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ABSTRACT

The micro staring hyperspectral imager can simultaneously acquire two spatial and one spectral images, and only
record the external orientation elements of the entire hyperspectral image rather than the external orientation elements
of each frame of the image, which avoids the geometric instability during scanning, effectively solves the problem of
large geometric deformation of the small line scanning hyperspectral imager, and is suitable for the small UAV load
platform with unstable attitude. At present, most of the research focuses on the radio-metric correction method of line
scan hyperspectral imager. The application time of staring hyperspectral imager is short, and there is no mature data
processing re-search at home and abroad, which hinders the application of UAV micro staring hyperspectral imaging
system. In this paper, the calibration method of the linearity and variability of the radiation response of the micro staring
hyperspectral imager on the UAV is studied, and the effectiveness of this method is quantitatively evaluated. The results
show that the hyperspectral image has obvious vignetting effect and strip phenomenon before the correction of radiation
response variability. After the correction, the radiation response variation coefficient of pixels in different bands de-
creases significantly, and the vignetting effect and image strip decrease significantly. In this paper, a multi-target radio-
metric calibration method is proposed, and the accuracy of radiometric calibration is verified by comparing the cali-
brated hyperspectral image spectrum with the measured ground object spectrum of the ground spectrometer. The results
show that the calibration results of the multi-target radiometric calibration method show better results, especially for the
near-infrared band, and the difference with the surface reflectance measured by the spectrometer is small.
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In recent years, UAV hyperspectral imaging technology has been
gradually popularized in some research and application fields, and it
has been more and more widely used in environmental monitoring and
protection, disaster monitoring and assessment, geological exploration,
urban planning and other fields™®!. Traditionally, hyperspectral imagers
are often carried on aviation or satellite platforms. Due to the long repe-
tition period and low spatial resolution of satellite platforms, as well as
the high cost of image acquisition on aviation platforms, the application
of aviation and satellite hyperspectral imaging technology is hindered!”.
With the emergence of new low altitude platforms such as small UAVs
and micro hyperspectral imaging sensors, hyperspectral remote sensing
data acquisition methods are changing rapidly®.

At present, the main types of hyperspectral imagers are wire scan-
ning and staring. The line scan hyperspectral imager uses a two-
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dimensional detector array to obtain only one spa-
tial dimension and one spectral dimension image.
Since only one row or column of images are ob-
tained each time, the geometric quality of the image
is extremely sensitive to the rotation and vibration
of the load platform. The unstable UAV platform
will cause large geometric deformation of the hy-
perspectral image®'®. The staring hyperspectral
imager can obtain two spatial dimensions and one
spectral dimension image at the same time to form
two spatial dimension images with dozens to hun-
dreds of bands. It only needs to record the external
orientation elements of the entire hyperspectral im-
age without recording each frame, thus avoiding the
geometric instability during scanning operation.
Therefore, the small staring hyperspectral imager
can effectively solve the problem of large geometric
deformation of small line scanning hyperspectral
imager imaging on UAV, and is suitable for load
platforms with unstable attitude, such as small UAV.

Compared with the line scan hyperspectral
imager, the staring hyperspectral imager has a
shorter application time, and there is no mature data
acquisition, processing and application research at
home and abroad, which makes the application of
the staring hyperspectral imager system of UAV
face certain obstacles.

This paper evaluates the image quality from
the aspects of the radiation response linearity and
radiation response variability of the micro staring
hyperspectral image of the UAV, and tests the
wavelength calibration deviation, radiation response
linearity of the staring hyperspectral imager and the
radiation response variability of the hyperspectral
sensor CCD. This paper focuses on the method of
eliminating the variability of the radiation response
of the micro staring hyperspectral image of the UAV,
and quantitatively evaluates the effectiveness of this
method. A radiometric calibration method based on
multi-target hyperspectral images is proposed, and
the radiometric calibration accuracy is verified by
comparing the hyperspectral image spectra after
calibration with the ground object spectra actually
measured by the ground spectrometer.

2. Test equipment and data acquisi-
tion

The UAV carrier platform adopts Dajiang
tumbling cloud S1000 + eight rotor UAV, and the
imager is UHD 185 micro staring hyperspectral
imager. The imager includes 138 spectral bands
with a sampling interval of 4 nm. HG-1 mercury
argon spectral calibration lamp is selected as the
light source for spectral calibration. The fieldSpec
Pro FR spectrometer is selected to measure the
spectral curve of the ground calibration object and
each research area.

When acquiring hyperspectral image data of
field UAV, 5 pieces of grey cloth, green cloth, red
cloth, blue cloth and black cloth with rough surface
and size of 1.5 m x<1.5 m, which are close to Lam-
bertian body, are respectively arranged in the flight
route of UAV. Before the flight operation of UAV,
ASD spectrometer is used to measure the reflectiv-
ity curve of these rough cloth blocks. The flight al-
titude of the UAV is 50 m, the speed is 5 m/s, and
the image course overlap and side overlap are set
to 70% and 60%, respectively.

3. Spectral calibration and radio-
metric calibration of hyperspectral
images

3.1 Hyperspectral image spectral calibration

Spectral calibration is the process of deter-
mining the central wavelength position and spec-
tral bandwidth of each band in hyperspectral images.
Although the spectrometer has been calibrated be-
fore leaving the factory, its wavelength will change
with time and use environment. In addition, the
spectral calibration results can be used to simulate
the FWHM (full width at half maximum) of
each band to determine the spectral resolution of the
hyperspectral sensor.

For the spectral calibration of UHD 185 hy-
perspectral spectrometer, firstly, place the spec-
trometer under the HG-1 mercury argon spectral
calibration lamp and collect the spectral curve of
hyperspectral cube to determine the band number of
all peaks of the curve. Then, find the spectral lines
of mercury argon spectral calibration lamp corre-
sponding to all peaks of the curve to determine the
spectral wavelength value of each peak. Finally, a
linear or polynomial function between the wave-
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length of the spectral curve of the light source and
the serial number of the corresponding peak of the
hyperspectral cube spectral curve is constructed,
and the wavelength of each band is calculated by
using the linear function with the serial number of
the band as the independent variable. The linear
function is
M= +ai,i=1,2,3, ...,n
1)
Where, i is the serial number of each band; 4,
is the wavelength of band i; 4q is the wavelength of
the first band; « is the coefficient. The number of
samples tested in the laboratory is generally greater
than 2, and A; and o are calculated by the least
square method.

3.2 Calculation of radiation response linear-
ity

The radiation  response linearity s
ed by the linear relationship between the DN value
of the image and the incident spectral radiation in-
tensity measured by the integrating sphere. The
calculation equation is™

Y =gain; xDN; + offset;, i=1, 2, 3,..., 125

2
oy it)  snepyzgn -
Ly =% o) YMY)?/n, i =1, 2, 3,..., 125
3)

Where DN; is the average DN value of the
ith band of hyperspectral cube; gain; and offset; are
the coefficients of the model, that is, the gain value
and offset value of each band:; Y and Y; are the es-
timated spectral radiance and the spectral radiance
recorded by the spectrometer respectively; n is the
number of samples.

Using equation (2), the DN value of each gra-
dient of the image is taken as the independent vari-
able, and the spectral radiation intensity meas-
ured by the optical integrating sphere is taken as the
dependent variable. The DN value and radiation
intensity value of 18 groups of images measured in
the test are fitted through the least square linear
model to obtain the gain value and offset value of
each band. Equation (3) represents the determina-
tion coefficient R? of the fitting result of equation
(2), which is used to characterize the linearity of
radiation response.

3.3 Radiation response variability and cor-
rection

Affected by the instrument noise, vignetting
effect and other sensor related factors, hyperspectral
cube images will have certain variability in radia-
tion response*?*¥l. Before hyperspectral image
processing and application, it is necessary to correct
the variability of hyperspectral cube radiation re-
sponse in advance. In order to correct the variability
of radiation response, the ratio of two images ob-
tained at the same wave band under different irradi-
ation intensities is used, and the influence of dark
current is subtracted before calculating the ratio.
This method assumes that the radiation response of
each pixel is linear. This process can be represent-
ed by equation (4). One of the two images is used as
the reference image and the denominator of equa-
tion (4).

Rij; = (DNij, — DCij,)/(DNf; ; — DCij,)

(4)

Where DN;;, DNiCJ-,,1 and DC;;, are respect-
tively the A band DN value, reference hyperspectral
cube image and dark current value; i, j, A are re-
spectively the row number, column number and
wavelength of image pixels.

The variation degree of radiation response is
guantitatively calculated by the following equation:
I, =v,/m;

(%)

Where, I, is the variation coefficient of radia-
tion response; v; and m, are the variance and
mean of the band DN at wavelength A, respectively.

3.4 Hyperspectral image radiometric cali-
bration

The purpose of image radiometric calibration
is to convert the DN value of the cube image ob-
tained by UHD 185 hyperspectral imager into radi-
ance or reflectivity, and eliminate or weaken the
radiation deviation caused by the sensor itself and
atmospheric factors™**®!. In this paper, two radio-
metric calibration methods are studied. The first is
single target radiometric calibration method (see
equation (6)), which multiplies the relative reflec-
tance of hyperspectral images relative to the white
calibration plate photographed on the ground by the
absolute reflectance of the white calibration plate to
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obtain the absolute reflectance of each band. Be-
cause the hyperspectral cube image of the white
reference plate is obtained on the ground surface,
and the hyperspectral image is obtained on the UAYV,
the influence of the sensor and the atmosphere
cannot be eliminated when the single target radio-
metric calibration method is used for radiometric
calibration. In this paper, another multi-target ra-
diometric calibration method (see equation (7)) is
studied. This method, combined with the image ra-
diometric variability correction algorithm, can re-
strain the radiation distortion caused by sensor and
atmospheric factors.
RE'I:i’jy;L = MRiJJ- X Refw
(6)
Refi;j, = MR;;,/mean(MRY) < Ref,,
()
Where, Ref;;; is the reflectance after radio-
metric calibration; Ref, is the reflectance of the
reference object. In this paper, the reference object
is white cloth laid on the ground, and its reflectance
is measured by ASD spectrometer; MR;;; is the DN
value of the image after the radiation response var-
iability correction; mean (MRY) is the average val-
ue of the pixel DN of the reference object; i, j rep-
resents the row and column number of the image.

4. Results and analysis

4.1 Calculation results and characteristics of
radiation response linearity

Use equations (2) and (3) to calculate the radi-
ation response linearity of all bands of UHD 185
hyperspectral imager, and the results are shown in
Figure 1.
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Figure 1. Radiation response linearity of UHD 185 Hyperspec-
tral imager in all bands.

It can be seen from Figure 1 that the radiation
response linearity of UHD 185 hyperspectral im-
ager exceeds 0.998 in all bands, which is the prem-

ise for UHD 185 hyperspectral imager to achieve
good radiation calibration results. However, the ra-
diation response linearity of different bands is un-
stable and fluctuates greatly. At 470-610 nm, 694
and 895 nm, the spectral radiation response linearity
is significantly higher than that of other bands.
However, there are obvious valleys around 454, 638
and 882 nm.

4.2 Radiation response variability correction

Figure 2 and Figure 3 respectively show the
variation of image pixel values before and after the
correction of radiation response variability at 550
nm band and the histogram of frequency distribu-
tion before and after the correction. Figure 4 shows
the situation before and after the correction of the
radiation response variation coefficient of all bands.
In Figure 4, 11 and 12 represent the radiation re-
sponse variation coefficient of each band of the
original image taken at the integrating sphere outlet
under different radiation brightness conditions,
(I11-DC)/(12-DC) represents the radiation response
variation coefficient of the corrected image.

From Figure 2 to Figure 4, it can be seen
that before the radiation response variability correc-
tion, the radiation response variation coefficient of
the image is large, and there is obvious vignetting
effect and strip phenomenon. After the radiation
response variability correction, the radiation re-
sponse variation coefficient of pixels in differ-
ent bands is significantly reduced, and the radiation
variation coefficient of all bands is less than 0.01,
and the vignetting effect and image strip are signif-
icantly reduced. It shows that the method proposed
in this paper can effectively correct the radiation
response variability of images.

4.3 Radiometric calibration and accuracy
analysis

The single target radiometric calibration
method represented by equation (6) and the mul-
ti-target radiometric calibration method represent-
ed by equation (7) are used for radiometric calibra-
tion respectively, and the reflectance of green cloth
and celery is selected for calibration effect evalua-
tion. The results are shown in Figure 5a and Figure
5b. In Figure 5, C1 is the calibration result of sin-
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Figure 2. Image pixel values before and after correction of radiation response variability at 550 nm band.
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Figure 3. Frequency distribution of image before and after correction of radiation response variability at 550 nm band.

39
34
29

————— M-DCY(I2-DC) —— 11 ———=12

Coefficient of variation

1 N e N e N e N -y
T O WL T IO WY T Ol W RI‘NCJ

Vi o0 = N ool O on OO
b e B ST e =R = R e L

Wavelength/nm

Figure 4. Radiation response variation coefficient of
all bands before and after correction.

gle target radiometric calibration method, C2 is the
calibration result of multi-target radiometric cali-
bration method, and ASD is the measured result of

spectrometer.
From the above calibration results, it can be

known that: (1) the multi-target radiometric calibra-
tion method represented by equation (7) shows bet-
ter calibration effect, especially for the near-infra-
red band, and the difference with the surface reflec-
tance measured by ASD spectrometer is small. The
single target radiation calibration method repre-
sented by equation (6) is used for calibration, which
shows that the surface reflectance is significantly
lower than that measured by the ASD spectrometer
in the near-infrared region of the 722 ~ 950 nm
spectral range, and the reflectance drops rapidly
after 882 nm, which is not in line with the change
trend of the actual surface reflectance.

(2) The calibration results of multi-target ra-
diometric calibration method are compared with the
measured spectral curve of ASD spectrometer. The
results show that for the green cloth, the measured
spectral curve of ASD spectrometer can see small
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oxygen absorption characteristics near 760 nm, and
the oxygen absorption characteristics of the image
are no longer obvious after radiometric calibration.
In the 910 ~ 950 nm spectral range, the differ-
ence between the radiometric calibration results and
the measured results of ASD spectrometer is less
than 5%, and in the 500 ~ 950 nm spectral range,
the difference between the two is less than 4%; for
celery, the difference is less than 3% in the 458 ~
910 nm spectral range, and less than 4% in the 910
~ 950 nm spectral range.
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(a) Reflectance of green cloth after radiation calibration
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(b) Reflectance of celery after radiation calibration

Figure 5. Different radiation calibration results of green cloth
and celery.

5. Conclusion

At present, UAV micro staring hyperspectral
remote sensing system is a relatively new low alti-
tude remote sensing platform, which can obtain
hyperspectral remote sensing data flexibly, quickly
and reliably. The experimental results show that the
CCD of UHD 185 staring hyperspectral imager has
certain spectral calibration deviation, and has obvi-
ous vignetting effect and fringe phenomenon, which
seriously affects the image quality and is not suita-

ble for direct quantitative analysis and application.
Firstly, the original hyperspectral image is corrected
for the variability of the radiation response. After
correction, the image quality is significantly im-
proved and the variability of the radiation response
is obviously eliminated, and there is no obvious
vignetting effect and fringe phenomenon. At the
same time, the single target and multi-target radio-
metric calibration methods are studied in this paper.
The results show that, compared with the single
target radiometric calibration method, the mul-
ti-target radiometric calibration method
achieves better calibration results, especially can
significantly improve the problem of reflectance
reduction in the near-infrared spectral region.
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