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ABSTRACT:

Radiometric calibration has become important pre-processing with increasing use of unmanned aerial vehicle (UAV) images in
various applications. In order to convert the digital number (DN) to reflectance, vicarious radiometric calibration is widely used
including relative radiometric calibration. Some UAV sensor systems can measure irradiance for precise relative radiometric
calibration. However, most of UAV sensor systems cannot measure irradiance and therefore precise relative radiometric calibration
is needed to produce reflectance map with vicarious calibration. In this study, an optimal image selection method is proposed to
improve quality of relative radiometric calibration. The method, relative calibration by the optimal path (RCOP), uses filtered tie
points acquired in geometric calibration based on selection optimal image by Dijkstra algorithm. About 100 multispectral images
were acquired with a RedEdge-M camera and a fixed-wing UAV. The reflectance map was produced using RCOP and vicarious
calibration using ground reference panels. A validation data was processed using irradiance for precise relative radiometric
calibration. As a result, the RCOP method showed root mean square error (RMSE) of 0.03-0.10 reflectance to validation data.

Therefore, the proposed method can be used to produce precise reflectance map by vicarious calibration.

1. INTRODUCTION

Rapidly advancing technologies are making sensors smaller,
more precise, and more popular. Recently, the supply of UAV
images is increasing in various remote sensing fields. UAV
images have attracted attention as a means of efficiently
observing limited access areas when users want them (Tsouros
etal., 2019). UAV images are used to acquire three-dimensional
spatial information and biophysical information. In order to
acquire location and attribute information from remote sensing
images including UAV images, pre-processing such as
geometric and radiometric calibration is required.

Radiometric calibration, including atmospheric correction, is an
important pre-processing step to obtain biophysical information
from spectral reflectance. For radiometric calibration, vicarious
calibration and the radiative transfer (RT) model are widely
used in spaceborne and airborne remote sensing fields (Del
Pozo et al., 2014; Moran et al., 2001; Smith, Milton, 1999;
Berni et al., 2014; Garzonio et al., 2017; Honkavaara et al,
2013). The RT model converts DNs into reflectance based on a
mathematical model. It does not require ground reference panels,
but it has limitations such as complicate parameters and low
accuracy (Yang et al., 2017; Hakala et al., 2013; Aasen, Bolten,
2018; Konkavaara, Khoramshahi, 2018; Roosjen et al., 2017;
Schneider-Zapp et al., 2019).

UAV images are taken at a relatively low altitude, compared to
aerial or satellite images, and they may do not possess
significant radiometric distortions. On the other hand, their
small field of view makes mosaicking a necessary procedure.
Each image may experience different turbulence, a different
incidence angle, different illumination, or different signal
processing chains. As a result, radiometric properties of UAV
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images may vary significantly. Relative radiometric properties
among UAV images have to be adjusted so that the mosaic
image can have a consistent spectral reflectance.

Therefore, for UAV images, we need relative radiometric
calibration in addition to vicarious calibration, unless we install
ground reference panels within the field of view of each image.
Images with ground reference panels are calibrated through
vicarious calibration. Images without ground reference panels
are calibrated relatively to the DNs of the images with ground
reference panels, and are then calibrated through vicarious
calibration (Mafanya et al., 2018). Some UAV cameras include
an irradiance sensor to measure the amount of sunlight for each
image, and they use the irradiance measurements for relative
radiometric calibration (Mamaghani, Salvaggio, 2019). For
UAV cameras without an irradiance sensor, conversion
coefficients have been estimated through regression analysis
between the DNs of pixels on overlapping regions between two
images (Suomalainen et al., 2018). However, this method is
prone to geometric distortions and pixels with radiometric
anomalies (Xu et al., 2019), and they often result in visual
discontinuity between adjacent scenes (Liu et al., 2011). Precise
relative radiometric calibration of UAV images is still highly in
demand.

In this study, an optimal image selection method is proposed to
improve quality of relative radiometric calibration. It uses
filtered tie points acquired in geometric calibration based on
optimal image selection by Dijkstra algorithm. It can minimize
error accumulation by reducing the step of reaching the last
image located at the region boundary.
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2. DATA
2.1 UAYV Images

UAV images were acquired from 15:32 to 15:36 on 15 May
2019 with 50 degree of solar elevation angle under clear sky.
Total 108 images were acquired with about 3 cm spatial
resolution. Figure 1 shows the study area and locations of the
images acquired. The area is above the campus of the National
Institute of Agricultural Sciences in Wanju-gun, Jeonlabuk-do,
Korea. It includes trees, grass, soil, and sidewalk blocks as its
major cover types. The camera captures images in five spectral
bands: blue, green, red, red-edge, and near-infrared. It also has
an irradiance sensor, a down-welling light sensor (DLS), for
radiometric calibration. The measured irradiance from the DLS
was used to produce validation data for this study.

(a)
RedEdge-M camera

(b)
Figure 2. (a) The KD-2 fixed-wing UAV, and (b) the
multispectral camera and irradiance sensor

2.2 Reflectance of Ground Reference Panels

Seven ground reference panels were deployed on the grass of a
soccer field for vicarious radiometric calibration of the UAV
images (Figure 3a). The panels were made of specially coated
fabric sized 1.2 m x 1.2 m to maintain constant reflectance
through a spectral range of 435 nm to 1100 nm. Spectral
reflectance of each panel was measured using a FieldSpec-3
spectro-radiometer (Figure 3b). The panels used for the
experiment provided 3%, 5%, 11%, 22%, 33%, 44%, and 55%
reflectance.
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Figure 3. (a) Ground reference panels installed for vicarious
radiometric calibration of UAV images, and (b) spectral
reflectance measured using a spectro-radiometer

2.3 Validation Data

For validation, a reference reflectance map was generated using
the measured irradiance data and the reference panels. An image
map with intensity as its pixel values was generated first
through standard processing procedures of tie point extraction,
bundle adjustment, digital surface model generation, ortho-
rectification, and image resampling. A reflectance map with
reflectance as its pixel values was then generated by converting
DNs of the mosaicked image into reflectance values. For the
conversion procedure, the measured irradiance data and the DN
on the ground reference panels were used to calculate
coefficients for the conversion. We used commercial software
(SW) to produce the reflectance map. Figure 4 shows the
reflectance map generated as validation data.
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Figure 4. A natural color composite of reflectance map
generated for validation

3. METHODS
3.1 Relative Radiometric Calibration Procedure

Overall radiometric calibration procedure is shown as Figure 5
to generate reflectance map. The first procedure is vicarious
radiometric calibration of a reference image using ground
reference panels. The image with ground reference panels is
selected as the reference image. DN values of the reference
panels within the reference image are measured, and
coefficients for vicarious calibration are estimated through
regression analysis.

Next, an image network is formed by defining each image as a
node. When there is a sufficient number of tie points between
two images, a link between the two corresponding nodes is
defined. After an image network is formed, we can find an
optimal path from one image to another by following links
between image nodes. In this experiment, we used the Dijkstra
algorithm to obtain the optimal path.

Next, tie points among the images within the optimal path are
processed to estimate coefficients for relative radiometric
calibration. DNs of an image are converted to equivalent DNs in
the reference image using these relative calibration coefficients,
and eventually, they are converted to reflectance using the
vicarious calibration coefficients. Finally, a geometric
mosaicking process is carried out on the reflectance images to
generate a mosaicked reflectance map.

Geometric calibrated UAV images
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Figure 5. Overall procedure of radiometric calibration

3.2 Vicarious Calibration of Reference Image

DNs of the reference image are converted to spectral reflectance
using the vicarious radiometric calibration method. For each
ground reference panel, its image location is identified manually.
The average DN around the location was calculated per spectral
band and per reference panel. DNs of the reference image are
converted to reflectance using the following equation:

R=ﬂ,aDN+ ba (1)

where R is reflectance, DN is the digital number of an image,
@, is absolute radiometric gain, and b, is the absolute
radiometric offset. These coefficients are estimated for each
band via linear regression between the DN and the reflectance
of the pixels corresponding to the ground reference panels
(Figure 6). All DNs of the reference image were then converted
to reflectance using equation (1).
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Figure 6. Examples of linear regression analysis between the
digital number and the reflectance for (a) blue and (b) red-edge
bands

3.3 An Optimal Image Selection Method

A method to select optimal images was proposed that is relative
calibration by optimal path (RCOP). It can minimize error
accumulation by reducing the step of reaching the last image
located at the region boundary. Yin and Wang (2010) proposed
Dijkstra algorithm to find a path that minimizes the sum of
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weights from one starting point to all other points. In Figure 7,
the weight between images was given as 1 when number of tie
points was exceeded 100, otherwise it was given as infinity. The
reason is that if the number of tie points between images is too
small, it may cause over- or under-estimation of conversion
coefficients. If there are multiple paths with the weight, the
optimal path is selected in the direction where the number of tie
points is greater.
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Figure 7. Selection of optimal images using number of tie points
between image pair that was selected by weight and number of
tie points

3.4 Relative Radiometric Calibration

Tie points are obtained from the geometric calibration process.
Some tie points that may be geometrically correct may contain
radiometric abnormalities due to shadow, saturation, or sun
glints. To improve the quality of relative radiometric calibration,
tie points undergo radiometric filtering. In order to remove
radiometric outliers in the tie points, the statistical distribution
of DN differences between two images is analyzed. The mean
and standard deviation of the DN differences are calculated. We
accept tie points where the DN differences between two images
are within range of the mean + standard deviation. Figure 8
shows an example of the distribution of DN values for all tie
points (black crosses), and the accepted tie points are red
crosses.
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Figure 8. The distribution of DN values for all tie points (black
crosses) and accepted tie points (red crosses)

Using the accepted tie points, coefficients of relative
radiometric calibration are estimated using equation (2):

DNF = ﬂrDN + br (2)

where DN is the digital number from the original image, DN’ is
the digital number from the converted image, ar is relative
radiometric gain, and by is relative radiometric offset. Using the
estimated conversion coefficients, DNs of the original image are
converted to equivalent DNs of the other image. Using
successive image pairs along the optimal path, DNs of the
original image are converted sequentially to equivalent DNs of
the reference image. They are then converted to reflectance
using equation (1).

4. RESULTS AND DISCUSSION
4.1 Visual Interpretation of Calibration Results

Figures 9 shows the natural color composite of the reflectance
map by RCOP and validation data, respectively. In order to
compare colors, each band was stretched based on the same
range of reflectance. The results from RCOP had similar color
when compared with the validation data using irradiance
measurement. The mosaic result was smooth without noticeable
color differences at the boundaries between images.

o | 2R

Figure 9. Natural clor composie of reflectance map by (a)
RCOP and (b) validation data

4.2 Quantitative Accuracy Analysis

For quantitative validation, reflectance obtained from RCOP
was compared to the validation data at the same points. The test
samples were collected for a total of 200 pixels by random
sampling (Figure 10). Error was calculated as root mean square
error (RMSE) using the following equation:
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where n is the number of samples, and R; and R, represent
reflectance of the calibrated image and the validation data,
respectively, for the i-th validation point.

""'-.. s — -
Figure 10. Distribution of validation points within the
mosaicked image

The RMSE of the visible (blue, green, red) bands is about 0.03,
although red-edge and NIR bands show about 0.06 and 0.10,
respectively. A reason of higher RMSE of red-edge and NIR
bands might be cover types of study area that most of the area is
composed with grass and trees. Vegetation has higher
reflectance in red-edge and NIR bands than visible bands.

Band Blue Green Red RE NIR

RMSE | 0.031 0.033 0.037 0.062 0.101

Table 1. RMSE of reflectance for the RCOP result compare to
the validation data

5. CONCLUSION

In this study, the RCOP method was proposed for relative
radiometric calibration of images those do not have measured
irradiance. It can improve radiometric calibration quality using
tie points and optimal path selection. It showed reliable and
stable calibration results. Therefore, the proposed method can
be used to obtain a precise reflectance map, improving the
quality of relative radiometric calibration.

Most UAVs acquire images without irradiance measurement,
and are used in applications where precise reflectance retrieval
is crucial. The proposed method should contribute to improving
accuracy of biophysical factor estimation or classification using
UAYV images. In further studies, precise band alignment will be
carried out, and we will check how exceptions reported in this
paper can be improved. An additional validation study will be
carried out by installing ground reference panels at various
locations in the study area.

ACKNOWLEDGEMENTS

This study was carried out with the support of "Cooperative
Research Program for Agriculture Science & Technology
Development  (PJ013500032020)"  Rural = Development
Administration, Republic of Korea.

REFERENCES

Tsouros, D.C., Bibi, S., Sarigiannidis, P.G., 2019: A Review on
UAV-Based Applications for Precision Agriculture.
Information 10(11), 349.

Del Pozo, S., Rodriguez-Gonzalvez, P., Hernandez-Lopez, D.,
Felipe-Garcia, B., 2014: Vicarious radiometric calibration of a
multispectral camera on board an unmanned aerial system.
Remote Sensing 6(3), 1918-1937.

Moran, M.S., Bryant, R., Thome, K., Ni, W., Nouvellon, Y.,
Gonzalez-Dugo, M.P., Qi, J., Clarke, T.R., 2001: A refined
empirical line approach for reflectance factor retrieval from
Landsat-5 TM and Landsat-7 ETM+. Remote Sensing of
Environment 78(1-2), 71-82.

Smith, G.M., Milton, E.J., 1999: The use of the empirical line
method to calibrate remotely sensed data to reflectance.
International Journal of Remote Sensing 20(13), 2653-2662.

Berni, J.A.J., Zarco-Tejada, P.J., Sudrez, L., Gonzalez-Dugo, V.,
Fereres, E., 2014: Remote sensing of vegetation from UAV
platforms using lightweight multispectral and thermal imaging
sensors. Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci.,
XXXVIII-1-4-7/W5.

Garzonio, R., Di Mauro, B., Colombo, R., Cogliati, S., 2017:
Surface reflectance and sun-induced fluorescence spectroscopy
measurements using a small hyperspectral UAS. Remote
Sensing 9(5), 472.

Honkavaara, E., Saari, H., Kaivosoja, J., P616onen, I., Hakala, T.,
Litkey, P., Mékynen, J., Pesonen, L., 2013: Processing and
assessment of spectrometric, sterecoscopic imagery collected
using a lightweight UAV spectral camera for precision
agriculture. Remote Sensing 5(10), 5006-5039.

Yang, G., Li, C., Wang, Y., Yuan, H., Feng, H., Xu, B., Yang,
X., 2017: The DOM generation and precise radiometric
calibration of a UAV-mounted miniature snapshot hyperspectral
imager. Remote Sensing 9(7), 642.

Hakala, T., Honkavaara, E., Saari, H., Médkynen, J., Kaivosoja,
J., Pesonen, L., P6lonen, 1., 2013: Spectral imaging from UAVs
under varying illumination conditions. Remote Sens. Spatial Inf.
Sci., XL-1/W2, 189-194.

Aasen, H.; Bolten, A. Multi-temporal high-resolution imaging
spectroscopy with hyperspectral 2D imagers—From theory to
application. Remote Sens. Environ. 2018, 205, 374-389.

Honkavaara, E., Khoramshahi, E., 2018: Radiometric correction
of close-range spectral image blocks captured using an
unmanned aerial vehicle with a radiometric block adjustment.
Remote Sensing 10(2), 256.

Roosjen, P., Suomalainen, J., Bartholomeus, H., Kooistra, L.,
Clevers, J., 2017: Mapping reflectance anisotropy of a potato
canopy using aerial images acquired with an unmanned aerial
vehicle. Remote Sensing 9, 417.

Schneider-Zapp, K., Cubero-Castan, M., Shi, D., Strecha, C.,
2019: A new method to determine multi-angular reflectance
factor from lightweight multispectral cameras with sky sensor
in a target-less workflow applicable to UAV. Remote Sensing of
Environment 229, 60-68.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIII-B1-2020-493-2020 | © Authors 2020. CC BY 4.0 License. 497



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII1-B1-2020, 2020

XXIV ISPRS Congress (2020 edition)

Mafanya, M., Tsele, P., Botai, J.O., Manyama, P., Chirima, G.J.,
Monate, T., 2018: Radiometric calibration framework for ultra-
high-resolution UAV-derived orthomosaics for large-scale
mapping of invasive alien plants in semi-arid woodlands:
Harrisia pomanensis as a case study. International Journal of
Remote Sensing 39(15-16), 5119-5140.

Mamaghani, B., Salvaggio, C., 2019: Multispectral Sensor
Calibration and Characterization for SUAS Remote Sensing.
Sensors 19, 4453.

Suomalainen, J., Hakala, T., Alves de Oliveira, R., Markelin, L.,
Viljanen, N., Nisi, R., Honkavaara, E., 2018: A Novel Tilt
Correction Technique for Irradiance Sensors and Spectrometers
On-Board Unmanned Aerial Vehicles. Remote Sensing 10, 2068.

Xu, K., Gong, Y., Fang, S., Wang, K., Lin, Z., Wang, F., 2019:
Radiometric Calibration of UAV Remote Sensing Image with
Spectral Angle Constraint. Remote Sensing 11, 1291.

Liu, Q., Liu, W., Zou, L., Wang, J., Liu, Y., 2011: A new
approach to fast mosaic UAV images. International Archives of
the Photogrammetry, Remote Semns. and Spatial Inf. Sci.,
XXXVIII-1/C22, 271-276.

Yin, C., Wang, H., 2010: Developed Dijkstra shortest path
search algorithm and simulation. Proc. of 2010 Int. Conf.
Computer Design and App., Qinhuangdao, China, 25-27 June
2010.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIII-B1-2020-493-2020 | © Authors 2020. CC BY 4.0 License.

498





