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Abstract

The paper is a continuation and summary of a series of publications related to the dasymetric estimation of the distribution of the
population of Krakow. The conversion of the population from the original census units is based on the development data from
three sources, the Corine Land Cover project (CLC), the Urban Atlas project (UA) and the object classification (OBIA) of the
RapidEye data. The experiment was conducted using archival statistical data from 2009 from 141 urban units (u.u.) of the city.

In the first two parts of the cycle (Pirowski and Timek, 2018; Pirowski et al., 2018) population conversion was presented
on the basis of CLC, UA and OBIA maps, obtaining a total of 12 maps of Krakow’s population. The obtained error distribu-
tions were presented and the calculated weights of population density for each category of residential buildings were discussed.
In the third part of the cycle (Pirowski and Berka, 2019) the results were analyzed in detail by reference to the reference,
high-resolution population map of the Bronowice district (north-western part of the city).

In this publication, ending the cycle, population maps were verified on the basis of a kilometre grid of the Central Statistical
Office (GUS), which is an aggregation of data from the National Census of Population and Housing 2011, made available by
the Office in 2017. The results of high-resolution verification carried out in the Bronowice district were compared with the data
of the CSO (GUS). In the GUS grid the best results were obtained for surface and weight UA methods (RMSE 908-917 people;
MAPE 42-46%). The estimation of population distribution using OBIA data (RMSE 1115-2073 people; MAPE 121-184%) was
found to be incorrect. After the correction of OBIA by UA data, a significant improvement in the results for surface-weighted
methods was obtained (RMSE 930-1067 people; MAPE 53-68%), however, the error rate was still higher than for UA itself,
which eliminates the OBIA method from practical applications in this area.

A correlation was found between the RMSE and MAPE errors recorded in UC at the stage of weight selection and the
RMSE and MAPE errors recorded in the GUS grid, respectively R2(RMSE)=91%, R2(MAPE)=65%. Therefore, the correlation
detected indicates that the low errors obtained at the selection stage translate into reliable population estimates. The proposed
weighting methodology limits the subjectivity of the method, based on the minimisation of RMSE and MAPE in the origi-
nal census units. The disadvantage of the method is that it is necessary to define the boundary conditions for the selection of
weights, in case of obtaining unreal weights and the possibility of occurrence of equifinality phenomenon, difficult to detect in
the absence of additional reference data.

! The article has been prepared within the scope of the research subsidy of the Ministry of Science and Higher Education for AGH
UST, no. 16.16.150.545
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ANALIZA PRZYDATNOSCI MAP POKRYCIA I UZYTKOWANIA TERENU
DO SZACOWANIA LICZBY LUDNOSCI OBSZAROW MIEJSKICH -
WALORYZACJA WIELOWARIANTOWYCH MAP LUDNOSCI
W OPARCIU O SIATKE KILOMETROWA GUS

Stowa kluczowe: dane spisowe GUS, modelowanie dazymetryczne, mapy pokrycia i uzytkowania terenu, korelacja poziomu
btedow

Abstrakt

Artykut jest kontynuacja i podsumowaniem cyklu publikacji zwigzanych z dazymetrycznym szacowaniem rozmieszczenia
Iudnosci Krakowa. Przeliczanie ludnosci z pierwotnych jednostek spisowych oparto na danych o zabudowie z trzech zrodet,
z projektu Corine Land Cover (CLC), z projektu Urban Atlas (UA) oraz z klasyfikacji obiektowej (OBIA) danych RapidEye.
Eksperyment przeprowadzono wykorzystujac archiwalne dane statystyczne z roku 2009 ze 141 jednostek urbanistycznych
(j.u.) miasta.

W pierwszych dwoch czesciach cyklu (Pirowski i Timek, 2018; Pirowski i in., 2018) zaprezentowano przeliczanie populacji
na bazie map CLC, UA oraz OBIA, tacznie uzyskujgc 12 map zaludnienia Krakowa. Przedstawiono uzyskane rozktady btedow,
poddano dyskusji obliczone wagi zageszczenia ludnosci dla kazdej kategorii zabudowy mieszkalnej. W trzeciej czgsci cyklu
(Pirowski i Berka, 2019) opracowane wyniki poddane zostaty szczegdtowej analizie poprzez odniesienie si¢ do referencyjnej,
wysokorozdzielczej mapy zaludnienia dzielnicy Bronowice (pdtnocno-zachodni obszar miasta).

W niniejszej publikacji, konczacej cykl, zweryfikowano mapy zaludnienia w oparciu o siatk¢ kilometrowa GUS, bedaca
agregacjg danych Narodowego Spisu Powszechnego Ludnos$ci i Mieszkan z 2011, udostgpniong przez Urzad w 2017 roku. Po-
rownano wyniki weryfikacji wysokorozdzielczej prowadzonej na dzielnicy Bronowice z weryfikacja na danych GUS. W siatce
GUS uzyskano najlepsze wyniki dla metod powierzchniowo-wagowych UA (RMSE 908-917 0s6b; MAPE 42-46%). Za btgdne
uznano szacowanie rozmieszczenia ludno$ci przy uzyciu danych OBIA (RMSE 1115-2073 os.; MAPE 121-184%). Po korek-
cie OBIA poprzez dane UA uzyskano znaczaca poprawe wynikow dla metod powierzchniowo-wagowych (RMSE 930-1067
0s0b; MAPE 53-68%), jednak poziom bledow byl nadal wyzszy niz dla samej UA, co eliminuje metod¢ OBIA z zastosowan
praktycznych w tym obszarze.

Stwierdzono zalezno$¢ pomiedzy notowanymi btgdami RMSE i MAPE w j.u. na etapie doboru wag a notowanymi btgdami
RMSE i MAPE w siatce GUS, odpowiednio R gyse) = 91%, R yapey = 65%. Zatem wykryta korelacja wskazuje, ze niskie btedy
uzyskane na etapie doboru wag przektadajg si¢ na wiarygodne szacowanie liczby ludnosci. Proponowana metodyka doboru wag
ogranicza subiektywizm metody, opierajac si¢ na minimalizacji RMSE i MAPE w pierwotnych jednostkach spisowych. Wada
metody jest konieczno$¢ definiowania warunkéw brzegowych doboru wag, w przypadku uzyskiwania nierzeczywistych wag
oraz mozliwo$¢ wystgpienia ekwifinalno$ci, trudnej do wykrycia przy braku dodatkowych danych referencyjnych.

INTRODUCTION

Population maps are an important source of data for
spatial analyses carried out in geographical information
systems (GIS). They are included in indicator maps, in
which the way data are presented determines the meth-
odology of product development. Until the 1990s, pre-
sentation in the form of isolines, dot maps and simple
cartograms prevailed (Robinson et al., 1988). With the
development of data processing, mainly due to the pop-
ularization of GIS systems, progress in cartography and
availability of digital spatial data, more and more dasy-
metric methods were used. They consist in the adop-
tion of other reference fields — in cartograms these are
imposed areas, usually administrative, in a dasymetric

approach — these are areas related to the spatial distribu-
tion of the phenomenon (Golen and Ostrowski, 1994).
As a result, the representation of the spatial distribu-
tion of the depicted phenomenon with the use of cheap
dasymetric methods is more reliable than in the case of
a cartogram (Longley et al., 2006). In the case of pop-
ulation maps in a simple cartogram, the reference units
are census units, in dasymetric methods — the range of
development.

The first, basic problem is to find a correct way to
convert the population from census units to units relat-
ed to buildings (so-called limiting variables), including
the diversity of buildings (so-called variable relation-
ships) resulting from their nature (density, height, loca-
tion, function, etc.). A more extensive overview of the
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conversion methods used can be found, for example, in
works by Eicher and Brewer (2001), Wu et al. (2005),
Wang and Wu (2010), Calka et al. (2016).

The second problem is the correct determination of
limiting variables and variable relationships. The im-
plementation at the national level of detailed databases
on buildings and monitoring of the coverage of overland
areas (Corine Land Cover, Urban Atlas) were quickly
reflected in population mapping (Gallego and Peedell,
2001; Bielecka, 2005; Kunze and Hecht, 2015; Cockx
and Canters 2015; Batista and Poelman, 2016; Catka
etal., 2016; Pirowski and Pomiettowska, 2017; Pirow-
ski and Bartos, 2018). These databases are in many
cases insufficient — they do not cover a given area, they
have a limited time range and too low spatial accuracy.
Therefore, experiments are still being undertaken to
correlate the distribution of population with other data.
This is most often achieved through remote registra-
tion — aerial photographs, high-resolution satellite data,
laser scanning are used (e.g. works by Chen, K., 2002;
Liu, 2004; Azar et al., 2010; Ural et al., 2011; Pirows-
ki and Drzewiecki, 2012; Upegui and Viel, 2012). An
example of analysis in areas devoid of systemic sup-
port by land cover databases, i.e. requiring the use of
satellite data, are publications Nagle and Rose (2017),
Wei and Blaschke (2018), Weber et al. (2018). There-
fore, understanding the limitations of CLC and UA da-
tabases, the publication cycle also includes object-ori-
ented mapping of the coverage. Confirmation of the
suitability of an automatic cardholder for population
conversion would enable the use — under national con-
ditions — of vivid archival data for long-term analyses
of population distribution.

The third problem is the reliable verification of the
converted population maps. Only in a few publications
has a detailed valorisation of methods or estimation
of the correctness of the obtained detailed distribution
been carried out. An example are works by Liu (2005),
Zandberg and Ignizio (2010), Suddenly et al. (2014),
Rose and Suddenly (2017), Weber et al. (2018).

The research objectives of this publication, which
concludes the research cycle, are:

— valorisation of twelve developed variants of
methods (Pirowski and Timek, 2018; Pirowski
et al., 2018) on the basis of a set of independent
statistical data; these data were published by the
CSO (GUS) at the beginning of 2017 for the

whole of Poland in the form of a kilometre grid,;
these data were not used to calculate the popula-
tion based on CLC/UA/OBIA; they allow for an
objective assessment and the answer which of the
generated population maps is the best, i.e. after
re-aggregation, this time to the ,,meshes” of the
GUS grid, the lowest deviations are recorded —
after re-aggregation, this time to the ,,meshes” of
the GUS grid — in the smallest deviations from
the GUS grid;

— due to the possibility of the occurrence of the
equifinality phenomenon — reference to the anal-
ysis made on the basis of a high-resolution pho-
to-interpretation map of the population of the
Bronowice district; detailed methodology and
results were published in the previous article of
the cycle (Pirowski and Berka, 2019);

— development of a ranking of 12 analysed variants
of population maps;

— providing advantages and limitations of the pro-
posed methodology for determining weights in
the dasymetric method, in the form of a set of
recommendations.

The double verification of results carried out in dif-
ferent resolutions and the related discussion is a novel-
ty against the background of published methodological
experiences and attempts to provide usefulness of dasy-
metric population calculation.

METHODOLOGY OF POPULATION
MAPPING

Population maps, which have been valorised, were
prepared on the basis of three sources of data on the
development of Corine Land Cover (CLC), Urban At-
las (UA) and object classification (OBIA) of the Rapid-
Eye image. Population conversions were based on the
dasymetric method, treating building zones as limiting
variables and division into building types as connect-
ing variables. The general scheme of action is presen-
ted in Fig. 1.

The stage of data preparation was related to data
acquisition (downloading from dedicated CLC/UA
services) or their processing (RapidEye data classifica-
tion), then their spatial calibration. The next stages in-
cluded separating the buildings, obtaining information
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Fig. 1. Main steps in the development of dasymetric maps
Rys. 1. Glowne etapy opracowania map dazymetrycznych
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Fig. 2. Preparation of data for population conversion
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Fig. 3. Determination of weighting factors for surface/weight methods
Rys. 3. Wyznaczanie wspotczynnikdw wagowych dla metod powierzchniowo-wagowych
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Fig. 4. Development of a dasymetric map
Rys. 4. Opracowanie mapy dazymetryczne;j
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on their segmentation, surface areas in individual urban
units of the city (u.u.) (Fig. 2)

The population density weights, adopted for each
land cover category, were calculated iteratively, mini-
mizing deviations in individual caves. (Fig. 3). Details
of the methodology were included in the previous pub-
lications of the cycle.

The last stage is to use the calculated weight coeffi-
cients and maps of the development range to determine
the population maps. This process still needs to be cor-
rected in order to remove the observed deviations in
individual v.u. (Fig. 4).

A total of 12 variants of maps of Krakow’s pop-
ulation have been developed, i.e: 3 maps from CLC,
3 maps from UA, 3 maps from OBIA and 3 maps from
OBIA+UA (in each subgroup variants: binary, sur-
face-weight variants with RMSE minimization and
MAPE minimization).

PREPARATION OF VERIFICATION DATA
FROM THE GUS GRID

Verification of dasymetric population maps for the
whole city was based on the kilometre grid of the Cen-
tral Statistical Office (GUS) made available in 2017
(Fig. 5). The information contained therein is a result
of aggregation of data from the National Census of
Population and Housing 2011 (https://geo.stat.gov.pl).
Among a series of information on population, only the
total number of inhabitants was used, without any divi-
sion into sex or age groups.

Since there is no information about the method of
registration, it is difficult to say how big the difference
between data in urban units and data in a kilometre grid
can be. Analytically, this can only be done with a rough
approximation, as part of the grid meshes lies on the
administrative border of Krakow and the surrounding

Fig. 5. Population in individual meshes of the CSO grid on the example of the centre of Krakow
Rys. 5. Liczba ludno$ci w poszczegdlnych oczkach siatki GUS na przyktadzie centrum Krakowa
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Legend

- residential buildings in the test area
[ Gus kilometer grid
boundaries of the test area (Krakéw)

Fig. 6. Development of a GUS network for the needs of analysis. Example of border mesh meshes: a, b) eliminated; c, d) not
eliminated
Rys. 6. Opracowanie siatki GUS na potrzeby analizy. Przykladowe graniczne oczka siatki: a, b) wyeliminowane; ¢, d) po-
zostawione

communes. Therefore, for statistical verification of
methods, only those meshes of the GUS grid were used
which were within or crossed the administrative bound-
aries of Krakow, not including the population of the
neighbouring towns and cities (Fig. 6). Ultimately, there
were 300 meshes left, of which 292 km? within Krakow,

i.e. 97.3% of the city’s area. For this defined area, the
total population amounted to 756503 people, which is
a value similar to the population from statistical data
in urban planning units amounting to 744254 people
(the difference in both sets of statistical data amounted
to 2.1%).
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VERIFICATION OF DASYMETRIC MAPS
BASED ON GUS GRID

Raster population maps, obtained dasymetrically
from CLC / UA / OBIA / OBIA / OBIA+UA, were
again aggregated in new spatial units, i.e. in the kilo-
metre grid of the Central Statistical Office (GUS) and

referred to statistical data published by the Office. The
distribution of errors, obtained for particular variants,
is presented in Fig. 7. As a reference point, the results
obtained on the basis of a simple cartogram, based
only on population data from urban units, without the
use of limiting variables (Fig. 7a), are additionally

illustrated.

RMSE = 1475.9 people
MAPE = 310,8 %

B velow -100%
I -100% to -50%
[ -50% to -25%
[ -25% to 0%
[ unpopulated
[ 0% to 25%
] 25% to 50%
[ 50% to 100%
I above 100%

RMSE = 1163.2 people
MAPE = 80.4 %

RMSE = 983.7 people
MAPE =49.2 %

RMSE = 1139.3 people
MAPE =701 %

RMSE = 916.6 people
MAPE =445 %

RMSE = 1947.4 people
MAPE = 70.7 %

RMSE = 907.7 people
MAPE = 41.9 %

Fig. 7. Percentage errors in the kilometer grid of GUS for maps of populations based on: a) simple cartogram; b) CLC (binary
method); ¢) UA (binary method); d) CLC (RMSE minimization in u.u.); ¢) UA (RMSE minimization in u.u.); ¢) UA (RMSE
minimization in u.u.); f) CLC (min. MAPE in u.u.); g) UA (min. MAPE in u.u.)
Rys. 7. Bledy procentowe w siatce kilometrowej GUS dla map populacji opartych o: a) kartogram prosty; b) CLC (metoda
binarna); ¢) UA (metoda binarna); d) CLC (minimalizacja RMSE w j.u.); e) UA (minimalizacja RMSE w j.u.); f) CLC (min.

MAPE w j.u.); g) UA (min. MAPE w j.u.)
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RMSE = 1115.2 people
MAPE = 184.2 %

RMSE = 885.9 people
MAPE = 471 %

RMSE = 1162.4 people
MAPE = 121.2 %

RMSE = 930.2 people
MAPE = 52.7 %

RMSE = 2073.1 people
MAPE = 162.2 %

RMSE = 1066.7 people
MAPE = 68.4 %

Fig. 7. h) OBIA (binary method); i) OBIA+UA (binary method); j) OBIA (min. RMSE in u.u.); k) OBIA+UA (min. RMSE in
u.u.); 1) OBIA (min. MAPE in u.u.); ) OBIA+UA (min. MAPE in u.u.)

Rys. 7. h) OBIA(metoda binarna); i) OBIA+UA (metoda binarna); j) OBIA (min. RMSE w j.u.); k) OBIA+UA (min. RMSE
w j.u.); 1) OBIA (min. MAPE w j.u.); 1) OBIA+UA (min. MAPE w j.u.).

ANALYSIS OF RESULTS

For population maps based on CLC, despite a large
generalization of development zones, each of the tested
variants of population conversion significantly reduced
the average percentage errors recorded in the GUS
grid, from about 310% (simple cartogram, Fig. 7a) to
70-80% (Fig. 7b, 7d, 7f). The result of the area-weight
method based on MAPE minimisation (Fig. 7f) gives
false weight coefficients (85% of the population of Kra-
kow is assigned to the Old Town, which is only 3 km? in
size), which results in a very high population density for
compact buildings. This error is manifested by a high
RMSE error, higher than for a simple cartogram. For
all population maps based on UA, lower errors were
obtained by about 30% than for CLC. In UA variants
(Fig. 7c, 7e, 7g) there was a compliance between MAPE

and RMSE parameters: the worst result was obtained
for the binary method (Fig. 7c), the best for the sur-
face-weight MAPE method (Fig. 7g, RMSE=908 peo-
ple, RMSE=42%)).

For both CLC and UA, the greatest effect of im-
provement in population redistribution was observed
through the use of limiting variables (Fig. 7b, 7c;
MAPE decreased from 310% to about 80% for CLC, to
50% for UA). The introduction of variable relationships
(Fig. 7d, 7e, 7f, 7g) improves the results by a further
7-10%. Analyzing the distribution of deviations in the
GUS grid, it is easy to notice that for specific areas of
the city (,,mesh” grid), larger deviations are recorded,
regardless of the method of population calculation. The
location of these meshes depends on the LULC data
used. It should be concluded that the results are deter-
mined primarily by the distribution of limiting variables
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(presence or absence of building zones), and the divi-
sion into types of buildings (and the weight of popula-
tion density assigned to them) is secondary. Places with
higher errors are likely to have incorrectly delimited or
outdated built-up areas.

For maps based solely on OBIA (Fig. 7h, 7j, 71),
percentage errors in the GUS grid are about 2—3 times
higher than in relation to the previously discussed CLC
and UA. The location of places with greater deviations
is variable depending on the variant. The RMSE param-
eter shows the lowest errors in the binary method (Fig.
6h). Surface-weight method with RMSE minimization
(Fig. 7j) gives questionable results — the improvement
of MAPE parameter is accompanied by the increase
of RMSE value. The last variant with MAPE minimi-
zation (Fig. 71) gives very high errors and different spa-
tial distribution of ,,meshes” with increased deviations.
Much better results are obtained with complementary
use of OBIA and UA (Fig. 7i, 7k, 71). Elimination of
industrial areas by UA causes a large drop in errors to
lower than for CLC, but higher than for UA variants.
Building segmentation performed by OBIA is not cor-

rect from the population calculation point — therefore,
the lowest errors are obtained for the binary method
(Fig. 71).

VALORISATION OF METHODS

In total, 12 variants of maps of Krakow’s popula-
tion were developed in the conducted research. They
were subjected to detailed analyses based on two inde-
pendent sets of reference data. The basic parameters
obtained in the process of generating population maps
and the valorisation of the variants are presented in
Table 1.

The conversion of population was a step-by-step pro-
cess: in the first step, maps were generated taking into
account limiting variables and changing connections,
using only the total population of the city. As a result,
for each u.u., values of population were obtained that
were different from those resulting from statistical data.
By appropriately selecting the proportions of ,,weights”
for particular types of buildings, the surface-weighting
methods minimized the square or percentage deviations

Tab. 1. Errors for 12 population map variants obtained at different stages of their generation
Tab. 1. Bledy dla 12 wariantow map populacji uzyskane na roéznych etapach ich generowania

RMSE MAPE MMAPE MMAPE RMSE MAPE
variant [people] [Yo] [%] [%] [people] [%]
LULC of population R . , e . _
. before Toble's cond. subject to Tobler's condition (er. in u.u.=0)
mapping
(errors in u.u.) 50m 100m errors in the CSO grid
cartogram simple 8684.57 4005.96 31.64 26.55 1475.88 310.77
binary 6002.75 447.12 29.54 24.35 1163.20 80.43
CLC surf.-weight RMSE 5689.75 339.77 29.54 24.35 1139.34 70.13
surf.-weight MAPE | 18627.23 167.78 29.54 24.35 1947.37 70.67
binary 6206.62 186.60 26.42 22.15 983.67 49.25
UA surf.-weight. RMSE 3442.29 67.80 24.80 19.52 916.61 44.52
surf.-weight MAPE 3447.46 66.21 24.59 19.30 907.75 41.88
binary 7222.35 6611.68 28.18 22.79 1115.18 184.20
OBIA surf.-weight RMSE 5957.68 2427.42 30.76 25.61 1162.39 121.22
surf.-weight MAPE 7987.04 2262.45 42.19 39.33 2073.15 162.24
OBIA binary 4540.26 108.09 26.44 21.58 885.89 47.08
+ surf.-weight RMSE 4269.61 85.46 27.02 22.16 930.24 52.71
UA surf.-weight MAPE 4468.83 74.80 28.97 24.30 1066.72 68.38
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recorded in the u.u. (Pirowski and Timek, 2018; Pirows-
ki et al., 2018). The measure of this stage are the values
of RMSE and MAPE achieved (Table 1, ,,RMSE and
MAPE before Tobler’s condition”).

In the second step, in each of the urban units an ap-
propriate coefficient was applied to remove the devia-
tions. In this way, the final values of population density
in a given variant were calculated for a given u.u. This
formed the basis for the final population maps, which
were double-checked on independent data. The analysis
with a detailed reference map resulted in a percentage
of population error at a given resolution, from Sm to
500m. Table 1 presents the results for two key resolu-
tions, i.e. 50m and 100m (,, MMAPE 50m and MMAPE
100m, subject to Tobler’s condition in u.u.”) (Pirowski
and Berka, 2019). The second control was aggregative:
population maps were converted to a kilometre grid and
compared with data published in this resolution by the
Central Statistical Office (,,RMSE and MAPE, errors
in the CSO grid, subject to Tobler’s condition in u.u.”).

The binary method of map conversion is simple and
subjective. The reliability of the obtained population
map is unknown, depending on the correct definition
and spatial range of built-up areas (inhabited areas)
and internal diversification of building density, which
is not taken into account in the binary method. The sur-
face-weight method attempts to solve this last problem
by selecting the density coefficients (,,weights”) for
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particular types of buildings. However, this process is
burdened with subjectivism. The attempt made in this
publication cycle concerned the answer to the question:
can the quality of obtained final maps of the population
be predicted by applying the rules of statistical, i.e. ob-
jective, search for these proportions by minimizing de-
viations in the original census units? Will the recorded
errors be lower than for binary methods when using
surface-weighted methods, and will this effect not be
achieved through the use of equifinality phenomenon
(low deviations for aggregated data for larger spatial
units, with an incorrect distribution of the phenomenon
within these units)? To what extent does the accuracy
of determination of development zones (i.e. reliability
and timeliness of the source of data on land cover) in-
fluence the quality of population conversion? Thanks to
the preparation and proper use of two independent ref-
erence maps, the answers to the above questions were
obtained.

Reference to the reference map of Bronowice
(Pirowski and Berka, 2019), characterized by high
spatial resolution of population mapping, made it pos-
sible to detect the equifinality phenomenon for the
OBIA(MAPE) variant. For this population map an in-
correct selection of weights was obtained for particular
categories of buildings, difficult to catch through the
analysis of MAPE and RMSE errors in the u.u. and
GUS grid (calculated errors are relatively high, but
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do not differ from some other variants). A very high
MMAPE parameter (Table 1) indicates incorrect selec-
tion of scales.

For the remaining 11 variants and the simple carto-
gram, the RMSE and MAPE parameters were compared
with the GUS grid (Fig. 8). There is a relation between
low errors at the stage of scales selection and product
quality, understood as the recorded level of errors in the
GUS grid. Greater dependence was detected for RMSE
(R>=91%) than MAPE (R?=65%).

Among the tested variants, the best results were ob-
tained for surface-weight methods based on UA data
(bold values in Table 1). He is responsible for the good

result: (1) adequate level of detail; (2) correct segmen-
tation of buildings; (3) use of additional databases and/
or photo-interpretations to determine the functions of
buildings. The results, obtained on the basis of UA, are
illustrated in Figure 9.

Coverage data, based on automatic classification,
do not give good results. The following problems were
identified: (1) No possibility of correct elimination of
areas of industrial and commercial development un-
necessary in the process of calculating the city’s night
population; (2) doubtful segmentation of development.
These conclusions are confirmed by a significant im-
provement in the binary method due to the modifica-
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tion of development areas by the UA and worse results
for the OBIA+UA surface-weight variants. To sum up,
in the OBIA method the mapping of the development
range is carried out correctly, but it is not sufficient to
calculate the population.

The proposed methodology of population conver-
sion to new spatial units is mainly determined by lim-
iting variables, which is manifested by large drops in
errors already recorded for binary methods. The intro-
duced segmentation of buildings is of secondary impor-
tance — carried out correctly, as in the data from the UA,
gives a further and stable improvement in the estimation
of the population distribution, regardless of the optimi-
sation variant applied.

SUMMARY AND CONCLUSIONS

1. The proposed methodology of optimization of
weights of surface-weight methods can be applied
on condition that a map is available with building
categories that have a real connection with the num-
ber of inhabitants. Urban Atlas data meet this condi-
tion, which is confirmed by the results presented in
the works of Pirowski and Timek (2018), Pirowski
and Pomietlowska (2017). CLC data are available
for use, but population conversion must be based
on a binary method or the method of determining
weights must be arbitrary, which is consistent with
the conclusions of Bielecka et al. (2005). OBIA
data do not allow for correct population calcula-
tion (Pirowski et al., 2018). The limited number of
surveys does not allow to formulate what boundary
conditions should be met by LULC maps in order to
be considered reliable for use.

2. In case of lack of reference data it is recommended
to use RMSE as a measure of weight calculation.
This parameter is more related to the expected qual-
ity of the final map. Relatively high RMSE values
also indicate incorrect body segmentation and/or
equifinality phenomenon. If the RMSE parameter
for the surface-weight method is increased in rela-
tion to the binary method, it is recommended to use
the latter.

3. Determining weights based on statistical measure-
ments may cause the equifinality phenomenon and/
or incorrect selection of weights. In the absence
of reference data, a large discrepancy between the
results of MAPE and RMSE optimisation and the

control of the weights established allows the par-
tial exclusion of these problems. In some cases, it is
necessary to provide boundary conditions for cer-
tain types of buildings, because automatically cal-
culated weights, in an iterative process, are unre-
alistic, e.g. negative. This is a problem in case of
lack of additional data. The problems observed are
not always ,,sharp” in nature, hence the difficulty in
distinguishing a good result from an erroneous one.
The small number of studies conducted does not al-
low to formulate unambiguous solutions.

To summarise: the improvement in the estimation of
population distribution, obtained by the surface-weight
method, is subjective. The minimisation of this disad-
vantage can be achieved through expert experience, by
supporting the conversion process with additional data,
e.g. allowing to estimate the population density per giv-
en type of land cover. The second solution, applied here,
is to use statistical measures to calculate weights. The
validity of this approach has been sought by using ex-
tensive reference data. At this stage of the research it
was confirmed that having different sets of data on land
cover, the best solution can be selected and weights can
be automatically selected, based only on RMSE errors
(secondly MAPE errors) recorded in the original census
units. However, the calculation of weights must be con-
trolled by the operator, as a fully automatic approach,
without boundary conditions and without analysing the
quality of the building data, can lead to incorrect se-
lection of weights and, in extreme cases, equifinality
phenomenon.

The application of the presented method is possible
without detailed reference data on population. Then it
is possible to estimate the population on the basis of
archival data on land cover (e.g. aerial or satellite imag-
es), where a limited amount of statistical data is avail-
able. The main problem then becomes the development
of a sufficiently reliable map of limiting variables and
variable connections, i.e. a properly categorised map of
zones of building type. The conducted analyses indicate
that the methods of automatic image classification fail.
The best data from the Urban Atlas shown in the analysis
confirm that this process should be supported by inter-
pretation and additional data, especially when it comes
to determining the function of buildings (residential/
non-residential). Using the UA data as a benchmark, it
is planned to improve the result: (1) using a larger num-
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ber of building classes present in the project, (2) differ-
entiating spatial densities of buildings within particular
classes by analyzing impermeable zones and vegeta-
tion indices, (3) introducing geographically weighted
regression into the calculation of weights.
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