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Abstract

The quality of data in spatial databases greatly affects the performance of location-based
applications that rely on maps such as emergency dispatch, land and property ownership
registration, and delivery services. The negative effects of such dirty map data may range
from minor inconveniences to life-threatening events. Data cleaning usually consists of two
steps - error detection and error rectification. Data cleaning is a demanding and lengthy
process that requires manual interventions of data experts, in particular where for complex
situations involving the consistency of relationships between multiple objects. This the-
sis presents computational methods developed to automate the detection of errors in map
databases and ease the demand for human resources in error detection. These methods are
intrinsic, ie., depend only on data being analysed, without the need for a reference dataset.
Two models for ternary spatial relations were developed to enable the analyses not possible
with existing binary spatial relations. First, the Refined Topological relations model for Line
objects (RTL) examines whether the core line object is connected to its surrounding objects
on both or only one of its ends. This distinction is particularly important in networks where
connectedness determines the function of the object. Second, the Ray Intersection Model
(RIM) casts rays between two peripheral objects and uses the intersection sets between these
rays and the core object to model its relation to peripheral objects. This provides a basis for
reasoning about the core object being between peripheral objects. Both models have been
computationally implemented and demonstrated on error detection tasks in OpenStreetMap.
The case studies on data for the State of Victoria, Australia demonstrate that the methods
developed in this research are effectively detecting errors that could so far not be automat-
ically identified. This research contributes to automated spatial data cleaning and quality

assurance, including reducing experts’ workload by effectively identifying potential errors.
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Introduction

1.1 Motivation

Nicaraguan troops have accidentally invaded Costa Rica [14], motorists got lost in a for-
est without food or water [15], and an Uber driver drove an elderly couple from the airport
straight to the cemetery instead of their daughter’s house [16]! The one thing that all three of
these events have in common is that the people involved were just following the instructions
on a map. In all three cases, the maps have misinformed the users because they contained
erroneous data. This goes to show how we trust maps, probably because we often believe
they are always correct. But, as these examples illustrate, maps can contain incorrect in-
formation and this can cause various problems that range from simple inconveniences (e.g.,
being driven to a wrong location by Uber) to life-threatening events (e.g., being stranded

without food or water).
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FIGURE 1.1: An example of a map, showing a dead-end bridge that is disconnected on one
side (left) and the satellite imagery of the same area that shows that there exists a road or a
path that is connected to the bridge, but is not mapped (right).

Most maps we use today come in digital form, and the spatial data that these maps are based
on are stored in map databases either locally on our computers and mobile devices or ac-
cessed online through the internet. Map databases provide information essential for orienta-
tion in space and navigation. They are also used for other important functions and services

such as emergency dispatch, land and property ownership registration, and delivery services.

The quality of map data pertains to how well these data reflect the physical world, and it
is often assessed across five standard elements of geographical information quality - com-
pleteness, logical consistency, positional accuracy, temporal accuracy, and thematic accu-
racy [11]. The data of low quality that contain errors and inconsistencies are often called
dirty data [17]. The quality of data in map databases directly affects the performance of
location-based applications that rely on them. Thus, dirty data can have negative effects on

these applications and cause them to provide incorrect results or no results at all.

For example, the map in Figure 1.1 shows a road that is leading to a bridge, but does not
continue on the other side of the bridge. In other words, the bridge is a dead-end. However,
the satellite imagery in Figure 1.1 clearly shows that there is a path that leads on from the
bridge, but this path is missing from the map. This is problematic because there are several
dwellings further down that path that have no alternative access. If there was an emergency
and this map was used to plan the ambulance dispatch route, the correct path would not be

found.
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FIGURE 1.2: An example of an incorrect proposed route to the destination building (left)
and the satellite imagery of the same area that show there is a driveway that leads directly
to the destination building, but is not mapped (right).

Figure 1.2 shows a different example where the map contains the route to the marked des-
tination building that is proposed by the routing algorithm. The problem with the proposed
route is that the user will not be able to access the destination building from the destination of
the route because other private properties between them are in the way. Again, the satellite
imagery of the area (Figure 1.2) shows that there is a driveway access from the main street
to the destination building, but it is missing from the map. If there was an emergency and
the ambulance used this route, it would have to back-track from the route destination and
find the right access road on its own. This would result in delays and increased danger for

the patient.

The problems presented in these two examples could be solved by amending the dirty data in
map databases that these maps are based on. This process is called data cleaning and usually
consists of two components - detection of errors in data and rectification of errors in data [8].
Data cleaning can be a demanding and lengthy process that conventionally requires manual
interventions of data experts, because errors and their corrections are often not trivial. In
the case of many map databases that are widely used, such as OpenStreetMap (Figures 1.1
and 1.2), Bing Maps, or Google Maps, human resources available for their maintenance
are limited and expensive. Thus, if the errors were detected in an automated process, this
would enable human experts to focus their attention on error rectification. This would also
enable more data to be cleaned with the same resources and would provide a systematic error

detection mechanism that is immune to potential human errors such as error oversight.
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For the example in Figure 1.1, we could check if there are bridges that are not connected on
both sides. For the example in Figure 1.2, we could automatically check if there are obstacles
that block access from the route end point and the destination building. However, to be
able to perform these checks, we need to be able to capture and describe these relationships
between spatial objects (e.g., bridges and roads, and roads and buildings). This is not a trivial
task, because these relations usually involve three spatial objects and most current spatial
relationship models support only binary relationships of two objects. Because of this, there
is a need to develop new spatial relationship models for effective capturing and expression
of ternary spatial relationships that involve three objects. Thus, the problem addressed in

this thesis is the automated detection of errors in map data with ternary spatial relationships.

1.2 Thesis scope

For this thesis, map databases may be defined as spatial databases containing vector features
for general-purpose mapping. Furthermore, general-purpose mapping aims to model the
physical world as completely as possible to assist users in tasks such as orientation and navi-
gation (pedestrian or road). Such databases usually contain information about transportation
infrastructure, street networks, buildings, and public green spaces. Domain specific data
such as meteorological data or raw measurements such as point clouds are not considered
here. The focus of this thesis is also set on 2D map data since these are utilised as the basis

of most applications such as navigation, routing, and land ownership register.

However, all errors are not alike and they can be differentiated in terms of their type, scope,
cause, and detection strategy. At the topmost level, map data can be divided into a spa-
tial component that consists of objects’ geometries (i.e., points, lines and polygons defined
with coordinates), and a semantic component that consists of objects’ attributes (i.e., type,
name, address, and other attributes are usually defined with text). Spatial relations such as
topological (e.g., intersections), metric (e.g., distance), or order (e.g., in front of) relations
are used to describe the relationships that objects’ geometries are forming in space. This
research considers error type to define whether the error occurs in the spatial (i.e., spatial
errors), the semantic (i.e., semantic errors), or both spatial and semantic components of map
data (i.e., spatio-semantic errors). Error scope describes how many objects in map data are

affected by the error (e.g., errors affecting single, two, or multiple objects). Error cause
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refers to the reason why the error has occurred. In this research, we distinguish three error
causes - missing data (i.e., an entire object or parts of its geometry and/or attributes are not
present in map database), incorrect data (i.e., geometry and/or attribute data are present in
the database but are incorrect), and redundant data (i.e., same geometry or attribute is entered
into the database more than once). Error detection strategy defines how the error is being
detected. The first differentiation of error detection strategies is whether they are manual
or automatic and automatic error detection can be achieved by many different approaches
such as outlier detection, rule or pattern violation, topological analysis, spatial analysis, and

semantic analysis.

Given the above classification, this thesis presents automated error detection strategies. The
approaches in this thesis are based on the analysis of ternary spatial relationships between
objects, so the error scope involves multiple objects. Regarding their type, these errors
are spatio-semantic because they affect both geometric and semantic components of map
data. Finally, the cause of the error is often not determined by the automated error detec-
tion method and needs to be assessed by a human expert. For instance, the examples in
Figures 1.1 and 1.2 both show cases of missing data. These errors can be discovered by
analysing the topological relations between objects, but the error cause can only be deter-

mined by comparing the map data to the satellite imagery of the area.

1.3 Research challenges

There are several research problems in developing automated error detection approaches that
need to be addressed. Some are common to all types of data, and some are specific to map

data.

Reference data or ground truth

Current prominent map databases such as Google Maps, OSM, and Bing Maps cover the
entire globe in fine detail. It is not uncommon even for trees, trash cans or park benches
to be individually mapped and mapping is often performed remotely by volunteers using
satellite imagery as a source of information. Due to such large amounts of geographical

information, it is becoming increasingly harder to maintain map databases and assure their
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quality. Traditionally, a high-quality reference dataset produced by expert land surveyors
would be acquired and used as ground truth for assessing the accuracy of data. However,
it is not feasible to expect such a process to be repeated for all the detailed data present in
current maps. Consequently, ground truth data are often not available, and checking each
object in a database manually would be too demanding in time and human resources. This
leaves an open problem of quality assurance and in particular detection of errors in databases

without the ground truth.

Thus, there is an emerging trend of developing intrinsic data quality metrics that rely solely
on the data being analysed and do not need ground truth. This is common in machine learning

approaches as well, where data are often partitioned into training and test datasets.

This research is based on the assumption that any practically usable dataset must, at least
in the area where it is usable, have the majority of the data of satisfactory quality (i.e., fit
for use). OpenStreetMap, for example, has a strong community of contributors and a long
lineage of edits where contributors are encouraged to correct errors and update the database.
On the other hand, many proprietary datasets have a strict quality control process which
assures high quality of data. In this thesis, datasets for which the majority of data are as-
sumed to be of acceptable quality are called mature spatial datasets. If the majority of the
data is considered a norm, then the deviations from that norm can be seen as anomalies or
outliers [18]. Thus, outlier detection is applied to detect probable errors in data [19]. This
assumption will be referred to as the assumption of mature spatial dataset in the remainder

of this thesis.

Certainty of errors

Errors are usually defined as data that are different from the reference dataset. However, as
discussed in the previous paragraph, the reference dataset is often not available or even not
defined. Other times it is not the reference dataset that is used to evaluate the correctness
of data, but rules that the experts have agreed upon (e.g., buildings should not overlap each
other). Thus, it is becoming more common in data cleaning to use the term potential error.
This means that there is an indication that an error might exist, but it is not certain. In the
context of automated error detection, the cases where the system has found potential errors

where no errors exist in data are considered false-positive results. In alignment with this, all
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errors that are detected by the automated error detection methods in this thesis are potential

errors and need to be checked by humans.

Complex relations in map data

When we think and communicate about space, we often refer to qualitative relationships that
exist between spatial objects - the road is connected to the bridge, or the house is blocking
the access between the route end point and the destination building. These spatial relations
are also implicitly present in map data and can be used for spatial analysis and reasoning
about both spatial and semantic components of data. However, to be able to make use of
them, it is first necessary to have the means of modelling spatial relations. While models
for binary topological spatial relations between two objects are well established and widely
used, they do not enable us to utilise the relations that require simultaneous modelling of
more than two objects. Thus, one focus of this thesis is to develop ternary spatial relation

models that will enable these more complex spatial analyses to be used for error detection.

1.4 Hypothesis and research questions

This thesis aims at developing computational methods to automate the detection of errors
in map databases and ease the demand for human resources in error detection. Given the
assumption of mature spatial datasets, the aim is to perform the error detection intrinsically
without the need for ground truth or reference data. Furthermore, error detection strategies
in this research will be based on the analysis of ternary qualitative spatial relations between

objects in map data.

The main hypothesis of this research is that the analysis of ternary spatial relationships
between map features enables the detection of otherwise undetectable errors in map data.
This would result in an automated, intrinsic error detection method with formal grounding,
eliminating the need for ground truth or reference data. This hypothesis is approached by

addressing three partial research questions, as laid out below.

1. How can ternary spatial relationships be modelled? In response to the challenge

of complex relations in map data, two models for ternary spatial relationships are
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proposed in this thesis - Refined topological relations model for line objects (RTL) and
the Ray Intersection Model (RIM). These models enable us to describe, capture, and
analyse relationships between objects in map data that the previously existing models
were not able to express. Consequently, they enable more sophisticated strategies for

error detection to be developed.

2. How can errors be intrinsically detected with the analysis of ternary spatial relations?
In response to the challenge of unavailable reference data or ground truth, this the-
sis proposes two approaches for intrinsic error detection based on the RTL and RIM
models. One approach is based on the analysis of spatial relations between objects in
a map database and detecting the patterns that are formed by the majority of objects.
These patterns are then, according to the assumption of mature datasets, adopted as
rules to which all objects must conform. The other approach differs in that rules are
defined by our heuristics and expectations of relationships between objects in a map
database. The objects that violate the defined rules, in both these approaches, are la-
belled potentially erroneous. Thus, both approaches are intrinsic without the need for

the reference or ground truth data.

3. How can the potential errors be detected and evaluated in a prominent map database?
In response to the challenge of certainty of errors, the errors detected by the intrinsic
approaches in this thesis are considered potential errors. To demonstrate the proposed
approaches and their ability to detect potential errors, they have been applied to one of
the most prominent map databases today - the OpenStreetMap. To do this, the ternary
spatial relation models and the intrinsic error detection methods have been computa-
tionally implemented. This thesis also shows how potential errors can be evaluated
by a community of mappers. Their feedback can give a precise understanding of the

performance of the intrinsic error detection approaches.

1.5 Outcomes and contributions

The first major contribution of this thesis are the two novel models for ternary spatial
relationships - RTL and RIM. The RTL model addresses the problem that the commonly used

9-intersection model [20] is limited to characterising binary topological relations and cannot
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describe scenarios where more than two objects are involved. This is particularly important
in networks, where there may be the need to show that a certain segment is connected to
the rest of the network on both sides. Thus, the refinement proposed in this model examines
whether a core line object is connected to its surrounding objects on both or only one of its

ends (i.e. start and end points).

RIM addresses the problem that there is still no widely accepted model for ternary spatial
relations that provides an adequate platform for reasoning about one spatial object being
between others, as the existing models are either not sufficiently specific regarding between-
ness [10], or provide only reasoning about the relation between, without an adequate im-
plementation strategy [9]. As a result, the question of whether one spatial object is located
between two other spatial objects remains hard to answer, especially if we take into consid-
eration that peoples’ answers may be subjective, depending on the particular arrangements
of these objects. RIM casts rays between two peripheral objects and uses the intersection
sets between these rays and the core object to model its relation to peripheral objects. These
intersection sets provide a basis for reasoning about the core object being between peripheral

objects.

Both these models have been computationally implemented in tools that are commonly used
in spatial information processing - Python programming language and PostgreSQL database
enabled with PostGIS spatial extension. This makes them easy to apply and use in other

spatial analyses such as error detection. The contributions these models make are:

Refined topological relations for line objects refine existing models of topological re-

lations to describe line-line relationships in more detail;

e Refined topological relations for line objects enables new insights into the connection

between topology and function of line objects;

e RIM presents a novel approach to ternary spatial relations, where two objects are
treated as peripheral objects and one is the core object whose relative position towards

the peripheral objects is characterised;

e RIM provides a basis for reasoning about the betweenness of spatial objects.

The second major contribution of this thesis is its investigation of topology as the defining

characteristic for certain classes of spatial objects. Traditionally, a spatial object in a map
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database would be annotated at its creation and its class would be determined in this way
(e.g. a spatial object annotated as a bridge belongs to the bridge class). The problem is that
such classification depends on the human judgement which is prone to errors and might be
inconsistent. This thesis proposes a data mining approach based on frequent itemset min-
ing to learn frequent topological relation patterns between objects of a given class and other
spatial objects. Given a selection of spatial objects, the proposed method analyses topologi-
cal relations between these objects and other spatial objects that are not disjoint from them.
These data are then analysed with frequent itemset mining to determine which topological
relationships are defining for objects of the given class. A set of defining topological rela-
tionships is adopted as a topological constraint for objects of the given class and objects that
are annotated as belonging to that class but do not satisfy the topological constraint (i.e. they
do not have all of the necessary topological relationships with surrounding objects) are la-
belled as potentially erroneous. The approach here implements the RTL model. This thesis
makes the following contributions regarding automated error detection by topological data

mining:

o [t shows that topology strongly contributes to the definition of spatial object classes;
e It provides an automated approach for learning topological constraints from data; and

o It shows that topology can contribute to the detection of spatial object misclassifica-

tions and missing-data errors.

The third major contribution of this thesis presents a novel approach that detects errors
in map databases by analysing the accessibility of buildings. It is based on the assumption
that is commonly made by routing algorithms where the start and destination points of a
route are often snapped to the closest road segment. In doing so, they assume that, when
the destination is a building the road that is closest to it provides access. However, it may
happen that some buildings in map data are not accessible from the closest roads and this in-
dicates potential errors such as missing data (e.g. access road missing from the map), spatial
errors (e.g. building inside another building) or even semantic errors (e.g. another object
incorrectly annotated as a building). The accessibility analysis here is based on the RIM
model and it tests whether the surrounding buildings completely occlude the core building
from the closest road, thus preventing access. This thesis makes the following contributions

regarding building accessibility:
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e it demonstrates a novel problem of building accessibility from the road network where

sophisticated reasoning is needed and provided by a computational approach;

e it presents a computational refinement of the RIM for the determination of occlusion
between two spatial objects in a 2D plane and a set of potentially occluding objects;

and

e it demonstrates an approach for a large scale analysis of building accessibility in a way

that enables automated detection of potential errors such as missing road data.

1.6 Thesis structure

This thesis is organised as follows. Chapter 2 reviews the literature in the fields of data
quality, data cleaning, and error detection. Special consideration is given to methods and
approaches that are aimed at spatial data. This chapter lays the foundations for the entire
thesis in that it explains the importance and benefits of automated and intrinsic approaches

for detection errors and improving the quality of map databases.

Chapter 3 showcases the shortcomings of binary spatial relation models and proposes the
approach to modelling ternary spatial relations. It also sets the base assumptions for mod-

elling ternary spatial relations in this thesis as well as the data that the methods in this thesis

apply to.

Chapter 4 presents the RTL model for ternary spatial relations. This chapter also shows
the computational implementation of this model and its comparison to an existing spatial

relation model.

Chapter 5 introduces the RIM model for ternary spatial relations. Apart from the model def-
inition, this chapter also demonstrates its expressiveness across twenty-three different con-

figurations of spatial objects. The computational implementation of RIM is also presented.

These methods enable more complex analyses of map data that can provide better insight

into patterns and regularities that occur.

Chapter 6 proposes automated error detection approaches that are intrinsic and do not require

any reference data. These approaches make use of the proposed RTL and RIM models to
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enable more complex analyses of map data that can provide better insight into patterns that
occur. Because of the mature dataset assumption, the objects that violate the patterns of the

majority are seen as potentially erroneous in these methods.

Chapter 7 shows three case studies that demonstrate the capabilities of the proposed ternary
spatial relation models and error detection approaches to analyse data and detect errors. Each

case study shows a set of quantitative results and their evaluation.

This is followed by Chapter 8 that discusses the major findings of this thesis presented in the
previous five chapters. The discussion also analyses the limitations and possible improve-
ments to the proposed models and error detection approaches. The conclusions and final

remarks of this thesis, together with the directions for future work, are given in Chapter 9.



Background

Chapter 2 reviews the relevant literature and sets the background for the research presented in
this thesis. It starts with an overview of work on spatial data quality and elements of spatial
data quality is presented in Section 2.1. Section 2.2 focuses on the part of data quality
literature regarding data cleaning and error detection that comes mostly from the field of
computer science. This section then overviews the work on error detection in spatial datasets
and classifies the errors that are detected in this thesis. Given that this thesis proposes novel
ternary spatial relation models for error detection, Section 2.3 gives an overview of spatial
relations. The particular topics that are reviewed in this section are topological relations,
spatial relation “between”, visibility and accessibility relations. These topics were chosen
because of their relevance to the spatial relation models proposed in this thesis. Finally,
Section 2.4 introduces the volunteered geographical information and OpenStreetMap — a

free and open-source map database that is used in the case studies in Chapter 7. It reviews

13
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previous work on assessing and improving the quality of OpenStreetMap, as well as intrinsic

quality assurance methods.

2.1 Spatial data quality

There is a long lineage of research in the field of spatial data quality, with multiple books
published on this topic (e.g., [21-23]). Land surveyors, the main collectors of spatial data,
have always cared about the quality of the data they collect. Traditionally, the goal was to
measure and represent the “real world” as closely as possible. In surveying, data quality
is related to the quality of measurements and is usually expressed through accuracy and
precision. Accuracy represents how close the measured values (e.g., distances and angles)
to the real value which is unknown and is to be estimated through repeated measurements.
Precision is a measure of how similar are the repeated measurements of the same value.
With the addition of attribute and temporal data, as well as division of the data into different

themes, spatial data quality has since evolved to a much broader concept.

In their description of spatial data quality, the researchers in this field define different el-
ements of data quality [24-26]. Veregin [24] defines accuracy, precision, consistency and
completeness as elements of quality over three dimensions: space, time and theme. Accord-
ing to Wan et al. [25], the number of spatial data quality elements in the literature ranges
from five to eleven. They have also been subject to standardisation by international insti-
tutions - International Organization for Standardization (ISO) and European Committee for
Standardization (CEN). Today, the standards for spatial data quality elements are unified in a
single international standard which is most commonly used - ISO 19157:2013: Geographic
information — Data quality [11]. This standard defines a data quality element as “a compo-
nent describing a certain aspect of the quality of geographic data” [11]. Table 2.1 lists the
elements of spatial data quality that are present in the ISO standard. ISO and CEN standards
are especially important for assuring unified quality reporting of authoritative datasets (e.g.,
datasets produced by national or international institutions). Van Oort [26] gives a detailed
overview of research on spatial data quality, including the elements of spatial data quality as

defined by different authors/organisations.

Parts of this chapter are based on published papers [1, 3-5].
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TABLE 2.1: Elements of spatial data quality in ISO 19157:2013: Geographic information
— Data quality [11]; descriptions taken from [12].

Describes how complete a dataset is. A surplus of data is referred
Completeness to as “Error of Commission”, a lack of data in contrast as “Error of
Omission”.

Declares the accuracy of the relations manifested within a dataset.
Logical Consistency This element can be further subdivided into “intra-theme consis-
tency” and “inter-theme consistency”.

Positional Accuracy Defines the relative and absolute accuracy of coordinate values.
Temporal Accuracy  The historical evolution of the dataset.

Thematic Accuracy  Describes the accuracy of the attributes assigned to a geometry.

The other approach to defining and expressing the quality of data is by determining it’s
“fitness for use” [24, 27-31]. This paradigm means that the quality of the data depends
on the purpose for which it will be used [12] and hence is not absolute. This approach is
becoming more common, as spatial data are finding their way towards new user-oriented
applications such as navigation [6], location based services [32], and web-maps [33]. The
assumption of mature spatial datasets upon which this thesis is based also reflects the “fitness
for use” approach because it states that the majority of data in such datasets is of acceptable

quality - for the users of the data.

2.2 Error detection in databases

The growing amounts of data that are collected by enterprises and used for improved decision
making based on analytics and machine learning models are the main motivation for data
cleaning research [13, 17]. Data cleaning, also known as data cleansing, can be defined as
a process of detecting and correcting errors and replacing missing data in a database [34].
In [35], data cleaning/cleansing/scrubbing is defined as a process of maintaining the quality
of data. In [8], where the focus is set on data consistency, it is defined as “an exercise of
detecting errors, and possibly modifying the database, such that the data conforms to a set
of data quality rules”. In addition, Chu et al. [17] identify data cleaning as a key area in
database research because every database analysis needs to consider the effects of dirty data.
Regardless of differing definitions, [8, 34, 35] all recognise that data cleaning consists of

two parts - detection of errors and rectification of errors. This thesis is focused solely on
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the detection of errors in map databases and does not attempt to recommend nor suggest
how these errors should be corrected. Thus, the remainder of this section focuses solely on

reviewing the work in error detection research.

2.2.1 Types of errors and detection techniques

To be able to discuss different approaches to error detection in data cleaning literature, the
notion of error must first be defined. Abedjan et al. [13] have defined an error as a devia-
tion from the ground truth value. They have followed up this definition with a more formal
one - “given a data set, a data error is an atomic value (or a cell) that is different from its
given ground truth” [13]. Most of the other authors first divide errors into different types.
Chu et al. [17] have made a distinction between quantitative and qualitative error detec-
tion techniques (i.e., corresponding to quantitative and qualitative error types). Quantitative
techniques are often used for outlier detection and employ statistical methods to identify ab-
normal behaviours and errors. Qualitative techniques rely on constraints, rules, and patterns
for error detection [17]. A similar taxonomy of error types can be found in [13] where errors
are seen as either quantitative (outliers and duplicates) or qualitative (rule violations and
pattern violations). Definitions of these errors are listed in table 2.2.

TABLE 2.2: Categorisation of errors from [13].

Data values that deviate from the distribution of values in a column

Outliers of a table.

Distinct records that refer to the same real-world entity. If attribute

Duplicates values do not match, this could signify the error.

Values that violate any kind of integrity constraints, such as NOT

NULL constraints and UNIQUENESS constraints.

Values that violate syntactic and semantic constraints, such as align-
ment, formatting, misspelling, and semantic data types.

Rule violations

Pattern violations

The most comprehensive classification of error detection techniques is given by Chu et al.
[17] and Ilyas and Chu [8]. This particular classification is based on three questions - what to
detect, how to detect and where to detect (Figure 2.1). Each of these questions corresponds

to one classification dimension listed below [8, 17]:

e Error type (What to detect?) — Anomaly detection techniques can be classified ac-

cording to which type of errors can be captured. Ilyas and Chu [8] discuss example



Background 17

violations of various integrity constraints (ICs) along with methods for their automatic

discovery, and the main steps involved in detecting duplicate records.

e Automation (How fto detect?) — Approaches can be classified according to whether
and how humans are involved in the anomaly detection process. Most techniques are
fully automatic, for example, detecting violations of functional dependencies, while

other techniques involve human experts, for example, to identify duplicate records.

e business intelligence layer (where to detect?) — errors can occur at all stages of a
business intelligence (BI) stack, for example, errors in the source database are often
propagated through the data processing pipeline. while most anomaly detection tech-
niques detect errors in the original database, some errors can only be discovered much
later in the data processing pipeline, where more semantics and business logic be-
comes available, for example, constraints on a total budget can only be enforced after

aggregating cost and expenses.

Anomaly Detection Techniques

Error Type Automation Bl Layer
(What to detect?) (How to detect?) (Where to detect?)
IC  Data deduplication ~ Automatic  Human guided Source Target

FIGURE 2.1: Classification of anomaly detection techniques by Ilyas and Chu [8].

Abedjan et al. [13] have conducted an overview of different error detection techniques and
concluded that there is no single best tool for error detection, but the success of a certain
method depends on the dataset. Furthermore, their analysis has shown that percentage of
errors that can be detected by existing error detection tools is well under 100%. Similar
reviews have been done by Chu et al. [17], by Chandola et al. [18], and by Ciszak [35] who
claims that application of data mining methods to data cleaning can be useful in situations
where reference data are not available. These reviews come from the area of the general
database research and have thus not yet been applied to spatial data quality. However, the
problems they have outlined may generalise to all applications of error detection. The error

detection approaches proposed in this thesis apply qualitative techniques of detecting errors
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with rules and constraints, but the definition of these rules and constraints is informed by

quantitative analysis of spatial relation patterns in data.

2.2.2 Error detection in spatial datasets

Ones of the first notions of automated error detection in spatial datasets date back to 2000 [36,
37], and were based on checking the consistency of data. Similar to this thesis, the assump-
tion that these approaches were based on is that exceptions to the regularities in the data are

probable data errors [19, 36, 37].

Gong and Mu [36] have proposed consistency checking of spatial relationships among neigh-
bouring objects and attribute relationships among data from different sources to detect errors.
In their work, they have considered three different types of errors: (1) spatial inconsistency
error was described as a difference in the position of the same object on different sources
(i.e., maps), (2) logical errors were described as cases where logical relationships which
an object should have with other objects are missing (e.g., a parking lot that is not con-
nected to the road via entrance or exit), and (3) attribute errors can be detected by looking
at inconsistencies in the attribute data from different sources, similar to detection of spatial
inconsistency errors. However, the authors did not go further than conceptualising differ-
ent ways in which consistency checking can be used to detect errors. With no applicable

methodology or framework, these concepts could not be applied to real spatial datasets.

Servigne et al. [37] have developed a framework for checking the consistency of spatial
datasets and correction of detected errors. They have also introduced the concept of topo-
semantic consistency which concerns the correctness of topological relationships between
objects, based on their semantics (e.g., a building inside another building would be an error
while a building inside a parcel would not be an error). They consider structural errors which
come from data structures, geometric errors which come from the geometric part of objects
and fopo-semantic errors which come from spatial relations between objects. In fact, the
topo-semantic errors described in this paper are equivalent to logical errors and geometric
errors are equivalent to spatial inconsistency errors from [36]. The structural errors are no
longer relevant because the majority of spatial datasets are being stored in spatial databases
which deal with these errors efficiently. For detection of topo-semantic errors, they propose

topological integrity constraints. They define these constraints using topological relations
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described by the 9-intersection model [20] (i.e., describes relations of interiors, boundaries
and exteriors of two objects), based on the heuristics about certain objects (e.g., building
cannot be contained by other building or land parcels must be adjacent). The extension of
this model was proposed by Rodriguez et al. [38] in form of measures for evaluating the

degree of violation of topological integrity constraints.

Vallires et al. [39] have made an overview of spatial integrity constraints, which they have
described as ‘““a desirable state of data”. They have divided spatial relations into metrical
relations (i.e., deal with measurable characteristics of objects; e.g., distance and direction)
and topological relations (i.e., concern geometric properties that are invariable to transfor-
mation; e.g., overlap and disjoint). In that sense, spatial integrity constraints are an extension
of topological integrity constraints presented in [37]. Vallires et al. [39] describe inconsis-
tencies in data as violations of spatial integrity constraints which can occur during the data
acquisition process or following the integration of data from different sources or of differ-
ent accuracy. Same as in [37], Vallires et al. [39] claim that the standard way of describing
topological relations is the 9-intersection model. International standards concerning spatial
integrity constraints were also reviewed in [39]. These mainly concern the use and documen-
tation of the 9-intersection model for describing topological relations. Finally, the authors
propose spatial integrity constraints to be manually defined in the form of object class —
spatial relation — object class (e.g., road segment meets road segment). Validation against
the defined constraints can then be used as a way of minimising the amount of errors in
spatial databases. This thesis improves on this approach by learning these spatial integrity

constraints automatically from spatial relationship patterns in data.

Miilligann et al. [40] have presented a methodology for analysing the spatial-semantic in-
teraction of point features in Volunteered Geographic Information (VGI). Motivated by the
lack of reference data for points of interest (POIs), they look at spatial-semantic patterns in
the data with the aim of defining the likelihood of different objects to co-occur (e.g., a pub
is more likely to occur close to a restaurant than a hospital). Among other uses, they pro-
pose this method to be used for attribute recommendation (i.e., advising volunteers which
attributes to assign to objects), data cleaning (i.e., labelling objects that do not follow spatio-
semantic patterns as possible errors) and coverage recommendation (i.e., highlighting areas
where an object is expected to occur but does not). Although the terminology is different

from [36] and [37], this can be seen as an extension of spatial consistency checking and/or
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outlier detection being used for error detection. However, these patterns are detected rather
than defined by humans, which is contrasting the heuristic approach of [37]. This is impor-
tant because it solves the problem where some rules may be left out due to human oversight.
The difference with the methods proposed in this thesis is that instead of distance relations
they utilise ternary topological and spatial relationships to characterise spatio-semantic pat-

terns between objects. This thesis also supports objects with line and polygon geometries.

Most recent and comprehensive work on this topic was done by Maervoet et al. [19], who
have used outlier detection to automatically detect errors in spatial data. They define outliers
as individuals which are substantially different from the rest of the data. This work is moti-
vated by the geographical data provider company Tele Atlas, whose infrastructure for quality
maintenance uses manually built quality rules against which the data are verified. Similar
to the creation of topological integrity constraints in [37], this is a heuristic approach based
solely on the knowledge of human experts. To improve this quality maintenance process,
the aim of [19] was to develop a method that will automatically detect such quality rules
from the data. By doing so, considerable human effort would be saved and some rules that
are overlooked by humans could be discovered. The first step of their approach is the use of
a frequent pattern miner to discover association rules. After the rules are discovered, they
are first examined by human experts in a sanity check, and then the outliers are detected
by verification of the data against these rules. The tool they have developed can be used
to discover inter-feature and intra-feature relations of objects in a database. In the case of
inter-feature relations, they look at spatial relationships between different objects. These
regularities correspond to the spatial-semantic interactions from [40], topo-semantic consis-
tency from [37] and logical consistency from [36]. In the case of intra-feature relations, they
look at relationships amongst attributes on the specified object class (e.g., if the importance
of aroad object is labelled as high, then its condition should be labelled as paved). The issue
with the approach from [19] is that it has limited support for spatial computation and spatial
relationships. Apart from the pre-processing step where it is determined which objects will
be considered by the algorithm, there is no support for spatial relationships such as topo-
logical relationships or distance between objects and the patterns are mined in the relational
tables that contain objects’ identifiers and attributes. The approach in this thesis also mines
for frequent patterns to discover rules, but the mining is performed on spatial relationships

between objects.
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2.2.3 Errors detected in this thesis

Section 2.2.2 shows continuous improvements in the field of error detection in spatial databases.
What started as an intuitive idea in [36] has developed into a functioning tool [19] that is
able to detect errors in spatial data. Over time, the approaches in this field have moved from
the heuristic definition of constraints [37, 39] towards the use of data mining techniques
for their automated discovery [19, 35, 40]. However, the full automation has not yet been
achieved and considerable human guidance is needed in both error detection and error cor-
rection tasks. In this thesis, the automated approaches for detection of spatio-semantic errors
continue the trend of using data mining techniques for automated error detection. The error

detection approaches in Chapter 6 also aim to minimise the need for human guidance.

The classification of errors in this thesis is inspired by the classification of anomaly detection
techniques from Figure 2.1. As described in Chapter 1, all errors are not alike and in this
thesis they are differentiated by error type, scope, cause, and detection strategy (Table 2.3).
However, error type described in Chapter 1 differs from the error type described in Figure 2.1
and refers to components of spatial data (i.e., spatial or semantic) that are affected by the
error. Error scope refers to how many objects are affected by the error and this notion has
not been considered in many of the previous error detection research. The cause of the error
is the hardest characteristic of the error to automatically deduce. However, it is often not
necessary to know the cause of the error in order to detect the error and even to correct it. For
example, if someone has misplaced a house in the map it may be because of outdated aerial
imagery or due to using the wrong cartographic projection. Either way, it is only needed to
notice the mistake and correct the position of the house. Lastly, the error detection strategy
in our classification refers to the method by which the errors are detected. This is similar to

the automation and question “how to detect errors?” from Figure 2.1.
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TABLE 2.3: Classification of errors in this thesis.

Definition

Possible values (non-
exhaustive list)

Approached in this the-
sis

Which components of spatial, semantic, . .
Type . . spatio-semantic
data are affected? spatio-semantic
The number of objects
Scope one, two, three or more  three or more
that are affected
reference data error, hu-
What has caused the er- .
Cause man error, systematic er- not addressed
ror to occur?
ror
manual, automatic, out- .
. . . automated, topological
Detection How can the error be de- lier detection, topolog- . .
. . . constraints, spatial anal-
strategy tected? ical analysis, constraint ysis

violation

2.3 Spatial relations

Corcoran et al. [41] define a spatial relation as ““a means of modelling a particular property of
the spatial relationship which exists between two or more objects”. Spatial relations can be
quantitative or qualitative [41] and differ based on the particular property of the relationship
they describe (Table 2.4), or by the number of objects involved. As mentioned in the previous
section, Vallires et al. [39] have divided spatial relations into metrical relations (i.e., deal with
measurable characteristics of objects; e.g., distance and direction) and topological relations
(i.e., concern geometric properties that are invariable to transformation; e.g., overlap and
disjoint). Egenhofer and Franzosa [42] categorise spatial relations into topological, metric
and order relations (i.e., order of objects such as in front of and above). Clementini [43] cat-
egorises spatial relations into topological, metric, and projective relations which are defined
as “spatial relations that can be described by projective properties of space without resort-
ing to metric properties”. Projective relations include relations such as the align-along-road
relation [41], line-of-sight relations [44], and building accessibility relation that is proposed
in this thesis. According to Clementini [43], projective relations also include order relations
from [42]. Table 2.5 shows the qualitative spatial relations for which models are proposed in
this thesis, and each of these three relations is used in one case study in Chapter 7. The rest
of this section overviews selected topics in spatial relations that are relevant to the research

presented in this thesis.
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TABLE 2.4: Categories of spatial relations commonly found in the literature.

Category Description Source

Describe spatial relationships that are invariable to

Topological transformation (e.g., touches and intersects) (39, 41-43]

Metric DCSCI‘]I?C spatial relationships that can be measured 39, 41-43]
(e.g., distance and angle)

Order Describe the order of objects in space (e.g., behind or (41, 42]
between)

Projective There are other relations not in these categories (e.g., (41,43, 44]

visibility, alignment)

TABLE 2.5: Qualitative ternary spatial relations analysed in case studies in Chapter 7 of
this thesis.

Relation Description Category

Refined topological relations for line objects (RTL,
Chapter 4) describe whether a core line object is con-
nected to other objects on one or both sides (i.e., line
ends)

The Ray Intersection Model (RIM, Chapter 5) can be
Between used to describe whether one spatial object is positioned  Order
between other two spatial objects.

Line connections Topological

RIM can also be used to analyse if one spatial object
(e.g., abuilding) is a accessible from another spatial ob-
ject (e.g., aroad) in a straight line without any obstacles
obstructing the way.

Accessibility Other

2.3.1 Topological relations

Topological relations are one of the most studied kinds of qualitative spatial relations, which
find wide applications in GIS, computer vision, natural language understanding, and spatial
databases [45]. There have been numerous studies and approaches to formalising topological
relations, and a thorough overview can be found in [45]. However, the two most notable
streams of research in this field are focused around the RCC model [46], and around the n-
intersection model (e.g., 4-intersection model [42], and 9-intersection model [20]). In short,
the Region Connection Calculus (RCC) defines a set of relations that may occur between two
closed regions (i.e., polygons with interiors, boundaries and exteriors) and describes them
with a basic relation C(x, y) (i.e., X connects with y). The n-intersection model is grounded

in point-set theory and uses a matrix form to encode if intersections between point-sets such



Background 24

as objects interiors, boundaries, and exteriors exist (i.e., if they are empty or non-empty).
Although variants of both models are used today, a variant of the n-intersection model, the
dimensionally extended 9-intersection model (DE-9IM) [47], is accepted as the standard
model for topological relations by ISO [11], and implemented in most ISO/OGC compliant
software. This thesis aligns with the n-intersection model tradition, as the 9-intersection
model is extended in the calculation of both models proposed here (RTL in Chapter 4 and
RIM in Chapter 5).

The first notable n-intersection model, the 4-intersection model, was proposed by Egenhofer
and Franzosa [42] based on point-set analysis of binary relationships between two objects’
interiors and boundaries. 4IM was succeeded by the 9-intersection model (9IM) [20] which,
in addition to objects’ interiors and boundaries, takes into consideration their exteriors to
provide more expressivity. As a result, 9IM can differentiate cases that 4IM cannot. Both
4IM and 9IM denoted the intersection of point sets as non-empty if they share at least one
point between them, and empty otherwise. Such intersection test results are usually repre-
sented in a 3 X 3 matrix (i.e., 1 or T'rue for a non-empty point set intersection, 0 or False

for an empty point set intersection).

The 9IM has later been extended into a dimensionally extended 9-intersection model (DE-
9IM) [47-49] which captures not only the binary results for intersection tests between ob-
jects’ interiors, boundaries and exteriors, but also analyses the dimensionality of the inter-
section set. In DE-9IM, the results of intersection test between two point sets would show
False for an empty intersection, 1 for a 1-dimensional (i.e., point) intersection, and 2 for
a 2-dimensional (i.e., line or polygon) intersection. After DE-9IM, many other extensions
of the 9IM followed, such as the Voronoi-based 9-intersection model (V9I) [50] and the

9+-intersection model [51].

However, neither of these models can handle the ternary topological relations in a way that
enables to analyse the connections of a linestring on both sides, or the betweenness of spatial

objects because they support only binary relations (i.e., 9IM, 9+-intersection model, VII).

2.3.2 Spatial relation ‘“between”

Betweenness has been mentioned in the literature in the context of ternary qualitative spatial

calculi. Dylla et al. [52] claim that the importance of ternary qualitative spatial calculi is
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FIGURE 2.2: Three cases from Bloch et al. [9] where the degree to which B is between A,
and A, may vary depending on the context and on the definition.

in the ability to describe relative orientation and betweenness of spatial objects. However,
they conclude that a unifying algebraic framework for n-ary calculi is yet to be established.
Scivos and Nebel [53] have proposed a calculus for ternary relations of point objects, but
it only supports reasoning about the betweenness of collinear points and is not suitable for
spatial objects of higher dimensionality (i.e., lines and polygons). Only Bloch et al. [9]
have made a thorough analysis of this ternary spatial relation, which they claim is fuzzy and
depends on the context. They have proposed multiple geometrical definitions of between,
each addressing a different problem — ranging from relationships of fuzzy objects to the

impact of relative sizes of objects (Figure 2.2).

In the RIM model proposed in Chapter 5, two notions from Bloch et al. [9] are adapted and
built on. First, to define if one (core) spatial object is located between two other (peripheral)
spatial objects, we adopt the concept of the defining the “area between” those peripheral
objects, and only then we analyse the relationship of the core object to this area. Although
this notion is not included in the theoretical definition of RIM, it is applied as a convenient

shorthand in the computational implementation of RIM (Chapter 5).

The second notion is that parts of the area between two objects should only be taken into con-
sideration if they are visible from both objects. For example, if the area between two objects
is defined by the convex hull of the union of the two objects minus the objects themselves
(Figure 2.3), then for any concave objects the area inside the concavity would also be treated
as between. Instead, Bloch et al. [9] propose that any such concave region be excluded from
the area deemed between two objects. This argument is adopted in RIM as well, where the

definition of a ray achieves the same effect.

Another group of studies on modelling the spatial relation between were carried out by
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FIGURE 2.3: An example from Bloch et al. [9] where a concavity in A, is lacking visibility
from A; (dashed area).

Clementini and Billen [10], Billen and Clementini [54, 55]. Their approach is based on
the collinearity of points, generalised into the collinearity of regions [56]. Their model par-
titions the plane around two peripheral objects into five separate zones using their common
internal and external tangents. The common external tangents of peripheral objects (e.g.,
B and C in Figure 2.4) are also tangents to the convex hull of the union of the peripheral
objects. The common internal tangents intersect inside the convex hull of the union of pe-
ripheral objects. A relation of the third (core) object to the peripheral objects is analysed
by testing which of the five zones does the core object intersect (Figure 2.4), and this same
approach was later implemented by other researchers as a refinement of the visibility based
ternary model [57]. Clementini and Billen [10], Billen and Clementini [54, 55] demonstrate
that this model for ternary projective relations is able to distinguish between 34 different
relations. In their model, object A is considered to be between objects B and C whenever
the interior of A intersects the interior of the convex hull of the union of B and C, minus
the objects B and C themselves. The shortcoming of capturing betweenness in such binary
manner is that some important differences within scenarios where A is between B and C
cannot be expressed. For example, if A is a bridge, it is important that it touches both B and
C, while if A is a fence between two properties, it is important that it completely obscures 2D
visibility between B and C. Another shortcoming of the ternary projective relations model
is that it is susceptible to the previously mentioned problem of concave polygons. Thus, the
RIM model proposed in Chapter 5 enables the expressivity needed to further differentiate
scenarios where A is between B and C and it takes into consideration the effect of concave

polygons on the visibility between B and C.
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FIGURE 2.4: Projective relation between objects B, C, and A [10].

2.3.3 Visibility relations

The RIM model proposed in Chapter 5 of this thesis enables to describe a multitude of
scenarios for triplets of spatial objects. The model is focused on capturing the betweenness
of spatial objects but is refined in Chapter 6 to analyse the accessibility between two spatial
objects (i.e., aroad and a building) given a set of occluder objects that may stand in the way.
In the building accessibility analysis approach, the 2D visibility between the building and
the road is used as a proxy for accessibility. In other words, if occluder objects are positioned
between the building and the road in such a way that there is no visibility between them, then
it is considered that there is no accessibility between them either. This section reviews the
existing research on visibility relations and explains how the approach proposed in Chapter 6

of this thesis contributes to this field.

2.3.3.1 Qualitative spatial reasoning

There have been several studies in qualitative spatial reasoning (QSR) on the visibility and
occlusion of spatial objects. Galton [44] was the first to model visibility with line-of-sight
relations (LOS-14) inspired by the region connection calculus (RCC) [46]. LOS-14 consists
of 14 qualitatively distinct configurations of two convex spatial objects as seen by the ob-
server in their field of view (e.g., A hides B or A is in front of B). LOS-14 was also used
in [58] to interpret relations between objects in digital images. It was superseded by Kohler’s
occlusion calculus (OCC) [59] which is slightly different in its calculation and in the com-
position table used for qualitative reasoning with these relations (e.g., if A partially hides B

what are the possible occlusion relations from B to A?). Randell et al. [60] have introduced
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the region occlusion calculus (ROC-20) which has expanded the LOS-14 by also allowing
concave objects in their model. They have also studied the motion parallax and how does
the occlusion change when the objects in the scene are moving, and when the viewpoint of
the scene is changed. Some interesting applications of ROC-20 include formalisation and

exploration of shadows [61] and celestial eclipses [62].

The next improvement was introduced by Tarquini et al. [63] in their “qualitative model
for visibility relations” that has enabled the “point of view” to be not only a point but any
convex geometry. They have achieved this by modelling the visibility as a ternary spatial
relation based on the ternary projective relations model [10, 55, 56]. Their method divides
the space based on the projective lines between the point of view object C and the obstacle
object B into three types of acceptance areas: a shadow zone, a twilight zone, and a light
zone. The third object A is then assigned any of the seven distinct visibility relations (e.g.,
visible, partially visible or occluded) based on its placement within these acceptance zones.
This model has also been applied to localisation and navigation of an autonomous agent
with limited sensor abilities [57]. In this application the autonomous agent in each position
analyses the obstacle objects in its surroundings with the novel approach of visual cyclic
ordering. It then creates a topological map of visible and invisible areas using the visibility

relations, and uses this map for qualitative navigation.

Guha et al. [64] have introduced their model that differentiates fourteen occlusion states
(OCS-14) in which they additionally consider whether the visible parts in the scene are con-
nected behind the occluder object or not, and whether the occluder object is static or moving,
noting that these distinctions are important for computer vision applications. A more recent
Interval Occlusion Calculus (IOC) [65, 66] takes into consideration multiple distinct view-
points of a scene. This enables multiple agents to explore the environment simultaneously.
A more detailed overview of visibility relations in spatial cognition can be found in [67],
while Dylla et al. [52] places these visibility models inside the larger scope of qualitative

spatial and temporal calculi.

The approach proposed in this thesis (Chapter 6) uses rays cast between a line object (e.g., a
road) and a polygon object (e.g., a building), which is similar to lines of sight used in some of
the approaches mentioned above. However, what sets the proposed approach apart is that it
does not classify the entire scene into visible and occluded or light and shadow parts. Instead,

it only searches for the existence of at least one line of sight between two designated objects.
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While this does not provide a comprehensive visibility analysis of the scene, it enables faster

computation for binary visibility analysis (i.e., there is / is no visibility between two objects).

2.3.3.2 Visibility in computer graphics research

In contrast to QSR, visibility analysis research in computer graphics revolves around quan-
titative approaches where the exact portions of visible objects are determined and the focus
is on the efficiency and the speed of algorithms. Multiple approaches for building visibility
graphs [68, 69] and visibility complexes [70, 71] have been developed over the years, always
further optimising the computation. Similar to some of the QSR research, the goal is usually
to analyse the entire scene and determine the visible and invisible parts of all objects in the

scene [72], or light and shaded parts if the application is for lighting effects [73].

A thorough overview of the visibility related research in computer graphics has been pre-
sented by Bittner and Wonka [74]. It presents a taxonomy of visibility problems according to
the problem domain. This taxonomy differentiates five visibility problems: visibility along
a line, visibility from a point, visibility from a line segment, visibility from a polygon, vis-
ibility from a region, and global visibility. In computer graphics it is the usual practice to
map the problem of finding unoccluded lines of sight into the n-dimensional space called the
line space, and the previously mentioned domains map visibility to line spaces of different
dimensions. What is different about the approach proposed in this paper is that it does not
require the analysis of an entire scene for visible and occluded parts. It only needs to confirm
the existence of a single line of sight between two objects — a road and a building. Given
that these objects are usually represented as a polygon and a polyline, the visibility problem
in this paper could be described as visibility from a line segment or a polygon depending
on which object is designated as a source of visibility. However, the approach for assessing
visibility in this thesis (Section 6.5.2) uses functions and operators that are familiar in GIS

computations, and it does not map the problem into the line space.

2.3.4 Accessibility relations

Most of the studies on accessibility documented in the literature are concerned either with

how accessible the buildings are for people with disability [75, 76], or with the ease of
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access to a building [77], a location [78, 79], or a service (e.g., such as transport [80], health
care [81], or emergency services [82]). Similar to the case study in this thesis, the researchers
in the latter group also see the road network as provider of access and they usually use travel
time [81] or travel distance [82] to assess the accessibility of a location. However, the notions
of accessibility in these studies are different from the one in this thesis where the goal is to
assess whether a building is accessible from the road network without there being an obstacle
between, physically preventing access. Consequently, these studies are not concerned with
the quality of the map data in their spatial analyses. They use the usual routing methods
that snap the origin and the destination locations of the route to the closest point in the road

network, thus potentially suffering from the exact problem that this thesis is aiming to solve.

2.4 OpenStreetMap

This thesis proposes two approaches for detection of errors in map databases in Chapter 6.
To test and evaluate these approaches, we need a map dataset that is sufficiently detailed
and large to support data mining approaches and for which the assumption of mature spatial
dataset can be made. One option are the proprietary datasets produced by local govern-
ments and agencies. They usually come with quality assurance, but might be limited by
theme (e.g., a road dataset) and local extent (e.g., many datasets are limited to the state or
country). These datasets also come at a certain cost and their use in research might be lim-
ited by license agreement. The other option are the volunteered geographical information
(VGI [83]) databases that are created by a community of mappers and come free of charge.
OpenStreetMap (OSM)! is currently the most prominent VGI map database. It covers the
entire globe in much detail and it has a long track record of community edits that assure
that data are of good quality and up to date. Because of this, all case studies in Chapter 7
are carried out with the OSM data. Moreover, given that the OSM is a global dataset, the
approaches proposed in this thesis can be applied to any region in the world without any

additional adaptations.

Thttps://www.openstreetmap.org/
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2.4.1 OSM data structures

OSM represents physical features of the real world with three basic data structures (nodes,
ways and relations), described by attributes in form of tags®>. Nodes are defining features with
point geometries, ways are defining linear features and boundaries, while relations capture
how complex arrangements of features relate together (Table 2.6). In most studies, node and
way features of OSM are analysed, leaving relation features out because of their complexity

and relative under-representation in the dataset [84]. The same applies for this thesis.

The annotation model of OSM is non-restrictive, meaning that contributors can create and
assign tags as they see fit. Features (i.e., objects in OSM) can have an unlimited number of
tags, as well as no tags at all. The only restriction is that all attribute keys used on the same
feature have to be unique (they form a set). As an attempt to standardise feature annota-
tions, OSM provides contributors with tagging guidelines® through its OSM Wiki website.
Table 2.6b shows some of the most important OSM tag keys (i.e., attribute names) that are
used to annotate spatial objects. Common attributes (id, user, uid, timestamp, visible, ver-
sion, changeset) are not created by contributors, but automatically generated for every OSM

feature, and are thus excluded from the analyses in this thesis.

2.4.2 OSM data quality

There has been much work done on the quality assessment of the OpenStreetMap data. Some
of the first studies have evaluated OSM by comparing it to proprietary datasets [85-87],
mostly to find that the completeness and accuracy of the OSM data is higher in urban areas.
A more recent study [88] claims that OSM has achieved more than 80% completeness for
world roads, with more than 40% of countries having a fully mapped street network (i.e.,
> 95% streets are mapped). Of interest for this thesis are also the studies that have tested
OSM data and its fitness for use in car navigation and routing [89, 90], as well as the quality
of mapped building footprints [91]. Graser et al. [89] have compared the OSM data to the
official Austrian reference graph for routing in Vienna, showing that the median difference

of the route lengths in the two datasets is only 1%. Zhang and Ai [90] has focused on quality

Zhttp://wiki.openstreetmap.org/wiki/Elements
Shttp://wiki.openstreetmap.org/wiki/Category: Tagging_guidelines
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TABLE 2.6: OSM data elements and important OSM tag keys that demonstrate the structure
of OSM data (sourced from https://wiki.openstreetmap.org/wiki/Beginners_Guide_1.3).

OSM data elements (all elements carry tags)

Nodes Dots used to mark locations. Nodes can be separate or can be connected.
Ways Connected line of nodes. Used to create roads, paths, rivers, and so on.

Closed ways  Ways that form a closed loop. Usually form areas.

Areas Ways that form a closed loop. Usually form areas.
Relations Used to create more complex shapes, or to represent elements that are
related but not physically connected.
(4)
Important OSM tag keys
Highway For tagging highways, roads, paths, footways, cycleways, bus stops, etc.
Place Used for tagging countries, cities, towns, villages, etc.
Amenity Used for tagging useful amenities like restaurants, drinking water spots,
parking lots, etc.
Shop Used for tagging shops that you buy products from.
Building Used for tagging buildings.
Landuse Used for tagging land being used by humans.
Natural Used for tagging natural land like forests.
(®)

issues of OSM data related to routing such as tagging, modelling of junctions as dual car-
riageways, and missing or inconsistent road names. They also briefly mention that missing
segments are one of the problems that may cause incorrect routing results, which is the same
problem that is discussed in Chapter 7. Touya and Brando-Escobar [92] have analysed the
level of detail (LoD) inconsistencies in OSM by automatically inferring the LoD for map

objects.

With the rapid growth, in certain areas OSM data has become richer, more complete, and
faster updated than many authoritative datasets. This means that there are no reference data
that OSM can be compared to for quality assessment. Consequently, there is an increasing
trend for developing intrinsic approaches for assessing the quality of OSM data [12, 29, 30,
84, 93, 94], as well as detecting and fixing errors [1, 5, 28, 90, 95]. Intrinsic approaches
use solely OSM data, which solves the problem of reference dataset unavailability. The

approaches proposed in Chapter 6 can be considered intrinsic approaches to detecting errors
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since they do not need any other dataset than the one being analysed - OSM.

All of these studies confirm that the OSM can be considered a mature spatial dataset where
majority of the data are of acceptable quality. They also confirm that the roads and buildings
data in OSM are fit for use in routing and similar spatial analyses such as the ones performed

in this thesis.



Modelling ternary relations

This chapter discusses the issues related with the inadequate expressiveness of binary models
for capturing complex spatial relationships. It focuses on the 9IM model for binary topo-
logical relations as it is the most widely accepted across different standards and tools. This
chapter also sets the foundations for modelling ternary spatial relations. These foundations
will support the proposals of two novel ternary spatial relationship models in Chapters 4
and 5. By providing better expressiveness, the proposed models will enable more sophis-
ticated error detection approaches presented in Chapter 6 and the automated detection of

errors in map databases in Chapter 7.

Parts of this chapter are based on published papers [1, 3, 4].

34
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3.1 Assumptions

Before explaining the specific issues with spatial relations and the approaches for their mod-
elling, we need to define which spatial objects are considered. This thesis is concerned with
vector objects that are purposed for creation of generic maps such as OpenStreetMap, Google
Maps, and Bing Maps. This excludes trajectories of moving objects and vector data aimed

at specialised maps such as ocean current vectors, vector fields and meshes.

All vector objects in this thesis are set in a 2D plane and assumed to comply with the OGC
simple features standard [96]. Objects can be represented using three geometry types: point,
line or linestring, and polygon. Objects can have single-part or multi-part geometries (i.e.,
multi-points, multilinestrings, multipolygons). Finally, objects are assumed to be valid and

not to form any self-intersections.

3.2 Inadequate expressiveness of binary relations

Binary topological relation models have long been the standard for capturing the topological
relationships between spatial objects. However, their most limiting factor is that they have to
isolate the relationship between only two objects. This means that if there are other objects
that are potentially forming more complex relationships with the two objects, they will be
disregarded when modelling. In other words, binary models will always constrain us to
capture the relationships between objects as binary, even when they might involve more

objects.

In many cases ternary relationships are important for spatial reasoning and analysis. One
example are objects such as roads and rivers that are represented as lines in map databases.
Flow is often the most important functional property of these objects. The river can flow
between two lakes and the road can carry a traffic flow between two intersections. Thus,
the topological relations between the ends of these objects (i.e., their start and end points)
and other roads and rivers are important because they enable a certain flow to happen. For
example, if a road is connected to other roads only on one end, then this is a no-through

road and its traffic flow will be restricted. In a more general sense, ternary relations are
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A
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FIGURE 3.1: Three topological scenarios between three line objects A, B, and C.

TABLE 3.1: 9IM between object A, B, and C in Figure 3.1.

Interior Boundary Exterior Interior Boundary Exterior
Interior F F T Interior F F T
Boundary F T T Boundary F F T
Exterior T T T Exterior T T T
(A) 9IM for the topological relation meets (B) 9IM for the topological relation disjoint

Scenario 1  Scenario 2 Scenario 3

A and B meets meets meets
Aand C meets meets meets
Band C disjoint meets meets

(c) Topological relations between objects in three topo-
logical Scenarios from Figure 3.1

often needed because binary relations are ambiguous - e.g., binary relation {A right of B} is

ambiguous while ternary relation {A right of B with respect to C} is not.

Figure 3.1 shows three different scenarios that include three objects with line geometries.
In all three scenarios, objects B and C share exactly one point with object A. Furthermore,
topological relations between A and B or C have the same 9IM representation in all cases

from Figure 3.1 — meets (Table 3.1a). Table 3.1c shows the topological relations between
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A
B C B C

(A) Scenario 1 (B) Scenario 2

B C

(C) Scenario 3

FIGURE 3.2: Three topological scenarios showing different arrangements of spatial poly-
gon objects A, B, and C.

TABLE 3.2: Topological relations between objects in three topological scenarios from
Figure 3.2

Scenario 1 Scenario 2 Scenario 3

A and B disjoint disjoint disjoint
Aand C disjoint disjoint disjoint
Band C  disjoint disjoint disjoint

objects A, B, and C in all three scenarios. From the first two columns of that table, it
can be seen that these topological scenarios cannot be distinguished using only the 9IM
representation of the topological relations between { A, B} and { A, C}. On the other hand,
if the topological relations between { B, C'} were also considered, the 9IM could show that
Scenarios 1 and 2 are topologically different. However, in this case, Scenario 3 would be
identical to Scenario 2 and different from Scenario 1 (Table 3.1c). If A was an object such
as a bridge or a tunnel, the important distinction between these cases would be to capture the
connectivity to other objects such as road segments on both sides, and the given examples
show that a binary model such as the 9IM is not able to do that. Instead, we need a model
that can also take into consideration the start and end points of the lines such as the Calculus

Based Model [49] or the RTL model proposed in Chapter 4.

Another example is when we want to reason about the overall spatial arrangements of objects,
not just the connections between them. We might want to answer the question “is object A

positioned between objects B and C?”. Regarding this specific spatial relation between, the
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existing models are either descriptive at a courser granularity than the model proposed in
Chapter 5 [10], or only provide reasoning about the relation between, without an adequate
implementation strategy [9]. As a consequence, reasoning about different arrangements of
three spatial objects is currently difficult until these relations are adequately captured by a

ternary model.

Figure 3.2 shows three scenarios of different arrangements of spatial objects and the Ta-
ble 3.2 describes them with 9IM relations. In these scenarios, all pairs of objects { A, B},
{A, C}, and { B, C} can be represented with the same binary topological relation - disjoint
(Table 3.1b). In other words, regardless of how we arrange these objects, their relation-
ships will always remain identical with the 9IM. This is problematic because it means that
all information about objects’ positions relative to each other in these cases are lost due to
inadequate expressiveness of the model. If we want to answer the question “is A between B
and C?”, we will not be able to do that. Thus there is a need to develop models capable of
capturing such ternary and potentially n-ary relationships between spatial objects. However,

the scope of this thesis is limited to ternary relationships.

3.3 Approach to ternary relationship analysis

Apart from the expressivity issues identified in the previous section, another problem with
binary relation models is that they treat objects as equal participants in a relationship. The
distinction between objects generally does not matter as binary models aim to equally de-
scribe both objects. The only difference that may be relevant is the order in which the objects
are listed when the relationship is defined. For example, the same topological relationship
can be defined as A contains B and B is contained by A. However, if objects in ternary
relationships were also treated as equals, this would always create triangles of relations such
as { A disjoint B, B disjoint C, and A disjoint C} for objects in Figure 3.2. As shown in the
previous section, this approach results in limited expressivity and is not suitable for capturing

ternary relations.

Instead, we focus our attention on one object that we want to characterise, and other ob-

jects with respect to which we want to characterise it. This thesis differentiates the core and
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peripheral objects in ternary relationships. The core object is the object that is being de-
scribed by the ternary relationship. In the previous example of “Is O between A and B?”, O
is the core object we want to characterise as either between or not. This leaves the remain-
ing objects in the ternary relationship as peripheral objects. Previous literature on frames
of reference refers to the core object as primary object and to peripheral objects as refer-
ence objects [97, 98]. However, we prefer the terminology of core and peripheral objects
because their meanings relate well to the problem of betweenness of spatial objects tackled

in Chapter 5.

Depending on the specific model, there may be different constraints defined for core and
peripheral objects. For example, we might constrain a core object to a line geometry if
we are interested in connectedness of roads, or we may assume that peripheral objects may
touch but must not overlap each other if peripheral objects are buildings. However, in this
thesis we assume that there always exist exactly one core object and two peripheral objects

in a ternary relationship.

3.4 Conclusion

This chapter has defined the scope of spatial objects that are considered in this thesis. In
short, this thesis applies to the simple, valid, 2D vector objects in map datasets. It does not

concern raster or other types of vector objects (e.g., 3D geometries).

This chapter has also demonstrated the lack of expressiveness when certain scenarios are
described with binary relations. This highlights the need for more expressive spatial relation
models that can simultaneously capture the relationships between more than two objects. As
aresponse, two ternary spatial relation models will be proposed in Chapter 4 and Chapter 5.
Both of those models are built on the principle of one core object being described relative

to two peripheral objects, as described in this chapter.



Refined topological relations for line objects

This chapter proposes the refined topological relations for line objects (RTL) model to cap-
ture whether the linear objects such as roads and rivers are connected on both sides or only
on one side. This is an important distinction that determines whether the network traffic
can propagate further through that line segment. This chapter also presents the implementa-
tion of the RTL model and compares its expressiveness to that of the 9IM. The RTL model
developed here will be used in the later chapters of this thesis. Chapter 6 utilises it in an ap-
proach for learning the patterns in topological relations between objects in map databases.

Chapter 7 uses the RTL based approach from Chapter 6 to detect errors in a map database.

The content of this chapter is based on the peer reviewed journal paper titled “Discovery of topological
constraints on spatial object classes using a refined topological mode” [1].

40
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4.1 RTL model definition

The RTL model analyses the binary 9IM topological relations between the core line object
and its peripheral objects that are topologically related to it. Its aim is to find out if these topo-
logical relations are symmetrical (i.e., present on both sides, like in Figures 3.1a and 3.1c) or
asymmetrical (i.e., present only on one side of the line, like in Figure 3.1b). This refinement
enables new insights to be gathered from spatial objects in map data, such as whether a road
segment is connected to other road segments on both sides or only one (i.e., a no-through
street). This is applicable to all objects that form linear networks in maps (e.g., tramways,
railways, cycleways, power-lines) where it is an important distinction if a network segment
is connected on both sides, or rather, if it is disconnected on one side. This would mean that

the network traffic cannot propagate further through that disconnected segment end.

Symmetry in the RTL model is only defined and tested for peripheral objects which are
topologically related to the end points of the core object (i.e., is not defined for a peripheral
line crossing the core object). The start and end points of the core line object do not relate
to its direction but are terms used only to differentiate the line object’s two extremes. They
are extracted directly from the geometry of the line object and are usually determined at the
time when the geometry is created (i.e., the first point of the geometry that user enters will be
its start point, and the last entered point will be its end point). Thus, the approach proposed
here differs from approaches based on directed line segments [99] or oriented regions [100]
that are often used for modelling movement trajectories. Also, we do not make any further

claims of the mathematical properties of this model (e.g., homeomorphism).

The computational implementation of the RTL model is achieved in two steps. Applied in
combination, Algorithm 1 and Algorithm 2 enable us to capture the relationships between

more than two non-disjoint objects through their refined topological relation.

The goal of Algorithm 1 is to compute the topological relation between the core object and a
single peripheral object in a way that shows if the peripheral object is connected to the start
point or the end point of the core object. It requires a single core line object and a single
peripheral object as input (e.g., objects A and B from Figure 3.1). Although the core object
may have many peripheral objects, Algorithm 1 only considers one peripheral object at a
time, and ought to be run separately for all peripheral objects. Let the geometry of the core

object be called geom 1, and the geometry of the peripheral object be called geom?2. First, the
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Algorithm 1 Refined topological relations for line objects
Require: A line geometry (geoml) of one object from the class that is being analysed (e.g., bridge), and a line
or polygon geometry of another object (geom?2)
Input: REL « relate_91 M (geoml, geom2), RS <« relate_91 M (start_point(geoml), geom2),
RE « relate_91 M (end_point(geoml), geom?2)
1: In RS and RE, keep only the 3 values that regard the relations between the points’ interiors and the other
object

2: Change all positive (True) values in RS to ’S’ in order to denote that this relation refers to start point
3: Change all positive (True) values in RE to "E’ in order to denote that this relation refers to end point
4: i< 0

5: result « }}e

6: whilei <3 do

7: x = RS[i]+ REIi]

8: if x = FF then

9: y<F

10: else if x = SF then

11: y« S

12: else if x = FE then

13: y<«<E

14: else if x = SE then

15: y«< B

16: result « result +y

17: i—i+1

18: In REL, replace the values regarding the boundary of geoml with result — a combination of relations
between start point of geom1 with geom2, and end point of geom1 with geom?2

19: REL[3 : 6] « result

20: Return REL

9IM relation between geom/ and geom? is calculated. Then, the 9IM relations between each
of the geom1’s boundary points (the start and end point of a line constitute its boundary)
and geom? are calculated. These steps produce three topological relations which are used as
input in the Algorithm 1; one between geom/ and geom?2 (i.e., RE L in Algorithm 1), one
between the start point of geomlI and geom?2 (i.e., RS in Algorithm 1), and one between the

end point of geomlI and geom?2 (i.e., RE in Algorithm 1).

Next, these three topological relations need to be conflated into one topological relation
between geoml and geom2, which also distinguishes the side of geom that geom?2 is related
to. Unlike line geometries, point geometries do not have a boundary. If a point geometry
is related to another geometry, its interior must be related to that other geometry (for more
examples and specifics of topological relations with different geometries see [101]). As a
result, in the last two topological relations above, only the parts of the 9IM that consider
the interior of the point are considered. As shown in Table 3.1a, this information is usually

contained in the first three elements (i.e., first row) of the 9IM (Algorithm 1 line 1).

For the first three values in the 9IM between the start point of geom! and geom2, T values are

substituted with S to denote that geom?2 is topologically related to the start point of geoml.
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Similarly, in the 9IM for the end point of geoml, T values are substituted with E. As a re-
sult, topological relations between start and end point of geoml and geom2 are now each
represented with three values that show if the interior of the point is related to the interior,

boundary, and exterior of geom2 (Algorithm 1 lines 2-3).

To combine these relations into one relation, each of the three values in relation for the start
point of geoml and geom?2 is compared to the corresponding value in the relation between
the end point of geom1 and geom?2 (Algorithm 1 lines 6-16). If both values are negative (FF),
this means that neither the start nor the end point of geom ! intersect the interior, boundary, or
exterior of geom2). Thus, F is returned as a value for the unified relation in this case. If values
are SF, only the start point of geom! is related to geom2, and S is returned. Accordingly, if
values are FE, only the end point of geom/ is related, and E is returned. Finally, values SE
mean that both start and end point of geom! are related to geom2, and B is returned into
the unified relation. At this point, a three-value representation of the topological relation
between the start and end point of geom/ and geom?2 is available. This representation is
finally used to replace the values in the standard 9IM between geom/ and geom? that regard
the boundary of geoml (Algorithm 1 lines 20-21). These values are usually in the second

row of the 9IM matrix (Table 3.1a).

Algorithm 2 shows the second step of the 9IM refinement. Here, the topological relations
between the core object and all the peripheral objects in the dataset have already been anal-
ysed with Algorithm 1. The goal of Algorithm 2 is to analyse these relations to see if they

are symmetrical for the core object.

Because of Algorithm 1, relations for objects that are related to the boundary of the core
object are encoded with S if they are only related to its start point, E if they are only related
to its end point, and B if they are related both to its start and end point. For relations that are
encoded with S or E, this algorithm determines if the same relation is present on the opposite
side of the core object. To test this, when a relation contains S or E, its reverse relation is
calculated. This is done by substituting all occurrences of S in the relation with E, and by
substituting all the occurrences of E with S to construct the same topological relation, but
touching the other point of the core object’s boundary (Algorithm 2 lines 3-4). Then if the
reverse relation is also present in the relations that the core object has with other peripheral

objects, it can be concluded that the relation is symmetrical.
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Algorithm 2 Grouping refined topological relations for a line object

Require: A set of all topological relations that one line object has with other objects, where topological relations
are represented as refined topological relations for line objects as per Algorithm 1
1: result « []
2: for relation in relations do
3: if Sin relation and E in relation then
4: Calculate the reverse relation by replacing all occurrences of S in relation with E, and by replacing
all occurrences of E in relation with S

5: if reverse in relations then

6: Replace all occurrences of E and S in reverse relation with T
7: reverse_relation = reverse_relation + -both

8: result = result + reverse_relation

9: Delete the first occurrence of reverse_relation in relations array
10: else

11: Replace all occurrences of E and S in reverse relation with T
12: reverse_relation = reverse_relation + -single
13: result = result + reverse_relation
14: else
15: result = result + relation

16: Return result

If a relation is present on both sides of the core object, it gains a suffix both. On the other
hand, if a relation is present only on one side of the core object, it is added a suffix single

(Algorithm 2 lines 5-14).

4.2 Comparison of the 9IM and the RTL model

To illustrate the differences between the RTL and the 91M, Table 4.1 shows their comparison
based on the topological scenarios from the Figure 4.1. Figure 4.1 shows the scenarios that
include more than two peripheral lines (Figures 4.1d, 4.1e, and 4.1f), and scenarios where
peripheral objects have polygon geometries (Figures 4.1h and 4.1i). Figures 4.1g and 4.1j
show scenarios where the core line object is connected to a single peripheral object on both
sides. In these examples it can be seen that Algorithm 1 substitutes occurrences of T with S
and E to encode if the object is related to the start or the end point of the line geometry (i.e.,
object A in Figure 4.1). This information is then used in Algorithm 2 to explore if a relation
is symmetrical and present on both sides of the core line geometry (Figure 4.1a), or if it is
present only on one side of the geometry (Figure 4.1b). It is apparent that the RTL model
offers superior insight because it recognises that the core line object is connected on both
sides in six scenarios in Table 4.1 (i.e., scenarios 1, 3, 4, 5, 6, 8), while keeping the same

expressiveness as the 9IM in the remaining four scenarios.
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FIGURE 4.1: Ten different topological scenarios between spatial objects. First three sce-
narios are duplicated here from Figure 3.1 for improved legibility.
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TABLE 4.1: Topological relations between the core object A and other peripheral objects
in Figure 4.1 represented with the 9IM, Algorithm 1, and Algorithm 2.

9IM RTL
Scenario Algorithm 1 Algorithm 2
Scenario 1 FFTFTTTTT,FFTFTTTTT FFTFSETTT,FFTFESTTT FFTFTTTTT-both
. FFTFTTTTT-single,
2 FFTFTTTTT,FFTFTTTTT FFTFESTTT,FFTFESTTT
Scenario ’ ’ FFTFTTTTT-single
Scenario3  FFTFTTTTT,FFTFTTTTI FFTFSETTT,FFTFESTTT  FFTFTTTTT-both
Scenario 4 FFTFTTTTT,FFTFTTTTT, FFTFSETTT,FFTFESTTT, FFTFTTTTT-both,
FFTFTTTTT FFTFESTTT FFTFTTTTT-single
Scenario 5 FFTFTTTTT,FFTFTTTTT, FFTFSETTT,FFTFSETTT, FFTFTTTTT-both,
FFTFTTTTT,FFTFTTTTTI FFTFESTTT ,FFTFESTTT FFTFTTTTT-both
FFTFTTTTT,FFTFTTTTT, FFTFSETTT,FFTFSETTT, FFTFTTTTT-both,
Scenario 6 ~ FFTFTTTTT,FFTFTTITT, FFTFESTTT,FFTFESTTT, FFTFTTTTT-both,
FFTFTTTTT FFTFESTTT FFTFTTTTT-single
Scenario 7 FFTFTFTFT FFTFBFTFT FFTEFBFTFT
Scenario 8 FFTFTTTTT,FFTFTTTTT FFTFSETTT,FFTFESTTT FFTFTTTTT-both
Scenario 9 FFTFTTTTT FFTFSETTT FFTFTTTTT-single
Scenario 10 FFTFTFTTT FFTFBFTTT FFTFBFTTT




Refined topological relations for line objects 47

4.3 Conclusion

This chapter has proposed a refinement of the 9IM for line objects. The proposed RTL
model addresses the problem presented in Chapter 3, where it was demonstrated that for
some configurations of at least three spatial objects the 9IM is not able to make distinctions
that are important for networks. RTL captures these nuances by analysing the symmetry of
topological relations that a core line object has with peripheral objects (e.g., connected on

single end vs both ends).

The computational implementation of the RTL model was also presented. This is a two-step
implementation, and each step was presented with an algorithm. To make the RTL model
applicable to map data, it has also been realised in the form of a PostgreSQL function and
is available as open-source software (https://github.com/SelfHealingMapsProject/Extended-
topological-relations-for-line-objects). This enables the RTL to be easily applied to spatial

data that is stored in a PostgreSQL database.

The expressiveness of the proposed RTL model was compared to the 9IM across ten scenar-
ios showing different configurations of spatial objects that can be expected in spatial datasets.
This comparison has demonstrated that the RTL successfully differentiates between scenar-

ios that the 9IM cannot.

Chapter 6 uses RTL to capture important information in an approach for mining and learning
topological constraints from data. In Chapter 7 this RTL based approach is used to test if
bridges are connected to other objects on both ends as expected. Bridges that are connected
to other object only on one end are considered to be potentially erroneous. Given the large
number of bridges, such analysis would not be possible without the RTL model in an efficient

manner.


https://github.com/SelfHealingMapsProject/Extended-topological-relations-for-line-objects
https://github.com/SelfHealingMapsProject/Extended-topological-relations-for-line-objects

The ray intersection model

In Chapter 3 we have identified a problem where the 9IM is not able to describe arrangements
of three disjoint spatial objects (Figure 3.2) and support analyses such as “is core object be-
tween the peripheral objects?”. Since the RTL model proposed in Chapter 4 only supports
peripheral objects that are not disjoint from the core object, there is still a need for a more
generic ternary model that will be applicable outside of linear networks. This chapter pro-
poses a novel model for ternary spatial relations called the Ray Intersection Model (RIM) to
fulfil that need. Apart from the formal definition of RIM, this chapter also demonstrates its
expressiveness on twenty-three different scenarios of three spatial objects and by calculating
the number of theoretically possible distinct RIM cases. It also shows the implementation of
RIM. In Chapter 6, RIM will be modified and applied in the approach for the building acces-
sibility assessment. Chapter 7 will show two case studies where RIM is utilised to analyse

betweenness of university campus buildings and to detect errors in map databases by

The content of this chapter is based on the peer reviewed journal paper titled “RIM: a ray intersection model
for the analysis of the between relationship of spatial objects in a 2D plane” [3].
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finding inaccessible buildings.
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5.1 RIM model definition

Consider a core object O and two peripheral objects A and B in a 2-dimensional plane (Fig-
ure 5.1), such that they may touch but not overlap each other. The RIM defines rays between
the two peripheral spatial and determines the spatial relation of the core object to the two
peripheral objects based on its intersections with these rays. These binary intersections be-
tween individual rays and the core object O in RIM are calculated using the 9IM and then

combined into a single ternary RIM relation (i.e., RIM(A,B,0)).

A ray is defined as a straight line segment which shares exactly one end point with each of
the peripheral objects A and B. The set of all rays is called the ray set and is denoted by R. R
may be an empty set, a set of one ray, or an infinite set, and its elements will be denoted in the
style ;. The area covered by all the existing rays between A and B is called the ray area (R 4)
and is used to represent the space between A and B. In point-set topology, spatial objects
such as O, A, B, and each of the rays r; € R can be considered point sets. As such, they
consist of an interior (0O°), a boundary (d0), and an exterior (O~). For peripheral objects
represented by a polygon, rays will only touch their boundaries. For objects represented by
a line, rays may also touch their interiors (Figure 5.2), and for objects abstracted to points

(i.e., points have no boundary), rays will only touch the point’s interior.

One type of rays that can be distinguished within R is the extreme rays. They enable the
model to distinguish if the core object O is extending outside of the R, or not. Remember
that for point x in topological space X, a subset U C X is called a neighbourhood of x if
there is an open set V' such that x € VV and V' C U [102]. Extreme rays will be those rays or

parts of rays that coincide with the boundary of the R 4, and whose every point has a point

O
A B

FIGURE 5.1: An example of the the core object O, and peripheral objects A and B in a 2D
plane.
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inside the R 4, and a point outside the R 4 in its neighbourhood. Extreme rays will be denoted

in the style e;.

In most scenarios where peripheral objects are disjoint there will be two extreme rays be-
tween them (e.g., as in Figure 5.2 where they are denoted as e; and e,). However, there
are some configurations of three polygon objects where the number or shapes of extreme
rays may differ, and six such scenarios are illustrated in Figure 5.3. Figure 5.3a shows a
case where the two extreme rays are intersecting each other. Because parts of these rays are
completely within the R, only the parts for which each point of the ray has a point that
is outside of the R, in its neighbourhood are considered as extreme rays. In this case, ex-
treme rays are only parts of rays between A and B, and the term ray is used to preserve the
simplicity of the model. In the case in Figure 5.3b there is only one extreme ray due to the
triangular shape of the R, where two sides are boundaries shared with peripheral objects.
Figure 5.3c shows a case where one peripheral object is spiralling around the other. In this
case, there will be only one ray that coincides with the boundary of the R 4, and the part of
that ray that is not within the R, will be an extreme ray. Figures 5.3d and 5.3e show the
cases where peripheral objects are enclosing the R, from all sides. Because the R s share
all boundaries with peripheral objects, no extreme rays exist. The scenario in Figure 5.3f
shows peripheral objects that are touching in such a way that there does not exist a straight
line sharing exactly one point with each of them (i.e., a ray). Thus, there are no rays at all be-
tween peripheral objects. Also, the number of rays and extreme rays may vary with different
types of 2D geometries. For example, if both A and B are point objects, there will exist only
one ray between them, and this ray will also be a single extreme ray. Thus, the extreme rays
can be expressed as E = {e;}, wherei € {0,1,2} and E C R. Similar to RIM, Billen and
Clementini [56] have defined collinearity regions between polygons (i.e., equivalent to the
ray area in Figure 5.2) as areas bounded by their common external tangents (i.e., equivalent
to extreme rays in Figure 5.2), but this approach cannot define ray areas in all cases from

Figure 5.3.

A point-set intersection model such as 9IM may be used to describe the relationship be-
tween object O and the ray set R, which allows to reason about O being between A and
B. Although there can be an infinite number of rays in R, there will be a finite number of
distinct topological relations, modelled with the 9IM (Table 5.1), between individual rays r;

and O. For example, in Figure 5.2 both extreme rays will form the same 9IM with O (i.e.,
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A~ B

FIGURE 5.2: Some of the rays between A and B, and the two extreme rays e; and e,.

|
A B . A

€

(©) (D)

(E) (F)

FIGURE 5.3: Cases where there are (a) two intersecting extreme rays, (b) and (c) only one
extreme ray, (d) and (e) no extreme rays, and (f) no rays between A and B. The R 4 between
A and B is shown in gray.

disjoint). Other rays are either also disjoint from O, touching O (i.e., second bold ray from

the top in Figure 5.2), or crossing O (i.e., third bold ray from the top in Figure 5.2). These

distinct topological relations can be collated into a single model representing the relationship

between R and O.

Let a and b be two distinct point-sets from Table 5.1. For the proposed method, the empty

and non-empty intersections between a and b will be numerically represented in Table 5.1

as 0 for False, and 1 for True.
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TABLE 5.1: The 9IM topological relation between ray r; and the object O.

(0 00 o~

r° | r°n0O° r°nNnd0 r°nO~
or; | or;Nn0° 0dr,Nnd0 dr,Nn0O~
r; | r;n0° r;nd0 ;N0

g -0
anb=

%) -1

RIM combines the distinct 9IM topological relations between the ray set R and object O.
However, since there will be a finite number of distinct topological relations between R and
O, there will be a finite number of the distinct 9IM topological relations to combine (i.e., i in
Table 5.1 is finite). In case when the same topological relation exists for an extreme ray, and a
non-extreme ray, RIM will not be affected if that topological relation is disregarded for a non-
extreme ray since it will already be present in calculations through the extreme ray. Thus,
to reduce the number of distinct rays and simplify the calculation of RIM, the topological
relations between each of the existing extreme rays and the object O are calculated first. The
topological relations of the other, non-extreme rays and O will be taken into consideration
only if they are different from the topological relations between the extreme rays and O. To
accommodate all this information, the RIM between R and O can be arranged as the 4 X 3

RIM matrix shown in Table 5.2.

The first two rows of the RIM matrix describe the combined relations between the interiors
and boundaries of all the rays (i.e., both extreme and non-extreme rays) and the interior,

boundary, and exterior of O:

n m
e§°|5) A OoC19I-) 4 Z r§°|‘9) A oC191-) 0 (none) — [
i=1 i=1

RIM(R, O)[1_271_3] = N =351 (all) - .

otherwise (some) — M
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TABLE 5.2: The RIM between the ray set R, and object O.

0° 00 0~
n m n m n m
Y en0 +Yrn0" | Yenao+Y rna0 | Yen0 + rn0"
o o i=1 i=1 i=1 i=1 i=1 i=1
ri-Ae; N N N
n m n m n m
Y 0,0+ ar,n0" | D 9e;nd0+ Y ar,nd0 | Y de;NO™+ Y ar,n 0O~
ari A aei i=1 ~ i=1 i=1 = i=1 i=1 = i=1
n n n
Y e no Y e;noo Y e no-
o i=1 i=1 i=1
€12 n n n
n n n
Y de,n0° Y 9e;n 90 Y de;n 0O~
ael,z i=1 - i=1 - i=1 -

where the first number in brackets specifies the row number of the RIM matrix (e.g., 1-2
means rows 1, and 2), the second number in brackets specifies the column number of the
RIM matrix (e.g., 1-3 means columns 1, 2, and 3), n = | E| is the number of extreme rays,
m is the number of rays with distinct 9IM intersections other than extreme rays, N = n+ m

“l”

is a total number of distinct kinds of rays including the extreme rays, and symbolises
a logical or operation. The results of this expression can be categorised into three groups:
0, 1, and all other values between O and 1, which have the following meaning. The first
group collects cases where the interiors/boundaries of none of the rays are intersecting the
interior/boundary of the object O. The second group collects cases where all, and the third
group where some but not all of the rays are intersecting the interior/boundary of O. Each

of these groups also has a corresponding graphical representation as either white ([]), part

white part black (N]), and black square ().

The last two rows of the RIM matrix describe the combined relations between the interiors

and boundaries of only the extreme rays and the interior, boundary and exterior of O:

n
Z 19 A oC1o1-) 0 (none) — [
1

i=1
RIM(R, O)(3_y 3 = - - =11 @h —m!

otherwise (some) — ]
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-
0
A" B

RIM(R,0):
0° 30 O

FIGURE 5.4: Spatial objects A, B, and O (Figure 5.2), distinct rays between A and B, 9IM
between distinct rays and O, and RIM between the ray set R and O.

To illustrate RIM in application, Figure 5.4 shows RIM for peripheral objects A and B, and
core object O from Figure 5.2. The three illustrations of matrices on the left side show the
distinct 9IM topological relations between individual rays and O, while the matrix showing
the RIM between R and O is shown on the right. For cases where there are no extreme rays
or even no rays at all between A and B (e.g., such as in Figure 5.3), this can be described
with rows where all three values are [[]. For example, in scenarios where no extreme rays
exist (Figures 5.3d and 5.3e), all values in the bottom two rows of the RIM matrix would be
[J. Similarly, in a special case where no rays exist between A and B (Figure 5.3f), all fields

in the RIM matrix would be [].

5.2 Relations between three polygon objects

This section demonstrates the expressiveness of RIM, and its ability to distinguish different
configurations of triplets of polygon objects in a 2D plane. Although the RIM can be applied
to all geometry types (i.e., points, lines, and polygons), the cases demonstrated in this section
are limited to closed single-part convex polygons where peripheral objects are disjoint and
the position and size of the polygon core object are the only changing variables. The reason
for doing so is that showing all the possible combinations of different geometry types in
core and peripheral objects would demand much more space. For an example of RIM with a
peripheral line object see Figure 5.4, and for examples of RIM where peripheral objects are

touching each other see some examples from the case study in Section 7.1. A comprehensive
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discussion on the number of all the possible RIMs between closed single-part polygons is

shown in Section 5.3.

Figure 5.5 shows 23 triplet configurations, all of which are differentiated by RIM (i.e., no two
configurations have the same RIM representation). Each configuration is showing peripheral
objects A (white) and B (white), core object O (dark gray), the ray area R, (light gray),
extreme rays (denoted e;), and all other distinct rays that occur (denoted r;). Note that rays
do not have to be parallel to each other, nor perpendicular to the peripheral objects. They are
shown in that way to preserve the simplicity of visualisation while demonstrating all distinct
types of rays expressible with 9IM in the given ray areas. The same applies to the polygon
objects in the figures, which do not have to be rectangular nor completely aligned for the
demonstrated RIM representations to be valid. On the right side of each configuration are
the matrices showing the 9IM topological relations between extreme rays and O (grey), the
9IM between non-extreme rays and O (grey), the RIM between all of the rays and O (red),
and the 9IM between the R, and O (blue). The 9IM between the ray area and O is shown

as a reference to which the expressiveness of RIM can be compared to.

Examples shown in Figure 5.5 demonstrate that RIM is much more expressive, and can
differentiate more ternary configurations, i.e., 23 configurations compared to the 9IM with
eight distinctions. These refined distinctions may still be important for nuanced qualitative
reasoning. For example, if O was a barrier (e.g., a wall), to analyse if A can be seen from B

and vice versa it is necessary to make distinctions between RIM4 and RIM7.
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FIGURE 5.5: Twenty-three distinct RIMs between three polygon objects (A, B, and O),
and the corresponding 9IM relations between the ray area (R ) and the object O.
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5.3 Number of theoretically possible distinct RIM cases

A 12 field matrix where each field can have one of three values ((], K], or ll) — has a total of
312 distinct RIM combinations. However, certain correlations exist in the RIM matrix, which
restricts the number of distinct RIM combinations that may occur. For example, if the value
in the field RIM;, ,; says that interiors of all rays intersect the interior of the object (i.e., lD,
this means that interiors of all extreme rays in the field RIM ;3 ;; (i.e., which are a subset of
all rays) must also have the intersections with the interior of the core object. Similarly, when
none of the rays’ interiors has an intersection with the interior of the core object (i.e., value
in RIM, 4; is [), this implies that none of the extreme rays’ interiors has the intersection
with the interior of the core object (i.e., value in RIMj, ;; will be []). Only when some, but
not all of the rays’ interiors intersect the interior of the core object (i.e., value in RIM|, ;; is
Al), no implication for the intersections of the extreme rays’ interiors with the interior of the
core object can be made, thus all three values are possible for the field RIM 5 ;; (Table 5.3).
In other words, the fields from the top two rows of the RIM matrix implicitly determine the

possible values of respective fields in the bottom two rows.

TABLE 5.3: Values in the top two rows of the RIM matrix (second column) determine the

possible values in the respective fields in the bottom two rows of the RIM matrix (third

column). This results in 5 possible outcomes for each pair of (RIM; ) ;e(1,21> RIMi42 1)
fields.

RIM|; j1ier12y RIMjyn;;  pair outcome #

O——0 1
O 2

Al Al 3
[ | 4

5

H—0N

The above analysis means that the RIM matrix can be seen as a combination of 6 pairs
of correlated fields, where each pair can have one of 5 different combinations of values

(Table 5.3). Thus, the total number of possible RIM cases can be calculated as:
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Condition 1: non-overlapping polygons. Furthermore, since this study only considers
non-overlapping polygons, an intersection between the rays’ boundaries and the object’s
interior cannot exist. This means that the fields RIM, ;; and consequently RIM, ;; will
always have values [],[]. Given that one of 6 pairs of fields in RIM now has fixed values,

the total number of possible RIM cases can be calculated as:

Ngyvis | Conditionl = 5% =3,125

Condition 2: all rays must exist in the interior, boundary, or exterior of O. Because
the rays between peripheral objects have to exist somewhere in space relative to the core
object O, the sum of values in each of the first two rows of the RIM matrix has to be >
. If the sum of the values in the row is [], this means that the rays exist neither in the
interior, nor in the boundary, nor the exterior of O. If the sum of the values is N, this
means that only some rays exist either in the interior, or in the boundary, or the exterior
of O, while the rest of the rays are not accounted for. This means that there are four com-
binations of values that are not allowed to occur in any of the first two rows of the RIM
matrix: {], 1, 1}, {N, 1, 3}, {{T, M, O}, {, O, M} . For the first combination, there is
only one invalid option given the pair outcomes in Table 5.3. For each of the other three
combinations, there are three possible outcomes in the bottom half of the RIM matrix. This
means that there are a total of 1 + 3 - 3 = 10 impossible combinations. As a result, for three

pairs of correlated values, there are 5° — 10 possible combinations.

Since the first row is independent of the second row, the same argument can be applied.
However, the first value of the second row will always be [] due to the objects being non-
overlapping polygons. Because of this constraint, the combination {Nl, [], (]} cannot appear
in the second row. Thus, the first combination listed above will yield one invalid option, and
the third and fourth combinations will each have three possible outcomes in the bottom half
of the RIM matrix according to the pair outcomes in Table 5.3, which in total results in
1 +2 -3 = 7 impossible combinations. This means that for the pairs of correlated values
in the second and the fourth row of the RIM matrix there are (52 — 7) possibilities. Finally,

when all the conditions are applied the number of possible RIM cases will be:

Ngys | Conditionl A Condition2 = (5° = 10) - (5% = 7) = 2,070
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5.4 Implementation of RIM

The implementation of RIM departs from the formal model presented in Section 5.1. There
exist an infinite number of rays between two spatial objects, all of which need to be con-
sidered in RIM, thus the computational implementation is impractical. Instead, the imple-
mentation of RIM relies on the R, between A and B, and then on testing if the necessary
conditions for a specific ray to exist between A and B are satisfied. This approach is equiva-
lent for any pair of A and B that are simple, single-part geometries as it creates a maximum
convex shape. The complete Python code implementation of RIM is available online as a

Python3 package (https://pypi.org/project/rim/).

5.4.1 Algorithm for calculating the ray area

Algorithm 3 and Figure 5.6 show the computation of the ray area between two non-overlapping
polygons A and B. This ray area will later be used to find out if specific kinds of rays exist
between A and B. The computation starts with the find_main_area(A, B) function (Algo-
rithm 3 line 21). This function first creates a convex hull of A and B (Figure 5.6b), and
takes the difference of the convex hull and A and B in order to get the area between A and
B (Algorithm 3 line 2, and Figure 5.6c). From this newly created area which might be a
multigeometry (e.g., more than one polygon in a single geometry), only the parts which are
touching both objects are kept to remove any island polygons (Algorithm 3 lines 3-5, and
Figure 5.6d).

Next, the points that cannot be reached by any rays from the opposite object are found with
the find_unreached_points(A, B, main_area) function (Algorithm 3 line 22). The function
first divides the boundary points of the area between A and B (i.e., main_area) based on
which of the two starting objects (i.e., A and B) they are touching (Algorithm 3 lines 8-9,
and Figure 5.6e). Then the lines (or rays) are created between all the combinations of the
points on the opposite sides of the area (Algorithm 3 lines 10-15, and Figure 5.6f), to find
out if any points cannot be reached by any rays from the opposite object (Algorithm 3 lines

16-19, and Figure 5.6g).

Then, by removing unreachable points from A and B, the parts of the area that cannot be

reached by any rays will be removed, but so will some parts of the area between A and
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Algorithm 3 Calculating the ray area between two spatial objects

Require: Geometries of two spatial objects (A and B) between which the ray area is to be calculated

1: function FIND_MAIN_AREA(A, B)

2 main_area < (convex_hull(A,B).Difference(A)).Difference(B)
3 for geom in main_area do

4: if geom.Disjoint(A) or geom.Disjoint(B) then

5: main_area.RemoveGeometry(geom)

6 Return main_area

7: function FIND_UNREACHED_POINTS(A, B, main_area)
8: points_A « (main_area.Intersection(A)).GetPoints()
9: points_B « (main_area.Intersection(B)).GetPoints()
10: lines_not_crossing_ AB < MakeMultiLine()

11: for p1 in points_A do

12: for p2 in points_B do

13: line <« MakeLine(p1,p2)

14: if line.Touches(A) and line.Touches(B) then
15: lines_not_crossing_AB.AddLine(line)

16: unreached_points « MakeMultiPoint()
17: for point in points_A.Union(points_B) do

18: if point.Disjoint(lines_not_crossing_AB) then
19: unreached_points. AddPoint(point)
20: Return unreached_points

21: function CALCULATE_RAY_AREA(A, B)

22: main_area < FIND_MAIN_AREA(A, B)

23: unreached_points < FIND_UNREACHED_POINTS(A, B, main_area)

24 main_area_points_removed < main_area.RemovePoints(unreached_points)
25: polygons_remaining < main_area.Difference(main_area_points_removed)

26: cumulative_areas_to_add « MakePolygon()

27: for polygon in polygons_remaining do

28: area_to_add < MakePolygon()

29: for line in lines_not_crossing_AB do

30: if line.Intersects(polygon) then

31: extended_line « line.Extend()

32: new_boundaries « extended_line.Union(polygon_remaining.Boundary())
33: polygon_splits < new_boundaries.Polygonise()

34: for geom in polygon_splits do

35: if geom.Disjoint(unreached_points) then

36: area_to_add « area_to_add.Union(geom)

37: cumulative_areas_to_add < cumulative_areas_to_add.Union(area_to_add)
38: ray_area < main_area_points_removed.Union(areas_to_add)

39: Return ray_area
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FIGURE 5.6: Calculating the ray area between two spatial objects.

B which can be reached by rays (Algorithm 3 line 23, and Figure 5.6h). These reachable
areas are then found by extending the previously calculated rays to split the areas removed
in Figure 5.6h, and then by accepting those parts of the created splits which are not touching
the unreachable points (Algorithm 3 lines 24-37, and Figure 5.6i). Finally, when these parts
are added, the complete ray area between A and B is calculated (Algorithm 3 line 38, and

Figure 5.6j).

5.4.2 Finding the distinct kinds of rays

After the ray area between A and B is computed, the geometries that are available in the

RIM computation are objects A, B, and O, the ray area between A and B, and the extreme
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TABLE 5.4: Eight distinct rays that can be found in Figure 5.5, and the necessary conditions
for them to exist as non-extreme and extreme rays.

Conditions for extreme ray

Case Conditions for ray to exist .
(e) to exist
O disjoint R4
r OR
1) | r (O.difference(R ) intersects A O disjoint e
o AND
O difference(R 4) intersects B)
O.intersects(R 4)
r AND e touches O
2) °_-_° r O difference(R ,) intersects A AND
o AND boundary(e) disjoint O
O difference(R 4) intersects B
(O.intersection(R 4) intersects A
AND e touches O
r R 4 difference(O) intersects A) AND
3) -_° r OR (startpoint(e) touches O
o (O.intersection(R 4) intersects B XOR
AND endpoint(e) touches O)
R, difference(O) intersects B)
r O.intersection(R 4 ) intersects A
4) _ r AND e within boundary(O)
o O.intersection(R 4) intersects B
r O within R e crosses O
5) — - OR AND
0 O overlaps R boundary(e) disjoint O
e crosses O
r O.intersection(R 4 ) intersects A AND
6) o XOR (startpoint(e) touches O
0 O.intersection(R 4) intersects B XOR
endpoint(e) touches O)
O equals R,
OR
r O contains R,
7 e OR e within O
o (O.intersection(R 4) intersects A
AND
O.intersection(R ) intersects B)
8) - r r - e touches O
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rays between A and B which can be retrieved as a difference of the ray area’s boundary
and A and B. The remaining challenge is to find all the distinct rays that exist in the given
scenario. This is achieved by extracting all the distinct rays from all the scenarios presented
in Figure 5.5, and then by devising a set of necessary conditions which must be satisfied for a
specific ray to exist. There are eight distinct rays in this case, and they are presented together
with their corresponding conditions in Table 5.4. The first seven rays may exist in the given
scenario as a non-extreme ray and/or as an extreme ray, while the eighth ray can only exist
as a non-extreme ray. This is why both sets of conditions need to be checked separately.
The difference in these conditions is mostly that conditions for extreme rays can utilise the
geometry of the extreme ray itself, as opposed to the non-extreme rays where the geometry
of the ray is not available. After the existence of each of the eight distinct rays and extreme
rays has been tested, and it is known which rays and extreme rays exist in a given scenario,
they are combined into the matrix representation of RIM using the formulas presented in

Section 5.1.

5.5 Conclusion

This chapter has presented a novel model for ternary spatial relations — RIM, for which the
formal definition has been presented. The expressiveness of RIM was demonstrated across
twenty-three different configurations of spatial objects. When compared to the 9IM based
alternative for describing these scenarios (i.e., 9IM between the ray area and the core object),
RIM was demonstrated to be much more descriptive. This study does not give a complete
list of all the different scenarios distinguishable by RIM. However, its expressiveness was

investigated by calculating the number of all different theoretically possible RIM scenarios.

This chapter has also presented the implementation of RIM. This was not a straightforward
conversion of algorithm to code, but a pragmatic and computationally effective adaptation
of the concept. Because there may be an infinite number of rays in RIM, numerous logical
and topological tests were necessary to conclude which rays exist in a given scenario and

which rays cannot possibly exist.

Finally, RIM can be applied to study the betweenness of spatial objects and other ternary

relationships. Case studies that apply RIM for the analysis of betweenness of objects and for
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the analysis of ternary visibility relations are presented in Chapter 7. According to the study
of betweenness in [9], the most accurate representation of the space between the two spatial
objects is based on visibility and does not include the areas that cannot be seen from both
objects (i.e., concavities of concave objects). Although theoretically RIM does not define an
area, the rays from RIM implicitly represent the area between the peripheral objects since

each ray can only touch each peripheral object once.



Error detection approaches

Chapters 4 and 5 have introduced two novel models for ternary spatial relations, namely
RTL and RIM. This chapter presents two approaches for detection of errors in map databases
that are utilising the RTL and RIM models. Such approaches are needed because manual
detection of errors is not feasible for large spatial databases used today and the existing rule-
based approaches are often limited and avoid complex spatial analyses (e.g., analyses looking
at multiple spatial objects simultaneously). This chapter first introduces the notion of mature
datasets and the use of outlier detection for their intrinsic assessment. It then introduces an
approach for discovery of topological constraints automatically from data. The discovered
constraints can be applied to all objects in the database to label objects that do not satisfy
them as erroneous. The second approach uses RIM to analyse if the building can be accessed
from its closest road, or if the access is completely obscured by other buildings that stand in

the way. If a building is not accessible, this often indicates the existence of nearby errors in

68
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map data (e.g., the access road might be missing from the map). Both approaches will be

used for error detection in case studies in Chapter 7.

6.1 Mature datasets and outlier detection

Data-driven error detection approaches in this thesis are based on the assumption that in some
spatial datasets, the majority of data is of acceptable quality. This assumption is motivated
by the fact that the widely used map databases are usually subject to different quality control
processes and that errors are more likely rare than common. For example, OSM has a strong
community of contributors and a long lineage of edits where contributors are encouraged
to correct errors and update the database. On the other hand, government-managed map
databases usually have to adhere to strict protocols that assure high quality of data. In this
thesis, datasets for which the majority of data is assumed to be of acceptable quality are

called mature datasets.

If the majority of data in mature datasets is considered a norm, then the deviations from that
norm can be seen as anomalies or outliers [18]. Thus, outlier detection can be applied to de-
tect potential errors in data [19]. For example, if the majority of objects of a class frequently
form the same topological relation with other objects, this pattern can be learned and used to
classify further spatial objects. If the majority of roads in the dataset are connected to other
line objects (e.g., other roads), then this pattern can be adopted as a rule. Thus, if some roads
are not connected to any other linear objects, they would be seen as potentially erroneous

and should be inspected.

In this thesis, it is assumed that there is one dominant pattern of topological relations for a
given object class. Nonetheless, there may be cases where the object class is a generalisation
of multiple sub-classes with highly distinct patterns. In such cases, defining the entire ob-
ject class based on only one pattern may be too general. However, this non-trivial problem
of detecting aggregate classes of objects (e.g., transport infrastructure) based on detected

patterns is not in the scope of this thesis.

This chapter is based on published papers [1, 3, 4].
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TABLE 6.1: Variants of contingency tables showing error detection with ground truth and

intrinsic error detection with a model. True positives (TP) are objects that are correctly

classified as class in the dataset, false positives (FP) are objects that are incorrectly clas-

sified as class in the dataset. False negatives (FN) are objects that have been omitted, and

true negatives (TN) are objects that have been correctly classified as not class. Objects
prefixed with False (i.e., FP and FN) are detected as potential errors.

Ground truth Model
class not class class not class
class TP FP class TP FP
Dataset Dataset
not class FN TN not class FN TN
(A) Dataset vs Ground truth (B) Dataset vs Model

6.2 Intrinsic error detection

The approaches proposed in this chapter differ from the usual quality assessment approaches
that use the ground truth to validate data [85-87], and follow the trend of more recent studies
that propose intrinsic approaches which do not require the ground truth [12, 94]. This can be
achieved either by learning the patterns that occur in the majority of the data or by assuming
those patterns heuristically. In this thesis, the pattern that is informed by the majority of

objects of the studied class is called the model.

As the model is learned based on all labelled instances of a class, it operationalises an exten-
sional definition of an object class [5]. This can also be seen as a data-driven or bottom-up
approach [103], which differs from intensional definitions that are formalised before object
creation and classify objects based on their alignment with the definition (e.g., definitions

from Table 6.3).

Once created, the model can be used to validate the existing objects in the dataset, or to
classify new data records. The aim is to find objects in the specified class that differ from
the model that represents the majority of objects in the same class. Table 6.1a shows a
typical contingency table when the errors in data are found by comparing the dataset against
the ground truth. Columns in the contingency table show how features should be classified,
while the rows show how the corresponding data are classified in the dataset. On the other
hand, the approaches proposed in this chapter compare the existing dataset to the model, as

shown in Table 6.1b.
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TABLE 6.2: Variants of contingency tables for evaluation of intrinsic approaches. If manual
classification is not available, then the dataset can be used as a reference to evaluate a
model. Otherwise, the model-based classification can be compared against the manual
classification. TP and TN represent objects that were classified correctly by the model,
while the FP and FN represent objects where the model classification was incorrect.

Dataset Manual classification
class not class class not class
class TP FP class TP FP
Model Model
not class FN TN notclass FN TN
(A) Model vs Dataset (B) Model vs Manual classification

There are two types of errors that the proposed approaches can detect in the classification of
objects. The first type is when an object is classified into the given class in the data, but the
model classifies it as not a part of that class. These errors correspond to FP in Table 6.1b.
The other type is when objects should belong to the given class in the data, but they do not.

These are errors by omission, and correspond to FN in Table 6.1b.

6.3 Evaluating error detection

After the models have been created and used to detect errors in data, their performance
needs to be evaluated. Since the ground truth data are not available and cannot be used as
a reference, different approaches need to be applied here. One approach is to use the same
dataset that was used for learning the model and detection of errors as a reference dataset
(Table 6.2a). It is expected that this dataset will contain some errors, but we have already
assumed that the majority of the data are of acceptable quality. The other approach is to
manually classify the whole or apart of the dataset and use these results as a reference for
model evaluation (Table 6.2b). This will also grant cognitive plausibility to the model since

it will be compared directly against human judgement.

For both evaluation approaches, the performance of of the model can be described with
the following quality measures that are calculated from the contingency tables (Tables 6.2a

and 6.2b):
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e Precision: the fraction of objects in the dataset classified as class by the proposed

approach (model) and also classified as class in the dataset.

TP

precision = ————
TP+ FP

e Recall: the fraction of objects in the dataset that are classified as class in the dataset

and were also classified as class by the proposed approach.

TP

recall = ————
TP+ FN

e Accuracy: the ratio of all the objects that were correctly classified as either class
or not class to all the incorrectly classified objects. It captures how the approach

(classification) compares to the existing classification in the dataset.

TP+TN
TP+TN+FP+FN

accuracy =

e Specificity: the ratio of all objects that were correctly classified as not class by the
proposed method, and all objects that were classified as not class in the dataset. It
captures how many objects that are not classified as class in the dataset have been

correctly classified as not class by the proposed method.

TN

SpéCifiCity = m

e F1 score (less commonly called Sgrensen-Dice index): the harmonic mean of preci-
sion and recall. This measure is commonly used for evaluation of machine learning

classification tasks (for a review, see [104]).

Flscore =2 - precision - recall

precision + recall
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6.4 Discovery of topological constraints for classes of spatial ob-

jects

The first error detection approach in this chapter is based on a methodology that mines topo-
logical relations for a given object class using the frequent itemset mining method [105] to
learn the most frequent topological relations that the objects of that class have with other

objects in the dataset. Figure 6.1 shows the steps of the proposed method.

Selecting objects of
interest (i.e. class to be
analysed)

Y

Calculating extended
topological relations for
line objects

Y

Identifying frequent
L itemsets for a given class )

Identifying misclassified
objects by matching their
relations with those
identified by frequent
itemset mining

FIGURE 6.1: Steps of the proposed method.

The first step in this approach is to select objects of interest from a spatial dataset — these
will represent the set of core objects. For example, in the case study presented in Chapter 7,

all the instances of the class {bridge} in a spatial dataset are selected as core objects.

After selecting objects of interest, the topological relations between these core objects and all
other peripheral objects in the dataset are computed using the RTL model that was introduced
in Chapter 4. In this approach, only the peripheral objects that are not disjoint from the core
object have been considered. Since these topological relations are the input of the frequent

itemset mining process, this step can be seen as feature engineering.
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Finally, for each of the selected core objects, their topological relations with peripheral ob-
jects are analysed to extract the most frequently occurring topological relations. This enables

automated inference of principal topological constraints for the given class of spatial objects.

6.4.1 Topology and classes of spatial objects

For many classes of spatial objects, the topology may define their function. For example, a
road segment should be connected to other road segments, so that the road network in the
dataset remains routable. However, in some specific situations, the topological properties
of objects may be violated. Considering the road example, if a road is disconnected from
the network for some reason such as on-going construction or a disaster that has affected the
surrounding roads, it does not change the fact that it is still a road. On the other hand, the

question of whether such road is still fully functional may be open for discussion.

Most current approaches for spatial data quality assurance manually define which topological
relations an object of a given class should have with other objects of other classes to be
considered valid. These topological constraints are usually defined per object class [106],
constrained to binary relationships, and captured in validation rules. Tarquini and Clementini
[107] have also shown how multiple spatial relation constraints can be combined to define
sub-types of an object class (i.e., rivers). An example of a topological constraint for the road
class is “a road should be connected to at least one other road”. All the roads disconnected
from the network will then be classified as invalid due to the violation of this topological

constraint.

Most spatial databases currently define object classes through manual attribute annotation.
However, there has been work on utilising the semantic similarity measurements to pro-
vide annotators with recommendations, and thus reduce the semantic heterogeneity in the
data [108]. Past work has also investigated how object classification is dependent on a set of

attributes of the objects [28, 109].

Table 6.3 shows three different definitions of bridges. These definitions are based on a com-
bination of functional properties of objects strongly dependent on the satisfaction of topolog-
ical relationships (e.g., bridge spans obstacles and carries a road). Such verbal definitions
may be incomplete and insufficiently specific, thus interpreted differently by different op-

erators during the manual object classification. For example, the first two definitions both
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TABLE 6.3: Alternative definitions of a bridge

Source Definition of a bridge

“Bridge is a structure carrying a pathway or roadway over a depres-

Merriam-Webster . . .
sion or obstacle (such as a river).

“Bridge is a structure built to span physical obstacles without closing
Wikipedia the way underneath such as a body of water, valley, or road, for the
purpose of providing passage over the obstacle.”

“Bridge is an artificial construction that spans features such as roads,
railways, water ways or valleys and carries a road, railway or other
feature.”

OpenStreetMap
Wiki

identify the function of a bridge is providing passage over an obstacle (i.e., “carrying a
pathway”, and “providing passage”). However, the word obstacle is absent from the third
definition where it is only stated that a bridge spans features. Also, it is not completely clear
from the third definition that a bridge should provide passage. All the examples of the fea-
tures carried by a bridge do provide passage, but the term “other feature” may be too open

for interpretation by the operators.

6.4.2 Frequent itemset mining

This approach aims to learn which topological relations occur frequently among spatial ob-
jects of a given class. This is a typical frequent itemset mining task and can be achieved by
retrieving the topological relations for the objects of interest and mining the recurrent topo-
logical patterns among them: Frequent itemset mining is the first step in the association rule
mining process, aiming to identify associations between items in transactions [105]. In a
database, a transaction usually corresponds to a row and items in a transaction correspond to

column cells in a row. The aim is to find a set of items that frequently appear together [110].

Letaset B = {i,...,i,} of items be called the item base, and a database T' = {¢,,...,1,}
contain transactions. In this case item base B contains all items that occur in database T'.
The term itemset refers to any subset of B and can be denoted as I C B. A typical way to
express how frequently an itemset occurs in the database is through computing the support
of an itemset. The support of the itemset [ is the number of transactions, i.e.,7;,1 < j < n,
in T that contain itemset I. It can also be expressed as the ratio of transactions that contain

I to all transactions in 7" [110].
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The proposed approach adopts the a-priori algorithm [105] to find the frequent itemsets in
the dataset. There is no constraint set on the length of itemsets that should be retrieved, and

the only threshold used is the minimum support of an itemset. In this thesis:

e items are topological relations that objects of a given class have with other objects in

the database,

e transactions are rows of a database table where one row contains all topological rela-
tions between a core object and peripheral objects in the database (i.e., there is exactly

one transaction for each core object), and

e itemsets are sets of topological relations that occur together in the same transaction,

i.e., for one core object.

Figure 6.2 shows three examples of bridges (core objects) and their topological relations with
other (peripheral) objects. The topological relations between each bridge in the examples and
the peripheral objects can be seen as items and can be listed as transactions (Table 6.4). Then,
itemsets can be formed by finding combinations of different topological relations that occur
together in transactions. Finally, support for these itemsets can be calculated by dividing the
count of all transactions where they occur with a total number of transactions, as shown in

Table 6.4.

A
Z
.

bridge 1

bridge 3

FIGURE 6.2: Examples of bridges and their topological relations with other objects.
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TABLE 6.4: Dataset transactions consisting of topological relations (left), and frequent
itemsets and their supports (right) for examples of bridges shown in Figure 6.2.

Topological relations Frequent itemsets
Bridge Member relations Itemset Support
1 meets, Crosses, meets (meets) 3/3 =100%
2 meets, crosses, meets, meets (crosses) 2/3 = 66%
meets, meets (meets, crosses) 2/3 = 66%

6.5 Building accessibility analysis with RIM

The second approach in this chapter is concerned with the accessibility of buildings from
the road network. Here, we define accessibility of a building as the ability to approach it in
a straight line without having to avoid other buildings. The method proposed here uses the
building’s visibility from the road network to determine if it is accessible. For visibility we
adopt a definition that “two points are mutually visible if the line segment connecting them
is unoccluded” [74]. The method also assumes that access to building if it is accessible will
be provided by the road that is closest to it. Although it is possible that some buildings are
accessible from roads other than the closest, this raises questions such as when to search for
other roads, what threshold should be used, and how to ensure that inaccessible buildings are
not incorrectly classified as accessible? The answers are not trivial and this added complexity
will be addressed in future research (see Chapter 9). Thus, the problem addressed here is:
given a dataset of buildings and a road network, determine which buildings are accessible
from the road network. The presented method shows how to determine the accessibility of

a single building and can be applied iteratively to analyse all buildings in a given dataset.

6.5.1 Refinement of RIM

To find out if a building is accessible from its closest road, our method proposes a modified
version of RIM. RIM originally focuses on the core object whose position is being tested
in regards to the two peripheral objects. The motivation for RIM was to determine if the
core object is positioned between peripheral objects. In the building accessibility analysis,
the spatial objects involved are the building being analysed — the core building C, its closest

road R, and a set of potentially occluding objects O that may occlude the visibility between C
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and R. The distance between C and R will be denoted as d-g. Here the focus changes from
the object in between to one of the objects that would be considered peripheral in RIM — the
core building. Figure 6.3 shows four major steps in the building accessibility analysis. First,
the core building is designated (Figure 6.3a). Then, the roads in the proximity of the core
building are analysed to find its closest road (Figure 6.3b). Then the potentially occluding
objects are identified. Here, the algorithm only considers buildings for which the distance
to the core building is less than d-p (Figure 6.3c). It is still possible for buildings where
the distance to the core building is greater than d to be positioned between C and R and
partially occlude access (e.g., if the closest road in Figure 6.3c was extended to the right,
the white buildings in the bottom right of the scene would be between C and R). However,
given the optimisation step introduced prior to the execution of this method where R is cut
to the portion that is relevant to the context of C (see Section 7.3.3), such buildings are less
likely to affect the outcome of the accessibility analysis. The last step is to analyse all the
rays that exist between the core building and its closest road, and their intersections with the
potentially occluding objects (Figure 6.3d). If there exists such a ray that is not intersected
by any of the potentially occluding objects, then this ray represents a line of sight by which
the core building is visible from its closest road. This also means that the core building can
be accessed from the closest road and the algorithm will classify it as accessible. On the
other hand, the potentially occluding objects between the core building and its closest road
might be intersecting all of the rays completely occluding one from the other. This means
that the core building cannot be accessed from its closest road and it will be classified as

inaccessible.

6.5.2 Visibility between C and R given the occluder O

To determine whether the core building C can be seen and consequently accessed from its
closest road R, visibility analysis is undertaken. The goal here is not to determine which
parts of C are visible from R or obscured by O, but only to confirm if there exists at least
one ray between C and R that is not intercepted by O. Such a ray represents the line of sight
between C and R, and in the context of this method, proves that C is accessible from R.
Algorithm 4 presents the computational steps of this analysis, while Figure 6.4 shows exam-

ples of three different scenarios of C, R, and O together with the visibility rays. Although
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o~ o~

(A) Designate the core building to be analysed (B) Determine the closest road to the core building
(pattern fill). (red outline).

(C) Determine the relevant surrounding buildings (D) Test the visibility between the core building
that are within distance dp to the core building and its closest road, with respect to the surround-
(grey fill). ing buildings (red line shows an intercepted line of

sight).

FIGURE 6.3: Illustration of steps in the proposed approach for the building accessibility
analysis.

we have referred to O as a set of objects, O is here treated as a single mutli-geometry object

(i.e., a Multipolygon consisting of one or more polygon parts).

The first step in this analysis is to find the area between C and R (Algorithm 4 line 1; gray
areas in Figure 6.4). In the RIM, this area is called the ray area R, and is defined as the
area covered by all rays between C and R (for details of the ray area computation algorithm
see [3]). The next step is to define all the rays between C and R that can potentially provide

visibility between them. For this purpose, the algorithm extracts all the vertices of C, R, and
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O, and keeps only the ones that are intersecting R 4 (e.g., ¢; —c4, 01 —04, | —r4 in Figure 6.4a).
This is because any straight line passing through a vertex that is disjoint from the R, is
impossible to share a point with both C and R. Thus, such lines cannot be visibility rays
between C and R and can be omitted from the rest of the analysis. After the algorithm has
extracted and selected the vertices, it creates straight lines passing through pairs of vertices
achieved by combining the vertices of C with the vertices of O, the vertices of R with the
vertices of O, and the vertices of O with the vertices of O (Algorithm 4 line 5). These
lines are also extended on both sides to reach both C and R. After each line is created, the
algorithm tests if the line is crossing the occluder object O (Algorithm 4 line 10). If yes,
then this means that the line does not provide visibility between C and R. If not, then the
algorithm tests if this line has intersections with both C and R (Algorithm 4 line 12). It may
happen that the line touches only one of these objects and in that case it still does not provide
visibility between C and R. Only if the line does not intersect O and touches both C and R
it can be considered as a valid line of sight between C and R. If this is the case, then the
iterative search process can end and the algorithm can return True to confirm that there is

visibility between C and R (Algorithm 4 line 14).

If O does not have any vertices inside the R4, then the algorithm will not be able to find the
visibility ray in the previously described iterative search process (e.g., see Figure 6.4c). In
this case, the algorithm will enter a second search process where it creates candidate rays
through the pairs of vertices achieved by combining the vertices of C with the vertices or R
(Algorithm 4 line 15). Because these lines are created from the vertices of C and R, they
are guaranteed to intersect both of them. Thus, it is sufficient only to check if these lines are
crossing O to test if they provide visibility between C and R. In the end, the algorithm will

return True if there is visibility between C and R and False if there is not.

Figure 6.4 shows examples of three different placements of O relative to C and R. The
core buildings C in these figures are shown in red outline, the ray areas between C and R
are shown in grey, and the vertices of C, R, and O that intersect the R, are denoted with
lowercase letters (i.e., c;, r;,ando;). In Figure 6.4a, after the Algorithm 4 analyses the ray
that passes through c¢; and o, it rejects this ray as the possible visibility ray because it crosses
O. However, when the algorithm tests the ray that passes through ¢, and oy, it will conclude
that there exists visibility between C and R because this ray does not cross O and touches

both C and R.
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FIGURE 6.4: Illustration of the core object C, the closest road R, and potentially occluding
objects O. The ray area between C and R is shown in gray and the dotted line between
them is the line of sight.
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Algorithm 4 Visibility test

Require: Geometries of two spatial objects (C and R) between which the line of sight is searched for, and a
multi-geometry of the occluder object (O)

1: R, < CALCULATE_RAY_AREA(C,R) > For this function, see [3]
2: cVertices « Intersection(C.getVertices(),R )
3: rVertices « Intersection(R.getVertices(),R )
4: oVertices « Intersection(O.getVertices(),R )
5: for vertices in [cVertices, rVertices, oVertices] do
6: for vl in vertices do
7 for v2 in oVertices do
8: if v1 # v2 then > Two distinct points needed to construct a line
9: candidateRay < MakeLine(v1,v2).Extend()
10: if candidateRay.Crosses(O) then
11: visibility « False
12: else if candidateRay.Touches(C) AND candidateRay.Touches(R) then
13: visibility « True
14: return visibility > Visibility ray found and search ends
15: for v1 in cVertices do
16: for v2 in rVertices do > When there are no oVertices, construct rays between cVertices and rVertices
17: if v1 # v2 then
18: candidateRay < MakeLine(v1,v2).Extend()
19: if candidateRay.Crosses(O) then
20: visibility « False
21: else
22: visibility « True
23: return visibility > Visibility ray found and search ends
24: return visibility > Visibility ray not found, False returned

In Figure 6.4b there is no visibility ray that passes through any vertex of C or R. Instead,
the algorithm finds the visibility ray by analysing rays that pass through different vertices of

O (e.g., 0, and os).

In Figure 6.4c¢, O is completely outside (i.e., topologically disjoint) of the R 4. In this case the
algorithm analyses the rays that pass through vertices of C and R. Since the ray that passes
through ¢; and r; does not cross O, the algorithm accepts it as the visibility ray between C

and R.

6.6 Conclusion

In this chapter, two intrinsic error detection approaches have been proposed. These ap-
proaches rely on the assumption that in mature spatial dataset , the majority of the data is
correct and the errors in data are outliers. Because of this assumption, the proposed ap-
proaches do not require any additional data and can detect errors in situations where the

ground truth data are not available.
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The first approach is called discovery of topological constraints for classes of spatial objects.
This approach utilises the frequent itemset mining method to detect if objects of a given class
frequently have the same topological relationships with other objects around them. If there
is a highly supported pattern of topological relationships, then it can be adopted as a topolog-
ical constraint saying that all objects of a given class need to have these relationships to be
considered correct. Objects that do not satisfy the constraint will be labelled as potentially
erroneous and will need to be checked by human experts. This approach will be tested in a

case study in Chapter 7 on OSM data with both RIM and RTL topological relation models.

The second approach is called building accessibility analysis with RIM. It assumes that all
buildings in a map database should be accessible from the road network and that this access
is provided by the road that is closest to the building. If there are other buildings between the
core building and its closest road, the approach tests if these buildings completely occlude
the visibility between them. In this approach, visibility is used as a proxy for accessibility
and if the building is not visible from its closest road then it means that it is inaccessible.
This approach will also be tested in a case study in Chapter 7 on OSM data for the state of

Victoria, Australia.



Experiments

The RTL and RIM models introduced in Chapters 4 and 5 have been embedded with the error
detection approaches introduced in Chapter 6. This chapter presents three case studies that
demonstrate the usage of these models and approaches to both analyse and detect errors in
map data. The first case study looks at a set of university campus buildings and utilises RIM
to determine which buildings are positioned between which other buildings. The second
case study automatically discovers topological constraints on bridges in a map database and
detects erroneous bridges using those constraints. The third case study classifies buildings
in the map database as either accessible or inaccessible from the road network. Inaccessible

buildings are then treated as indicators of potential errors and checked by expert mappers.

This chapter is based on published papers [1, 3, 4].

84
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7.1 Analysing the betweenness of buildings with RIM

This case study demonstrates a possible use case, where RIM is used to analyse the be-
tweenness of buildings at a university campus (Figure 7.1). There are twenty-nine buildings
in this experiment, whose geometries were sourced from the OSM. They are first analysed
to identify triplets of buildings that are candidates for betweenness. Then, these triplets are
classified according to whether the core building is positioned between the peripheral build-

ings.

7.1.1 Betweenness based on RIM

This section discusses how RIM can be used to answer the question “Is object O between
objects A and B?”. This is the task of mapping between a formal model and common-
sense understanding covered by linguistic terms. The most simple approach would choose
a Boolean function, deciding whether this question is True or False. In that case, there may
be several options for how this distinction could be made. The first option is to claim that O
is not between A and B only when it is disjoint from all the rays between A and B (RIM23
in Figure 5.5), and that O is between A and B whenever it is intersecting any of the rays
between A and B (RIM1-RIM22). However, this permissive option would also always treat
the borderline cases such as RIM19, RIM20, RIM21, and RIM22 as being between, although

some could argue otherwise.

Another option is to claim that O is clearly berween A and B only when it is completely within
the ray area formed by rays between A and B (RIM1-RIMY), and that O is otherwise not
between A and B. Being more conservative than the previous option, this option considers
nine out of 23 cases as O being between A and B. However, it is hard to argue that O is not

between A and B in RIM10, since there is no ray between A and B which does not cross O.

It is thus demonstrated that answering the question of one spatial object being between other
two is not trivial, and may depend on the application and context. Furthermore, it has been
demonstrated that RIM can represent configurations of triplets of spatial objects in enough
detail to provide a basis for reasoning about nuanced betweenness. The remainder of this

case study will use three classes to differentiate cases of betweenness:
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e O is between A and B when O is completely within the ray area between A and B

(e.g., RIM1-RIM9),

e O is debatably between A and B when O is intersecting the ray area between A and

B, but is not completely within it (e.g., RIM10-RIM22),

e O is not between A and B — when O is disjoint from the ray area between A and B

(e.g., RIM23).

7.1.2 Refinement of candidate triplets for betweenness

Now that we have defined classes of betweenness for his case study, we need to calculate
RIMs between the twenty-nine university campus buildings. Since RIM is computed on
triplets of spatial objects, for RIM to be computed between all possible combinations of
buildings would require 293 = 24,389 RIM computations. Thus, the candidate combi-
nations of buildings for betweenness are first filtered via Delaunay triangulation between
buildings’ centroids to capture the adjacency graph (Figure 7.2). Centroids are here only
a suitable approximation. This step is reminiscent of the filter-refine strategy in evaluating
spatial queries assisted by spatial indices in spatial databases [111]. Then, only the triplets
of buildings connected by a path of length two are considered as candidates for immediate
betweenness (e.g., buildings 10, 12, and 13 in Figure 7.2). This way, the number of required

RIM computations is lowered to 337.

7.1.3 Results

In terms of the topological relations between object O and ray area R,, only four distinct
relations (according to [96]) occur in this case study: disjoint, touches, overlaps, and within
(Table 7.1). Following the classification of betweenness presented in Section 7.1.1, cases
where O is disjoint from R, are seen as not between, cases where O touches or overlaps
R, are seen as debatably between, and cases where O is within R, are seen as between

(Table 7.1).
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© OpenStreetMap contributors

FIGURE 7.1: A set of twenty-nine buildings belonging to the Parkville campus of the
University of Melbourne.

© OpenStreetMap contributors

FIGURE 7.2: Delaunay triangulation (red lines) between centroids of buildings from Fig-
ure 7.1.



Experiments 88

TABLE 7.1: Binary topological relations between O and R4 that occur in results.

O is not between A and B O disjoint R , 97

O touches R, 6

O is debatably between A and B
O overlaps R, 221

O is between A and B O within R, 13

triplets in total 337

disjoint RIM23 97
touches RIM22 6

RIM28 1

RIM27 2

RIM26 3

RIM25 5
overlaps
RIM24 25

RIM17 32
RIM16 144
RIM13 9
RIM3 1
within  RIM2 2
RIM1 10
0 20 40 60 80 100 120 140

count

FIGURE 7.3: Distinct RIMs that occur in results.

Figure 7.3 shows these topological relations and the corresponding RIMs that occur in this
case study. It can be seen that RIM was able to distinguish three times more cases of topo-
logical relations in triplets of buildings. While disjoint and touches each only have one cor-
responding RIM, the topological relation overlaps may be divided into eight different RIMs,

and within may be divided into three different RIMs.

Figures 7.4 and 7.5 show examples of triplets of buildings for each of the thirteen distinct
RIMs that occur in the results of this case study. Out of these thirteen RIMs, eight of them
can be found in the twenty-three RIMs that were demonstrated in Figure 5.5. Examples for
these RIMs are shown in Figure 7.4. The remaining five RIMs have not been identified in
the simple theoretical cases of three non-convex polygons. The naming for these new RIMs

continues on the numbering from the previous RIM cases from Figure 5.5 (i.e., there were
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On

(A) RIM1 (B) RIM2 (c) RIM3
(D) RIM13 (E) RIM16 (F) RIM17

(G) RIM22 (H) RIM23

FIGURE 7.4: Examples of RIMs that occur in the case study, and that were demonstrated
in Figure 5.5.

twenty-three), which gives RIM24, RIM25, RIM26, RIM27 and RIM28 (Figure 7.5). As
such, it is important to note that RIM presents a means to characterise nuanced relationships,

not a fully elucidated, exhaustive set of distinct relationships — these may be unbounded.

7.1.4 Discussion

For triplets of buildings in this case study, it was tested if one of the buildings is positioned
between the other two. If this task was carried out by looking at the topological relation
between the ray area (R ) between the peripheral objects A and B and the core object O, it

would be possible to differentiate only four scenarios — O is disjoint, or touches, or overlaps,
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FIGURE 7.5: Examples of RIMs that occur in the case study, but were not previously
defined. Each figure also lists rays and extreme rays that occur in that scenario, and the
corresponding RIM matrix.

or within the R, (Table 7.1). This is reminiscent of the projective ternary relation model
proposed by Clementini and Billen [10] which defines an area between the peripheral objects
and captures whether the core object intersects this area (see Figure 2.4). The results of the
case study showcase that RIM can distinguish thirteen different scenarios for the given set
of buildings which is over three times more. This shows that RIM can detect much more
nuance in such cases which is useful when studying different cases of betweenness of spatial

objects.

The case study used a simplistic definition of betweenness where O is considered between
A and B if it intersects any ray between A and B. In the future, it would be sensible to carry
out subject testing to evaluate which cases would people classify as between or not between
and if they would see betweenness as a binary property where only those two outcomes are
possible. The subjects’ opinions could then be mapped to different RIM cases, which would

give plausibility to the claims that certain RIMs represent betweenness of spatial objects.
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A B

FIGURE 7.6: An example of curved or bulging rays between A and B.

It would also be interesting to see if people would find other relations such as across to be

similar to between and if RIM could be applied to capture these relations as well.

Another direction of future work could go towards investigating different definitions of rays
in RIM. At the moment, all of the rays in RIM are considered to be straight lines. How-
ever, people may be lenient to classify objects as between if they are slightly offset from
the ray area between the peripheral objects. It may also be possible that people would tol-
erate different offsets from the ray area in different directions. For example, a larger offset
of O might be tolerated in the direction perpendicular to the extreme rays than parallel to
them. Mathematically, this could be represented with curved or bulging rays such as shown

in Figure 7.6.

7.2 Topological constraints for bridges in OSM

This case study tests the approach for discovery of topological constraints proposed in Sec-
tion 6.4 on bridge objects in the OSM dataset. In this case study, all the instances of class
{bridge} are analysed to learn their most frequent topological relations with their surround-
ing objects. Apart from the topological relations themselves, the different types of geometry
of the peripheral objects (i.e., line or polygon) are distinguished as well. Thus, results are
shown in the form of frequent itemsets that consist of topological relations between bridges

as core objects and other peripheral objects, together with corresponding supports.
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TABLE 7.2: Numbers of line features and bridges in the OSM dataset for the state of
Victoria, Australia.

Number of line objects 450,230
Number of line objects annotated as bridge 10, 870
Number of polygon objects 404,221

7.2.1 Experimental setup

The raw OSM data for the State of Victoria, Australia were extracted through the OSM
Overpass API'. The experimental setup consists of a PostgreSQL 9.5.13” database with the
PostGIS 2.4.2° extension, where OSM data were imported using the osm2pgsql 0.88.1* im-

porter.

A preselection step was used to select bridge objects from the raw data. It was guided by
the OSM wiki documentation which specifies that bridges should have a line geometry, and
should contain a bridge="* tag (i.e., * is a standard way of denoting any value used with a
specific attribute key). Thus, objects that were annotated as bridges but did not have a line
geometry were excluded from the experiment. Furthermore, objects tagged as bridge=no
were also excluded. Note that this preselection was applied only to identify the set of core
objects (bridges) in the dataset. For peripheral objects related to bridges, all objects with
a line or polygon geometry were considered. The counts of line objects and bridges in this
dataset are shown in Table 7.2. These counts are used to calculate the support of frequent

itemsets and consequently to identify patterns.

This case study also compares the RTL model that was proposed in Chapter 3 to the 9IM. For
the purposes of this comparison, all experiments were evaluated with both representations
of topological relations. Furthermore, all topological relations in the results are represented
with aliases for improved readability (Table 7.3), and the illustrations of the topological

relations are shown in Figure 7.7.

Thttp://wiki.openstreetmap.org/wiki/Overpass_API
Zhttps://www.postgresql.org/

3http://postgis.net/
“http://wiki.openstreetmap.org/wiki/Osm2pgsql
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http://postgis.net/
http://wiki.openstreetmap.org/wiki/Osm2pgsql
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TABLE 7.3: Aliases for topological relations in this case study.

Alias RTL 9IM
meets-linestring-both FFTFTTTTT-1linestring-both —
meets-linestring — FFTFTTTTT-1linestring
crosses-linestring TFTFFBTTT-1inestring TFTFFTTTT-1inestring
within-polygon TFFBFFTTT-polygon TFFTFFTTT-polygon
bridge bridge
(A) meets-linestring-both (B) meets-linestring
bridge bridge
(C) crosses-linestring (D) within-polygon

FIGURE 7.7: Tllustrations of the topological relations that are present in the results between
bridge (core) objects and other (peripheral objects).

7.2.2 Support threshold for frequent itemsets

The minimum support threshold for the discovery of the frequent itemsets has been set to
20% in this case study. This threshold was empirically determined — larger thresholds lead to
frequent itemsets that are too specific, while smaller thresholds yield uninformative itemsets.
Figure 7.8 shows how the number of itemsets diminishes with the increase of the minimum
support threshold. At the threshold of 1%, both 9IM and RTL yield almost 50 itemsets,
most of which have support lower than 5%. Also, if the threshold was set to 0.001%, there
would be almost 2,000 possible itemsets. On the other side, thresholds of approximately
40% and higher yield less than five itemsets, and the highest possible threshold that would
yield at least one itemset would be approximately 90%. Thus, given the assumption behind
the approaches in this thesis that we want to learn the patterns of the majority of the data
(i.e., those would be patterns with support of at least 50%), it can be concluded that the 20%
threshold provides the best balance between specificity and accuracy of the itemsets. The
selected threshold is used to limit the itemsets in this study to a number that is manageable

for manual analysis and no patterns that describe the majority of the data will be omitted.



Experiments 94

(9]
o
1

— 9IM
RTRLO

w w S e
o 6] o (V)]
1 1 1 1

N
]
1

Number of itemsets

= = N
o w o w o
1 1 1 1 1

e -

0 20 40 60 80 100
Support %

FIGURE 7.8: Numbers of the discovered frequent itemsets for different minimum support
thresholds, dataset for Victoria.

7.2.3 Identified frequent itemsets

The proposed approach for the discovery of topological constraints was first applied to the
preselected bridges, and the results of this step are shown in Tables 7.4 and 7.5. The rows in
these tables represent the detected itemsets with support higher than the threshold (i.e., 20%).
For example, the first line in Table 7.4 shows that there are 10, 548 bridges in the dataset that
have the topological relation meets-linestring with at least one peripheral object. This does
not mean that these bridges do not have other topological relations with peripheral objects.
A subset of them also have other topological relations such as crosses-linestring, within-
polygon, or both crosses-linestring and within-polygon as shown in rows three, five, and

seven respectively. Also, the examples of itemsets from Table 7.5 are shown in Figure 7.9.

Consecutively, the identified frequent itemsets were applied to all line objects in the dataset.
The frequent itemset mining with the same minimum support threshold (i.e., 20%) was ap-
plied to all line objects in the dataset (Tables 7.6 and 7.7), to identify unclassified, or po-
tentially misclassified objects that satisfy the constraints for the class {bridge}. This helps
evaluate how specific the learned topological constraints are to the class {bridge}. In this

step, no preselection other than restricting the set to line objects has been made.
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7.2.4

TABLE 7.4: Frequent itemsets for bridges in the state of Victoria using the 9IM.

Item 1

Item 2

Item 3

Support

(%)

meets-linestring

meets-linestring

meets-linestring

meets-linestring

crosses-linestring

crosses-linestring

crosses-linestring

crosses-linestring

within-polygon
within-polygon
within-polygon
within-polygon

10, 548
8,648
8,489
3,819
3,638
2,623
2,553

97.04
79.56
78.10
35.13
33.47
24.13
23.49

TABLE 7.5: Frequent itemsets for bridges in the state of Victoria, using the RTL.

Item 1 Item 2 Item 3 Support (%)
meets-linestring-both — — 10,001 92.01
— crosses-linestring — 8,649 79.57
meets-linestring-both  crosses-linestring — 8,190 75.34
— — within-polygon 3,821 35.15
meets-linestring-both — within-polygon 3,366 30.97
— crosses-linestring  within-polygon 2,624 24.14
meets-linestring-both ~ crosses-linestring ~ within-polygon 2,441 2246

TABLE 7.6: Frequent itemsets for all line objects in the state of Victoria using the 9IM.

Item 1

Item 2

Item 3

Support

(%)

meets-linestring

meets-linestring

meets-linestring

meets-linestring

crosses-linestring

crosses-linestring

crosses-linestring

crosses-linestring

within-polygon
within-polygon
within-polygon
within-polygon

231,184
131,227
83,406
211,203
92,548
43,951
23,072

51.35
29.15
18.53
46.91
20.56
20.56

5.12

Results

Assuming that the majority of data in the dataset is classified correctly, the existing classi-

fication in the dataset has been used as the ground truth for evaluation of the results. Con-

tingency tables were created to evaluate the classification performed by the learned model
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(A) meets-linestring-both (B) crosses-linestring

Eynesbury Road

(C) meets-linestring-both and crosses-linestring (D) within-polygon

A

(G) meets-linestring-both and crosses-linestring and within-polygon

FIGURE 7.9: Examples of the itemsets from Table 7.5, shown on bridges in OSM.

(Tables 7.8 and 7.9). They relate to the conceptual contingency table (Table 6.1b), as the

ground truth for data in this kind of applications and this experiment is missing. These tables
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TABLE 7.7: Frequent itemsets for all line objects in the state of Victoria, using the RTL.

Item 1 Item 2 Item 3 Support (%)
meets-linestring-both — — 113,095 25.12
— crosses-linestring — 133,634 29.68
meets-linestring-both ~ crosses-linestring — 49,427 10.98
— — within-polygon 218,512 48.53
meets-linestring-both — within-polygon 38,749  8.61

— crosses-linestring  within-polygon 44,838  9.96

meets-linestring-both  crosses-linestring  within-polygon 11,849  2.63

TABLE 7.8: Contingency table for the results using the 9IM. A means that this item is
applied in conjunction with the previous item(s) to the left of it in an itemset, applied on
the OSM dataset for the state of Victoria.

Data

meets-linestring A crosses-linestring A within-Polygon

bridge notbridge bridge notbridge bridge not bridge

bridge 10,548 220,636 8,489 74,917 2,553 20,519
not bridge 322 218,724 2,381 364,443 8,317 418,841

Model

compare the numbers of features classified as either bridges or not bridges in the model and
the data, across three combinations of topological rules that define bridges. For example,
on the left side of Table 7.8, a feature must have a topological relation meets-linestring-both
with other objects at least once to be classified as a bridge. In the middle columns of the
same table, a feature is classified as a bridge only if it has both meets-linestring-both and
(i.e., A) crosses-linestring topological relations. Finally, in the rightmost columns, a feature

must have all three topological relations with peripheral features to be classified as a bridge.

The quality measures for the proposed method using the 9IM are shown in Figure 7.10a
and in Table 7.10. The same measures for the proposed method using refined topological
relations for line objects are shown in Figure 7.10b and in Table 7.10. The proposed method
was also applied to the OSM dataset for Switzerland to test if the method will be general
enough to yield similar results elsewhere in the world. The quality assessment of these

results is shown in Figure 7.11.
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TABLE 7.9: Contingency table for the results using the RTL. A means that this item is
applied in conjunction with the previous item(s) to the left of it in an itemset, applied on
the OSM dataset for the state of Victoria.

Data

meets-linestring-both A crosses-linestring A within-Polygon

bridge notbridge bridge notbridge bridge not bridge

bridge 10,001 103,094 8,190 41,237 2,441 9,408
not bridge 869 336,266 2,680 398,123 8,429 429,952

Model

0.9 1 0.9 1

0.8 1 0.8 1

0.7 A 0.7 4
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Rules -both Rules
(A) The 9IM. (B) Refined topological relations for line objects.

FIGURE 7.10: Quality measures for the results using the 9IM and RTL, applied on the
OSM dataset for the state of Victoria.

7.2.5 Discussion

The first observation that can be made in the results of this case study is that the itemsets
discovered in the experiment (Tables 7.4 and 7.5) are strongly comparable with the common-
sense, textual definitions of bridges (Section 6.4, Table 6.3). These definitions state that a
bridge should carry a path or a road over an obstacle. In the discovered itemsets, the bridge
crossing an obstacle is represented with the crosses-linestring topological relation. In the
OSM dataset, a bridge is also a part of the road or pedestrian network, and as such represents
a specialisation of a road network. This means that a bridge is not only a structure that carries
a path or a road but is the path or the road itself. This is the first, most common item in the

itemsets discovered, captured as the meets-linestring relation.
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FIGURE 7.11: Quality of the results using the 9IM and RTL on the OSM dataset for Switzer-
land.

Tables 7.4 and 7.5 also show that the proposed method was able to discover seven different
frequent itemsets for bridges in the dataset with the minimum support of 20%. An important
difference between the analysis based on the RTL model (Table 7.5) and the 9IM (Table 7.4)
is in the first (i.e., the most frequent) item. With the RTL, the proposed method was able
to identify that 92% of bridges in the dataset are meeting other line objects on both sides
(i.e., meets-linestring-both). In contrast, the 9IM was only able to learn that bridges usually
meet at least one other line object in the dataset. The fact that the 9IM has also included the
cases where these relations are present only on one side of the bridge has resulted in higher
support of 97%. Thus, only 5% of bridges meet other line objects on one side, and these are
likely to be outliers or erroneous representations warranting inspection (examples of these
bridges are shown in Figure 7.12). Thus, the refined topological relations for line objects
yield superior results enabling to identify and verify these marginal cases. A 5% error rate

represents approximately 500 objects just in the limited dataset that was used.

This difference is also present in the results for all line objects (Tables 7.6 and 7.7) where
many more line objects have the relation meets-linestring (51%), compared to the relation
meets-linsetring-both (25%). This is to be expected because the latter is a proper subset of
the meets-linestring relation set. Yet, it is also insufficiently specific to bridges. This effect

propagates through the rest of the itemsets where these relations are present, while the other
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TABLE 7.10: Quality measures for the results using the 9IM and RTL, applied on the OSM
dataset for the state of Victoria.

9IM
meets-linestring A crosses-linestring A within-Polygon
Precision 0.0456 0.1018 0.1107
Recall 0.9704 0.7810 0.2349
Accuracy 0.5092 0.8283 0.9360
Specificity 0.4978 0.8295 0.9533
F1 score 0.0872 0.1801 0.1504
RTL

meets-linestring-both A crosses-linestring A within-Polygon

Precision 0.0884 0.1657 0.2060
Recall 0.9201 0.7535 0.2246
Accuracy 0.7691 0.9025 0.9604
Specificity 0.7654 0.9061 0.9786
F1 score 0.1614 0.2717 0.2149
%%\\\
il ) N
v 4 i
////// Qi‘tg%’?é
& R
m%{._; nStreetMap cont itors ’_-_ '.-:’ treet
(A) footway bridge connected on a single side (B) cycleway bridge meeting cycleway at a non-break
point
—Wades oz —
© OpenStreetMap contributors Or treet
(c) footway bridge connected on a single side (D) road bridges connected on a single side

FIGURE 7.12: Examples of bridges meeting line objects only on one side.
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itemsets have similar support for both representations of topological relationships.

Evaluation of the results of this case study (Figure 7.10 and Table 7.10) shows how the
quality of the classification changes with different itemsets. The evaluation is performed
using three rules — meets-linestring-both, crosses-linestring, and within-polygon, which are
being added from left to right with logical operator A (i.e., AND). In the last case, this means
that an object needs to have all three relationships with its surrounding objects to be classified

as a bridge.

Figure 7.10b and Table 7.10 show that precision, accuracy, and specificity improve with
added rules (items), while recall starts high (92% for the refined relations) and sharply de-
creases when the third rule is introduced. They also show that the refined topological rela-
tions for line objects perform better than the 9IM. Both accuracy and specificity have high
values starting above 75% for meets-linestring-both and rising to over 95% when all three
rules are applied. This shows that the proposed method can classify most of the features
correctly and that the discovered rules are specific to bridges compared to other line ob-
jects in the dataset. On the other hand, the precision of the proposed method is low and
reaches just 20% when all three rules are applied. The reason is that many features that
are not bridges are committed — i.e., incorrectly classified as bridges (Table 7.9). In other
words, these conditions are only necessary for bridges but are not unique to this class of
objects. Figure 7.13 shows four examples of line objects which are not annotated as bridges
in the data, but are classified as bridges by the model because they have topological relations
meets-linestring-both and crosses-linestring with their peripheral objects. Example in Fig-
ure 7.13a shows a cycleway that is crossing a stream without a bridge which means that the
bridge is possibly missing from the dataset. In Figures 7.13b and 7.13d, roads are crossing
other line objects (i.e., a power-line and a footway) and meeting other road segments on both
sides which makes them topologically identical to bridges in the model. The example in
Figure 7.13c shows us that the obstacles being crossed by bridges can also have the topolog-
ical characteristics of a bridge if they are a part of a network (i.e., meeting other line objects
on both sides) because they will already have the topological relation crosses-linestring with
the bridge. This problem may be solved by making further implications from semantics (i.e.,
ariver is not likely to be a bridge, regardless of its topological relations), or by considering
additional attribute information (i.e., tag layer="* is often used in OSM to describe vertical

relationships between overlapping objects such as roads).
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(A) cycleway classified as a bridge (B) road crossing a power-line classified as a bridge

Vicwa®

nStreetMap cont Iitors

(c) road being crossed by bridges (white) classified as (D) road crossing a footway classified as a bridge
a bridge

FIGURE 7.13: Examples of lines incorrectly classified as bridges by the model

The F1 score peaks at 27% with the rules meets-linestring-both and crosses-linestring ap-
plied. The low value of the F1 score is primarily caused by low precision. The RTL out-
performs the 9IM by improving precision by 6%, accuracy and specificity by 7%, and the
F1 score by 9% on the combination of meets-linestring-both and crosses-linestring. The
relative improvement on F1 score with the refined topological relations method is thus 50%
over the 9IM-based rules. The 9IM achieves a slightly higher recall by 3%, since the re-
lation meets-linestring is more general than the meets-linestring-both relation. However,
recall drops significantly for both 9IM (from 78% to 23%) and the RTL (from 75% to 22%)
when the topological relation within-polygon is introduced. This means that there are a lot of
bridges that are not within any polygon objects, and these bridges are not recognised by the
method when within-polygon is used. Thus, it would be best not to use the within-polygon
relation to detect potentially erroneous bridges because the method will return too many false
positives. In summary, the overall classification performs best when applying the proposed
refined topological relations over the 9IM, with the combination of rules meets-linestring-

both and crosses-linestring.
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Regarding the detection of errors in OSM, we believe that this method would perform best
if the itemset meets-linestring-both A crosses-linestring was adopted as a topological con-
straint that defines which topological relations a valid bridge object must have with other
objects. This itemset has a high support of 75% and is fit to describe the majority of bridges
in the Victorian OSM dataset. When applied to all objects classified as bridges, it detects
2,680 potentially erroneous bridges that are missing one or both of these topological rela-
tions. When presented with a bridge that is potentially erroneous, mappers could quickly
assess the situation from satellite imagery and determine whether these topological rela-
tions are missing due to missing features (e.g., roads or other objects that are present in
satellite imagery, but are not mapped in OSM) or if the bridge is valid without them. This
would be a useful addition to the existing OSM tools that alert users about problems such
as disconnected roads, because they are not able to detect errors such as the ones shown in

Figures 7.9¢, 7.9e, and 7.12.

7.3 Inaccessible buildings in OSM

Routing algorithms depend on the quality of map data they use to calculate and provide users
with correct routes to their destinations. The approach proposed in Section 6.5 enables to
assess the accessibility of buildings in a map dataset. By detecting inaccessible buildings, it
points to potential errors in map data. To demonstrate and test the proposed approach, it has
been applied to buildings in the OSM dataset for the State of Victoria, Australia. This case
study recognises that there are some exceptions, such as sheds, storage buildings, and other
outbuildings that are often accessible only through the main building on the property. Thus,
in this case study, we have only analysed buildings for which it is presumed they should
be accessible from the road network. Using binary classification, the analysed buildings
have been classified as either accessible or inaccessible. In the end, inaccessible buildings
have been presented via an online mapping challenge to mappers who have then assessed

individual situations and corrected any potential errors in OSM.
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TABLE 7.11: Numbers of polygon objects, buildings, line objects, and highways in the
imported OSM dataset.

Type of objects Count

Imported polygon objects 566,265
Polygon objects annotated with building=* 397,215
Imported line objects 616,318
Line objects annotated with highway=* 471,046

7.3.1 Dataset and experimental setup

We obtained the OSM data for the State of Victoria, Australia as the OSM data extract®
on March 26, 2020. The downloaded data extract was already confined to the territory of
Victoria and no additional steps were taken in regards to the geographical extents of the
dataset. The setup consists of a PostgreSQL database (version 9.5.21) extended with PostGIS
(version 2.4.2). The data were imported using the osm2pgsql importer (version 0.88.1), and a
part of the processing in the experiment was done with Python3 scripts and the RIM Python3

package (https://pypi.org/project/rim).

We have extracted the buildings and the road network data from the overall dataset since this
is the only information that is needed for the proposed method. The osm2pgsql importer
by default divides the data across four core tables: planet_osm_point, planet_osm_line,
planet_osm_roads, and planet_osm_polygon. From the planet_osm_polygon table, all ob-
jects which are tagged with the building=*° tag were extracted and stored into the osm_buildings
table. Likewise, all objects from the planet_osm_line table that are tagged with the high-
way=*' tag were extracted and stored into the osm_highways table. We have decided to use
planet_osm_line table as a source of the road network data instead of the planet_osm_roads
table because the latter also contains administrative boundaries and other objects missing

the highway=* tag. Table 7.11 shows the relevant statistics for buildings and highways.

Figure 7.14 shows the most frequent building tags in the dataset. The majority of the build-
ings are tagged with the generic tag building=yes. This tag only confirms that the object is
a building, but does not make it clear what is the type of the building. This is problematic

when we want to focus our analysis on certain types of buildings and exclude others. Thus,

Shttp://download.openstreetmap.fr/extracts/oceania/australia/
®https://wiki.openstreetmap.org/wiki/Key:building
"https://wiki.openstreetmap.org/wiki/Key:highway
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FIGURE 7.14: The most frequent building tags in the imported OSM dataset. Others
represents all other tags that occur less frequently.

we have used the area of the building in the results section to semantically differentiate main
buildings from the outbuildings. From the other tags, it is notable that there are almost 6, 000
sheds and over 1,000 garages in the dataset. These can be considered outbuildings and are
not expected to have access from the closest road. Instead, the access to these buildings is
often provided through the main building on the property or other roads which are usually
not mapped (e.g., private driveways and dirt tracks). Lastly, it is notable that there are over
4,000 buildings tagged with other less frequent tags (135). These tags have not been anal-
ysed individually, since there are 135 of them and they all have less than 1, 000 occurrences

(and often much less), which translates to 0.25% of buildings in the dataset.

Table 7.12 shows all of the highway tags that are present in the dataset and how they have
been divided them into five categories. Since this study is concerned with the accessibility
of buildings from the road network, this categorisation helps to differentiate OSM highways
that are assumed to be a part of that network (i.e., car category) from those that are not.
However, there are also more than 47,000 highways that are generically tagged as high-
way=unclassified. For these highways we cannot be certain if they are part of the road net-
work, so they could not be excluded from the analysis. Thus, only the highways categorised

as car and unclassified are used in the rest of this case study.



Experiments 106

TABLE 7.12: Highway categories, the highway tags that belong to each category, and their
counts. Only highways categorised as car or unclassified were considered in this case study.

Highway category Highway Count

living_street, motorway, primary, residential,

Car . . 292,161
road, secondary, service, tertiary, trunk

Foot and cycle cycleway, footway, path, pedestrian, steps, 113,761
track

Unclassified unclassified 47,020

. motorway_link, primary_link, sec-

Car link ondary_link, tertiary_link, trunk_link 11,046
abandoned, bridleway, bus_stop, construc-

Other tion, corridor, crossing, disused, platform, 7,058

proposed, raceway, rest_area, services, traf-
fic_island, yes

7.3.2 [Experiment execution

The experiment was carried out following the four steps of the building accessibility ap-
proach as shown in Section 6.5 and in Figure 6.3. The analysis was partly executed in the
database with the SQL queries and partly with Python scripts where the RIM Python3 pack-

age was utilised to finally assess the visibility of buildings from their closest roads.

All steps of the proposed approach were straightforward to execute apart from the second
step where the core building’s closest road is found. In this experiment we have limited the
search distance for closest roads in this step to 400 m, as we believe this is the maximum
realistic distance a person would walk from the road over empty ground to access a building.
This distance is calculated from the building’s bounding box to the road and out of all roads
that satisfy this criteria the one that is closest to the core building is designated as its closest
road. Buildings that have no roads within this search distance are by default classified as

inaccessible.

Also, a pre-processing step is applied to cases where core buildings and the closest roads
are intersecting each other (i.e., the distance between them is 0 m). In these cases the core
building is automatically classified as accessible because it is impossible for its access to be
completely occluded. This leaves less buildings for which the visibility analysis needs to be

performed and speeds up the total execution time of the experiment.
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FIGURE 7.15: The closest roads were cut to a 100 m from the core building’s projection
points towards the ends of the road linestring to improve the speed of calculations.

7.3.3 Analysis optimisation

In all cases where core buildings and the closest roads are disjoint (i.e., the distance between
them is > 0 m) the analysis is optimised by only considering a portion of the closest road
that is relevant for the core building. This is needed because some road segments in OSM
can be up to several kilometers long. Analysing the whole road segment in such cases would
be computationally demanding and analysing the accessibility of a building to a point on
the road which is far away (e.g., 1 km) would not produce useful results. Instead, only the
part of the closest road that is relevant to the local context of the core building is cut out
using a custom SQL function ST_Building_Crop_Road(geometry building_geom, geometry
road_geom, numeric cut_distance) which was created specifically for this task. This function
first projects the core building’s vertices onto the closest road. From these projected points, it
then finds two points (p;, p,) that are closest to the ends of the road linestring. The function’s
cut_distance parameter specifies how far from these points the road should be cut to leave
only the portion that is relevant to the core building. In this experiment we have used a
constant cut_distance of 100 m (Figure 7.15). Each of the projected points p; and p, will be
closer to one end of the road than the other projected point and this determines the direction
for the interpolation in the next step. Then, two new points (p’l, p’z) that are cut_distance
removed from the corresponding projected points are interpolated on the road in previously

determined directions. These interpolated points will be the end points of the cut road.
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TABLE 7.13: The overall results of binary classification of buildings into accessible and
inaccessible. Null contains cases where the computation could not be performed.

Accessibility Count Ratio

Accessible 393,123 99.44%
Inaccessible 2,055  0.52%
Null 152 0.04%

7.3.4 Results

This section lays out the results of the case study where almost 400, 000 buildings in Vic-
toria were classified based on their accessibility from the road network into accessible and
inaccessible buildings. Table 7.13 shows the overall results of the classification. Accessible
buildings in the dataset far outnumber the inaccessible buildings as one would expect in a
well covered, well mapped area of OSM. However, there are still more than 2, 000 inac-
cessible buildings that potentially indicate erroneous data and need to be checked. There
were also 152 buildings in Victoria for which the accessibility could not be computed due
to problems such as invalid geometry of the core building, the closest road, or the occluder

object.

Table 7.14 breaks down the accessible buildings based on the reason why they are classified
as such. It is clear that for the vast majority of the buildings, the visibility analysis was
needed to confirm that they are accessible from their closest roads. This table also shows the
buildings that were classified as accessible by default, without the need to perform the full
visibility. In 40, 447 cases the buildings were classified as accessible because there were no
occluder buildings in the surroundings of the core building, so there was nothing to obstruct
the access to it. There were also 2,616 cases where the core building is intersecting its

closest road which then means that the building can be accessed from the road.

Table 7.15 shows the results by the most frequent building tags in Victoria (i.e., building tags
here correspond to building tags in Figure 7.14). It can be noticed that accessibility is very
high for all building types, but this is expected given that more than 99% of all buildings in
the dataset are accessible (Table 7.13). Although the ratios of inaccessible buildings across

different types of buildings are low, they are the lowest in buildings where people live —
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TABLE 7.14: Breakdown of accessible buildings based on the reason why they are classi-
fied as accessible.

) ) Ratio of all
Justification Count .
accessible

The accessibility analysis has confirmed the core building 350, 060

is accessible from the closest road (Figure 7.16a) 89.05%

No occluder buildings were found in the surroundings of

the core building (Figure 7.16b) 40,447 10.29%

The distance between the core building and the closest road

is 0 m (Figure 7.16¢) 2,616 0.67%
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(A) Accessibility analysis (B) No occluder buildings (©)deg =0m

FIGURE 7.16: Examples of accessible buildings and different reasons for such classifica-
tion.

namely house (0.10%), residential (0.34%), and apartments (0.78%). Buildings tagged as
roof (3.18%) and school(2.87%) have the highest ratio of inaccessible buildings.

The frequencies of building tags that can be found in buildings that are classified as inacces-
sible are shown in the last column of Table 7.15. The frequencies of different building tags
roughly follow the frequencies of tags for all buildings in the dataset (Figure 7.14). Once
again, the majority of buildings (74%) are tagged with a generic yes. It can be seen that some
of the most frequent tags found in inaccessible buildings are those that can be considered
auxiliary to what are considered main buildings on the property. Buildings like shed, roof,
silo, and garage are not always excepted to be accessible from the road and can often be

accessible through main buildings on their properties.

The inaccessible buildings were filtered by selecting only buildings which are considered to
be main buildings and hence expected to be accessible from the road network. Table 7.16
shows the two conditions used in this filtering process, where the conditions are connected

with a logical OR operator. The first condition selects all buildings tagged with house,
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TABLE 7.15: The classification results for most frequent building tags in the imported

OSM dataset.
Building Accessible acfeasz?ble Inaccessible inacli’aet:Sible ilzjzlfe?jizllle
Yes 239,209 98.63% 1,521 0.63% 74.01%
House 118,761 99.81% 122 0.10% 5.94%
Residential 11,170 99.62% 38 0.34% 1.85%
Shed 5,732 97.04% 103 1.74% 5.01%
Industrial 2,693 98.39% 34 1.24% 1.65%
Retail 2,564 98.88% 29 1.12% 1.41%
Commercial 2,347 99.11% 20 0.84% 0.97%
Apartments 2,156 99.17% 17 0.78% 0.83%
Roof 1,644 96.76% 54 3.18% 2.63%
School 1,517 96.87% 45 2.87% 2.19%
Garage 1,031 99.23% 8 0.77% 0.39%
Others (sum) 4,299 97.73% 64 1.45% 3.11%

TABLE 7.16: Criteria used to filter inaccessible buildings by removing small buildings and
outbuildings from the results.

building IN ("house’, ’school’, 'residential’, *industrial’, ’retail’, ’commer-
cial’, ’apartments’, "university’, ’train_station’, "hospital’)

OR
Condition 2  building = "yes’ AND area > 50

Condition 1

school, residential, industrial, retail, commercial, apartments, university, train_station, or
hospital. The second condition selects buildings tagged with yes, but only if their areas are

larger than 50m?.

After filtering, 1,585 buildings were identified in the dataset which according to their tags

and size should be accessible from the road network, but are classified as inaccessible.

7.3.5 Online mapping challenge

The 1, 585 buildings in Victoria that were classified as inaccessible (Table 7.17) have been
published online for mappers from the OSM community to assess and fix any potential errors.
The buildings were published together with the closest roads in the form of a MapRoulette

challenge. MapRoulette is a micro-tasking platform for OSM. It presents mappers with small
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TABLE 7.17: Filtered results for the most frequent buildings classified as inaccessible.

Building Inaccessible Ratio of all

inaccessible
Yes 1,257 79.31%
House 122 7.70%
School 45 2.84%
Residential 38 2.40%
Industrial 34 2.15%
Retail 29 1.83%
Commercial 20 1.26%
Apartments 17 1.07%
University 11 0.69%
Train_station 7 0.44%
Hospital 5 0.32%

mapping tasks that can be completed in a short time and its goal is to improve the quality
of OSM data. A MapRoulette challenge comprises of group of tasks dealing with the same
problem. Multiple mappers can participate in the same challenge, and the progress of the

challenge is tracked with various measures.

7.3.5.1 Mapping tasks

Each mapping task presented mappers with an inaccessible building and its closest road
drawn over aerial imagery (Figure 7.19). The mappers can complete tasks in the following

ways:
e Edit - the mappers can edit the OSM features presented in the task, or other features
in that locality and mark the task with “I fixed it!”;

e Skip - the mappers can skip the current task and go to the next one (the skipped task

will still be available to other mappers);

e Not an issue - if they believe that the problem presented in the task is not an issue in

the OSM, the mappers can mark the task as such;

e Too hard / Can’t see - the mappers can mark the task if they are not able to complete

it due to poor imagery or the difficulty of the task;
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e Already fixed - the mappers can use this mark when they believe that the problem
presented in the task has already been solved. This often happens when multiple inac-
cessible buildings share the same access road that is missing. When this road is added

for one inaccessible building, other buildings fall into the already fixed category.

In the task description for this specific challenge, mappers were given the following list of
possible problems in the OSM data that might cause the building in the task to be inacces-

sible, and how to fix them:

e missing road - map the missing roads around the building and mark the task as fixed,
alternatively if the roads are not visible in the satellite imagery mark the task as foo

hard and hard to see

e outbuildings - if the building is tagged as building=yes change the tag to a more spe-
cific tag, such as building=shed and mark the task as fixed; otherwise, if the building
is correctly tagged with something other than building=yes, and still does not have an

access road, mark the task as not a problem and add MR tag ’small building’

e building inside building - if one of the features is incorrectly tagged as a building you
could remove the building=* tag from it and mark the task as fixed; otherwise if both
objects are buildings and you believe they are mapped correctly you could mark the

task as not a problem and add MR tag ’building inside the building’

e building accessible from another highway - in this case the task can be marked as not

a problem with MR tag "another access’

7.3.5.2 Mapping progress and evaluation

This section shows the progress of the MapRoulette challenge until 28 May 2020. In two
months that the challenge has been active, total of 577 tasks have been completed by mappers
(Figure 7.18) which covers almost 65% of all identified inaccessible buildings in Victoria
(Figure 7.17). Figure 7.17 shows the statistics of how mappers have completed these tasks.
The majority of tasks have either been fixed (36% of all completed tasks) or marked as not
an issue (53% of all completed tasks). There were much fewer tasks that were skipped, too

hard, or already fixed.
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COMPLETION PROGRESS

13% FIXED (205/1585)

1% ALREADY FIXED (11/1585) B85

19% NOT AN ISSUE (303/1585)
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Tasks Remaining: 1,008 (64%) of 1,585

Avg time per task: 8m 10s

FIGURE 7.17: Statistics of the MapRoulette mapping challenge.
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FIGURE 7.18: MapRoulette mapping challenge progress over time.

For the purposes of evaluation of the proposed method, the results of binary accessibil-
ity classification have been compared to the mappers responses in the mapping challenge.
Buildings that were classified as accessibleare considered positives and buildings classified
as inaccessibleare considered negatives in the contingency table (Table 7.18). The evalu-
ation of positives was not possible in this study because buildings classified as accessible
were not presented in the mapping challenge as they do not indicate potential errors. Thus,
counts of true positives and false positives were not determined. The tasks that were com-
pleted as fixed can be seen as frue negatives in the classification results because they imply
that mappers have confirmed the presence of an error in data that was causing the building
to be classified as inaccessible. Similarly, tasks marked as not an issue can be seen as false
negatives in the classification results because they imply that the algorithm has incorrectly
classified the building as inaccessible. However, we have observed that there have been
cases where mappers have concluded that the building presented in the task is not expected

to have access from the road based on their personal knowledge and experience of mapping
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(A) Comment reports that building is a shed. (B) Comment reports that building is within another
building.
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FIGURE 7.19: Examples where tasks are marked as not an issue, but comments indicate
that issue exists.

TABLE 7.18: Binary classification contingency table.

Mappers

Accessible Inaccessible

. Accessible TP FP
Classifier

Inaccessible 247 261

practices in the OSM. In these cases, the proposed method has correctly identified that the
building is inaccessible and the task should not contribute to the number of false negatives.
This is also supported by our analysis of the comments that mappers have made when solving
these tasks, where two predominant cases where this happens have been noticed. There are
6 tasks that were marked as not an issue, but the comment says that the inaccessible build-
ing is actually a shed that is tagged differently. Another 50 tasks marked as not an issue are
commented as cases where the core building is located topologically within another build-
ing which always makes it completely occluded and thus inaccessible. Since both of these
problems point to errors in OSM data that should be corrected, these tasks were counted

towards frue negatives in the classification evaluation shown in Table 7.18.

Finally, Figure 7.20 shows the distribution of tasks marked as fixed and not an issue across
different types of buildings. It can be seen that residential buildings (i.e., tagged with house
and residential) are among the most common where the problem of inaccessibility was cor-
rectly detected. In public buildings tagged with commercial, retail and school there is a much

higher ratio of false negatives.



Experiments 115

250 N
(o]
m Fixed = Notanissue
200
E 150
S
8 ~
100 ©
50 ]
S
oM ~NO  —o I nm RO o 59 oM o
O — - -
AN AN AN AN N AN
e(;s‘? ,\(},b Nl & N L Q’,@\ Y QO(\ é,’\d *Q"?
& ¢ R ©° ¥ & < & @ &
S & S KL G A
@Q (JO N ‘Q/ \Sfb\ N
BUILDING TAG VALUE

FIGURE 7.20: Distribution of fixed and not an issue MapRoulette tasks across different
building tags.

7.3.6 Discussion

This case study has shown how the proposed building accessibility approach (Section 6.5)
can be applied to detect inaccessible buildings and thus point to potential errors in the dataset.
The fact that the vast majority of the buildings in the dataset were found to be accessible
(Table 7.13) only justifies the assumption made in the proposed approach that the buildings
should be accessible from the road network. In terms of patterns in the data, buildings
that do not have access from the road network can be described as outliers. Given that the
outlier detection is a method that is often used in data cleaning to indicate errors in data,
it is reasonable to assume that in this case inaccessible buildings can serve as indicators of
potential errors as well. The difference in this case study was that the pattern of majority
buildings being accessible from the closest roads has not been learned from the data, but

theoretically assumed and later confirmed by the analysis.

The online mapping challenge has been a great platform to present the detected potential
errors to the OSM community so that they can be fixed. The response from the community
has resulted in one third of detected inaccessible buildings to be assessed and potential errors
corrected within 22 days. This highlights how useful the proposed method is when applied
to improve map data. Even though Victoria can be considered a well mapped area in OSM
where data are mature and have been repeatedly revised by active contributors to assure their

quality, the proposed method has discovered errors that were previously unknown. This
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might be due to the fact that the accessibility analysis presented in Section 6.5 is a complex
spatial analysis that simultaneously considers multiple spatial objects. Such task is not trivial
and these errors might be hard to notice when a person is looking at the map with a naked
eye. But when potential errors are detected automatically, mappers are able to direct their
efforts towards correction of errors. This can save considerable time and resources in the

data quality assurance process.

Apart from the obvious benefit of improving the quality of OSM data, the challenge has also
provided valuable feedback from 18 different mappers. This provides the opportunity to gain
a deeper understanding of specific OSM dataset for Victoria as well as the performance of
the proposed approach. At first it may seem as though the majority of tasks addressed by
mappers have been buildings incorrectly classified as inaccessible (Figure 7.17). However,
a further analysis of the mappers’ comments associated with those tasks show that a mean-
ingful portion of these cases are indeed inaccessible buildings, but for which the mappers’
believe it is acceptable to remain without access. These are exactly the kinds of buildings we
have partially filtered out prior to the building accessibility analysis with conditions shown
in Table 7.16. For example, buildings annotated as sheds have not been analysed in this case
study because it is expected for sheds to often be located behind main buildings and be acces-
sible indirectly through them. Furthermore, buildings tagged with the generic building=yes
tag that are smaller than 50m? have also been removed because they could be untagged sheds.
We have instructed mappers to fix the tags of sheds that are annotated differently and have
made it into the accessibility analysis because they are larger than 50m>. However, there
were still cases where the mappers have recognised the sheds but have marked the task as
not an issue instead of fixing the error (Figure 7.19a). Another example are buildings that
are topologically positioned within other buildings (Figure 7.19b). Because the proposed
approach is using topological relationships between the rays cast between the core building
and the closest road and the occluder buildings, in these cases the occluder building con-
taining the core building will intersect all rays. A potential solution for such situations may
be to disregard those occluder buildings that contain both the core building and its closest
road. An example where this often occurs are the shopping malls where individual shops are
often mapped inside the outline of the whole complex. Topographically, schools, hospitals,
and airports may also be composed from several features which are sometimes represented

as individual buildings in OSM but have a joint function. This issue has been tackled in the
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FIGURE 7.21: Buildings on the waterfront near Lakes Entrance that can only be accessed
by boat.

field of map generalisation with methods proposed to detect such objects [112] and it may

be useful to combine them with our approach in the future.

When the results of the online mapping challenge are adjusted for these cases the perfor-
mance of the proposed approach improves as shown in Table 7.18. However, according to
mappers there are still more false than true negative classification results. We suspect there
are two major factors that affect this and that may further improve the performance of the
proposed method. The first is the assumption that majority of buildings should have access
from the road network. There are cases in Victoria where residential buildings are rightfully
inaccessible from the road network. One example are the houses on the beach of Lakes En-
trance that are accessible only by sea (Figure 7.21). The road network does not exist in that

area and according to the proposed approach these buildings will always be inaccessible.

The other factor that affects the performance of the method is the way in which this assump-
tion is realised in the proposed approach. We have only considered the building tags and
areas of building objects. However, there are cases in OSM where the semantics of build-
ings are recorded with a combination of different tags. One such example are the silos that
are usually annotated with building = yes and man_made = silo. Because they are usually
larger than 50m? they have not been filtered out of the analysis. Figure 7.22 shows a group
of silos in a rural industrial area that are all classified as inaccessible. However, it is often
not expected for them not to have a built access road or such road not to be mapped since it

is on the private property.
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FIGURE 7.22: Silos that are classified as inaccessible.
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FIGURE 7.23: Building is accessible from the road on the right, but the algorithm has tested
the accessibility from the road on the left as it is slightly closer to the building.

Lastly, it may also happen that the access to a building is provided by a road that is not the
closest one. Although there have not been many such cases in the case study, Figure 7.23
shows one such example. The building is classified as inaccessible by the proposed approach
based on the analysis of the road on the left. However, the building is actually accessible from
the road on the right which is slightly further away. For situations like these it may be worth
analysing the accessible from multiple closest road if the difference in distance the them is
small. This would lower the number of buildings incorrectly classified as inaccessible, but

would increase the time needed to perform the the analysis.



Discussion

This chapter discusses the outcomes and limitations of this thesis and reflects back on the
research questions and hypothesis stated in Chapter 1. The first section discusses the mod-
elling of ternary spatial relationships (Chapter 3), together with the proposed RTL and RIM
models (Chapters 4 and 5). The second section discusses how data mining was applied with
the proposed models to develop intrinsic error detection approaches in Chapter 6. The third
section discusses the three case studies from Chapter 7 that demonstrate how the proposed
error detection approaches can be used to detect errors in a map database. The last section

briefly evaluates the main hypothesis of this thesis.

This chapter is based on published papers [1, 3, 4].

119
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8.1 Modelling ternary spatial relationships

The aim of this thesis was to develop methods for automated detection of errors in map
databases by utilising ternary spatial relation models. Thus, the first task in this thesis was
to develop models that can adequately capture and express ternary spatial relationships. This
is not a trivial task because the complexity of spatial relationships grows with the number of
spatial objects that are included. For example, when describing the relationship between two
objects - A and B, we could take the approach of describing the relationship of A towards
B (e.g., A is within B) or B towards A (e.g., B contains A). This is straightforward and such
binary relationships are sometimes even symmetrical, when the relationship is such that the
order of objects does not matter (e.g., A touches B or A intersects B). However, when there
are three spatial objects in a relationship, one cannot unambiguously capture the ternary
scene using element-wise binary relationships as demonstrated in Chapter 3 (see Figures 3.1

and 3.2).

As a response, the concept of one core object being described relative to two peripheral
objects was introduced in Chapter 3. This approach gives us a clear goal regarding which
spatial object we want to characterise in a ternary relationship (i.e., the core object), and
then use the remaining spatial objects (i.e., peripheral objects) in this relationships to aid
us in this characterisation. Based on this concept, two ternary spatial relation models have
been introduced - Refined topological relations for line objects (RTL, Chapter 4) and the Ray

intersection model (RIM, Chapter 5).

RTL is a ternary topological relation model that models topological relations where three or
more objects are intersecting each other (i.e., they share at least one point). RTL describes
if the core line object is connected to other peripheral objects around it on one or both sides.
This distinction is important in linear networks and their analyses (e.g., one-way streets in a

road network).

RIM, on the other hand, is a spatial relation model because it can model objects that are
topologically disjoint (i.e., they do not share any points). RIM describes the position of
one core spatial object relative to two peripheral objects, even in situations where they are
topologically disjoint. This relationship is captured with intersections that the core object

forms with the rays cast between peripheral objects. The RIM model has multiple potential
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FIGURE 8.1: Rays cast between three peripheral objects may leave a hole in the ray area.

applications, but is particularly useful as a basis for reasoning about one spatial object being

positioned between the other two.

Both RTL and RIM models are conceptually and computationally based on the binary 91M,
hence they are compared against the performance of the 9IM for the same tasks. In Chap-
ters 4 and 5, it was demonstrated that both RTL and RIM can differentiate more configu-
rations of three spatial objects than the 9IM. This was also confirmed in the first two case
studies in Chapter 7, confirming that the proposed models better capture complex spatial re-
lationships. Thus, the proposal of RTL and RIM models answers the first research question

of this thesis — How can ternary spatial relationships be modelled?

There are a few important scope limitations to spatial relationship modelling addressed in
this thesis. Firstly, the spatial relations considered in this thesis are limited to the maximum
of three spatial objects. RIM requires a minimum of three spatial objects to express a rela-
tionship, while RTL describes binary spatial relationships as asymmetrical (i.e., present only
on one side of the core line object). However, both models require exactly one core object
and a maximum of two peripheral objects. There are cases, especially when analysing if
one spatial object is between others, when consideration of more peripheral objects would
be beneficial (e.g., is the core object positioned between three or more peripheral objects?).
This would require a different definition of the space in between the peripheral objects and
the ray casting approach of RIM would leave some gaps in the triangle (Figure 8.1). RIM
relies on the analysis of the ray area (i.e., the are covered by rays cast between peripheral

objects), and therefore would not include those gaps in the analysis.
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The second limitation is that this thesis is constrained to the spatial objects in a 2D plane.
This means that the geographical objects on a sphere or ellipsoid are not supported and map
datasets need to be projected to a planar coordinate system for the RTL and RIM models to
work. This limits their applicability to the reasoning on a global scale (e.g., is New York
between Paris and Tokyo?), but does not affect their performance with map objects in a
localised region such as a city, a country, or even a continent. The topological relation models
in this thesis also do not support 3D spatial objects. Although majority of map databases are
still based on 2D data, 3D objects are becoming more common and they will be particularly
important in defining the vertical hierarchy of objects in a map (e.g., tunnels, bridges, and

overpasses).

8.2 Data mining for intrinsic error detection

The two approaches for detection of errors in map databases proposed in Chapter 6 are based
on the RTL and RIM models. These approaches are intrinsic and only need the map dataset
itself to detect errors. This alleviates the problem of needing the ground truth, which is
often not available for large regions covered by global map databases, to identify errors.
The proposed error detection approaches are also based on the assumption of mature spatial
datasets for which the majority of data are assumed to be of acceptable quality and the
deviations from the pattern set by the majority of data are considered outliers and potential
errors (Chapter 1). This enables the first approach — discovery of topological constraints for
classes of spatial objects (Section 6.4) to use data mining methods such as frequent itemset
mining to detect patterns of the majority of data, and to treat the outliers as potential errors.
This approach mines the topological relations between a given class of objects and other
objects, expressed with a topological relation model (e.g., RTL). The topological relations
that occur most frequently (i.e., frequent items) have the highest support and can be adopted
as topological constraints. Then, all objects from that class must satisfy the topological

constraints to be considered valid and are otherwise labelled as potentially erroneous.

The second approach — building accessibility analysis with RIM (Section 6.5) is also an in-
trinsic approach that is based on the assumption of mature spatial datasets. However, the

pattern of the majority of data in this approach is not learned with data mining, but it is
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theoretically grounded that buildings should have access from their closest roads. This as-
sumption is later confirmed in the case study that has analysed the accessibility of buildings
from the road network. To enable the building accessibility analysis, RIM had to be modi-
fied to test if the occluder object (a multipolygon geometry) is positioned between the core
building and the road in such a way that completely occludes the visibility between them. If
the building is not visible from the road, then it is assumed to be inaccessible and potentially
erroneous. Such buildings later need to be checked by human operators, same as objects
that do not satisfy the topological constraints defined with the first approach. These two
error detection approaches address the second research question — How can errors be intrin-
sically detected with the analysis of ternary spatial relations? They also show that models
for ternary spatial relationships (i.e., RTL and RIM) are useful and needed to capture and

make use of complex interactions between objects in map datasets.

The limitation of these error detection approaches is that they still require considerable in-
volvement of human experts. First, a good knowledge of the analysed dataset is required in
order to anticipate which classes of objects are correlated and in which manner (e.g., there
is a correlation between bridges and rivers). Then, human experts are needed to evaluate
the potential errors that are brought up by the error detection approach. This means that the
proposed approaches still cannot achieve fully automated (i.e., autonomous) error detection
that takes any map dataset as an input and outputs potential errors. Yet, it is unclear whether
such autonomous methods are possible or even desirable. The MapRoulette experiment
shows that the automated error detection methods can find and bring attention to potential
errors and that contributors will gladly correct errors if they exist. However, it also shows
that automated methods can produce many false positives which can deter users from evalu-
ating the potential errors. As more automated methods become available and implemented,
we will get a clearer sense of how they are accepted by mappers and the community. I believe
that the users’ toleration for false positives will depend on how difficult the detected errors
are to detect manually - i.e., if the method detects an error that is hard to notice manually,

users will have more tolerance for false positives produced by the method.



Discussion 124

8.3 Detection of errors in a map database

The proposed error detection methods have been tested in case studies on the OSM map
database for the state of Victoria, Australia (Chapter 7). The first case study demonstrated
how the RIM model can be used to analyse betweenness of buildings on a university campus.
This is the first study to automatically capture and describe the betweenness of spatial objects
in detail sufficient to classify them as between, debatably between, or not between other
spatial objects. This approach could be easily transformed into an error detection approach
for any constraints that demand one spatial object to be positioned between the other two,
or constraints defining that there should exist an object between two specific spatial objects

(e.g., there should be a fence between a high-speed highway and residential buildings).

The second case study has tested the approach for the discovery of topological constraints for
the class of bridge objects. It has been shown that the proposed approach can successfully
learn that a bridge object should meet a linestring objects on both of its ends and should
cross an obstacle. The support for the topological constraint formed based on these relations
is 75% which means that 25% of bridges in the database have been labelled as potentially
erroneous. The evaluation of these results against manual classification of bridges has shown
that the proposed approach was able to automatically classify bridges with 90% accuracy and
75% recall. We consider these results satisfactory for an automated method that will enable
mapping experts to focus their error rectification efforts on the 25% of bridges labelled as

potentially erroneous instead of all bridges in the database.

The third case study has tested the approach for the building accessibility analysis with RIM.
The analysis of buildings in Victoria has shown that over 99% of buildings are accessible
from their closest roads. This confirms the assumption that buildings should be accessible
from the roads that are closest to them. However, given the large amount of buildings in
the database, less than 1% of buildings that were detected as inaccessible amount to sizeable
1, 585 buildings. These buildings were then labelled as potentially erroneous and published
in the form of a MapRoulette mapping challenge online where other mappers from the OSM
community can contribute by correcting errors in OSM and providing feedback on the anal-
ysis. With the feedback on over 500 inaccessible buildings that were assessed by mappers
in MapRoulette, there were 205 buildings in the OSM data that were fixed. The number of

data that were classified as inaccessible by the algorithm but were marked as “not an issue”
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by mappers initially seemed high. However, after some of the mappers’ comments were
analysed, we concluded that 56 of those cases actually point to errors in the data, but were
not fixed. After adjusting for those values, the evaluation of the proposed approach provides
balance between the number of detected inaccessible buildings that point to actual problems
in the data (i.e., 261), and the number of inaccessible buildings that mappers believed are

acceptable to be inaccessible (i.e., 247).

These case studies have demonstrated how errors can be detected in the real world map
database. They have also demonstrated two different approaches for evaluating the auto-
mated error detection — by manual evaluation of the detected errors and by feedback from
mappers in the OSM community. Thus, these two case studies have addressed the third re-
search question — how can the potential errors be detected and evaluated in a prominent map

database?

The first limitation of these case studies is that they did not cover different geographical
extents in order to test if the errors and patterns would change in different locations. It
would also be beneficial to test the geographical extent for which a single set of constraints
can be defined. For example, does it make sense to define topological constraints for a class
of spatial objects on a level of a city, a state, a country, or globally? Also, does this differ for

different object classes or for different types of constraints?

The second limitation of these case studies is that they use only one source of map data -
OSM. Although we have taken care to develop generic approaches that are compatible with
all map databases, they were only tested with OSM data. It is challenging to find other
datasets that can match the completeness, the level of detail, and the heterogeneity in data

quality that OSM offers, and that are also available to researchers.

8.4 Hypothesis evaluation

In Chapter 1, we hypothesised that the analysis of ternary spatial relationships between
map features enables the detection of otherwise undetectable errors in map data. And that
this would result in an automated, intrinsic error detection method with formal grounding,
eliminating the need for ground truth or reference data. By successfully addressing all three

research questions, we consider that the above stated hypothesis is confirmed.



Conclusions and future work

This chapter discusses the overall research presented in this thesis and highlights the key
takeaways. It also gives the directions for the future work in the area of automated error

detection and spatial relation modelling.
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9.1 Conclusions

This thesis was first to apply ternary spatial relation models and data mining approaches to
detect errors in map databases. It has demonstrated that complex spatial relationships often
include more than two objects at a time and are not expressible with the currently available
binary spatial relation models. The non-trivial task of modelling ternary spatial relations was
achieved by differentiating core and peripheral objects in a relationship. This has enabled
two novel ternary spatial relation models to be developed and capture relationships between

map objects that we were previously not able to capture.

This additional information about how objects in map databases are related to each other
has been especially helpful in the consequent data mining approaches. This thesis has also
introduced an assumption of mature spatial datasets in which the majority of the data are
of acceptable quality and fit for use. This assumption allows us to treat the patterns of the
majority of the data as the norm to which all data should conform, and to use data mining
techniques to detect outliers as potential errors. With the introduction of data mining to
the field of spatial data quality, there are numerous opportunities to develop automated and
streamlined approaches that save time and human resources. Another approach to automated
error detection that was presented in this thesis is to ground the data constraints in theory
and then confirm them with the statistical analysis of the data. Both approaches to defining
constraints for error detection have shown good results in the case studies, and they both

work without the need for ground truth.

The three case studies have confirmed that the developed error detection approaches are
able to detect errors in one of the most prominent global map databases today - OSM. By
capturing and expressing the relationships that we were previously not able to capture, we
have detected errors that were previously not detectable, in an automated way. The error
detection results have been manually evaluated by mapping experts and they confirm that

errors were successfully detected that would otherwise likely go unnoticed.
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9.2 Future work

This thesis ends by giving numerous directions where this research can be further improved.
There are also some suggestions for further development of automated error detection in

map databases beyond spatial relations.

9.2.1 Improvements to the topological constraint detection with the RTL

The RTL model offers an alternative to the 9IM in cases where symmetrical connectivity of
lines is important, such as networks. These topological constraints are important, yet may
not be sufficient to distinguish between classes of objects with functionally similar properties
(hence the low precision in the second case study when the method is applied to the entire
dataset). This is in particular true for classes of objects that belong to the same semantic
hierarchy, i.e., present specialisations of a concept (e.g., bridge vs overpass vs elevated path-
way). In future studies, we recommend to extend the approach for automated learning of
topological constraints with additional geometrical, hierarchical [41] or even attribute prop-
erties, enabling to further differentiate classes of objects. Extensions of the proposed method
are likely to be of particular interest to classes of objects that assure connectivity across the
3D dimension (i.e., tunnels and other crossings) and objects that assure transitions between
environments (e.g., jetties and piers). Tunnels in particular would be a good class of objects
to detect errors in with the RTL model because they are topologically similar to bridges. The
challenge lies in defining which properties should be studied, as they may differ between dif-
ferent geometry types. For example, length, number of nodes, angles, and whether a line is

open or closed might be relevant geometrical properties of line objects to consider.

Another consideration that would improve the results of the second case study is to utilise
more of the semantic information that are available in OSM. For example, if we differentiate
whether a polygon for the within-polygon relation is a forest, a lake, a river, a parking, or a
built-up area, we might get different results in the frequent-itemset analysis. Similarly, se-
mantic distinctions of linear objects when searching for omitted bridges may show that some

objects such as power-lines should be excluded from the analysis because they often produce
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false positives. In addition to semantic and topological features, there are geometrical prop-
erties of bridges such as curvature (bridges are mostly straight) that would help distinguish

them from other linear objects.

9.2.2 Improvements to the building accessibility analysis

There are improvements that can be made to the building accessibility analysis, but require
extensive studies and additional data modelling. The first improvement that can be made
is to analyse all classes of objects in the map database as potential occluders of building
accessibility. In the case study in Chapter 7, only the buildings were considered as potential
occluders while in reality there are many more types of spatial objects that can prevent access
from the road to the building such as fences, walls, canals, trees. Some of these objects will
be present in the map database, while others will not (e.g., topographical features of the
terrain such as slope, depression, or rocks). Also, some objects that are in the map database
may be positioned between the building and the closest road, but not occlude the access
(e.g., grass, footpath, cycleway). The complexity of this issue grows with the number of
different classes of spatial objects that are considered. To determine which objects should be
considered as potential occluders of accessibility, a comprehensive study should be carried
out and the results should be reviewed by mapping experts. Given the large number of
different object classes, this study would also benefit from data mining and machine learning
techniques to help automate the process. This would be especially beneficial in cases where
potential occluder objects change with different locations and geographical extents of map

databases.

The second improvement to the building accessibility analysis is to consider that access may
sometimes be provided by the second or third closest road. Repeating the proposed approach
n times for n nearest roads could potentially solve this problem, but would also increase the
time needed for the algorithm to execute. The final improvement to the building accessibility
analysis could be to consider other types of objects as occluder objects, other than buildings.
There are cases when a wall or a fence is preventing the user to access the building directly
from the road segment. These objects are sometimes even mapped in the OSM and could

be added to the building accessibility analysis to improve the robustness of the approach.
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However, these are considerations for real life deployments of the proposed approach, not to

prove the usability of n-ary relationships and data mining for error detection.

9.2.3 Automated error detection not based on spatial relations

Map databases contain much more than objects’ geometries that we can compute spatial rela-
tions on. Attribute data are already an important part of error detection approaches proposed
in this thesis. However, they are not utilised to their full capacity and there are many more
analyses possible to detect errors in attribute data. The future approaches could range from
statistical approaches that detect column-based outliers (e.g., outlier in the height column)
to machine-learning based imputation of attribute data to correct errors [95]. For example,
we have made a preliminary study on undocumented attribute keys that contributors use in
the OSM [5]. Since these keys are not documented in the OSM wiki, there is no way of be-
ing certain in the meaning of these attributes and they could be considered erroneous. Our
approach computes the similarity between all attribute keys in OSM based on their values,
co-occurrence with other attributes and geometry types. This enables us to find the most

similar documented keys that can be used instead of the undocumented ones.

Apart from the objects’ attributes, there are also objects’ spatial characteristics that can be
utilised for error detection. A combination of geometry, semantics, spatial relations, and
non-spatial information about contributors has already been used to detect vandalism in
OSM [113] - a specific kind of errors that would also benefit from more sophisticated spatial
relationship models like the ones proposed in this thesis. Table 9.1 shows spatial charac-
teristics that can be derived from objects’ geometries. One way of dividing these spatial
characteristics may be to see if they result from the geometry of a single object, or if they
need multiple objects’ geometries to be calculated. Here, betweenness (analysed in the first
case study) is in the same category as topological relations which were analysed in the second
case study, as they are qualitatively describing the relation of one spatial object to others (i.e.,
object is between or not in between). Additional work can be done to investigate how other
qualitative and quantitative properties and relations can help detect errors in map databases.
The prospects for the interactions of geometric, attribute and qualitative relationships in error

detection are still wide open for future research.
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TABLE 9.1: Spatial characteristics of spatial objects

with self with other objects
(properties) (relations)
length
area
perimeter distance
quantitative
number of nodes intersection
angularity
compactness
topology
(e.g. self-intersection, topological relations
qualitative closed line, betweenness
holes in polygon) alignment

orientation

I believe that this thesis is only scratching the surface of the potential research in the field of

automated error detection in map databases. With the rapid development of sensors, smart

cities, and the internet of things, we will soon have all the ingredients for live maps that

reflect the real world changes in real time. However, with more data collected, it will be

even more challenging to efficiently and adequately process them to assure high data quality.

This is why data mining and machine learning methods that can automate these processes

need to be developed further, and potentially even combined with the artificial intelligence.
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