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Abstract: Accurate and error-free digital elevation model (DEM) data are a basic guarantee for the
safe flight of unmanned aerial vehicles (UAVs) during surveys in the wild, especially in moun-tainous
areas with large topographic undulations. Existing free and open-source DEM data gen-erally cover
large areas, with relatively high spatial resolutions (~90, 30, and even 12.5 m), but they do not
have the advantage of timeliness and cannot accurately reflect current and up-to-date topographical
information in the survey area. UAV pre-scanning missions can provide highly accurate and recent
terrain data as a reference for UAV route planning and ensure security for subsequent aerial survey
missions; however, they are time consuming. In addition, being limited to the electric charge of
the UAV, pre-scanning increases the human, financial, and time consumption of field missions, and
it is not applicable for field aerial survey missions in reality, unless otherwise specified, especially
in harsh environments. In this paper, we used interferometric synthetic aper-ture radar (InSAR)
technology to process Sentinel-1a data to obtain the DEMs of the survey area, which were used
for route planning, and other free and open-source DEMs were also used for flightline plans. The
digital surface models (DSMs) were obtained from the structure of the UAV pre-scan mission images,
applying structure for motion (SfM) technology as the elevation reference. Comparing the errors
between the InNSAR-derived DEMs and the four open-source DEMs based on the reference DSM to
analyze the practicability of flight route planning, the results showed that among the four DEMs,
the SRTM DEM with a spatial resolution of 30 m performed best, which was considered as the first
reference for UAV route plans when the survey area in complex mountainous regions is covered
with a poor or inoperative network. The INSAR-derived DEMs from the Sentinel-1 images have great
potential value for UAV flight planning, with a large perpendicular baseline and short temporal
baseline. This work quantitatively analyzed the errors among the different DEMs and provided a
discussion regarding UAV flightline plans based on external DEMs. This can not only effectively
reduce the manpower, materials, and time consumption of field operations, improving the efficiency
of UAV survey tasks, but it also broadens the use of InNSAR technology. Furthermore, with the launch
of high-resolution SAR satellites, INSAR-derived DEMs with high spatial and temporal resolutions
provide an optimistic and credible strategy for UAV route planning with small errors.

Keywords: InSAR; UAV field survey; practicability analysis; topographic mapping; undulating
mountainous terrain; Sentinel-1a
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1. Introduction

As a new surveying and mapping technology, unmanned aerial vehicles (UAVs)
loaded with a small camera have the advantages of being easy to carry and having high-
resolution data acquisition (with spatial resolutions at the centimeter scale) [1-3]. Be-
cause of their unique “God perspective”, they capture scenes and characters that humans,
owing to their ground-based line of sight, cannot, often resulting in exciting and shock-
ing images and spectacles [4,5]. In addition, based upon the analysis of these images,
they can dynamically look for ground surface features that were previously unknown
or difficult to find. Due to the fact of these advantages and unique photographic visual
properties, drones are widely used in the fields of ecological investigation and biomass
estimation [6-8], basic surveying [9,10], agricultural subjects [11,12], scientific research and
investigation [10,13], and rescue and emergency [14-17], and are increasingly more popular
not only in scientific research but also in daily life (e.g., film and television shooting, and
outdoor activities videoing).

In recent years, thanks to the steady development of UAV flight control technology
and the continuous improvement of UAV battery capacity [6,18,19], an increasing number
of industries have started to take advantage of UAVs as an alternative to traditional manual,
high-risk operations, e.g., power line and steel tower inspections [20-23] and field surveys
in harsh environments (e.g., complex mountainous terrains, polar environments, and
very high- or extremely low-temperature surroundings) [24-28]. Powerful theoretical
knowledge regarding the UAV and proficient operating skills are necessary for good UAV
survey performance. Considering the complexity of unfamiliar environments and the
natural features of mountains (e.g., meteorology, electromagnetic fields, light and reflection,
topographic relief, distribution of ground structures, and environmental management) [29],
pre-scanning flying work is needed. To obtain an accurate terrain dataset, which is then
used as a reference for the subsequent aerial survey route planning for the drone to ensure
operational safety, an advanced scanning flying mission is recommended, particularly in a
high gradient topography region, Generally, UAV pre-scanning is based on free and open-
source digital elevation model (DEM) data, which are usually packaged into the operation
control system (OCS), similar to a “black box”, and we do not usually know what it contains.
The data are auto-downloaded when the UAV operator is planning the flight routes if the
OCS is online. If the survey areas are not covered (or poorly covered) by the internet
communication, importing the external DEMs as a reference for UAV flightline planning is
necessary and recommended. Hence, accurate and useful DEMs are fundamental in UAV
route planning.

A digital elevation model (DEM) is the vertical distance between the ground surface
and a reference datum, not including trees (i.e., forest canopy), buildings, etc., and it
contains abundant information on landforms and terrain features [30], widely used for
hydrology analysis and river extraction [31,32]. Another terrain representation referring to
the uppermost surface of both topography and features is called a digital surface model
(DSM), including buildings, tree canopy, and vegetation, which is usually what is seen
on an aerial/satellite image or first-return pulse from a laser scanner [30]. With a high-
altitude flight path and carrying a visible light lens, a UAV takes aerial photographs for
surveying areas from the air to obtain coarse terrain data (DSM) and a ground features
map (orthographic imagery). The main purpose of a pre-scanning task is to gain the exact
DSM of the survey area, which is used in the following aerial survey mission to obtain
higher-resolution UAV images. Therefore, DEM or DSM data are most critical for drone
aerial surveys in complex mountainous surroundings.

Compared with existing open-source DEM datasets, the elevation information ob-
tained by pre-scanning has great advantages in spatial resolution and timeliness [33,34].
In addition, a pre-scan is tantamount to familiarizing yourself with the new environment
(since the flight altitude set during pre-scan is usually much higher than the difference
in altitude between the takeoff point of the UAV and the highest point in the measured
area, and there is little risk to the UAV hitting an obstacle during the flight). At the same
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time, the elevation data obtained are also an important basis for future flight path plan-
ning [29,35], especially in ground-level flight operations or areas without network coverage.
However, an advance sweep usually requires a great deal of manpower, materials, and
time and is not appropriate for field aerial surveys. How to obtain the latest and rela-
tively accurate elevation data for current ground conditions is an urgent and fundamental
problem [33,34,36].

InSAR has been developed for more than 40 years since its introduction [37], and it is
one of the state-of-the-art technologies for elevation generation. With the successful launch
of a growing number of SAR satellites, advances in computer hardware and software, and
algorithms, InNSAR has been successfully applied to monitor surface deformation caused by
natural disasters, such as earthquakes, volcanic eruptions, glacier drift, and geological haz-
ards, associated with human activities, e.g., landslides and ground subsidence [15,38—45].
In addition, InSAR technology can also be used for topographic mapping, and many re-
searchers have conducted numerous studies on this topic with good results [34,36,37,46—48].
SAR imagery is highly capable of extracting surface topographic information due to its
low impact on weather, the inclusion of phase information of features at the time of ac-
quisition, and the short cycle of revisit period (e.g., 24 days for a single Sentinel-1 and 12
days for the double-constellation Sentinel-1a/b). The short revisit interval ensures that the
surface deformation of the area covered by the two acquisitions closes to zero infinitely,
thus ensuring that the phase difference is caused by the terrain itself, which is the base to
DEM calculating. The opportunity to have up-to-date elevation data due to the continuous
monitoring and activity of Sentinel-1.

Founded on the above description, a precise and recently created or produced terrain
dataset is required for high-resolution images of the UAV survey. The DSM obtained from
unmanned drone pre-scanning missions are usually good, but this task is time consum-
ing and laborious, which are not appropriate for large survey areas, especially in harsh
environments. To solve this issue, we analyzed the practicability of UAV route planning
based on different DEMs. Concretely, recent elevation information, obtained from InSAR
processing of Sentinel-1 data, has been used for UAV field surveys, which is intended as
an alternative to pre-scanning. In this paper, terrain data of a complex mountain region
were obtained from the Sentinel-1a InNSAR processing and, at the same time, the DSM was
also obtained from the UAV pre-scanning task. In addition, several open-source elevation
products were collected. The DSM was regarded as the reference for the error analysis of
the other elevation values, and the elevation data were used for the UAV route planning to
select which one was best. We focused on validating the practicability of the UAV survey
based on the elevation data obtained from the Sentinel-1 InNSAR processing. This study
not only expands the potential usage range of InNSAR-derived elevation data obtained
from Sentinel-1, but also has important implications for replacing pre-scanning efforts in
complex mountain regions.

This paper is organized as follows: Section 2 provides an overview of the survey area:
Zheduoshan Mountains, China. Section 3 introduces the data and methods used in this
paper in detail. Section 4 presents the results including an analysis and visualization of the
characteristics of the elevation errors and a feasibility analysis of the UAV route plans. In
Section 5, we discuss the influencing factors of the INSAR-derived DEM processing and
UAV flightline plans prior to presenting the concluding remarks in Section 6. In addition,
to decrease misunderstandings regarding the elevation, in this paper, we addressed the
elevation generated from UAV images only using the terminology “DSM”, and all other
descriptions of elevation information were classified as “DEM”. Namely, we did not
distinguish the connotations regarding DSM and DEM, and DSM was used just to indicate
that it was produced from UAV images.

2. Overview of the Study Area

The survey area is located near the 318 National Highway by the Zheduoshan Moun-
tains, Southwest China, with the geographical coordinates of 30°02'51.03”-30°06/32.74”"N
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and 101°48/32.58”-101°52/36.84"E (Figure 1). Covering an area of 22.6 km? and with a large
rolling topography, one large WN-ES trending mountain range (Figure 1, the magenta
rectangle) and two small WS-EN trending mountain ranges (Figure 1a, the magenta ellipse)
are dominant. As a result of tectonic activity and Quaternary glacial drift, rocks have
been subjected to severe weathering, and rockfalls and break stones are ubiquitous. In
addition, the ground surface covers sparse vegetation [49], there are no trees, and existing
transmission line towers are standing (Figures 1b and 2c).

30°08"
30°06"
30°04" |
Study area geographical location
Take-off point
Highway 318
30°02' Range of INSAR process
Axial ridge
Low mountain
~ The first survey area
The second survey area
The third survey area
The fourth survey area
30°00° ~

101°42' 101°44° 101°46' 101°48' 101°50° 101°52' 101°54'

Figure 1. A geographical overview of the study area: (a) the topography of the study area, based
on the TerraSAR-X add-on for digital elevation measurement (TanDEM) and the study area within
a larger map of China (Zheduoshan Mountain in Sichuan Province, China); and (b) a photo of the
standing transmission line towers, mainly covered with gravel stone.
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— Highway 318
=~ The 1-3 UAV aerial survry flight paths
The 4-8 UAV aerial survry flight paths

— The 9-10 UAV aerial survry flight paths
— The 11-13 UAV aerial survry flight paths
O Range of INSAR process

Figure 2. Enlarged view of the study area: (a) a three-dimensional topographic view of the survey
area based on the AOLS PALSAR DEM (12.5 m); (b) the InNSAR processing area (polygon marked
red) and the flight paths corresponding to the four subareas (the cyan, green, blue, and black lines
represent block one, two, three, and four, respectively); and (c) the ground surface cover based on
Google Map satellite images of the study area. All maps are at the 135/25 (azimuth/angle of pitch)
view, differing in altitude.

The survey area is located in a subtropical monsoon climate region, with a rainy
summer and snowy winter. The annual average temperature is approximately 9 °C, the
extreme maximum temperature is 19.4 °C, and the extreme minimum temperature is
—14.1 °C[50]. There are obvious seasonal repeated freezing and thawing phenomena at the
ground surface due to the large thermal excursion between day and night, which happens in
the winter period from November to March [51,52]. The frost action accelerates the natural
weathering effect, which induces the bare rocky debris everywhere. The deformation
velocity of this region is serious, ranging from —136.59 to 112. 86 mm per year [53].

In addition, due to the installation of transmission line towers, a large number of
excavations have been conducted at the site (Figure 1b), which may aggravate the regional
collapse of the mountain. The smoothness of the roads is a basic guarantee that ensures
the stable operation of the circuit maintenance and other work at a later stage, and the
large amounts of debris rolling down may induce an impact on the smoothness of the road,
which needs more attention. Hence, it is necessary to conduct a large-scale aerial UAV
survey in this region.
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The pre-scanning aerial survey mission was carried out using an FeiMa Robotics
D200 (sometimes called a D200s) multirotor UAV (https://www.feimarobotics.com/en/
productDetailD200 (accessed on 28 August 2022)), equipped with a SONY ILCE-6000
camera and positioning with a single-base station and post-processed kinematic (PPK)
mode technology. Figure 2 shows the UAV flight path of the area of interest including
topography and land covering features. The flight routes were set at a fixed altitude of
510 m based on the ground sample distance (GSD) of 10 cm/pixel. The direction overlaps
and side were 80% and 60%, respectively. Because of the large area of the aerial survey
range, the UAV Butler flight management control system automatically divided the large
survey area into four small blocks (Figure 1a, the four rectangular boxes colored cyan,
green, blue, and black represent the black first, second, third, and fourth, respectively) with
the corresponding four routes (Figure 2b, the color is the same as block boundary). Further,
as the surface elevation of the survey area varied greatly (Figure 2a), the four tiles had
different average elevation values, which induced the various absolute flight height of each
block. Concretely, the absolute survey route heights of subregions 1st—4th were 4932, 5025,
4942, and 5057 m, respectively (Figure 2b). The sortie number per block varied from two
to five, and a total of 13 flight sorties were conducted in the whole survey area (i.e., four
blocks), capturing 1283 images (Table 1, Section 3). A high-precision DSM and orthographic
map with a spatial resolution of 0.1 m can be obtained after the UAV image processing.

Table 1. Detailed information on aerial photographs taken by drones in the survey area.

Time .
Interval Ef'fectlye
Survey Sortie Date Tal.(wff Start Time End Time Number of before Aerial Time
Block Time Images o " Interval
peration (min)
(min)
One Ist 25 August 2020 13:41 13:47 13:56 84 6 9
2nd 25 August 2020 14:09 14:16 14:27 102 7 11
3rd 25 August 2020 14:39 14:44 14:55 103 5 11
Two 4th 25 August 2020 15:09 15:18 15:25 62 9 7
5th 25 August 2020 15:43 15:49 16:04 138 6 15
6th 25 August 2020 16:40 16:49 17:00 110 9 11
7th 26 August 2020 11:21 11:28 11:41 118 7 13
8th 26 August 2020 11:59 12:07 12:10 23 8 3
Three 9th 26 August 2020 12:34 12:38 12:57 160 4 19
10th 26 August 2020 13:11 13:15 13:26 89 4 11
Four 11th 26 August 2020 13:46 13:55 14:06 98 9 11
12th 26 August 2020 14:21 14:28 14:42 131 7 14
13th 26 August 2020 14:57 15:04 15:11 65 7 7
Summary 1283 88 142

3. Data sources and Methodologies
3.1. Data Source

The UAV data collection dated from 25 to 26 August 2020 from the pre-scanning
mission, with an equal flight height of 510 m; see Table 1 for details. This pre-scanning UAV
aerial survey was carried out with a geographical positioning based on a single base station.
The large survey area (22.6 km?) and the high-altitude flight paths of the pre-scanning
efforts increased the consumption of time, which is not appropriate because of the intrinsic
limited endurance of the UAV. It took two days to finish the pre-scanning mission, and a
total of 13 aerial flights were conducted, obtaining 1283 images.
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Sentinel-1a image data were downloaded from the European Space Agency (ESA,
https:/ /scihub.copernicus.eu/dhus/#/home (accessed on 1 July 2022)), and the corre-
sponding precise orbit data were obtained from the Earth Data (https://slqc.asf.alaska.edu
(accessed on 1 July 2022)). Based on the acquisition date between the Sentinel-1a (no
Sentinel-1b imagery was obtained) and UAV pre-scanning photographs and the location of
the survey area, the optimal results of the two pairs of Sentinel-1a imageries (ascending and
descending) were selected with the smaller temporal baseline (TB) and larger perpendicular
baseline (PB) (Table 2). The PB was 84.54 and 31.87 m for the ascending and descending
pair, respectively, and both TBs for them were the smallest interval at 12 days.

Table 2. Information on the Sentinel-1a images.

th}}t R/S Acquisition Track Orbit PB TB Subswath P Bursts
Direction
Ascendin R 24 August 2020 26 24048 0 0 w2 \'A% 4-5
& S 5 September 2020 26 34223 84.54 12 w2 \A% 4-5
Descendin R 19 August 2020 135 33982 0 0 W1, IW2 \'AY% 2-3,1-2
& S 31 August 2020 135 34157 31.87 12 W1, Iw2 \'A% 2-3,1-2

R, reference; S, secondary; PB, perpendicular baseline (m); TB, temporal baseline (days); P, polarization.

The free and open-source DEM data used in this paper, including the ALOS PALSAR
DEM, generated from the L-band SAR images (with a ground surface spatial resolution of
12.5 m, downloaded from: https:/ /search.asf.alaska.edu (accessed on 1 July 2022)); SRTM
1-Arc DEM_V3 (Shuttle Radar Topography Mission, with a spatial resolution of 1Arc-Sec,
approximately ~30 m, 3rd version, downloaded from: https://earthexplorer.usgs.gov
(accessed on 1 July 2022)); ASTER GDEM_V003 (the ASTER Global Digital Elevation Model,
with a spatial resolution of 1 arc second, approximate ~30 m, version 3, downloaded from:
https:/ /search.earthdata.nasa.gov (accessed on 1 July 2022)); and TanDEM (TanDEM-X-
Digital Elevation Model, with the global earth’s landmasses from pole to pole, which had a
reduced pixel spacing of 3 arcseconds, approximately 90 m at the equator, downloaded from:
https://download.geoservice.dlr.de/TDM90 (accessed on 1 July 2022)), were collected.
Above all, DEMs are usually generated from aerial surveys and satellite images with
InSAR [54] and stereo pair measurement, but they are not representative of the most recent
topography, because the land morphology is constantly changing due to the natural and
human activities.

3.2. Methodologies

Data processing mainly includes three parts: the production of DEM products applying
InSAR technology; the production of high-precision products (i.e., orthophoto and DSM)
based on the UAV pre-scanning photographs; and the results of the analysis based on the
elevation errors and flight heights. These three parts are detailed in Figure 3.
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Figure 3. Method flow chart including InSAR processing, UAV image processing, and subsequent
data analysis. The tripartite auxiliary data as input are shown in green, and the resulting products are
marked with red rectangular boxes. TOPS, terrain observation with progressive scan; SRTM 1 Sec,
Shuttle Radar Topography Mission 1-arc Second V3.0 DEM; ROI, region of interest; DEM, digital
elevation model; UAV, unmanned aerial vehicle; RTK, real-time kinematic; POS, position and orien-
tation system; PPK, post-processed kinematic; GPS, global positioning system; EXIF, exchangeable
image file format; DSM, digital surface model.
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3.2.1. Sentinel-1 InSAR Processing for DEM Generation

Based on the phase recorded of the ground surface from SAR satellite images, the
DEM can be obtained from InSAR technology [34,46,55]. InNSAR processing with Sentinel-
la imagery for DEM generation was conducted using ESA SNAP (Sentinel Application
Platform, version 8.0) software, which is a powerful platform for INSAR processing, and
most of the process parameters were set to the default. The main steps included Sentinel-1a
imagery import, interferogram generation, coherence calculation, flat-earth subtraction,
phase filtering, phase unwrapping, phase to elevation, and geocoding (detailed information
is shown in Figure 3). The interferogram was formatted with the phase difference, which
included some other phases (i.e., flatland effect, deformation, and noises), except the
elevation. For DEM extraction, we did not consider that there was deformation between
the small interval time, eliminating the ground flatland from the external elevation dataset
and applying the Goldstein filter to remove the noise effects. The coherence calculated
from the interferometric SAR pair is usually used for assessing the result’s optimality, with
the large values having good results [56,57]. In addition, further information regarding
InSAR processing of Sentinel-1a data to obtain DEM data can be found in [34,47].

As for our processing, most of the parameters for the Sentinel-1a INSAR processing
were used in the default mode, and the SRTM V3 1-Sec data were selected for all processes
where the elevation data were needed as an imported material (the earth flat removal and
geocoding steps). In light of the small area of the processing range (larger than the survey
area, Figure 1a), the interferogram after the Goldstein phase filter and subset did not need
to be divided into small tiles after Snaphu export to the phase unwrapping process [58-61]
(setting the number of tile rows and columns to 1 x 1 and the other parameters as default).
When all the processes were finished, two kinds of DEM data from ascending and descend-
ing Sentinel-1a image pairs were obtained, both with a spatial resolution of 13.96 m, and
both were used for error analysis and UAV route planning.

3.2.2. UAV Pre-Scanning Images Processing for DSM Generation

The UAV image processing was conducted using two software packages: FeiMa
Robotics UAV Manager (version 2022) and Pix4Dmapper (version 4.5.6). The UAV Manager
processed the raw PPK data to obtain more accurate position and orientation system (POS)
data, which were used to write inside the UAV photographs to obtain exchangeable image
file format (EXIF) images with complete metadata. These EXIF images data were fed into
the Pix4Dmapper software for initial processing, point cloud densification, and DSM and
orthomosaic generation processing. The main steps are shown in the top right of Figure 3
including the GPS calculation, aerial triangulation reconstruction, and products generation.
All the processing steps for the Pxi4D, which is a friendly and powerful program, were com-
pleted automatically, without any parameters changing. The processing results contained
the point clouds (.las), DSM (.tif), and orthomosaic map (.tif). Considering the processing
time, we refused to generate the point clouds result. The DSM and orthophoto maps were
generated when all of the above processing was finished, and the DSM was used as the
reference for quantifying error analysis and as the import for flight line planning.

3.2.3. Error Analysis and Practicability Analysis

In the analysis of the processing results (Figure 3, bottom right), ArcGIS Pro (version
2.5.0) was primarily used for coordinate conversion, subset, raster subtracting, and error
statistics. The generic mapping tools (GMT, version 6.1, https:/ /www.generic-mapping-
tools.org (accessed on 5 July 2022)) software was mainly used for error map drawing,
and the UAV Butler system (control system) was used for the flight route planning and
parameter statistics (Figure 4).
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Figure 4. Flight route planning and parameter statistics from the UAV Butler system (picture shows
the route and parameters based on the pre-scanning mission of the fourth block).

The error analysis was based on the reference DSM and a comparison of the various
DEM data. The differences between the DEMs and the DSM can easily be calculated from
Equation (1), and it could be completed using ArcGIS Pro software:

E = DEM — DSM 1)

where E represents the errors; DEM and DSM are the elevation data from the free and
open-source products and InNSAR-derived results from the Sentinel-1a images and the result
obtained from the UAV pre-scanning photos. All units were in m.

After the calculation of the errors, all the DEMs and DSM were then used for flight
route planning based on the UAV Butler system, and the parameters were recorded, which
included the ground surface resolution, flight height, average elevation, highest altitude,
and the lowest altitude for each small survey area. The parameters gained from planning
based on the DSM were the reference, which were compared with the other statistics from
the six DEMs (i.e., ascending INSAR-derived DEM, descending InNSAR-derived DEM, and
four open-source DEMs). Furthermore, to clearly show the spatial distribution characteris-
tics of the elevation errors, we drew error distribution maps and calculated the normalized
error index [34], which can be computed as per Equation (2). Based on the index, it is easy
to see the region where the elevation was with the largest difference:

E;

Index =
Emax - Emin

@)
where Index represents the normalized error index; E;, Emax and Epiy, are the error values
of each pixel, the maximum value and the minimum value of the error raster data maps
obtained from Equation (1), respectively.

According to the planning principle of UAV flight routes, the ground surface resolution,
the average elevation, and the highest elevation are considered [62,63]. For the same camera
with a higher flight altitude, the ground surface distance (GSD) becomes larger, and the
ground surface resolution of the products obtained from UVA images becomes lower [64,65].
Counting the smallest flight altitude of the four black lines, compared with the maximal
value of the absolute error obtained from the other DEMs and the DSM, the availability
and safety of the DEMs used for UAV flight route planning can be known.
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Concretely, in this paper, we took the flight height and acquired surface resolution of
the UAV pre-scan mission as the optimal result and also as a comparison criterion, which
was used to compare the performances of the route planning based on different DEMs with
the same parameters setting in mountainous surroundings. If the ground surface is smaller
than the reference (route planning based on the DSM), there may be some dangers in this
route planning. On the other hand, the availability and safety depend on the relationship
between the maximal absolute error value and the minimal lowest route altitude. Namely,
if the maximum absolute value is smaller than the minimum route altitude, this route plan
is feasible and safe, with the lower flight altitude the more excellent way.

4. Results and Analysis
4.1. Results of Pre-Scanning Aerial Drone Images

The DSM and orthophoto products with a surface resolution of 0.1 m could be ob-
tained by processing the pre-scanning UAV aerial photos with high-accuracy POS by the
Pix4Dmapper. The results are shown in Figure 5.
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Figure 5. Pre-scan results of the drone: (a) surface DSM map; (b) orthophoto map. The winding,
white line features on the orthophoto map are the roads built for the installation of the transmission
line towers. The dark magenta rectangle box is located in the area of the main mountain range, and
the two dark magenta ellipses are the areas of the two lower mountains. The polygon area indicated
by cyan is the area with an elevation greater than or equal to 4500 m.

From Figure 5, it can be seen that the DSM (Figure 5a) with a surface resolution of
0.1 m obtained by unmanned pre-scanning work can meticulously portray the topographic
features of the covered area in great detail, and it can reflect the topographical characteristics
of ridges, valleys, and slopes clearly. The statistics shows that the elevation ranges from
3929.24 to 4785.08 m, with an average value of 4426.24 m, and the standard deviation
(SD) was 137.29 m, and it was a complex mountainous surrounding. The orthophoto
(Figure 5b) shows that the area was mainly covered with gravel stone, less grass, and
no trees. Especially at the mountain ridges (dark magenta rectangle box and ellipses
in Figure 5), where the elevation was equal to or greater than 4500 m (cyan polygon in
Figure 5), breakstones were everywhere, and no vegetation or water bodies existed. The
landcover features were coincident with the Google satellite images (Figure 2c, Section 2).
In addition, with the natural physicochemical weathering effect, there was a large amount
of rubble that had accumulated near the roads (Figure 5b), which needs more attention.
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4.2. DEM Acquired by InSAR Processing Based on Sentinel-1 Images

The two DEMs of the study area were obtained from InSAR processing with the
ascending and descending SAR images, and the results are shown in Figure 6.

a)

N
—
—

I e 73 Ascending INSAR-DEM

0 1 2

Figure 6. DEMs obtained from Sentinel-1a INSAR processing: (a) generated from Sentinel-1a ascend-
ing data and (b) descending data. The location of the main mountain range is marked by the dark
magenta rectangle, the two dark magenta ellipses represent the location of the two lower mountains,
and the area inside and outside the irregular-shaped cyan polygon is the area with an elevation
greater than or equal to 4500 m. The red circle in (b) indicates the region with large differences
in DEM.

The DEMs’ statistics show that the ascending InNSAR-derived DEM ranged from
3858.56 to 4827.54 m, with a mean and STD of 4416.50 and 148.70 m, respectively. The
descending InSAR-derived DEM varied from 3533.30 to 5018.02 m, and the average and
STD were 4460.15 and 161.07 m. Compared with the reference DSM statistics, it can be
found that the ascending InNSAR-derived DEM was more coincident with the real terrain.
In addition, comparing Figure 6 with Figure 5a, it can be found that there were some large
and significant errors in the descending InNSAR-derived elevation data, not only in the
main mountain region (dark magenta rectangle in Figures 5a and 6a) but also in the two
lower mountain ranges (the two dark magenta ellipses in Figures 5a and 6a). In detail, the
InSAR-derived DEMs data are higher in the high-latitude mountain area (large than 4500 m;
namely, the area within the cyan polygon in Figure 5a and 6), while the elevation value in
the low-altitude area is lower than the UAV aerial survey results. This phenomenon is more
obvious for the DEM data obtained from the descending SAR images. More specifically,
there were obvious gully-like details (red circles in Figure 6b) along the mountain direction,
which may be caused by the smaller perpendicular baseline and atmospheric effects.

4.3. Errors in the Different DEMs Based on the UAV DSM

The errors and normalized error indexes between the various DEMs and reference
DSM were calculated by applying Equations (1) and (2) based on the ArcGIS Pro soft-
ware platform, and the spatial distribution maps are shown in Figure 7. In addition, the
quantitative counting analyzing histograms are shown in Figure 8.
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Figure 7. Errors and normalized error indexes of the DEMs based on the reference DSM:

(a—f) correspond to errors in the spatial distribution maps of the ascending INSAR DEM (with a
resolution of 13.96 m), descending INSAR DEM (with a resolution of 13.96 m), ALOS PALSAR DEM
(with a resolution of 12.5 m), ASTER Global DEM V3 (with a resolution of 30 m), SRTM V3 DEM
(with a resolution of 30 m), and TanDEM (with a resolution of 90 m), respectively. On the top left,

the scale represents the scaling factor and the range indicates the error value range. The actual error

value is the product of scale and index.
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Figure 8. Statistical histograms of the elevation errors based on the UAV DSM reference:
(a—f) correspond to errors in the statistical histograms of the ascending INSAR DEM, descending In-
SAR DEM, ALOS PALSAR DEM, ASTER Global DEM V3, SRTM V3 DEM, and TanDEM, respectively.

From Figure 7, the absolute elevation difference values of all error maps were within
85 m (Figure 7c—f), except the two InSAR-derived DEMs (Figure 7a,b). The maximum
absolute error of the ascending INSAR-derived DEM was near 300 m, while for the descend-
ing InNSAR-derived data it was greater than 700 m, and all were extremely relevant to the
accuracy of the SAR processing. It was obvious that the DEM from the ascending SAR
image processing results were best. Through comprehensive analysis of all of the maps,
the characteristics of the error distribution were found, specifically, that large differences
appeared in the slope bodies of the mountain ranges, while in other locations, the errors
were relatively small.

From the error statistical histograms in Figure 8, we can observe the difference between
each DEM clearly. The error statistical parameters are also shown for each histogram,
including the mean, median, and SD, and all the error distributions conformed to a normal
distribution. The elevation means and the corresponding median were very close, and
all were within 0.55 m, except the InNSAR-derived DEMs (3.64 m for the ascending and
2.39 m for the descending). Combined with the SD values, we found that the open-source
DEMSs seemed to perform better over the two INSAR-derived DEMs, and the ascending
one performed better than the descending DEM.
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Furthermore, in combination with Figures 7 and 8, the spatial distribution maps were
highly coincident with the histograms. The maximum absolute values of each DEM were
300.19, 742.14, 84.22, 77.94, 72.08, and 61.27 m, respectively, and except for the ASTER DEM,
all other DEMs were distributed with negative error values greater than the positive data.
The distribution positions of all error data were located more closely to the positive than
the negative; that is to say that the extreme outliers of the DEMs may appear in the negative
values, which may occur with the outlier from the reference DSM.

4.4. UAV Route Planning Based on Different DEMs/DSM

To analyze the practicability of each DEM applied for flight route planning, all the
DEMs imported material into the UAV Butler system for the route plan, and the results of
the statistical parameters are shown in Table 3.

Table 3. Route planning results of the statistical parameters based on the different reference datasets.

Reference Blocks  OGSR (m) FH (m) AE (m) HA (m) LA (m) EER (m)
Dataset
1 0.08 408 4430 4624 4238
DeM 2 0.08 408 4505 4761 4339
3 0.11 561 4373 4610 4055
4 0.07 357 4541 4773 4376
Ascendi 1 0.13 663 4415 4648 4215
SCEI(‘i ) 4 2 0.08 408 4530 4762 4357 —300.19
I“SAII;E erive 3 0.11 561 4350 4592 4025 —182.95
M 4 0.08 408 4528 4742 4348
N 1 0.13 663 4481 4729 4236
Descending 2 0.13 663 4528 4828 4303 —742.14
InSAR-derived
s 3 0.16 816 4419 4750 3951 —526.16
4 0.12 612 4589 4823 4385
1 0.08 408 4426 4615 4235
ALOS PALSAR 2 0.12 612 4502 4735 4338 —8422
DEM 3 0.11 561 4369 4595 4058 —40.28
4 0.07 357 4538 4738 4378
1 0.08 408 4468 4667 4283
ASTER GDEM 2 0.08 408 4544 4760 4382
DEM 3 0.11 561 4410 4644 4096 —77.94-7402
4 0.07 357 4580 4782 4419
1 0.08 408 4456 4648 4268
2 0.08 408 4533 4763 4367
SRTM DEM 3 0.11 561 4400 4623 4084 —50.19-72.08
4 0.07 357 4568 4773 4409
1 0.08 408 4430 4630 4247
2 0.07 357 4502 4726 4337
TanDEM 3 0.11 561 4374 4580 4051 —61.27-55.60
4 0.07 357 4539 4731 4382

OGSR, optimal ground surface resolution; FH, flight height; AE, average elevation; HA, highest altitude; LA,
lowest altitude; EER, elevation error range.

As can be observed from Table 3, the parameters of the results obtained from the DSM
were the reference for all of the other DEMs. The parameters contained the optimal ground
surface resolution (OGSR, m), flight height (FH, m), average elevation (AE, m), highest
altitude (HA, m), lowest altitude (LA, m), and the elevation error range (EER, m). For
the same load instrument for the UAYV, the higher resolution was derived from the lower
flight altitude. The maximum elevation of the survey was lower than the absolute flight
altitude (average elevation plus the route altitude), which is the essential condition for safe
UAV flying. In other words, the maximum absolute of the EER must be smaller than the
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minimum flight altitude of the four blocks to ensure the UAV survey safety for the whole
survey area. Then, when comparing the OGSR, if the OGSR is smaller than the DSM result,
there may be some risks for this route plan strategy. If the OGSR is equal to or slightly
greater than the DSM result, this route plan strategy performs excellently. If the OGSR is
greater than the DSM result, there is no risk for UAV flying, but the products obtained from
these mission images were relatively rough.

Comparing and analyzing the statistical parameters in Table 3, the minimum flight
altitude of the descending InNSAR-derived DEM was 612 m, smaller than the maximum
absolute elevation errors at 742.14 m, and this means that this flight plan strategy was
unbecoming. For the TanDEM, the OSGR of the second block was smaller than that of
the reference UAV DSM, and this means that it may be a risk for this route plan strategy,
and it is not suitable for UAV survey tasks in mountainous surroundings. The ascending
InSAR-derived DEM applied for UAV route planning in this survey area was practicable,
but the resolution of the generated products was rough, ranging from 0.12 to 0.16 m, which
performed more roughly than the UAV pre-scanning mission (0.10 m). Among the DEMs,
using the SRTM DEM for route plans performed excellently, and the OSGR of each block
was equal to the DSM with the smallest elevation errors, ranging from —50.19 to 72.08 m.

5. Discussion
5.1. Factors for the InSAR-Derived DEM Process

From the analysis of the DEMs used for UAV route planning, we found that the as-
cending InNSAR-derived DEM has potential, while the resolution of the aerial survey results
was rough. Applying the descending InNSAR-derived DEM was not feasible, because there
is a crash risk. The main reason for this is the performance of the INSAR-derived DEMs.
The DEM data of the survey area can be successfully obtained by InNSAR processing of
Sentinel-1a images covering the whole aerial area, but they are extremely limited by the per-
pendicular baseline and temporal baseline of the Sentinel-1a imagery pairs. The ascending
pair (perpendicular baseline at 84.54 m and a temporal baseline with 12 days) performed
better than the descending pair (perpendicular baseline at 31.87 m and a temporal baseline
with 12 days) within the entire area. This is consistent with the findings of Braun [47].
The larger perpendicular baseline was more sensitive to terrain with a consistent temporal
baseline; therefore, the ascending data with a larger perpendicular baseline were more
sensitive to the terrain and had better results. Especially in the higher elevation parts of the
mountains, as shown in Figure 6a, they were obviously more consistent with the actual
terrain (comparing Figure 6 with Figure 5a).

InSAR technology was originally proposed for surface topography mapping [37,48],
and the high-accuracy DEM data produced by the SRTM mission [33] were the excellent and
successful realization of this theory. At present, INSAR technology itself is very dependable,
and the differences in the results are very slight, even if some parameters in the processing
are adjusted [34,36,46,47]. Although Sentinel-1 data do not have advantages in DEM
production due to the limitation of its own band (C-band) for DEM generation, it has a
very short revisit interval (12 days for a single star and up to 6 days for the constellation
of double stars), which is very attractive [47]. The acquisition of surface DEMs extracted
from InSAR technology depends on a smaller temporal baseline and a larger perpendicular
baseline of SAR image pairs covering the entire survey area. As for the Sentinel-1 SAR data,
they have a great advantage in temporal baseline, but for the perpendicular baseline, there
is large randomness.

To decrease the errors induced by the time inconsistency, because of the lack of the
Sentinel-1b images, the Sentinel-1a images at the 12 days interval were selected for DEM
generation, and the acquisition date was as close to the UAV pre-scanning assignment. The
perpendicular baseline was as large as possible. Despite all this, there were some other
factors that affected the result’s performance, e.g., the difference in the orbits” direction,
earth flattening effect, atmosphere effect, and other noises [48,56]. All of these will lead to
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diversities in the wrapped interferograms and coherence graphs generated in the processing
(Figure 9), which are useful to justify the reliability of the INSAR processing.
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Figure 9. Related products during the InNSAR processing: (a), (c), (e) and (b), (d), (f) are the coherence,
interferogram, and unwrapped phase data of the ascending and descending data, respectively. The
temporal baseline of both the ascending and descending data is 12 days, and the perpendicular
baseline is 84.54 and 31.87 m, respectively. The black polygon is the area surveyed by the UAV, the
red circle indicates the points with large differences in coherence, and the red rectangle shows the
area with anomalies.
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Focusing only on the coherence coefficients, it can be found that the coherence was
better in the region where the UAV measurement area was located, in most regions with
values greater than 0.6 (Figure 9a,b), and where the decorrelation was not severe. In terms of
the whole region, the coherence coefficient maps produced by the descending images were
better than the ascending data in many regions (as shown in the red circles in Figure 9a,b).
However, for the interferogram with the wrapped phase (Figure 9¢,d), the ascending pair
was significantly better than the descending one, showing more regular interference fringes.
It was also more sensitive to the topographic phase, attributed to the larger perpendicular
baseline, accompanied by a better performance between the unwrapped phase and the
actual elevation (Figure 9e,f).

The unwrapped phase approach is also a critical parameter in InNSAR processing, and
the unwrapped method used in this paper was the minimum cost flow (MCF) [57,59,66],
with a whole full tile for the unwrapping processing in the Snaphu software due to the
small InNSAR processing range. It turns out that there was a phase mutation in the south
(the red rectangle in Figure 9f), and adjusting the unwrapped parameters did not solve
this problem. However, considering that the area was not within the UAV survey area and
the subsequent route planning did not refer to these DEM products, the elevation product
generated from this data did not have a significant impact on the results, and no further
study was conducted. However, if the sudden phase mutation occurs within the RO, it
needs to be focused on and interpreted, otherwise the incorrect results may be introduced
into the UAV route plan, which may induce an inadequate strategy.

5.2. InSAR-Derived DEMs for UAV Route Plans

InSAR-derived elevation products are relatively new compared to free and open-
source DEMs, and they are attractive and have potential in UAV route planning to replace
pre-scanning work. Although the spatial resolution of these INSAR-derived DEMs is
rough, with the successful launch of SAR satellites, increasingly, SAR images with higher
resolutions are available, which will promote the resolution and ensure the safety of UAV
flights based on these elevation products. It is fully feasible and hopeful to understand
the characteristics of each SAR dataset amply and to select suitable imageries for DEM
generation for application in UAV route planning for aerial survey missions, and this is an
alternative to the time-consuming and laborious UAV pre-scanning work.

For the UAV pre-scanning processing, in this paper, we undertook the mission with
a visible light camera with an equal flight height. In fact, compared with light detection
and ranging (LiDAR) technology [67] or oblique air surveys [55], this approach is not
the most optimal strategy for topographic mapping [64,67,68], which may induce errors
to the reference DSM itself. However, compared with free and open-source DEMs, the
DSM has advantages not only in terms of timeliness but also in spatial resolution, and this
ensures that the error analysis based on this DSM is sufficient. If the pre-scanning mission
is undertaken with the LIiDAR or an oblique air survey method, the reference DSM may be
more accurate, but this is not necessary for a pre-scanning mission.

6. Conclusions

In this paper, DEMs with a resolution of 13.96 m covering the UAV pre-scanning
survey area were generated from the ascending and descending Sentinel-1a data based
on InSAR processing of the complex Zheduoshan Mountains. These two DEMs were
used for UAV route planning to verify the practicability, which is hoped to replace the
time-consuming and laborious UAV pre-scanning work. At the same time, four other
free and open-source DEM products were also used in the route plans, calculating the
elevation errors based on the reference DSM to analyze the practicability of this strategy.
The conclusions obtained are as follows:

(1) For UAV surveys in mountainous regions, pre-scanning missions can provide an
accurate DSM to plan routes for lower flight heights to obtain higher-resolution
images, but it is time consuming and laborious.
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(2) Of the UAV route plans based on the four free and open-source DEMs, the SRTM
DEM with a spatial resolution of 30 m performed the best, with an elevation error
ranging from —50.19-72.08 m. The ASTER GDEM performed second best, while the
TanDEM, at a resolution of 90 m, is not recommended.

(3) Elevation products generated from Sentinel-1 images based on InNSAR technology with
a larger perpendicular baseline are a useful approach for complex mountains that are
treeless. The DEMs can depict the terrain relatively well, and a good consistency exists
according to the reference DSM, which is potentially valuable for UAV route plans.

(4) Time-consuming and labor-intensive pre-scanning missions will hopefully be replaced
with the easy InNSAR-derived DEMs or existing precise DEMs, which can improve
field UAV aerial survey efficiency and decrease the waste of time.
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