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Abstract
The dual-focus switchable one-meter telescope at the Wangshu Observatory of
the Shanghai Astronomical Museum is currently the largest aperture public
outreach astronomical telescope constructed in China. This telescope employs
a dual-focus design with manual switching between the primary focus and Nas-
myth focus; the Nasmyth focus is primarily utilized for visual observations in
public science popularization, while the primary focus is equipped with a large-
format scientific-grade CMOS detector, achieving a field of view of 1.5◦ × 1.1◦.
The large field of view is not only suitable for conducting important live celes-
tial event broadcasts, but can also be extensively applied to research projects
including nova and supernova patrol surveys, as well as monitoring of small solar
system bodies and artificial objects. Based on observational data, an analysis
and evaluation of the astrometric precision of the telescope’s primary focus was
conducted. The results demonstrate that for stellar images with a signal-to-noise
ratio greater than 5, the repeated measurement precision of stellar positions is
better than 0.1 pixel; when the signal-to-noise ratio is 30, the repeated measure-
ment precision is better than 0.05 pixel. Using the high-precision Gaia DR3
catalog as the reference catalog, analysis reveals that the CMOS observation
images from the telescope’s primary focus exhibit significant non-linear char-
acteristics, necessitating a 3rd-order (20-parameter) model for reduction. For
the test observational data, the observational precision for stars brighter than
15 mag is approximately 0.05��; the observational precision gradually decreases
with fainter magnitudes, reaching approximately 0.1�� for stars of 17.5 mag.

chinarxiv.org/items/chinaxiv-202407.00074 Machine Translation

https://chinarxiv.org/items/chinaxiv-202407.00074
https://chinarxiv.org/items/chinaxiv-202407.00074


Full Text
Preamble
ChinaXiv
Vol. 42, No. 2
Progress in Astronomy
June 2024
doi: 10.3969/j.issn.1000-8349.2024.02.12

Evaluation of Astrometric Performance at the Prime Focus
of the Double-focus One-meter Telescope at the Shanghai
Astronomy Museum
FANG Wen-feng12, YAO Song3, YU Yong12, WANG Lei3, SHAN
Xing-mei3, SHEN Lu-run1, WANG Qi1, CHEN Zhen-dong1, LIN
Qing3, DU Zhi-mao3, YAO Jia-wen3

1 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai
200030, China
2 School of Astronomy and Space Science, University of Chinese Academy of
Sciences, Beijing 100049, China
3 Shanghai Astronomy Museum (Branch of Shanghai Science and Technology
Museum), Shanghai 201306, China

Received: 2023-11-02; Revised: 2023-12-19
Funding: National Key R&D Program of China (2022YFE0116800); National
Natural Science Foundation of China (12073062)
Corresponding authors: YAO Song, yaos@sstm.org.cn

Abstract
The Double-focus One-meter Telescope (DOT) at the Wangshu Observatory of
the Shanghai Astronomy Museum is currently the largest aperture telescope
dedicated to popular science in China. The telescope employs a dual-focus de-
sign that allows manual switching between the prime focus and Nasmyth focus.
The Nasmyth focus primarily serves visual observations for public outreach,
while the prime focus is equipped with a scientific-grade CMOS sensor offering
a field of view of 1.5∘ × 1.1∘. This large field of view is suitable not only for live
broadcast events of important astronomical phenomena but also for extensive
research applications including surveys for novae and supernovae, monitoring
of small solar system bodies, and tracking artificial satellites. Based on actual
observation data, we analyzed and evaluated the astrometric precision at the
prime focus. The results indicate that for star images with a signal-to-noise ra-
tio (SNR) greater than 5, the repeatability of measured positions is better than
0.1 pixel; when the SNR reaches 30, the repeatability improves to better than
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0.05 pixel. Using the high-precision Gaia DR3 catalog as a reference, our anal-
ysis reveals significant non-linear characteristics in the CMOS images obtained
at the prime focus, necessitating a third-order (20-parameter) model for data
reduction. For the test observations, stars brighter than 15 mag achieve an as-
trometric precision of approximately 0.05″, with precision gradually decreasing
for fainter stars to about 0.1″ at 17.5 mag.

Key words: telescope; plate parameter model; accuracy analysis

1 Introduction
The Double-focus One-meter Telescope (DOT) at the Shanghai Astronomy Mu-
seum is an alt-azimuth telescope based on an R-C system with an effective pri-
mary mirror aperture of 1 m. It features a dual-focus design that allows manual
switching between the prime focus and Nasmyth focus, as shown in [Figure
1: see original paper]. The telescope is installed at the Wangshu Observatory
of the Shanghai Astronomy Museum in Lingang New City, Pudong District,
Shanghai, and was installed and initially adjusted in 2021. The DOT telescope
is primarily designed for nighttime public observations and astrophotography,
while also supporting student education and selected research projects.

DOT is currently the largest popular science telescope in China. Similar in-
ternational facilities include the 1.5 m telescope at the Gunma Astronomical
Observatory in Japan [1] and the 1 m reflecting telescope at the Gwacheon
National Science Museum in South Korea [2], which combine public outreach
with professional instruments such as spectrographs and scientific cameras for
astronomical research. Likewise, the DOT telescope provides a visual observa-
tion system at the Nasmyth focus for public education, while the prime focus is
equipped with a large-format scientific CMOS sensor. The large field of view is
not only suitable for extended-object observations and live broadcasts of events
such as lunar eclipses but also expected to support research programs including
surveys for novae and supernovae and monitoring of solar system bodies and
artificial satellites. Previous studies indicate that ground-based observations of
solar system objects and artificial satellites typically achieve precision ranging
from tens to hundreds of milliarcseconds. For example, Zhang et al. obtained
positioning precision better than 0.3″ for near-Earth asteroids using the Lijiang
2.4 m telescope [3]; Yan et al. achieved 0.03″ precision for Neptune’s satellites
using the Yunnan Observatory 1 m telescope [4]; and Zhang et al. reported
0.02″–0.3″ precision for observations of Neptune’s and Uranus’s satellites with
the Shanghai Astronomical Observatory 1.56 m telescope [5, 6]. To demonstrate
that the DOT telescope’s prime focus can achieve comparable performance, its
astrometric precision represents a critical performance metric that guides the
selection of feasible research projects. Section 2 describes the telescope’s main
parameters and test observations, Section 3 presents the image processing and
astrometric precision analysis, and Section 4 provides concluding remarks.
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2 Telescope Parameters and Observation Data
The prime focus of the DOT telescope has a focal ratio of f/2 and operates at
wavelengths of 400–800 nm. It is equipped with a scientific-grade color CMOS
camera (QHY411) with a 14, 304×10, 748 pixel array and a pixel size of 3.76 𝜇m,
yielding a field of view of 1.5∘ × 1.1∘. The QHY411 camera has a response
bandwidth of 400–1000 nm with a peak quantum efficiency of 0.92. During
observations, the camera is cooled by a semiconductor system to approximately
−30∘C below ambient temperature.

To evaluate the astrometric precision at the prime focus, we observed three fields
on September 6, 2023. The observation details are listed in . The exposure
time was 10 s without filters, and the camera operated in binning=2 mode,
corresponding to a spatial resolution of 0.73″/pixel. [Figure 2: see original
paper] shows a typical observation image, and [Figure 3: see original paper]
presents the histogram of stellar full-width at half-maximum (FWHM), with
mean values of 2.76 pixels (2.0″) in the x-direction and 2.48 pixels (1.8″) in the
y-direction.

Table 1 Positions of the three observed field centers and number of reference
stars

Field No. RA (J2000) Dec (J2000) No. of Images Avg. Reference Stars
1 22ℎ59𝑚10𝑠 30∘26′41″ 20 2400
2 22ℎ58𝑚47𝑠 30∘56′33″ 25 2500
3 22ℎ58𝑚47𝑠 29∘56′41″ 25 2300

3 Observation Image Processing and Astrometric Precision
Analysis
3.1 Observation Image Processing

The image processing pipeline includes preprocessing, star detection and cen-
troid measurement, and star identification. In preprocessing, we apply bias,
dark, and flat-field corrections to the raw images. lists the preprocessing image
information. We then fit the image background with a polynomial to remove
non-uniformities caused by sky background [7]. Star detection employs the
“connected domain method” [8], centroid calculation uses the “two-dimensional
corrected moment” method [9], and star matching utilizes the “arc-length match-
ing” method [10]. The Gaia DR3 catalog serves as the reference star catalog
[11, 12].

Table 2 Preprocessing image information
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No. Image Type Exposure Time (s) Frames
1 Bias 0 10 (dome and lens cap closed)
2 Dark 10 10 (dome and lens cap closed)
3 Flat 0.1–0.5 10 (evening, zenith region)

3.2 Repeatability Analysis of Measured Stellar Coordinates

We assessed the repeatability of stellar coordinate measurements using consec-
utive frames of the same field, which reflects the influence of image noise on
positional measurements. First, we used common stars and polynomial fitting
to remove field translation, rotation, and differential atmospheric refraction be-
tween images. Then, for each common star, we calculated the standard deviation
of multiple measurements of its centroid coordinates (x and y) to characterize re-
peatability. Using 20 frames with dense stellar fields containing approximately
2,400 stars, [Figure 4: see original paper] shows the distribution of standard de-
viation versus SNR. The repeatability improves with increasing SNR: for SNR
> 5 (corresponding to magnitude $�$10.7), the repeatability is better than 0.1
pixel; at SNR = 30 (magnitude $�$10.15), it improves to better than 0.05 pixel.
At higher SNR values, stars become increasingly saturated, causing a slight
degradation in repeatability.

3.3 Plate Parameter Model Analysis

The plate parameter model describes systematic differences between the mea-
sured coordinate system on the image and the ideal celestial coordinate system,
including translation, rotation, scale differences, and field distortion. Common
models include first-order (6 parameters), second-order (12 parameters), third-
order (20 parameters), and fourth-order (30 parameters). The DOT telescope’s
prime focus has a large field of view of approximately 1.5∘ × 1.1∘, which can
introduce significant non-linear imaging characteristics requiring empirical de-
termination of the optimal model.

Using Gaia DR3 as the reference catalog, we followed standard astrometric pro-
cedures to compute reference star positions at the observation epoch, correcting
for differential atmospheric refraction and aberration. Ideal coordinates (𝜉, 𝜂)
were calculated using gnomonic projection. We examined reference star residu-
als and standard deviations for different plate models, selecting the model with
the fewest parameters that yielded the smallest standard deviation and ran-
dom residual distribution. For all 70 images observed on September 6, 2023,
[Figure 5: see original paper] shows the standard deviation results for different
models. The third-order model produces standard deviations consistent with
higher-order models, with a mean standard deviation of 0.066″ across all im-
ages.

Notably, when using first- and second-order models, the standard deviations for
the last 10 images differ significantly from the first 60, while third- and fourth-
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order models show stable results. This occurs because weather changes reduced
the number of reference stars in the last 10 images by nearly half, which substan-
tially affects model fitting when using inadequate plate models. Additionally,
the “3𝜎” clipping of outliers artificially reduces the standard deviation for first-
and second-order models. Using images 60 and 61 as examples, [Figure 6: see
original paper] shows residual distributions for different models. First- and
second-order models exhibit significant systematic distortion in residuals, while
the third-order model yields randomly distributed residuals consistent with the
fourth-order model. This demonstrates that the third-order plate parameter
model is optimal for DOT prime focus observations, accurately describing the
imaging characteristics.

3.4 Astrometric Precision Analysis

To analyze the astrometric precision of the DOT telescope’s prime focus, we
used Gaia DR3 as the reference catalog with third-order plate modeling to
examine positional residuals across different magnitudes. For stars brighter
than 18 mag, Gaia DR3 provides positions, parallaxes, and proper motions
with precision better than 0.1 mas, making the reference star residuals entirely
reflective of instrumental errors. We calculated RMS errors in 0.5 mag bins
using RMS = √∑ Δ2/𝑛, where Δ is the observational error for each reference
star and 𝑛 is the number of reference stars.

[Figure 7: see original paper] shows the distribution of residuals, RMS errors,
and reference star counts versus magnitude. Stars brighter than 15 mag achieve
a precision of approximately 0.05″, with precision gradually decreasing to about
0.1″ at 17.5 mag.

4 Conclusion
The DOT telescope is currently the largest popular science telescope in China.
Its Nasmyth focus serves public visual observations, while the prime focus is
equipped with a large-format scientific CMOS sensor providing a 1.5∘ ×1.1∘ field
of view. This large field is suitable for both live broadcast events of important
astronomical phenomena and research applications including surveys for novae
and supernovae, monitoring of small solar system bodies, and tracking artificial
satellites.

Based on actual observations, we analyzed the astrometric precision at the prime
focus. The results show that for star images with SNR > 5, the repeatability
of measured coordinates is better than 0.1 pixel, improving to better than 0.05
pixel at SNR = 30. Using Gaia DR3 as a reference, we compared four plate
models and found significant non-linear characteristics in the CMOS images,
requiring third-order (20-parameter) terms in the plate model. For the test
data, stars brighter than 15 mag achieve a precision of approximately 0.05″,
decreasing to about 0.1″ at 17.5 mag. This test demonstrates that the DOT
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telescope’s prime focus delivers astrometric performance comparable to conven-
tional ground-based telescopes, providing a valuable reference for future research
programs.

References
[1] Hashimoto O, Malasan H L. J Phys: Conf Ser, 2019, 1231: 012015
[2] Gwacheon National Science Museum (sciencecenter.go.kr). https://www.sciencecenter.go.kr/scipia/display/planetarium/observation,
2024
[3] Zhang X L, Yu Y, Wang X L, et al. Research in Astronomy and Astrophysics,
2015, 15: 435
[4] Yan D, Qiao R C, Zhang H Y, et al. Icarus, 2022, 372: 114728
[5] Zhang H, Yu Y, Yan D, et al. Research in Astronomy and Astrophysics,
2022, 22: 035006
[6] Zhang H Y, Qiao R C, Yu Y, et al. AJ, 2022, 164: 37
[7] 于涌, 李岩, 毛银盾, 等. 天文研究与技术, 2013, 10(4): 359
[8] 李仪芳, 刘景琳. 科学技术与工程, 2008, 8(9): 2492
[9] 冒蔚, 季凯帆, 李彬华. CCD 天体测量学. 昆明: 云南科技出版社, 2003: 62
[10] 于涌, 毛银盾, 李岩, 等. 中国科学院上海天文台年刊, 2010, 31: 89
[11] Gaia Collaboration. A&A, 2016, 595: A1
[12] Gaia Collaboration. A&A, 2022, 674: A1
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