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Abstract 

Traditional indirect georeferencing requires time‑consuming and labor‑intensive field surveys to obtain ground 
control points (GCPs), making it challenging to apply in high‑risk areas with limited accessibility. This study proposes 
a novel and low‑cost system for direct georeferencing using unmanned aerial system post‑processing kinemat‑
ics (UAS‑PPK), which is less than a quarter of the price of commercially available products. To evaluate the accuracy 
of the aerial surveys of the custom‑built module and digital surface models, we used 15 checkpoints (CPs) and 99 
validation points (VPs). The results showed that this UAS‑PPK module could deliver high‑precision aerial surveys 
with a root mean square error (RMSE) of less than 4 cm for three dimensions without using control points. After add‑
ing one GCP, the RMSE of three dimensions was close to that of traditional aerial survey methods using 12 GCPs, hav‑
ing a vertical accuracy of 2.51 cm. The same 99 VPs were used to evaluate the accuracy of the digital surface model 
produced using UAS‑PPK. The results showed that the accuracy was close to that of traditional aerial survey methods, 
having an average error of less than 3 cm. We demonstrated the self‑made attachable UAS‑PPK module to be a reli‑
able and accurate survey tool in geoscience applications.

Key Points 

1. A novel and low‑cost UAS‑PPK geomorphic monitoring technology was proposed.
2. After accuracy assessment, this innovative module can achieve cm‑level accuracy.
3. This UAS‑PPK module could be greatly expanded in geoscience applications, especially in areas that are difficult 

to access.

Keywords Digital surface model, Geomorphic monitoring, Unmanned aerial system, Post‑processing kinematics, 
Georeferencing

1 Introduction
The demand for generating digital surface models 
(DSMs) from unmanned aerial systems (UASs) images by 
structures from motion (SfM) techniques has increased 
significantly. Many studies have confirmed the effective-
ness of these technologies in geoscience research, geo-
morphic monitoring or environmental management. 
Moreover, there is an increasing demand for efficient 
and rapid acquisition of high-resolution, high-precision 
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DSMs. These DSMs serve as datasets for repeated ero-
sion or deposition monitoring or the acquiring of detailed 
geometric spatial resources. Additionally, the recent 
rapid development of consumer-grade UASs combined 
with SfM photogrammetry software provides an efficient 
tool for 3D reconstruction of the environment (Casella 
et al. 2016; Gonçalves and Henriques 2015; Gruszczyński 
et  al. 2017)—abbreviated as UAS-SfM. The DSMs and 
orthoimages produced by UAS-SfM photogrammetry 
can be used in many geoscience-related studies, includ-
ing fault rupture investigation and surface deformation 
(Huang et  al. 2018; Lin et  al. 2018), beach-dune coastal 
systems (Bastos et al. 2018; Bon de Sousa et al. 2022; Bru-
nier et  al. 2016; Kesavan et  al. 2022; Lu and Chyi 2020; 
Mancini et  al. 2013; Taddia et  al. 2019), impact assess-
ment of extreme marine events and sea level changes 
in coastal areas (David and Schlurmann 2020; Scarelli 
et al. 2017), landslide monitoring (Eker and Aydın 2021; 
Liu et al. 2015; Lucieer et al. 2013; Peter Tian-Yuan et al. 
2019; Tempa et  al. 2021; Watanabe et  al. 2019), haz-
ards monitoring(Lian et  al. 2021), estimation of snow 
depth (Maier et  al. 2022) and changes in glacial melt-
ing (Bearzot et al. 2022; Xu et al. 2022), and monitoring 
the morphology of underwater coral reefs (David et  al. 
2021). Some of vast space is also difficult to access and 
are expensive to conduct UAS application with labor-
intensive survey, such as rangeland (Rango et  al. 2009). 
The above-mentioned study areas have one thing in com-
mon—that is, they are all located in high-risk areas with 
low accessibility and vast space. Consequently, it can be 
challenging to implement accurate georeferencing of 
UAS-SfM photogrammetry.

In general, there are two main approaches for remote 
sensing data georeferencing—that is, indirect georef-
erencing and direct georeferencing (Aicardi et  al. 2016; 
Kayitakire et al. 2006; Saponaro et al. 2021). Traditional 
indirect georeferencing obtains the coordinates of the 
ground control points (GCPs) using time-consuming 
and labor-intensive field surveys before importing the 
data into photogrammetry software. Such methods not 
only reduce the advantage of contactless UAS-SfM pho-
togrammetry, but also mean that it cannot be applied 
to construct high-precision DSMs or orthoimages 
for research related to natural disasters or areas with 
extremely low accessibility (de Haas et al. 2021; Tomaštík 
et al. 2019). Conversely, direct georeferencing obtains the 
precise coordinates and three-dimensional position of 
each aerial image via the global navigation satellite sys-
tem (GNSS) using unmanned aerial vehicles (UAVs) to 
directly construct a high-precision DSM without meas-
uring the GCPs (Nota et al. 2022; Stempfhuber and Buch-
holz 2011). For example, UAS-RTK or UAS-PPK can be 
georeferenced using on-board real-time kinematic (RTK) 

or post-processing kinematic (PPK) positioning systems 
to perform GNSS signal calculations with the base station 
on the ground via radio to obtain aerial image coordi-
nates with centimeter-level accuracy (Forlani et al. 2018). 
Such a technique could apply UAS-SfM photogramme-
try to study areas such as landslides, coastal regions, or 
remote islands where accessibility is extremely low.

Although there are several types of UAS-RTK or UAS-
PPK systems on the market—including the DJI P4RTK 
and Autel EVO RTK systems(Cledat et al. 2020; Gabrlik 
et  al. 2018; Taddia et  al. 2020; Tomaštík et  al. 2019)—
their prices are so high that the financial risk of los-
ing equipment during aerial surveys in many high-risk 
areas can become untenable. In particular, UAS-RTK is 
not only costly, but also requires real-time radio trans-
mission of the GNSS signals. Installing radio trans-
mission equipment on a UAV increases the weight of 
the drone, consumes more power, reduces battery life, 
and places constraints on communication. Addition-
ally, the accuracy of UAS-RTK decreases as the drone 
moves farther away from the base, resulting in increas-
ing error levels (Taddia et  al. 2020). Some research also 
demonstrated the the performance of USV-RTK and 
-PPK measurement(Cledat et al. 2020; Gabrlik et al. 2018; 
Taddia et  al. 2020; Tomaštík et  al. 2019). This research 
proposes a novel low-cost, high-precision self-made 
UAS-PPK module, which can overcome communication 
problems (out to a distance of 100 km) and is more power 
efficient. We verified the accuracy of the DSM produced 
under different experimental conditions to establish the 
feasibility and accuracy of future applications and moni-
toring of earth-science related problems.

2  Methodology
2.1  Instrument description and experiment setup
As discussed, UAS-PPK mapping has many advantages, 
and can also be used as a backup for the UAS-RTK meas-
urement method. However, the biggest challenge for 
UAS-PPK mapping is to precisely synchronize the timing 
of camera triggering and the GNSS recording time, espe-
cially for a sealed UAS such as the DJI system.

The self-developed attachable PPK module proposed 
in this study can be applied to a sealed UAS such as the 
DJI system, and can also be directly connected to the 
hot-shoe mount of regular cameras. The trigger times-
tamp of each photograph can be recorded in the GNSS 
log file within one microsecond. Using the DJI Phantom 
4 drone as an example, our self-developed PPK module 
can be attached to the LED light below the DJI drone 
motor using a phototransistor. When the drone takes a 
photograph, the LED flashes, the phototransistor detects 
this and sends an electronic signal to the GNSS receiver, 
and the timestamp is recorded in the log file. The GNSS 
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module used in this research is the Emlid Reach m +, 
which has the advantages of small size, weighing less than 
35 g, low price, and being integrated with inertial meas-
urement unit data, making it suitable for installation on 
UAVs and facilitating post-processing operations. The 
PPK module developed in this research integrates a pho-
totransistor, micro GNSS, and a self-developed circuit 
board. To reduce signal interference, the GNSS antenna 
is fixed to a stable metal plate, as shown in Fig. 1a.

Using this module and drone, aerial images be 
obtained, as well as the three-dimensional coordinates of 
each image. After the PPK calculations, the precise coor-
dinates of each image can be obtained and entered into 
the aerial survey software—such as Agisoft’s Photoscan 
(now known as Metashape)—to produce high-precision 
orthoimages and DSMs. Additionally, the PPK solution 
requires the GNSS observations of the base station and 
a rover station. The Emlid Reach RS base-station receiver 
is placed in the center of the study area (Fig. 1c), and the 
GNSS observations are started 30 min before the start of 
a flight mission and continued for 30 min after the mis-
sion ends.

To ascertain the accuracy of the self-developed UAS-
PPK system in producing the DSM, three experiments 
were conducted. The first was a traditional aerial sur-
vey, in which 12 GCPs were set up for aerial survey pro-
cessing (12 GCPs); the second used the PPK method, 
which did not use any GCPs; the third was the PPK 
method plus a ground control point (PPK + 1GCP). Fig-
ure  2 shows the method and the data processing flow 

adopted in this study. The relevant procedural details 
are described in the following subsections.

2.2  Survey flights
For aerial photography, we used the advanced DJI 
Phantom 4 drone and obtained image datasets to ena-
ble comparison with the above experiment. This study 
used single-grid automatic flight planning to obtain 
nadiral images with a flight area of 0.1 km2, a total of 
281 images being obtained. The forward and side over-
lap ratios for flight planning were set to 80% and 70%, 
respectively. The flight altitude was approximately 
50 m, the ground sampling distance (GSD) was approx-
imately 1.3 cm, and the flight speed was set to 5 m⋅s−1.

Considering the synchronization problem between 
the camera trigger and the GPS timestamp record, the 
drone took photographs in hover and capture mode—
that is, the UAV stops at each shooting point for image 
capturing, which can reduce errors caused by delayed 
recording. In the future, if a camera with a hot-shoe 
mount is used, the hover and capture mode need not 
be used, which should greatly improve the aerial pho-
tography efficiency. The GNSS device used in this 
study—that is, the Emlid Reach m + —could connect 
the camera shutter via a hot-shoe mount, so each pho-
tograph taken could be recorded within one micro-
second. Moreover, using the PPK solution, the exact 
coordinate of each photograph could be determined.

Fig. 1 Images of the research equipment. a Self‑made UAS‑PPK system (components include a self‑made circuit board, a GNSS receiver, 
a phototransistor, and a GNSS antenna); b Total station for surveying; c PPK base station
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2.3  The post‑processing kinematic (PPK) process
The PPK process includes two steps—that is, PPK pro-
cessing and geotagging. As far as the PPK workflow is 
concerned, accurate coordinates are not calculated in 
real time, but are obtained using an algorithm, which 
must operate independently in the field via a base sta-
tion and a rover, recording raw GNSS observation data in 
RINEX 3.03 format. The GNSS base station and the rover 
observation files are then imported into the RTKLIB 
open-source software for processing. Using the RTKLIB 
algorithm(Romero-Andrade et al. 2019), the coordinates 
of the absolute position of the rover station relative to the 
base station can be determined by calculating the dis-
tance between them, commonly known as the baseline.

With the RTKLIB software, it is necessary to first 
import a RINEX observation file and a navigation file 
from the base station, and then the RINEX file from the 
rover. The Kinematic feature is then selected under posi-
tioning mode and the three-dimensional coordinate val-
ues of the base station are entered. Under antenna type, 
the delta-U correction value (an offset of 0.25  m from 
the antenna phase center to the camera center) can be 
entered. Since the GNSS antenna is installed directly 
above the camera and the drone flight mode is hover and 
capture, the effects of E and N can be ignored. Using the 
delta-U correction value, the coordinates of the center 

of each photograph can be adjusted and calculated rela-
tive to the antenna phase center. After the calculation is 
performed, the precise coordinates of each timestamped 
photograph can be obtained, and the status of each pho-
tograph is known—that is, whether it is fixed or floating. 
Subsequently, the *.pos file can be converted into a *.txt 
file, which can be read by the photogrammetric software, 
and the geotagging process can be completed.

2.4  Photogrammetric processing
After all the photographs had been corrected using 
the PPK procedure and offset correction, Agisoft 
Metashape—selected as the software of choice for pho-
togrammetry processing—was used to sequentially pro-
duce three sets of experimentally designed DSM data 
for comparison. Photoscan is a software suite designed 
to achieve 3D reconstruction and to produce DSMs and 
georeferencing orthoimages. A considerable number 
of researchers have used this software for geoscience-
related research (Javernick et  al. 2014; Lucieer et  al. 
2013; Mancini et  al. 2013; Taddia et  al. 2020; Warrick 
et al. 2017; Westoby et al. 2018). This software combines 
SfM and the SfM-MVS (multiview stereo) algorithms to 
obtain the position and pose of a sensor from a series of 
overlapping photographs (Westoby et al. 2018).

Fig. 2 Research flow chart
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Three steps are required to execute this software 
(Agisoft 2018) for 3D reconstruction. The first step is 
to import photographs and perform image alignment, 
after which the image coordinates calculated using PPK 
are imported. To obtain better results, the parameter 
accuracy of image alignment can be set to its highest 
value, the software using the scale invariant feature 
transform (SIFT) algorithm to automatically detect 
key points in the image. After the key points have 
been identified, the camera pose of the camera station 
and the sparse cloud can be produced through bundle 
adjustment.

The second step is to convert the sparse cloud into 
an absolute spatial coordinate system. In this study, we 
wanted to compare the difference in accuracy between 
direct and indirect georeferencing. In the indirect geo-
referencing process, 12 GCPs with known coordinates 
were used to convert the image to an absolute spatial 
coordinate system, whereas in the direct georeferencing 
process, the precise coordinates of the image obtained 
from the PPK for bundle adjustment were used (Fazeli 
et al. 2016; Gabrlik et al. 2018). In the experimental set-
ting of the PPK + 1GCP model, the added control point 
in the center of the study area was used for coordinate 
transformation. We then entered 15 check points (CPs) 
into the software to perform the accuracy assessment 
for the three experimental settings, which used the root 
mean square error (RMSE) to evaluate the horizontal 
and vertical accuracy of the model. The formula for the 
RMSE can be expressed as follows:

where n denotes the number of checkpoints,  xdata,i,  ydata,i, 
 zdata,i denote the coordinates and elevation values of 
checkpoint i in the model,  xcheck,i,  ycheck,i,  zcheck,i denote 
the coordinates and elevation values measured by the 
total station for checkpoint i, and ∆xi, ∆yi, ∆zi denote the 
differences between the coordinate values of checkpoint i 
in the x, y, and z directions.

After the accuracy assessment of the CP residual, 
the difference between the coordinates estimated by 

(1)

RMSEx =

√

√

√

√

n
∑

i=1

(xdata,i − xcheck ,i)
2

n
=

√

√

√

√

n
∑

i=1

�x2i

(2)

RMSEy =

n

i=1

(ydata,i − ycheck ,i)
2

n
=

n

i=1

�y2i

(3)

RMSEz =

√

√

√

√

n
∑

i=1

(zdata,i − zcheck ,i)
2

n
=

√

√

√

√

n
∑

i=1

�z2i

the photogrammetric model and the real coordinates 
measured by the total station could be determined.

The third step is to produce a dense point cloud and 
DSM. We set the densification parameter to high and 
used an aggressive depth filter. The Photoscan software 
uses an inverse distance weighted algorithm to interpo-
late the dense point cloud to produce a digital surface. 
Finally, we used validation points (VPs) to evaluate the 
accuracy of the DSM.

2.5  Ground validation survey
Before flying, we measured 12 well-distributed GCPs 
and 15 CPs within the flight range using the Nikon Nivo 
M + total station and Trimble R6-4 GNSS, whose locali-
ties are shown in Fig. 3. The GCPs were used for georef-
erencing and the optimization of aerotriangulation in the 
photogrammetric workflow.

The aim of this paper is to evaluate the accuracy of 
the self-made, low-cost PPK modules on the DSMs. 
Ninety-nine VPs were surveyed using the total station 
throughout the area. These VPs were used to evaluate 
the vertical accuracy of the DSM produced by the pho-
togrammetric process to establish the terrain accuracy 
of the traditional aerial survey, the self-made PPK, and 
the PPK + 1GCP method. We calculated the difference in 
elevation between the DSM and the total station meas-
urement for the three experimental setups from each 
validation site (DH = HTS − HDSM, where DH is the dif-
ference of height; HTS is the height which is measured 
by Total Station; HDSM is the height derived from DSM). 
We then evaluated the distributions of elevation differ-
ences by means of frequency distribution histograms and 
regression analyses and calculated the mean and stand-
ard deviation.

3  Results
3.1  Accuracy assessment of check points of different UAS 

photogrammetry methods
Figure  4 shows a comparison of the results of the aver-
age RMSE of four different aerial survey methods at 15 
checkpoints. Figure  4a includes the accuracy assess-
ment without CPs and VPs and shows that the horizontal 
RMSE is of the order of tens of centimeters, and the ver-
tical RMSE is 29.63 m. Figure 4b compares the three dif-
ferent aerial survey methods—that is, the 12GCPs, PPK, 
and PPK + 1GCP methods. With a GSD of 1.3  cm, the 
RMSEs of X, Y, and Z for the 12GCPs method are 3.63, 
2.99, and 2.45 cm, respectively. The RMSEs of X, Y, and Z 
for the PPK method are 3.64, 3.58, and 3.32 cm, respec-
tively. The RMSEs of X, Y, and Z for the PPK + 1GCP 
method are 3.75, 3.52, and 2.51 cm, respectively.

From these results, it is evident that although the tra-
ditional aerial survey method (12GCPs) has the best 
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accuracy, the horizontal accuracy of the other methods 
reaches 2–3 GSD and the vertical accuracy is approxi-
mately 1.9 GSD. However, the low-cost PPK aerial sur-
vey method developed in this study (without the use of 
GCPs) has an accuracy quite close to that of the 12GCPs 
method, but the vertical accuracy (approximately 2.6 
GSD) is slightly worse. When the PPK method adds one 
GCP, its overall precision is close to that of the traditional 
aerial survey method, especially the vertical accuracy, 
which is also approximately 1.9 GSD. This accuracy, with-
out the need for multiple GCPs, can be used for high-
precision monitoring in many geoscience applications.

3.2  DSM accuracy assessment
To evaluate the absolute accuracy of the DSMs pro-
duced by the three aerial survey methods, as mentioned 
in Sect. 2.5, we measured two sections in different direc-
tions using the total station in the research area, obtain-
ing a total of 99 terrain VPs. We imported these 99 
terrain VPs into ArcGIS software and used the extraction 
tool in Arctoolbox to extract the elevation values at the 
same 99 positions from the DSM produced by the three 
aerial survey methods. A statistical analysis of the eleva-
tion difference between the VP measured by the total 
station and the same point of the corresponding DSM 

was then conducted. This comparison could be affected 
by how the DSM interpolation is achieved as well as the 
elevation interpolation during software sampling. The 
interpolation method used by the Metashape software is 
the inverse distance weighted algorithm. This effect could 
be more obvious where the point cloud is sparse and the 
volume of data is small.

Table  1 summarizes the vertical DSM error statistics 
for the three aerial survey methods. The average error for 
the PPK method is similar to that of the 12GCPs method, 
approximately 2.1 GSD (which matches the previous VP 
RMSE), but the error for the PPK + 1 method is approxi-
mately 3 GSD. Nonetheless, the standard deviations, 
maximum values, and minimum values for the three 
aerial survey methods are very close. It is worth noting 
that the minimum errors of the three survey methods are 
between − 13.7 and − 17.5 cm—that is, approximately 10 
to 13 GSDs. The reasons for this are analyzed in the dis-
cussion section.

To further verify the accuracy of the DSMs produced 
by the three aerial survey methods, this study used the 
absolute errors of the 99 VPs for frequency distribution 
calculations, as shown in the upper graphs of Fig. 5. The 
histograms from the three methods show that the errors 
are closely clustered. The 12GCPs method is the most 

Fig. 3 Experimental flight field map. The red triangles are the 12 GCPs; the green triangles are the 15 CPs; the yellow circles are the terrain VPs
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Fig. 4 a Comparison of the VP accuracy of the four aerial survey methods (including those without CPs and VPs). b Enlarged comparison of the VP 
accuracy of the three methods
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concentrated, followed by the PPK + 1 method, and then 
the PPK method. The overall elevation error is within 10 
to − 15 cm.

The lower part of Fig. 5 shows the regression analysis of 
the elevations of the three aerial survey methods and the 
elevation values measured by the total station. The slopes 
of the linear regression lines for all three methods are 
close to 1—that is, the measured values correspond well 
with the true values obtained from the total station—
and all correlation coefficients (R2 values) are above 0.99 
(P-values < 0.0001). Moreover, the data points lie close to 
the regression lines. This means that the UAS-PPK sys-
tem developed in this study is stable and yields highly 
accurate DSMs.

4  Discussion
4.1  Accuracy of the self‑developed UAS‑PPK system 

compared with traditional aerial survey methods
Implementing high-accuracy UAS-SfM photogrammetry 
with no GCPs, or only a small number of GCPs, could be 
an efficient, risk-reduced telemetry method. However, 
whether its accuracy can reach the level of traditional 
UAS-SfM methods needs to be evaluated. This study pro-
posed a low-cost, high-precision UAS-PPK system and 
compared its accuracy with that of traditional aerial sur-
vey methods by means of in-field verification.

In terms of the horizontal RMSE, of the traditional 
aerial survey method the 12GCPs method yields the best 
results, with errors in X and Y of 2.8 GSD and 2.2 GSD, 
respectively. The UAS-PPK system developed in this 
study yields similar results, with errors in X and Y of 2.8 
GSD and 2.8 GSD, respectively. When a GCP is added to 
the PPK method, the X error is 2.9 GSD and the Y error 
drops to 2.7 GSD. The above results show that perfor-
mance of the self-developed UAS-PPK system is close to 
that of the traditional aerial survey method in terms of 
horizontal error.

In terms of the vertical RMSE, the 12GCPs method is 
also the best, with an error of approximately 1.9 GSD. 
When the UAS-PPK system has no GCP, the verti-
cal error is approximately 2.6 GSD, and when a GCP is 
added, the vertical error of the PPK + 1GCP method 

drops to 1.9 GSD, which is close to that if the traditional 
aerial survey methods.

4.2  The accuracy of DSMs derived from the self‑made 
UAS‑PPK photogrammetry module

From the DSM accuracy verification tests, it is evident 
that the absolute negative error of the three aerial sur-
vey methods reaches 10–13 GSDs. To understand the 
spatial distribution of these extreme negative values, we 
performed a cross-section analysis. Figure  6 shows two 
terrain profiles plotting elevation versus distance, which 
compare the elevations of the VPs of the three aerial sur-
vey methods with those determined using the total sta-
tion. From the analysis, it is evident that the topographic 
profiles of the three aerial survey methods are consist-
ent with the profiles of the total station. However, in the 
central region (which is covered by grass), the profile for 
the total station is slightly lower than those of the three 
aerial surveys. With the exception of the grass-covered 
area, the rest of the research area is concreted ground or 
polyurethane (PU) runway, and the four section profiles 
are almost the same.

Consequently, we classified the ground surface in the 
research area into three types—that is, concreted areas, 
grassed areas, and PU runways—for comparison of the 
elevation errors. The results are presented in Table 2.The 
average error in the grassed area is the largest, reach-
ing − 6.75 to − 8.6 cm, which is approximately 5–7 GSDs; 
the average errors in concreted areas and PU runways are 
similar (between 1.86 and − 0.09  cm, which is approxi-
mately 1–2 GSD). This result matches the observation 
of the profile analysis. We also compared the elevation 
error between different terrains by categorizing the ter-
rain of the research area as level or sloping. The results 
are shown in Table  3. The difference in elevation error 
between these two terrain types is approximately 1–2 
GSD, which is small. The reason for the errors in the 
three aerial survey methods being larger in the grassed 
area compared with the concreted areas and PU runways 
may be due to differences in the measurement methods 
and tools used to determine the ground elevation. The 
total station method measures elevation by determining 
heights using a surveying pole placed on the ground sur-
face, while aerial surveys calculate the height of the ter-
rain surface by means of image processing. In areas with 
vegetation, the height of the vegetation surface is calcu-
lated instead of the ground. Consequently, the taller the 
vegetation, the greater the elevation difference. Another 
possible reason for the discrepancy is that it may be dif-
ficult to extract sufficient corresponding feature points 
for SfM algorithms on relatively homogeneous ground 

Table 1 DSM elevation error statistics for the three aerial survey 
methods (cm)

12GCPs PPK PPK + 1GCP

Average Error − 2.73 − 2.57 − 3.91

Standard Deviation 5.24 5.40 5.40

Max 5.35 5.55 4.53

Min − 13.67 − 16.30 − 17.46
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surfaces such as grassed areas (Fonstad et  al. 2013; Fonstad and Marcus 2010; Forlani et  al. 2018; Mancini 
et al. 2013). For these reasons, the average errors in the 

Fig. 5 Comparison between elevations of VPs surveyed by the total station and corresponding points extracted from the DSMs. The frequency 
histogram and linear regression diagram of the elevation difference between DSM and VP of (a) 12GCPs, (b) PPK, and (c) PPK + 1GCP
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grassed area of the three aerial survey methods are all 
higher.

5  Conclusions
Our self-developed UAS-PPK system has the advantages 
of low price, compactness, and high accuracy, unlike 
the UAS-RTK system, which is limited by radio com-
munications, reduced endurance, and increased errors 
when the drone is far from the base station. The attach-
able PPK module integrates phototransistors, a micro 
global navigation satellite system (GNSS), and a custom 
circuit board. It can be applied to a sealed UAS and can 
be directly connected to a camera hot shoe on ordinary 
UAVs to record the time in the GNSS log file within a 
microsecond of the camera shutter being triggered. Using 
the PPK method, the precise coordinates of each image 
can be obtained.

Fig. 6 Plots of the validation points for the three aerial survey methods on two topographic profiles compared with topographic profiles 
determined by the total station

Table 2 The average elevation error (cm) of the DSM of the 
three aerial survey methods for different ground covers

12GCPs PPK PPK + 1GCP

Concrete Pavement (n = 14) 0.13 1.86 0.25

Grassed Area (n = 47) − 6.75 − 6.84 − 8.16

PU Runway (n = 37) 1.29 1.17 − 0.09

Table 3 The average error value (cm) of the DSM of the three 
aerial survey methods for different ground inclinations

12GCPs PPK PPK + 1GCP

Flat (n = 80) − 2.46 − 2.14 − 3.53

Sloping (n = 18) − 3.94 − 4.50 − 5.64
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15 check points were used to evaluate the RMSE of the 
traditional aerial survey methods—that is, using 12 GCPs 
(denoted as 12GCPs), PPK without a GCP (denoted as 
PPK), and PPK with one GCP (PPK + 1GCP). The results 
showed that the self-developed UAS-PPK system exhib-
ited RMSEs for all three axes within 4 cm when no check-
points (CPs) were used, slightly higher than the 12GCPs 
of the traditional aerial survey method. When a CP was 
added to the UAS-PPK module, its three dimensions 
RMSE was close to the traditional aerial survey method. 
Furthermore, to evaluate the accuracy of the DSM pro-
duced by the three aerial survey methods, we measured 
99 terrain VPs to assess elevation accuracy. The results 
showed that the accuracy of UAS-PPK module was close 
to that of traditional aerial surveys, the average error 
being within 3 cm, although we found that larger errors 
occurred in vegetated areas.

The above accuracy verification results demonstrated 
that the self-developed attachable UAS-PPK module is 
a promising measurement tool and that the precision 
of the DSMs produced by the system is less than 2  cm. 
Coupled with its advantages of low price and long flying 
distance, the application of such UAVs in related research 
could be greatly expanded, especially in areas that are dif-
ficult to reach.
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