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Using metamorphic testing to improve the
quality of tags in OpenStreetMap
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Abstract—We present a metamorphic testing approach to validate the information included in OpenStreetMap, a collaborative effort to
produce a free map of the world. We focus on the quality of the tags storing the information about the elements of the map. We
identified metamorphic relations with the potential to detect different types of tagging errors. In particular, we carefully designed
mechanisms to automatically generate follow-up inputs, a fundamental component in the successful application of a metamorphic
testing approach. The intrinsic nature of automatically analysing tags implies that we will detect real errors but some false positives as
well. In order to obtain a good trade-off between real errors and false positives, we introduce thresholds. Our MRs will raise an error
associated with a certain value if, depending on the nature of the MR, we have a certain number of elements (not) fulfilling a given
condition. In order to evaluate the goodness and versatility of our framework, we chose four cities in different continents with the goal of
analysing very heterogeneous contributors adding information in different languages. The application of this framework to the analysis
of the chosen cities revealed errors in all of them and in all the considered categories. In addition, around 66% of the errors found by
our MRs in the analysed areas have not been previously reported by Osmose, the de facto standard OSM error checker.

Index Terms—Metamorphic testing, quality of maps, OpenStreetMap.

1 INTRODUCTION

Software Testing [1] is the main Software Engineering val-
idation technique. Usually, in testing we apply inputs to the
System Under Test (SUT) and decide whether the observed
outputs are the expected ones. In order to make a verdict
about the correctness of the observed outputs, we rely on
an oracle. Metamorphic Testing [2], [3], [4] (MT) has been
successfully used to test systems when an oracle is not
available [5]. MT depends on the definition of Metamorphic
Relations (MRs) between the inputs that we apply to the SUT
and the observed outputs. If we find a violation of an MR,
then we know that the system is not correct. For example,
consider the sine function, a classical and simple example
to show the characteristics of MT. Let P be a (potentially
wrong) implementation. Even if we do not know the result
that P has to produce for a certain value z, we do know that
P must fulfil some properties. For instance, if we compute
P(z) and P(z + 2 - m) and we obtain different results, then
we know that P is faulty. A formal definition of this MR is
as follows. Let i; € Rand ip = i1 + 2 - 7

MR .7 (i1, i, P(i1), P(i))
0

1)
P(iy) = P(i2)
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Quoting from [6]: “When implementing MT, some pro-
gram inputs (called source inputs) are first generated as
source test cases, on the basis of which an MR can then
be used to generate new inputs as follow-up test cases.”
Usually, source inputs are provided by the tester, using its
expertise concerning the expected behaviour of the SUT.
Besides, follow-up inputs should be (as much as possible)
automatically generated from the corresponding source in-
puts. In the approach reported in this paper, all the follow-
up inputs are automatically generated. In addition, with the
exception of one MR, we are able to automatically gener-
ate source inputs from an initial seed, the corresponding
follow-up inputs and the observed outputs. Let us consider
again the sine function. A tester may consider that 0 is an
interesting value to check the SUT. This will be a source
input. Using the definition of the MR and this source input,
we automatically obtain the follow-up input 2 - 7 and we
should check M R 5.(0, 2-m, P(0), P(2-m)), thatis, whether
P(0) = P(2 - m). Now, this process can be (automatically)
iterated. We may consider 2 - 7 as source input, generate the
follow-up input 4 - m and check whether P(2-7) = P(4- 7).

In this paper we apply MT to find errors in Open-
StreetMap (OSM) [7], [8]l, a collaborative and open source
initiative that is currently used by many companies and
organisations around the worldﬂ Our approach can be used
to assess the quality of software systems which work or
depend on OpenStreetMap datasets. The typical example
is the OSM AP]E] whose correct behaviour can be only
tested when datasets are valid. However, this is not the
only case. Well-known rendering systems, such as Osmosis,
OSM2PGSQL, and Mapnik, among others, are frequently

1. https:/ /wiki.openstreetmap.org/wiki/They_are_using_
OpenStreetMap
2. https:/ /wiki.openstreetmap.org/wiki/API
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Figure 1. A graphical OSM of Almeria (excerpt).

used by developers to import and visualize OSM datasets.
In order to properly work, these systems need validated
maps. In fact, a considerable amount of queries on the OSM
ticket system are referred to rendering systems and their
correct behaviour, whose failures are frequently due to OSM
data quality issues.

Volunteers contribute to OSM, with the goal of creating
an editable and free map of the world, with spatial data (i.e.,
geometries) and textual data in the form of tags. Geometries
are used to denote points, called nodes in OSM, such as
trees and traffic signals, and polylines, called ways in OSM,
representing structures such as highways and buildings.
The application of MT to the analysis of geometries was the
goal of our recent work [9]. In this paper we are interested
in tags. A tag is simply a (key, value) pair, where the value
is assigned to a key that denotes a certain characteristic.
Tags provide information about the elements of the map, in
particular about points of interest such as museums, hotels,
touristic places, etc. Figure [1| presents a portion of the map
of Almeria, Spain. The description of a node (see boxed
item) includes its unique identifier and coordinates, together
with a set of tags: (key, value) pairs. Tags indicate the main
characteristics of the element, including its name. In this
case, we have a pharmacy (indicated by the tag (amenity,
pharmacy)), located at the Calzada de Castro street, number
30, and whose name is ACUYO IRIARTE.

OSM contributors should follow some ruled’] in order to
facilitate how OSM tools and users interpret the information
included in a map. OSM elements can include an unlimited
number of tags describing each feature. Although (key,
value) pairs can be freely selected, some recommendations
are informally proposed. In particular, some fixed (key,
value) pairs, or even fixed combinations of keys, should be
used to describe the same kind of structure, some of them
are mandatory and others are recommended. Information
about the so-called folksonomy [10], that is, the tags used to
thematically describe OSM elements, has been collected and

3. https:/ /wiki.openstreetmap.org/wiki/Editing_Standards_and_
Conventions
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aggregated by several websites such as Taginf(ﬂ which uses
a full OSM database to report its statistics, and Tagﬁnderﬂ

The main goal of our approach is to reveal tagging
mistakes in OSM without requiring external resources, that
is, without using an oracle. The main motivation behind
this work is to increase the quality of maps by, as much
as possible, automatically analysing them. Our previous ex-
perience taught us that finding single errors is very difficult
and costly: an expert must review, by hand, the tags of the
map. This usually requires to manually check conformance
with tagging conventions. Typically, the detection of tagging
mistakes is carried out by the community of contributors
itself, in which contributors review each other.

The aim of this proposal is to detect agreement patterns: if
something is repeated many times, then a deviation from it
could mean that a contributor does not follow the (implicit)
tagging standards. In other words, the disagreement of
contributors in a certain map will reveal tagging mistakes.
The objective is that if some OSM feature deviates from the
tagging norm, then the MRs will consider the tagging of the
OSM feature as an error. However, this information could
be valid according to the OSM rules point of view. In this
case, we have a false positive. Let us remark that most OSM
contributors are not aware of all the recommendations of
OSM. The knowledge of all the keywords is already difficult
and the combination with values and other keys is still
harder. The number of rules is huge and most of them are
expressed by semantic concepts related to topological and
cartographic aspects. This motivates the design and devel-
opment of systems aiming to assist the recommendation
of tags and the detection of tagging problems. However
such systems have to deal with the following problem. The
labelling of an object depends on the type and characteristics
of the object and the contributor is the only one that knows
which type of object wants to label. Thus, the identification
of tagging errors is hard. Moreover, errors are of different
nature. Let us suppose that an unknown (i.e., not allowed)
label is used. This type of error can be easily detected, even
though the number of allowed OSM labels is huge. Let us
suppose now that a known (i.e., allowed) label is incorrectly
used (i.e., wrongly combined with others). This is a more
serious problem because the detection requires to know
what type of object the contributor wants and, even more
difficult, the OSM rules to be applied. A suitable strategy
can be to report suspicious labels, which are labels that seem
to be out of context. But even in this case, some labels are
rarely used but allowed, which provokes false positives.

Any characterisation of a contributors’ agreement will
require a significant number of occurrences and a low
number of discrepancies. In order to properly include quan-
tification into MRs, we will use thresholds in their definition
so that the testers can formally quantify when they consider
to have many/few occurrences of a certain phenomenon.
The performed experiments have shown that some combin-
ations of thresholds, depending on the map size and the
applied MR, are more likely to find real errors and reduce
the number of false positives. These values can be used
by other testers when analysing their maps. We are aware

4. |http:/ /taginfo.openstreetmap.org
5. http:/ /tagfinder.herokuapp.com
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that by using thresholds, we will overlook some real errors
and some users of the approach might prefer not to use
thenﬂ However, our preliminary experiments detected a
vast amount of false positives if we do not use thresholds.

In this paper we present a set of MRs that can be used to
analyse the tags associated with elements of OSM. The MRs
code is freely available. The MRs can be used by testers in
two different ways. First, they can be used to analyse the
same properties that we present in a different map. In this
case, testers do not need to implement anything. Second, if
testers need to extend our framework with other MRs, then
they can follow the pattern given by the available MRs. Note
that the implementation of new MRs is simplified because
we use a declarative programming language whose syntax
is close to their mathematical formulation. In order to apply
MRs, testers need to provide appropriate source inputs but
the rest of the operative is almost automatic.

In order to assess the usefulness of the proposed MT
approach, we have applied our MRs to evaluate the tags
labelling elements of four different cities. All the MRs found
potential errors in all the cities: a total of 496 were actual
errors. Moreover, we checked whether these errors had been
previously reported in the most used OSM error checker,
OsmOS(ﬂ only 184 errors of them are currently reported by
Osmose. Therefore, approximately 63% of the errors found
by our approach have not been (yet) reported by Osmose.

The rest of the paper is structured as follows. In Section 2]
we present related work. In Section 3| we define some no-
tions that will be used along the paper. Section[d]presents the
set of MRs and some implementation details. In Section[5|we
present our research questions and the experiments that we
performed to answer them. Finally, in Section [f| we present
the conclusions and discuss some lines for future work.

2 RELATED WORK

In this section we will review related work on the areas on
metamorphic testing and on analysis of OSM.

MT is a mature field and there are several complete
surveys outlining the main contributions, lines of work and
challenges [11], [6]. MT has been applied to very hetero-
geneous fields such as citation database systems [12], class
integration test order generation [13]], cloud systems [14],
compilers [15], cybersecurity [16], post-quantum crypto-
graphy [17], program repair [18], RESTful web APIs [19],
search engines [20] and simulation [21], among others.
More related to our application of MT to OSM, we can
mention the use of MT in data validation [22]. This work
is related to ours because the main goal of our frame-
work is to find errors in the data of a map. The notion of
metamorphic exploration [23] is also relevant for our work.
There are situations where an MR reports a potentially
incorrect behaviour, which turns out to be correct after
further exploration. This may help to better understand a
certain behaviour of the SUT. Our thresholds play, using
a different mechanism, a similar role: if something happens
more/less times than expected (that is, more/less times than

6. It is very simple to discard thresholds: it is enough to set them to
either 0 or oo, depending on whether we are asking for a certain value
to be greater, respectively smaller, than the threshold.

7. http:/ /osmose.openstreetmap.fr/es/map/
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the threshold allows), then we might have detected some
real errors. In addition, if they were false positives, they
might indicate a non appropriate, although allowed, use
of the tagging conventions. Thresholds have been used to
define an MR to test MISA-RT, a simulation program that
computes the density of material defects [24]. Instead of
testing with different thresholds, the threshold is set to the
optimum value of a function relating inputs and outputs.
The application of MT to analyse maps has been very
limited. We have recently used it [9] to find errors in OSM
concerning the representation of spatial data. We were able
to find different categories of errors such as ways without
entrances or exits, deadlocked ways, unconnected round-
abouts, overlapping between buildings, etc. However, the
type of errors that we were targeting was completely dif-
ferent (catching geometry errors was simpler than catching
inconsistencies in the data) and thresholds, a novel feature,
bring an additional complexity to the implementation, val-
idation and application of the new framework. A previous
approach used MT to validate maps [25], [26], but the focus
was on analysing distances and paths while, as we have
already explained, we are interested in the information in-
cluded in the map. MT has been also applied to Geographic
Information Systems [27], where the main focus was on
evaluating the calculation of superficial areas. The MRs were
defined on the basis of different artefacts (requirements,
program properties, algorithms, etc) and applied to a case
study, based on mutation testing, to assess the usefulness
of the approach. Therefore, this approach and ours are
unrelated. There exist several methods [28], [29], [30], [31]
to assess the inappropriate use of tags in OSM maps. In
addition, the community has developed many tools to sup-
port this taslﬂ and we can mention iOSMAnalyzer too%
Quantum GIS (QGIS[®) OSMantid"l| Keep Righf?] and OSM
inspecto The most widely used is Osmose (Open Street
Map Owersight Search Engine). Some of the previous methods
carry out an extrinsic quality analysis by using an authoritative
dataset that serves as a ground truth dataset. Therefore, they
rely on a type of oracle and, as such, are not related to our
approach. In contrast, intrinsic quality analysis validates the
information included in OSM by assuming some rules of
quality [32], [33], [34], [35], [3€], [37], [38], [31]. The proposed
MT approach can be considered an intrinsic quality analysis
in which MRs are used to assess the quality of OSM maps.
We have previously worked on OSM and quality as-
sessment [39], [40], [41]. We defined an extrinsic quality
method to evaluate the tags labelling Spain OSM maps by
comparing them with the Taginfcle dataset. Therefore, the
work reported in this paper presents a different approach,
intrinsic versus extrinsic, using a completely different un-
derlying technique (we strongly rely on MT and MT was
not used in the aforesaid work), and supported by a fully
implemented and highly automatic framework.

8. lhttps:/ /wiki.openstreetmap.org/wiki/Quality_assurance
9. https:/ /github.com/zehpunktbarron/iOSMAnalyzer

10. https:/ /www.qgis.org/

11. https:/ /sites.google.com /site / osmanticjosm /

12. https:/ /keepright.at/

13. https:/ /tools.geofabrik.de/osmi/

14. https:/ / taginfo.openstreetmap.org/


http://osmose.openstreetmap.fr/es/map/
https://wiki.openstreetmap.org/wiki/Quality_assurance
https://github.com/zehpunktbarron/iOSMAnalyzer
https://www.qgis.org/
https://sites.google.com/site/osmanticjosm/
https://keepright.at/
https://tools.geofabrik.de/osmi/
https://taginfo.openstreetmap.org/

IEEE TRANSACTIONS ON SOFTWARE ENGINEERING

3 PRELIMINARIES

In this section we review the main concepts and notions
used in our framework. We use a slightly modified version
of the definitions introduced in our previous work [9], so
that we can focus on tags information.

Definition 1. We distinguish three categories of OSM data
types: tags, nodes and ways.

e We consider that a tag is given by a pair of strings
(k,v), where k represents a key while v represents
a value. Tags will provide information about nodes
and ways.

e We have that a node is given by a triple n =
(id, (lat,long), Tg), where id is a string that unequi-
vocally identifies the node, lat and long are the latit-
ude and longitude of the node in the World Geodetic
System (WGS84) and T'g is a set of tags providing
information about the characteristics of the node.

o Finally, a way is a triple w = (id, (n1,...,ns),T9)
where id and T'g play the same role as in nodes and
(n1,...,ns) is the sequence of nodes that conform
the way.

Let NV be a set of nodes. We consider that W, represents
the set of ways such that all the nodes appearing in
a way belong to AV. Given a node or way e, tags(e),
keys(e) and vals(e) represent, respectively, the tags of e
and the keys and values appearing in any tag of e. Given
a set of elements I, we define tags(E) = .. tags(e),
keys(E) = Uqep keys(e) and vals(E) = U,cpvals(e).
Finally, ' denotes the complement of set E.

Intuitively, an OSM map is a set of nodes N and a set of
ways W) constructed from the nodes belonging to NV Each
way w € Wy includes a unique identifier, a set of tags and
the non-empty set of nodes that constitute the way.

Definition 2. Given a fixed set of nodes N, we say that an
OSM map is a pair m = (N, Wy). Abusing the notation,
we will write e € mif e € N'U Wy
We force OSM maps to fulfil a usual restriction: for each
e € mand k € keys(e), there exists a unique value v
such that (k,v) € tags(e).

Instead of using a different name for each map, we will
denote by M the specific map that we are considering at a
certain moment.

The basic idea underlying an MT approach is that we
apply inputs to the system under study, record the produced
outputs, and check whether applied inputs and observed
outputs violate some relations. Since we are working within
a non-standard type of system, it is necessary to formally
define these concepts. First, we define inputs and outputs.
Definition 3. The set of inputs, denoted by Z, is given by the

minimum set of expressions that can be derived from the

non-terminal symbol I of the following BNF:

I:=(T,C)
T := * | node | way
C:={L}

L := (string, string) | (string, string), L

The application of an input i = (7,C) to a map M
produces as output, denoted by M(i), the elements of

4

the map of type T such that they fulfil the conditions
included in C. If C is a singleton (in many practical
situations, this will be the case), then we simply write
(k,v) instead of {(k,v)}.

Intuitively, an input i = (7,C) denotes that we are
looking for elements of a map of type T (nodes, ways or
both) that must fulfil the set of conditions included in C. L
is the list of elements of this set, so that C' is simply the set
of elements appearing in L. Each element of L is defined
by a pair of strings: a key and a value. As a special case
of string, we consider the wildcard character *. As usual,
* matches any string of zero or more characters. For the
sake of simplicity, we do not distinguish between capital
and lowercase letters in strings. Next, we present a simple
example.

Example 1. A condition such as (name, hotelx) will be
matched by those elements having a (name, v) tag such
that v matches the pattern hotelx (e.g. Hotel California).
A condition such as {(name, A7), (highway, *)} will be
matched by elements being part of a highway whose
name is A7. Technically, we will select those elements e
such that there exist (name,vy),(highway,ve) €
tags(e), with v; = AT.

Finally, we present our notion of MR, which is a bit
different from conventional ones due to the use of thresholds.
As usual, MRs relate inputs and their corresponding out-
puts. In addition, and this is a non-standard feature that
in particular was not used in our previous work [9], our
MRs have thresholds. These values will be used to impose
conditions on the number of elements that must fulfil a
certain property taking part in the definition of an MR.
Definition 4. Given an OSM map M = (N, Wy) and n > 0

thresholds 61,...,d,, € N, a metamorphic relation (MR)

R CI? x P(NUW,)? x N" is a relation over 2 inputs,

i1, i2, their corresponding outputs, M (i1), M(iz), and n

thresholds. We write R(i1,i2, M(i1), M(i2),01,...,5,)

to denote (il, ig,M(il), M(ig), O1y.nn,y (Sn) € R.

Given n thresholds 01, . .., 0y, inputs 41 = (71, C1),i2 =

(T,C3) and their corresponding outputs O; =

M(i1),02 = M(i2), in order to define an MR R, we

use the following pattern.

R(i1,42,01,02,61,. ..

ﬁdef
0n, 11, C1, T2,C2,04,07)

;0n)

(o, ..

where C is a formula in first order logic without free
variables.

Let R(%1,42,01,02,01,...,0,) be an MR. We say that i,
is a source input and iy is a follow-up input.

In general, source inputs are provided by testers while
follow-up inputs should be (as much as possible) automat-
ically generated from source inputs and the definition of the
MR. We would like to give an explanation of the important
role played by thresholds in our framework.

The OpenStreetMap community provides guidelines
and recommendations about how OpenStreetMap features
have to be labelled. Such guidelines and recommendations
are available in the OpenStreetMap Web site, organized
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by Categorie Although contributors should follow the
guidelines, due to the crowdsourcing nature of OpenStreet-
Map, any registered contributor can violate such rules by
lack of knowledge or misunderstanding, but also due to
multiplicity of similar types and vague boundaries between
them [42] and as an act of vandalism [43]. Definitions of
some of the tags in the OSM Web site are unclear and some
definitions may apply to several features.

Although any registered contributor can update the in-
formation about an OSM feature, the majority of updates are
done by experts (users with a high number of contributions)
and groups of users that act in a coordinated way in some
areas following the same guidelines. In a crowdsourcing
context, if a high number of contributions agree in a certain
labelling, then it is possibly correct, while few ones can be
considered as labelling errors or, at least, suspect labelling.
In other words, we consider the following principle: what
the majority does is presumably correct and all of the excep-
tions are suspicious. This principle has a usability basis: het-
erogeneity facilitates the interpretation of OSM features by
users and tools. Previous work [32] suggested the analysis
of the number of contributors who have worked on a given
feature for giving more confidence. The assumption that as
the number of contributors increases so does the quality is
known within the open source community as “Linus” Law”.
Here, instead, we assume that agreement between contrib-
utors in the labelling of the same type of feature increases
its reliability. The problem now is what is a high or low
number of contributions. For this reason, our metamorphic
rules use thresholds. They allow users to customise the MR
to be more or less restrictive. A primary threshold considers
the number of agreements in contributions, according to
the above principle. Additionally, our MRs have a second
threshold which serves, in combination with the previous
one, to measure few contradictory occurrences. Threshold
values should vary according to the frequency of a feature
and the size of the studied map. In general, a given labelling
is considered correct when is frequent and is considered sus-
picious when is scarce and there are numerous contradictory
cases.

We are aware that by using thresholds we will not find
some real errors. However, our preliminary experiments
detected a vast amount of false positives if we do not use
them (i.e. if we set them to 0 or oo, depending on whether
the threshold is a lower or an upper bound). A typical
situation that will escape to our analysis appears when a
malicious/inexpert user has a high number of contributions
that systematically violate the same OSM rule. It could
happen in bulk imports, which are occasionally undertaken
as a supplement to data collected by individual contributors.
A typical source of false positives, which again will not be
detected, appears with correct OSM rules scarcely used due
to lack of knowledge, existence of several rules for the same
case, recommended but not mandatory rules, low labelling
activity in the area, etc. Finally, note that in our previous
work [9] we did not deal with the problem of false positives
because we were detecting errors in the geometries of a map.
For example, if a roundabout has no exit or entry, then we
are sure that we have found an error.

15. https:/ /wiki.openstreetmap.org/wiki/Map_features

<node id="1">
<tag k="public_transport" v="stop_position"/>
<tag k="railway" v="stop"/>
<tag k="subway" v="yes"/>
</node>
<node id="2">
<tag k="public_transport" v="stop_position"/>
<tag k="railway" v="stop"/>
<tag k="subway" v="yes"/>
</node>
<node id="3">
<tag k="public_transport" v="stop_position"/>
<tag k="railway" v="stop"/>
<tag k="wrongl" v="yes"/>
<tag k="train" v="no"/>
</node>
<node id="4">
<tag k="public_transport" v="stop_position"/>
<tag k="railway" v="stop"/>
<tag k="train" v="no"/>
</node>
<node id="5">
<tag k="wrong2" v="stop"/>
<tag k="railway" v="stop"/>
<tag k="train" v="no"/>
</node>
<node id="6">
<tag k="name" v="Railway Train Station"/>
</node>

Figure 2. A textual and simplified OSM map.

4 FoORMAL DEFINITION OF OUR MRs

This section introduces our MRs. They are applied to inputs
and outputs of a specific map and aim to establish relations
that the elements of the map satisfying certain conditions
must fulfil. Specifically, our MRs evaluate whether the tags
labelling the elements of our map include information that
is most likely wrong.

4.1 TagsCOMPkvk: Compatibility between (key,value)
and key in the same element

The goal of our first MR is to detect elements with a
certain tag such that the nature of the key and value
makes it incompatible with tags having a certain key.
Next, we give a simple example to motivate the useful-
ness of this MR. Consider a node having as one of its
tags (highway, traffic_signals). Good practices in OSM say
that traffic signals should not have a name. Therefore, this
node should not have the tag (name, (), for a certain
string 8. As we have previously commented when intro-
ducing thresholds, we might relax the last constraint and
consider that a few divergences are allowed.

Given two thresholds 6,¢ € N and two strings o and
B, associated with a key and a value, respectively, let i; =
(%, (o, B)) and O1 = M(i1). Given & € keys(O1) \ {a}, let
ia = (%, (d/, %)) and Oy = M (i2).

TagsCOMPkvk(i1, i, O1, 03,0, €)

ﬁdef

|()1‘ > ) = |()1 N ()2‘ >e€

Intuitively, if there is a big enough number of («, 3) tags,
then this MR will check that the number of occurrences of
o' in those elements is not small.

Example 2. Consider the OSM map given in Figure
where we have removed data irrelevant for the forth-
coming examples (e.g. latitude and longitude of the
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nodes have been removed). Let @ = railway and
B = stop. Therefore, iy = (x, (railway, stop)). Then,
o # railway must be set to a key that appear in a
tag of the elements having (railway, stop). For example,
let o/ = subway and, therefore, io = (x, (subway, )).
If we apply the corresponding inputs to the map, we
obtain two outputs. For example, O; includes all the
features having a tag (railway, stop). Next, we have
to check TagsCOMPkvk(iy,ia,01,0s,0,¢). First, |O1] is
equal to the number of features in the map having the
tag (railway, stop). For example, if we set 6 = 6 then
|O1] > 6 does not hold (actually, |O1] = 5) and we do not
check the right hand side of the implication (therefore,
no errors are detected). If we set § = 5, then we have
to check whether the number of elements having the
tag (railway, stop) and such that another of its tags has
subway as key is greater that e. For example, if we set
a small value of ¢, for example € = 2, then we do not
find any potential error. If we use an intermediate value
such as € = 3, then we find two potential errors, which
are, in this case, false positives. In case o/ = wrongl,
0 = 5 and € = 2 are selected, one potential error is found
corresponding with a real error.

Concerning the thresholds, J should be selected accord-
ing to the frequency of the (a, 3) tag. J is used to fix the
minimum number of elements in the map having («, 5) as
one of its tags that are needed to start the testing process. If §
is big then the MR is only applied to relevant features of the
map (whatever the size of the map is). In the experiments
reported in this paper, we have set  to 10. For example, we
will have more than 10 elements when using tags such as
(building, yes) or (highway, residential). However, using
0 = 10 for the tourism key is not useful because of the low
number of elements having tourism as key (and thus, given
B, few occurrences of (tourism, 3)). For this reason, for
these cases we had to set J to either 6 or 4. Naturally, the key
factor for selecting 10 or a lower value is the total number
of elements fulfilling the seed. However, it could happen
that some interesting cases are not analysed if 6 = 10. For
instance, the combinations of building and highway with
values having less than 10 occurrences. Note that using a
small value of § when the number of elements having the
tag given by the seed is large will reveal more errors but the
number of false positives will increase as well. With respect
to €, its purpose is to fix the number of coincidences of («, 3)
and o/. We have set € = 2 for all the experiments. Obviously,
if the number of elements having («, ) as tag is low (that
is, we are using a small J), then it is more likely to find false
positives for . Finally, note that if we have few elements
fulfilling the seed, then it is unlikely that we will be able to
detect a wrong /.

In order to effectively apply this MR, we need to produce
(source and follow-up) inputs, apply them to the map under
study, and obtain the corresponding outputs. First, we have
to identify an o key and a 3y value and let ig = (%, (ag, Bo))
be the source input. Although this seed can be (manually)
chosen by the tester, it will be a good practice to choose
a key that appears in a big proportion of tags, so that
we (recursively) cover a big portion of the map. Next, we
show how follow-up inputs can be automatically generated.
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First, we compute the set Oy = M(ip). If this set has
less than § elements, then we stop the process because
the right hand side of the MR will not be invoked. Let
Ao = {a € keys(Og)lag # a} = {a},.. .,a‘OAO‘}. If
this set is empty, then we also stop the process. For each
1 < s < Al let i§ = (*, (), x)) and OF = M(5§). We se-
quentially check the following | Ag| metamorphic relations:

TagsCOMPkvk (ig, ig, Oo, Of, 0, €)

where 1 < s < |Ag|. If any of these MRs does not hold,
then we have found a failure and could stopE] Otherwise,
we can iterate the previous process by considering each of
the values o € Aj as the key component of a new source
input and a value /5 such that more than § elements of the
map include the (a, 5) tag.

In order to increase automation, we provide an altern-
ative implementation of this MR such that the tester only
needs to provide the value of ap. Our framework auto-
matically computes f1,..., 8y such that each of the pairs
(a0, B1), - -, (a0, By) is tagging at least § elements of the
map under study and applies the previous process for the
source inputs (x, (a, Br)), with 1 <7 < A.

During the definition of our framework, we considered
other MRs that ended up being particular cases of this one.
It is worth to mention TagsCOMPkk, whose goal was to
check that the map under study did not include tags with
incompatible keys. This is the case, for instance, of building
and highway. Therefore, if two keys simultaneously label a
small number of elements of the map, then it is very likely
that they should not be part of tags of the same element.
Following this compatibility pattern, we also considered, and
later discarded because they could also be simulated by
using TagsCOMPkvk, the following two MRs:

e TypeCOMPk: Compatibility between the type of ele-
ment (node or way) and keys included in its tags.
There exist certain keys that should not appear in
a tag of certain elements. For example, if we are
analysing the information included in a node, then
we should not expect that this element has a tag
including area as its key.

e TypeCOMPv: Compatibility between the type of ele-
ment (node or way) and values included in its tags.
For example, if an element is a way, then no tag
should have the value tree.

4.2 TagsMISSkvk: Missing key if a (key,value) appears
in an element

The next MR has a similar structure to the previous one
but its goal is completely different: we are interested in
checking that elements having a certain tag must necessarily
have another tag labelled by a certain key. For example,
an element with the (highway, crossing) tag must include
the crossing key in another tag according to OSM rules. In
addition, the MR also serves to check recommended keys.
This is the case, for instance, of the (amenity, restaurant) tag
for which is recommended to attach the cuisine key, or the
case of (highway, residential) for which is recommended to

16. In practice, we do not stop because we continue traversing the
map to find more errors.



IEEE TRANSACTIONS ON SOFTWARE ENGINEERING

attach oneway. In order to formalise this idea, we will check
that given a tag and a key, if there are many elements of the
map having this tag but not having the key, then tag and
key are not paired very often.

Given two thresholds 6,e € N and two strings « and
B, associated with a key and a value, respectively, let i; =
(*, (o, 8)) and O1 = M(i1). Given o/ € keys(O1) \ {a}, let
ig = (>|<7 (O/7 *)) and 02 = M(’Lg)

TagSMISSka(’L'17 i9,01,03,9, 6)

ﬁdef

‘010072|Z5:>‘01m02|§6

Example 3. Consider again the OSM map given in Figure
Let « = railway and B = stop. Therefore, iy =
(%, (railway, stop)). Again, o must be set to a key that
appears in a tag of the elements having (railway, stop)
such that o/ # railway. For example, let o/ = train
and, therefore, ia = (x,(train,*)). If we apply the
corresponding inputs to the map, we obtain O; and Os.
Next, we have to check TagsMISSkvk(i1, iz, 01,02, d, €).
We have to check whether there are more than § elements
in the map having the (railway, stop) tag but not having
the train key. In this case, this holds if § < 2. Now
we have to check whether there are at least ¢ elements
having the previous tag and key. Since we have three
elements in the map fulfilling this property if we set
€ > 2 then we will not find any error. If we set ¢ to
a smaller value, for instance ¢ = 2, then we find two
potential errors: those without the train key.

Concerning thresholds, the purpose of ¢ in this MR is
to fix the minimum number of elements having an (o, 3)
tag such that o/ does not appear as key in any tag of the
element needed to invoke the MR. Again, if ¢ is relatively
big, then the MR is only applied for relevant features of
the map. We have selected § = 20 for all the experiments
in which a large number of elements exist and 10 and 5
for those with a smaller number of elements. In addition,
€ serves here to fix the number of elements having (a, )
and «'. Thus, the values of ¢ should be greater than the
ones used in the previous MR. We have selected 10 for the
experiments in which a large number of elements exist and
5 and 2 for those with a smaller number of elements. In both
cases, reducing delta and epsilon led to a higher amount of
false positives.

The generation of source and follow-up inputs also fol-
lows a similar pattern as the one presented in the previous
section and, therefore, we omit it.

4.3 TagsCOMPkv: Compatibility between keys and their
associated values

The goal of the third MR is to detect elements of the map
under study that include a (k,v) tag such that k and v
should not be paired together. In a good map, values should
be univocally associated with keys. However, our previous
work with OSM [39], [40]], [41] showed that this is not
always the case. For example, it is usual to find maps
with two different elements including, respectively, the tags
(building, construction) and (railway, construction). Still,
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for each value, there should be a main key associated with
it and, therefore, the number of occurrences of this value
associated with other keys should be small. In addition, we
should exclude values that will certainly be associated with
different keys. Specifically, yes, no and numerical values are
excluded.

Given two thresholds 6§, ¢ € N and a string «, associated
with a key, let i1 = (x,(a,*)) and O; = M(i1). Given
B € vals(01), letia = (%, (x, 3)) and Oy = M(iz).

T8.gSCDMl:“kV(’L'17 iQ, Ol, 027 (5, 6)

ﬁdef

B ¢ RU {yes,no}
A

{e € Oil(e, B)ue tags(e)}| > 0

Vo # a: |{e € O2|(¢, B) € tags(e)}| < e

If a value is mostly associated to a specific key, then the
number of occurrences of this value associated with any
other key should be small. Otherwise, the MR will uncover
potential errors due to the assignment of the same value to
different keys.

The use of thresholds increases the flexibility of this
MR. Next, we provide some comments concerning how
thresholds should be chosen. First, § should be taken large
enough to discard few occurrences of the («, ) tag be-
cause the MR only applies to predominant («, /3). Second,
e should be small enough to discover scarce occurrences. In
particular, it should be smaller than §. In order to facilitate
the selection of appropriate values, we have implemented
an iterative process that, according to our experiments,
provides a good balance between reported actual errors
and false positives. The ¢ threshold takes values from zero
onwards while J is always set to € 4+ 1. Note that the number
of detected errors cannot increase when we increment e. In
fact, the detected errors for smaller values of ¢ —elements
which might potentially be false positives— might not be
detected for larger values of ¢, which according to the MR,
is due to the same value being used with another key more
than € times for a large e. Given a tuple (i1, i2, 01, O2), we
can define its exit threshold as the maximum m € N for which
TagsCOMPkv (i1,42,01,02,m + 1,m) does not hold. It is
very likely that potential errors detected by smaller € values
but not detected by larger € values (in particular, when e
is equal to the exit threshold) are actual errors. In theory,
the exit threshold could be undefined (if the MR holds
for € = 0). In our experiments, however, this MR always
reported potential errors for the (1,0) pair of thresholds.

Example 4. Consider the OSM map given in Figure
Let @« = railway and S = stop. Therefore, iy =
(%, (railway, *)) and iz = (x, (x, stop)). If we apply the
corresponding inputs to the map, we obtain O; and Os.
Next, we have to check TagsCOMPkv (i1, i2, 01,02, d,€).
Depending on the values of the thresholds, we will not
detect any potential error (if we choose big values for §
or €). For example, if we set § = 1 and € = 0 then we will
find one potential error: the node with wrong2 key. Now,
if we set = 2 and ¢ = 1 then we will not detect any
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potential error. Thus, in this example the exit condition
of the potential error is 1.

The last step is to generate inputs to feed this MR. First,
we identify a source input o and let iy = (*, (ap,*)).
Again, it will be useful to choose a key that appears in
a big proportion of tags, so that we (recursively) cover a
big portion of the map. Next, we automatically generate A
follow-up inputs, corresponding to values that will conform
the second input of our metamorphic relation, as follows.
Given Oy = M(ig), we extract all the values fi,..., 5
such that each of the pairs (ag, 1), - -, (o, Ba) is tagging
at least 0 elements of Op. In order to speed up the process,
we discard numerical and yes/no values.

Foreach 1 <r < ), letij = (%, (*, 8,)) and we compute
O} = M(i(). Then, we sequentially check the following A
metamorphic relations:

TagsCOMPkv (ig, i, Op, Of, 0, €)

where 1 < r < A If any of these A metamorphic relations
does not hold, then we have found a failure and could stop.
Otherwise, we can iterate the previous process, as follows,
to automatically construct A families of source and follow-
up inputs. For each 1 < r < A, we extract all the keys
oz,la7 .. .7a;\"', such that for each 1 < s < ), there are at
least § elements in Of having (a7, 5,) as one of its tags. Let
irs = (¥, (0, *)) and compute O,s = M (i,5). Therefore, for
each 1 <17 < X we can check the following A, metamorphic
relations:

TagsCOMPkv (iys, i, Ors, O, 0, €)

where 1 < s < \,.. If we check these Z;:l A; metamorphic
relations and all of them hold, then we can iterate the
process by using the newly computed keys and discarding
the combinations of pairs («, ) that have been already
exercised.

4.4 TagsName: Compatibility between values and

names

Our last MR deals with elements having a name that (al-
most) univocally indicates that this element belongs to a
specific category. Consider that an element has the tag
(name, Bailey's Hotel). Then, we should expect that this
element also has a value hotel. Again, we will use a
threshold because maps may include correct information
not following this pattern. For example, if an element has
a tag such as (name, Manchester Hoteliers Association),
then it should not include the before mentioned hotel value.
In addition, we should apply our MR only if the value
associated with the name is a sensible string to be associated
with a generic value. Therefore, we will check that there are
many elements that use it as a value.

Given two thresholds §, e € N and a string 3, associated
with a value, let i1 = (x,(x,08)), i = (*, (name, x5x)),

O1 = M(i1) and O = M(is).

TagsName(i1, i2, 01,02, 6, €)

ﬁdef

‘01|25:>|020071|§6
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Example 5. Consider the OSM map given in Figure
Let § = station. Therefore, i1 = (x, (*, station)) and
io = (*, (name, xstationx)). If we apply the correspond-
ing inputs to the map, we obtain O; and Os. Next, we
have to check TagsName(iq, i3, 01,02, 9, €). As before, if
we choose big values for J or e we will not detect any
potential error. For example, if we set d = 1 and e = 1,
then we have one potential error.

In practice, similarly to the case of the first two MRs, §
should be selected according to the frequency of use of 3
and values for € should be taken accordingly to § values.

In contrast to the previously presented MRs, we cannot
automatically iterate the process of producing inputs be-
cause the tester plays a fundamental role in selecting sensible
values. Note that this situation is quite usual in MT. There-
fore, the tester will choose a string Sy to be used as source
input, consider iy = (x, (x, 5o)) and iy, = (x, (name, *Bo*)),
compute Oy = M(ip) and Of = M(ip), and evaluate
whether

TagsName (i, i, O, Oy, 6, €)

holds. If an error is not detected, then the tester will choose
another string to be used as source input and iterate the
process.

4.5 Implementation details

We have implemented our MRs and applied them on
different OSM maps. Next, we briefly describe the main
features of the programming language that we have used
and present sample codes. Our MRs have been implemented
in the XML Database Query Language XQuery [44], [45]:
a functional language based on FLWOR (”For, Let, Where,
Order by, Return”) expressions and using XPath to select
nodes from the analysed XML trees. The main reasons to
choose this language is our expertise (we have extensively
used it in previous work), OSM maps can be exported into
XML and, in addition, working with a declarative program-
ming language strongly simplifies the implementation of
our MRs.

Thanks to its higher order capabilities, XQuery allows
inputs application to be defined as a higher order function.

For instance, if we have an input ¢ = (T,C), then the
application of this input to a map, M %), is given in XQuery
by the code:

declare function mt:M($T, $C)
{
filter (Smap/osm/*,

function ($e) {mt:type ($e,$T) and $C($e)})
Vi

The inputs of the different MRs are transformed into
XQuery Boolean conditions by using XQuery “some” state-
ments and XPath expressions. For example, the translation of
the input condition C' = {(name, ), (highway, %)} is given
by the code:

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

where z/tag stands for the tags of = and (Qk,Quv) corres-

ponds to the (key, value) pairs of a tag.

MRs are mapped into XQuery Boolean conditions using
XQuery “some” and “every” statements, as well as uni-
on/intersection operators. For example, the TagsCOMPkvk
MR can be defined as:
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if (count ($01) >= Ssdelta)

then

count ($01 intersect $02)>=S$epsilon
else true()

Finally, we use XQuery to store and access the XML
representation of OSM maps. Since XML documents are
automatically indexed by XQuery, we will have an efficient
query and access to the items of OSM maps.

All the code used to perform the experiments, in par-
ticular, the implementation of our MRs, can be found at
https:/ /github.com/jalmenUAL/MT-OSM.

5 EXPERIMENTS AND EMPIRICAL EVALUATION

In this section we report on the results of the experiments
that we have performed and present representative errors
that have been found and, very likely, might appear in other
OSM maps. First, we would like to pose different research
questions.

5.1 Research questions

The final goal of our approach is to find errors in OSM.
Therefore, despite using a different approach, based on
thresholds, and targeting different types of errors, geomet-
ries vs. labels, it is only natural to repeat the same research
questions as in our previous work [9]. First, we would like
to evaluate the scalability of our framework.

Research Question 1. Does our framework scale well?

Second, we would like to assess how good is our frame-
work in detecting errors, in this case, in OSM.

Research Question 2. Is our framework an effective way to
find errors in maps?

Third, we would like to evaluate how good is our
framework in comparison with other tools and systems.

Research Question 3. How does our framework compare to
other approaches?

However, we have a new characteristic in our frame-
work, the use of thresholds, that poses a new question.

Research Question 4. How sensitive are MRs to the choice
of thresholds?

5.2 Experiments

We have conducted experiments in four areas of different
cities: Madrid (Barrio de Salamanca), London (Kensington),
Sao Paolo (Republica) and Nairobi (Park Road). The initial
source inputs, that is, the seeds of the process, have been
chosen to cover common tags. Specifically, the ones corres-
ponding to the building (6%) and highway (2,6%) keys, but
also other tags less frequently used such as amenity (0,24%)
and tourism (0,03%). The total number of analysed tags in
each city is as follows:

building | highway | amenity | tourism
Madrid 658 536 200 10
London 476 382 119 16
Sao Paulo 608 247 113 20
Nairobi 882 339 46 6

Figures 6} [7} [8|and f] summarise the most relevant

categories in which our MRs were able to find errors in the
analysed maps. We indicate whether the detected errors are
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identified in Osmose. In this case, we have the following
abbreviations for different tag conflicts:

Yesl | Tourism with missing or wrong value
Yes2 | Building with missing or wrong tag
Yes3 | Amenity with missing or wrong tag
Yes4 | Highway with missing or wrong tag

Our approach shows very satisfactory results because we
are able to identify a big number of errors in the analysed
maps. After a subsequent analysis, taking into account the
recommendations given by the OSM community, we detec-
ted several false positives. They were mainly identified by
our MRs due to few occurrences of the selected keys in the
elements of the considered areas.

5.2.1 Application of TagsCOMPkvk

Figures [3} [} | and [6] show the results obtained from the
application of the TagsCOMPkvk MR. The 4, € column shows
the considered thresholds, the OSM column links to OSM
data of the identified element, the Key and Value columns
show («, f3), the Conflict column includes the value of o/
causing the MR failure, the Osmose column links to the
Osmose web site in which the element is located and the
Reported column shows whether or not the error is reported
by Osmose. Values in bold are actual errors. In summary,
from 198 errors found, 88 are false positives. Thus, 56% of
precision has been reached in our experiments. Additionally,
Osmose has reported only 11 of the real errors.

In the case of Madrid, the application of the MR using
building as seed detected 31 potential errors, being 21 of
them real errors. For instance, the simultaneous use of the
(building, yes) tag and a key such as diplomatic, social_facility
or surface. False positives were found, for instance, because
of the use of multiple, but scarce, representations of the name
feature, for instance, name:ca and official_name. Regarding
the use of the highway key, 7 out of 13 possible errors
correspond to actual errors. An example of real errors is the
combination of the (highway, service) tag and the level key
because this key should be used for ways representing areas
like buildings. Another detected error corresponds to the
use of the (highway, secondary) tag and the psv:lanes key in the
same element. The latter is deprecated. Wrong keys, such as
source:maxspeed, were also detected. False positives are due
to scarcely used keys such as sidewalk or lit. In the case of
the amenity key, 8 out of 13 possible errors are false positives.
False positives were due again, for instance, to scarcely used
keys such as description together with the (amenity, restaur-
ant) tag. In addition, unknown keys, such as addr:ward and
name:1991-2010 were appropriately reported. With regard to
the tourism key, 2 false positives were uncovered.

With regard to London and the building key, 42 potential
errors were detected, being 31 of them actual errors. For
instance, the simultaneous use of the (building, yes) tag and
the shelter_type key or the (building, yes) tag and the power
key. False positives were due to a low level of occurrences
of the corresponding combinations. As an example, the [is-
ted_status key and the (building, yes) tag, because listed_status
is only used in the UK. In the case of the highway key, 7
errors and 14 false positives were reported. For example, the
combination of (highway, bus_stop) and bus is incorrect. The
correct combination would be (public_transport, bus_stop)
and bus. Another example is related to the coexistence of
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the (highway, footway) tag and the indoor key in an element,
because indoor must be used only for interior corridors
and rooms. Incorrect keys, like peacock, were also found.
Regarding false positives, once again, they were due to com-
binations scarcely used, like the occurrence of the (highway,
service) tag and the covered key in the same element. In
the case of the amenity key, 2 potential errors were found,
but only 1 of them corresponded to a real error: the use
of the (amenity, parking) tag and the building key in the
same element. The application of the tourism key exposed
6 actual errors and 4 false positives. The errors were related
to combinations of this key and building properties such as
building:levels and building:colour. The most remarkable false
positive corresponds to the source and addr:city keys.

Regarding Sao Paolo and the use of the building key as
seed, this MR detected 7 real errors and 2 false positive
were reported. One of the detected errors corresponds to
the combination of the (building, yes) tag and the historic
or layer keys. The application of the MR using as source
input the highway key uncovered 6 errors, while marking
15 false positives. An unknown tag, such as uncontrolled,
or wrong combinations, such as (highway, pedestrian) and
the internet_access key, are examples of real errors. False
positives are related to the use of multiple and scarce keys
for names such as short_name or non usual keys such as
tunnel or post_code. The use of the amenity key produced 15
potential errors, being 9 of them actual errors. In this group
we can find combinations of (amenity, restaurant) with the
min_height or height keys, which are typical properties of
buildings. Once again, different keys for names caused false
positives. Finally, the tourism key reported 5 errors and 3
false positive.

In the case of Nairobi and the building key, 5 errors were
exposed. The use of unknown keys, such as postcode, and
wrong combinations such as (building, yes) and the operator
key are the most relevant. The use of the highway key
reported 2 actual errors The incorrect use of the layer key
together with the (highway, primary) tag is remarkable, since
layer can be combined only with the tunel, bridge and covered
keys or the (highway, steps) and (highway, elevator) tags. The
amenity key produced 3 real errors and 2 false positives. It
is worth pointing out the wrong combination of (amenity,
place_of worship) and the addr:housenumber key.

5.2.2 Application of TagsMISSkvk

Figure [/| shows the results of the application of the
TagsMISSkvk MR to the considered maps. Again, the §, ¢
column shows the considered thresholds, the Total Miss
column includes the number of elements without the con-
sidered o/, the Total column shows the total number of
elements with (o, (), the Key and Value columns show
(o, B) and Missing shows «’. As usual, the Reported column
shows whether or not the error is reported by Osmose. In
this case, values in bold are mandatory keys while non bold
values are recommended keys. Here the Osmose link is not
shown because we report elements in an aggregated way.
In summary, from 4337 errors found, 363 are actual errors —
they are mandatory— and 3974 are recommended combina-
tions. None of them are false positives. Additionally, Osmose
has reported only 169 of the mandatory ones.

10
J, € OSM Key Value Conflict Osmose [Reported
10,2 Link building yes country Link No
10,2 Link. building yes diplomatic Link. No
10,2 Link. building yes target Link. No
10,2 Link. building yes office Link: No
10,2 Link. building yes website - -
10,2 Link. building yes roof:colour
10,2 Link. building yes roof:orientation
10,2 Link. building yes roof:shape - -
10,2 Link. building yes social_facility Link No
10,2 Link. building yes social_facility:for Link: No
10,2 Link. building yes addr:state - -
10,2 Link. building yes brand Link No
10,2 Link. building yes brand:ca Link. No
10,2 Link. building yes brand:es Link. No
10,2 Link. building yes brand:wikidata Link. No
10,2 Link. building yes brand:wikipedia Link: No
10,2 Link. building yes name:ca - -
10,2 Link. building yes official_name
10,2 Link. building yes source
10,2 Link. building yes addr:unit - -
10,2 Link. building yes phone Link No
10,2 Link. building yes fixme - -
10,2 Link. building yes fee Link No
10,2 Link. building yes parking Link. No
10,2 Link. building yes access Link. No
10,2 Link. building yes surface Link. No
10,2 Link. building yes access Link. No
10,2 Link. building yes level Link. No
10,2 Link. building yes lit Link. Yes2
10,2 Link. building yes operator Link. No
10,2 Link building yes sport Link No
10,2 Link highway traffic_signals bus Link. No
10,2 Link highway traffic_signals public_transport Link. No
10,2 Link | highway crossing bicycle Link No
10,2 Link | highway crossing traffic_signals:sound B -
10,2 Link | highway crossing traffic_signals:vibration
10,2 Link highway secondary sidewalk - -
10,2 Link. highway secondary psv:lanes Link No
10,2 Link highway residential cycleway:right - -
10,2 Link highway residential source:maxspeed Link No
10,2 Link | highway residential lit B -
10,2 Link highway service source:date - -
10,2 Link | highway service layer Link. No
10,2 Link highway service level Link. No
10,2 Link amenity pharmacy phone Link No
10,2 Link amenity pharmacy email Link No
10,2 Link amenity pharmacy wheelchair B -
10,2 Link amenity pharmacy addr:ward Link Yes3
10,2 Link. amenity restaurant toilets:wheelchair - -
10,2 Link amenity restaurant delivery
10,2 Link amenity restaurant outdoor_seating
10,2 Link. amenity restaurant description
10,2 Link amenity bank old_name - -
10,2 Link. amenity bank name:1991-2010 Link No
10,2 Link amenity bank short_name E -
10,2 Link amenity bank opening_hours - -
10,2 Link amenity bank building Link Yes3
42 Link tourism hotel internet_access - -
42 Link tourism hotel addr:country

Figure 3. Application of TagsCOMPkvk (Madrid). Actual errors in bold.
Total: 59. False Positives: 26. Osmose: 3.

All the errors reported by the application of this MR
using the building key in the map of Madrid correspond
to recommended combinations. The lack of the addr:street
and addr:city keys with either (building, yes) or (amenity,
restaurant) is a typical example. In the case of highway, 3
missing mandatory combinations were detected: (highway,
traffic_signals) with the traffic_signals key, (highway, crossing)
with the crossing key and (highway, footway) with the footway
key. All the results reported by using the amenity key were
recommended combinations. For instance, as said before, it
would be desirable that elements labelled with the (amenity,
restaurant) tag would include the cuisine key.

In the case of London and the building key, all the
reported errors refer to recommended combinations. For
example, a high percentage of the elements labelled with
this key do not present a tag associated with the source key,
a combination recommended by the OMS community. The
application of the MR was able to detect missing mandatory
combinations associated with the use of the highway key,
such as footway and service. The application of the amenity
key as source input also reported the lack of mandatory
combinations such as (amenity, bench) and the backrest key.

In the case of Sao Paolo and the building key, a recom-
mended combination is the building:parts key together with
the (building, yes) tag. Again, in the case of the highway
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J, € OSM Key Value Conflict Osmose [Reported
10,2 Link building yes phone Link: No
10,2 Link. building yes photo - -
10,2 Link. building yes start_date - -
10,2 Link. building yes landuse Link: No
10,2 Link. building yes building:flats - -
10,2 Link. building yes tourism Link No
10,2 Link. building yes source:name - -
10,2 Link. building yes phone Link No
10,2 Link. building yes wikidata - -
10,2 Link. building yes wikipedia - -
10,2 Link. building yes toilets:access Link: No
10,2 Link. building yes contact:pinterest - -
10,2 Link. building yes email Link. No
10,2 Link. building yes internet_access Link: No
10,2 Link. building yes operator Link: No
10,2 Link. building yes smoking Link: No
10,2 Link. building yes rooms Link: No
10,2 Link. building yes tourism Link: No
10,2 Link. building yes cuisine Link: No
10,2 Link. building yes disused:amenity Link: No
10,2 Link. building yes layer Link: No
10,2 Link. building yes architect Link: No
10,2 Link. building yes building:wikipedia - -
10,2 Link. building yes listed_status - -
10,2 Link. building yes wheelchair Link. No
10,2 Link. building yes tourism Link: No
10,2 Link. building yes shelter_type Link: No
10,2 Link. building yes power Link: No
10,2 Link. building yes brand Link: No
10,2 Link. building yes tourism Link: No
10,2 Link. building terrace addr:postcode - -
10,2 Link. building terrace brand Link. No
10,2 Link. building terrace email Link: No
10,2 Link. building terrace internet_access:fee Link: No
10,2 Link. building terrace name - -
10,2 Link. building terrace opening_hours Link. No
10,2 Link. building terrace payment:cash Link: No
10,2 Link. building terrace payment:mastercard Link: No
10,2 Link. building terrace payment:visa Link: No
10,2 Link. building terrace phone Link: No
10,2 Link. building terrace rooms Link: No
10,2 Link. building terrace tourism Link: No
10,2 Link. highway bus_stop note - -
10,2 Link. highway bus_stop bus Link: No
10,2 Link. highway crossing tactile_paving - -
10,2 Link. highway service bicycle - -
10,2 Link. highway service unsigned Link: No
10,2 Link. highway service note - -
10,2 Link. highway service covered - -
10,2 Link. highway service fixme - -
10,2 Link. highway service lit - -
10,2 Link. highway residential ref - -
10,2 Link. highway residential ren Link: No
10,2 Link. highway residential layer - -
10,2 Link. highway residential covered - -
10,2 Link. highway residential tunnel - -
10,2 Link. highway residential cycleway - -
10,2 Link. highway trunk operator Link. No
10,2 Link. highway footway indoor Link: No
10,2 Link. highway footway created_by Link: No
10,2 Link. highway footway peacock Link: No
10,2 Link. highway footway crossing:island - -
10,2 Link. highway footway tactile_paving - -
10,2 Link. amenity parking building Link: No
10,2 Link. amenity parking park_ride - -
42 Link. tourism hotel addr:city - -
42 Link. tourism hotel building Link. No
42 Link tourism hotel building:colour Link: No
42 Link tourism hotel building:levels Link: No
42 Link. tourism hotel contact:instagram - -
42 Link. tourism hotel source - -
42 Link. tourism hotel internet_access:fee - -
42 Link. tourism hotel phone Link. No
4,2 Link tourism hotel building Link: No
42 Link tourism hotel building:levels Link: No

Figure 4. Application of TagsCOMPkvk (London). Actual errors in bold.
Total: 73. False Positives: 30. Osmose: 0.

key, for the traffic_signals and crossing values, the mandatory
keys traffic_signals and crossing, respectively, were missing
in some elements, as well as the footway key for elements
that present the (highway, footway) tag. The amenity key
reports missing mandatory combinations. Here, there is a
remarkable case: the occurrence of the (amenity, restaurant)
tag but the lack of the phone key. Finally, tourism only reports
recommended combinations.

If we consider the map of Nairobi and the (building,yes)
tag, we also found some missing recommended combin-
ations such as name. The application of the highway key
to this map allowed us to uncover a missing mandatory
combination: (highway, service) and the service key. All the
other results correspond to the lack of recommended com-
binations for (highway,residential): oneway, name and source;
and for (highway,unclassified): surface. The amenity key did
not reveal any error due to the low level of occurrences of

11
g, € OSM Key Value Conflict Osmose [Reported
10,2 Link. building yes building:levels - -
10,2 Link building yes official_name - -
10,2 Link building yes operator Link. No
10,2 Link building yes tourism Link. No
10,2 Link building yes office Link. Yes2
10,2 Link building yes layer Link. No
10,2 Link building yes atm Link. No
10,2 Link building yes brand Link. No
10,2 Link building yes shop Link. No
10,2 Link highway traffic_signals uncontrolled Link: Yesd
10,2 Link highway traffic_signals crossing_ref - -
10,2 Link highway pedestrian short_name -
10,2 Link highway pedestrian area - -
10,2 Link highway pedestrian internet_access Link. No
10,2 Link highway pedestrian internet_access:fee Link. No
10,2 Link highway pedestrian internet_access:operator Link: No
10,2 Link highway pedestrian post_code - -
10,2 Link highway pedestrian internet_access:operator Link: No
10,2 Link highway pedestrian post_code -
10,2 Link highway pedestrian tunnel
10,2 Link highway residential lanes -
10,2 Link highway residential parking:line:left -
10,2 Link highway secondary lanes:forward -
10,2 Link highway secondary cycleway -
10,2 Link highway secondary busway:left -
10,2 Link highway secondary lanes:bus - -
10,2 Link highway secondary lanes:bus:conditional Link. Yesd
10,2 Link highway footway tunnel - -
10,2 Link highway footway noname -
10,2 Link highway footway width -
10,2 Link amenity restaurant alt_name -
10,2 Link amenity restaurant source - -
10,2 Link amenity restaurant phone Link. No
10,2 Link amenity restaurant name:ko - -
10,2 Link amenity restaurant takeaway -
10,2 Link amenity restaurant namesja - -
10,2 Link amenity restaurant location Link. No
10,2 Link amenity restaurant phone Link: No
10,2 Link amenity restaurant wikipedia - -
10,2 Link amenity restaurant tourism Link. No
10,2 Link amenity restaurant start_date - -
10,2 Link amenity restaurant building:levels Link. Yes3
10,2 Link amenity restaurant building:part Link. Yes3
10,2 Link amenity restaurant min_height Link. No
10,2 Link amenity restaurant height Link: No
10,2 Link amenity fast_food fixme - -
10,2 Link amenity bank name:pt - -
10,2 Link amenity bank building Link. No
6,2 Link tourism hotel description - -
6,2 Link tourism hotel phone Link. No
6,2 Link tourism hotel email Link: No
6,2 Link tourism hotel name:ja - -
6,2 Link tourism hotel website -

Figure 5. Application of TagsCOMPkvk (Sao Paolo). Actual errors in bold.
Total: 53. False Positives: 29. Osmose: 5.

S, € OSM Key Value Conflict Osmose [Reported
10,2 Link building yes healthcare Link No
10,2 Link: building yes office Link: Yes2
10,2 Link: building yes amenity Link: No
10,2 Link: building yes operator Link: No
10,2 Link: building yes postcode Link: Yes2
10,2 Link: highway residential created_by Link: No
10,2 Link: highway primary layer Link: No
10,2 Link: highway primary junction - -
4,2 Link: amenity place_of_worship denomination - -
4,2 Link: amenity place_of_worship addr:housenumber Link Yes1
4,2 Link: amenity school building Link: No
42 Link: amenity parking ref - -
42 Link: amenity parking operator Link No

Figure 6. Application of TagsCOMPkvk (Nairobi). Actual errors in bold.
Total: 13. False Positives: 3. Osmose: 3.

this tag in the elements.

5.2.3 Application of TagsCOMPkv

Figure |8 shows the results of the application of the
TagsCOMPkv MR. The Exit column shows the exit threshold
while the rest of the columns show the same information as
in Figure |3} In summary, from 21 potential errors found by
the application of our MR, only 3 are false positives. It is
worth to emphasise that Osmose has reported only 4 of the
real errors.

This MR allows the detection of a typical mistake in
OSM: the same values are used for the keys building and
amenity/tourism. For instance, the value hospital is associated
with the keys building and amenity. However, OSM com-
munity guidelines strongly recommend the use of amenity
and tourism instead of building in these cases. It is worth
to point out that the amenity key covers many values cor-
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https://www.openstreetmap.org/api/0.6/node/6472494166
https://www.openstreetmap.org/api/0.6/way/46927931
https://www.openstreetmap.org/api/0.6/way/46927931
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54527&lon=-46.63864
https://www.openstreetmap.org/api/0.6/way/46927931
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54527&lon=-46.63864
https://www.openstreetmap.org/api/0.6/way/46929068
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.544225&lon=-46.643096
https://www.openstreetmap.org/api/0.6/way/180588176
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54630&lon=-46.64434
https://www.openstreetmap.org/api/0.6/way/421146639
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.589028&lon=-46.728134
https://www.openstreetmap.org/api/0.6/way/421146639
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.589028&lon=-46.728134
https://www.openstreetmap.org/api/0.6/way/421318911
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.584638&lon=-46.407364
https://www.openstreetmap.org/api/0.6/node/4011418245
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54298&lon=-46.63944
https://www.openstreetmap.org/api/0.6/node/4011418245
https://www.openstreetmap.org/api/0.6/way/8579730
https://www.openstreetmap.org/api/0.6/way/8840622
https://www.openstreetmap.org/api/0.6/way/8840622
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.544225&lon=-46.643096
https://www.openstreetmap.org/api/0.6/way/8840622
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.544225&lon=-46.643096
https://www.openstreetmap.org/api/0.6/way/8840622
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.544225&lon=-46.643096
https://www.openstreetmap.org/api/0.6/way/34858246
https://www.openstreetmap.org/api/0.6/way/8840622
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.544225&lon=-46.643096
https://www.openstreetmap.org/api/0.6/way/34858246
https://www.openstreetmap.org/api/0.6/way/46929067
https://www.openstreetmap.org/api/0.6/way/49436032
https://www.openstreetmap.org/api/0.6/way/49436032
https://www.openstreetmap.org/api/0.6/way/8579208
https://www.openstreetmap.org/api/0.6/way/49436728
https://www.openstreetmap.org/api/0.6/way/398378586
https://www.openstreetmap.org/api/0.6/way/398378586
https://www.openstreetmap.org/api/0.6/way/398378586
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54501&lon=-46.643786
https://www.openstreetmap.org/api/0.6/way/522163660
https://www.openstreetmap.org/api/0.6/way/528263463
https://www.openstreetmap.org/api/0.6/way/46927942
https://www.openstreetmap.org/api/0.6/node/2887973249
https://www.openstreetmap.org/api/0.6/node/2887973249
https://www.openstreetmap.org/api/0.6/node/4321097189
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54462&lon=-46.64106
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https://www.openstreetmap.org/api/0.6/node/4757124297
https://www.openstreetmap.org/api/0.6/node/4659755782
https://www.openstreetmap.org/api/0.6/way/183489024
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-23.54000&lon=-46.63839
https://www.openstreetmap.org/api/0.6/node/2892485236
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http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.27327&lon=36.83216
https://www.openstreetmap.org/api/0.6/way/129379409
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.269244&lon=36.835042
https://www.openstreetmap.org/api/0.6/way/261477672
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.27632&lon=36.82725
https://www.openstreetmap.org/api/0.6/way/261477672
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.27632&lon=36.82725
https://www.openstreetmap.org/api/0.6/way/261477672
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.27632&lon=36.82725
https://www.openstreetmap.org/api/0.6/way/24828980
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.26997&lon=36.83635
https://www.openstreetmap.org/api/0.6/way/239559098
http://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.26641&lon=36.83468
https://www.openstreetmap.org/api/0.6/way/4821514
https://www.openstreetmap.org/api/0.6/node/5341116870
https://www.openstreetmap.org/api/0.6/way/129410066
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.270061&lon=36.828995
https://www.openstreetmap.org/api/0.6/way/131123153
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.27105&lon=36.838249
https://www.openstreetmap.org/api/0.6/way/128998864
https://www.openstreetmap.org/api/0.6/way/555080221
https://osmose.openstreetmap.fr/es/map/#zoom=18&lat=-1.268619&lon=36.833778

IEEE TRANSACTIONS ON SOFTWARE ENGINEERING

Total
5, e |Miss. | Total Key Value Missing eported
Madrid
20,10 206 230 building yes addr:city -
20,10 212 230 building yes addr:housenumber -
20,10 212 230 building yes addr:street -
20,10 366 420 building apartments building:levels -
20,10 391 420 building apartments addr:city -
20,10 60 90 highway traffic_signals traffic_signals 49
20,10 29 145 highway crossing crossing 28
20,10 22 37 highway tertiary surface -
20,10 34 140 highway footway footway 12
10,5 23 46 amenity restaurant cuisine -
10,5 13 46 amenity restaurant addr:housenumber -
10,5 12 46 amenity restaurant addr:street -
10,5 20 46 amenity restaurant addr:city -
10,5 35 46 amenity restaurant contact:website -
10,5 21 46 amenity restaurant addr:postcode -
10,5 30 46 amenity restaurant addr:country -
10,5 34 46 amenity restaurant contact:phone -
10,5 12 19 amenity pharmacy addr:city -
London
20,10 32 65 building yes addr:city
20,10 34 65 building yes building:levels
20,10 39 65 building yes addr:housenumber
20,10 26 65 building yes source
20,10 37 65 building yes addr:street
20,10 20 54 building apartments building:flats
20,10 27 54 building apartments source
20,10 130 177 building house source
20,10 24 42 building semidetached_house source
20,10 57 78 | highway residential lit
20,10 50 78 | highway residential surface
20,10 47 78 | highway residential oneway -
20,10 60 104 | highway footway footway 36
20,10 89 | 104 | highway footway foot -
20,10 32 55 highway service service 0
20,10 33 55 highway service source -
10,5 17 33 amenity bench backrest 0
Sao Paolo
20,10 551 617 building yes building:part -
20,10 34 71 highway crossing crossing 25
20,10 12 32 highway traffic_signals traffic_signals 10
20,10 28 44 highway footway footway 9
10,5 12 21 amenity bank brand -
10,5 12 21 amenity bank brand:wikidata -
10,5 14 20 amenity restaurant phone 0
52 6 10 tourism hotel internet_access -
52 5 10 tourism hotel phone -
52 7 10 tourism hotel source -
52 5 10 tourism hotel entrance -
Nairobi
20,10 832 873 building yes name -
20,10 85 120 highway residential name -
20,10 108 120 highway residential source -
20,10 76 120 highway residential oneway -
20,10 21 33 highway unclassified surface -
20,10 43 117 highway service service 0

Figure 7. Application of TagsMISSkvk. Mandatory in bold. Total Missing
Mandatory: 363. Osmose: 169.

responding to facilities for visitors and residents, such as
toilets, telephones, banks, pharmacies, prisons and schools.
However, building is intended only to describe a building
from a physical point of view.

In the case of Madrid we found the following errors: (1)
the previously mentioned case related to the keys building
and amenity; (2) deprecated tags such as (amenity, embassy),
for which the recommended labelling is (diplomatic, em-
bassy). Finally, let us remark that the applications of this MR
using tourism and amenity revealed exactly the same errors.
This is due to the recursive nature in which follow-up inputs
are produced.

In London we detected: (1) the previously mentioned
case of simultaneous use of the building and amenity keys
in tags such as (building, kindergarten) and (amenity, kinder-
garten); (2) the use of a (healthcare, dentist) tag even though
the key healthcare is only recommended for the value clinic;
(3) a misspelling of “CREATEDBY” in the case of the tourism
key. Finally, a false positive caused by the coexistence of the
(building, construction) and (landuse, construction) tags was
reported: it is allowed to use the construction value with both
keys.

This MR revealed only one error in the case of Sao Paolo:
prefix “disused” used together with the original label.

Finally, Nairobi also presents co-occurrences of the build-
ing and tourism keys with the same value, in this case

12
OSM [ Key | Value | Conflict [ Exit [Osmose [Reported]
Madrid

[ |Link building college amenity 1 Link No
Link building hospital amenity 2 Link No
Link building hospital amenity 2 Link No
Link amenity dentist healthcare 1 Link No
Link: amenity embassy diplomatic 1 Link: Yes3

[ London
Link building kindergarten amenity 1 Link. No
Link building school amenity 1 Link No
Link building construction landuse 1 - -
Link amenity dentist healthcare 1 Link. No
Link amenity pharmacy healthcare 1 Link No
Link tourism Natural England CREATEDBY 1 Link No

[ Sao Paolo

[ [Link [ amenity | bicycle_rental | disused:amenity | 1 | |Link No ]

C Nairobi

[ |Link building hotel tourism 2 Link: Yesl
Link building hotel tourism 2 Link: No
Link building school amenity 2 Link: No
Link building school amenity 2 Link: No
Link amenity dentist healthcare 1 Link: No
Link amenity swimming_pool leisure 2 Link: Yes3
Link amenity swimming_pool leisure 2 Link: Yes3
Link tourism hotel building 2 - -
Link tourism hotel building 2 - -

Figure 8. Application of TagsCOMPkv. Actual errors in bold. Total: 21.
False Positives: 3. Osmose: 4.

5, e | Key [ OSM | Name | Missing Tags
Madrid

11 park [ [Link| [ Parking bicis Alcdntara | (leisure,park)
London

1,1 park Link Parks Police (leisure,park)

1,1 park Link Holland Park (leisure,park)

1,1 park Link Holland Park Road (leisure,park)

1,1 park Link Park Close (leisure, park)

1,1 park Link Holland Park Nets (leisure,park)

Sao Paolo

L1 park [ [Link| [ Republica Park Hotel | (leisure,park)
Nairobi

1,1 hotel Link Oloibon hotel (tourism,hotel)

1,1 park Link UHURU PARK (leisure,park)

1,1 park Link Park Road (leisure, park)

1,1 park Link Park Road Hotel (leisure,park)

1,1 restaurant Link Pool Restaurant (amenity,restaurant)

11 restaurant Link Simmers Bar Restaurant (: i )

Figure 9. Application of TagsName. Actual errors in bold. Total: 13. False
Positives: 8. Osmose: 0.

hotel, being only allowed for building. Another example
corresponds to the amenity and leisure keys, both of them
associated with the value swimming_pool. Both combinations
were allowed up to 2019, being normative the use of the
leisure key from this date.

5.2.4 Application of TagsName

Figure [9] presents the results obtained from the application
of the TagsName MR. In addition to columns used in pre-
vious sections, the Name column includes the name of the
reported element while Missing tags shows the missing tag.
We do not include Osmose links because Osmose does not
report this kind of errors. In this case, 8 out of 19 detected
potential errors were false positives. Most of the reported
false positives were associated with elements in which the
(leisure, park) tag is missing. Usually, there are other features
adopting the name “Park” because of its vicinity. However,
hotels and restaurants are actual errors in most of the cases.
Finally, the customisation of 6 and € is given, in both cases,
by 1.

5.3 Answer to the research questions

In view of these results, we can provide a positive answer
to our Research Question [2} our approach is very effective
to find errors in OSM. However, we must mention that
three of our MRs, in addition to real errors, collected a non-
negligible amount of false positives. We will come back to
this issue when we discuss Research Question 4
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H Bounding Box ‘ Size ‘ Elements ‘ Nodes ‘ Ways H
(MB)
-3.67064, 40.42702, -3.65900, 40.43178 2.9 8743 7587 1156
-3-67870, 40.42300, -3.65540, 40.43260 8.6 33500 28718 4782
-3.70090, 40.41370, -3.65430, 40.43270 15.9 109712 95431 14281
-3.72420, 40.40020, -3.63110, 40.44220 59.4 427036 369592 57444
-3.77070, 40.38510, -3.58450, 40.46130 | 123.5 1000720 859882 | 140838
-3.86380, 40.34710, -3.49120, 40.49940 | 251.9 2160991 | 1851862 | 309129
-4.04980, 40.27060, -3.30480, 40.57540 | 447.8 3959529 | 3408487 | 551042
-4.42200, 40.11800, -2.93200, 40.72750 | 769.8 6088426 | 5318702 | 769724
Table 1
Scalability datasets.

I [ TagsCOMPkvk [ TagsMISSkvk [ TagsCOMPkv [ TagsName |
Size RT # RT # RT # RT #
(MB) (ms) (ms) (ms) (ms)

29 12,710.61 11 4,446.76 1039 4,017.09 3 83.8 0
8.6 49,992.01 36 38,418.04 5,194 1,558.43 7 189.9 0
159 135,675.32 77 107,967.54 14,654 7,734.69 16 394.88 2
59.4 359,665.32 99 298,988.83 39,880 182,487.56 42 1,281.67 4
1235 1,077,677.14 176 1,034,654.09 82,960 589,677.03 59 2,992.08 6
251.9 2,234,554.83 243 2,688,767.43 132,845 1,488,765.32 85 5996.24 10
447.8 | Stack overflow Stack overflow Stack overflow 10,504.61 17
769.8 | Stack overflow Stack overflow Stack overflow 15,777.79 28

Table 2
Scalability tests.

Even if our framework were able to reveal errors, its
usefulness would be strongly reduced if it could not cope
with standard maps. Our framework implements the same
solution as other tools analysing OSM: big areas are divided
into small/medium bounding areas and they are separately
analysed. In order to answer our Research Question (1} we
performed an additional experiment: we applied our MRs
to different areas of Madrid. Table [1| shows the coordinates
of the chosen area, the size of the corresponding map and
the number of elements included in the map (nodes and
ways). Table [2| shows running times and number of errors
detected by each MR. Some MRs require more time than
others, but they run in reasonable time for sizes smaller
than 60 megabytes. Nevertheless, we have to mention that
the experiments with the biggest areas did not conclude for
three of our MRs. Therefore, we can affirmatively answer to
our Research Question [1| but we should add a reservation:
our approach scales well but bigger areas should be further
split.

Research Question 3| considers whether our framework
obtains better results than other alternative tools. In order
to perform this comparison, we compared our framework
against Osmose, the de facto standard OSM error checker. As
we have mentioned during the analysis of the results of our
experiments, Osmose has not reported the big majority of
the errors found by our MRs. Although Osmose does not
work with the errors targeted by TagsName®*, it does work
with the other three categories of errors. In fact, only 184
errors from 496 actual errors found by our first three MRs
are reported by Osmose (around 31%). Therefore, we can
safely conclude that our framework finds many unreported
erTorS.

Thresholds are a novel component and, as such, their
impact on defining useful MRs needed to be studied. Ideally,
the specific choice of thresholds should be (relatively) in-
dependent: all the thresholds should induce similar MRs,
with similar capabilities to detect real errors and similar
amounts of false positives. Unfortunately, this is not the
case and the answer to Research Question [}, how sensitive
are MRs to the choice of thresholds?, is “very sensitive”.
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However, we provide specific values for different source
inputs for three of our MRs. In addition, our framework
provides an automatic mechanism to iteratively compute
the thresholds corresponding to the third MR, TagsCOMPkv,
which provides a good trade-off between increasing the
number of detected errors and reducing the number of
false positives. Therefore, although the choice of thresholds
influences the quality of the results, we give hints on how
to choose good values.

5.4 Threats to the validity of the results

In this section we analyse the threats to the validity of the
results obtained from our experiments. We consider three
different categories.

e Threats to internal validity consider uncontrolled
factors that might be responsible for the obtained
results.

o Threats to external validity consider whether the con-
clusions of our experiments can be generalised and
adapted to other situations.

o Threats to construct validity consider whether we are
working with properties of interest.

Our first concern regarding threats to internal validity
was the presence of faults in the code. Fortunately, we had
the advantage of building on top of our previous work.
Therefore, we could reuse code to prepare and process maps
and to apply MRs to maps. Still, the MRs presented in this
paper are new and include a novel component (thresholds).
Therefore, we thoroughly tested the implementation of our
MRs, using carefully constructed examples for which we
could (manually) check the results. In particular, we were
specially careful with the main component that increases
the automation of our framework, the generation of follow-
up inputs, and with the novel feature of our framework,
the use of thresholds. We meticulously checked that follow-
up inputs were uninterruptedly produced and there were
no repetitions. Concerning thresholds, in addition to use
values that allowed us to manually check that they were
behaving as expected, we metamorphically tested all of them.
For example, if we use a higher value of § in TagsCOMPkv,
then this MR should identify less potential errors. The choice
of a specific set of MRs also falls in this category. The
usefulness of our framework depends on its capability to
find incorrect tags and detect the absence of tags in certain
circumstances. This is strongly related to having good MRs.
We carefully defined our MRs and discussed them with
colleagues also working on MT.

Concerning threats to external validity, we first analysed
whether our MRs were stable, regarding their capability
to find errors, in different situations. In order to increase
heterogeneity, we studied areas in four representative cities
of OSM located in three different continents. We think that
if our MRs are able to provide good results in so different
case studies, then we can diminish the impact of good/bad
contributors and of different languages. Second, we con-
sidered whether our framework can analyse other formats.
We are confident that if a system would allow us to access
its data, then we should be able to successfully apply our
framework. Unfortunately, commercial applications such as
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Bing, Google, Wikimapia and Yandex do not provide access
to their data and, therefore, we cannot appropriately address
this threat.

Finally, in order to assess the impact of the potential
threats to construct validity, we evaluated both the error de-
tection ability of the seeds (source inputs) and the perform-
ance of the MRs in different areas. In order to diminish this
threat, we used areas of different sizes, ranging from small
to very big (see Figure[T). Undetected errors in the definition
of our proposed MRs, in the generation of follow-up inputs
and in the results obtained by thresholds 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 three MRs. Since we use XQuery, and the compliant
XQuery 3.1 processor BaseX, there is a clear dependence of
our framework on external programs. However, XQuery is a
standardized query language'’|recommended by the World
Wide Web Consortium (W3C), with many practitioners and
wide acceptance in the industry.

Finally, all the tools and (areas of) maps used in this pa-
per are freely available at https://github.com/jalmenUAL/
MT-OSM. We hope that this helps reducing the potential
threats since any user of our framework can independently
check, replicate and analyse our findings.

6 CONCLUSIONS AND FUTURE WORK

We have presented an MT approach to validate the informa-
tion included in OSM maps. Specifically, we were interested
in the consistency of the information included in the tags
belonging to the elements of the map and in missing inform-
ation and erroneous definitions of geometries. Taking as
starting point our previous work on OSM, we defined MRs
that should be able to find errors in maps. The experimental
evidence obtained with our experiments clearly shows the
efficacy of our framework. Actually, we have found errors
with all the MRs and in all the cities that we analysed. In
addition, many of these errors have not been previously
reported in Osmose, the standard framework to report errors
in OSM. Our framework is fully implemented, it has a high
level of automation and can be used to find errors in any
OSM map.

Our approach provides a generalisation of MT in which
MRs include thresholds playing the role of tolerance level to
which outputs are considered similar. The use of similarity
degrees can be useful for other MR testers. For instance,
MT has been applied to machine translation services in
which a certain degree of similarity is required to compare
translations [46]. We think that our statistics-based approach
to deal with MRs that are not necessary properties can be
successfully used in other application fields where impreci-
sion in the definition of the MRs is inherent. For example,
there are situations where we know that the result must be
smaller than a certain value but we cannot compute this
exact value. Another example is to deal with properties
such as “almost all elements of a certain set must fulfil P”.
Finally, we think that our methodology, with the proper
adaptations, can be used in other areas where tags play

17. https:/ /www.w3.org/XML/Query/
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a fundamental role. Let us emphasise that in the case of
OSM, we test a map by analysing the information that we
extract from the map. It is useful that we have direct access
to the data and we take advantage of this. However, we are
more ambitious and think that we can go one step forward.
Consider another mapping system where we do not have
direct access to the data of the map (e.g. google maps), that
is, the map is a black box: we ask questions (inputs) and
receive a list of solutions (outputs). We can use our MRs
to test this black-box. Obviously, we will have to (strongly)
change our implementation because we will have to interact
with a certain API, but the formal framework remains the
same. Therefore, our final goal is to test maps by applying
inputs, observing outputs and deciding (in our case, using
MT) whether these observations are the expected ones.

We have several lines for future work. First, we will try
and extend our approach to other systems. The labelling
of the textual and multimedia information by end users
is present in systems such as Flickr and Google images,
being crucial for more precise searches and indexing. In
addtion, it is one of the basis of media systems such as
Twitter, Instagram and Youtube in which the hashtag la-
belling mechanism became very popular. Although some
restrictions, guidelines and recommendations should be
given for labelling to be useful for other users and search
systems, the automatic detection of wrong labelling, from a
comparison of similar objects, will improve the labelling of
such systems. Our approach pursues this goal for the case
of OpenStreetMap, in which key-value pairs act as tagging
systems for geographic objects, and we will investigate
whether it can be extended to deal with finding errors in
tags included in social networks. We are also working on a
user-friendly implementation of our framework. Although
all the MRs are fully implemented and can be applied to
analyse any OSM map provided by a user, we think that
a GUI would increase the usability of our framework, in
particular, among users that are not proficient in program-
ming. An interesting feature of this GUI would be to offer
the option of modifying the map by including the detected
errors. One more difficult step forward is to implement a
recommender system. The system would not only compute a
list of potential errors; it would also provide a numerical
assessment on how likely is that a certain potential error is
indeed a real error.
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