory danych zawieraja takg samg liczbe obiektow, a wartos¢ wigksza niz 100%
wskazuje na liczbowg przewage obiektow w zbiorze danych OSM nad BDOT10k.

Kompletno$¢ drog, linii kolejowych 1 rzek dostgpnych w bazie OSM zostala
obliczona poprzez porownanie dlugosci danego obiektu liniowego z dlugoscia
odpowiadajacego mu obiektu w zbiorze danych BDOT10k 1 wyrazona w procentach
(rownanie 10).

Los

— M . 100% (10)

BDOT10k

Completness [%] =
gdzie:
Losy — dtugos¢ obiektu liniowego w zbiorze danych OSM;

Leporiok — dtugos¢ odpowiadajacego obiektu wedtug zbioru danych BDOT10k.

W analizie atrybutéw i1 doktadno$ci semantycznej OSM przedstawitam ilo§ciowe
wyniki doktadno$ci wartos$ci atrybutow bez uwzglednia referencyjnej bazy danych.
Analizy ilosciowe pokazujg, w jakim stopniu wybrany znacznik obiektu OSM jest
informowany (zawiera informacje o mapowanym obiekcie) wzgledem caltej grupy

obiektow danego pokrycia terenu w badanym powiecie. Analizie poddatam liczbe
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obiektow, ktore posiadaja uzupetione tagi dodatkowe do tagu gtownego, takie jak nazwa

(NAME), a w przypadku budynkow takze typ (TYPE) — zgodnie z rownaniem 11.

FOSM

Attribute accuracy [%] = -100% (11)

osM
gdzie:
Fosu — liczba obiektow z uzupelnionym znacznikiem (tagiem) w zbiorze danych OSM;

Tosy — catkowita liczba obiektoéw OSM.

4.2.2. Wspotczynnik CCI skonsolidowanej analizy odpowiedniosci

zbiorow danych przestrzennych

W celu oceny zgodnosci zbiorow danych opracowatam autorska zlozona miare,
ktéra umozliwia poréwnawcza ocen¢ kompletnosci dwodch zestawoéw danych
przestrzennych przy uzyciu liniowego rankingu autorytatywnego — Compound
Correspondence Index (CCI) i statystycznych miar rozproszenia w celu wizualizacji
przestrzennej [przedstawione w A3 oraz A4]. W przeciwienstwie do dotychczas
przeprowadzonych badan, opisanych w podrozdziale 4.2.1. [Al, A2], opracowana
kompleksowa metodyka opiera si¢ na kompensacyjnej analizie poroéwnawczej
z wykorzystaniem metody TOPSIS, wczes$niej niestosowanej w ocenie danych
kategorycznych.

Podstawowy problem badawczy, do ktorego odnosi si¢ niniejszy podrozdziat,
dotyczy definicji Compound Correspondence Index (CCI) w skali lokalnej i1 regionalnej,
zastosowanych wag oraz okreslenia liczby 1 optymalnych zakresow klas, ktore
jednoznacznie wskazujg przestrzenne potozenie réznic w stopniu zgodnosci dwoch
badanych zestawow danych. Metod¢ porownawczej analizy wielokryterialnej WLC
zastosowatam na podstawie takich kryteridow, jak rdéznice w powierzchni zajmowanej
przez budynki, lasy i zbiorniki wodne oraz roznice dtugosci drég, linii kolejowych 1 rzek.
Minimalna réznica wskazuje na bardzo podobng objeto$¢ informacji, podczas gdy
maksymalna oznacza duze r6znice miedzy dwoma zestawami danych przestrzennych.
W celu wyznaczenia CCI zastosowatam standardowa metode TOPSIS, szczegotowo
opisang w wielu pracach, np. Zaltko Pavic 1 Novoselac oraz Zavadskas et al.

, przedstawiong w sposob ogdlny ponize;j:

1) Wybor zestawow danych BDOTI10k lub OSM (dwie alternatywy; m = 2) na

podstawie minimalnej wartosci kryterium k (k = 6), jak pokazano w réwnaniu 12.
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x1 = |BTB - OSMB |, xz = |BTF - OSMpl, X3 = |BTW - OSMwl,
12
%4 = |BTgo — OSMgo, x5 = |BTs — OSMs], xg = |BTrq — 0SMpal, (12)

gdzie:

BT — zbiér danych BDOT10k;

OSM — dane OpenStreetMap;

indeksy dolne B, F, W — calkowity obszar zajmowany przez odpowiednio: budynki, lasy
1 zbiorniki wodne w komorce siatki heksagonalnej;

indeksy dolne Ro, S, Ra — calkowita dtugos¢ zajmowana przez odpowiednio: drogi,

cieki wodni 1 linie kolejowe w komorce siatki heksagonalne;.

2) Normalizacja zmiennych metoda przeksztatcenia ilorazowego (réwnanie 13).

Xij i .
nj=——=, i=1l..mj=1..n (13)

s, 2,
gdzie:

x;j — obserwacja j—tej zmiennej dla obiektu i;
m — liczba alternatyw;

n — liczba komorek siatki heksagonalne;.

3) Obliczenie wazonej znormalizowanej macierzy decyzyjnej (rbwnanie 14).

w; — warto$¢ wagi przypisana j—tej zmiennej.

4) Okreslenie wspotrzednych wzorca (PIS) 1 antywzorca (NIS) (odpowiednio
rébwnania 151 16).
PIS = {r[, w1y Ty}, gdzie v = {max (rji} if jEB; minrji ifje ) (15)
NIS = {r{, .17 ...t} gdziev} = {min (v}} if j € B; max7} if je ] (16)

Poniewaz wszystkie uzyte kryteria sg destymulantami, dodatnie rozwigzanie idealne

obliczono jako rjimin, podczas gdy ideal negatywny to r/ max.
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5) Wyznaczenie odleglosci obiektow od wzorca i antywzorca (réwnanie 17).

6) Obliczenie warto$ci zmiennej agregatowej (rownanie 18).
1 dzi 0;1
qi—m» gdzie q; € [0; 1] (18)

gdzie:
max;{q;} — najlepszy obiekt w odniesieniu do kryteriéw oceny;

min;{q;} — najgorszy obiekt w odniesieniu do kryteriow oceny.

Wspotezynnik CCI obliczylam w dwoch podejsciach: lokalnym (dalej zwanym
CCI.) oraz regionalnym (dalej zwanym CCIr). Takie zatozenie stanowi innowacyjne
rozwigzanie, poniewaz pozwala na poréwnanie dwoch zestawow zawierajacych dane
jakos$ciowe dla obszarow geograficznie rozilacznych, umozliwiajac uzytkownikowi
swiadomy 1 odpowiedzialny wybor jednego z nich. Pokazuje rowniez réznice migdzy
klasyfikacjami CCI na poziomie lokalnym i regionalnym, wskazujac na wrazliwo$§¢
wskaznika CCI [A3]. W przypadku CCI. wartosci wskaznika zostaly obliczone dla
kazdego z siedmiu analizowanych powiatéw osobno.

W odniesieniu do poziomu regionalnego, CCIr obliczytam sekwencyjnie,
rozszerzajac obszar testowy o kolejne powiaty:

I. W pierwszej sekwencji analizowatam cztery powiaty: piaseczynski, sokolski,
sanocki oraz stupski (obliczajac CClra4);
II. W drugiej sekwencji analizowatam pi¢¢ powiatdw, dodajac do poprzednich
czterech powiat ostrowski (obliczajac CClrs);
III. W trzeciej sekwencji analizowatam szes¢ powiatow, dodajac do poprzednich pigciu
powiat otwocki (obliczajac CClre);
IV. W czwartej sekwencji analizowatam siedem powiatéw, dodajac do poprzednich

sze$ciu powiat miedzyrzecki (obliczajac CClr7).

Zgodnie z metodag TOPSIS dla wyznaczanego wskaznika CCI nalezato przyjac
warto$ci wag przypisanych j—tej zmiennej, czyli w tym przypadku badanym klasom
pokrycia terenu. Zagadnienie to analizowatam w dwoch wariantach. Pierwszy wariant

wagowania (oznaczony jako CClw) zaktadat, iz przyjete w metodzie TOPSIS kryterium
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wagowania obiektow stanowila ich rozpoznawalno$¢ na zobrazowaniach satelitarnych
1 zdjeciach lotniczych, z ktérych zostaty uzyskane, tj. zdjecia lotnicze i zobrazowania
satelitarne SPOT 5 w strefie przygranicznej Unii Europejskiej. W zwigzku z tym
budynkom i lasom nadalam najwyzsza wage 0,25, drogom 1 liniom kolejowym 0,15,
z kolei zbiornikom i ciekom wodnym najnizsza 0,10. Wspomniane reguly wazenia
wykorzystywane sg takze w analizach przejezdnosci terenu oraz zarzadzaniu sytuacjami
kryzysowymi . Pierwszy wariant wagowania wskaznika CCI
opisatam w A3. W drugiej kombinacji wag (CClw2) przyjetam, iz wszystkie kryteria sg
réwnie wazne, dlatego kazdemu z analizowanych obiektow pokrycia terenu przypisalam
réwng wage wynoszaca 0,167. Drugi wariant wagowania wskaznika CCI opisalam
w Ad4. Aby wyrazi¢ wzgledng zmian¢ procentowg miedzy dwoma wariantami wag dla
lokalnych CCI, zdefiniowatam 1 wyznaczylam miar¢ Relative Change (RC) zgodnie

z rOwnaniem 19.

CCly, — CCI
RCee = Wé o YL . 100% (19)
2

gdzie:
RCccr — wskaznik Relative Changes obliczony dla lokalnego CCI;
CClIw1— wartos¢ CCI przy uzyciu roznych wag (pierwsza kombinacja);

CClIwz— warto$¢ CCI przy uzyciu rownych wag (druga kombinacja).
4.2.3. Autokorelacja przestrzenna

Autokorelacja przestrzenna oznacza, iz wartosci obiektow bliskich geograficznie sg
bardziej podobne do siebie niz tych odleglych. Zjawisko to powoduje tworzenie si¢
klastrow przestrzennych o podobnych wartosciach. Narzedzie Spatial Autocorrelation
Global Moran's I (wykorzystane w A3) mierzy autokorelacj¢ przestrzenng na podstawie
lokalizacji komorek siatki heksagonalnej 1 wartosci wspdtczynnika CCI jednocze$nie.
Biorac pod uwage zbior cech i powigzany atrybut (wartos¢ CCI w danej komorce
heksagonalnej) ocenia czy uktad jednostek przestrzennych jest skupiony, rozproszony czy
losowy. Narzedzie oblicza warto$§¢ indeksu Moran's 1 zaréwno wynik ,,z”°, jak
1 warto$¢ ,,p”, aby oceni¢ istotno$¢ tego indeksu. Wartosci ,,p” to numeryczne
przyblizenia obszaru pod krzywa dla znanego rozktadu, ograniczonego statystyka testowg

Matematyczng formule autokorelacji Global Moran's 1

przedstawitam w réwnaniu 20.
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n D=1 2j=1Cij(x; — X) (x; — %)

I = _
So i (g —x)

(20)

gdzie:

n — liczba jednostek przestrzennych;
c;j — elementy macierzy sgsiedztwa C,;
Sp — suma elementow macierzy C;

x; — warto$¢ obserwacji dla i—tej jednostki.

Narzedzie autokorelacji Global Moran's [ jest statystyka inferencyjng, co oznacza,
ze wyniki analizy sa zawsze interpretowane w kontek$cie jej hipotezy zerowe;.
Gdy warto$¢ ,,p” zwrdcona przez to narzgdzie jest statystycznie istotna, mozna odrzucié

hipotezg zerowa. Podsumowanie interpretacji wynikow zamiescitam w Tabeli 4.

Tabela 4. Interpretacja wynikow autokorelacji Morana I

Statystyka Opis
Nie mozna odrzuci¢ hipotezy zerowe;.
Wartos$¢ ,,p” nie jest istotna Najprawdopodobniej rozktad przestrzenny
statystycznie wartosci cech jest wynikiem losowych procesow
przestrzennych
Wartos¢ ,,p” jest istotna Mozna odrzuci¢ hipoteze zerowa. Przestrzenny
statystycznie, rozktad wysokich 1/lub niskich wartosci
wynik ,,z” jest dodatni w zestawie danych jest przestrzennie skupiony

Mozna odrzuci¢ hipoteze¢ zerowa.
Przestrzenny rozklad wysokich i/lub niskich
warto$ci w zestawie danych jest bardziej
rozproszony przestrzennie

Wartos$¢ ,,p” jest istotna
statystycznie,
wynik ,,z” jest uyjemny

Globalne statystyki, takie jak narzedzie autokorelacji przestrzennej Global
Moran's I, oceniaja ogo6lny wzorzec przestrzenny i trend danych. Sg najskuteczniejsze,
gdy wzorzec przestrzenny jest spojny w calym badanym obszarze. Lokalne statystyki
(takie jak narzedzie HotSpot Analysis: Getis—Ord Gi* dostepne w oprogramowaniu
ArcGIS Pro) oceniajg kazdg ceche w kontekscie sgsiednich cech 1 poréwnujg sytuacje
lokalng z sytuacja globalna.

Analiza skupien punktow (hotspot) zostala wykorzystana do wskazania relacji
przestrzennych i zidentyfikowania przestrzennych skupien wartosci RC wskaznika CCI
dla zastosowanych wariantow wag w metodzie TOPSIS. Uzyskane warto$ci wskazywaty,

gdzie obiekty o wysokich lub niskich wartosciach byly zgrupowane przestrzennie
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. Goracy punkt mozna opisac¢ jako obszar o wigkszej koncentracji

zdarzen w poréwnaniu do oczekiwanej liczby po uwzglednieniu losowego rozktadu.

Cecha o wysokiej wartosci jest interesujaca, ale moze nie by¢ statystycznie istotnym

punktem zapalnym. Aby obiekt byt statystycznie istotnym punktem aktywnym, musi

mie¢ wysoka warto$¢ i by¢ otoczony przez inne obiekty rowniez o wysokich wartos$ciach.

Lokalna suma obiektu i jego sasiadéw jest poréwnywana proporcjonalnie z sumag

wszystkich obiektéw. Gdy suma lokalna r6zni si¢ od oczekiwanej sumy lokalnej i gdy

roznica jest zbyt duza, aby wynika¢ z losowego przypadku, uzyskuje si¢ statystycznie

istotny wynik ,,z”, zgodnie z rbwnaniami 21 — 23.

Yicawijxi — X X1 wij

G =
2 21
S nXh wh — (Zhiwi) @l
n—1
no
7= 2=y (22)
n
2
S = \/ﬂ_ (X)2 (23)
- n

gdzie:
x; — wartos¢ wzglednej zmiany RC;
w; j — waga przestrzenna migdzy cechami CCI dla i—tego obiektu j—tej zmiennej;

n - liczba obserwacji.

Statystyka Getis—Ord Gi* wykorzystywana w analizie skupien, zapewnia wynik

»Z, wartos¢ ,,p” 1 przedziat ufnosci z interpretacja zgodnie z Tabelg 5.

Tabela 5. Charakterystyka parametrow analizy skupien hotspot

Statystyka Opis Implementacja
Klastrowanie typu
Warto$¢ ,,p” jest mata, wysoki-wysoki CCly; < CClyy,
wynik ,,z” jest dodatni | (im wigkszy wynik ,,z”, tym RCcey > 0

wiekszy stopien skupienia)

Brak wyraznych klastré
Wynik ,.2” jest bliski 0 rak wyraznych Kastrow _

przestrzennych
Klastrowanie typu
Wartos$¢ ,,p” jest mata, niski—niski CClyy, > CClyy,
wynik ,,z” jest uyjemy | (im mniejszy wynik ,,z”, tym RCce < 0

wiekszy stopien skupienia)
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4.2.4. Wnioskowanie statystyczne

W celu identyfikacji prawidtowosci obliczonych miernikow jakosci danych,
utatwiajacych ich analize¢, wykorzystalam elementy statystyki opisowej, czyli miary
polozenia ($rednia arytmetyczna, mediana, mediana odchylenia bezwzglednego)
1 rozrzutu (rozstep, miara zmiennos$ci, rozstep ¢wiartkowy, odchylenie standardowe).
Wymienione miary statystyczne zastosowatam w artykutach A2, A3 oraz A4. Dodatkowo
wykorzystujac  miary  statystyki  opisowej  zdefiniowalam  przedzialty klas
odzwierciedlajace zgodnos¢ danych OSM wzgledem BDOT10k.

Do oceny czy analizowane zmienne (wyznaczone mierniki jako$ci) posiadaja
rozklad normalny wykorzystatam test Shapiro-Wilka [A2]. Normalny wykres
prawdopodobienstwa identyfikuje istotne odstepstwa od normalnosci

. Hipoteza zerowa dla tego testu zaklada, ze analizowana préba badawcza pochodzi
z populacji o rozktadzie normalnym. Jesli test Shapiro—Wilka osigga istotno$¢
statystyczng (a < p < 0,05), wskazuje to na rozktad odbiegajacy od krzywej Gaussa.
Wynik testu Shapiro—Wilka warunkowat, ktore z miar statystyki opisowej postuzyty do
wyznaczenia metody klasyfikacji.

Celem poréwnania wartosci zmian procentowych wskaznika RC migdzy
przyjetymi wariatami wag CCI dla badanych powiatow, zdefiniowalam cztery przedziaty
klasowe [A4]. Zostaly one utworzone z zakresami warto$ci, ktore reprezentowaty
proporcje odchylenia standardowego. Ujemne wartosci RC zostaty przeanalizowane
w dwoch klasach: dla nich kazdy zakres zostat zdefiniowany zgodnie z przedziatem
potowy odchylenia standardowego (0,5 o), ktory zostal obliczony jako $rednia wartos§¢
dla analizowanych powiatow. Dodatnie wartosci RC réwniez podzielono na dwie klasy
wedhlug warto$ci jednego odchylenia standardowego (o) jako przedziat zakresow.

W celu zbadania zwigzku pomiedzy opracowanymi wskaznikiem CCI oraz RC,
a klasami pokrycia terenu wykorzystalam analiz¢ statystyczna w postaci korelacji
Pearsona [A4]. Zostala ona uzyta do zapewnienia ogodlnego przegladu wynikéw na
poziomie powiatu oraz okreslenia, czy istnieje zwigzek liniowy miedzy dwoma

zmiennymi — jesli tak, jaka jest jego sila oraz jaki ma on charakter.
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5. OPIS WYNIKOW

W niniejszych podrozdzialach opisatam szczegétowo uzyskane wyniki badan
wchodzace w sktad cyklu publikacyjnego, stanowiace niniejsza rozprawe. Artykuty te

dotaczono w formie zalgcznikow.

5.1. Analiza jakosci danych OSM zgodnie z miernikami ISO
[publikacje A1 oraz A2]

Jak juz zostalo wspomniane, w przypadku danych zbieranych nieodptatnie
1 dobrowolnie przez bardzo duza liczb¢ wolontariuszy, zwanych dobrowolnymi
informacjami geograficznymi (VGI), do ktérych nalezg dane OSM, istniejg powazne
watpliwosci co do ich jakosci, przez co ich wykorzystanie staje si¢ problematyczne.
Wynika to z braku szczegotowych specyfikacji technicznych, podajacych jedynie zasady
1 wytyczne dotyczace udostepniania danych oraz czgstego braku formalnej weryfikacji
wszystkich danych wprowadzanych do bazy. Aby modc udostepnia¢ i wykorzystywac
zbidr danych w réznych aplikacjach, nalezy po pierwsze poznac jego jakos¢, a po drugie
opisa¢ go w sposob standardowy 1 zrozumiatly

Majac na uwadze powyzsze fakty w publikacji Al oraz czeSciowo w A2,
przedstawilam kompleksowa oceng jakosci danych OSM, wykorzystujac mierniki jakosci
opisane w normie [SO oraz dodatkowe wskazniki geometryczne, zwracajac takze
uwage na aspekt niedoskonatych ustalen semantycznych i zatozen jakosciowych. Badane
elementy jakoSci wraz z wyznaczonymi w tym celu miernikami przedstawiono

w Tabeli 6 (ich szczegdtowy opis zamiescitam w podrozdziale 4.2.1).

Tabela 6. Obliczone wskazniki jakosci danych przestrzennych.

Element Obliczony . Numer
. . e . Klasa pokrycia terenu
jakosci wskaznik jakosci artykulu
1) RMSE, RMSEx, budynki, lasy,
Doktadnos¢ RMSEy wody powierzchniowe Al
geometryczna 2) Coverage drogi, linie k‘olejowe,
rzeki
3) C Index
4) COUNT Index Al,A2
budynki, 1 ’
Kompletnosé¢ 5) TP Index d " yn‘ b a}sly,'
wierzchni
6) FN Index WOdy powierzehiowe Al
7) FP Index
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drogi, linie kolejowe,

let
8) Completness rzeki

budynki, lasy,

Doktadnos¢ 9) Attribute wody powierzchniowe, Al
tematyczna accuracy drogi, linie kolejowe,
rzeki

Postawiony problem badawczy polegat przede wszystkim na okresleniu
kompletnosci, doktadnosci lokalizacyjnej 1 atrybutowej gldéwnych klas pokrycia terenu
obiektow OSM w stosunku do krajowych danych urzedowych zgromadzonych w bazie

obiektow topograficznych — BDOT10k, ktora stanowita baze odniesienia.

Charakterystyka danych przestrzennych, podsumowana w publikacji A1, ukazuje
podstawowe zrodta rozbieznosci pomiedzy analizowanymi zbiorami danych, ktorymi s3:
odmienny model koncepcyjny, zasady pomiaréw i nadzor technologiczny oraz system
kontroli danych przesytanych i przechowywanych w bazach OSM i BDOT10k. Biorac
pod uwage wspomniane rdznice, prace badawcze obejmowaty identyfikacje obiektow
odpowiadajacych sobie w obu zbiorach oraz analize dokladno$ci geometrycznej
1 atrybutowej oraz kompletnosci obiektéw. Uzyskane wyniki kompletnosci danych OSM
wyznaczonych dla obiektow powierzchniowych zwizualizowatam w postaci map
tematycznych za pomocg kartogramu prostego . Obliczone wskazniki
C, FP, FN oraz TP Index odniostam do pola przyjetej siatki heksagonalnej o powierzchni
1 km? (zgodnie z opisem w podrozdziale 4.1.). Ze wzgledu na duza liczbe map,
opracowane mapy tematyczne przedstawitam dla dwoch analizowanych powiatow, ktore
reprezentuja najwigksze zréoznicowanie wynikoOw — powiaty piaseczynski oraz sokolski
(mapy zamieszono w publikacji A1, Rysunki 9 oraz 11, stanowiacej zatacznik nr 1).

Analiza dokladnosci geometrycznej obiektow powierzchniowych wykazala, ze
najwyzszg doktadnos$cig lokalizacji charakteryzowaly si¢ budynki — $redni blad RMSE
w tej grupie wyniost 1,92 m. Z kolei najnizsze wyniki doktadnosci lokalizacji obiektow
powierzchniowych OSM osiagni¢to dla lasow — $redni bltad RMSE wyniést 5,65 m.
Pelne  wyniki otrzymanej analizy doktadno$ci  geometrycznej  obiektow

powierzchniowych znajduja si¢ w A1 w Tabeli 3 (zalacznik nr 1).

Analizujac  doktadno$¢ geometryczng obiektow liniowych zauwazono, ze
najwyzsze doktadnosci uzyskano dla takich obiektow jak drogi 1 linie kolejowe. Wraz ze
wzrostem szerokosci strefy buforowej od 1 do 10 m znaczaco wzrastal udziat obiektow

OSM w danym buforze, gdzie dla szerokos$ci 2 m w wigkszosci powiatow znajdowato sie
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okolo 50% badanych obiektow sieci transportowych. Najwyzsza dokladnoscia
1 najwickszym udzialem obiektéw charakteryzowat si¢ powiat piaseczynski, w ktorym
w OSM zaobserwowano nadkompletnos¢ kolei (114%) 1 kompletnos¢ 92% dla drog
w buforze o zasiegu do 5 m. Natomiast najnizszg doktadnos¢ (83,4% dla kolei 1 50% dla
drog w buforze o zasiggu do 10 m) odnotowano w powiecie stupskim o strukturze
rolno—lesnej, gdzie sie¢ komunikacyjna jest stabo rozwinigta, a poziom urbanizacji jest
najnizszy sposrod badanych powiatéw 1 wynosi 20,7%. Dodatkowo najnizsze wyniki
doktadnos$ci geometrycznej uzyskano dla sieci rzecznej: od 6% dla bufora 1 m (powiat
ostrowski) do maksymalnie 67% dla bufora 10 m (powiat sokolski). Pelne wyniki
otrzymanej analizy dokladno$ci geometrycznej obiektow liniowych znajduja sie¢

w Al w Tabelach 4 — 8 (zalacznik nr 1).

W przypadku analizy wskaznikéw kompletnosci danych przestrzennych, uzyskane
wyniki byly do§¢ zroznicowane 1 zalezaly od rodzaju obiektu i struktury analizowanego
powiatu, w tym uzytkowania gruntéw — wyniki wykonanej analizy znajduja si¢ w Al
w Tabelach 9 — 10 oraz Rysunkach 9 i1 11 (zalacznik nr 1). Najwyzsze wartosci
kompletnosci budynkéw OSM (w tym nadkompletnosé, gdzie liczba budynkow OSM
znacznie przekraczata liczb¢ budynkow BDOTI10k) uzyskano na terenach
zurbanizowanych badanych powiatow (miasta i obszary gesto zabudowane). Najnizsze
warto$ci kompletnosci budynkéw odnotowano na przedmies$ciach miast 1 na terenach
rolnych powiatéw. Obliczony wskaznik TP, pokazujacy stopien naktadania si¢ obiektow
OSM i1 BDOT10k, osiagal najwyzsze wartosci bliskie 100% dla obszarow, gdzie stopien
kompletnosci C Index wynosit od 100% do 150%. W przypadku znacznej
nadkompletnosci obiektow (C Index > 150%) wskaznik TP przyjmowat nizsze wartosci
(ponizej 70%). Wskaznik FP, informujacy o obiektach powierzchniowych OSM, ktore
nie wystgpuja w zbiorze danych BDOT10k, osiggal najwyzsze wartosci dla obszarow
silnie zurbanizowanych, co wynikato bezposrednio z wysokiej nadkompletno$ci danych
OSM. Najwyzsze wartosci wskaznika FN, wskazujacego na obiekty BDOT 10k, ktore nie
istnieja w zbiorze danych OSM, osiaggnigto dla obszarow, dla ktorych stopien
kompletnosci danych byl najnizszy. Analiza stopnia kompletnosci obiektow liniowych
OSM w odniesieniu do bazy referencyjnej BDOT10k dla poszczegdlnych powiatéw
wykazata, ze sie¢ transportowa w wigkszo$ci badanych powiatéw osiagneta najwyzsze
wyniki, w tym nadkompletnos$¢ dla powiatoéw o wysokim stopniu urbanizacji i rozwinigtej
sieci transportowej (powiaty piaseczynski i ostrowski). W przypadku sieci rzecznej
najnizszy wskaznik kompletnosci (do 75,7%) odnotowano w powiecie sokolskim.
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Najwyzsze wartosci doktadnosci tematycznej atrybutow badanych obiektow OSM
uzyskano dla drog, rzek i budynkéw w powiatach rozwinigtych, ktore cieszyly si¢
rowniez popularnoscig wsrdd uzytkownikow: piaseczynskim, ostrowskim i nadmorskim
stupskim. Mimo to wskazniki te byly stosunkowo niskie na tle pozostalych miernikoéw
jako$ci — doktadno$¢ atrybutowa dla rzek wyniosta maksymalnie 58% a dla budynkow
byto to 39,1%. Najnizsze wskazniki (gtownie nieprzekraczajace 5%) uzyskano dla linii
kolejowych, lasow 1 wod powierzchniowych, Wyjatek w tym zestawieniu stanowi powiat
piaseczynski, dla ktorego linie kolejowe osiagnely najwyzszag wartos¢ 15% doktadnosci
atrybutowej. Wyniki iloSciowe pokazuja, ze glowny tag analizowanych obiektow OSM
jest w wiekszosci uzupetniony, podczas gdy atrybuty drugorzedne sg uzupetniane rzadko.
Uzyskane wyniki wskazuja na potrzebe uzupetienia informacji o wigkszosci obiektow
w bazie danych OSM — zgodnie z przeprowadzonymi analizami nie ma informacji
0 nazwie i typie wigkszo$ci obiektow OSM, jak np. typ budynku, numer drogi, typ kolei,
nazwa rzeki. Brak wartosci informacyjnej dotyczacej budynkow i drog moze byc
powazng przeszkoda w korzystaniu z bazy danych OSM w wielu analizach
przestrzennych. Pelne wyniki otrzymanej analizy dokladnosci tematycznej obiektow
OSM znajduja sic w A1 w Tabeli 11 (zalacznik nr 1).

Wyznaczony wskaznik kompletnosci COUNT Index [opisany w A2], informujacy
o stosunku liczby budynkéw OSM do liczby budynkéw BDOT10k obliczony zostat dla
powiatu piaseczynskiego, zgodnie z zatozeniami publikacji A2. Wartosci COUNT Index
powyzej 100%, $wiadczace o przewadze liczebnej budynkow OSM, wystepuja na
terenach zabudowanych, stanowigc nieco ponad potowe badanego obszaru. Im gestsza
zabudowa tym warto$¢ wskaznika wzrasta do maksymalnie 300%. Wartosci COUNT
Index ponizej 100%, wskazujace na liczebng przewage budynkéw BDOT10k, znajduja
si¢ na obrzezach miast oraz obszarach o niskiej zabudowie, jak tereny rolne lub
rolno—lesne.

Dodatkowym krokiem w ocenie jakosci danych bylo wizualne pordwnanie
wzajemnego potozenia obiektéw OSM 1 BDOT10k na tle aktualnej ortofotomapy (2020
r.), dostepnej w serwisie Geoportal Krajowy. W tym celu wybrano losowo w kazdym
powiecie 20 obiektow takich jak budynki, lasy, wody powierzchniowe, rzeki 1 linie
kolejowe. W wyniku analizy stwierdzilam, Ze najwigksze rdznice wystepowaly dla
budynkéw, co wigzalo si¢ z wzajemnym przesunieciem obrysu budowli w stosunku do

analizowanych baz danych, oraz lasow — zasieg obrysow byt roznie interpretowany
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zarbwno w bazie BDOT10k jak i OSM. Opis oraz wyniki przeprowadzonej oceny
znajduja si¢ w A1, Rys. 12 (zatgcznik nr 1).

Przedstawione wyniki analiz przyniosly odpowiedZ na pierwsze pytanie
szczegolowe P1 i potwierdzily hipoteze H1, iz kompleksowa ocena jakosci danych
OSM w poréwnaniu z oficjalng baza danych referencyjnych BDOT10k zgodnie ze
wskaznikami ISO oraz wzbogacona o dodatkowe mierniki geometryczne, badajace
kompletno$¢ danych, takie jak TP, FP, FN oraz COUNT Index, jednoznacznie wskazuja
na znacznie szerszy kontekst interpretacyjny, pozwalajacy na przedstawienie
zréznicowania jakosci wewnatrz badanych zbioréw. Holistyczna ocena jakoS$ci
niejednorodnych danych przestrzennych OSM, wykonana za pomoca zdefiniowanych
miernikéw w odniesieniu do gtéwnych klas pokrycia terenu pigciu reprezentatywnych
powiatdow na terenie Polski, stanowi istotny wktad w okresleniu roéznic danych

jako$ciowych potrzebnych uzytkownikowi dla réznych dziedzin zastosowan.

5.2. Kartograficzna wizualizacja wynikow oceny kompletnosci
danych przestrzennych dla wybranego przykladu
[publikacja A2]

Przedstawione w publikacji A1 wyniki oceny jakosci danych OSM umozliwity
poréwnanie warto$ci informacyjnej zawarte] w dwoch badanych zbiorach danych
przestrzennych. Celem niniejszego artykutu bylo dostarczenie uzytkownikowi informacji
o liczbie budynkéw w analizowanym zbiorze danych OpenStreetMap (OSM) w postaci
wskaznikow kompletnosci danych. Wedtug Barron et al. jakos¢ danych 1 ich
mozliwos¢ zastosowania do okreslonego celu sg powszechnie rozumiane jako $cisle ze
sobg powigzane. Nalezy jednak pamigta¢, ze rozne interpretacje tych samych danych
mogg prowadzi¢ do r6znych informacji, totez jakos¢ danych OSM w duzej mierze zalezy
od celu, w jakim dane sg wdrazane, tzw. "przydatnosci do celu" (fitness for purpose).

W artykule A2 glowny problem badawczy dotyczyl kartograficznej prezentacji
kompletnosci danych przestrzennych, jako elementu jako$ci danych, umozliwiajacej
uzytkownikowi ocene ich przydatnosci do celu (fitness for purpose), a w szczegdlnosci
wybor, ktory z dwoch zbioréw danych przestrzennych lepiej odpowiada jego potrzebom.
Przyjetym przeze mnie podejSciem metodycznym bylo modelowanie kartograficzne,

obejmujace wszystkie etapy pracy badawczej, poczawszy od akwizycji, wstepnego
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przetwarzania i transformacji, do analizy i ostatecznie wizualizacji danych

W przeprowadzonych analizach wykorzystatam obliczone w publikacji
A1 wskazniki kompletnos$ci danych, a mianowicie standardowy wskaznik kompletnosci
powierzchni budynkéw OSM — C Index oraz wskaznik lokalizacji budynkéw OSM — TP
Index. Dodatkowym wskaznikiem wyznaczonym w publikacji A2 byt wskaznik
informujacy o liczbie budynkow w analizowanym zbiorze danych OpenStreetMap w
postaci numerycznego wskaznika kompletnosci — COUNT Index. Analizy wykonatam
dla powiatu piaseczynskiego, zréznicowanego ze wzgledu na struktur¢ pokrycia terenu
1 stopien urbanizacji.

Postawiona przeze mnie hipoteza zaktadata, iz holistyczne podej$cie oparte na
matematycznie zdefiniowanych wskaznikach jako$ci danych przestrzennych, ich analiza
statystyczna z oryginalng prezentacja kartograficzng pozwala na wybdr jednego ze

zbioréw danych przestrzennych w zaleznosci od potrzeb uzytkownika.

W celu wizualizacji kompletno$ci danych przestrzennych OSM w powiecie
piaseczynskim opracowatam dwa kartogramy ztozone (Rys. 6 1 7), wykorzystujace trzy
wskazniki kompletnosci: TP Index, C Index oraz COUNT Index. Wartosci zakresow klas
wyznaczytam na podstawie rozktadu statystycznego wartosci wskaznikdéw (test Szapiro-
Wilka). Z uwagi na to, iz nie przyjmuja one rozkladu normalnego, do skonfigurowania
zakresu klas uzylam warto§ci zwigzanych z mediang 1 mediang odchylenia
bezwzglednego, znajdujacych si¢ w Tabelach 1-2 publikacji A2 (zalacznik
nr 2).
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Rys. 6. Kartogram zlozony prezentujacy kompletno$¢ powierzchniowa (C Index)
oraz liczbowa (COUNT Index) danych OSM dla powiatu piaseczynskiego
[zrédlo: A2, Rys. 3].

Opracowany kartogram ztozony (Rys. 6) miat na celu zilustrowanie zaleznosci oraz
rozkladu przestrzennego migdzy kompletnoscia powierzchniowa (C Index)
a kompletnoscig liczbowa (COUNT Index) budynkéw w badanych zbiorach.
Opracowany kartogram o wymiarze klas 3x3, zapewnia ogolny i tatwy do zrozumienia
przeglad kompletnosci budynkéw OSM w poroéwnaniu z danymi BDOT10k w powiecie
piaseczynskim. Jednoznacznie wskazuje on na obszary, gdzie jednocze$nie oba
wskazniki kompletnosci sg mniejsze niz 100% (wystepuje niedomiar kompletnosci
obiektéw OSM), sa bliskie lub nieco wigksze niz 100% oraz znaczaco przekraczaja 100%
— wystepuje tu znaczna nadkompletno$¢ danych OSM. Latwe do identyfikacji sg rowniez

obszary gdzie jeden z badanych wskaznikdw znaczaco przewyzsza drugi.
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Rys. 7. Kartogram ztozony prezentujacy kompletno$¢ powierzchni (C Index)

oraz wskaznik lokalizacji (TP Index) danych OSM dla powiatu piaseczynskiego
[zrodlo: A2, Rys. 4].

Drugi kartogram ztozony w polaczeniu z kartogramem prostym (Rys. 7) prezentuje
zalezno$ci oraz rozklad przestrzenny miedzy kompletno$cia powierzchni
(C Index) a wskaznikiem lokalizacji (TP Index). Warto$ci indekséw do 100% zostaty
przedstawione za pomocg kartogramu ztozonego o rozmiarze 2x2. Kolor granatowy
oznacza pelng zgodnos¢ budynkéw w obu zbiorach, kolor bardzo jasno szary duze
réznice w kompletno$ci. Nadkompletnos¢ budynkow w OSM (warto$ci powyzej 100%),
opisuje te budynki ze zbioru OSM, ktore nie maja odpowiednikéw w zbiorze BDOT10k.
Zostato to zilustrowane za pomoca kartogramu prostego, im ciemniejszy kolor tym
wieksza roznica w liczbie budynkow.

Uzyskane wyniki sa zgodne z innymi podobnymi badaniami i potwierdzaja, iz
kompletnos¢ cech budynkow jest stosunkowo wysoka w centrach miast, podczas gdy jej
warto$¢ gwaltownie spada w miare oddalania si¢ od terenéw silnie zurbanizowanych,
ktore to sa mniej eksplorowane wsrod uzytkownikéw OSM, przez to takze mniej
zmapowane, co w konsekwencji powoduje luki w bazie w poréwnaniu z danymi
referencyjnymi (Hecht et al., 2013). Mimo zaobserwowania pewnych wzorcow
w przypadku zwiazku miedzy badanymi wskaznikami kompletnosci danych OSM ich
rozklad przestrzenny jest dos$¢ zroznicowany, jak pokazano na opracowanych mapach

(Rys. 6, 7). Dlatego wizualizacja jako$ci OSM jest rownie wazna, poniewaz dziala jako

42



narzgdzie $wiadomos$ci dla poczatkujacego uzytkownika i narzedzie eksploracji dla
eksperta . Opracowana metoda oceny jako$ci danych
o budynkach OSM i wizualizacji wynikow ilosciowych w celu pomocy uzytkownikowi
w wyborze zbioru danych jest systematyczna oraz uniwersalna i moze by¢ stosowana do
dowolnych obiektéw powierzchniowych OSM, a takze do wzajemnej oceny innych
przestrzennych zbioro6w danych o pordownywalnym zakresie tematycznym oraz podobne;j
szczegdlowosci.

Przeprowadzone badania odpowiedzialy na pytania P1 i P3 oraz potwierdzily

niniejszym shusznos¢ hipotez H1 i H3.

5.3. Opracowanie zlozonego indeksu jakosci danych przestrzennych

[publikacja A3]

Wybor odpowiednich danych jest zwykle wspierany analizg ich jakosci lub
kompletnosci, czesto rozumianej jako pojemnos$¢ informacyjna. Motywacja do tego
badania jest zatem opracowanie ztozonej miary, ktéra umozliwia poréwnawczg ocen¢
kompletnosci dwoch zbioréw danych. W odroznieniu od dotychczas prowadzonych
badan, opisanych w podrozdziatach 5.1. oraz 5.2., ocena kompletno$ci odnosi si¢ do
podstawowej  jednostki  analitycznej, umozliwiajacej  szczegdtowa  oceng
w poszczegdlnych lokalizacjach geograficznych. Opracowana kompleksowa metodyka
opiera si¢ na kompensacyjnej analizie porownawczej TOPSIS, niestosowanej wczesniej
w ocenie danych kategorycznych, z wykorzystaniem liniowego rankingu wyrazonego
w postaci autorskiego wspotczynnika skonsolidowanej analizy odpowiedniosci zbiorow
danych przestrzennych — Compound Correspondence Index (CCI) oraz statystycznych
miar rozproszenia dla jej wizualizacji przestrzenne;.

Podstawowy problem badawczy, do ktérego odnosi si¢ niniejsze opracowanie,
dotyczy zdefiniowania ztozonego indeksu (CCI) w ujeciu lokalnym (CCIL) i regionalnym
(CClR) oraz okreslenia liczby optymalnych zakresow klas, ktore jednoznacznie wskazuja
przestrzenne potozenie réznic w pojemnosci informacyjnej dwoch badanych zbiorow
danych. Do wielokryterialnej analizy porownawczej wykorzystatam metode WLC, opartg
na takich kryteriach, jak réznice w powierzchni zajmowanej przez zabudowe, lasy,
zbiorniki wodne oraz dtugosci drog, linii kolejowych i rzek dla analizowanych zbiorow

przestrzennych OSM oraz BDOT10k. Minimalna roéznica wskazuje na bardzo podobng
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ilo$¢ informacji, natomiast maksymalna oznacza duze ro6znice pomi¢dzy obydwoma

zbiorami — wskaznik CCI szerzej opisano w podrozdziale 4.2.2.

W publikacji tej postawitam nastepujace pytanie szczegoétowe [P2]: czy autorski
wspotczynnik CCI (Compound Correspondence Index) skonsolidowanej analizy
odpowiednio$ci jest wrazliwy na powigkszanie obszaru badan? Innymi stowy,
sprawdzitam czy metoda analizy odpowiednios$ci (korespondencji) dwoch zbiorow
danych przestrzennych prowadzona dla zbiordéw z poszczegdlnych obszaro6w badawczych
oddzielnie (lokalnie) lub tacznie (regionalnie) daje takie same wyniki.

Odpowiedz na postawione pytanie pozwala zweryfikowac hipoteze, ze CCIr
niedoszacowuje (zaniza) roznice pomigdzy analizowanymi zbiorami danych, wskazujac
na nieco wyzszg zgodno$¢ niz CCIL. Podejscie to pokazuje roznice pomigdzy klasyfikacja
CCI na poziomie lokalnym i regionalnym, a takze pozwala na poréwnanie dwoch
zbioréw zawierajacych dane jakos$ciowe dla obszaréw geograficznie rozlacznych,
umozliwiajac uzytkownikowi $wiadomy i odpowiedzialny wybdr jednego z nich, co
czyni je innowacyjnym.

W przeprowadzonych badaniach obliczytam lokalny wskaznik CCI osobno dla
kazdego z analizowanych powiatow. Pie¢ przedzialow klas, ktérych zakresy
wyznaczylam na podstawie warto$ci odchylenia standardowego, odzwierciedlaja
zgodnos¢ danych BDOT10k i OSM. W przeciwienstwie do klasycznej skali Likerta

zastosowano odwrotng kolejnos¢, zgodng z wartosciami CCI,

przedstawiong w Tabeli 7.

Tabela 7. Klasy zgodnosci CCI [zrédlo: A3, Tabela 3].

Klasa Przedzial wartoS$ci Opis klasy
1 —0.50 6 > CCIL pela zgodnos¢ (maximum compliance)
2 -0506< CCIL<0.50 umiarkowana zgodno$¢ (moderate compliance)
3 0.506<CCIL<150 pot—zgodnos¢ (semi—compliance)
4 1.56<CCIL<250 niska zgodno$¢ (moderate noncompliance)
5 CCIL>250 brak zgodno$ci (maximum noncompliance)

Wyznaczony lokalny CCI r6znit si¢ pomiedzy rozpatrywanymi powiatami o czym
swiadczy przedstawiona statystyka opisowa (Tabela 2 w publikacji A3 - zatgcznik nr 3),
oraz wizualizacja, ktdra opiera si¢ na prezentacji wartosci CCI w formie kartograméw

—Rys. 8.
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Rys. 8. Wartosci CCIL wedtug przyjetych klas zgodnosci w analizowanych powiatach:
a) piaseczynskim; b) sokolskim; ¢) sanockim; d) stupskim; e) ostrowskim; f) otwockim;

g) miedzyrzeckim [zrédto: A3, Rys. 3].

Wartosci CCIL we wszystkich analizowanych powiatach wykazaly klastrowanie, na
co wskazuje statystyka autokorelacji przestrzennej Global Moran's I, z zakresami
wartosci z—score od 21,80 do 14,62 (wartosci p < 0,001) odpowiednio w powiatach
piaseczynskim 1 stupskim.

Aby okresli¢ wrazliwosci badanego wskaznika CCI analize TOPSIS wykonalam
w odniesieniu dla czterech podstawowych powiatéw, a mianowicie: piaseczynskiego,
sokolskiego, sanockiego i stupskiego (uzyskujac CClr4), nastepnie dodajac sekwencyjnie
po jednym odrgbnym powiecie do analizy: ostrowskim (CClrs), otwockim (CClre) oraz
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migdzyrzeckim (CClr7). Pozostale zalozenia, jak przyjete wagi oraz klasy zgodnosci,
pozostaty bez zmian. W miarg¢ rozszerzania si¢ obszaru badania, zakres regionalnych
warto$ci CCI zwigksza si¢, a lokalne réznice miedzy danymi stajg si¢ mniej znaczne.
Miary statystyczne zamieszczone w Tabeli 4 publikacji A3 (zalacznik nr 3), jak wariancja,
odchylenie standardowe oraz zakres ¢wiartkowy maleja, co dowodzi, ze wartosci CClr7,
ktérych wizualizacja wynikéw zostata przedstawiona za pomoca kartogramu na

Rys. 9, sa mniej zréznicowane niz CClgre , CClrs oraz CClra.

Rys. 9. Wartosci CClr7 wedtug przyjetych klas zgodnosci w analizowanych powiatach:
a) piaseczynskim; b) sokolskim; c) sanockim; d) stupskim; e) ostrowskim,;

f) otwockim; g) miedzyrzeckim [zrodto: A3, Rys. 4].
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Zaktadajac, ze obszar badan sktada si¢ z kilku przestrzennie roztacznych obszarow
(np. powiatdéw, miast), regionalny CCI umozliwia ocen¢ przydatnosci zestawow wedtug
wspolnej skali opartej na odchyleniu standardowym. Wyniki oceny regionalnej
przewyzszaja wyniki klasyfikacji lokalnej, dajac lepsze wyniki, tj. wyzszy poziom
zgodnos$ci danych. Przeszacowanie zgodnos$ci regionalnej waha si¢ od 9% do 20%
powierzchni powiatu, ze $rednig redukcja o 3% w obszarze, na ktorym dwa zestawy
danych (BDOT10k i OSM) majg porownywalny zakres informacji. Obszary o $redniej
1 duzej niezgodnosci sg redukowane $rednio o 2,4%. Analiza wrazliwo$ci pokazuje, ze
ani wielko$¢ regionu, ani potozenie przestrzenne powiatow nie mialy istotnego wplywu
na wartosci regionalnego CCI.

Wartosci CCI we wszystkich analizowanych powiatach wykazaly klastrowanie.
Najwiekszg zmienno$¢ miedzy danymi BDOT10k i OSM zaobserwowano na obszarach
o wysokim stopniu urbanizacji (np. miasta Piaseczno oraz Otwock) i w poblizu przebiegu
gléwnych szlakéw transportowych. Nalezy jednak podkresli¢, iz przeprowadzone analizy
nie wykazaty statystycznie istotnych korelacji miedzy wspdtczynnikami CCI a badanymi
elementami pokrycia terenu (budynki, drogi, rzeki, linie kolejowe, lasy i zbiorniki
wodne).

Przetwarzanie i1 pordéwnanie kilku powiatow przy uzyciu wspolnych ram
analitycznych pozwala na syntetyczng ocen¢ kompletnosci analizowanych zbiorow
danych geoprzestrzennych oraz identyfikacje potencjalnych podobienstw 1 rdznic
pomiedzy badanymi rejonami. Metoda proponowana w tym artykule ma kilka
ograniczen, m.in. wazenia zmiennych w metodzie TOPSIS oraz kryterium opierajacego
si¢ glownie na roznicach geometrycznych w powierzchni 1 dlugosci obiektu

geograficznego analizowanego w zbiorach danych OSM 1 BDOT10k.

Badania przedstawione w publikacji A3 przyczynily si¢ do odpowiedzi na

pytania szczegotowe P1 oraz P2, udowadniajac stusznos¢ hipotez H1 oraz H2.
5.4. Analiza wrazliwosci indeksu CCI [publikacja A4]

Artykul porusza problem wagowania kryteriow, ktory wspiera wybor zbioru
danych kategorycznych zgodnie z potrzebami uzytkownika. Analiza poréwnawcza
przestrzennych danych jakosciowych jest czesto wykorzystywana do wyboru zestawow
danych, ktore sa odpowiednie do celow uzytkownika. Zazwyczaj wykorzystuje si¢ w tym

ujeciu ocene wielokryterialng opartg na dostgpnych aplikacjach MCDA. Jako narzedzie
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wspomagajace podejmowanie decyzji, gldwnym celem MCDA jest pomoc decydentom
poprzez zapewnienie opcji decyzyjnych zgodnie z przyjetymi kryteriami

. W literaturze dotyczacej MCDA przedstawiono wiele regul wazenia kryteriow,
aich ro6znorodno$¢ prowadzi do nastgpujacego pytania: w jaki sposob wybor wag wpltywa
na ostateczny ranking alternatyw ? W zwigzku z tym
niniejsze badanie ma na celu analize wptywu wag na ocene danych topograficznych pod
katem ich przydatnosci do okreslonego celu. W publikacji A4 opracowatam autorski
wskaznik CCI obliczony oddzielnie dla kazdego powiatu. Z poprzednich badan
[publikacja A3] wynika, iz geometria danych jak i waga parametréw obcigzyly ostateczne
wyniki analizy wrazliwo$ci wskaznika jakos$ci danych CCI, wyznaczonego za pomocag
metody TOPSIS. Totez opisane badania stanowig takze wklad w stosunkowo niedawng
dyskusj¢ na temat wplywu parametréw poczatkowych na wyniki analiz
wielokryterialnych i wieloatrybutowych (na przyktadzie TOPSIS). Wartosci CCI bazuja
na kryteriach takich jak réznice w obszarach pokrytych budynkami, lasami i zbiornikami
wodnymi, a takze dlugo$ci drég, linii kolejowych 1 rzek, ktore sa przypisane do
sze$ciokatnej siatki o powierzchni 1 km?. Syntetyczny wskaznik CCI, ktory opisuje
réznice migdzy dwoma badanymi zbiorami danych topograficznych (OSM i BDOT10k),
zostal opracowany przy uzyciu klasycznej metody TOPSIS w dwodch podejsciach.
Pierwsza kombinacja wag dla obliczonego wskaznika jakosci CClw: zaklada
zréznicowane wagi, ktore moga zosta¢ wybierane w sposdb subiektywny przez
uzytkownika — opisane w publikacji A3. W drugiej kombinacji wag dla obliczonego
wskaznika jakosci CClwa, zastosowanej w tym badaniu, zatozylam iz wszystkie kryteria
s rownie wazne, dlatego kazde z analizowanych obiektow przyjmuje wage 0,167.
Aby wyrazi¢ wzgledng zmiane procentowa pomiedzy roznicami wag zastosowanych dla
opracowanego wspotczynnika jakosci CCIL w dwoch wariantach wagowania,
zastosowatam wskaznik Relative Change (RC). Warianty wag dla CCI wraz
z zastosowanym wskaznikiem RC szczegdtowo opisatam w podrozdziale 4.2.2. niniejsze]
rozprawy.

Wedlug przyjetej stopniowej skali zgodnosci, przedstawionej w Tabelach 4-5
publikacji A4 (zatgcznik nr 4), wskazniki CCI w dwoch kombinacjach wag zajmowaty
podobne udzialy powierzchni kazdego powiatu. Najwieksze roznice w zajmowanych
powierzchniach przypisanych do klas, mozna byto zaobserwowa¢ w przypadku powiatu
piaseczynskiego — powierzchnia obszar6w maksymalnej i umiarkowanej zgodnosci

zmniejszyly si¢ o 22,8 punktéw procentowych udzialu w powierzchni powiatu po
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zréwnaniu wag CCI (wynoszac 55%). Z kolei obszar zajmowany przez pot—zgodnosé
podwoit sie, osiagajac 25% udziatu w powierzchni powiatu piaseczynskiego. Dodatkowo
udzial obszaréw ocenionych jako umiarkowanie i maksymalnie niezgodne wzrdst z 9%
do 20,2% udzialu w powierzchni powiatu po zrownaniu wag. Pozwolilo to stwierdzi¢,
ze podobnie jak w poprzednich badaniach, obszary o wysokim stopniu urbanizacji

wykazywaty najwigkszg zmienno$¢ miedzy danymi OSM a BDOT10k.

Wartosci wskaznika RC wyznaczonego CCI. dla analizowanych wariantow wag
byly do$¢ zréznicowane — wyniki przedstawiono w Tabeli 7 publikacji A4 (zatacznik
nr 4). Kartograficzng prezentacje¢ wartosci RC przedstawiono na Rys. 10. Ujemne
wartosci RC ujawnity przewage wariantu wazenia z r6znymi wagami (CClw1). Zgodnie
z wynikami najwyzszy udziat uyjemnych warto$ci RC wykazano w powiatach sokolskim
(58,4%) 1 piaseczynskim (51,1%). Z kolei dodatnie wartosci RC §wiadczyly o przewadze
wariantu réwnych wag (CClwz), byto to szczegdlnie widoczne w powiatach ostrowskim
(83,7%), miedzyrzeckim (77,9%) 1 sanockim (69,9%). Powiatem o najbardziej
wyrownanych udziatach poszczegdlnych wariantow wagowych byl powiat stupski

(odpowiednio 49,8% 1 50,2% dla wartosci ujemnych i dodatnich RC).
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Rys. 10. Wartosci RC dla CCIL w analizowanych powiatach: a) piaseczyfskim;
b) sokoélskim; ¢) sanockim; d) stupskim; e) ostrowskim; f) otwockim; g) miedzyrzeckim

[zrédto: A4, Rys. 2].

Na poziomie pikseli analiza korelacji Pearsona nie wykazata istotnego zwigzku
migdzy typem pokrycia terenu a CCI dla réwnych wag (CClw2), podobnie jak
w przypadku CClwi, opisanym w publikacji A3. Nie wykazano réwniez istotnego
zwiazku statystycznego we wzglednych zmianach migdzy zastosowanymi wagami CCI.
Z tego powodu przeprowadzono analize hotspot w celu zidentyfikowania skupisk pikseli
o podobnych warto$ciach. Wynikowe mapy analizy hotspot dla wybranych powiatow

zamieszczono na Rys. 11.
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Rys. 11. Mapy analizy hotspot wartosci RC dla CCI. wybranych powiatéw
w zestawieniu do mapy OSM: a) piaseczynski; b) otwocki; ¢) ostrowski;

d) migdzyrzecki [zrodto: A4, Rys. 4].

Obszary, ktore zostaty zidentyfikowane jako gorace punkty, skupiaty si¢ gtéwnie
w lasach, na terenach otwartych, obszarach uprawnych, w sasiedztwie zbiornikow
wodnych oraz (rzadziej) na obszarach o niskiej gestosci zabudowy. Natomiast obszary,

ktore zostaly zidentyfikowane jako zimne punkty, znajdowaty si¢ na obszarach ggsto
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zabudowanych i wzdhuz gtownych linii transportowych. To obszary o najwigkszej
zgodno$ci 1 nieznacznym wplywie zmiany wag na wynik preferencji.

Zastosowane rdézne warianty wag, uzyte do obliczenia autorskiego
skonsolidowanego wskaznika odpowiedniosci zbiorow danych OSM oraz BDOT10k
w postaci CCI, a takze wyznaczenie wzglednej zmiany CCI, dowiodly znacznej
wrazliwosci badanych zbioréw na przyjete kombinacje wag na poziomie lokalnym.
Swiadczy to o duzym wplywie przyjetych kryteriow na otrzymane wyniki oceny jako$ci
danych OSM. Réwne wagi w metodzie TOPSIS wptynety na liczbe pikseli, a tym samym
udzial procentowy w powierzchni powiatéw przypisanych do okreslonych klas zgodnosci
CCL

W obu zastosowanych wariantach wag najwigkszy udzial procentowy zajmowaty
obszary o maksymalnej oraz umiarkowanej zgodnosci, natomiast najmniejszy, obszary
o niskiej zgodnos$ci badz jej braku. Najwigksze roznice zauwazono w powiecie
piaseczynskim oraz migdzyrzeckim, dla ktorych obszary o najwyzszej oraz
umiarkowanej zgodno$ci po zastosowaniu rownych wag zmniejszytly si¢ odpowiednio
z77,8% do 55% oraz z 85,3% do 80,10% na rzecz obszardéw o nizszej zgodnosci. Réznice
dla pozostalych powiatow na ogoét nie przekraczaly 3 punktéw procentowych, totez
wyznaczenie zmian procentowych roéznic wag CCI w postaci wskaznika RC pozwolito
na zidentyfikowanie ich wzglednej wielkosci oraz poszczegdlnych miejsc w przestrzeni.
Z przeprowadzonych analiz hotspot wynika, iz w badanych powiatach klastry
zdefiniowane jako gorace i zimne punkty obejmowaly podobne typy pokrycia terenu,
co pozwolito na ich scharakteryzowanie pod wzgledem typu osadnictwa i uzytkowania
gruntow.

Przedstawione w publikacji A4 wyniki badan przyczynily si¢ do realizacji
pytan szczegolowych P1 oraz P2, potwierdzajac stusznos¢ przyjetych hipotez H1

oraz H2.
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6. PODSUMOWANIE

Przydatno$¢ do celu jest zasadg powszechnie akceptowang przez analitykow jako
prawidtowe podejscie do uzyskania zestawu danych wysokiej jako$ci, jednak tylko
nieliczni analitycy lub uzytkownicy koncowi danych mogg doktadnie okresli¢, jaka
jako$¢ danych jest wymagana dla konkretnego zadania. Wybierajac zestaw danych
przestrzennych oraz uzytych do analiz kryteriow, uzytkownik powinien by¢ bardzo
uwazny, poniewaz nie jest mozliwa ocena wszystkich mocnych 1 stabych stron
dostepnych danych.

Spojny tematycznie cykl czterech publikacji, pt. ,,Metodyka wielocechowej oceny
poréwnawczej przydatnos$ci jakoSciowych danych przestrzennych”, ktory stanowi
niniejszg rozpraw¢ doktorska, mial na celu przedstawienie oryginalnego rozwigzania
polegajacego na metodyce oceny zgodnosci przestrzennych danych jakos$ciowych.
Umozliwia to zaproponowany przeze mnie autorski wspodtczynnik skonsolidowanej
analizy odpowiednios$ci zbioréw danych przestrzennych Compound Correspondence
Index (CCI).

Teza niniejszej rozprawy doktorskiej brzmi: ,,metoda wielocechowej analizy
poréwnawczej i wizualizacji jakosci danych oraz autorskie wskazniki oceny
przydatnosci danych przestrzennych stanowia podstawy do spdjnej ich oceny przez
uzytkownika”. Wynikata ona z faktu, iz istniejgce standardowe miary 1 wskazniki oceny
jakosci heterogenicznych danych wolontariackich nie sag wystarczajaco inkluzywne, aby
kompleksowo oceni¢ dane OSM oraz pokaza¢ ich zrdznicowanie wzgledem
analizowanych zbiorow.

Do przeprowadzenia badania jakosci danych spoteczno$ciowych OSM
w odniesieniu do danych urzedowych BDOT10k, przyjetych jako zbior referencyjny,
zastosowatam standardowe wskazniki jako$ci danych rozszerzone o dodatkowe
wskazniki kompletnos$ci [publikacje A1 oraz A2]. Udowodnitam, iz mierniki jakosci ISO
uzupelnione o autorskie wskazniki, umozliwiajg bardziej ztozong ocene jakosci
przestrzennych danych spotecznosciowych z perspektywy uzytkownika oraz pokazania
zréznicowania jako$ci wewnatrz analizowanych zbiordw, odpowiadajac na pierwsze
pytanie szczegdtowe [P1] 1 czgSciowo potwierdzajac tym samym pierwsza hipoteze [H1].
Wyniki tych badan przyczynily si¢ do opracowania przeze mnie kartograficznej
prezentacji wskaznikow kompletnosci OSM w postaci zmodyfikowanego kartogramu

ztozonego, ktory poprzez zilustrowanie konkretnego miejsca w przestrzeni uwidocznit
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skupiska wartosci  wysokich 1 niskich, tym samym wskazujac obszary
o podobnej lub roznej jakosci danych [publikacja A2]. Udowodnitam, iz taka
wizualizacja w znaczacym stopniu ulatwia uzytkownikowi podjecie decyzji
o przydatnosci zbioru dla okreslonych celow, odpowiadajac na trzecie pytanie
szczegotowe [P3] 1 potwierdzajac trzecig hipoteze [H3] . W kolejnym kroku [publikacja
A3] opracowatam autorski wspdtczynnik Compound Correspondence Index (CCI), ktory
wykorzystujac przyjete pola podstawowe, przedstawiat konkretne miejsca w przestrzeni,
gdzie zawartos¢ obu zbioréw danych jest najbardziej zgodna oraz te, dla ktorych jest
zdecydowanie rézna. Wizualizacja kartograficzna w postaci kartogramow oraz dane
tabelaryczne umozliwity szybki wybor przez uzytkownika pozadanego zbioru danych
topograficznych. Tym samym odpowiedziatam na pierwsze pytanie szczegdtowe [P1],
udowodniajac hipoteze pierwsza [H1]. Opracowany wskaznik CCI obliczony zostat
w dwoch podejsciach lokalnym oraz regionalnym w celu oceny jego wrazliwo$ci na
powickszanie obszaru badan. Udowodnitam, iz autorski wspotczynnik skonsolidowane;j
analizy odpowiednio$ci zbioréw danych przestrzennych CCI pokazuje wigksza zgodno$¢
w ujeciu regionalnym niz lokalnym, odpowiadajac tym samym na drugie pytanie
szczegotowe [P2] oraz potwierdzajac druga hipoteze [H2]. W ostatniej publikacji [A4]
analizowatam wrazliwos¢ wskaznika CCI na zmiang wag przypisanych do obiektow
topograficznych. W tym celu zastosowatam wskaznik Relative Change (RC),
informujacy o zmianach procentowych CCI w przyjetych dwoch kryteriach wagowania
obiektow przestrzennych. Opracowana wizualizacja kartograficzna oparta na
kartogramach oraz analizie hotspot, ilustruje obszary, w ktérych ré6zne wagi zasadniczo
zmieniaja wynik warto$ci wskaznika CCI. Wynik publikacji A4 w postaci opracowanego
skonsolidowanego wskaznika zgodno$ci danych jakosciowych CCI w dwoch wariantach
wag w calo$ci odpowiedzial na pierwsze pytanie szczegotowe [P1], zupehie
udowadniajac postawiong hipotez¢ H1, iz zasadne jest opracowanie nowych miernikéw
jakosci danych przestrzennych potrzebnych uzytkownikowi do szczegotowej
1 kompleksowej oceny jako$ci przestrzennych danych spoteczno$ciowych.
W Tabeli 8 przedstawitam w sposob schematyczny pytania szczegdélowe wraz
z postawionymi hipotezami i odpowiadajagcymi za ich udowodnienia publikacjami

w cyklu.
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Tabela 8. Schemat systematyki prowadzonych badan.

Pytanie szczegélowe Hipoteza Artykul w cyklu
P1 H1 Al,A2,A3,A4
P2 H2 A3, A4
P3 H3 A2

Waznym aspektem, ktéry znaczaco wplywa na wyniki rankingu TOPSIS,
wykorzystanego do opracowania wspdiczynnika CCI, jest wybor obiektow
topograficznych 1 ich priorytetyzacja, co zwykle wigze si¢ z nadrzednym celem,
tj. odpowiedzig na pytanie o przedmiot analizy. W niniejszym badaniu przyjg¢to, ze cel ten
byl zwigzany z zarzadzaniem sytuacjami kryzysowymi (tj. powodzie, pozary, ataki
terrorystyczne), dla ktérego wazna jest identyfikacja obszaréw zaludnionych, drég
dojazdowych, terenow zalesionych i1 innych miejsc strategicznych. Z tego wzgledu do
analiz przyjeto gtowne elementy pokrycie terenu jak budynki, lasy, sieci transportowe
oraz wody powierzchniowe, ktorych znaczenie w wymienionych sytuacjach jest
niepodwazalne.

Warto zauwazy¢, iz opracowany wskaznik CCI mozna obliczy¢ dla dowolnej
jednostki mapowej (MU), zar6wno naturalnej (np. zlewnie, ekotopy), administracyjnej,
jak 1 geometrycznej. Uniwersalno§¢ CCI polega rowniez na tym, ze w analizach mozna
uwzgledni¢ dowolne obiekty, a jednostki mapowania mozna uszeregowaé, biorac pod
uwage inne nietopograficzne dane kategoryczne. Zaproponowana przeze mnie autorska
klasyfikacja zgodno$ci danych wskaznika CCI (Tabela 7), w sposob optymalny
rankinguje wartosci w polach podstawowych od najbardziej do najmniej zgodnych,
W znaczacy sposOb ulatwiajac uzytkownikowi oceng¢ wykorzystanych danych
jakosciowych i ich weryfikacj¢ pod katem przydatnosci do zatozonego celu. Opracowana
skala bazuje na wartosci odchylenia standardowego i moze by¢ wykorzystana
w podobnych badaniach, dotyczacych poroéwnania zawartos$ci informacyjnej danych

kategorycznych.
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7. WNIOSKI

Niniejsza rozprawa wpisuje si¢ w §wiatowe trendy, dotyczace badania jakos$ci danych
przestrzennych oraz poszukiwania nowych zastosowan informacji przestrzenne;.

Stanowi istotny wktad w ocen¢ poréwnawcza danych jakosciowych.
Na podstawie przeprowadzonych badan sformutowatam nastgpujace wnioski koncowe:

1. Istniejacy zestaw wskaznikow jakosci danych przestrzennych jest niewystarczajacy
do oceny uzytkownika (zgodnie z przyjetym zatozeniem ,,fitness for purpose™).

2. Autorski wskaznik Compound Correspondence Index (CCI) umozliwia
kompleksowg poréwnawcza analize o szczegdtowosci piksela dwoch zbiorow
danych jakosciowych.

3. Autorskie modyfikacje kartogramu, podkreslajace rdznice wzgledem badanych
zbioréw, ulatwiaja wskazanie miejsc szczegolnie istotnych z punktu widzenia

wyboru zbiordéw przestrzennych przez uzytkownika.

Przeprowadzone badania potwierdzaja stwierdzenia i wnioski wielu autoréw
o koniecznosci zdefiniowania dodatkowych wskaznikdéw umozliwiajacych kompleksowa
ocen¢ jakosci danych spoteczno$ciowych. Udowadniaja one zatem prawdziwos$¢
postawionej na wstepie tezy badawczej, brzmiacej ,,metoda wielocechowej analizy
porownawczej i wizualizacji jakosci danych oraz autorskie wskazniki oceny
przydatnosci danych przestrzennych stanowia podstawy do spdjnej ich oceny przez

uzytkownika”.
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Abstract: One potential source of geospatial open data for monitoring sustainable development goals
(SDG) indicators is OpenStreetMap (OSM). The purpose of this paper is to provide a comprehensive
evaluation of the spatial data quality elements of OSM against the national official data—the database
of topographic objects at a scale of 1:10,000. Such spatial data quality elements as location accuracy,
data completeness and attribute compatibility were analysed. In the conducted OpenStreetMap tests,
basic land-cover classes such as roads, railroads, river network, buildings, surface waters and forests
were analysed. The test area of the study consisted of five counties in Poland, which differ in terms of
location, relief, surface area and degree of urbanization. The best results of the quality of OSM spatial
data were obtained for highly urbanized areas with developed infrastructure and a high degree of
affluence. The highest degree of completeness of OSM linear and area objects in the studied counties
was acquired in Piaseczyrski County (82%). The lowest degree of completeness of the line and area
objects of OSM in the studied counties was obtained in the Ostrowski County (51%). The calculated
correlation coefficient between the quality of OSM data and the income per capita in the county was
0.96. The study complements the previous research results in the field of quantitative analysis of the
quality of OSM data, and the obtained results confirm their dependence on the geometric type of the
analysed objects and characteristics of test areas, i.e., in this case counties in Poland. The obtained
results of OSM data quality analysis indicate that OSM data may provide strong support for other
spatial data, including official and state data. OSM stores significant amounts of geospatial data with
relatively high data quality that can be a valuable source for monitoring some SDG indicators.

Keywords: data quality; OpenStreetMap; open data; VGI; sustainability

1. Introduction

The issue of spatial data quality has been attracting broad interest for many years, not
only of data producers and distributors, but also from users and researchers. The impor-
tance of data quality in business and science is well recognized and widely described [1-4].
From the perspective of a data provider or distributor, quality assessment is one of the key
elements of production that is always analysed in the context of compliance with technical
specifications. The ability to create, collect, store, maintain, transmit, process and present
information and data to support business processes in a timely and cost-effective manner re-
quires both an understanding of the characteristics of information and data that determine
its quality and the ability to measure, manage and report on it. The issue of geospatial data
quality has a crucial role in terms of its ability to be used to determine sustainable develop-
ment goals indicators. In 2015, the United Nations adopted 17 sustainable development
goals (SDGs), which represented a universal call to action to end poverty, protect the planet
and ensure peace and prosperity for all by 2030 [5]. To track progress toward sustainable
development goals, the UN proposed a set of 231 statistical indicators that range from
health outcomes such as infant mortality (Indicator 3.2) to economic indicators such as the
percentage of the population living in poverty (Indicator 1.1), environmental indicators
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such as air quality (Indicator 11.6) and geospatial data. Indicator-based approaches help
ground broad and, in many cases, vague sustainable development goals in more concrete
and measurable terms, but obtaining the data needed to monitor indicators on a national
or global scale is a significant and fundamental challenge.

Data quality problems are quite widely highlighted by the international standards
organization ISO (the International Organization for Standardization). ISO has developed
several standards dedicated to the assessment and reporting of geospatial data quality,
including: ISO 8000-61:2016—data quality and ISO 19157:2013—geographic information—
data quality. ISO 8000-61:2016 specifies the processes required for data quality management.
Each process is defined by a purpose, outcomes and the activities that are to be applied for
the assurance of data quality [6].

The following are within the scope of this part of ISO 8000: fundamental principles of
data quality management, the structure of the data quality management process, definitions
of the lower-level processes for data quality management, the relationship between data
quality management and data governance and implementation requirements.

The scope of this part of ISO 8000 does not include detailed methods or procedures by
which to achieve the outcomes of the defined processes.

ISO 19157:2013 establishes the principles for describing the quality of geographic
data. It defines the components for describing data quality, specifies the components and
content structure of a register for data quality measures, describes general procedures for
evaluating the quality of geographic data and establishes the principles for reporting data
quality. ISO 19157:2013 also defines a set of data quality measures for use in evaluating and
reporting data quality. It is applicable to data producers who provide quality information
to describe and assess how well a data set conforms to its product specification and to data
users attempting to determine whether or not specific geographic data are of sufficient
quality for their particular application. ISO 19157:2013 does not attempt to define minimum
acceptable levels of quality for geographic data.

In ISO normative documents, quality is defined as a comprehensive set of characteris-
tics and features of data sets and services that affect the ability to satisfy current and future
user requirements [7]. The characteristics and features mentioned in the standard with
respect to spatial data sets are defined by more than a dozen quantitative and qualitative
indicators. The most commonly used ones, which are also valid for INSPIRE Directive
(Infrastructure for Spatial Information in Europe) data sets, include completeness (lack
and excess of objects), logical consistency (conceptual, topological, domain and format),
position accuracy, temporal and thematic accuracy (e.g., correctness of classification or
correctness of quality attributes) and lineage [8]. All the mentioned quality elements are
assessed in terms of compliance with the technical specifications of the data, and the results
of the assessment are reported in the metadata. Researchers also pay attention to data
availability, which is often a key element of quality, and to the distributor that guarantees
better quality, e.g., official data are considered more reliable [3].

As far as data collected voluntarily and free of charge by a very large number of volun-
teers, referred to as volunteered geographic information (VGI) or crowdsourcing geodata
are concerned, the use of the indicators mentioned above becomes problematic. This results
from the lack of detailed technical specifications, only giving rules and guidelines for
data provision, and the frequent absence of formal verification of all data entered into the
database. Volunteers are usually left with a great deal of discretion regarding the accuracy
of the data entered and the detail of its descriptive characteristics. Data verification is
generally performed by other users, who are potentially more familiar with the area or
willing to use community data for specific tasks. The dataset that is the most commonly
studied and evaluated for data quality is OpenStreetMap (OSM), which is also a potential
source of geospatial data for monitoring SDG indicators [9,10].
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1.1. Related Works

The usage of OpenStreetMap has rapidly increased since it was first established in
2004. In line with this increased usage, a number of studies have been conducted to analyse
the accuracy and quality of OSM data, but many of them focus mainly on the completeness
and accuracy of the location of roads or buildings. In the study [11], the author aimed to
analyse the quality of OSM data by comparing it with the Ordnance Survey (OS) data sets
in England and selected five areas of London. The geometric accuracy and completeness
of road sections were analysed. The analysis shows that OSM information can be quite
accurate: on average at a distance of about 6 m from the position recorded by the operating
system and with about 80% overlap of highway features between the two data sets. In
paper [12], OSM road data was analysed to characterize the behaviour of OSM participants.
The study area, Ankara, the capital of Turkey, was evaluated using several network analysis
methods such as completeness, degree centrality, proximity, PageRank and a proposed
method to measure contributor activation in a limited area from 2007-2017. The results
show that the experience level of contributors determines the type of contribution. In
general, more experience means more detailed contributions. The paper [13] analyses the
spatial pattern, evolution, density and diversity of OSM road networks in Iran between
2008 and 2016 and looks to find casual relations between OSM and census statistics. This
is due to the fact that OSM completeness reflects the importance of OSM data in human
life. The results show that the road network in Iran considerably increased from 2008 to
2016, with road length increasing to 489,400 km in 2016 from 4300 km in 2008. Road density
grew while road diversity and evenness declined. Mapping direction extended from big
cities to medium or small-sized ones. Western counties located in mountainous regions are
still not very active. The top active counties producing OSM data are mostly populated by
urban citizens.

This study [14] aims to provide an analysis of the evolution, completeness and spatial
patterns of OSM building data in China from 2012 to 2017 using two quality indicators,
OSM building count and OSM building density. The development of OSM numbers from
2012 to 2017 is analysed by province in a regular 1 km? grid. The obtained results showed
that the number of OSM buildings increased nearly 20 times from 2012 to 2017, and in
most cases, economic (gross domestic product) and OSM road length are two factors that
can influence the development of OSM building data in China. Most grid cells in urban
areas have no building data, but two typical patterns (dispersion and aggregation) of high-
density grid cells are among the prefecture-level divisions. In the article [15], the authors
describe the methods of completeness analysis of OSM buildings and their application to
various test areas in Germany. The results show that unit-based completeness measure-
ments (e.g., total number or area of buildings) are very sensitive to modelling discrepancies
between official data and OSM. The November 2011 analysis in Germany showed a com-
pleteness of 25% in the Lander of North Rhine-Westphalia and 15% in Saxony. While further
analyses from 2012 confirm that the completeness of the data in Saxony increased to 23%,
the pace of new data entry decreased in 2012. In study [16], the quality of OSM land use
and land-cover (LULC) data is investigated for an area in southern Germany for two spatial
data quality elements: thematic accuracy and completeness. The results show a substantial
agreement between OSM and the authoritative dataset. Nonetheless, for this study region,
there were clear variations between the LULC classes. Forest covers a large area and shows
both a high OSM completeness (97.6%) and correctness (95.1%). In contrast, farmland also
covers a large area, but for this class OSM shows a low completeness value (45.9%) due to
unmapped areas. Additionally, the results indicate that a high population density, as present
in urbanized areas, seems to denote a higher strength of agreement between OSM and the
DLM (digital landscape model).

These studies show that OSM information can be quite accurate, but its value depends
on the areas for which it was acquired. The aforementioned studies clearly show that the
best spatial data quality results were achieved for urban areas and those of interest to OSM
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users. Based on the statistical results of the research, the authors have inferred that the
experience levels of contributors determine the contribution type and level of object detail.

1.2. Research Purpose

Taking into account the above facts, this paper presents a comprehensive assessment
of the quality of OpenStreetMap volunteer data, paying attention to the aspect of imperfect
semantic findings and quality assumptions. The research question posed was to determine,
first of all, the completeness, location accuracy and attribute compatibility of the main
land-cover classes of OSM objects in relation to the national official data collected in the
database of topographic objects, which was the reference base in the conducted research.
The analyses were performed for five selected counties in Poland, taking into account their
diversity in terms of terrain and urbanization level, which allows them to be treated as
representative samples. The data to which OSM was referred were official Polish data
from BDOT10k (National Database of Topographic Objects). This study complements the
previous research results in the field of quantitative and qualitative analysis of OSM data,
especially in relation to the Polish territory, taking into account the diversity of land cover
and development of the test areas. A novelty in the study is its comprehensive approach
to assessing the quality of OSM data for the main classes of land cover in the area of
a particular county. Another novelty is the analysis of these elements in relation to the
indicators of sustainable development, including economic resources.

2. General Principles of OpenStreetMap

Due to the lack of open access to spatial data in the UK, in 2004 Steve Coast initiated
the free, open and editable OpenStreetMap (OSM) project. The main mission of this project
is to provide both finished maps and raw geodata to any user by volunteers around the
world. Despite its name, OpenStreetMap is not just a map of roads. Roads account for
23.9% of all objects, and buildings are the most represented, accounting for 58.9% of all
objects collected in the database [17]. OSM is based on the idea of an open social network
and uses wiki technology, which in practice means that anyone can enter or edit any object
in the database at any time. In addition, the database stores the history of edits to each
object, so the effects of a mistaken vectorization or deliberate vandalism may be retracted.

2.1. OSM Data Structure

OSM has its own infrastructure for storing, sharing, searching and visualizing data
that is not compliant with OGC (Open Geospatial Consortium) standards. OSM follows
the peer production model that created Wikipedia; its aim is to create a set of map data
that is free to use, editable and licensed under new copyright schemes [18]. OSM data
are stored in a PostgreSQL relational database, according to the WGS84 datum (World
Geodetic System 1984). Basic geometric types are used to represent the geometry, which,
when combined with any labelling scheme, allow virtually any geographic object to be
described. Elements are the basic components of OpenStreetMap’s conceptual data model
of the physical world. Elements are of three types (Figure 1):

e Nodes—represent a specific point on the earth’s surface defined by its latitude and
longitude. Nodes can be used to define standalone point features. For example, a
node could represent a park bench or a water well.

e  Ways—used to represent linear features such as rivers and roads. Ways can also
represent the boundaries of areas (solid polygons) such as buildings or forests. In this
case, a way'’s first and last node is the same. This is called a “closed way”.

e  Relations—multi-purpose data structure that documents the relationship between two
or more data elements (nodes, ways and/or other relations).
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m bicycle yes
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Figure 1. An example of an OSM object data structure.

A label, also called a tag, consists of a pair of expressions: “key = value” which can be
equated with an attribute. For example, highway = residential defines the way as a road
generally used for local traffic within settlement. The key highway = * is the main key used
for identifying any kind of road, street or path. The value of the key helps indicate the
importance of the highway within the road network as a whole (Figure 1).

2.2. Methods of Obtaining OSM Data

OSM data users and providers use a variety of techniques and data sources to acquire
site information, including vectorization of orthoimagery, measuring a route with a hand-
held GPS receiver while walking (or even biking or driving), sketching or measuring from
the level of the nearest road, importing public official data, etc. [19,20]. The dependence of
geometric accuracy on data acquisition methods and techniques explains the heterogeneous
geometric accuracy of the data in the OSM database. In addition, the effect of heterogeneity
of object acquisition techniques and devices is compounded by the effect of interpretation.
Correct interpretation of the spatial position of an object, e.g., the outline of a building,
especially from satellite or aerial images, requires experience, preferably supported by
appropriate training.

Goodchild, an ambassador of the idea and term VGI, expressed the opinion that well-
distinguishable geographic objects are less demanding in terms of training and experience
for volunteer observers placing them [21]. Treating this opinion as a research hypothesis,
we confirm that the location of a given spatial object varies depending on its type and the
interpretive capabilities of the person editing OSM.

2.3. Methodological Aspects of OSM Data Quality Assessment

According to ISO 19157:2013 [7], spatial data quality is understood as a set of the
following characteristics and attributes of the objects collected in a database:

e  Geometric accuracy—this parameter describes the accuracy of determining the coordi-
nates of the object. In practice, the preferred method of checking this parameter is to
compare it with an independent source of higher accuracy.

e  Thematic accuracy—describes the accuracy or certainty of the acquisition of an at-
tribute value. Estimating the accuracy of a quantitative attribute is analogous to
location accuracy (comparison with a more accurate data source).

e  Currentness—describes the point in time or moment in time when the contents of the
database match reality.
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o  Completeness—determines how exhaustive a set of objects is. It may refer to: excess,
missing objects, their attributes or the relationships between them.

e Logical consistency—describes the consistency of the relationships recorded in the
spatial database structure (conceptual, domain and topological).

The quality of OpenStreetMap data, and in particular its quantitative elements such as
completeness and geometric accuracy, is of broad interest to potential users worldwide. The
method of data collection used in OSM makes it impossible to directly apply the principles
of geographic data evaluation contained in ISO 19157, which refer to the comparison of
data with technical specifications. Goodchild [22] listed three alternative approaches to
assessing the quality of geographic data acquired by projects such as OpenStreetMap:

o  Crowd-sourcing approach—based on the assumption that redundant data is detected
and corrected by users.
Social approach—assuming minimal data validity checks by administrators.
Geographical approach—involving the use of GIS-type programs for data quality
control by checking the correctness of topologies and logical rules.

Such approaches to assessing the quality of VGI data are gaining popularity, although
external assessment is still widely used, requiring access to other, usually more accurate
and reliable data. Such an approach was used in this research because it allows for a com-
prehensive assessment of data quality, which is crucial from the point of view of potential
users. However, the selection of reference data is a problematic issue. Concerns about what
reference set to choose for quality control of spatial databases fed by non-cartographer
volunteers were also expressed in studies [11,23,24]. Given their study, the official state
resource was selected for comparison. Considering that most of the previous analyses of
the quality and usefulness of OSM concerned large cities or agglomerations [25-27], the
research results presented below are novel in that they include an analysis of spatial data
covering not only roads and buildings but consider a broad data set consisting of the main
land-cover elements for counties in Poland that are diverse in terms of terrain and degree
of urbanization (thus, they do not cover only urbanized areas).

3. Materials and Methods
3.1. Source Data
3.1.1. Area of Research

The test area consists of five counties located in the territory of Poland. The counties
that were selected are diverse in terms of location, terrain, area, degree of urbanization and
land cover, so that they can be representative samples. The location of the analysed test
areas is shown in Figure 2.

Piaseczyniski County is situated in the central part of Masovian Voivodeship. It is one
of the richest and best developed counties in Poland [28]. The county has an area of 621 km?
and a population of 182,076 [29]. Within the county there are natural plant communities:
meadows, peat bogs and forests. The County of Piaseczyriski lies in the belt of the central
Polish lowlands. The land use structure of the county is agricultural land: 49.2%, orchards:
10% and forest: 19.6%.

Sanocki County is located in the Bieszczady Mountains in southern Poland, with an
area of 1159 km? and a population of 95,035. The county has an agricultural nature, with
poorly developed other sectors of the economy [29]. Forestry and related wood industry
are dominant here. More than 1/3 of the area is under nature protection.

Sokélski County is a county in the northeastern part of Poland with an area of 2055 km?
and population of 66,686 [29]. Sokdlski County has rolling and hilly hills ranging in
elevation from 110 to 240 m above sea level. The county belongs to the area of the so-called
“Green Lungs of Poland”, i.e., ecologically developed areas with great tourist potential. In
total, 24% of its area is covered by forests and forest lands. The main forest complex is the
Knyszyn Primeval Forest, through which the Suprasl River flows. A significant part of
the county’s area is used for agricultural production. The good condition of the natural
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environment and traditional farming culture in many farms contribute to the development
of agriculture.
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Figure 2. Location of analysed counties.

Stupski County is situated in the northwestern part of the Pomeranian Voivodeship,
and has an area of 2304 km? (4th largest in Poland) [29]. It is bordered to the north by a
57 km long stretch of the Baltic coast. The relief is varied, with characteristic uplifts of
terminal moraines and a specific, coastal landscape in the northern part, with dune areas
reaching up to 30 m above sea level. Numerous rivers are an important element of the
landscape—with the largest one, Stupia, being a well-known sea trout river. Protected
forests cover 83% of the forest area.

Ostrowski County is a county located in the southwestern part of the Greater Poland
Province and covers an area of 1160 km?. The county of Ostréow Wielkopolski has the second
largest population in the the Greater Poland Province (161,581 people) [29] and is situated
in the macroregion of South Greater Poland Lowland. The county has an agricultural and
industrial nature, with agricultural lands covering 64.9% of the county’s area, and 28.3% of
forest areas.

3.1.2. OSM Data

In the conducted OpenStreetMap data quality study, 6 main (essential) land-cover
classes were used, which included linear objects (roads, railroads and river network) and
area objects (buildings, surface water and forests). OpenStreetMap data were obtained from
the OSM Geofabrik service [30]. The timeliness of the surveyed OSM data is 24 June 2021.
Table 1 provides a description of the data used and Figure 3 shows an example visualization
of the OSM data. The analysed OSM objects were selected to match the objects from the
BDOT10k reference base as closely as possible.

OSM data are characterized by heterogeneous accuracy and level of detail, depending
on the acquisition technique and object contour detailing, which, in turn, depend on the
skill and experience of the observer. The means of obtaining OSM data are primarily
measurements from handheld GPS receivers, aerial photographs and other available data
sources. OSM data timeliness varies depending on volunteer activity.
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Table 1. Characteristics of the OSM data analysed with the distinguishing “tag” [17].

No. Geometrlf Tag Description
Representation
highway = {motorway, trunk, ..
. . . The principal tags for the road network. They range from the most
1 line primary, secondary, tertiary, -
i : . to least important.
unclassified, residential}
2 line railway = rail Standard track for passenger or freight trains
3 line waterway = {river, stream, rivers, streams, and other watercourses with water flowing from
tidal_channel} one place to another
4 polygon building = * single building outline.
t 1= t L . .
netural = water. Unspecified bodies of water. Typically lakes but can also be larger
5 polygon landuse = reservoir .
. rivers, harbours, etc.
water = reservoir
Forest or woodland. Sometimes considered to have the restricted
landuse = forest N . ..
6 polygon meaning “managed woodland or tree plantation maintained by
natural = wood . ”
humans to obtain forest products”.
1
.Y
|
. ™
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Figure 3. An example visualization of the OpenStreetMap database.

3.1.3. Reference Data—BDOT10k

In the conducted analyses of OSM data quality, the official spatial data of the National
Database of Topographic Objects (BDOT10k) was adopted as the reference dataset. It is a
vector database containing the spatial location of topographic objects along with their basic
descriptive characteristics. The content and detail of the BDOT10k database correspond to
those of a traditional topographic map at the scale of 1:10,000, (Figure 4).

The detailed scope of information collected in BDOT10k, organization, mode and
technical standards of creating, updating, verifying and making data available are specified
in the legal act [31]. The BDOT10k database is updated on a current basis after obtaining
reliable data from feeders. The BDOT10k database is available free of charge for any use.
Data may be downloaded free of charge via the GEOPORTAL service [32]. The validity of
the available BDOT10k data used in this analysis is March 2020. Objects from the BDOT10k
reference database, belonging to the same land-cover classes as the OSM data, were used
for the OSM data quality analysis (see Table 2).
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Figure 4. An example visualization of the BDOT10k database in Geoportal service.

Table 2. Characteristics of the BDOT10k data analysed [31].

Geometric

Designation

No Representation Name BDOT10k Deseription
Roadway centreline segments, or portions of the
1 line road SKJZ roadway dedicated to vehicular traffic, that have
a uniform set of attributes.
2 line track or set of tracks SKTR Segments of track axles or axle.s of sets of tracks
used for the movement of railway vehicles.
. river and Sections of river and stream axes between
3 line stream/channel SWRS/SWKN hydrographic network nodes.
- Buildings permanently connected to the ground
4 polygon building BUBD with foundations.
5 polygon surface water PTWP Areas occupied by the wate.rs of rivers, canals
and reservoirs.
Densely wooded areas: forests, wooded parks
6 polygon forest or wooden area PTLZ and other wooded areas.

The BDOT10k dataset is defined in the PUWG 1992 (Panistwowy Uktad Wspotrzednych
Geodezyjnych) rectangular coordinate system, which is a coordinate system based on the
Gauss-Kriiger mapping for the GRS80 ellipsoid in one ten-degree zone for Poland (EPSG:
2180). The PUWG 1992 is intended for maps with a scale of 1:10,000 and smaller.

BDOT10k data are acquired through: geodetic survey, land and building registry,
orthophoto vectorization or other official state registers. BDTO10K quality control is
performed in accordance with the control system for data submitted to the BDOT10k
resource (topology and geometry checks, semantic, syntactic and attribute checks, etc.) and
is carried out in high detail.

3.2. Methodology

This part describes the methods used to assess the quality of OSM data for the test coun-
ties (Piaseczynski, Stupski, Ostrowski, Sanocki and Sokélski) in relation to the BDOT10k
reference database.

The spatial data characteristics summarized in Section 3.1 show the basic sources of
discrepancies between the analysed datasets, namely: different conceptual model, measure-
ment rules and technological supervision and the control system of data transferred and
stored in the OSM and BDOT10k databases. Taking into account the mentioned differences
in both datasets, the research work included: the identification of corresponding objects
in both sets as well as the analysis of geometric accuracy and completeness of objects
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and attributes. Sections 3.2.1 and 3.2.2 describe the procedures for assessing the quality
of OSM data in terms of geometric accuracy. Due to the different geometric type of the
analysed land-cover objects, OSM data quality assessment for area (Section 3.2.1) and linear
(Section 3.2.2) objects is detailed. Sections 3.2.3 and 3.2.4 describe the method for assessing
the completeness of OSM data, and Section 3.2.5 analyses semantic and attribute accuracy
of OSM. These methods take into account the heterogeneous nature of OSM data (linear
and area objects). The analyses described were performed using GIS software—ArcGIS
Pro and Statisitica software. Due to different coordinate systems of the analysed data, the
OSM database was transformed to the metric system consistent with BDOT10k—PUWG
1992 uniform for the entire territory of Poland. The use of the metric coordinate system
made it possible to perform spatial analyses in GIS software in accordance with the applied
methodology. The transformation between the WGS 84 geographic system and PUWG
1992 was performed in accordance with the conversion tools of ArcGIS Pro. The process of
performing the transformation of the coordinate system does not affect the results obtained.

3.2.1. Analysis of the Geometric Accuracy of OSM Area Objects

In order to obtain statistical information about the geometric accuracy of OSM surface
objects in comparison to the reference database BDOT10k, homology points were used.
Accuracy analysis was based on automatic measurement of corresponding vertices of OSM
area objects in relation to BDOT10k—Figure 5.

L4} _ 543

550

a5l

Figure 5. Homologous points semi-automatically detected between the OSM buildings (red) and the
BDOT10k buildings (blue).

The measurement was conducted for all analysed counties, taking into account area
objects—buildings, forests and surface waters. Measurement of homologous points was
performed by comparing coordinates of corresponding corners (vertices) in OSM and
BDOT10k databases.

The geometric accuracy of OSM area objects is presented in terms of root mean square
error (RMSE). RMSE is a frequently used measure of the differences between values (sample
or population values) predicted by a model or an estimator and the values observed.
root mean square error (RMSE) is the standard deviation of the residuals (prediction
errors). Residuals are a measure of how far from the regression line data points are.
RMSE is a measure of how these residuals are spread out. In other words, it tells us how
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concentrated the data is around the line of best fit. root mean square error is commonly
used in climatology, forecasting and regression analysis to verify experimental results [33].

The value of RMSE error for the determined homologous points in OSM and BDOT10k
datasets was calculated according to the Equations (1)-(3):

RMSEy — \/Zi(XOSM — Xpporor)” )
N
%i(Yosm — Yeporior)
RMSEy = ~ @)
RMSE = /RMSE}, + RMSE} 3)

where:

Xosm, Yosp—coordinates of a point from the OSM database,

XgpoTioks YBpOT10k—C00rdinates of a point from the BDOT10k database and N—
number of observations (homology points).

3.2.2. Analysis of Geometric Accuracy of OSM Linear Objects

The buffer zone method developed in research [34] was used to determine the accuracy
of the location of OSM linear objects relative to the BDOT10k database. Using this method,
accuracy is determined by the percentage of an OSM linear object located within the buffer
zone of the corresponding linear feature from the BDOT10k reference data. The buffer zones
were determined for the BDOT10k data. For each of the linear objects’ class (roads, railroads
and rivers), 4 buffer zones with widths of 1, 2, 5 and 10 m were delineated—Figure 6.

m— EDOT 10K road

m— CEM road

1 m buffer
2 m buffer
5 m buffer
10 m buffer

Figure 6. Created buffer zones around a linear object of the BDOT10k database.

The widths of the buffer zones were optimally selected on the basis of the literature
and the accuracy of the BDOT10k data. The assumed accuracy of the BDOT10k database
corresponds to the accuracy of maps in the scale of 1:10,000, which results in the accuracy
of the location of objects in the database amounting to 1.5-5 m, depending on the type of
object in accordance with [31]. Other geometric conditions of objects are also specified: the
minimum distance between vertices is 2 m, and the accuracy of mapping angles is 1 degree.

The OSM data length was then overlaid on the designated BDOT10k buffer zones to
calculate the percentage of overlap using the equation as follows:

A
Coverage (%] = 3 -100% 4)
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where:
A—length of the OSM dataset tested in the buffer.
B—total length of the tested BDOT10k dataset in the buffer.

3.2.3. Analysis of Completeness of OSM Area Objects

The completeness of OSM area objects is assessed using a method based on area ratio
units [14], which calculates completeness (C) as the percentage ratio between the total
area of an OSM object and the total area of the corresponding BDOT10k database object
within a specific spatial unit (e.g., administrative or geometric). For this purpose, the area
of the analysed counties was divided into sub-areas according to a regular grid of hexagons
of an area equal to 1 km? each. The choice of this cell shape is suggested by [14], who
argued that the hexagonal shape of the basic field has the advantage of approximating
a circle, optimally covering the study area. As noted by [35], the area ratio method may
introduce an overestimation of C due to the overabundance of data available in OSM
relative to BDOT10k data. For this reason, further studies are recommended in which
three additional indicators are calculated: true positive (TP), false positive (FP) and false
negative (FN) rates. The TP indicator (Figure 7) represents the overlapping areas of surface
objects between OSM and BDOT10k, i.e., the common areas between the datasets. The FP
indicator represents OSM surface objects that do not exist in the BDOT10k dataset, and the
FN indicator considers BDOT10k area objects that do not exist in the OSM dataset.

—— BDOT10k object
— (OSM object

TP
N FP

FN

Figure 7. Characteristics of TP, FP and FN indicators.

To assess the completeness of OSM area objects, C, TP, FN and FP values were calcu-
lated for each hexagonal grid cell. The obtained results were then related to the total area
of objects in the reference base, which is the BDOT10k collection. In the conducted research
on OSM data completeness, such analyses were carried out for buildings, surface water
and forests.

3.2.4. Analysis of Completeness of OSM Linear Objects

In this study, the completeness of roads, railroads and rivers available in the OSM
database was calculated by comparing the length of a given linear feature with the length
of the corresponding feature in the BDOT10k dataset (Table 3) using the Equation (5) [36].
The results are presented as percentages:
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D
Completness [%] = T -100% 5)
where:
D—object length in OSM dataset.
E—total length of the corresponding object according to BDOT10k dataset.
Table 3. Statistics on the homologous pairs detected in the considered test areas.

Count Area Number of Homologous RMSEx RMSEy RMSE
y Object Point Pairs [m] [m] [m]
buildings 956,277 1.54 1.58 2.21
Piaseczyniski forests 32,677 4.22 4.25 5.99
waters 20,510 2.96 2.89 4.14
buildings 295,224 0.99 0.94 1.36
Sokolski forests 109,130 4.20 413 5.89
waters 16,317 247 2.51 3.52
buildings 288,790 1.14 1.09 1.58
Stupski forests 23,625 3.94 3.90 5.54
waters 15,185 3.35 3.42 4.79
buildings 467,641 1.70 1.68 2.40
Ostrowski forests 12,627 3.85 3.71 5.35
waters 7204 3.01 291 4.19
buildings 285,385 1.43 1.49 2.06
Sanocki forests 55,834 3.88 3.87 5.48
waters 7646 2.73 2.80 391

3.2.5. Attribute and Semantic Accuracy Analysis of OSM

The analysis presents quantitative results of the accuracy of OSM database attribute
values. The BDOT10k database was not considered in this analysis. The quantitative
analyses show the extent to which the selected OSM object tag is informed (contains infor-
mation of the mapped feature). The analysis includes the number of objects with additional
tags to the main tag completed, such as NAME and others describing an additional OSM
object type. Attribute tests were performed by analysing the number of objects in a given
OSM class and by examining the degree of user-entered information about each object’s
attributes. The analysis was conducted for linear and area objects. The attribute quality
assessment of OSM objects was calculated by comparing the correct number of object
names as an Equation (6) [36]:

Attribute accuracy [%] = % -100% (6)

where:

F—number of objects with the informed tag in OSM dataset.

G—total number of OSM objects.

Attribute accuracy assesses the accuracy of attributes captured according to the speci-
fications of the database.

4. Results
4.1. Geometric Accuracy of OSM Area Objects

Using the methods described in Section 3.2.1, the geometric accuracy of area objects
was calculated separately for each of the five analysed counties. The obtained results of
OSM area object geometric accuracy based on homologous points are presented in Table 3.

According to the results presented in Table 3, it is noticeable that the smallest val-
ues of RMSE were obtained in all the counties for building type objects. The smallest
error was recorded in Sokolski County—1.36 m (295,224 homologous points). On the
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other hand, the lowest value of RMSE was obtained in the Ostrowski County—2.40 m
(467,641 homological points).

Objects of the forest and surface water type obtained much higher values of RMSE in
the analysed areas. The lowest values on a quite similar level were obtained for objects of
forest type (from 5.35 m for Ostrowski to 5.99 m for Piaseczyniski County). On the other
hand, the values of RMSE for surface waters were slightly more diversified—from 3.52 m
for the Sokolski County to 4.79 m for the Stupski County.

4.2. Geometric Accuracy of OSM Linear Objects

According to Section 3.2.2, the accuracy of OSM linear objects’” locations was deter-
mined by creating buffer zones in relation to BDOT10k objects with widths of 1m,2m,5m
and 10 m. Then, the percentage of overlap of OSM data in relation to each buffer zone was
determined. Linear land-cover objects (roads, railroads and river network) in all analysed
counties were included in the analysis. The resulting analysed linear objects by county are
shown in Tables 4-8.

Table 4. Geometric accuracy of OSM linear objects in Piaseczyriski County in relation to BDOT10k
objects in buffer zones.

Roads Railway River Network

Buffer oM D OSM D OSM D
Zone Len ﬂita Coverage Len t}z:ta Coverage Len t;ta Coverage

Width [m] eng [%] eng [%] one [%]
[km] [km] [km]

1 1786.3 48.5 52.3 36.3 79.5 9.9

2 2952.7 80.2 80.5 56.0 147.4 18.3

5 4225.1 114.7 132.3 92.0 267.4 33.2

10 4696.7 127.5 169.8 118.0 336.0 41.7

Table 5. Geometric accuracy of OSM linear objects in Sanocki County in relation to BDOT10k objects
in buffer zones.

Roads Railway River Network
Buffer = oM D 0SM D 0SM D
Zone Leng tﬁta Coverage Lengtﬁta Coverage Lengtﬁta Coverage
Width 0 9 9
idth [m] el [%] ] [%] [em] [%]
1 998.6 20.6 93.6 62.8 1092.9 325
2 1543.8 31.8 120.9 81.1 1547.5 46.0
5 1989.9 41.0 135.2 90.8 1805.0 53.7
10 2119.2 43.6 139.5 93.7 1926.9 57.3

According to the results presented in Tables 4-8, it can be seen that the geometric
accuracy of linear objects varies significantly depending on the reference buffer width used.
In case of the road network, the highest increase in the share of OSM data in the analysed
buffer zones was recorded in Stupski county—from 14.3% for 1 m buffer width to 50% for
10 m buffer width. On the other hand, in the county of Piaseczyriski for 1 m width of the
buffer there was a significant share of the OSM data—48.5%. With increasing buffer width,
the share of OSM data relative to BDOT10k increased up to 127.5% for 10 m buffer width.
Increase in share of OSM data above 100% indicates data overabundance, i.e., the OSM
database contains more data than BDOT10k. As far as the remaining counties (Sanocki,
Sokolski and Ostrowski) are concerned, the share of OSM data in relation to BDOT10k
was at a similar level with the increase in reference buffer zones, but in no case did it
exceed 70%.
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Table 6. Geometric accuracy of OSM linear objects in Sokélski County in relation to BDOT10k objects

in buffer zones.

Roads Railway River Network
Buffer
Zone OEM Data Coverage OSM Data Coverage OSM Data Coverage
Width [m] ength (%] Length [%] Length [%]
[km] [km] [km]
1 1636.5 23.4 77.3 44.0 92.1 15.9
2 2870.4 41.0 121.0 68.9 173.3 30.3
5 4338.9 61.9 147.4 83.9 317.1 54.8
10 4848.8 69.2 153.5 87.4 385.9 66.7

Table 7. Geometric accuracy of OSM linear objects in Stupski County in relation to BDOT10k objects
in buffer zones.

Roads Railway River Network
Buffer = oM Dat OSM Dat OSM Dat
Zone L tf\ a Coverage L tli a Coverage L tﬁ a Coverage
Width [m] eng [%] eng [%] eng [%]
[km] [km] [km]
1 1167.1 14.3 77.4 38.5 114.7 8.1
2 2022.4 24.8 117.3 58.5 216.9 15.2
5 3337.6 40.9 152.9 76.2 429.4 30.2
10 4082.0 50.0 167.4 83.4 599.4 42.1

Table 8. Geometric accuracy of OSM linear objects in Ostrowski County in relation to BDOT10k
objects in buffer zones.

Roads Railway River Network
Buffer = oM D OSM D 0SM D
Zone Lengtla1ta Coverage Lengtﬁta Coverage Lengtlita Coverage
Width [m] 0 9 9
R km] %l [km] %l [km] %l
1 1216.3 249 89.0 35.3 70.1 6.0
2 1960.3 40.1 138.2 54.8 120.6 10.3
5 2733.5 55.9 238.5 94.6 196.4 16.8
10 2996.8 61.3 285.0 113.1 230.5 19.8

The analysis of the railroad network revealed that the situation is slightly different
than in the case of the road network. The highest share of OSM data for the reference buffer
width of 1 m was recorded in Sanocki county—62%. As the width of the buffer zones
increased, the share of OSM data increased slightly—up to 93.7% for a 10 m wide reference
buffer. For the Piaseczyniski and Ostrowski Counties, the situation is very similar. The
share of OSM data in individual buffer zones increases significantly with the increasing
width of the reference buffer—from about 30% for 1 m width to over 113% for 10 m width.
In the case of the Sokoélski and Stupski Counties, the share of OSM data in relation to the
intervals of the reference buffer zones is similar and does not exceed 90% in the case of the
10-m-wide bulffer.

As for the river network, the share of OSM data in particular buffer zones is the
smallest in comparison with the other analysed objects of the road and railroad network.
The smallest share of OSM objects of the river network in the analysed buffers was recorded
in the Ostrowski County—from 6% for the 1 m buffer to only 19.8% for the 10 m buffer.
For Sanocki County, the share of OSM data in relation to BDOT10k data for the width of
reference for a buffer of 1 m is the largest share from all analysed counties—32.5%. With the
increase in the buffer width, this share increases to 57.3% for 10 m width of the reference
buffer. On the other hand, in the Sokdlski County, the share of OSM data in relation to
BDOT10k reaches the highest value for the reference buffer of 10 m width—66.7%. In the
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case of Piaseczyniski and Stupski Counties, the obtained values of the accuracy of the OSM
data position in relation to the reference buffer zones are similar and amount from about
8% for the buffer zone of 1 m to about 42% for the buffer zone of 10 m width.

4.3. Completeness of OSM Area Objects

The methods described in Section 3.2.3 were used to calculate the completeness of
OSM area objects in individual cells of the hexagonal grid. The analysed area was divided
into basic fields in the form of a hexagonal grid of 1 km?2. Finally, 60 thematic maps were
developed visualizing the spatial distribution of C, TP, FP and FN indices in the analysed
counties. Due to the large number of maps, the obtained thematic maps are presented
for the two analysed counties, which represent the greatest diversity of the results. For
Piaseczynski County (Figure 8) the developed maps are presented in Figure 9 and for
Sokélski County (Figure 10) the obtained maps are shown in Figure 11.
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Figure 8. Piaseczyriski County—overview map.

The set of maps presented in Figures 9 and 11 shows the spatial distribution of the
calculated indices of completeness of OSM area objects in comparison with the BDOT10k
reference database in two counties: Piaseczyniski and Sokélski. The ranges of values for
each of the indicators were determined according to the Natural Breaks algorithm. Jenks
Natural Breaks classification (or optimization) is a data classification method designed
to optimize the distribution of a set of values into “natural” classes. The range of classes
consists of elements with similar characteristics that form a “natural” group in the data
set [37].
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(c) Surface waters
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Figure 9. Completeness analysis of OSM area objects in Piaseczytiski County for indicators C, TP, FP,
and FN: (a) buildings, (b) forests, (c) surface waters.
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Figure 11. Completeness analysis of OSM area objects in Sokolski County for indicators C, TP, FP
and FN: (a) buildings, (b) forests and (c) surface waters.

This classification method seeks to minimize the average deviation from the class
mean while maximizing the deviation from the means of the other groups. This method
reduces the variance within classes and maximizes the variance between classes.

The mean values of OSM area objects’ completeness indices for all counties analysed
with respect to the base field of the hexagonal grid are presented below in Table 9.

Table 9. Average values of OSM area objects’ completeness indices in the analysed counties.

Class of Area Ind Average Value of the Index in the County [%]
. ndex
Objects Piaseczyriski  Sokélski Stupski Ostrowski Sanocki
C 115.1 79.5 66.5 83.5 111.2
buildines TP 89.2 743 52.8 67.9 92.3
& FP 25.7 53 14.4 15.6 189
FN 10.8 25.4 47.0 32.8 73
C 171.2 180.6 80.2 78.4 86.3
; P 69.5 82.8 72.7 73.3 79.9
orests FP 102.3 483 7.4 5.6 6.4
FN 30.4 16.4 27.3 27.1 20.1
C 118.8 154.7 112.6 35.2 417
. TP 427 32.1 346 25.4 29.6
waters FP 76.2 1224 78.3 10.6 11.2
FN 57.3 67.7 65.7 75.9 70.3

The spatial distribution of the completeness index C for buildings in the analysed
counties reaches the highest values in urbanized and densely built-up areas. This index in
highly urbanized areas in all cases reaches values above 100%. The highest average values
of index C were noted in Piaseczyniski County—on average, the completeness index C here
equals 115%, and in some grid cells it reaches values above 400%. The lowest value of the
C indicator for buildings was observed in Stupski County—about 67%. The total area of
the TP index for buildings (i.e., buildings present in both BDOT10k and OSM datasets)
is approximately 89% of the total area of BDOT10k buildings on average in Piaseczyriski
County. The highest value of the TP index for buildings was recorded in Sanocki county
(92.3%). In the Stupski County, on the other hand, this index averaged 53%—the lowest
value in all the analysed counties. In all cases, the highest TP values were achieved in
urban areas, where high values of index C (close to 100%) were obtained. As for the FN
indicator (i.e., buildings mapped in BDOT10k but not in the OSM data set), the highest
value was obtained in Stupski County—on average 47% of the total BDOT10k area, while
the lowest value was obtained in Sanocki County: 7% of the total BDOT10k area. On the
other hand, the total FP area (i.e., buildings mapped in OSM but not in the BDOT10k data
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set) was on average 26% of the total BDOT10k area in Piaseczyriski County (the highest
value) and 5% in Sokolski County (the lowest).

In the case of forests, the highest C index was recorded in Sokodlski County (180.6%).
An equally high value of this indicator was calculated for Piaseczyiiski County: 171.2%,
whereas the lowest C index was found in Ostrowski county: 78.4%. In all analysed counties
the TP index was at a similar level, but the highest value was achieved by Sokodlski County
(82.8%) and the lowest by Piaseczyriski County (69.5%). The FP index reached the highest
value for the Piaseczyriski County—102.3%. Much lower values were achieved in the three
analysed counties: Stupski, Sanocki and Ostrowski (7.4%, 6.4% and 5.6%, respectively).
The highest values of FN were obtained for three counties—Piaseczynski (30.4%), Stupski
(27.3%) and Ostrowski (27.1%). On the other hand, Sokdélski County had the lowest
FN: 16.4%.

The completeness index C for surface waters obtained the highest value for the
Sokdlski County: 154.7%. On the other hand, the lowest value was obtained in Sanocki
County (41.7%) and Ostrowski County (35.2%). The TP index obtained the highest value
for Piaseczynski County (42.7%), while the lowest for Ostréw Wielkopolski County (34.6%).
The value of the FP index varied significantly between the analysed counties—the highest
value was achieved by Sokdlski County (122.4%), while the lowest by Sanocki County
(11.2%) and Ostrowski County (10.6%). The FN index for the analysed counties was at a
similar level, but the highest value was calculated for Ostrowski County—75.9%, and the
lowest for Piaseczyriski County: 57.3%.

4.4. Completeness of OSM Linear Objects

As far as linear objects are concerned, OSM data completeness was assessed by com-
paring the length of OSM data to the length of corresponding objects in the BDOT10k
reference database. The results are presented as a percentage in Table 10.

Table 10. Completeness of OSM linear objects in relation to the BDOT10k reference database for
each county.

Line Object Length in OSM Length in BDOT10k o

County Class Base [km] Database [km] Completeness [%]
roads 5730.3 3683.1 155.6
Piaseczynski railways 1773 143.9 123.2
rivers 461.5 806.4 57.2
roads 5872.9 7008.0 83.8
Sokélski railways 157.1 175.6 89.5
rivers 578.2 764.3 75.7
roads 5030.0 8625.9 58.3
Stupski railways 179.0 200.7 89.2
rivers 951.062 1423.7 66.8
roads 3525.1 4886.3 72.1
Ostrowski railways 292.0 252.0 115.9
rivers 286.8 1166.2 24.6
roads 2421.7 4857.2 49.9
Sanocki railways 144.9 148.9 97.3
rivers 2147.2 3362.4 63.9

According to the results presented in Table 10, it can be seen that the completeness
of OSM linear objects varies considerably by objects type and by the county analysed.
As far as roads are concerned, the highest completeness rate was found in Piaseczyniski
County (155.6%).

The same applies to railroad OSM facilities, for which the highest completeness rate
was again found in Piaseczyniski County: 123.2%. On the other hand, the lowest index was
noted in Stupski County (89.2%). The remaining counties achieved values ranging from
89.5% to 115.9%.
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The highest completeness rate for river-type OSM objects was obtained for Sokodlski
County: 75.7%. On the other hand, the drastically lowest value was obtained for Ostrowski
County—only 24.6%. For the remaining counties the obtained index of completeness was
quite similar—from 57.2% to 66.8%.

4.5. Semantic and Attribute Accuracy in OSM Database

Tests of attribute accuracy of OSM were performed by analysing the number of objects
in OSM database and by checking the degree of information entered by the user concerning
particular attributes of a given object. The analysis was performed for linear and area
objects in all counties. The attribute to be verified was the NAME key. Additionally, for
buildings, the TYPE attribute was also evaluated, denoting information about the type of
a given building. All values for buildings other than “yes”, indicating a specific building
type and entered values for the amenity key, were included in the analysis (see Table 11).

Table 11. Analysis of the attribute accuracy of OSM data.

Object . . Non- : o
County Class Objects Fields Informed Informed Ratio %
roads 28,924 NAME 11,373 17,551 39.1
rivers 2495 NAME 429 2066 17.0
railways 419 NAME 64 355 15.0
Piaseczyfiski . . .. NAME 1106 147,059 0.7
buildings 148,165 TYPE 15,849 132,316 10.7
waters 2766 NAME 39 2727 14
forests 7716 NAME 95 7621 13
roads 9056 NAME 794 8262 8.7
rivers 723 NAME 209 514 29.0
railways 168 NAME 0 160 0
Sokolski L NAME 211 48,986 0.4
buildings 49,197 TYPE 938 48259 2.0
waters 1460 NAME 1 1459 0
forests 11,631 NAME 15 11,616 0.1
roads 10,575 NAME 2906 7669 275
rivers 1209 NAME 388 821 32.0
railways 179 NAME 0 179 0
Stupski L NAME 495 39,811 12
buildings 40,306 TYPE 11,482 28,824 28
waters 1078 NAME 54 1024 5.0
forests 1556 NAME 9 1547 0
roads 8829 NAME 3018 5811 342
rivers 281 NAME 165 116 58.7
railways 473 NAME 0 473 0
Ostrowski L NAME 522 76,050 0.7
buildings 76,572 TYPE 20,488 56,084 26.8
waters 581 NAME 68 513 11.7
forests 729 NAME 12 717 1.6
roads 8006 NAME 1542 6464 19.0
rivers 4754 NAME 509 4245 11.0
railways 307 NAME 30 277 10.0
Sanocki s NAME 393 45,135 0.8
buildings 45,528 TYPE 4562 40,966 10
waters 346 NAME 12 334 3.5
forests 1209 NAME 14 1195 1.0

According to the results presented in Table 11, it can be seen that the degree of attribute
accuracy of OSM database is very low. The highest degree of compatibility was achieved
for rivers in Ostrowski county (58.7%) for the attribute “NAME”. A rate of 0% was recorded
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for railroads in the Sokdlski, Stupski and Ostrowski counties. As for roads, the highest
degree of attribute compatibility of OSM database was achieved in Piaseczyniski County
(39%), and the lowest in Sokolski County (8.7%). For rivers, the relatively highest results
were achieved in Ostrowski County, and the lowest ones were recorded in Sanocki County:
17%. For railroads, the highest rate was recorded in Piaseczyriski County: 15%. When
analysing the attribute compatibility of buildings in OSM, the information degree of two
attributes “NAME” and “TYPE” was examined. For the “NAME” attribute, the highest
rate was achieved in Stupski County (1.2%), and the lowest rate was achieved in Sokdlski
County (0.2%). The situation was similar for the “TYPE” attribute: the highest index was
recorded for the Stupski county (28%), and the lowest for Sokoélski county (2.0%). In the
case of rivers, the highest compatibility index was indicated in Ostrowski County (11.7%),
and the lowest in Sokdlski County (0%). In the case of forests, the attribute compatibility
index remained in all counties at a fairly similar level—about 1%, but it reached the lowest
in Sokdlski County (0%) and Stupski County (1%).

5. Discussion

In the conducted research, the geometric accuracy, completeness and semantic and
attribute accuracy of OSM linear and area objects, representing the main land-cover ele-
ments, i.e., buildings, forests, surface water, transportation network and water network,
were analysed.

5.1. Geometric Accuracy of OSM Area Objects

The analysis of the geometric accuracy of area objects revealed that the highest accuracy
of location was achieved by buildings—the average error of RMSE in this group was 1.92 m.
The best results were achieved for counties with a high level of urbanization. In case of the
Piaseczyriski administrative district the achieved accuracy of RMSE of homological points
in comparison with other results was not the highest, but it should be emphasized that
the number of investigated pairs of homological points in this county was exceptionally
big—even three times bigger than in other counties, which might have influenced the
obtained results. The lowest results of accuracy of OSM surface objects’ position were
achieved for forests: on average the RMSE error was 5.65 m.

5.2. Geometric Accuracy of OSM Linear Objects

Analysing the location of linear objects, it was noted that the highest accuracies were
achieved for such objects as roads and railways. As the width of the buffer zone increased
from 1 to 10 m, the share of OSM objects in the given buffer also increased significantly.
The highest accuracy along with the highest share of objects was recorded in Piaseczynski
County, which is characterised by a dense and developed road network, while the lowest
accuracy was recorded in Sanocki County, with agricultural and forest structure, where the
road network is poorly developed. Quite high accuracy was also noted for railroads: as the
buffer zone increased up to 10 m in the analysed counties, the share of railroads oscillated
around 100%. The lowest results were obtained for the river network: from 6% for 1 m
buffer (Ostrowski County) to maximum 67% for 10 m buffer (Sokdélski County).

5.3. Completeness of OSM Area Objects

As far as spatial data completeness analysis is concerned, the results obtained were
quite diverse and depended on the type of object and analysed county. For buildings, the
highest OSM data completeness values were obtained in urbanized areas of the studied
counties (cities and built-up areas). The lowest completeness values were found in the
suburbs of the counties and in agricultural areas. For buildings in built-up areas, over-
completeness was often recorded, i.e., the number of OSM buildings significantly exceeded
the number of BDOT10k buildings. Additionally, the calculated TP index, showing the
degree of overlap between OSM and BDOT10k objects, reached the highest values for areas,
with the degree of completeness oscillating around 100%. The FP index, which informs
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about OSM surface objects that do not exist in the BDOT10k data set, also achieved the
highest values for highly urbanized areas, which resulted directly from the high over-
completeness of OSM data. Finally, the highest values of the FN index were achieved for
areas where the degree of data completeness was the lowest. In these cells, the majority
were objects that were not present in the OSM database, although they existed in the
BDOT10k database.

5.4. Completeness of OSM Linear Objects

The analysis of the degree of completeness of OSM linear objects in relation to the
BDOT10k reference database for individual counties revealed that the transport network
in most of the studied counties achieved the highest results, including over-completeness
(numerically, the OSM base exceeds the BDOT10k base) for counties with a high degree of
urbanization and a developed transport network (Piaseczyriski and Ostrowski Counties).
In the case of the river network, the lowest completeness index (up to 75.7%) was recorded
in the Sokolski County.

5.5. Semantic and Attribute Accuracy in the OSM Database

The average attribute accuracy index obtained for OSM linear and surface objects
was only 11.7%. The highest accuracy values were obtained for road network, rivers
and buildings in developed counties that were also popular among users: Piaseczno,
Ostrowski and the coastal county of Stupsk. The lowest indices were obtained for railroads,
forests and surface waters. The quantitative results show that the main tag of each type
of analysed OSM objects is mostly informed, while the secondary attributes are rarely
informed. The obtained results indicate the need to complete information about most
of the objects in the OSM database—according to the analyses performed, there is no
information about the name and type of most of the OSM facilities. Lack of information
value concerning buildings and roads may be a serious obstacle in using the OSM database
for many spatial analyses.

5.6. Comparison of OSM and BDOT10k Data with Orthophotomap

Another element of the OSM data quality assessment was the comparison of objects
from the OSM and BDOT10k databases with the actual terrain situation visible on orthopho-
tomap updated to 2020 from Geoportal service. For this purpose, about 20 objects of the
analysed geometric types presented on the orthophotomap were selected in random places
of each county. These objects were then compared with corresponding objects in the OSM
and BDOT10k databases. An example of the objects identified in the OSM and BDOT10k
databases on the background of an orthophotomap is presented in Figure 12 below.

As a result of the analysis, it was found that the greatest differences were noted for
buildings (outline shift in relation to the analysed databases) and forests (defining the
contour of the forest was subject to the interpretation skills of the OSM and BDOT10k
database editors). Additionally, it was found that the large over-completion of OSM
database objects is mainly due to the entry of a given building in the OSM database and
its absence in the BDOT10k database, which is updated relatively less frequently than the
OSM database. Such cases occurred in single cells of the analysed hexagonal network,
which led directly to a high completeness rate. In addition, it was observed that the
location and outline of OSM buildings is more generalized than BDOT10k objects, which
retain considerable detail of the building shape. However, as far as forests and surface
waters are concerned, the OSM database retains a higher level of contour detail than the
BDOT10k database.
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(a) buildings (b) forests

(c) surface waters (d) rivers

(e) roads (f) railways

Figure 12. Location of the analysed OSM database objects (red) and BDOT10k (blue) on the back-
ground of the current orthophoto: (a) buildings, (b) forests, (c) surface waters, (d) rivers, (e) roads
and (f) railways.

The obtained differences between the quality of OSM data in comparison with the
BDOT10k reference database are certainly due to several reasons. One of them is the
discrepancies in the source images and their shift in relation to reality. Many companies
and institutions provide imagery to help create OpenStreetMap. In Poland, it is possible to
use the data available on the official Geoportal service. They are correctly calibrated for the
territory of Poland. These images are used when updating BDOT10k. The available aerial
photos or satellite imagery from sources other than Geoportal are in a large proportion of
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cases shifted compared with reality. In this case, the person editing OSM should suggest
GPS traces. The BDOT10k database is regularly updated, while the objects in the OSM
database are introduced by users on an ongoing basis. Updating and verification of
BDOT10k data sets for a selected area (usually a poviat) is a long-term process subject
to strict official regulations. For this reason, there are visible differences in the quality
of OSM data, which make it over-completed in relation to the BDOT10k and leads to
differences in the mutual spatial position (FN and FP Indices). It should also be emphasized
that in the BDOT10k database, the classification of objects is strictly defined by legal
regulations corresponding to the detail on a scale of 1:10,000 [31]. There are no such
regulations in the assessment of OSM objects, which leads to a fairly large content for
users to operate on. An example would be building mapping. In the BDOT10k database,
buildings are defined as “construction objects permanently connected with the ground,
having foundations separated from the space by means of building partitions (i.e., walls
and covers), i.e., enclosed with walls on all sides and covered with a roof, with or without
a basement with built-in house connections”. In the case of the OSM base, the building is
the outline of a single building created for each complex or “block” that may be associated
with one single-family house or more complex buildings. In addition, the outlines can
be very simplified outlines, or very closely match the shape of the building. In the case
of introducing a building to OSM from satellite imagery, one should try to recognize the
geometry of the building next to the ground and not the course of the roof. The OSM
mapper community in Poland has a total of over 28,000 members, of which an average
of more than 200 members are constantly active on a daily basis (data from December
2021) [38]. Special activity of people editing OSM is visible in the central part of Poland
(Piaseczyniski county) and the eastern part (Sokolski and Sanocki counties). The remaining
parts of Poland, which include the Ostrowski and Stupski counties, show minimal or no
activity in recent months [39]. Such a heterogeneous structure of the OSM community and
its differentiation between counties affects the quality of OSM data and its level of topicality.

Some people editing the OSM database in Poland independently import objects from
selected state registers (e.g., BDOT10k, the Register of Places, Streets and Addresses).
According to available data these are mainly address points and outlines of buildings [40].
The highest rate of imported objects to OSM database concerns mainly the central part of
Poland. For the analysed areas address points were imported, which is not included in the
OSM data quality analysis. In the case of data on buildings and land-cover elements, such
an import was not made in the analysed counties [40].

5.7. OSM Data Quality in Relation to Economic Development

From the point of view of economics, one of the main tasks of local government
is the equitable distribution of public goods and the creation of conditions for socio-
economic development, which promotes the implementation of the objectives of Agenda
2030. Therefore, in the next step, the average indicators of the quality of OSM data in each
county were recalculated as the arithmetic mean for the obtained values and compared
with the income per capita in the county in 2020 [29]. The obtained results are presented
in Table 12.

Table 12. Average indicators of OSM data quality compared with per capita income of budgets in the
analysed county.

Average OSM Data Quality Index [%] Income Per
County .
Linear Objects  Area Objects Attributes Average Capita (PLN)
Piaseczynski 88.3 75.8 12.2 58.8 1638.5
Ostrowski 57.6 44.3 19.1 40.3 1268.3
Sanocki 62.5 479 79 39.4 1337.2
Sokolski 68.5 74.1 57 494 1539.2

Stupski 55.8 55.0 13.4 414 1381.2
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The income of county budgets consists of: (1) own income, (2) subsidies, (3) general
subvention and (4) funds for subsidizing tasks. The calculated Pearson correlation coeffi-
cient between the average indicator of data quality and income per capita in the county
was 0.96. This means that the wealthier the county, the higher the indicator of OSM data
quality. A graph of the analysed values is shown in Figure 13.

Average indicators of OSM data quality compared to per capita
income of budgets in the analysed county.
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Figure 13. Average indicators of OSM data quality compared with per capita income of budgets in
the analysed counties.

Indeed, counties with high per capita income showed the highest quality OSM data.
This is probably because there are not only many more OSM objects in relatively developed
regions of Poland, but also more users with high incomes and better Internet access.

OpenStreetMap can be a true data source for measuring SDG metrics that require
geographic data [41]. Taking into account the demonstrated data quality, OpenStreetMap
objects can be used to measure sustainable development goals, which mainly include
goal 11 (make cities and human settlements inclusive, safe, resilient and sustainable) and
goal 15 (protect, restore and promote sustainable use of terrestrial ecosystems, sustain-
ably manage forests, combat desertification and halt and reverse land degradation and
biodiversity loss). For example, the conducted analyses show a relatively good quality
of buildings for all analysed poviats, which is taken into account by the SDG Indicator
11.7.1—the average share of built-up area in cities that is open to public use.

6. Conclusions

The presented results of the analysis of the comprehensive assessment of the quality
of OSM data in comparison with the official reference database of spatial data BDOT10k
clearly demonstrate that the obtained results largely depend on the geometric type of objects
analysed and the characteristics of the test counties, including their economic development.

The obtained results confirm that the best quality indicators of OSM data were
achieved for objects of quite easily recognizable and interpretable characteristics and
location, i.e., buildings and transport network. On the other hand, the lowest values were
achieved for objects for which defining the range and type may be a problem for a non-
professional user of spatial databases—mainly forests and water network. In addition, the
nature of the studied areas influenced the obtained results. The best results of spatial OSM
data quality were obtained for highly urbanized areas with developed infrastructure and
high per capita income ratio. The degree of coverage of line and area objects of OSM with
BDOT10k amounted to 82% in the Piaseczynski county and 71.3% in the Sokolski county,
respectively. The worst was in urban outskirts and low urbanized areas with low-income
ratio. The obtained results show that the lowest average value of coverage of linear and
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surface objects” OSM in relation to the reference database BDOT10k was obtained in the
counties: Stupski 55.4%, Sanocki 55.2% and Ostrowski 51%. This is mainly due to the
interest of users in a given area and the frequency of introducing new OSM spatial objects.
It is also worth noting that in highly urbanized counties there was often an over-completion
of data (the number of OSM data significantly exceeded the number of BDOT10k data). In
less urbanized areas that are less “popular” among OSM users, there are gaps in the OSM
database and “white spots” resulting from the lack of objects introduced there.

The results received from the OSM data quality analysis indicate that OSM data may
provide strong support for other spatial data, including official and state data. Additionally,
OSM data are mapped by users and appear in the OSM database on an ongoing basis. In
the case of the BDOT10k data, the Head Office of Geodesy and Cartography, by virtue of
legal provisions, conducts coordination works aimed at maintaining homogeneity, harmo-
nization and consistency of the BDOT10k data in the entire country through cooperation
with public administration bodies and voivodship marshals with respect to developing
and maintaining up-to-date data. Updating the BDOT10k is a time-consuming process
that involves many additional units and institutions. Due to the voluntary nature of the
OSM data and the work of the database users, it should be emphasized that the database
requires systematic control and supplementation with new objects and information.

Voluntary geographic information (VGI), or geospatial content generated by non-
professionals who use mapping systems available on the Internet, provides opportunities
for government agencies at all levels to enrich their geospatial databases. Moreover, in
some cases, “eyes on the ground” VGIs have an advantage over more expensive accuracy
tests conducted by official agencies because the authors have unique local knowledge.
OSM'’s crowdsourced geospatial data helps fill micro-level data gaps and provides insight
into SDG progress in a more real-time manner than is possible through annual or biennial
surveys and periodic censuses. OpenStreetMap is currently the largest geospatial dataset
under an open license. As OSM is increasingly used in various applications, it is important
to control the quality of OSM data. OSM service provides its own OSM data quality control
tools. Often the tools accomplish this by providing a list of errors in the data that mappers
can then fix with editing tools. However, it is an internal tool that may validate data
incorrectly. Therefore, external data quality control is important. Taking into account the
received discrepancies, it would be recommended to introduce a control system in areas
with available reference data of higher accuracy. Consider the OSM data quality indices
presented in the article, in future studies the authors plan to extend the OSM data quality
analysis with point objects for the entire territory of Poland and to compare these results
with the data quality in other areas of Europe.
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Abstract: The purpose of this article was to provide the user with information about the
number of buildings in the analyzed OpenStreetMap (OSM) dataset in the form of data
completeness indicators, namely the standard OSM building areal completeness index (C
Index), the numerical completeness index (COUNT Index) and OSM building location
accuracy index (TP Index). The official Polish vector database BDOT10k (Database of
Topographic Objects) was designated as the reference dataset. Analyses were carried out for
Piaseczno County in Poland, differentiated by land cover structure and urbanization level.
The results were presented in the form of a bivariate choropleth map with an individually
selected class interval suitable for the statistical distribution of the analyzed data. The results
confirm that the completeness of OSM buildings close to 100% was obtained mainly in
built-up areas. Areas with a commission of OSM buildings were distinguished in terms of
area and number of buildings. Lower values of completeness rates were observed in less
urbanized areas. The developed methodology for assessing the quality of OSM building data
and visualizing the quality results to assist the user in selecting a dataset is universal and can
be applied to any OSM polygon features, as well as for peer review of other spatial datasets
of comparable thematic scope and detail.

Keywords: data completeness, data quality, bivariate choropleth map, OSM, VGI

1. Introduction

Buildings are, along with infrastructure, one of the most important physical elements of
settlement, determining the morphological, functional and socio-economic structure. The
location and number of buildings determine the type of land use, population structure,
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energy needs, etc. Currently, there is a high demand for a free dataset describing building
facilities, such as its structure, usage characteristics and dynamics. The datasets produced
by national mapping agencies often lack the level of detail required to answer all ques-
tions in spatial science. Factors that can hinder data collection include scarce financial
resources, administrative constraints and, in some cases, strict regulations on privacy and
data use. Currently, the largest publicly available spatial database of buildings world-
wide is OpenStreetMap. OpenStreetMap data in selected regions is usually evaluated by
comparison with commercial or authority data before it is used in a project across appli-
cation domains (Hecht et al., 2013). Definitions of fitness for purpose and data quality
come in two forms: data quality defined by internal characteristics, such as complete-
ness, positional and thematic accuracy, logical consistency, temporal quality (ISO, 2013)
and data quality defined in terms of data use (Frank, 2009). According to Barron et al.
(2014), the quality of OSM data largely depends on the purpose for which the data are
implemented. They referred to this as the “Fitness for Purpose” assessment, previously
defined by Veregin as “fitness for use” (Mocnik et al., 2017). Similarly, Chrisman (1984)
states that ‘Quality information provides the basis for assessing the suitability of spatial
data for a given purpose.” Both statements show that data quality and fitness for purpose
are commonly understood to be closely related. However, it is important to note that
different interpretations of the same data can lead to different information. When the data
is interpreted in the right context, the resulting information can be used to solve a given
task, and the potential for solving that task depends on both the data and its interpretation.
For example, route planning tasks can only be performed if the map is appropriate for
the purpose and if the reader knows how to interpret the map in a given context accord-
ing to their own criteria. An important issue is also appropriate data classification and
visualization method. The cartogram method is one of the more commonly used meth-
ods of statistical cartography (Korycka-Skorupa and Paslawski, 2017; Korycka-Skorupa
and Nowacki, 2019). Since the possibilities of correctly comparing simple cartograms
are quite limited, a more synthetic way of presenting the dependencies of phenomena
is to use a multi-variate choropleth (Slocum et al., 2009). The multi-variate choropleth
is called a variation of the cartogram method, which is formed by superimposing two
(bivariate) or more simple cartograms. The essence of bivariate choropleth method is the
representation of the values of two phenomena within the boundaries of the spatial units
(Leonowicz, 2002a; 2002b; 2006). The criterion for variables selection should be a cer-
tain association between them, about which the map informs viewers. Thus, the bivariate
choropleth map shows the spatial variation of the structure of the studied phenomenon.
Data fitness for purpose refers to the specific aim and use of the data, but often the data
is evaluated without a specific use — for example, to measure the evaluation of semantic
compatibility, completeness and consistency, accuracy of location. Data quality does
not directly measure, unlike fitness for purpose, how well the data is fit for a particular
purpose, but whether it meets our expectations when used for different purposes. The data
quality is independent of the specific purpose, as it is evaluated for all possible purposes.
This research aimed to provide the user not only with information on the number
of buildings in the OSM data in relation to the reference database, but also to visualise
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the quality of the analysed data in terms of its completeness and thus its usability for
the fitness for purpose. Three proprietary completeness indicators were used for the
analysis, i.e. the C Index, TP Index, COUNT Index, and the two-variable choropleth
map presented the results of the quality assessment. Methods for quality assessment
and visualisation of results based on cartographic modelling represent a comprehensive,
original and innovative approach to assessing the usefulness of spatial data. The research
contributes to both the scientific community and practitioners by providing comprehen-
sive, mathematical-statistical based analysis of OSM buildings data completeness and its
portrayal in the form of thematic maps.

Related work

OpenStreetMap is a widely used data source in various fields and services, such as envi-
ronmental monitoring, disaster and emergency management, Sustainable Development
Index (SDI) and mapping. OpenStreetMap data in selected regions is generally evaluated
by comparing with commercial or authority data (Hayakawa et al., 2012; Demetriou,
2016). In study of Wang et al. (2013) three different quality elements: completeness,
thematic accuracy and positional accuracy are presented. The article analyzes and eval-
uates the quality of OSM data with the 2011 version of the navigation map in Wuhan
area of China. The result shows that OSM data on high-level roads and urban traffic
are characterized by high positioning accuracy and completeness, so that these OSM
data can be used to update the city road network database. The quality of OSM data
can be additionally evaluated in the context of sustainable development and it can be
a valuable source for monitoring some SDIs (Mobasheri et al., 2018; Borkowska and
Pokonieczny, 2022). OSM is currently an important source for building data, despite
the existence of potential quality issues. The study assessed the completeness of the
OSM building using population data and examined the effectiveness of using popula-
tion data to create reference data (Zhang et al., 2022). In contrast, Fan et al. (2014)
assessed the quality of OSM building outline data for the German city of Munich, whose
building outlines and attribute information are used in 3D building developments. In
Zacharopoulou et al. (2021) the consistency and attribute completeness of OSM is eval-
uated and visualized multiscale at the regional, city, and feature levels in six European
cities. A number of research projects (MacEachren et al., 1995; Leitner and Buttenfield,
2000; Cliburn et al., 2002; Deitrick, 2007) have shown that high-quality visualization
supports decision-making and leads to much better conclusions. Therefore, for OSM
data, where quality is often non heterogeneous, adequate visualization is considered es-
sential, as it can strongly influence the viewer’s cognitive processing (Keil et al., 2020).
Moreover, it provides an exploratory tool that can help users evaluate the suitability of
spatial data for a given purpose and interpret it according to established criteria (Mocnik
et al., 2018), examine the dependence on external socioeconomic or demographic factors
and to study the spatial distribution and heterogeneity of OSM data quality (Ribeiro and
Fonte, 2015).
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2. Study area and dataset
2.1. Study area

The research area covered the Piaseczno County located in Poland in the central part of
the Masovian Voivodeship (Fig. 1).
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Fig. 1. Location of the analyzed Piaseczno County (source: OpenStreetMap.org, GUGIK, Esri)

Piaseczno County, with an area of 621.04 km?, consists of six municipalities: four
rural-urban municipalities and two rural municipalities. According to 2021 data, the
district had a population of 190 606 people (GUS, 2021), which gives a population
density of 307 people per km?. The urbanization rate equals 47.8%. The County is the
third richest County in Poland, for which the basic tax revenue per capita in 2021 was
652.70 PLN (PAP, 2022). The district is dominated by coniferous forests and mixed
forests, which account for 19.6% of the area. The largest forest complex is the Cho-
jnow Forests. Agricultural land accounts for 49.3% of the total area, and orchards
are 10.1%.

2.2. OpenStreetMap dataset

The OpenStreetMap data used for the building completeness analysis was provided by
the OSM GEOFABRIK service and its validity is 21 June 2021 (GEOFABRIK, 2021).
OSM, building data is not standardized, and there is no clear definition and strict mapping
rules (Nowak Da Costa, 2016). As a result, objects and modelling rules are not defined
and only recommendations are available. A label, also called a tag, consists of a pair of
expressions: “key = value” which can be equated with an attribute. Most features can
be described using only a small number of tags. The building tag is used to mark a
given object as a building. The most basic use is “building = yes”, but the value may
be also used to classify the type of building. For example, a hospital building is labelled
“building = hospital”. In the conducted research used all available objects tagged as a
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building (building = *). Buildings are usually represented by an outline (polygon) — if
possible, the outer edge of the building wall should be mapped. Building outlines are
captured by different users by different techniques and data acquisition sources. Building
data can be captured using handheld GPS devices, vectorization from aerial photographs
or satellite imagery, sketch drawing measurements from the street level, or imported
from government agency databases or other available spatial data (OSM, 2022). Hence
their shape is simplified or very precise. OSM data is characterized by heterogeneous
accuracy and level of detail, depending on the method of data collection, the level of
generalization of the building outline and the skill and experience of the of the person
editing OSM.

The OSM database also lacks unambiguous forms of quality control of entered
building data. The author should follow the consensus standards of the OSM community,
such as the code of conduct, good practices and general instructions. It is also possible
to verify geometric and descriptive data by entering a new measurement by any OSM
participant. In addition, a tool in the OSM editor is available for internal checking of
the data only, checking its geometric and topological correctness. The OSM data are
constantly updated, however, in a heterogeneous approach, depending on user activity
and the degree of the area popularity.

2.3. BDOT10k - reference dataset

BDOT10k (Database of Topographic Objects) is a national, spatially continuous, vector
database with the thematic scope and a level of detail corresponding to contemporary,
civilian topographic maps at a scale of 1:10,000 maintained by the Head Office of
Geodesy and Cartography in Poland. The timeliness of the BDOT10k collection used
was March 2020. The detailed scope of information collected in BDOT10k, as well as
the arrangement, procedure, and technical standards to create, update, verify and share
this data is governed by the Regulation of the Minister of Development, Labour and
Technology of 27 July 2021 on the topographic objects database and the database of
general geographical objects, as well as standard cartographic presentations (RMDLT,
2021). A building in BDOT 10k is defined as a construction object, permanently attached
to the ground, having foundation, separated from space by building partitions (i.e.,
walls and covers). The geometrical building representation is the base outline or their
maximum extent. All residential buildings and all non-residential isolated buildings
are entered into the BDOT10k database. Generalization is not subject to refractions
below 4 m on the walls of these buildings. Quality control of the data contained in
BDOT10k is ensured by the National Topographic Objects Database Management System
(KSZBDOT - Krajowy System Zarzadzania Baza Danych Obiektow Topograficznych)
run by the Central Office of Geodesy and Cartography. BDOT 10k data quality assessment
refers to topology and geometry control, semantic control, syntactic control, attribute
control, etc.
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2.4. Data preprocessing

OSM buildings shapefile was imported into ESRI’s ArcGIS software. All polygon ob-
jects that were assigned a value other than NULL for the "building" tag were considered
buildings. The analyzed set of OSM building data covered 148,165 objects representing
polygons, tagged according to the "building="*" rule. OSM buildings were compared
with the objects belonging to the BDOT 10k object type called ‘buildings, building struc-
tures and facilities’. In particular, the following feature objects were mainly involved:
buildings (BUBD), sports facilities (BUSP), high technical building structures (BUWT),
other technical facilities (BUIT), and several objects from the OIOR class of small
building structures of topographical or landmark importance. In order to make a spa-
tial comparison of OSM building polygon with reference BDOT10k building’s, it was
necessary to harmonize the spatial reference using a common coordinate system. The
projected Cartesian Gauss-Kruger coordinate system ETRS 1989 UWPP 1992, which
usually serves as a spatial reference for topographic mapping in Poland, was chosen.
Other than the preprocessing mentioned above, no other filters were applied to improve
the quality of OSM data. In addition, mislabeled polygons could not be identified in the
OSM datasets.

3. Methodology
3.1. Main methodological assumptions

The main research problem concerns the cartographic representation of the completeness
of spatial data, as an element of data quality, enabling the user to assess the fitness for
purpose of the analyzed data and, more specifically, to choose which of the two spatial
datasets better suits needs. The methodological approach assumed to explain the research
objective was cartographic modelling (as defined by C. Board), covering all stages of
the research work from data acquisition, preprocessing and transformation, analysis and
visualization (Baranowski et al., 2016). The purpose of cartographic modelling is to
create a new cartographic visualization, which is the resultant of the analyses carried
out on the spatial database. Thus, the subject of cartographic modelling and the essence
of generalization of geographic information are not geometric operations performed
on individual features representing topographic objects, but the highlighting of objects
and phenomena that are important at a given observational scale, resulting from the
understanding of geographic field (Glazewski et al., 2009; French and Li, 2010). It was
hypothesized that a holistic approach based on mathematically defined indicators, their
statistical analysis with the original cartographic presentation allows for the fitness-for-
purpose OSM data assessment in relation to reference data.

The paper is structured as follows. The 1 km? hexagonal grid was set up as a minimal
mapping unit, described broadly in Subsection 3.2. Three proprietary completeness
indicators were used for the analysis, the TP Index, the C Index and COUNT Index,
described the OSM data completeness, data quality element, presented in Subsection 3.3.
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Finally, the two bivariable choropleth map was introduced, with class ranges based on
data statistical distribution (Subection 3.4).

3.2. Hexagonal grid

Data quality index values visualization on choropleth maps makes it possible to identify
areas with high or low data completeness levels. Hierarchical administrative units are
commonly used as reference regions in thematic mapping, allowing results to be directly
compared with official statistics. However, it should be noted that there are some draw-
backs to using administrative units to assess the completeness of OSM data due to the
Modifiable Areal Unit Problem (MAUP) (Openshaw, 2011). According to MAUP, the
resulting aggregate values (e.g., ratios, proportions, densities) are affected by both the
shape and scale of the aggregation unit. In addition, the boundaries of administrative units
can also be subject to change which means limited comparability over time. Assessing the
completeness of OSM data based on single administrative units may also not be detailed
enough for small-scale surveys, for which smaller units are better suited.

Geometrically, the analyzed area can be divided into a regular grid of triangles,
squares or hexagons. The use of a hexagonal grid provides the superiority over squares
and triangles of being closer to the circle, while providing the same complete coverage
of the study area (Roick et al., 2011) . In the applied analyses of the completeness
of OSM buildings, a hexagonal grid was used, for which the values of completeness
indicators were counted in each grid of 1 km?. Due to the local scale of the study
(Piaseczno County), the hexagonal grid in comparison with administrative divisions
(e.g. communes) provided a detailed analysis of the spatial distribution of OSM data
quality indicators in the studied area.

3.3. Completeness of OSM buildings

The developed indicators are relative, therefore they were calculated for the hexagonal
grid in which at least one building from the BDOT10k reference data was located.
A graphical interpretation of OSM’s completeness indices in relation to BDOT10k is
presented in the publication by Borkowska and Pokonieczny (2022). The completeness
of OSM buildings was measured by the C Index (C — Completeness) which calculates
the percentage ratio of OSM buildings to their area in a reference dataset (Tian et al.,
2019). The C Index was calculated for each of the hexagonal grid with an area of 1 km?
according to the Eq. (1):

Z F I_A reaosm_match

C Index =
Z F t_Ar €AREF_match

- 100%, )

where: Z Ft_Areaosy march — area of OSM building matching the building stored in
reference BDOT 10k database in a given cell of the hexagonal grid, Z Ft_Areargr match —
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area of building from the BDOT10K reference database, corresponding to OSM building
in a given hexagonal grid cell.

The C Index take values greater or equal 0, where 0 indicates no corresponding
buildings in OSM data, 100% — that both datasets include the same buildings, and the
value higher than 100 indicates OSM data commission.

Besides comparing aggregate values, the completeness of OSM buildings was an-
alyzed by using object comparison. Hence, the TP Index (True Positive Index) was
determined, indicating, in addition to completeness, the position of OSM building rela-
tive to the BDOT10K building. A graphical interpretation of the 7P Index is shown in
Figure 2.

] B00T 1k Buikding
[ o5M busiding

Fig. 2. Presentation of the TP Index

The TP Index determines as a percentage the common area of the OSM and
BDOT10k buildings. This means that TP defines the degree of coverage of the area
of buildings from the OSM relative to the BDOT10k. The TP Index was calculated
using the Eq. (2):

BLDosy N BLD
TP Index = osM REE 1 009%, 2)
Z Ft_AreaREF_match

where: BLD psas — building from OSM database, BLD g — building from reference
database BDOT10Kk, >, Ft_Arearer march — area of building from the BDOT10k ref-
erence set in a given hexagonal grid cell.

The TP Index takes values from 0 to 100%. TP Index value of 100% is achieved
by OSM buildings with exact coverage of BDOT10k dataset. The lower the value of the
TP Index the less overlapping between OSM and BDOT10k buildings. For a TP Index
equal to 0%, there is no coverage between OSM and BDOT10k dataset — buildings are
disjoint.

The third indicator of OSM building completeness that was used in the study was
numerical completeness. For this purpose, the number of OSM buildings located in each
cell of the hexagonal grid was calculated and related to the number of buildings of the
BDOT10k. The percentage ratio of the number of OSM buildings to the number of
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BDOT10k buildings was presented in the form of COUNT Index according to Eq. (3):

Ft_Count
COUNT Index = —1==CWMOSM_match

Ft_COMntREF_maZch 100%. (3)
where: Ft_Countosm maren — number of OSM buildings matching the reference
BDOT 10k database buildings in a given cell of the hexagonal grid, Ft_Countrgr_match
— number of buildings from the BDOT10K, corresponding to OSM in a given hexagonal
grid cell.

The COUNT Index takes values greater than or equal to 0, where 0 means that there
are no corresponding buildings in the OSM data, 100% means that both datasets contain
the same number of buildings, and a value greater than 100% indicates a numerical
commission of buildings in the OSM dataset over BDOT 10k.

3.4. Bivariate choropleth classes

A bivariate choropleth map represents data attributes on a single thematic map. Bivariate
maps can be useful for visually interpreting spatial patterns, especially for comparing
the spatial distribution of two potentially related indicators, as well as for identifying
outlier locations that do not follow the expected relationship between indicators (Kraak
et al., 2020). Bivariate maps exhibit increased information complexity. Establishing the
class ranges is an important step of bivariate choropleth map elaboration. The number of
classes is determined by the graphic capabilities and perception of the reader, as well as
the complexity of the data presented (Nelson, 2020). With these limitations, however, the
map should convey as much information as possible. The number of classes is usually
limited to a symmetrical size of nine (3 X 3) or sixteen (4 xX4) (Leonowicz, 2002a; 2002b;
Calka, 2021).

In order to portrayal the completeness of OSM buildings and the accuracy of their
location in relation to BDOT10Kk, a bivariate choropleth map was applied with the values
of class ranges based on the statistical distribution for both variables. Hence, normal
probability plots were determined for the studied C, COUNT Index and T P Index, along
with the Shapiro-Wilk test — Figure 3. The normal probability plot identifies substantive
departures from normality. In a normal probability plot (also called a “normal plot”), the
sorted data is plotted against the values selected so that the resulting image approximates
a straight line if the data has an approximately normal distribution. The Shapiro-Wilk
test is used to assess whether the collected results of the studied phenomenon have a
normal distribution (Hanusz et al., 2016). The null hypothesis for this test assumes that
the research sample analyzed comes from a population with a normal distribution. If
the Shapiro-Wilk test reaches statistical significance (@ < p < 0.05), this indicates a
distribution that deviates from the Gaussian curve.

Deciding which statistical measure is appropriate for determining the bivariate choro-
pleth class ranges was guided primarily by statistical distribution of the C Index,
COUNT Index and TP Index values. Data with a normal distribution should be ana-
lyzed according to the mean value along with the standard deviation. The lack of a normal
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Fig. 3. Normal probability plots with the Shapiro-Wilk test: a) C Index, b) TP Index, c) COUNT Index

distribution implies that there are “outliers” which affect the value of the mean. For the
C Index and COUNT Index, a three-level class range of the two-dimensional choro-
pleth map was used. It was determined on the basis of the range of Indices values and
the relationship between the median and the Median of the Absolute Deviation (MAD).
MAD is a solid measure of the variability of a one-dimensional sample of quantitative
data. The class ranges were determined in accordance with Table 1.

Table 1. Class ranges of bivariate choropleth according to statistical values of C and Count Indicators

Class ranges of bivariate choropleth
Index
1 2 3
from M — MAD to from M + MAD
C/COUNT 0toM-MAD M + MAD to maximum value

where: M — median value, MAD - value of median absolute deviation.

Furthermore, visualization of OSM buildings completeness based on C Index (areal
completeness) and TP Index (location completeness) Indexes was performed. For the
C Index, the range up to 100% and above 100% are shown separately. The C Index
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values up to 100% are shown compared with the TP Index in the form of a bivariate
choropleth, indicating the relationship between the areal completeness of OSM buildings
and their location accuracy. For the C Index values above 100%, i.e. over completion
(commission) of OSM buildings, a choropleth is used, as there is no reference to the
location of BDOT10k data (objects appear only in the OSM database, no corresponding
objects in the reference database). The data set for both visualizations adopts a non-
normal distribution, hence, values related to the median and median absolute distribution
were used to set-up the range of classes. The C Index below and above 100%, statistical
values were calculated separately according to the distribution of non-normal data. The
limits of the intermediate class range were determined for the C Index and TP Index
according to Table 2:

Table 2. Class ranges of bivariate choropleth and choropleth maps according to statistical values of C and
TP Indicators

Class ranges of bivariate choropleth
Index
1 2 3
C (under 100%) / TP 0toM from M -
to maximum value
Choropleth map
from M - MAD from M + MAD
C (above 100%) 0toM-MAD to M + MAD to maximum value

where: M — median value, MAD - value of median absolute deviation.

4. Results

According to the research, two bivariate choropleth maps were developed for visualization
the completeness of OSM spatial data in Piaseczno County using three proprietary
completeness indices: the TP Index, the C Index and the COUNT Index. The class
ranges were based on the statistical distribution of the index data as shown in Table 3:

Table 3. Statistical values of the completeness indicators: C Index, TP Index, COUNT Index

Value of the Index in the Piaseczno County (%)
Index median median. at?solute minimum maximum
deviation
C 109 11 26 481
C < 100% 97 3 26 100
C > 100% 117.5 10 101 481
COUNT 102 9 28 300
TP 92 4 25 100
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The bivariate choropleth map shown in Figure 4 is meant to illustrate the relationship
between the rate of areal (C /ndex) and numerical completeness (COUNT Index) and
their spatial distribution. It provides a general purpose and easy-to-understand overview
of the completeness of OSM buildings in compered to BDOT10k data in Piaseczno
County. The division of classes of the developed bivariate choropleth map (3 x 3) for
the analyzed indicators was developed in accordance with their statistics. The data used
is highly commission (over 100%) and abnormally distributed, which determined the
ranges used.

A

Fig. 4. Bivariate choropleth map of Piaseczno County visualizations C Index and COUNT Index

The first class, for C Index < 98% and COUNT Index < 93% (shade of white)
values, illustrating the deficiency of OSM objects in relation to the BDOT10k database
(incompleteness) accounts for 8.8% of the study area. There are regions with a low degree
of urbanization, located distant from larger cities. The second class, for C Index < 120%
and COUNT Index < 111% (shade of gray purple), shows the areas with the highest
numerical and areal correspondence of OSM buildings to the BDOT10k database (OSM
completeness nearest 100%). These regions account for 29.8% of the study area. These
are mostly more urbanized zones located near major roads. The third class, with a range
of C Index > 120% and COUNT Index > 111% (shade of dark blue), represents areas
with a parallel numerical and areal predominance of OSM buildings in relation to the
BDOT10K database (OSM data hypercommission), accounting for 16.6% of the study
area. These areas are mainly highly built-up, being parts of larger cities with a developed
transportation network. The classes presented in magenta shades refer to region for
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which the areal completeness (C Index > 98%) of OSM buildings is higher than their
numerical completeness (COUNT Index < 93%) in relation to the BDOT10k base.
This means that for these areas the superiority is the areal share rather than the number
of OSM buildings. These regions constitute 9.5% of the examined county and concern
predominantly urbanized areas. On the other hand, the classes presented in shades of blue
concern the region for which the numerical completeness (COUNT Index > 93%) of
OSM buildings is higher than their areal completeness (C Index < 98%) compared to the
BDOT10k base. This means that for these areas the advantage is taken by the number of
OSM buildings, not their area. These regions constitute 10.3% of the Piaseczno County
and concern mainly suburban areas.

The bivariate choropleth map combine with choropleth shown in Figure 5 is to present
the relationship between the areal completeness (C Index) and positional completeness
(TP Index) and their spatial distribution. Due to the data scope used, index values up
to 100% that were possible for comparison were presented using a bivariate choropleth.
The remaining values relating to areal commission (values over 100%), for which there
is no TP Index reference (only those buildings from the OSM database that have a
matching reference database can be compared positionally) are presented separately in
the choropleth.

=z

Crererepur, of [H buddimgn
(L

Fig. 5. Bivariate choropleth map of Piaseczno County visualizations C Index and TP Index

To visualize the values of TP Index and C Index not exceeding 100%, a bivariate
choropleth map was used with class division (2 X 2) consistent with the statistical
distribution. The first class, for C Index < 97% and TP Index < 93% (shade of white)
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values, representing both a deficit and lower accuracy of OSM objects in reference to the
BDOT10k database, accounts for 8.4% of the study area. These are mostly suburbs and
areas with a low level of urbanization. In class two, for index values C Index > 97%
and TP Index > 93% (dark blue shade), areas with the highest areal and positional
correspondence of OSM buildings with the BDOT10k database are pointed out. These
regions account for 13.1% of Piaseczno County and mainly concern areas with a higher
degree of urbanization. For areas with magenta saturation (C Index > 97%, TP Index <
93%), the advantage there is in areas with higher areal completeness of OSM buildings
than positional accuracy compared to the BDOT10k database. In contrast, for areas with
blue saturation (C Index < 97%, TP Index > 93%), there are more OSM buildings
with higher positional accuracy than areal completeness. Outlier areas account for 9.7%
of the analyzed county.

Three classes of choropleth map were used for areal commission. The smallest areal
commission values for the C Index < 108% were observed for 16.8% of the study area.
The highest values (C Index > 129%) were mostly observed in areas with a high degree
of urbanization and a well-developed transportation network, accounting for 18.9% of
Piaseczno County. The remaining areas with C Index commission values between 109%
and 128% account for 33.1% of the Piaseczno County.

5. Discussion

Although various indicators and measures have been used so far, OSM quality assessment
is still an open research topic. Therefore, visualization of OSM quality is equally important
because it acts as an awareness tool for the novice user and an exploration tool for
the expert (Zacharopoulou et al., 2021). Completeness of OSM data is an important
element of data quality assessment. The present study is concerned with the cartographic
representation of the completeness of OSM data, as an element of data quality that allows
the user to assess the usefulness of the analyzed data by choosing which of the two spatial
datasets better suits his needs.

The proposed methodology deals with the completeness of OSM buildings in a
systematic way by comparing OSM features with their counterparts from the official
BDOT10k dataset and visualizing the obtained results in the form of bivariate choropleth
maps in hexagonal grid of cell size 1 km?. The results obtained are consistent with other
similar studies. Regarding the completeness of OSM buildings in the surveyed district,
it was found that some areas are well mapped, especially those with a high degree of
development — mainly the completeness of building features is relatively high in city
centers, while its value drops sharply further away from city centres. However, In the
case of the relationship between the studied indicators of completeness, their spatial
distribution is quite diverse as shown in the developed maps (Figs. 4, 5). Some spatial
patterns can be observed in relation to the studied completeness indicators.

In the case of the bivariate choropleth map showing the relationship between numer-
ical and areal completeness (C Index and COUNT Index), the areas with the highest
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values — OSM buildings significantly exceed those of BDOT10k in terms of both area
ratio and their number — are grouped mainly in built-up areas, the outskirts of cities and
a developed transportation network. In the case of areas for which the number as well as
the area of OSM buildings most closely corresponds to the BDOT10k database, a clear
grouping is also evident. These are mainly areas that are city centers and smaller near-by
towns. In addition, a clear advantage of post-area commission of OSM buildings against
BDOT10k can be seen in the western part of the analyzed district where forest and recre-
ational areas dominate. On the other hand, areas where the advantage is commission of
numbers can be seen in the western part of the analyzed district. Areas with a low degree
of numerical completeness of buildings but surface completeness similar to BDOT10k
are clearly grouped in the southern part of Piaseczno County, where agricultural areas
dominate.

Spatial patterns are also evident in the map showing the relationship between the areal
completeness and accuracy of OSM buildings. The areal commissions of OSM buildings
clearly clusters in areas with a high degree of urbanization reaching the highest values
in the northern part of the analyzed district, on the outskirts of the city of Piaseczno and
neighboring cities. In visualizing the relationship between the areal completeness and
the accuracy of the location of OSM buildings, linear clustering is evident, occurring
mainly in areas where the main roads of the analyzed area run.

In addition to visible clustering, there are also outlier cases. The buildings of the
OSM and BDOT10k databases were compared with the actual terrain situation as seen
on the orthophotos updated to 2020 from the Geoportal service. Examples of buildings
identified in OSM and BDOT 10k databases against orthophotos in hexagonal grids, along
with values of completeness indicators, are shown in Figure 6.

The obtained differences between the completeness of OSM buildings in comparison
with the BDOT10k reference database are certainly due to several reasons. In view of
the timeliness of the reference data, a common case encountered in the analysis was the
presence of buildings in OSM, which is also visible on the orthophotomaps and lacks
of its vector in the BDOT10k database — Figure 6a. As a result, there was OSM data
commission, eventually reaching a maximum value of 481% for C Index. On the other
hand, there were also cases in which it was the buildings visible on the orthophotos
that had their vectors in the reference database and lacked of their matches in the OSM
database, leading to a shortage of objects — Figure 6b. Visible differences between the
studied buildings also relate to the displacement of outlines between the databases —
Figure 6¢. In addition, a significant error in vectorization is the incorrect identification
of a building in the OSM database and the inputs of the entire built-up area instead of its
outline — Figure 6d. As a result, this leads to a disproportionately high areal commission
(C Index) with a numerical deficiency of buildings (COUNT Index). Other OSM
vectorization errors include the identification of terraced buildings. Figure 6e shows the
absence of separate outlines of terraced housing in the OSM database, which leads to
differences in numerical completeness. On the other hand, Figure 6f shows the opposite
case of the lack of separate outlines of terraced buildings in the BDOT10k reference
database.
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Fig. 6. Comparison of the analyzed buildings location from the OSM database (red) and BDOT10k (blue)
on the orthophotomap, along with the values of the calculated completeness indices: C Index, TP Index,
COUNT Index
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6. Conclusion

The presented work was aimed at understanding the applicability of OpenStreetMap
building data and assessing its quality in the context of official spatial databases such as
the Polish Database of Topographic Objects in the study area of Piaseczno County.

The use of completeness indices in the form of C Index, TP Index, COUNT Index
and their visualization in a 1 km? hexagonal grid allows a detailed analysis of the quality,
structure and spatial patterns of OSM data. The use of bivariate choropleth maps makes
it possible to visualize the relationship between the calculated completeness indicators
of OSM buildings in comparison with a reference database. Additionally, the resulting
two-dimensional map allows these variables to be displayed simultaneously using a single
colour scheme. The resulting of bivariate choropleth maps not only provide the user with
information on the number of OSM buildings, but also allows to assess the quality of
OSM data and provides a basis for evaluating the suitability of spatial data for a given
purpose. Thus, the research hypothesis was confirmed.

The results obtained confirm that OSM completeness closest to 100% was obtained
mainly in built-up areas. In addition, areas with commission of OSM buildings were
distinguished in terms of their area and number of buildings. In less urbanized areas,
less “popular” among OSM users, there are gaps in the OSM database and thus lower
values of completeness indicators. The elaborated methodology for OSM data quality
assessment and visualization the quality results to assist the user in dataset selection is
universal and can be applied to any OSM spatial objects, as well as to the peer review
(mutual evaluation) of other spatial datasets of comparable thematic scope and detail.

OpenStreetMap constitutes a huge collection of crowdsourced geographic data. Itis a
widely used data source in various fields and services, such as environmental monitoring,
disaster and emergency management, SDI, and mapping. As with any dataset, quality
and user needs determine suitability for use. Information regarding not only the quality
of the data itself but also the analysis of that data is important from the point of view of
the user and its usability. OSM buildings are an important spatial database with a wide
range of uses in spatial analysis, emergency management and mapping. Providing the
user with information on the number of buildings in the OSM and reference dataset, their
quality and structure enables the selection of the most appropriate data according to their
purpose. Considering the indicators of OSM data completeness presented in the article,
in future research the authors plan to expand the analysis of OSM data quality with the
original synthetic data quality indicators.
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Abstract: This study aims at a comparative analysis of quantitative data, namely, OSM and BDOT10k.
Analyses were conducted in a 1 km? hexagonal grid, in seven test counties located in different regions
of Poland, differing in the degree of urbanization, land cover and natural environment. It is assumed
that the authors’ consolidated regional classification of the Compound Correspondence Index CClIgy,
is attributed to the geometric mapping unit based on TOPSIS values, and their statistical measure
of dispersion enables the comparison of datasets for individual geographically disjointed areas
according to uniform criteria, e.g., the number of topographic features stored in analyzed datasets,
both polygonal (buildings, forests, surface water) and linear (roads, watercourses, railroads). The
final results of the regional assessment outperform the local classification giving a higher level of data
compliance. Overestimation of regional concordance ranges from 9 to 20% of the county area, with
an average of 3% reduction in the area where the two datasets (BDOT10k and OSM) have comparable
information ranges. Areas of medium and high nonconformity are decreased by an average of 2.4%.

Keywords: OpenStreetMap; topographic data; categorical data; Compound Correspondence Index
(CCI); spatial analysis; data agreement; information volume; fit-for-purpose; data quality

1. Introduction

Information is a key asset in the 21st century, referred to as the information age.
The information age is, in turn, inextricably linked to the information society, a society
based on information and knowledge. Furthermore, geospatial (geographical) information
(GI) plays, as noted by [1,2], a crucial role among available information, as it is the basis
for 60-80% of decisions made by public administrations [3]. In the third decade of the
21st century, geospatial information forms a foundation of the information-based society.
Geographic information and GI technology are present in almost every sector of science,
the economy and industry. Nowadays, in addition to traditional maps and databases, they
offer a plethora of web applications that can solve real-world problems. Furthermore, these
analyses are presented in a form understandable to the end user and the consumer of
information, and add value to the economy, science and society.

The large amount and variety of data not only create new challenges in effective
management and analysis, but also create opportunities to explore the potential value of
data. Data, including geospatial data, are not error-free, and the results of their analysis
are burdened with uncertainty. Data entry errors lead to inaccurate geospatial data, which
in turn has wide implications and, as discussed by Bielecka and Burek [4], significantly
affects the results of the final analysis, and can lead to wrong decisions and financial losses.
Therefore, the GI society is tirelessly striving to improve the reliability of geospatial data,
proposing methods for assessing quality and reliability and testing the suitability of data for
a specific task (their fitness for purpose). Data quality assessment is particularly important
in the context of selecting a dataset that best meets the user’s needs. The selection of
fit-for-purpose data is usually supported by an analysis of their quality or completeness,
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often understood as information capacity. The analysis is carried out mainly by comparison
with reference data considered to be very reliable. The motivation for this study is therefore
to develop a composite measure that allows a comparative assessment of the completeness
of two datasets. Contrary to studies conducted so far, described in Section 2, the assess-
ment of completeness refers to the basic analytical unit, facilitating a detailed assessment
of completeness in particular geographical locations. The comprehensive methodology
developed is based on a compensatory comparative analysis (TOPSIS), not previously used
in categorical data evaluation, using the linear ranking of the authoritative Compound
Correspondence Index (CCI) and statistical measures of dispersion for its in explicite spatial
visualization. Therefore, this study aims to compare the volume of information (capac-
ity) of two open spatial datasets: (1) Database of Topographic Objects (BDOT10k), made
available on an open basis by the Head Office of Geodesy and Cartography, and (2) Open-
StreetMap, created by volunteers from all over the world. This methodology contributes to
both academics and practitioners by helping a user select the best (fit-for-purpose) spatial
dataset available for the task at hand. The decision behind the choice of topographic data,
both authoritative and voluntary, lies in their wide use in a plethora of applications, e.g.,
environmental analysis [5,6], protecting and validating landscapes [7,8], and sustainable
rural and urban planning [9,10]. The elaborated methodological framework is intended
to facilitate cartographic modeling in the analysis of selecting the best geospatial dataset,
namely, the data that are most fit for purpose.

2. Related Works
2.1. Categorical Data Comparison—Literature Review

The literature on geospatial data quality is extremely rich, and those on the imple-
mentation of machine learning solutions as part of data quality improvement strategies
are gaining popularity. This brief review will thus cover only one aspect, namely, the
comparative analysis of maps and datasets containing categorical data. Categorical data
typically result from mapping, classification, or modeling; hence most of the literature
in the field of qualitative data comparison deals with land cover/land use or landscape
data [11]. Differences between categorical maps can be characterized and measured in
a variety of ways [12], from descriptive or inferential statistics to advanced data mining.
However, two approaches dominate among comparative studies of categorical data, the
first based on a cross-tabulation matrix to summarize the degree of data association, and
the second using spatial and statistical analysis to determine data comparisons in locational
and qualitative dimensions.

The Cohen kappa coefficient of agreement derived from a cross-tabulation matrix,
i.e., the relative rating of two or more classifications based on the proportion of correctly
allocated cases, dominates most of the literature [13,14]. The Kappa coefficient can also
be used with missing data, as pointed out by De Raadt et al. [15]. The authors analyzed
three kappa coefficients: Gwet’s kappa, regular kappa, and listwise deletion kappa. They
found that both Gwet’s kappa and listwise deletion kappa outperform regular category
kappa in terms of bias, and generally have a very small mean squared error. It is even
possible to use weighted kappa, introduced by Cohen in 1968 [16], which is of the utmost
importance when disagreements between datasets are not equally important. Vanbelle
and Albert [17] remarked that, under certain conditions, “the weighted kappa coefficient is
equivalent to the product-moment correlation coefficient”. In 2000, Pontius [18] introduced
some extension of kappa, namely, kappa with random change agreement and kappa for
location (Klocation).

The kappa coefficient, however, has some disadvantages. Foody [13] pointed out
that the sample used to evaluate maps should be non-dependent. However, in practice,
this assumption is almost impossible, since the same sample of ground data sites is often
used for each case of map elaboration. In conclusion, in [13], the author also suggests
using a measure of the proportion of correctly assigned cases. A similar opinion is shared
by Pontius and Millones [18], who summed up more than a decade of research on the
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kappa coefficient and concluded that the simple measures of quantitative and allocation
disagreement are even more useful in showing differences in categorical data. Moreover,
Pontius [19] also suggests that in data agreement analysis, statistical measures of dispersion
such as mean deviation, mean absolute deviation and correlation and slope are even more
helpful in interpreting data dissimilarity than indices of agreement.

In view of the aforementioned limitations of kappa, researchers use some qualitative—
quantitative approaches that deserve attention due to their combination of evaluation and
analysis. Multi-criteria analytical techniques predominantly rely on statistical methods or
a combination with data mining techniques. Li and Reynolds [20] quantified spatial het-
erogeneity in categorical maps using ANOVA statistics. Among scientists, a very popular
method for comparing categorical data is clustering. However, as noted by Lex et al. [21],
the clustering of multi-dimension data can conceal some important relations between object
classes, and the final results strongly depend on the algorithm used. Promising results
were obtained by Hagen [22], using the fuzzy set theory, especially for ambiguities in
determining the “location of the category (fuzziness of location) and in the definition of
the category (fuzziness of category)”. The simultaneous analysis of location and quantity
was also the subject of research by Pontius and Suedmeyer [23], who developed a new
technique of budgeting agreement and disagreement between two categorical maps. Their
methodology also includes stratification, hard and soft classification and multiple resolu-
tions to compare maps by quantity and location. Wabinski et al. [24] adapted the structural
information measure, introduced by the Russian cartographer Salistchev [25], to compare
tactile thematic maps, which extended the use of comparative measures to maps developed
for the needs of visually impaired people. Comber et al. [26] recall that different methods
of data comparison require many disparate processing steps, and may lead to different
results and conclusions. This assessment was also supported by Boots and Csillag [27],
based on the results of an expert workshop conducted in March 2004.

2.2. OpenStreetMap Data Quality

With the advent of OSM, due to the lack of control over the VGI data that characterize
most user-provided web resources, many questions have been raised about the quality
and reliability of the data. However, as summarized in Arsjani et al.’s [28] study on
OpenStreetMap, in some regions, OSM geodata are more complete and geometrically
and semantically more accurate than the corresponding proprietary datasets. Haklay [29]
was the first who compared the quality of OpenStreetMap data with the Meridian2 data
maintained by the Ordnance Survey (OS). The research results published in the fourth
year of the project indicate the comparable quality of OS and OSM in terms of accuracy
and completeness. The most comprehensive assessment of OSM quality was presented
by Girres and Touya [30], providing such elements of spatial data quality as geometric,
attribute, semantic and temporal accuracy, logical consistency, completeness, lineage and
usage. The outcome of their research shows heterogeneous quality across regions and
land use elements, indicating relatively high positioning accuracy and very different
completeness depending on the density of OSM volunteers. Mondzech and Sester [31]
analyzed OpenStreetMap, focusing on determining the optimal routes for pedestrian traffic.
Nevertheless, as demonstrated by Ciepluch et al. [32] and Zielstra and Zipf [33], other
topographic data with which OSM data are compared are not always more accurate.

Contrary to the extensive analysis of buildings and roads in OSM [31,34], the first
attempt at analyzing land use features was carried out by Hagenauer and Helbich [35].
The authors compared the land use polygons and land use patterns of OSM and Urban
Atlas data, and found that the location agreements expressed by kappa were 91, 79 and
76% across the three classification levels, while the attributes of both datasets matched at
81, 67 and 65%. Significantly worse completeness and accuracy results were observed by
Zhou et al. [36] when comparing OSM land cover with global CCI-LC (Climate Change
Initiative Land Cover) data in 168 countries. In 129 countries, completeness did not exceed
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40%, and in only 17 European countries was it higher than 60%. Much better results were
obtained for accuracy, which was higher than 60% in 149 countries.

3. Materials and Methods
3.1. Study Area and Data Used

The study covers the territory of seven Polish counties (an administrative unit cor-
responding to the European Territorial Units for Statistics NUTS 4), which are located in
different physical-geographical mesoregions and reflect the diversity of both the natural
and anthropogenic environment, making them representative (Table 1). Due to various
threats, including the violation of state borders’ integrity, they are of strategic importance
for security. The area of interest (see Figure 1) covers 3.1% of Poland. Piaseczno and
Otwocki counties are located in the central part of Poland, adjacent to the capital city of
Warsaw, Ostrowski, in Great Poland. The next two study areas are situated along the
eastern border of Poland, namely, Sokolski (in the north) along the border with Belarus,
and Sanocki (in the south) on the Polish-Ukrainian and Polish-Slovak border. The sixth
county Stupski is located in the Baltic Sea coastal zone. Last but not least, Miedzyrzecki
county is located in western Poland. Five of the regions of interest have previously been
the subject of OSM data quality assessments [37,38].

Table 1. General characteristics of the counties under consideration.

Description Piaseczno Sokolski Sanocki Stupski Ostrowski Otwocki Miedzyrzecki
. . Podlasie- . . .
Geographical Central Polish Bialvstok Eastern South Baltic Central Polish ~ Central Polish ~ Greater Poland
Subprovinces ! Lowlands Upi,an d Beskids Coast Lowlands Lowlands Lake District
Area (km?) 2 621.12 2054.34 1223.62 2347.59 1159.92 616.46 1387.61
People 190,607 64,902 92,900 98,761 161,581 124,283 57,100
Population 311 32 81 43 139 202 415
density
Number of 4 4 2 2 2 3 3
cities
Urbanization 47.8 417 472 20.7 53.7 618 523
level (%)
Land use 2
(km?):
. 82.51 72.93 43.65 85.15 55.62 58.91 24.08
Built-up and
artificial
Forest 132.88 54791 586.67 864.13 347.59 250.15 735.43
Agriculture 387.37 1426.28 512.14 1234.97 728.53 276.51 513.42
Water bodies 16.44 6.71 13.60 110.65 13.31 11.14 38.39
Stonne Masovian
Chojnow Mountains Landscape Landscape Notecka Forest,
Landscape Knyszyn A Park Dolina Park,
. Landscape Stowinski Pszczewska
Protected area  Park, protected  Forest, Biebrza . Baryczy, Landscape
. Park, protected ~ National Park : Landscape
landscape National Park protected Park Dolina
landscape & Park
areas landscape area Srodkowego
areas ‘o
Swidra

1 Solon et al. [39]; 2 Based on data from the National Register of Boundaries (PRG); Based on Cadastral data 2021
from geoportal.gov.pl.

Two topographic datasets were investigated, namely, the National Database of Topo-
graphic Objects (BDOT10k), managed by the Head Office of Geodesy and Cartography,
and OpenStreetMap, created on a voluntary basis. Six thematic layers were analyzed in
detail: three polygon layers, such as buildings, forests and water bodies, and three linear
ones—streams and canals, paved roads and railway lines. Topographic data were chosen
because they reflect the complex relationships between components of the geographical
environment, related to morphology, geology, hydrology, vegetation, and microclimate.
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Figure 1. Study area.

3.2. Method Applied
3.2.1. Main Methodological Assumptions and Research Question

The basic research problem to which this study refers concerns the definition of a
Compound Correspondence Index (CCI), at local and regional scales, and the determination
of the number and optimal class ranges that explicitly indicate the spatial location of
differences in the information capacity of two investigated datasets. The WLC (Weighted
Linear Combination) method for comparative, multi-criteria analysis was used on the basis
of such criteria as differences in the area covered by buildings, forest and water bodies, and
the lengths of roads, railways and rivers. The minimum difference indicates a very similar
information volume, while maximum implies large differences between the two sets. It is
assumed that the consolidated regional classification of the Compound Correspondence
Index (regional CCI, hereinafter referred to as CClg,), attributed to the 1 km? hexagonal
grid, and their statistical measure of dispersion, enables the comparison of datasets for
individual geographically disjoint areas according to uniform criteria. The decision to use
hexagons has some advantages, as it is closer in shape to circles than squares, potentially
reducing bias due to edge effects [40].

Therefore, the answering of two research questions is the priority of this study, and
the questions are as follows:

Q1—Is there the difference between the CCI value calculated for grid cells of all
research areas together (CClr,) and the CCI value calculated in grid cells separately for
each area (local CCI; hereinafter referred to as CCly,), and if so, how big?

Q2—How does the value of regional CCI (CClIR,) change if we include another research
area in the analysis, i.e., how sensitive is the CCIg,?

The answers to the questions allow us to verify the hypothesis that CCIg, underesti-
mates the dissimilarity between analyzed datasets, indicating slightly higher compliance
than the local CCL

This approach is innovative as it allows the comparison of two sets containing qualita-
tive data for geographically disjoint areas, thus enabling the user to choose one of them
consciously and responsibly. It also shows the differences between CCI classifications at
the local and regional levels.

3.2.2. Research Schema

The research was conducted in four consecutive phases: (1) preparatory; (2) computa-
tional; (3) sensitivity analysis; and (4) visualization. The preparatory phase relied on data
acquisition, checking and preprocessing, including coordinate transformation, hexagonal
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Data processing, hexagonal grid
creation, calculation of geomaetry

PAE—pd "D,

grid creation, as well as assigning appropriate attributes to grid cells, e.g., the area covered
by buildings, forests and water reservoirs and the length of roads, streams and railways
in both datasets BDOT10k and OSM. This stage is effectively described in a former pub-
lication of Borkowska and Pokonieczny [37]. Phase 2—calculation CCI based on TOPSIS
(Technique for Order of Preference by Similarity to Ideal Solution). Phase 3—sensitivity
assessment, which aimed to analyze the variability of regional CCI values when the re-
search area is extended to other regions (disjoint or adjacent), based on descriptive statistics
measures of dispersion and centrality and spatial inferential statistics, Global Moran’s I.
Phase 4—visualization, which is based on the portrayal of the CCI value in the form of a
choropleth map. The five class intervals reflect the conformity of BDOT10k and OSM data.
Contrary to the classic Likert scale [41], reverse ordering was used, consistent with the CCI
values, and so class 1, starting with the value 0, meant full compliance, and class 5 meant
maximum non-compliance. Class ranges are based on one standard deviation interval. All
research phases and stages are shown in Figure 2.

4 &

TOPSIS calculation Statistical and spatial Likert scale classification
In hexagonal grids patterns measurements and choropleth maps

Figure 2. The workflow schema.

3.2.3. Compound Correspondence Index Calculation

TOPSIS is perceived as the most widely used approach among multi-criteria decision
analysis (MCDA) [42,43]. This classical MCDA method, formerly developed by Hwang
and Yoon in 1981 [44], addresses complex decision problems involving conflicting goals,
uncertainty and different data formats. TOPSIS has gained popularity in a plethora ap-
plications because it evaluates real-world problems based on a variety of criteria, both
quantitative and qualitative. Simultaneously, it takes into account the mutual distances to
positive and negative ideal solutions, and finally orders the rank of preferences based on
their relative proximity (a combination of these two distance measures). This study uses
the classical TOPSIS method to portray differences in the thematic scope (understood as
the area covered by buildings, forests and water reservoirs and the lengths of roads, rivers
and railways) of two topographic datasets (BDOT10k and OSM) in the form of a composite
index to compare and rank the obtained alternatives.

The seven standardized steps of the TOPSIS method described in detail by many
papers, e.g., Pavic and Novoselac [45], Zavadskas et al. [46], are in general presented below.

1.  Problem description

The decision relies on the selection of BDOT10k or OSM sets (two alternatives; m = 2)
based on the minimal value of the k criteria (k = 6), as shown in Equation (1):

X1 = |BTB — OSMB|,JC2 = ‘BTP — OSMP|,X3 = |BTW — OSMw|, (1)

X4 = |BTRD — OSMRD|,X5 = |BT5 — OSM5|,X6 = |BTRH — OSMRa‘,
where BT denotes the BDOT10k dataset; OSM—OpenStreetMap data; subscripts g r, w—total
area covered by buildings, forest and water bodies in the grid cell, and g, 5, R;—total length
of paved roads, streams, and railways, respectively.

2. Calculation of the normalized decision matrix (1;) using the quotient method
(Equation (2)):

P

J__i=1..mj=1...n )
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where m is the number of alternatives, and # is the number of hexagonal grid cells.
3. Calculation of the weighted normalized decision matrix—Equation (3):

rij:wjxni]:l,izl...m;jzl...n. (3)

The criterion for weighting objects was their recognizability on satellite and aerial
imagery, which is the main source for their acquisition [34,47,48]. Thus, buildings and
forests were given a weight of w; = 0.25, paved roads and railways w; = 0.15, while water
bodies and streams just w; = 0.10. Futhermore, these weighting rules are also used in
accessibility and passability analyses and, as noted by Pokonieczny [49], are extremely
important in crisis management.

4.  Determine the positive (PIS) and negative (NIS) ideal solutions, as shown by

Equations (4) and (5).
PIS:{rf,...r]f.. }wherevf—{max( }zf]EBmmr ifjie] )
NIS:{rl_,...rj_.. . }wherev]**{mm( }zfjeBmaxr ifje] (5)

As all criteria used are destimulants, the positive ideal solution was computed as r;

min, while the negative ideal was r; max.

5. Calculate the separation measure S; of each alternative (relative closeness to the
positive ideal solution) as (Equations (6) and (7)):

SH = i(rij - r;“) i(rl] ) i=1,. (6)

6.  Calculate the closeness coefficient of the alternatives (CC;) as
CC; = S5 (7)
bSF s
7. Sort alternatives in descending order, whereby the highest CC; indicates the best
performance in relation to the evaluation criteria.

4. Results
4.1. Local CCI Diversity

The CCIy, differs between regions considered, taking the highest values in Ostrowski
and Miedzyrzecki (see Table 2), which are both located in Greater Poland. The counties
are characterized by a similar urbanization level (53.7 and 52.3, respectively) and land
cover structure (see Table 1). Very high statistical dispersion of CCI, as measured by
the coefficient of variation, is observed in Stupski and Miedzyrzecki counties, where
population density, afforestation and percentage of area covered by agricultural land are
similar. However, both counties differ significantly in terms of area, with Stupski county
being twice as large.

The values of the local Compound Correspondence Index in Otwocki and Piaseczno
counties are characterized by the highest value of IQR, as well as standard deviation, and
thus indicate a high dispersion of local CCI values. Furthermore, mean CCIy, takes a value
greater than o, which indicates that for most of the hexagonal cells, the CCIy, value is
lower than the mean value, i.e., the data consistency is relatively high here. The standard
deviation of 0.068 and 0.072 in Otwocki and Piaseczno counties is almost twice as high
as the lowest value recorded in Sokdlski county (0.039). Furthermore, the relatively high
diversity of analyzed data is proven by variance, which takes the value of 0.0052, 0.0046
and 0.0039 in Piaseczno, Otwocki, and Sanocki counties, respectively.
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Table 2. Descriptive CCIy, statistics.

Statistics Piaseczno Sokolski Sanocki Stupski Ostrowski Otwocki Miedzyrzecki
Mean 0.0915 0.0390 0.0678 0.0414 0.0427 0.0989 0.0353
Median 0.0754 0.0304 0.0533 0.0313 0.0314 0.0832 0.0271
Minimum 0 0 0 0 0 0 0
Maximum 0.4828 0.5329 0.4995 0.4764 0.5765 0.5069 0.5899
Q1 0.0420 0.0159 0.0315 0.0165 0.0181 0.0542 0.0129
Q3 0.1196 0.0499 0.0790 0.0507 0.0538 0.1246 0.0427
Variance (0?) 0.0052 0.0015 0.0039 0.0018 0.0017 0.0046 0.0016
Std. Dev. (o) 0.0723 0.0386 0.0627 0.0426 0.0406 0.0680 0.0405
Coeff. of variation 78.9755 98.8908 92.3641 103.0427 95.1072 68.7311 114.7669
Interq‘zgﬁ;’ range 0.0775 0.0340 0.0475 0.0342 0.0357 0.0704 0.0298
The CCIy, values in all analyzed counties reveal clustering, as indicated by the spatial au-
tocorrelation Global Moran's I statistics, with z-score ranges of 21.80 to 14.62 (p-values < 0.001)
in Piaseczno and Stupski counties, respectively.
A predominance of areas with low and very low differentiation between BDOT10k and
OSM (CCIy, first and second class) ranging from 83.5% to 85.3% was observed in Stupski
and Miedzyrzecki counties. The relative lack of congruence, defined as semi-compliance,
with the highest values of 13.1% to 13.3% characterizes Otwocki, Piaseczno and Ostrowski
regions. A great diversity in the analyzed datasets (CCIy, fourth and fifth class) is noted
in Otwocki (9.3%) and Piaseczno (9%) counties. The remaining districts stand out with
relatively small noncompliance, amounting in Ostrowski to 7.1%, in Sanocki to 6.6% and
in Stupski to 6.3%, with the least in Sokolski (5.6%) and Miedzyrzecki (5.1%) (see Table 3).
The level of compliance between the BDOT10k and OSM datasets is shown in Figure 3.
Table 3. The percentage of a county’s area in CCIy, classes.
Percentage of the County’s Area (%)
Class Description Range -
Piaseczno Sokélski  Sanocki Stupski ~ Ostrowski  Otwocki  Miedzyrzecki
1 maximum ~0.50 0 < CCI. 35.5 32.1 306 306 332 34.1 29.1
compliance
2 moderate ~050<CCh < 423 49.6 52.2 52,9 46.5 435 56.2
compliance 050
3 semi-compliance 050 ISSCUCIL s 13.1 12.7 10.6 10.3 133 13.1 9.6
4 moderate 150 CClL < 5.6 2.7 3.1 3.1 46 9.3 25
noncompliance 250
5 maximum CCI.>250 3.4 2.9 35 3.2 25 - 2.6
noncompliance

4.2. Regional CCI Diversity and Sensitivity Analysis

As the region’s area expands, the range of regional CCI values increases, and the
local differences between the data become blurred. The variance, standard deviation
and interquartile range decrease, which proves that CCIry values are less diverse than
CClRg, CClIgs and CClg4 (Table 4). Regardless of the region’s extent, the CCIr, mean value
is greater than the median and slightly lower than the standard deviation, indicating a
predominance of values smaller than the mean, i.e., maximum and moderate compliance
between BDOT10k and OSM. Nevertheless, CCly,, is characterized by a large disparity,
based on cv, which takes values above 100%.
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Local CCl:

Bl maxmum compliance

B moderate compliance
semi-compliance

1 moderate noncompliance

Bl maximum noncompliance

Figure 3. CCIy, in analyzed counties: (a) Piaseczno, (b) Sokolski, (c) Sanocki, (d) Stupski, (e) Ostrowski,
(f) Otwocki, (g) Miedzyrzecki.
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Table 4. Regional CCI descriptive statistics.

Statistics CClIgq ! CClIgs CClIge CClIg;
Mean 0.0327 0.0272 0.0281 0.0263
Median 0.0241 0.0201 0.0208 0.0193
Minimum 0 0 0 0
Maximum 0.4971 0.5289 0.5299 0.5389
Q1 0.0123 0.0104 0.0108 0.01
Q3 0.0410 0.0340 0.0352 0.0327
Variance (02) 0.0012 0.0008 0.0008 0.0008
Std. Dev. (o) 0.0343 0.0287 0.0289 0.0278
Coefficient of variation (cv) 104.9797 105.3271 102.7925 105.6453
Interquartile range (IQR) 0.0287 0.0236 0.0244 0.0227

1 CCIrg—denotes the regional CCI computed for four counties, namely, Piaseczno, Sokélski, Sanocki and Shupski;
CClIgs—five counties, Ostrowski was added; CCIgg—six counties, additionally Ostrowski; and CClg;—seven
regions, Miedzyrzecki added.

The standard deviation of CClgry (0.0343) is smaller than that of CCIy, in Sokdlski
county (CCIy, o = 0.0386), with the lowest CCI, value, which value is less than half that
of the highest value in Piaseczno county (CCI;, o = 0.0723). Additionally, in terms of
variance, the value of CClr4 (0.0012) is noticeably smaller than that of CCLy, whereas, in
Piaseczno county, the variance is four times higher (CCIy, 02 = 0.0052) (see also Table 2).
The maximum compliance between BDOT10k and OSM oscillates around 32% of the entire
region area. In contrast, moderate compliance, with CClg,, values in the range of —0.5 ¢
to 0.5 0>, represents just over 50% (Table 5). The maximum disagreement between the
data is basically negligible. The area where both BDOT10k and OSM data have the lowest
correspondence between geospatial objects varies between 3.6 and 6.3%. Figure 4 presents
a cartographic visualization of regional CCI;.

Table 5. The percentage of a county’s area belonging to regional CCI class of compliance.

Percentage of the Counties Area (%)

Class Description Interval Size Regional Regional Regional Regional
CClIRgg CClIgs CClIgg CCIRry
1 maximum compliance —0.50 0 < CClIgp 319 31.5 32.3 321
2 moderate compliance —050<CCIg, <050 50.9 51.3 50.1 51.2
3 semi-compliance 050<CCIgp, <150 11.1 10.9 11.0 10.4
4 moderate noncompliance 150 <CClg, <250 6.1 3.6 39 6.3
5 maximum noncompliance CCIgp >250 - 2.7 2.7 -

The highest IQR indicates that the spread of the CClr,, values declines when the
region’s area expands, with the highest value in Piaseczno (CCIr4—IQR = 0.045; CClRrs_7—
IQR 0.035) and the lowest in Sokolski (CCIgs—IQR = 0.020; CClrs_7—IQR 0.017). In the
remaining counties, the IQR amounted to about 0.025 (see Table 6). In Sanocki, Stupski and
Otwocki counties, the standard deviation CClg,, takes values lower than the mean CClg,
in more than 50% of the grid cells (1 > ¢), indicating the predominance of high agreement
between BDOT10k and OSM data. In each county, regardless of the spatial extent of the
region, the variance does not change, and the standard deviation decreases slightly, as does
the achieved maximum value of CClgy,.
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Figure 4. Regional CCl; in analyzed counties: (a) Piaseczno, (b) Sokolski, (c¢) Sanocki, (d) Stupski,
(e) Ostrowski, (f) Otwocki, (g) Miedzyrzecki.
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Table 6. CCIR, descriptive statistics in each county.

County CCIRn Mean Median Min Max Q1 Q3 IQR o2 ()
CClRg4 0.0500 0.0327 0.0000 0.4356 0.0170 0.0620 0.0450 0.0028 0.0527
CClgs 0.0403 0.0270 0.0000 0.3778 0.0141 0.0495 0.0354 0.0018 0.0425
Piaseczno CClgg 0.0403 0.0271 0.0000 0.3778 0.0142 0.0495 0.0353 0.0018 0.0425
CClgy 0.0398 0.0261 0.0000 0.3845 0.0137 0.0491 0.0354 0.0018 0.0429
CClRg4 0.0249 0.0174 0.0000 0.4971 0.0091 0.0300 0.0209 0.0009 0.0304
Sokolski CClgs 0.0208 0.0147 0.0000 0.3949 0.0078 0.0249 0.0172 0.0006 0.0254
CClgg 0.0209 0.0147 0.0000 0.3912 0.0077 0.0250 0.0172 0.0007 0.0256
CClgy 0.0201 0.0138 0.0000 0.3909 0.0072 0.0238 0.0166 0.0006 0.0255
CClRry 0.0290 0.0263 0.0000 0.1741 0.0148 0.0382 0.0234 0.0004 0.0204
Sanocki CClIgs 0.0348 0.0315 0.0000 0.1975 0.0176 0.0458 0.0282 0.0006 0.0243
CClgg 0.0291 0.0264 0.0000 0.1731 0.0149 0.0384 0.0235 0.0004 0.0204
CClgy 0.0279 0.0249 0.0000 0.1619 0.0141 0.0372 0.0231 0.0004 0.0196
CClRg4 0.0336 0.0257 0.0000 0.3280 0.0133 0.0422 0.0290 0.0011 0.0331
Stupski CClIgs 0.0283 0.0215 0.0000 0.2699 0.0110 0.0355 0.0245 0.0008 0.0280
CClgg 0.0283 0.0215 0.0000 0.2684 0.0111 0.0354 0.0243 0.0008 0.0279
CClgy 0.0269 0.0203 0.0000 0.2639 0.0105 0.0336 0.0232 0.0007 0.0269
CClgs 0.0272 0.0191 0.0000 0.5289 0.0111 0.0328 0.0217 0.0009 0.0298
Ostrowski CClgg 0.0272 0.0193 0.0000 0.5299 0.0111 0.0329 0.0218 0.0009 0.0298
CClIgy 0.0268 0.0188 0.0000 0.5389 0.0106 0.0320 0.0213 0.0009 0.0300
CClgg 0.0384 0.0310 0.0000 0.2429 0.0193 0.0479 0.0286 0.0009 0.0292
Otwocki CClgy 0.0369 0.0295 0.0000 0.2472 0.0183 0.0460 0.0277 0.0008 0.0289
Miedzyrzecki CClgy 0.0217 0.0169 0.0000 0.2373 0.0084 0.0276 0.0192 0.0005 0.0223

Figure 5 presents a cartographic visualization of CClg,, in two counties: Piaseczno,
with the highest spread of CCI, and Sokolski with the lowest.

4.3. Local vs. Regional CCI

Each of the counties analyzed is characterized by an overestimation of the area of
maximum compliance by regional CCI compared to local CCI. The largest growth of
maximum data compliance takes place in Otwocki and Piaseczno counties, amounting to
50.9% and 40.1%, respectively, and the lowest in Miedzyrzecki (16%) and Stupski counties
(14.7%). The overestimation of a very good match between BDOT10k and OSM does not
depend on the spatial extent of the region, i.e., it does not change when counties are added
and the extent of the region increases. The upsurge in maximum data compliance was at
the expense of a moderate compliance class, showing an average of 17.2% (the highest,
29.8%, in Otwocki and the lowest, 6.8%, in Miedzyrzecki counties), and that in comparable
data agreement (semi-conformance class) showed an average of 8.2% (the highest, 12.2%, in
Otwocki and the lowest, 4.1%, in Stupski); low and very low compliance classes (moderate
and maximum non-compliance) increased by 3.5% and 1.9%, respectively. The maximum
decline in the area considered non-compliant occurred in Piaseczno and Otwocki counties.
However, their extents do not exceed 9%.
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Figure 5. CCIr,, choropleth map: (a) Piaseczno; (b) Sokolski.
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5. Discussion
5.1. Semantic Uncertainty

The comparative analysis of data requires semantic similarity in the investigated
concepts. As emphasized by many researchers [34,50,51], this assumption is a prerequisite
for proper comparative data quality assessment. Semantic similarity in GIScience enables
not only data comparison, but also the integration of data from different sources and their
further analysis. If the semantic similarity between concepts is ignored, the evaluation or
data comparison will be inaccurate [52]. The semantic consistency of concepts in IG can
be analyzed at the general level, i.e., only the definition of the object and its geometrical
representation are given [53], or at the detailed level, which also comprises definitions
of attributes [34,54]. In general, semantic inconsistency results from the classification
used, as well as scaling [53]. Scientists use numerous methods to quantify and visualize
geodata uncertainties, many of which rely on mathematical models. Semantic uncertainty
results from incomplete knowledge of spatial features and phenomena. Traditionally, the
boundaries of geographical features are treated as discrete and mutually exclusive, and
often, the true location of the boundary is unknown and subject to positional and semantic
errors. Zhao et al. [52] introduced a conceptual framework of ontology that includes the
definition, semantic relationship, nature, and attributes of geographic features (concept).
The authors defined semantic similarity as “calculated on the basis of the feature similarity
of ontology concept and the semantic distance of concept to measure the semantic similarity
of ontology concept. The smaller the semantic distance between concepts, the higher the
similarity between concepts”.

Based on OSMwiki [55] and Ministry Regulation [56], it is seen that in both datasets,
a “building” is a man-made structure with a roof, standing (more or less) permanently in
one place and geometrically represented by a polygon. Differences in definition only arise
when “tag:building use” is considered. During forest surveys, two tags, “natural = wood”
and “landuse = forest” are used to map. They represent forests or other areas of trees.
Both tags together are compliant with the forest definition in BDOT10k. Water bodies
are represented in OSM by the following tags: “natural = water”, “landuse = reservoir”
and “water = reservoir”; these are equivalent to “surface water”, i.e., areas occupied by
rivers, canals and reservoirs. “Highway = {motorway, trunk, primary, secondary, tertiary,
unclassified, residential}” is the principal tag for the road network and corresponds to
“road”, while “tag:railway = rail” matches “track or set of tracks” in BDOT10k. Finally,
streams, rivers and other watercourses in OSM have the tag “waterway = {river, stream,
tidal_channel}”, and in BDOT10k are named “river and stream/channel” [37].

5.2. Validity and Applicability of Data Comparison

Decisions to use fit-for-purpose geospatial datasets are heavily based on data quality,
and in particular, information volume, which is understood as the number of geographical
features captured. OSM data are rich and heterogeneous, and their quality strongly depends
on the degree of urbanization, as mentioned by [34,57]. On the contrary, BDOT10k is
perceived as very reliable as authoritative data [58]. It is updated every 2-3 years [56].
Both datasets are used in many applications in Poland by commercial companies and
administrations, and in science and education.

Risk assessment and risk management, spatial planning, and environmental protection
and monitoring applications often require detailed data when every object is important.
In loss assessment (e.g., due to flood or fire), indicating access roads and planning the
locations of investments and many other applications, every building, road, railway and
object that constitute some kind of barrier, such as water or forest, is important. When the
analyzed sets are characterized by high data agreement, the choice of the set is definitely
less important than when the two sets vary from each other. It is then necessary to analyze
the quality of the datasets based on the indicators described, inter alia, by Borkowska and
Pokonieczny [37], and to make a choice supported by the cartographic visualization of
data quality [38].
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It is worth mentioning that OSM data are made available alongside official data in the
form of the WMS (Web Map Service) in the national web portals (Geoportals), providing
access to geographic information and spatial data services, e.g., in Poland, Germany, France
and Greece [59-62].

6. Conclusions

It was assumed that the selection of a set of geospatial data for a specific application
(fit-for-purpose data) could be completed on the basis of the local or regional CCI. Geospatial
datasets are assessed by clustering hexagonal grid cells based on ordered CCI similarity. Like
any data classification, it is an exploratory procedure because it leads to an understanding
of objects and processes. The research is theoretical and methodological in nature, but the
close connection to a specific problem situation also gives it a cognitive aspect.

Assuming that the study area consists of several spatially disconnected areas (e.g.,
counties, cities), the regional CCI makes it possible to assess the suitability of the sets
according to a common scale based on the standard deviation. However, the results of
the regional assessment outperform the local classification, giving better results, i.e., a
higher level of data compliance. The overestimation of regional compliance ranges from
9 to 20% of the county’s area, with an average of 3% reduction in the area over which the
two datasets (BDOT10k and OSM) have comparable information scope. Areas of medium
and large incompatibility are reduced by an average of 2.4%. Sensitivity analysis shows
that neither the size of the region nor the spatial location of the counties had a significant
impact on the values of the regional CCI.

The CCI values in all analyzed districts revealed clustering. A greatest variation
between BDOT10k and OSM data was observed in areas with a high degree of urbanization
(e.g., Piaseczno city, Otwock city) and near the course of major transportation routes. The
analyses carried out did not prove statistically significant correlations between the CCI
coefficients and the land cover elements studied (buildings, roads, rivers, railways, forests
and water bodies).

OSM is a valuable source of up-to-date geographic data in emergency mapping, with
capacities including, but not limited to, identifying infrastructure at risk of destruction, col-
lapsed buildings, fires and accessibility, which can be important inputs for the orientation of
rescuers on the ground. The use of these data in areas with varying degrees of completeness
and timeliness of the other official spatial data is of particular importance. Nevertheless,
the volunteer type of data may raise issues about quality. The analysis performed of the
compliance of the OSM dataset in comparison with official data allows the selection of a set
with appropriate characteristics suitable for the intended purpose.

Conducting and comparing several counties using a common analytical framework al-
lows for synthesizing how complete the analyzed geodatasets are, and identifying potential
commonalities and differences across places.

The method proposed in this paper has several limitations. Among them are TOPSIS
constrains, such as the way that variables are weighted, correlations between variables,
and the possibility of an alternative that is close to the ideal point and the nadir point
simultaneously. An additional limitation is the CCI designation that is based solely on
criteria (variable) such as differences in the area and length of the geographic feature
analyzed in the OSM and BDOT10k datasets. In future work, our research will primarily
address at least some of the limitations mentioned above. Thus, we will use a different WLC
approach to assess the correspondence between OSM and authoritative topographic data.
The Hellwig’s information capacity method, a the method of optimal predictor selection,
is considered for the selection of explanatory variables to be used in a model to evaluate
geodatasets. Another research question to deliberate regards the impact of the scope and
methods of weighting variables.
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that are located in different regions of Poland: Pomerania, Podlasie, Mazovia,
Greater Poland and the Beskidy Mountains.
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1. Introduction

The comparative analysis of spatial quantitative data is often used to select data
sets that are suitable for a user’s purpose. This generally uses multi-criteria evalua-
tion [1] based on available MCDA (multi-criteria decision analysis) applications. As
a decision-support tool, the main objective of MCDA is to assist decision-makers
by providing decision options according to accepted criteria. As noticed by [2],
however, the criteria should be rational, transparent and non-overlapping. Despite
their high diversity, multi-criteria decision applications share some characteristics:
(1) a determinate number of comparable alternatives; (2) many criteria against
which the alternatives are compared; (3) measurable values that define the quality
of the alternative with respect to each of its criteria; and (4) weights for each of
the criteria that determine the importance of each of them. Researchers [e.g., 3, 4]
have claimed that weights and the choice of how to measure the distances between
given criteria are, in general, fundamental and predominantly influence the results.

Many criteria-weighting rules have been presented in the MCDA litera-
ture [5, 6]. Their variety leads to the following question: how does the choice of
weights affect the final ranking of decision alternatives? Hence, this study aims to
analyze the weight impact in a fit-for-purpose assessment of topographical data.
It uses the TOPSIS (technique for order of preference by similarity to ideal solu-
tion) methodology as well as the Comparative Compound Index (CCI) that was
previously introduced in [1]. The CCI was calculated separately for each county
in our study; hence, it was demarcated as local. The presented research used and
summarized the results of the suitability analysis of the topographical data that
was published in [1, 7, 8]. Therefore, the sensitivity analysis of the TOPSIS or-
dering was carried out on the same seven counties and two topographical data
sets; namely, official data that is maintained by the Head Office of Geodesy and
Cartography — Database of Topographic Objects (BDOT10k) as well as volunteer
data — OpenStreetMap (OSM). This work is part of the discourse on the importance
of attribute weights in final TOPSIS ratings. The study confirms the significant
influence of the adopted weights on the usability evaluation of the data and the
final decision that is made. The novelty of the research lies in the complex uni-
versal methodological approach that allows for an evaluation of categorical data;
i.e., qualitative data grouped into categories [1] rather than measured data that
refers to a form of information that is stored and identified by names or labels
(e.g., forest, river, lake, city) according to user-defined criteria. To the best of our
knowledge, this research concerns a problem that has not yet been addressed by
researchers regarding changes in final TOPSIS rankings as related to changes in
attribute weights at the pixel level as well as the relationship between changes
in TOPSIS rankings and land use.

The paper is structured as follows: Section 2 describes selected publications on
MCDA sensitivity analysis, focusing on the use of TOPSIS and weighting methods.
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Section 3 describes the materials and methods that were used, Section 4 presents
the results of the sensitivity analysis, and Section 5 is a scientific discussion of the
obtained results. Finally, Section 6 concludes the paper.

2. Literature Review

TOPSIS is one of the most popular multi-criteria decision techniques [7, 9-11].
Based on a thorough literature review of TOPSIS applications, Behzadian et al. [9]
found that the TOPSIS model had been used mainly in technical and socio-economic
research but still needed a broader focus on environmental issues. A similar opinion
was shared by Zyoud and Fuchs-Hanusch [10], who found that TOPSIS was mostly
used in supply chain management and sustainability research, while analytic hier-
archy process (AHP) was predominant in risk modeling and analysis in Geographic
Information Systems [10]. The traditional TOPSIS model suffers from correlations
between criteria [11] because it uses Euclidean distance, which does not take cor-
relation into account; therefore, its results are affected by overlapping information.
To overcome this, the correlation of the attributes should be checked a priori [12].
Furthermore, Li et al. [4] observed that TOPSIS studies generally assumed that pa-
rameter weights were invariant and mostly subjectively determined by experts.
Yet, only a few studies have included TOPSIS sensitivity analyses based on weight
changes [e.g., 4, 13-18], although the results of previous analyses are difficult to
generalize today. Criteria weights have various interpretations and implications that
are misunderstood and neglected — not only by decision makers, but also by aca-
demics. Kobryn and Prystrom [17] found that rating alternatives in TOPSIS strongly
depended on the nature of the accepted criteria and the version of TOPSIS (classical,
interval, or fuzzy). Choo et al. [15] identified several plausible interpretations of cri-
teria weights and their appropriate roles in decision models, such as scale validity,
commensurability, criteria importance, and rank consistency. They also insisted on
defining the concept of criteria importance, noting that the “proper interpretation
and application of criteria weights would improve the quality of results obtained by
using the variety of MCDM models” [15]. Based on investigations of some MCDA
applications and available weighting methods on the objectivity of the resulting
rankings, Baczkiewicz et al. [16] observed that (1) a proper method for the problem
to be adequately solved was essential, (2) a comparative analysis of the results was
strongly recommended, and (3) a selection of criteria weights that reflected the pref-
erences of the decision-maker were essential parts of MCDM.

Wieckowski and Zwiech [19] used TOPSIS and entropy for selecting energy-ef-
ficient materials. The results of analyzing the correlations between weighting and
MCDA methods came to the conclusion that, although there were similarities be-
tween the rankings, they were not so significant that the weighting methods could
be applied equally without changes in the final rankings. Chen et al. [20] used
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sensitivity analysis to examine the dependence of model results on input parame-
ters, identify criteria that are particularly vulnerable to weight changes, and show
the impact of changing the criteria weights on the model results in the spatial di-
mension as well as their relative impact on the final evaluation results. The study
was carried out using the example of assessing the suitability of irrigated farmland
in Australia. The authors of [20] altered and examined the original weights for the
five different criteria over a range of 40 simulations using a method of deviating
the weights from a base range, defined as a limited set of discrete percentage chang-
es (+20%) in which the weight of each criterion was varied by 1%. A similar study of
parameter-sensitivity analysis for determining the variability in the results caused
by different input weights for four criteria (climate, soil, slope and erosion) was con-
ducted for land suitability for sorghum cultivation in the Republic of Yemen by [21].
Sixteen weighting schemes were constructed and related to the layers of the criteria
map. The results showed that slope and soil were highly sensitive elements in the
suitability classification, while climate and erosion were moderately sensitive. Liern
and Pérez-Gladish [22] proposed a new TOPSIS approach in which the weights
were not determined a priori in an exact way. Weights were considered to be deci-
sion variables in a set of optimization problems whose goal was to maximize the rel-
ative closeness of each alternative to the ideal solution. The result was a new index
of relative proximity that was a function that depended on the values of the weights.
The method [22] can be useful in such decision-making situations where it is diffi-
cult to determine precise subjective weights.

Undoubtedly, the data and parameter weight burdened the final results of the
analysis; hence, wide-ranging and thoughtful TOPSIS sensitivity is still challenging.
Our research contributes to the relatively recent discussion of the influence of initial
parameters on the results of multi-criteria and multi-attribute analyses (exemplified
by TOPSIS).

3. Material and Methods

The study focuses on a sensitivity analysis of TOPSIS weighting in ranking the
local Compound Correspondence Index (CCI) that was previously described in de-
tail in [1] expressed as the fitness-for-purpose of six types of topographical objects
that are stored in OpenStreetMap (OSM) and the National Database of Topographic
Objects (BDOT10k); namely, buildings, forests, water bodies, roads, railroads and
rivers. The rationale behind the choice of topographical objects is their clear and
unambiguous definition in both databases and their importance in analyses of sus-
tainable development and crisis management. They are also consistent with the au-
thors” previous research on assessing the usability of topographical data. The re-
search was carried out via the following three steps: (1) ranking the local CCI using
the TOPSIS method and equal weighting; (2) comparing the CCI ranking results of
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expert subjective and equal weighting by the Relative Change (RC_,); and (3) spatial
and statistical analyses of RC_.,. The priority of this study is to answer the following
research questions:
1. Does the combination of weights that are used in the local CCI calculation
affect the final hexagonal pixel ranking? If so, by how much?
2. Do changes in the local CCI values that are expressed as relative change RC_,
cluster spatially?
3. Are high and low RC_, values related to land cover types?

3.1. Study Area

Studies were conducted in seven Polish counties; these were characterized in
Borkowska et al. [1] and are shown in Figure 1. Stupski County, the largest of the
counties (2,300 km?), is situated in the northern part of Poland (along the Baltic Sea
coastline), and Sokolski County (along the Polish-Belarusian border). In the central
part of Poland (and belonging to the Warsaw agglomeration) are located Otwocki
and Piaseczno (Piaseczynski) Counties (each with an area of more than 600 km?).
Ostrowski and Miedzyrzecki Counties (with areas of more than 1,100 km? each) are
located in the western part of Poland. With an area that is comparable to each of the
previous two, Sanocki County is situated in southern Poland (near the border with
Slovakia).

RUSSIA [ i sbasia

SNEVYIIN

= POLAND

ot .

E Affpdryrrecki Cwachi

- 'F Plasecino
Datrswahi 5

CIECH REFUBLIC

AMINH NN

SLOWAK]TA

Fig. 1. Study area: locations of analyzed counties

Source: [1]

The geographical and geopolitical locations of the counties, their sizes, different
use structures and levels of urbanization determined their representativeness in the
conducted analyses.
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3.2. CCI Rating by TOPSIS

The TOPSIS technique aims at gaining an order preference that is similar to an
ideal solution; i.e., a hypothetical solution with maximum benefits and minimum
costs of the criteria that are used (attributes or alternatives). The best alternative is
that which is nearest to the positive ideal solution and furthest from the negative
one [11]. The similarity (or difference) is described by the Euclidean or Mahalano-
bis geometric distance; in this study the Euclidean distance was applied. The ideal
solution and the negative one are examined based on the maximum (or minimum)
values of the distances. As mentioned by [18], the TOPSIS method allows for trade-
offs between criteria, as it allows a poor performance on one criterion to be ignored
in favor of a good performance on another. When choosing the best alternative, the
TOPSIS technique is comprised of the following main steps — normalizing the deci-
sion matrix, calculating the weighted normalized matrix, calculating the ideal posi-
tive and negative solutions, calculating the separation measure and calculating the
relative closeness and alternative rankings. The steps that are mentioned above are
followed by establishing non-overlapping criteria and their weights [11, 18].

The following subsection provides a comparison of CCI ratings. The CCI val-
ues are based on criteria such as differences in the areas that are covered by build-
ings, forests, and water bodies as well as the lengths of roads, railroads and riv-
ers that are assigned to a 1 km? hexagonal grid [1, 8]. The CCI synthetic indicator,
which describes the differences between the two studied topographical data sets
(OSM and BDOT10k), was developed by using the classical TOPSIS method in two
approaches. The first assumes varied weights, while the second assumes equal
weights of the studied topographical objects. For each 1 km? hexagonal grid, the dif-
ferences for the lengths or areas of the OSM topographical objects that were studied
against the BDOT10k objects were calculated in ArcGIS Pro environment according
to Equation (1):

x,=[BT,~OSM|| 1)

where:

x, i =6 — difference value of topographical objects (buildings, forests, water
bodies [area] or roads, railroads, rivers [length]) that is assigned to
the hexagonal grid attribute,

BT, — BDOT10k object,
OSM, - OSM object.

The adopted weighting assumes that all of the criteria are equally important;
hence, each criterion takes on a weight amount of 0.167 (the second combination
in Equation (2)). In order to express the relative percentage change, the Relative
Change (RC) between the local CCl is subsequently determined with two variants of
weights according to Equation (2).
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RC, = CCl, - CCLy, -100% )
cda,,
where:
RC_, — RC of CCI values,
CCI,,, — value of CCI using various weights (first combination),
CCI,, - value of CCI using equal weights (second combination).

The first combination (CCI,,,) utilizes object weighting due to the objects’ recog-
nizability in the satellite and aerial images from which they were obtained; i.e., aerial
ortoimages (10 m pixel) and SPOT 5 ortoimages in the EU border zone. Thus, build-
ings and forests were each given a weight of 0.25, paved roads and railroads - 0.15,
water bodies and streams — 0.10. These weighting rules are also used in accessibility
analyses and are extremely important in emergency management [23]. In the second
combination (CCI,,,), the weights were equal and amount to 0.167.

In order to compare the RC values that were obtained for the studied counties,
four class divisions were defined; these were created with ranges of values that rep-
resented the proportions of the standard deviation. The negative RC values were
analyzed in two classes; for these, each range was defined according to the interval
of half of the standard deviation (0.50) that was calculated as the average value for
the analyzed counties. The positive RC values were also divided into two classes
according to the value of one standard deviation (o) as the interval of the ranges.

3.3. Hot Spot and Statistical Analysis

Hot spot analysis was used to indicate the spatial relationships and identify the
spatial clustering of the RC values. The resulting values showed where objects with
high or low values were spatially clustered [24]. A hot spot can be described as an
area with a higher concentration of events as compared to an expected number after
considering the random distribution of events. A feature with a high value is inter-
esting but may not be a statistically significant hot spot. For an object to be a statisti-
cally significant active point, the object will have a high value and be surrounded by
other objects with high values as well. The local sum of an object and its neighbors
is compared proportionally with the sum of all of the objects. When the local sum is
different from the expected local sum and when the difference is too large to be due
to random chance, a statistically significant “z” result is obtained [25] according to
Equations (3)—(5):

n _.n
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where:
X, = RC value of CCI feature,
w, - spatial weight between CCI features i and j,
n — total number of features.

4)

©)

The Getis-Ord Gi* statistic provides a z-score, p-value and confidence interval

with an interpretation according to Table 1.

Table 1. Hot spot analysis parameter interpretation

Statistics Description

Implication

high-high spatial cluster
(the larger the z-score, the greater the
clustering degree)

z >0 and p-value
is small

ccr,, <Ccr,,
RC.,>0

z is closer to 0 no obvious spatial clustering

low-low spatial cluster
(the smaller the z-score, the greater the
clustering degree)

z <0 and p-value is
small

CC1,,, > CCIL,,
RC_. <0

CC1

Source: own elaboration based on [25]

A statistical analysis that was based on descriptive statistics and Pearson cor-
relations was used to provide an overall overview of county-level results.

4. Results

4.1. CCI with Equal Weights Overview

Otwocki and Piaseczno Counties were characterized by the highest inter quan-
tile range (IQR) values as well as the highest standard deviations this indicated the
high dispersion of their local CCI values (Table 2). The standard deviation took
values that were lower than the mean of the CCI values, which indicated that the
CCI values were more concentrated; i.e., the consistency of the data was relative-
ly high in these instances. Otwocki and Piaseczno Counties were characterized by



Weight Impact on Comparative Evaluation of Topographic Data

105

standard deviations of 0.065 and 0.062, respectively; these were nearly double the

lowest value that was recorded in Sokdlski County (0.036).

Table 2. Descriptive CCI statistics for TOPSIS analysis with equal weights

Statistics Mean | Median | Minimum | Maximum Q1 Q3 o IOR
Miedzyrzecki | 0.0426 | 0.0328 0.0000 0.4607 0.0152 | 0.0553 | 0.0425 | 0.0401
Ostrowski 0.0565 | 0.0470 0.0000 0.5170 0.0277 | 0.0720 | 0.0455 | 0.0442
Otwocki 0.0989 | 0.0887 0.0000 0.4172 0.0555 | 0.1268 | 0.0619 | 0.0713
Piaseczno 0.0864 | 0.0756 0.0000 0.4954 0.0425 | 0.1153 | 0.0645 | 0.0728
Sanocki 0.0714 | 0.0615 0.0000 0.5102 0.0347 | 0.0946 | 0.0572 | 0.0600
Sokolski 0.0355 | 0.0281 0.0000 0.5855 0.0140 | 0.0479 | 0.0356 | 0.0339
Stupski 0.0389 | 0.0314 0.0000 0.4572 0.0157 | 0.0482 | 0.0382 | 0.0325

The descriptive statistics of the CCI with the different weights are presented
below in Table 3 for comparison purposes (a detailed analysis is described in [1]).

Table 3. Descriptive CCI statistics for TOPSIS analysis with various weights

Statistics Mean | Median | Minimum | Maximum Q1 Q3 o IQR
Miedzyrzecki | 0.0353 | 0.0271 0.0000 0.5899 0.0129 | 0.0427 | 0.0016 | 0.0405
Ostrowski 0.0427 | 0.0314 0.0000 0.5765 0.0181 | 0.0538 | 0.0017 | 0.0406
Otwocki 0.0989 | 0.0832 0.0000 0.5069 0.0542 | 0.1246 | 0.0046 | 0.0680
Piaseczno 0.0915 | 0.0754 0.0000 0.4828 0.0420 | 0.1196 | 0.0052 | 0.0723
Sanocki 0.0678 | 0.0533 0.0000 0.4995 0.0315 | 0.0790 | 0.0039 | 0.0627
Stupski 0.0414 | 0.0313 0.0000 0.4764 0.0165 | 0.0507 | 0.0018 | 0.0426
Sokolski 0.0390 | 0.0304 0.0000 0.5329 0.0159 | 0.0499 | 0.0015 | 0.0386

Source: own elaboration based on [1]

According to the five data-compliance ranges that were defined by Borkow-
ska et al. [1], the percentages of the local CCI classes that were calculated with equal
weights are presented in Table 4. The significant predominance of areas with low
and very low differentiations between BDOT10k and OSM (the first and second
classes of the CC compliance) could be observed in almost all of the analyzed coun-
ties — from 81.7% in Stupski County to 76.6% in Otwocki County. The exception was
Piaseczno County; such areas accounted for slightly more than half of the coun-
ty’s size (55%). In this county, the highest diversity (defined as a semi-compliance



106 S. Borkowska, E. Bielecka, K. Pokonieczny

[the third class]) could be noted, with a value of 24.7%; the noncompliance (the
fourth and the fifth classes) amounted to as high as 20.2%. The other counties in
the semi- and non-compliance classes ranged from approximately 13% to 15% (semi-
compliance) and 6% to 8% (noncompliance).

Table 4. County area percentages in CCI, classes for equal weights

County area percentage [%]
Class | Description
Miedzyrzecki | Ostrowski | Otwocki | Piaseczno | Sanocki | Stupski | Sokolski
1| e 332 321 35 24.0 324 | 315 | 323
compliance
p |moderate 469 475 431 31.0 464 | 502 | 488
compliance
N i 14.0 129 15.1 24.7 152 | 131 | 140
compliance
moderate
4 . 59 52 6.7 16.4 6.0 2.3 49
noncompliance
5 | meximum - 24 16 3.8 - 29 -
noncompliance

Table 5 below shows the percentages of the local CCI classes calculated with
various weights (an analysis is widely described in [1]).

Table 5. County area percentages in CCI, classes for various weights

County area percentage [%]
Class | Description
Miedzyrzecki | Ostrowski | Otwocki | Piaseczno | Sanocki | Stupski | Sokolski

1 | e 29.1 332 34.1 355 306 | 306 | 321
compliance

p |moderate 56.2 4655 435 423 522 | 529 | 496
compliance

3 | sem 9.6 133 13.1 13.1 106 | 103 | 127
compliance
moderate

4 . 25 4.6 9.3 5.6 3.1 3.1 27
noncompliance

5 | meamun 2.6 2.5 - 34 3.5 3.2 2.9
noncompliance

Source: own elaboration based on [1]



Weight Impact on Comparative Evaluation of Topographic Data 107

4.2. Relative Changes of CCI

The results of the RC between the local CClIs for the variant of differentiated and
equal weights were quite diverse (Tables 6, 7, Fig. 2). A similar range of the minimum
(from -34.4% to -30.5%) and maximum (from 64.6% to 74.6%) RC values could be
observed in Piaseczno, Sokolski, Sanocki and Otwocki Counties. However, the high
values that were obtained in Ostrowski and Miedzyrzecki Counties (where the min-
imum values of the percentage changes in the local CCIs were -12.7% and -23.1%,
respectively, and the maximum values were 120.6% and 98.2%, respectively) signif-
icantly exceeding the obtained maximum results for the other counties. Ostrowski
County also had the highest median (44.0%) and variance (1,429.1%) among the
studied counties. The standard deviation values in the analyzed counties ranged
from 25.6% (Sokdlski County) to 29.6% (Migdzyrzecki County), with relatively low
means (from 5.5% to 1.1%); these indicated greater variability. Ostrowski County
achieved the highest ¢ value (37.8%) with a mean value of 45.4%.

Table 6. Descriptive statistics of RC of CCI

Statistics Piaseczno | Sokdlski | Sanocki | Stupski | Ostrowski | Otwocki | Miedzyrzecki
Mean 11 -5.5 13.1 0.1 45.4 5.8 25.8
Median -14 -8.1 15.3 0.1 44.0 6.3 29.6
Minimum -34.5 -34.2 -30.5 -34.4 -12.7 -31.9 -23.1
Maximum 65.0 64.6 74.6 64.7 120.6 73.5 98.2
Q1 -25.1 -29.5 8.2 -23.5 15.1 -17.7 6.6
Q3 16.9 9.1 28.9 9.8 72.7 17.7 32.1
Variance (%) 761.7 657.8 691.8 712.4 1429.1 717.1 877.0
Std. dev. (o) 27.6 25.6 26.3 26.7 37.8 26.8 29.6

Table 7. Percentages of county areas for RC of CCI ranges

Percentage of the county’s area [%]

Class | Range of RC
Piaseczno | Sokdlski | Sanocki | Stupski | Ostrowski | Otwocki | Miedzyrzecki

1 min <-15% 36.2 44.1 19.3 34.3 - 27.6 11.8
2 -15% <RC<0 14.9 14.3 11.1 15.4 16.3 16.1 10.3
3 0<RC<30% 32.2 31.0 455 36.5 17.4 39.5 29.7

4 | 30% <RC <max 16.7 10.6 24.1 13.7 66.4 16.8 48.2
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d)

g)

Fig. 2. RCs of local CCls in analyzed counties:
a) Piaseczno; b) Sokdlski; c) Sanocki; d) Stupski; e) Ostrowski; f) Otwocki; g) Miedzyrzecki
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Piaseczno, Sokdlski, Stupski, and Otwocki Counties (Table 7) achieved similar
proportions of negative RC values (accounting for about half of each county), with
a clear predominance of values of up to -15% RC (the maximum being 44.1% of
the area of Sokdlski County). Values from —15% to 0% RC for these districts rep-
resented from 14.3% of the area in Sokolski County to 16.1% of the area of Otwoc-
ki County. In Ostrowski, Miedzyrzecki and Sanocki Counties, negative RC values
account for 16.3%, 22.1%, and 30.4%, respectively. Positive values of up to 30% of
RC predominated in Sanocki (45.5%) and Otwocki (39.5%) Counties. However, the
shares of Piaseczno, Sokdlski, and Miedzyrzecki Counties were similar, amounting
to about one-third of the analyzed set. The largest shares of a county’s area (within
a range of more than 30% RC) were represented by Ostrowski (66.4%) and Miedzy-
rzecki (48.2%) Counties, and the smallest shares were those of Stupski (13.7%) and
Sokélski (10.6%) Counties.

The land use of the analyzed areas was dominated by agricultural land (53% on
average) and forests (36% on average). The relative sizes of the built-up areas varied
from less than 2% in Miedzyrzecki County to 13.3% in Piaseczno County (Fig. 3).

Migdzyrzecki [ INE— |
Otwocki  [INEE— |
Ostrowski NG 1

Stupski - [ |

Sanocki [N 1
Sokolski  [INEG———— |
Piaseczno [N |
0 20 40 60 80 100

M built-up area M forest agriculture M water other

Fig. 3. Land use in study area

Source: own elaboration based on official cadastral statistics from 2021

Pearson linear correlations (r) provide insight into the associations of land use
and RC. At a significance level of p < 0.0500, the Pearson correlation varies depend-
ing on the range of the RC levels. A moderate negative correlation (-0.52) can be
observed between a forest and an RC level that is less than 0, while a strong positive
correlation (0.76) can be observed between a forest and an RC level that is great-
er than 30%. A strong negative correlation (-0.82) was recorded between agricul-
ture and an RC level that was greater 30%. Built-up areas are moderately negative-
ly (-0.61) correlated with an RC range that is between 0% and 15%.
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4.3. Variants of Local CCI Weights — Hot Spot Analysis

A Getis-Ord Gi* analysis identified the statistically significant hot and cold

spots that are shown in Figure 4.

OSM map
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. .
b) =:. t o
) k,
- : _|.
d)

Hot Spot Analysis

> T

Holl Spit drddbyiad. F BEarsae Chadgs of sl OCL

-{wipum ¥ [
o Cofereas | Bl Comiiews:

L SR -n.:hu-nl-
e Conidemce o, Confaera s
Hed e

i L eliin B |

Fig. 4. Hot spot analysis of RC of local CClIs in analyzed counties:
a) Piaseczno; b) Otwocki; ¢) Ostrowski; d) Miedzyrzecki (compared to OSM map)
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Based on the hot spot maps (Fig. 2), a visual analysis of the relationship between
the landscape and the hot and cold clusters was performed. In Piaseczno and Otwoc-
ki Counties, those areas that were identified as hot spots were clustered mainly in
open areas (meadows, farmlands), in the vicinity of water bodies (ponds in Zabie-
niec) and (less frequently) in areas of dispersed settlements (mainly rural areas) and
forested areas (Chojnowskie Forests, Masovian Landscape Park). However, those ar-
eas that were identified as cold spots occurred in urban areas (the cities of Piaseczno
[along with its neighboring towns south to the city of Tarczyn] and Otwock [with its
neighbors Jozeféw and Karczew]) as well as along major transportation lines (Kra-
kowska Avenue). In Ostrowski and Miedzyrzecki Counties, the hot spots were sim-
ilarly concentrated in open areas (the northeastern part of the county), large water
bodies, and forests (Pszczewski Landscape Park, Barycz Valley Landscape Park).
Cold spots also occurred in areas of compact development — the cities of Skierzyna,
Miedzyrzecz and Ostrow Wielkopolski, the towns of Odolanéw and Nowe Skalmie-
rzyce as well as in the forests in the northern part of Miedzyrzecki County (Nietope-
rek Nature Reserve).

5. Discussion

Fitness for purpose is a principle that is widely accepted among analysts as
the correct approach for obtaining a quality data set [26, 27]. However, only a few
analysts or end users of data can accurately determine what data quality is required
for a specific task. When selecting a particular spatial data set, the user should be
very attentive, as it is impossible to evaluate all of the strengths and weaknesses
of available data. One aspect that is difficult to assess is the up-to-dateness, which
is given for an entire data set, while its parts could be characterized by a different
topicality [28]. Topographical data are updated periodically according to the rules in
force (which vary from country to country). In Poland, this used to be a ten-year pe-
riod [29, 30]; however, it was recently changed to a two-year period. The OSM data is
updated by users (mappers), so the data up-to-dateness depends on their activities.
The BDOT10k data that was used in this research was from March 2020, while it was
not possible to determine the year of the OSM data update for the analyzed areas.
A literature research [31, 32] showed that the most up-to-date data was on roads and
buildings.

Nevertheless, an important aspect that significantly influences the TOPSIS
ranking results is the selection of topographical objects and their prioritization,
which is usually associated to the overarching objective; i.e., answering the ques-
tion about the purpose of an analysis. In the present study, it was assumed that
this objective was related to crisis management (i.e., floods, fires, terrorist attacks)
for which the identification of populated areas, access routes and hazard areas is
important. The second application area was sustainable development according to
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Agenda 2030. The greatest weights were assigned to buildings and forests, whose
importance in both applications was indisputable [1]. The research did not consider
object attributes due to the relatively small number of objects that were described
with attributes in OSM [1, 31].

It is worth noting that a CCI can be calculated for any map unit (MU), whether
natural (e.g., catchments, ecotopes), administrative, or geometric. The universality
of a CCI also lies in the facts that any objects can be included in analyses and map-
ping units can be ranked by considering other (non-topographical) categorical data
(even MUs within one data set).

In the presented research, two variants of the weights of the CCI, a compar-
ative measure of OSM, and the BDOT10k quantitative data were analyzed. In the
first approach (in accordance with [1]), differentiated weights were adopted, which
corresponded to the relevance of the objects under study that were adopted by the
authors; i.e., buildings, forests (with the greatest value of the weights), communica-
tion networks (a moderate value of the weights), and watercourses/water bodies (the
lowest value of the weights). In contrast, all of the analyzed objects were considered
to be equally important in the presented variant, and their weights were assumed to
be equal. The CClI values with different and equal weights differed, as was previous-
ly mentioned in [18, 19]. The local CCI values showed clustering in all of the analyzed
counties. According to the adopted gradual scale of compliance, the CCI in two com-
binations of weights occupied similar shares of the area of each county. The greatest
differences in the occupied areas could be seen in the case of Piaseczno County — the
sizes of the maximum and moderate compliance areas decreased by a 22.8% share
of the county’s area after equalizing the CCI weights (amounting to 55%). However,
the area that was occupied by semi-compliance doubled to a 25% share of Piaseczno
County’s area. Similarly, the share of the areas that were assessed as being of mod-
erate and maximum noncompliance increased from 9% to 20.2% of the share of the
county’s area after equalizing the weights. This allowed us to conclude that, as in the
previous studies, those areas with high degrees of urbanization showed the greatest
variability between the BDOT10k data and the OSM data.

At the pixel level, the Pearson correlation analysis did not show a significant
relationship between the land cover type and the CCI for the equal weights (CCI,,);
this was similar to the CCI that was analyzed in the previous article (CCI,,) [1]. Also,
no significant statistical relationship was shown in the Relative Changes between
the CCI weights that were used (significance level p <0.0500). For this reason, a hot
spot analysis was performed in order to identify clusters of spatial phenomena. The
hot spot detection evolved from studying the distribution of the points or the spatial
distribution of the points in space in order to comprehend the spatial patterns [33].
A visual dependency analysis revealed observations that, in the counties that were
studied, the clusters that were defined as hot spots and cold spots included similar
land cover types, thus allowing them to be characterized in terms of settlement type
and land use.
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6. Conclusions

The Relative Changes of the CCI showed the effect of the weights on the ob-
tained results. The negative RC values revealed the predominance of the variant of
the weighting with different weights (CCI,,). According to the results, the highest
share of negative RC values was shown in Sokolski (58.4%) and Piaseczno (51.1%)
Counties. However, positive RC values proved the prevalence of the equal-weight
variant (CCI,,); this was especially evident in Ostrowski (83.7%), Miedzyrzec-
ki (77.9%) and Sanocki (69.9%) Counties. The county with the most equal shares
of the different weighting variants was Slupski (49.8% and 50.2%, respectively).
The equal weights in the TOPSIS method influenced the number and, thus, the
area, while both of the topographical data sets (BDOT10k and OSM) had the high-
est and moderate compliances. These differences varied from county to county,
taking 4.1% (Miedzyrzecki) and a minimum of 0.2% (Sokdlski) in the maximum-
compliance and from 9.3 and 0.8% for the same counties in the moderate-compliance
CClI classes. For 56% of the total area, the change in the weights altered the ranking
by half a standard deviation. Relatively large changes of more than 2.5 standard de-
viations could be observed in 4% of the analyzed area. The demonstrated analyses
prove that the studied data sets of OSM and BDOT10k were quite sensitive to the
adopted weighting combinations.

A hot spot analysis of the CCI's Relative Changes indicated spatial relationships
between the studied data sets despite the absence of a statistically significant Pear-
son correlation. Those areas that were identified as hot spots were mainly clustered
in forests, open areas, cultivated areas, neighborhoods of water bodies, and (less fre-
quently) areas with low building density. However, those areas that were identified
as cold spots were found in the areas of urban-rural development and along major
transportation lines.
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