
1. Introduction

The development of tools and environments 
for the description of geographical space has 
led to the dissemination of spatially oriented 
analyses. According to Chakhar and Mousseau 
(2015), multi-criteria analysis is a comprehen-
sive analytical study of the interdependence of 
spatial data. Therefore, this type of analysis was 
indicated as a model solution in the discussed 
topic of optimization analyses in the GIS envir
onment. The general accessibility and interdis-
ciplinary of GIS make it applicable in practically 
every aspect of life, for example, in navigation, 
agriculture, real estate market analysis (Olszew-
ski et al., 2007), ecology and environmental 
assessment (Hoffmann et al., 2018), road in-
frastructure safety management (Budzyński 
et al., 2018) or even the subject of this article 
which is transport accessibility analysis (Ford 
et al., 2015). The last-mentioned field is gaining 
more and more popularity as problematic 
urban areas are increasingly often considered 
from the point of view of space and the optimi-

zation of its use. Transport accessibility is one 
of the significant factors determining the func-
tional, social, cultural, and spatial development 
of cities striving for sustainable development 
(Korneć, 2018). 

Accessibility maps, also known as time or 
transport accessibility maps, determine the ease 
of getting from site A to B (Pietrusiewicz, 1996). 
The first such map was developed in 1881, 
showing the time availability of London from 
anywhere in the world expressed in days of 
travel (Galton, 1881). Since then, the methods 
and the scale have been continuously refined. 
The contemporary issue of spatial accessibility 
focuses on collecting and processing spatial 
data to develop solutions to improve transport 
accessibility contributing to the sustainable 
development of cities (Burdziej, 2016). More-
over, good accessibility of public transport 
means may increase the value of the real estate 
by over 10% (Malasek, 2017), and the optimiza-
tion of the location of public transport infrastruc-
ture may contribute to a significant increase in 
the number of its users (Ford et al., 2015).
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The analyses may represent data of different 
impact scales and complexity, for example, the 
travel time to a single educational institution 
(Bielecka & Filipczak, 2010), the availability of 
many public facilities on a city scale (Burdziej, 
2016), evaluation of time availability of the se-
lected rescue service of a large city (Sitek et al., 
2020) or an assessment of the availability of 
a sustainable transport system in a large agglo-
meration with a regional impact zone (Ford 
et al., 2015). Nonetheless of the scale, users 
should always be identified regarding their 
predisposition and spatial distribution (Burian 
et al., 2018). During obligatory trips and for a spe-
cific purpose, access to the public transport 
stop should include the largest possible number 
of potential users in its zone of influence while 
ensuring a high level of safety (Malasek, 2017). 
Moreover, it was proved that lack of adequate 
transport accessibility and too large spatial 
dispersion is resulting in a reduction of the range 
of service, which could be a key factor of depo-
pulation and developmental delay as the people 
cannot fulfil their basic need for commuting 
(Turk et al., 2016). Therefore there is a signifi-
cant need to analyse the factors determining 
the decision-making process of its choice as 
the means of transport and its accessibility. 

2. Analysis methodology and cartographic 
presentation of data

According to Bielecka and Filipczak (2010), 
the methodology of transport accessibility ana-
lysis should be based on four essential stages 
– selection of the area within which accessibility 
will be determined, selection of the means of 
movement, data collection as well as distance 
and travel time calculations, and the last but 
not least assessment of the reliability and accu-
racy of the results along with the graphical pre-
sentation in the form of a thematic map 
(Bielecka & Filipczak, 2010). A different approach 
to transport accessibility applies attraction-ac-
cessibility measures (Miller & Wu, 2000). This 
method is based on the spatial collocation 
showing the dependencies influencing the 
transport attractiveness of selected areas with 
the required travel costs. Despite considerable 
achievements in developing transport acces-
sibility, there are no specific and unified me-
thodological principles for this type of study. 
Therefore, in the research process, both methods 

were adopted as the most appropriate to de-
termine city residents’ most optimal communi-
cation accessibility, whose way of moving is 
defined by the spatial distribution of individual 
facilities or areas of interest.

The subject of research of the article will be 
mainly achieved through the use of multi-criteria 
analysis. It was proved to be helpful in the deci-
sion-making process by examining the relation-
ship between the advantages and disadvantages 
of various decision alternatives to achieve a spe-
cific goal (Adem Esmail et al., 2018). A properly 
conducted multi-criteria analysis must have 
clearly defined evaluation criteria which, accord-
ing to Malczewski and Jaroszewicz (2018), 
must satisfy the measurability condition (the 
possibility of determining the value of the crite-
rion), completeness (including all elements 
affecting the resulting decision), operability (data 
must have a meaningful and unambiguous ana-
lytical form), non-redundancy (avoiding re-use) 
and exhaustiveness (the number of criteria 
must be selected to describe the full substantive 
complexity of the issue). Furthermore, a crite-
rion is itself a statement that represents both 
the idea and its attributes. Therefore, the use 
of this type of analysis is reliable in a GIS 
object-oriented environment, where each spatial 
object has assigned attributes. 

The analytical tools based on the density 
and intensity of the phenomenon have been 
used, and the results of which were presented 
in the form of heat maps. The density of base 
data occurrence is presented in the form of 
a raster bitmap consisting of rectangular tiles 
(pixels), in which each tile is graded in a colour 
scale to demonstrate the value of the respective 
element (Wilkinson & Friendly, 2009). Each 
pixel expresses the intensity of the occurrence 
of a specific attribute in the adjacent space, 
which is expressed in the form of so-called 
clusters that are an aggregation of a particular 
value (Rajaram & Oono, 2010). As a result of 
such a process, heat maps are respectively 
representing geographic data density in the form 
of raster maps elaborated by applying kernel 
density estimation with a given radius (Słomska-
-Przech et al., 2021). As a result, it is possible 
not only to represent data graphically but also 
to determine the relationships of the spatial 
distribution of the phenomenon under study. It is 
doable to indicate areas of concentration or insa-
tiable of the phenomenon (Pokojski et al., 2021). 
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The dissemination of spatial databases and 
GIS systems has made heat maps significantly 
popular to present data in the form of continuous 
and smooth maps that are intuitive to read 
(Słomska-Przech et al., 2021) and capable of 
presenting every type of data (Pettit et al., 2012). 
They could be used for data visualization in 
infection control epidemiology describing the 
relationship between hospital-acquired infec-
tions (Ohannessian et al., 2017), understanding 
the social aspects of communities networking 
(Gove et al., 2011), in fire risk analysis (Liu et al., 
2019), visualisation of efficiency coverage and 
energy consumption (Jeong et al., 2011) or in 
the visualization of popular jogging routes col-
lected from tracking data based clients (Sainio 
et al., 2015). The commonness of the GIS 
environment and the development of web 
mapping systems will contribute to the further 
wider use of heat maps due to their simplicity 
and the effectiveness of the information impli-
cation (DeBoer, 2015).

3. Data and limitations

As the primary source of data, the Database 
of Topographic Objects in the scale 1:10,000 
(BDOT10k) (Główny Urząd Geodezji i Karto-
grafii, n.d.) was used, containing spatial objects 
in vector form, such as, for example, roads, 
buildings divided into functions, industrial areas, 
communication stops, and others. Statistic data 
of Statistics Poland (Główny Urząd Statystyczny, 
hereinafter as GUS), concerning mainly demo-
graphics, were also used to present the whole 
aspect of the spatial oriented analysis (Polska 
w liczbach, n.d.). 

It should be borne in mind that the analysis 
results may be burdened with an analytical error 
because due to the outbreak of the COVID-19 
pandemic and the introduction of a nationwide 
lockdown, aspects of everyday functioning, in-
cluding private and professional life, changed. 
Research related to socio-cultural aspects 
showed that the SARS-CoV-2 pandemic reduced 
the need for movement due to the introduced 
restrictions and the dissemination of home office 
work, remote learning, or even online services 
(Roberts, 2020). In a post-pandemic reality, this 
could lead to a complete reorganization of work-
places (Wang et al., 2021), but the movement 
need will never be entirely eliminated. However, 
the growing number of vaccinations and in-

creasing public awareness in the last few 
months have led society and the economy to 
function thereabout similar to pre-pandemic. 
Every aspect of life will eventually return to 
normal. Therefore, a second up-to-date analysis 
should be carried out to verify the results along 
with the new behavioural stimuli study. These 
results could help operators implement strate-
gies to adapt their service to reunite and retain 
public transport users (Awad-Núñez et al., 
2021). Nevertheless, the results of the carried 
out study presented in this article focus on 
spatial aspects rather than the social aspects 
of everyday life functioning, which could help 
achieve the aim stated above.

4. Multicriteria analysis methodology

The methodology of optimization analysis is 
based on the analysis of spatial statistics allo-
cations, in which the relationships between 
vector objects with information layers located 
in space are examined (Suchecka, 2014). The 
analyses were carried out with the Model Builder 
tool in the ArcGIS software, in which a block 
diagram was built (fig. 1). The use of Python 
language enabled the automation of the result 
and decision-making process. Each criterion 
of the so-called traffic generators was also 
developed in the GIS environment and then 
presented in the form of the clustered spatial 
distribution of a given criterion phenomenon 
heat maps – individual and summarised criteria 
heat maps. The last essential step of analysis 
is the transition from the polygon to the point 
form. It will allow the use of the GIS Network 
Analysis tool, which will indicate potential loca-
tions with as many analysis criteria as possible 
within the desired distance (Jensen & Jensen, 
2013; Cichociński & Dębińska, 2012), in this 
case, 400 meters which stand for the most 
convenient and acceptable walking distance 
to the bus stop (Kim et al., 2005). It will be 
achieved by designating the most optimal pe-
destrian access along linear roads and paths 
layers. Additionally, to avoid marking points in 
the inaccessible areas or too far from the drive-
line, 3.5 meters wide buffer zones from the road 
edge were established, in which points are only 
possible to be located corresponding to the 
average width of the non-driving road part in 
the city (pavement, parking spaces, etc.).
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Criterion I – population clusters 

In the author’s opinion, the first and most im-
portant criterion was population congestion, as 
the passenger starts the journey from the vicinity 
of his place of residence and then returns to it. 
Due to the lack of up-to-date and area-oriented 
data, an algorithm was elaborated to allow for an 
approximate determination of the number of resi-
dents living in single-family and multi-family 
buildings obtained from BDOT10k. In the first case, 
only the GUS index for Mińsk Mazowiecki was 
used, referring to the average number of people 
per one household, amounting to 2.34 people. 

	

For multi-family housing, the indicator of the 
average usable floor space of a flat per 1 person 

was 27.40 m2, the indicator of the average 
number of people per 1 family house, and the 
approximate indicator describing the usable 
floor area of the building, amounting to 0.75 of 
the building area. 

In total, the estimated number of residents was 
40,676 people, which – compared to the actual 

population of 40,999 (as of 2019), is the desired 
result within the limits of the miscalculation.

The spatial distribution of the areas with the 
most significant potential for public transport is 
concentrated in the central part of the city (fig. 2). 
These areas are filled with compacted multi-
-family housing. The further to the west and north 
of the central zone, the intensity of buildings 
decreases. It is related to the spatial develop-
ment of residential suburbs dominated by 

extensive single-family housing. On the other 
hand, the southern clusters are characterized 
by relatively high clusters dispersed spatially 
due to the industrialization of the southern city 
part and non-urbanized investment areas. 

Number of residents =  
= building * 2.34 = 14,792 people

Fig. 2. Areas with the most significant potential for public transport in means of housing 

Number of residents = 

=
 ((building area * number of floors) * 0.75) 

* 2.34 = 
27.40 m2 

= 25,884 people
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Fig. 3. Areas with the most significant potential for public transport in means of train transit 

Fig. 4. Areas with the most significant potential for public transport in means of public use facilities 
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Criterion II – rail transit

The second criterion focuses on rail transit 
passenger flow. The indicated analysis criterion 
is a key (albeit external) factor determining the 
city’s dynamic development due to direct and 
fast rail connections with the Warsaw agglo-
meration. The urban sprawl of large cities leads 
to the growth of suburban zones serving the 
purpose of city bedrooms (Harasimowicz, 2018). 
In this criterion analysis, the statistical data of 
the GUS on the daily passenger rotation in 
2016 were used to create a heat map (fig. 3). 
Both railway stations were taken into conside-
ration as one of the major traffic generators. 
The data regarding the railway passenger ro-
tation at the stations mentioned above was 
adopted as the value determining the analytical 
intensity in the range of 800 meters train station 
service (Kim et al., 2005). Daily transit ratio 
proved that city is transit-oriented, as proof of 
which its main station was the second busiest 
train station in Mazowieckie Voivodeship outside 
the capital city. Both stations served about 
8,600–9,100 passengers daily, of which the main 
station handled 7,600 passengers (as of 2015). 

Criterion III – public use facilities

The third criterion analysis (fig. 4) confirmed 
that Mińsk Mazowiecki is suffering the problem 
typical for medium-sized cities – centralization 
of socio-cultural services (Majewska, 2021). 
The central zone of Mińsk Mazowiecki has 
a high density of all types of institutions, such 
as schools, healthcare, administration, major 
shopping facilities, and cultural institutions. 
This type of spatial distribution results in an 
excessive and cumulative need to commute 
towards the city centre, leading to significant 
communication difficulties and the underinvest-
ment of the suburbs. Nevertheless, three crucial 
functional and spatial clusters were identified 
outside the downtown. Two to the east are re-
lated to education, with the largest municipal 
schools attended by 3,660 students, which 
corresponds to 54.5% of the capacity of all the 
schools in the city (top left 2,511 students 
(33.1%), left 1,629 students (21.4%); Polska 
w liczbach, n.d.). The last relevant area was 
identified in the far eastern urbanized part of the 
city, and it has a cumulative basis for various 
public facilities serving one of the most exten-
sive multi-family housing estate.

Fig. 5. With the most significant potential for public transport in means of sport or leisure facilities 
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Criterion IV – sports and leisure facilities

The last but not least criterion that was taken 
into account in the analysis of transport acces-
sibility is the density of sports and recreational 
facilities (fig. 5). The spatial distribution of the 
clusters of the examined criterion divides the 
city into two parts – eastern and western. In the 
first case, the main concentration is the city park 
with an open to public sports complex nearby 
to the north. These green public spaces are the 
only significant area of urban greenery offering 
various leisure and recreation opportunities. 
There is a large playground, an outdoor gym, 
a skate park, sports fields and courts, and even 
a water equipment rental. On the other hand, 
the western aggregation has a significant con-
centration of sports facilities as part of the 
municipal sports and recreation centre – a gym, 
aquapark, multi-functional sports fields, and 
a seasonal ice rink. 

5. Criteria weighting model

Referring to the diverse needs and percep-
tion of public transport as a means of transport 
(Burian et al., 2018), a social study was con-
ducted. To reduce the risk of biased analysis 
a system of weighting criteria, independent of 
the author, was developed following the online 
survey results on the role, importance, and 
perception of public transport. The number of 
survey participants was 726 people, and they 
were asked a series of questions to identify the 

willingness and means of transport they are 
using to meet their basic needs. The survey 
was conducted online using the question form, 
which was made available on social media, on 
the website of the City Hall of Mińsk Mazo-
wiecki, and in the local seniors club. The broad 
spectrum of possible access to the question-
naire made it possible to attract respondents 
from every social and age group living in towns 
of various sizes. The most numerous group are 
people aged 18–26 (36.8%) and 27–40 (27.6%), 
while the 41–65 age group counts for 17.3% of 
the total participants. The least influential groups 
are people under 18 (11.1%) and those over 
65 (7.2%). The respondents mainly come from 
medium-sized cities with 20,000–100,000 in-
habitants (46.8%) and large cities with more 
than 100,000 inhabitants (34.8%). The natives 
of small towns with up to 20,000 inhabitants 
and villages account for 10.0% and 8.4%, re-
spectively.

As part of the survey, participants were 
asked about their place of residence – a single-
-family or multi-family building. The results in-
dicated that residents of multi-family housing 
are more frequent users of public transport 
than residents of single-family houses. In the first 
case, when asked “How often do you usually 
use public transport?” (fig. 6), the answer every 
day or a few times a week was indicated by 
82.2% of people living in multi-family housing 
and 62.1% of single-family housing. In turn, to 
the question “How often do you usually use the 
car?” 26.8% of the people living in single-family 

Fig. 6. Survey results chart of responses to the question How often do you use public transport or car 
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houses declared that they use a car every day, 
and 26.1% a few times a week. In terms of 
the respondents living in multi-family housing, 
amount of answers stand for accordingly 11.5% 
and 23.1%. The results mentioned above lead 
to the general conclusion that statistically more 
frequent public transport users are the residents 
of multi-family housing rather than single-family 
houses. The willingness to use public transport 
decreases with the increasing extensiveness 
of single-family residential buildings due to 
longer journey times and more alternative pos-
sibilities of individual and comfortable commuting, 
mainly by private cars (Burian et al., 2018).

The further part of the public opinion poll 
showed that public transport has a significant 
lead over individual traffic in commuting (216 re-
sponses), school (172 responses), satisfying 
the need for entertainment and leisure (156 re-
sponses), and switching to another means of 
transport (161 responses). These answers create 
a relationship between the destination and the 
preferred means of transport, indicating that 
public transport is the most common means of 
transport in regular activities such as work, 
study, or rest (fig. 7). 

The categories with the superiority of using 
individual means of transport are travels to 
shopping facilities, healthcare or administra-
tion facilities. In the first case, 192 people indi-
cated that they use individual transport to do 
the shopping. Subsequently, the vaster part of 

the respondents stated that they use private 
cars to fulfil consultations or medical assistance 
needs. However, the result of conducting official 
matters in the administration facilities is am-
biguously explainable. Probably the respondents 
were motivated by the fact that when perform-
ing the indicated activity in administration fa-
cilities, it is not possible to determine the time 
needed to accomplish a given need – some-
times it takes a few minutes, and sometimes it 
takes a long while. This explanation may also 
apply to all stated activities as the private car is 
not limited by the arrival and departure time 
and is also the most comfortable means of 
transport.

Fig. 7. Survey results chart of responses to the question What is your main purpose of travel  
by public transport, and which by car

Fig. 8. Survey results chart of responses  
to the question Do you intend to use public transport 
more often when the pandemic situation stabilizes
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Within the survey considerations, one addi-
tional question was carried out, in which people 
were asked whether, after the pandemic situa-
tion stabilises, the respondents intend to use 
public transport more often. 64.9% of the respon-
dents agreed that they intend to do so, 24.2% 
were unsure, and 10.9% did not anticipate such 
an increase (fig. 8).

The data obtained from the survey were sub-
jected to min-max normalization using a linear 
function that brings the data to the desired range 
of values, where it was assumed that the 
maximum weight value is 0.3 and the minimum 
weight set to 0.05 (tab.1). 

6. Results of multi-criteria analysis

Summing up all the criteria values made it 
possible to obtain the entire distribution of city-
-wide traffic generators, which had the most 
significant impact on the functioning and use 
of public transport (fig. 9). Predictably, with the 
accumulation of many clusters of individual cri-
teria, the city centre proved to be the area with 
tremendous potential for transport services 

accommodating all the considered traffic gene-
rators. In addition, the city centre is surrounded 
by intense population congestion indicating that 
this area is very beneficial for city transportation.

Other areas of the city resulting in high 
transport attractiveness are the eastern and 
southern zones of the city. In the first case, 

Tab. 1. Criteria weights of analysis

Criterion 
weight

Criterion I – population clusters 0.30

Criterion II − rail transit 0.18

Criterion III  
– public  
use facilities

Educational institutions 0.17

Shopping facilities 0.11

Healthcare 0.06

Administration 0.05

Churches 0.03

Criterion IV − sports and leisure facilities 0.10

Criteria sum 1.00

Fig. 9. Areas with the most significant potential for public transport (sum of all criteria)
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strongly dense historical multi-family housing, 
modern or the eastern large-panel housing 
estates dominate. The cited areas have nu-
merous traffic generators in the kind of educa-
tion, healthcare, sports, and recreation facilities. 
Nevertheless, concerning the significant spatial 
span of the indicated areas, the missing institu-
tions are shopping, culture, and religious centres. 
As a result, eastern densely populated districts 
require regular transportation services toward 
the west direction.

The remaining areas of the city are less 
attractive in terms of generated traffic. The 
only areas that stand out from the rest are the 
clusters near northern education institutions 
and western recreational and religious facilities. 
It must be noted that the northern and western 
parts of the city have little potential due to 
the extensive housing development and the 
deficiency of services attracting traffic (Burian 
et al., 2018). In connection with the above, it is 
expected that potential bus lines running to the 
west and north may be exposed to low usage. 
Nevertheless, the so-called vicious circle of 

congestion must be prevented, as it leads to 
residential areas remaining outside the public 
transport service with a simultaneous increase 
in individual traffic. This uncalled-for situation 
can increase infrastructure maintenance costs, 
environmental degradation, and poor quality of 
life (Korneć, 2018). A similar statement applies 
to the South-West and South-East urban areas, 
which require special attention to avoid trans-
port exclusion due to their peripheral location. 
Moreover, the indicated regions are the principal 
reserves of the city’s further development areas. 
Therefore consolidating the strong position of 
public transport may contribute to their faster 
development and increase investment attrac-
tiveness in the city.

Moving on to the last analysis step, 80 most 
attractive locations were selected as a result of 
the GIS Network Analysis tool. After verification, 
thirty-four locations were proposed for new 
stops with high transport accessibility potential. 
Twenty-six proposals were rejected due to the 
physical impossibility of building or expanding 
the infrastructure as well as another twenty, 

Fig. 10. Locations with the most significant potential for public transport  
with results of the stop location proposal
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were moved to use existing nearby infrastruc-
ture (fig. 10). With proposed locations, 83% of all 
urbanised city areas were within 400 meters of 
the most convenient walk to the bus stop (Kim 
et al., 2005). Moreover, 92% of all residential 
areas were within the desired distance of the 
public transport service range. Further work 
related to the design of bus lines using the 
demonstrated potential should be carried out 
based on three principles of attractive public 
transport – time, directness, and cost of travel 
(Lunke, 2020; Hrelja et al., 2016). This solution 
will most likely maximise undertaken analysis 
potential resulting in public transport accessi-
bility and usage increase.

7. Conclusions

In conclusion, carrying out multi-criteria ana-
lyses is a process that requires an appropriate 
workflow adapted to local needs. The metho-
dological solutions proposed in the article may 
be an extraordinary opportunity to promote the 
spatial analysis of data, especially in smaller 
urban units. Owing to this, it is possible to ra-
tionalise expenses by optimizing the functional 
and spatial aspects of the city. Presented opti-
mization models in addition to the common 
availability of GIS environment tools, the above-
-mentioned proprietary solutions could be a su-
perior opportunity to promote comprehensive 
analyses of spatial data, as well as to use intu-
itive cartographic presentation methods. The 
cartographic presentation in the form of a heat 

map is a graphical representation of the density 
of geographic data as a result of the vicinity 
analysis of examined criteria. This method may 
be applied not only in optimizing city transpor-
tation functioning but also in other analyses 
examining the spatial distribution of particular 
spatial objects and phenomena. In addition, 
the advantage of using heat maps is their in-
tuitiveness of the message for people who do 
not have substantive analytical knowledge in 
the field of a given analysis.

Mińsk Mazowiecki was presented as a mo-
del example of the use of transport accessibili-
ty analysis. However, while interfering with the 
current transport system of a city with a popu-
lation of nearly 41,000, attention should be paid 
to the interests of the inhabitants as not every 
resident is a driver and not every driver is a po-
tential passenger of public transport. Some 
travellers are guided by determinative aspects, 
such as travel time and cost, while others are 
guided by factors that are not reliable, for 
example, concern for the environment, safety, 
or comfort. It does not change the fact that in 
the case of the entirety of urban transport, tre-
mendous potential in the long-term perspective 
is public transport, which can quickly, directly, 
and cheaply transport large streams of people. 
For this reason, the local authority, as the insti-
tution closest to the resident, should consider 
implementing changes using the presented 
optimization proposal model to improve the 
public transport accessibility of residents. 
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