Information and Software Technology 138 (2021) 106631

Contents lists available at ScienceDirect

Information and Software Technology
journal homepage: www.elsevier.com/locate/infsof

Metamorphic testing of OpenStreetMap✩
Jesús M. Almendros-Jiménez a , Antonio Becerra-Terón a , Mercedes G. Merayo b , Manuel Núñez b ,∗
a
b

Department of Informatics, Carretera de Sacramento s/n, University of Almería, 04120, Almería, Spain
Institute of Knowledge Technology, Universidad Complutense de Madrid, 28040, Madrid, Spain

ARTICLE

INFO

ABSTRACT

Keywords:
Metamorphic testing
Quality of maps
OpenStreetMap

Context: OpenStreetMap represents a collaborative effort of many different and unrelated users to create a
free map of the world. Although contributors follow some general guidelines, unsupervised additions are prone
to include erroneous information. Unfortunately, it is impossible to automatically detect most of these issues
because there does not exist an oracle to evaluate whether the information is correct or not. Metamorphic
testing has shown to be very useful in assessing the correctness of very heterogeneous artifacts when oracles
are not available.
Objective: The main goal of our work is to provide a (fully implemented) framework, based on metamorphic
testing, that will support the analysis of the information provided in OpenStreetMap with the goal of detecting
faulty information.
Method: We defined a general metamorphic testing framework to deal with OpenStreetMap. We identified a
set of good metamorphic relations. In order to have as much automation as possible, we paid special attention
to the automatic selection of follow-up inputs because they are fundamental to diminish manual testing. In order
to assess the usefulness of our framework, we applied it to analyze maps of four cities in different continents.
The rationale is that we would be dealing with different problems created by different contributors.
Results: We obtained experimental evidence that shows the potential value of our framework. The application
of our framework to the analysis of the chosen cities revealed errors in all of them and in all the considered
categories.
Conclusion: The experiments showed the usefulness of our framework to identify potential issues in the
information appearing in OpenStreetMap. Although our metamorphic relations are very helpful, future users
of the framework might identify other relations to deal with specific situations not covered by our relations.
Since we provide a general pattern to define metamorphic relations, it is relatively easy to extend the existing
framework. In particular, since all our metamorphic relations are implemented and the code is freely available,
users have a pattern to implement new relations.

1. Introduction

indeed the expected ones. However, there are many situations where
testers suffer the oracle problem [3]: either oracles are not available [4]
or it is very costly, in computational terms, to call the (available)
oracle. A good solution to analyze an SUT without knowing whether
an isolated result is correct consists in jointly studying the relation
between several inputs and the corresponding outputs. Essentially, this
is the idea behind Metamorphic Testing [5–7] (MT), which has been
shown to be a very useful tool to ameliorate the oracle problem [8].
As we have already hinted, the main idea behind the definition of
an MT framework is to establish Metamorphic Relations (MRs) between

Software Testing [1,2] is the most widely used validation technique
to increase the confidence on the correctness of complex systems.
Essentially, testing consists in the application of a set of inputs to the
System Under Test (SUT), the observation of the produced outputs and
the decision on whether the observed outputs are the expected ones.
This last step is particularly interesting. Traditionally, the tester was
in charge of (mainly manually) deciding whether the outputs showed
a failure. In order to automatize this task, it is necessary to have an
oracle: a (formal) procedure to decide that the observed outputs are
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Fig. 1. Architecture of our MT framework.

• Design of MRs. We have to design a collection of MRs with
the intention of detecting potential problems in OSM. The rules
take into account how geometric objects should be related to
each other. The goal is to establish relations among objects,
such as roundabouts, highways or buildings, and reveal geometric
mistakes in OSM without requiring external resources, that is,
without using an oracle. Our MRs will discover cartographic
mistakes, like overlapping and connectivity mistakes, which are
crucial for routing purposes.
• Implementation of MRs. In this phase, MRs are translated into
the XML Database Query Language XQuery. This allows us to
apply them to any OSM map of our interest, so that we can detect
elements that do not satisfy the established relations.
• Runtime Execution. This phase corresponds to the application
of the implemented MRs to specific OSM maps. We have four
consecutive steps in this phase. First, the tester must provide the
OSM map to be analyzed. Then, a subset of the available MRs
is selected to be applied to the map. For each of the selected
MRs, the tester must provide source inputs corresponding to
the elements of the map that will be used as the starting point
of the analysis process. Note that for some MRs, these initial
inputs can be automatically produced. Then, follow-up inputs
are automatically generated from source inputs and the XQuery
functions associated to the selected MRs are executed. If an MR
is not satisfied, then the process stops and an error is reported. If
no error is reported, then former follow-up inputs will play the
role of source inputs, new follow-up inputs will be automatically
produced, and the process will be iterated until either an error
is found or no follow-up inputs are produced (note that repeated
follow-up inputs are discarded).

inputs and outputs. Intuitively, we apply inputs to the SUT, observe
the produced outputs and check whether any of the available MRs has
been violated. The classical example to motivate the usefulness of MT
is the implementation of a sine function. Even though we do not have
an oracle, we can indirectly detect that a certain implementation 𝑃 of
this function is faulty. For example, we might not know the value that
𝑃 should return for a certain real value 𝑥, but if 𝑃 returns different
values for 𝑥 and 𝑥 + 2 ⋅ 𝜋, then we know that the implementation is
faulty. This property is reflected in an MR as follows:
𝑀𝑅1 (𝑖1 , 𝑖2 , 𝑃 (𝑖1 ), 𝑃 (𝑖2 ))
⇕
(∃𝑘 ∈ Z ∶ 𝑖2 = 𝑖1 + 𝑘 ⋅ 2 ⋅ 𝜋) ⇒ 𝑃 (𝑖1 ) = 𝑃 (𝑖2 )

(1)

where 𝑃 (𝑥) denotes the application of the input 𝑥 to the program 𝑃 .
The second main concept involved in the definition of an MT framework is the distinction between source and follow-up inputs. Informally,
a source input is a value that the tester, after analyzing the expected
characteristics of the SUT, considers to be relevant. A follow-up input
is an input that will be used, in conjunction with the source input and
the corresponding outputs, to conform the application of an MR. For
example, a tester working with an implementation of the sine function
may consider that 0 is a good value to be exercised. This will be a source
input. Using the previous MR, 2 ⋅ 𝜋 can be (automatically) obtained to
be used as a follow-up input. The tester will check whether 𝑀𝑅1 (0, 2 ⋅
𝜋, 𝑃 (0), 𝑃 (2 ⋅ 𝜋)) holds. Note, and this is an interesting feature that we
will extensively exploit in our work, that sometimes a single source
input can be used to generate many follow-up inputs. For example, from
0, the tester automatically gets 2⋅𝜋, 4⋅𝜋, −2⋅𝜋, …, and can check, among
others, whether 𝑀𝑅1 (2 ⋅ 𝜋, −2 ⋅ 𝜋, 𝑃 (2 ⋅ 𝜋), 𝑃 (−2 ⋅ 𝜋)) holds.
In this paper we apply MT to find errors in maps. Specifically, we
will consider OpenStreetMap (OSM) because it is open source and it is
used by many big companies around the world.1 In Section 2 we review
the main characteristics of OSM. In Fig. 1 we graphically present the
main components of our approach and next we briefly describe them.

1

We provide a catalog of MRs that have been shown to be very
useful to reveal errors in maps. In particular, they can analyze several
orthogonal aspects of OSM. If they are enough to assess the aspects of
interest of a potential tester, then the tester does not need to define/implement anything. If testers need to extend the provided framework

https://wiki.openstreetmap.org/wiki/They_are_using_OpenStreetMap.
2
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Fig. 2. An example of OSM.

with new MRs, then they can follow the pattern given by the available
MRs. Note that the implementation of MRs is straightforward because
we use a declarative programming language whose syntax is close to
the mathematical definition of our MRs. Finally, the execution phase is
the most automated one: the tester must provide source inputs but the
rest of the operative is restricted to some trivial interactions with the
framework.
We have assessed the usefulness of our framework by applying it to
the analysis of OSM maps corresponding to four different cities. Our
MT framework was able to find errors in all of them. Moreover, in
order to decide whether these errors had been previously noted, we
considered the currently most used OSM error checker: Osmose (Open
Street Map Oversight Search Engine).2 As reported later in the paper,
we found errors that had not been previously reported by Osmose.
Moreover, we also considered an official tool provided by OSM, called
notes, wherein users can report mistakes. Unfortunately, few errors are
registered by users through this tool in comparison with the Osmose
activity. In fact, only one of the errors that we found in our experiments
had been reported in notes.
The rest of the paper is structured as follows. In Section 2 we
informally introduce the main characteristics and concepts of OSM that
we will use in our framework. In Section 3 we review related work. In
Section 4 we present some concepts that will be used along the paper.
Specifically, we will formally define all the elements taking part in OSM
and the main notions in metamorphic testing. In Section 5 we define
our metamorphic relations. In particular, we describe how follow-up
inputs can be generated. We also present details concerning the implementation of these relations. In Section 6 we report on our experiments
whose main goal is to assess the usefulness of our framework. We also
present and provide answers to our research questions and analyze
threats to the validity of our results. Finally, in Section 7 we present
our conclusions and discuss some lines for future work.

Two kinds of geometries are considered in OSM. First, nodes are
used to represent elements like trees and traffic signals. Second, ways,
which can be polylines or polygons (closed ways), represent highways
and buildings, among others. For example, a set of connected ways
with the same name defines a street while a sole closed way represents
a building. Tags are (key, value) pairs showing that a value is given
to a key that represents the name of a certain feature. They serve
to provide information about the elements of the map, in particular
about points of interest such as museums, hotels, touristic places, etc.
In addition, tags also provide useful information about highways, which
are also central in OSM to describe routes from one point to another.
Fig. 2 shows an excerpt of the map of Almería, Spain. Typically, nodes
(for instance, the item on the right-hand side) are described by the
node label, including the node identifier and coordinates as attributes,
together with the sub-label tag assigning a set of (key, value) pairs
to nodes. Such pairs are frequently used to provide the name of the
node, as well as pairs (category, subcategory), for instance (amenity,
pharmacy), being usual to provide other values like postal code and
house number. Ways (for instance, the item on the left-hand side) are
used to represent geometries in which, additionally to (key, value)
pairs, references to the nodes of the geometry are stated. Such nodes are
separately declared. Additionally, relations (labeled with the relation
label) can be stated between sets of nodes/ways to group them and
describe more complex structures like bus stops, houses on the same
estate, etc.
The OSM community establishes some basic rules that should be
followed by contributors.3 Otherwise, OSM tools and users would find
it more difficult to interpret the elements of the map. For instance,
in order to indicate a connection between two streets, the last node
of one of them must be the first node of the other one. We have a
similar situation with a roundabout and the streets it connects (one
of the nodes of the roundabout should be a node of the connected
streets) or when two streets cross (the point of cross must be a node of
both streets). Intersection and overlapping of geometries is, in general,
restricted to a few cases. For instance, buildings should not overlap,
even if they share one of the sides. Finally, even though nodes can
represent a hotel or a museum, the OSM community rules recommend
to provide the complete geometry (i.e., a closed way).

2. A brief introduction to OSM
OSM [9–11] is a collaborative initiative to create an editable map of
the world for sharing free geo-spatial data. OSM is a crowdsourced map
in which volunteers contribute either with spatial data (i.e., geometries)
or with textual data in the form of tags.

2

3

http://osmose.openstreetmap.fr/es/map/.
3

https://wiki.openstreetmap.org/wiki/Editing_Standards_and_Conventions.
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Table 1
Geometry errors checked by existing tools.

3. Related work
Metamorphic Testing (MT) has been applied in different, and very
heterogeneous, fields such as cloud systems [12], compilers [13], cryptography [14,15], search engines [16] and simulation [17,18], to name
a few. In particular, recent work has applied MT to data validation [19].
This is a line of research related to our work because our main interest
is to validate the quality of the data included in a map. Also, it is worth
to mention the notion of metamorphic exploration [20]. The idea is that
a Metamorphic Relation (MR) may sometimes detect situations that do
not represent an error but that may help to better understand a certain
behavior of the system under test. Our MRs may also identify situations
where the detected issue does not represent a real geometry error but
a labeling error.
The field is mature and there are several complete surveys outlining
the main contributions, lines of work and challenges [21,22]. Concerning the scope of this paper, there is not much work on MT of maps.
Actually, to the best of our knowledge, there is only one approach to
use MT to validate maps [23,24], but the authors focus on relations
concerning distances and paths while, as we have already explained, we
focus on the information, concerning geometries, included in the map.
A recent proposal applies MT to geographic information systems [25].
This approach focuses on the definition of MRs for programs dealing
with superficial area calculation. These programs are usually used to
calculate the area or volume of an irregular shape. Their MRs are
defined on the basis of different artifacts (e.g. requirements, program
properties, algorithms) and the effectiveness of the method for detecting failures is evaluated by means of a case study based on mutation
testing. Again, there is no relation between this proposal and our
framework.
The assessment of the quality of OSM maps is crucial to consider
OSM as a reliable source of geographic data. Whereas the effort of
the millions of users has a great value, and the same contributors
collaborate in the detection of inappropriate uses of tags and inaccuracies in geometries, a number of methods [26–29] and tools4 for
quality assurance have been developed during the last years. They
report bugs and errors in OSM maps and assist, monitor and visualize
OSM contributions.
Data validation systems offer a large number of geometric consistency checks (see Table 1). The already mentioned, and widely used,
Osmose5 freely provides the Python code of its validator.6 Another
tool, Keep Right,7 performs several consistency checks, including some
geometric consistency checks, and shows them in a map. It provides
mechanisms for reporting false positives and for labeling a bug as fixed.
JOSM Validator, integrated with the JOSM editor,8 checks data loaded
into the editor, highlights errors and warnings, and some automatic
fixes are done by request. It checks all objects modified in a session
by the user, reporting errors even though the user is not responsible of
them. It offers a large number of geometric consistency checks. The
Java code of JOSM tests is freely available9 . OSM inspector 10 is an
error debugging tool which takes part of the GeoFabrik tools. It shows
a map with errors classified by different layers: geometry, routing,
tagging, places, highways, areas, coastline, addresses, water, public
transport stops and public transport routes. It offers a smaller number
of geometry consistence checks than the previous mentioned tools. C
code of the OSM Inspector is freely available.11

Tool

Geometry checks

KEEP RIGHT

Almost junctions
Bad directions in roundabouts
Dead-ended one-ways
Intersections without junctions
Loops in ways
Multiple nodes on the same spot
Non-closed areas
Overlapping ways
Unconnected highways

OSMOSE

Almost junctions
Bad directions in roundabouts
Boundary intersections
Broken highway continuity
Duplicate nodes in ways
Invalid polygons
Non-closed areas
Objects overlapping
Objects intersection
Orphan nodes
Overlapping buildings
Single nodes in ways
Split buildings
Unconnected highways/cycleways

JOSM Validator

Crossing ways
Duplicated nodes in ways
Non-closed areas
Overlapping ways
Self intersecting ways
Unconnected ways
Ways connected to areas

OSM Inspector

Duplicate nodes in areas
Duplicate segments in areas
Self intersecting ways
Single nodes in ways
Unconnected roads

There are methods achieving an extrinsic quality analysis by using
an authoritative dataset. Such authoritative dataset serves as a ground
truth dataset to which compare OSM data (that is, they are explicitly
using a kind of oracle). In addition, intrinsic quality analysis is applied
to validate OSM data by assuming some rules of quality [29–38].
Typically [34], these methods use quantitative factors such as the
number of contributors [30], number of heavily edited objects [31] and
combinations of such factors, number of versions and number of users,
as well as confirmations, tag corrections and rollbacks [32] to assess the
quality of OSM. In some cases, the history of OSM contributors’ updates
is used for the analysis. In this line of work, the iOSMAnalyzer tool12
implements several quality measures and generates a PDF document
containing statistics, maps and diagrams which can be used to assess
the quality of a selected OSM area [33].
Our MT approach implements an intrinsic quality analysis in which
MRs are used to assess the quality of OSM maps. Actually, our proposal
opens a new line of research in intrinsic quality evaluation methods
based on the following considerations:
1. Most geometry properties that can be assessed by using quality
evaluation methods can also be mathematically expressed.
2. Most of them are properties about two or more OSM elements,
that is, they are relations among OSM elements. Thus, they can
be expressed as MRs.
3. Such relations can be automatically checked.
4. Metamorphic testing provides a suitable framework for the design of (semi-)automatic solutions to check whether such relations hold.

4

https://wiki.openstreetmap.org/wiki/Quality_assurance.
http://osmose.openstreetmap.fr/es/map/.
6
https://github.com/osm-fr/osmose-backend/tree/master/plugins.
7
https://keepright.at/.
8
https://josm.openstreetmap.de/.
9
https://josm.openstreetmap.de/browser/josm/trunk/src/org/
openstreetmap/josm/data/validation/tests.
10
https://tools.geofabrik.de/osmi/.
11
https://github.com/geofabrik/osmi_simple_views.
5

12

4

https://github.com/zehpunktbarron/iOSMAnalyzer.
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Let us remark that we have already worked on the topic of OSM [39,
40] and quality assessment of OSM [41]. Specifically, we proposed an
extrinsic quality method for evaluating the tagging of Spanish OSM
maps based on the comparison with the Taginfo13 dataset. Our new proposal represents a different approach, intrinsic versus extrinsic, using
a completely different underlying technique (because we strongly rely
on MT), and supported by a fully implemented and highly automatic
framework.

In order to test any system, we need to know the kind of inputs
that we can apply to the system and the kind of outputs that we should
receive from the system. In our framework, an input describes the nodes
and ways, with a certain characteristic, that we would like to find in a
given map and the output is the corresponding set.
Definition 3. The following BNF formally describes the syntax of our
inputs:
𝐼 ∶= (𝑇 , 𝐶)
𝑇 ∶=∗∣ 𝑛𝑜𝑑𝑒 ∣ 𝑤𝑎𝑦
𝐶 ∶= {𝐿}
𝐿 ∶= (𝑉 , 𝑉 ) ∣ (𝑉 , 𝑉 ), 𝐿
𝑉 ∶= 𝑠𝑡𝑟𝑖𝑛𝑔 ∣!𝑠𝑡𝑟𝑖𝑛𝑔

4. Preliminaries
This section introduces the main concepts used in the proposed
framework. First, we review the data primitives of the topological data
structure used by the OSM system to represent the spatial and textual
elements of maps. Second, we give formal definitions of the main concepts involved in MT: metamorphic relations and source and follow-up
inputs.
Definition 1.
categories:

We denote by  the minimum set including all the expressions that
can be derived from the non-terminal symbol 𝐼 of the previous BNF.
Given an input 𝑖 = (𝑇 , 𝐶), we have that (𝑖) returns the set of
elements in the map  of type 𝑇 such that they fulfill the condition
given by 𝐶.

The OSM data types are classified in the following

Although we use a relatively complex syntax to describe inputs, they
will usually be very simple and be composed of a couple of clauses. An
input is a pair with two components. The first component of the pair
indicates whether we are looking for nodes, ways or both (indicated
by ∗). The second component is a list of conditions on the strings that
keys and values labeling elements must have. The idea is that we are
looking for elements having (possibly different) tags matching each of
the conditions appearing in the list. Each element of the list will be a
pair or strings. The first component of the pair will be associated with
keys of the tags and the second one with values. An ! symbol denotes
that the string is different from the one appearing in the pair. We allow
the wildcard character ∗. This special character matches any string of
zero or more characters. If we have a list with a single element, then we
simply write (𝑘, 𝑣) instead of {(𝑘, 𝑣)}. Finally, for the sake of simplicity,
we do not distinguish between capital and lowercase letters in strings.

• A tag is a pair (𝑘, 𝑣) where 𝑘 and 𝑣 correspond to a key and a
value, respectively. Both of them are given by strings. They must
be attached to a node, a way or a relation.14
• A node is a tuple 𝑛 = (𝑖𝑑, (𝑙𝑎𝑡, 𝑙𝑜𝑛𝑔), 𝑇 𝑔) where 𝑖𝑑 ∈ 𝑆𝑡𝑟𝑖𝑛𝑔
unequivocally identifies the element, 𝑙𝑎𝑡 and 𝑙𝑜𝑛𝑔 correspond, respectively, to the latitude and longitude of a geographic position
according to the World Geodetic System (WGS84) and 𝑇 𝑔 is the
set of tags associated with the node.
• A way is a tuple 𝑤 = (𝑖𝑑, ⟨𝑛1 , … , 𝑛𝑠 ⟩, 𝑇 𝑔) where, as in the case of
a node, 𝑖𝑑 is the unique identifier of the element, 𝑇 𝑔 is the set of
tags assigned to the way and ⟨𝑛1 , … , 𝑛𝑠 ⟩ is the sequence of nodes
that constitute the way. A way represents a polyline. If 𝑛1 = 𝑛𝑠 ,
then it represents a polygon.

Example 1. A condition such as (𝑛𝑎𝑚𝑒, ℎ𝑜𝑡𝑒𝑙 ∗) will be matched by
those elements having a tag (𝑛𝑎𝑚𝑒, 𝑣) such that 𝑣 matches the pattern
ℎ𝑜𝑡𝑒𝑙 ∗ (e.g. 𝐻𝑜𝑡𝑒𝑙 𝐶𝑎𝑙𝑖𝑓 𝑜𝑟𝑛𝑖𝑎).
A condition such as {(𝑛𝑎𝑚𝑒, !𝐴7), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)} will be matched by
elements being part of a highway whose name is not 𝐴7. Technically,
we will select those elements 𝑒 such that there exist 𝑣1 and 𝑣2 , with
𝑣1 ≠ 𝐴7, such that (𝑛𝑎𝑚𝑒, 𝑣1 ), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, 𝑣2 ) ∈ 𝑡𝑎𝑔𝑠(𝑒).

Given a set of nodes  , we denote by 𝑊 the set of ways for  ,
that is, the ways such that they only contain nodes belonging to  .
Given an element (node or way) 𝑒, 𝑖𝑑(𝑒) returns the identifier of the
element while 𝑡𝑎𝑔𝑠(𝑒), 𝑘𝑒𝑦𝑠(𝑒) and 𝑣𝑎𝑙𝑠(𝑒) return the set of tags, the set
of keys and the set of values associated to it, respectively. Given a node
𝑛, the functions 𝑙𝑎𝑡(𝑛) and 𝑙𝑜𝑛𝑔(𝑛) return the latitude and longitude of
the node. Given a way 𝑤, we denote by 𝑝𝑎𝑡ℎ(𝑤) and 𝑠𝑒𝑡(𝑤) its associated
sequence and set of nodes, respectively. The functions 𝑓 𝑖𝑟𝑠𝑡(𝑤) and
𝑙𝑎𝑠𝑡(𝑤) return the first and last nodes of the way, respectively. Given
a node 𝑛 ∈ 𝑠𝑒𝑡(𝑤), the function 𝑝𝑟𝑒𝑣(𝑤, 𝑛) returns the previous node in
𝑝𝑎𝑡ℎ(𝑤). Given a pair of nodes 𝑛, 𝑛′ , we denote by 𝑙𝑖𝑛𝑒(𝑛, 𝑛′ ) the line that
pass through the points defined by (𝑙𝑎𝑡(𝑛), 𝑙𝑜𝑛𝑔(𝑛)) and (𝑙𝑎𝑡(𝑛′ ), 𝑙𝑜𝑛𝑔(𝑛′ ))
and by 𝑠𝑒𝑔(𝑛, 𝑛′ ) the segment bounded by those points. Finally, given a
pair of segments 𝑠𝑒𝑞1 and 𝑠𝑒𝑔2 , we define the function 𝑜𝑣𝑒𝑟𝑙𝑎𝑝(𝑠𝑒𝑔1 , 𝑠𝑒𝑔2 )
as |𝑠𝑒𝑔1 ∩ 𝑠𝑒𝑔2 | > 1.

We conclude this section with a formal definition of the notion
of Metamorphic Relation (MR) and with the concepts of source and
follow-up inputs. Our MRs consider two inputs and two outputs. Therefore, in the following definition we consider this situation (the extension to deal with more arguments is trivial).
Definition 4. Let  = ( ,  ) be an OSM map. A metamorphic relation 𝑅 is a relation over two inputs, 𝑖1 and 𝑖2 , and their corresponding
outputs, (𝑖1 ) and (𝑖2 ). We can see 𝑅 as a subset of a cartesian
product. Specifically,

Definition 2. An OSM map is a pair 𝑚 = ( ,  ) where  is the set
of nodes of the map and  is the set of ways for  .
A usual restriction on OSM maps is that keys appear at most once in
an element. Formally, for all element 𝑒 ∈  ∪  and key 𝑘 ∈ 𝑘𝑒𝑦𝑠(𝑒),
we have that there exists a unique value 𝑣 such that (𝑘, 𝑣) ∈ 𝑡𝑎𝑔𝑠(𝑒).
Abusing the notation, we will write 𝑒 ∈ 𝑚 if 𝑒 ∈  ∪  . During
the rest of the paper, if a specific map is not mentioned, then we will
assume that we are studying a fix map that we will denote by .

𝑅 ⊆  2 × (( ∪  ))2
We use the notation 𝑅(𝑖1 , 𝑖2 , (𝑖1 ), (𝑖2 )) to denote that (𝑖1 , 𝑖2 , (𝑖1 ),
(𝑖2 )) ∈ 𝑅.
When we define an MR 𝑅, we will use the following pattern and
notation. Let 𝑖1 = (𝑇1 , 𝐶1 ), 𝑖2 = (𝑇2 , 𝐶2 ), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).
𝑅(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
⇕𝐝𝐞𝐟
(𝑇1 , 𝐶1 , 𝑇2 , 𝐶2 , 𝑂1 , 𝑂2 )

13

https://taginfo.openstreetmap.org/.
Although OSM allows the definition of relations, which make possible to
group nodes and ways, we restrict our framework to the case of nodes and
ways.

where  is a formula in first order logic without free variables.
Let 𝑅(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 ) be an MR. We will say that 𝑖1 is a source input
and that 𝑖2 is a follow-up input.

14
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Fig. 3. Example of deadlock.

Note that source inputs are usually provided by testers while followup inputs should be automatically generated from source inputs and the
definition of the MR.
Fig. 4. Example of no exit way.

5. Metamorphic relations: definition and implementation details
(ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}). We compute 𝑂0 = (𝑖0 ), 𝑂0′ = (𝑖′0 ) and check whether
the following metamorphic relation holds:

This section introduces the MRs that we propose in order to detect
potential errors related to the information included in maps. The scope
of application of our MRs is a specific map and their goal is to establish
relations that must be fulfilled by the elements of the map. Our MRs
assess the existence of connections of specific elements that appear
in our maps. We focus on two sources of many errors: highways
and roundabouts. We are interested in checking properties such as ‘‘a
highway or a roundabout must have at least an entrance and an exit’’
or ‘‘there does not exist a highway in which different ways present
different directions and, therefore, can lead to a deadlock’’.

𝙽𝚘𝙳𝚎𝚊𝚍𝚕𝚘𝚌𝚔(𝑖0 , 𝑖′0 , 𝑂0 , 𝑂0′ )
If the metamorphic relation does not hold, then we have found a
failure and we stop the process. Otherwise, we will automatically generate additional inputs as follows. We consider the set 𝐸 = {𝑒|(𝑛𝑎𝑚𝑒, 𝛽) ∈
𝑡𝑎𝑔𝑠(𝑒) ∧ 𝛽 ≠ 𝛽0 ∧ ℎ𝑖𝑔ℎ𝑤𝑎𝑦 ∈ 𝑘𝑒𝑦𝑠(𝑒)} and let 𝜆 = |𝐸|. In other words,
we are collecting the values matching !𝛽0 corresponding to names of
highways. For each 𝑒𝑟 , with 1 ≤ 𝑟 ≤ 𝜆, let (𝑛𝑎𝑚𝑒, 𝛽𝑟 ) ∈ 𝑡𝑎𝑔𝑠(𝑒𝑟 ),
𝑖𝑟 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽𝑟 ), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}), 𝑖′𝑟 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, !𝛽𝑟 ), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗
)}) and compute 𝑂𝑟 = (𝑖𝑟 ) and 𝑂𝑟′ = (𝑖′𝑟 ). We check the following 𝜆
metamorphic relations:

5.1. 𝙽𝚘𝙳𝚎𝚊𝚍𝚕𝚘𝚌𝚔: ways do not have deadlocks

𝙽𝚘𝙳𝚎𝚊𝚍𝚕𝚘𝚌𝚔(𝑖𝑟 , 𝑖′𝑟 , 𝑂𝑟 , 𝑂𝑟′ )

This MR aims at detecting ways in which two different segments of
the way present opposite directions and there does not exist a way out.
In Fig. 3 we show an example of this undesirable situation. In order to
determine whether this situation happens, we look for ways with the
same name and having the same final node. If we find a way with this
feature, then we can initially assume that there is no exit, but there is
an exception: we have to check whether there exists another way that
traverses the former way that can be an exit.
Given a string 𝛽, denoting the name of a way to be analyzed, let
𝑖1 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}), 𝑖2 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, !𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗
)}), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).

If any of these applications of the MR does not hold, then we have
found a failure and we stop the process. Otherwise, we can iterate the
process by using the newly computed values having a different name.
5.2. 𝙽𝚘𝙸𝚜𝚘𝚕𝚊𝚝𝚎𝚍𝚆𝚊𝚢: ways have entrances and/or exits
This MR aims at detecting ways that do not intersect with any other
way. In order to detect this situation, we look for ways such that none
of their nodes appear in another way.
Given a string 𝛽, denoting the name of a way to be analyzed, let
𝑖1 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}), 𝑖2 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, !𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗
)}), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).

𝙽𝚘𝙳𝚎𝚊𝚍𝚕𝚘𝚌𝚔(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
⇕𝐝𝐞𝐟

𝙽𝚘𝙸𝚜𝚘𝚕𝚊𝚝𝚎𝚍𝚆𝚊𝚢(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )

∀𝑤1 , 𝑤2 ∈ 𝑂1 ∶

⇕𝐝𝐞𝐟

⎛
⎞
𝑤1 ≠ 𝑤2 ∧ 𝑙𝑎𝑠𝑡(𝑤1 ) = 𝑙𝑎𝑠𝑡(𝑤2 )∧
⎜
⎟
(𝑜𝑛𝑒𝑤𝑎𝑦,
𝑦𝑒𝑠)
∈
𝑡𝑎𝑔𝑠(𝑤
)
∩
𝑡𝑎𝑔𝑠(𝑤
)
1
2
⎜
⎟
⎜
⎟
⇓
⎜
⎟
⎝ ∃𝑤 ∈ 𝑂2 ∶ 𝑙𝑎𝑠𝑡(𝑤1 ) ∈ 𝑠𝑒𝑡(𝑤) ∧ 𝑙𝑎𝑠𝑡(𝑤) ≠ 𝑙𝑎𝑠𝑡(𝑤1 ) ⎠

∃𝑤1 ∈ 𝑂1 , 𝑤2 ∈ 𝑂2 ∶ 𝑠𝑒𝑡(𝑤1 ) ∩ 𝑠𝑒𝑡(𝑤2 ) ≠ ∅
The generation of inputs is equal to the procedure described in
Section 5.1 and, therefore, we omit it.

Next, we show how inputs can be generated for this MR. The source
input is a value, 𝛽0 , chosen by the tester according to some criteria.
For example, it would be wise to choose a highway that is composed
of many ways because we would increase the probability that some of
the ways present an incorrect direction.
First, we let 𝑖0 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽0 ), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}). In addition,
we consider the following follow-up input: 𝑖′0 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, !𝛽0 ),

5.3. 𝙴𝚡𝚒𝚝𝚆𝚊𝚢 And 𝙴𝚗𝚝𝚛𝚊𝚗𝚌𝚎𝚆𝚊𝚢: ways have at least one exit and one
entrance
The previous MR, 𝙽𝚘𝙸𝚜𝚘𝚕𝚊𝚝𝚎𝚍𝚆𝚊𝚢, focuses on ensuring that all the
ways have either an exit or an entrance. In addition, we should ensure
that they have at least an entrance and an exit. The next two metamorphic relations aim to check that all the ways have this condition.
6
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Thus, given a certain highway, we should ensure that at least one node
of the highway appears in some other way but the node is not the exit
(resp. the entrance) of the way. In Fig. 4 we show an example of the
situations that we would like to detect.
Given a string 𝛽, denoting the name of a way to be analyzed, let
𝑖1 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}), 𝑖2 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, !𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗
)}), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).

In contrast to the previous MRs, we cannot automatically generate
an unlimited number of source and follow-up inputs for this MR because the role of the tester is basic to consider only sensible values. This
is not an unfamiliar situation in MT. For example, if we consider the
sin(𝑥) = sin(𝑥 + 2 ⋅ 𝜋) MR, then the second argument of the relation will
be automatically produced from the first one but the tester must select
good values of 𝑥. We have exactly the same situation here. Therefore,
the tester has to select a value 𝛽0 of interest for being used as source
input. This value must correspond to the name of a way that has
associated the tag (𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑟𝑜𝑢𝑛𝑑𝑎𝑏𝑜𝑢𝑡) and a tag with the key ℎ𝑖𝑔ℎ𝑤𝑎𝑦.
Then, we will consider the inputs 𝑖0 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽0 ), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗
)}) and 𝑖′0 = (𝑤𝑎𝑦, (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)), and will compute 𝑂0 = (𝑖0 ) and
𝑂0′ = (𝑖′0 ). Finally, we will check whether the following metamorphic
relations hold:

𝙴𝚡𝚒𝚝𝚆𝚊𝚢(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
⇕𝐝𝐞𝐟
∃𝑤1 ∈ 𝑂1 , 𝑤2 ∈ 𝑂2 , 𝑛 ∈ 𝑠𝑒𝑡(𝑤1 ) ∩ 𝑠𝑒𝑡(𝑤2 ) ∶
(𝑛𝑜𝑒𝑥𝑖𝑡, 𝑦𝑒𝑠) ∉ 𝑡𝑎𝑔𝑠(𝑤1 )
⎛
⎞
⎜
⎟
⇓
⎜
⎟
⎝ 𝑛 ≠ 𝑙𝑎𝑠𝑡(𝑤2 ) ∨ (𝑜𝑛𝑒𝑤𝑎𝑦, 𝑦𝑒𝑠) ∉ 𝑡𝑎𝑔𝑠(𝑤2 ) ⎠

𝙴𝚡𝚒𝚝𝚁𝙰𝚋𝚘𝚞𝚝(𝑖0 , 𝑖′0 , 𝑂0 , 𝑂0′ )
𝙴𝚗𝚝𝚁𝙰𝚋𝚘𝚞𝚝(𝑖0 , 𝑖′0 , 𝑂0 , 𝑂0′ )

𝙴𝚗𝚝𝚛𝚊𝚗𝚌𝚎𝚆𝚊𝚢(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )

If any of them does not hold, then we have found a failure. Otherwise, we will look for another appropriate value and iterate the
process.

⇕𝐝𝐞𝐟
∃𝑤1 ∈ 𝑂1 , 𝑤2 ∈ 𝑂2 , 𝑛 ∈ 𝑠𝑒𝑡(𝑤1 ) ∩ 𝑠𝑒𝑡(𝑤2 ) ∶
𝑛 ≠ 𝑓 𝑖𝑟𝑠𝑡(𝑤2 ) ∨ (𝑜𝑛𝑒𝑤𝑎𝑦, 𝑦𝑒𝑠) ∉ 𝑡𝑎𝑔𝑠(𝑤2 )

5.5. 𝙲𝚘𝚗𝚗𝚎𝚌𝚝𝚎𝚍: connected ways
In this case, as in the previous one, the generation of inputs is equal
to the procedure described in Section 5.1 and, therefore, we omit it.

Unless a way has associated the tag (𝑛𝑜𝑒𝑥𝑖𝑡, 𝑦𝑒𝑠), it should be connected to another way. Connected ways share the last node with
another way. The objective of this MR is to ensure that our map does
not have unconnected ways.
Given a string 𝛽, denoting the name of a way to be analyzed, let
𝑖1 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}), 𝑖2 = (𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, !𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗
)}), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).

5.4. 𝙴𝚡𝚒𝚝𝚁𝙰𝚋𝚘𝚞𝚝 And 𝙴𝚗𝚝𝚁𝙰𝚋𝚘𝚞𝚝: connected roundabouts
Next we would like to ensure that our map does not have roundabouts without exits or entrances. The former happens when at least
one of the nodes in the ways that conform the roundabout correspond
to the last node of another way. If we find a way that presents this
feature, then we can assume that there is an entrance. The latter
happens when there exists a way whose first node corresponds to any
of the nodes that appear in the roundabout. We propose two different
MRs for detecting these anomalies.
Given a string 𝛽, denoting the name of a way to be analyzed, let 𝑖1 =
(𝑤𝑎𝑦, {(𝑛𝑎𝑚𝑒, 𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)}), 𝑖2 = (𝑤𝑎𝑦, (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)), 𝑂1 = (𝑖1 )
and 𝑂2 = (𝑖2 ).

𝙲𝚘𝚗𝚗𝚎𝚌𝚝𝚎𝚍(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
⇕𝐝𝐞𝐟
∀𝑤1 ∈ 𝑂1 ∶
(𝑛𝑜𝑒𝑥𝑖𝑡, 𝑦𝑒𝑠) ∉ 𝑡𝑎𝑔𝑠(𝑤1 )
⎛
⎜
⇓
⎜
⎝ ∃𝑤 ∈ 𝑂1 ∪ 𝑂2 ∶ 𝑤 ≠ 𝑤1 ∧ 𝑙𝑎𝑠𝑡(𝑤1 ) ∈ 𝑠𝑒𝑡(𝑤)

⎞
⎟
⎟
⎠

𝙴𝚡𝚒𝚝𝚁𝙰𝚋𝚘𝚞𝚝(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
The generation of inputs is equal to the procedure described in
Section 5.1. The only aspect that we must point out is that, in this case,
the tester should select a value 𝛽0 for the source input corresponding
to the name of a highway that does not have the tag (𝑛𝑜𝑒𝑥𝑖𝑡, 𝑦𝑒𝑠). In
the same way, the tester should not consider source inputs that do not
fulfill this condition.

⇕𝐝𝐞𝐟
∃𝑤1 ∈ 𝑂1 , 𝑤2 ∈ 𝑂2 ∶ (𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑟𝑜𝑢𝑛𝑑𝑎𝑏𝑜𝑢𝑡) ∈ 𝑡𝑎𝑔𝑠(𝑤1 )
∧
(𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑟𝑜𝑢𝑛𝑑𝑎𝑏𝑜𝑢𝑡) ∉ 𝑡𝑎𝑔𝑠(𝑤2 )
∧
𝑓 𝑖𝑟𝑠𝑡(𝑤2 ) ∈ 𝑠𝑒𝑡(𝑤1 )

5.6. 𝙰𝚛𝚎𝚊𝙽𝚘𝙸𝚗𝚝: area not intersected
𝙴𝚗𝚝𝚁𝙰𝚋𝚘𝚞𝚝(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )

Closed ways can be used to represent buildings and landuse places,
among others. Some closed ways have the tag (𝑎𝑟𝑒𝑎, 𝑦𝑒𝑠). The next MR
will help us to check that closed ways (in both cases) are not intersected
by other ways, which makes no sense. The relation checks whether
any of the segments defined by consecutive nodes that constituted the
closed way is traversed by a segment belonging to another way. There
is an exception: if the way is labeled with the tags railway, highway or
waterway, then it can be crossed by another way. It is worth pointing
out that the goal of this MR is to detect intersections, not overlap of ways.
The possible overlaps of these elements are considered in the next MR.
Given a string 𝛽, denoting the name of a way to be analyzed, let
𝑖1 = (𝑤𝑎𝑦, (𝑛𝑎𝑚𝑒, 𝛽)), 𝑖2 = (𝑤𝑎𝑦, (𝑛𝑎𝑚𝑒, !𝛽)), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).

⇕𝐝𝐞𝐟
∃𝑤1 ∈ 𝑂1 , 𝑤2 ∈ 𝑂2 ∶ (𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑟𝑜𝑢𝑛𝑑𝑎𝑏𝑜𝑢𝑡) ∈ 𝑡𝑎𝑔𝑠(𝑤1 )
∧
(𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑟𝑜𝑢𝑛𝑑𝑎𝑏𝑜𝑢𝑡) ∉ 𝑡𝑎𝑔𝑠(𝑤2 )
∧
𝑙𝑎𝑠𝑡(𝑤2 ) ∈ 𝑠𝑒𝑡(𝑤1 )
The fact that a roundabout and a way reaching it or outgoing from it
can have the same name makes necessary to restrict the ways selected
by the input 𝑖2 to those that do not include the (𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑟𝑜𝑢𝑛𝑑𝑎𝑏𝑜𝑢𝑡)
tag. Otherwise, the MR always holds.
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The generation of inputs follows, essentially, the same procedure
described in Section 5.1 and, therefore, we omit. Nevertheless, we have
to point out that it will be convenient that the values selected by the
tester for the source and follow-up inputs do have an associated tag
that includes either ℎ𝑖𝑔ℎ𝑤𝑎𝑦 or 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 as key.

𝙰𝚛𝚎𝚊𝙽𝚘𝙸𝚗𝚝(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
⇕𝐝𝐞𝐟
∀𝑤1 ∈ 𝑂1 , 𝑛1 , 𝑛2 ∈ 𝑠𝑒𝑡(𝑤1 ),
𝑤2 ∈ 𝑂2 , 𝑛′1 , 𝑛′2 ∈ 𝑠𝑒𝑡(𝑤2 ) ∶
⎛⎛
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎝
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎛
⎜
⎜
⎜
⎜
⎜
⎝

(𝑎𝑟𝑒𝑎, 𝑦𝑒𝑠) ∈ 𝑡𝑎𝑔𝑠(𝑤1 )
⎞
⎟
∨
⎟
𝑘𝑒𝑦𝑠(𝑤1 )
⎛
⎞
⎟
⎜
⎟
≠∅ ⎟
∩
⎜
⎟
⎟
⎝ {𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔, 𝑙𝑎𝑛𝑑𝑢𝑠𝑒} ⎠
⎠
∧
𝑘𝑒𝑦𝑠(𝑤2 )
⎛
⎞
⎜
⎟=∅
∩
⎜
⎟
⎝ {ℎ𝑖𝑔ℎ𝑤𝑎𝑦, 𝑤𝑎𝑡𝑒𝑟𝑤𝑎𝑦, 𝑟𝑎𝑖𝑙𝑤𝑎𝑦} ⎠
∧
𝑛1 = 𝑝𝑟𝑒𝑣(𝑤1 , 𝑛2 ) ∧ 𝑛′1 = 𝑝𝑟𝑒𝑣(𝑤2 , 𝑛′2 )
⇓
𝑙𝑖𝑛𝑒(𝑛1 , 𝑛2 ) ∩ 𝑙𝑖𝑛𝑒(𝑛′1 , 𝑛′2 ) = ∅
∨
𝑛1 , 𝑛2 ∈ 𝑙𝑖𝑛𝑒(𝑛′1 , 𝑛′2 )
∨
⎛ 𝑙𝑖𝑛𝑒(𝑛1 , 𝑛2 ) ∩ 𝑙𝑖𝑛𝑒(𝑛′1 , 𝑛′2 ) = {𝑝} ⎞
⎜
⎟
∧
⎜
⎟
⎝ (𝑝 ∉ 𝑠𝑒𝑔(𝑛1 , 𝑛2 ) ∨ 𝑝 ∉ 𝑠𝑒𝑔(𝑛′1 , 𝑛′2 )) ⎠

5.8. Implementation details

⎞⎞
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎠⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

We have implemented the proposed MRs and applied them on real
OSM maps (our experiments are reported in the next section). Since
OSM maps can be exported in XML format, we have used the XML
Database Query Language XQuery [42,43] to implement our framework. XQuery is a functional language based on FLWOR (‘‘For, Let,
Where, Order by, Return’’) expressions, and using the XPath language
to select nodes of XML trees. The fact that XQuery is a declarative
programming language strongly facilitates the translation of our MRs
into this language: it is almost direct.
Thanks to higher order capabilities of XQuery, the application of
inputs can be defined by an XQuery higher order function. For instance,
if we have an input 𝑖 = (𝑇 , 𝐶), then the application of this input to a
map, (𝑖), is defined in XQuery as:
declare function mt:M($T ,$C)
{
filter ($map/osm /*,
function ($e){mt:type($e ,$T) and $C($e)})
};

Inputs of MRs are mapped to XQuery Boolean conditions, using
XQuery ‘‘some’’ statements and XPath expressions. For example, the
translation of the input condition 𝐶 = {(𝑛𝑎𝑚𝑒, 𝛽), (ℎ𝑖𝑔ℎ𝑤𝑎𝑦, ∗)} is defined
as:

We have a similar situation to the one described in Section 5.4
with respect to the generation of inputs for this MR. It is not possible
to automatically produce an unlimited number of inputs because the
values that the tester has to choose must be appropriate for the testing
process. In this case, the tester has to select a value 𝛽0 that must be
associated to the key name of a way. In order to speed-up the process,
the corresponding element should have either the tag (𝑎𝑟𝑒𝑎, 𝑦𝑒𝑠) or the
keys 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 or 𝑙𝑎𝑛𝑑𝑢𝑠𝑒. Then, this value will be used as source input,
consider 𝑖0 = (𝑤𝑎𝑦, (𝑛𝑎𝑚𝑒, 𝛽0 )), use 𝑖′0 = (𝑤𝑎𝑦, (𝑛𝑎𝑚𝑒, !𝛽0 )) as follow-up
input, compute 𝑂0 = (𝑖0 ) and 𝑂0′ = (𝑖′0 ), and check whether the
following application of the MR holds:

some $z in $x/tag satisfies $z[@k = " name " and @v= $beta ]
and (some $z in $x/tag satisfies $z[@k = " highway " ] )

where 𝑥∕𝑡𝑎𝑔 stands for the tags of 𝑥 and (@𝑘, @𝑣) for the (key, value)
pairs of a tag. MRs are mapped to XQuery Boolean conditions using
XQuery ‘‘some’’ and ‘‘every’’ statements, as well as union/intersection
operators. For example, the 𝙽𝚘𝙸𝚜𝚘𝚕𝚊𝚝𝚎𝚍𝚆𝚊𝚢 MR can be defined as:
some $w1 in $O1
satisfies
some $w2 in $O2
satisfies
some $n in $w1/nd
satisfies
some $m in $w2/nd
satisfies
$n/@ref=$m/@ref

𝙰𝚛𝚎𝚊𝙽𝚘𝙸𝚗𝚝(𝑖0 , 𝑖′0 , 𝑂0 , 𝑂0′ )
If it does not hold, then we have found a failure. As in the previous
MR, the tester should take into account the condition imposed in the
MR, that is, the values selected for the source and the follow-up inputs
should correspond to elements that do not have associated tags with
any of the keys ℎ𝑖𝑔ℎ𝑤𝑎𝑦, 𝑤𝑎𝑡𝑒𝑟𝑤𝑎𝑦 and 𝑟𝑎𝑖𝑙𝑤𝑎𝑦.

where 𝑤1∕𝑛𝑑 (resp. 𝑤2∕𝑛𝑑) represents the nodes of 𝑤1 (resp. 𝑤2)
and 𝑛∕@𝑟𝑒𝑓 (resp. 𝑚∕@𝑟𝑒𝑓 ) the node id of 𝑛 (resp. 𝑚). The defined
functions become XQuery functions, except prev which can be defined
as XPath axes. For example, the 𝙽𝚘𝙾𝚟𝚎𝚛𝚕𝚊𝚙 MR can be defined as:

5.7. 𝙽𝚘𝙾𝚟𝚎𝚛𝚕𝚊𝚙: no overlapping highways or buildings
Our last MR ensures that highways and buildings do not overlap,
that is, they do not share any segment.
Given a string 𝛽, denoting the name of a way to be analyzed, let 𝑖1 =
(𝑤𝑎𝑦, (𝑛𝑎𝑚𝑒, 𝛽)), 𝑖2 = (𝑤𝑎𝑦, (𝑛𝑎𝑚𝑒, !𝛽)), 𝑂1 = (𝑖1 ) and 𝑂2 = (𝑖2 ).

every $w1 in $O1
satisfies
every $w2 in $O2
satisfies
every $n2 in $w1/nd
satisfies
every $n2p in $w2/nd
satisfies
let $n1 :=
($n2/preceding - sibling :: node ())[last ()]
let $n1p :=
($n2p/preceding - sibling :: node ())[last ()]
return
not(mt: overlapSegment (mt:Node($n1),mt:Node($n2),
mt:Node($n1p),mt:Node($n2p)))

𝙽𝚘𝙾𝚟𝚎𝚛𝚕𝚊𝚙(𝑖1 , 𝑖2 , 𝑂1 , 𝑂2 )
⇕𝐝𝐞𝐟
∀𝑤1 ∈ 𝑂1 , 𝑛1 , 𝑛2 ∈ 𝑠𝑒𝑡(𝑤1 ),
𝑤2 ∈ 𝑂2 , 𝑛′1 , 𝑛′2 ∈ 𝑠𝑒𝑡(𝑤2 ) ∶
⎛ 𝑘𝑒𝑦𝑠(𝑤1 ) ∩ {ℎ𝑖𝑔ℎ𝑤𝑎𝑦, 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔} ≠ ∅ ⎞
⎜
⎟
∧
⎜
⎟
⎜ 𝑘𝑒𝑦𝑠(𝑤2 ) ∩ {ℎ𝑖𝑔ℎ𝑤𝑎𝑦, 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔} ≠ ∅ ⎟
⎟
⎜
∧
⎜
′ = 𝑝𝑟𝑒𝑣(𝑤 , 𝑛′ ) ⎟
𝑛
=
𝑝𝑟𝑒𝑣(𝑤
,
𝑛
)
∧
𝑛
1 2
2 2 ⎟
⎜ 1
1
⎟
⎜
⇓
⎜
′ , 𝑛′ )) ⎟
¬
𝑜𝑣𝑒𝑟𝑙𝑎𝑝(𝑠𝑒𝑔(𝑛
,
𝑛
),
𝑠𝑒𝑔(𝑛
⎝
⎠
1 2
1 2

The implementation uses the XQuery language for storing and accessing XML representation of OSM maps. Fortunately, XML documents
are automatically indexed by XQuery and thus efficient querying and
accessing are guaranteed to sequences of items of OSM maps. Inputs
8
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are represented as sequences of XML items and filtering/elimination is
achieved by an XQuery query.
All the code used to perform the experiments, in particular the
implementation of our MRs, can be found at https://github.com/
jalmenUAL/MT-OSM.

𝙴𝚡𝚒𝚝𝚆𝚊𝚢 and 𝙴𝚗𝚝𝚛𝚊𝚗𝚌𝚎𝚆𝚊𝚢 are able to find errors of different nature.
Figs. 6-(c) and 7-(a) show the lack of accuracy in geometries. Here,
there exists an entrance (resp. exit) for the way but there is no way to
get in (resp. exit) because the direction of the candidate way is opposite
to the entrance (resp. exit) direction. Figs. 6-(f) and 7-(g) show, again,
a lack of accuracy in geometries, in which two nodes represent the
same geographic point. Thus, we detect unconnected ways from the
OSM rules point of view. Finally, Figs. 6-(i) and (l) and 7-(d) and (j)
show ways with an entrance (resp. exit) but no exit (resp. entrance).
Most errors detected by 𝙰𝚛𝚎𝚊𝙽𝚘𝙸𝚗𝚝 and 𝙽𝚘𝙾𝚟𝚎𝚛𝚕𝚊𝚙 were due to the
lack of accuracy of geometries producing intersection and overlapping.
For instance, and with respect to intersection, Fig. 7-(b) shows an intersection of grassland with a footway. In Fig. 7-(e) there is an intersection
point among the building Crutched Friars and London Fenchurch Street.
In Fig. 7-(h), a residential landuse includes an intersection point with a
building. Fig. 7-(k) shows an intersection point between two buildings.
With respect to overlap, most errors happen with buildings (see Fig. 7(c), (f) and (i)). Finally, Fig. 7-(l) shows an overlap between a building
and an area representing a forest.
We would like to conclude this section with a small discussion on
the king of errors that we are able to detect. It is important to emphasize
that the errors shown in Table 4 are categorized as high severity in the
scale proposed by Osmose. High severity means a real problem on the
map that needs to be solved by the OSM community using the tools
available for it. For example, defects detected by MRs such as NoDeadLock and ExitWay can give rise to potential errors in route planners
that use OSM as a base map. In the case of MRs related to areas, that is,
AreNoInt and NoOverlap, the targeted errors are of high severity
because the real world objects are incorrectly represented in OSM.
Finally, let us mention that some of the reported errors can be
false positives. That is, even though the geometry is correct, a mistake
on the labeling produces the violation of a certain MR. This happens,
for instance, in absence of a (𝑛𝑜𝑒𝑥𝑖𝑡, 𝑦𝑒𝑠) tag, which could lead to the
violation of Connected, as well as in presence of a (𝑜𝑛𝑒𝑤𝑎𝑦, 𝑦𝑒𝑠),
which could lead to the violation of ExitWay and EntranceWay.
Other problematic situations can be produced when labeling is similarly
involved.

6. Empirical evaluation
In this section we describe the experiments used to assess the ability
of our framework to detect errors in OSM. First, we pose our research
questions. Later on, and based on the results of the experiments, we
provide answers to these questions and analyze potential threats to the
validity of the results.
6.1. Research questions
We consider three research questions. The first one concerns scalability. Even if our proposal were able to find errors, its usefulness would
be minor if it cannot cope with medium/big size areas of OSM.
Research Question 1. Does our framework scale well?
The second one concerns the ability to find errors.
Research Question 2.
in maps?

Is our framework an effective way to find errors

Finally, our third research question is related to the usefulness of
our approach with respect to alternative approaches.
Research Question 3.
approaches?

How does our framework compare to other

6.2. Experiments
We have conducted experiments in four cities: Madrid, London, Sao
Paulo and Nairobi. For each MR, we were able to find a place in all the
cities where the MR does not hold. In our experiments, we excluded
cases like the ‘‘propose’’ and ‘‘closed’’ tags for roads that are gazetted
but not yet built. Typically, the violation of the MR can be caused by
more than one single OSM item. Figs. 5, 6 and 7 show an example of
the contravention of each MR in each city.
The violation of 𝙽𝚘𝙳𝚎𝚊𝚍𝚕𝚘𝚌𝚔 is caused by streets with wrong opposite directions (see Fig. 5-(a), (d) and (g)) and loops (see Fig. 5-(j)).
With regard to 𝙴𝚡𝚒𝚝𝚁𝙰𝚋𝚘𝚞𝚝 and 𝙴𝚗𝚝𝚁𝙰𝚋𝚘𝚞𝚝, in some cases a roundabout is defined by segments, instead of a unique way, which causes
that one of the segments does not have either exit or entrance. This
type of error has been detected, among others, in the situations shown
in Fig. 5-(e), (f) and (i). In some other cases, the roundabout and the
highway crossing it overlap. Moreover, in these cases the roundabout
is unnamed. This reveals again an error since the highway should be
defined by two segments linked to the corresponding roundabout. This
type of error is shown in Fig. 5-(b) and (c). Another interesting case
is given in Fig. 5-(h). Here, there is a deadlock in a candidate exit.
This causes an 𝙴𝚡𝚒𝚝𝚁𝙰𝚋𝚘𝚞𝚝 error. Finally, there are two additional
types of errors detected by these MRs. The situation shown in Fig. 5(k) represents a highway linked to a roundabout without exit (i.e. the
roundabout becomes a loop). Besides, in Fig. 5-(l) we can see a roundabout represented by one node which is also a node of the highway.
Therefore, we have a roundabout without entrance.
The violation of the 𝙲𝚘𝚗𝚗𝚎𝚌𝚝𝚎𝚍 MR is mainly produced by missing
tags ‘‘noexit’’ and ‘‘yes’’ (see Fig. 6-(a), (d), (g) and (j)). Besides, the
violation of 𝙽𝚘𝙸𝚜𝚘𝚕𝚊𝚝𝚎𝚍𝚆𝚊𝚢 is due to two main situations. The first
one appears when we have completely disconnected ways. This can
be seen in Fig. 6-(b), (e) and (h). In the second situation, the way is
isolated because the way crossing it is unnamed Fig. 6-(k). We have
often detected this situation in residential areas.

6.3. Answers to the research questions
We think that the previous results allow us to provide a positive
answer to our Research Question 2: our approach is effective to find
errors in OSM.
Typically, the tools analyzing OSM are applied in small/medium
size areas. Big cities areas should be split into small/medium bounding
boxes to be studied. In order to estimate how big the bounding boxes
should be, we ran our MRs with several areas of the same city (Madrid).
In Table 2 we present the coordinates of the chosen area, the size of the
corresponding map and the number of elements included in the map
(nodes and ways). The results concerning running time and number of
errors detected by each MR, in the studied area, are shown in Table 3.
As expected, some MRs require more time than others, but most of them
run in reasonable time for sizes smaller than 150 megabytes. Actually,
we are able to conclude the analysis of even the bigger maps for all of
the MRs with the exception of two applications of the NoOverlap MR.
Therefore, we can affirmatively answer to our Research Question 1: our
approach scales well.
Finally, in order to provide an answer to Research Question 3, we
need to compare the obtained results with other alternative approaches.
In order to perform this comparison, we decided to rely on the most
widely used OSM error checker Osmose. Thus, we can analyze whether
the problems found by our framework have been reported before.
Table 4 shows our results concerning this comparison. For each of the
items previously enumerated, we give links to the Osmose tool, OSM
map and OSM API. Interestingly enough, we found that 65% of the
errors found by our MRs have not (still) been reported by Osmose.
Therefore, we can claim that our framework can find errors that have
not been previously found by other tools.
9
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Fig. 5. Errors detected by MRs I.

Table 2
Scalability datasets.
Bounding Box
−3.67064,
−3-67870,
−3.70090,
−3.72420,
−3.77070,
−3.86380,
−4.04980,
−4.42200,

40.42702,
40.42300,
40.41370,
40.40020,
40.38510,
40.34710,
40.27060,
40.11800,

−3.65900,
−3.65540,
−3.65430,
−3.63110,
−3.58450,
−3.49120,
−3.30480,
−2.93200,

40.43178
40.43260
40.43270
40.44220
40.46130
40.49940
40.57540
40.72750

Size
(MB)

Elements

Nodes

Ways

2.9
8.6
15.9
59.4
123.5
251.9
447.8
769.8

8743
33500
109712
427036
1000720
2160991
3959529
6088426

7587
28718
95431
369592
859882
1851862
3408487
5318702

1156
4782
14281
57444
140838
309129
551042
769724
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Fig. 6. Errors detected by MRs II.

Table 3
Scalability tests.
NoDeadLock
Size
(MB)

RT
(ms)

2.9
8.6
15.9
59.4
123.5
251.9
447.8
769.8

20.76
35.65
782.02
2867.03
6354.56
18300.56
30356.87
45565.32

NoIsolatedWay
#
1
3
7
14
31
49
63
69

ExitRAbout

EntRAbout

Connected

ExitWay

EntranceWay

AreaNoInt

NoOverlap

RT
(ms)

#

RT
(ms)

#

RT
(ms)

#

RT
(ms)

#

RT
(ms)

#

RT
(ms)

#

RT
(ms)

#

RT
(ms)

#

1006.65
11231.67
24783.03
39847.43
78546.78
189819.45
303904.94
530469.25

1
5
12
23
44
63
86
103

170.12
540.45
1549.42
6250.23
11867.34
20980.66
34890.43
64811.24

0
0
4
12
20
34
49
54

195.09
499.66
785.09
3325.54
5964.32
15386.6
27327.8
45773.54

0
0
3
6
10
22
35
44

539.44
714.09
1388.65
5858.54
37755.45
95594.67
167094.8
267025.65

1
2
4
14
53
124
187
230

1495.24
8345.82
11742.67
19200.87
375118.75
547775.39
884329.87
1208743.45

1
4
9
13
42
79
95
135

1565.93
4721.65
7645.54
15439.64
244880.92
420556.82
599881.81
898453.28

1
2
4
14
37
62
82
109

1168
7857.15
11040.57
19463.95
24580.36
31450.42
56850.52
77051.78

1
1
2
9
16
18
21
28

15805.55
170906.75
380341.85
880982.34
1389002.23
2340556.92
Stack overflow
Stack overflow

1
2
4
8
11
14

11

Information and Software Technology 138 (2021) 106631

J.M. Almendros-Jiménez et al.

Fig. 7. Errors detected by MRs III.

Concerning threats to internal validity, our main worry was related
to the possible faults in the developed code. In order to reduce the
impact of this threat, we thoroughly tested the code implementing
our MRs, using carefully constructed examples for which we could
(manually, if needed) check the results. In order to reach the high
level of automation that our framework provides, it is important to
ensure that the (automatic) generation of follow-up inputs is sound.
Again, we meticulously checked that follow-up inputs were uninterruptedly produced, with a special care to avoid repetitions. Note that
if repeated follow-up inputs are not appropriately discarded, then we
might uselessly check certain areas of a map while others might not be
analyzed. Another important concern is related to the definition of our
MRs. Obviously, the ability of our framework to detect errors in OSM
is directly correlated with the selection of MRs and, consequently, the
results may be different if other MRs were used instead. Our MRs were

6.4. Threats to the validity of the results

Next we discuss the threats to the validity of the results of the
experiments reported in the previous section. We distinguish three
categories.
• Threats to internal validity consider uncontrolled factors that
might be responsible for the obtained results.
• Threats to external validity consider whether the conclusions of
our experiments can be generalized and adapted to other situations.
• Threats to construct validity consider whether we are working with
properties of interest.
12
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Table 4
Osmose errors (including clickable links to the errors in different formats).

carefully designed by the authors and discussed with colleagues also
working on MT.
We considered two main threats to external validity. The first one
is whether the ability of our MRs to find errors would be similar in
different situations. For our experiments, we chose four different cities
in three continents. The rationale is that if our framework is able to
provide a good performance when applied to these heterogeneous case
studies, then we can diminish the impact of good/bad contributors in
the ability of our framework to find errors. We think that these cities
are indeed representative of OSM and, therefore, we expect that the
obtained results for measuring the effectiveness of the MRs will be similar in other cities. The second threat considers whether our framework
can be adapted to deal with other notations to represent maps. Here,
we have a mixed response. As long as the alternative representation
would allow us to access its data, we should be able to deal with it.
Unfortunately, this is not currently possible for commercial applications
like Bing,15 Google16 and Wikimapia17 or Yandex18 maps. If a bigger
access is provided in the future, then our framework should be able to
deal with them because these systems have similar representations for
geometries (i.e., Point, Linestring, Polygon, etc.,) to the ones used in OSM
and tagging systems, to a greater or lesser extent, are also available.
The Bing tagging system is limited to title and subTitle. However,
the Google tagging system is richer than Bing because it enables the
description of objects with a feature attribute in which information such
as poi.attraction, landscape.natural, road.highway, etc., can be specified.
WikiMapia allows any contributor to add a ‘‘tag’’ (placemark) to any
location providing a default language, title, description and one or more
categories. Finally, Yandex has a tagging system similar to OSM.
In order to consider threats to construct validity, we have to evaluate the fault detection ability of the generated input values and the
time needed to both obtain them and apply them to a certain area.
In order to diminish this threat, in our experiments we used different
cities and split them in areas of different sizes (from small to very
big). Undetected errors in the definition of our proposed MRs or in
our algorithm for generating follow-up inputs are also a threat to
construct validity. We control this threat by executing a wide range
of experiments that were able to completely cover the analyzed areas
with the exception of two big areas for one MR. Finally, the proposed
MR framework uses the language XQuery and the compliant XQuery
3.1 processor BaseX.19 This establishes a dependence of our framework
on external programs, as well as user skills on software development
with XQuery for building code for new MRs.

Item

OSMOSE Rep. Detected Problem

15
16
17
18
19

https://www.bing.com/maps/.
https://www.google.com/maps/.
https://wikimapia.org/.
https://yandex.com/maps/.
https://basex.org/.
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No

One way inaccessible

High

Link

Link

Fig. 5-(b) Link

Yes

Broken highway cont.

High

Link

Link

Fig. 5-(c) Link

Yes

Broken highway cont.

High

Link

Link

Fig. 5-(d) Link

Yes

Opposite lane in the
same way of a oneway

High

Link

Link

Fig. 5-(e) Link

Yes

No Needed Label junction=roundabout

High

Link

Link

Fig. 5-(f)

Link

Yes

No Needed Label junction=roundabout

High

Link

Link

Fig. 5-(g) Link

No

One way inaccessible

High

Link

Link

Fig. 5-(h) Link

No

Broken highway cont.

High

Link

Link

Fig. 5-(i)

Link

Yes

No Needed Label junction=roundabout

High

Link

Link

Fig. 5-(j)

Link

No

Highway with loop

Normal Link

Link

Fig. 5-(k) Link

No

Broken highway cont.

High

Link

Link

Fig. 5-(l)

Link

Yes

No Needed Label junction=roundabout

High

Link

Link

Fig. 6-(a) Link

Yes

Almost junction,
join or use noexit tag

High

Link

Link

Fig. 6-(b) Link

Yes

Highway with missing,
wrong or abbreviated
street address

High

Link

Link

Fig. 6-(c) Link

Yes

One way inaccessible
or no parking
or parking entrance

High

Link

Link

Fig. 6-(d) Link

No

Almost junction,
join or use noexit tag

High

Link

Link

Fig. 6-(e) Link

No

Almost junction,
join or use noexit tag

High

Link

Link

Fig. 6-(f)

Link

Yes

Road above ground
and no bridge

High

Link

Link

Fig. 6-(g) Link

No

Almost junction,
join or use noexit tag

High

Link

Link

Fig. 6-(h) Link

Yes

Highway with missing,
wrong or abbreviated
street address

High

Link

Link

Fig. 6-(i)

Link

Yes

Intersection of
unrelated roads
and objects

High

Link

Link

Fig. 6-(j)

Link

No

Almost junction,
join or use noexit tag

High

Link

Link

Fig. 6-(k) Link

No

Almost junction,
join or use noexit tag

High

Link

Link

Fig. 6-(l)

Link

No

Highway with missing,
wrong or abbreviated
street address

High

Link

Link

Fig. 7-(a) Link

Yes

Suspicious tag
combination

Normal Link

Link

Fig. 7-(b) Link

Yes

Area intersects
with area

High

Link

Link

Fig. 7-(c) Link

Yes

Large building
intersection

High

Link

Link

Fig. 7-(d) Link

Yes

One way inaccessible
or no parking
or parking entrance

High

Link

Link

7. Conclusions and future work
We have presented an MT approach to validate the information
included in OSM maps. Specifically, we were interested in erroneous
definitions of geometries. Our previous work on OSM was useful, as
a starting point, because we had experience on analyzing the quality
of OSM. However, the framework presented in this paper represents a
big step forward because it provides a structured methodology, with
a formal mathematical underlying basis. It is important to emphasize
that our framework is fully implemented (in particular, the application
of inputs to a map, in order to obtain the elements matching the input,
and all the presented MRs). Therefore, our framework can be used to
analyze other cities. Actually, users can either use our MRs or use the
ones that they define. We have experimental evidence to show the
usefulness of our MRs and of our framework: we have found several
errors in all the cities that we analyzed.

Scale

Fig. 5-(a) Link

(continued on next page)
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intersection
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Disconnected road
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Building intersection
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We are considering several lines for future work. We would like
to analyze whether other groups of MRs, targeting other sources of
errors in OSM maps, can be defined. Although our framework has
been fully implemented, and it is available to be used with other OSM
maps, we would like to implement a GUI on top of our code so that
users can apply our framework in a more user-friendly way. The user
should be able to choose a map, the desired MRs, provide source inputs
(potentially suggested by the GUI) and retrieve a list of found errors. In
order to further evaluate the usefulness of our approach, we would like
to adapt current mutation testing techniques [44,45] to automatically
produce mutated portions of maps and check whether our MRs are able
to detect the induced faults. In a more theoretical line of work, we
will try to adapt our previous work on passive testing of (distributed)
systems with multiple users [46–48] to passively test the interaction of
contributors with a specific OSM.
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