ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202505.00137

Subpixel-based Bidirectional Distortion Correc-
tion for Two-dimensional Astronomical Fiber
Spectral Images postprint

Authors: Dong-Sheng Hu, Chuan-Qi Chen, Hao-Jie Yang, An-Zhi Wang, Gang
Yue, Zhao-Xv Gan, Xu-Dong Chen, Yun-Xiang Yan, Yue Zhong, Zhi Xu, Zhong-
Quan Qu, Peng-Fei Wang, Tao Geng, Shuang Chen and Wei-Min Sun

Date: 2025-04-28T11:58:004+00:00

Abstract

This paper proposes a subpixel transformation method to correct Keystone and
Smile distortions in fiber spectral images from the Fiber Arrayed Solar Opti-
cal Telescope. These distortions affect spatial and spectral positions, degrading
resolution and accuracy. To correct Keystone distortion, we employ a local sum-
mation and peak-finding method to locate central horizontal coordinates, calcu-
late shifting values, and straighten the curves. For Smile distortion, we utilize
quartic polynomial fitting based on absorption lines at different wavelengths.
This approach preserves subpixel components, redistributes pixel values, and
interpolates non-fiber portions, thereby rectifying the spectra for accurate anal-
ysis. The method is also applicable to other astronomical projects such as the
Large Sky Area Multi-Object Fiber Spectroscopic Telescope, which enhances
the accuracy and reliability of spectral data in various astronomical studies.

Full Text

Preamble

Research in Astronomy and Astrophysics, 25:035006 (12pp), 2025
March

© 2025. National Astronomical Observatories, CAS and IOP Publishing Ltd. All
rights, including for text and data mining, AT training, and similar technologies,
are reserved. Printed in China.

https://doi.org/10.1088/1674-4527 /adb136

CSTR: 32081.14.RAA.adb136

Subpixel-based Bidirectional Distortion Correction for Two-
dimensional Astronomical Fiber Spectral Images

chinarxiv.org/items/chinaxiv-202505.00137 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00137
https://chinarxiv.org/items/chinaxiv-202505.00137

ChinaRxiv [$X]

Dong-Sheng Hu',2, Chuan-Qi Chen',?, Hao-Jie Yang',2, An-Zhi Wang',2, Gang
Yue',?, Zhao-Xv Gan',?, Xu-Dong Chen',?, Yun-Xiang Yan',2,2, Yue Zhong?,
Zhi Xu?*, Zhong-Quan Qu?, Peng-Fei Wang!,2,?, Tao Geng!,2, Shuang Chen®,
and Wei-Min Sun',?

! Key Laboratory of Photonic Materials and Devices Physics for Oceanic Appli-
cations, Ministry of Industry and Information Technology of China, College of
Physics and Optoelectronic Engineering, Harbin Engineering University, Harbin
150001, China; sunweimin@hrbeu.edu.cn

2 Key Laboratory of In-Fiber Integrated Optics of Ministry of Education, Col-
lege of Physics and Optoelectronic Engineering, Harbin Engineering University,
Harbin 150001, China

3 Yunnan Observatory of Chinese Academy of Sciences, Kunming 650011, China
4 State Key Laboratory of Aerodynamics, China Aerodynamics Research and
Development Center, Mianyang 621000, China

Received 2024 July 1; revised 2024 December 19; accepted 2025 January 29;
published 2025 March 5

Abstract

This paper proposes a subpixel transformation method to correct Keystone and
Smile distortions in fiber spectral images from the Fiber Arrayed Solar Opti-
cal Telescope (FASOT). These distortions affect spatial and spectral positions,
degrading resolution and accuracy. To correct Keystone distortion, we use a
local summation and peak-finding method to locate central horizontal coordi-
nates, calculate shifting values, and straighten the curves. For Smile distor-
tion, we employ quartic polynomial fitting based on absorption lines at different
wavelengths. This technique preserves subpixel components, redistributes pixel
values, and interpolates non-fiber portions, rectifying the spectra for accurate
analysis. The method can also be applied to other astronomical projects like
the Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST),
enhancing the accuracy and reliability of spectral data in various astronomical
studies.

Key words: techniques: miscellaneous — techniques: image processing — tech-
niques: spectroscopic — methods: miscellaneous

Introduction

Fiber integral field units and multi-object fiber spectrographs are widely used in
astronomical observations. Instruments such as the Fiber Arrayed Solar Optical
Telescope (FASOT; Qu 2011), the Large Sky Area Multi-Object Fiber Spectro-
scopic Telescope (LAMOST; Cui et al. 2012), the AAOmega multi-object fiber
spectrograph (Lidman et al. 2020), and the Sloan Digital Sky Survey (Infante-
Sainz et al. 2020) use multiple fibers to channel light from celestial objects into a
spectrograph, enabling simultaneous acquisition of spectral data from numerous
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targets (Smee et al. 2013; Ozaki et al. 2020; Bai et al. 2021; Boker et al. 2022).
Their spectrometers commonly image fiber outputs onto CCD or CMOS detec-
tors. After dispersion by gratings, the fiber output images are spread out by
wavelength along the spectral direction. Due to the large field of view of these
spectrographs, the resulting two-dimensional fiber spectral images often exhibit
varying degrees of distortion after dispersion and imaging by the spectrome-
ter’s optical elements. These distortions are typically categorized into Keystone
distortion and Smile distortion (Leung et al. 2022).

In unprocessed fiber spectral images, an individual fiber spectrum exhibits dis-
tortion relative to the pixel column, causing spectral lines along the pixel column
to converge or diverge toward a single point, resembling the “Keystone” shape
seen in architecture—hence the term Keystone distortion. Conversely, Smile
distortion in the overall spectra appears as an arc resembling a smile across
a certain absorption line of all fiber spectra. Keystone distortion results in
spectral signals of the same wavelength showing different intensities at different
spatial positions, while Smile distortion causes signals of the same wavelength
from different fibers not to align spatially. Both distortions affect wavelength
correction and geometric integrity, leading to reduced spectral resolution and
inaccuracies in the identification and quantitative analysis of spectral lines.

The FASOT solar spectrum data used in this paper are from the spectrograph
at the Lijiang Observatory, with absorption lines typically representing charac-
teristic lines from the solar spectrum. The imaging system has a focal length of
642.84 mm; grating lines mm™!, order m = 2; grating incidence angle is 37.44°,
and each pixel corresponds to 3.76 m. The core diameter of the fiber is approx-
imately 35 m, and the spacing between two adjacent fibers is about 130 m.
Figure 1 [Figure 1: see original paper] illustrates these two types of distortions
in fiber spectral images.

To process deformed fiber spectra, the common approach involves separating the
spectrum of a single fiber and applying mapping and interpolation for correction.
Zhang et al. (2022) proposed and verified a method using an off-axis lens to cor-
rect Smile and Keystone distortions through simulation. Koloniatis et al. (2020)
introduced a Smile correction method based on trend lines, utilizing two criteria
for spectral Smile quantification without relying on a radiative transfer model.
Hong et al. (2017) developed an image field identifier that separates images by
field and wavelength, performs multiple calculations for Smile and Keystone dis-
tortions, and corrects spectra by shifting pixels. Leung et al. (2022) employed
K-means clustering to accurately identify and correct curved spectral lines in
real-time spectral images. Johnson et al. (2020) addressed Smile distortion by
incorporating a calculated amount of positive distortion into the optical design,
counteracting its effects. Generally, traditional correction methods avoid alter-
ing spectra during data acquisition to preserve the original spectral information
as much as possible.

In practical applications, the essence of a fiber spectrum is the superposition of
the dispersive image of the fiber end at different wavelengths on the CCD sur-
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face. Different coupling conditions at the telescope’s incident end cause different
output profiles of the fibers, which could affect spectral resolution. To further
optimize spectral analysis, we aim to analyze the impact of energy distribution
at the fiber output on spectral resolution. This requires obtaining the intensity
distribution at the fiber output by superimposing intensities of different wave-
lengths. To ensure the rationality of the superposition, the spectra must first
be straightened without distortion. In this study, we propose a subpixel trans-
formation method to correct Keystone and Smile distortions in two-dimensional
fiber spectral images. During the correction process, we preserve the subpixel
components of the fiber spectra, redistribute pixel values using weighting fac-
tors, and interpolate non-fiber spectral portions. We sum the processed fiber
spectra along the dispersion direction, providing data support for obtaining the
fiber output end profile.

2. Methods
2.1. Matrix Parameter Definition of the Fiber Spectrum Image

In this study, we utilized the fiber spectral image from FASOT, depicted in
Figure 2(a) [Figure 2: see original paper|. This image contains a spectrum of
two slits, and each slit generates fiber spectra with a horizontal length of 11,736
pixels. Vertically, the spectra from the upper and lower slits are 4500 and 4308
pixels, respectively. Our analysis focused on processing the upper half of the
image.

Figure 2(b) illustrates how to describe the position of any element within the
matrix. We establish a coordinate system with the bottom-left corner of the
bottom-left pixel of the image (i.e., the first column and last row of the fiber
spectrum matrix) as the origin, where x and y represent the distribution direc-
tion of the fiber alignment and the wavelength dispersion, respectively. The unit
of both coordinates is one pixel. Since the row indices of the matrix increase
from top to bottom, the central coordinates of the pixel in the ith column and
jth row are (i - 1, R - j), where R is the total number of rows in the spectrum
matrix. Thus, the image in Figure 2(a) forms an 11,736 x 8308 matrix. For
convenience, this paper focuses on the upper half, resulting in a matrix size of
11,736 x 4500.

2.2. The Principle of Keystone Distortion Correction

2.2.1. Finding the Central Peak Coordinates From Figure 2, each fiber
spectrum has a central peak which represents the spectrum’s midpoint. Local
summation of ten rows and a peak-finding approach for feature extraction were
used to reduce the influence of noise. The initial peaks of each spectrum were
identified corresponding to different wavelengths. The x-axis in Figure 3 [Figure
3: see original paper] represents the horizontal coordinates of the elements in
the fiber spectrum matrix, while the y-axis represents the summed values of
the elements from rows 71 to 80. The x-coordinate of the peak in the figure
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corresponds to the central horizontal coordinate of the elements in row 75 of the
fiber spectrum matrix. The positions of each peak correspond one-to-one with
the actual fiber spectra, demonstrating the reliability of the method.

By performing the above operation on all rows of the fiber spectrum image ma-
trix, the data points representing the central coordinates of each fiber spectrum
can be obtained. We fit these data points with a quartic function, as given in
Equation (1):

2(y) =Ay* + By  +Cy* + Dy + E (1)

Here, the coeflicients A, B, C, D, and E are constants to be determined. Using
Equation (1), the x-coordinate values for each fiber spectrum at all y-values can
be calculated.

2.2.2. Movement of Central Peak Pixels For each fiber spectrum, the
x-coordinate of the bottommost row is used as the reference, and the central
positions of peaks of the other rows are adjusted accordingly. Figure 4(a) [Figure
4: see original paper] shows the horizontal movement of fiber spectrum peak
centers during Keystone distortion correction. White curve AB represents the
peak positions, while red line CB shows the corrected theoretical positions.
Figure 4(b) illustrates the overall change in fiber spectrum morphology before
and after correction. In the figure, the red dots represent the central peaks of
the bottommost fiber spectra. Fiber spectra on either side of the centerline
are moved according to the directions indicated by the red arrows. The areas
between the fiber spectra, from region A to region F, are expanded to regions a to
f respectively. Since the left and right boundaries of the fiber spectrum matrix
do not align with the farthest points of the fiber spectra on either side, the
pixels in regions A and F are still expanded, preserving information beyond the
outer fiber spectra. The central peak coordinates of each fiber spectrum remain
aligned, while the non-peak pixels are stretched. This stretching reduces the
values of individual matrix elements, but the overall sum of the element values
remains unchanged, meaning the total pixel value of the fiber optic spectrum is
conserved and total energy remains constant.

2.2.3. Movement of Non-peak Pixels For the non-peak pixel sections,
we take the pixel values of a specific row between the mth and (m+1)th fiber
spectra as an example for discussion. By performing linear interpolation on the
pixel values of the middle section, the pixel displacement for the ith column
should satisfy Equation (2), where the meaning of each parameter is shown in
Table 1 :

Az, = Az, + ——Tm

T+l — T

(A2 iy — Ay, (2)
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Since i in the fiber spectrum matrix represents the column index of the matrix
element, variable substitution can be applied using Equation (3), which leads
to Equation (4):

i =, + Az, (3)

(i — mm>Axm+1 + (xm+1 — Z)Axm

Ax; =
T+l — Ty + Azm+1 — Az

(2

(4)

m

After simplification, we obtain:

(Z — xm)Axm-!—l + (l‘m-‘rl _ Z)Axm

Ax, =
T+l = Ty + A‘Terl - Axm

K3

()

Equation (5) can be used to calculate the displacement of any non-peak pixel
position to correct for Keystone distortion.

2.2.4. The Principle of Value Reassignment for Keystone Distortion
During matrix processing, adjustments are made through both integer pixel
movement and subpixel movement via a “weighted assignment” approach. The
principle of subpixel transformation is shown in Figure 5 [Figure 5: see original
paper]. In Figure 5, the first row of squares represents the original pixels, the
second row represents the expanded pixels, and the third row represents the
pixels reassigned due to the constraints of the pixel grid. We analyze the pixels
in the ith, (i4+-1)th, and (i+2)th columns of one row in the fiber spectrum matrix.
Let their initial pixel values be I_i, I_{i+1}, and I_{i+2}. After expansion,
the pixel values become I_i’ and I_{i+2}’. According to the explanation in
Section 2.2.2, the before and after values satisfy Equation (6), where k_1i is the
expansion factor for the pixel value in the ith column of the selected row, and
k i>1:

(2

I
; (6)

%

If we disregard the pixel shape changes caused by expansion, the initial pixel
should extend along the x-axis, as shown in the transition from the first row to
the second row in Figure 5. The difference in the horizontal coordinates of the
left boundaries between the two rows should be the movement amount Ax i
for the ith pixel in the selected row, as shown in Equation (7), where A_ i and
a_ i are the integer and fractional parts, respectively:
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The element value of the new pixel is determined by the two consecutive pixels,
as shown in Equation (8) and Figure 5:

Linew = Li(L—a;) + Ij_ya, (8)
For regions beyond the leftmost fiber spectra (i < x_1), the data from the
1st and 2nd fiber spectra are used for extrapolation. For regions beyond the
rightmost fiber spectra (i > N), the data from the (N - 1)th and Nth fiber
spectra are used for extrapolation, where N represents the total number of fiber
spectra.

2.3. The Principle of Smile Distortion Correction

Smile distortion was corrected after Keystone correction. The pixel values of 17
columns, the approximate width of a fiber spectrum, were averaged to replace
the intensities of the corrected peaks. Then a valley-finding approach was used
at different parts of each fiber spectrum. Four valleys were chosen to determine
the correction factors. Their y-coordinates were fit to a quartic polynomial
function of the x-coordinates as written in Equation (9):

y(z) = Fa* + Gz® + Ha? + Iz + J (9)

Here, the coefficients F, G, H, I, and J are another set of constants to be de-
termined. The coordinate of the leftmost fiber of a valley was chosen as the
reference. All other valleys were shifted to align with the reference as shown in
Figure 6(a) [Figure 6: see original paper|. The white dots in Figure 6(a) rep-
resent the center positions of the same absorption line for each fiber spectrum,
determined by the valley-finding algorithm. The red dots indicate the corrected
positions of the corresponding absorption lines, with all red dots having consis-
tent vertical coordinates. Through calculation, the number of coordinate points
obtained equals the total number of fiber spectra, N. By performing a quartic fit
on these data points, the pixel movement for each column of the fiber spectrum
matrix can be determined. Figure 6(b) illustrates this movement.

Let the pixel values in a certain column for rows j, j+1, and j+2 be denoted as
I j, I {j+1} and I {j+2}, respectively, and the vertical movement for the jth
pixels in this column is denoted as Ay_ j. Following the approach of Equations
(3) and (4), the overall movement can be expressed as:

Ay; = B; +b; (10)

The values B_j and b__j represent the integer and fractional parts of the move-
ment, respectively. The pixel value in row j of the selected column is:

Tjew = Tj(1—b,) + T)_1b, (11)

J,new J
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At this point, both types of distortion have been corrected. For the FASOT
spectrum, all valleys have the same movement, so there is no expansion factor
for Smile distortion.

3. Implementation
3.1. Correcting Keystone Distortion

We corrected Keystone distortion according to the principles described above.
This process involved: (1) using the local addition and peak-finding algorithm
to find the x-coordinates of the spectral center of each fiber every 10 rows, (2)
determining the x-coordinates of the fiber spectral center for each row based on
quartic polynomial function fitting, (3) correcting peak positions to align peaks
to a vertical line, and (4) aligning other pixels in the spectrum based on linear
interpolation and extrapolation.

As shown in Table 2 , the x-coordinates of the spectral center of each 10 rows
of fiber spectrum for the 1st, 80th, 160th, 240th, and 320th fibers are listed,
with the last column being the selected ordinate. From the table, it can be
observed that the change in the x-coordinate of the spectral center was more
pronounced when the difference in the number of rows was larger, which proves
that Keystone distortion existed in the fiber spectrum.

After quartic polynomial function fitting, the optical fiber spectrum has a defi-
nite center coordinate on each row, and the pixel that needs to be moved can be
determined by calculating the difference between the coordinates of the center
point of any row and the coordinates of the center point of the last row. Table
3 shows the number of pixels that need to be moved in a particular row of the
partial fiber spectrum.

3.2. Correcting Smile Distortion

We corrected Smile distortion with a similar approach. First, four absorption
lines were selected for analysis in different bands, as shown in Figure 7(a) [Figure
7: see original paper|. To facilitate observation, the selected absorption line
section in Figure 7(a) has been enlarged. The absorption lines marked in the
same color represent the same line. The coordinates of the valley points were
found using the same peak-finding method and quartic polynomial function
fitting method as shown in Figure 7(b). We used the vertical axis of the leftmost
absorption line as a reference to calculate the amount of pixel shift needed for
all other columns.

Figure 7(c) shows the variation trend of the pixel shift required for each column
caused by four different absorption lines. Three areas were selected in the image
for magnification. Table 4 lists the pixel values required to shift the pixels from
columns 1000 to 11,000 for four absorption lines, with a statistical interval of
2000 columns. The first row represents the absorption line numbers, the first
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column represents the selected column numbers, and the data in the table in-
dicate the pixel displacement for each column in the specified absorption line.
From Figure 7(c) and Table 4, we found that the shift values of the four absorp-
tion lines were almost the same, proving that applying the pixel shift from any
absorption line to the entire fiber spectrum image is valid.

4. Results and Evaluation
4.1. Correction Effect of Keystone Distortion

We evaluated the correction effect using the method of local addition and peak-
finding every 10 lines of pixels, as well as quartic polynomial fitting to find the
x-coordinate position of the corrected optical fiber spectral center. The fiber
spectral center distribution is shown in Figure 8 [Figure 8: see original paper].
The horizontal axis represents the x-coordinate of the column pixels in the fiber
spectrum image, while the vertical axis represents the y-coordinate of the row
pixels. Each line corresponds to a fiber spectrum, and we have magnified certain
sections of the fiber spectra.

Figure 8 shows the overall shape changes before and after fiber spectrum correc-
tion. This change is mathematically characterized by whether the x-coordinates
of the peak centers of each fiber spectrum are consistent before and after correc-
tion. We assess the effectiveness of Keystone distortion correction by analyzing
the distribution of x-coordinate differences between the peak centers of the same
spectrum before and after correction, as well as performing a longitudinal sum-
mation of the elements in each fiber spectrum.

After calculation, the x-coordinate difference between the fiber spectral centers
before and after correction reached as high as 24.79 pixels. This value is of the
same order of magnitude as the horizontal pixel range of the actual processed
FASOT fiber optic line curvature caused by Keystone distortion, so the spectral
distortion cannot be ignored. The distribution of x-coordinate differences for
the peak centers of some fiber spectra is displayed in Table 5 . The table shows
that the maximum pixel deviation in the corrected image is 0.42 pixels. Over
87.40% of spectral centers deviate from the fitting quartic polynomial by no
more than 0.10 pixels, while only 0.76% exceed a 0.40 pixel deviation. The
larger deviations are mainly at the image edges where contrast is lower, but all
deviations remain within 0.50 pixels.

To analyze intensity changes across wavelengths before and after correction, we
vertically summed all pixels in the fiber optic spectrum matrix to obtain the
horizontal projection, as shown in Figure 9(a) [Figure 9: see original paper].
The projection resembles a Gaussian function, where the bandwidth is defined
as the function’s width and the pixels between two fiber spectra as the back-
ground. After correction, the peaks of different wavelengths were aligned as
demonstrated in Figure 9(b). The sum of a fiber spectrum represents the pro-
file shape of the fiber output. The ranges of the spectrum and the background
fit well to the fiber setup of the pseudo slit.
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The error in this method arises from the expansion factor k_ i defined in Section
2.2.3. Since k i is based on the difference in the horizontal coordinates of
the fiber spectrum’s center peak, inaccuracies in identifying the peak position
can distort pixel value calculations after expansion. The method outlined in
Section 2.2.1 effectively resolves this issue. In subsequent corrections, because
the equations for linear interpolation and extrapolation are fixed, the movement
of each pixel and its assigned weight have a unique solution. This process
redistributes pixel values around the center peak without introducing or losing
spectral information. Summing the fiber spectra along the wavelength direction
shows that the total pixel values for each row remain unchanged before and
after correction, preserving the spectral distribution.

Additionally, while spectral intensity is preserved during resampling, the asso-
ciated errors must also be considered. In astronomical spectral applications,
intensity values alone do not fully characterize the spectrum; the errors tied to
each intensity value are equally important. These errors stem from sources like
photon noise, readout noise, dark current, and background noise. Resampling
may alter these errors, particularly when linear interpolation is used, as this
method may not be ideal for error propagation, given that errors are typically
calculated as the quadratic sum of multiple factors. Therefore, when working
with resampled spectral data, careful attention should be given to the potential
impact of error propagation.

4.2. Correction Effect of Smile Distortion

To verify the Smile distortion correction, we calculated the fitting differences
of four absorption lines. Table 6 shows that the pixel difference of the four
absorption lines does not exceed 0.45 pixels, with over 90% of points having
a difference below 0.10 pixels. In Figure 10(a) [Figure 10: see original paper],
the horizontal axis represents the fiber spectrum sequence, and the vertical axis
shows the ordinate of absorption line 1, with the line at 2586.12 representing
the center peak ordinate of the first fiber spectrum, which is used as a reference.
In the figure, the valley points fluctuate evenly around the average value of
2586.12, which may be due to Doppler frequency movement of different points
on the Sun. Figure 10(b) shows the appearance of the four selected absorption
lines after correction.

To further verify the Smile distortion correction, we located two very weak
absorption lines near the top and bottom image boundary, labeled as absorption
lines 5 and 6. The pixel shift differences between absorption lines 5, 6, and line
1 were calculated, as shown in Table 7 . The results show that the pixel shifts
for absorption lines 5, 6, and 1 are nearly identical, proving that applying the
uniform shift from any absorption line to the entire fiber spectrum image is
valid. Therefore, we applied the uniform shift from Figure 6(b) to all fiber
spectra. The corrected absorption lines 5 and 6 are marked in Figure 10(b).
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4.3. Evaluation of the Overall Correction Effect

To demonstrate the total effect of Keystone and Smile correction, the leftmost,
middle, and rightmost fiber spectra are compared in Figure 11 [Figure 11: see
original paper]. Figure 11(a) shows the result of summing the fiber spectra
along the wavelength direction, which maps each wavelength to the vertical
coordinate of the spectrum image. The x-axis represents the vertical coordinate
range corresponding to each wavelength in pixels, while the y-axis shows the
summed pixel values. We selected wavelength ranges corresponding to vertical
coordinates of 1200-1330 pixels, 1610-1710 pixels, and 2550-2950 pixels, and
observed the wavelength fluctuations as displayed in Figures 11(b), (c), and (d)
respectively. The fluctuations appear random, indicating that the calibration
method introduced did not distort the original spectral data, and the original
spectral information is well-preserved.

4.4. Instance Verification

To demonstrate the good applicability of the subpixel transformation method,
we verified it by processing the LAMOST spectrum shown in Figure 12(a) [Fig-
ure 12: see original paper]. The spectrum used for validation is obtained from
LAMOST, which consists of a reflective Schmidt corrector MA (measuring 5.72
m X 4.40 m, made up of 24 hexagonal flat sub-mirrors, each with a diagonal
length of 1.1 m and a thickness of 25 mm), a spherical primary mirror MB
(measuring 6.67 m x 6.05 m, composed of 37 hexagonal spherical sub-mirrors,
each with a diagonal length of 1.1 m and a thickness of 75 mm), and a focal
plane. This telescope can observe celestial objects as faint as magnitude 20.5 in
an exposure time of 1.5 hr. Since LAMOST is primarily used to observe stars,
galaxies, and other celestial objects in the night sky, the overall brightness of
these objects is lower than the solar spectral lines observed by FASOT. As a
result, there are more noise points in the spectrum, and the curvature of the
fiber spectral lines is also more noticeable.

In Figure 12(a), due to the particularly noticeable curvature in the middle of the
fiber spectrum, the x-coordinate value of the farthest lateral pixel of the mth
fiber spectrum is greater than the x-coordinate value of the nearest lateral pixel
of the (m+1)th fiber spectrum. This causes some pixel values of the (m+1)th
fiber spectrum to be calculated as part of the mth fiber spectrum when summing
along the wavelength direction, leading to information distortion. Figure 12(b)
illustrates the changes before and after correction for one fiber spectrum. In
these figures, the first image shows one of the curved spectral lines from the
LAMOST fiber spectrum, the second image presents the result of modeling the
center peak points of this spectral line, and the third image shows the result after
correction. The fiber spectrum distortion is significant, but after correction, it
becomes vertical with pixel points aligned as expected. Statistical analysis shows
a maximum pixel deviation of 0.27 pixels, with over 90% of deviations under
0.10 pixels, demonstrating that subpixel shifting effectively corrects most curved
spectral lines.
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Figure 13(a) [Figure 13: see original paper| shows the projection along the wave-
length direction after straightening for the 1st, 60th, and 120th fiber spectra.
The figure reveals that the projection shapes of different spectra are inconsis-
tent, indicating non-uniform energy distribution at the fiber output end. This
affects the imaging quality of the spectrometer, causing spot distortion and re-
ducing spectral resolution. Non-uniform spot distribution can lead to irregular
light intensity distribution on the detector, increasing noise and system errors.
The bandwidth variation of the 60th LAMOST fiber spectrum and its two ad-
jacent fiber spectra before and after correction is displayed in Figure 13(b).
The figure shows that the interval between two adjacent peaks increases, and
the bandwidth shortens after summing along the wavelength direction. This is
caused by the gaps between the fibers during their arrangement, reflecting the
true distribution of the spectra. Figures 12 and 13 demonstrate that our sub-
pixel transformation method performs well even with spectral images exhibiting
significant line distortion, such as those from LAMOST.

5. Conclusion

A subpixel transformation method was used to precisely correct Keystone and
Smile distortion in the two-dimensional spectroscopic images obtained from
FASOT observations. After applying the peak-search approach and quartic-
polynomial-function fitting, Keystone distortion was corrected, restoring the
envelope of the optical fiber output end. Subsequently, the valley-search ap-
proach and quartic-polynomial-function fitting were employed to correct Smile
distortion, revealing wavelength fluctuations indicating red or blueshifts in the
spectrum due to factors such as the Doppler Effect. This subpixel transforma-
tion method demonstrates high applicability for correcting various astronomical
spectra, including those from instruments like LAMOST.
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