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Abstract: The UK, as elsewhere, has seen an accelerating trend of bank branch closures and reduced
opening hours since the early 2000s. The reasons given by the banks are well rehearsed, but the
impact assessments they provide to justify such programs and signpost alternatives have been widely
criticized as being inadequate. This is particularly so for vulnerable customers dependent on financial
services who may face difficulties in accessing remaining branches. There is a need whilst analyzing
spatial patterns of access to also include temporal availability in relation to transport opportunities.
Drawing on a case study of potential multi-modal accessibility to banks in Wales, we demonstrate
how open-source tools can be used to examine patterns of access whilst considering the business
operating hours of branches in relation to public transport schedules. The inclusion of public and
private travel modes provides insights into access that are often overlooked by a consideration of
service-side measures alone. Furthermore, findings from the types of tools developed in this study
are illustrative of the additional information that could be included in holistic impact assessments,
allowing the consequences of decisions being taken to close or reduce the operating hours of bank
branches to be more clearly communicated to customers.

Keywords: reconfiguration of banking services; multi-modal accessibility; floating catchment area
models; impacts of closures; spatial patterns of access

1. Introduction

There is a longstanding and wide-ranging base in the literature concerned with inves-
tigating associations between the location of different social groups and their potential or
realized access to facilities and services via transport systems. The inclusion of multimodal
accessibility metrics and the need to comprehend temporal changes in spatial accessibility
have been recognized as key advancements within the overall approach taken to measure
access [1]. Transportation systems play a critical role in influencing patterns of accessibility
by helping socio-economically disadvantaged groups overcome the constraints caused by
physical separation of services from potential demand. As a corollary, poor public transport
provision or limited access to private transport can exacerbate such problems. Challenges
remain, however, with respect to incorporating public transport schedules into studies
seeking to understand the impacts of spatial variations in accessibility levels to service
opportunities on potential inequalities in provision.

Recently in the UK, retail bank branch closures are having a profound influence on the
vitality of town centers and significant potential impacts upon customers who are depen-
dent upon the types of financial services that they offer. Similar concerns regarding dimin-
ishing access to banking services and potential financial exclusion for socio-economically
disadvantaged individuals or households have been expressed in other international con-
texts [2–11]. In the UK, the impact assessments provided by banks to justify a branch closure
and signpost alternative sources of provision have been criticized by some commentators in
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evidence to parliamentary enquiries as being “after the horse has bolted” type statements
that lack any true public input into decision-making processes leading up to an announced
closure [12]. In terms of future service arrangements, the information provided is often
limited to signposting the nearest post office branch offering limited financial services, the
level of broadband availability in the local vicinity, and the extra distance or time needed
to reach the next closest branch of that bank. Some include information on the availability,
frequency, and duration of a bus service or other public transport options needed to reach
replacement facilities, but most do not.

Previous research has highlighted how geographical approaches can be used to gauge
service loss impacts upon communities, at least from the perspective of the extra travel
required to reach remaining branches and the reduction of choice that often results [13–15].
However, an acknowledged limitation relates to the common assumption of a single
transport mode, which ignores the impact of service changes for socio-economic groups
with no access to a car. Furthermore, the opening hours of facilities within the time
constraints imposed by public transport are also often overlooked, leading some to question
approaches to measuring access to services based on a “static concept of physical proximity”
that fails to incorporate temporal facets of accessibility [16] (p. 81). The primary aim of the
current study was to address these limitations by adopting a multi-modal analysis in which
a nation-wide assessment of public transport availability, and bank-branch opening hours
were also considered. We contend that such research is needed to further understand the
implications of banking service reconfiguration on spatial patterns of accessibility which
are largely overlooked in the current impact-assessment procedures.

A wide range of methods exist for estimating accessibility; we utilized floating catch-
ment area (FCA) techniques to implement multimodal transport models and to compute
place-based accessibility measures that also encompass the granularity of spatiotemporal
information on bank opening times as they interact with bus service timetables both during
the week and at weekends. To our knowledge, this study represents the first attempt to
include a temporal multi-modal framework based on floating catchment models to examine
variations in access to banking facilities.

The study first considered the limitations of previous studies that have often ignored
variables such as the quality and temporal quantity (i.e., opening hours) of service provision,
as well as temporal–spatial constraints imposed by the use of public transport. Secondly,
we tested the hypothesis that the impact felt in areas where branches are closing and
residents are dependent on a regular and accessible public transport service is likely to
be underestimated in studies confined to single mode transport and the assumption of
unlimited temporal availability. Thus, we aimed to respond to the call by commentators
such as Park and Goldberg [17] for research to explore the inclusion of dynamic variables
within accessibility studies so that they can better inform future policy-making concerned
with planning service provision. The transport opportunities available to different social
groups impact upon their ability to reach financial services, but this is often neglected
by those responsible for decisions regarding bank branch closures. By including such
considerations alongside the spatial distribution and operating hours of branches, this
study aimed to draw attention to the need for service providers to take account of their
impacts on those most reliant on the types of financial services provided via physical
branch networks.

2. Methods
2.1. Multi-Modal and Temporal Accessibility Approaches

Conventional place-based approaches to measuring accessibility have often involved
calculating straight-line or network-based times/distances from fixed demand centers to
static service supply points or have computed the number of opportunities located within
a given drive-time threshold [18–22]. However, the networking capabilities of GIS and
wider availability of demand, supply, and network datasets (many openly available) have
led to a burgeoning base of the literature concerning approaches that move beyond static
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measures of accessibility toward those more analogous to real service-use behavior [23].
Such efforts have been reinforced by information available from social media, smart card
data, phone records, or GPS tracking sources that enable real travel routes to be traced
and access to points-of-interest data to be measured during a typical day to account for
temporally dynamic variations in available opportunities [24–26].

Data on opening hours obtained from suppliers’ websites or third-party search engines,
using the types of web-scraping tools utilized in this paper, have also enabled researchers
to incorporate temporal dimensions and address concerns that accessibility fluctuates over
time. Various studies have attempted to incorporate weekday and weekend opening hours
and changes in the state of the transport network [27–33]. Such work has benefitted from
the calculation of travel times by using timetables held in General Transit Feed Specification
(GTFS) formats that enable time-continuous measures to evaluate service availability across
specific user-defined intervals [17,34,35].

The implications of incorporating multiple transport modes and temporal elements
have been relatively well studied in the context of grocery shopping and the possible exis-
tence of so-called “food deserts” [36]. Widener et al. [37] demonstrated how access measures
can be calculated for automobile commuting residents that also consider the time available
to access grocery shops. A follow-up study demonstrates how transit schedules can be
included to examine how public transport access to supermarkets varies by time of day [38].
Others have included walking distances and times within a multi-modal framework for
a wide variety of supply-side/destination types [39,40]. Zhang and Mao [41] focused on
the modal-split populations used within multi-modal frameworks and compared spatial
patterns in multi-modal access to those derived from single-modal measures.

Such studies have variously shown how including opening hours and travel schedule
data can impact on disparities in accessibility and may indeed exacerbate the problems
faced by individuals reliant on specific transport modes. To date, however, few studies have
incorporated opening hours or temporal aspects of transport availability when considering
access to banks. Sonea and Westerholt [42] have included opening hours when studying
access to banking services offered at UK post offices. They attached a capacity measure
based on the proportion of time that services were provided at post offices compared to
those offered at static bank branches. Isochrones were generated around post offices with
different capacity measures to reflect the perceived accessibility of these locations. However,
their findings draw attention to the need to further consider temporal elements of service
supply, as well as geographical distances and the time of travel. However, as recognized
by the authors, their work primarily focused on supply-side variables used to examine
the efficacy of the government’s set accessibility targets and did not consider public-
transport opportunities nor the potential population demand arising during workdays or
at the weekends.

Others have shown how temporal changes in public-transport provision can be in-
tegrated with opening hours alongside other supply-side characteristics. Järv et al. [43]
considered access to food-shopping opportunities to illustrate how commonly adopted
“static” location-based accessibility models generally overestimate access and argue for
the use of temporal models that consider changing population distribution, transport
schedules, and facility opening hours to yield a more realistic picture of social disparities in
access. Farber et al. [34] considered public transport access to healthy food opportunities,
estimating travel times from census blocks to the nearest supermarket at different times of
the day. More recently, multi-modal approaches have been explored to measure potential
accessibility to other types of services. Kotavaara et al. [44], for example, compared private
car access to primary health services in Finland with multimodal walk–ride–walk trip
chains, using openly available data on public transport schedules.

Such research is being facilitated by an increasing availability of temporal data relating
to people, transport, and services that can potentially be incorporated into multi-modal
network models and access measures [45–51]. Whilst data are still attached to aggregated
areas in many studies, the temporal variability in scores permit such measures to be
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associated with socio-economic data to provide a more realistic impression of trends in
accessibility. Floating catchment area (FCA) models have been widely applied to investigate
potential accessibility. In the next section, we briefly review previous efforts to incorporate
temporal and multi-modal aspects into FCA models before demonstrating their utility in
studying access to banking services in Wales, UK.

2.2. Floating Catchment Area Models Incorporating Multi-Modal Approaches

FCA approaches are essentially gravity models that simultaneously integrate demand,
supply, and distance components. Early implementations—for example, by Luo and
Wang [52]—were concerned with measuring access to primary-care physicians. Their
formulation is widely described in previous publications [53,54], and a worked example is
provided by Langford et al. [55] in the context of access to childcare provision. FCA models
involve two key steps: In the first, a supply-to-demand ratio is calculated for each facility
by dividing its service capacity by the potential demand arising from within a specified
threshold distance. The second step involves the calculation of a distance-weighted sum of
these ratios within a specified threshold distance of each population demand unit (typically
a population weighted centroid of a census tract/administrative area).

Subsequent research has spawned a wide range of variants and enhancements built upon
the initial methodology. Xia et al. [56] highlight four main methodological developments:

• Inclusion of distance-decay weights [57];
• Adjustment of catchment sizes based on demand/supply-side considerations or pop-

ulation remoteness [58,59];
• Accounting for competition between providers [60];
• Incorporating multiple transport modes [61–65].

It is the latter types of enhancements, those that consider multiple transport modes
and public transport timetables, that are of particular interest in this study. An assumption
of universal private transport (car) is made in many FCA-based studies. Mao and Neko-
rchuk [61] presented an early attempt to develop a multi-modal approach while considering
access to hospitals in Florida by bus and car. They incorporated varying catchment areas,
which, in the absence of detailed service utilization patterns for each facility, are based on
assumptions regarding the threshold time/distance beyond which a particular mode of
transport is not suitable, but also argue that travel times could be empirically derived from
regional travel surveys if available.

Data are also needed on the usage of each mode of transport at each population
demand point. Mao and Nekorchuk [61] used vehicle ownership at the census-block level
to derive a dichotomous split between two subgroups that were both traveling via the same
transport network. Travel by bus was crudely modeled by imposing slower travel speeds
as compared to cars; no account was taken of routes, locations of stops, or actual timetables
and schedules. Their findings revealed differences between single-mode scores (car only)
and an equivalent multi-mode score. For example, lower average accessibility was seen
in urban areas (with reversals in this trend in rural areas) due to the assumptions made
regarding travel mode which then impact upon the population denominators.

Much the same approach was adopted by Yin [66] to examine prenatal care in the
state of Georgia for two time slices and allowing travel by car and bus. Limitations in their
approach relate to the lack of inclusion of a walking mode and the effectiveness with which
public transport modes are incorporated. For example, they assumed a uniform bus speed
and access to the entire road network rather than modeling the fixed routes and timetables
typical of public transport provision.

Langford et al. [63] enhanced the sophistication of multimodal FCA by incorporating
separate car and public transport networks, with timetable-derived travel speeds on the
latter, but did not model specific times of travel. These adaptations lead to a separate
accessibility score being recorded for each traveling subgroup identified at each demand
zone. More recently, attempts have been made to include the detailed public transport
schedules alluded to previously within a multi-modal FCA framework to further enhance
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the realism of its outputs. This can be facilitated by constructing an origin/destination
(OD) travel matrix based on actual routes, times of travel, and temporal traffic conditions
associated with each travel mode. Such multi-modal FCA approaches are increasingly
being used to investigate variations in accessibility in a range of thematic areas. For
example, Dony et al. [67] compared access across four modes of transport—bicycle, car,
public transit, and walking—to public parks. The patterns revealed amongst travel modes
and with comparison to scores derived from single-mode travel prompted them to suggest
that “caution must be adopted when choosing a spatial access model and interpreting the
resulting spatial patterns of accessibility” [67] (p. 90). There should also be flexibility to
change threshold distances if empirical data regarding service use by each mode of transport
become available. However, assumptions on threshold times as applied to different modes
are still common in multi-modal FCA studies; Tao et al. [68], for example, used arbitrary
thresholds when including driving and walking modes to COVID-19 testing sites.

Others have incorporated databases holding information in general transit feed spec-
ification (GTFS) to account for door-to-door routing; this includes walking to the public
transport access point, travel on the service, and walking to the destination. In some
instances, census or household travel-use surveys can be used to gauge the demand for
different services by population cohorts. These can provide potentially more accurate
estimates of the numbers likely to use each travel mode. Furthermore, some limitations of
earlier studies have been addressed by combining detailed network datasets and public
transport timetable data to develop real-time FCA models to a variety of different ser-
vices [69–74]. Authors such as Ma et al. [75] and Tao and Cheng [76] have used Google
Map or Baidu Map’s application programming interfaces (APIs) to derive accurate travel
times for cars and public transport inside a multi-mode FCA approach. This is claimed
to better account for the likely modes of transport adopted by groups such as the elderly
when accessing health facilities.

Recent research has considered the inclusion of active travel modes into multi-modal
FCA. Zhou et al. [77] and Xiao et al. [78], for example, adopted four modes (car, walking,
public transport, and bicycle), using data derived from a web mapping platform. Khakh
et al. [79] drew on detailed configurations of sidewalks, trails, and pathways to create a
walkable network and included walking catchments alongside private and multimodal
transit (bus and rail) in a study of access to primary healthcare in Calgary, Canada. As
is the case in the current study, researchers have also used GTFS data to calculate travel
times by bus and have set different catchment sizes for each mode to derive different
access scores for each cohort [80]. Guida and Carpentieri [81] used multi-modal FCA to
examine variations in access for the elderly to primary healthcare in Milan during the
COVID-19 pandemic. Park et al. [82] introduced temporal elements to both demand and
supply, as well as the dynamic nature of traffic scenarios to calculate temporal FCA scores
to electric-vehicle-charging stations. Xing et al. [65] considered access to green spaces
and the implications of different travel modes, with parks being assigned catchment sizes
dependent upon the travel mode.

Despite this considerable research activity, few studies to date have included the
opening times of facilities as in the current study. Li et al. [70] considered access via
walking and public transport to multiple services in Xiamen, China, and adopted separate
weighted decays and thresholds based on a household travel survey; however, facility
opening hours were not addressed in their study. Fransen et al. [83] formulated a commuter-
based FCA approach that included trip-chaining and suggested differences in access scores
between an original model; this enhanced version is a consequence of accounting for
more complex travel behavioral patterns. Paul and Edwards [84] adapted FCA models
to consider time windows (i.e., doctor’s hours at health facilities). Although the work
presented in this study still does not fully address the call for “dynamic, temporally-aware
versions of the floating catchments” to encapsulate commuting behavior, operating hours,
and temporal travel speeds [23] (p. 23), it does demonstrate the need to include temporal
elements into FCA models and draws attention to their importance in determining service
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access amongst population groups reliant on public transport who are often overlooked
when considering impacts of high street bank closures.

2.3. Methodology and Data Acquisition

This research presents a comparative analysis of spatial patterns in accessibility arising
from various configurations and degrees of sophistication of FCA modeling, as summarized
in Table 1. All of the models implemented here adopt a multi-modal approach, whereby
the population recorded at demand sites is split into separate cohorts that then travel
via independent public and private transport networks toward a common set of service
delivery points, namely the bank and building society branches. Private-mode travel
assumes all road links are usable, with travel time to traverse these links determined by
speed limits associated with national road classifications. Public-mode travel uses only
road links associated with recorded bus routes, with the travel time between access nodes
(bus stops) established from timetable data. All models use the population-weighted
centroids of the UK’s smallest census tracts (Output Areas) as the demand sites, each of
which typically represents around 125 households.

Table 1. A typology of FCA models adopted in this study.

Available Travel Modes Service Supply Detail Network Travel Constraints

‘standard’ E2SFCA (this model is
not implemented, but is used as a
comparison for those listed below)

single travel mode (i.e.,
private car only)

simple unitary site counts
supply points are assumed to

be always open/available

car: can use any road link
travelling at national speed

limits and at any time

Model 1
multiple travel modes

both private car
and public bus

as above

car: as above
bus: only via those links

associated with published bus
routes, using timetable

derived speeds, and on ANY
timetabled service

Model 2 as above

total weekly opening hours
used as a service

capacity constraint
supply points are assumed to

be always open/available

car: as above
bus: as above

Model 3 as above

total weekly opening hours
used as a service

capacity constraint
supply points are only

available during their stated
opening hours

car: as above
bus: only via those links

associated with published bus
routes, using timetable

derived speeds, and ONLY
using those services that

can reach
a supply point during its

stated opening hours

Model 1 is a use case widely seen in conventional FCA approaches whereby the as-
sumption is made that supply sites are always available (i.e., open). Furthermore, although
private and public modes of travel use independent networks and speeds, no temporal
constraints are imposed. Specifically, when traveling by bus, the fastest possible route
between a demand and supply pair is passed on to the FCA model, regardless of the
time of day or day of the week on which this journey takes place. Bus routes do however
incorporate, where needed, walking elements to (a) reach a bus stop, (b) traverse between
stops while switching routes, and (c) reach the destination point. Finally, in this model the
supply points only record the presence of a bank or building society branch. This means
that the supply sites are undifferentiated in terms of their capacities or service levels, and
resultant FCA scores report the number of reachable sites per person within the chosen
catchment threshold.
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Although Model 1 is the baseline scenario considered in this analysis, it nevertheless
represents an advancement on many previously reported FCA studies where a single mode
of travel, unitary site counts, and always-available network travel are commonly adopted.
As Table 1 indicates, Model 1 already offers improved sophistication through the adoption
of multi-modal travel and also by incorporating bus network travel speeds derived from
real-world timetables.

Model 2 further raises the level of sophistication by using the total opening hours
of bank and building society branches as a supply-side variable. The aggregated hours
per week is recorded for each site, thereby adding a temporal capacity element into the
modeling process. This, in turn, allows the FCA outputs, which now report access to
available banking hours per person, to reflect situations such as the widely reported
reductions in opening hours of branches even when the sites themselves remain nominally
open. Nevertheless, assumptions regarding the branches being always open and, therefore,
available, regardless of the actual travel time, remain; this is a limitation that Model 3 aims
to directly address.

In Model 3, the representation of the service supply is further developed to take
account of the specific opening times, day by day, at each branch site. Thus, a temporal
availability constraint is added to the temporal capacity consideration. In the case of
determining private mode access, for example, a specific time of travel can now be specified,
and although branches will remain always reachable by car, they would not contribute
toward an FCA accessibility score unless also identified as being open at the time when
the car traveler arrives. This sophistication is further magnified in the case of the public
transport FCA scores because interaction between branch opening times and timetabled
bus services is fully considered. This means that bus routes are only deemed “viable” if
they can provide an arrival time at a branch site within its specified opening hours, or,
alternatively, a less rigorous temporal constraint may be set to include only those bus
routes in the FCA calculation that deliver residents to supply sites between the most
commonly adopted weekday branch opening hours. As Table 1 indicates, Model 3 has thus
added further sophistication to all three key elements of the Two-Step Floating Catchment
Area methodology.

By incorporating public-transport timetable information into FCA models, we aim to
show how reported accessibility patterns can vary when compared with simpler models
that assume private-only transport. We also aim to identify which locations in our chosen
study area express inequalities in accessibility that result from the combination of bus
service provision and temporal variations in opening hours. To implement such models
as just described requires several key data resources and software capabilities. First, the
temporal availability and spatial location of bank and building society branches (Figure 1).
Second, the distribution and magnitude of demand populations, with an estimate of the
split adopting private and public transport modes. Third, a network capable of supporting
analyses of routes for both car and bus travel. Fourth, detailed public transport timetable
data. Finally, a software environment that facilitates the integration of all these data and
provides the capability to trace network routes within temporal constraints. Each of these
requirements and the solutions adopted are described briefly below.
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2.3.1. Branch Opening Hours

At the time of study, no freely available dataset existed in the UK to provide informa-
tion on branch opening hours. Services such as the Google Platform API [85] can provide
this data at a set cost per query, but alternative approaches are available that avoid such cost
implications. In this instance, it is possible to obtain branch opening hours through each
bank brand’s dedicated “branch finder” website, or alternatively via websites that provide
collective information [86–88]. We chose to adopt a web scraping solution to gather data
from these sites whilst adhering to the terms and conditions of each website and respecting
the ethical concerns outlined in previous studies [89].

A URL is required to direct the script to the desired page from which data are to
be sourced. Ideally, webpages fed into the script adhere to a consistent structure, as this
allows the system to methodically work through a set rather than requiring each page to be
individually presented. The site used to gather bank opening hours suited this approach,
using a single URL which is then adapted to navigate incrementally through the entire site,
driven by a Python script. Although no further information was gathered through scraping,
if it were available in a consistent manner, then additional supply-side variables could
be incorporated into our FCA models to further elucidate the quality or range of service
offered at each provision point. Once extracted and consigned to a database, the total
number of weekly hours was then assigned as a supply-side variable in the multi-modal
FCA model described previously. The sort of information that is acted upon by this process
and the potential variability in branch opening times is illustrated in Figure 2.
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2.3.2. Population Demand and Modal Split

To execute multi-modal FCA models, it is necessary to determine a demand popu-
lation associated with each travel mode. The method proposed by Langford et al. [63]
was adopted, based on household car ownership reported in the 2011 UK Census of
Population. This assumes that residents in Output Areas (OAs) with low car ownership
levels are more likely to use public transport, with a modal split computed by applying
Equations (1) and (2) to each OA:

Poppublic = (P × A) + (0.25 × P × B) (1)

Popprivate = P − Poppublic (2)

where Poppublic and Popprivate are the modal population counts, P is the total resident
population, A is the percentage of households reported as having no car or van, and B
the percentage of households reported as having just one car or van. It thus assumes that
all residents in households with no access to a car will travel to nearby banks via public
transport. Furthermore, 25% of those with just one car will also do so, founded upon the
notion that a single car is not always available. These data, based on subjective decisions,
could be replaced by information obtained from household behavioral surveys if this were
to become available. Total population, P, was a mid-year population estimate obtained for
2020, but household car-ownership levels could only be derived from the 2011 census.

2.3.3. Public Transport Timetables

This information is critical in developing the temporal elements of the FCA models
described above, as well as for facilitating multi-modal travel. In fact, three data compo-
nents are required to achieve these objectives: a topological encoding of the road and path
network; the location of all bus stops and train stations which act as access points for public
travel; and a full account of all routes, trips and schedules associated with currently operat-
ing bus and rail services. The acquisition, encoding, and utilization of this information is a
non-trivial task, as briefly described below, the elements of which also relate to the adopted
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software solution environment, Open Trip Planner (OTP), which is discussed in further
detail afterward.

Information regarding public transport schedules was acquired from two sources and
dated August 2021. Bus data were downloaded from TravelineData [90] in TransXChange
format. Heavy rail, which offers a convenient public transport solution between major cities
and towns, was downloaded from Rail Delivery Group [91] in CIF format. Both sources
required reformatting into the General Transit Feed Specification (GTFS), and this was
accomplished by using an R package, UK2GTFS [92]. GTFS is an open data format encoding
public-transport stops, stop times, routes, agencies services, and timetables/calendar dates
such that it can be used to build a full public transport network. This information is linked
to a detailed road and path network downloaded from OpenStreetMap, all of which are
used to create a graph to be acted upon by the routing engine of Open Trip Planner.

Figure 3 illustrates the public transport network derived from GTFS data that was
then utilized by Open Trip Planner to compute travel times between supply and demand
sites, as required for FCA modeling. Examples of route schedules are demonstrated in
Figure 4. A total of 900 bus and light rail services and 439 heavy rail services operated
across Wales at the time of the study. All had fixed routes and scheduled operating times
that imposed constraints on the possible routes existing between OA demand centers and
bank and building society branches at specific times of the day or week. Furthermore,
when OTP is asked to compute a route, a maximum walking distance is specified in respect
to reaching a transit stop, possible interchange between services, and getting to the final
destination point as alluded to earlier. Based on findings from previous research [93–96],
we adopted a value of 5 min or 400 m for this parameter. In other words, trip times are
only returned by OTP if they do not exceed this limit within any of the three situations
listed above.
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2.3.4. Software Environment

All FCA models were executed by using a software solution built on open-source
software and operating through a client–server infrastructure, the key components of
which are illustrated in Figure 5. Its design, associated data flows, and detailed mode of
operation are more fully explored and explained elsewhere [97], thus only a summary is
presented here.
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Figure 5. Computing environment and infrastructure used to execute FCA models.

The most critical component of the system is the routing engine (item a in Figure 5) that
constitutes a part of Open Trip Planner (OPT). OTP is free and open-source software (FOSS)
that can be used to calculate routes and journeys from origin to destination for multiple
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transport modes [98]. Given sufficient information, OTP can compute results for private
car; walking and cycling; and for public transport via bus, light rail, heavy rail, and tram.
OTP analyzes a graph (item b in Figure 5), which is a topological network it constructs for
itself from public transport data supplied in GTFS format and from a network of roads
and footpaths sourced from OpenStreetMap [99]. Once fully configured, viable routes are
returned for queries issued through its RESTful API. These are obtained by submitting
URLs carrying parameters to identify the desired mode of travel; the journey start and end
points; and any time constraints, such as the need for departure or arrival within a stated
timeframe. Computed routes are based on Dijkstra’s algorithm and the A-star algorithm.
Journey times for private car are based on road speeds supplied in OpenStreetMap data,
and no account is made for potential congestion. Journey times for public transport are
computed directly from the GTFS timetables.

The second key component is the PostgreSQL [100] database with PostGIS [101] spatial
extension (item c in Figure 5). The database stores information such as the OA population-
weighted centroids, bank and building society branches, results of FCA modeling outcomes,
and various intermediate items of data used during the modeling process. An HTTP server
(item d in Figure 5) holds control scripts, source codes, and support libraries which, together,
control and drive interactions between the routing engine and the spatial database. FCA
models are executed by using a combination of PHP coding, SQL queries issued to the
spatial database, and HTTP GET requests issued to the OTP routing engine.

When applying the FCA models, it was recognized that travelers would typically
expect the time taken to reach a branch when traveling by public transport to be greater
than if traveling by car. To account for this, the floating catchment size specified for public
transport was set to 30 min, while that for private-car travel was set at 15 min. Furthermore,
all models would include trips where a branch could be reached through walking alone,
subject to the 400 m limit described previously. All routes and times between demand
centers and reachable branches derived from OTP are subject to a distance-decay function
when fed into the FCA computation (the “enhanced” two-step floating catchment area
method of Luo and Qi [57]). A simple linear decay function was used, as no empirical
evidence was available to suggest any more appropriate alternative.

3. Results

The outcomes of applying Model 1 and Model 2, as described above, are traditionally
presented though the display of a choropleth map, which is used to visualize how FCA
scores vary geographically across the region. Of particular concern in this study is an
understanding of how the additional refinement of Model 2 (i.e., using a temporal capacity
as the supply-side variable) might influence such outcomes. Unfortunately, drawing
meaningful conclusions through a visual comparison between their respective choropleth
maps is difficult because each model reports a different property: Model 1 returns the
number of available branch sites per population, while Model 2 returns the available branch
opening hours per population. When displayed as choropleth maps, both scores show
broadly similar patterns, and determining if differences between themat are of genuine
significance or simply artifacts arising from the chosen class boundaries is problematic.

To better isolate and focus upon the impact of the additional temporal capacity re-
finement, all FCA scores were first ranked, and then the difference in ranking between
the models was determined. Those OAs whose rank increased or decreased the most
when a temporal capacity was introduced were identified and mapped (see Figure 6) to
highlight where such impacts were the greatest. OAs exhibiting a substantial drop in rank
were found to be almost exclusively located in remote rural areas of Wales. This evidence
supports the suggestion that, although some rural branches may have remained open
rather than closing altogether over recent years, their increasingly limited operating hours
have most likely impacted upon the quality-of-service provision being experienced within
rural communities. Whilst some differences are evident between private-transport and
public-transport users, with public travel tending to show impacts in the more remote
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areas, the overriding pattern remains much the same, and this is reasonable given that both
cohorts seek access to a common set of service delivery points offering the same hours of
service. OAs showing a substantial rise in rank were concentrated in major urban areas and
town centers; this is what might be expected, suggesting that the most generous branch
opening hours occur where the population base is most able to sustain this high level of
service provision. Overall, patterns displayed in Figure 6 highlight the potential bias that
may exist in previous FCA studies that fail to account for service operating hours, and they
also clearly suggest a rural–urban divide in respect to this issue.
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operating hours are also taken into consideration.

The types of analysis and information obtainable from the application of Model 3
where temporal restrictions are further developed is presented in Figure 7. When using
this model, a specific time of the day and day of week for which to report FCA accessibility
scores are specified. During the computation of the scores, any candidate supply site
must meet the following requirements: (a) be open at the time of arrival—this constraint
affects both private and public modes of travel; and (b) be reachable—that is, have a viable
public transport trip that can deliver residents to the site whilst it is open. Private travel is
unaffected by the second constraint, as car travel can take place at any time.
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Figure 7. Comparison of FCA scores in the Pembrokeshire peninsular when temporal restrictions
relating to travel (bus timetables) and service availability (branch opening hours) are modeled. Series
(a–c) report access via public transport on Tuesday at 11 a.m., Friday at 2 p.m., and Saturday at
11 a.m., respectively. Series (d–f) are equivalent maps based on travel by private transport.

To illustrate potential outcomes, we selected three different time periods on three
different days—, Tuesday at 11 a.m., Friday at 2 p.m., and Saturday at 11 a.m. The first
is a time when most branches were known to be open, the second is a time when it was
anticipated that the restricted workday hours of some branches would be likely to have an
impact, and the third was selected to help illuminate the limited availability of banking
services on the weekend. Simultaneously, public transport schedules and frequencies are
also likely to play a significant role in the third scenario. We focused the maps upon the
Pembrokeshire peninsular to better depict the level of detail revealed at the OA level. A
common legend is used for the set of public-transport FCA scores (Figure 7a–c), and again
for the set of private transport scores (Figure 7d–f); however, the breakpoints vary between
the two modes.
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Clearly, and unsurprisingly, lower accessibility scores are returned in respect to public
transport as compared to traveling by private car. It has been noted before [64] that, in
a multi-modal FCA model private transport, scores may increase when compared to a
unimodal model, as they benefit from the modeled lower demand placed upon supply
points from public-transport users. This interaction is prevalent throughout the results,
such that wherever private transport scores increase/decrease this may be attributable
either to a diminished/enhanced capacity of public transport uses to reach the supply sites
or to direct variance in supply site capacity and availability. For example, private-travel
FCA scores vary notably in the extreme northwest peninsular between the Tuesday and
Friday cases—this appears to be attributable to the opening hours of local branches in this
instance, along with difficulties for public transport travelers to reach these services at
these times. Overall, the patterns of accessibility recorded for public transport for Tuesday
at 11 a.m. and Friday at 2 p.m. were quite similar, while those for private transport are
less so, thus suggesting that varying operating hours are driving the results for private
transport and that opportunities that become available for car travelers are not equally
available to public-transport users due to the transport constraints imposed upon them by
scheduled services. While there is evidence that branch opening hours are an important
element of temporal accessibility (of the 464 branches in Wales, the number identified as
open at 11 a.m. on Tuesday was 443, dropping to 339 at 2 p.m. on Friday and 170 at 11 a.m.
on Saturday), this example illustrates that the inability of public transport uses to reach
those branches that are open is also a significant factor in determining the accessibility to
services that they experience.

Such interactions between opening hours and transport availability are also high-
lighted in the analysis of scores determined for weekend services (Figure 7c,f). As noted
above, only around on-third of branches are open on a Saturday morning, and this in-
evitably leads to reduced FCA scores. Even for private travelers, accessibility contracts
to those areas located around market towns, with no service available within a 15-min
drive time for many rural communities. With the added limitations imposed by public
transport services, access for those reliant on travel by bus is severely limited, with the
remaining pockets focused on market town centers and along primary bus routes. The lack
of branches remaining open in rural communities, together with the difficulties experienced
in reaching those that remain open in market towns, leads to the poor provision illustrated
in Figure 7c.

4. Discussion and Conclusions
4.1. Strengths of Adopted Approaches

This study was conducted in the context of the types of information currently being
relayed to potential customers after a decision to close a bank branch has been made. Often
this is restricted to the signposting of alternative locations at which services for that bank
are available to existing customers and some basic information on how far individuals
will need to travel or whether public transport may or may not be available to access such
sites. Such assessments do not routinely consider the operating hours of those services
that remain following reconfiguration in relation to public transport schedules, factors that
may disproportionally impact on vulnerable members of the community or those more
reliant on public transport services who need to travel further to access face-to-face banking
services. In this paper, the aim was to highlight how accessibility measures (based on
floating catchment area tools) can be used to examine such impacts. The weekday and
weekend travel-time scenarios are illustrative of the types of analysis that can be used to
examine potential access on chosen days/times and go beyond what is currently provided
by banks to assess impacts on accessibility.

Another key advancement proposed in this study was the inclusion of detailed public-
transport timetable information within a methodological framework that has enabled a
consideration of the needs of customers who may be more dependent on such modes
of transport. By incorporating such information in conjunction with the opening times
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and availability of banking services, the FCA measures developed have provided more
insights into the types of factors that need to be fully considered and communicated to
customers prior to decisions being made to close a bank or building society branch. The
impact assessments used to defend programs of closures or changes in hours of opening
need to include a holistic assessment of the accessibility implications of the reconfiguration
of banking facilities that includes, if necessary, changes in the timetables of service delivery.
Furthermore, they also need to develop measures that can easily understood in terms of the
supply-to-demand ratios and geographical scales that have been routinely used in previous
attempts at measuring accessibility.

For this paper, we attempted a nation-wide study that incorporates opening times
of banking facilities with public transport data timetables and a census-based estimate
of bus/car travelers that addresses some of the limitations of previous approaches to
measuring accessibility and which points the way to the types of analysis that provide
a more comprehensive assessment of the impacts of proposed or implemented closure
programs at detailed spatial scales. We posit that such visual (map) representations could be
easily included in the material provided to customers but may also aid the initial decision-
making process regarding banks’ reconfiguration programs regarding which bank closures
would have the least impact in terms of overall accessibility nationally.

4.2. Enhancements to This Approach

There are several ways in which the analysis presented here could be enhanced. Firstly,
in common with many of the previous studies in this field, we have assumed that demand
originates from census-derived population weighted centroids and therefore that demand
is based on residential nighttime population totals summarized at a single reference point.
The potential drawbacks of using population weighted centroids in potential accessibility
applications have been reiterated in a recent study examining access to GPs in Newcas-
tle [102]. The implications of using different representations of population distribution in
floating catchment area modeling were discussed by Langford and Higgs [103], and the
emergence of new data sources that could enable more detailed estimates of population
to be included at finer spatial scales within multimodal approaches has been highlighted
in a more recent study of access to several different types of services/facilities in three US
cities [48]. The implications of using ambient populations that take account of changes in
daytime population distribution when examining temporal variations in accessibility by
using public transport data schedules have been alluded to in previous studies [104].

Furthermore, we have no information on trip chaining behavior, trip purpose, real-
time traffic conditions, and wider aspects of the quality of transport provision. It is likely
that people are combining trips to bank branches with other sorts of daily activities and
are often accessing such facilities from their workplace during a typical working day.
This has been shown to impact on accessibility scores in other contexts, for example, in
relation to access to supermarket opportunities by using a measure of cumulative opportu-
nity [105]. Previous studies have shown how these types of factors can be incorporated
within spatial–temporal approaches to measure patterns of accessibility to these types of
non-work destinations [106].

Such research can be further enhanced by incorporating traffic information available
from routing and public transit APIs which may more accurately represent the disparity
between road and transit times when accessing facilities [76,107,108]. Aligned to this is the
need to incorporate temporal variations in transit accessibility associated with travel time
uncertainty to provide a more realistic estimate of public-transport travel times [50,109].
Because of the ethical and privacy considerations, we have no information on the actual
banks used by customers nor the percentage of residents visiting banks by modal choice,
so we have resorted to proxies that involves measuring access for all people to the bank
and building society branches in the threshold times considered.

Individual activity patterns that include travel behaviors and information about cus-
tomer needs and patronage would enhance the types of analysis presented in these types
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of studies, including the choice of parameters used in the FCA models (e.g., the thresholds
adopted or the calibration of distance-decay functions by mode of transport). For example,
such research could be enhanced by considering refined measures of modal splits and
variable threshold distance or travel times, based on origins and/or travel mode, used to
implement the models, perhaps drawing on detailed household travel surveys collected by
relevant organizations [41]. This could further guide the choice of distance-decay function
parameters to be used in the FCA models, which have been shown to vary by transport
mode and purpose [110]. Should the modal split of customers to these types of facilities be
made available, recent studies have shown how transport modes such as cycling, for exam-
ple, can be considered within multi-modal GIS approaches [111]. Additional assumptions
relate to the use of assumed speeds through the road network used to estimate time taken
to access facilities and the need to incorporate congestion and other factors related to the
state of the transport network.

4.3. Future Developments

Further research could involve a sensitivity analysis using other population-demand
geographies such as postcodes or by using different distance metrics when accessing public
transport. In this study, we assumed that people will walk, on average, 400 m (a five-minute
walk) to access bus routes—a standard based on the findings from previous studies, as
well as UK Department for Transport (DfT) public-transport planning guidance. Others
have used alternative cutoff thresholds; for example, Kotavaara et al. [44] used 1 km to
access bus stops. Moreover, a recent review of international case studies has questioned
the use of this conventionally assumed threshold when analyzing access to bus stops by
drawing attention to the types of influences that may impact on the actual distances people
are prepared to walk to access public transport [112].

Access to services through cycling have not been considered here, but it could be
included as part of refinements of the approach described in the present study. This may
become important, as active travel is increasingly promoted as a potential contributor to
the need to move toward sustainable net-zero transport solutions, and as dedicated cycle
paths become increasingly available. Factors such as the intervening topography between
a trip origin or destination and public transport stops and stations, weather conditions,
the perceived safety surrounding such stops, and other transport related issues could be
considered here especially for potentially vulnerable groups such as the elderly [113,114].
Another relatively under-researched area relates to the demographic (e.g., age, gender,
economic, and health status) and attitudinal characteristics of individuals using public
transport, as such characteristics have been shown to influence the walking capacity to
access public-transport stops [115,116].

Finally, the emphasis here is on physical access to bank and building society branches
and not accessibility by virtual means (e.g., online banking), the delivery of banking
services through mobile units, or banking services available through other facilities, such
as post offices. Such factors need to be considered to give a more complete picture of
the impact of bank closures on local communities. Whilst recognizing the longstanding
importance of including access measures that consider potential impacts for vulnerable
groups [117], we have not at present attempted to relate these scores back to the socio-
economic characteristics of potential customers. Previous research has highlighted the need
to identify “public transport gaps” based on “whether the system brings people to desired
activity locations within an acceptable travel time at the desired time of day” [118] (p. 176).
The ways in which such temporal variations can be considered as part of an overall equity
assessment of social and financial patterns of exclusion will form the basis of our ongoing
research program.
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