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ABSTRACT
Tectonic plate motion affects coordinates resulting from GPS measurements and the referencing of aerial and
satellite imagery. It therefore impacts the long-term use of global coordinate systems. Over time, the tectonic
plates move relative to each other and coordinates become outdated. Most geographic datasets including
OpenStreetMap are no exception, as these are affected in terms of a growing location–coordinate mismatch.
Current research is aware of this issue but solution strategies have not been fully explored yet. In this
manuscript, we discuss how regular systematic updates of coordinate values can be used to address this issue.
We explore the recommended frequency to perform such updates for guaranteeing a minimal loss of accuracy
after long periods of time. It is further determined how rounding errors impair such systematic updates and
in which ways singular and irregular manual updates impede systematic solution strategies. The solution
strategies proposed lead to minimal overall errors and thus guarantee to retain high positional accuracy of
coordinate pairs within global datasets, even after years of existence.

1. Introduction
Georeferenced datasets can suffer from a range of data quality
issues, such as incompleteness, vague semantic descriptions, and measurement errors potentially leading to positional inaccuracies. Numerous methods to measure such deficiencies have been developed and are
discussed in the literature (for an overview of such methods in case of
OpenStreetMap, a long-term global dataset exemplarily discussed later,
see Mocnik et al. 2018). The importance of such methods becomes
evident for applications that require high positional accuracies. For
instance, while it is sufficient for pedestrians to navigate in urban
environments using data accurate in the metre range, the same accuracy would not be sufficient for autonomous driving applications, often
requiring coordinates to be accurate up to a few decimetres. Besides
errors actively induced in the processes of creating and maintaining
the data, positional and other errors can also emerge without any active
involvement of contributors and maintainers. For instance, this happens
whenever the frame of reference underlying a dataset changes, which
then also causes its meaning to change in possibly unintended ways.
The effect of plate motion causes a change in the geospatial frame
of reference, which renders the meaning of geodetic coordinates in
the data. This becomes an issue for georeferenced datasets created
through a range of pathways, including GPS measurements and by

digitization using aerial and satellite imagery. Before imposing any
geodetic coordinate system, a Geodetic Reference System (GRS) needs
to be introduced. Such a GRS consists of a reference ellipsoid and a
reference frame, which relates the reference ellipsoid to the surface of
the Earth by providing a list of reference points on the surface of the
Earth and their corresponding positions on the reference ellipsoid. One
of the most widely used and known GRSs is the World Geodetic System
1984 (WGS84; National Imagery and Mapping Agency 2000). It aligns
with the International Terrestrial Reference Frame (ITRF; Boucher and
Altamimi 2001, National Imagery and Mapping Agency 2000), the
latter of which presumes, by definition, the reference ellipsoid and the
Earth (including its atmospheric mass) to share a common centre of
gravity.
The ITRF assumes a no-net-rotation condition (NNRC; Altamimi
et al. 2003, Kreemer and Holt 2001, Argus and Gordon 1991), i.e., it
assumes the total angular momentum of the tectonic plates to vanish
in respect to the ITRF. Such an NNRC is advantageous for global
datasets because it minimizes the global effect of tectonic plate motion
on coordinates. As the ITRF depends on tectonic plate motion and
further changes of the Earth, the ITRF changes over time. Accordingly,
realizations for specific points in time exist, such as the ITRF92 and
the ITRF2000. Even the methods to determine ITRF realizations have
changed over time. The realization ITRF2000 is, e.g., the first one

∗ Corresponding author at: Faculty of Geo-Information Science and Earth Observation, University of Twente, Enschede, The Netherlands.
E-mail address: franz-benjamin.mocnik@utwente.nl (F.-B. Mocnik).
URL: http://www.mocnik-science.net (F.-B. Mocnik).

https://doi.org/10.1016/j.jag.2020.102183
Received 13 June 2019; Received in revised form 15 May 2020; Accepted 12 June 2020
Available online xxxx
0303-2434/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

F.-B. Mocnik and R. Westerholt

Int J Appl Earth Obs Geoinformation 94 (2021) 102183

shift, the coordinate values shall be regularly updated in a systematic
manner to (more or less) match their new actual positions. In the
following, we assume the coordinates to be represented with a technical
precision of 𝑝, i.e., the level of detail up to which numbers can be
expressed in the data. In addition, we make the following assumptions:

that is free from any tectonic plate motion model but instead refers
to unconstrained space geodesy solutions only (Altamimi et al., 2002,
2003). The WGS84 is accordingly realized for specific points in time
as well, such as the realizations WGS84 (G730) and WGS84 (G1150)
for the aforenamed realizations of the ITRF. Despite the intention
of the NNRC to minimize the global effect of tectonic plate motion
on coordinates, the resulting realizations cannot address the fact that
tectonic plates move at different speeds and into different directions
relative to each other and thus also relative to the ITRF. The Australian
plate, e.g., moves with a speed of around 6.8 cm/a, or about 1 m
in 15 years, relative to the ITRF (Kreemer et al., 2014). In addition
to (tectonic) plate motion,1 which is the most relevant factor for such
motion of locations on the Earth’s surface relative to the IRTF, also
intraplate deformation contributes to such motion. As has been argued
by Mocnik and Raifer (2018) in a previous publication, the effects
outlined should become measurable in the next years or decades in the
OpenStreetMap dataset, which is long-term and global per se, creating
the eventual need of addressing this issue.
Issues arising from coordinate shifts can be addressed in two ways:
either by utilizing several local coordinate systems such as the North
American Datum of 1983 (NAD83; U. S. Department of Commerce
and U. S. Census Bureau 2006) or the Geocentric Datum of Australia
1994 (GDA94; Donnelly et al. 2014, Intergovernmental Committee
on Surveying and Mapping and Permanent Committee on Geodesy
2018); or by systematic updates of coordinate values. The latter has
the advantage of only one GRS being used and there is, accordingly,
no need to perform transformations between local coordinate systems
when using the data. This article addresses the following two research
questions:

A1: no phenomena other than plate motion affect the accuracy of
the coordinates (e.g., changing the spatial resolution used in the
database is not considered),
A2: plate motion is not accounted for in the maintenance of the data
beyond the systematic updates,
A3: the data sources used to improve and maintain the data are up
to date when the data is updated, and
A4: the data are not updated between two systematic updates.
These assumptions clearly impose simplifying conditions deviating
from what is found in most real-world datasets. However, the simplifications made allow for an adequate estimation of how to systematically
update real datasets sufficiently well. In order to answer RQ1, we
determine the interval 𝛿 at which the coordinates shall be updated in order
to minimize the average error after Δ years. To be more precise, we aim
to minimize the average error on the time interval from Δ − 𝛿 to Δ + 𝛿
(Fig. 1).
There are two major issues constraining the accuracy in the considered scenario: rounding errors and plate motion between two updates.
First, rounding errors can occur at each update. The maximal rounding
error at each update is half the precision, i.e., 𝑝∕2, yielding the expected
average of the rounding error to be 𝑝∕4. After Δ years, there will have
been Δ∕𝛿 updates. We thus expect the rounding errors to sum up to
Δ∕𝛿 ⋅ 𝑝∕4 after Δ years.
Despite correcting for the effect of plate motion, the coordinate
values are, secondly, inaccurate due to the ongoing plate motion between two updates. When introducing a pair of coordinates in the data,
we assume the coordinates to be correct and up to date according
to Assumption A3. After a time span of 𝛿, the accuracy will have
decreased by 𝛿𝜎, as follows from the speed of plate motion and the
Assumptions A1 and A2 (Fig. 1a). Also, the coordinates are not updated
other than by the systematic updates according to Assumption A4,
meaning that no additional error is introduced. The average of the
accuracy can accordingly be maximized by updating the coordinates to
the values that the corresponding location will have 𝛿∕2 later, instead of
updating the coordinates to the values that the corresponding location
has at the point in time when the update is performed (Fig. 1b). In this
case, the accuracy will be decreased by 𝛿𝜎∕2 in maximum, which means
an average error of 𝛿𝜎∕4. The overall average error  is thus given as

RQ1: How can we minimize the positional loss of accuracy caused
by recurrent, systematic coordinate updates performed to
correct for shifts caused by tectonic plate motion?
RQ2: What are the effects additional manual updates have on the
systematic updating strategy?
The article is structured as follows. Section 2 addresses RQ1 by
exploring how frequent systematic updates need to be performed in
order to minimize the overall decrease in positional accuracy. Such
systematic updates, however, often interfere with additional manual
updates of the data, e.g., as found in many Volunteered Geographic
Information (VGI) datasets. We discuss how to account for the effect of
such manual updates on the mentioned systematic updating strategy,
which answers RQ2 (Section 3). The consequences of this adaptation
of the systematic updating strategy to account for manual updates
are discussed in Section 4. Subsequently, we explore how severe the
issue of tectonic motion is for the example of OpenStreetMap data,
and what the systematic updating strategy would mean (Section 5).
Further datasets expose very different characteristics, thereby posing
additional challenges to systematic updating strategies (Section 6).
Future research opportunities for addressing such challenges as well as
limitations of the work presented are discussed in Section 7.
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⋅𝛿 .
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4
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The overall error depends on the update interval 𝛿. If this interval is
chosen in a suitable way, the error can be minimized. For the optimal
choice 𝛿m , the first derivative vanishes2 :
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The overall error is thus minimized when the coordinate values are
updated at the interval 𝛿m where
√
𝑝Δ
𝛿m =
.
(2)
𝜎
Accordingly, the minimal overall error is
𝑝Δ
𝜎
1√
m = ⋅ 𝛿m +
⋅ 𝛿m −1 =
𝜎𝑝Δ.
(3)
4
4
2
Both the optimal update interval 𝛿m and the optimal overall error
m depend on the technical precision of the coordinate values 𝑝, the
average speed of plate motion 𝜎, and the time interval Δ optimized
for.

2. Systematic updating strategies
In this section, we discuss how to systematically counteract the
effect of plate motion in a long-term global dataset. Consider the following scenario: Due to plate motion, coordinate values contained in a
long-term global dataset shift with an average speed of 𝜎, whereby this
speed depends on the respective tectonic plate. For counteracting this
1
The arguments provided in this article apply, for the most part, to both
tectonic plate motion and intraplate deformation. For the remainder of this
article, however, we refer to tectonic plate motion only for the sake of efficient
communication. The interested reader can easily translate the arguments to
intraplate deformation by considering the average speed 𝜎 for much smaller
areas than an entire tectonic plate.

2
A continuous function is extremal only if the first derivative vanishes, and
it is minimal if and only if the second derivative is positive in addition.
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Fig. 1. Systematic updating strategy. The schematic visualization illustrates the regular updates, which are performed at an interval of 𝛿 and aim to minimize the positional
error in the long run. (a) The positional error is both caused by plate motion (error of 𝛿𝜎 after 𝛿 years) and rounding errors (average error of 𝑝∕4 at each update). The update
strategy explored aims to minimize the average error  in the interval [Δ − 𝛿, Δ + 𝛿], which is depicted by the blue area. (b) When updating coordinates to the values that the
locations have 𝛿∕2 later instead of to current locations, the average error , depicted by the red area, can be minimized even more.

3. Accounting for unsystematic manual updates

A4a: the shift of coordinates is small enough to retain a mental
link between coordinates and shifted locations, allowing for
meaningful manual updates, and
A4b: the manual updates are made on the basis of up-to-date data
sources.

In the last section, we have discussed how to systematically update
coordinate values in long-term global datasets for minimizing the effect of plate motion. This discussion assumed that plate motion has
no impact on the maintenance of the data in between two updates
(Assumption A4). For real datasets this is, however, often not the
case. As an example, updated geometries reflect plate motion whenever
they rely on up-to-date aerial imagery or GPS measurements. In this
section, we discuss how such manual updates of geometries impede the
systematic updates discussed previously.
In principle, manual updates can easily be reflected in systematic
updates. If a geometry has been updated manually at some point in
time 𝑡0 , a systematic update at 𝑡1 needs to reflect the plate motion in
the timespan [𝑡0 , 𝑡1 ] only. Systematic updates would, accordingly, be
performed individually for each geometry of the dataset. This approach
makes two presumptions. First, the point in time of a manual update
needs to be known, which is often the case. Secondly, the information
the manual update is based on, e.g., aerial imagery, needs to be up to
date, or it needs to be known at which point in time this information
was up to date. This second presumption is in many cases not met,
which is why manual updates need to be reflected in a more general
way in the systematic updates. In order to answer RQ2, we thus
determine the interval 𝛿 ′ at which the coordinate values shall be updated in
order to maximize the accuracy after Δ years, assuming that some 100⋅𝑢 per
cent of the coordinate values (𝑢 being in the unit interval) are in addition
manually updated at an average interval of 𝜃 years.
Manual updates of coordinate values increase their accuracy but
impede systematic updates. As assumed before, 100 ⋅ (1 − 𝑢) per cent
of the coordinate values are not updated manually. For them, Eq. (1)
still applies. For the other 100 ⋅ 𝑢 per cent, the manual updates need to
be reflected. For the remainder, we still assume A1–A3. However, we
replace A4 with the assumptions asserting that

Based on these two Assumptions A4a and A4b, the manual updates
correct coordinate values to their current position. They rely on external information and do thus not incorporate the accumulated errors
from before. Despite this, manual updates lead to an overcorrection
increasing error. They shift the coordinate values to the current position according to Assumption A4b, but the subsequently performed
systematic update assumes that such manual update has not been
performed. As discussed before, the average error in between two
systematic updates is 𝛿𝜎∕4, and the overcorrection is likewise. After Δ
years, Δ∕𝜃 updates have been performed on average, yielding an overall
overcorrection of Δ∕𝜃 ⋅ 𝛿𝜎∕4.
Rounding errors are, by and large, eliminated by the manual updates. Only rounding errors introduced by systematic updates made
after the last manual update need to be considered. The average number of such systematic updates can be estimated by 𝜃∕𝛿, which results in
the overall rounding error of 𝜃∕𝛿 ⋅ 𝑝∕4. The resulting overall error needs
to incorporate Eq. (1) for the parts of the data not manually updated, as
well as the overcorrection and the rounding errors of the part manually
updated, yielding
(
)
(
)
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This can be written as
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𝜎
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4
when defining 𝜇− (𝑢) accordingly. Similar to the previous section, the
error can be minimized by choosing a suitable interval 𝛿m ′ at which
3
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Fig. 2. Coefficient describing the influence of manual updates on the optimal
update interval 𝜹𝐦 ′ . Timespan Δ is equal to 50 years and 𝜃 ranges from 1 to 8 years.

Fig. 3. Coefficient describing the influence of manual updates on the optimal
error  ′𝐦 . Timespan Δ is equal to 50 years and 𝜃 ranges from 1 to 8 years.

the first derivative vanishes:
!
𝑝Δ
𝜕 ′ ||
𝜎
= 𝜇Δ∕𝜃 (𝑢) − 𝜇𝜃∕Δ (𝑢)
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𝜕𝛿 ||𝛿m ′
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difference applies to the cases of 90 or 100 per cent of the data being
updated manually. In fact, the overall error is symmetric in respect to
the fraction of the data being updated manually. That is, the overall
error is (when adapting the systematic update interval in a suitable
way) identical if 10 or 90 per cent are updated manually. The average
overall error is maximal when half of the data is manually updated, and
it is particularly large if the manual update interval is much shorter
than the systematic update interval. The discussed adaption of the
systematic updating strategy does thus provide answers to RQ2.

The overall error is thus minimized when the coordinate values are
updated at the interval 𝛿m ′ where
√
√
√
𝜇𝜃∕Δ (𝑢)
𝜇𝜃∕Δ (𝑢)
𝑝Δ
′
⋅
=
⋅𝛿 .
(5)
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𝜇Δ∕𝜃 (𝑢)
𝜎
𝜇Δ∕𝜃 (𝑢) m
Accordingly, the minimal overall error is
𝑝Δ
𝜎
′
m
= 𝜇Δ∕𝜃 (𝑢) ⋅ 𝛿m ′ + 𝜇𝜃∕Δ (𝑢)
⋅ 𝛿m ′−1
4
4
√
= 𝜇𝜃∕Δ (𝑢) ⋅ 𝜇Δ∕𝜃 (𝑢) ⋅ m .

5. The example of OpenStreetMap
5.1. Can the effect be traced in OpenStreetMap?

(6)

′
Both the optimal update interval 𝛿m ′ and the optimal overall error m
can be expressed as scaled versions of their corresponding counterparts
that do not consider manual updates. The respective coefficients depend on the fraction 𝑢 of the coordinate values being updated manually
and on the ratio of the average interval 𝜃 of the manual updates to the
overall number of years Δ optimized for.

While tectonic plate motion certainly has an impact on coordinates
contained in a global dataset, it is unclear how visible the effect is for a
real dataset. Many factors influence how coordinate values are created,
changed, and updated, thereby eventually obscuring the effect of plate
motion. If these additional effects are larger than the effect of plate
motion, there might not be a need to correct for the latter one. In this
section, we explore whether the effect of plate motion can practically be
traced in OpenStreetMap (OSM) data, an example of a long-term global
dataset. The considerations given below extend results published before
by Mocnik and Raifer (2018) in a conference contribution.
The OSM dataset is meant to exist long term and to represent geographical features globally. Coordinates are thus represented in WGS84
as GRS, which minimizes the effect of plate motion globally – WGS84
meets a no-net-rotation condition (NNRC) – and maximizes compatibility with many data sources that already utilize WGS84, such as GPS
measurements. The data consist of contributions made by volunteers
(geometries and attributes) and are, as an ongoing effort, steadily being
updated. Changes of the environment are thus potentially incorporated
into existing data and the quality of the data potentially improves –
initial mapping activities often focus on introducing new features while
subsequent updates focus on improving existing information, among
them, geometric aspects of mapped features (Neis et al., 2013, 2012).
Manual updates of the coordinate values contained in OSM data are
subject to the effect of plate motion. Whenever coordinate values are
updated by referring to GPS measurements or aerial imagery – two of
the most important data sources for extending and improving the OSM
dataset – the updates reflect plate motion to some extent. While GPS
measurements are always up to date in the sense of them (or rather:
their collection) being independent of plate motion, aerial imagery can
become outdated: it may have been created some months or even years
before being utilized for mapping purposes. As this affects the data at
both the creation as well as at the manual updating stages, manual
updates of coordinate values using these data sources should reflect

4. Discussion of the theoretical findings
The decrease in accuracy caused by tectonic plate motion can be
counteracted systematically, as has been shown in previous sections.
When updating the coordinate values contained in a dataset at an
optimal interval, the overall average error can be kept much lower than
without any systematic updates, which addresses RQ1. It is interesting
to note that the optimal interval depends on the square root of the overall period of time optimized for. For longer periods of time, different
choices of intervals thus lead to only marginal differences.
Manual updates of coordinate values interfere with systematic updates, calling for an adaptation of the systematic update interval. In the
previous sections, we have examined this adaption in more detail, by
determining a suitable systematic update interval for minimizing the
overall average error. As can be seen in Fig. 2, the optimal update interval reacts very sensitive to small fractions of the data being updated
manually, in particular, if the manual update interval is much shorter
than the systematic update interval. It thus makes a practical difference
for the update interval whether no manual updates are performed at
all or manual updates are performed for 10 per cent of the data. When
larger parts of the data are being updated manually, the optimal update
interval reacts, however, less sensitive.
The optimal overall error reacts sensitive to small fractions of
the data being manually updated as well (Fig. 3). Again, it makes a
practical difference whether no manual updates are performed at all or
manual updates are performed for 10 per cent of the data. The same
4

F.-B. Mocnik and R. Westerholt

Int J Appl Earth Obs Geoinformation 94 (2021) 102183

Fig. 4. Comparison of coordinate shifts in OSM data to the effect of tectonic plate motion, for selected locations. (a) Shift of coordinates referring to WGS84 caused by
plate motion, according to data found in Kreemer et al. (2014). (b) Average shift of nodes forming part either of a road or street geometry. Only shifts that have occurred after
six or more years and the magnitude of which is less than 15 cm∕a have been considered. Compare also the figure published by Mocnik and Raifer (2018).

plate tectonic shift, assuming that all other effects show no systematic
trends. For the purpose of analysing this shift, all nodes being part of a
road or street (‘ways’ tagged highway3 ) have been analysed. For each
such node, the coordinate values assigned at the date of creation have
been compared to those assigned during the last update that happened
before 24 January 2018. To minimize effects of frequent changes and
to focus on long-term effects, nodes were excluded if they existed since
less than six years from the date of the last update. Also, nodes have
been included only if their updates indicate a shift of less than 15 cm∕a,
with the aim of excluding major displacements of nodes, which are
unlikely to be related to tectonic plate motion (nodes are sometimes
reused and attributed with a new meaning to then represent another
geographic feature). As a result, one gains an average shift over time
for nodes in some particular geographic area (Fig. 4b).
A comparison of the shifts due to plate motion (Fig. 4a) to the
shifts that are caused by manual updates (Fig. 4b) reveals similarities
as well as differences. First, the magnitudes of the shifts are all in
the same range, which renders possible a meaningful comparison.
Secondly, areas located on the same tectonic plate expose similar shifts
(both in Fig. 4a and in Fig. 4b). In other words: areas that are near
on the Earth’s surface are also in the same vicinity in the diagrams.
Further, the variance of shifts due to plate motion among areas of the
Eurasian Plate is very small, which is also true for the average shifts
in OSM data. This is in contrast to US states and Canadian provinces,
which are scattered across a larger region of the North American Plate
and accordingly show a larger degree of variability in both diagrams.
Most of the relative differences found in the shifts of nodes that are

located on the same plate are in the millimetre or low centimetre
range, especially those found on the Eurasian plate. This shows that the
decision to restrict the shifts considered to a range of 15 cm∕a maximum
has not affected our approach in adverse and unexpected ways.
The structural similarities between the diagrams found in Fig. 4a
and in Fig. 4b are, however, in contrast to strong differences. When
comparing the average shift for each tectonic plate, there are almost
no similarities between the two diagrams. For instance, the Australian
Plate is strongly subject to plate tectonic shift (large magnitude when
assuming an NNRC) but exposes only very little shift in OSM data.
In addition, there is no discernible pattern in how the US states and
Canadian provinces are arranged in Fig. 4b. In summary, there are
currently little to no quantitative similarities between the shift due to
plate motion and the average shift in OSM data, apart from both sharing
the same order of magnitude.
There are several reasons why the effect of plate motion in OSM data
typically goes unnoticed. One reason is the fact that the aerial imagery
used as a source of information for adding and updating the data exposes systematic biases (Barron et al., 2014). Such a bias is, e.g., created
by the increasing precision of the georeferencing of the imagery and by
the imagery being more up-to-date in average. Another reason for the
difficult traceability are systematic batch imports. Data imported from
other datasets often refer to local GRSs with the aim of minimizing the
effect of tectonic shift for those particular local datasets. For instance,
large parts of the Tiger/Line dataset have been imported (Zielstra et al.,
2013). This dataset uses the North American Datum of 1983 (U. S.
Department of Commerce and U. S. Census Bureau, 2006). As part of the
import process, the coordinates need to be converted from the original
GRS to WGS84, which can lead to systematic shifts. This shift is,
however, in parts being retracted during subsequent community-driven

3
For the OSM tagging scheme, see https://wiki.openstreetmap.org/wiki/
Map_Features.
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𝛿m ′ ⋅𝜎 ≈ 2.1 a⋅2.5 cm∕a = 5.25 cm. The optimal overall error for locations
on the Eurasian plate can finally be computed as
√
′
m
≈ 𝜇2.36∕50 (0.138) ⋅ 𝜇50∕2.36 (0.138) ⋅ 5.6 cm ≈ 10.1 cm.

data maintenance activities. The same issue applies for datasets about
Australia, which tend to prefer the Geocentric Datum of Australia 1994
(GDA94) due to the large plate motion of the Australian Plate (Donnelly
et al., 2014; Intergovernmental Committee on Surveying and Mapping
and Permanent Committee on Geodesy, 2018). Further, a clear specification of which realization of WGS84 shall be used in OSM data is
missing. This is why coordinate values referring to different realizations
are used simultaneously, e.g., when using GPS measurements. Also,
data quality varies among different parts of the world (Barron et al.,
2014). Finally, the fairly short timespan of the existence of the OSM
dataset imposes a natural limit for the traceability of the effect of plate
motion in the data.
The low variance found in the average shifts of different yet closeby regions located on the same tectonic plate suggests that the effect
of plate tectonic shift will become visible in the data in the long run.
The average shifts of the examined areas in the OSM data differ by
less than 3.1 cm∕a, much less than the shifts due to plate motion do.
Also, the low variance indicates that the effect of plate motion will
eventually become more important than other systematic effects in the
long run. This demonstrates the eventual need to update coordinate
values systematically in the example of the OSM dataset. Based on the
results from Sections 2 and 3, the next section discusses how to perform
systematic updates for OSM data.

The optimal overall error can thus be expected to be about two times
as large as in the case of no manual updates.
6. Discussion in the light of further datasets
We have discussed our findings mostly in the light of OSM so far,
but OSM is by no means the only type of georeferenced, long-term
dataset with global coverage. Most authoritative mapping agencies
have traditionally been curating topographic datasets originating from
their professional surveying activities. These datasets represent similar
thematic domains as OSM, which is why a range of studies have
compared OSM to authoritative data often considering the latter as
gold standard (e.g., Dorn et al. 2015, Mahabir et al. 2017, Haklay
2010, Girres and Touya 2010, Forghani and Delavar 2014). One difference with relevance to the findings obtained in this article is that
authoritative datasets are usually obtained at a national scale and do
thus in the majority of cases not extend to different tectonic plates.
It is, however, still worth discussing authoritative geographic data in
the context of this article, as exceptions exist in tectonically complex
regions, e.g., the USA with respect to California, New Zealand, the
Philippines, and some countries located in Central America. Indeed,
since professional mapping agencies do not usually perform singular
manual updates for the sake of data consistency, it is mostly the
obtained results with respect to systematic updating strategies that are
of interest for authoritative geographical datasets.
A range of further categories of long-term and global data beyond those pertaining to topographic mapping exist. Many datasets
are collected using crowdsourcing principles (See et al., 2016; Mocnik
et al., 2019) with examples including those extracted from Twitter,
Foursquare (now Swarm), and Flickr. Such datasets are subject to
challenges related to their long-term archiving, which is, for instance,
useful to allow their spatiotemporal analysis. However, they are often
curated and archived in various forms (Hogan and Quan-Haase, 2010)
and across different archives. The heterogeneity attached to distributed
archiving implies that, when consolidating data from various sources,
data integrity and coherence shall be ensured. With respect to the
updating strategies proposed in this article, there is a considerable risk
that different archives that are to be merged at some point may previously have been subject to different forms of updating. It is therefore
required to find means to communicate both the fact that updates have
been performed and the way this was done. Clearly, a considerable
metadata challenge is implied by the strategies proposed in this article
when it comes to more heterogeneous data ecosystems like the ones
outlined.
Another difference with crowdsourced data, especially with those
coming from social media feeds, is that sometimes attached geotags
are given by the platform rather than determined in-situ through GPS
receivers. For example, Facebook provides predetermined coordinates
for points of interest, and Twitter allows adding geocoded places to
individual microblog items. When it comes to correcting for tectonic
movement, it remains unclear whether those coordinates coming from
unverified sources have been updated already, and whether they are
aligned in terms of their date of creation. In the light of the research
presented above, this means that Assumption A3 introduced for systematic updating strategies in particular can no longer be uphold in this
scenario, as one often cannot know about the reference material used
either for creating or updating third-party contributed coordinates. This
is a major caveat with respect to the results obtained and should be
addressed in future research.
The outlined issue of mixing up coordinates coming from different
sources is somewhat less severe with location-based social networks.
One example is Swarm, which is a service collecting check-ins made to

5.2. Updating OpenStreetMap data
In case of OSM data, the pairs of coordinates come in the form of
latitude and longitude values with seven decimal places (OSM, accessed
on February 4, 2019). The absolute precision in longitudinal direction
thus depends on the latitude of the represented location. For most
locations, the precision is around 𝑝 ≈ 1 cm. Further, the coordinate
shift of the Eurasian plate is about 𝜎 ≈ 2.5 cm∕a in magnitude. In this
section, we assume that no manual updates are performed and focus
on systematic updates of data about areas on the Eurasian plate. In this
case, the overall error is minimized for the next Δ = 50 a if updates are
performed at the interval of
√
1 cm ⋅ 50 a
𝛿m ≈
≈ 4.5 a.
2.5 cm∕a
With every update, the coordinate values of geometries located on the
Eurasian plate are thus shifted by about 𝛿m ⋅ 𝜎 ≈ 4.5 a ⋅ 2.5 cm∕a =
11.25 cm. The optimal overall error for locations on the Eurasian plate
can accordingly be determined as
1√
m =
2.5 cm∕a ⋅ 1 cm ⋅ 50 a ≈ 5.6 cm.
2
This error is relatively small in comparison to the precision and to the
shift of the coordinates. If the dataset is, however, not updated at all,
the loss of spatial accuracy would be about 2.5 cm∕a ⋅ 50 a = 1.25 m, i.e.,
a multiple of the optimal overall error.
OSM data is far from being static. In fact, the data is maintained by
the community, and many geometries get updated manually over time.
On 5 February 2019, the OSM dataset contained about 5 711 000 000
nodes, of which about 787 000 000, i.e., about 13.8 per cent, have been
updated with respect to their locations. Considering only those nodes
that have been updated, these updates have occurred at an average
interval of about 861 days, i.e., 2.36 years. Taking these updates into
account, the overall error is minimized for the next Δ = 50 a if updates
are performed at the interval of
√
𝜇2.36∕50 (0.138)
′
𝛿m ≈
⋅ 4.5 a ≈ 2.1 a.
𝜇50∕2.36 (0.138)
Systematic updates thus need to be performed about twice as often
as when ignoring manual updates. In every update of the data, the
coordinate values of locations on the Eurasian plate are shifted by about
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updating strategies thus need to be determined to properly account for
these differences and to broaden the scope of the results presented in
the given article towards further kinds of data.

venues reflecting the whereabouts of people at certain points in time (Li
et al., 2018). The venues are thereby given by the crowdsourced hierarchy of categories from Foursquare. Since users cannot provide arbitrary
GPS locations when using these kinds of services, the issue that remains
here is the diversity attached to the different venues present in the
Foursquare database. This issue, however, is mitigated by the fact that
the Foursquare database is still being actively extended as new venues
are created by Swarm users (this is akin the folksonomy of OSM;
see Mocnik et al. 2017). Beyond the fact that newly created venues
behave different with respect to their locational and temporal check-in
characteristics (D’Silva et al., 2018), Foursquare as an institution also
acts like a mediator in the process of enriching its existing database.
The company merges eventual duplicate venues and collates categories
that appear very close semantically. The consequence is that any coordinate updates made may be lost, or that sudden locational changes
caused by locational adjustments made by Foursquare may obscure
tectonic plate motion effects. Clearly, these effects are different from
the others outlined above and call for separate treatment in coordinate
updating strategies.
The discussion of our theoretical results in the light of a variety
of datasets makes clear that it is difficult to find a single solution to
correcting coordinates for plate tectonic motion. Beyond OSM and the
datasets discussed above, there are further datasets available that are
both global and long-term in nature. For instance, Wikipedia articles
are often georeferenced too, but their geography might well differ from
the characteristics we have outlined so far. Similarly, mapping services
other than but still akin to OSM, such as Google Maps, Apple Maps,
and Wikimapia, may require different treatment than the one we have
proposed in this article.

While we were able to infer evidence for the future need of corrections in the context of OSM, the evidence found in the data was
relatively marginal. This may be largely due to the short duration of
the existence of OSM data. Future research should investigate in detail
more aspects of the coordinate displacement trajectories. For example,
it might be beneficial to investigate the magnitudes and directions in a
spatial-statistical manner in order to disclose regions of systematic shift.
This could also lead to a better differentiation of different superimposed
effects in the data, which could in turn make the effect of plate tectonics
traceable not only in the long run but also in the foreseeable future, at
least in some regions.
Further factors directly related to the datasets may overlay and thus
hide the effect of tectonic plate motion, and their consideration should
be subject to future research. Among these are systematic factors, e.g.,
extensive imports from other, external datasets and the corresponding
transformation of coordinate values that are provided in reference to
a local coordinate system. Further, some parts of the data in question
may have been created at later points in time, which would shorten the
overall timespan for which the systematic updating strategy would need
to be optimized. Other factors are more unsystematic. Among these are
the influence of generally poor data quality, which increases the variety
and variance of manual updates in complex ways, potentially leading to
bias, and the unsystematic yet simultaneous use of a variety of different
data sources. The systematic updating strategy needs to be adapted to
these and further factors interfering with the effect of plate motion. To
properly address the unsystematic nature of many of these factors, it
might be necessary to introduce individual updating strategies. Such
strategies would allow to determine for each pair of coordinate values
individually which updating strategy is most suitable.

7. Conclusions and future research
The discussed systematic updating strategy for coordinate values in
long-term global datasets corrects for the decrease in accuracy caused
by tectonic plate motion. Several factors can obscure the effect of
plate motion, thereby interfering with the proposed systematic updating strategy. Among these factors are manual updates the effect
of which has been previously discussed in the context of systematic
updates. This discussion considers only average values rather than
distributions, which is to bear in mind if the manual update frequency
varies across the data. Taking full distributions into consideration
may render possible tailoring the update interval better to a specific
dataset, but this article reveals some important principles outlining
how the systematic updating strategy needs to be adapted. The strategy
proposed has further been discussed in the light of OpenStreetMap and
other datasets.
Future research should address a couple of challenges that are
beyond the scope of this article. One such challenge is to more fully
address the complexity of plate motion. Several tectonic factors impact the ways in which plates move. Some of these factors lead to
shearing and rotation, resulting in heterogeneous plate velocity fields
and thus leading to spatially varying plate movement directions and
speeds (Conrad and Lithgow-Bertelloni, 2002). These effects, which
might be of interest particularly when looking at long time periods, are
not accounted for in the strategy presented. In addition, the effect of
plate movement is overlaid with annual and semi-annual fluctuations
in GPS measurements posed by geographic conditions (Prawirodirdjo
and Bock, 2004). Future research might integrate these in follow-up
adaptations.
Our discussion presented in Section 6 demonstrates that different
kinds of datasets call for different updating strategies. Those strategies need to take account of the geospatial but also the usage and
maintenance characteristics of specific datasets. While OSM data is
typically characterized by regular data contributions interspersed with
some irregularly occurring postings, this is not necessarily the case with
datasets extracted from social media or authoritative sources. Adapted
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