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Abstract: Unmanned Aerial Vehicles (UAVs) have revolutionised the availability of high resolution
topographic data in many disciplines due to their relatively low-cost and ease of deployment.
Consumer-grade Real Time Kinematic Global Navigation Satellite System (RTK-GNSS) equipped
UAVs offer potential to reduce or eliminate ground control points (GCPs) from SfM photogrammetry
surveys, removing time-consuming target deployment. Despite this, the removal of ground control
can substantially reduce the georeferencing accuracy of SfM photogrammetry outputs. Here, a DJI
Phantom 4 RTK UAV is deployed to survey a 2 X 0.5 km reach of the braided River Feshie, Scotland
that has local channel-bar relief of c.1 m and median grain size c.60 mm. Five rectangular adjacent
blocks were flown, with images collected at 20° from the nadir across a double grid, with strips
flown in opposing directions to achieve locally convergent imagery geometry. Check point errors
for seven scenarios with varying configurations of GCPs were tested. Results show that, contrary
to some published Direct Georeferencing UAV investigations, GCPs are not essential for accurate
kilometre-scale topographic modelling. Using no GCPs, 3300 independent spatially-distributed
RTK-GNSS surveyed check points have mean z-axis error —0.010 m (RMSE = 0.066 m). Using 5 GCPs
gave 0.016 m (RMSE = 0.072 m). Our check point results do not show vertical systematic errors, such
as doming, using either 0 or 5 GCPs. However, acquiring spatially distributed independent check
points to check for systematic errors is recommended. Our results imply that an RTK-GNSS UAV can
produce acceptable errors with no ground control, alongside spatially distributed independent check
points, demonstrating that the technique is versatile for rapid kilometre-scale topographic survey in a
range of geomorphic environments.

Keywords: digital elevation models (DEMs); fluvial remote sensing; topography; unmanned aerial
systems (UAS); drone; real time kinematic (RTK); direct georeferencing; DJI Phantom 4; Pix4D;
structure from motion

1. Introduction

Topographic surveys of dynamic landforms, for scientific or management applications such as
flow modelling [1,2], topographic change detection [3—6] and geomorphic unit mapping [7-9] typically
cover areas of up to a few km?. In dynamic river environments, this scale demands using geomatics
technologies that can address the threefold set of challenges posed by complex relief, inundated channels,
and high rates of morphological change [1]. Digital photography and Unmanned Aerial Vehicle (UAV)
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hardware technologies [10-12] coupled with Global Navigation Satellite System (GNSS) placed ground
control points (GCPs) and Structure-from-Motion with multiview stereo photogrammetry (StM MVS;
hereafter together referred to as SfM photogrammetry) [13] has become a widely established survey
technique at this spatial scale [13-18]. The challenges for applying these technologies in dynamic
environments compared to alternative techniques, such as static [19] and dynamic [20] terrestrial laser
scanning, are: survey logistics including flight permissions, flight duration, weather and access for GCP
placement [11,21-24]; imagery acquisition to mitigate structural errors [25,26]; and, postprocessing
of point clouds to reconstruct accurate submerged topography [27,28] and classify vegetation [29].
The recent development of Direct Georeferencing (DG) of imagery captured by UAVs [30-32] potentially
offers the opportunity to reduce the logistical challenge and time-consuming nature of GCP field
operations [33]. Formally, Direct Georeferencing involves camera positioning using a UAV mounted
GNSS antenna and no GCPs. GNSS observations are processed to provide the position of each image
with centimetre-scale accuracy. In this paper we compare DG with a number of scenarios using
different GCP configurations, using data from a Real Time Kinematic (RTK) GNSS equipped UAV. RTK
positioning is achieved by an on-board GNSS receiver whose observed positions are adjusted using
corrections that are transmitted from a radio that is part of a local GNSS base station whose position is
well known. Little research or practical guidance exists for configuring ground control when working
with RTK-GNSS UAVs in longitudinally extensive, corridor settings (e.g., river valleys, beaches) or to
determine how using GCPs can influence the accuracy of topographic products.

UAUVs are typically used in geomorphology applications to deploy a digital camera to acquire
images for subsequent processing using SfM photogrammetry. To date, most UAV hardware setups
include an onboard, standard, single-frequency GNSS receiver that is capable of geotagging digital
images with a three-dimensional (3D) position calculated from code-based GNSS processing. This yields
a positional accuracy of 5-10 metres. SfM photogrammetry uses highly redundant bundle adjustment
to match features in multiple overlapping, offset images [34]. Geotagged images from a standard GNSS
receiver speed up keypoint correspondence computations, but after StM processing, the resulting sparse
point cloud lacks accurate scale and orientation parameters because 3D point clouds are generated
in a relative image-space coordinate system. The point clouds are subsequently transformed to an
absolute coordinate system via a 3D linear similarity transformation based on GCPs with known
object-space coordinates measured using ground survey. Metric data can then be extracted from the
newly created point clouds. Recently an alternative georeferencing method for UAV imagery, Direct
Georeferencing, has emerged whereby control is provided through the measurement of digital image
location at exposure time to centimetre level accuracy [35] using a UAV mounted GNSS receiver that is
capable of dual-frequency carrier and phase, and potentially multiconstellation, observations.

Direct Georeferencing of UAV acquired imagery can be achieved using one of four GNSS
positioning and processing techniques [31]. First, from a local reference or base station, relative
positioning using RTK corrections is achieved through a radio link between the base and UAV.
Second, where a local reference is available but hardware for a radio link is not available, relative
positioning can be achieved through the Post-Processed Kinematic (PPK) method. Both RTK and
PPK GNSS processing can provide centimetre accuracy when baselines are short, i.e., less than a few
kilometres [36]. Third, network RTK (NRTK) can be used to calculate relative position using a virtual
reference station, with corrections from a network of GNSS reference stations received over the internet,
via subscription to a service (e.g., HXGN SmartNet). Finally, Precise Point Positioning (PPP) offers an
alternative relative positioning technique where highly accurate satellite orbit and clock parameters
are fixed, for example using data from the International GNSS Service (IGS), and position is then
estimated directly using dual-frequency carrier phase and code GNSS data. The advantage of PPP
over the other techniques is that a local GNSS reference station is not needed nor does the flight area
need to be served by NRTK correction.

Existing literature on geomorphological studies (Table 1) using UAVs capable of Direct
Georeferencing, but sometimes supplemented with a small number of GCPs, primarily concerns
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experiments on urban areas or homogenous terrain <1 km? in area. These types of sites allow testing
of the UAV technology, but their relevance to heterogeneous natural environments and over larger,
corridor areas needs to be assessed. This paper assesses the performance of an RTK-GNSS UAV in an
upland river environment, so building upon the literature in terms of both spatial scale and shape
and topographic variability. The three investigations published in 2017 in Table 1 [37-39] each used
customised data processing and analysis and produced maximum check point elevation errors of the
order of 1 m. Weber and Lerch [40] did not report independent elevation errors. Forlani et al. [32]
and Taddia et al. [41] each assessed different GCP configurations. Forlani et al. [32] compared digital
surface models (DSM) using Root Mean Squared Error (RMSE) statistics to determine the quality of
SfM photogrammetry outputs based on different GCP scenarios. Taddia et al. [41] surveyed 2 km of
coastline with a DJI Phantom 4 RTK and compared z-axis RMSE in PPK results. From the investigations
in Table 1, assessments of the DG method suggest that: (i) DSMs georeferenced with no GCPs produce
consistently higher z-axis RMSE than those with one or more GCPs [32]. For example, Forlani et al. [32]
report RMSE with 12 GCPs of 0.026 m, 0.04 m for one GCP and 0.126 m with no GCPs; (ii) GCPs
have limited influence on vertical errors [41], with z-axis RMSE of 0.022 m for DG with zero GCPs,
decreasing only to 0.016 m when 21 GCPs were used; further, Taddia et al. [41] concluded that: (iii)
a full oblique dataset is optimal for constraining z-axis errors, based on higher errors in both of the
alternative image configurations that they used than in a full, double grid flight plan.
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Table 1. Summary of literature on Direct Georeferencing (DG) of Unmanned Aerial Vehicle (UAV) acquired imagery for SfM photogrammetry. For each investigation,

the table summarises UAV and camera hardware specifications, key survey and image collection parameters, data processing details and reported errors.

Investigation Details

Hamshaw et al.,
(2017) [371]

Carbonneau
and Dietrich
(2017) [38]

Stocker et al.,
(2017) [39]

Weber and Lerch
(2018) [40]

Forlani et al.,
(2018) [32]

Zhang et al., (2019) [42]

Taddia et al.,
(2020) [41]

Grayson et al.,
(2020) [31]

UAV Type

Camera Type, and
Megapixels

Flying Height
Ground Sampling
Distance

Number of Targets

Survey Setting

Imagery Orientation

GNSS Positioning

GNSS Data Processing

(i) Sensefly eBee
Classic; (ii)
SenseFly eBee
Plus RTK

(i) SenseFly
S.O.D.A. (20
Mpixel); (ii)
Compact Sony
Cyber-Shot
DSC-WX220
(18.2 Mpixel)

100 m

3.6 cm

10 (4 GCPs, 6
CKPs)

Rural (500 m x
500 m per site, 7

sites total)
Oblique
RTK

SenseFly
eMotion
software
package and
Pix4D

(i) DJI Phantom
3 Professional;
(ii) DJI Inspire 1

(i) Integrated
camera model
FC300, 12
Mpixel; (ii)
Integrated
camera model
FC350, 12
Mpixel

60 m and 80 m

not given

Rural (150 x 150
m) and Urban

(150 x 90 m)
Nadiral and
Oblique
RTK

MATLAB and
Photoscan Pro

and

CloudCompare

DelairTech DT
18 UAV

Industrial grade
5MP RGB
sensor (pixel
pitch of 3.45um)

100 m
2.8 cm

22

Urban (1400 x
1400 m)
Oblique

PPK

Applanix
POSPac UAV
software

SenseFly eBee Plus
RTK

Compact Sony
Cyber-Shot
DSC-WX220 (18.2
Mpixel)

100 and 150 m

2.5 cm and 3.6 cm

Rural (4 ha)

Not stated
RTK and PPK

Agisoft PhotoScan
and Cloud Compare
and AutoCAD.

SenseFly
eBee-RTK

Compact Sony
Cyber-Shot
DSC-WX220
(18.2 Mpixel)

90 m
2.3 cm
23 (Tests: (i) 12
GCPs; (ii) 0
GCPs; (iii) 1
GCP)

Urban (550 %
330 m)

Oblique

RTK and NRTK

Photoscan

(i) Custom-Hexacopter
(w/DSLR camera and
GNSS RTK); (ii) DJT
Phantom 3 Advanced
UAV (adapted: +
fisheye camera and
GNSS RTK)

(i) Canon EOS 550D
camera (18 Mpixel); (ii)
Hero GoPro 3 camera
(12 Mpixel)

(i) 20 m, 35 m; (ii) 45 m
(1) 0.63 cm; (ii) 3.11 cm

16. Different
GCP/Check Point
configurations tested.

Rural (1.7 ha)

Not stated
PPK

RTKLib and Pix4D

DJI Phantom 4
RTK

DJI 17 CMOS
sensor camera
(20 Mpixel)

80 m
2 cm

40. Different
GCP/Check
Point
configurations
tested.

Rural (2000 m x
130 m)

Nadiral and
Oblique
PPK

MATLAB and
Agisoft
Metashape

QuestUAV
fixed-wing
Q-200 aircraft

Sony ILCE-6000
digital compact
camera (24.3
Mpixel)

120 m

3 cm

40

Rural (250 m x
600 m)

Not stated

PPP vs. PPK
PANDA
scientific

software (Liu

and Ge, 2003)

and APERO
Software
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Investigation Details

Carbonneau
and Dietrich
(2017) [38]

Hamshaw et al.,
(2017) [37]

Stocker et al.,
(2017) [39]

Weber and Lerch
(2018) [40]

Forlani et al.,
(2018) [32]

Zhang et al., (2019) [42]

Taddia et al.,
(2020) [41]

Grayson et al.,
(2020) [31]

Error and Assessment
Method

UAV, TLS
(RIEGEL Error was
VZ-1000) and determined by
RTK-GNSS data PStM = M7
compared. Ptrue +n.
RMSE 1 = precision
0.022-0.154 m (scatter) of the
(TLS/RTK). SfM point cloud.
RMSE 1 ranges from
0.033-0.698 m 0.06 to 0.55 m.
(UAV/RTK).

PPK compared
to no post
processing (pp).
Mean Error
(ME) on check
point residuals
calculated for 8
scenarios (S). S1
and S2 (no pp),
ME -9.284 m
(52). S5-8 (PPK)
ME range 0.033
to 0.727 m.

UAV and TLS
(Trimble SX10)
point clouds
compared. ME and
standard deviation
(CloudCompare),
volume and spatial
extent differences
(AutoCAD). ME
ranged from 0.055
to 0.095 m.

RTK only: z
RMSE ranged
from 0.02 to 0.12
m. GCP and
RTK + 1 GCP: z
RMSE ranged
from 0.018 to
0.045 m. DSM
mean error (cm)
and standard
deviation were
also calculated.

PPK Compared to no
pp for different GCP
configurations. (i) z
RMSE 3.45 m (no PPK,
no GCP), 0.03 m (PPK, 1
GCP); (ii) z RMSE 3.27
m (No PPK, no GCP),
0.03 m (PPK, 1 GCP).

Compared
image
orientation and
GCP
configuration. z
RMSE: Nadiral
—-0.051 m 1 GCP,
0.021 m (21
GCPs), Oblique
-0.022m
(0GCPs), 0.016
m (21 GCPs),
Nadiral +
Oblique —0.025
m (0 GCPs).

Compared PPP
to PPK. PPP: z
RMSE is 3 pixels
(0 GCP), 1 pixel
(4 GCPs). PPK:
zRMSE is <1
pixel (0GCP).
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SfM derived geomorphological topographic datasets can have complex spatially distributed
errors. These errors often result from systematic errors in the camera geometry. Such errors
tend to arise when there is a weak image network geometry, usually arising from the flight plan
geometry and design [11,43]. Additionally, errors may arise from inaccurate camera calibration
arising from the estimation of photogrammetric parameters during the bundle adjustment phase of
the SfM photogrammetry workflow. Such factors can then influence subsequent photogrammetric
processing, resulting in a complex set of local optimization minima, in comparison to images captured
in a highly convergent network [44]. Many previous studies have explored and have proposed
mitigation for systematic errors, specifically doming, in geomorphic datasets via improved camera
modelling [26,38]. Other approaches to reduce or eliminate systematic errors that have been considered
include: the addition of oblique images in conjunction with a Nadiral datasets [41]; use of GCPs [45];
Direct Georeferencing techniques [42]; camera precalibration [46]; and, point of interest (POI) flight
planning [45,47]. Of these approaches, POl is perhaps the most generally applicable but, for spatially
extensive surveys along elongate corridors such as river valleys, double grids of convergent imagery
(e.g., [41]), remains the most commonly used approach to acquiring images and warrants further error
analysis. As Sanz-Ablanedo et al. [45] state, a limitation of the POI design is that the surveyed area
cannot be more than four to five times the UAV flight height due to excessive convergence angles
beyond this limit.

Many geomorphological studies have constraints of access over difficult terrain affecting GCP
deployment and flight lines, and use is also often made of legacy images acquired using single or
double grid flight plans. Hence, some of the error mitigation approaches proposed in the literature are
unavailable in these situations. Consequently, the scope of our study is similar to Forlani et al. [32]’s
investigation that tested the effect of different GCP numbers on imagery acquired using an RTK-GNSS
UAV, although with DJI Phantom 4 RTK quadcopter UAV rather than a SenseFly eBee RTK fixed wing
UAV. This DJI Phantom 4 RTK UAV was also used by Taddia et al. [41] but in PPK rather than the
RTK mode that is used here. We consider the impact of the number and configuration of GCPs in an
environment of similar scale and topographic complexity to that surveyed by Taddia et al. [41], which is
significantly larger and more complex than the urban site used by Forlani et al. [32]. Specifically, the
following research questions are addressed using an RTK approach to Direct Georeferencing: (i) are
any GCPs needed when using an RTK-GNSS UAV? (ii) if GCPs are required, how many are needed?
and, (iii) what is the optimal configuration for these GCPs? To address these questions, GCPs were
distributed along and across a 2 x 0.5 km braided river reach to test different GCP configurations,
using a consistent set of independent check points to assess accuracy. River and coastal surveys are
typically longitudinally extensive and relatively narrow, as are a range of other settings (e.g., roads and
railways) where the technology may be applied, thus requiring multiple UAV flights from different
take off/landing positions to provide full coverage of the area of interest. This comprehensive analysis
of the impact of the number of GCPs when using an RTK-GNSS UAV is used to provide guidance for
corridor mapping (e.g., river valley) survey strategies in geomorphological environments and other
settings of similar size and topography.

Study Area

Data were collected in Glen Feshie, United Kingdom in July 2019 from a 2 km length braided
river reach (Figure 1). This reach has been the subject of multiple past topographic surveys that have
tested new geomatics technologies for fluvial geomorphology applications and have developed new
techniques to analyse surface sedimentology and sediment budgets [3,48-50]. The surveyed reach
represents a dynamic section of the river where there are multiple wet channels at low flow and channel
avulsion and switching occur during periods of high flow [51,52]. These channels are separated by
compound bars with vegetation and bare gravels in the middle of the braidplain, as well as bank
attached bars which exist intermittently on right and left banks. Bars range in length up to 500 m at
times of low flow. Vegetated bars are colonised by a succession from grasses to shrubs, which form
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increasingly dense and large patches and tree saplings. The channel is incised into 0.1 to 2.0 m high
fluvio-glacial terraces which have been observed to erode with time [53]. The reach has a large range
in grain size with patches of material ranging from sand to boulders with an intermediate axis length
of over 300 mm. Overall median grain size is 60 mm and the 95th percentile is 188 mm [54].

Approximate
Flow Direction

b

4

-
:| Vegetat\on-\
Sediment \ ®
|:| Wetted Area \\

Photo B

Checkpoint
UAV Base Station
GNSS Base Station

QP> bPeX

Ground Control Point

0 01 02 03 04 kilometers
| e m—]

Figure 1. (A) Simplified map of the study reach, segmented based on land cover type, displaying
locations of base stations, and Ground Control Point and Check Point targets; (B) Aerial photograph of
reach looking upstream, taken at 100 m above ground from the location shown on Figure 1A; (C) DJI
Phantom 4 RTK base station and UAV.

2. Materials and Methods

2.1. Field Data Acquisition

A Leica G510 receiver was set up to occupy a previously established base station within the study
area (Figure 1A; [50]). To provide coordinates for the UAV base stations, five semipermanent ground
markers were installed along the 2 km length of the study site (Figure 1A). These five markers each
provided a base station for one of five flight blocks that were needed to cover the study area and
comply with visual line of sight requirements in accordance with the UK Civil Aviation Authority’s
Drone Code. The location of each ground marker was observed in GNSS-static mode using a Leica
AS10 GNSS Antenna for a period >2 h. These GNSS raw observations were postprocessed using
Leica GeoOffice software relative to the already established study area base station. The position of
each semiermanent ground marker was input as a known location into the UAV’s base station prior
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to the completion of each flight. The positional errors associated with the UAV base stations were
submillimetre and are therefore be assumed to be negligible in the overall error analysis presented in
this paper.

In addition to the benchmarks, 48 ground control targets were deployed across the study area
(Figure 1A). Standard photogrammetric targets were used with dimensions of 0.6 X 0.6 m. Targets were
subsequently divided into two groups. The first group (n = 9) were the ground control targets
for different experiments. The second group (n = 39) provided a consistent set of check points to
evaluate errors associated with each experiment. All targets were deployed on dry topography.
Each target was observed with a Leica G510 in GNSS-static mode for a period of five minutes.
The AS10 antenna was mounted on a 2 m pole and positioned vertically over the central point of the
yellow cross on each ground control target with a bipod. These raw GNSS static observations were
postprocessed using the same method as for the ground markers that were used to position the UAV’s
base station. These postprocessed point locations were then considered as the true locations of the
targets’ centre points.

This investigation used a DJI Phantom 4 RTK UAV with an accompanying DJI base station
(Figure 1C). This base station comprised a GNSS receiver and radio transmitter to send positional
corrections to the UAV during flight. The product is marketed as consumer grade (<£5000).
The hardware and software are relatively trivial to set up in comparison to professional survey
grade GNSS or laser scanning equipment. Field setup required only two steps, taking no longer than
ten minutes in total. The known coordinates of the ground marker benchmark were entered into
the DJI base station, and radio communication was set up between this base and the UAV. Radio
communication was maintained throughout the duration of each flight, allowing real-time positioning
of the UAV relative to the known base location. This setup consequentially enables each digital image
to be associated with an RTK corrected three-dimensional position.

The study area was flown by the UAV (see Table 2) within a 6-h period of overcast conditions to
minimise variation in brightness during the survey. Flights were undertaken early in the morning
when wind was negligible. The Phantom 4 RTK UAV controller contains an inbuilt electronic display
which is programmed with bespoke DJI software to plan and execute UAV flights. For this survey,
flights were planned to obtain images of sufficient quality to produce both a 2D orthomosaic image and
a 3D Digital Elevation Model. Therefore, a 3D imaging flight plan option was chosen, which programs
the UAV flight path to collect images across a double grid, whereby the UAV traverses the flight block
in two orthogonal grid patterns. As per SfM photogrammetric best practice [55], and the findings of
Taddia et al. [41], when acquiring images to generate 3D outputs the images were obtained at a 20
degree angle to the surface plane.

Table 2. SfM photogrammetry survey and processing specification, based on James et al. [56] guidance.

Setting: Survey Type Braided River Survey
Location River Feshie, Glen Feshie, Scotland

Latitude, Longitude 57.0089°, —3.9020°
Date (dd/mm/yyyy) 01/07/2019

Equipment: Camera Manufacturer DJI

Camera Model FC6310R_8.8_5472x3648

Number of Images 3390
Number of Flights 12, Flying 5 Flight Blocks
Image Size (pixels) 5472 x 3648

Sensor Size

1” CMOS; Effective pixels: 20 M (13.2 x 8.8 mm)

Focal Length 8.55 mm; 3658.3 pixels
Lens Type FOV (Field of View) 84°, 8.8 mm
Sensor Shutter Type Rolling
Mechanical Shutter Speed 8-1/2000s
Electronic Shutter Speed 8-1/8000s
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Table 2. Cont.

Survey Design: Flight Height (m) 70
Ground Sampling Distance 2.276 cm
Area Covered (m) 1710 x 460
Perspective of Images Oblique (15°)
Image Overlap (front) 80%
Weather Sun and Cloud, <20 mph Winds, 10 °C
Photogram‘metrlc Software Pix4D Mapper Version 4.4.12
Processing:
Keypoints Image Scale 1 (original image size)
Matching Image Pairs Aerial Grid or Corridor
Calibration Method Standard
Internal Parameters Optimization All
External Parameters Optimization All
Lens Used Perspective Lens
Ié:re;::: Ll:::;tlh Principal Point  Principal Point R1 R2 R3 T1 T2
Parameters (mm) x tmm) y (mm)
Initial Values 8.580 6.385 4.304 —-0.269 0.112 —-0.033 0.000 —0.001
Optimised ¢ 15 6.405 4253 -0267 0112  -0.034 0000  -0.001
Values
Uncerfainty g0 0.000 0.000 0000 0000 0000 0000  0.000
(Sigma)

2.2. SfM Photogrammetry

Pix4D software was used for SfM photogrammetry. Although Pix4D’s interface is relatively
automated, a series of parameters were set after importing the images to ensure the software recognised
that the dataset was already georeferenced [57]. SfM photogrammetry processing parameters are
summarised in Table 2. The DJI Phantom 4 RTK UAV uses the WGS84 coordinate system for flight
navigation and to geotag digital images. The WGS84 coordinates were transformed to ETRS89 as
this is standard across Europe and is used in the UK as the datum for all Ordnance Survey GNSS
positioning [58]. In addition to the image data, RTK-GNSS point data relating to target centre point
locations were input into the project, also in ETRS89.

The three-stage SfM photogrammetry processing workflow in Pix4D was used. Stage 1 involved
matching keypoints from the UAV image data, and then automatic aerial triangulation and bundle
block adjustment to create a 3-D point cloud of the study reach. At this stage, the images were
georeferenced by the UAV RTK-GNSS data alone, and all target information is considered as check
points. Check points indicate how well the point cloud was georeferenced, and show relative x, y and
z errors for a given georeferencing scenario. A consistent set of 39 check points were identified and the
remaining 9 targets were alternated between being marked as ground control points or check points
depending on the experiment, if a target (n = 9) was marked as a check point it was then omitted
from the error analysis so the comparison was consistent. The experiments presented here were all
completed at this stage in the processing chain and are therefore related to the georeferencing of the
point cloud dataset. Stages 2 and 3 of processing, which involve point cloud densification using
multiview stereo and the generation of Digital Surface Model (DSM) and orthoimage products, were
undertaken for the 0 and 5 GCP scenarios to further analyse and illustrate the outputs.

2.3. Ground Control Point Test Scenarios

The aim of the test scenarios was to investigate how the accuracy of the SfM point cloud changed
as a result of using different numbers and configurations of ground control points. Seven experiments
were conducted, ranging from zero to six GCPs, in varying configurations (Figure 2). The specific
configurations were designed based on where the current literature suggests that adding ground
control has a significant influence on minimising errors in the resultant DSM, for example at the edges
of the survey extent [11]. The error analysis focused upon vertical rather than horizontal accuracy as
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elevation is harder to quantify correctly than horizontal position using GNSS technologies because
errors are lower when satellites triangulate a horizontal point on the Earth’s surface than a vertical
point some distance above the surface [59]. Additionally, in fluvial applications the error in the vertical
dimension is comparatively more significant than horizontal errors because the lateral relief of the
active channel belt rarely exceeds a few metres and is often less than this.

& Ground Control Point [___| Sediment [__| Vegetation [__| Wetted Areas

Figure 2. Seven different scenarios tested with varying numbers and configurations of Ground Control
Points (A-G), overlain on simplified reach map.

2.4. Validation: RTK-GNSS Water Edge Check Points

To assess for systematic vertical errors across the study area, a further ground survey dataset was
acquired. An RTK-GNSS point data survey was undertaken along the Water Edge (WE) of all channels
(anabranches) of the river. This dataset contained 3300 points that were distributed along the full length
and width of the study area. These data were used to assess vertical error across a greater geographic
coverage and at a greater density than the 39 check points. Point values from the WE dataset were
compared to point elevations from the DSM outputs for both the 0 and 5 GCP scenarios (Figure 2A F).
Summary error statistics were calculated, and the spatial distribution of errors were mapped.

3. Results

3.1. Ground Control Point Analysis

Errors from the consistent set of 39 check points are summarised in Table 3, and z-axis errors are
displayed in Figure 3. Mean Absolute Errors (MAEs) for the scenario with zero ground control points
were 0.016 m, 0.020 m and 0.056 m, for the x, y and z axes, respectively. Standard Deviations (SDs) for
this scenario were also smaller in magnitude for the planimetric axes (SDx = 0.022 m, SDy = 0.024 m)
than the vertical axis (SD, = 0.070 m). The RMSEs also followed this trend, with values of 0.023 m,
0.024 m and 0.073 for the X, y and z axes, respectively. Overall, these summary statistics indicate that
topography was reconstructed with minimal bias and relatively low variability; the higher errors for
elevation are typical for a survey of the Earth’s surface.
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Figure 3. Spatial distribution of absolute z-axis errors for each GCP scenario (A-G). Histograms show
the distribution of the errors. a-a” denotes an area of higher spatial errors, discussed in the text.
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Table 3. Error analysis for the seven ground control point (GCP) scenarios tested, denoting the configuration and number of GCPs used alongside the resultant error

metrics in all three dimensions. Formulae for calculating the error metrics can be found in Table 2 of Williams et al. [60].

Mean Error (m)

Mean Absolute Error (m)

Standard Deviation (m)

Root Mean Squared Error (m)

Number of GCPs  Configurationy-axis y-axis z-axis x-axis y-axis z-axis x-axis y-axis z-axis x-axis y-axis z-axis
0 Zero —0.002 0.001 0.018 0.016 0.020 0.056 0.023 0.024 0.070 0.023 0.024 0.073
1 Centre —0.001 0.001 0.013 0.014 0.020 0.054 0.023 0.024 0.070 0.023 0.024 0.071
2 Ends 0.000 0.001 0.030 0.014 0.020 0.057 0.022 0.023 0.069 0.022 0.024 0.076
3 ](E:r;i:r: 0.020 0.001 -0.026 0.021 0.020 0.057 0.022 0.023 0.070 0.032 0.024 0.074
4 Edges 0.015 0.009 0.002 0.018 0.021 0.055 0.022 0.023 0.071 0.028 0.026 0.071
5 Eciglﬁsr: 0.013 0.002 —0.020 0.018 0.020 0.057 0.022 0.023 0.072 0.027 0.024 0.075
6 Edges 0.002 —0.006 0.005 0.015 0.019 0.054 0.022 0.022 0.072 0.022 0.023 0.072
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The addition of ground control points had limited impact on the MAE in all three axes, with
<0.007 m discrepancy between the 0 GCP scenario and all other scenarios, for all three axes. The x-axis
had the highest range in MAE of 0.007 m, compared to 0.002 m and 0.003 m for the y- and z-axes,
respectively. Standard deviations were very similar across all scenarios with a maximum range in SD
of 3 mm for the z-axis and <2 mm range in SD for both the x- and y-axes. RMSE is again broadly
consistent across all scenarios for all three axes with a range of 0.010, 0.003 and 0.005 m for the x, y and
z axes, respectively. Six out of seven scenarios have a modal error <0.05 m. This consistency, despite a
variation in GCP number and configuration, highlights that errors were constrained when using a
DG UAV without any GCPs. This is supported by results for all test scenarios displaying very similar
results to the 0 GCP scenario across the four error statistics.

Z-axis absolute errors for scenarios with GCPs ranged from 0.00 to 0.14 m (Figure 3), with all
histograms showing a positive skew. The histogram for 0 GCPs (Figure 3A), shows a bimodal
distribution which is a result of an area where there were consistently higher errors (area a-a’,
Figure 3A). This bimodality is also observed in some of the other scenarios which show a larger range
in spatial errors but is most distinct for scenarios with 0, 2, 4 and 6 GCPs. This area (a-a”) of higher
errors is also observed when less than three GCPs were used. This spatial clustering of errors is less
obvious for scenarios with 3 and 5 GCPs but was still present for the 4 and 6 GCPs scenarios.

The spatial patterns of odd (3,5) and even (4,6) GCPs suggest that having a control point in the
centre of the study area, as well as others at the edges, is important to reduce spatially concentrated
relatively high vertical errors. Further analysis was carried out on an additional 3300 independent
check points to test whether the higher errors in region a-a’ were systematic.

3.2. Check Point Validation

Summary error statistics for the 3300 WE check points (Table 4) have very similar magnitudes
to those for the target check point analysis (Table 3). ME, MAE, RMSE and SDE all have z-axis
errors within 7 mm of those from the 39 check points. Mean error differences are larger (0.028 and
0.036 m; Table 4) due to the signs of errors in the check point and water edge surveys being different in
both scenarios.

Table 4. Summary error statistics for the z-axis for the 3300 independent RTK-GNSS water edge check
points shown in Figure 4. Numbers in italics are absolute differences between these errors and those
for the 39 target check points reported in Table 3.

Scenario Mean Error (m)  Mean Absolute Error (m)  Root Mean Squared Error (m)  Standard Deviation Error (m)

-0.010 0.053 0.067 0.066
0 GCPs 0.028 0.003 0.003 0.007
0.016 0.054 0.074 0.072
5 GCPs 0.036 0.003 0.002 0.003

The spatial distribution of errors (Figure 4A,B) is similar for the 0 and 5 GCP scenarios.
The modelled DSM slightly over and under represents errors in the same locations irrespective
of the number of GCPS used. As shown by the ME statistics in Table 4, the modelled DSM for 0 GCPs
slightly underestimates elevation and the DSM for five GCPs slightly overestimates elevation. The
histograms of errors (Figure 4E,F) also demonstrate this difference in the direction of each DSM’s
vertical error.

In contrast to the higher errors for the check points in area a-a’ (Figure 3), Figure 4 does not show
any spatially consistent areas of higher errors. Considering the spatial extent of the dataset, the spatial
pattern of errors in Figure 4 indicates that systematic errors, such as a doming effect, are not evident
within the SfM DSM outputs. Higher MAEs are observed in areas where there is relatively steep (near
vertical or vertical) slope and the water edge is positioned on this slope. The nature of the WE survey
therefore introduces local features in the data that are associated with the nature of the check point
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locations and local terrain gradient rather than reflecting systematic DSM errors. Errors are typically
closer to 0 when water edge points are on gently sloping bars rather than steep banks (Figure 4C-D).
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Figure 4. Spatial distribution of z-axis errors (m) for 3300 validation RTK-GNSS water edge check
points, compared with digital surface models for the 0 (A) and 5 (B) GCP scenarios; (C) 0 GCPs and
(D) 5 GCPs show an enlarged area of high positive errors where the water edge check points are
positioned on a steep channel bank; (E,F) show histograms for the 0 and 5 GCP scenarios, respectively.

4. Discussion

4.1. Ground Control

Based on the results of Forlani et al. [32], it was hypothesised that mean absolute error would
be greater for a scenario with zero GCPs than with one GCP and that errors would further reduce
as the number of GCPs increased. However, the results from the GCP scenarios undertaken here
(Tables 3 and 4) do not support this hypothesis. Instead, summary error statistics are similar whether
or not ground control points are included and across all the ground control point scenarios. This point
is of particular significance when considering the z-axis error, where the largest decrease in error with
increasing numbers of ground control points was expected but is not observed in these results.

Based on the survey results, GCPs could be said to be unnecessary when using an RTK UAV
as they do not improve summary error statistics. However, this statement does have some caveats.
Without GCPs, it is more likely that errors which do exist within the DSMs produced by SfM
photogrammetric processing will be unevenly distributed spatially. Figure 3A (0 GCPs) shows a
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cluster of points with higher errors in region a-a’ of the reach. These errors will affect the accuracy
of the DSM produced based on this point cloud (Figure 5). Therefore, if the resultant DSM were to
be used for topographic change analysis (i.e., sediment budgeting) these spatially distributed errors
would have to be incorporated into the associated uncertainty analysis. The significance of these
errors ultimately depends upon the signal to noise ratio required to meet the aim of the analysis for
which the topographic products will be used. For example, a DSM produced without GCPs might
give acceptable errors for a broad topographic change analysis, where the magnitude of change is of
significantly greater magnitude than the vertical error reported by the summary statistics but might
not be as appropriate to define changes that have a similar magnitude to the error.

Local Relief (m)
B - 25
[ 249150
[ -1.49--1.00
[ 099--075
[]-074--050
[ ]-049--025
[ ]-024-01
[ 0.09- 0.00
[ 001 -0.10
B o1i-02s
I 026 - 050
B os1-075
B os-1.00
B 101150
B 5250

A 0 0.2 04

mmmm kilometers

Figure 5. Orthoimage (A) and Digital Surface Model, DSM; (B) of the reach, for scenario A (0 GCPs).
The DSM has been detrended of longitudinal slope (see McKean et al., [61] for methodological
explanation of detrending) to show local relief, resulting in positive and negative elevation differences
relative to the local topography only, and output at a resolution of 0.5 m for illustrative purposes
(ground sampling distance of the original product was 22.7 mm); (C,D) show a diffluence-confluence
unit in the main braidplain to highlight detail in the orthoimage and DSM.

Mean errors provide an overall indication of the quality of a survey, but the distribution of errors
across the surveyed area is also important (Figures 3 and 4). The River Feshie results above have
spatially distributed vertical absolute errors with an approximate range of 0.1 m (Figure 3) depending
on the GCP configuration used. The topographic roughness (the local range, or standard deviation,
in relative bed elevation) in the Feshie is up to 1 m over length scales of a few metres (Figure 5)
and c.0.2-0.4 m at a length scale of 10~! m (between adjacent sediment grains; median sediment
size = 60 mm; 95th percentile = 188 mm). Hence, the vertical errors of c.0.1 m in the survey results are
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insignificant compared to the topographic variability, so long as these errors do not vary systematically
across the survey area. The errors associated with DSMs produced in this environment are greater than
would be acceptable for a river with less topographic variability and much finer channel sediments. It is
expected that errors would be further reduced if a similar analysis were undertaken in a sand-bed river,
but further work is needed to confirm this. Taddia et al. [41] surveyed a sandy beach and achieved z-axis
RMSE of 0.022 m with no GCPs and 0.016 m with a full set of GCPs suggesting a reduction in errors
when this technology is used in an environment with very low topographic roughness. Conversely,
there is also a lack of assessment of errors from RTK-GNSS UAV aerial surveys in geographic settings
with very high topographic roughness, such as mountain torrents and landslides. Rigorous analyses
are therefore needed to determine the extent to which topographic roughness influences DSM accuracy
and whether errors are significantly worse in areas with very high topographic roughness.

This study demonstrates that when using an RTK UAV, fewer GCPs are needed than previous
literature suggests. These results show that topographic analyses which produce errors that are
small relative to the natural topographic variability in the study area can be carried out in a range
of km-scale environments both without using GCPs or with a small number in carefully selected
positions. This limited use of GCPs leads to significantly reduced survey times, a particular advantage
when repeat topographic surveys are needed. The results also inform survey design when high spatial
accuracy is required, this accuracy being possible using a small number of GCPs, reiterating the
message that much fewer are necessary than previous work suggests.

4.2. Flight Design and Systematic Error

Taddia et al. [41]’s test scenario with oblique images taken in a double grid flight plan is the same
setup as used in this paper. Taddia et al. [41] also investigated single grid flight plans with Nadir
imagery and a hybrid grid with both oblique and Nadir images but found that z-axis RMSE was
lowest when a full set of oblique images were used. However, the double grid survey method is more
time-consuming than a single grid so if survey time windows are limited, for example due to tides or
weather conditions, and high resolution 3D outputs are not required, other flight plans may be more
applicable. The results of this study coupled with Taddia’s [41] demonstrate the applicability of a
double grid flight plan for high resolution topographic survey of elongate geomorphic features, such
as a coastline or a river corridor. However, Sanz-Ablanedo et al. [45] and James et al. [11] note that
oblique images taken at an angle of 15 degrees or less are suboptimal due to the fact they are more
likely to cause surface deformation errors such as doming effects. These studies also found surface
deformation to be more pronounced when surveying low-relief topography. Sanz-Ablanedo [45] show
that Point Of Interest (POI) flights, where images are angled to always point towards the centre of the
area of interest at ground level, generate the smallest systematic errors. However, their study area
was limited to 300 x 70 m of flat topography. It is notable that errors arising from flight designs with
crossed strips of convergent imagery, used in our Feshie investigation, yielded similar dome sizes to
single and cross strip POI imagery [45]: Table 5. To avoid systematic errors for small survey areas,
users should consider POI flight designs. For wide and longitudinally extensive surveys, where the
POI limit of 4-5x flight height is reached, our results indicate that crossed strips of convergent imagery
yields acceptable results.

The images in this study were obtained at an angle of 20 degrees from the surface plane; this
angle falls within the suggested guidance from James et al., [62] who state images obtained at an angle
<15 degrees have the potential to cause surface deformation. Error analysis, using 3300 RTK-GNSS
water edge check points (Figure 4; Table 4) distributed along the length of the surveyed reach, indicate
that there is no systematic error in the dataset. The summary error statistics for the water edge check
points (Table 4) are also similar to those for the 39 check points (Table 3), providing further confidence
in the results from the more limited target check point analysis. Errors observed in Figure 3 are of
the same magnitude as those observed in Figure 4, suggesting that these errors are likely a result of
the DSM not being able to fully replicate local variation in the complex rough topography of this
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gravel bed river. Spatially distributed check points provide a check for systematic errors and can be
collected rapidly and at accessible locations. Additionally, these check points should be taken in areas
of relatively flat topography and away from vegetation.

James et al., [11] investigated mitigation of systematic doming errors, specifically interactions
between radial lens distortion parameters and estimated decentring. They resolve the errors by
modelling and then subtracting systematic error from their SfM results. The method uses 3D precision
maps which detail photogrammetric and georeferencing uncertainty. This type of analysis can indicate
areas where survey quality could be improved via the use of ground control and also provides insight
into precision limiting factors, and therefore helps to aid subsequent survey design. When systematic
are observed within the data, James et al. [11] provide guidance on a technique to subtract systematic
errors from DSMs. James et al. [11] and others (e.g., [63]) also suggest that the addition of subsequent
ground control can help to remove these types of errors. Therefore, depending on the accessibility of
the survey site, the availability of natural features that can be used as ground control and the time
available, ground control may be added either during the initial survey or retrospectively if systematic
errors are detected. However, precise Direct Georeferencing through systems such as RTK-GNSS
should be the alternative to improving camera calibration and reducing doming errors through the use
of a large number of GCPs.

5. Conclusions

We have performed a rigorous assessment of the impact of using GCPs when producing
topographic data using RTK-GNSS UAVs. The results of the seven test scenarios presented above show
that summary error statistics remain consistent for all three axes despite variation in the number and
configuration of GCPs. This result is also true for error metrics on 3300 independent check points that
were analysed for the 0 and 5 GCP scenarios. However, when the spatial distribution of z-axis errors
is examined, clusters of higher absolute vertical errors are observed, with a range of approximately
0.1 m dependent on the GCP configuration used. This more complex pattern of spatially distributed
errors highlights the need for a distributed set of independent check points across a study area to
provide confidence in SfM results and to identify, or rule out, the influence of vertical systematic errors.
Users should also consider flight plan design prior to the completion of an RTK-GNSS UAV survey, as
suboptimal flight plans can be a cause of systematic errors in StM outputs. Bearing these considerations
in mind, the results of this study show that an RTK-GNSS UAV can be used without any ground control
points to produce results that are acceptable for many geographical applications, with z-axis root mean
square error in the order of 0.07 m. It should also be noted that this result is specific for the acquisition
of images in strips flown in opposing directions to achieve locally convergent imagery geometry. This
result contradicts some previous studies that have used RTK-GNSS UAVs in similar contexts, which
found that the addition of ground control could reduce vertical errors. These findings can inform the
design of topographic mapping campaigns with similar spatial extents and geographical environments,
such as corridor mapping, where multiple take-off and landing positions are necessary to provide full
coverage of the area of interest given the limitations of UAV battery power. This work demonstrates
the applicability of an RTK-GNSS UAV for topographic surveying in longitudinally extensive corridor
settings such as river valleys and beaches. In situations where GCPs are not required, this result
reduces fieldwork timescales as GCP deployment is labour-intensive. Reduced GCP use therefore
increases the size of area that can be surveyed in a given period of time. The results also provide
confidence in outputs from aerial surveys completed over dangerous and inaccessible terrain where
ground control cannot easily be deployed such as rugged coastal environments and landslides.
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