
Geographic-Aware Augmented Reality for VGI

Paolo Fogliaronia, b∗, Bartosz Mazurkiewicza, Markus Kattenbecka, Ioannis Giannopoulosa

a Research Group Geoinformation, Vienna University of Technology, Austria, [firstname.lastname]@geo.tuwien.ac.at
b ESRI R&D Center Vienna, Austria, pfogliaroni@esri.com

* Corresponding Author

Abstract: Volunteered Geographic Information (VGI) has been a constantly growing field over the last decade, but
the utilised technologies (i.e., mobile phones) are not able to exploit the full potential concerning effort and accur-
acy of registering geographic data. This paper introduces the GeoAR Glasses, a novel technology enabling the use of
Geographic-Aware Augmented Reality for Mobile Geographic Information Systems (Mobile GIS) and Location-Based
Services (LBS). The potentials of the GeoAR Glasses with respect to current mobile mapping applications is shown by
means of an in-situ study (N=42) comparing two different modes of collecting VGI data. For the comparison we take into
account the accuracy of the mapped data points and the time needed to complete the mapping. The results show that the
GeoAR Glasses outperform the mobile application concerning both positional accuracy and completion time.
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1. Introduction

Recently, several studies have indicated that volunteered
geographic information (VGI, Goodchild (2007) is of reas-
onable accuracy (Fan et al., 2014, Neis et al., 2012, Hak-
lay, 2010). Those studies, however, do not analyse the cor-
relation between accuracy level and the approach used to
contribute the data. In particular, the positional accuracy
of the contributed features might be poor in those cases in
which the mapping is done in-situ using a mobile GIS ap-
plication and, at the same time, the features to be mapped
are located in an area which is not physically accessible
to the mapper. The mapping of natural features in urban
flowerbeds is one substantial example for such a scenario
in which objects (i.e. trees, bushes, manhole covers, lamp-
posts etc.) may not be reachable physically because it is
prohibited to enter the area they are located in—e.g., be-
cause entering the flowerbed might damage vegetation. In
these situations, using smartphone applications, may lead
to inaccurate results because users are required to estimate
the position of objects in relation to (i) their own location,
(ii) the area in which the objects are located in and, pos-
sibly, (iii) other features than the objects of interest which
might also be located in the same area.

In this paper we introduce the Geographic-aware Augmen-
ted Reality Glasses (GeoAR Glasses) which are suitable
to overcome these issues. The GeoAR Glasses are an AR
headset technology designed to work in outdoor environ-
ments. They allow for both, handling geographic data (i.e.,
providing a holographic representation of geographically
referenced data–see Section 3.1) and supporting user inter-
action with spatial entities (i.e., enabling the user to virtu-
ally interact with physical entities–see Section 3.2).

To assess the potential of this novel technology, we set up
a between-subjects user study comparing the well-known
smartphone mapping approach (condition smartphone) to
our novel GeoAR Glasses mapping approach (condition
GeoAR Glasses). Participants were asked to map a fixed

configuration of ten street cones placed in a delimited area
that they were not allowed to enter, thereby enforcing map-
ping from a distance. We compared two parameters: The
accuracy of mapped locations and the time needed to com-
plete the task. The results show that the GeoAR Glasses
outperform the smartphone mapping approach concerning
both positional accuracy and completion time. While, in
this work, we present the novel GeoAR Glasses in a context
of point data collection, it has to be noted that the techno-
logy lends itself to many other applications. For example,
it could be used as a mobile GIS by surveying companies,
or be employed in a tourism context to display geograph-
ically referenced information about historical monuments.

2. Related work

2.1 VGI Quality

Spatial information collected by volunteers is commonly
referred to as Volunteered Geographic Information (VGI)
and can come in different forms, such as text, images, maps
(Goodchild, 2007). OpenStreetMap (OSM)1 is probably
the most popular and most important example of VGI source,
with more than 5 million contributors as of mid-2019. Other
examples include Wikimapia2 and Flickr3, among others.

Generally speaking, there are different quality measures
for geographic data: positional, geometric and semantic
accuracy, completeness and reputation (Fogliaroni et al.,
2018), among others (Senaratne et al., 2017). As the tech-
nology presented in this work deals with positional accur-
acy we will focus on this quality measure. In order to as-
sess the positional accuracy of OSM data, several studies
compared it to official datasets. In (Haklay, 2010), OSM
data is compared against Ordnance Survey data. The au-
thors conclude that OSM can be of reasonable accuracy as

1https://www.openstreetmap.org
2https://wikimapia.org/
3https://www.flickr.com/
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Figure 1. The GeoAR technology: (a) The GeoAR Glasses combine a Microsoft HoloLens and a PPM 10XX GNSS
receiver . The front glass of the HoloLens and its environmental cameras have been covered with a light-filtering film to
counter the excessive brightness of sunlight; (b) Field view during an experiment; every mapped point feature is marked
by a blue sphere; (c) a participant wearing the GeoAR Glasses.

they found an average positional error of 6 metres. Simil-
arly, OSM building polygons have been compared to offi-
cial vector data of Milan Municipality, Italy (Brovelli et al.,
2016). The analysis shows a systematic translation of 0.4
metres and a mean positional error of 0.8 metres. These
two examples and the work in (Ribeiro and Fonte, 2015)
provide evidence that the data quality of OSM varies (e.g.
urban vs rural areas). While these studies, among others,
indicate positional accuracy issues in OSM data, they do
not take into account whether the order of magnitude in
positional error is related to the used mapping technique.
2.2 OSM Data Collection Methods
The most common ways of contributing new data to OSM
are armchair mapping, bulk imports, and in-situ surveys
(Mooney and Minghini, 2017). Armchair mapping refers
mainly, but is not limited to, digitising geographic features
based on satellite imagery of areas that are frequently not
known to the contributing person (OpenStreetMap, 2019b).
This approach comes at the cost of neglecting knowledge
about the local environment; this knowledge, however, may
be highly important to interpret a feature correctly. Addi-
tionally, armchair mapping may yield incomplete or inac-
curate results in those cases where some features are fully
or partially covered by others, e.g. buildings or trees cov-
ering features at the ground level.
Bulk imports refer to cases where proprietary data are re-
leased for use in OSM and huge sets of features are up-
loaded in a single batch into the database. One notable
example resulting in a large increase of data available in
OSM is the 2008 bulk import of the US Census TIGER/Line
(Zielstra et al., 2013).
In-situ surveys which can come in different shapes, e.g.
on the spot editing, collecting points and tracks via Global
Navigation Satellite System (GNSS) devices, photo or video
mapping, and field papers (OpenStreetMap, 2018). Post-
processing is required for all but the first of these options.
Several smartphone applications enable direct editing of
OSM (OpenStreetMap, 2019a) data. Users can either map
their own position or place entities anywhere else on the
map using a typical point-and-click interaction.
2.3 Outdoor Augmented Reality
Early approaches to outdoor AR rely on GNSS for localisa-
tion and inertial and magnetic sensors for orientation and

heading. Examples include the Touring Machine (Feiner et
al., 1997), the mobile augmented reality system (MARS)
presented in (Höllerer et al., 1999), and the work presen-
ted by Azuma et al. (Azuma et al., 1999) and Baillot and
colleagues (Baillot et al., 2001). The results of these early
approaches were promising but outlined two main prob-
lems: First, using magnetic sensors yields unreliable res-
ults due to electromagnetic distortions; second, the update
frequency (typically 1Hz) of the GNSS receiver is too low
to offer a seamless user experience.

Subsequent work has focused on overcoming both issues.
The most promising approaches rely on vision-based loc-
alisation. For example, a model-based hybrid system was
presented which used a 3D model of the environment to
improve the tracking of edges based on camera images
(Reitmayr and Drummond, 2006). A second example is
the work done by Li and colleagues who used AR to visu-
alise underground infrastructure (Li et al., 2018) using a
Google Tango Phab 2 (Marder-Eppstein, 2016). This sys-
tem makes heavy use of area description files (ADF) of the
environment that have to be collected in a preliminary off-
line step in which the Tango device is used to scan the en-
vironment. In the online phase the currently scanned envir-
onment is compared against the corresponding ADF in the
database to compute a seven-parameter coordinate trans-
formation to map the geographic coordinates of the under-
ground infrastructure onto the world space of the Tango
device. The virtual objects representing the underground
infrastructure are created in the Tango coordinate reference
system and the localisation capabilities of the Tango device
are leveraged to keep the virtual objects registered to the
real environment as the user moves. Our GeoAR Glasses
applies a similar approach but does not require to prelim-
inary scan the location of interest.

3. Technology and Methodology

3.1 GeoAR Glasses Technology

Figure 1a shows our GeoAR Glasses, a Geographic-Aware
Augmented Reality headset. The main hardware compon-
ents are a Microsoft HoloLens (v1) and a PPM 10XX GNSS
receiver. The HoloLens is a mobile AR headset which has
been designed for indoor environments. It allows for posi-
tioning virtual objects in a local Cartesian reference system
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whose origin is located at the physical position occupied by
the HoloLens at start-up. Its local coordinate reference sys-
tem (CRS) is left-handed with x-, y-, and z-axis pointing
to the right, upwards, and forward, respectively. The PPM
10XX GNSS receiver is equipped with a GPS+GLONASS
L1/L2 Helix antenna and mounts a Trimble MB-Two board.
With optimal satellite coverage, this device provides a po-
sitional accuracy of 1.5m without correction data, 0.8m
with EGNOS augmentation, and 0.008m+ 1ppm with RTK
correction data and resolved ambiguities.

We enabled a Microsoft HoloLens to work in geographic
space by applying techniques derived from the fields of
land surveying and adjustment computations. During a
short calibration phase, which is done by the experimenter,
we compute a seven-parameter similarity transformation
(Ghilani, 2017, Section 18.7) by collecting four calibra-
tion points (aka, ”pass-points”). The points are collec-
ted in both the geographic and the local reference system.
For the former we use the RTK-corrected data provided
by the PPM 10XX GNSS receiver, with correction data ob-
tained by the EPOSA4 virtual RTK web service; the latter
are provided by the HoloLens. The calibration points are
used to compute the transformation parameters directly on
the HoloLens according to the formulae given by Ghilani
(Ghilani, 2017, Section 18.7). The computed parameters
allow for spatial transformations from geographic space
into local space and vice-versa.

The GeoAR Glasses positional accuracy was assessed dur-
ing several test phases during which we also carried out ac-
curacy measurements. In optimal conditions for the GNSS
antenna, we obtained a mean 2D positional accuracy (i.e.,
the distance on the ground between an actual point and the
corresponding geographic coordinates) ranging between 1cm
and 5cm within the calibration area — i.e., the area delim-
ited by the locations of the pass-points. It is important to
note that — since the HoloLens positioning system relies
on a vision-based technique — the positional accuracy of
the calibration points in the local reference system also de-
pends on the structure of the environment. The larger the
number of visually distinguishable features (e.g., an urban
environment featuring buildings and other visually distin-
guishable landmarks) the environment offers, the more ac-
curate the coordinates of the pass-points in the local ref-
erence system are and, accordingly, the transformation. In
these cases, we reach the best accuracy (1cm). If the envir-
onment, however, offers only a small number of reference
features (e.g., a green area where it is difficult to distin-
guish between two similar trees), we obtain an accuracy of
approx. 5cm.

Outside the calibration area, the accuracy deteriorates lin-
early at a rate of approx. 5cm to 7cm for every 5m dis-
tance from the boundary of the calibration area. The ac-
curacy deterioration rate depends on the size of the calib-
ration area, i.e., the larger the area, the smaller the deterior-
ation. We performed tests with square-shaped calibration
areas with side lengths of 5m and 10m and performed po-
sitional accuracy measurements up to a distance of 50m
from their centroids. A constant accuracy outside the cal-
ibration area can be maintained by applying a continuous
calibration process—i.e. by collecting further calibration

4http://www.eposa.at

points as the user walks away from the initial calibration
area.

In case the calibration area is not left or the accuracy out-
side the calibration area is not crucial for the application at
hand, the GNSS antenna is no longer needed once the cal-
ibration phase is finished. This is a major advantage of the
GeoAR Glasses: They can be used even in areas which do
not feature an optimal GNSS satellite coverage.

3.2 GeoAR Glasses Data Collection Approach

The HoloLens features a cursor that is always located at
the centre of the user’s field of view. If the line of sight
that runs through the cursor does not intersect any object,
the cursor floats in front of the user at a fixed distance.
Otherwise, the cursor sticks to an object’s surface, i.e., it
is placed at the intersection between the surface and the
ray running through the centre of the user’s field of view
(see Figure 2a). In our experiment, we used the HoloLens
to generate a mesh surface of the experimental area that is
needed to let the cursor hit the terrain. Note that, altern-
atively, the mesh can be generated from available digital
terrain models. Taken together, collecting a single point
feature required to, first, gazing at the point to be mapped
and, then, perform an air-tap gesture, as shown in the pic-
ture sequence in Figure 2.

(a) (b) (c)

Figure 2. Mapping a point using the GeoAR Glasses con-
sists of (a) gazing at the point to be mapped and (b, c)
perform an air-tap gesture. A cyan sphere of 5cm radius
appears at the tapped location (c), providing visual feed-
back of the mapped point.

Once the air-tap gesture was performed, a cyan sphere of
radius 5cm appeared at the tapped location (see Figure 2c)
with a board attached on top of it which displays the num-
ber of the mapped point (see Figure 1b). The number was
incremented automatically by the application and the board
was set 2m above the sphere in order to avoid visual clut-
ter. Editing the position of a sphere was possible by setting
the cursor on the sphere surface and performing an air-tap
gesture. In doing so, the sphere enters the edit-mode dur-
ing which it follows the user’s gaze (i.e., the cursor) until
the air-tap gesture is performed again to confirm the new
position.

3.3 Smartphone Data Collection Approach

All control group participants performed the experiment
with a OnePlus 5T smartphone (Android 8.1.0) using the
application OSMAND (V3.3.8), a smartphone application
which implements the established mobile mapping UI. This
particular mapping application was chosen for three reas-
ons: First, it comes with export mechanisms for newly ad-
ded features; second, it does not upload any changes auto-
matically to OSM; third, its user interface is easy to under-
stand and, hence, suitable for beginners.
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(a) (b)

Figure 3. The interface of OSMAND (V3.3.8). (a) Cre-
ation of feature 3. (b) Give the feature a name.

As experiments were conducted in German (see section
3.4) the application was used with its German interface
(see Figure 3). OSMAND (V3.3.8) provides a classical
graphical feedback (blue dot) about position and orienta-
tion of the smartphone and participants could pan, zoom
and rotate the displayed map. In order to collect a feature,
participants were required to, first, perform a long-press
on the map at the corresponding location they wanted to
create the feature at. They, then, had to click the button
Aktionen (Actions), then click POI erstellen (create POI),
provide the feature number as name and then confirm by
pressing enter twice, in which the second press confirms
the pop-up window regarding the blank POI type. A cir-
cular marker will then appear on the map at the specified
location. In order to edit a previously set marker, users had
to tap on the marker to be edited, press Aktionen (Actions)
and then select Position der Markierung Ändern (Change
the position of the marker). From this point in time on, the
map can be dragged to place the point at a new position.
The new location needs then be confirmed by the user by
clicking the confirm button.

3.4 Experimental Setup
In order to compare our GeoAR approach to an established
way of mapping on smartphones, we asked participants to
map ten traffic cones as fast and as accurate as possible in
ascending order. The participants were instructed to map
the centre of the cone.

Figure 4 shows the spatial layout of the experimental setup
used across both experiment conditions; Table 1 reports re-
lative distances between the cones for reproducibility reas-
ons. The order of traffic cones was randomly chosen but
fixed to the same sequence for all participants across con-
ditions. The overall experimental area was 10m× 10m in
size, whereas the mapping area (represented by the dashed-
line polygon in Figure 4) covered 9.1m × 9.1m. Parti-
cipants were allowed to move freely in the area between
the drawn-through and the dashed line, which was .9 metres
wide, but were neither allowed to enter the area inside
the dashed polygon nor to cross the overall experimental
area. The geographic locations of the points were ran-
domly chosen as well as the fixed starting point for all

Figure 4. A schematic representation of the spatial layout
of the experimental setup. Numbers indicate the random-
ized order in which all participants were required to map
traffic cones. The starting position is denoted by an X. Par-
ticipants were neither allowed to enter the area inside the
dashed polygon nor to cross the overall experimental area
(the outer polygon), which was 10m× 10m in size.

trials was (shown as an X in Figure 4). Neither a two-
sided Clarke-Evans test (R = 1.0335, p = .8392) nor a
two-sided Conditional Monte Carlo test of complete spa-
tial randomness based on quadrat counts (χ2 = 25.303,
p = .481) yielded a significant result for cone positions,
i.e., the assumption of spatial randomness of these loca-
tions could not be rejected. The cones were placed on grass

1 2 3 4 5 6 7 8 9 10

1 0 5.38 2.47 3.32 3.79 4.62 6.09 1.05 6.02 1.67
2 0 2.94 5.59 7.05 6.07 6.22 5.81 .93 5.84
3 0 3.36 4.61 4.33 5.25 3.07 3.54 3.30
4 0 1.50 1.29 2.88 4.37 5.73 4.98
5 0 1.97 3.60 4.75 7.23 5.41
6 0 1.69 5.66 6.01 6.27
7 0 7.13 5.91 7.69
8 0 6.54 .67
9 0 6.63

10 0

Table 1. The distance matrix of cone positions; distances
are given in metres.

in order to ensure high visibility and a red-white coloured
stick was placed in the centre of each cone to ensure that
their location was fixed and to give participants a further
hint on the location of the actual cone centre on the ground
(see Figure 5 for a picture of the experimental area). The
reason for using traffic cones was twofold. First, compared
to, e.g., real green features such as trees, confounding ef-
fects with respect to height and diameter can be controlled
as all cones were of equal size and shape. Second, the
ground-truth geographic location can be measured using a
PPM 10XX GNSS receiver external antenna (no tree cover-
age), which was inevitable because of the need to recreate
the test setup on every of the ND = 8 days of data col-
lection. This means, first, we used the PPM 10XX GNSS
receiver to position the cones as close as possible at their
randomly chosen location. Using this method we were able
to replicate the setup of locations within a range of 6 cm
in easting direction and 9 cm in northing direction across
days (the slight positional variation across different days is
due to inclination of the sticks used to keep the cones in
place) . Second, to avoid confounding effects from pos-
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sibly occurring differences in locations of traffic cones, we
based all calculations of differences between mapped and
ground truth positions on these daily measurements5. In
addition to that, for each day, we performed a calibration
around the experiment area (see Section 3.1) by collecting
the calibration points at fixed spots. Using the best GNSS
accuracy level, we ensured a transformation accuracy of
less than 5cm by collecting the calibration points. Occa-
sionally, however, the HoloLens would shut down during
the day due to overheating because of the environmental
temperature. In any such cases, we restarted the applica-
tion and repeated the calibration procedure.

Figure 5. An image of the experimental area.

We employed a between-subjects design using two differ-
ent conditions: In condition GeoAR Glasses, participants
were asked to map the position of ten traffic cones as fast
and as accurate as possible using the GeoAR Glasses; in
condition smartphone, participants were assigned the same
task using the OSMAND (V3.3.8) application. Participants
assigned to the smartphone condition had to do one addi-
tional step to complete the same task: assign each mapped
cone a number (see Figure 3). As we expected to find a
large effect we calculatedN = 42 as a suitable sample size
for comparing independent groups, based on the signific-
ance level α = .05, power 1 − β = .8, ratio of group sizes
N2/N1 = 1 and effect size d = .8 (Cohen, 1988) using the
tool GPower (Faul et al., 2007). Participants were acquired
in-situ, i.e. next to the experimental area which was loc-
ated in a park. They were not reimbursed immediately for
participation but could take part in a lottery using a Sam-
sung Galaxy Tab 10.1 as a possible price. A prerequis-
ite for participation was that participants did not contrib-
ute to OpenStreetMap on a regular basis. All experiments
were conducted in German language. We ran experiments
successively, i.e. we completed all smartphone trials first,
and, once finished, continued to run GeoAR Glasses ex-
periments. Across conditions participants were subject to
the same procedure: They, first, gave their informed con-
sent to participate in the experiment. Next, they filled in a
demographic data survey also comprising questions about
their prior engagement in mapping tasks, usage of smart-
phones and their experience with augmented and/or vir-
tual reality devices. The task description was then given
to participants in writing. The task description explicitly
asked participants to map the geographic position of the
corresponding centre for each traffic cone as accurate and

5Due to technical reasons, ground truth measurements were not recor-
ded on two days; we used median imputation to account for these missing
datasets.

as fast as they could. After having read the task descrip-
tion, participants were subjected to a short training phase
for the mapping task in order to familiarise them with the
task and their assigned condition. The training area was
located next to the experimental area.

All GeoAR Glasses participants were taught about the air-
tap gesture and the functionalities of the application and
helped to correctly wear the glasses, making sure that the
cursor was visible. Throughout the training phase, the par-
ticipant was asked to map 3 manhole covers next to the ex-
periment area using the method described above (see Sec-
tion 3.2). The experimenter was able to check the results
of the participants with a log console on a tablet, thereby
guiding participants through the training process ensuring
that participants familiarised themselves with all function-
alities. In particular, participants were explicitly asked to
use the edit mode.

In order to ensure comparability, smartphone participants
were required to map the three manhole covers which were
also used for GeoAR Glasses participants. The experi-
menter explained the required functionalities of the map-
ping application in a step-wise manner and, thereby, has
been mapping the first manhole cover. Subsequently, par-
ticipants were asked to map the remaining 2 manhole cov-
ers. Again, particular attention was paid to the edit mode
functionality.

The training phase lasted until all questions by participants
were settled. Participants were then guided to the fixed
start location. At this point in time, the task was again ex-
plained to them in detail. Participants of condition smart-
phone were then informed that the statue called Der let-
zte Mensch (The last man), which is still present in the
OpenStreetMap map, does no longer exist. Only a small,
concrete rectangle which is located next to the starting po-
sition remained of this statue. Having, again, answered
possible questions, participants engaged in the actual ex-
perimental task of mapping ten traffic cones as fast and as
accurate as possible in their given order. Having finished
the task, participants filled in several post-task question-
naires; one of these was the German language Fragebogen
räumliche Strategien (Münzer and Hölscher, 2011), a self-
report measure of spatial abilities.

4. Results

Due to space limitations, we focus on two lines of res-
ults in comparing mapping results using our new GeoAR
Glasses approach to the OSMAND (V3.3.8) approach. We
first provide empirical evidence for an increased absolute
positional accuracy when the GeoAR Glasses approach is
used. Second, we report on a large-sized time difference
between the two approaches6.

4.1 Descriptive Statistics

Overall, N = 42 persons participated withinND = 8 days
of data collection during May 2019 and early June 20197.

6Data analysis was conducted using GNU R v3.6.0 and its packages
dplyr v0.8.1 (Wickham et al., 2019), sp v1.3.1 (Bivand et al., 2013), gg-
plot2 v3.1.1 (Wickham, 2016), raster v2.9.5 (Hijmans, 2019), coin v1.3.0
(Hothorn et al., 2008), tidyr v0.8.3 (Wickham and Henry, 2019), bootES
v1.2 (Gerlanc and Kirby, 2015).

7A rather large number of days was needed to finish data collection
due to the fact that participants were acquired in-situ as well as due to
weather conditions (heat) in this period of time.
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Figure 6. Boxplots of deviations between actual geo-
graphic locations of traffic cones and the positions set by
participants stratified by condition (green: GeoAR Glasses,
orange: Smartphone). All accuracy values are given in
metres.

On average, participants (20 females and 22 males) were
33.67 years of age (MD = 31 years, range = 19 −
72 years). The average task duration across conditions
was 7.1 minutes (MD = 5.9 minutes, range = 1.27 −
19.48 minutes). The majority (15 out of 21 participants) of
GeoAR Glasses participants (9 females, 12 males) indic-
ated no or only very slight experience with augmented real-
ity, whereas the majority of the control group participants
(11 females, 10 males) indicated high or very high experi-
ence with smartphones (14 out of 21 participants). As the
smartphone condition particularly requires self-localization
skills, we administered a self-report sense of direction scale
(FRS, (Münzer and Hölscher, 2011)) to all participants of
both groups. A Wilcoxon signed-ranks test, however, did
not indicate a significant difference of self-report sense of
direction between smartphone (MD = 93) and GeoAR
Glasses (MD = 88) users (Z = .39, p = .70, r = .06).
This result indicates that no bias between the two groups
has been induced by the participants’ sense of direction8.

4.2 Accuracy of absolute positions

It is important to note, that the PPM 10XX GNSS receiver
was connected to the smartphone used by participants to
collect the data; thereby, we ensure a high accuracy of
GPS-positioning at approx. 2cm. As mentioned above
(see section 3.2), the antenna was used to calibrate the
HoloLens application; there was, however, no need to use
the antenna during the experiment due to our spatial trans-
formation functionality. The deviations between mapped
positions and ground-truth geographic locations of traffic
cones were calculated on a daily basis for both conditions.
In doing so, we avoid biases which might result from slight
differences in the setup between days (see Section 3.4).
Figure 6 presents the deviations between the locations map-

8We plan to further evaluate the impact of spatial abilities in general
in a future study.

ped by participants and the ground-truth locations of traffic
cones for group GeoAR Glasses and smartphone for each
traffic cone. All Tukey boxplots (McGill et al., 1978, Wick-
ham, 2016) for group smartphone (shown in orange) are
heavily right-skewed across cones and the inter-quartile
range of deviations is not equal across cones. Contrast-
ingly, boxplots show a very low spread and a very high ac-
curacy across both, participants and cones for the GeoAR
Glasses condition (shown in green).

Based on a bootstrapping procedure (Efron, 1979) using
B = 10, 000 resamples we find 95%-CIs for differences
in means between the two groups as well as the effect size
based on Hedges’ g (Hedges, 1981). Bias-corrected and
accelerated confidence intervals (Efron, 1987) are used be-
cause these are known to show only very small coverage
errors for means – regardless the normality of the popu-
lation distribution (Wang, 2001); in accordance with the
advice given in (Kelley, 2005) Hedges’ g was used as an
effect size, which is also presented in Table 2.

Cone MS MH ∆M 95%-CI∆M g 95%-CIg
1 3.92 0.18 3.75 [2.14; 6.76] 1.01 [0.71; 1.30]
2 3.20 0.07 3.13 [1.72; 5.21] 1.10 [0.77; 1.50]
3 2.82 0.08 2.74 [1.80; 4.37] 1.28 [0.99; 1.62]
4 4.09 0.10 3.99 [2.02; 8.15] 0.83 [0.54; 1.10]
5 4.68 0.27 4.42 [2.02; 9.10] 0.78 [0.49; 1.07]
6 4.30 0.06 4.24 [2.16; 9.31] 0.78 [0.51; 1.04]
7 4.85 0.13 4.72 [2.29; 10.04] 0.82 [0.53; 1.11]
8 4.11 0.13 3.99 [2.13; 7.44] 0.93 [0.67; 1.23]
9 3.29 0.06 3.24 [1.73; 6.13] 0.92 [0.61; 1.24]
10 4.13 0.20 3.94 [2.13; 7.02] 0.99 [0.73; 1.30]

Table 2. Differences (∆M ) in means between the GeoAR
Glasses (MH ) and smartphone (MS) condition per cone.
The confidence intervals reported for these differences are
bias corrected and accelerated and were found for each
cone separately (B = 10000 resamples); similarly, column
g reports Hedge’s g as an effect size and the corresponding
BCa 95-% CIs.

These results indicate a significant between-groups differ-
ence in accuracy for each cone; participants assigned to
the GeoAR Glasses condition yield more accurate results
and the effects are very large according to the classifica-
tion by (Cohen, 1988). In general, the positional accur-
acy achieved using the GeoAR Glasses approach ranges
between 6cm and 27cm. This is in sharp contrast to the
results achieved by the control group which shows a range
in positional accuracy between 2.82m and 4.85m. The
least difference (2.74m) between the two conditions was
achieved for cone 3, whereas the largest difference (4.72m)
was found for cone 7.

4.3 Time

In case of the GeoAR Glasses condition, overall task time
was automatically logged by the application during trials.
OSMAND (V3.3.8), however, is not able to log time. We,
therefore, measured task time based on the screencasts re-
corded, as these provide a good indicator when trials start
and finish. A potential bias, however, may result from
the time elapsed when the smartphone was given to par-
ticipants by the experimenter and vice-versa. Therefore,
we subtracted 30 seconds from the experiment time de-
rived from screencasts in order to take these actions into
account.
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Table 3 provides summary statistics for overall task time
for both conditions. GeoAR Glasses users outperform smart-
phone users with respect to several aspects.

Cond. MIN x.25 MEAN MD x.75 MAX IQR SD

GeoAR Glasses 76 152.5 246.1 184.5 309.5 598 157 157.99
Smartphone 221 409.8 612.5 617 795 1159 385.2 257.28

Table 3. Summary statistics for overall task completion
time per condition. All values are given in seconds.

The minimum completion time for the GeoAR Glasses con-
dition was almost a third of the time needed by the fast-
est smartphone condition participant. The median for the
smartphone condition was more than three times as large
as the median for the GeoAR Glasses condition. The slow-
est participant in condition GeoAR Glasses (598 seconds)
was still faster than the upper half of the smartphone con-
dition participants (617 seconds). On average, task com-
pletion time for GeoAR Glasses condition participants was
only 25 seconds more than the fastest smartphone parti-
cipant. Moreover, the lower half of GeoAR Glasses con-
dition participants was faster than the fastest smartphone
condition participant. Vice versa, completing the task took
the slowest smartphone condition participant almost twice
the time of the slowest GeoAR Glasses condition parti-
cipant.

Using B = 10, 000 resamples we, again, constructed bias-
corrected and accelerated confidence intervals for contrasts
and Hedges’ g. The 95%-CI found for the difference in
means, ∆M = 366.5 seconds, was [234.87; 495.65]; ac-
cording to (Cohen, 1988) Hedges’ g (g = 1.68, [1.00; 2.43]
95%-CI) indicated a large-sized effect, too.

5. Discussion

Generally speaking, the results provide evidence that the
GeoAR-approach is superior to the smartphone approach
with respect to both positional accuracy and mapping time.
The results have seen the least difference between the two
conditions for the position of cone 3. This result is an in-
dicator that closeness to other features helps participants:
Cone 3 was located close to the position of a no longer
existing statue which traces are still visible on the ground.
The location of this statue has also been part of the Open-
StreetMap map. Participants will likely have relied on this
feature. This explanation is also stressed by observing par-
ticipants during the trials: One major difficulty smartphone
participants faced with was to align the digital with the real
world. These participants did not succeed to either rotate
the map mentally or digitally. These difficulties explain
the outliers presented in Figure 6 as this resulted in cones
being spread all over the green area. The egocentric ap-
proach used in condition GeoAR Glasses eliminates these
issues. Another issue some smartphone participants com-
plained about was “the jumping” blue marker which indic-
ated the user position. This was probably due to the large
scale of the map, where one step actually was considered
as a “jump” on the map and to the relatively slow update
rate of the GNSS antenna (1Hz) that does not allow for a
smooth transition of the position marker (blue dot).

The boxplots comparing the deviance of positions for smart-
phone provide evidence that a closer look into the impact
local spatial layout has is promising. Participants were re-
quired to map cones in a predefined order. The results also

indicate that spatial configuration may not be as important
for positional accuracy as one might expect. Cones 4 to 7
are located next to each other, with cone 7 being closest to
the boundary of the green area the cones were positioned
in (see Figure 5). The variability of positions for condi-
tion smartphone is, roughly equal for cones 4 to 6; cone
7, however, has seen an increased variability of cone pos-
itions – despite its closeness to the boundary of the green
area. Two possible explanations come to mind: Either par-
ticipants used the layout of 4, 5 and 6 to estimate the posi-
tion of 7 and, hence, the positional error made earlier yiel-
ded an increased impact on 7; or, participants relied on the
absolute position of 7 in relation to the graphical repres-
entation of the green area, resulting in an increased error
because the local spatial configuration of other cones was
neglected.

Across cones, the results show a generally high accuracy
for condition GeoAR Glasses ranging from 6cm to 27cm.
This result shows, first, that the GeoAR approach allows
for very accurate results in mapping even distant objects,
i.e. objects which cannot be walked on. On the other hand,
the large mean deviations seen for cones 1, 5 and 10 can be
largely explained by user behaviour. Participants did either
not notice offsets (participant H13 (cone 10), H38 (cone
1), H20 (cone 5) or did not hit the cone with the HoloLens
cursor (participant H20 (cone 10), H13 (cone 5) for cones
10 and 5). Finally, two further outliers regarding cone 10
result from distortions of the spatial mesh (see Section 5.1
for an explanation).

5.1 Limitations

The Microsoft HoloLens v1 has difficulties to create a spa-
tial mesh for cones (and other non-rectangular solid fig-
ures). This resulted in some distortions of the mesh in
particular in the upper third of a cone. Hitting cones at
roughly this height yields a decreased positional accuracy.
Participants, however, might not notice this shift, in partic-
ular when they do not move during the experiment.

A second limitation applies to the smartphone condition:
Some participants accidentally turned on the navigation in
OSMAND (V3.3.8) during the experiment, which in turn
results in an increase of task completion time. This in-
crease is, on the other hand, a result of interaction prob-
lems of the application and, therefore, needs not be taken
into account during the analysis.

6. Conclusions and Future work

In this paper we introduced the GeoAR Glasses, a Mi-
crosoft HoloLens modified to operate outdoors and added
the capability to handle geographic coordinates. In sharp
contrast to other solutions, our GeoAR Glasses are able
to determine geographic locations without live GNSS data
stream once the calibration phase has finished. This pa-
per reported on the results of a between-subjects design
study comparing mapping accuracy and time for two con-
ditions. Participants either used a smartphone application
called OSMAND (V3.3.8) or our GeoAR Glasses. The fig-
ures found provide evidence for a large increase in accur-
acy and a large decrease in time demands using the GeoAR
Glasses. We are going to follow three paths of future work:
We will, first, investigate the impact overall spatial abilities
and its subdimensions have on mapping performance, e.g.

Advances in Cartography and GIScience of the International Cartographic Association, 2, 2019. 
15th International Conference on Location Based Services, 11–13 November 2019, Vienna, Austria. This contribution underwent 
double-blind peer review based on the full paper | https://doi.org/10.5194/ica-adv-2-3-2019 | © Authors 2019. CC BY 4.0 License



8 of 9

we try to gain further insights whether highly allocentric
oriented people are faster and more accurate in the smart-
phone condition than highly egocentric-oriented ones. In
this context, we will also investigate whether the presence
of correctly mapped entities in the smartphone condition
has an effect on the mapping accuracy. Second, we are go-
ing to analyse the impact of the distance covered during
the experiment might have on both, positional and config-
uration accuracy in the smartphone condition. Third, we
will compare both conditions with respect to task load and
user experience.
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