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ARTICLE INFO ABSTRACT

Keywords: Travelling long distances to access public service facilities is costly and time consuming, especially to those who
Geographic accessibility suffer the burden of poverty and deprivation. Assessing accessibility based on route-based distances does not
Rural

work well in rural areas of Africa where people often travel along footpaths and dirt roads (in and out of vehicles)
that are not mapped, not necessarily well-defined, could vary based on the season or change over short periods of
time. The South African government therefore recommended that geographic accessibility be assessed based on a
road network that is augmented by connecting communities to the main road network via a triangulated
irregular network (TIN). While this method is recommended, a study about its suitability has not been published.
We do this by describing an implementation, analysing the results and comparing these to other techniques. In
this paper we present and compare the recommended method to geographic accessibility results of two other
frequently used distance measuring techniques: 1) straight-line distances; 2) route-based distances in the road
network. We applied the techniques to South African Police Service stations in the O.R. Tambo District Mu-
nicipality, Eastern Cape, South Africa, which is characterized by rural villages scattered across the landscape, not
connected to the road network and where data for footpaths and dirt roads does not exist. The results confirm
that in the absence of a completely mapped travel network, the recommended method is a suitable alternative for
measuring geographic accessibility in rural areas of Africa without having to spend time and money on mapping
footpaths and dirt roads that keep on changing anyhow. However, the results reveal sensitivity to the threshold
distance and significant local variation depending on distance from urban areas and proximity to natural barriers
such as rivers. The latter must be considered when deciding whether to apply the recommended distance
measurement technique in rural accessibility studies. Further research could compare the techniques for other
study areas and also refine the method, e.g., by experimenting with different algorithms for centroids of
populated areas and finding ways to estimate travel speeds on TIN arcs.

Triangular irregular network
South Africa

1. Introduction deprivation. Knowing where the population demand is in relation to

public service facilities provides decision makers with valuable infor-

Despite rapid urbanization in Africa, large parts of the continent are
still characterized by sparsely populated non-urban areas with limited or
poor road infrastructure. Rural access is essential for reducing poverty
and supporting inclusive economic growth. Yet, in many African coun-
tries, farmers are disconnected from markets due to poor transport
connectivity (Transport and ICT Global Practice, 2016) and more
generally, rural populations are often disconnected from public services.
Travelling long distances to reach these facilities is costly and time
consuming, especially to those who suffer the burden of poverty and

mation for connecting the rural population to public services.
Accessibility measures how reachable a set of locations is by a
particular group of people, and is the most widely used metric for access
to public services (Church and Murray, 2009). It can be measured in two
ways: geographically, by considering distances to be travelled by people
to reach the closest location, or socially, by considering people’s
behaviour (Kwan, 2009; Miller, 2007; Neutens et al., 2010). In a rural
context, where service providers are far apart, physical distances are
adequate for assessing geographic accessibility (Neutens, 2015).
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However, the travel network data for rural or non-urban areas is often
not available and it takes much time and effort to collect and prepare for
accessibility studies (Blanford et al., 2012; Ilie et al., 2019). Inaccurate
accessibility measurements based on limited data may lead to poor re-
turn on investment when public service facilities are added or removed
with the aim of improving accessibility and could also lead to public
dissatisfaction with service delivery (Masiya et al., 2019).

Large parts of rural South Africa also have transport connectivity
challenges. Despite post-apartheid reform initiatives aimed at improving
equitable access to public services in South Africa, the struggle to ach-
ieve this is not yet over (Van Rensburg, 2014; Masiya et al., 2019). To
this day, there are structural differences between the former white
‘platteland’, rural areas where mostly commercial farming takes place,
and former homelands, rural areas with mostly subsistence farming on
tribal land. The former homelands are characterized by backlogs in
infrastructure such as streets, water, electricity and sanitation, and they
are also still poorly mapped. The Rural Transport Strategy noted that
“rural people have vastly inferior access to basic social services and the
economic mainstream” (Department of Transport, 2007). Many people
travel by foot between rural settlements or to public transport pickup
points. In some cases, they have to walk several kilometers before
reaching the road network and travel a further distance in vehicles on
unmapped dirt roads before reaching the government maintained roads.
High occurrence of rural poverty, remoteness and low population den-
sities make it difficult to develop and integrate these areas (Department
of Transport, 2007).

The ultimate goal would be to improve rural accessibility through a
road network, as specified in indicator 9.1.1 of the United Nations
Sustainable Development Goal (SDG) global indicator framework,
which measures the “proportion of the rural population who live within
2 km of an all-season road” (United Nations Statistical Commission,
2016). For the time being, we are left with no other choice than to
consider walking routes and dirt roads when assessing accessibility. In
this context, accurate measurement of accessibility is difficult because
footpaths or walking trails and dirt roads are usually not included in
datasets of government maintained road networks, and often they are
not even mapped at all. Moreover, footpaths and dirt roads may vary
depending on the season and identifying them on aerial imagery (e.g. for
remote digitizing via OpenStreetMap) can be difficult.

Consequently, the Department of Public Service Administration
(DPSA) guidelines for measuring geographic accessibility aimed at
improving geographic access to government service points in South
Africa recommend that the road network data be improved by using
triangulated irregular networks (TIN) to connect communities and ser-
vice points to the main road network (DPSA, 2012). In data poor areas,
the TIN serves as proxy for footpaths and dirt roads, as an alternative to
the time intensive work of preparing a travel network that may anyhow
vary depending on the season. While government recommends this
approach, a study of its suitability in rural areas of South Africa,
description of its implementation, and analysis and comparison to other
methods has not been published to date. We therefore assessed the
suitability of the recommended approach by implementing it for a rural
part of South Africa and compared the accessibility results to that of two
other frequently used methods, with reference to threshold distances for
police stations specified in the South African guidelines for provision of
social facilities (Green and Argue, 2012).

In this paper we describe how we implemented the DPSA recom-
mended approach by combining the government maintained road
network for in-vehicle travel with a TIN that represents unmapped
footpaths and dirt roads for both in-vehicle and out-of-vehicle travel. We
compared the geographic accessibility results of three distance
measuring techniques: 1) straight-line distances; 2) route-based dis-
tances in the road network; and 3) route-based distances in an
augmented travel network. Since the South African guidelines specify
threshold distances for police stations (Green and Argue, 2012), we only
considered distance, not travel speeds on different kinds of roads. The
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next section provides background about accessibility, how it can be
measured and the particular knowledge gap that is addressed in this
paper. In Section 3, we describe the study area, explain which data and
software were used, and how we compared the accessibility results. In
Section 4, we explain how the road network was augmented and
compare the accessibility results for the three distance measurement
techniques. In Section 5, we discuss results with specific reference to the
suitability of this method in rural areas. Section 6 concludes.

2. Literature review and knowledge gap

Accessibility measures how reachable a set of locations is by a
particular group of people, and is the most widely used metric for access
to public services (Church and Murray, 2009). Accessibility is multi-
faceted and can be measured in different ways. For example, health
care service accessibility has been measured by assessing the costs of
health care utilization (affordability), health service compliance and
satisfaction (acceptability), adequacy of health service provision
(availability), travel impedance between patients and providers
(geographic accessibility) and appropriateness and suitability of health
services (accommodation) (Neutens, 2015). Researchers also distinguish
between place-based and people-based measures of accessibility (Miller,
2007; Neutens et al., 2010; Kwan, 2009). Place-based measures consider
the closeness between a key location in an individual’s life (e.g., home or
workplace) and desired locations (e.g., a service provider location),
while people-based measures consider the activities of individuals in
space and time, and how they use places in the real and in the virtual
world (Miller, 2007).

In this paper, the focus is on geographic accessibility, a form of place-
based accessibility, also sometimes referred to as spatial or physical
accessibility. Geographic accessibility is “the degree to which transport
systems enable people to reach desired activity locations” (Neutens,
2015) or “the relative ease by which the locations of activities, such as
work, shopping, and health care, can be reached from a given location”
(Luo and Wang, 2003). The DPSA guidelines define accessibility as “the
supply and demand of facilities within a defined area by making use of a
movement network” and recognizes the “combined effects of various
factors in determining the optimal size, number and location of facilities
to meet the demand of citizens within reach of them”.

Geographic accessibility can be measured in different ways. The
simpler metrics are generally favoured because they are easy to imple-
ment and directly interpretable in absolute units, which make them easy
to understand. Examples are the ratio between potential users and the
number of service locations or the distance or travel time between po-
tential users of the service and locations where the service is provided.
Travel time depends on the mode of transport, e.g. walking vs driving,
and therefore requires more information than ‘just’ the line segments of
a road network. In more complex gravity-based metrics there is a trade-
off between the size and/or quality of health care facilities and travel
impedance (Neutens, 2015). Researchers have confirmed that in
developing countries, physical separation between users and providers
is the most important resource constraint in achieving equitable access
to services (Hundt et al., 2012; Kahabuka et al., 2011; Miiller et al.,
1998; Ndirangu et al., 2009; Noor et al., 2003; Poku-Boansi et al., 2010;
Stock, 1983; Tanser et al., 2001). In a rural context where service pro-
viders are far apart, physical distances are adequate for assessing
geographic accessibility (Neutens, 2015).

In the public sector ‘acceptable proximity’ usually specified, mean-
ing that if a service is located within a specified threshold (maximum)
distance, the service location is ‘acceptable’ and it is accepted that the
user (or population) is covered (Drezner and Hamacher, 2002). Along
this line, the guidelines for the provision of social facilities in South
African settlements acknowledge that geographic accessibility can be
specified as distance or travel time, but except for fire stations, only
distances are specified. Threshold distances are also specified because
the population density varies significantly across the country and it is
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therefore difficult to specify a population threshold (Green and Argue,
2012). This study therefore considers geographic accessibility based on
distances.

Distance-based accessibility can be measured either from the popu-
lation perspective or from the service provider perspective. Accessibility
by the population is indicated by the shortest distance between the
population and a service provider location; a shorter distance implies
better accessibility by the population. Accessibility of the service pro-
vider is indicated by the size of the population within a specified
threshold distance from a service provider location; a larger population
implies better accessibility of the service provider location. Accordingly,
the widely used two-step floating catchment area (2SFCA) method (Luo
and Wang, 2003) measures geographic accessibility in terms of both the
size of the population catchment (service provider locations that fall
within a threshold distance) and the size of the service catchment
(population within a threshold distance) (Mcgrail and Humphreys,
2009).

There are different ways of measuring distance, e.g., by calculating
the distances between locations based on straight-line distances on a
sphere or spheroid, by calculating shortest routes between locations via
aroad network, or by calculating distances on a contiguous surface, e.g.,
divided into grid cells, so that accessibility is a function of the spatial
structure of the surface (Rodrigue et al., 2009). Accessibility based on
straight-line distances is simpler to calculate, e.g., as Euclidean distance
or Manhattan distance, but ignores the travel network and natural
barriers (Boscoe et al., 2012). This may cause deviation from actual
travel distances (Salonen et al., 2012; Polo et al., 2013) and may over-
estimate the population within a certain threshold distance from a
location (Mavoa et al., 2012). Furthermore, accessibility based on
straight-line distances ignores the mode of transport that is used.
However, this technique is used most frequently because it is so simple
to calculate (Boscoe et al., 2012). Calculating distances in a network
provides a more accurate reflection of travel distances, but requires
network data and processing of routing algorithms. Contiguous acces-
sibility is useful in areas where road network data is not available and/or
where people travel on foot (see e.g. Blanford et al., 2012; Pozzi and
Robinson, 2008; Tanser, 2006; Tanser et al., 2006).

Several researchers have compared geographical accessibility based
on distance types and found that accessibility varies significantly
depending on the type of distance used. See for example, Apparicio et al.
(2008, 2017) for health services; La Rosa (2013) and Higgs et al. (2012)
for greenspaces and Polo et al. (2013) for rabies vaccination sites. Also,
there are often localized variations due to the specificities of an area
(Boscoe et al., 2012). This points to the importance of carefully choosing
not only a distance type appropriate for the task at hand, but also
carefully considering the impact of a specific threshold distance in a
study area.

The lack of geospatial data is reported as a challenge in many
accessibility studies (e.g., Al-Taiar et al., 2010; Ndirangu et al., 2009;
Miiller et al., 1998). As a result, some researchers spend much time and
money on collecting and improving data (Blanford et al., 2012; Noor
et al., 2006; Tanser et al., 2006) or simply revert to using straight-line
distances (Al-Taiar et al., 2010; Feikin et al., 2009; Noor et al., 2003;
Schoeps et al., 2011; Tanser et al., 2001). Noor et al. (2006) laments that
sophisticated access models cannot be scaled up to the national level
with precision if the paucity of geospatial data is not addressed. The lack
of data calls for “creative GIS methodologies” (Neutens, 2015), of which
the method presented in this paper is a good example.

The DPSA’s recommendation to augment travel networks with a TIN
is an example of a scalable solution in the case of data poor rural areas.
While this is recommended, to date, suitability through an assessment of
such an implementation and analysis of the accessibility results has not
been published. Accessibility studies for South Africa reported in liter-
ature, e.g., Baloyi et al. (2017) for public ambulances in the City of
Tshwane, Mokgalaka et al. (2013) for primary health care demand in the
City of Cape Town and Green et al. (2014) for fire stations across South

Journal of Transport Geography 115 (2024) 103808

Africa, have not applied the government recommended approach and/
or were conducted for metropolitan areas.

3. Method
3.1. Study area

The O.R. Tambo District Municipality is in the Eastern Cape Prov-
ince, located in the south-east of South Africa, see Fig. 1. We chose this
district municipality for our study because of its large population living
in a rural setting far away from roads that are maintained by the gov-
ernment; government datasets usually include only those roads main-
tained by them.

Among district and metropolitan municipalities in the Eastern Cape,
the O.R. Tambo District Municipality has the largest population. Of the
1.3 million people, only 13.9% reside in urban areas, based on the
definition for an urban area provided by Statistics South Africa for the
2011 Census (Statistics South Africa, 2012). Many areas of South Africa,
including significant parts of the Eastern Cape, were never proclaimed as
urban areas, and can only be classified as such by aerial photographs.
Because they were not proclaimed, there was little or no service delivery
(e.g., roads, electricity, waste removal, addressing) in these areas (Sta-
tistics South Africa, 2019). Many of these areas, even today, are gov-
erned by traditional authorities, and not municipalities, therefore
service delivery (incl. Transportation systems), spatial planning and
land use management are often not implemented optimally (du Plessis,
2018). Based on 2016 data, the Eastern Cape is the province in which the
highest proportion of people live in poverty in all its dimensions (12.7%)
(Statistics South Africa, 2021). Understanding and improving accessi-
bility is one way of alleviating poverty in rural villages (Lucas, 2011).
The CSIR guidelines for the provision of social facilities in settlements
specify recommended maximum travel distances to social facilities,
aimed at improving access to social facilities in South Africa. For police
stations, the following is specified: “8km urban/metro; 15km peri-
urban; 24km rural and settlement type E (small towns/ isolated
regional service centres)” (Green and Argue, 2012). People visit police
stations for services, ranging from reporting a crime or missing person,
to the certification of documents and police clearance certificates (SAPS,
2023).

The map in Fig. 2 shows the urban areas, 19 police stations (three of
them in Mthatha) and road network in the study area, while the inset
map confirms that many people live in areas with limited or no access to
the road network maintained by government. It shows the total road
length (km) per person in a small area (blank or white areas on the map
are unpopulated). The satellite image in Fig. 3 reveals the unmapped dirt
roads and footpaths in a non-urban area of O. R. Tambo District
Municipality.

3.2. Accessibility comparison

As a first step, we prepared the augmented travel network by con-
necting the centroids of small areas (smallest available Census area, see
3.3) to the road network and then augmenting this network with a TIN,
as described in 4.1.

As a second step, we calculated three cost matrices for the distances
between police stations and centroids of non-urban small areas, one
each for the three distance measurement techniques:

A. Straight-line distance
B. Shortest route in the road network
C. Shortest route in the augmented travel network

A cost matrix specifies the costs between two sets of elements — in this
case, a set of origins and a set of destinations. Cost refers to the distance
between origin (small area centroid) and destination (police station).
With the exception of fire stations, South African guidelines specify
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Fig. 1. O. R. Tambo District Municipality in the Eastern Cape, South Africa (Data sources: Municipal Demarcation Board, OpenStreetMap, Statistics South Africa

and NAVTEQ).

accessibility thresholds in terms of distance (Green and Argue, 2012)
and we therefore considered only distance, not travel speeds on different
kinds of roads. From these matrices, the nearest police station (desti-
nation) for each small area centroid (origin) was identified. Based on
this, we computed the geographic accessibility by the population of each
small area centroid (distance to the closest police station) and
geographic accessibility of the police station (the sum of populations of
small areas for which a particular station was identified as the closest
station). Accessibility results for the three distance measurement tech-
niques are presented in 4.2.

We compared the accessibility by population (4.2.1) and the acces-
sibility of the police station (4.2.2). Next, we compared the geographic
accessibility results for the three distance measurement techniques sta-
tistically, based on the variance between the three measurement tech-
niques (4.2.3), total squared error (TSE) and mean squared error (MSE)
between the augmented travel network and the other two techniques
respectively (4.2.4), and the error rate per locality (4.2.5). For the latter,
we also used a local indicator of spatial association (LISA) statistic to
identify and visualize spatial patterns of high and low error rates be-
tween the different techniques (Anselin, 1995). Lastly, we plotted a
Lorenz curve and calculated the Gini coefficient to measure equality of
accessibility for each technique respectively (4.2.6). Although the Lor-
enz curve was originally created to measure the level of inequality based
on the concentration (or distribution) of wealth (Lorenz, 1905), it is also
widely used to measure inequality with regards to geographic accessi-
bility (Cromley, 2019),(Azmoodeh et al., 2021), (Rofé et al., 2015;
Guzman et al., 2017).

3.3. Data and software

For our study, we used a road dataset for the Eastern Cape Province
provided by AfriGIS (https://www.afrigis.co.za/). Population data is
available by Statistics South Africa for the most recent Census in 2011 at
different levels of a spatial hierarchy: province, municipality, main-
place (~towns), sub-place (suburbs or villages) and small area. A
small area is created by combining all the enumeration areas with a
population of <500 with adjacent enumeration areas within the same
sub-place. The centroid of a small area polygon was used to represent the
origin of a trip to a police station (destination). The locations of South
African Police Service (SAPS) stations were obtained from the Depart-
ment of Public Service and Administration. Major dams and rivers were
identified from the 1:50000 topographic data from the Chief Direc-
torate: National Geo-spatial Information (http://www.cdngiportal.co.
za/cdngiportal/) and steep mountainous areas from the 30-m digital
elevation model (DEM) from the Shuttle Radar Topography Mission
(SRTM) (https://earthexplorer.usgs.gov/). Satellite imagery from Goo-
gle Maps was used throughout the study for visualization, orientation
and general route verification. Preparation of the travel network and
distance calculations were done in TransCAD 4 (https://www.caliper.
com/tcovu.htm). The LISA statistic was calculated in GeoDa (https://g
eodacenter.github.io/index.html). Maps included in this paper were
prepared in Maptitude (https://www.caliper.com/maptovu.htm) and
GeoDa.
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Fig. 2. Urban areas, police stations and the road network in O. R. Tambo District Municipality. The inset map indicates road density per person for each small area

(Data sources: see 3.3).
4. Results
4.1. Preparing the augmented travel network

The first step was to create a centroid for each non-urban small area
in the Census data. These centroids represent the origin of a trip to a
police station by anyone living in that small area. Next, each centroid
and each police station (destination) was connected to its nearest road
segment (Fig. 4a), and the connecting links were added to the road
network (Fig. 4b).

Next, a triangular irregular network (TIN) was created. A TIN is a
vector based representation of a surface, comprising a number of points
connected by lines (arcs) to create triangular shapes (Lloyd, 2010). In
our case, the TIN comprises straight lines between small area centroids
in non-overlapping triangles (Fig. 4c). TIN lines were removed if they
crossed (or intersected) major dams, rivers or steep mountainous terrain
(Fig. 4d). The latter was identified by converting a 30-m DEM into a
raster slope. Areas with a slope steepness of >16 degrees (strong slope)
were considered to be mountainous and not suitable for travelling (https
://geographyfieldwork.com/SlopeSteepnessindex.htm). The remaining
TIN lines were added to the travel network and serve as a proxy for

unmapped dirt roads and footpaths. We refer to this network as the
augmented travel network (Fig. 4e). Fig. 5 displays the road network
and the augmented travel network for the O.R. Tambo District Munici-
pality. A comparison (by visual inspection) confirms that the augmented
travel network has much wider coverage than the road network.

4.2. Results for the three distance measurement techniques

4.2.1. Geographic accessibility by the population

In Fig. 6, small area centroids are coloured according to their dis-
tance from the closest police station. The three maps - (A), (B) and (C) -
represent the three different distance measuring techniques. An esti-
mated coverage area for each police station was calculated based on the
respective distance measurement technique: ‘normal’ straight-line
Thiessen polygons, a coverage area based on routes in the road
network, and a coverage area based on routes in the augmented travel
network. From visual inspection, it is clear that most small area cen-
troids are within a straight-line distance of 16 km from the closest police
station (blue dots). For the other two techniques, a significantly larger
number of small area centroids are further away and even more cen-
troids are further than 24 km from a police station (yellow and red dots).
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Fig. 3. Satellite image revealing unmapped footpaths and dirt roads in a non-urban area of the O. R. Tambo District Municipality (Data sources: see 3.3).

Areas 1, 2, 3 and 4 identified by the ovals on the maps show that in
comparison to routes based on the road network (B), routes based on the
augmented travel network (C) improved the accessibility results in
remote non-urban areas where there are very few government main-
tained roads. This shows that geographic accessibility to services in non-
urban areas is underestimated for the road network techniques.

Area 5 shows that a much longer distance to the closest police station
was calculated for measurement techniques B and C (>32 km),
compared to A, the straight-line distance technique (8 to 24 km). A
major river (see Fig. 2) runs between the settlements (small area cen-
troids) and the two nearby stations. Since B and C consider natural
barriers, such as major rivers, in their routes, the travel distances for
them are notably longer.

4.2.2. Geographic accessibility of the police station

Fig. 7 shows, for each of the three distance measuring techniques,
how many people live within different threshold distances from the
nearest police station. At a threshold distance of approximately 16 km,
the three techniques are very similar, but for smaller or larger threshold
distances they differ significantly. The graph reveals that straight-line
distances (orange line in the graph) overestimate the population
within 0-8 and 8-16 km from a police station and underestimate the
population for larger threshold distances. When comparing the popu-
lation covered by the road network (blue line) with that covered by the
augmented travel network (black line), one can see that for smaller
threshold distances the augmented travel network ‘covers’ a larger
population because the TIN connects the population ‘beyond’ the road
network. For larger threshold distances, the augmented travel network
‘corrects’ the overestimation of population coverage due to from routes
based on the road network only: in the latter the distance between origin
and road network is ignored, while the former incorporates this distance
through the TIN augmentation.

When comparing the number of people within a distance band
against the average for the three techniques, it can be observed that the

population size calculated for the augmented travel network is closest to
the average. See Table 1. This suggests that shortest routes based on the
augmented travel network provide a more generalised (or averaged out)
result compared to the others, and that the other techniques tend to
over-, or underestimate the size of the population.

4.2.3. Spatial pattern of the variance between the three distances

For each small area centroid (origin), we calculated the variance
between the three distances to the nearest police station (destination). A
high value indicates high variance between the three distances, and vice
versa. In Fig. 8, the small area centroids are categorised according to the
variance calculated for the three distances. Low variance values (blue
and purple dots) can be observed for the majority of small area centroids
in proximity of the urban areas where there are police stations, indi-
cating that there is no significant difference in the three distances. The
high variance values (yellow and red dots) are further away from the
urban areas. Closer inspection of the map shows that these dots are
sometimes separated by a river from the urban areas.

In Fig. 9A, only small area centroids with variance values above the
average of 26 (see Table 2) are displayed. This represents 591 (22.7%) of
the 2604 small area centroids in the study area, or 232,135 people
(19.45%) from a total population of 1,193,688 in the rural parts of O.R.
Tambo District Municipality. A similar pattern, with a less distinct
spatial distribution, was observed when small area centroids with
variance values above the median of 4.6 were displayed, see Fig. 9B. A
total of 1296 (49.8%) small area centroids are included on the map,
which represents 535,823 people, i.e., 44.89% of the population in the
district. These results confirm that there is significant local variation in
the three distance measurement techniques. The spatial distribution of
variances further confirms that the distance measurement technique is
sensitive to the urban / rural classification of an area: the choice of
distance measurement technique in non-urban areas has a more signif-
icant impact than in urban areas.
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4.2.4. Total squared error (TSE) mean squared error (MSE)

The TSE and MSE measure the overall error rate of the augmented
travel network (C) against each of the other two techniques (A and B).
These values show how the accessibility measurements of A and B differ
from C. The TSE was calculated as follows:

TSE = Z (ai—aAug.i)z

Where a,,; is the distance measured per small area centroid for the
augmented travel network technique (C) and q; represents the distance
measure for the other two techniques; A and B. MSE is the TSE divided
by the number of distances.

Both the TSE and MSE between C and A are higher than corre-
sponding values between C and B, indicating greater distance variation
between the accessibility measurements of C and A (See Table 3). The
lower TSE and MSE between C and B are the result of both techniques
using a road network, considering natural barriers such as mountains
and large rivers which influences the distance measurements in rural
areas; this is not the case for straight-line distances.

4.2.5. Spatial pattern of the error rate per locality

To identify the spatial patterns of these error rates per locality, the
following formula was used:
error rate per locality = &~ Gaugi

aAug,i

A local indicator of spatial association (LISA) statistic was used to
detect hot or cold spots of high and low error rates as well as outliers. A
local Moran’s I was calculated to determine whether adjacent small area
centroids have similar error rates and whether they are part of a spatial
cluster. The LISA statistic groups the small area centroids into four
categories: High-High (dark red), Low-Low (dark blue) and the outlier

categories of Low-High (light blue) and High-Low (light red), see Fig. 10.
For the purpose of this study, High-High represents a high error rate of
small area centroids that are also in close proximity to each other. Low-
Low represents clusters of low error rates.

When comparing the augmented network technique (C) against the
other two techniques, the highest number of hot-spot clusters with High-
High and Low-Low error rates was between the augmented travel
network (C) and the straight-line distance (A), see Fig. 10a. The clusters
are generally situated in areas where the augmented travel network
improved the level of accessibility because small area centroids are
connected to the road network and augmented with the TIN. Similar to
the variances, these error rate clusters are more prominent in non-urban
parts of the study area, suggesting significant differences in the distance
calculations and therefore accessibility results. A positive local Moran’s
of 0,518 also emphasizes a high level of spatial clustering. 740 small
area centroids are not significant (grey dots), i.e., there is no significant
difference in the distance calculations, but the map shows that many of
these centroids are situated closely to a police station.

Fewer spatial clusters are observed when the error rate per locality
between the augmented travel network (C) and the road network (B) is
determined, see Fig. 10b. The clusters (High-High and Low-Low) in this
map are more concentrated in certain areas, compared to the map in
Fig. 10a. An even larger number of small area centroids (1464) is not
significant.

4.2.6. Lorenz curve and Gini coefficient for measuring inequality

The Lorenz curve provides a visual representation of the cumulative
distribution of population vs access (distance) for the three techniques,
see Fig. 11. The grey line indicates maximum equality.

The Gini coefficient calculates a value between 0 and 1, where 0 in-
dicates perfect equality and 1 indicates complete inequality: O indicates
that all people have the same level of access (distance) to the nearest
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Fig. 6. Geographic accessibility by the population: shortest distances between small area centroids and their nearest police station based on the three distance
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Fig. 7. Geographic accessibility of the service provider: size of the population within different threshold distances based on the three distance measure-

ment techniques.

police station.

Results from the three techniques indicate a high level of inequality
in each case. The straight-line distance technique (A) measured the
lowest level of inequality (0.43), see Table 4. The road network tech-
nique (B) measured the highest level of inequality, with a Gini coeffi-
cient of 0.49, followed by the travel network (C) with a value of 0.48,
indicating a balance between the A and B. In other words, if the straight-
line distance technique is used, governments underestimate inequality
and overestimate service delivery.

5. Discussion

In this research, we implemented the government recommended
approach for measuring geographic accessibility in rural areas, and
analysed and compared the results to other techniques. Geographic
accessibility results were compared for three different types of distances.
As expected, the TSE and MSE confirmed that the distance differences
between the augmented travel network (C) and straight-line distances
(A) are larger than those between the augmented travel network (C) and
the road network (B).
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Size of the population within different distance bands, based on the three techniques and compared to the average population
size for the band. The smallest difference to the population average is shaded in grey.

Population average based on the

three different techniques
Technique

(A) Straight-line distance

(B) Road network

(C) Augmented travel network

315706
Less than 8km
97 742
-66 980
-30 763

498 197

>8 to 16km
123 607
-127 209

235846
>16 to 24km
-102 078
77 194
24 883

89070

>24 to 32km
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70931
-6 458

54 869
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-54 799
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Fig. 9. Small area centroids with high variance in the three distances:
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above the average of 26 (a) and above the median of 4.6 (b).
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Table 2
Descriptive statistics of the variance values for the
three distances.

Variance Value
Average 26.0
Median 4.6
Min 0.0
Max 865.7
90% Percentile 58.5
80% Percentile 31.5
20% Percentile 0.7

Table 3
TSE and MSE of the augmented travel network (C) against both (A), straight-line
distance and (B) the road network.

Comparison TSE MSE
(C) Augmented travel network and (A) Straight-line distance 168,035 64.5
(C) Augmented travel network and (B) Road network 100,773 38.7

When there are physical barriers in an area, which is the case in the
study area, straight-line distances do not correlate well with route-based
distances (Boscoe et al., 2012); straight-line distance calculations tend to
overestimate catchment areas. The results in 4.2.1 confirm that straight-
line distances are not appropriate for measuring geographic accessibility
by population (shortest distance to a police station) in the study area:
many people have to travel >16 km to a police station but the straight-
line distances do not reflect this. Similar to what others have found (e.g.,
Mavoa et al., 2012; Polo et al., 2013), straight-line distances over-
estimate the population within smaller distances, e.g., 0-8 km from a
police station in this study, and underestimate the population for larger
threshold distances, such as 24-32 km and also distances further than
32 km in the study area. Based on the Lorenz curves for the Gini coef-
ficient of the three distance measurement techniques, straight-line dis-
tances underestimate inequality and overestimate service delivery.
Therefore, if decision makers in government consider accessibility
measured with straight-line distances, this could lead to a slow-down in
the much needed roll-out of services in previously disadvantaged non-
urban areas.

A comparison of the population averages shows that route-based
distances in an augmented travel network provide a generalised result,

Augmented travel network (C)

vs straight-line distance (A)

Not Significant (740)
High-High (1056)
Low-Low (592)
Low-High (92)
High-Low (124)

Local Moran’s [ =0.518
LISA Significance: p<=0.05

Journal of Transport Geography 115 (2024) 103808

while the other two techniques either over-, or underestimate the pop-
ulation coverage. For example, the road network technique un-
derestimates the accessibility of the population in non-urban areas in
comparison to the augmented travel network. This can be explained by
the fact that when measuring geographic accessibility based on a road
network, the distances between villages and their nearest road segment
are not considered. Furthermore, natural barriers that may occur on
these routes are not considered, nor the fact villages may be connected
by footpaths. These results also confirm that the distance measuring
technique impacts geographic accessibility results (Higgs et al., 2012; La
Rosa, 2013). Based on the above, one can conclude that the government
recommended method of calculating distances in a road network
augmented with a TIN is suitable in the study area.

The three techniques are specifically sensitive to a threshold distance
of 8 km because the size of the population within this threshold distance
differed significantly between the three techniques. For a threshold
distance of 24 km, the differences were not as significant. This confirms
that the threshold distance should not be specified universally, but
rather in consideration of local specificities (Boscoe et al. 20,212). For a
threshold of 8 km or less, the government recommended method of
augmenting the travel network with a TIN improved the accuracy of
accessibility results, confirming the suitability of the method for the
threshold distance specified in the guidelines.

Similar to Boscoe et al. (2012), significant localized differences were
detected in the variance between the distances measured for each small
area centroid in the study area. A high variance was observed in non-
urban areas, indicating substantial differences in the distance calcula-
tions for small area centroids in these areas. Closer to the urban areas,
the variance was significantly lower, i.e. smaller differences in the dis-
tance calculations. Similarly, LISA maps showed more clusters of error
rates per locality in non-urban areas. These results can be explained by
the fact that there are more roads in and around urban areas and also
because these roads are typically maintained by a municipality and
therefore included in the data. This confirms that the government rec-
ommended method improves the accuracy of accessibility results in data
poor rural areas. The method could provide a much needed scalable
approach in data poor areas, also in other countries (Noor et al., 2006).

There are some limitations to our study. Firstly, our method of
removing TIN edges, may not have considered all natural barriers. To
improve the accuracy, one could consider other methods, such as the
convex path presented by Hong and Murray (2013) or one could employ
machine learning techniques to detect barriers on imagery or

Augmented travel network (C)

vs road network (B)

Not Significant (1464)
High-High (611)
Low-Low (304)
Low-High (91)
High-Low (134)

Local Moran’s I = 0.147
LISA Significance: p<=0.05

Fig. 10. LISA results and Moran’s I for the augmented travel network technique (C) against the straight-line distance (A) and road network (B) techniques

respectively.
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Fig. 11. Lorenz curve showing the cumulative level of accessibility over population based on the three distance measurement techniques.

Table 4
Gini coefficient for the three distance measurement techniques.

Distance measurement technique Gini coefficient

(A) Straight-line distance 0.43
(B) Road network 0.49
(C) Augmented travel network 0.48

incorporating additional topographical data sources. If the situation
warrants it, one could even consider manual processing but care should
be taken not to spend so much time that the method is not cost effective
anymore. Secondly, because rural areas tend to be sparsely populated,
they tend to have larger enumeration areas and consequently the small
areas are also larger. The accuracy with which a centroid represents the
population, depends on how the population is distributed across an area
(the checkerboard problem). For example, a single village situated in a
‘corner’ of the enumeration area is not accurately represented by a
centroid in the ‘middle’ of the enumeration area. In this study, centroids
were determined based on the geographic centre of a polygon. One
could experiment with different algorithms to determine whether they
influence the geographic accessibility results. Alternatively, populated
areas could be detected from satellite areas.

Our study reveals the impact of geospatial data scarcity on
geographic accessibility results and confirms the complexity of
measuring equitable access in countries with vastly different urban and
rural areas, not only in developing countries with rural areas similar to
those in this study area (Gabrysch et al., 2011), but also in sparsely
populated developed countries such as Canada (Law et al., 2013). Ma-
chine learning techniques that employ raster-based image recognition
algorithms to identify and map footpaths could also contribute to

12

improve data paucity (Fabris-Rotelli et al., 2022).

Our study worked with distance-based thresholds for accessibility, as
this is how they are currently specified in South African guidelines
(Green and Argue, 2012). Working with distance only (not considering
travel speeds on different kinds of roads) is a limitation, especially in
rural areas, where people often walk to public transport pickup points
and then travel the last part of the route in a vehicle — to travel 20 km to a
police station in a rural area will take much longer than 20 km in an
urban area. Further research should look into how one could automat-
ically assign a travel mode to different segments of the TIN so that
accessibility can be measured in terms of travel time. Additionally, a
comparison of distance-based accessibility results vs travel time-based
accessibility results would provide evidence and justification for
changing policies accordingly.

6. Conclusion

In this research, we implemented the government recommended
approach for measuring geographic accessibility in rural areas, and
analysed and compared the results to other techniques. While this
method is recommended, a description of an implementation of this
method has not been published, and the suitability of its accessibility
results has not been assessed.

As a first contribution, the paper provides a detailed description of
how the recommended method was implemented in the study area.
Next, we presented the results of a comparison of geographic accessi-
bility computed based on three different distance measuring techniques:
straight-line distances, shortest routes in a road network and shortest
routes in an augmented travel network (small area centroids are con-
nected to a road network and augmented with a TIN). In the government
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recommended approach, the TIN serves as a proxy for dirt roads and
footpaths that are seldomly mapped, change frequently or vary
depending on the season. The augmented travel network proved to be
useful for threshold values of >8 km because it provides a more
generalised result, reducing under- or over-estimations observed in
other techniques.

Results show that one needs to consider the threshold distance when
choosing a suitable distance measuring technique for geographic
accessibility. Furthermore, the suitability of a distance measurement
technique depends on the proximity to or distance from urban areas.
Closer to urban areas, the techniques deliver similar results, but remote
areas are more sensitive to the choice of distance measuring technique.
The results of our study could inform future guidelines for measuring
accessibility in South Africa.

Further work could consider travel time, instead of distance only, by
specifying travel speeds for different parts of the augmented travel
network, however, the challenge would be to determine which of the
TIN arcs are accessible by vehicles (dirt roads) and which not (footpaths)
so that one can differentiate between in-vehicle and out-of-vehicle
travel. The results could inform the revision of policies which
currently specify accessibility based on distance only. The imple-
mentation of the government recommended method could be further
refined by more accurately identifying barriers, for example by
employing machine learning techniques to imagery (such as least cost
path analysis where various raster-based calculations could be used to
identify potential footpaths) or incorporating other topographical data
sources. In this study, small area centroids were calculated based on the
geographic centre of a polygon. It would be interesting to see whether a
different way of determining centroids, such as a weighted centroid
calculation which considers density patterns inside a polygon, would
influence the results.

The results of this study are important for policy makers who are
challenged with uplifting and integrating rural areas, and have to
measure geographic accessibility in the absence of data. They also need
to understand how different methods for measuring geographic acces-
sibility may affect their planning of supply and demand. The study was
done for the O.R. Tambo District Municipality in the Eastern Cape of
South Africa, however, results are also useful for other rural areas of
Africa where villages are scattered across the landscape and are not in
close proximity to roads included in government maintained datasets.
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