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Abstract
Global Positioning Satellite (GPS) systems sample points on the Earth’s surface with meter accuracy. Real-Time Kin-
ematic (RTK) devices improve GPS performances by providing real-time correction data from ground stations, achieving 
centimeter accuracy. Reliable tracking approaches are essential for Augmented Reality (AR) applications, especially for 
outdoor scenarios, which still present unsolved challenges. AR handheld tracking capabilities have been greatly improved 
by integrating visual tracking approaches with RTK devices, whereas little is known about combining wearable AR inter-
faces with RTK systems. Although wearable AR devices are intrinsically designed for AR applications, their performance 
dramatically reduces in large outdoor areas, comprising the user experience. Hence, this paper provides a rigorous evalua-
tion of a small-size RTK device that does not need any additional software integration to collect positional data. The main 
goal of the assessment is to verify whether its integration with a wearable AR device is advantageous or not. The evaluation 
has been performed considering both static and dynamic scenarios in open-sky and urban areas. The results show that the 
RTK device can achieve 1 cm accuracy when used in open-sky areas. In contrast, its accuracy dramatically reduces in the 
proximity of buildings and obstacles, showing average errors ranging from 76 to 2561%. Since wearable AR devices have 
an average accuracy of 2 cm, the outcomes indicate that RTK devices should be combined with wearable AR devices only 
when the RTK device is far from obstacles. On the contrary, the positional data should be completely avoided when barriers 
surround the RTK device.
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1  Introduction

Augmented Reality (AR) dates back to the sixties when 
Sutherland proposed a Head Mounted Device (HMD) 
capable of overlaying virtual contents on real-world 
objects (Sutherland 1968). Since then, AR has been increas-
ingly researched and improved by academic entities and 
industries, becoming one of the key-technologies used in 
several fields and domains (Mekni and Lemieux 2014).

Nowadays, AR applications are being developed using 
three main interfaces: (i) projected, (ii) handheld, and (iii) 

wearable. Due to their intrinsic differences, each inter-
face has its own best application area. As an example, AR 
projected interfaces are usually used for indoor static and 
semi-static tasks, that is, the user’s movements are lim-
ited to the projection area. On the contrary, handheld and 
wearable interfaces can be easily employed for applications 
that allow the users to physically move, both in indoor and 
outdoor areas. Regarding outdoor locations, AR interfaces 
have been deeply researched for several application domains, 
such as training (Lucero-Urresta et al. 2021), cultural her-
itage (Gleue and Dähne 2001) and learning (Pombo et al. 
2019). Independently of the application, AR interfaces are 
affected by several well-known limitations. Occlusions pre-
vent users from clearly distinguishing virtual and real con-
tents, virtual assets might be hard to be spotted due to a very 
narrow field-of-view (especially for wearable devices) and 
limited tracking capabilities may negatively affect visualiza-
tion of the virtual contents (for a detailed discussion related 
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to AR limitation please refer to Van Krevelen and Poelman 
(2010), Nazri and Rambli (2014)).

Especially for AR outdoor applications, tracking is one 
of the current research hot topics and it is widely researched 
by both academics and industries (Reitmayr and Drummond 
2006; Blanco-Pons et al. 2019). Continuous localization of 
the users is usually carried out by using Global Position-
ing System (GPS) (Kamat and Behzadan 2006; Kurkovsky 
et al. 2012; Han et al. 2013). GPS is a satellite-based sys-
tem developed by the USA. It is composed of 24 satellites 
that orbit at medium altitudes around the Earth (Hegarty 
2017). Although it provides 3D positions, time, and veloc-
ity data, several drawbacks limit the GPS systems to meter 
accuracy (Morales and Tsubouchi 2007). Differential GPS 
(DGPS) systems overcome these limitations by using correc-
tion signals generated from additional base stations, achiev-
ing less than 1 m accuracy whether real-time, centimeter 
accuracy can be reached by employing Real-Time Kinematic 
(RTK) GPS devices (Gan-Mor et al. 2007). Although the 
primary activities of handheld devices (e.g., smartphones 
or tablets) are not AR-related (e.g., sending messages, mak-
ing calls, etc.), they are heavily used for outdoor AR sce-
narios, though they suffer from poor tracking capabilities 
and thus, they are improved by combining GPS data with 
Simultaneous Localization and Mapping (SLAM) tech-
niques (Agrawal and Konolige 2006; Speroni et al. 2018). 
However, AR handheld interfaces are not meant for applica-
tions that require low image generation delay, a high sense 
of immersion, and hand-free capabilities. Instead, wear-
able AR devices are designed for such scenarios; they are 
equipped with dedicated sensors (e.g. RGB, or RGB-D sen-
sors) that natively improve the AR experience without using 
additional fusion algorithms. Specifically, wearable AR 
devices (e.g., the Microsoft HoloLens 21 or the Magic Leap 
22) utilize Visual Simultaneous Localization and Mapping 
(vSLAM) techniques to generate a map of the surrounding 
and determine their own location within it Ungureanu et al. 
(2020), Zari et al. (2023). However, these algorithms face 
limitations when encountering repetitive patterns and are 
primarily designed for indoor use (Taketomi et al. 2017). 
Hence, the positional data obtained from highly accurate 
RTK-GPS systems (henceforth, the term RTK-GPS will 
be used to address RTK GPS systems whereas the term 
GPS will be employed to indicate traditional GPS devices) 
could potentially overcome these limitations, opening up 
the potential to use wearable AR devices in environments 
lacking textures or characterized by ambiguous features, 
such as deserts or extraterrestrial landscapes (Zheng et al. 
2022). From an application perspective, the integration of 

RTK-GPS devices will improve AR applications in at least 
two different ways. Firstly, end-users will have the capabil-
ity to accurately position virtual objects in textureless and 
ambiguous environments, without facing tracking issues. 
Secondly, it will foster the development of multi-user AR 
applications by enabling the accurate tracking of multiple 
users, each equipped with an RTK-GPS combined with a 
wearable AR device. However, there is still little research 
that has addressed this topic. While GPS-AR handheld sys-
tems have been deeply investigated and researched, there is a 
lack of research that has verified whether it is advantageous 
or not to integrate highly accurate GPS systems with wear-
able AR devices. This research considers only small-size, 
highly accurate, commercially available RTK-GPS devices 
that provide as is accurate positional data without the neces-
sity of integrating additional hardware or software. Hence, 
this paper evaluates the accuracy of a small-portable RTK-
GPS device, considering both static and dynamic scenarios 
(i.e., the RTK-GPS device remains fixed at a specific loca-
tion in static conditions while it keeps changing its physical 
location in dynamic conditions). The results will be use-
ful for understanding whether wearable AR devices should 
integrate or not RTK-GPS devices when used in outdoor, 
ambiguous areas.

2 � State of the art

Several works have assessed the accuracy of small-size 
RTK-GPS devices for static conditions. Wiśniewski et al. 
(2013) evaluated the open-source RTKLIB library for real-
time and post-processed positioning data collection. They 
showed that obtaining centimeter accuracy with low-cost 
modules is possible after an initial calibration phase of 
approximately 8 min. Teunissen et al. (2014) show that a 
combination of an RTK-GPS and the BeiDou Navigation 
Satellite System (BDS) improves the cut-off elevation angle 
range. Similar outcomes can be found in Odolinski et al. 
(2015). The research carried out in Odolinski and Teunis-
sen (2017) demonstrates that low-cost receivers can achieve 
accuracy levels comparable to those of costly survey-grade 
devices in static conditions. The surrounding inferences are 
analyzed in Chiuman et al. (2019) considering a jungle envi-
ronment. The outcomes illustrate that it is possible to obtain 
centimeter and sub-meter accuracy depending on the signal 
strength, even in jungle areas.

In addition to small-size RTK-GPS devices, large-size 
systems have also been researched and assessed. Bakuła 
et al. (2014) compared an RTK-GPS system with a rapid 
static one showing that the latter is much more reliable and 
accurate than the RTK-GPS system when used in forest envi-
ronments. The authors of Safrel et al. (2018) demonstrate 
that in dense areas, a total station can achieve higher levels 

1  https://​www.​micro​soft.​com/​en-​us/​holol​ens.
2  https://​www.​magic​leap.​com/​magic-​leap-2.

https://www.microsoft.com/en-us/hololens
https://www.magicleap.com/magic-leap-2


Virtual Reality	

1 3

of accuracy with respect to an RTK-GPS system [(Mahdi 
et al. 2018) presents a similar comparison].

RTK-GPS performances have also been verified consid-
ering dynamic conditions, that is, the RTK-GPS devices 
collect positional data while changing their physical loca-
tion. Kluga et al. (2014) suggest that it is possible to obtain 
centimeter accuracy using moving RTK-GPS systems. 
However, their results lack statistical data analysis to iden-
tify possible outliers, and they evaluated only devices with 
low-frequency updates (0.1Hz and 1Hz). In Henkel et al. 
(2016), the authors propose an interesting RTK-GPS/GLO-
NASS positioning system for low-cost receivers. They show 
that their approach, combined with a multi-GNSS receiver, 
an inertial sensor, a patch antenna, and a barometer, can 
achieve millimeter-to-centimeter-level accuracy. The authors 
of Ng et al. (2018) assessed a large-size RTK-GPS system in 
dynamic conditions, considering both flat and uneven land-
scapes. The primary outcomes indicate that when moving 
through a hillside landscape (with slopes that do not exceed 
30◦ ), the RTK-GPS system performs as well as in the flat 
landscape scenario. A low-cost GPS-RTK receiver and a 
state-of-the-art module are compared in Zhang et al. (2019), 
integrating the US GPS system with the Chinese BeiDou 
one. In dynamic conditions, the GPS-RTK module achieves 
an accuracy of 20 cm, with an update frequency bounded to 
5Hz. Finally, Tomaszewski et al. (2020) analyzed how dis-
tance from the reference station affects RTK-GPS accuracy. 
The results indicate that it is possible to obtain centimeter 
accuracy within 82 Km from the reference station.

Several research projects have successfully integrated 
RTK-GPS devices with handheld AR interfaces (Schall 
et al. 2009; Stranner et al. 2019; Guarese and Maciel 2019; 
Niu et al. 2020; Singh et al. 2020). Schall et al. (2009) used 
the Kalman filter to fuse data from various sensors (IMU 
and camera) with RTK-GPS positional data, achieving sub-
meter positional accuracy. The authors of Stranner et al. 
(2019) compared a low-cost DGPS device (combined with 
IMU, altimeter, and camera) with a highly accurate GPS 
receiver in static conditions. Their results show a maximum 
accuracy error of 5 cm with a maximum resolution of 2 cm. 
In Guarese and Maciel (2019), a wearable AR device has 
been compared with an AR handheld system combined with 
a traditional GPS module. The main outcomes show that 
the handheld system required less cognitive and physical 
workloads and better usability than the wearable one. Niu 
et al. (2020) proposed a Visual SLAM solution combined 
with an RTK-GPS system for a handheld AR device. The 
results indicate that the RTK-GPS device can achieve 1 m 
accuracy in open-sky areas, whereas the accuracy decreases 
to 5 m in areas covered by several obstacles. Singh et al. 
(2020) developed a collaborative virtual environment. The 
AR user interacts using a handheld device tracked with a 
visual SLAM approach combined with a traditional GPS. 

The authors compare their tracking solution with a conven-
tional GPS obtaining a more stable and smooth trajectory 
than the one generated by the standard GPS.

The first preliminary experiments that combined GPS 
systems with wearable AR interfaces date back to the nine-
ties when Feiner et al. (1997) improved a wearable outdoor 
tracking system using a DSM GPS device. The same system 
was used for the MARS project (Höllerer et al. 1999). Later, 
Thomas et al. (2000) proposed the well-known ARQuake 
game, one of the AR games that employed GPS data to track 
the users’ positions in outdoor areas. Over the years, GPS 
AR wearable systems have been increasingly researched and 
improved, and it is possible to find several research pro-
jects. As an example, the authors of Piekarski et al. (2003) 
combined a DGPS wearable AR system with the famous 
indoor tracking framework ARToolkit for an indoor-outdoor 
navigation system. GPS systems have also been success-
fully employed for monitoring and assisting military person-
nel (Tache et al. 2012; Menozzi et al. 2014). Recently, the 
impact of the integration of a GPS device with the Microsoft 
HoloLens device on neuroplastic changes and navigation 
abilities has been investigated in Fajnerová et al. (2018) 
whereas the authors of Isrie et al. (2018) propose an AR 
interface that displays the user’s path by means of a wear-
able AR device.

From the state-of-the-art analysis, it is clear that most 
of the experiments have primarily focused on assessing the 
performance of RTK-GPS combined with AR handheld 
interfaces, particularly under static conditions (Stranner 
et al. 2019). Moreover, the achieved accuracies in these 
experiments are not sufficient for meeting the requirements 
of wearable AR devices, with results falling within the range 
of meter or submeter accuracy (Schall et al. 2009; Niu et al. 
2020). Additionally, some studies have not conducted com-
prehensive evaluations of the system capabilities Guarese 
and Maciel (2019). These limitations in the existing research 
highlight the need for further investigation and exploration in 
the field of RTK-GPS integration with wearable AR devices. 
The inaccuracies introduced by traditional GPS systems can 
significantly impact the tracking accuracy of wearable AR 
systems. Consequently, RTK-GPS systems have the potential 
to enhance the tracking capabilities of wearable AR devices 
when used in outdoor environments. Specifically, the highly 
accurate positional data of the RTK-GPS devices could over-
come the limitations of the vSLAM algorithms when used 
in ambiguous, textureless, and repetitive environments (e.g., 
deserts or extraterrestrial landscapes). Furthermore, it will 
be possible to accurately track multiple users, thus fostering 
the development of multi-user AR applications. However, 
it is necessary to understand which are the strengths and 
limitations of the RTK-GPS systems. The RTK-GPS system 
proposed in Henkel et al. (2016) shows remarkable capabili-
ties but requires several additional devices to operate (thus, 
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it is not a self-contained, portable solution). Zhang et al. 
(2019) discuss an interesting experiment, but their system 
is bounded to a maximum frequency update of 5Hz. The 
only work that integrates an RTK-GPS with a wearable AR 
system can be found in Ling et al. (2019), but it has not 
been assessed and tested. Hence, the work presented in this 
paper analyzes a small-size, self-contained, commercially 
available RTK-GPS device that does not need any addi-
tional integration to produce highly precise positional data 
with a frequency update of 10Hz. The assessment involves 
both static and dynamic conditions considering two differ-
ent environments to verify the device’s strengths and limits 
when used in open-sky and high-dense areas. Through this 
analysis, we aim to gain insights into the strengths and limi-
tations of integrating RTK-GPS devices with wearable AR 
systems and understand the conditions under which such 
integration would be beneficial.

3 � The system

This section introduces the hardware and software compo-
nents used for the RTK-GPS assessment.

3.1 � Hardware

The evaluated RTK-GPS is the Smartphone RTK device 
from the REDCatch company.3 It is a small-size, self-con-
tained RTK GNSS receiver that operates using both L1 and 
L2 frequencies. By connecting it to an Android smartphone, 
it starts receiving GPS and correctional data that are auto-
matically combined, obtaining highly precise positional 
data without requiring additional software implementation. 
The RTK-GPS device can be connected to the smartphone 
through USB or Bluetooth; the USB option was preferred 
for performance and reliability reasons (Fig. 1 shows the 
RTK-GPS device connected through USB to an Android 
smartphone).

The Android smartphone is the Samsung S8 with Android 
9 (Pie).

3.2 � Software

The proposed system includes two different Android appli-
cations: (i) the Ntrip REDCatch App and (ii) a custom appli-
cation. The former is developed by the REDCatch company, 
and its primary role is to receive highly precise positional 
data. It is possible to change the frequency update (set to 
10Hz) and the user can set the IP and port addresses of the 
chosen service provider required to receive the correction 

data. EPOSA (Echtzeit Positionierung Austria)4 is the ser-
vice provider; it offers high-quality satellite-based positional 
services using all global satellite systems (Beidou, GALI-
LEO, GLONASS, and GPS). The EPOSA network com-
prises more than 40 reference stations covering the entire 
Austrian territory (Fig. 2). The correction data are sent over 
the Internet to the REDCatch App that combines them with 
the GPS data received by the RTK-GPS device.

To complete the REDCatch App configuration, the user 
must select a mounting point. The RTK-3 (pure RTK cor-
rection data) mounting point has been chosen for this evalu-
ation. Finally, the REDCatch App can replace the smart-
phone’s internal GNSS data with its accurate positional 
ones by enabling the Mock-location feature of the Android 

Fig. 1   The REDCatch Smartphone RTK device (on the left) con-
nected through USB to an Android Samsung S8 smartphone (on the 
right)

Fig. 2   The EPOSA network infrastructure. Taken from https://​www.​
eposa.​at/​infra​struk​tur, accessed on the 1st of October 2023

3  https://​www.​redca​tch.​at/​smart​phone​rtk/. 4  https://​www.​eposa.​at/​engli​sch.

https://www.eposa.at/infrastruktur
https://www.eposa.at/infrastruktur
https://www.redcatch.at/smartphonertk/
https://www.eposa.at/englisch
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developer mode, allowing any custom Android application 
to easily read the accurate positional data.

In order to assess the RTK-GPS accuracy, a custom 
Android application has been developed using Android Stu-
dio5 as Integrated Development Environment. The Android 
application can act in two different modalities, depending on 
the number of smartphones (and related GPS-RTK devices): 
(i) data saving modality (DSM) and (ii) real-time modality 
(RTM). In DSM, one smartphone collects the positional data 
mocked by the REDCatch app, saving them on a text file. 
The RTM modality requires two distinct smartphone-RTK-
GPS devices. One smartphone acts as a TCP client: it reads 
the mocked positional data on a dedicated thread, storing 
them on a synchronized list. Another thread reads from the 
list the collected data, sending them to a TCP server. The 
other smartphone acts as a TCP server and receives the cli-
ent data, also collecting its own mocked positional data. The 
two modalities were used in the test session, depending on 
the type of evaluation (more details in Sect. 5.1).

4 � Preliminary test

Prior to the accuracy evaluation, two users were instructed 
to walk in two different locations while collecting positional 
data using the DSM modality. Each user was equipped with 
an RTK-GPS device, which was connected to their mobile 
phone via USB. The primary objective was to analyze the 
users’ walking paths by visually examining the data plotted 
on Google Maps. The selected locations presented notice-
able environmental differences: the location shown in Fig. 3a 
(LOC_A) is located in the courtyard of the University cam-
pus. It consists of a highly dense area, surrounded by many 
trees and buildings. On the contrary, the location shown in 
Fig. 3b (LOC_B) is a wide open-sky area, close to a lake, 
which is not surrounded by any kind of environmental obsta-
cles. The users were asked to walk along two identical 30 m 
predefined paths in both LOC_A and LOC_B, repeating the 
process four times.

By visually inspecting the positional data (Fig. 4), it can 
be seen immediately that LOC_B paths provided a better 
approximation of the actual track compared to LOC_A. Fur-
thermore, the data from LOC_B exhibited repetitive trajec-
tories, while the paths in LOC_A were irregular, displaying 
significant variations among the trajectories. Although the 
initial tests indicate potential inaccuracies in the LOC_A 
data, a precise evaluation of the RTK-GPS devices’ accuracy 
cannot be determined without ground-truth data. Hence, the 
next Section presents a rigorous analysis aimed at assessing 
the actual accuracy of the RTK-GPS devices. This analysis 

seeks to truthfully determine the conditions under which 
these devices can be utilized for developing AR applications.

5 � Metrics and possible limitations

In this section, the metrics used to evaluate the RTK-GPS 
accuracy are presented and discussed as well as the current 
limitations of the chosen metrics.

5.1 � Metrics

Five different parameters were collected and analyzed: (i) 
the dispersion from the average value (DAV), (ii) the accu-
racy in terms of the relative distance between two different 
RTK-GPS devices (ACC), (iii) the GPS quality from the 
GNGGA message of the NMEA protocol (GPS_Q), (iv) 
the number of satellites in use from the GNGGA message 
(SAT_U), and (v) the number of satellites in view from the 
GPGSV message (SAT_V). When not discussed separately, 
the last three parameters will be referred to as SAT_D.

Fig. 3   The RTK-GPS device has been tested in two distinct environ-
ments: a high-dense urban area (a) and an open-sky location (b)

5  https://​tinyu​rl.​com/​4ac9b​h3x.

https://tinyurl.com/4ac9bh3x
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The tests consider both static and dynamic conditions. 
All five parameters were analyzed during the static condi-
tion whereas DAV was omitted from the dynamic session.

For analyzing DAV in the static condition, one RTK-
GPS device (along with the Android smartphone) was 
placed in a fixed position for a pre-defined amount of 
time. The smartphone acted in DSM modality, collect-
ing the positional data. ACC was assessed using two dif-
ferent RTK-GPS devices (with two Samsung S8) in both 
static and dynamic conditions. They were placed in two 
different positions at a known distance L = 55 cm that was 
compared with their relative distance computed using the 

collected positional data, thus assessing the system accu-
racy. The comparison of tracking data with a pre-defined 
value (i.e., the L distance) is a well-known procedure that 
proves effective in assessing the accuracy of tracking sys-
tems (Pintaric and Kaufmann 2007; Jakus et al. 2014; 
Kluga et al. 2014). The specific value ( L = 55 cm ) was 
chosen for practical reasons; in fact, to assess the accu-
racy under dynamic conditions, a rotating platform was 
constructed, and a rigid metal bar of length L was attached 
to it. To ensure a rigid system with no deformation of the 
bar, a length of approximately half a meter ( L = 55 cm ) 
was selected. This choice also facilitated the attachment 
of the bar to the motors of the rotating platform. ACC was 
computed using both DSM and RTM. In DSM, the two 
smartphones independently collected the positional data, 
used later for calculating the relative distance during a 
post-processing data analysis phase. In RTM, when the 
server receives the client data, it computes on the fly the 
relative distance, storing them on a text file. For evaluat-
ing ACC in static and dynamic conditions, the RTK-GPS 
devices have been attached to a rigid metal bar fixed to a 
circular rotating platform. The devices were positioned 
at the known distance L. During the static condition, the 
rotating platform was kept fixed, whereas, during the 
dynamic condition, it started rotating at a very slow veloc-
ity. Independently of the modality, condition, and assessed 
parameter, SAT_D were always collected by logging the 
NMEA messages received by the REDCatch application 
(for ACC, the NMEA messages of both smartphones were 
stored). Table  1 summarizes the parameter-condition-
modality relations.

5.1.1 � GPS distance computation

A single GPS coordinate P can be expressed in terms of 
latitude � and longitude � coordinates, P(�, �) . Given two 
distinct GPS coordinates P1 and P2 expressed in radians, 
their relative distance can be computed using at least three 
different methods: (i) Haversine formula, (ii) spherical 
law of cosines and (iii) equirectangular approximation. 
All three methods have been used to assess ACC and they 
have been implemented as follows.

Haversine distance DH:

Fig. 4   The red lines represent the actual paths, whereas the trajec-
tories of the two users are visualized using blue and yellow color 
schemes, respectively

Table 1   Given a condition and 
a parameter, each cell highlights 
the modality used to collect and 
analyze the data

Static Dynamic

DAV DSM
ACC​ DSM DSM

RTM RTM
SAT_D Log Log
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where �� is the latitude difference, �� is the longitude differ-
ence and R is the Earth radius ( R = 6371Km).

Equirectangular approximation distance DE:

Spherical law of cosine distance DS:

5.2 � Limitation of the accuracy metric

The proposed work presents a limitation in that distances 
between two different RTK-GPS devices have been com-
puted using Eqs. 1, 2, and 3 in both static and dynamic con-
ditions without relying on a synchronization system.

Referring to Fig. 5, two not-synchronized RTK-GPS 
devices (A and B) are fixed on the rigid metal bar at distance 
L. While the platform is rotating, PA (the GPS position of the 
A device) is received at time TA1

 and it is used to compute the 
distance with PB received at time TB1

 , with TA1
! = TB1

 . There-
fore, it will compute the L1 distance, biasing the results. To 
mitigate the effects of this drawback, two different strategies 
have been adopted. Firstly, the platform rotates very slowly, 
minimizing the possible positional errors (the positional 
data are also received with high frequency which further 
mitigates the lack of synchronization). Secondly, when dis-
tances are not computed with RTM mode, the data have 
been manually synchronized during the post-processing data 

(1)
a = sin

2(��∕2) + cos�1cos�2sin
2(��∕2)

c = 2atan2

�

√

a,
√

1 − a

�

D
H
= Rc

(2)
a = ��cos((�1 + �2)∕2)

DE = R
√

a2 + ��2

(3)DS = acos(sin�1sin�2 + cos�1cos�2cos��)R

analysis step, using the location Unix epoch time value.6 The 
positional data time values are set from the clock in use by 
the considered satellite constellation. Since A and B were 
positioned very close to each other ( L = 55 cm ), it is very 
likely that the two devices received the data from the same 
satellite constellation, thus referring to the same clock.

In order to present a truthful analysis, both not-synchro-
nized and synchronized results will be presented and dis-
cussed, highlighting differences in the results.

6 � Test

In order to assess the performances of the REDCatch RTK-
GPS device, several tests have been carried out in LOC_A 
and LOC_B locations.

The tests were divided into (i) Positional (PT) and (ii) 
Accuracy (AT) tests. The former analyzed DAV with related 
SAT_D, the latter assessed ACC with related SAT_D.

Given one location, PT has been carried out only in static 
conditions, using DSM modality (1 test in total). On the 
other hand, AT was performed in both static and dynamic 
conditions, using both DSM and RTM modalities (4 tests in 
total). Each test was performed for two different amounts 
of time (1 and 5 min). Table 2 summarizes the number of 
tests performed considering a specific location and amount 
of time.

PTs were structured as follows. An operator placed the 
RTK-GPS device (and related smartphone) in a fixed posi-
tion. Then, they launched the REDCatch (with log enabled) 
app and the custom Android application (DMS modality), 
saving the positional data for a specific amount of time. For 
ATs, the two RTK-GPS (and smartphones) were fixed to the 
rigid metal bar attached to the rotating platform. In the static 
condition, DMS modality, the operator launched the RED-
Catch and the custom Android applications on both smart-
phones, starting to collect the GPS data. In the static condi-
tion, RTM modality, the two smartphones were connected to 
the same Local Area Network, and one of the smartphones 
(the client) is connected to the other one (the server). Then, 

Fig. 5   The red and blue circles are the positions of the A and B 
devices. The green line represents the true distance whereas the yel-
low line represents the distance computed without synchronization

Table 2   Given a location and time period, PT was performed only 
in static condition using DSM, AT was performed in both conditions 
using DSM and RTM

Static Dynamic

PT DAV
(DSM)

AT ACC​
(DSM, RTM)

ACC​
(DSM, RTM)

6  https://​tinyu​rl.​com/​5xy7t​7mk.

https://tinyurl.com/5xy7t7mk
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the operator launched the REDCatch application (on both 
devices), allowing the server to compute and save the data 
in real-time. In the dynamic condition, the tests were struc-
tured as in static condition with the difference of the rotating 
platform. The operator started the rotating platform after 
launching the REDCatch and custom Android applications.

6.1 � PT results

PT data have been collected independently in both loca-
tions (LOC_A and LOC_B) for two different periods 

( T1 = 1min and T5 = 5min ). With an update frequency 
of 10Hz, the RTK-GPS device collected 594 values for 
LOC_A T1 , 593 for LOC_B T1 , 2985 for LOC_A T5 and 
2989 for LOC_B T5 . The data have been then filtered out to 
remove any missing values. Only LOC_B T5 presented one 
missing value, thus obtaining a total amount of data equal 
to 2988. Figure 6a and b shows the final PT data collected 
for T1 and T5 , respectively.

The first rows of both figures present LOC_A PT data 
while LOC_B PT data are plotted on the second rows. 
Considering one row, the first plot shows the positional 
data while the remaining two illustrate the latitude and 
longitude Interquartile Ranges (IQRs), respectively. By 
qualitatively analyzing the data, it is clear that LOC_B PT 
data are much more concentrated around the mean value 
than the LOC_A ones. The latitude and longitude values 
of LOC_A PT T1 tend to be more upper skewed than the 
LOC_B PT T1 data, which on the contrary, are uniformly 
distributed around the mean value. Similarly, Fig.  6b 
shows that the latitude and longitude LOC_A PT values 
are more spread out than the LOC_B ones, especially the 
latitude data that present several outliers.

In order to perform a truthful analysis, the outliers have 
been filtered out using the IQRs. Specifically, the latitude 
and longitude LOC_A and LOC_B PT values ( T1 and T5 ) 
have been filtered using the following condition:

where C represents a component (latitude or longitude), Q1C 
is the component’s first IQR, Q3C is the component’s third 
IQR, IQRC is the IQR ( IQRC = Q3C − Q1C ), Ci is the i-th 
element of a specific component and N the total number of 
components.

Figure 7 shows the remaining data. Referring to Fig. 7a, 
0.17% of the initial data have been filtered out from 
LOC_B PT data, whereas no outliers have been detected 
in LOC_A PT data. On the contrary, 16.2% and 1.6% of 
outliers have been identified in LOC_A T5 and LOC_B PT 
data, respectively (Fig. 7b). Similar to the initial data, the 
LOC_A filtered values are more spread around the mean 
value than the LOC_B ones, presenting several outliers.

Regarding the SAT_D data, GPS_Q, SAT_U, and 
SAT_V have been collected for LOC_A and LOC_B (for 
both T1 and T5 ), computing the mean values for each loca-
tion and period. From Table 3 it is possible to verify that 
SAT_U was the same for all the conditions, whereas the 
GPS_Q was fix for LOC_B ( GPS_Q = 4 , fix accuracy, that 
is, centimeter accuracy) and float for LOC_A ( GPS_Q ≃ 5 , 
float accuracy, that is, meter accuracy). Finally, SAT_V 
results show more satellites in view when the accuracy 
is fixed.

(4)
Q1C − 1.5 ∗ IQRC ≤ Ci ≤ Q3C + 1.5 ∗ IQRC

1 ≤ i ≤ N

Fig. 6   The PT data. Referring to both figures, the first rows show 
LOC_A data, the second rows LOC_B data. The red dots (Positions 
plots) represent the mean values
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6.2 � Static AT DSM results

Differently from PT, AT data have been collected with 
two RTK-GPS devices (and related smartphones, SMA0 
and SMA1 ) using the DSM modality. Each device saved its 
positional data, used later in the post-processing analysis 
step to compute the relative RTK-GPS distance. Given one 
location, although the smartphones collected the data for 
the same period ( T1 or T5 ) with two RTK-GPS devices run-
ning with the same update frequency (10 Hz), the number 
of data collected might slightly differ. This issue is due 
to inconsistencies in mocking the positional data, that is, 

Fig. 7   The PT Filtered data. Referring to both figures, the first rows 
show LOC_A data, the second rows LOC_B data. The red dots (Posi-
tions plots) represent the mean values

Table 3   The PT SAT_D data

SAT_U GPS_Q SAT_V

LOC_A T1 12 4.97 7.18
LOC_B T1 12 4 9.42
LOC_A T5 12 5 7.47
LOC_B T5 12 4 8.82

Fig. 8   The Static AT DSM data. Referring to both figures, the first 
rows show LOC_A data, the second rows LOC_B data. The red hori-
zontal lines represent the ground-truth
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given a mock frequency update (set to 10Hz), it seems the 
REDCatch application cannot forward the positional data 
strictly complying with the specified update frequency. 
Hence, given the total number of samples collected by the 
two systems, TOTSMA0

 and TOTSMA1
 , a number of data equal 

to N = min(TOTSMA0
, TOTSMA1

 ) has been used to compute 
the RTG-GPS distances. As an example, during LOC_A 
T1 test, SMA0 saved 596 data whereas SMA1 collected 595 
values, thus N = 595 . Following this logic, 595 samples 
were used to compute distances for LOC_A T1 , 589 for 
LOC_B T1 , 2979 for LOC_A T5 and 2971 for LOC_B T5 . 
No missing values were detected.

Figure 8a and b show the average distances computed 
for T1 and T5 , respectively. The first rows present LOC_A 
results, whereas LOC_B outcomes are shown in the sec-
ond rows. Given one row, the first plot illustrates the aver-
age values, highlighting the three methodologies used to 
compute distances (Sect. 5.1.1). The second plot shows 
the average distance values, highlighting the gap from 
the ground truth ( L = 55 cm , the red horizontal line). By 
qualitatively analyzing the data, it is evident that LOC_B 
results are much closer to the ground truth than the 
LOC_A ones. Moreover, for both T1 and T5 , Eqs. 1 and 2 
present similar outcomes, whereas Eq. 3 computes higher 
values. The LOC_A and LOC_B T1 results have also been 
statistically analyzed to detect meaningful differences. 
The Shapiro-Wilk test reported non-normal distributions 
for LOC_A and LOC_B ( pLOCA

< 0.001 , pLOCB
< 0.001 ). 

Hence, the data have been analyzed using the Mann–Whit-
ney U test, detecting statistically significant differences 
( p < 0.001 ) for all equations. The LOC_A T1 outcomes 
are DH = 1469.43,DE = 1469.43,DS = 1469.44 whereas 
LOC_B T1 a re  DH = 54.56,DE = 54.56,DS = 54.59 , 
showing an average error of 2571% and 0.7%, respec-
tively (average error Erroravg = 100(|D − L|)∕L , with 
D = (DH + DE + Ds)∕3 and L = 55 ). The same procedure 
was applied for LOC_A and LOC_B T5 outcomes, detecting 
non-normal distributions ( pLOCA

< 0.001 , pLOCB
< 0.001 ) 

and statistically significant differences ( p < 0.001 ) for 
all equations. The LOC_A T5 distance average values are 
DH = 96.07,DE = 96.07,DS = 96.10 whereas LOC_B T5 
are DH = 54.24,DE = 54.24,DS = 54.31 , showing an aver-
age error of 74 and 1.3%, respectively.

Regarding the SAT_D data, the average values of each 
location have been computed using the data collected with 
SMA0 and SMA1 . Table 4 shows the SAT_D outcomes: dur-
ing the LOC_A T1 experiment, the GPS-RTK devices used 
fewer satellites than the other experiments. Similar to PT, 
as the number of satellites in view grows, the accuracy 
increases, showing that an open-sky environment provides 
better GPS signal quality than a high-dense urban area.

Table 4   The Static AT DSM SAT_D data

SAT_U GPS_Q SAT_V

LOC_A T1 11.43 5 8.40
LOC_B T1 12 4 9.94
LOC_A T5 12 4.61 8.19
LOC_B T5 12 4 10.06

Fig. 9   The Dynamic AT DSM data. Referring to both figures, the first 
rows show LOC_A data, the second rows LOC_B data. The red hori-
zontal lines represent the ground-truth
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6.3 � Dynamic AT DSM results

Differently from Sect. 6.2, the two RTK-GPS devices (and 
related smartphones) were fixed to the rotating platform 
(relative distance L = 55 cm ). While the platform was rotat-
ing for 1 or 5 min ( T1 and T5 ), the devices were collecting 
positional data using the DSM modality. Following the same 
logic of Sect. 6.2, 594 values were used for LOC_A T1 , 594 
for LOC_B T1 , 2968 for LOC_A T5 , and 2962 for LOC_B T5 . 
One missing value was detected for LOC_A T5.

Figure 9a and b illustrates the average distances for T1 
and T5 , respectively. Considering both Figures, LOC_B 
outcomes are closer to the L ground-truth with respect to 
the LOC_A ones, though they are less accurate than the 
static PT results (Sect. 6.2). Equations 1,  2 and 3 pre-
sent outcomes consistent with PT ones but for LOC_A T1 
distances computed with Eq. 3, which tend to be higher 
than distances computed with Eqs. 1 and 2. LOC_A and 
LOC_B T1 T5 were not normally distributed ( p < 0.001 ) 
and the Mann–Whitney U test detected statistically signifi-
cant differences for both periods ( p < 0.001 ). LOC_A T1 
distances present a greater gap from L than the LOC_B T1 
ones (LOC_A: DH = 261.11,DE = 261.11,DS = 261.13 , 
LOC_B: DH = 39.61,DE = 39.61,DS = 39.65 ). LOC_B 
T5 outcomes show a similar pattern, with LOC_B dis-
tances more accurate than LOC_A ones (LOC_A: 
DH = 141.84,DE = 141.84,DS = 141.86  ,  L O C _ B : 
DH = 51.54,DE = 51.54,DS = 51.57 ). The average LOC_A 
and LOC_B errors are 374%-27% ( T1 ) and 157%-6% ( T5 ), 
respectively.

As introduced in Sect. 5.2, dynamic DSM data have been 
also manually synchronized using the Unix epochs. After the 
synchronization, 594 values were used for LOC_A T1 , 566 
for LOC_B T1 , 2942 for LOC_A T5 , and 2960 for LOC_B T5.

Figure 10a and b shows the average distances for T1 
and T5 computed using the synchronized data, respec-
tively. Generally, the outcomes are consistent with the 
not-synchronized data, showing highly accurate dis-
tance values for LOC_B data. Specifically, the LOC_A 
and LOC_B T1 T5 samples have a non-normal distribu-
tions ( p < 0.001 ) and present statistically significant dif-
ferences ( p < 0.001 ). The distances values for LOC_A 
T1 are DH = 262.15,DE = 262.15,DS = 262.14 whereas 
LOC_B T1 are  DH = 39.04,DE = 39.04,DS = 39.08 , 
with average errors of 376% and 29%, respectively. 
Considering T5 outcomes, LOC_A distance values are 
DH = 140.39,DE = 140.39,DS = 140.40 whereas LOC_B 
are DH = 51.55,DE = 51.55,DS = 51.58 , with average 
errors of 155% and 6%, respectively.

Table 5 shows the average SAT_D data, collected using 
the two RTK-GPS devices. The data are consistent with the 
previous ones, showing that the accuracy grows when the 
number of satellites in view increases.

6.4 � Static AT RTM results

Data were collected using two RTK-GPS devices placed at 
known distance L = 55 cm and distances were computed in 

Fig. 10   The Dynamic AT DSM Synchronized data. Referring to both 
figures, the first rows show LOC_A data, the second rows LOC_B 
data. The red horizontal lines represent the ground-truth

Table 5   The Dynamic AT DSM SAT_D data

SAT_U GPS_Q SAT_V

LOC_A T1 12 4.97 8.90
LOC_B T1 12 4.00 10.84
LOC_A T5 12 4.97 7.98
LOC_B T5 12 3.93 10.85
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real-time by the server (see Sect. 5.1).
Figure 11a and b shows the T1 and T5 outcomes respec-

tively. Similar to the results of Sect. 6.3, distances com-
puted in LOC_A present higher values than the LOC_B 

ones. On the contrary, distances computed with Eq. 3 tend 
to be lower than distances calculated with Eqs. 1 and 2, 
though the difference is less than 5 mm. Data presented 
non-normal distributions ( p < 0.001 ) and statistically 
significant differences ( p < 0.001 ). LOC_A T1 distances 
a re  DH = 398.04,DE = 398.04,DS = 398.03 whereas 
LOC_B T1 a re  DH = 53.77,DE = 53.77,DS = 53.76 , 
with average errors of 623 and 2%, respectively. 
Referring to LOC_A T5 outcomes, distances are 
DH = 238.92,DE = 238.92,DS = 238.89 whereas LOC_B 
T5 are DH = 53.44,DE = 53.44,DS = 53.40 , with average 
errors of 76% and 3%, respectively. SAT_D data are shown 

Fig. 11   The Static AT RTM data. For both figures, first rows show 
LOC_A data, second rows LOC_B data. The red lines represent the 
ground-truth

Table 6   The Static AT RTM SAT_D data

SAT_U GPS_Q SAT_V

LOC_A T1 12 5 9.36
LOC_B T1 12 4 10.44
LOC_A T5 12 5 9.19
LOC_B T5 12 4 10.24

Fig. 12   The Dynamic AT RTM data. Referring to both figures, the 
first rows show LOC_A data, the second rows LOC_B data. The red 
horizontal lines represent the ground-truth
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in Table 6 showing a stable fix accuracy when the average 
number of satellites is equal to 10.

6.5 � Dynamic AT RTM results

As for Sect. 6.4, data were collected with two RTK-GPS 
devices placed at known distance L = 55 cm and distances 
were computed in real-time by the server (Sect. 5.1). How-
ever, the platform rotated for 1 or 5 min, depending on the 
period ( T1 and T5).

T1 and T5 outcomes are illustrated in Fig. 12a and b, 
respectively. Overall, the results are consistent with the pre-
vious ones, both in terms of the deviation from the ground 
truth and the outcomes of the distance equations. Since 
data were not normally distributed ( p < 0.001 ), the results 
were analyzed with the Mann-Whitney U test which showed 
statistically significant differences ( p < 0.001 ). LOC_A T1 
results are DH = 364.05,DE = 364.05,DS = 364.04 whereas 
LOC_B T1 are DH = 54.33,DE = 54.33,DS = 54.30 , 
with average errors of 561 and 1.2%, respectively. 
Considering the LOC_A T5 outcomes, distances are 
DH = 928.49,DE = 928.49,DS = 928.48 whereas LOC_B 
T5 are DH = 54.20,DE = 54.20,DS = 54.15 , with average 
errors of 94 and 1.4%, respectively.

Table 7 illustrates the SAT_D data. Contrary to the previ-
ous results, an increase in the number of satellites in view 
does not correspond to an increase in GPS quality, showing 
fix accuracy when SAT_V is between 7 and 8.

7 � Discussion

Referring to PT results, data collected in LOC_B are uni-
formly distributed around the mean value, independently of 
the period, even when not filtered with IQRs. On the con-
trary, LOC_A samples are much more inconsistent and seem 
to produce fake trajectories, as the RTK-GPS device was 
drifting over time. Independently of the location, latitude 
values seem more skewed than longitude ones, generating 
several outliers, which increase with time (especially in the 
LOC_A location).

The AT analysis confirms the PT outcomes, demonstrat-
ing that when the RTK-GPS device is used in open-sky 
areas, it can reach 1 cm accuracy. Time seems to play a 

vital key-role, that is, the accuracy increases independently 
of the location when the RTK-GPS devices are employed 
for long periods. For example, during the dynamic DSM 
not-synchronized experiments, the LOC_A and LOC_B 
accuracy passed from approximately 2 m to 1 m and from 
16 cm to 5 mm, respectively. Generally, the SAT_D data 
indicate that as the number of satellites in view grows, the 
GPS quality increases. All the experiments show the same 
pattern (the accuracy improves over time and direct pro-
portionality between the number of satellites in view and 
GPS quality) but for the dynamic RTM results (Sect. 6.5). 
In fact, LOC_A and LOC_B T5 outcomes are less accurate 
than T1 ones, and there is no relation between SAT_V and 
GPS_Q. At the time of writing, there is no clear explana-
tion of this phenomenon, and future tests will be carried 
out to investigate the time-accuracy and SAT_V-GPS_Q 
relations further. Instead, it is demonstrated that the RED-
Catch RTK device can achieve 1 cm accuracy when used 
in open-sky areas. This result has a significant impact on 
future developments of wearable AR outdoor tracking sys-
tems, and it is possible to define some guidelines:

•	 The average tracking accuracy of current wearable AR 
devices is approximately 2 cm (Liu et al. 2018; Soares 
et al. 2021). Hence, GPS-RTK devices can be used to 
improve the wearable AR tracking capabilities when 
employed in open-sky areas, far from obstacles and 
buildings;

•	 Since vSLAM techniques are not robust when used in 
textureless and ambiguous environments (e.g., deserts, 
extraterrestrial landscapes), the RTK-GPS positional 
data can be used to reduce the positional tracking error, 
thus enabling the use of wearable AR devices in envi-
ronments that lack visual features;

•	 Contrary to mobile devices (i.e., smartphones) that 
can benefit from the GPS positional data when used 
in high-dense urban areas, the combined use of RTK-
GPS and wearable AR devices is strongly discouraged 
in these areas as it will negatively affect the tracking 
accuracy of the wearable AR systems;

•	 When wearable AR devices are used in high-dense 
urban areas, it is recommended to rely only on the 
internal tracking capabilities of the AR systems which 
are accurate enough to be effectively used in such envi-
ronments.

AR applications are usually used in dynamic scenarios 
where the users move through different conditions, pass-
ing from open-sky areas to high-dense urban environments. 
Hence, it becomes crucial to understand in real-time in 
which conditions users are in. In order to achieve this goal, 
it might be possible to use the GPS_Q and SAT_V messages 
of the NMEA protocol. A simple approach would be to use 

Table 7   The Dynamic AT RTM SAT_D data

SAT_U GPS_Q SAT_V

LOC_A T1 12 4.99 9.60
LOC_B T1 12 4 10.67
LOC_A T5 12 4.96 10.39
LOC_B T5 12 4 8.02
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the GPS data only when the GPS_Q is fix, thus improving 
the wearable AR tracking capabilities in open-sky areas.

8 � Conclusion

This paper presented a rigorous evaluation of a small-size 
RTK device for wearable AR applications. The evaluation 
considered both static and dynamic conditions as well as 
open-sky and urban areas.

The results clearly show that the considered RTK device 
can achieve 1 cm accuracy in static and dynamic conditions 
when used in open-sky areas. On the contrary, obstacles and 
buildings significantly reduce the overall accuracy, passing 
from 1 cm to more than 10 m. These outcomes indicate that 
wearable AR devices can benefit from the great accuracy of 
the RTK devices, possibly overcoming the vSLAM draw-
backs that occur in ambiguous, textureless, and repetitive 
environments.

In order to not negatively affect the tracking accuracy of 
the wearable AR device, it becomes crucial to understand 
when to use the GPS data. Hence, future works will focus on 
developing RTK AR wearable solutions capable of analyz-
ing the GPS quality in real-time, avoiding negatively affect-
ing the wearable AR tracking capabilities with inaccurate 
positional data.
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