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Abstract: In recent decades Global Positioning Systems (GPS) have become a ubiquitous tool to
support navigation. Traditional GPS has an error in the order of 10–15 m, which is adequate for many
applications (e.g., vehicle navigation) but for many robotics applications lacks required accuracy.
In this paper we describe a technique, FAGPS (Fiducial Augmented Global Positioning System) to
periodically use fiducial markers to lower the GPS drift, and hence for a small time-period have a
more accurate GPS determination. We describe results from simulations and from field testing in
open-sky environments where horizontal GPS accuracy was improved from a twice the distance root
mean square (2DRMS) error of 5.5 m to 2.99 m for a period of up-to 30 min.
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1. Introduction

GPS (Global Positioning System) is a global absolute navigation system which uses one-way
time of arrival (TOA) ranging from a constellation of satellites to compute a reasonably accurate
three-dimensional position [1]. Since the removal of selective availability in 2000 (which significantly
improved accuracy) and the inclusion of GPS receivers in most smartphones, GPS has become a near
ubiquitous system, particularly when paired with GIS (Global Information Systems) for navigation
and mapping services. GPS is also used as a precision timing reference across a variety of industries
including synchronization of cell towers, timestamping financial transactions and synchronising
scientific instruments [2].

GPS (originally known as NAVSTAR GPS) is the oldest Global Navigation Satellite System (GNSS)
with planning and development starting in the early 1960’s leading to full operational capacity, with
a constellation of 24 satellites, being reached in 1995. A number of alternate systems exist or are
being developed including the Russian Global Navigation Satellite System (GLONASS), the European
GALILEO system and the Chinese BeiDou Navigation Test System (BNTS). Although the majority
of low cost receivers currently only support traditional GPS, the proliferation of these additional
constellations and the prospect of improved positional accuracy has lead to the development of GNSS
receivers which can provide positional estimates by augmenting data across a range of different
satellite constellations [3].

GPS has several sources of error which effect accuracy including changing atmospheric conditions,
multipath, clock discrepancies and receiver noise [4–8]. These error sources each contribute with
different time horizons. For example multipath effects (where the receiver receives both direct and
reflected signals) may be relatively static in nature but then may change rapidly in the case of moving
receivers and significant changes in the environment (e.g., the closing of a stadium roof) [7].

In contrast, atmospheric errors (ionospheric and tropospheric) tend to change more slowly.
Atmospheric errors are caused by changes in atmospheric conditions (e.g., temperature, humidity,
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pressure) which contribute to varying degrees based on satellite elevation [8]. Likewise orbital errors
and satellite clock errors also have relatively slow changes over time [6,8].

Besides using other constellations there are a number of technologies used in the augmentation of
traditional GPS to improve performance. These technologies include Assisted GPS (AGPS) to improve
cold start performance, Differential GPS (DGPS) to reduce error and Inertial Navigation Systems (INS)
to provide navigation in GPS denied areas [9,10].

An alternate scheme to DGPS (but not as accurate), WAAS (Wide Area Augmentation Schemes)
involves geostationary satellites broadcasting correction data based on a network of widely dispersed
ground based stations [1]. Another correction approach is to use Real Time Kinematic GPS (RTK-GPS)
which produces highly accurate navigation with a close (within 10 km) base station transmitting
correction data over a radio link [11].

DGPS systems have seen widespread use where greater precision is required than traditional
GPS. This includes applications such as precision farming (with GPS guided machinery)
and marine navigation [12].

Fiducial markers are artificial landmarks which are added to a scene to facilitate registration
of points in images or between images and a known model [13]. Fiducial markers are commonly
used with pose estimation for robot navigation, biomedical image registration, augmented reality
applications and industrial applications (e.g., PCB fabrication) [14–16].

Fiducials have previously been used in GPS-denied environments to augment odometry and
inertial navigation systems (INS) to facilitate more accurate navigation through association with a
ground-truth [17–19]. In contrast, we propose to use fiducials regions in non-GPS denied environments
to improve GPS accuracy by reducing errors associated with time-variant variables for a short period
of time. Our technique, FAGPS (Fiducial Augmented GPS), which augments traditional GPS data with
position data acquired from a stationary geo-referenced fiducial marker. Hence, for a time interval
in the order of 20–30 min a more accurate position determination is achieved. We validate FAGPS
through empirical studies and simulation based on corrections of GPS data for stationary and moving
GPS receivers.

This paper is structured as follows: Section 2 covers some of the related research in the fields
of GPS augmentation using DGPS techniques and an overview of fiducial markers. Following this
Section 3 describes the proposed FAGPS scheme. Section 4 describes the experiments used to validate
FAGPS followed by the experimental results and a discussion in Section 5. Finally, Section 6 provides
some concluding remarks.

2. Related Research

This section provides background to existing technologies used to improve GPS performance and
fiducial techniques.

Assisted-GPS (AGPS) is a technique which uses a non-GPS radio signals (e.g., WIFI locations, cell
tower beacons) to significantly improve GPS cold start time as these radio signals help coarsely localise
the GPS receiver. Once the navigation unit knows its approximate location (within a few kilometres)
the GPS receiver can more rapidly determine the precise position [20]. An additional advantage of
AGPS is that it helps guard against GPS spoofing (when a GPS signals are maliciously spoofed) as all
of the relevant cell tower beacons or WIFI locations would also have to be spoofed.

Differential-GPS (DGPS) uses a fixed ground based GPS beacon as a reference point [21]. The
beacon computes the error measurement between the measured GPS point and the known beacon
position. This error is predominately due to atmospheric conditions and hence can be used by local
DGPS receivers to correct for errors. The distance to the beacon is an important factor with each
increase of 100 km resulting in an error of 0.2 m [10] and so for best performance the DGPS receiver
should be relatively close to the beacon. DGPS receives regular beacon updates (typically in the order
of 5 min) to ensure that recent data is being used to correct GPS signals.
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Like traditional GPS, DGPS is susceptible to spoofing and jamming. For applications which require
the precision of DGPS (e.g., autonomous farming, marine navigation) this reduction in accuracy may
have catastrophic consequences [22].

One more recent development is internet based DGPS, which is targeted to applications where
a GPS receiver is connected to the internet and can receive differential update information online.
Such systems are well suited to mobile phone applications where GPS and 4G are tightly coupled
together [23,24].

Table 1 summarises positional error for different GPS augmentation schemes. Although the DGPS
scheme provides the most accuracy it is also the highest cost (receivers are several orders of magnitude
more expensive than traditional GPS receivers).

Table 1. Summary of horizontal error for different augmentation techniques.

Data Point Horizontal Error Notes

Global Positioning System (GPS) 10–15 m [25] No augmentation
Wide Area Augmentation System (WAAS) 2–5 m [25] Availability subject to location
Differential Global Positioning System (DGPS) <1 m [10] Accuracy depends on distance to beacon

Central to the concept of FAGPS is the pose estimation based on georeferenced landmarks or
fiducial points. In terms of fiducial points, the proposed FAGPS system could conceivably operate both
with traditional 2D fiducial images and with so-called real-world fiducials. 2D Fiducial images are
high contrast, black and white images of known size and content which are placed in an environment
to facilitate pose estimation (as shown in Figure 1) [26].

Figure 1. Robot performing visual pose estimation on a geolocated fiducial marker with fiducial shown
on right.

Real-world fiducials are natural or man-made structures not designed for the purpose of machine
vision waypoints, but can be used for this task [27]. Some examples of real-world fiducials include:
a corner in a fence or building and key features in a path or structure which have been accurately
georeferenced to a map. These real-world fiducials are generally difficult to automatically detect
reliably (even artificial fiducials can be difficult to detect in real-world environments) [28]. The
constrained search size (expectation that a fiducial is within a certain area given the non-compensated
GPS margin of error) should help improve detection and reduce false positives. The other issue with
many of these real-world fiducials is the quality of pose-estimation, which can be very accurate given
a completely flat, high contrast 2D artificial fiducial (Figure 1), but less so for a real-world fiducial not
optimised for post-estimation.
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The technique proposed in this paper, FAGPS, performs a similar role to DGPS and RTK-GPS
in using a ground based georeferenced landmark to compensate for common mode errors. FAGPS
uses close-by fiducials (similar to RTK-GPS) but in contrast to DGPS and RTK-GPS doesn’t require
any transmitter hardware at the beacon points (only a georeferenced fiducial marker), which means
many beacons can be quickly created at very low cost and require no power. Receivers using the
FAGPS scheme will need to be coupled with a machine vision platform to allow them to recognise
and perform pose estimation on the landmarks. Some operational downtime is experienced as FAGPS
receivers will need to physically go to a beacon to receive calibration coordinates at regular intervals.

3. Proposed Technique

The FAGPS technique proposed in this paper is to augment the GPS measurement with a
georeferenced fiducial marker which a robot may observe within the environment and perform
pose-estimation on. Hence, once calibrated, for a short time interval, the robot can use this
augmentation to reduce positional error. Unlike DGPS which requires a costly DGPS receiver along
with a differential beacon the proposed FAGPS scheme requires no hardware on the ground, doesn’t
require access to power and uses the same low cost commercial receiver used by the robot itself.

As the robot needs to directly observe (and perform pose estimation on) the geolocated fiducial,
this limits the effective range the robot can be away from the reference point based on how quickly the
robot can travel within the increased accuracy timeframe. To expand the area of operation a series of
geolocated fiducials could be deployed—when the robot needs to re-acquire a fiducial it can go to the
closest one.

The FAGPS approach we have proposed operates in two modes: a calibration mode and a
compensated mode as shown in Figure 2. The calibration mode is where the FAGPS approach captures
and aligns a GPS position (Latitude, Longitude, Altitude) with a visual reference point. In a practical
robot system this could involve a ground robot driving up to a fiducial marker or a helicopter robot
hovering and performing pose estimation above a fiducial marker (or a natural visual feature like the
corner of a fence) and capturing the GPS coordinates at this point.

marker

Perform pose
estimation

Compute correction

(GPS position, pose,

fidiucial GPS position)

Roam and perform

Locate fiducial

tasks using FAGPS
to improve accuracy

Periodically reacquire
fiducial and obtain

new correction

Calibration Mode

Compensated Mode

Figure 2. FAGPS Operational Flow Diagram.

The calibration mode first involves locating the fiducial marker. As the uncompensated GPS
measurement will suffer from significant inaccuracies, the robot (or measurement platform) should
approach the approximate location at a distance of 10’s of meters and use machine vision try to locate
the position of the fiducial. Once this operation has been performed the robot can approach the
fiducial more closely (Euclidean distance less than 5 m) to facilitate a more accurate pose estimation
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measurement. Once this pose estimation has been performed, GPS calibration coordinates can be
captured and calibration offsets will be calculated as specified in Equations (1) and (2).

xtc = xt − (x − x0) (1)

ytc = yt − (y − y0) (2)

where x and y refer to the respective latitude and longitude of the robot computed with pose estimation
from the geolocated reference point. x0 and y0 refer to the GPS position received when pose estimation
occurred. xt and yt refers to the current received GPS position at time t. xtc and ytc refers to the FAGPS
corrected coordinates at time t.

Once these calibration coordinates have been captured the robot will operate in the compensated
mode as outlined in Figure 3. In the compensated mode the FAGPS acquired calibration offsets
are applied to all new GPS data to improve accuracy. It is expected that the area of operation will
be relatively small (as this is primarily designed to improve the navigation performance for small
unmanned robots), so an area of operation within 10 km should be reasonable.

Calibration

acquired

Compensation

timeout reset

Compensation
timeout = 0?

Switch to

calibration mode

Acquire

GPS data

Apply FAGPS

offset

Decrement

timeout

Use calibrated

GPS data

Figure 3. FAGPS Compensation Flow Diagram.

The other problem relates to the time interval before reacquiring a FAGPS compensated point
as changing atmospheric conditions will increase uncertainty over time. The process of reacquisition
is easy and efficient to do in a This has been improved in the introduction with references and
descriptions of the sources of error over time relating to drift over time and why this causes the
aging of the correction values. DGPS scheme (typically performed at most every few minutes) but
for the proposed FAGPS technique it requires going back to and reacquiring calibration data from a
fiducial point. One way to improve efficiency of calibration reacquisition would be to have a series of
fiducial points and the robot can each time go to the closest point to reacquire data. Alternately this
system could work effectively for a swarm of robots where periodically the robot closest to (or most
underutilized) could reacquire calibration coordinates and share them with the rest of the swarm.

The proposed technique shares some attributes with traditional DGPS, most notably that although
there is accuracy improvement through improving common mode noise (e.g., introduced by satellites
and stratosphere), non common mode noise like multipath interference around buildings will not be
improved. One advantage the proposed FAGPS technique has over DGPS is that the same receiver is
used for computing the calibration coordinates as what is used for navigation—so any difference in
the receiver performance between a DGPS beacon and the mobile receiver is negated.

4. Test Procedure

This section describes a simulation and three experiments which are designed to model
time-dependent varying errors, determine the baseline accuracy from a low-cost commercial GPS
receiver, to assess the improvement in accuracy using the proposed FAGPS system using both a static
system and a mobile robot platform.
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4.1. Simulation

As the corrections in the scheme have a time dependency associated with them (the correction
values age based on changes in common mode noise like changes in atmospheric conditions). We
performed simulations to evaluate this growing uncertainty of the corrections over time. The simulation
involves 2000 data points for each of the FAGPS and non-FAGPS schemes. These data points were
simulated to contain both elements of Gaussian noise (Zix and Ziy simulating the general noise in
GPS signals) and Gaussian noise with a time dependency (Zitx and Zity simulating the aging of
correction data).

Hence, the FAGPS (3) and non-FAGPS (4) data sets are computed as follows:

FAGPSxi = Zix + Zitx

FAGPSyi = Ziy + Zity
(3)

GPSxi = Zix + Zitx + x0

GPSyi = Ziy + Zity + y0
(4)

where Zix and Ziy are Gaussian noise with µ = 0 and σ2 = 0.5. Zigx and Zigy are time increasing
Gaussian noise variables with µ = 0 and σ2 = i/1000. Finally x0 = 0.75 m and y0 = 0.5 m and are
added onto the non-FAGPS data set to show an initial error offset corrected by the FAGPS scheme.

4.2. Experiment 1—Static Repeatability

The first experiment was designed to provide a measure of the accuracy performance of a static
commercial GPS receiver. This accuracy will be used as a baseline for the other experiments to
determine the drift associated with GPS measurement in different conditions.

A EM-406A SiRF III GPS receiver was interfaced with a microcontroller which was programmed to
periodically log the GPS data to flash memory. The receiver was placed outside in a static position with
clear line of sight of the sky for a period of approximately 44 h, logging a total of 162,676 measurements
through different weather and atmospheric conditions. The sampled results for Latitude and Longitude
are presented in Section 5.2.

4.3. Experiment 2—Spatial Displacement Repeatability

The purpose of the second experiment was to validate the efficacy of the FAGPS technique over a
short range real-world environment with both multipath and non-multipath errors present. Hence, the
aim of this experiment is to verify that performing a calibration at one geolocated landmark should
improve GPS performance when the receiver is moved and tested at another point (for a limited period
of time).

Two survey points were identified (Table 2 and Figure 4) and located. These survey points were
approximately 95 m apart and are located in a residential area.

Figure 4. Locations of survey data points.
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Table 2. Locations of survey points.

Survey Point Name Latitude Longitude

PCM113580231 −37.71373333 145.02958889
PCM113580230 −37.71371667 145.02958333

The first survey point (PCM113580231) was selected as the geolocated reference point. The GPS
was turned on at survey point PCM113580231 and was left static for 5 min to ensure that it had a
reliable fix. Based on the known position of PCM113580231 the measured position offsets in X and Y
were computed to correct the data (latitude offset = 0.0000546667, longitude offset = 0.0000326667).

The GPS receiver was then repositioned at PCM113580230 for an hour in order to assess the
performance of the correction over time at a different survey point.

4.4. Experiment 3—Mobile Repeatability for Robot Applications

The aim of the final experiment was to assess the performance of the FAGPS approach for a
moving target, as would be expected in a field robotics application. A base-ball diamond area was
chosen as it has a well defined shape which varies in latitude and longitude. The start position (marked
in Figure 5) was where the compensation on a geolocated point was performed. The experiment
involved traversing around the edge of the grass in a clockwise direction as a speed of approximately
1.2 m/s. A total of 26 laps of the baseball diamond were performed over a period of 30 min.

Figure 5. Map for mobile experiment.

5. Results and Discussion

This section provides the results and a discussion of the results for the simulation and each
of the three experiments described in Section 4. These results demonstrate the feasibility of the
proposed FAGPS scheme and the performance improvement over traditional non-corrected GPS
receiver systems.

5.1. Simulation

Figure 6a,b show the simulated error present for latitude and longitude for the non-FAGPS and
FAGPS simulated data sets respectively. Visually it can be observed that although the datasets have a
similar precision, the FAGPS dataset has significantly better accuracy.
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Figure 6. Error simulation comparisons show the FAGPS data has the offset of the centre of the cluster
removed. (a) Error simulation for non-FAGPS data; (b) Error simulation for FAGPS data.

Figure 7 compares the 2D RMS error of the FAGPS and non-FAGPS schemes. It can be observed
the in the short term the FAGPS performs with significantly lower error, due to the lower contribution
from the time dependency in the additive noise. As the time dependent variable increases (above 1500
data points) the FAGPS scheme no-longer has an accuracy advantage. Reacquiring the fiducial marker
and recalculating offsets would once again lower this time dependant noise and realise the accuracy
advantage in the FAGPS scheme.
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Figure 7. Simulation shows the FAGPS starts with a significantly lower error which over time becomes
similar to the non-FAGPS scheme.

5.2. Results: Experiment 1

The drift in the results for the latitude, longitude and altitude is shown in Figure 8. This drift may
initially seem very large, but it is taken over a period of over 44 h and is within the standard specified
operational accuracy for traditional GPS systems.

The error over the 44 h test can be quantified using the 2DRMS error which is a way of expressing
2D GPS accuracy. 2DRMS is computed as double the square root of the average of the squared errors.
For the 44 h test 2DRMS = 5.457 m.
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Figure 8. Horizontal error for 44 h of measurements.

Figure 9 shows 5 consecutive 30 min timeslots (each consisting of 1800 data points), demonstrating
significantly smaller variance in position over the smaller time interval. The 2DRMS value for these 30
min sets is signficantly smaller than for the 44 h test as shown in Table 3.

Figure 10 further shows the time dependence nature of the augmentation with significantly larger
variance in error increasing over time. Figures 9 and 10 seem to show error at discrete positions
which highlights quantisation within the GPS receiver measurements (rather than presence of specific
discrete errors).

Table 3. Summary of horizontal error for different augmentation techniques.

Measurement 2DRMS (m)

A 0.45
B 0.83
C 0.73
D 2.99
E 1.28

Figure 9. Horizontal error for 30 min intervals.
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Figure 10. RMS error increases over time with respect to drift from the first data point in the sequence.

5.3. Results: Experiment 2

Figure 11 shows the horizontal RMS error of the raw GPS measurements in comparison to the
FAGPS compensated measurements. The first 100 s have been excluded as these represented the time
taken to move from PCM113580231 to PCM113580230. The first 30 min show a consistently smaller
RMS error for the compensated data. Past the 30 min mark the compensated data provides less value
in terms of increasing accuracy which we propose is due to the fact that the compensated values are
time dependant and having aged are no longer accurate. This aging of the compensated values has
several components including atmospheric conditions, potential multi-path effects and swapping
between different satellites. At this point in time a fiducial marker could be reaquired to give a more
accurate position estimation.

Figure 11. Results from Experiment 2 with a consistently lower error for the first 30 min.

5.4. Results: Experiment 3

Figures 12 and 13 show the results of experiment 3 with the RAW GPS data and the FAGPS
compensated data respectively. The computed offsets were as follows: Latitude: 0.0000006667,
Longitude: 0.0000140000. Given the relative size of each of the offsets the larger shift in the longitude
compared to the latitude shown between the two figures is expected. The corrected values (Figure 13)
although showing the same amount of fluctuation (in latitude and longitude) are clearly more closely
aligned to the boarder of the grass.
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Figure 12. Results from Experiment 3 with 26 labs of uncorrected path showing a larger error in
the longitude.

Figure 13. Results from Experiment 3 with 26 labs of corrected path showing a closer accuracy
particularly for the longitude.

6. Conclusions

This paper has proposed and demonstrated a GPS augmentation scheme, FAGPS, which uses
geolocated fiducal images within an environment which can be observed and used to reduce GPS
error (2DRMS error of 5.5 m to 2.99 m) for a period of 20–30 min. The FAGPS scheme has DGPS-like
characteristics (in that local corrections are applied to GPS data to improve accuracy), the difference
is that the same physical receiver is used to make the corrections. Although the accuracy doesn’t
match that of DGPS, the cost of the system is orders of magnitude less than DGPS. DGPS operates on a
much faster update rate than FAGPS (5 min compared to 20 min) which results in more up-to-date
corrections being applied to GPS data.

The FAGPS scheme was assessed both through time-dependent simulations and fieldwork which
demonstrate the improved short-term (15–20 min) accuracy by correction of initial GPS captured offset
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points. Future work is required to quantify the improvements that FAGPS could render for altitude
and to validate the technique for flying vehicles.
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