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Introduction

Determining the functional and spatial relations between cities and their
surroundings is a key area of study in geography and regional science. Nowadays,
every piece of geographical space inhabited by humans is under the influence of
cities. Amin and Thrift (2002: 1) even conclude that ‘the city is everywhere’, but the
intensity of its presence changes with growth in distance from the centre of the
metropolis to the peripheries, which are becoming ever more connected to the
central areas. The urban nature of entire areas, and not just individual localities,
necessitates addressing urban problems from the perspective of urban regions or
functional urban areas (Parr 2005).

Scientific literature and expert studies address a very wide range of problems
related to territorial identification of the ties and the areas of influence of cities and
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towns (see extensive reviews of methods and approaches in Paléczi et al. 2016 and
Sleszyriski 2014). Most researchers determine gravitation by measuring the
functional links (commuting to work, and less frequently to schools, or travelling to
service providers, migration flows), structural indicators illustrating the intensity of
selected measures of socio-economic development around an urban locality (e.g.
number of businesses per 1000 inhabitants, availability of services), and
morphological indicators (e.g. population density). Usually, the latter two groups of
indicators, which result from the influence of the core city, play an auxiliary role, but
in some studies, in the absence of current data about functional interactions, they
have been treated as primary indicators (e.g. ESPON 2007, Smetkowski—
Jatowiecki—Gorzelak 2009).

As Sleszynski (2016: 83) indicates a major problem in the delimitations, and
generally, in all spatial research on socio-economic development, is obtaining data
that reflect the actual intensity of the phenomena and processes. In Poland in
particular, between 1991 and 20006, the lack of data on commuting, which is a classic
indicator for delimiting the impact zones of cities, forced researchers to develop
alternative research methods (see Sleszyfiski 2013, Sitkowska et al. 2016). One of
these includes determining the functional links and gravity towards cities on the
basis of public transport connections. The goal of this paper is to describe the
characteristics of this method, illustrate its use with examples, and present a
discussion.

The paper is organised as follows. The second section provides the detailed
characteristics of the method, preceded by a short discussion of the gravity model.
The third section provides examples of the application of this method in empirical
research conducted by the authors in the years 2010-2014. The next section
presents a discussion of the strengths and weaknesses of the method and
summarises the main findings.

Public transport links: presentation of the method

Based on the timetables of the companies running the public transport system, each
location can essentially be identified as gravitating towards a location situated higher
in the hierarchy of settlements using two methods. The first one is to determine
which town has the greatest number of incoming connections or most convenient
connections in terms of travel times and regularity. The effect of this procedure can
be illustrated in a graph. The main drawback of this method is its binary nature,
which does not allow the inclusion of gravitational forces to a greater number of
localities. The problem is solved by a method based on the gravity and potential
models, which not only allows the multidirectional nature of the gravity to be taken
into account, but also to be measured and quantified. It should be added that public
extra-urban bus transport in Poland is provided almost exclusively by commercial
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companies. Thus, it can be assumed that the connections (supply in the form of the
connections in the timetables) provide a relatively good match with the demand for
transport services. The supply side in Poland is very flexible, because cattiers atre
free to launch and discontinue scheduled trips at any time, and are only limited by
formal procedures. The presentation of the method used by the authors in a series
of regional studies in Poland (see Guzik 2012, Guzik—Kotos 2015, Guzik et al.
2010, 2016) will be preceded by a brief presentation of the potential model.

Introduction to the potential model

The gravity and potential models are the basic spatial interaction models used in
geographical and economic research. They were developed by adapting the concept
of the population potential model proposed by Stewart (1941), which quickly
became a fundamental model of social physics. A broad overview of the evolution
of the models is presented by, among other authors, Chojnicki (1966), Vickerman
(1974), Pooler (1987), and Guzik (2003). One interpretation of the value of potential
is to consider it as a measure of spatial accessibility. The concept behind the model
is as follows: the potential of a phenomenon in a given location is the sum of the
partial potentials of all the other places studied that exert their influence on the
location. For example, the partial potential exerted by locality j on locality i, i.e. Vj,
depends on the mass of locality (M;) and the distance between the localities dj. The
general formula of the potential model is as follows:

Z

n M

Vi= 2 —r
j=1 Y

where: Vi — potential at point 5 Mj — mass of point j dij — distance between points 7
and 7, b — distance decay exponent; z — locality j mass exponent.

The mass of the locality will represent the phenomenon for which the potential
is calculated; for the population potential, it will be the number of people, and for
the availability of pharmacies for instance, it will be the number of pharmacies. For
human capital, the mass will be the number of people with specific educational
attainment. Using the exponents both for the mass (size of locality) and the distance
allows the spatial relationships to be determined in a more realistic way and the non-
linear increase/dectease in the scale of the spatial interactions between localities i
and j to be adopted. The exponents are adjusted to the phenomenon studied. It was
assumed that distance decay (d;) is exponential in nature — the most common
solution is to divide the mass by the square of the distance, which was also the case
in this study. The measure of distance used in the study is kilometres. The mass
exponent (z = 1) was waived as it is better suited to transport studies, and the lack
of adequate empirical studies does not permit specific values of the parameter to be

adopted.
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The use of the potential model gives rise to a number of specific problems
which need to be addressed. They include:

a. choosing the points for which the potential is to be calculated,

b. the problem of area boundaries,

c. the own potential of localities.

A convenient option is to choose one representative point for each unit (town,
municipality /gmina/, county /poviat/) to which the mass of that locality
(phenomenon) will be assigned and from which the distance to the other points will
be calculated. The point was placed in the centre of a communal town or in the
centre of a poviat capital. For rural municipalities /rural gminas/ surrounding a city
with their headquarters in the city, locating the point for the rural municipality and
determining the distances between those municipalities is problematic. In order to
calculate the external potentials, it was assumed that both points have the same
location, while the distance between them was calculated as two-thirds of the radius
of a circle having the summative area of the city and the rural municipality.

As the potential is the sum of the impacts exerted on the municipality,
municipalities located on the border of an area will always have a lower potential (no
influences from outside of the border). While sometimes this is justifiable for the
state border (given their low penetrability), disregarding the mutual interaction for
administrative borders inside a country would distort the actual picture of the
phenomenon. Therefore, all the potentials calculated in our study (at regional level)
take into account the potential exerted by adjacent areas and areas situated at a
distance of 25 km from its borders. Including a larger area would be pointless
because the potential decreases (exponentially) with increase in distance.

The problem of own potential includes the problem of establishing the distance of
the municipality from itself. The most common approach is to assume that di = 1, i.e.,
a municipality’s own potential equals the size of the phenomenon in the municipality.
Such a solution is not always good for assessing accessibility — for example, all doctors
or pharmacies in the capital city of a region are assigned to a single point with a very
high own potential and accessibility, which, in fact, does not occur anywhere. If the
capital city of a region was divided into four units and distances di > 1 appeared
between them, then the sum of the potentials for those four units would be lower
than for a single point. Therefore, it can be assumed in potential studies used to assess
accessibility that di = %2 of the radius of the circle representing the area of the unit
(municipality), which is the case in the present paper.

The results of the potential model can also be used for comparing the availability
of a phenomenon and saturation with the phenomenon by comparing the area of
the potential (the potential difference or quotient method). For example, if the share
of a municipality in the population potential of a province (wojewodztwo) is 0.5%,
and its share in the potential of the number of doctors is 1%, this means that the
availability there is twice the average availability in the whole region. To some
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extent, the potential quotient method eliminates the boundary problem and
completely eliminates the problem of own potential (two potential areas calculated
in the same way divided by each other).

Database of connections in public transport

In order to apply the gravity and potential models to determine gravitation in
public transport, it was necessary to build a database of connections. The study was
based on the timetables of all public and private transport operators. In the example
from Pomorskie Province presented in this paper (Guzik 2012, Guzik—Kolo$ 2015),
a database was created with a record for each city and rural locality in the province
(n = 1753) and for 63 towns (municipality seats) in the powviats of adjacent provinces
bordering on Pomorskie Province. For each of these cities and towns, the following
are determined separately for (i) rail connections, (i) bus links in transport organised
by municipalities or their associations (in Poland, this actually means only city
transport), and (iii) other bus routes organised by private carriers (on a commercial
basis): the number of outgoing trips (separately for three time periods: 491-6%, ¢01-
800, 801-10% — that include the morning peak traffic), number of trips throughout the
day, and the number of trips on Sunday, as well as the travel times to:

a) the capital city of the region (Gdarisk);

b) the poviat capital;

¢) all the other towns in the povzat,

d) other cities and towns in Pomorskie Province subject to the restrictive

conditions outlined below; and

e) cities and towns lying outside of Pomorskie Province subject to the restrictive

conditions outlined below.

In the case of rural localities for which the links with the cities and towns
referred to in points (d) and (e) were determined, only those connections were
included that do not cross a city bigger than that with which the connection exists
(in line with the principle of indirect possibilities). The above problem concerns
rural localities on transit routes crossed by the trips, and small towns situated along
such routes. If no restrictive condition was used, their estimated forces of gravity
would be well above the actual ones. The complexity and labour intensity of the
procedure makes it reasonable for the study to be narrowed down to the morning
traffic peak, which allows the actual connections and gravitation to places of work,
education, and services to be determined in the best possible way.

Public transport connection indices

The resultant databases consisted of 66,572 public transport connections on
weekdays as of the second half of 2014. Using the databases, two key indicators
were constructed:
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1. A connection index which is the sum of all the connections of a given town
weighed by the following multipliers:

a. Time periods: 491-6% (number of connections x 2), 6"-8% (number of
connections x 3), 891-10% (humber of connections x 1).

b. Means of transport: rail transport (number of connections x 3), city
transport (number of connections x 1.75), bus transport (commercial)
(number of connections x 1).

2. Lines operated index: defined as the average number of public transport lines
operated on all days of the week (the number of lines operated is the number
of cities and towns accessible via direct connections by public transport).

Using the databases of public transport connections in Pomorskie Province,

intercity links were also analysed.

The potential model - gravitation in public transport

When using the potential model to identify interactions in public transport, it
was assumed that the gravitational forces are proportional to the size of the
attracting location (the principle of gravity) and connections (trip number factor),
and inversely proportional to the distance as expressed by travel time. Therefore, for
any rural locality (in Pomorskie Province — 1,753 localities), the gravitational force
from that locality to every city that could be directly reached from that locality were
determined based on the timetables and the potential model, and included in the
above database. The distance measure adopted (dj) was the weighted average travel
time in minutes for all trips. Instead of the mass exponent, use was made of the
gravitational attractiveness multiplier based on the location’s position in the
settlement hierarchy (4): the gravity values to the capital city of the region (Gdansk)
were multiplied by 2; to Gdynia (the second largest city of the region and of the
metropolitan Tri-City) by 1.6; to former provincial capitals (Stupsk, Bydgoszcz,
Elblag, Pila) by 1.5; to their own poviat town by 1.4; to poviat capitals other than
their own poviat town by 1.2; and gravitation to other towns was assigned the
multiplier of 1. In addition, a root of the trip number index (connection number
index weighted by the time of day and type of transport) was added to the
numerator of the potential model. The authors decided to use it because an increase
in the number of trips does not translate into a linear increase in gravity. The index
of the radical was chosen arbitrarily (here 1.8) as the square root (that is most often
used in literature) would excessively flatten the significance of the number of trips.
The resultant potential model formula is as follows:

L M/klfﬁ

2
j=1 djj
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The value of the potential is proportional to the size of the location (large cities
strongly attract small towns, with very poor attraction in the opposite direction) and
to the number of trips per day, and is inversely proportional to the distance. As the
distance grows, the number of spatial interactions declines. The potential was
calculated for all the pairs of locations: rural locality-city and city-city (if there was a
connection between them by public transport). Calculating the forces of gravity is
the most difficult for cities, as it involves the problem of measuring their gravity
towards themselves (own potential). It was assumed here that the distance is always
10 minutes, and the strength of the connection was arbitrarily assumed to be 100
trips for towns other than poviat towns, 200 for poviat towns, and 300 for Gdansk,
Gdynia, and Stupsk. For example, in Bytoéw, 93% of the population is assigned to
the town itself — the high value is attributed to the large distances and poor
connections, which cause the potential and gravity to other cities to be very poor.
Another extreme example is Zukowo, which is located in the ‘shadow’ of the
potentials of Gdatisk, Gdynia, and Kartuzy, as a result of which only 9% within the
town gravitates towards the town itself.

Table 1 shows an example of the calculation for Borzytuchom’s potential in the
Bytow poviat.

Table 1
Calculation of gravity forces for Borzytuchom (the potential model)

Cities and towns with direct connections

Parameters with Borzytuchom (attracting ones)
Bytéw | Stupsk | Chojnice Bydgoszcz

1. number of attracting city population 17,537 | 98,647 | 41,302 | 356,177
2. attraction multiplier (administrative attractiveness 14 15 12 15
factor)
3. root of connection index Py 33.2 18.8 2.7 2.7
4. square of average time distance dj 446 7,293 15,374 | 105,502
5. contribution to the potential (influence) 1,828 381 9 14
6. percentage of total potential 81.9 17.1 0.4 0.6
7. population of Bo.rz.ytuchorn identified as gravitating 762 159 4 6
towards attracting cities and towns

Source: Guzik 2012, revised.

The gravitational force of Borzytuchom to Bytéw equals the number of
inhabitants of Bytéw [row 1] multiplied by the attractiveness factor k [row 2], which
represents the attracting mass in the gravity model multiplied by the root of the
connection index [row 3]. In the next step, the result is divided by the squared
average time distance [row 4], which expresses the distance decay. The resultant
number is 1828 [row 5], which expresses the power of attraction of Bytéw. If we
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add the rates of attraction of Borzytuchom to all the cities and towns with which it
has connections, we will be able to calculate the share for each town, which is
81.9% [row 6] for Bytéw. It can be assumed that this percentage of the town’s
population gravitate towards Bytéw, which translates into 762 inhabitants [row 7].
After calculating the above values for all the 9350 interactions, the numbers of
population of all the towns that gravitate towards Bytow (or any other town) can be
added up to illustrate the size of its hinterland or service strength.

Examples of the use of the method in empirical research

The authors used the method described above to study the rank of towns in the
settlement network and delimit functional urban areas in several Polish regions,
including the Matopolskie (Guzik et al. 2010), Pomorskie (Guzik 2012, Guzik—
Kotos, 2015), and Warmifsko-Mazurskie Province (Guzik et al. 2016). The use of
the method is illustrated below on the basis of the Pomorskie Province example.

Determining the hinterland and service rank of cities and towns in Pomorskie
Province - based on gravitational forces in transport

The graph (Figure 1) presents the above-mentioned connection indices (cf r. 2.3)
for all the cities and towns of Pomorskie Province in the years 2011-2014. The
green lines mark the boundaries of the class intervals, and the orange rectangles
indicate the areas within which (as was predicted) the cities and towns should be
located — regional and supra-regional cities (marked with the letter ‘R’), sub-regional
towns (°S’), transit towns (‘I°), and poviat towns (‘P’).

In the years 2011-2014, Pomorskie Province shows strong and growing
discrepancies in the scale and quality of intercity interactions. The province was
clearly divided into the north-eastern part, which was developing (in terms of
relations), and the south-western part, where the strength and extent of the intercity
links were declining. There is a noticeable increase in the strength and extent of
links in the Tri-City (Gdanisk, Gdynia, Sopot) and the other cities of the
metropolitan area, especially those lying along the Lebork — Gdynia — Gdadsk —
Tczew railway line. The changes in the intercity links are symptomatic of a growing
metropolisation of the area, and the growing supra-regional role of Gdansk and
Gdynia. The other cities, including sub-regional ones (Chojnice and Stupsk), saw a
decline in at least one of the indices. In only a few poviat towns did the strength and
extent of their interactions correspond to their rank in the hierarchy.
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Figure 1

Number of connections and lines served in the cities and towns of Pomorskie Province
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The total value of interconnections quotient

Determining the directions and scale of gravitation allows the proportions of
each locality’s population that gravitate towards the cities where services are
provided to be established; then, after adding them up according to the centre of
gravity, the size of their hinterland or, in other words, their service potential can be
determined. The results for all the cities and towns in Pomorskie Province are
presented on a map (Figure 2). It must be pointed out that the method adopted, in
which the gravity from a given location is matched to the respective supetior units
(according to their attraction potential), reflects the actual gravitation more
accurately than the greatest flow method, whereby the cumulative gravitation from a
given unit is assigned to the unit with the greatest incoming streams.
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Figure 2
Hinterland of cities and settlement hierarchy levels
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Delimitation of urban regions

The gravity model constructed may also be used for delimiting the areas that
serve cities and towns at different levels of the service hierarchy. The areas may also
be considered to be urban regions. This study presents an example of such
delimitation on the local level (around each city). The catchment areas were
delimited at a municipality level (the smallest units of the basic administrative
division in Poland). The averaged gravity for municipalities reflects the gravity of
the individual localities weighted by their populations. Even though the delimitation
was carried out separately (each municipality is assigned to the atea of one city only),
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given the multidirectional nature of the gravity, secondary directions of gravity were
also determined.
Figure 3
City service areas at the local level
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Delimiting the service areas at a local level (Figure 3) showed that there is a
group of towns that have no external service area except for that within their own
borders — they act as local service areas for themselves (e.g. the towns of the Hel
Peninsula). No service areas were delimited around the strongly integrated cities of
the Tri-City, either. In addition, the service area around other small towns includes
only the rural part of the municipality to which they belong. Around the other
towns, the service areas delimited include at least two municipalities. The largest
service areas at the local level were delimited around Slupsk, Bytéw, Gdansk,
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Starogard Gdaniski, and Lebork. This results, on the one hand, from strong
gravitation and links (Gdansk, Starogard Gdanski), and on the other, from the low
density of the urban network and poor connections (e.g. Bytow).

An analysis of the secondary directions of gravitation shows that the localities that
perform local functions for a larger number of municipalities (in the map in Figure 3,
they are shown as the localities with larger numbers of incoming yellow arrows),
concentrate around the key urban locations of the region. The cities identified most
often as a secondary gravity direction on a local level are: Gdansk, Gdynia,
Wejherowo, Lebork, Malbork, Chojnice, Starogard Gdanski, and Elblag from the
Warminisko-Mazurskie Province, which has the rank of a sub-regional locality.

The method can also be used to delimit regions at supralocal and regional levels.

Discussion and conclusions

Catchment areas are most often delimited by measuring a variety of functional
interactions. In practice, given the types of data available, the most commonly used
indicators are those related to commuting to work or school (Gruchociak, 2012,
Sleszyfiski 2014). In Poland, when working on the Polish National Spatial
Development Concept 2030, exclusive use was made of the labour market
interaction indices available in public statistics and the imperfect indices of
migration or structure of the economy (cf. Sleszyfiski 2012, 2013). According to the
authors of the study, attempts to determine the actual gravitation should also
include analysing trips to schools, retailers, and service providers, and perhaps also
incidental (family and social) ties.

The method presented in this paper is based on the assumption that the public
transport network is organised in a commercial manner; thus the supply of public
transport corresponds to the actual demand. This allows the gravity to be mapped in
a more accurate way than on the basis of commuting to work or school alone. First
of all, the method takes into account the links related to broadly defined services.
The regional studies conducted by the authors across Poland have shown a high
correlation between the measured gravity in the system of public transport, and
commuting to work and school. This means that gravity studies in public transport
can successfully replace data on actual flows for the regions or time periods for
which the latter data are unavailable. In countries or regions with easy access to
timetable databases, such studies are much simpler and cheaper than an
investigation of commuting to work or school.

The method also has drawbacks. In Poland, public transport only accounts for
approximately 27% of pedestrian travel (Centrum Badan i Edukacji Statystycznej
GUS 2015). What is more, in the last few years, the structure of the traveller
clientele has clearly changed (see Table 2). The number of passengers has dropped
considerably, especially among those commuting to work. This is correlated with a
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large increase in the number of cars. Thus, the gravitation studied does not
comprise all trips. In poorly accessible areas, which are forced to use individual
transport, establishing the actual interactions by analysing gravity in public transport
is likely to generate errors.
Table 2
Changes in the number of passengers on regular bus transport
and the motorisation rate in 2010 and 2015

2010 2015 |2010=100.0

Passengers carried by regular | Total 476,055 | 347,777 73.1
(commercial) transport With monthly employee tickets | 40,975 | 27,279 66.6
(in thousand passengers) With monthly student tickets | 215,799 | 168,901 783
Mototisation rate (numbet of cars / 1000 population) 451 539 119.5

Source: authors on the basis of GUS 2011, 2016.

Another problem is the concentration of the public transport network along the
main transport routes. Towns located near major roads are characterised by
‘excessive’ accessibility and vice versa. For example, in the Pomorskie Voivodship,
out of the general number of 1753 rural localities (villages) as many as 318 were not
served by public transport. Most of them were small villages with an average
population of 200, lying outside of the system of national and regional roads.

The multipliers of the connection index may raise some discussion. A
connection index is built to reflect a potential accessibility and does not directly take
into account the issue of capacity and its utilisation. The authors decided to allocate
the highest weight for railway connections followed by city transportation as they
are proven in different studies to be more reliable and also cheaper than regional
bus connections. What is important about railways is that some real-life connections
and relations are deeply rooted in historical accessibility, and one must be aware that
buses in some rural areas have been in operation since the 1970s whereas railways
have provided accessibility and shaped relations for more than 100 years.

Finally, account must be taken of a problem specific to Poland, namely, the low
availability of passenger information: a lack of published timetables, or even an
absence of timetables on bus stops, as well as the inaccuracy of the data obtained
from the public offices that issue licences to passenger carriers. As a result of the
lack of passenger information, obtaining the timetables proved to be the most
difficult and labour intensive part of our research.
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