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Abstract

Traditionally, ground control points (GCPs) are utilized to determine absolute image orientations indirectly in aerial triangulation.
For a long time, differential and relative GNSS (Global Navigation Satellite System) positioning techniques have been extensively
used to establish GCPs. In our country, the establishment and measurement of GCPs are instructed in the related regulation based on
differential GNSS techniques. One of the two methods described in the related regulation is based on establishing, at least, C3 level
networks with maximum base length of 10 km and with minimum 35-minute observation time. In an alternative method, without
base length restriction, GCP coordinates can be determined being connected to at least 3 TUSAGA-Active stations and with
minimum 120-minute static observation. The expected precision for the coordinates of GCPs are described to be better than 5 cm in
horizontal and 6 cm in vertical within the regulation. Although differential techniques can provide highly accurate positioning
solutions, they are required at least two receivers to mitigate GNSS error sources. Additionally, positioning accuracy obtained from
these techniques are strictly dependent on the distance from reference stations. It is clear that all these raise the operational cost and
system complexity of differential GNSS techniques. In recent years, Precise Point Positioning (PPP), which enables centimeter- or
millimeter-level positioning accuracy with only one receiver on a global scale, has emerged as an alternative positioning method.
Over the last decade, PPP has attracted considerable attention within the GNSS community due to its exceptional benefits such as
operational simplicity, cost-effectiveness, elimination of base station requirement. However, the main drawback of PPP is relatively
long observation period required to achieve a specific positioning accuracy, for example, nearly 50 min to reach 10 cm or better
horizontal accuracy with 30 seconds sampling rate. On the other hand, the completion of GLONASS constellation and the emergence
of new satellite systems, such as Galileo and BeiDou, offers considerable opportunities to improve the PPP performance. The
combinations of different GNSS constellations, namely multi-GNSS, strength the number and geometry of visible satellites, and
therefore, reduces the convergence time significantly. Additionally, the new generation GNSS receivers make possible to collect
more observations (even up to 100Hz), which provides abundant data for PPP processing. Taking all these into account, the principal
objective of this study is to investigate the usability of PPP in establishing GCPs for aerial triangulation. For this purpose, an
experimental test was conducted to evaluate the positioning performance of multi-GNSS PPP with high-frequency GNSS receivers (1
Hz). The results indicate that 5 cm or better horizontal and vertical positioning accuracy can be achieved by multi-GNSS PPP process
within approximately 30 minutes using highfrequency GNSS receivers. Considering these results and its operational simplicity, it can
be said that PPP is a robust alternative for the establishment of GCPs.

Keywords: Ground Control Points (GCPs), GNSS, Multi-GNSS, Precise Point Positioning (PPP)

prevent systematic error in GPS camera positions (Yuan,

Introduction 2009).

For a long time, differential and relative GNSS (Global
Nowadays, photogrammetric products, e.g. digital Navigation Satellite System) positioning technigues have
elevation models, dense point clouds and orthomosaics, been extensively used to establish GCPs. In Turkey,
are routinely produced with the imagery acquired from instructions on how to establish and measure the GCPs
manned or unmanned aerial platforms (Peppa et al., are provided in the related regulation (6961. Regulation
2016; Murtiyoso & Grussenmeyer, 2017; Bayirhan & Number). Accordingly, two different methods which are
Gazioglu, 2019). Thanks to GPS-supported aerial based on differential GNSS techniques can be used for
triangulation, the exterior orientation parameters of establishing GCPs. The first method is to employ at least
aerial images can be estimated with ease, which reduces C3 level networks with a maximum base length of 10 km
the number of ground control points (GCPs) and with minimum 35-minute observation time.
(Ackermann, 1994). However, a small number of GCPs Alternatively, the GCP coordinate can be determined
is still required to determine absolute image orientations being connected to at least 3 TUSAGA-Active stations
indirectly  in  aerial triangulation. In  aerial without base-length restriction. However, minimum 120-
photogrammetry, at least four points, one located in each minute static observation is required for the second
corner of the image block, are typically employed to method. Finally, the expected precision for these
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methods that are utilized in establishing GCPs are
introduced to be better than 5 cm in horizontal and 6 cm
in vertical within the regulation.

Differential and/or relative GNSS techniques are able to
provide high-accuracy positioning solutions using
reference points with known coordinates to eliminate
most of GNSS observation errors. By definition, these
techniques require at least two receivers (one reference
and one rover) to achieve high positioning accuracy.
There is no doubt that it raises the operational cost and
system complexity. Moreover, the positioning accuracy
of differential GNSS techniques is closely dependent on
the distance from the reference station or regional
network, which means that the relative or differential
techniques can efficiently work in a limited area (Rizos
etal., 2012).

In recent years, Precise Point Positioning (PPP) has
emerged as an alternative precise positioning method to
differential and/or relative techniques. PPP enables
centimetre- or millimetre-level positioning accuracy with
only one receiver on a global scale using the precise
orbit and clock products obtained from a global network
(Zumberge et al., 1997; Kouba & Heroux, 2001). PPP
has taken considerable interest within the GNSS
community due to its exceptional benefits such as
operational simplicity, cost-effectiveness, elimination of
base station requirement. However, PPP still suffers
from the long initial time, namely convergence time, to
achieve a specific positioning accuracy. In general, ten
centimetres or better horizontal accuracy can be reached
after a 50-minute observation period in the standard PPP
solution (Choy, 2017).

The completion of GLONASS constellation and the
emergence of new satellite systems, such as Galileo and
BeiDou have offered significant opportunity to enhance
the PPP positioning performance due to providing
additional satellite source and new navigation signals.
The combinations of different GNSS constellations,
namely multi-GNSS, strength the number and geometry
of visible satellites, and therefore, reduces the
convergence time (Cai et al., 2015; Tegedor et al., 2014;
Bahadur and Nohutcu, 2018). On the other hand, the use
of high-rate (1 Hz or more frequent) observations
recorded by new-generation GNSS receivers provides a
possibility to improve the PPP performance thanks to
increasing the number of observations substantially (Xu
et al., 2013). Taking all these into account, the main
objective of this study is to investigate the usability of
PPP in establishing GCPs for aerial triangulation. In this
context, the experimental text conducted to assess the
positioning performance of multi-GNSS PPP with high-
frequency GNSS receivers (1 Hz) and its results are
provided in this study.

Method

This section provides a brief introduction to multi-GNSS
PPP model and to PPP processing strategies applied in
this model to mitigate GNSS error sources. 2.1
Undifferenced Multi-GNSS PPP Model PPP utilizes
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precise products obtained from a global network to
eliminate satellite orbit and clock error. Also, the
ionosphere-free linear combination (IF) of dual-
frequency code and phase observations are used in the
standard PPP model to remove the first-order
ionospheric effect on GNSS signals (Zumberge et al.,
1997; Kouba & Heroux, 2001). As a standard, the
precise products generated by IGS (International GNSS
Service) has been employed by the GNSS users for
eliminating satelliteinduced error sources. As a part of
multi-GNSS Experiment (MGEX), IGS has started to
generate and distribute precise orbit and clock products
for multi-constellation, i.e. GPS, GLONASS, Galileo,
BeiDou and QZSS (Montenbruck et al., 2017). MGEX
products generated in the same reference frame and time
scale have been extensively utilized in the integration of
multi-GNSS in recent years.

MGEX products are generated on the basis of the IF
linear combination. Also, MGEX products, like to
standard IGS products which include GPS constellation
only, provides satellite clock corrections embracing code
hardware biases for multi-GNSS constellations. There is
not any product which contains the satellite phase
hardware biases within IGS products. Satellite code
hardware biases are eliminated by being assimilated into
the satellite clock errors, while satellite phase hardware
biases are lumped into the ambiguity parameters and
estimated together with them in the PPP model. Finally,
the receiver clock errors are estimated together with the
receiver code hardware biases due to their high
correlation (Kouba & Heroux, 2001; Steigenberger et al.,
2014). Considering all these into account, the IF linear
combinations  of  dual-frequency  (i=1,2) code
pseudorange (P) and carrier phase (L) observations can
be written as
Pyl = p w cde — cdts + 1 + e(Py)
Lity =
with
cdty = (edts + bjj, ), cdls! = (cdTs + b}
N = N3 +Bier = bie) - (B — i)

()
pi 4 cdty — AT + 17 + 25N + e(LiL) ()

(3)
4)

where subscript r refers to the receiver while superscripts
j and s indicate the GNSS index (G: GPS, R:
GLONASS, E: Galileo and C: BeiDou) and the satellite
number, respectively. Additionally, p®),_ is the
geometric range; ¢ is the speed of light;cdt,® and cdT®
are the reformed receiver and satellite clock errors,
respectively; T, I is the tropospheric delay; N*Jie and AS;
are the ambiguity parameter and wavelength for the IF
combination; ¢ is the observation noise; cdt;® and cdT®
are the receiver and satellite clock errors; bSir, and bsig
are the receiver and satellite hardware code biases for the
IF combination; B, and Bz are the receiver and
satellite hardware phase biases for the IF combination,
respectively.

Equations (1) and (2) have different receiver clock
parameters for each navigation system. Nevertheless, it
is not feasible in practice because most of the GNSS
receivers currently utilize the GPS system time as a
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reference timescale. Additionally, the satellite clock
corrections in MGEX products use GPS time as a
reference timescale (Steigenberger et al., 2014; Cai and
Gao, 2013). As a result, the introduction of system time-
difference parameters representing the time and
hardware bias difference between navigation systems is
the more preferred way when combining the multi-
constellation. In general, the system time-difference
parameters for GLONASS, Galileo, and BeiDou are
introduced with respect to the GPS time (Cai and Gao,
2013; Li et al., 2015). After applying the precise
products and introducing the system time-difference
parameters, the IF observation equations of GPS,
GLONASS, Galileo, and BeiDou can be written as

G,j G,J —~7, G.f G,J
By =p," 4 cdtf + T + e(Byl) (5)
G.J G.j -, G,J =G.J G.Jj
Lyt = pyt 4 cde + T 4 ANy + e (L) (6)
Pl = pfl 4 cdté + cdtf + T + e(PRL) (7
L = pf + cdtf + cdtls + TN + 25N +e(L]) (8
e = Py todty +odtgys + 17 + AN +é( !F,r') (®)
E,j E,j . E,j E.J
Py = pr” +cdtf +cdtlys + T, + (P ©)
LB = pBd g cdtS + cdtl,s + TP + AENE + (L5 )0
1Fr = Pr caty + Cdtgys r 1FNIE &( iF.r‘)( )
Pt = oy cdtf + edtlys + T+ e(Ri) (1)
L5 = pfl 4 cdtf + cdtl, + T + 26N + oL ) (12)

where cdtRys, cdtFsys and cdtCss indicate the system time

difference parameters for GONASS, Galileo and BeiDou
with respect to GPS time, respectively. Equations (5) to
(12) represent the undifferenced multi-GNSS PPP
model, and its unknown parameters are three position
components, one receiver clock error, three system time-
difference parameters, one tropospheric delay and one

real-valued ambiguity parameter for each of the
observed satellites.
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Fig. 1. Geographical locations of MGEX stations used in
this study.

Processing Strategies

In this study, PPPH, an open-source GNSS analysis
software, which is able to integrate multi-GNSS, is
utilized to perform PPP processes (Bahadur and
Nohutcu, 2018). PPPH is based on the undifferenced
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multi-GNSS PPP model described in the previous
section. The details of processing strategies employed to
mitigate PPP error sources are given in Table 1

Table 1. Processing strategies applied for PPP solutions
in the study.

STULY.

Constellation GPS. GLONASS. Galileo. BeiDoun
Processing mode Static

Satellite orbit and . . .

clock Final GFZ products

Satellite antenna phase
center offsets (PCOs)

IGS absolute antenna model
{Antex).

and its  variations  if not available, conventional

(PCVs) values for Galileo and BeiDou
(Fizos et al., 2013)

Receiver antenna  IGS absolute antenna model

PCOs and PCVs

(Antex).
if not available, GPS values for
Galileo and BeiDou

Troposphere
Drv component

Modeled by Saastamoinen (1972)
with Global Pressure and

Wet component Temperature 2 model (Lagler et al .
Mapping function 2013)
Gradients Estimated
Global Mapping Function (Bohm et
al.. 2006)
Mot applied or estimated
Felativistic effects Corrected (Kouba. 2015)
Phase wind-up Corrected (Wu et al.. 1993)
.- . ~ Solid Earth tides and ocean loading
Site displacements e T s
effects are corrected (Petit and Luzum

2010)

Adjustment method

Elevation mask

Extended Kalman filter
T

Weighting method for

Elevation dependent. correlations

gbservation ignored
Standard deviations of Carrier phase: 0.003 m at zemth
observables Code pseudorange: 3 m at zenith

The standard deviation

ratios befween GPS. Carrier phase 21:1:2:2,
GLOMASS, Galileo, Code pseudorange: 1:2:2:2
and BeiDou.

respectively

Test and Results

In order to investigate the usability of multi-GNSS PPP
method with 1-s observation sampling rate in
establishing GCPs, an experimental test was conducted.
Firstly, 24 hour observation datasets collected at four
MGEX stations during the 5-day period of January 7-11,
2019 were acquired from IGS FTP servers. These
stations are equipped with multi-GNSS receivers which
are able to record observations of GPS, GLONASS,
Galileo and BeiDou constellations with 1-s observation
sampling rate. Since the high-rate observations are not
available for all MGEX stations, the stations located
nearest Turkey as possible are selected for the test. The
geographical locations of the stations employed in the
test are given in Figure 1.

The second observation dataset with 30-s sampling rate
was obtained by decimating the original dataset. In order
to investigate the PPP performance more detailed, 5-day
observation datasets were divided into 2-hour periods.
So, 12 periods for each day and 60 periods for the test
period were obtained. Two different datasets with 1- and
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30-second sampling rates were processed in PPPH
software under two PPP modes, which are GPS-only and
multi-GNSS containing GPS, GLONASS, Galileo and
BeiDou constellations. On the other hand, the results
obtained from PPP processes were evaluated in terms of
positioning accuracy and convergence time. The
positioning error is computed as the difference between
the related PPP solution and the ground truth at the end
of the related process period (2 hours). IGS weekly
solutions, which include very precise station coordinates,
were used as the ground truth in this study. On the other
hand, the convergence time was determined as the time
when a sub-decimetre 3D positioning accuracy is
achieved and subsequently sustained for a period longer
than 10 min. Table 2 indicates the average positioning
errors and convergence times obtained from the PPP
processes of four stations over a period of 5 days under
GPS-only and multi-GNSS PPP modes with 1- and 30-s
observation sampling rates, separately.

The positioning errors are calculated in the local
coordinate system as including north, east and up
directions. Also, three-dimensional (3D) positioning
errors are presented in Table 2. From the table, we can
see that the integration of four constellations, namely
multi-GNSS, improves the PPP performance in terms of
positioning  accuracy and  convergence time,
substantially. Additionally, the increase of observation
sampling rate from 30- s to 1-s enhances the positioning
accuracy of PPP solutions with a limited amount, while
the use of high observation sampling significantly
reduces the average convergence time. Finally, we can
say that the multi-GNSS PPP solution with 1-s sampling
rate provides that better positioning performance
compared with the other PPP solutions. In multi-GNSS
PPP mode with the 1-s sampling rate, the average
convergence time is about 16 minutes, which is less than
half of convergence time of GPS-only PPP solutions
with the 30-s sampling rate.

Table 2. Averaged positioning errors and convergence
time obtained from GPS-only and Multi-GNSS PPP
solutions at the end of 2-hr process periods with 1 and
30-s sampling rate.

Samp PPP Positioning Error (mm) | Converg
ling Mode ence
Rate 2 E . Sl Time
(s) (min)
GPS- 147 | 31.0 | 43.8 | 62.2 37.32
30 oy
Multi- 1231 19.2 | 29.0 | 41.7 22.37
GNSS
GPS- 1421 29.7 | 42.1 | 59.6 25.14
| only
Multi- 122 | 184 | 27.1 | 39.8 15.95
GNSS

Figure 2 shows the temporal variations of the percentage
of converged periods within the whole periods for GPS-
only and multi-GNSS PPP solutions with 30- and 1-s
observation sampling rates. As can be seen from the
figure, the percentage of converged periods for multi-
GNSS PPP solution with 1-s observation sampling rate is
considerably higher than the other solutions within a
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short period of time. For example, the percentage of
converged periods for GPS-only PPP solutions with 30-s
sampling rate is under 10% at 10 minutes, while the
percentage for multi-GNSS PPP solutions with 1-s
sampling rate is over 40% for the same time. From the
figure, we can conclude that multi-GNSS PPP solutions
with the higher observation sampling rate achieve more
converged periods within a short period of time, which
offers a considerable opportunity for establishing GCPs.

Fig. 2. Variation of the percentage of converged periods
within all periods with respect to time for GPS-only and
multiGNSS PPP modes on the basis of 30- and 1-s
observation sampling rates.

Summary and Conclusions

In this study, the usability of PPP technique in
establishing GCPs was investigated. For this purpose, an
experimental test, which includes observation datasets
collected at four IGS stations during a 5-day period of 7-
11 January 2019, was performed. In the test, observation
datasets were processed under GPS-only and multi-
GNSS PPP modes with 30-s and 1-s observation
sampling rates, separately using PPPH software. The
results obtained from PPP solutions were evaluated in
terms of positioning accuracy and convergence time. The
results indicate that the integration of four GNSS
constellations, namely multi-GNSS, enhances the PPP
performance significantly in comparison with the
traditional PPP approach containing GPS satellites only.
Moreover, the increase of observation sampling rate
from 30-s to 1-s improves convergence time for both
GPS-only and multi-GNSS PPP modes, substantially.
Multi-GNSS PPP solutions with 1-s observation
sampling rate provide better positioning performance
compared with the other PPP solutions in terms of
positioning accuracy and convergence time.

The results prove that multi-GNSS PPP solutions with
the higher observation sampling rate reach considerably
more converged periods within a short period of time.
Nearly 95% of the whole periods were converged within
30 minutes in multi-GNSS PPP solutions with 1-s
observation sampling rate. Also, the average
convergence time is 16 minutes for multi-GNSS PPP
solution with the 1-s sampling rate. Considering the
instructions on how to establish and measure the GCPs
in Turkey, the results indicate that multi-GNSS PPP
solution with the 1-s observation sampling rate can be
used as an alternative method for establishing GCPs.
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