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Abstract

Modern astronomy holds that molecular cloud cores are the birthplaces of stars.
Comprehensive investigations into the detection of molecular cloud cores and
their properties are essential for understanding star formation processes and the
evolution of galaxies and the universe. With the implementation of the Milky
Way Imaging Scroll Painting (MWISP) survey and the rapid accumulation of
observational data, the development of an intelligent simulation and detection
system for molecular cloud cores has become imperative. The system offers
functionalities including intelligent detection of molecular cloud cores, simula-
tion modeling, parameter retrieval, three-dimensional visualization, and data
storage. By utilizing this system, researchers can conveniently and efficiently
perform detection and three-dimensional visualization of molecular cloud cores
in MWISP observational data, thereby facilitating a better study of their phys-
ical properties.
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Abstract

Modern astronomy holds that molecular clumps are the birthplaces of stars.
Comprehensive detection and characterization of molecular clumps are essen-
tial for understanding star formation processes as well as the evolution of galax-
ies and the universe. With the ongoing Milky Way Imaging Scroll Painting
(MWISP) survey and the rapid accumulation of observational data, develop-
ing an intelligent simulation and detection system for molecular clumps has
become necessary. The system provides functions including intelligent detec-
tion of molecular clumps, simulation modeling, parameter reproduction, three-
dimensional visualization, and data storage. Using this system, researchers can
conveniently and efficiently perform molecular clump detection and 3D visual-
ization on MWISP observational data, facilitating better investigation of their
physical properties.

Keywords: Molecular clump; Three-dimensional visualization; Local Density
Clustering; Parameter reproduction

1. Introduction

The detection of interstellar molecular hydrogen in the ultraviolet band by Car-
ruthers [1] and CO at 2.6 mm wavelength by Wilson et al. [2] ushered in a
new era of research on molecular interstellar medium, with the discovery of or-
ganic molecular media leading to the birth of molecular astrophysics. Molecular
clouds constitute one of the fundamental components of interstellar medium,
primarily consisting of molecular gas mixed with small amounts of atoms, ions,
dust, and other components [3]. Molecular clouds in galaxies exhibit structures
across a wide range of scales, with their densest regions referred to as molec-
ular clumps [4,5]. Modern astronomy holds that stars form within molecular
clumps [6,7]. Consequently, molecular clumps are crucial for establishing theo-
retical models of star formation observational characteristics in galaxies [8] and
facilitate further studies on star formation and evolution [9].

The first phase of the Milky Way Imaging Scroll Painting (MWISP) survey plans
large-scale observations of the Galactic plane from longitude -10° to +250° and
latitude -5° to +5° using the 12CO (J=1-0), 13CO (J=1-0), and C180 (J=1-0)
spectral lines. To date, the project has obtained 10,941 data cells, each measur-
ing 30 $x$30 with 16,384 velocity channels [10]. The second phase has already
commenced, expanding the latitude coverage to -10.25° to +10.25°, which en-
riches the observational data across broad spatial scales of molecular clouds,
different evolutionary stages, and diverse environments [11]. To better exploit
the value of these data, detecting molecular clumps and analyzing their physi-
cal properties will provide scientific support for studies of early star formation
stages.

With the steady progress of the MWISP project, molecular cloud data are accu-
mulating rapidly, making manual detection and verification a time-consuming
and labor-intensive task. To enable more efficient scientific analysis of molec-
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ular cloud data, this paper designs and develops an intelligent simulation and
detection system for molecular clumps specifically tailored to MWISP obser-
vational data. The system integrates molecular clump simulation, detection,
catalog matching, parameter reproduction, 3D visualization, and storage into
a unified platform with a user-friendly interface, facilitating convenient use by
researchers. The system employs a three-dimensional Gaussian mathematical
model [12] for generating simulated data to validate detection algorithm effec-
tiveness. The molecular clump detection algorithm utilizes the Local Density
Clustering (LDC) method proposed by Luo et al. [13]. Parameter reproduction
employs the Multi-Gaussian Model (MGM) [13] to further refine clump parame-
ters. Three-dimensional visualization intuitively displays the positions, shapes,
and sizes of molecular clumps. Finally, MySQL database archives and stores
molecular clump data and results, providing scientific data support for related
research and accelerating scientific output.
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1. System Design and Implementation
1.1 Functional Design

All basic functions of the system modules have been implemented, from simu-
lated data generation to final data storage, including molecular clump detection,
catalog matching, parameter reproduction, and 3D visualization, making molec-
ular clump research more intuitive. The system comprises five main modules,
each containing several sub-modules. The system functional architecture is il-
lustrated in Figure 1 [Figure 1: see original paper].

1.2 System Implementation

The system is implemented in Python, with the interface designed using the
PyQt5 framework and object-oriented programming principles to realize all sys-
tem functions. PyQt5 inherits the advantages of Qt, reducing coupling between
modules and facilitating future system expansion and maintenance, while its
integration with Python significantly enhances development efficiency.
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2. System Functions
2.1 Data Generation

Data generation includes two distinct modes: simulated data generation and syn-
thetic data generation. MWISP data are three-dimensional, comprising Galactic
longitude, latitude, and velocity. Based on the study of M17 SW by Stutzki and
Guesten [14], molecular clumps exhibit Gaussian distributions in both spatial
and velocity coordinates, with their column densities also following a Gaussian
distribution. The three-dimensional Gaussian mathematical model facilitates
the reproduction of molecular clump parameters. Therefore, simulated data are
generated using a 3D Gaussian model that employs mathematical calculations
and interpolation to produce synthetic molecular clumps from given parame-
ters. Synthetic data are created by randomly adding simulated clumps to real
observational data.

2.1.1 Simulated Data Generation For given molecular clump parameters,
the three-dimensional Gaussian mathematical model generates specific molec-
ular clump data. This enables verification and optimization of detection algo-
rithms for particular experimental requirements. Generating large amounts of
simulated data also reduces reliance on real data for experiments. The com-
plementary use of simulated and real data allows for cross-validation and ver-
ification of detection algorithms, enabling more comprehensive evaluation of
algorithm performance. By analyzing real data, constraints are placed on rele-
vant physical parameters of molecular clumps to establish a 3D Gaussian model
generation framework.

When generating simulated data, if two molecular clumps satisfy either equation
(1) or (2), they are considered non-overlapping;:

|Ui - Uj' > O, + Uvj

\/(xl — 2,2+ (y; —y;)? > \/UZ-2 + o, where o; = /O'%j + O’%j

where (z;,9;,v;) and (z;,y;,v;) represent the centroid coordinates of the i-th
and j-th clumps, respectively, and (o, ,0, ,0, ) and (Uz].70yja%j) denote the
axis lengths of the i-th and j-th clumps along the principal, secondary, and
velocity axes.

To make simulated data more realistic, the system can add Gaussian noise at the
same level as the background noise in real data. The simulated clump catalog
reflects basic information about molecular clumps. Figure 2 [Figure 2: see
original paper| shows integrated intensity maps along three axes for simulated
molecular clouds with peak flux values ranging from 0.46 to 3, principal and
secondary axis lengths from 2 to 4, velocity axis lengths from 1 to 7, rotation
angles from 0° to 180°, and a signal-to-noise ratio of 0.23.
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Table 1 presents the clump catalog for simulated molecular clouds (only the first
five rows are shown), where Sizel, Size2, and Size3 represent the full width at
half maximum (FWHM) along the respective axes; Peak1-3 and Cenl1-3 denote
the peak and centroid coordinates; 8 indicates the rotation angle of the molecular
clump in the Galactic longitude-latitude plane; and Peak, Sum, and Volume
represent the peak flux, total flux, and volume of the clump. Since clump central
coordinates are calculated by the detection algorithm, the central coordinate
values in the simulated catalog are identical to the centroid coordinate values.

2.1.2 Synthetic Data Generation To evaluate the detection rate of clump
detection algorithms in specific sky regions, synthetic data are required for ex-
perimental testing. Synthetic data are generated by randomly adding several
simulated clumps to real data, thereby expanding the experimental dataset.
During synthetic data generation, to avoid altering the overall distribution of
real clump data, the added simulated clumps should approximate real data
in terms of peak flux and total flux. Therefore, we first perform statistical
analysis on the peak and total flux distributions of clumps in real data to deter-
mine their distribution intervals and patterns. Based on these statistical results,
when adding simulated data to real data, the peak and total flux of the added
molecular clumps should collectively follow the same distribution. Simulated
data are generated following the method described in Section 2.1.1, and the
resulting peak and total flux distributions are combined with real data to con-
stitute synthetic data, as shown in Figure 3 [Figure 3: see original paper]. The
corresponding clump catalog is presented in Table 2 .

2.2 Clump Detection and Matching

Detecting clumps in molecular cloud data aims to generate molecular clump
catalogs for subsequent scientific research. The LDC algorithm is employed to
detect clumps in molecular cloud data, with results displayed through the system
interface. To evaluate the stability of the molecular clump detection algorithm,
catalog matching is applied to detection results from simulated or synthetic data
to calculate recall and precision rates, thereby assessing the algorithm’s stability
and reliability.

2.2.1 Molecular Clump Detection The primary function of molecular
clump detection is to identify clumps in simulated, synthetic, and real data
using the Local Density Clustering (LDC) algorithm. Detection results are
displayed in two text boxes on the system interface: “The number of clump”
and “Detection time,” indicating the number of detected molecular clumps and
total detection time, respectively. As shown in Figure 4 [Figure 4: see original
paper], detection of the simulated data generated in Section 2.1.1 yields 45
clumps with a processing time of 15.87 seconds. The system simultaneously
displays the original data, the detection mask, and integrated intensity maps
of clumps extracted from the original data using the mask. The integration
direction can be switched using the Aix0, Aix1l, and Aix2 buttons in the
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lower-right corner. Each detection generates a detection catalog file where
each column corresponds to the parameters in the simulated catalog, as shown
in Table 3 . The detected values for principal axis, secondary axis, velocity
axis, and volume in the results catalog are slightly underestimated because
background truncation, employed to reduce noise effects, leads to smaller shape
parameters, while total flux is overestimated due to additive noise. Missing
rotation angle values and corrections to the principal, secondary, and velocity
axes are addressed in the parameter reproduction module.

2.2.2 Catalog Matching Catalog matching evaluates the performance of
molecular clump detection algorithms using three normalized metrics: F1 score,
Recall, and Precision [15], with algorithm performance proportional to all three
indicators. The calculation formulas are as follows:

2x PxR
Fl=———
P+ R

where Cy in equation (3) represents the number of correctly detected clumps
and Dy represents the total number of detected clumps; E in equation (4)
represents the number of simulated clumps.

This module accepts either individual files or folders as input parameters. In-
dividual files refer to one simulated catalog and one detection catalog; folders
refer to directories containing multiple simulated and detection catalogs. Match-
ing results are categorized into three types: correct matches, incorrect matches,
and missed detections. Figure 5 [Figure 5: see original paper| shows the cata-
log matching results. For the simulated data from Section 2.1.1, the matching
yields a precision of 1.0, recall of 0.9, and F1 score of 0.947.

2.3 Parameter Reproduction

To mitigate noise effects on detection results, the molecular clump detection
algorithm employs background truncation, which introduces deviations between
detected and true values for the principal axis, secondary axis, velocity axis, and
peak flux. Additionally, the detection process does not calculate the rotation
angle for each clump. Instead, multi-Gaussian fitting is applied to detected
molecular clumps to reproduce parameters such as principal axis, secondary axis,
velocity axis, and peak flux, while also calculating the corresponding rotation
angle. The calculated rotation angle either matches or is complementary to the
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rotation angle in the simulated catalog. Table 4 presents the corrected results
from the detection catalog in Section 2.2.1 after parameter reproduction.

2.4 3D Visualization

As three-dimensional data, molecular clumps cannot be fully understood
through integrated intensity maps alone. Three-dimensional visualization com-
pensates for the lack of spatial information in 2D representations, enhancing
understanding of molecular clumps. The system platform provides multi-source
display of detected molecular clumps, where 3D rendering facilitates spatial
identification of clumps with different morphologies, while integrated intensity
maps and slice views along different directions help researchers examine
detailed information about individual clumps. This reveals distinct external
characteristics of different clumps and guides investigation of their intrinsic
physical property differences. Figure 6 [Figure 6: see original paper]| displays
the 3D rendering, integrated intensity map, and slice views of a single molecular
clump.

2.5 Data Storage

Simulated and synthetic molecular clump data are significant for research on
molecular clump-related algorithms, while detection of clumps in real molecular
cloud data provides reliable analysis materials for researchers. The MWISP
molecular cloud survey contains massive amounts of molecular clump data, and
digital archival storage provides reliable preservation of these valuable data, sup-
porting related scientific research. Observational molecular clump data can be
represented as three-dimensional matrices; however, directly storing 3D matri-
ces in databases would lose internal data relationships. To securely store 3D
molecular clump data and clump catalogs in databases, the molecular clump
data are first converted to binary format, after which the catalogs and cor-
responding data are stored in the database. Figure 7 [Figure 7: see original
paper] illustrates the relationship between the molecular clump data table and
the molecular clump information table.

3. Detection of Molecular Clumps in the M16 Region

The M16 region is a small portion of the MWISP project, spanning Galactic
longitudes from 15°15 to 18°15 and latitudes from 0° to 1°30 . The detection
results and analysis for this region are shown in Figure 8 [Figure 8: see original
paper], where red dots indicate detected molecular clump positions. A total of
658 clumps were detected, with the corresponding catalog presented in Table 5
. Statistical analysis of the M16 detection catalog reveals the distributions of
peak flux and total flux for molecular clumps in this region, as shown in Figures
9(a) and 9(b). In both panels, the vertical axis represents the percentage of
molecular clumps, while the horizontal axes represent peak flux and total flux,
respectively. The figures show that the proportion of clumps peaks at a peak
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flux of approximately 4 and reaches maximum total flux around 300.

4. Conclusion

The system has completed construction of all modules. Faced with increasingly
abundant molecular cloud observational data, this system can significantly re-
duce data processing time. Through cross-validation using multi-source data in-
cluding simulated and synthetic molecular clouds, the system achieves a molec-
ular clump detection accuracy of 0.947, providing reliable and scientific data
support for related research, accelerating scientific output, and strengthening
the foundation of molecular clump observations in China. For the M16 region,
658 molecular clumps were detected from observational data, providing reliable
data support for related scientific studies in this region. Future work will focus
on improving molecular clump detection algorithms and simulated data gen-
eration models, refining existing module functions to provide robust technical
support for molecular clump and related scientific research in China.
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