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W N

Abstract: The detection and analysis of molecular clumps can lead to a better understanding of star
formation in the Milky Way. Herein, we present a molecular-clump-detection method based on
improved YOLOVS5 joint Density Peak Clustering (DPC). The method employs a two-dimensional
(2D) detection and three-dimensional (3D) stitching strategy to accomplish the molecular-clump
detection. In the first stage, an improved YOLOV5 is used to detect the positions of molecular clumps
on the Galactic plane, obtaining their spatial information. In the second stage, the DPC algorithm is
used to combine the detection results in the velocity direction. In the end, the clump candidates are
positioned in the 3D position-position-velocity (PPV) space. Experiments show that the method can
achieve a high recall of 98.41% in simulated data made up of Gaussian clumps added to observational
data. The efficiency of the strategy has also been demonstrated in experiments utilizing observational
data from the Milky Way Imaging Scroll Painting (MWISP) project.

Keywords: YOLOVS5; density peak clustering; molecular clouds; clump detection

1. Introduction

As one of the most essential components of the interstellar medium, molecular clouds
consist primarily of molecular gas mixed with small amounts of atoms, ions, and dust [1].
The scale of molecular clouds spans from giant clouds with tens of pc to dense clumps with
less than 0.1 pc [2]. Molecular clouds usually present complex and hierarchical structures.
Clumpiness is a universal property of molecular clouds and plays a key role in understand-
ing the fragmentation of cloud complexes into sub-clouds finally small enough to form
individual stars [3]. Modern astronomy recognizes dense clumps in the molecular clouds
as the key sites of star formation [4]. Thus, the detection and analysis of dense clumps in
molecular clouds can better elucidate star formation and matter cycling in the Milky Way [5].

Several researchers have already studied automatic detection algorithms for molecular
clumps. In 1990, Stutzki and Guesten (1990) [3] proposed the GaussClumps algorithm
and applied it to the M17 molecular cloud to detect 170 clumps. In 1994, Williams et al.
(1994) [6] proposed the ClumpFind algorithm and tested it on RMC and MMC. They
detected 83 clumps in the RMC and 78 clumps in the two observed regions of MMC. In 2015,
Berry (2015) [7] proposed the FellWalker algorithm, which has been utilized by Kirk et al.
(2016) [8] to detect a total of 915 clumps in three subregions of the Orion B molecular cloud
and obtain basic physical information, such as the fluxes and sizes of these clumps. In 2022,
Luo et al. (2022) [9] proposed the LDC algorithm, which has detected 658 clumps in the
M16 molecular cloud. Astronomers need to set the initial parameters of these detection
algorithms according to the observational instrument and the morphological features of the
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target during detection. The detection results are closely related to the parameter settings.
Before detection, astronomers need to repeatedly adjust the parameters to optimize the
algorithm or manually verify the detection results and thus ensure accuracy. To accomplish
the task of large-scale molecular clump census from the rapidly growing CO molecular-
cloud observation, the research, and development of detection algorithms with higher
efficiency are needed.

With the rapid development of artificial intelligence technology, deep-learning meth-
ods represented by convolutional neural networks (CNNs) have extensively been used
in image and machine vision [10-15]. Deep learning also provides a viable method for
extracting essential features of astronomical data. Kim and Brunner (2017) [16] proposed
a CNN to classify stars and galaxies. Gonzalez et al. (2018) [17] implemented the task
of galaxy detection and classification by using the YOLO target-detection algorithm. Le-
ung and Bovy (2019) [18] designed a Bayesian neural network to measure multi-element
abundances in stellar spectra. Xie et al. (2021) [19] applied a convolutional neural model to
stellar spectra for detecting stars with low metal content. He et al. (2021) [20] proposed
a target-detection network based on YOLOvV4 to detect sources in SDSS images and a
classification model called APSCnet to classify sources. Yi et al. (2022) [21] proposed an
automatic detection model based on a deep-learning approach for automatically detecting
low-surface-brightness galaxies from SDSS images. Cao et al. (2023) [22] used an improved
Faster R-CNN framework based on deep learning to detect L-dwarf from SDSS images
automatically. These new techniques enable the automatic analysis of astronomical data
and demonstrate the feasibility of supervised deep learning for astronomical data mining.
Therefore, an automatic clump-detection algorithm that extracts the desired types of tar-
gets directly from the observational data through supervised feature learning from clump
morphological properties can be similarly designed for CO survey data.

The Milky Way Imaging Scroll Painting (MWISP) project [23] is a large-scale CO
survey project carried out by the Purple Mountain Observatory of the Chinese Academy of
Sciences by using the DLH-13.7 m millimeter-wave radio telescope, which simultaneously
observes 12CO, 13CO, and C'®0(1-0) lines emission. The first phase of MWISP has acquired a
large number of molecular-cloud observational data, providing sufficient training samples
for the deep-learning-based clump detection algorithm. This paper proposes a clump-
detection method based on an improved YOLOVS5 joint Density Peak Clustering (DPC) [24].
The method initially locates the clumps in the position-position (PP) coordinate representing
the Galactic longitude and latitude by using the improved YOLOv5. Subsequently, DPC
is used to cluster the clumps in the velocity direction, thereby ultimately realizing the
clump detection in position-position-velocity (PPV) three-dimensional (3D) space. This
method utilizes supervised deep learning to detect clumps by labeling the areas of interest.
The detection results are directly related to the labeling scheme and feature learning of the
data. During detection, the 3D information where the target candidate is located can be
obtained quickly with far fewer parameters tuning during detection.

The paper is organized as follows. Section 2 describes the generation of the experi-
mental data. Section 3 details the theory of the clump-detection algorithm based on the
improved YOLOVS5 joint DPC. Section 4 presents the training process and the main experi-
mental results in PPV space. Finally, conclusions are drawn in Section 5.

2. Data

To better train the improved YOLOv5 and comprehensively evaluate the performance
of the proposed method, a large number of clumps are required. Synthesized data are
designed for the quantitative evaluation of detection performance. Synthesized data are
composed by randomly adding simulated clumps to the observational data background.
The simulated clumps are generated by the 3D Gaussian model, and the background is
the observational 1*CO(1-0) line emission data obtained by MWISP. The simulated clumps,
the observational data, and the synthesized data are described separately below.
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2.1. Simulated Clumps

Localized high densities characterize the clumps, and Gaussian functions can be used
to describe their intensity distributions [3]. Simulated clumps can be generated utilizing
the 3D Gaussian model with several parameters [25], as shown in Table 1. The 3D Gaussian
model is described as:

cos2®  sin?6

flx,y,v) = Aexp{— l(w + W)(x —x)*

cos2® sinZ6
+(ﬁ—ﬂ)(X—xo)(y—yo) 1)

2 2 2
sin“@  cos*0 »  (v—1p)

where A represents the peak intensity of the clump, oy, 0y, 0 represent the standard
deviations on the Galactic longitude, the Galactic latitude, and the velocity, respectively,
(x0,Y0,v0) represents the position of the center of mass of the clump, and 6 represents
the rotation angle on the Galactic plane. To enable generated simulated clumps with the
parameter-distribution characteristics of the observational data, the statistics of the clump
parameters detected in the '3CO(1-0) line emission data of the M16 region obtained by
MWISP are regarded as the input into the 3D Gaussian model. The *CO(1-0) line emission
of M16 region ranges 15°15’ <1 < 18°15,0° < b < 1°30'. LDC [9] algorithm was applied
to detect the 13CO(1-0) line emission of M16 and a total of 658 clumps have been detected.
We counted the morphological parameters of these clumps and obtained the parameters
range in Table 1. Five thousand simulated clumps were randomly generated, and fluxes
were calculated according to the parameters in Table 1. The flux distribution is shown in
Figure 1. These simulated clumps maintain consistency with the MWISP observational
data and provide a more realistic representation of the detection performance.

Table 1. Parameters of the 3D Gaussian model.

Parameter Name Explanation Range
Peak Peak intensity of the clump [0.7,15]
Ox Standard deviation on the Galactic longitude [1, 4] x 2.3548
oy Standard deviation on the Galactic latitude [1,4] x 2.3548
o Standard deviation on the velocity direction [1,7] x 2.3548
(x0, Yo, v0) Position of the center of mass of the clump Randomization
0 Rotation angle on the Galactic plane 0°-180°
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Figure 1. Distribution of the number of fluxes of 5000 randomly generated simulated clumps.
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2.2. Observational Data

Three typical regions within the first, second, and third Galactic quadrants of the
13CO(1-0) line emission data obtained from MWISP are selected as the background for gen-
erating the synthesized data. The typical noise level of '*CO(1-0) line emission is about 0.23 K
with a channel width of 0.167 km s~ 1. Three regions all contain information in the three dimen-
sions of Galactic longitude, Galactic latitude, and velocity. Due to the structure of the spiral
arm of the Milky Way, different quadrants contain different spiral arms and have different gas
distributions. The range of the Galactic plane is 3° x 2° and the velocity range is 70 km s~ *,
of all three backgrounds, corresponding with the size of 361 x 241 x 424 pixels. The regions
selected in the first Galactic quadrant range 13° < I < 16° and —1°30' < b < 30/, and the
velocity ranges 0 km s ™! < vs. < 70 km s~ . It belongs to the inner Milky Way area, in the
direction of the galactic center. The regions selected in the second Galactic quadrant range
101° < I < 104° and 2° < b < 4°, and the velocity ranges —60 km s~ < vs. < 10 km s~ .
The regions selected in the third Galactic quadrant range 184°30" < I < 187°30’ and
—1° < b < 1°, and the velocity ranges —10 km s~ ! < vs. < 60 km s~ '. They both belong
to the outer Milky Way area. The density of the three regions is different. The background
gas is dense in the first Galactic quadrant region and sparse in the third Galactic quadrant
region. In the second Galactic quadrant region, the density of the background is between
the first and the third Galactic quadrants. Different gas densities can reflect the detection
performance of the detection algorithm in different signal-to-noise ratio environments.
Figure 2 shows the velocity-integrated intensity maps for each selected background region.
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Figure 2. Cont.
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Figure 2. Velocity —integrated intensity maps for selected background regions. (a) the first Galactic
quadrant with 13° < I < 16° and —1°30’ < b < 30’; the velocity ranges 0 km sl <us. <70kms L.
(b) the second Galactic quadrant with 101° < [ < 104° and 2° < b < 4°; the velocity ranges
—60 kms™! < vs. < 10 km s~ 1. (c) the third Galactic quadrant with 184°30' < | < 187°30/ and
—1° < b < 1°; the velocity ranges —10 km s 1 < vs. < 60 km s !.

2.3. Synthesized Data

One hundred simulated clumps obtained using the 3D Gaussian model are added
randomly to the designated region mentioned in Section 2.2 to generate synthesized data.
The added simulated clumps are uniformly distributed throughout all regions. This process
is repeated three times to create the first, second, and third Galactic quadrants’ synthesized
data. To ensure that each synthesized data item has 100 complete simulated clumps, it
should avoid boundary regions and clump fusion during the addition process. Velocity-
integrated intensity maps for three Galactic quadrants’ synthesized data are shown in
Figure 3. Synthesized data also contains information in the three dimensions of Galactic
longitude, Galactic latitude, and velocity. The size of synthesized data is the same as its
corresponding background region size. The range of the Galactic plane is 3° x 2° and
the velocity range is 70 km s, of all synthesized data, corresponding with the size of
361 x 241 x 424 pixels.

As the synthesized data are generated, information about each added simulated clump is
recorded in a clump parameter table for each synthesized data. The information contained in
the table is shown in Table 2, where ID denotes the clump number. Peakl, Peak?2, and Peak3
indicate the peak intensity coordinates. Cenl, Cen2, and Cen3 indicate the center of mass
coordinates. Sizel, Size2, and Size3 denote the axial lengths. 8 represents the rotation angle on
the Galactic plane. Sum denotes the total flux. Peak indicates the peak intensity.

Once the detection is complete, the results are compared with the clump parameter
tables. The algorithm performance can then be quantitatively evaluated.

Table 2. Parameter information table of simulated clumps.

Parameter Name Explanation
1D Clump number
Peak1, Peak2, Peak3 Peak coordinates of clumps
Cenl, Cen2, Cen3 Coordinates of the center of mass of clumps
Sizel, Size2, Size3 Axis lengths of clumps in the Galactic plane, and velocity direction
0 Rotation angles of clumps on the Galactic plane
Sum Total flux of clumps

Peak Peak intensity of clumps
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Figure 3. Velocity—integrated intensity maps of the synthesized data: (a) the first Galactic quadrant
synthesized data. (b) the second Galactic quadrant synthesized data. (c) the third Galactic quadrant
synthesized data.

3. Method

This paper presents a new method based on an improved YOLOVS5 joint DPC for
detecting molecular clumps in PPV data. Detection is divided into two stages. In the first
stage, the improved YOLOVS5 is used to detect the clumps in two-dimensional (2D) space
and obtain their position on the Galactic plane. In the second stage, DPC is used to combine
the detection results obtained in the first stage in the velocity direction, thereby helping
achieve the final clump detection in 3D space. The code has been shared on Github .

3.1. The Improved YOLOv5 — Molecular Clump Detection (MCD)-YOLOv5

YOLOVS is an extensively used target-detection tool that combines speed and
accuracy [26-29]. One of its key advantages is that it is a one-stage detection algorithm. It
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provides faster inference and detection speeds, making it useful for handling large amounts
of molecular cloud data.

YOLOVS5 consists of a backbone, neck, and YOLO head. The backbone can extract the
information of the input. The neck can extract features from the backbone to improve the
performance of the network. The YOLO head outputs the results of the network predictions.
Although YOLOVS is a strong performer in many target-detection tasks, it has limitations in
detecting small targets which are often low in pixels, small in percentage, easy to overlap,
and difficult to distinguish. The molecular-cloud data have clumps with weak intensity
which may be obscured by the molecular-cloud background. Owing to the rotation angle,
some clumps also appear small on the Galactic plane. To enhance the ability of YOLOvV5
to detect these small clumps, we introduce the Coordinate Attention (CA) module and
Normalized Wasserstein Distance (NWD) loss function to YOLOvS5. This improved version,
called Molecular clump detection (MCD)-YOLOVS5, and its architecture is shown in Figure 4.

YOLO Head —

YOLO Head

YOLO Head

SR o AN N et o
3 ;
T ———

Figure 4. Architecture of MCD-YOLOv5. MCD-YOLOVS5 is mainly composed of three parts: backbone,
neck, and YOLO head. The backbone consists of CBS, C3_1, and CA modules. CBS is a composite
convolution module, which encapsulates a convolutional layer, a batch normalization layer, and the
SiLU activation function. MCD-YOLOV5 contains two types of C3 modules; C3_1 is applied in the
backbone and C3_2 is applied in the neck. The C3_1 module and C3_2 module both consist of CBS.
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In C3_1, the input feature map passes through three branches, while in C3_2, it only passes through
two branches. The branches are finally spliced by channel and then output through a CBS module.
We add a CA module after each layer of the C3_1. The neck consists of SPPF(Spatial Pyramid
Pooling-Fast), and CSP-PAN(CSP-Path Aggregation Network) modules. SPPF is a spatial pyramid
pooling module. SPPF encapsulates a CBS module and three maximum pooling layers. Three pooling
results with input feature maps are spliced by channel and passed through a CBS module. CSP-PAN
is composed of CBS and C3_2, and the feature fusion of different feature layers is realized through
upsampling and downsampling, which solves the target multi-scale problem to a certain extent.
The main part of the YOLO head is three detectors, that is, using mesh-based anchors to detect objects
on feature maps at different scales.

3.1.1. Coordinate Attention

To improve YOLOV5's ability to recognize the clumps with weak intensity in slices, a
CA module [30] is utilized. The architecture of the CA module is shown in Figure 5. CA is a
lightweight attention module, which encodes each channel of the feature map along the X and
Y directions. The resulting feature maps are combined and transformed via convolutional
transform to create intermediate feature maps. These feature maps are then divided into
separate tensors, which are again transformed and expanded to become the value of the
attention weight assignment. The CA module is added after each layer of the C3_1 module
in YOLOVS, thereby increasing the number of layers from 10 to 14. This action enables a
more accurate identification of regions of interest during the feature extraction of clumps.

l

Residual

BN-+h_Swish

Re-weight
}

Figure 5. Architecture of Coordinate Attention module. The module is made of two average pooling
layers, a convolution layer with concat operation, a batch normalization layer with an h_swish
activation function, two convolution layers, and two sigmoid activation functions. The average
pooling layers encode each channel of the feature map along the X and Y directions. The resulting
feature maps are combined and transformed via the convolution layer with concat operation and
the batch normalization layer with an h_swish activation function to create intermediate feature
maps. These feature maps are then divided into separate tensors, which are again transformed
and expanded by the convolution layer and sigmoid activation function to become the value of the
attention weight assignment.

3.1.2. Normalized Wasserstein Distance

Detecting small clumps is challenging owing to limited appearance information,
conferring difficulty in recognizing features. The use of Intersection over Union (IOU) [31]
as a metric in YOLOV5 to measure the goodness of the generated anchor frames during
detection also results in the poor detection of small targets. Wang et al. (2022) [32] analyzed
the sensitivity of IoU to location deviations of tiny objects, and proposed NWD as a better
metric for measuring the similarity between two bounding boxes. To improve the detection
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performance of YOLOvVS5 for small target clumps, the NWD loss function is introduced.
The expressions for NWD and the loss function based on NWD are presented as follows:

2
wy, hy1T we 1T
WZZ(NP/ Ng) = ‘ ‘ < |:C.7Cp, C]/p/ TP/ 2p:| 7 |:ng/ C]/g, Tg/ 2g:| ) (2)
W2(Ny, Ny)
NWD(N,, N) = exp # 3)
Lywp = 1 — NWD(N,, Ng) 4)

where N, is the Gaussian distribution model of the prediction frame P; N, is the Gaussian
distribution model of the gt frame G; (cxp, CYp, Wy, hp) is the coordinates of the upper left
corner of the prediction frame P and the width and height information; (cxg, CYg, Wy, hg)
represents the coordinates of the upper left corner of the gt frame G and the width and
size information, respectively; and W3 (N), N, ) is the second-order Wasserstein distance
between N, and N. C is a constant. This paper uses the original Complete IoU Loss
(CIOU) [33] of YOLOvV5 and NWD loss in the molecular-clump-detection task. The weight
ratio of CIOU loss and NWD loss is 7:3.

3.2. Density Peak Clustering Algorithm

The DPC algorithm was proposed by Rodriguez & Laio (2014) [24] in 2014. DPC
assumes that points with low local density surround the cluster centers, which are relatively
distant from others. This feature is very similar to clumps embedded in the molecular cloud
with lower average density and localized density enhancement. Accordingly, this paper
uses DPC to complete the splicing of clumps in the velocity direction.

DPC is implemented by dividing the data points within a specific range into a region
followed by calculating the density p; and distance J; of each data point within that region:

min dy,  if pj = p;
5 — J:pj=pi / !
1 .
max d;;, otherwise
j=12,....1

©)

d;j denotes the Euclidean distance between data points i and j. When a point with a
higher density than the current data point exists, the distance of this point is the minimum
of all data points denser than the point. After setting the thresholds for density and
distance, clustering centers can be determined from these data points. Clustering can
also be accomplished by assigning points not clustering centers to the nearest clustering
centers based on the distances of other data points from the clustering centers.

After MCD-YOLOVS, the clumps are extracted in the slices by the coordinate position
information obtained from the detection, and the center of mass of the extracted region is
calculated by the adaptive threshold segmentation [34]. Through the position coordinates
(xj,y;) of the center of mass and its velocity channel information v;, the intensity I; of the
corresponding position in the synthesized data is also extracted. These pieces of information
are used in this paper to represent the density of each input data point with the following
expression:

pi =1 (6)

The inputs and outputs of DPC are listed in Table 3. DPC clusters the centers with
position and density output by MCD-YOLOvVS5 and divides them into different categories.
The final number of categories is the number of clumps detected.
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Table 3. Input and output data for DPC.

Description Parameters Name Explanation
X; Galactic longitude coordinates of the center of mass in the region detected by MCD-YOLOv5
Vi Galactic latitude coordinates of the center of mass in the region detected by MCD-YOLOv5
Input v; Channels in the velocity direction detected by MCD-YOLOv5
I Intensity of (x;, y;, v;) in the synthesized data
Output numClust Number of clustered clumps categories

3.3. MCD-YOLOw5 Joint DPC

The flowchart of the clump-detection method based on MCD-YOLOVS5 joint DPC is
shown in Figure 6. The molecular cloud data are sliced in the velocity direction, resulting
in 2D data along the Galactic plane. These data are inputted into MCD-YOLOV5 for
detection. Once all slices have been detected, MCD-YOLOV5 outputs the coordinate position
information of the detected clumps. The center of mass of each detected clump can be
calculated based on MCD-YOLOVS5 output information. Using the center of mass and the
velocity channel size where the corresponding slice is located, the intensity value of the
related part on the molecular cloud data is obtained as the input to DPC. DPC clusters the
centers of mass and classifies them into different categories. The region comprising clumps
corresponding with center of mass points in the same category is classified as a clump.
The spatial coordinates of the slices of molecular clouds belonging to the same clump in
the direction of the Galactic plane and the span in the direction of velocity are statistically
calculated to transform the PP data into PPV data. The output of MCD-YOLOVS5 joint DPC
is 3D cubic regions containing clumps. By obtaining information about each 3D region, we
can calculate the centroid (Cen;) and size (Size;) of the molecular cloud clumps on different
axes i (i = 1,2,3). The definition of the centroid is as follows:

2?21(1]' - xj) )
Z?L I

Cen; =

the Size; of the clump on axis i is defined as:

Size; =

n n 2

ny .
Zj—l Ij

< 4

Data Cube

Figure 6. Flowchart of the clump-detection method based on MCD-YOLOVS5 joint DPC. The four
branches represent any four slices in a given data cube. Each slice achieves 2D detection by MCD-
YOLOVS5 to obtain the anchor information of the target on the corresponding slice. The rest slices are
indicated by ellipses. Heads in different size fonts indicate different scales of detection heads.
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4. Experiments and Discussion

To verify the effectiveness and reliability of the detection method based on MCD-
YOLOVS5 joint DPC, MCD-YOLOVS5 is trained by using synthesized data from the first
and third Galactic quadrants. Its performance in detecting clumps is tested using the
synthesized data from the second Galactic quadrant. The training process of MCD-YOLOV5,
the effectiveness of DPC, and the test results are presented in the following sections.

4.1. Evaluation of Indicators

The performance of MCD-YOLOVS5 for detecting clumps on the 2D Galactic plane
is quantified by using precision, recall, and average precision (AP), which are the most
commonly used in target-detection tasks. Using the recall rate to evaluate the 3D de-
tection performance of the clump-detection method based on MCD-YOLOVS5 joint DPC.
The precision, recall, and AP expressions are as follows:

.y TP
precision = o5, )
TP
- 1
recall TP+ EN’ (10)
1
AP — /O P(r) (11)

In calculating precision and recall, true positive (TP) denotes the number of clumps
predicted to be clumps that are actually clumps, false positive (FP) denotes the number of
clumps predicted to be clumps but are not actually clumps, and false negative (FN) denotes
the number of clumps predicted to be not clumps that are actually clumps. In calculating AP,
P(r) denotes the maximum precision value when the recall takes the corresponding value.

4.2. MCD-YOLOwS Training and DPC
4.2.1. MCD-YOLOvV5 Dataset Generation

The slices generated by intercepting along the velocity channel of the synthesized
data are used as samples in the dataset. Each sample has only one velocity channel and
contains information in two dimensions, Galactic longitude, and Galactic latitude, with a
pixel size of 361 x 241. A total of 45 first-Galactic-quadrant and 45 third-Galactic-quadrant
synthesized data cubes with 9000 simulated clumps to generate the dataset used for the
training and validation of MCD-YOLOVS5. There are a total of 37,350 samples in this
dataset. The samples obtained from the first-Galactic-quadrant and third-Galactic-quadrant
synthesized data are shown in Figure 7a and Figure 7b, respectively.

Considering that MCD-YOLOV5 is a supervised deep-learning method, the location
information on the clumps in each sample needs to be provided. The position information of
clumps in the training samples can be obtained by the clump parameter table mentioned in
Section 2.3. The specific process for obtaining the label information is as follows. The center
of mass (Cenl and Cen2) of the simulated clumps on the Galactic plane is taken as the
starting point. To form a rectangle that can cover the clumps, the pixel distance with Sizel
is expanded upward and downward, and the pixel distance with Size2 is expanded to
the left and the right. Recording the coordinate position information of the rectangles
gives information about the labeling of clumps on a sample. We can obtain the position
information of the same simulated clump appearing in the sample by taking the center of
mass coordinate Cen3 of the simulated clump in the velocity direction as the midpoint and
expanding the width of Size3 forward and backward. Figure 7 shows that the simulated
clumps are accurately labeled by the above method. Figure 7c shows the labeling of the
synthesized data slices in the third Galactic quadrant. Figure 7d shows the labeling of the
synthesized data slices in the first Galactic quadrant.
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(a) (b)
(c) (d)

Figure 7. Examples from the MCD-YOLOVS5 dataset and the annotation information: (a) synthesized
data in the third Galactic quadrant, (b) synthesized data in the first Galactic quadrant, (c) annotation
information on (a), and (d) annotation information on (b). The red-labeled boxes represent the clumps.

4.2.2. Training MCD-YOLOvV5

To train MCD-YOLOVS5 effectively, the dataset is divided into a training set and a test
set at a ratio of 8:2, and takes 10% from the training set as the validation set. The training set
is used to train MCD-YOLOVS5, the validation set is used to verify the performance metrics
of MCD-YOLOVS5 during training, and the test set is used to test the detection effect of MCD-
YOLOVS after training is completed. During training, the number of training rounds is set
to 300, the amount of batch training data is 128, the training momentum is 0.9, the initial
learning rate is 0.001, and the weight decay is 0.0005. The stochastic gradient descent
(SGD) serves the optimization function to train MCD-YOLOVS. The default parameters of
YOLOVS were used for training in this paper.

To verify the improved performance of MCD-YOLOvV5 compared with YOLOvVS in
detecting clumps, we train MCD-YOLOv5 and YOLOVS5 on the same dataset. Figure 8
shows the variation in localization loss and confidence loss. The curve variation shows
that MCD-YOLOvV5 and YOLOV5 are not overfitted or underfitted, and MCD-YOLOv5
decreases more smoothly during training. The variation curves of the precision and recall
on the validation set with the number of training rounds are shown in Figure 9a,b. Figure 9¢
demonstrates the variation of AP in MCD-YOLOv5 and YOLOV5 during the training when
IOU is set to 0.5. IOU denotes the intersection and concurrency ratio of the area of the
predicted frame to the area of the actual frame. In general, the predicted frames produced
by the model are recognized to be correct only if the IOU is greater than or equal to the
set threshold. The curve changes show that the precision of MCD-YOLOV5 does not
considerably differ from that of YOLOVS5, but its recall rate exceeds that of YOLOVS.

We select a slice containing smaller clumps and input it into the trained MCD-YOLOv5
and YOLOV5 at the same time for detection. Results are shown in Figure 10. By comparison,
MCD-YOLOVS5 detects all seven clumps in the slices, whereas YOLOv5 misses a smaller
clump labeled 2. This experiment illustrates the improved small target detection perfor-
mance of the MCD-YOLOVS5. Table 4 shows the precision, recall, and AP of MCD-YOLOv5
and YOLOVS in the test set. By comparison, MCD-YOLOVS5 performs better than YOLOv5
in detecting clumps when processing the same molecular cloud data slices.
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Figure 9. Variation curves of precision, recall, and AP as a function of the number of training rounds
(epoch) for MCD-YOLOvV5 and YOLOVS5 on the validation set: (a) precision, and (b) recall, and (c) AP.

(b)

Figure 10. A typical example of detection results of MCD-YOLOv5 and YOLOV5. (a) Seven simulated
clumps in the area. (b) MCD-YOLOV5 detected 7 clumps. (c¢) YOLOvV5 detected 6 clumps. The red
rectangular box in (c) represents the missed clump.

Table 4. Detection results of MCD-YOLOvV5 and YOLOV5 on the test set.

Model Precision Recall AP
MCD-YOLOv5 0.969 0.935 0.972
YOLOV5 0.969 0.910 0.956

4.2.3. Result of DPC

When MCD-YOLOVS5 completes the detection, the center of mass of the detected
clumps and their corresponding intensity information is inputted into DPC according to the
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method mentioned in Section 3.2. DPC then classifies the centers of mass belonging to the
same clumps into the same class. The results of DPC are shown in Figure 11. The differently
colored dots represent the center of mass of a clump detected by MCD-YOLOV5, the red
rhombus represents a clustering center, and the green square represents the location of the
center of mass of a simulated clump. If the dots representing the detected clumps have the
same color, these centers of mass are classified as one clump. Figure 11 shows that most
of the cluster centers obtained through DPC can correspond with the centers of mass of
the simulated clumps. This finding indicates that using intensity-based DPC can classify
slices belonging to the same clumps into a single class in the direction of velocity, thereby
ultimately realizing the detection of 3D clumps in PPV.

DensityClust for Centroid of Clump

b }
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Figure 11. Display of the DPC results. The differently colored dots represent the center of mass of
a clump detected by MCD-YOLOVS5, the red thombus represents a clustering center, and the green
square represents the location of the center of mass of a simulated clump.

4.3. Detection Results of Second-Quadrant Synthesized Data

To test the detection performance of the proposed method based on MCD-YOLOV5
joint DPC, 100 second-Galactic-quadrant synthesized data (containing 10,000 simulated
clumps) are selected for testing. To effectively evaluate the performance, we stipulate that
if the centroid Euclidean distance between the detected clumps and the simulated clumps
is not greater than two pixels (The minimum standard deviation of Gaussian distribution),
the clumps are regarded as detected.

The 100 second-Galactic-quadrant synthesized data are intercepted along the velocity
direction, yielding 42,400 slices of size 361 x 241. The slices are inputted into the trained
MCD-YOLOVS5 to obtain the detection results. During MCD-YOLOVS5 detection, the con-
fidence is set to 0.6, i.e., the location information of the region is recorded only when the
probability of being a clump exceeds 0.6. Then, the detection results of the same synthesized
data are inputted into DPC to obtain the detection results of clumps in the synthesized data.
Using MCD-YOLOVS5 joint DPC, 9841 simulated clumps are correctly detected by match-
ing with the simulated clump information tables, with a recall rate of 98.41%. Figure 12
shows the velocity-integrated intensity map of a detection result, where the white circles
are the center of mass positions of the simulated clumps, and the red dots indicate the
center of mass positions of the clumps that are detected and matched with the simulated
clumps by MCD-YOLOVS5 joint DPC. Figure 13 shows the integrated intensity map of the
detected clump of second-quadrant synthesized data of different directions, the maximum
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spectrum, and the average spectrum. As can be seen from the figure, the area detected by
MCD-YOLOVS5 joint DPC matches the characteristics of the simulated clumps.
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Figure 12. Velocity —integrated intensity maps of the detection result. The white circles are the center
of mass positions of the simulated clumps, and the red dots indicate the center of mass positions of
the clumps that are detected and matched with the simulated clumps by MCD-YOLOV5 joint DPC.
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Figure 13. The information of the simulated clump is shown. (a,b) two examples of the integrated
intensity map of the detected clumps of second quadrant synthesized data. The top three subplots
offer the 1-b, 1—v, and b—v maps integration in three directions for a clump, while the middle and
bottom of the figure show the peak spectrum and average spectrum of the clump, respectively.

To compare the performance of MCD-YOLOVS5 joint DPC with the traditional clump-
detection algorithms, we use FellWalker and ClumpFind on the same synthesized data.
To improve the detection performance of FellWalker and ClumpFind, both algorithms are
parameter-tuned according to the synthesized data to achieve better performance before
detection. The detection parameters are determined by the value of the RMS of the MWISP
and the experience of the users. When using MCD-YOLOVS5 joint DPC, only two parameters
need to be used, the threshold of density and distance in DPC. The detection parameters
of FellWalker, ClumpFind, and MCD-YOLOVS5 joint DPC are shown in Tables 5, 6, and 7,
respectively. We determine whether each simulated clump is detected by matching the
clump parameter tables with the output center-of-mass information of all three algorithms.
Based on statistical results, 9841 clumps were detected by MCD-YOLOVS5 joint DPC, 9770
by FellWalker, and 9631 by ClumpFind. When the second-Galactic-quadrant synthesized
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data was detected using MCD-YOLOVS5 joint DPC, 10,584 clumps were detected. Since
the synthesized data includes the observational data background and simulated clumps,
it needs to consider the number of clumps in the background data when calculating
the error rate. The remaining 743 detected clumps were manually identified by manual
verification, 495 clumps were falsely detected, and the false detection rate was 4.68%.
Manual verification is based on the integrated intensity maps of the detected clump in
different directions.

Table 5. FellWalker Parameters.

Parameters Name And Default Value
FELLWALKER.ALLOWEDGE =1
FELLWALKER.CLEANITER =1
FELLWALKER.FLATSLOPE = 2xRMS
FELLWALKER.FWHMBEAM = 2
FELLWALKER.MAXBAD = 0.05
FELLWALKER.MAXJUMP =4
FELLWALKER.MINDIP = 1xRMS
FELLWALKER.MINHEIGHT = 3xRMS
FELLWALKER.MINPIX = 27
FELLWALKER.NOISE = 2xRMS
FELLWALKER.VELORES =2

Table 6. ClumpFind parameters.

Parameters Name And Default Value
CLUMPFIND.ALLOWEDGE =1
CLUMPFIND.DELTAT = 2xRMS
CLUMPFIND.FWHMBEAM = 2

CLUMPFIND.IDLAIG =1
CLUMPFIND.MAXBAD = 0.05
CLUMPFIND.MINPIX = 27
CLUMPFIND.NAXIS =3
CLUMPFIND.NOISE = 2xRMS
CLUMPFIND.TLOW = 3xRMS
CLUMPFIND.VELORES = 2

Table 7. MCD-YOLOVS5 joint DPC parameters. minRho represents the minimum peak intensity of
the clump, i.e., the point corresponding to this intensity can be used as the cluster center during the
DPC clustering process. minRho can be set according to the intensity characteristics of the clumps
in different regions. minDelta represents the minimum pixel distance to distinguish between two
clumps. minDelta can be set according to the sparseness of the clump distribution.

Parameters Explanation Default Value
Name
minRho The minimum intensity of clump [2, 5]xRMS
minDelta The minimum pixel distance to distinguish 4

between two clumps
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In terms of the total number of detections, the method in this paper is slightly higher,
but the number of parameters is greatly reduced and the setup is simpler. The recall rates
based on MCD-YOLOVS5 joint DPC, FellWalker, and ClumpFind detection results are shown
in Table 8. Figure 14 demonstrates the variation of recall with flux and Peak Signal-to-Noise
Ratio (PSNR). PSNR and flux of each simulated clump can be calculated by the clump
parameter table. After the detection is completed, the detection results of the clumps
are matched with the simulated clump parameter table. Clumps in the detection results
that satisfy the matching rule are recorded as clumps detected correctly. The recall rate is
statistically plotted according to the different intervals of PSNR and flux, which can show
the detection performance of the algorithm for different PSNR and flux of clumps. It can be
seen that MCD-YOLOVS joint DPC is higher than the other two methods in most positions
of the performance curve. In other words, the method in this paper requires only a small
number of parameters to achieve the detection performance of the traditional algorithm
with optimized parameters.

Table 8. Detection results of MCD-YOLOVS5 joint DPC, FellWalker, and ClumpFind.

Method Matched Clumps Recall
MCD-YOLOVS5 joint DPC 9841 98.41%
FellWalker 9770 97.70%
ClumpFind 9631 96.31%
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Figure 14. Variation of recall with flux and PSNR for ClumpFind, FellWalker, and MCD-YOLOV5
joint DPC: (a) Recall variation with flux, and (b) Recall variation with PSNR.
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4.4. Detection Results of Observational Data

To verify the feasibility of MCD-YOLOVS5 joint DPC on the observational data, we
selected a region in the third Galactic quadrant of the '*CO(1-0) line emission data obtained
by MWISP for testing. The region selected ranges 180° < I < 195° and —5° < b < 5°,
and the velocity ranges —200 km s~! < vs. < 200 km s, This region is divided into dif-
ferent data blocks at 1° grid spacing corresponding with the size of 121 x 121 x 2411 pixels.
To obtain annotation information, we used the LDC algorithm to detect this region and
obtained the clumps and their corresponding parameter information. We selected the
clumps among 200 data blocks with 487 clumps to obtain 8496 samples and their annota-
tion information by the method mentioned in Section 4.2.1. The pixel size of the sample is
121 x 121. Figure 15 shows the examples from the observational dataset and the annotation
information on the samples. The dataset is divided in the same way as in Section 4.2.2.
The training parameter is the default parameter of YOLOVS5. To reduce the complexity of
model training, we used Transfer Learning [35] when training MCD-YOLOV5 with the obser-
vational dataset. The trained model parameters on the synthesized dataset in Section 4.2.2
are used as the pre-training weights for the model training on the observational dataset.
Figure 16 shows variation curves of loss-change, precision, and recall on the validation set
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of the observational dataset. Figure 16a,b shows that MCD-YOLOVS5 is not overfitted or
underfitted when trained on the observational dataset. We selected some samples in the
validation set and inputted them into the trained MCD-YOLOVS5 for detection.

The detection results of MCD-YOLOV5 are shown in Figure 17. It can be seen that
MCD-YOLOVS5 can obtain the correct detection position of clump candidates in the 2D PP
plane. After MCD-YOLOV5, we use DPC to obtain the final detection results of clumps in
PPV space. The detection process and result outputs for observational data are identical
to that for synthetic data, which is described in Section 4.3. Figure 18 demonstrates the
velocity-integrated intensity maps of some of the detection results. It can be seen that
the clumps are detected in a consistent location using both methods, MCD-YOLOVS5 joint
DPC and FellWalker. Figure 19 shows the integrated intensity map of the detected clump
of observational data of different directions, the maximum spectrum, and the average
spectrum. As can be seen from the figure, the area detected by MCD-YOLOVS5 joint DPC
matches the characteristics of the clumps.

By visual inspection, the detected candidate regions match the empirical criteria,
demonstrating the viability of the proposed method in observational data. Moreover,
the method in this paper does not detect spurious clumps caused by pure noise because
there is no such type of target in the training labels. However, since the proposed method
is based on supervised deep learning, the final performance is affected by the number of
training samples and the accuracy of labeled information. During the experiments, there
were also some missed detections of clumps due to incomplete training sets. When the
background intensity is greater than the clump, the background will obscure the clumps,
resulting in MCD-YOLOV5 missing the detection during the two-dimensional detection
on the Galactic plane in the first stage. At the same time, a Gaussian-type clump occurs
in multiple velocity channels, and the area of the clump is relatively small at the start
and end of the velocity channel. MCD-YOLOVS5 is prone to missed detection. Due to the
loss of information at both ends, the resulting clump area will be smaller than the actual
clump area after the DPC algorithm clusters. In this case, using the results of clustering to
calculate the centroid will cause the result to be skewed from the actual position. Therefore,
when compared with the simulated clump parameter table, the distance exceeds the size
specified by the matching rule, so it is judged to be missed. In fact, the results of DPC
clustering show that this type of clump is detected. In conclusion, the method in this paper
is an attempt at deep learning for clump target detection in the PPV space.

(b) (c) (d)

Figure 15. Examples from the MCD-YOLOV5 dataset and labeling the annotation information on the
samples. (a—d) all show the labeling of the observational data slices in the third Galactic quadrant.
The red-labeled box is annotation information.
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Figure 16. Variation curves of loss-change, precision, and recall on the validation set of the real
dataset during MCD-YOLOVS training: (a) variation in localization loss, (b) variation in confidence

loss, (c) variation in precision and recall.
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Figure 17. Detection results of MCD-YOLOVS5 in observational data. (a,c) the slices generated by
intercepting along the velocity channel of the observational data. (b,d) the detection results of MCD-
YOLOVS5. The red-labeled box is annotation information, the yellow-labeled box is the detection
result of MCD-YOLOVS.
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Figure 18. Velocity —integrated intensity maps of detection results. (a,b) velocity—integrated intensity
maps of detection results of the two examples. The white circles are the center of mass positions
of the clumps detected by MCD-YOLOVS5 joint DPC, and the red dots indicate the center of mass
positions of the clumps that are detected by FellWalker.
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Figure 19. The information of the clump is shown. (a,b) two examples of the integrated intensity
map of the detected clumps of observational data. The top three subplots offer the 1—b, 1—v, and b—v
maps integration in three directions for a clump, while the middle and bottom of the figure show the
peak spectrum and average spectrum of the clump, respectively.

5. Summary

We propose a method based on an improved YOLOVS5 joint DPC to realize the auto-
matic detection of molecular clumps. Among them, YOLOvV5 adds the CA module to the
original backbone and modifies the loss function, which is used to improve the detection
performance of small clumps. The intensity of the center of mass is considered in the
process of DPC and is used to improve the clustering effect of the clumps. The algorithm
localizes the molecular clumps on the Galactic plane by using MCD-YOLOV5 and combines
the detection results in the velocity direction by using DPC to realize molecular-clump
detection in PPV space. We constructed a large amount of synthetic data to test the detec-
tion performance of the algorithm. Experimental results show that the method proposed
has fewer initial parameters, higher detection efficiency, and achieves the same detection
performance as parameter-tuned FellWalker and ClumpFind. From the experiments with
observational data, the method in this paper can also accurately find the positions where
the clump candidates are located. Subsequently, the generalization ability of the model in
observational data can be further improved by optimizing the quality of labels.
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