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Abstract: Accessibility analyses are an essential step in the evaluation and planning of urban in-
frastructures such as transport or pipeline networks. However, these studies generally produce
sharply defined lines (called isovarones) or areas (called isovarone areas) that represent the same
or similar accessibility. Uncertainties in the input data are usually not taken into account. The aim
of this contribution is, therefore, to set up a structured framework that describes the integration
of uncertainty information for accessibility analyses. This framework takes uncertainties in the
input data, in the processing step, in the target variables, and in the final visualization into account.
Particular attention is paid, on the one hand, to the impact of the uncertainties in the target values,
as these are key factors for reasoning and decision making. On the other hand, the visualization
component is emphasized by applying a dichotomous classification of uncertainty visualization
methods. This framework leads to a large set of possible combinations of uncertainty categories.
Five selected examples that have been generated with a new software tool and that cover important
combinations are presented and discussed.

Keywords: urban infrastructure networks; accessibility analyses; uncertainty; uncertainty visualiza-

tion; isovarones; isochrones

1. Introduction
1.1. Relevance

Urban infrastructures define the underlying structure foundation of the built envi-
ronment, and include buildings as well as transport, electricity, gas, water and sanitation
connections [1]. They can often be mapped as networks in the sense of geometrical-
topological systems. Examples are networks of traffic routes or pipelines for drinking or
sewage as well as the energy supply. When using and planning such networks, the primary
goal is to enable realizable, effective and efficient movements of people (e.g., in the context
of mobility) or substances (e.g., in connection with basic services).

The effectiveness and efficiency of networks of urban infrastructures can be assessed
in different ways: Firstly, ecological criteria can be used; for example, in the case of
transport networks, CO, emissions, energy consumption (such as fuel or electricity),
or noise pollution. Secondly, economic factors can relate to energy and other costs, as
well as losses in pipelines. Finally, socio-economic criteria such as short travel times to
infrastructure facilities can also play a role, which in extreme cases can even lead to social
isolation [2].

Accessibility analyses are an elementary and important step in analyzing or evaluating
networks. They pursue the “concept of ease of reaching destinations” [3], alternatively “the
potential for reaching spatially distributed opportunities while considering the difficulty
involved in traveling to them [4].

In particular, this type of analysis examines the accessibility either from a location
(e.g., from one’s own place of residence) to the surrounding area or vice versa, i.e., from
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the surrounding area towards a destination (e.g., towards an airport). Due to the different
directions, one should speak of the focus point more generally. Often it is not only about the
accessibility in the geometric sense, but also about taking into account the specific meaning
or (land) use of the surrounding places (e.g., concentrating on the accessibility of medical
practices). The analyses can be carried out in the simplest way with concentric circles
around the location. However, a more realistic picture is obtained if actual routes (e.g., a
real road network) and modes of movement (e.g., with public transport) are considered [5].

Accessibility analyses are also assigned to the category of methods for determining the
best locations; they also serve to increase the quality of urban infrastructures. For example,
poor accessibility leads to reduced access to goods and services and thus to negative effects
on the urban economy [6]. However, it is not just a matter of describing a status quo, but
also of planning effective and efficient locations [7]. Examples in the context of urban
infrastructures are the optimization of the locations of fire brigades, rescue and delivery
services or freight terminals. Section 2 presents further application examples and illustrates
the great relevance of accessibility analyses in the context of urban infrastructures.

1.2. Aim of This Paper

In this contribution we want to stress the need for, and show a conceptual framework
of uncertainty information in accessibility analyses. We use the term “uncertainty” as
an umbrella term that includes known errors and unknown effects such as doubts or
inconsistencies [8]. Our focus is obviously on spatio-temporal uncertainties that can be
numerically described.

When looking at the available methods (see also Section 2) it becomes clear that
accessibility analyses generally produce sharply defined lines or areas that represent the
same or similar accessibility. Uncertainties in the input data (e.g., in the information on
speeds or pipeline openings) and those that arise during data processing are usually not
taken into account.

On the other hand, however, it is clear that spatial or temporal deviations (e.g., due to
traffic jams, delays in timetables or congestions in pipelines) can have a critical influence
on accessibility and thus lead to incorrect interpretations or decisions based on the network
analyses. In the following, we will follow the “fitness for use” idea [9], i.e., that special
attention will be paid to the resulting effects of the uncertainties on the analyses results for
a given application, in our case the accessibility of locations.

The integration of spatiotemporal uncertainty information into decision-making pro-
cesses is generally seen as an important step towards an informal gain and an increase in
confidence [10,11]. In terms of decision making, the integration of uncertainty informa-
tion and possible or probable deviations from “crisp” solutions leads to a more detailed
evaluation of possible alternatives. As a consequence, technicians could resize pipelines,
planners could rethink the position of rescue stations or select public transport routes that
show fewer deviations from nominal travel time.

The aim of this contribution is to set up a structured framework that describes the
integration of uncertainty information for accessibility analyses. For this purpose, cate-
gories of uncertainties are developed in the context of their modeling (Section 3), taking
into account uncertainties in the input data, processing, target variables, and through
final visualization. Particular attention is paid to the impact of the uncertainties on the
target values, as these are of central importance for the interpretation and decision-making.
Section 4 gives a systematic overview of options for the visualization of uncertainties.
Using selected examples, and with the help of a new software tool, the application of this
framework is shown in Section 5.
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2. Previous Work
2.1. Applications

The wide range of applications and the relevance of accessibility analyses was already
shown in the introduction. In the following, the presentation of selected examples is
intended to further support this statement.

Accessibility analyses are very often used in the context of describing and optimizing
traffic and transport route networks, with the goal to improve the efficiency with which
people or substances can get to their destinations [5]. Examples of this are planning for
public transport stops or train stations (e.g., [12,13]) with the aim of creating the largest
possible catchment areas for people in a clearly defined environment (e.g., 10 min on foot).

Furthermore, temporal variations of such networks can be determined by calculating
the accessibility for different time segments [14,15]. In this way, time-variable properties of
the network can also be modeled (such as traffic jams, construction sites, opening hours,
etc.). A combinatorial challenge arises from the consideration of multi-modal means of
transport (such as reaching a destination by car, public transport and on foot).

In addition, medical or emergency care is an important application in which the
availability of locations with doctors, pharmacies, rescue services or fire departments is
checked against given standards. In Hamburg, for example, fire brigades require eight
minutes to leave and arrive [16,17].

Accessibility analyses are also of fundamental importance for other infrastructure
facilities such as schools, supermarkets, bank branches, petrol stations or e-charging
stations. This is also where the interface to geo-marketing becomes evident [18]. In urban
planning, but also in the field of tourism, access to recreational areas or sights plays an
important role [19]; for example, ref. [20] investigate the accessibility of green spaces.

2.2. Methods

Accessibility analyses can be based on a variety of accessibility models such as distance,
cumulative, gravity, place rank or space-time; for an overview refer to [21]. Another
view is the distinction between place-based and people-based models, where the latter
directly considers individuals’ behavior in space [22]. In this contribution we will rely on
cumulative measures because they can be applied to different modes, are simple to analyse
and to present [3] and follow our idea to focus on the summarized effect on target variables.

It is possible to determine the accessibility starting from or leading to a focal point
with concentric circles around it. A much more reliable variant, however, is the calculation
based on actually existing routes. For these analyses it is necessary to use graph theory to
determine the topology of the (traffic) network, i.e., to generate the nodes and edges from
given geometrical information.

Different weights (also referred to as impedances or costs) can be assigned for the
edges. They describe various properties of the network such as distance, time, consumption,
costs, attractiveness, or affected persons. From a mathematical point of view, the modeling
of these weights can follow different deterministic approaches (inversely proportional,
negative exponential, Gaussian distribution, etc.). Refs. [3,23] give detailed overviews of
accessibility measures.

On the basis of this graph network, optimal routes (e.g., with the help of the Dijkstra
or A * algorithms) from or to the focus point (in the topological sense, the focus node) can
now be calculated. This produces points on the edges that represent a certain accessibility
(e.g., for a certain travel time).

For visualization purposes, the points of equal weights can be connected (e.g., using
the convex hull method). Lines of equal cumulative weights are obtained, which are re-
ferred to the general term of isovarones (from the Greek: “iso” equal, “varos” weight) in this
contribution (Figure 1). The most important special case of these are isochrones, i.e., lines of
equal time difference. Additionally, regions can be determined for a given weight interval,
either as a polygon between given isochrones or by buffering around isovarones [24]. With
that, isovarone areas (or more specifically, isochrone areas) are obtained. In order to avoid
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interpolation errors that occur when determining isovarones and isovarone areas, network
isovarones can also be determined: Here the edges themselves (or points on these edges)
are symbolized or colored according to their weights. This gives a direct reference to the
network, instead of visualizing those regions through the linear or polygonal connection of
points that cannot be reached in reality because they are not part of the network.
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Figure 1. Visualization of accessibility: Isovarones (a), isovarone areas (b), network isovarones (c).

Hardware and software developments have led to significantly faster calculations of
isovarones in recent years, which enables, for example, a finer granularity of the weight
intervals (e.g., every minute instead of ten minutes) and the consideration of time-variable
weights (e.g., traffic flows at different times of the day) [6].

When analyzing previous work with regard to the methodical implementation of
accessibility analyses, it is noticeable that uncertainty information is not explicitly taken
into account. There are only few comparative considerations between different methods or
programs (e.g., [25,26]) that indirectly take this aspect into account. This research gap will
be addressed in the remainder of this paper.

3. Modeling Uncertainty Information for Accessibility Analyses

There is no generally applicable or complete method for determining uncertainties
in geographic information system (GIS) analyses in general and in accessibility studies in
particular. In the following, a framework for the special case of accessibility analyses is
presented, which pursues two main ideas:

e  The description of the uncertainties requires not only the consideration of the input
data, but also the propagation or additional uncertainties through the processing and
visualization of the data. This constitutes a chain of uncertainty [27].

e  For users, it is not so much the uncertainties in the input variables that are relevant
for interpretations and decisions, but those in the target variables. Therefore, special
attention must be paid to the effects of the uncertainties on the analyses’ result [28].

In the following, the mentioned categories of uncertainty information (see also
Figure 2) and possible variables for the application of the accessibility analyses are dealt
with in detail. From a methodological point of view, the framework is based on a literature
analyses and a follow-up systematization. The resulting lists of uncertainties are structured
according to the necessary input parameters (Section 3.1), possible parameters during
processing (Section 3.2), possible outcomes (Section 3.3), and typical uncertainties known
from cartography (Section 3.4).
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Figure 2. Chain of uncertainties.

3.1. Uncertainties in the Data

The necessary input data for accessibility analyses are network points (e.g., road
crossings), network connections (e.g., street segments) and the weights for the connections
(e.g., time requirement, CO, consumption, visual attractiveness). Accordingly, geometric or
thematic—and also combined or time-dependent uncertainties—can occur on a categorical
or cardinal scale. Typical variables in this context are:

e Inaccuracies in the position of intersection points—given for example as a systematic
offset or standard deviation of the position, derived from the comparison with ground
control points;

e Inaccuracies in the length of connections (for example, due to too few intermedi-
ate points)—expressed by systematic shortening, standard deviation of the length,
or others.

e Inaccuracies in edge weights, caused for example by:

O deviations from a nominal value (e.g., the ratio of actual to nominal speed due
to high traffic, traffic jams, construction sites, etc.);

O modeling deficiencies in the model as such—in particular due to a deterministic
weighting model (such as invers proportional, negative exponential, etc.);

O the lack or fuzziness of quantitative data. In this context, the uncertainty values

Vs

can also derived from linguistic approximators (“about”, “approximately”, etc.)
that reflect the accuracy in a verbal sense [29,30]. The study by Ferson et al. [31]
serves as a template for the translation of a linguistic uncertainty description
into a numerical uncertainty values, by assigning mathematical functions to
linguistic expressions;

O missing information about weights.

3.2. Uncertainties through Processing

The necessary processing steps in accessibility analyses are building topology, calcu-
lating optimal routes and combining equal connections to isovarones or isovarone areas (in
the case of time: isochrones or isochronous areas). Accordingly, the following uncertain-
ties arise:

e  Uncertainties in building the network topology—for example, missing topological
integrity, or model errors in the determination of edge weights (such as the weighted
combination of segment weights to create edge weights);

e  Uncertainties in the calculation of the routes—due to the use of different and possibly
suboptimal algorithms;

e  Uncertainties due to the interpolations to isovarones and isovarone areas: in the case
of isolines, the points as calculated by routing algorithms are linked on the basis of
uncertain assumptions (e.g., by a linear connection between points; see also [32,33]).
Furthermore, not all points on the isovarones or within the isovarone areas can
necessarily be accessed because only a minority are actually identical with the nodes
and edges of the network.

3.3. Uncertainties in Target Variables

The complexity of the uncertainties resulting from the input data and their processing
(Sections 3.1 and 3.2) makes it clear that a differentiated view is almost impossible and
usually not practical. However, the cumulative uncertainties in the target variables are
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more relevant for the application of the accessibility analyses. The respective values result
from simulated or statistically based multi-criteria analyses. Following the approach of [34],
the uncertainties of the target values are carried out parallel to the actual calculation of the
target values. There are two types of target variable uncertainties in accessibility analyses:

e  Spatial variance: when the focus node and the weights are fixed (e.g., when a fire
station and a time budget of eight minutes are specified), the spatial uncertainty of
accessibility is of interest. This can be expressed by the general feasibility of the
connections under the given conditions (i.e., the focus point or certain target regions
may or may not be reached). Alternatively, spatial variance can also be expressed by
means of distance buffers (e.g., calculated from the value range, or a multiple of the
standard deviation) or distance classes that describe the grades accessibility of regions.

e  Variance of the cumulative weight: if the spatial elements are fixed (e.g., if the fire
brigade station and fire location are specified), the effect of the uncertainties of the
associated weights (e.g., the temporal variance for reaching the fire location) is of
interest. A typical example for expressing the variance of the total weight is a time
interval (as a range or a multiple of the standard deviation of time) for individual
selected locations. Alternatively, it can be specified whether the focus node can be
reached within the time budget; either on a binary scale (reachable or not reachable)
or on an ordinal scale (safely reachable, probably reachable, etc.).

3.4. Uncertainties in the Visualization

By default the result of an accessibility analyses is communicated through a cartograph-
ical representation. Independently from the modeling and calculation, new uncertainties
arise in the step of visualization, for example:

e information loss due to cartographical generalization (e.g., the limitation on some
discrete symbols or the use of isovarones with certain value differences);
missing explanations for introducing the complex topic of uncertainties;
limited monitor or print resolutions;
general problems of legibility due to inappropriate design (such as color choice or
placement of legend).

4. Visualization of Uncertainties in Accessibility Analyses

The following types already mentioned (Figure 1) can serve as a basis for the visual-
ization of accessibility i.e., without taking into account the uncertainties:

isovarones (with the special case of isochrones);
isovarone areas (isochrone areas);
network isovarones (network isochrones).

On this basis, uncertainty information has to be added. An overview of methods for
the visualization of uncertainties is, for example, given by [35]. The authors group these
methods according to the following inter-related dichotomous categories (Figure 3):

e  Explicit (i.e., use of glyphs or symbols like deviation arrows) vs. implicit (i.e., display-
ing different isochrones maps as outcomes): The implicit option normally requires
adjacent views that, however, should be avoided due to eye movements and a “mental
separation” between variables and their uncertainties [35].

e Intrinsic (i.e., integrated into symbols of values, basically through manipulation
of visual variables such as color lightness or usage of differently dashed lines) vs.
extrinsic (i.e., the use of additional elements and applying specific color schemes or the
noise metaphor such as dashed lines or so-called noise annotation lines for polygon
features [36]).

e Coincident (i.e., integrated in one map) vs. adjacent (i.e., using multiple views)—with
the general recommendation to use latter option in order to avoid eye movements and
“mental separation”.
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e Integral (uncertainty can cannot be perceptually separated from the data signification,
for example by showing isochrones plus deviation symbols) vs. separable (uncertainty
can be read independently from data, for example by displaying symbols only).

e  Static vs. dynamic, where dynamic are only meaningful if there is actual change over
time and overall tendencies (i.e., changes in one direction) are clear.

explicit implicit intrinsic extrinsic
(also: coincident) (also: adjacent)
=~ A
A \ B {4
"
\ 4 ' /ﬂ
- e 4
v R y /\/
/« uncertainty of without  vs.  with / T~ < strong uncertainty /'
isovarone consideration of uncertainties ST weak uncertainty ?
integral separable static dynamic

\\\tf’"e
p « / —4I_I_I‘
4 V4 /' N A
/—\&TJ ’ N\ / /v
] " ' /\J
v v

mean
uncertainty

uncertainty of ’
isovarone

A uncertainty
attime t

Figure 3. Dichotomous categories of uncertainty visualization.

5. Implementation and Examples
5.1. BEMUDA Software Tool

As stated in Section 3, there is no complete and generally applicable method for
uncertainty determination in GIS analyses especially considering a chain of uncertainty
consisting of data acquisition, propagation through modeling and visualization. As a
result, widely-used uncertainty-related software tools are missing. Nevertheless, there are
multiple models and concepts in the research literature dealing with parts of this chain
of uncertainty, with some of them furthermore being implemented in software tools. For
the domain of spatial analyses, DUE [37] and spup [38] can be mentioned, while tools
like OpenTURNS [39] and DAKOTA [40] focus more on statistical uncertainty treatment
in general. All of these tools have in common, however, that they have not evolved
from specific applications for geoscientists to integration into widespread GIS software
products. Also, the most common GIS operations like buffering, intersection or union, are
not implemented in these software tools.

Therefore, the open source software tool BEMUDA (https:/ /gitlab.com/g2lab /bemuda
(accessed on 9 February 2021)) was introduced, implementing a new framework by [27]
that enables the treatment of uncertainties over the entire workflow of spatial analyses,
even for non-experts and GIS laypeople. It includes the description of uncertainties in
the input data, the implementation of methods to determine the propagation of uncer-
tainties during typical GIS operations, and the derivation of visualizations that determine
the impacts of uncertainties on the target values (see also Figure 4). The tool follows
a task-based approach. Based on the framework presented here, the task of isochrone
calculations has been added to the tool. It can be used with selected road and traffic data
(see Section 5.2) not only for real-world applications, but also for general demonstration
and awareness purposes.
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Figure 4. Graphical User Interface of the BEMUDA tool with common isochrone parameter input on
the upper part of the interface and uncertainty quantification of input data (left), model parameters
(center) and visualization techniques (right) on the lower part.

The tool has been developed in Python, uses network libraries networkx [41] and
osmnx [42], and generates maps and geometries as outputs. It is planned to develop a
QGIS extension after more user tests. A migration of the existing tool to QGIS will be
possible so that the development efforts are reduced.

To lower the level of access for users without extensive statistical knowledge and GIS
laypeople, uncertainties in the input data can be quantified without taking the source of
the uncertainty into account. This can be stated directly with a numerical value, or using
one of the linguistic approximators. In the outlined case of isochrones, the tool allows the
users to describe the uncertainty of maximum speed, the length or the level of congestion
of each edge (see also Section 3.1).

The result of the parallel modeling process is a combination of the actual target
values of the analyses, which can also be computed with a common GIS software, and an
additional value that reflects the cumulative effect of uncertainties in the analyses. For
isochrone calculations, the propagated uncertainties lead to different spatial distances
accessible from the focus point, while some additional restrictions to road network and
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calculation have to be considered, e.g., the maximum speed of a vehicle, which cannot
be exceeded.

Finally, with respect to the aim of the task, different uncertainty visualization should
be taken into account. For example, considering traffic congestion, a conservative approach
would highlight the negative impact of congestion uncertainty to the target value as the
main subject of the visualization, while other visualizations could emphasize the certainty
of which the chosen target could be reached within the given time.

5.2. Examples

The framework for modeling and visualizing uncertainties mentioned above leads
to a rather large and complex set of possible combinations of uncertainty categories. Five
selected examples based on real data that cover important combinations are given in the
following for demonstration purposes.

In all cases road network data of the City of Hamburg (source: OpenStreetMap
(https:/ /www.openstreetmap.org (accessed on 9 February 2021)) is used together with
open traffic data as offered by the TomTom company (sources see below).

Example 1 (Figure 5) shows deviations in actual speeds (data provided by TomTom
(https:/ /developer.tomtom.com/products/traffic-api (accessed on 9 February 2021)) as
a function of time and current traffic. These values are normalized by nominal speed
values for street segment (which results in values in the range of [0, 1]), which leads to
uncertainties in the edge weights. In this case no target value is shown, but rather the
measure can be used for an in-depth spatio-temporal analyses of potential bottlenecks in
the traffic network.

congestion factor ‘ focus point 0 05 1 1.5 2km
—0.1..05 L | I | |

0.5..0.65

0.65..0.8 Traffic data provided by TomTom

0.8..0.95 Map data © OpenStreetMap contributors
—095..1 Basemap © ESRI

Figure 5. Example 1: Ratio of actual and nominal speed on street segments, using the example of
the 16 h afternoon rush hour in Hamburg, on 10 December 2020 (lower congestion factor stands for
lower speed, or longer travelling time per edge, respectively).

The visualization uses the network as a basis. With regard to the five visual uncer-
tainty categories (Figure 3), this example is explicit and extrinsic (by the use of explicit edge
coloring), coincident (uncertainty information integrated in the base map), separable (un-
certainty is depicted and can be interpreted independently from accessibility information
as such) and static.
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8 minutes isochrone
[ isochrone

Beside the identification of bottlenecks, this visualization also provides an overview
to the speed-related uncertainty of all edges in the area, so predictions about the overall
situation in a certain direction from the focus point or the area in general are possible. This
is helpful for motorists for re-arranging their individual routes, but also for traffic planners
for implementing traffic guiding measures.

Example 2 (Figure 6) shows the target variable ,spatial variance”. The isochrone (red
line) represents the accessibility for eight minutes” drive by car that already considers
an average 34 % loss of speed on Hamburg roads (TomTom Traffic Index 2019 (https:
//www.tomtom.com/en_gb/traffic-index/ (accessed on 9 February 2021)). In addition,
the uncertainty buffer reflects an uncertainty of the lengths of roads (plus/minus 5 %) that
are transformed to speed and distance differences.

isochrone uncertainty area

. focus point

0 1 2 km
Map data © OpenStreetMap contributors | | |

Figure 6. Example 2: Spatial variance around eight minute’s isochrones, expressed by single buffer.

The visualization uses the isochrone as a basis, on which the uncertainty symbolization
is applied as follows: explicit, extrinsic (transparent, single-colored polygon showing
distance buffer with regard to isochrone), coincident, integral, and static.

With only two attributes shown, an advantage of this visualization is the low com-
plexity due to the combination of fast calculation and a large range of opportunities to
integrate the uncertainty information into general map products. Looking at the calculated
isochrone, as well as on the best and worst case of cumulated uncertainties as borderlines
for the uncertainty area, the user can easily estimate the part of uncertainty compared
to the overall distance from the focus point. The example in Figure 6 can be related to
the aforementioned requirement that fire brigades in Hamburg shall arrive to any des-
tination within eight minutes (see Section 2.2). Large deviations for the interior buffer
identify critical problems and, in a city-wide context, might lead to the requirement of
additional stations.
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However, the low complexity of this visualization leads to the introduction of new
uncertainties, e.g., through interpolation to isochrones areas (see Section 3.2) or cartographic
generalization (see Section 3.4).

Example 3 (Figure 7) is similar to example 2, including the potential application of
fire brigade accessibility. Again, the resulting spatial variance is shown as caused by the
variance of speed. In this case, however, the accessibility is shown in five different classes.
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Figure 7. Example 3: Spatial variance around eight minutes” isochrones, expressed by network
isochrone symbols.

The visualization is based on network isochrones. The uncertainty symbolization is
applied as follows: Explicit and extrinsic (point symbols, using a color scheme for distance
classes), integral, coincident, and static.

Compared to the previous example, this visualization is much more precise regarding
the exact nodes accessible from the focus point during the eight-minute timespan. In the
transition areas between classes in particular, the visualization is much more detailed and
allows distinction between nearby nodes, while it is not as convenient as example 1 when
it comes to more general conclusions about the overall accessibility in this area.

Example 4 (Figure 8) is also based on uncertainties in the edge weights. In this case a
simulation took place in which for the given isochrones and a time budget of eight minutes
100 times 10 % of roads were deleted on a random basis, simulating road closures. Shown
is the target variable “spatial variance”: the color of points represent the frequency with
that these points could be accessed in eight minutes.
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Figure 8. Example 4: Spatial variance around eight minutes’ isochrones, expressed by frequency with that points could be

accessed within eight minutes although randomly placed closures occur.

The visualization is based on the network as such. The uncertainty symbolization
is applied as follows: explicit and extrinsic (colored point symbols colored according to
frequencies), integral, coincident, and static.

By simulating road closures, more resilient accessible nodes within the isochrone can
be identified, as well as those which are important to their neighborhood or potentially vul-
nerable. This is important information for planners, e.g., for the preparation of emergency
plans in the course of extreme weather events, bomb disposal, etc.

Nevertheless, a straightforward simulation as the one conducted introduces new
uncertainties to the user, e.g., when possible traffic jams due to the closed roads are not
considered, or road closures of more than one lane have no effect due to the second lane
being an alternative. Also, the impact of one-way roads could be rather high.

Example 5 (Figure 9) shows the target variable “time variance” (i.e., a variance of the
cumulated weights). In this case, this has been modeled in a very simple manner just by
considering the number of potentially red traffic lights on the shortest path between the
focus point and intersections between the isochrone and the roads.
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Figure 9. Example 5: Time variance due to red traffic lights, expressed by noise annotation crosses (noisier appearance
stands for larger number of traffic lights on the shortest path).

The visualization is based on the isochrone (for a traveling time of eight minutes).
The uncertainty symbolization is applied as follows: explicit and extrinsic (here, noise
annotation lines show the time variance as a function of location through different degrees
of noise within the crosses), integral, coincident, and static. While these noise annotation
lines are well suited for point or polygon features, sketchy lines are appropriate for line
features [43].

This example offers the combination of a sharply defined line with a symbol visu-
alizing the uncertainty of this information. Taking up the application for example 2, the
uncertainty for reaching a destination in eight minutes from a fire brigade station or
other points of interest is described. Based on this information, the placement of critical
institutions such as hospitals or power plants can be assessed in a detailed manner.

Compared to example 2, this visualization requires even less map space when com-
bined with other map information. On the other hand, the use of noise annotation is rather
abstract and can be misinterpreted by the user, as well as adjacent symbols which overlay
each other and lead to cluttering annotations.

6. Summary and Conclusions

Accessibility analyses are an elementary and important type of geospatial processing
for assessing and planning urban infrastructures. Previous approaches to solutions and
implementations in geographical information systems (GIS), however, have not or have
hardly taken into account inaccuracies in the input data and the results. In order to make a
contribution to closing this research gap, this article presents a structured framework that
describes the integration of uncertainty information for accessibility analyses.
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This framework takes uncertainties in the input data, the processing step, the target
variables, and in final visualization into account. Particular attention is paid to the impact
of the uncertainties in the target values, as these are key factors for reasoning and decision
making. Two major types of uncertainty are named at this stage: spatial variance (e.g.,
expressed by a buffer around an isochrone that can be accessed in given time) and cumula-
tive variance of weights (e.g., temporal variance for a fixed destination). The accessibility
as such is visualized by isovarones (with the specific case of isochrones), isovarone areas or
network isovarones. Based on these, the uncertainties can be depicted by various methods
for which a dichotomous classification has been applied. Five map examples were given
that have been generated with a new software tool and that cover important combinations.

Applying this framework, it turns out that, as with other GIS analyses, the modeling of
uncertainties in the context of accessibility analyses is a very complex task. From a practical
point of view, a detailed and complete description of all uncertainties is hardly feasible,
so that selected or cumulative uncertainty information is used. In order to do justice to
a specific application, it is necessary that the purpose of the accessibility analyses (with
regard to the target variables) is defined as precisely as possible, instead of just showing
the resulting set of isovarones.

The examples presented also showed that every type of visualization has advantages
and disadvantages. Here, too, it is therefore strongly recommended that the purpose of the
presentation has to be defined as precisely as possible in advance and that the visualization
is adapted accordingly with the visualization options shown. In this context, further
automatization of the presented framework, for example with the help of machine learning
approaches, is an interesting and challenging aspect for future work.

An interesting aspect for future investigations will be whether and how conclusions
can be drawn about the relevance (and thus further treatment) of individual sources of
uncertainty based on the visualizations. A first prototype of such an analysis, showing the
most significant source of uncertainty for each network edge, is already implemented in the
BEMUDA tool and will be subject to further research regarding usability and usefulness.

Finally, there is the general problem of reasoning and decision making under uncer-
tainty, for experts and laypeople [44]. This statement certainly also applies for accessibility
studies. Hence, in the future, empirical research will be required to test the effectiveness of
different types of visualization as a function of the target variables and the desired map
purposes. It is to be expected that other symbolization options than the noise metaphor
proposed here (noise annotation lines/crosses) will be further discussed.

Author Contributions: Conceptualization, Jochen Schiewe; Data curation, Martin Knura; Formal
analysis, Martin Knura; Funding acquisition, Jochen Schiewe; Investigation, Martin Knura; Method-
ology, Jochen Schiewe; Project administration, Jochen Schiewe; Software, Martin Knura; Supervision,
Jochen Schiewe; Validation, Jochen Schiewe; Visualization, Martin Knura; Writing—original draft,
Jochen Schiewe and Martin Knura; Writing—review & editing, Jochen Schiewe and Martin Knura.
All authors have read and agreed to the published version of the manuscript.

Funding: Some parts of this contribution have been developed in the context of the project BEMUDA
(“Besser entscheiden mit unsicheren Daten”), funded by the German Federal Ministry of Transport
and Digital Infrastructure (BMVI) through the mFUND-program.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Clark, A.N. The Penguin Dictionary of Geography, 3rd ed.; Penguin: London, UK, 2004.

2. Lucas, K. A critical assessment of accessibility planning for social inclusion. In Accessibility Analysis and Transport Planning; Geurs,
K.T., Krizek, K.J., Reggiiano, A., Eds.; Edward Elgar Publishing: Cheltenham, UK, 2012; pp. 228-242. [CrossRef]

3.  Geurs, K.T.; van Wee, B. Accessibility evaluation of land-use and transport strategies: Review and research directions. J. Transp.
Geogr. 2004, 12, 127-140. [CrossRef]


http://doi.org/10.4337/9781781000113.00022
http://doi.org/10.1016/j.jtrangeo.2003.10.005

ISPRS Int. ]. Geo-Inf. 2021, 10, 171 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Paez, A.; Scott, D.M.; Morency, C. Measuring accessibility: Positive and normative implementations of various accessibility
indicators. J. Transp. Geogr. 2012, 25, 141-153. [CrossRef]

Vandenbulcke, G.; Steenberghen, T.; Thomas, 1. Mapping accessibility in Belgium: A tool for land-use and transport planning? J.
Transp. Geogr. 2009, 17, 39-53. [CrossRef]

Allen, J. Using Network Segments in the Visualization of Urban Isochrones. Cartographica 2018, 53, 262-270. [CrossRef]
Hanson, S. Dimensions of the urban transportation problem. In The Geography of Urban Transportation; Hanson, S., Ed.; Guilford:
New York, NY, USA, 1986; pp. 3-23.

Hunter, G.J.; Goodchild, M.F. Managing uncertainty in spatial databases: Putting theory into practice. URISA J. 1993, 5, 55-62.
Shi, W. Principle of Modelling Uncertainties in Spatial Data and Spatial Analyses; Taylor and Francis: Boca Raton, FL, USA, 2010.
Deitrick, S.; Edsall, R. The influence of uncertainty visualization on decision making: An empirical evaluation. In Progress in
Spatial Data Handling: 12th International Symposium on Spatial Data Handling; Riedl, A., Kainz, W., Elmes, G.A., Eds.; Springer:
Berlin, Germany, 2006; pp. 719-738. [CrossRef]

Fisher, D.; Popov, L; Drucker, S.; Schraefel, M.C. Trust me, I'm partially right: Incremental visualization lets analysts explore
large datasets faster. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems; Association for Computing
Machinery: New York, NY, USA, 2012; pp. 1673-1682. [CrossRef]

Pieper, J.; Schweikart, J. Berlins neuer Hauptbahnhof-indikatorgestiitzte Erreichbarkeitsmodellierung fiir den nationalen Fern-
verkehr. In Angewandte Geoinformatik 2007. Beitriige zum 19. AGIT-Symposium Salzburg; Strobl, J., Blaschke, T., Griesebner, G., Eds.;
Herbert Wichmann Verlag: Heidelberg, Germany, 2007; pp. 555-560.

Schwarze, B. Erreichbarkeit mit demOPNV-Eine GIS-gestiitzte Methode zur Bewertung von Mafinahmen der OPNV-Planung.
In Tagungsband CORP 2003; Schrenk, M., Ed.; Technische Universitit Wien: Vienna, Austria, 2003; Available online: http:
/ /www.corp.at/archive/ CORP2003_Schwarze.pdf (accessed on 1 March 2021).

Golizek, S.; Polom, M. The Use of General Transit Feed Specification (GTFS) Application to Identify Deviations in the Operation of Public
Transport at Morning Peak Hours on the Example of Szczecin; Institute of Geography and Spatial Organization, Polish Academy of
sciences: Warszawa, Poland, 2016. [CrossRef]

O’Sullivan, D.; Morrison, A.; Shearer, A. Using desktop GIS for the investigation of accessibility by public transport: An isochrone
approach. Int. J. Geogr. Inf. Sci. 2000, 14, 85-104. [CrossRef]

Pieper, J.; Schweikart, J. Kleinrdumige Modellierung der vertragsarztlichen Versorgungssituation in Berlin. Z. Fiir Amtl. Stat. Berl.
Brandenbg. 2009, 2, 22-29.

Traub, K.-P. Die Untersuchung der raumlichen Verbreitung von Gesundheitseinrichtungen mit GIS am Beispiel Hamburg. In
Geoinformationssysteme im Gesundheitswesen. Grundlagen und Anwendungen; Schweikart, J., Kistemann, T., Eds.; Wichmann Verlag:
Heidelberg, Germany, 2004.

Kickner, S.; Rogge, K.O.; Keller, J. Auf der Fahrte des Kunden-Intelligente Marktbearbeitung mit Geomarketing. In Zielgruppen
im Konsumentenmarketing; Halfmann, M., Ed.; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2014.

Hollburg, H.; Sinn, C.; Voland, P. Hier bin ich-Was kann ich erreichen? Webbasierte, interaktive Erreichbarkeitsanalyse
touristischer Ziele der Stadt Potsdam. In Angewandte Geoinformatik 2012; Strobl, J., Blaschke, T., Griesebner, G., Eds.; Wichmann-
Verlag: Heidelberg, Germany, 2012; Available online: http://gispoint.de/fileadmin/user_upload/paper_gis_open/537520038.
pdf (accessed on 1 March 2021).

Comber, A.; Brunsdon, C.; Green, E. Using GIS-based network analysis to determine urban greenspace accessibility for different
ethnic and religious groups. Landsc. Urban Plan. 2008, 86, 103-114. [CrossRef]

Barbosa, H.; Barthelemy, M.; Ghoshal, G.; James, C.R.; Lenormand, M.; Louail, T.; Menezes, R.; Ramasco, ].J.; Simini, F.; Tomasini,
M. Human mobility: Models and applications. Phys. Rep. 2018, 734, 1-74. [CrossRef]

Miller, H.J. Place-Based Versus People-Based Accessibility. In Access to Destinations; Levinson, D.M., Krizek, K.J., Eds.; Emerald
Group Publishing: Bingley, UK, 2005; pp. 63-89. [CrossRef]

Kwan, M.-P. Space-Time and Integral Measures of Individual Accessibility: A Comparative Analysis Using a Point-based
Framework. Geogr. Anal. 1998, 30, 191-216. [CrossRef]

van den Berg, ].; Koébben, B.; van der Drift, S.; Wismans, L. Towards a Dynamic Isochrone Map: Adding Spatiotemporal Traffic
and Population Data. In Progress in Location Based Services 2018; Kiefer, P., Huang, H., Van de Weghe, N., Raubal, M., Eds.; LBS
2018; Lecture Notes in Geoinformation and Cartography; Springer: Cham, Switzerland, 2018. [CrossRef]

Seip, C.; Bill, R.; Kinskofer, A. Erreichbarkeitsanalysen auf Grundlage von OpenStreetMap und ArcGIS Online zur Notfallver-
sorgung in Mecklenburg-Vorpommern. GIS Sci. 2015, 3, 94-104.

Chen, B.Y,; Yuan, H; Li, Q.; Wang, D.; Shaw, S.-L.; Chen, H.-P.; Lam, W.H.K. Measuring place-based accessibility under travel
time uncertainty. Int. |. Geogr. Inf. Sci. 2017, 31, 783-804. [CrossRef]

Knura, M.; Schiewe, J. Behandlung von Unsicherheitsinformationen in raumzeitlichen Datenanalysen fiir die Entscheidungsfind-
ung. GIS Sci. 2020, 3, 85-94.

MacEachren, A.M. Visual Analytics and Uncertainty: It's not about the Data. In EuroVis Workshop on Visual Analytics (EuroVA);
Bertine, E., Roberts, J.C., Eds.; The Eurographics Association: Goslar, Germany, 2015. [CrossRef]

Prince, E.F,; Frader, J.; Bock, C. On hedging in Physician—Physician Discourse. In Linguistics and the Professions; De Pietro, R.].,
Ed.; Ablex: Norwood, UK, 1982.


http://doi.org/10.1016/j.jtrangeo.2012.03.016
http://doi.org/10.1016/j.jtrangeo.2008.04.008
http://doi.org/10.3138/cart.53.4.2018-0013
http://doi.org/10.1007/3-540-35589-8_45
http://doi.org/10.1145/2207676.2208294
http://www.corp.at/archive/CORP2003_Schwarze.pdf
http://www.corp.at/archive/CORP2003_Schwarze.pdf
http://doi.org/10.7163/Eu21.2016.31.4
http://doi.org/10.1080/136588100240976
http://gispoint.de/fileadmin/user_upload/paper_gis_open/537520038.pdf
http://gispoint.de/fileadmin/user_upload/paper_gis_open/537520038.pdf
http://doi.org/10.1016/j.landurbplan.2008.01.002
http://doi.org/10.1016/j.physrep.2018.01.001
http://doi.org/10.1108/9780080460550-004
http://doi.org/10.1111/j.1538-4632.1998.tb00396.x
http://doi.org/10.1007/978-3-319-71470-7_10
http://doi.org/10.1080/13658816.2016.1238919
http://doi.org/10.2312/eurova.20151104

ISPRS Int. ]. Geo-Inf. 2021, 10, 171 16 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Murphy, A.; Brown, B. Forecast Terminology: Composition and Interpretation of Public Weather Forecasts. Bull. Am. Meteorol.
Soc. 1983, 64, 13-22. [CrossRef]

Ferson, S.; O'Rawe, ].; Antonenko, A.; Siegrist, J.; Mickley, J.; Luhmann, C.; Sentz, K.; Finkel, A. Natural language of uncertainty:
Numeric hedge words. Int. ]. Approx. Reason. 2015, 57, 19-39. [CrossRef]

Baum, M.; Blasius, T.; Gemsa, A.; Rutter, I.; Wegner, F. Scalable Exact Visualization of Isocontours in Road Networks via
Minimum-Link Paths. J. Comput. Geom. 2018, 9, 27-73. [CrossRef]

Marciuska, S.; Gamper, J. Determining Objects within Isochrones in Spatial Network Databases. In Advances in Databases and
Information Systems; Catania, B., Ivanovi¢, M., Thalheim, B., Eds.; ADBIS 2010; Lecture Notes in Computer Science; Springer:
Berlin/Heidelberg, Germany, 2010; Volume 6295. [CrossRef]

Bastin, L.; Cornford, D.; Jones, R.; Heuvelink, G.B.; Pebesma, E.; Stasch, C.; Nativi, S.; Mazzetti, P.; Williams, M. Managing uncer-
tainty in integrated environmental modelling: The UncertWeb framework. Environ. Model. Softw. 2013, 39, 116-134. [CrossRef]
Kinkeldey, C.; MacEachren, A.M.; Schiewe, J]. How to Assess Visual Communication of Uncertainty? A Systematic Review of
Geospatial Uncertainty Visualisation User Studies. Cartogr. J. 2014, 51, 372-386. [CrossRef]

Kinkeldey, C.; Mason, J.; Klippel, A.; Schiewe, J. Evaluation of noise annotation lines: Using noise to represent thematic uncertainty
in maps. Cartogr. Geogr. Inf. Sci. 2014, 41, 430-439. [CrossRef]

Brown, ].D.; Heuvelink, G.B. The Data Uncertainty Engine (DUE): A software tool for assessing and simulating uncertain
environmental variables. Comput. Geosci. 2007, 33, 172-190. [CrossRef]

Sawicka, K.; Heuvelink, G.B.M. ‘spup’—an R package for uncertainty propagation in spatial environmental modelling. In
Proceedings of Spatial Accuracy 2016; Balilly, J.-S., Griffith, D., Josselin, D., Eds.; International Spatial Accuracy Research Association
(ISARA): Montpellier, France, 2016; pp. 275-282.

Baudin, M.; Dutfoy, A.; Iooss, B.; Popelin, A.-L. OpenTURNS: An Industrial Software for Uncertainty Quantification in Simulation.
In Handbook of Uncertainty Quantification; Ghanem, R., Higdon, D., Owhadi, H., Eds.; Springer International Publishing: Cham,
Switzerland, 2016. [CrossRef]

Swiler, L.; Eldred, M.; Adams, B. Dakota: Bridging Advanced Scalable Uncertainty Quantification Algorithms with Production
Deployment. In Handbook of Uncertainty Quantification; Ghanem, R., Higdon, D., Owhadi, H., Eds.; Springer International
Publishing: Cham, Switzerland, 2016. [CrossRef]

Hagberg, A.; Schult, D.; Swart, P. Exploring Network Structure, Dynamics, and Function using NetworkX. In Proceedings of the 7th
Python in Science conference (SciPy 2008); Pasadena, CA, USA, 21 August 2008, Varoquaux, G., Vaught, T., Millman, J., Eds.; Los
Alamos National Lab. (LANL): Los Alamos, NM, USA, 2008; pp. 11-15.

Boeing, G. OSMnx: New methods for acquiring, constructing, analyzing, and visualizing complex street networks. Comput.
Environ. Urban Syst. 2017, 65, 126-139. [CrossRef]

Boukhelifa, N.; Bezerianos, A.; Isenberg, T.; Fekete, J.-D. Evaluating Sketchiness as a Visual Variable for the Depiction of
Qualitative Uncertainty. IEEE Trans. Vis. Comput. Graph. 2012, 18, 2769-2778. [CrossRef] [PubMed]

Kinkeldey, C.; MacEachren, A.M.; Riveiro, M.; Schiewe, J. Evaluating the effect of visually represented geodata uncertainty on
decision-making: Systematic review, lessons learned, and recommendations. Cartogr. Geogr. Inf. Sci. 2015, 44, 1-21. [CrossRef]


http://doi.org/10.1175/1520-0477-64.1.13
http://doi.org/10.1016/j.ijar.2014.11.003
http://doi.org/10.4230/LIPIcs.ESA.2016.7
http://doi.org/10.1007/978-3-642-15576-5_3
http://doi.org/10.1016/j.envsoft.2012.02.008
http://doi.org/10.1179/1743277414Y.0000000099
http://doi.org/10.1080/15230406.2014.949868
http://doi.org/10.1016/j.cageo.2006.06.015
http://doi.org/10.1007/978-3-319-11259-6_64-1
http://doi.org/10.1007/978-3-319-11259-6_52-1
http://doi.org/10.1016/j.compenvurbsys.2017.05.004
http://doi.org/10.1109/TVCG.2012.220
http://www.ncbi.nlm.nih.gov/pubmed/26357186
http://doi.org/10.1080/15230406.2015.1089792

	Introduction 
	Relevance 
	Aim of This Paper 

	Previous Work 
	Applications 
	Methods 

	Modeling Uncertainty Information for Accessibility Analyses 
	Uncertainties in the Data 
	Uncertainties through Processing 
	Uncertainties in Target Variables 
	Uncertainties in the Visualization 

	Visualization of Uncertainties in Accessibility Analyses 
	Implementation and Examples 
	BEMUDA Software Tool 
	Examples 

	Summary and Conclusions 
	References

