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Abstract
As a pathfinder of the SiTian project, the Mini-SiTian (MST) Array, employing
three commercial CMOS cameras, represents a next-generation, cost-effective
optical time-domain survey project. This paper focuses primarily on the precise
data processing pipeline designed for wide-field, CMOS-based devices, including
the removal of instrumental effects, astrometry, photometry, and flux calibra-
tion. When applying this pipeline to approximately 3000 observations taken in
the Field 02 (f02) region by MST, the results demonstrate a remarkable astro-
metric precision of approximately 70–80 mas (about 0.1 pixel), an impressive
calibration accuracy of approximately 1 mmag in the MST zero points, and a
photometric accuracy of about 4 mmag for bright stars. Our studies demon-
strate that MST CMOS can achieve photometric accuracy comparable to that
of CCDs, highlighting the feasibility of large-scale CMOS-based optical time-
domain surveys and their potential applications for cost optimization in future
large-scale time-domain surveys, like the SiTian project.
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1. Introduction
Continuous observations of the sky have provided fascinating insights into
the dynamic universe. From Hipparchus’ cataloging of stellar proper motion
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(Brandt 2009) to Halley’s detection of the precession of the equinoxes, and
from the discovery of thousands of candidate exoplanets by Kepler (Borucki
et al. 2010) and the Transiting Exoplanet Survey Satellite (TESS; Ricker et
al. 2015) to the surge of research on various types of transient sources sparked
by the Zwicky Transient Facility (ZTF; Bellm et al. 2018), various fields within
astronomy have achieved significant advancements.

Although time-domain surveys such as TESS and ZTF provide valuable moni-
toring capabilities, continuous observations over larger sky regions with higher
cadences and greater depth will be necessary to further advance our understand-
ing of the universe. Furthermore, improving the cost-effectiveness of surveys is
essential in the era of large-scale observations, especially for large-scale telescope
arrays.

Over the past few decades, Charge-Coupled Devices (CCDs) have been widely
used in large-scale time-domain surveys. The most significant differences be-
tween CCDs and Metal-Oxide-Semiconductor (CMOS) sensors lie in how they
process each pixel. CCD sensors read out data from all pixels uniformly, while
CMOS independently converts photons to electrical signals for each pixel. The
manufacturing process for CMOS sensors is similar to standard microelectronic
integrated circuit fabrication, which results in lower power consumption, faster
speed, and lower cost. Following these lines, the Tsinghua University-Ma Hu-
ateng Telescopes for Survey (TMTS; Zhang et al. 2020) and the Large Array
Survey Telescope (LAST; Ofek et al. 2023) were conducted. Their data process-
ing resembled differential photometry, achieving an accuracy of several milli-
magnitudes; however, generalized absolute photometric calibration is often of
greater importance and receives more attention in CMOS-based surveys.

As a next-generation time-domain survey, the SiTian project, equipped with
CMOS detectors, will cover a large sky area (�10,000 square degrees) across gri
three bands, with a 30-minute cadence, reaching a limiting magnitude of 21
(Liu et al. 2021). To achieve the scientific goals of the SiTian project, high-
precision processing of photometric data from CMOS detectors is crucial. On
the one hand, CMOS offers a low-power, cost-effective alternative and has nearly
matched the performance of CCDs in electronic instability, as described in Alar-
con et al. (2023) and Zhang et al. (2025). On the other hand, for high-precision
photometry, CMOS still faces certain limitations, such as the rolling shutter’s
unsuitability for ultra-fast exposures and the “pepper & salt” (PS) effect (Alar-
con et al. 2023). The PS effect, a unique and challenging issue specific to CMOS
detectors, arises due to their manufacturing process. Once the advantages of
CMOS in time-domain surveys are validated, it is poised to become a powerful
tool, significantly reducing project costs and advancing modern astronomy.

As a pathfinder project, the Mini-SiTian (MST) at the Xinglong Observatory
houses three 30 cm telescopes equipped with a commercial-grade CMOS detec-
tor with 9 k × 6 k pixels, covering a 3 deg2 field of view and yielding a 0.86
arcsec pixel−1 pixel scale. The MST aims to search for transit signals of exoplan-
ets, optical counterparts of gravitational waves, supernovae, fast transients, etc.
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Detailed science goals are outlined in Han et al. (2025). Since 2022, the MST
has conducted multiple repeated observations of several specific regions using
G/g, R/r, and i-filters installed on the MST2, MST3, and MST1 telescopes,
respectively.

This paper describes the data acquisition and storage processes of MST, with
a particular focus on the development of a high-precision photometric pipeline
that achieves photometric accuracy of less than 1%. The paper is organized as
follows: In Section 2, we provide a brief overview of MST’s hardware system
and software control. Section 3 presents the construction of the data process-
ing pipeline. Section 4 analyzes and discusses the processing results of sample
images taken during the pilot phase. Finally, a summary is given in Section 5.

2. Hardware System and Software Control: A Brief
Overview
2.1. Enclosure and Telescope

The MST array, located at the Xinglong Observatory, consists of three telescopes
(MST1, MST2, and MST3) with identical refractive optical configurations (He
et al. 2025). Each telescope features a 300 mm primary mirror, operates at a
focal ratio of f/3, and is equipped with a camera positioned at the Cassegrain
focus. The mean and median values of seeing at the Xinglong Observatory are
around 1.9� and 1.7� (Zhang et al. 2015), respectively. For more information
about the site and telescope system, please refer to He et al. (2025).

2.2. Filters

The three telescopes (MST2, MST3, and MST1) are equipped with SDSS-like
gri-filters, respectively, enabling the simultaneous capture of three-band photo-
metric data for a given sky region. The central wavelengths of the gri-filters
are approximately 4800, 6200, and 7700 Å, respectively, with corresponding full
width at half maximum (FWHM) of approximately 1200, 1500, and 1300 Å.

In the early stages of observation, since the gri-filters had not yet been pre-
pared, MST1 and MST2 were temporarily fitted with G- and R-filters for tests.
The central wavelengths of the G/R-filters are approximately 5200 and 6500
Å, respectively, with corresponding FWHM of approximately 800 Å each. For
example, the entire Field 01 and part of Field 02 (f02) sky regions were imaged
using G- and R-filters. The transmission curves for gGrRi-filters are shown in
Figure 1 [Figure 1: see original paper] of Xiao et al. (2025) and also He et
al. (2025).

2.3. Detector

Each MST telescope is equipped with the ZWO ASI6200MM Pro CMOS detec-
tor, which features a commercial-grade Sony IMX411 CMOS sensor chip that
inherently supports native 16-bit depth raw image output. This detector has a
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resolution of 9576 × 6288 pixels, with a pixel size of 3.76 �m corresponding to
0.862 arcsec. The quantum efficiency of the detector can be found in Figure 1
of Xiao et al. (2025). The typical read noise of the detector is about 1.028 e−

at a gain of 0.25 e− ADU−1, and the dark current is about 0.002 e− ・pixel−1 ・
s−1 at 0°C (Zhang et al. 2025).

When operating, the CMOS sensor is cooled to 30°C below the ambient tem-
perature. Using the ASCOM protocol, the cameras facilitate the transfer of
raw image data in the standard FITS format. After capturing the images, the
MST camera transmits the 16-bit depth raw image data to a nearby micro-host
via a USB cable. Subsequently, this micro-host transfers the raw data to the
MST server through a local wireless network. It is important to note that the
raw data remains uncompressed throughout the transfer process, ensuring data
integrity.

2.4. Software Control

The schematic diagram of the MST software control, data acquisition, and stor-
age is shown in Figure 1 [Figure 1: see original paper]. Each telescope in the
MST array is connected to a standalone control computer (MST mini host),
allowing the controller to connect to the host via a wireless router. Once con-
nected, the controller can generate ASCOM commands using the Observation
Control Software (OCS) on the MST host to operate the telescope for observa-
tions. Status information from the telescope (including pointing, focus position,
CMOS image, etc.) is also fed to the OCS in real-time to help the controller
evaluate the telescope’s operational status.

Exposure images are stored on the MST host and uploaded to the MST server
through the wireless router for subsequent data processing once the observa-
tion is completed. In addition to the components controlled by the software,
observations also require calibration, which includes acquiring FLAT, DARK,
and BIAS frames. These calibrations necessitate manual intervention by the
controller, such as installing flat field plates and dust caps. The calibration
frames are also uploaded to the MST server at the beginning and end of the
observation. Detailed information can be found in He et al. (2025).

3. Imaging Processing Pipeline
The MST imaging processing system is divided into three main components: the
data storage/management system, the data processing system, and the data
products. For a description of the data storage/management system, please
refer to He et al. (2025). The data processing system comprises real-time image
subtraction (Gu et al. 2025), machine learning-based classification of variable
sources (Shi et al. 2025), and a high-precision data processing pipeline (this
work). The real-time processing results are made available as real-time data
products, with detailed information on the transient source provided by Gu
et al. (2025) and Shi et al. (2025), and the planet catalog managed by Liu
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et al. (2025). The high-precision data processing results are offered as survey
data products, including images and catalogs, which will be released soon as
MST DR1 (L. Mi et al., in preparation) and can be accessed on the website
(https://nadc.china-vo.org/sitian/).

This section introduces the high-precision data processing pipeline for MST ob-
servations, the focus of this paper, which includes the MST Instrumental Effects
Removal System (STIR), the MST Static Image Processing System (STATIC),
and the MST Real-Time Image Processing System (STRIP; Gu et al. 2025), as
shown in Figure 2 [Figure 2: see original paper].

3.1. STIR

As shown in Figure 2 [Figure 2: see original paper], STIR takes a single frame
of raw images, along with calibration frames including bias and flat frames,
as input, and outputs images corrected for bias and flat, identified and marked
with instrumental artifacts such as bad pixels, saturated pixels, PS pixels, cosmic
rays, and satellite trajectories. Given that the CMOS camera employed by the
MST exhibits an exceptionally low dark current, the effect of dark has not been
considered within the STIR process. We only selected the pixels that fall outside
3𝜎 in the dark frames as bad pixels.

3.1.1. Bias Subtraction At the beginning of each night’s MST observations,
10 bias frames with zero exposure were collected. First, we combine all ten bias
frames to generate a master bias for that night. An example of the combined
bias frame from MST2 and MST3 on 2023 January 18 is shown in Figure 3
[Figure 3: see original paper]. The combined frames reveal several notable
patterns, which have been carefully analyzed in Zhang et al. (2025). Then, for
each night, we subtract the master bias from all the observed images and flat
frames to obtain the bias-subtracted frames.

3.1.2. Flat Correction At the beginning of each night’s MST observations,
approximately 20 twilight flat-fielding frames with an average value of 20,000
ADU were collected. To generate the master flat, we apply median smoothing
to each bias-subtracted flat using a 51 pixel window, resulting in a large-scale
flat field. By dividing the original bias-subtracted flat by the large-scale flat,
we obtain a small-scale flat field. We then combine all 20 small-scale flats for
each night to generate a master flat for that night. The signal-to-noise ratio
(SNR) of the master flat is approximately 200, with a typical pixel ADU value
of 20,000 and a gain of 0.25 e− ADU−1. To ensure flat-field accuracy better
than one thousandth, we combine the flat-field frames from the five consecutive
days before and after, as well as the flat-field frame from the current day, to
create the master flat frame for the current day. If the flat-field frames used
span over two months, any flat-field frames beyond this two-month span will
not be utilized.
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The operable assumption mentioned above is that the small-scale flat fields re-
main stable over the month, which has been confirmed in the work of G. Hu
et al. (2025, in preparation). G. Hu et al. (2025, in preparation) first calcu-
lated the standard deviation of the stacked flat fields at different days within
a month. They found that as the number of adjacent days increases, the stan-
dard deviation of the small-scale flat field after stacking decreases rapidly and
tends to stabilize when the number of days exceeds 11, as shown in Figure 4
[Figure 4: see original paper]. When N is greater than 11, the random errors in
small-scale flats can be negligible, and at this point, the scatter of small-scale
flats is almost dominated by pixel-to-pixel non-uniformity. Using a master flat
field obtained by stacking small-scale flat fields over 11 days can effectively im-
prove the flat-field correction precision to less than one-thousandth. For a more
detailed description, please refer to Hu et al. (2025, in preparation).

3.1.3. Definition of PS Pixels The PS effect refers to a type of noise arising
from the unique manufacturing processes of CMOS sensors, characterized by a
pattern that resembles “salt” and “pepper” in the image. To identify pixels
affected by PS noise, we collected 100 bias frames using MST2 and MST3 on
a single night, respectively. We then plotted the distribution of ADU values
for each pixel across these 100 observations, which exhibited a badminton-like
distribution, as shown in the top-left panel of Figure 5 [Figure 5: see original
paper].

Most pixels had a standard deviation of ADU values below 8 (a typical value),
while only a small fraction (less than 8%) displayed higher standard deviations,
with some exceeding 100 ADU, as clearly illustrated in the top-middle panel of
Figure 5 [Figure 5: see original paper]. In the current pipeline, pixels with an
ADU standard deviation greater than 8 were classified as PS pixels. Here, we
make the simplified assumption that the salt-and-pepper pixels remain stable
over time, but this will require further checks and tests in future work.

To minimize misclassification, we randomly divided the 100 bias frames into
three non-overlapping groups in time. We then defined the intersection of the
PS pixels identified in these three groups as the final set of PS pixels. The
distribution of PS noise in the detector sub-spaces for the three groups is pre-
sented in the top right panel of Figure 5 [Figure 5: see original paper]. Results
from the first group are represented by larger red points, those from the second
group by smaller blue points, and those from the third group by even smaller
gray points. It can be observed that the measurements of most PS pixels are
consistent across the three observations, with this consistency quantified to ex-
ceed 90%. We can also observe that the ADU variation of the PS pixels can be
as high as over 150 ADU (see the bottom panels).

For faint stars with an ADU of approximately 5000 that occupy about 10 pixels
on the MST detector, the presence of PS noise—constituting about 8% of the
pixels and exhibiting an ADU variation of typically 150—has an influence of
roughly 1.5% on the ADU. This leads to a magnitude error exceeding 0.03 mag.
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In contrast, for bright sources, assuming the star’s ADU is 50,000 and it covers
10 pixels, this error decreases to less than 0.003 mag. Hence, PS noise has a
greater influence on faint sources than on bright ones. The above is merely
a rough order of magnitude estimation, and we intend to further explore the
properties and correction methods of PS noise in the future.

3.1.4. Identifying Satellite and Aircraft Tracks This section outlines
the identification and labeling of satellite and aircraft tracks. With the rapid
development of commercial aerospace, ground-based optical astronomical obser-
vations are increasingly affected by interference from satellite and aircraft tra-
jectories. To address this issue, we designed a specific function in the pipeline
to detect satellite trajectories in images.

Although MST has a relatively large field of view (FoV), we have found that
satellite trajectories are typically represented as clear straight lines in the images
collected by MST. Therefore, we employ the Hough transform (Fokkinga 2011)
to detect these straight lines. First, we bin the image by a factor of 2 to
expedite processing speed, and then we perform the Hough transform using the
hough_{line} function from the Python package skimage.transform to identify
the centerline of satellite trajectory. Finally, we marked pixels within a 10 pixel
width around the centerline that had values exceeding three standard deviations
above the background median as being affected by the satellite trajectory. An
example of the satellite track mark process is shown in Figure 6 [Figure 6: see
original paper].

3.1.5. Masks In this section, we introduce the masks for various types of
problematic pixels, including bad pixels, PS pixels, pixels affected by satellite
and aircraft trails, and saturated pixels (exceeding 50,000 ADUs). The identifi-
cation methods for the remaining effects have been described previously. The
mask value of each pixel is influenced by various marked pixels, each associated
with an integer value of 2𝑛, as listed in Table 1 . For example, if a pixel in a flag
image has a value of 25, it can be expressed as 20 + 23 + 24, indicating that
the pixel exhibits the following defects: cosmic rays, satellite track interference,
and bad pixels.

3.2. STATIC

The STATIC program is designed to perform astrometry, photometry, and flux
calibration on images that have been pre-processed in STIR, as seen in Figure
2 [Figure 2: see original paper]. From another perspective, STATIC can be
applied to both single images and stacked images.

3.2.1. Astrometry To obtain the celestial coordinates of objects, astrometry
is carried out in two steps: obtaining a blind solution and obtaining a precise so-
lution. First, we employed astrometry.net (Lang et al. 2010), a mature software
that offers satisfactory solving speed, to obtain the blind astrometric solution.
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Once the field of view size is specified, astrometry.net delivers satisfactory so-
lution speeds. We use the offline version of astrometry.net on the MST server
and select the USNO V4.0 catalog as the reference catalog.

Although astrometry.net provides basic field distortion correction, it does not
meet our requirements for high-precision astrometry of distorted images. There-
fore, we will address field distortion correction in the next step.

As shown in Figure 2 [Figure 2: see original paper], the image field distortion
correction involves three steps. In the initial step, we employ SExtractor (Bertin
& Arnouts 1996) to process the image and generate a catalog containing all
selected sources (img[n]1.cat). Notably, the celestial coordinates in this catalog
retain the distortion information. In the second step, we align the X and Y
coordinates with the initial WCS solution using SCAMP software (Bertin 2006)
to calculate the distortion parameters of the image field, using Gaia DR3 as
the reference catalog and a two-dimensional fourth-order polynomial. SCAMP
generates a .head file for distortion correction. In the third step, we merge the
astrometrically solved image, the flag image, and the .head file. Using SWarp
software (Bertin et al. 2002), we resample these components to produce the final
output: a single corrected image (resampled{img}[n]_1.fits).

The spatial distribution of cross-matched stars with Gaia DR3 before and after
distortion correction is shown in Figure 7 [Figure 7: see original paper]. The
spatial uniformity is significantly improved after the distortion correction. To
quantify this improvement, the distribution of astrometric residuals before and
after correction using Gaia data is shown in Figure 8 [Figure 8: see original
paper]. Essentially, the astrometric residuals with Gaia data decrease from 1�
to 0.1�, marking a substantial improvement.

3.2.2. Photometry Within the STATIC single pipeline, the distortion-
corrected image undergoes two SExtractor processes. In the initial step, the
Point-Spread Function (PSF) for each star is computed. The resulting catalog,
which contains PSF information, is then fed into the PSFEx software (Bertin
2011), generating a .psf file. Then, the distortion-corrected image is processed
with PSFEx, followed by a third SExtractor operation. This third operation,
in conjunction with the .psf file, produces a catalog that includes both aperture
and PSF photometry with PATTERN_{TYPE}=RINGS-HARMONIC. Ad-
ditionally, SExtractor provides results for the BEST aperture magnitude and
the Kron magnitude using its default settings. In the MST pipeline, we solely
focus on the aperture and PSF photometry.

During the aperture photometry process, magnitudes are measured using 25
different apertures that are evenly spaced from two pixels to 50 pixels. An ex-
cessively large aperture may capture excessive background noise or additional
sources, while a too-small aperture might miss necessary source pixels, leading
to reduced SNR. Therefore, performing aperture corrections is indispensable to
ensure the reliability of the results. Empirically, the best aperture is generally
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considered to be 1.5–2 times the FWHM (Stetson 1990). However, for wide-field
survey projects, the FWHM varies with the source’s position on the detector,
making it crucial to account for position-dependent aperture correction. Here,
our aperture correction is divided into two steps: first, determining the sta-
tistically optimal aperture, and then considering spatially dependent aperture
corrections.

To determine the best aperture for each image, we select bright stars with
photometric errors ranging from 0.002 to 0.008 mag as the reference sample.
We then plot the dependence of a star’s SNR on the aperture for each star.
An example of this relationship is shown in panel (a) of Figure 9 [Figure 9:
see original paper]. As observed, the star’s SNR quickly rises to its peak value
and then slightly decreases as the aperture diameter increases. Finally, the
aperture radius that yields the highest SNR for each star is identified, and
the median value of these aperture radii for the bright stars in the image is
computed as the best aperture value for the image. The best aperture size is
approximately 6�, which is roughly 2 times the FWHM, consistent with empirical
expectations. We statistically analyzed all the best aperture sizes from more
than 3000 observations and found that 2 times the FWHM is a typical value.

Based on this sample, a comparatively larger aperture radius is selected as the
reference aperture for computing corrections to the best-aperture magnitudes.
To do this, we plot the dependence of the star’s magnitude offset, defined as the
difference between the magnitude in aperture n and the magnitude in aperture
n-2, against the aperture diameter n. As observed, the star’s magnitude offset
quickly becomes stable with increasing aperture diameter, provided the diameter
is not excessively large. The aperture radius is chosen when the magnitude
offset between aperture n and n-2 is less than 1 × 10−4 mag for each star. To
obtain aperture corrections for all sources, we fit a second-order two-dimensional
polynomial to the magnitude differences of the reference sample based on their
X and Y coordinates for each image (see the middle panel of Figure 10 [Figure
10: see original paper]). This resulting polynomial is then applied to all sources
in the image, and the residual of polynomial fitting is shown in the right panel
of Figure 10 [Figure 10: see original paper].

The STATIC multiple module, on the other hand, utilizes SWarp for the stacking
function of multiple images. Given that the MST program involves multiple
exposures of the same sky region, STATIC single produces a large number of
corrected images of the same region, which are stacked by SWarp to produce
images with better SNR than a single image. The astrometry, photometry,
and flux calibration of the stacked images is similar to that of STATIC single,
but with significantly better photometric accuracy, as described in a subsequent
section. Additionally, image stacking can deepen the limiting magnitude. The
implementation of this process can be divided into two parts: using SWarp for
image stacking, followed by processing each individual stacked image through a
dedicated pipeline. Further details on this distribution can be found in Xiao et
al. (2025), and a discussion can be found in Section 4.4.
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3.2.3. Flux Calibration A uniform and accurate photometric calibration
plays a key role in wide-field surveys. For the photometric calibration of MST,
we first derived the transmission curve of the MST system by considering the sig-
nificant impacts of the Earth’s atmosphere, filters, and the CMOS detector. We
then convolved the “corrected” Gaia BP/RP (XP) spectra (Huang et al. 2024)
with the MST’s transmission functions, resulting in the apparent magnitudes of
approximately 200 million sources in the AB system in the MST gGrRi-bands.
This yielded a standard star library comprising 200 million sources with gGrRi
magnitudes, serving as the reference star catalog for MST data photometric
calibration.

In the photometric calibration process, both aperture magnitudes after aperture
correction and PSF magnitudes for all stars with photometric error less than
0.02 mag in each image were cross-matched with the standard star library with a
cross-radius of 1�. The cross-matched samples are used as calibration samples to
derive the calibration zero-point for each image, where the calibration zero-point
is a function of the source position on the detector. For more comprehensive
details and in-depth insights, please refer to the forthcoming work by K. Xiao
et al. (in preparation).

The MST imaging processing pipeline is currently deployed on a workstation
equipped with two Intel 6448 processors, 503 GB of memory, and a 64 TB
mechanical hard drive. In addition to the performance of the workstation, the
runtime is also directly proportional to the source density within the field of
view. Taking f02 as an example, which contains more than 56,000 sources, we
provide typical computation times. The pipeline processing time breakdown is
as follows: the STIR process takes about 310 s for all the observational data from
each day, astrometry and photometry take approximately 124 s per exposure,
and aperture magnitude correction and photometric calibration take around 10
s per exposure. For example, processing 79 exposures on 2023 January 18 takes
a total of about 10,894 s (approximately 3 hr).

4. Performance and Results
Over the past two years, MST has conducted multiple continuous observations
of various sky regions, including the f02 region, using MST2 and MST3. In this
section, we present the performance of the data processing pipeline using nearly
40 days of continuous observation data from the f02 region acquired with MST2.
The demonstration will include astrometric precision, flux calibration precision,
photometric accuracy, and the presentation of results for variable sources and
supernovae, as well as a simple test of image stacking and catalog merging.

4.1. Astrometric Performance

To quantitatively assess the precision of astrometry, we first cross-matched stars
with aperture magnitude errors less than 0.01 mag from more than 3000 images
taken of the f02 region with Gaia DR3. Using the Gaussian fitting method, we
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derived the standard deviation of the cross-matching radius distribution between
these sources and Gaia DR3. We tracked the nightly variation of this standard
deviation and found it to be consistently around 80 mas. Further, we analyzed
the variation of this standard deviation over nearly 40 days, as shown in Figure
11 [Figure 11: see original paper], and observed that it remained consistently
around 80 mas. These findings indicate that the astrometric measurement pre-
cision is better than 0.1�.

Further improvements remain possible; for instance, within the SCAMP process,
we are considering replacing the existing polynomial fitting approach with a
numerical smooth fitting method.

4.2. Photometric Calibration Precision

To validate the calibrated MST photometry, we performed two independent ex-
ternal verifications by combining it with LAMOST DR10 spectroscopic data,
Gaia DR3, and recalibrated Pan-STARRS1 photometry (Xiao & Yuan 2022;
Xiao et al. 2023). First, we applied the spectroscopic-based stellar color regres-
sion method (Yuan et al. 2015) and the color transformation approach with PS1
data to obtain the model magnitudes in the MST photometric system, respec-
tively. Then, by comparing the differences between the SCR-based MST magni-
tudes and the MST magnitudes, and between the PS1-based MST magnitudes
and the MST magnitudes, we derived the SCR- and PS1-based zero-points,
respectively. We found that the consistency between the SCR-/PS1-based zero-
points and the MST zero-points remains stable over time, with the standard
deviation of the zero-point differences being less than 0.1%. For more details,
see Xiao et al. (2025). The results indicate that the zero-point precision of the
flux calibration is better than 0.1%.

4.3. Photometric Accuracy

The final photometric uncertainty is dominated by both systematic and ran-
dom errors and is related to the brightness of the source, as the random errors
for faint sources are much larger than those for bright sources. Since the flux
calibration is performed individually for each image, the MST’s nearly 3000 re-
peated observations of almost a million sources in the f02 field provide a good
choice for quantitatively analyzing the final photometric precision. We calcu-
lated the standard deviation of the magnitudes from nearly 3000 observations
of about a million sources and plotted the variation of the standard deviation
with brightness in Figure 12 [Figure 12: see original paper].

Additionally, we roughly estimated the theoretical SNR for sources of different
brightness using the following equation, based on the observatory information,
filter, camera, and telescope parameters:
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SNR = 𝑁star

√𝑁star + 𝑁pix(𝑁sky + 𝑁dark) + 𝑁pix ⋅ RN2

Here, 𝑁star and 𝑁sky are the total number of electrons from the star and the sky
background per pixel, respectively. 𝑁pix is the number of pixels within the aper-
ture. 𝑁dark and RN are the number of electrons generated by the dark current
and the readout noise per pixel, respectively, and are neglected in this work. 𝜂
is the combined efficiency of the telescope’s optical system, quantum efficiency,
filter, and atmospheric transmission. Seeing is the observatory’s atmospheric
seeing, size is the pixel scale, D is the telescope diameter, t is the exposure
time, c is the speed of light in vacuum, ℎ𝜈 is the energy of a photon, Δ𝜆 and 𝜆
are the bandwidth and central wavelength of the sensitivity, respectively. For
example, for the MST G band, the parameters are as follows: 𝑚sky = 21 mag,
𝐷 = 30 cm, 𝑡 = 300 s, gain = 0.25 e− ADU−1, seeing = 2�, size = 0.86�・pixel−1,
𝜆 = 5400 Å, Δ𝜆 = 900 Å, and 𝜂 = 0.32.

From Figure 12 [Figure 12: see original paper], it can be seen that at the bright
end, the uncertainty is only 4 mmag for 𝐺 ∼ 13, slightly increasing to 10 mmag
for 𝐺 ∼ 16, and quickly grows to 40 mmag toward the faint end at 𝐺 ∼ 18.
This is in good agreement with the theoretical results. However, we observe a
“plateau” in the magnitude scatter for repeated observations of the same source
at both the bright and faint ends. This phenomenon goes beyond the scope of
this paper and will be investigated further in future work.

4.4. Image and Catalog Stacks

As a time-domain measurement project, MST requires high precision in light
curve measurements. To reduce random errors and achieve high-precision light
curves, one can stack catalogs or images while maintaining a consistent calibra-
tion accuracy. Catalog stacking involves phase-aligned stacking of light curves
from single-image catalogs, while image stacking involves using SWarp to com-
bine images before performing precise measurements. The former implement is
relatively easier, while the latter can extend the limiting magnitude depth and
observation completeness. A more detailed description of the image and catalog
stacking processes will be found in K. Xiao et al. (2025, in preparation).

Here, we briefly test and evaluate the results of image and catalog stacking
using MST G-band photometry, as shown in Figures 13 [Figure 13: see original
paper] and 14 [Figure 14: see original paper], respectively. When stacking 64
images, the G-band detection limit extends to 21 mag, surpassing the single-
image detection depth by 2 mag. Additionally, the SNR increases significantly
by a factor of

√
𝑁 as the number of stacked images (N) increases up to 40.

Furthermore, we utilize stars observed more than 1000 times to perform catalog
stacking. We find that within 16-stacks of different observations of the same
source, the consistency of magnitude measurements across repeated observations
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can be as low as 2 mmag for bright sources; for bright stars, the consistency can
reach up to 1.2 mmag when utilizing 100-stacks.

4.5. Variable Source

The study of variable sources plays an important role in astronomical research.
Figure 15 [Figure 15: see original paper] shows the light curves of three
non-variable sources and three variable sources with different magnitudes from
MST2. We can see that as the sources become fainter, the scatter in their
light curves increases, regardless of whether they are non-variable sources or
variable sources. This is because the random errors increase as the sources
become fainter. We calculated the standard deviation of the light curves for
non-variable sources near 13 mag, which is approximately 0.004 mag, consistent
with the results shown in Figure 12 [Figure 12: see original paper].

Additionally, Figure 16 [Figure 16: see original paper] illustrates a comparison
between the composite light curve derived from 6-stacks observations of a single
source and the corresponding TESS light curve (Huang et al. 2020a, 2020b;
Kunimoto et al. 2021, 2022) at 1800 s and 200 s exposure. Evaluating the
pipeline’s results demonstrates the light curve obtained by MST is comparable
to that obtained by TESS.

4.6. Supernova

Figure 17 [Figure 17: see original paper] demonstrates an example of the light
curve of a supernova observed as part of the experiment searching for transient
sources. Note that the photometric uncertainties are smaller than the size of
markers. We also extract its light curve from the ZTF Forced Photometry
Service (ZFPs; Masci et al. 2023), which shows good agreement with MST2
photometry based on the pipeline of this work. As seen from Figure 17 [Figure
17: see original paper], it is difficult to cover all phases within a single survey;
the MST or SiTian project is very important to sample light curves of transients
from a different time zone.

5. Summary
As a pathfinder of the SiTian project, MST at the Xinglong Observatory houses
three 30 cm telescopes. Taking MST as an example, this work systematically
introduces the data acquisition and management of a wide-field CMOS time-
domain survey telescope, along with the development and application examples
of a precise data processing pipeline tailored for wide-field instruments with
CMOS detectors. This pipeline includes preprocessing, astrometry, aperture
photometry, PSF photometry, and photometric calibration.

Regarding the data acquisition and management, each MST telescope is con-
nected to a standalone control computer (MST mini host), allowing the con-
troller to wirelessly connect and issue ASCOM commands via the OCS. Tele-
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scope status is monitored in real time, and images are stored on the MST host
and uploaded to the server for processing. Calibration frames (FLAT, DARK,
BIAS) require manual intervention and are also uploaded after observation.

The evaluation of the performance of the MST precise data processing pipeline
includes processing 3200 observational data sets collected by MST2 in the f02
region. This evaluation analyzes astrometric accuracy, photometric calibration
precision, relative photometry and variability, variable sources, image stacking,
and catalog merging, as detailed below:

1. Comparison with Gaia DR3 reveals two-axis astrometric residuals show-
casing a stable total precision of less than 0.1� over time.

2. This work achieved an impressive flux calibration precision of approxi-
mately 1 mmag in the MST zero-points. Calculation based on co-observed
brighter stars indicates a standard deviation of agreement of about 4
mmag.

3. As a test, stacking 64 images enhances the G-band detection limit by
more than 2 mag compared to a single image, while the SNR increases
significantly, scaling by a factor of

√
𝑁 as the number of stacked images

reaches 64. In particular, the catalog stacks indicate that the light curve of
a variable star after 6-stacks observations obtained by MST is comparable
to that obtained by TESS.

4. As an example, the light curve of a supernova from ZTF Forced Photom-
etry Service shows good agreement with MST2 photometry based on the
pipeline of this work.

The results presented in this paper demonstrate that the performance of the
CMOS used in MST is now comparable to that of CCD detectors, achieving
similar photometric accuracy. This suggests that the MST CMOS could be
considered as a viable alternative to CCDs in future large-scale time-domain
surveys. However, CMOS also introduces errors that differ from those of CCDs,
such as PS noise. This noise has a more significant impact on faint sources than
on bright ones and should be given careful attention in future studies.
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