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Abstract. Unmanned aerial vehicles are suited to various photogrammetry and remote sensing
missions. Such platforms are equipped with various optoelectronic sensors imaging in the visible
and infrared spectral ranges and also thermal sensors. Nowadays, near-infrared (NIR) images
acquired from low altitudes are often used for producing orthophoto maps for precision agri-
culture among other things. One major problem results from the application of low-cost custom
and compact NIR cameras with wide-angle lenses introducing vignetting. In numerous cases,
such cameras acquire low radiometric quality images depending on the lighting conditions.
The paper presents a method of radiometric quality assessment of low-altitude NIR imagery
data from a custom sensor. The method utilizes statistical analysis of NIR images. The data
used for the analyses were acquired from various altitudes in various weather and lighting
conditions. An objective NIR imagery quality index was determined as a result of the research.
The results obtained using this index enabled the classification of images into three categories:
good, medium, and low radiometric quality. The classification makes it possible to determine
the a priori error of the acquired images and assess whether a rerun of the photogrammetric
flight is necessary. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL 10
.1117/1.JRS.12.015008]
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1 Introduction

Currently, low-altitude photogrammetry and remote sensing are two of the most evolving
fields.'™ There are many studies on the analysis of radiometric imaging quality obtained
from low altitudes used in remote sensing products.*™® In photogrammetry, most of the research
is focused on the geometry of images acquired from low altitudes.” The research concerning
the accuracy of low-altitude photogrammetric studies does not take into account the impact of
the radiometric quality.'®'> However, as shown in many studies,'*!* the processing and
evaluation of low-altitude data obtained in the visible and near-infrared (NIR) range are still
current and significant research problems.

Low-altitude NIR imagery data can include numerous distortions and radiometric inhomo-
geneities, such as changes in the radiation source (the Sun), terrain relief, the directionality of
radiation reflection or emissions from the Earth’s surface, absorption and dispersion in the
atmosphere. In practice, weather conditions (clouds and precipitation) and lighting conditions
during imaging and sensitivity of the NIR camera sensor are also of importance.

However, so far the radiometric quality, which depends mainly on the factors mentioned
above, has not been analyzed, especially in the case of NIR images. Previous research proves
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that there is a need to develop objective radiometric quality indices of images acquired using
UAVs.'® Moreover, the artifacts mentioned above in the radiometric quality of images often
make the visual analysis and interpretation of images difficult or impossible. In addition,
a low radiometric quality of images results in a deterioration of the final accuracy of photogram-
metric and remote sensing products.

Contemporary photogrammetry solutions and computer vision complement each other.
They provide solutions for three-dimensional modeling, Earth surface mapping, navigation,
and camera calibration. The contemporary photogrammetric software relies on computer vision
solutions—dense image matching and to some extent enabling the automation of low-altitude
imagery data processing (Match-AT, Pix4D, Trimble UAS Master, Agisoft Photoscan, and open
source software, e.g., SURE!” and VisualSFM'®). However, the available tools are still limited by
optical images matching and nonoptical images matching defects (e.g., thermal) and defects of
low radiometric quality images other than NIR. So far, traditional methods based on matching
portions of the image (area-based matching) or matching image features (feature-based
matching)'®?° are commonly used. New methods are based on matching every pixel of the
image (image dense matching), e.g., using the semiglobal matching-based stereo method.’!
Currently, applied algorithms are based on structure from motion®*** using point descriptors
that support the process of automated detection of corresponding features in the images.**
Usually, the following detectors are used to combine images: smallest univalue segment assimi-
lating nucleus,” efficient maximally stable extremal region,?® random sample consensus,”’ SIFT
(scale invariant feature transform), which helps to find homologous points that have shifted with
respect to each other and are of a different scale’® in images, ASIFT (affine SIFT),” and SURF
(speeded up robust features)*® algorithms. Unfortunately, all these algorithms are inefficient
if the scale differences are significant; the images are rotated with respect to each other,>' and
there are significant differences in the radiometric quality. Development of these algorithms is
supported by open source solutions implemented, e.g., in the OpenCV library.

2 Related Works

Contemporary UAV photogrammetry research is concerned mainly with issues of low-altitude
image geometry. The radiometric quality of multispectral photogrammetric images is currently
the main topic of numerous research projects worldwide. The best-known project dealing
with these issues was initiated by Euro-SDR. It concerns the essence of radiometric quality of
photogrammetric images.*” In the case of classic multispectral aerial images, the problem of
radiometric quality was solved by applying large format digital aerial cameras with a radiometric
resolution of 12 bits, equipped with advanced low aberration optics. The UAV custom compact
cameras are usually equipped with arrays with an 8-bit radiometric resolution and optics,
which cause aberration. Moreover, the lenses of sensors acquiring NIR images are equipped
with orange longpass filters and black IR-only longpass filters, which significantly reduce
the radiometric quality of the images.

Image quality may be defined using various parameters: radiometric resolution and accuracy
represented by the noise level, or ground resolution and sharpness described by the modulation
transfer function (MTF).*® The radiometric quality of digital images can be defined as a detailed
mapping of local irradiation changes recorded by the imaging system while maintaining
a continuum of brightness adequate for the mapped scene. The internal radiometric quality of
digital images is formed by the local image contrast, tonal range, random noise, and radiometric
resolution.*>** Radiometric quality of an image is also influenced by the sensor’s features
determined by sharpness, contrast, or resolution.

The research carried out so far concerns the issues of radiometric quality of images from
UAVs to a limited degree only. The results of research concerning applications of the sig-
nal-to-noise ratio value of the images and the radiometric accuracy and stability of the sensor
related to the quality of aerial triangulation and DSM are available in published papers.>>~®
Image quality is also described by the MTE,* the point spread function and the line spread
function.***> However, these parameters cannot fully describe the image quality*’ and they
are mainly used in industrial image processing, satellite imagery quality assessment, and for
optoelectronic sensor production purposes.
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In digital image processing, image quality assessment is a multiaspect problem depending on
the requirements of the application of the processed image. The images represented as arrays are
subject to objective and subjective quality assessments. Most classic methods of image quality
assessment belong to the group of comparative, i.e., the image reconstructed after compression is
compared to the original image. Thus, reliable measures of image quality assessment should be
investigated.*> Peak signal-to-noise ratio is commonly used as the quality measure. The mean
square error (MSE),* i.e., the value of the MSE for individual pixels of the image, is another
index often used for quality assessment of video data.*” The structural similarity (SSIM)*® index
taking into account three types of image distortions (image luminance, contrast, and structure) is
often used for the assessment of the image signal quality. For an original signal in the form of
x ={x;|i = 1,2,..., N} and a distorted signal in the form of y = {y;|i = 1,2, ..., N}, the result
of applying the SSIM index to image fragments defined by an N X N pixels mask has the form of
an image quality map of a resolution that is smaller by N — 1 rows and N — 1 columns than the
image. It is recommended to apply a two-dimensional Gauss window of 11 x 11 pixels size.*®

3 Proposed Method

The paper presents a new index for objective quality assessment of NIR images acquired from
low altitudes in various weather and lighting conditions. Since there are no objective methods of
quality assessment of digital NIR images acquired from low altitudes, the authors claim that the
developed method will make it possible to increase the reliability of photogrammetric studies
concerning NIR data from UAVs. In order to prove this claim, the authors developed an experi-
ment for determining and analyzing the statistical values for images acquired in the NIR range
(690 to 1050 nm). Image processing and statistical algorithms were used to analyze images in
order to determine the objective quality index.

The analysis of the results was based on traditional measures applied in image quality assess-
ments. The proposed new method makes it possible to develop the objective image quality index.
It was proven that analyses of the authors’ index make it possible to classify images into three
groups of radiometric quality.

4 Data Acquisition

4.1 Test Areas

The low-altitude NIR images were acquired from four test areas (Fig. 1). The first test area
(Liwiec) was located in north-eastern Poland. The terrain is flat and partly forested, with single
building development. The low-altitude imagery data were acquired during a few flight missions
in various weather and lighting conditions in July 2015.

The second test area (Opatow) was covered in agricultural fields. The terrain around the fields
was undulating. It is covered by numerous cultivated fields, grassland, and low shrubs. There are
single buildings. There is a lake of about 2.5 ha in the central part of the test area. The northern,
western, and southern shores of the lake are steep with rocky cliffs. The eastern shore is gentle
and situated close to a local road. There is a small forest and single trees north of the lake.
The imagery data were acquired in July 2015.

The third test area (Nadarzyce) was a low urbanized flat area. The location is characterized by
moderate amounts of forested areas, sparsely scattered buildings, agricultural fields, and a lake in
the central part of the imaged area.

The fourth test area (Tylicz) was located close to a village. The terrain has a significantly
more diverse orography (there are greater altitude differences). The acquired images encom-
passed a fragment of a hill with a ski lift (southern part) and a village with a closely built-
up area (northern part). There are forests along the southern side of the river bed. The hill
was covered with low grass while the area of the ski slope was covered with snow. The
built-up area in the northern part of the study area has a low level of urban development.
There are detached houses, road infrastructure, single trees, shrubs, and prevailing grass.
The photogrammetric flight was carried out in March 2016.

All the images of the four test areas were taken between 11 am and 3 pm.
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Fig. 1 Location of study areas.

4.2 Description of the Platform and Sensors

The NIR images were acquired using the fixed-wing Trimble UXS5. The UXS5 comes with a
fully automated take-off, flight, and landing control. Its flight time (endurance) is 50 min. It
is an UAV customized for high ground resolution imagery data acquisition. The ground
dimensions of the pixel and the area covered in the image increase with the flight altitude.
The UXS is highly rated among mini UAVs. The onboard GPS/INS system allows for fully
autonomous flight at a tasked altitude and coverage along and across the flight route. The
flight route may be monitored in real time by the flight controller. The UX5 platform enables
automatic release of the camera shutter for the acquisition of imagery of the Earth’s surface.
The UAV takes off from a particular launcher. The system may be operated at wind speeds of
up to 18 m/s and in weather conditions no worse than light intensity precipitation. A Sony
NEX-5T camera was installed onboard the Trimble UXS5 for imagery data acquisition. It is a
compact digital camera equipped with a 16.1-megapixels CMOS array providing maximum
image resolution of 4912 X 3264 pixels. It enables ground sampling distance (GSD) of 0.024
to 0.24 m depending on a flight altitude of 75 to 750 m. The images are recorded in JPEG
format with lossy compression of data. The camera was equipped with a Voigtlander lens
with a fixed focal length of 15 mm and a maximum aperture of f/4.5.* The NEX-5T camera
was modified in a way that makes it possible to acquire images in the full range of the array’s
sensitivity. The filter, which was originally located in front of the array for reducing
the spectral range down to 690 nm, was removed. A black filter that blocked visible
light, restricting sensor sensitivity to the NIR range of 690 to 1050 nm only, was applied.
The sensor records radiation to a maximum wavelength of about 1050 nm. A black filter
(B+W 092) that blocked visible light, restricting sensor sensitivity to the NIR range of
690 to 1050 nm only,** was applied.

4.3 Flight Campaigns

The photogrammetric flights were conducted in various weather and lighting conditions at
altitudes of 75 to 650 m in four different test areas of diverse topography. Application of
the filter means that the images contain only NIR wavelengths. The blue pixels (band 3) are
used to record nothing but pure NIR (roughly 800 to 1050 nm), while the red band (band 1)
in the images obtained with this filter is, in fact the red edge, roughly from 690 to 770 nm.*
All the acquired images were recorded with an 8 bit/channel radiometric resolution. Table 1
provides a description of the imaging data used to develop the quality index. Table 2 contains
image data obtained for verifying the quality index.

All flights were planned using the Trimble Aerial Imaging software. The lens sharpness set-
ting in the camera was set to infinity while ISO sensitivity was set to AUTO. The weather and
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Table 1 Characteristics of the four flight campaigns: experiment data.

Flight mission I: Flight mission Il:  Flight mission Ill:  Flight mission 1V:
Flight mission name July 2015 Liwiec  July 2015 Opatow March 2016 Tylicz July 2015 Opatow

Photographic conditions  Favorable weather Moderate weather Adverse weather Moderate weather

Wind speed (m/s) 2.2 4.3 6.2 4.2
Shutter speed (s) 1/2500 1/2500 1/2500 1/2500
Altitude (m) 100 150 150 75
GSD (m) 0.04 0.05 0.05 0.024
Number of images 1090 375 419 1102
Forward and side overlap 75 80 75 80

between images (%)

Table 2 Characteristics of the four flight campaigns: verification data.

Flight mission V:
September 2015  Flight mission VI:  Flight mission VII:  Flight mission VIII:
Flight mission name Nadarzyce July 2015 Opatow July 2015 Opatow July 2015 Opatow

Photographic conditions = Moderate weather Moderate weather Favorable weather Favorable weather

Wind speed (m/s) 7.4 5.2 4.3 4.2
Shutter speed (s) 1/3200 1/2500 1/4000 1/4000
Altitude (m) 650 300 75 150
GSD (m) 0.21 0.10 0.024 0.05
Number of images 221 121 1299 358
Forward and side overlap 75 80 80 80

between images (%)

lighting conditions for the specific measurement campaigns (Tables 1 and 2) were characterized
according to the following criteria:

¢ Favorable weather and lighting conditions: clear sky or few clouds. Average light intensity:
14,000 lux.

* Moderate weather and lighting conditions: scattered or broken clouds and mist. Average
light intensity: 1200 lux.

¢ Adverse weather and lighting conditions: overcast and intensive fog. Average light inten-
sity: 200 lux.

5 Experiments

The research consisted of three phases. The first phase of the experiment was based on
the method proposed by Kedzierski and Wierzbicki.'® Each test image was divided into
100 equal segments. According to the characteristics of data recording, band 1 is the red
band (roughly 690 to 770 nm), band 2 is the green band, and band 3 contains only NIR,
where the blue pixels are used to record nothing but pure NIR (roughly 800 to 1050 nm).*
In this configuration, pixels covered by a blue filter in the Bayer CFA receive only NIR.*
The mean values of the pixel brightness and standard deviation (SD) of the pixel brightness
were determined for each channel of the images.
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In the second phase, the same statistic values—mean value and standard deviation (SD)—
were determined for each of the 100 image fragments. The SD values are related (but not limited)
to: state of crops, spatial variability, and also shadows.

In the third phase, the value of the Wy index (proposed new image quality index) was
determined for all test images, and its immunity to a false assessment of the radiometric quality
of images was studied.

5.1 Examination of the Gridded Standard Deviations Maps: Analysis of
the SD Values Distribution

The size of each segment was 1/10 of the resolution. In this case, it was 491 x 326 pixels. The
distribution of standard deviation values is a schema, and therefore each represented fragment is
a square. The digital number (DN) and value distribution images are shown in Fig. 2, and Fig. 3
is a graphical representation of these calculations, with the colors resulting from an interpolation
of the standard deviation values calculated for the center of each segment.

Figure 2 contains an analysis of the NIR images acquired in favorable lighting conditions. All
the images have been acquired during sunny days with clear skies. An analysis of the SD values
distribution shows that SD values range from 11 to 50 DN in over 30% of the image area for
flight mission I, 16 to 50 DN in over 50% of the image area for flight mission VII, and 18 to 45
DN for the majority of the image area with a maximum value of 54 DN for flight mission VIII.

Flight nam?/ . Distribution of DN values in the NIR
atmospheric NIR image image segments

conditions

Flight
mission I:
Liwiec 100 m /
sunny, sky
clear

DN

Flight
mission VII:
Opatow 75m/
sunny, sky
clear

|
-

s
J

Flight
mission VIII:
Opatow 150 m
/ sunny, sky

clear

Fig. 2 Distribution of SD values (DN value) in the NIR images acquired in favorable weather
conditions.
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Flight name/ Lo .
8 . . Distribution of DN values in the NIR
atmospheric NIR image .
i e image segments
conditions

Flight mission
II:
Opatow
150 m/
partly cloudy

Flight mission
IVA
Opatow 75 m/
scattered
clouds

Flight mission
\'H
Nadarzyce
650 m/
broken clouds

Flight mission
VI:
Opatow 300 m
/ scattered
clouds

f

Fig. 3 Distribution of SD values (DN value) in the NIR images acquired in moderate weather
conditions.

Figure 3 contains an analysis of the NIR images acquired in moderate lighting conditions.
An analysis of the SD values distribution shows that the SD values range from 11 to 37 DN in
over 50% of the image area for flight mission II. 16 to 47 DN in over 50% of the image area for
flight mission IV, and 2 to 6 DN for most parts of the image area. Over 50% of the SD values
were within 12 to 30 DN for the majority of the image area with a maximum value of 38 DN for
flight mission VI

Figure 4 contains an analysis of the NIR images acquired in adverse lighting conditions.
An analysis of the SD values distribution shows that the SD values range from 7 to 13 DN in
over 50% of the image area for flight mission III. The gridded stats refer to initial research and
show only one SD dependency on the fragment of the test image. Based on the previous studies,
the assumption of SD dependence on image quality was transferred to the whole image.'¢
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Flight name / . Distribution of DN values in the NIR
atmospheric NIR image .
by image segments
conditions
DN

50
a5
Flight mission 40
II: 35
Tylicz 150m / 30
cloudy, local 25
mists 20
15

10

Fig. 4 Distribution of SD values (DN value) in the NIR images acquired in adverse weather
conditions.

5.2 Examination of SD of G-R-NIR by Image Sequence

Using the initial results, the SD values were then determined for all images in three channels.
The image number is the successive image number obtained during a photogrammetric flight
over a study area (Figs. 5-8).

For images of flight mission I (Fig. 5), the SD values for band 3 (Pure NIR) were in the range
from 10.1 to 36.9 DN while the mean value was 16.3 DN. For band 2, the SD values were in
the range from 14.1 to 50.4 DN while the mean value was 24.1 DN. For band 1, the SD values
were in the range from 2.2 to 60.4 DN while the mean value was 18.0 DN.

Flight mission I July 2015 100 m NIR

(1090 images)
70

60

50
20 i | q

30

Red-edge

Green

20 ——NIR
10 +

Standard deviation &

1 101 201 301 401 501 601 701 801 901 1001
Image number

Fig. 5 Distribution of SD values of DN for three channels in 1090 NIR images acquired in Flight
mission |.

Flight mission II July 2015 150 m NIR (375 images)
80

70
60 A 4 N

50 ——Red-edge
40 A Green

30 w WA { A

20 u u —NIR

10

Standard deviation &

(O A RRREEEEsnsnnnnssneny

1 26 51 76 101 126 151 176 201 226 251 276 301 326 351
Image number

Fig. 6 Distribution of SD values of DN for three channels in 375 NIR images acquired in Flight
mission II.
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Flight mission III March 2016 150m NIR (419 images)
70

b 60
: f
g 50 n -
% 40 .I |l l Red-edge
-] 1 4
2 30 4 1 Green
S o '
§2 Y —NIR
2]
0

1 26 51 76 101 126 151 176 201 226 251 276 301 326 351 376 401
Image number

Fig. 7 Distribution of SD values of DN for three channels in 419 NIR images acquired in Flight
mission IlI.

Flight mission IV July 2015 75 m NIR (1102 images)
90

o 80 i
£ 70 | v bt _
g " TEN Wl Red-edge
2 50 I I R ——— Green
E 40 II |
'§ 30 —NR
2 20 -
10
0

1 101 201 301 401 501 601 701 801 901 1001 1101
Image number

Fig. 8 Distribution of SD values of DN for three channels in 1299 NIR images acquired in the fourth
mission.

For images of flight mission II (Fig. 6), the SD values for band 3 (pure NIR) were in the range
from 20.8 to 67.9 DN while the mean value was 33.2 DN. For band 2, the SD values were in
the range from 18.8 to 59.7 DN while the mean value was 27.6 DN. For band 1, the SD values
were in the range from 19.0 to 66.3 DN while the mean value was 32.0 DN.

For images of flight mission IIT (Fig. 7), the SD values for band 3 (pure NIR) were in the
range from 4.3 to 45.7 DN while the mean value was 28.1 DN. For band 2, the SD values were in
the range from 1.9 to 18.0 DN while the mean value was 6.1 DN. For band 1, the SD values were
in the range from 5.4 to 66.0 DN while the mean value was 34.8 DN.

For images of the flight mission IV (Fig. 8), the SD values for band 3 (pure NIR) were in the
range from 21.6 to 75.1 DN while the mean value was 31.9 DN. For band 2, the SD values were
in the range from 18.9 to 61.2 DN while the mean value was 26.6 DN. For band 1, the SD values
were in the range from 20.0 to 77.7 DN while the mean value was 30.1 DN.

The conducted experiments indicated that the SD values (Figs. 5, 6, and 8) for images
acquired in favorable weather conditions, clear sky or few clouds, are high (about 30 DN)
for band 3 (pure NIR). The values for images acquired in moderate or adverse weather conditions
are lower (by about 30%). Additionally, the SD values for band 2 are significantly lower than the
other channels (by about 50%). This observation is an additional confirmation that the images
were acquired in worse weather and lighting conditions (Figs. 6 and 8). The SD indicates images
of potentially poor radiometric quality. The regular peaks visible on the plots (Figs. 5-8) are
a result of a turning maneuver of the UAV. At the moment of performing this maneuver, there is
a sudden change in the direction and angle of imaging. This leads to a sudden deterioration in
image quality. The observed relations are closely related to Rayleigh scattering for which the
scattering coefficient and the scattered light intensity are inversely proportional to the fourth
power of the light wavelength. This indicates that the scattering of radiation at 1000 nm
wavelength in the NIR band is about 40 times weaker than of the blue light at 400 nm wave-
length. Observations of test images indicate that the Rayleigh scattering influence is reduced
in the NIR band, and therefore the amount of information is increased. The information in
the visible band is scattered by fog or precipitation. Using these observations and experience
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from previous experiments,'® the authors developed the following equation for determining
the value of the radiometric quality index of NIR images acquired from low altitudes:

Siwi- ()
DT wi ’
1

where Wyr is an NIR radiometric quality index, y; is an average DN pixel value in a given band
[DN in an 8-bit scale (0 to 255)], o, is a pixel brightness standard deviation value in a given band,
w; is a weight value of a given band determined empirically on the basis of the relative luminance
value, i is a band sequence number, and 7 is a number of bands.

The relative luminance of an image may be defined as the result from the three bands.
A conversion of color information from RGB to luminance was made. The luminance (L)

can be calculated from linear RGB components as follows:”'

ey

Wik =

L =0.2126R + 0.7152G + 0.0722B, 2)

where L is an image luminance, R is a red band of the image, G is a green band of the image, and
B is a blue band of the image.

For further considerations, it was assumed that the red and NIR components transfer the most
information. Figures 6—8 illustrate the relationship of SD to band 1 on individual images con-
cerning what is in them. Figures 5-7 represent the SD value for all images acquired in a given
area. Based on this analysis and the luminance value, the result is an image quality index—Wyg.

Therefore, for the test images, the values of the weights were assumed in a different order
than in the classic relative luminance distribution:

The values of the three weights (0.2126; 0.0722; 0.7152) for each band were determined
empirically using the modified luminance value.

The determined weight values result from the transmission of each of the bands in the SONY
NEX-5T camera equipped with a black IR-only longpass filter (Fig. 9). When this filter is used,
the transmission is lowest for band 2 (G)—lowest weight, next for band 1 (R), and finally band 3
(NIR). The graph in Fig. 9 gives a rough idea about the cut-on and cut-off wavelengths for
camera bands and the black filter. In practice, the black filter may transmit residual amounts
of green and red radiation.

The modified equation for the image quality index will have the following form:

HMbandl Hband2 HMband3
Wik = ( * Whand1 T * Whand2 + * Whand3- (3)
Obandl Oband2 Oband3

Note that the denominator in Eq. (1) will equal 1 because Wyung1 + Woand2 + Woanaz = 1-

Transmission

s

— Red band (1)
Green band (2)
— Blue band (3)
---- Hot mirror (RGB camera)
Recommended orange filter
~~~~~~~ NIR black filter
- - Vegetation reflectance

ed edge NIR Wavelength

Fig. 9 A conceptual graph to give a rough idea about cut-on and cut-off wavelengths for the Sony
NEX 5T camera bands and the black filter.*°
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Experiment data - Flight mission I - July 2015 by Trimble UXS with Sony NIR
(1090 images)

1 101 201 301 401 501 601 701 801 901 1001

Image number

Fig. 10 Wyr index values for 1090 images acquired from low altitudes during flight mission I.

5.3 Examination of the Wnr Metric Using the “Experimentation” Image
Sequence

The following figures present the Wy index diagrams for each sample of images:

Analysis of the figure (Fig. 10) shows that the Wyr index value for this data sample (images
acquired in favorable weather conditions) is in the range from 3.4 to 29.1. The index value does
not exceed 10.0 for the majority of the images.

The Wy index value for images acquired in moderate weather conditions (clouds and mist)
is in the range from 2.2 to 8.4 (Fig. 11). The average value of the index is 5.4 for this data sample.

The Wyr index value for images acquired in adverse weather conditions (clouds, mist, and
light rain) is in the range from 1.2 to 5.0 (Fig. 12). The average value of the index is 2.9.

The Wyr index value for images acquired in moderate weather conditions (few clouds) is in
the range from 1.9 to 8.2 (Fig. 13). The average value of the index is 5.6.

Experiment data- Flight mission II - July 2015 by Trimble UXS5 with Sony NIR

(375 images)
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Fig. 11 Wyr index values for 375 images acquired from low altitudes during flight mission II.

Experiment data- Flight mission III - March 2016 by Trimble UX5 with Sony NIR
(419 images)
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Fig. 12 Wy index values for 419 images acquired from low altitudes during flight mission IlI.
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Experiment data- Flight mission IV - July 2015 by Trimble UXS with Sony NIR

(1102 images)
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Fig. 13 W\yr index values for 1102 images acquired from low altitudes during flight mission V.

Table 3 Classification of radiometric quality of images with respect to Wyr value.

Radiometric quality of images Wnir ranges
Good radiometric quality Wnir € [4.9; 19.6)
Medium radiometric quality Wk € [4.0; 7.2)
Low radiometric quality Wyir € [1.1; 4.0)

Results of visual analysis of the images and their histograms for the specific bands were
used to determine the Wyr index value ranges for classifying the images as good, medium,
or low radiometric quality. The low radiometric quality images should be rejected from
further photogrammetric processing. The Wy index value ranges (Table 3) were determined
empirically. The results compiled in the graphs (Figs. 7-10) were used to determine the intervals.

As mentioned, the NIR images’ quality index value ranges were determined empirically.
The analysis showed that it is difficult to define a one-value limit between images of good
and medium radiometric quality. It is probably a result of the technique of recording NIR images
acquired by the sensor. This leads to a conclusion that the NIR information in the test images
was not only recorded in band 3 but probably partially also in the two other bands. The results
compiled on the graphs (Figs. 10-13) were used to determine the intervals.

Moreover, the type of ground surface, i.e., many areas can be characterized as highly humid,
in the photographed areas affected the signal in the NIR range. As a result, a lower DN value
occurred in the image, i.e., there were local decreases in brightness.

6 Results

6.1 Examination of the Wyr Metric Using the “Validation” Image Sequence

In order to verify the proposed NIR images’ quality index, a separate set of test data was used to
calculate the index values. A set of data acquired during flight mission V in the area of Nadarzyce
at an altitude of 650 m was used as the first sample for verification. Most of the images were
acquired in favorable weather conditions with few clouds (moderate weather).

The Wyr index value for images acquired in these conditions (Fig. 14) is in the range from
4.4 to 17.0. Using the Wyr index, 212 images of the test sample may be assigned to the good
radiometric quality category but, half may also be classified as medium radiometric quality
images. This ambiguity may be caused by the properties (heterogeneous texture) of the area
of the images’ acquisition and demonstrates the vulnerability of the Wy index.

Another sample for verification contained imagery data acquired during flight mission VI
from an altitude of 300 m in the area of Opatow in moderate weather conditions. The index value
was determined for a sample of 121 images.
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Verification data - Flight mission V - September 2015 by Trimble UXS with Sony

NIR (221 images)
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Fig. 14 Wy index values for 221 images acquired from an altitude of 650 m.

The Wyr index value for images acquired in these conditions (Fig. 15) is in the range from
2.9 to 7.5. The average value of the index is 5.1 for this sample. This sample contains 76% of
images that may be classified as medium radiometric quality ones, 20% as of low quality, and
the remaining 4% as good quality.

The Wyr index value for images acquired during flight mission VII is in the range from
1.2 to 8.9 (Fig. 16). Results of visual analysis of the images and the determined values of
the index classify 1010 images as a medium, 29 images as good, and 260 as low radiometric
quality. In most cases, images classified to the last group covered water or forested areas.

The Wyr index value for images acquired in favorable lighting conditions (Fig. 17) is in
the range from 2.0 to 7.5. The average value of the index is 4.8 for this sample. Results of
test data analysis and comparison with the determined values of the index classify 291 images
as medium, 4 images as good, and 50 as low radiometric quality. As in the previous sample,
low radiometric quality images covered forested areas and water zones.

Verification data - Flight mission VI - July 2015 by Trimble UXS with Sony NIR
(121 images)
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Fig. 15. Wy index values for 121 images acquired from an altitude of 300 m.

Verification data - Flight mission VII - July 2015 by Trimble UXS with Sony NIR

(1299 images)
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Fig. 16 Wyr index values for 1299 images acquired from an altitude of 75 m.
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Verification data - Flight mission VIII - July 2015 by Trimble UX5 with Sony
NIR (358 images)
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Fig. 17 Wyr index values for 358 images acquired from an altitude of 150 m.
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Fig. 18 SSIM quality index for three landscapes.

6.2 Verification Wyr Metric Using Other Image Quality Index

The SSIM index was proposed for verification of the Wy index. It was selected because it is
similar to the method of visual assessment of quality and it is partly based on statistical values of
the compared images.

Twenty sample images for three representative areas were selected for the tests: agricultural
field (I), urban area (II), and forest (III). Selected images were obtained as part of flight mission 1.
The first group of images (I) contained images acquired over cultivated areas, fields, and waste-
land. Acquisition angles ranged from 1.1 deg to 3.1 deg. The second group of imagery data (II)
contained data acquired over inhabited areas. In the photographed area, there were family houses
in terraced and scattered-side housing. Acquisition angles ranged from 2.2 deg to 4.3 deg. The
third group of images (III) contained images acquired over forested areas. In the photographed
area, there were forests and wooded and bushy areas. Acquisition angles ranged from 1.3 deg
to 4.7 deg.

These areas were selected on the basis of visual assessment and the Wy index value.

The SSIM index value (Fig. 18) determined for three categories of 20 images each confirms
the efficiency of the authors’ index for classifying images, into specific groups. The determined
SSIM index values confirmed the assumption that the quality of images of forested areas would
be the lowest. An image of very good quality (Wyr = 17.4) was selected as a reference for tests.
The average similarity between the reference image and the ones classified to three represen-
tative groups was 73% (agricultural), 62% (low urban area), and 56% (forest). It is convergent
with predictions by the new index of NIR images quality, Wy-

7 Discussion

The presented experiments and their results prove the efficiency of the developed Wyr index of
radiometric quality assessment of images acquired from low altitudes. Analyzing the numerical
value of SD, the authors observed that with its increase, the radiometric quality of the images
improved. As it had been proven on the basis of the conducted research, the developed index of
radiometric quality assessment may be applied to low altitude NIR images of agricultural areas.
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In order to confirm the validity of the proposed Wyr index, the authors decided to compare
the obtained results, with similar analyses performed using the SSIM index. The new index is
dedicated to assessing the quality of images in photogrammetric and remote sensing UAV stud-
ies. The classification of UAV image quality according to the new index has the potential to
increase the accuracy of the UAV workflow. The proposed method of quality assessment of
NIR imagery can help identify images that have a smaller number of tie points or, a lower
accuracy of remote sensing classification. This is directly applicable in the field of precision
agriculture.

The developed method is limited to NIR images and it is time consuming for data
samples containing a few thousand images. The research results and work done by other
researchers®>°%? indicate that the proposed method of quality assessment of NIR images for
UAV photogrammetry and remote sensing will help reject low radiometric quality images
from photogrammetric processing. It will make it possible to increase the quality and accuracy
of photogrammetric studies, especially for precision agriculture and other remote sensing
studies. The acquired imagery data may be subject to an initial assessment of whether a valid
photogrammetric or remote sensing study is feasible or a repeated flight in better weather
conditions is required.

Based on the defined Wy index value ranges, it will be possible to identify images of
potentially low radiometric quality, which in turn can have an impact on the accuracy of photo-
grammetric products, especially in precision agriculture.

The topic of radiometric quality is a great concern for the implementation of photogrammet-
ric and digital image processing. The proposed Wyr index can be used in a vast number of ways.
One of these is to detect and eliminate poor quality images acquired using a UAV for photo-
grammetric processing purposes. The quality index Wy has been tested for typical agricultural
areas. The effectiveness of the indicator for high-urban areas requires further research.

8 Conclusions

The results of developing an objective index for the quality assessment of NIR images acquired
from low altitudes for photogrammetric and remote sensing studies are presented and discussed
in the paper. Almost 5000 images acquired in various weather and lighting conditions from
altitudes of 75 to 650 m were analyzed in the experiments. The results of the tests made it
possible to develop an objective index for the quality assessment of NIR images acquired
from low altitudes on the basis of statistical analyses of images and a derived relationship
between the image quality and relative luminance. Further research of the authors will focus
on developing other image quality assessment indices for images acquired from UAVs in
other spectral ranges.
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