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Abstract: Nowadays, with the rapid development of quantitative remote sensing represented by high-resolution UAV
hyperspectral remote sensing observation technology, people have put forward higher requirements for the rapid preprocessing
and geometric correction accuracy of hyperspectral images. The optimal geometric correction model and parameter
combination of UAV hyperspectral images need to be determined to reduce unnecessary waste of time in the preprocessing and
provide high-precision data support for the application of UAV hyperspectral images. In this study, the geometric correction
accuracy under various geometric correction models (including affine transformation model, local triangulation model,
polynomial model, direct linear transformation model, and rational function model) and resampling methods (including nearest
neighbor resampling method, bilinear interpolation resampling method, and cubic convolution resampling method) were
analyzed. Furthermore, the distribution, number, and accuracy of control points were analyzed based on the control variable
method, and precise ground control points (GCPs) were analyzed. The results showed that the average geometric positioning
error of UAV hyperspectral images (at 80 m altitude AGL) without geometric correction was as high as 3.4041 m (about
65 pixels). The optimal geometric correction model and parameter combination of the UAV hyperspectral image (at 80 m
altitude AGL) used a local triangulation model, adopted a bilinear interpolation resampling method, and selected 12 edge-
middle distributed GCPs. The correction accuracy could reach 0.0493 m (less than one pixel). This study provides a reference

for the geometric correction of UAV hyperspectral images.
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1 Introduction

Unmanned aerial vehicle (UAV) hyperspectral remote sensing
has become one of the hotspots in the development of quantitative
remote sensing!?. However, the UAV hyperspectral imager is
affected by various factors, such as sensors and imaging
environment, which makes the positioning accuracy of the mosaic
hyperspectral images poor in the geographic projection, resulting in
a deviation between hyperspectral images and actual geographical
location®. In addition, with the rapid development of quantitative
remote sensing and high-resolution remote sensing observation
technology', people have put forward higher requirements for the

positioning accuracy of remote sensing images, hoping that remote
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sensing image pixels with high-resolution characteristics can
accurately locate ground features. Therefore, it is necessary to
achieve accurate geocoding for the hyperspectral images using
precision geometric correction®, which supports subsequent
geometric measurement, mutual comparison, and application
research.

However, at present, studies on geometric correction methods
mainly focus on satellite remote-sensing images. Firstly, some
scholars used a geometric correction model to explore the feasibility
of geometric correction of satellite remote sensing images. For
example, using the rational function model, Wang et al.” and Ma et
al.® performed geometric correction on GF-3 and GF-2 satellite
images, respectively. Secondly, some scholars studied the geometric
correction accuracy of satellite remote sensing images from the
perspective of the geometric correction model and control point
selection. For example, in terms of geometric correction models,
Zhong™ discussed various general geometric correction models and
their solution methods for high-resolution QuickBird satellite
images. Wang et al.'” and Wang et al.l'l explored the effects of
different geometric correction methods on the positioning accuracy
of GF-2 and GF-6 images, respectively. Furthermore, Eltohamy et
al.') Wang et al.'”, and Babiker et al."" tested the influence of the
distribution of ground control points (GCPs) on the geometric
correction accuracy of remote sensing images. Some scholars also
discussed the geometric correction effect of the geometric
correction model and control points on different satellite images.
For example, Guo'™! and Jiang et al.'”’ used polynomial models,
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local triangulation models, rational function models, and control
points of different numbers to determine a reasonable geometric
correction method for the panchromatic image of the Jilin-1 Optical
A satellite.

Overall, in satellite remote sensing engineering applications,
only a geometric correction model was used to achieve the purpose
of geometric correction. However, no basis for selecting this
correction model was established, and the accuracy of different
correction models was not tested. The research on the influence
factors of geometric correction accuracy is not comprehensive. In
addition, there are significant differences between satellite remote
sensing and UAV hyperspectral remote sensing in terms of flight
platform, flight height, image area, etc.'”. Therefore, it is
blindness to use the satellite remote sensing image geometric
correction method directly for the UAV hyperspectral remote
sensing image. The current UAV hyperspectral images lack
comprehensive geometric correction model testing and quantitative
evaluation of geometric correction parameters and geometric
correction accuracy.

Therefore, this study aimed to further test the availability of
geometric correction models on UAV hyperspectral images and to
comprehensively analyze the influencing factors for the geometric
correction accuracy of UAV hyperspectral images. The geometric
correction model, resampling method, the number, distribution, and
accuracy of GCPs, UAV flight altitude, and efficiency of geometric
correction were taken as variables according to the main steps of
geometric correction” and the characteristics of UAV hyperspectral
image acquisition. The geometric correction results of the control
variables were compared. The comparison combined with the
accuracy and applicability requirements of the UAV hyperspectral
image application to determine the optimal geometric correction
model and parameter combination of UAV hyperspectral images.
Thus, unnecessary waste of time in preprocessing can be reduced,
and high-precision data support can be provided for UAV
hyperspectral remote sensing image applications.

2 Materials and methods

2.1 Device description
In this study, the UAV is DJI Matrice 600 Pro hexacopter UAV

(Shenzhen, China), its hovering accuracy is less than 0.5 m in the
vertical direction and less than 1.5 m in the horizontal direction.
Hyperspectral is Rikola hyperspectral imager (Finland’s National
Technology Research Center (VTT), Finland). It is a lightweight
spectral camera of about 720 g based on the Fabry-Pero
Interferometer™. The Rikola hyperspectral image size is
10101010 pixels and 42 bands were selected in the 400-900 nm
spectral range with equal intervals in this experiment. As shown in
Figure 1, the Rikola camera is mounted on a stabilized DJI Ronin-
MX gimbal, such that the sensor remains nadir facing throughout
the flight.

Note: Left: DJI Matrice 600 Pro UAV systems; Right: DJI Ronin-MX gimbal and
Rikola hyperspectral imager.

Figure 1 Devices for collection images

In addition, CHCNAV intelligent RTK
(Shanghai, China) is used to obtain high-precision GCPs, its
horizontal accuracy is less than 2 cm and vertical accuracy is less
than 5 cm when using a difference system. Besides, four standard
reference panels (G8T Inc, Utah, USA) are used for reflectance
correction of hyperspectral images, its reflectance includes 3%,
22%, 48%, and 64%. Three-bar targets™ are used to detect the local
difference of hyperspectral images after resampling.

2.2 Experiment area and experimental design

The experiment area (Figure 2) is a farmland located in Shawan
City, Xinjiang Uygur Autonomous Region, China. The ground is
flat and broad with a slope of less than 2°. The main features of this
farmland are bottle gourd, cotton, and bare soil.
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Figure 2 Distribution of GCPs in the study area, and landmark plate and measurement used GNSS receiver

The experiment’s flight altitude above ground level (AGL) is
60 m, 80 m, and 100 m, respectively, taking into account the limit
of flight altitude (120 m) and the usual low-flight altitude of UAV-
based hyperspectral®*. In order to ensure the quality of the image
mosaic, all hyperspectral data were captured with an 80% along-
track overlap and 75% sidelap. Besides, the farmland has no

obvious features that can be used as GCPs, and the spatial
resolution of the Rikola hyperspectral imager is 6.5 cm when the
flight altitude is 100 m AGL. Therefore, a landmark disc was used
with a diameter of 20 cm as a GCP, and they were approximately
uniformly distributed in the experimental area. Finally, the high-
precision latitude and longitude information of 35 GCPs was
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collected using RTK based on a difference system in this
experiment.
2.3 Data preprocessing

Firstly, the original hyperspectral image was transformed into a
single hyperspectral image cube by dark current correction, lens
vignetting correction, band registration, and format conversion®*’.
At the same time, the latitude and longitude coordinates of each
hyperspectral image were derived by the Rikola hyperspectral
imager. Then, all single hyperspectral images were mosaicked using
Agisoft Photoscan Professional software (https://www.agisoft.com/)
based on latitude and longitude information. In this experiment, the
mosaic hyperspectral image is about 180 m long and 160 m wide.
Finally, radiometric correction of the mosaic hyperspectral image
was completed using four standard reference panels®'’. Besides, the
mosaic hyperspectral image has only latitude and longitude
information without projection coordinate information, geometric
correction and error testing cannot be performed. Therefore, the
projection conversion function in the ENVI software was used and
the universal Mercator projection (UTM projection) was used to
obtain a hyperspectral image with latitude and longitude coordinates
and projection coordinate information.
2.4 Geometric correction model
24.1 Affine
RST) model

Based on the
transformation model uses affine transformation parameters a,-ag to

transformation  (Rotation-Scale-Transformation,

parallel projection theory, the affine
establish the mathematical relationship between the image plane
coordinates (x, y) of the image point and the object space
coordinates (X, Y, Z) of the corresponding ground point. The

equation is as follows:

(1

{x:a1X+a2Y+a32+a4

y=asX+asY+a,Z+a

where, there are two translation parameters, three rotation
parameters, and three image deformation parameters in a;-as.
2.4.2 Local triangulation model

The local triangulation model®” divides the entire image into
blocks for correction and uses an affine transformation model to
correct each block to eliminate uneven image errors. The model
uses the selected control points to establish a local triangulation
network and then uses the geographic coordinates of the control
points of the three vertices of the triangulation network and the
image pixel image coordinates to obtain the affine transformation
parameters. Since the triangulation can only be established in the
area controlled by the control point, the disadvantage of the local
triangulation model is that the area outside the control point cannot
be geometrically corrected to improve the accuracy. The established
local triangulation usually has the following characteristics:

1) No matter which points are connected to form a triangulation
network, the final result of the triangulation network is the same;

2) The circumscribed circle of any triangle in the triangulation
network will not contain any point except the three points
constituting the triangle. The circumscribed circle of any triangle is
shown in Figure 3.

2.4.3 General polynomial model

The general polynomial model is a simple empirical model that
mathematically simulates image deformation. The model treats the
overall deformation of the image as a result of the combined effects
of scaling, translation, rotation, affine, deflection, bending, and
higher-level basic deformation. The model also uses an appropriate

polynomial to express the mathematical relationship between the
object space coordinates (X, Y, Z) of the ground point and the image
plane coordinates (x, y) of the corresponding image point:

x=ay+a X+aY +a; X> +a, XY +asY* +aX> +a, X’ Y+
as XY +a, Y +---

Y=by+b, X +b,Y +b:;X* +b, XY +bsY* + b X* + b, XY+
by XY + b)Y +---

2)

where, the number N of polynomial coefficients a; and b, has a fixed
relationship with the polynomial order n: N=(n+1)-(n+2)/2, and the
number of GCPs in the correction process is at least N. In addition,
the common general polynomial models include the I1st-order
polynomial model, 2nd-order polynomial model, 3rd-order
polynomial model, and 4th-order polynomial model, and the 1st-
order polynomial formula is the same as the affine transformation
formula.

Figure 3 Schematic diagram of the circumscribed circle of
any triangle

2.4.4 Direct linear transformation (DLT) model
The DLT model is essentially derived from the collinear
equation, which can be known from the general form of the
collinear equation:
a(X=Xs)+b,(Y-Y5)+c,(Z—Zs)
a; (X =X5) +b; (Y = Ys)+c;(Z—-Zs)
a,(X=Xs)+b,(Y-Y5)+c,(Z—Zs)
a;(X = X)+bs (Y= Y5)+ ;5 (Z—Zs)

xX=Xxo=—f

©)

Y=Y =

where, (x;, y,) are coordinates of the principal point of a
photograph; a;, b;, and ¢; (i=1, 2, 3) represent the direction cosine of
the image space coordinate system relative to the object space
coordinate system; X, Y, and Z are coordinates of GCPs; X, Y, and
Zs denote the coordinates of the camera station.

First, it is supposed that the pixel coordinates of a certain
control point on the remote sensing image are (x, y), and the
relationship after linear correction is

4)

) +a,x+ay=Xx
BitBx+Biy=y

The linear error mainly includes the linear error caused by the
deformation of the remote sensing image and the internal factors of
the sensor, and o; and f; are the correction numbers caused by the
translation of the coordinate origin. Equation (5) is obtained by
substituting Equation (4) into Equation (3).
aX+bY+cZ+e
aX+b,Y+c,Z+e,
;X +bY+c;Z+ey
uX+b,Y+ce,Z+e,

a, +a2x+a3y=f§ =f

. %)
Z

Bi +,82x+,83y=f? =f

where, e, = —(a,Xs +b,Ys +¢.Zs), (i=1, 2, 3).
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Equation (5) after a series of transformations:

ot LX+LY+LZ+1, B
LX+1Y+1,Z+1
X+ Y+1L,Z+I

Yl Y+ 1,z
L =(a,f—asxy) [y,
L= f-bsxo) ]y,
Li=(cif—c3x0) [y,
L= (1S =1%) 17,
Is = (arf = asyo) /7
ls=(b2f =bsyo) Vs and
L= (caf = c3y0) 175
Is = (7. =y3%0) 174

(6)

Y, =—(a,X;+bY,+c\Z)
Y, =—(X,+b,Y +¢,Z,)
Y, = —(@:X,+bY, + ;3 Z))

where,

ly=as/y,
Lo :bz/y,z
lll = CS/y3

Equation (6) is the basic formula of the DLT model. There are
11 parameters in the equation. At least 6 GCPs are needed to solve
the DLT model.
2.4.5 Rational function model (RFM)
The RFM expresses the remote sensing image point coordinates
(r, ¢) as the ratio of the polynomials with the corresponding GCP
spatial coordinates (X, Y, Z) as the independent variable, as shown
in the following equation:
L _pX.Y,Z,)
"X, Y,7Z,)
c = ps (X, Y., Z,)
"op(X,,Y,,Z,)

(M

where, the (r,, ¢,) and (X,, Y,, Z,) respectively represent the pixel
coordinates and the corresponding ground point coordinates after
the standardized dimensionless coordinates of translation (X, Y, Z)
and scaling. The values range from —1 to 1. The transformation
relationship is

X-X,
X,
Xs
Y-Y,
Y, = 0
YS
zZ-7,
7 = 8
== 3
r—r,
=
r.\
c—co
= ——

CX

where, (X, Y, Z) is the original coordinate, (Z,, Y, Xy, 7o, o) is the
standardized translation parameter, and (Z,, Y,, X,, r,, ¢,) is the
standardized proportional parameter. The rounding error caused by
the excessive level of data can be reduced during the calculation to

improve the accuracy of the calculation result.
The form of polynomial P; (X, Y, Z) (i=1, 2, 3, 4) is as follows:

P :Zzza[,kx,.y,zk —ay+a, X +aY +aZ+a, XY +asXZ+
=0  j=0 k=0

aYZ +a; X + ayY? + ayZ* + ay  XYZ + a,, XY + a, X°Z + a,, Y X+
auwY’Z+asZ*X +aZ*Y +ap X2 +aY’ + a2} )

The coefficients a; of the polynomial in Equation (9) are called
rational polynomial coefficients (RPCs); the power of all coordinate

components X, Y, and Z of each term in the equation cannot exceed
3, and the sum of the powers of all coordinate components in each
term also cannot exceed 3 (usually there can be three values of 1, 2,
and 3)F.
2.5 Resampling method

In general, there is no brightness value for a non-integer point
in the original image array if the position coordinate value of the
projection point following coordinate transformation is not an
integer. As a result, the brightness value of the nearby point should
be used in conjunction with the appropriate resampling method to
calculate the brightness value of the point. The most typical
resampling methods are the nearest neighbor resampling method,
the bilinear interpolation resampling method, and the cubic
convolution resampling method”**\.
2.6 Accuracy evaluation

In the precision evaluation of the experimental results, Ax; and
Ay; are the residuals in the x- and y- directions of the i-th
checkpoints respectively, as Equation (10).

Ax; = (xlf—x,-)
10
{Ayf = (v-») (10)

where, (x, y) is the actual coordinates of the checkpoint; (x',y’) is
the coordinates of the checkpoint in the image.
Root mean square error (RMSE) of the i-th checkpoints:

RMSE, = /Ax? + Ay? (11)

The accuracy of the geometric correction of the remote sensing
image increases with decreasing checkpoint median error. The
median error of the checkpoint is the square root of the mean
squared error for all checkpoints. The median error of all
checkpoints in the x- and y-direction is

R. = ”rtiAx?

(12)
1<
R= /- Ay?
y n Z Yi
So the median error of all checkpoints is
TRMSE = /R2+R? (13)

Error Contribution by Point is normalized values representing
each point’s RMSE in relation to the total RMSEF", error
contribution of GCP; is

R
Ei= TRMsSE (14)
where, R; is the RMSE for GCP,, and TRMSE is the total RMS error
for all GCPs.
2.7 Data processing platform

In this study, the data were processed using the ThinkPad P52s
notebook computer. The detailed parameters of the computer are as
follows: the processor is an Intel (R) Core (TM) i7-8550U
CPU@1.8 GHz, the running memory is 32 GB, the display card is
an NVIDIA Quadro P500 with 12 GB, and the operating system is
Windows 10.

3 Results

3.1 Original positioning accuracy of Rikola hyperspectral
image

The original positioning accuracy of the hyperspectral image
was detected using 35 GCPs collected on the ground. As shown in


https://www.ijabe.org

June, 2024

Tian W Z, et al. Optimal combination for the precision geometric correction of UAV hyperspectral images

Vol.17No.3 177

Figure 4, the average residual of x- and y-directions of UAV
hyperspectral images at 60 m flight altitude are 2.7879 m and
1.6134 m, respectively, and the RMSEs of all control points is
3.2648 m (about 83 pixels). The average residual of x- and y-
directions of UAV hyperspectral images at 80 m flight altitude are
1.3843 m and 3.0521 m, respectively, and the root mean square
errors of all control points are 3.4041 m (about 65 pixels). The
average residual of x- and y-directions of UAV hyperspectral
images at 100 m flight altitude are —2.1464 m and 3.0133 m,
respectively, and the RMSEs of all control points are 3.995 m
(about 61 pixels).

—=—Ax —a-Ay —-RMSE ---Average (Ax)
---Average (Ay) - - - Average (RMSE)

Deviation/m

0 5 10 15 20 25 30 35
Control point
a. 60 m hyperspectral image

—=—Ax —a-Ay —-RMSE ---Average (Ax)

Deviation/m

0 5 10 15 20 25 30 35
Control point
b. 80 m hyperspectral image

—=—Ax —+-Ay —«RMSE ---Average (Ax)
---Average (Ay) --- Average (RMSE

Deviation/m

0 5 100 15 20 25 30 35
Control point

c. 100 m hyperspectral image
Figure 4 Original positioning deviation of Rikola hyperspectral
image at 60 m, 80 m, and 100 m flight altitude AGL

When the UAV flight altitudes are 60 m, 80 m, and 100 m
AGL, the spatial resolutions of the Rikola hyperspectral images are
0.039 m, 0.052 m, and 0.065 m, respectively. This study refers to
Specifications for office operation of low-altitude digital
aerophotogrammetry®™ and for flat areas such as farmland in this
study. The median error of the ground checkpoints should not be
more than 0.6 m on a digital orthophoto map with a mapping scale
of 1:500 (spatial resolution 0.05 m), and it should not be more than
1.2 m on a digital orthophoto map with a mapping scale of 1:1000
(spatial resolution 0.1 m). The original Rikola hyperspectral image
cannot meet the mapping requirements for photogrammetry.

3.2 Comparison of different resampling methods and
processing efficiency in the geometric correction

UAV Rikola hyperspectral image at 80 m flight altitude AGL
and 35 GCPs were used to compare different resampling methods
and processing efficiency in geometric correction. As shown in
Figure 5, when the same geometric correction model uses different
resampling methods, there are obvious differences in the contour

information of the three-bar target®. Among them, the contour
information of the hyperspectral image sampled by the nearest
neighbor resampling method has the most obvious change. The
seven geometric correction models will produce different degrees of
deformation. However, there is no obvious visual difference
between the resampling images of bilinear interpolation and cubic
convolution.

The geometric correction efficiency is listed in Table 1. Under
the same geometric correction model, the time spent on the
geometric correction of hyperspectral images using nearest
neighbor, bilinear interpolation, and cubic convolution resampling
methods increases sequentially, but the increase is small. When
using the same sampling method, the time of correcting
hyperspectral images with different geometric correction models
varies greatly. For example, the difference between DLT and RFM
geometric correction time and RST, local triangulation, 2nd-order
polynomial, 3rd-order polynomial, and 4th-order polynomial
geometric correction time is about six times. However, the
geometric correction time of RST, local triangulation, 2nd-order
polynomial, 3rd-order polynomial, and 4th-order polynomial is
similar, and the geometric correction time of DLT and RFM is
similar.

Table 1 Geometric correction efficiency of hyperspectral
images using different geometric correction models and
different resampling methods

Geometric correction time/s

Geometric correction

models Nearest Bilinear Cubic
neighbor interpolation convolution

RST 8.63 8.70 10.05

Local triangulation 11.71 14.27 21.03

2nd-order polynomial 9.14 9.17 9.30

3rd-order polynomial 8.96 9.51 9.72

4th-order polynomial 10.01 9.81 9.66

DLT 52.12 65.70 75.41

RFM 51.88 57.93 62.81

3.3 Comparison of correction accuracy for different geometric
correction models

The bilinear interpolation resampling method is more efficient
as can be shown in Section 3.2, and there is no visual difference
between the resampling images of the bilinear interpolation and
cubic convolution but is better than the nearest neighbor. Therefore,
the UAV Rikola hyperspectral image at 80 m flight altitude AGL
and the more efficient bilinear interpolation resampling method
were used to compare the geometric correction accuracy of different
correction models. In order to avoid the phenomenon of unreliable
accuracy evaluation caused by too few checkpoints, nine uniformly
distributed checkpoints (A2, A7, A9, Al4, A20, A22, A26, A30,
and A32) were selected to evaluate the experimental results. The
remaining 26 points were selected as GCPs. As shown in Figure 6a,
the error values in the x- and y-directions of all acquired points
range from —0.1 to 0.1, and the RMSE range from 0 to 0.1, which
meets the accuracy requirements of geometric correction control
points. Furthermore, different geometric correction models were
used for the errors of nine checkpoints for the hyperspectral image
after geometric correction. The results are shown in Figures 6b-6d.
Compared with the other six geometric correction models, the RFM
has the lowest correction accuracy, and the RMSE of checkpoints
can reach 10-16 m. Except for the A2 checkpoint of the 4th-order
polynomial model, the correction errors of all checkpoints of the
other six geometric correction models in the x- and y-directions
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a. RAW and reproject image

c. Local triangulation

e. 3-order polynomial
A

g DLT

d. 2-order polynomial

f. 4-order polynomial

h. RFM

Note: The 3 images in each sub-figure from left to right are obtained from nearest neighbor, bilinear interpolation, and cubic convolution resampling method, respectively.

The band combination of image display is 522 nm, 512 nm, and 502 nm. RST, Rotation-Scale-Transformation; DLT, Direct Linear Transformation; RFM, Rational

Function Model, Same below.

Figure 5 Schematic diagrams of the three-bar target using different resampling methods

range from —0.5 to 0.5, and the RMSE of the other six geometric
correction models ranges from 0 to 1. In addition, the correction
accuracy of the local triangulation, 2nd-order polynomial, and 3rd-
order polynomial models in the other six geometric correction
models is better.
3.4 Influence of the number, distribution, and accuracy of
GCPs on the geometric correction accuracy

In order to compare the experimental results with each other,
the same as in Section 3.3, the UAV Rikola hyperspectral image at
80 m flight altitude AGL and the bilinear interpolation resampling
method were used to test the influence of the number, distribution,
and accuracy of GCPs on the geometric correction accuracy.
3.4.1 The distribution of GCPs

Some GCPs need to be selected to determine the distribution of
GCPs. First, the polynomial correction model was used, and the
error contributions of 35 GCPs were calculated. The error
contribution plot (Figure 7) shows that the error contribution of 12
points (Al, A2, A3, A4, A6, Al4, A20, A30, A32, A33, A34, and
A35) is greater than 1. Combined with the number of control points
and geometric correction accuracy in Section 3.4.2, 12 GCPs at
different locations were selected to test the influence of GCPs
distribution on geometric correction accuracy. As shown in
Figure 8, the 12 GCPs selected by the error contribution are mainly
the points of the image edge and middle position (Distribution 1:

edge-middle distribution). In addition, the common distribution
form of control points including uniform distribution (Distribution
2), edge distribution (Distribution 3), medial distribution
(Distribution 4), and upper part distribution (Distribution 5) were
selected in this experiment.

The results are listed in Table 2. The RST, DLT, and RFM
models have the highest geometric correction accuracy when the
GCPs are uniformly distributed. The local triangulation, 2nd-order
polynomial, and 3rd-order polynomial models have the highest
geometric correction accuracy when the GCPs are in the image edge
and middle position. The RST model is less affected by the
distribution of GCPs. The local triangulation model cannot establish
a triangular grid for the whole correction image when the GCPs are
not distributed around the image, resulting in the deformation or
missing phenomenon of the correction image (e.g., Distributions 4
and 5). The DLT model is greatly affected by the distribution of
GCPs. When the GCP distribution is not appropriate, it will lead to
a serious decline in geometric correction accuracy and cannot meet
the mapping requirements. The RPC is less affected by the GCP
distribution. However, the geometric correction accuracy of RFM is
the worst regardless of the distribution of control points for the
UAV Rikola hyperspectral image. The local triangulation, 2nd-
order polynomial, and 3rd-order polynomial models have higher
correction accuracy than other types of GCP distribution when the
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Figure 7 Error contribution of 35 GCPs

GCPs are selected as uniformly distributed as possible (e.g.,
Distributions 1 and 2). Furthermore, when the geometric correction
control points are edge-middle distribution (Distribution 1), the
local triangulation models have the highest geometric correction
accuracy.
3.4.2 Number of GCPs

Section 3.4.1 shows that when the control points are edge-
middle distributed or
correction accuracy is higher. Based on the principle of edge-middle

uniformly distributed, the geometric
and uniform distribution of control points, 3 control points (A3,
A19, A33), four control points (A1, A10, A25, and A33), 6 control
points (A1, A3, A10, A18, A25, and A33), 12 control points (Al,
A3, A5, A10, A13, Al6, A18, A24, A25, A28, A33, and A35), 18

control points (Al, A3, A4, AS, A6, A10, All, A13, Al6, AlS,
A24, A23, A25, A27, A28, A33, A34, and A35), and 26 control
points (same as in Section 3.3) were selected to test the influence of
the number of GCPs on the accuracy of geometric correction.

Table 3 lists that the geometric correction accuracy is improved
with the increase in the number of GCPs. However, the geometric
correction accuracy decreases when there are 18-26 GCPs in the
local triangulation model, 12-18 GCPs in the 2nd-order polynomial,
3rd-order polynomial, and DLT models, and 3 or 4 GCPs in the
RPC model. The results indicate that the number of GCPs is not the
only factor affecting the geometric correction accuracy.

3.43 The accuracy of GCPs
1, 3, and 6 control points from 26 uniformly distributed GCPs
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Figure 8 Distribution diagram of 5 types of GCPs
Table 2 Geometric correction accuracy (TRMSE) under the different distribution of GCPs (m)

Distribution RST Local triangulation 2nd-order polynomial 3rd-order polynomial DLT RFM
Distribution 1 0.359 06 0.049 29 0.052 52 0.064 96 1.210 41 13.371 82
Distribution 2 0.308 12 0.11275 0.093 22 0.078 25 0.439 01 13.301 87
Distribution 3 0.313 11 0.071 28 0.119 19 0.126 53 6.100 54 13.680 95
Distribution 4 0.356 56 ~ 0.407 49 0.399 31 1.566 42 13.246 05
Distribution 5 0.312 09 * 0.525 16 0.508 12 0.781 23 13.477 30

Note: RST, Rotation-Scale-Transformation; DLT, Direct Linear Transformation; RFM, Rational Function Model, Same below.

«_»

represents the image after the

Pt

geometric correction has only a small middle block;

Table 3 Geometric correction accuracy (TRMSE) uses
different numbers of GCPs (m)
3rd-order

Local 2nd-order

GCP number  RST triangulation polynomial polynomial DLT REM
0.429 54 ~ ~ ~ ~  13.58062
4 0.351 70 ~ ~ ~ ~ 14.147 86
0.329 28 * 0.273 17 ~ 7.267 54 13.531 51
12 030812 0.11275  0.09322 0.07825 0.78123 13.301 87
18 030775 0.07386  0.10521  0.09427 1.096 33 13.246 05
26 0.29239 0.08955  0.08955 0.11041 0.392 34 13.237 51

Note: “~” means that the number of ground control points is not enough to be
solved; “*” is null and all checkpoints cannot be found due to partial missing
images after geometric correction.

were randomly selected, and errors (unit: m): (0.1, 0.1), (0.5, 0.5),
(1.0, 1.0), (1.5, 1.5), and (2.0, 2.0) were artificially added. The
results are listed in Table 4. The accuracy of the GCPs has a
significant impact on the geometric correction accuracy. When the
error of the GCP is (0.1, 0.1), as the number of error control points
increases, the geometric correction accuracy will decrease. When

represents the image after the geometric correction has a tensile deformation.

the control point error is large and there are too many error control
points, geometric correction cannot be performed. In addition, the
accuracy of a single control point significantly influences the DLT
model, and the accuracy of GCPs greatly influences the RFM.
However, when the error at the level of 10 pixels (0-0.5 m) and the
proportion of error control points in the total numbers are not too
high, the geometric correction accuracy of the RST, local
triangulation, 2nd-order polynomial, and 3rd-order polynomial
models will not be significantly affected, which fully meets the
mapping requirements.
3.5 Comparison of correction accuracy for UAV hyperspectral
images at different flight altitudes

A total of 26 GCPs and nine checkpoints were selected as the
same in Section 3.3, and the bilinear interpolation resampling
method was used to complete the comparison experiment of
hyperspectral image geometric correction accuracy with different
altitudes.

Table 5 lists slight differences in image geometric correction
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accuracy under different altitudes. First, when the flying heights
increase from 60 to 100 m, the correction accuracy increases, but
the difference in geometric correction accuracy of RST, local
triangulation, 2nd-order polynomial, and 3rd-order polynomial
models is less than 2 pixels. In addition, the correction accuracy of
the RFM is poor, and the change of altitude produces a large
difference in correction accuracy (up to hundreds of pixels). Other
algorithms have high accuracy in correcting Rikola hyperspectral

images with different flight altitudes and meet the requirements of
photogrammetry mapping. There is little difference in the correction
accuracy of hyperspectral images with different altitudes after
geometric correction using the 4th-order polynomial model.
However, as shown in Figures 9¢ and 9f, the high-order polynomial
model will cause serious image deformation. Therefore, the high-
order polynomial model is unsuitable for the geometric correction
of UAV hyperspectral images.

Table 4 Geometric correction accuracy (TRMSE) under different accuracy of control points (m)

Error Error RST ) Local ) 2nd—ord§r 3rd—orde_:r DLT REM
number triangulation polynomial polynomial
(0.1,0.1) 0.286 32 0.085 74 0.098 22 0.126 06 7.404 64 13.201 96
(0.5,0.5) 0.289 38 0.092 40 0.094 30 0.129 68 50.694 32 13.201 96
1 error point (1.0, 1.0) 0.293 62 0.171 03 0.160 53 0.212 35 * 12.966 90
(1.5,1.5) 0.303 74 0.089 33 0.210 86 028518 * 13.004 07
(2.0,2.0) 0.319 90 0.090 04 0.290 49 * * 12.684 64
. (0.1,0.1) 0.429 54 0.106 02 0.17291 0.106 02 5.334 08 *
3 error points
Other error * * * * * *
. (0.1,0.1) 0.294 55 0.102 52 0.139 09 0.146 99 * *
6 error points
Other error * * * * * *

Note: “*” is a null value. Because the computer cannot solve or the corrected image has serious deformation, it is difficult to accurately find the checkpoints.

Table 5 Geometric correction accuracy (TRMSE/m) of UAV hyperspectral images at 60 m, 80 m, and 100 m flight altitude AGL

Flight altitude ~ Accuracy RST Local triangulation ~ 2nd-order polynomial  3rd-order polynomial  4th-order polynomial DLT RFM
R/m 0.125 05 0.079 46 0.082 18 0.107 03 * 0.098 36 8.076 07
60 m AGL R/m 0.087 38 0.063 43 0.060 88 0.076 84 * 0.049 27 10.800 81
TRMSE/m 0.152 56 0.101 68 0.102 27 0.131 76 « 0.110 01 13.486 31
(3.9 pixels) (2.6 pixels) (2.6 pixels) (3.4 pixels) (2.8 pixels) (346 pixels)
R/m 0.187 41 0.057 86 0.090 93 0.088 15 0.137 64 0.3237 7.904 26
80 m AGL R,/m 0.224 44 0.068 34 0.057 95 0.066 49 0.444 75 0.221 69 10.618 59
TRMSE/m 0.292 39 0.089 55 0.107 83 0.110 41 0.465 56 0.392 34 13.237 51
(5.6 pixels) (1.7 pixels) (2.1 pixels) (2.1 pixels) (9.0 pixels) (7.6 pixels) (255 pixels)
R./m 0.143 25 0.072 84 0.081 77 0.105 58 0.088 92 0.191 43 7.858 88
100 m AGL R/m 0.155 03 0.049 37 0.062 08 0.074 64 0.247 41 0.063 89 10.543 02
TRMSE/m 0.211 08 0.087 99 0.102 67 0.129 30 0.262 91 0.201 81 13.1498
(3.5 pixels) (1.4 pixels) (1.6 pixels) (2.0 pixels) (4.0 pixels) (3.1 pixels) (202 pixels)

Note: “*” is the null value, because the image is severely deformed after correction, the checkpoint cannot be accurately found.

4 Discussion

4.1 Analysis of the causes of geometric errors in UAV
hyperspectral images

The main reasons for geometric error of remote sensing images
are the influence of topographic relief, earth curvature, atmospheric
refraction, earth rotation, remote sensor working mode, platform
attitude of the remote sensor (e.g., yaw, roll, and pitch), and the
aircraft’s state (e.g., speed change and altitude change)“”. The flight
time of a set of batteries for the DJI Matrice 600 Pro UAV is about
12 min, which makes the cover area of the hyperspectral image
small at a time. The farmland is also flat in this study. The weather
conditions are good on the day of data acquisition (clear weather, no
sand and dust, cloud cover less than 5%, and wind speed less than
level 2). The DJI Ronin-MX gimbal was used to stabilize the center
point of the hyperspectral image on the route. The single
hyperspectral image was not deformed after inspection, and the
obtained Rikola hyperspectral image was corrected by its software
system. Therefore, the influence of the above geometric errors can
be ignored.

As shown in Figure 10, the main geometric error of the mosaic
UAYV hyperspectral image is the image’s overall movement along a
certain direction, but the overall movement of this image does not
mean that the displacement of each pixel in the image is completely

equal. The geometric correction of satellite image also has a similar
overall movement phenomenon compared with the original image
in the research of Guo'™' and the imaging mode is the push-broom
type, but the Rikola hyperspectral imaging mode is the frame type
in this study. Therefore, the geometric error of the hyperspectral
image caused by the overall movement of the image along a certain
direction has no direct relationship with the imaging mode of
hyperspectral sensors.

In addition, as shown in Figure 11, the red straight line is the
aerial survey planning route of the UAV at 80 m flight altitude AGL
for this experiment, and the location of the single hyperspectral
image shown at the shooting point on the route is determined by the
latitude and longitude information at the center point of the single
hyperspectral image. By comparing the pointing of each control
point error in Figure 9 and the x-direction error, y-direction error,
and RMSE of each control point in Table 4, it can be found that the
heading and flight path of the UAV are not directly related to the
geometric errors produced for the mosaic UAV hyperspectral
image. However, the latitude and longitude information was
recorded by the global positioning system (GPS) module of the
Rikola hyperspectral imager used in the mosaic hyperspectral
images. The GPS module cannot achieve centimeter-level
positioning accuracy, leading to a low positioning accuracy of the
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c. 2-order polynomial (80 m AGL) d. 3-order polynomial (80 m AGL)

g. DLT (80 m AGL) h. RFM (80 m AGL)

Note: The bottom image is the hyperspectral image without geometric correction and the false-color composite bands: 636 nm, 563 nm, and 503 nm. The upper image is
the hyperspectral image after geometric correction and the false-color composite bands: 853 nm, 692 nm, and 503 nm.

Figure 9 Rikola hyperspectral image after geometric correction using different geometric correction models

9 1e1+4.9178e6

4.1166 4.1168 4.1170 4.1172 4.1174 4.1176 4.1178 4.1180
x/m le5
Figure 10 Schematic diagram of the distribution of control points in the study area and the positioning residual and direction of checkpoints
for UAV hyperspectral image at 80 m flight altitude AGL without geometric correction

image center. Therefore, for the Rikola framing hyperspectral the insufficient GPS accuracy of the center point of the single image
spectrometer, without the significant influence of external factors obtained by the GPS module. Therefore, the geometric error of the
such as weather, it can be tentatively concluded that the geometric UAV hyperspectral image can be reduced by improving the

error of the mosaic Rikola hyperspectral image is mainly caused by accuracy of the GPS module.
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Note: The yellow line represents the UAV takeoff and landing; the red line
represents the route of the UAV hyperspectral mission to take pictures; and the
green rectangle represents the area of the UAV hyperspectral image cropped after
image mosaicing. The superimposed map of the UAV and hyperspectral images
shows the center point coordinates of a single hyperspectral image.
Figure 11 The aerial survey route map of UAV at 80 m flight
altitude AGL

4.2 Comprehensive analysis for geometric correction results

1) Based on the resampling principle, although the nearest
neighbor sampling method does not destroy the gray value of the
original pixel and has the high-fidelity pixel value and the simplest
calculation, the visual effect is the worst. Both bilinear interpolation
and cubic convolution resampling methods destroy the gray value of
the original pixel, but the visual effect is the same. The spectral
curves extracted from the hyperspectral images after geometric
correction by the three resampling methods are not significantly
different. Furthermore, considering the influence of the resampling
methods on the geometric correction efficiency, the bilinear
interpolation method can be used as the best resampling method.

2) Combined with Figure 6, Figure 9, and Table 5, the
geometric correction accuracy is less than the 2nd-order polynomial
model and the geometric deformation of the image is generated for
the 3rd-order polynomial and 4th-order polynomial models. The
reason may be that too many undetermined parameters introduced
by the 3rd-order polynomial model and 4th-order polynomial model
cause parameter correlation during calculation, thus affecting the
accuracy of geometric precision correction and causing a different
extent of deformation of the correction image. In addition, the
polynomial model is a nonlinear transformation without considering
the sensor type, so it is often used in practice. The 1st-order
polynomial model can correct the geometric deformation of remote
sensing images in 6 cases, including translation and scale
deformation in x- and y-directions, rotation, and tilt. In this study,
the RST and 2nd-order polynomial models also have a good
correction effect, which can meet the requirements of mapping and
application.

3) The local triangulation model has the most stringent
requirements for the distribution of control points, but the geometric
correction accuracy is the highest. As shown in Section 3.5.1, the
local triangulation model can only perform geometric corrections on
areas within control points.

4) In general, the geometric correction effect of the DLT model
is inferior to that of the local triangulation and 2nd-order
polynomial model. Additionally, the geometric correction accuracy
deviation of UAV hyperspectral image using a DLT model is large
and is most easily affected by the number, distribution, and
accuracy of control points. The phenomenon may be because the
geometric correction of UAV hyperspectral images is not an
entirely linear expression.

5) The UAV hyperspectral image using the RFM has the worst
geometric correction accuracy and cannot meet the mapping
requirements. The reason for the results may be that the UAV
Rikola hyperspectral images do not have RPC parameter files like
satellite remote sensing data“ so only RPC files generated by
known control points can be used. However, there are many RPC
parameters, but there are few GCPs in this study, resulting in
insufficient accuracy of the RPC file. Therefore, there is a large
deviation between the correction result and the actual position when
the RFM is used for geometric correction, which seriously affects
the accuracy of geometric correction.

6) The geometric correction accuracy of UAV hyperspectral
images with different flight altitudes is different, but the difference
is relatively small and not proportional to the flight altitude. The
number, distribution, and accuracy of GCPs can affect the
correction accuracy. Among them, the distribution of GCPs can
affect the accuracy greatly. The control point error is too large, or
the control points with low accuracy are more directly affecting the
correction results. Therefore, it is necessary to eliminate the control
points with excessive errors during the precision geometric
correction. When there are fewer than 12 GCPs, the accuracy of the
geometric correction is poor or even impossible to achieve. The
geometric correction accuracy changes little when the number of
GCPs is between 12 and 26. Given how time- and labor-consuming
it is to collect GCPs, it is best to use the fewest amount possible. In
light of the results from Table 2, it can be concluded that 12 is the
ideal number of GCPs.

5 Conclusions

In this study, the factors affecting the accuracy of UAV
hyperspectral geometric correction (geometric correction model,
resampling method, and number, distribution, and accuracy of
GCPs) were comprehensively analyzed. The optimal geometric
correction model and parameter combination used a local
triangulation model, adopted a bilinear interpolation resampling
method, and selected 12 edge-middle distributed GCPs
(TRMSE=0.0493, =14.27 s). In addition, considering the efficiency
of geometric correction, the optimal geometric correction model and
parameter combination used a 2nd-order polynomial model,
adopted a bilinear interpolation resampling method, and selected 12
edge-middle distributed GCPs (TRMSE=0.0525, =9.17 s). In future
work, the authors plan to study the geometric correction of UAV
hyperspectral images of complex scenes, such as mountains and
terraces.
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