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Abstract: This article analyzes population movement patterns in the Vysočina Region,
Czechia, using mobile network geolocation data. Geolocation data provide new insights
into population movement and structure, capturing real-time fluctuations in population
size at different times of day and days of the week. The article aims to contribute to a better
understanding of spatiotemporal population dynamics and identify links between move-
ment patterns and different types of areas. Key mobility trends, such as work commuting,
seasonal migration related to second homes and tourism, and the influence of urbanization
on movement patterns, are identified. A scaling approach for categorizing municipalities
based on their characteristics is proposed and tested in a case study of Vysočina Region
municipalities. Furthermore, a case study of various municipality types demonstrates the
practical application of geolocation data in spatial planning. The results highlight the value
of these data for spatial planning, enabling a better understanding of population needs and
optimization of public services and infrastructure.

Keywords: population dynamics; typology of municipalities; spatial planning;
infrastructure planning; mobile data; big data

1. Introduction
Effective spatial planning and settlement management require an accurate understand-

ing of the spatiotemporal dynamics of the present population, which traditional data based
on permanent residency often fail to capture [1,2]. This discrepancy between the registered
and the de facto population can lead to inefficient planning of public infrastructure and
services [1].

In recent decades, geolocation data, particularly mobile network operator (MNO) data,
have emerged as a valuable resource for analysing these dynamics. These data allow for
monitoring daily and weekly population rhythms with high granularity [3–5], opening
new avenues for applying concepts of time geography and analysing urban or regional
rhythmicity in practice. Globally, these data are utilised for studying urban mobility,
e.g., [6,7], delineating functional regions [8], or analysing the impacts of extraordinary
events like the COVID-19 pandemic [9], with its role within the context of “big data” for
smarter and more sustainable urban planning being increasingly emphasised [10]. Similarly,
GPS data, although often based on a smaller population sample, provide detailed insights
into individual behaviour and space utilisation [11].

Despite these advancements in the analysis of MNO data [4–7] and its application
for population estimation [8,9], a research gap persists in systematically linking detailed
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spatiotemporal patterns derived from these data to the functional classification of settle-
ments and, subsequently, to practically applicable recommendations for spatial planning.
Most studies focus on analysing the patterns themselves or concentrate on large cities or ag-
glomerations, e.g., [11–14]. Meanwhile, less attention is paid to the systematic classification
of diverse settlement structures and types of municipalities (including rural settlements)
based on their population dynamics and to the explicit linking of these typologies with
specific planning strategies. This aspect is also less explored in the Czech context, as seen
in [1,15–18], where methodologies enabling automated scaling and application of findings
across diverse settlement structures are lacking.

This article seeks to address this gap. The novelty of this paper lies in the proposal,
verification, and demonstration of the following approaches:

(a) Utilises characteristic daily and weekly population rhythms derived from MNO data
to identify functional types of municipalities at a regional scale (Vysočina Region),
encompassing a broad spectrum of settlement types.

(b) Introduces a method for the systematic classification of municipalities into these types.
(c) Through case studies of representative municipalities, the paper demonstrates how

the derived typologies can be directly translated into specific, data-driven recommen-
dations for spatial planning practice.

The main objective is, therefore, not only to analyse population dynamics but, crucially,
to demonstrate the practical applicability of this approach for creating more informed
and functionally relevant planning documents within diverse settlement environments.
Thus, the study contributes to bridging theoretical concepts of time geography and urban
rhythmicity, e.g., [19–21], with applied spatial planning through the analysis of mobile
network operator data.

2. Literature Review
2.1. Time Geography, Temporal Rhythms, Mobility, and Spatial Change

To understand the spatiotemporal dynamics of populations, which form the basis for
the functional typology of settlements proposed in this study, we draw upon concepts from
time geography and related theories of rhythmicity and mobility. The foundations of time
geography, laid by Hägerstrand [19], conceptualise the individual’s movement through
spacetime and the constraints that shape their activities [20]. This framework has evolved
into a comprehensive approach for analysing group behaviour patterns [21] and serves as
a bridge between disciplines [22], emphasising the equivalence of time and space [23]. For
understanding the dynamics observed through geolocation data, the following concepts
are particularly relevant:

Polyrhythmicity: The concept of polyrhythmicity emphasises that places pulsate with
overlapping rhythms of various activities (work, transport, leisure) [24]. The analysis of
geolocation data, as employed in this study, allows for the decomposition of these complex
rhythms to understand how they shape the overall dynamics of a locality. The identification
of dominant rhythms serves as the basis for differentiating functional types of settlements,
which is one of the main objectives of this work.

Changes in mobility and place attachment: Contemporary shifts in mobility, including
flexible forms of work and housing [25,26], weaken traditional ties to a single location
and lead to more frequent discrepancies between the place of residence and the place of
actual activities [25]. This reduces the reliability of traditional statistics [2,27] for capturing
the actual presence and needs of the population. Geolocation data, therefore, represent
a key resource for monitoring these dynamic mobility patterns and their impacts [3],
which is essential for creating a realistic picture of the functional use of municipalities in
our analysis.
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Rhythm of localities: This concept describes the recurring temporal patterns in the
size and structure of the de facto population at a given location, which are closely linked
to the locality’s function within the settlement system [17,28]. The present article utilises
the analysis of these rhythms from mobile network operator data to derive a functional
typology of municipalities in the Vysočina Region, thereby operationalising this concept
for the needs of spatial planning.

These concepts find specific application in research on urban rhythmicity, e.g., [29]
and chrono-urbanism [14,30]. Our study builds upon these directions but expands their
application framework by analysing rhythms in a diverse regional context that includes
not only cities but also suburban and rural municipalities. This allows for a more compre-
hensive understanding of the functional differentiation of the entire settlement system, an
aspect often overlooked in studies focused exclusively on urban environments.

2.2. Geolocation Data

As indicated, traditional data sources such as population censuses or registers offer
only a limited view of the dynamic reality of population presence, mainly due to time lags
and inadequate capture of short-term movements and non-routine stays [2]. Obtaining
more precise data through traditional methods often requires costly field surveys [28] or
expert estimations [31]. However, the adaptation of research methods, particularly the
use of information and communication technologies (ICT), opens new possibilities for
monitoring the spatiotemporal behaviour of the population [27].

Geolocation data play a key role here, especially mobile network operator (MNO)
data, which allow for the examination of population movements and presence at various
spatiotemporal scales with high granularity [4]. These data have found application in a
wide spectrum of uses: from monitoring seasonal population changes in cities [32] through
analysing daily, weekly, and annual rhythms of places [5] to detailed research on urban
mobility and the factors influencing it [6], or analysing the spatial aggregation and activity
of urban populations [33]. While studies covering entire countries are less common due
to the volume and nature of the data (e.g., Estonia [34]), they demonstrate the potential of
these resources for national-level analyses.

A current global trend involves efforts to integrate various types of geolocation data
and link them with other information sources. The importance of “big data” analyses,
which can combine data from mobile networks, GPS, social media, and other sensors, is
growing. These approaches enable a better understanding of complex functional rela-
tionships within urban systems, including movement patterns, public space usage, and
interactions between population groups [7]. Examples include integrating geolocation
data with public registers and traditional spatial data [8], their use for monitoring land
use dynamics [35], or combining them with spatial data infrastructure (SDI) data for local
spatial planning needs, as demonstrated, for example, in Poland [36].

GPS data also offer valuable insights. These data are often collected purposefully (e.g.,
via applications or dedicated devices) and provide highly accurate trajectories, enabling
detailed analysis of individual behaviour. Examples include analysing the attractiveness
of transport hubs considering demographic aspects [11] or examining changes in the
behaviour of city visitors during the COVID-19 pandemic and their relationship to the
built environment using combined mobile data [9]. These studies illustrate the potential of
various types of geolocation data for specific research questions and planning tasks.

In the Czech and Slovak context, geolocation data, primarily from mobile networks,
have become the basis for numerous research works. J. Novák was particularly instrumental
in their introduction [37,38]. Research has focused, for example, on analysing urban
rhythms and the spatiotemporal organisation of activities in cities [14,27,38,39], examining
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the mobility of specific population groups such as students [38], methodological issues
in processing geolocation data for statistical purposes [18,27,40–42], estimating the actual
population and daily mobility in large urban regions [17], or reflecting on the impacts of
the COVID-19 pandemic on spatiotemporal behaviour [43].

2.3. Novelty and Contribution

This article builds upon the foundations of existing research that utilises geolo-
cation data for analysing mobility and the spatiotemporal behaviour of populations,
e.g., [4–9,25–28]. However, as discussed in more detail in the introduction, we have
identified a persistent gap in the literature: the lack of a systematic approach that would
(1) link the detailed spatiotemporal mobility patterns derived from these data with a func-
tional classification of settlements, and simultaneously (2) explicitly formulate practical
recommendations for spatial planning based on this classification. This gap is particularly
evident when analysing diverse types of municipalities outside major metropolitan areas,
where traditional methods often fail to capture the functional reality.

Unlike typologies based primarily on static (e.g., socio-demographic) or administrative
characteristics, this work uses the dynamics of the actual population as a key input—
specifically, the daily and weekly mobility rhythms derived from anonymised mobile
network operator data. These rhythms allow for the identification of functional types of
municipalities (e.g., residential, commuting, service centers) based on the actual use of
territory by the population, providing a more nuanced and realistic picture than static
indicators. In the Results section, we demonstrate how these rhythms differ among the
identified types of municipalities.

The methodology is designed and applied for the systematic and efficient classification
of a large number of municipalities (all municipalities in the Vysočina Region) into the
identified functional types. Emphasis is placed on including a broad spectrum of settlement
types (urban, suburban, and rural). In this way, our approach differs from studies often
narrowly focused on large cities or metropolitan areas [8,17,33] and allows for a more
detailed understanding of the functional specifics and interdependencies within the entire
regional settlement system. The ability of our method to distinguish functional types even
in less urbanised areas, as will be shown in the Sections 4 and 5, supports this aspect
of novelty.

A key element of the contribution is that the methodology does not end with the classi-
fication itself. As demonstrated in the case study (Sections 4 and 5), the derived functional
typology is directly used to formulate specific, data-driven recommendations for spatial
planning, transport services, or service development in different types of municipalities.
This step represents a bridge between analytical knowledge and its practical application,
something often lacking in previous research.

This combination of the methodological approach (dynamic rhythms), its systematic
application at a regional scale to diverse settlements, and the explicit focus on translating
findings into planning recommendations form the core of this study’s novelty. In the
following chapters (Sections 4 and 5), these claims will be supported by specific empirical
findings and their interpretation.

3. Materials and Methods
This chapter focuses on a detailed description of the methodology used for the collec-

tion and analysis of population mobility data. The main source of the data was anonymized
and aggregated data from mobile networks. The aim was to identify typical mobility
patterns and, based on them, to create a typology of municipalities. This typology allows a
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deeper understanding of daily and weekly rhythms in the region. For better clarity, the
procedure can be summarised in the following key steps see Figure 1
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3.1. Study Area: Vysočina Region

The Vysočina Region, the focus of this article’s empirical section, offers a compelling
case study representing diverse conditions across Czechia. Located centrally within the
country—and, therefore, in Central Europe—on the historical border of Bohemia and
Moravia, it lies relatively close to the northern border of Austria (Figure 2).
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Figure 2. Location of the Vysočina Region within the Czech Republic and the wider region.

Spanning roughly 6796 km2, the region is home to approximately 510,000 inhabitants
distributed across 704 municipalities. Its settlement pattern is distinctly polycentric, featur-
ing several key towns rather than a single dominant metropolis. These include the regional
capital, Jihlava, along with Třebíč, Havlíčkův Brod, Žd’ár nad Sázavou, and Pelhřimov.
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Vysočina’s character is marked by a blend of urban and rural settings, extensive
forests within the scenic Bohemian–Moravian Highlands, and significant infrastructure
like the D1 motorway. This vital transport artery connecting Prague and Brno runs directly
through the region, influencing its economic activity and commuting patterns. The region’s
multifaceted nature—combining industry, agriculture, popular recreational areas, and
zones with numerous second homes—underscores its suitability for research aiming to
capture the varied environments found throughout Czechia.

3.2. Definition of Present Population Categories

For the purposes of this study and based on the analytical possibilities of the available
mobile network operator data, it was necessary to define various categories of the present
population, as summarised in Table 1. The typology presented in Table 1 was adopted and
adapted from the methodology developed and described in detail within a project of the
Ministry of the Interior of the Czech Republic [44] and applied by Václav Jaroš [45], whose
work dealt in detail with the use of mobile network operator geolocation data for analysing
the settlement system and mobility in Czechia.

Table 1. Categories and types of the present population.

Typology Name of Typology Comment

Resident Resident (A)
Individuals for whom the locality constitutes the
dominant place of overnight stay for an extended

period (e.g., one month or more).

Regularly non-resident

Commuting to work and school (B) The most intensive type of commuting.

Intensive commuting for services (C)

A type of commuting comparable to regular
commuting for services, particularly shopping, as

well as cultural, social, and sporting services, or visits
to relatives and friends, etc.

Occasional commuting for services (D)

This pattern is comparable to non-daily travel for
particular services, such as cultural, social, sporting,

and other facilities, medical appointments,
administrative errands, or visits to family

and friends.

Non-recurring non-resident

Overnight visitor (E)
An individual who is neither a resident of the

municipality nor commutes to it regularly nor owns a
second home there but nonetheless stays overnight.

Visitor (F)

An individual visiting the municipality on a single
occasion and staying for at least 3 h who does not fall
into any of the three previously mentioned categories

of recurring commuters.

Transient and other (G)
Number of persons whose primary residence was in
the municipality during the given interval and who

have no other connection to the municipality.

Source: Ministry of the Interior of the Czech Republic [44], Jaroš [45].

The rationale for this typology lies in the need to distinguish key differences in the
nature of individuals’ presence in a given locality based on mobile network operator data.
The basic division is between residents (individuals for whom the locality is the dominant
place of overnight stay) and non-residents. The non-resident group is further structured
according to the frequency, regularity, and probable purpose of their stay, as can be inferred
from the data. Thus, different types of commuting (regular daily for work/school, intensive
or occasional for services) and different types of visitors (overnight, one-off, transiting)
are distinguished. This detailed breakdown is enabled precisely by the specific nature of
mobile network operator data, providing information on the duration, frequency, regularity,
and temporal patterns of users’ stays during the monitored period [46].

First, it is necessary to define the concept of “real population (or present population)”.
The concept of the real population, or the present population, includes all persons who
are present in a given territory at a given moment in time. The present population and
its change provide more accurate and useful information about the given territory. This



Urban Sci. 2025, 9, 158 7 of 25

includes both the permanent resident population and a wide range of people who commute
to the location repeatedly or non-repeatedly. Other categories are non-residents who
repeatedly commute to work, schools, and for services. These people spend a significant
part of the day in the location, and their number can vary considerably depending on the
time of day and day of the week. The last category is non-residents who visit the location
non-repeatedly. This includes tourists, visits to relatives and friends, participants in one-off
events, etc.

3.3. Methodological Framework for Data Collection

Mobile data fall into the family of big data and have been used in research for ap-
proximately two decades. The basic aspect of data generated from mobile phones is their
secondary nature. Location data from mobile operators are created as a by-product of
telephone communication providers [17]. The use of data from all operators minimizes the
distortion of the image of population mobility, which could arise due to the specific distribu-
tion of the user base of individual operators in time and space. For mapping mobility and
population density in the Czech Republic, anonymized and aggregated signaling data from
mobile operators O2, Vodafone and T-Mobile are used. These data are generated by the
technological equipment of the network and are used for its management, the reachability
of mobile devices and billing.

The presented model is based on the premise that mobile phones are highly likely
to coincide locally with their users most of the time. This assumption makes it possible
to eliminate records from other devices, such as tablets or wearable electronics, thus
significantly reducing the number of duplicate records relating to the same individual.
Furthermore, the model neglects data from inactive SIM cards, as these cards generate
insufficient location data in the network for robust analysis. A basic prerequisite for the
functionality of this model is the high penetration of mobile phones in the given population.
This fact has been previously confirmed in a number of studies, for example, by Jaroš [45]
and Novák et al. [33].

Information about mobile network users is recorded when the mobile phone is active.
This includes making outgoing and incoming calls, communications via Short Message
Service (SMS) and Multimedia Messaging Service (MMS), and data connections. Even
for inactive phones, the data show their presence in the network and switching between
transmitters. It is important to emphasize that mobile phones do not report their location
with every change, only in specific cases. Within one territorial area with multiple cells, the
exact location of an inactive phone is not known. Once at a set interval (typically around
30 min), the mobile phone reports its active cell to the mobile network, and this event is
subsequently reflected in the signaling data. A phone that does not report its location after
a given interval is considered “turned off” by the network and, after technological intervals,
removed from the network’s operational registers until it is “turned on” again [44].

The detection of stay/movement and its assignment to individual territorial units
(municipalities) is carried out through a “cell mapping process”. When assigning cells
to specific territorial units (municipalities), the algorithm takes into account several key
factors. Firstly, the algorithm accounts for the spatial extent of the intravilán (built-up
area or urban footprint) of each settlement, specifically the proportion of the built-up area
contained within the coverage area of a given cell tower. Secondly, the algorithm takes into
account the population density of individual settlements. In this way, it is ensured that
the measured records are assigned to the settlement to which they are most likely related.
This approach has been described in detail in the work of Jaroš [45]. It is important to
emphasize that the data obtained from mobile networks do not contain direct information
about specific users (SIM cards) if the device is located abroad or is connected to another
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operator’s network. This means that the data are collected at an anonymized level. During
the collection and processing of these data, maximum emphasis is placed on protecting
user privacy. The data are aggregated and anonymized to ensure that it is not possible to
identify individual persons [44].

For data collection, only those SIM cards for which the mobile operator has information
from the network and for whose processing users have given consent to data processing
were used. Data on users who have not given consent to data processing (this also applies
to foreign SIMs) are not part of the basic dataset. Any deviations in the results due to the
uneven territorial distribution of SIM cards for whose processing consent has not been
given in relation to the total population of SIM cards are compensated for in the results
using appropriate correction mechanisms [44].

Given that, by the nature of things, it is not possible to supplement the missing mobility
data for persons without a SIM card from the signaling data themselves, this structural
deficit of the signaling data is addressed by estimating the number of persons without SIM
cards in individual municipalities using a coefficient of the proportion of inhabitants of the
municipality without a SIM card determined for each individual municipality [45].

The final adjustment to the population is carried out as follows. Based on the num-
ber of residents across all municipalities and the target population values for the Czech
Republic, a population adjustment coefficient for each hour (Pkh) is calculated using the
following formula:

Pkh = Present populatonh ∗ ∑ Populatono f f icial_statitistics/∑ Present populatonh

The mobility of residents was measured over a period of 28 days during the summer
of 2022. The goal was to minimize the impact of technical network issues on the results.
The measurement also included days of public holidays, school holidays, and other specific
time periods to reflect typical conditions as accurately as possible [45].

3.4. Methodology for Municipality Typology

As mentioned in the introduction, the Vysočina Region was chosen for the purposes
of this work as a typical region of Czechia. The proposed typology of municipalities
(see Table 2) is based on conceptually recognized functional types of settlements that are
commonly used in spatial planning and geographical research (e.g., municipalities with a
dominant residential function, commuting centers, and municipalities with a recreational
function). Therefore, it is not an entirely new typology at the conceptual level but rather a
new method of operationalization and quantification for the specific purposes of analyzing
settlement dynamics.

This operationalisation is based on the innovative use of criteria derived from the
dynamics of the present population, measured using mobile network operator data
(Equations (2)–(5)). Although this methodological approach—classifying municipalities
based on their actual functional use identified from mobility—was elaborated and cal-
ibrated in detail within the context of the Vysočina Region in the Czech Republic, we
consider it to be generally methodologically valid and transferable.

The methodology is directly applicable to other regions in the Czech Republic, al-
though minor adjustments of threshold values may be appropriate depending on the local
settlement structure and mobility patterns. The principle of using mobile data for the
functional typology of municipalities is also highly relevant for other European countries
with settlement structures and population densities similar to those typical of most regions
in the Czech Republic (i.e., outside dominant capital cities). Here, local adaptation and
calibration of the criteria’s threshold values will also likely be necessary. Application to
capital cities and their immediate hinterlands would require specific consideration, as the
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mobility dynamics and land use structure are often more complex there and influenced
by factors (e.g., public transport systems) that do not play such a dominant role in our
model region. However, the fundamental methodological principle remains valid even
there, although it might require expansion or modification of the criteria.

Table 2. Typology of Municipalities in the Vysočina Region according to the Prevailing Present
Population.

Typology Name of Typology Comment

j = 1 Municipalities with a high proportion of commuters

These municipalities are characterized by a high influx of
commuters during the day for work, study, and services. The

difference between nighttime and daytime populations is analyzed
to define this category.

j = 2 Municipalities with a high proportion of out-commuters

These municipalities function primarily as residential areas and
experience a substantial daytime population outflow. The

difference between nighttime and daytime population levels is
analyzed to define this category, with a focus on daytime reduction.

j = 3 Municipalities with sudden visitor influxes

These municipalities are characterized by short-term, high-intensity
visitor influxes, typically on weekends, holidays, or during the

season, due to tourism and events. These influxes are identified by
analyzing population time profiles for rapid, short-term increases.

j = 4 Recreational municipalities with a fluctuating present population
These municipalities are typical of recreational areas and are

characterized by a variable number of people depending on the
season, weather, and other factors affecting recreation.

j = 5 Municipalities with a stable present population

These municipalities exhibit a relatively stable number of people
over time without significant daily, weekly, or seasonal fluctuations.
To define this category, the variability in the number of people in

the municipality is monitored across different time horizons.

The analysis of daily and weekly rhythms provides a detailed picture of how residents
of different municipalities move and how their movement patterns differ depending on
the day of the week and the time of day. The analysis made it possible to divide the
municipalities of the Vysočina Region into several categories. Representative samples of
different types of areas with different mobility characteristics and population structures
were selected as examples. Based on the number of present inhabitants in each municipality
in the Vysočina Region, a typology was created that reflects the so-called rhythm of the
given area. These main typologies of municipalities are identified in Table 2 (presented in
the Results section).

To perform an automatic analysis of population data in individual municipalities, it is
necessary to define criteria that can quantify the relationship between the municipalities
and their defined typologies mentioned above. Since municipalities can fall to varying
degrees into multiple typologies, it is necessary to propose a generally given rule that
will determine the primary category for a given municipality or offer the proportion of
individual typologies. Formula (1), which makes it possible to select the primary typology,
is given below.

Definition of sets and parameters:
i ∈ I Set of municipalities (i = 1, . . . , 704 , for the Vysočina Region)
j ∈ J Set of typologies (j = 1, . . . , 4 , see definitions below in the text)
d ∈ D Set of days of the week (d = 1, . . . , 7)
t ∈ T Set of hours within a day (t = 1, . . . , 24)
αij Basic criterion for municipality i and typology j
δi Primary criterion for municipality i
πdt Present population on day d and hour t
ρi Number of permanent residents in municipality i
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φij Percentage share by which municipality i falls into typology j
ωM

j Representation of typology j in municipalities

ωC
j Representation of typology j by the number of permanent residents

δi = max
j

(
αij
∼
αj

)
(1)

where
∼
αj is the median of the criteria αij or typology j. From the calculated criterion δi s

possible to determine the primary typology. If δi > 1, then municipality i falls into the
selected typology of municipalities j for which δi = (αij/

∼
αj). In the case where δi ≤ 1, it is

a municipality not exhibiting the influence of the category j.
This article examined the following typology of municipalities:

j = 1 Municipalities with a high proportion of commuters
j = 2 Municipalities with a high proportion of out-commuters
j = 3 Municipalities with sudden visitor influxes
j = 4 Recreational municipalities with a fluctuating present population.

If a municipality does not fall into any of the four selected typologies of municipalities
(i.e., the municipality does not exhibit at least one criterion with a value above the median
of all municipalities for the given typology), the municipality falls into the typology with
stable present population in any period ( j = 5).

Below are the definitions of the criteria for individual municipality typologies (see
Equations (2)–(5)). It should be added that this is not a general exact definition. The
specific form of the calculation of the observed criterion is given by the available data
and may be defined differently for different regions. It is also appropriate to add the
information that more typologies of municipalities can be defined or the chosen typologies
can be reformulated.

αi1 =
∑d∈D ∑16

t=7
πdt
10

∑d∈D ∑6
t=1

πdt
6

for∑d∈D ∑16
t=7

πdt
10

> ∑d∈D ∑6
t=1

πdt
6

(2)

αi2 =
∑d∈D ∑6

t=1
πdt
6

∑d∈D ∑16
t=7

πdt
10

for∑d∈D ∑16
t=7

πdt
10

≤ ∑d∈D ∑6
t=1

πdt
6

(3)

αi3 =

max
d∈D,t∈T

(πdt)

∑d∈D ∑t∈T
πdt

7∗24
(4)

αi4 =
∑7

d=6 ∑t∈T
πdt
2

∑5
d=1 ∑t∈T

πdt
5

(5)

To obtain a percentage measure for individual municipality typologies, it is necessary
to normalize the criteria. The specific calculation is shown in Equation (6).

φij =


αij

∑
j

αij
for αij > 0

0 for αij ≤ 0

 (6)

Furthermore, the representation of individual typologies can be calculated by mu-
nicipality count ωM

j (the percentage of municipalities that fall into the given typology)

and by population ωC
j (what percentage of the population, according to permanent res-

idence, falls into the given typology). The calculation can be performed according to
Formulas (7) and (8).

ωM
j =

∑i∈I φij

|I| (7)
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ωC
j =

∑i∈I φijρi

∑i∈I ∑j∈J φijρi
(8)

where |I| represents the cardinality of set I.
This methodological approach, utilising dynamic mobility data to classify munici-

palities based on quantifiable criteria related to their functional rhythms, provides the
framework for the analysis presented in the Results section.

4. Results
By applying the methodology described in the previous chapter (Section 3.4), specifi-

cally by evaluating the criteria based on daily and weekly rhythms of the present population
(Equations (2)–(5)) for each municipality in the Vysočina Region, it was possible to identify
five basic functional types of settlements. These types reflect characteristic patterns of
mobility and actual territory use, which are often not apparent from traditional static data.
The following Table 2 defines these five resulting types, which were derived directly from
the analysis of mobile operator data using the established criteria. This typology forms the
basis for the further analysis of the results presented in this chapter, including the spatial
distribution of the types, their quantitative representation, and detailed case studies.

4.1. Typology of Municipalities in the Vysočina Region

It should be emphasized that this typology and the associated percentages are derived
from the present population rather than the permanent resident count. This means that it
also takes into account people who are temporarily staying in the municipality (e.g., tourists,
vacationers, commuters). Consequently, these data offer a more complete understanding of
settlement patterns and land utilisation in the Vysočina Region. Municipalities are classified
by primary typology, as shown in the map in Figure 3.
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Figure 3. Typology of municipalities in the Vysočina Region.

The percentage representation of individual types of municipalities in the Vysočina
Region, based on the number of present inhabitants, shows the diversity of the character
of municipalities in this region (Figure 4). The dominant share (24.8%) is shown by recre-
ational municipalities with a fluctuating present population, which implies a significant
role of tourism and recreational activities in the socio-economic structure of the region.
They are followed by municipalities with sudden visitor influxes (23.4%) and municipal-
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ities with a stable present population (20.7%), with both these categories showing the
same representation. This coexistence indicates the existence of two different types of
settlements—on the one hand, settlements with dynamic but time-limited visitor numbers
and, on the other hand, settlements with relatively stable demographic structures and low
migration rates. Municipalities with a high proportion of out-commuters make up 16.5%,
while municipalities with a high proportion of commuters represent 14.6%.
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Figure 4. Representation of individual types of municipalities in the Vysočina Region Note:
1—Municipalities with a high proportion of commuters, 2—Municipalities with a high proportion of
out-commuters, 3—Municipalities with sudden visitor influxes, 4—Recreational municipalities with
a fluctuating present population, 5—Municipalities with a stable present population.

Representation by population provides a different view of the structure of municipal-
ities in the Vysočina Region. Almost half of the inhabitants of the Vysočina Region live
in municipalities with a high proportion of commuters (47.2%). This suggests that these
municipalities play the role of catchment centers, probably with good transport accessibility
and a concentration of job opportunities. The second largest share of inhabitants (16.1%)
live in municipalities with a stable present population. This share is comparable to the share
of inhabitants living in municipalities with sudden visitor influxes (15.9%). Recreational
municipalities with a fluctuating present population account for 11.3% of the region’s total
population. The smallest proportion of inhabitants (9.5%) live in municipalities with a high
proportion of out-commuters.

4.2. Case Studies of Municipality Types

Based on the developed typology, representative municipalities were selected for
detailed examination. This selection ensures that the study results are generalizable to the
entire Vysočina Region or even Czechia.

4.2.1. Type 1—Municipalities with a High Proportion of Commuters

In this example, the following types of real population were monitored: commuting
for work and to schools (B), intensive commuting for services (C), and occasional commut-
ing for services (D). Although significant shifts have occurred in recent years in the labor
market towards flexible working hours and workplaces, new aspects are emerging in the
overall assessment of the spatiotemporal distribution of employment [21]. Municipalities
located near industrial zones, often situated along major transportation arteries, experi-
ence significant work-related commuting, which influences the distribution of the present
population. Mobile phone data analysis provides valuable insights into these commut-
ing patterns. Střítež u Jihlavy, located near the D1 motorway and an industrial/logistics
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park adjacent to Jihlava, serves as a typical example. Figure 5 illustrates substantial daily
commuting for work to this zone.
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Mobile data analysis has revealed an extreme daily increase in the present population
due to commuting for work to the adjacent industrial zone. This specific mobility pattern
generates a significant strain on transport infrastructure and the environment. To mitigate
these negative impacts, identified through research, and to more effectively manage daily
population flows, the following solutions are proposed in the context of spatial planning:

• Integration of public transport with other modes of transport, aiming to reduce depen-
dence on individual car transport among daily commuters.

• Development of cycling and pedestrian infrastructure connecting the industrial
zone with surrounding residential areas, serving as an alternative for a portion of
daily commuters.

• Optimization of workplace arrangements to minimize traffic congestion during morn-
ing and afternoon peak hours, when the data indicate the greatest population movement.

• Provision of public amenities for employees (e.g., kindergartens, sports facilities)
directly within the zone or in its vicinity to reduce the number of additional trips
during the day or after work.

• Other solutions—such as establishing a green belt, landscape protection, and mitigat-
ing the impacts of production—are relevant consequences of the zone’s existence, the
scale of which, in terms of mobility, the data helped to quantify.

4.2.2. Type 2—Municipalities with a High Proportion of Out-Commuters

Hamry nad Sázavou exemplifies Type 2 municipalities with a high proportion of
out-commuters. Mobile data (Figure 6) reveal a significant workday decrease in the present
population, primarily residents (A), due to out-commuting. This confirms the munici-
pality’s predominantly residential function, which is characteristic of peri-urban zones.
Conversely, population numbers increase during evenings and weekends. This pattern of
substantial day–night population shifts is typical for residential commuter towns around
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Czech cities. It reflects ongoing suburbanization, a dynamic process driven by life cycle
stages and demographics [2], transforming rural areas with urban characteristics.
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The number of persons present exhibits a significant reduction during the working
day due to out-commuting for employment and education. Conversely, during nocturnal
periods and weekends, when occupational functions diminish, the resident population
increases. This pattern is also characteristic of other emerging peri-urban areas in the Czech
Republic [46].

Research using mobile data has confirmed the character of the municipality as res-
idential, marked by a dramatic decrease in population during the workday due to out-
commuting. Spatial planning should respond to the needs of the population, who primarily
use the municipality for residence and spend evenings and weekends here, while also
addressing the sustainability of daily out-commuting.

The proposed solutions, therefore, focus on the following:

• Creation of high-quality public spaces (parks, squares) to support community life and
residents’ leisure activities during the times they are present (evenings, weekends).

• Provision of public amenities (kindergartens, sports facilities, basic services) to enhance
the quality of life for residents and potentially reduce the need for some trips outside
the municipality.

• Development and provision of accessible public technical infrastructure and ser-
vices, scaled to meet the needs of the resident population (present mainly outside
working hours).

• Identification of suitable areas for the development of cycling infrastructure to support
local mobility and potentially alternative commuting options.

• Supporting the development of sustainable and accessible public transport for easier
and more environmentally friendly daily out-commuting, a pattern clearly indicated
by the data.
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4.2.3. Type 3—Municipalities with Sudden Visitor Influxes

Zvole exemplifies Type 3 (sudden visitor influxes). The data revealed significant
population peaks, particularly on weekends (Figure 7), associated with visitors (Types D, E,
F) to the Šiklův mlýn amusement park.
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The graph shows a significant increase in visitor numbers, especially on Saturdays.
While the municipality benefits from tourism and its associated economic benefits, this
popularity also brings negative impacts and places demands on infrastructure.

The rapid growth of the amusement park and the associated increase in tourism has
have revealed shortcomings in the local spatial plan. Due to insufficient public transport
accessibility to the municipality, the majority of visitors travel by private car. This leads
to the overloading of roads, which are not designed for such traffic volumes, and to a
deterioration of the environment in the municipality and its surroundings. Insufficient
infrastructure capacity, particularly roads, is becoming a limiting factor, increasing the risk
of traffic accidents. Noise, pollution, and the loss of tranquility are impacting the lives
of residents. Mobile data analysis has quantified the problem of visitor surges, particularly
during weekends. These peaks, as the data show, cause overloading of the municipality’s
transport and technical infrastructure, which is not dimensioned for such fluctuations.
Spatial planning must respond to this specific, time-concentrated load. The following
solutions are, therefore, proposed:

• Optimization of parking provision while simultaneously promoting sustainable forms
of transport to manage the surge arrival of visitors identified by the data, especially
on weekends.

• Supporting the development of sustainable and accessible public transport as an
alternative to individual car transport, which is observed to be dominant during these
visitor peaks.

• Development and provision of accessible public technical infrastructure and services
(water supply, sewage system, wastewater treatment plant with sufficient capacity to
handle the short-term but intensive loads caused by the influx of visitors.

• Development of a waste management strategy capable of handling increased waste
generation during visitor peaks.
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4.2.4. Type 4—Recreational Municipalities with a Fluctuating Present Population

A typical example is the municipality of Křižánky (Figure 8), located in the Žd’árské
vrchy Protected Landscape Area.
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In this example, the following type of actual population is identified as relevant:
overnight visitors (E). The issue of second homes has been studied in detail in numerous
publications [47–52]. We understand second homes as a complex of phenomena and
processes associated with a property (or part of a property) that serves as a temporary
place of residence for owners or users who utilise this property primarily for recreational
purposes [49].

The mobile data confirmed a significant weekend population increase (Figure 8),
roughly doubling the weekday numbers, primarily due to overnight visitors (Type E,
second homes). This seasonal/weekend dynamic, highlighted by the data, places specific
demands on infrastructure, the housing market, and nature protection within the Protected
Landscape Area. Solutions in spatial planning should reflect these dynamics, confirmed by
research, as follows:

• In municipalities with a high proportion of recreational properties, there are significant
seasonal and weekend fluctuations in water consumption and wastewater production,
as indicated by the dynamics of the present population revealed by the data. This
places increased demands on the capacity and operational efficiency of these facilities.

• Limits on the total number of beds in recreational properties should be introduced to
prevent infrastructure overload during the weekend and seasonal peaks, as indicated
by the data.

• Introduction of strict regulations for the new construction of recreational properties
(regarding height, density, and materials) in the context of protecting the landscape
character of the Protected Landscape Area and managing the load resulting from the
weekend population.

• Support for affordable housing for permanent/local residents as a counterbal-
ance to the pressure of second homes on property prices and to maintain a
permanent community.
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• Investment in infrastructure for active mobility (cycling, pedestrian) and support for
public transport to reduce car dependency among weekend visitors and residents.

4.2.5. Type 5—Municipalities with a Stable Present Population

Světlá nad Sázavou is characteristic of Type 5 (stable present population). These
municipalities are characterized by a stable population with minimal daily fluctuations.
The dominant population group is residents (A), whose numbers remain almost constant
throughout the week. The proportion of commuters (B) and visitors (F) is significantly
lower compared to municipalities with a higher degree of urbanization (Figure 9).
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The stability in these municipalities often stems from their predominantly rural char-
acter with limited industrial and tourist attractions, reducing work commuting and visitor
numbers. However, the presence of a significant local employer can also be a key factor. In
the case of Světlá nad Sázavou, the existence of a large employer—a glassworks—plays a
crucial role in maintaining population stability. This major enterprise provides sufficient
local employment opportunities, significantly decreasing the need for residents to commute
to distant work centers, thus contributing to low population fluctuation. Furthermore,
well-developed local infrastructure and service provision meet residents’ needs, reducing
the necessity to travel to surrounding municipalities. This pattern of stability, driven by
local employment hubs and sufficient amenities, can be observed in other municipalities
with similar characteristics.

Spatial planning should focus on maintaining and strengthening the factors contribut-
ing to this stability and on ensuring the quality of life for the predominantly resident
population. Based on these findings, the following measures are proposed:

• Integrate future population projections and demographic analyses (including age
structure and migration patterns) into spatial planning and strategy development,
aiming to maintain current stability and prevent future imbalances.

• Develop and provide accessible public technical infrastructure, utilities, and services
scaled to the needs of the stable resident population, supporting local self-sufficiency
and reducing the need for out-commuting (as indicated by data).

• Identify and propose proactive measures to reduce the negative effects of transporta-
tion, addressing local traffic loads (e.g., from industry, transit traffic) even within a
stable population context.
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• Support the local economy and diversification of job opportunities for the long-term
maintenance of the population stability identified by the research, which is linked to
the expansion of buildable areas designated for production within the spatial plan.

• Protect key landscape elements (woodlands, riparian zones, and high-quality agricul-
tural soils) from development pressures.

The mobile data analysis identified five municipality types based on their present
population dynamics without subjective bias. Specific measures were formulated for each
type, addressing the identified characteristics and problems, which were quantified through
a detailed analysis of spatiotemporal population patterns. This demonstrates that the use of
mobile operator data as a source of information on real mobility and population presence
provides valuable, evidence-based input. This input allows (urban planners) to go beyond
the scope of general knowledge and formulate more targeted and effective spatial planning
strategies that better reflect the actual functional reality and specific needs of individual
settlements and their inhabitants.

4.3. Comparison of Daytime and Nighttime Population

The aim of this work is also to analyze the temporal structure using geolocation
data. This is achieved using mobile phone location data. The data are analyzed on
two hierarchical levels:

• Temporal structure within the week: Comparison of day and night time and monitor-
ing changes in activities in a given area.

• Temporal structure during the day: Comparison of working days (Figure 10) and
weekends (Figure 11) and examining how activities in a given area change depending
on the time of day.
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Analysis of the available geolocation data reveals that in the vast majority of munici-
palities within the monitored region, the nighttime population shows a more numerous
representation than the daytime population, which indicates the dominant residential char-
acter of these territorial units. This phenomenon manifests itself with particular intensity in
suburban areas and agglomerations of larger cities, where extensive housing development
is located, including both individual and mass housing construction.

Key commuting hubs identified include several key commuting hubs within the
Vysočina Region. These encompass not only major urban centers such as Jihlava, Tře-
bíč, Havlíčkův Brod, Žd’ár nad Sázavou, and Pelhřimov but also medium-sized towns
strategically located along the D1 motorway corridor, including Humpolec, Velké Meziříčí,
and Velká Bíteš. Furthermore, smaller settlements hosting industrial zones or logistics
centers, such as Střítež, Komorovice, and Stránecká Zhoř, also function as significant at-
tractors of commuting flows. The Dukovany nuclear power plant and the surrounding
area near Okříšky represent another important employment and commuting node. The
data confirm a polycentric commuting structure within the Vysočina Region influenced by
the D1 motorway—both intra-regional commuting to multiple centers and inter-regional
commuting patterns.

5. Discussion
This study successfully demonstrated how the analysis of daily and weekly rhythms

from mobile data allows for the creation of a functional typology of municipalities in the
Vysočina Region and the formulation of targeted recommendations for spatial planning.
The results confirmed the existence of distinct daily and weekly population rhythms,
which significantly differ across various types of municipalities, consistent with theoretical
concepts of time geography and urban rhythmicity [12,19,24,53]. The proposed data-driven
typology, quantifying differences between daytime/nighttime populations, weekend peaks,
and overall fluctuation, successfully distinguished five main functional types, ranging from
commuting centers to recreational areas and stable residential towns. This confirmed the
first key aspect of this study’s novelty: the ability to identify a functional typology of
diverse settlements based on their dynamic characteristics.
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5.1. Comparison with the Existing Literature

As highlighted in the introduction and theoretical background, this study builds upon
extensive research using geolocation data. In response to the need to place our results in a
broader context, we compare our findings in more detail with relevant previous studies
from both Czech and international contexts and emphasize the contribution of our work.

Our findings regarding strong commuting flows into regional centers (Jihlava, Tře-
bíč, etc.), towns along the D1 highway (e.g., Velké Meziříčí), and industrial zones (e.g.,
Střítež) confirm the importance of these locations as employment centers, which is con-
sistent with previous Czech mobility studies using both traditional census data [2] and
mobile data [1,4,17,18]. However, our approach provides significant methodological and
empirical extensions. Unlike census data [2], which capture only regular commuting for
work/school once every ten years, the mobile data used in this study provide—consistent
with findings from international studies monitoring detailed urban activities and rhythms
in cities like Tallinn, Paris, or Harbin using similar data [5,6]—an almost continuous and
more comprehensive picture of the physical presence of all individuals (including irregular
trips, visits, tourism, etc.) with high temporal resolution. Precisely, this granularity and
high temporal resolution are demonstrated both abroad in the analysis of urban rhythms
and commuting [5,6] and in the Czech context [17]. This allows for a much more detailed
understanding of the actual “rhythm” of individual places, which is critical for planning
services and infrastructure.

While some previous studies using mobile data—including Czech ones, e.g., [1,17]
—often focused primarily on mapping specific commuting flows or sectoral mobility, our
typology systematically integrates various aspects of temporal dynamics (day/night dif-
ferences, weekday/weekend variations, seasonal fluctuations) into a comprehensive func-
tional classification of municipalities across a diverse region. The practical relevance of
this more detailed view is evident: The identification of municipalities with surge visi-
tor exposure (Type 3) directly demonstrates how this typology can help address specific
planning challenges (infrastructure capacity, transport services during peak times, visitor
management) that would remain hidden if relying solely on resident counts.

Similarly, in the context of second-home research [49–52], our data clearly quantify
the intensity and precise timing of weekend and seasonal dynamics in these areas (Type
4). Thus, we offer a more current and dynamic view of the actual usage patterns of these
areas and their related demands on public infrastructure and services than traditional, less
frequent surveys or static databases can provide. This contribution of using geolocation or
‘big data’ to understand the dynamics of second homes and related planning challenges
also resonates with findings from international research, for example, from Estonia [47] or
Great Britain [48].

5.2. Key Contributions and Insights

The main contribution of this article is the presented methodological approach to an
automated, data-driven typology of municipalities based on spatiotemporal population
profiles. This provides a rapid and objective means to assess the functional character of a
large number of municipalities and their mutual relationships, which is valuable for spatial
planning. Unlike traditional typologies often relying on static socio-economic indicators,
this dynamic classification better reflects the actual use of the territory and can help identify
discrepancies between administrative status and real function (e.g., a small municipality
experiencing a massive influx of commuters).

The analysis also visualized the specific polycentric structure of commuting in the
Vysočina Region (Figures 10 and 11), which is clearly influenced not only by the presence
of several medium-sized centers but also by the backbone corridor of the D1 highway.
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Crucially, the article systematically demonstrated how insights from this analysis and
typology translate into specific and differentiated implications for spatial planning for each
identified type of municipality (see Sections 4.1 and 4.2). Understanding the magnitude,
timing, and regularity of population fluctuations allows for the design of more targeted
interventions—from optimizing public transport schedules through the correct dimension-
ing of civic amenities and technical infrastructure (water supply, sewage systems, WWTPs
dimensioned for actual peaks), to the management of visitor pressure in environmentally
sensitive areas. This data-driven approach thus supports more sustainable and efficient use
of resources and territory compared to planning based predominantly on static data about
the resident population.

5.3. Potential for Optimization in Spatial Planning

The key output of the presented methodology, enabling its direct use for ad-
vanced spatial planning analyses, is the quantification of criteria (indicators according to
Equations (2)–(5)), based on which municipalities are classified into functional types. The
very existence of these numerically expressed indicators, describing the dynamics of the
present population, is absolutely crucial. It allows for the connection of this new knowledge
about actual territory use with other standardly used geographic data—typically with data
on transport and technical infrastructure, socio-economic characteristics of the population,
demographic data, spatial land use data, or environmental limits of the territory—within
a unified analytical (GIS) framework. This connection subsequently opens the door for
formulating and solving specific optimization tasks, the goal of which is to find the most
effective and sustainable solutions for territorial development.

As confirmed by current research in spatial optimization [53–55], precisely the inte-
gration of various data layers—where our quantified indicators of population dynamics
represent a new, valuable input—allows for the effective use of mathematical optimization
models to solve complex planning problems. Because we have available both quantified
characteristics of functional types of municipalities (e.g., commuting intensity, level of
weekend load) and data on the geographical context and population, it is possible to more
objectively search for optimal solutions, for example, for:

• Optimization of public infrastructure location: Finding the best place for public in-
frastructure facilities (e.g., waste management or healthcare facilities) for efficient
servicing of regions with minimal costs and maximum accessibility, using data on
needs, networks, and costs.

• Optimization of public transport: Design of routes and schedules based on detailed
spatiotemporal demand data from mobile data, especially for commuting centers and
residential municipalities, e.g., [56].

• Land Use Planning: Spatial optimization of land allocation, e.g., [57–59], considers
traditional factors as well as dynamic demands of different population types on
functions in the territory, aiming to minimize conflicts.

This direction, which utilises modern approaches working with geospatial data
and GeoAI tools CiteSpace version 6.1.R6 [60] for formulating and solving optimiza-
tion problems based on quantified inputs about the real functioning of the territory, rep-
resents a significant shift from traditional, often intuitive or static, planning towards
proactive optimization.

5.4. Limitations and Future Research

This article relied exclusively on mobile operator data, which, although powerful,
have their limitations (e.g., potential demographic bias in phone ownership/usage, spatial
accuracy linked to cell tower density, absence of socio-demographic attributes). Future
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research could focus on validating and enriching these findings by comparing or integrating
mobile data with other sources, such as GPS records (providing finer spatial details for
smaller samples [14,35]), data from transport systems, surveys, or qualitative research. The
analysis of a longer time series would allow for the monitoring of the evolution of mobility
patterns and municipal functions, potentially capturing responses to infrastructure changes
or external shocks like the COVID-19 pandemic. The integration of mobile data with other
spatial datasets (land use, service availability) could enable more comprehensive modeling
of urban and regional systems [7,34,37]. Testing the transferability and adaptation of the
proposed typology methodology to other regions with different settlement structures and
mobility characteristics would also be a valuable next step.

6. Conclusions
This article successfully demonstrated the use of mobile operator geolocation data for a

deeper understanding of the spatiotemporal population dynamics in a region with a diverse
settlement structure (Vysočina Region). Based on the analysis of daily and weekly rhythms,
a functional typology of five distinct types of municipalities was created, reflecting their
real function in the regional system better than traditional classifications. An approach for
the automated classification of municipalities into these types was developed and verified,
representing a practical tool for regional planning. A key result is the demonstration
of a direct link between the identified types of municipalities and specific needs and
recommendations for spatial planning, as shown through case studies.

The main contribution of the work is, therefore, the verified methodology that system-
atically links the analysis of present population dynamics with the creation of a functional
typology of settlements and the formulation of targeted, evidence-based planning strategies.
With this approach, the study contributes to filling an identified gap in existing research,
which has often focused on large cities or failed to link pattern analysis with specific spatial
planning applications for different types of municipalities.

The results confirm that geolocation data analyzed using the proposed methodology
provide valuable input for more effective and sustainable spatial development. They
enable spatial planners to better respond to the actual needs and functional characteristics
of individual settlements, optimize infrastructure and services, and support the polycentric
development of the region. Although the use of these data still faces certain challenges, this
study shows their significant potential to become a standard part of planning processes
and decision-making regarding territorial development.
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