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SUMMARY: This paper first briefly introduces the application model of digital twin 

technology in crane operation, and then preprocesses the images taken during transmission 

and transformation crane operation using algorithms such as image enhancement and image 

edge detection, and detects and recognizes the operation of transmission and transformation 

cranes through an improved YOLOv5 model. After that, a raster map of point cloud data was 

drawn through the fusion of LiDAR and depth camera data, and an improved A* algorithm was 

proposed to realize the dynamic planning of transmission and substation crane operation by 

combining the operation characteristics of the transmission and substation crane hoisting 

equipment. The results show that the improved YOLOv5 algorithm has high detection accuracy 

and detection performance on the dataset. Meanwhile, the improved YOLOv5 target detection 

algorithm realizes the detection and determination of three types of violations with better 

detection accuracy. The improved A* algorithm significantly reduces the turning angle, the 

number of turns and the average number of search nodes by 77.19%, 40% and 39.2% compared 

with the traditional A* algorithm, which shortens the path planning time and the length of the 

planned path during the operation of the transmission and transformation crane. The improved 

A* algorithm is able to meet the global path planning requirements of the operation process of 

transmission and transformation cranes, and realize the dynamic control of the operation 

process of transmission and transformation cranes. 

 

KEYWORDS: YOLOv5 model; digital twin technology; improved A* algorithm; transmission 

and substation crane operation 

1 Introduction 

Currently, the demand for electricity in various countries is increasing day by day, and the 

construction of large-capacity, large-scale and smart grid has become the trend of power system 

development, and transmission and substation engineering projects are becoming more and 

more common, and the equipment that needs to be lifted and installed outdoors includes 

transformer ceramic bushings, disconnecting switch movable and static contacts, strut 

insulators, voltage equalizing rings, lightning arrester, current transformer, voltage transformer, 

and coupling capacitor equipment, etc. [1-4]. These equipments are generally arranged in the 

air of 2-3 meters, and the installation, maintenance and repair process requires the assistance of 

cranes. However, due to the narrow space of the transmission site, the small crane operation 
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flexibility is insufficient, there is a “touch line” electrocution safety risk. The conventional 

treatment method needs to be blackout processing, the normal order of life and production of 

society will cause certain losses; in addition, the crane operator's operating safety knowledge is 

weak, the complex geological and hydrological conditions of the construction site, the operation 

of the equipment professionalism varies, equipment failure and other issues [5-8]. In view of 

this, transmission and substation crane operations need to have real-time, safety, economic 

realization of dynamic control. 

Digital Twin (DT) is an inevitable product of digital transformation. Strategies such as 

Industry 4.0 promote the upgrade of physical systems from “static management” to “intelligent 

decision-making” - organizations need to grasp the operating status of equipment in real time 

to reduce downtime [9, 10]. Driven by this demand, the maturity of technologies such as the 

Internet of Things, artificial intelligence (AI), and cloud computing has provided a technical 

foundation for the "digital mirror image" of physical entities. It will shift from "static simulation 

of historical data" based on traditional simulation to "dynamic iterative real-time data" based 

on DT, in order to meet the intelligent management requirements of complex systems [11]. Lai 

et al [12] reported a shape-performance integrated DT technique to predict the structural 

performance of critical components and analyze the structure of non-critical components of 

crane equipment with the help of AI and analytical models based on sensor data, respectively, 

as well as to assess the safety of equipment operation for damage protection. Jiang et al [13] 

used a scaled model to design a DT framework with human-computer interaction to simulate 

and analyze the dynamic change patterns of different lifting behaviors on a tower crane as a 

means of assessing the stability of lifting safety, and to provide detection support for the risk of 

instability and the structure of the components in crane operations. Szpytko et al [14] 

constructed a DT conceptual model for integrated maintenance decision-making during crane 

operations, risk estimation and optimization through Markov chain Monte Carlo simulation 

model and particle swarm optimization algorithm in order to accomplish minimization of the 

risk and improve the efficiency of crane operations. Ma et al [15] proposed a dynamic collision 

risk warning system using AI-based target detection algorithms and stereo vision technology 

for feature capture and target 3D coordinate computation of each component in crane operations 

to realize high-precision safety supervision of substation crane operations. Zhidchenko et al [16] 

constructed a reference and simplified model based on dynamics and kinematics and used it to 

build a DT architecture for predicting real-time movements during crane operations to meet the 

operator's real-time management needs. Tu et al [17] proposed a DT-based mixed reality 

application interface for cranes to provide spatial registration and tracking for operators and to 

monitor crane status and manage crane movements under interactive holograms and bi-

directional data communication, but only in a conceptual version. Hussain et al [18] constructed 

a DT framework for aging tower cranes, which predicts the ability of cranes to descend and 

ascend during operation through machine learning, and the DT framework charts the decline in 

load carrying capacity from 0-70 service life for a single crane, which assists in the load 

management of cranes in operation and improves the safety of operations. Yang et al [19] 

designed an industrial context-aware system based on DT and semantic technologies, which 

helps to cope with unexpected risks by real-time data integration and synchronization, as well 

as ontology-based environment modeling and augmented reality-based context-aware 

visualization for context-awareness and information management of dynamic environments in 

crane operations. 

However, in power transmission scenarios, the application of DT technology in cranes still 

has difficulties, such as insufficient accuracy of the relevant prediction and detection models 

and insufficient efficacy of the optimal path design, which lead to collision and electrocution 

safety problems. The A* algorithm, as a search algorithm, plays a role in crane path planning 
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by finding the shortest path from the start point to the end point in the search graph. Farrage et 

al [20] used the A* algorithm for generating rotating crane motion trajectories for obstacle 

avoidance and load swing suppression, and optimizing the path time to achieve an optimal path 

under crane dynamics and load swing constraints. Bagheri et al [21] used the intelligent search 

advantage of the A* algorithm to provide a semi-optimal solution of the lifting sequence for 

multiple crane operations, which can minimize the idling time of the crane operations and thus 

reduce the crane operation cost and potential risks. Although the A* algorithm makes the 

classical path planning algorithm, the traditional A* algorithm has insufficient dynamic 

adaptability and is prone to searching for too many unnecessary nodes or omitting key reference 

factors thus falling into the trap of local optimization and approaching obstacles. Chu et al [22] 

used node labeling technique and incremental search node extension to improve A* algorithm 

so that it only identifies the critical nodes and modified the cost function to consider the distance 

cost of obstacles in the path optimal search to achieve safe and collision free path planning. 

Wang et al [23] reduced the number of critical nodes and the number of right-angle turns by 

adding extended distances to the traditional A* algorithm so that it retains extra distance from 

the obstacle QC, adding bidirectional search and smoothing for robust start and goal point path 

search. Niu et al [24] adapted the heuristic function of the traditional A* algorithm and 

introduced the dynamic window method and smoothing based on path optimization strategy to 

improve the planning efficiency and achieve real-time dynamic obstacle avoidance path 

planning. It can be seen that the targeted improvement of the A* algorithm and its combination 

with digital twin is expected to achieve dynamic control of transmission and transformation 

crane operations through virtual mapping, real-time data integration, simulation and derivation, 

and path planning optimization. 

In this paper, digital twin technology is used to integrate the work content of transmission and 

substation cranes into the digital twin system, establish the overall application model of digital 

twin for crane hoisting process, and introduce the digital space, physical space and the 

connection between them in the model. After that, the collected picture samples of crane 

operation are preprocessed, and the pictures with complex backgrounds are binarized. Then an 

improved transmission and substation crane recognition model based on YOLOv5 is 

constructed, which classifies and recognizes the crane operation environment by introducing 

the Mish activation function and improving the Attention mechanism, and the SPP3 structure 

is utilized to increase the range of features received by the backbone network. Then the raster 

map is drawn from the collected point cloud data, and then the path of transmission and 

substation crane based on the improved A* algorithm is planned, and the performance of the 

recognition model and the application effect of the planned path are examined. 

2 Crane operations management model using digital twins 

with improved A* algorithm 

2.1 Application of digital twin technology in crane operations 

2.1.1 Digital twin technology 

Digital twin technology can effectively establish the connection between physical space and 

digital space. The assembly system guided by digital twin technology mainly consists of digital 

space, physical space and the link between the two. It specifically includes the following links: 

1) According to the digital twin concept, the establishment of the digital twin assembly 

system of crane hoisting needs to formulate the hoisting process planning program based on the 

resource condition of the assembly site in the digital space, and adjust the production plan based 
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on the data feedback from the site to guide the lifting operation of the segments in the physical 

space when there are problems with the on-site assembly; 

2) In the physical space, we need to do the preparatory work before lifting according to the 

planning documents of the lifting program of the segments formulated in the digital space, and 

at the same time, we need to execute the lifting process according to the planning results and 

guidance documents formulated in the digital space, collect all kinds of process data in the 

process of lifting site operation, and transfer the disturbing information to the digital space in a 

timely manner when encountering the unexpected situation; 

3) Establishing an information feedback mechanism between digital space and physical 

space, which can ensure that the guidance documents in digital space are transmitted to the staff 

at the hoisting site, and can also categorize and feedback the construction records, completion 

conditions, testing results and other information at the hoisting site. 

(1) Digital space 

Segmental lifting program planning in the crane lifting process is mainly carried out in the 

digital space, according to the crane assembly process, the main work in the digital space for 

the segmental lifting sequence optimization, segmental lifting process simulation, the 

development of the segmental production design preparation program and the segmental lifting 

of the pre-preparation program and so on. 

(2) Physical space 

The main content of segment lifting in physical space is the physical assembly process in 

which each segment of the hull is transported to the crane and lifted and assembled in the crane. 

The assembly in the physical space is mainly based on the crane hoisting process guidance 

documents developed in the digital space. 

(3) The connection between digital space and physical space 

The connection between digital space and physical space is an important part of the digital 

twin, and the two-way flow of information between digital space and physical space is realized 

through the intermediate bridge of the hoisting database: in the whole process of planning the 

hoisting program to the hoisting of the crane on site, the digital space will transmit the process 

planning documents formulated to the database, and the staff of the hoisting in the physical 

space will check the planning guideline documents corresponding to the current operation state 

through the information terminal, and follow the guideline documents to ensure that the staff of 

the crane in the physical space will be able to carry out the assembly process according to the 

planning guideline documents. The lifting staff in the physical space will check the 

corresponding planning guidance document under the current operation status through the 

information terminal and carry out the lifting operation according to the guidance information. 

2.1.2 Digital twin application model for crane operation process 

To apply digital twin technology to the crane hoisting process, the first thing that needs to be 

done is to upload the factory's hoisting environment data, segment details, hoisting process 

requirements and other documents to the designated hoisting database, which is convenient for 

the staff to formulate and adjust the production plan. In the physical space, the lifting staff query 

the assembly guidance documents through the mobile terminal, complete the specified tasks 

according to the lifting process, and at the same time collect the information in the assembly 

process to provide basic data for the adjustment of the lifting program. The two-way circulation 

of data files between digital space and physical space is realized through the information 

transfer mechanism, which forms the digital twin application model of crane hoisting, and the 

dynamic control model of transmission and transformation crane operation is shown in Figure 

1. 

Based on this application model, after the crane lifting task is issued, the optimization 
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algorithm is used to optimize the lifting sequence of segments in the digital space, the lifting 

simulation is carried out on the segment model through the three-dimensional digital process 

design software to verify the reasonableness of the lifting sequence and the assembly process, 

and the reasonable process planning documents are formulated before the actual assembly and 

transferred to the information database through the information interaction system. At the actual 

lifting site, the personnel of the lifting team receives and learns the process guidance document 

through the mobile terminal, checks the segments and relevant lifting resources before lifting, 

and lifts the segments according to the lifting sequence obtained in the digital space, and scans 

the electronic tags of each segment during the lifting process to record the time point of lifting 

the segments and information of the personnel of the lifting team. 
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Figure 1: Operation Model of Crane for Power Transmission and Transformation 

2.2 Environmental information recognition model construction for 

transmission crane operation 

2.2.1 Image Preprocessing 

Static image acquisition is mainly for the research of target recognition algorithm. The test 

images are selected to be taken during the operation of transmission and transformation crane 

in the natural environment of a factory in province J. The camera model is SONY A6400. The 

objects photographed in this paper are the crane, as well as the environment in which the crane 

is working, and the samples photographed are 1,000 images. 

(1) Image Labeling 

LabelImg is a dataset annotation software, which is often used for instance segmentation, 

semantic segmentation, target detection and classification in image annotation. In this paper, 

the following principles are followed in the annotation process: 

1) If the crane operation process is shown completely in the image, all parts of the crane 

operation are boxed; 

2) If the crane operation exists both near and far in the image, the near crane operation 

process is labeled; 

3) If there are obstacles such as people and buildings in the image, both near and far, they 

are labeled. 

(2) Image enhancement 

Histogram equalization is a simple and effective image enhancement technique, which 

changes the grayscale of each pixel in the image by changing the histogram of the image, and 
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is mainly used to enhance the contrast of images with small dynamic range. 

Suppose that a channel ( , )f x y  of an image has a gray level of r  and a gray level 

probability distribution of ( )p s  after the following transformation: 

 ( ),       0 1s T r r L     (1) 

where L is the gray level and equal gray level probability distributions are obtained: 

 
1

( )
1

sP s
L




 (2) 

The gray level distribution relationship before and after the transformation is: 

 ( ) ( )s r

dr
P s P r

ds
  (3) 

So get: 

 ( ) ( 1) ( )rT r L p r    (4) 

Points are obtained after: 

 
0

( ) ( 1) ( )
r

rs T r L p w dw     (5) 

Expressed in terms of discretization: 

  
0 0

1
( 1) ,       0,1,2, , 1

k k

k r j j

j j

L
s L p r n k L

MN 


        (6) 

where k  is denoted as the original image ( )p r  quantized stratification. 

(3) Image Edge Detection 

Edge detection extracts key feature values in an image and is a low-level processing in 

image processing and computer vision. Common edge detection operators are Sobel operator, 

Laplacian operator and Canny operator. 

1) Sobel operator 

Sobel operator is a discrete difference operator which is mainly used to obtain the first order 

gradient of an image.Sobel operator is represented by the following equation: 

 
{ ( 1, 1) 2 ( 1, ) ( 1, 1)}

{ ( 1, 1) 2 ( 1, ) ( 1, 1)}

xS f x y f x y f x y

f x y f x y f x y

       

       
 (7) 

 
{ ( 1, 1) 2 ( , 1) ( 1, 1)}

{ ( 1, 1) 2 ( , 1) ( 1, 1)}

yS f x y f x y f x y

f x y f x y f x y

       

       
 (8) 

2) Laplacian operator 

The Laplacian operator is the simplest isotropic differential operator that is rotationally 

invariant. The Laplacian transform of a two-dimensional image function is an isotropic second-

order derivative defined as: 
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2 2

2 2
( , )

f f
f x y

x y

 
 
 

 (9) 

The discretization of the equation is expressed as: 

 2 { ( 1, ) ( 1, ) ( , 1) ( , 1) 4 ( , )}f f x y f x y f x y f x y f x y           (10) 

Degree values are preserved. The contrast of the pixels that make prominent changes in the 

gray scale is enhanced, highlighting the detailed information of the image. 

3) Canny operator 

Canny operator is based on the first-order differential operator detection algorithm and 

effectively suppresses the multi-response edges by adding non-maximum suppression and 

double threshold. It improves the edge localization accuracy of the image and reduces the 

leakage detection rate of the edges. 

(4) Image Light Enhancement 

For the images captured by the camera, the pixel value is not proportional to the brightness 

value of the object reflection. The camera response model is defined as: 

 ( )P f E  (11) 

where E  is the irradiance of the image, P  is the pixel value of the image, and f  should 

be satisfied: 

 : { | (0) 0, (1) 1, }F f f f x y     (12) 

By comparing the histograms of two images with different exposure levels from the same 

from scene, it can be described by the following function: 

  1 0 ,P g P k  (13) 

where 1P  and 0P  are images of the same scene with different exposure levels and k  is the 

exposure ratio, the CRM is derived as: 

 ( ( ), ) ( )g f E k f kE  (14) 

Retinex is an image enhancement algorithm that mimics the human visual system, based on 

Retinex theory there: 

 E R T  (15) 

where R  and T  correspond to the reflection map and luminance map of the image 

respectively, take R  as the image under ideal luminance, and substitute into the camera 

response model to obtain: 

 ( ), ( )P f E P f R    (16) 

where P  is the image of the actual that decomposition and P  is the image at the actual ideal 

brightness, then: 
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 ( ) ( (1 )) ( ( ),1 ) ( ,1 )P f R f E T g f E T g P T      (17) 

The relation between T  and k  is obtained as: 

 1k T  (18) 

Let the initial luminance map be: 

 
{ , , }

( ) max ( )c
c R G B

L x P x


  (19) 

The design weights are: 

 ( )

1
, { , }

( ) ( )
d xW d h v

y x dL y
 

  
 (20) 

The objective function can be rewritten as: 

 

2

( )2

{ , }

( (x))
min ( ( ) (x))

| ( ) |

d x

T

x d h v

W dT
T x L

dL x





 

 
   (21) 

Get the exposure ratio graph: 

 
1

( )
max( ( ) )

k x
T x




 (22) 

The final formula for the low brightness enhancement algorithm is obtained: 

    1 ( ) ( )
( ) ( )

a ab k x k x

cP x e P x


   (23) 

2.2.2 Transmission crane operation recognition model construction 

(1) Activation function 

①Mish activation function 

When using YOLOv5 to train the dataset of transmission and transformation crane 

operation, it is found that the accuracy of the trained model is low, and a good activation 

function can enhance the model's representation and learning ability.The Mish activation 

function is smoother compared to the Leaky ReLu, which allows better information about the 

features of the crane operation to be passed through the neural network structure, thus 

strengthening the model's generalization ability and improving the model's accuracy. In 

YOLOv5, this paper adopts the Mish activation function, which constitutes the basic unit of 

this paper's model, CBM(Conv + BN+Mish ), and the Mish activation function is: 

   
   

   

ln 1 ln 1

ln 1 ln 1
* tanh ln 1 *

x x

x x

e e

x

e e

e e
Mish x e x

e e

  

  


  



 (24) 

②Hard-Mish activation function 

In the Mish activation function, the tanh( )x  function is a Sigmoid-type function with high 
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computational overhead, accordingly this paper optimizes the Mish activation function 

mathematically. The tanh( )x  function is approximately linear in the middle region and 

saturated at both ends, so tanh( )x  can be approximated by a segmented function. The first 

order Taylor expansion of the tanh( )x  function near 0 is: 

 1( ) tanh(0) * tanh(0)g x x x    (25) 

Thus the tanh( )x  function can be approximated by the segmented function 

tanh( )hard x , viz: 

   tanh( ) max min ( ),1 , 1thard x g x    (26) 

In the Mish activation function,   tanh ln 1 xe  in xe  is greater than 0, and so 

 ln 1 xe  is transversely greater than 0. Then: 

 
   

 

*ln 1 0 ln 1

ln 1 1

x x

x

x e e
hard Mish

x e

   
  

 

 (27) 

(2) Attention mechanism 

In order to enhance the model to pay more attention to the target area feature information 

in the transmission crane operation data set and weaken the background area information, the 

attention mechanism is introduced to let the model pay more attention to the flame and smoke 

area, so as to improve the accuracy of the model. 

In this way the Attention mechanism can be viewed as each element in the output y  vector 

is a weighted summation of the input x  vector, and the weights are the importance of each 

element in the input x  to each element in the output y . Each element in the input x  can be 

seen as a series of <key, value> data pairs, and the weight coefficient can be seen as the 

correlation between each element Element in the output y  and the key of each element in the 

input x , which can be obtained by learning based on a large number of samples in deep 

learning. Then the final Attention value is obtained by weighted summation of values, i.e.: 

  
( )

1

( , ) , *
len x

i i

i

Attention Element x Similarity Query key value


   (28) 

The same c/r dimensionality reduction operation is used in the channel attention mechanism 

in CBAM. Combining the advantages of ECA module and the spatial attention mechanism in 

CBAM, this paper uses a two-way ECA structure for the channel attention mechanism and a 

CBM structure instead of conv for the spatial attention mechanism. The improved Attention 

machine is based on the schematic diagram of the channel domain, for the input feature map x , 

i.e: 

  ( ) * ( ( )) ( ( ))k KCout x x CL AvgPool x CL MaxPool x   (29) 

where,  Cout x  refers to the output of the channel domain attention mechanism in 
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ECA2_CBAM, the maximum pooling and the average pooling are done on the input x, and the 

pooled results are done as 
kCL  operations respectively, and 

3CL  stands for Each pixel is 

convolved with the nearest three pixels in one dimension, and then the result of the convolution 

is summed up to do a sigmoid activation process, and the input x is multiplied with the value 

after activation to get the feature map with the information containing the channel's attention. 

The spatial attention mechanism is mathematically expressed as: 

  *( ) * [ ( ) max( )]k kSout x x f Avg x x   (30) 

where ( )Sout x  refers to the output of the spatial-domain attention mechanism, 
*kf k  denotes 

a convolution operation with a convolution kernel of size *k k ,   stands for doing a splicing 

operation of the two-side feature maps in terms of their dimensionality, and   is the sigmoid 

activation function. 

The mathematical formula for the ECA2CBAM structure is: 

  *2 ( ) ( )* [ ( ( )) max( ( ))]k kE Cout x Cout x f Avg Cout x Cout x   (31) 

For the input feature map x, the feature map containing spatial attention information and 

channel attention information will be output after ECA2_CBAM structure. 

(3) Improvement of SPP 

SPP3 first uses the standard CBM ( Conv + BN + Mish ) module to halve the input channels, 

then does a 3x3 average pooling, on top of the 3x3 average pooling do a 5x5 and 7x7 pooling 

respectively, in which each pooling process is used to fill means to keep the size of the feature 

map unchanged, the use of the average pooling can be avoided to avoid that a certain point of 

the information is too jittery and ignored the sampling zone Most of the numerical distribution, 

and finally the results of the three pooling and the data without pooling operation in the channel 

dimension are spliced together to do a CBM operation. 

(4) General structure diagram of the model 

After the above improvement, the final network model of this paper is now constructed. 

The improved model consists of four parts: Input, Backbone, Neck, and Prediction, and the 

improvement and role of each part are as follows: 

1) Input: this stage includes preprocessing the dataset, adjusting the size of the predefined 

anchor frame, utilizing the Mixup method to increase the samples of the occlusion scene, 

utilizing the Mosaic method to increase the samples of the small target data, and adjusting the 

processed Transmission Crane operation dataset to a size of 640x640 to send it to the Backbone 

stage. 

2) Backbone: This stage is mainly used to extract image features on different scales, using 

smoother Mish activation function to replace the original Leaky Relu activation function, 

adding the improved Attention structure SE_CBAM after the CSP1_X structure, and replacing 

the original SPP with the improved SPP3. 

3) Neck: this stage is for better feature extraction and multi-scale fusion of different scales 

of features extracted by Backbone. 

4) Prediction: this stage is the prediction stage, which outputs three feature maps of different 

sizes for predicting the target in the image. 

2.2.3 Point cloud data for map construction 

(1) Estimation of crane position 

When constructing the map, firstly, the position of the crane in the map should be confirmed, 
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and then the relative position of the crane operation should be obtained by LiDAR and Real 

Sense D455 camera, so as to indirectly obtain the position information of the crane operation 

on the map. There are two main methods for the positioning of transmission cranes: 

1) Odometer localization 

The photoelectric encoder and inertial measurement unit are used to measure the translation 

speed, rotation angular speed and other information of the transmission crane in real time, and 

the data fusion is carried out through the EKF algorithm, and then the position information of 

the transmission crane is derived through the trajectory projection. 

2) Scanning matching localization 

Laser scanning matching localization is to realize localization by calculating the relative 

position transformation between the fused laser scanning data and the map, and launching the 

displacement of the transmission crane relative to the previous moment. 

(2) Drawing raster map 

In this paper, the crane operation information jointly calibrated by LiDAR and Real Sense 

D455 camera is finally transformed into LiDAR scanning data format, which is used to 

construct a 2D raster map of the environment. 

(3) Lidar and depth camera data fusion 

Since the data collected by LiDAR only contains environmental information on one 

horizontal plane, and the depth image collected by D455 contains multiple horizontal planes, it 

is necessary to perform data fusion between the two. 

Assuming the current need to convert the mth column of pixel points, all the pixels in this 

column will be converted into a virtual LIDAR point, and the distance of the laser point is: 

  min ( )K Kd r n s n s h     (32) 

 2 2( )K K k kr n AO s x    (33) 

where S  denotes the wheel radius height, h  denotes the transmission crane height, and 

( )Kr n  denotes the distance from the D455 camera origin KO  to the virtual LIDAR point, 

which is angled: 

 arctan K

K

x
z

    
 

 (34) 

Let the set of LiDAR scanning data ( , )r   be LD , and after fusing the ( , )P u v  

coordinate data and depth information kZ  collected by the D455 camera, the set of the new 

scanning data is obtained as ,FD P  is the i th crane in LD . operation point, the LiDAR 

scanning data is  ,L

id  , and the derivation leads to the coordinates of P  under 

 , , ,K K K KO X Y Z : 
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 (35) 

The virtual LiDAR ranging data K

id  corresponding to P  can be obtained. The obstacle 
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is detected in the same direction, and the fused i th beam LiDAR scanning data  ,F

id   is: 
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When both LIDAR and D455 are working at the same time, the data are continuously 

collected and fused according to the above method, and the fused scanning data set FD  is 

obtained. Since the measurement angle   range of the LiDAR is larger than the measurement 

angle   of the D455 camera, i.e.    min min maxam x, ,    , the scan data set FD  of the 

fusion result is obtained as: 

 

   

 

max min max min

max min

0,
{ 0 n| ,  a d|

0,

F L

F i iD d i d i

i

   

 

 



  
    

  

 
 







 





 (37) 

where   denotes the angular increment of the lidar and   denotes the angular increment 

of the virtual laser of the D455 camera. So far, the data fusion of LiDAR and depth camera has 

been completed. 

2.3 Transmission crane operation path planning based on improved A* 

algorithm 

2.3.1 Transmission Crane Lifting Equipment Path Planning Modeling 

(1) Overview of environmental modeling of transmission and substation crane rigging 

equipment 

Establishing an accurate spatial model or map is the purpose of environmental modeling, 

which describes the spatial location of various objects in the working environment of 

transmission and substation crane hoisting equipment, such as obstacles and road signs. 

(2) Raster method to create an environmental map 

The raster map refers to the decomposition of the entire environment into many discrete 

rasters, each of which is assigned a value representing whether or not the raster is occupied by 

an obstacle. Constructing a map of the environment for a transmission and substation crane 

hoisting equipment requires coding the map to indicate whether or not an obstacle is present at 

a particular raster location, and the simplest way to do this is to use the binary numbers 0 and 

1. If there is an obstacle at that location, it is encoded using 1 and the free raster is encoded with 

0. The raster map can then be equated to a binary map. 

(3) Raster map processing based on transmission and substation crane hoisting equipment 

In order to establish a mathematical model of the transmission and substation crane hoisting 

equipment, the following assumptions need to be used: 

1) Assume that the transmission and substation crane hoisting equipment works in a two-

dimensional plane space, excluding the lifting and lowering of the hook of the transmission and 

substation crane hoisting equipment in the vertical direction, i.e., keeping the hook rope length 

unchanged during the movement of the transmission and substation crane's large and small 

vehicles. 
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2) Simplify the dimensions of the hook in the crane, and use a point to characterize the 

position of the transmission and substation crane hoisting equipment. 

3) Assume that the location of obstacles in the environment of the transmission and 

substation crane lifting equipment are known. 

4) In order to improve the safety of the operation of the transmission and substation crane 

hoisting equipment, the path of travel of the transmission and substation crane hoisting 

equipment should not be in contact with the boundary of the obstacle, i.e., it is better not to take 

a diagonal route. 

(4) Transmission and substation crane lifting equipment path planning search rules 

When using ACO algorithm for path planning, it is necessary to search the raster in the 

environment map, and the mainstream raster map search algorithm has eight directions of 

search and four directions of search. In this paper, the raster method is used for modeling, if the 

eight-direction search is used, the planning path will go diagonal, i.e., there is a possibility that 

the planning path will be adjacent to the obstacle raster, and there is a possibility that it will 

collide with the obstacle when the hook load is swinging. 

2.3.2 Improved A* Algorithm Path Planning Principles 

(1) Principle of A* algorithm path planning 

As an extension of Dijkstra's algorithm, A* algorithm is a kind of heuristic search 

algorithm.A* algorithm, as a typical representative of heuristic search algorithms, is widely 

used in the shortest path solving problem of mobile robots.A* algorithm can be said to be an 

optimal search algorithm. 

The formula of A* algorithm is: 

 ( ) ( ) ( )f n g n h n   (38) 

where ( )f n  denotes the cost estimation function from the starting point to the goal point via 

the current state point n ; ( )g n  denotes the actual cost from the starting point to the current 

state point n ; and ( )h n  denotes the heuristic estimation cost from the current state point n  

to the goal point. In this equation, let the heuristic function ( ) n goal n goalh n x x y y    . 

(2) Improved A* algorithm path planning principle 

When the traditional A* path planning algorithm is used for the path planning of 

transmission and transformation crane lifting equipment, the resulting path will produce many 

turning points, which may lead to an increase in the number of starts and stops of the 

transmission and transformation crane motor, the lifting of goods to reduce the efficiency of the 

load swing increase and other issues. Let the improved A* algorithm be formulated as: 

 ( ) ( ) ( ) ( )f n g n h n n    (39) 

where ( )n  denotes the cost of the equipment lifted by the transmission and transformation 

crane during its movement. 

Order: 
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where k  is the number between (0,1) , the specific size depends on the actual situation. It can 

be seen that adding a new heuristic function ( )n  can make the transmission and 

transformation crane lifting equipment path planning process as much as possible to take a 

straight line and reduce the turning points. It can be seen that this improved algorithm is a 

comprehensive optimization between the shortest path and the least turning points. 

2.3.3 Planning Steps for Improved A* Algorithm Paths 

Let S be the starting point and E be the goal point, the path planning search algorithm is to start 

with S and then search for each neighboring point of S. The search continues sequentially until 

the goal point E is searched. The steps to improve the A* algorithm are as follows: 

(1) Initially, first simplify the load of transmission and transformation crane lifting 

equipment to a point and establish a two-dimensional raster map. 

(2) Add the start point S to the open list of the raster. The rasters in this open list are the 

rasters to be searched. 

(3) Find all points adjacent to the start point S that are not occupied by obstacles and add 

them to the open list of the raster. 

(4) Remove the start point S from the open list of the raster and add it to the closed list of 

the raster. The rasters in the closed list will no longer participate in subsequent searches. 

(5) Select a neighboring raster in the open list of rasters, and the raster with the lowest 

improved f  value will be selected. By continuously repeating the process of searching for 

the raster with the lowest improved f -value, the combined optimal path in terms of path 

length and number of turning points can be generated. 

3 Dynamic operation simulation analysis of transmission 

crane operation 

3.1 Behavioral detection results of transmission crane operations 

3.1.1 Experimental environment 

In this paper, we chose an Intel i9 9900K processor for the hardware, a 24G memory NVIDIA 

Titan RTX for the graphics card, and two 16G memory sticks to form a dual-channel; Ubuntu 

18.04.6 operating system was installed on the software, the computing framework of the 

graphics card was CUDA 10.2, and the deep learning framework used was PyTorch 1.6. 0. In 

addition to this, for data processing and model training, third-party libraries such as Pandas, 

Numpy, OpenCV, and Matplotlib were used. The datasets are all used as 70% as training set, 

10% as validation set and 20% as testing set. Based on the above experimental environment 

and homemade dataset size, batch_size is set to 16 and epoch is 120 during training. 

3.1.2 Target detection 

The field-photographed dataset of people standing under the lifting boom and lifting boom 

operators leaving their posts is put into several classical target detection models and the 

improved YOLOv5 model in this paper for training and evaluation, and the test results of the 

different methods are shown in Table 1.The SSD acquires less raw image data to begin with 

than that of the other networks, as well as a relatively weaker feature learning capability, and 

performs the worst on this dataset, with a mAP of only 0.8076, but its performance is faster 

than that of YOLOv3 and YOLOv4. The YOLO series is getting stronger and stronger in terms 

of detection accuracy and performance during the iteration process of the versions, and the 
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enhancement is especially obvious between YOLOv3 and YOLOv4, where the mAP improves 

by 0.049 on this dataset while the time consumed stays almost the same as the original. 

The size of the input image of YOLOv5 increases from the original 256×256 to 640×640, 

which retains more information about the original image and saves computational cost in the 

inference process, and a lot of improvements have been made on the basis of YOLOv4, so the 

improvement of the detection accuracy and performance is very considerable. In this paper, we 

replace the Mish activation function which is more adaptable to the dataset on the basis of 

YOLOv5, and at the same time, we add the SE_CBAM structure after each CSP1_X structure 

in the backbone, and the mAP of the improved YOLOv5 on this dataset reaches 0.9932, and the 

final detection performance is about 60 frames, which can satisfy the requirement of real-time 

detection. 

Table 1: Test results of different methods 

Network SSD YOLOv3 YOLOv4 YOLOv5 Improved YOLOv5 

Input size 256×256 300×300 412×412 620×620 640×640 

mAP 0.8076 0.8133 0.9289 0.9308 0.9932 

Time (s) 0.0201 0.0298 0.0168 0.0163 0.0141 

 

The safety sign dataset taken in the field and the safety sign dataset generated by the 

improved Attention mechanism are put into several classical target detection models and the 

improved model in this paper for training and evaluation, and the test results on the safety sign 

dataset are shown in Table 2. For YOLOv5, the detection accuracy is higher than that of the 

previous generations of YOLO even when the dataset is not augmented with data from the 

improved Attention mechanism. When the dataset is enhanced with the improved Attention 

mechanism data enhancement, the mAP value is improved from 0.9655 to 0.9701. And the mAP 

value of the improved YOLOv5 on the dataset enhanced with the improved Attention 

mechanism data enhancement reaches the highest value of 0.9878, which shows that the use of 

the data enhancement with the improved Attention mechanism can make multiple networks 

with different degrees of accuracy enhancement. 

Table 2: Test Results on Safety Sign Data Set 

Network SSD YOLOv3 YOLOv4 YOLOv5 
Improved 

YOLOv5 

Input size 256×256 300×300 412×412 620×620 640×640 

Perspective 

collineation 
No Yes No Yes No Yes No Yes 

mAP 0.7301 0.7862 0.9131 0.9409 0.9655 0.9701 0.9715 0.9878 

 

In this paper, when the improved YOLOv5 is trained on the lifting crane boom under stander 

and lifting crane boom operator off duty dataset, the lifting crane boom operator off duty dataset 

performance is shown in Figure 2. As can be seen from the figure, the detection accuracy of 

this model for the operator reaches 0.9702, for the relatively small number of lifting cranes, 

lifting booms and cockpits reach more than 98%, the more obvious features of the boom is 

0.9954. This model achieves better results between the categories, which can be seen that the 

detection model has a good adaptability for this task. 
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Figure 2: Performance of crane boom operator off-duty data set 

The performance of the improved YOLOv5 in this paper when trained on the safety sign 

dataset enhanced by the improved Attention mechanism is shown in Figure 3 below. From the 

figure, it can be seen that the detection accuracy of this model for signage and all types of safety 

signs reaches 0.9827, of which signage, prohibited signs, instruction signs and prompt signs 

even reaches 0.9954.This model achieves better results among all types, which shows that the 

detection model is also well adapted for this task. 

 

Figure 3: Perspective Transformation Enhanced Safety Sign Data Set 
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3.1.3 Determination of violations 

Based on the detection results of the improved YOLOv5 network model, this paper proposes 

different detection algorithms for the three types of violations, such as people standing under 

the lifting boom, lifting boom operators leaving their posts, and missing safety signs, to realize 

the detection of violations in the lifting operations at construction sites, and the final detection 

rate on the homemade dataset is shown in Table 3. The average detection rate of the scene 

modeling-based detection method proposed for the violation of standing under the lifting boom 

in the three scenes of the homemade dataset is 88.10%, due to the fact that the operators in the 

homemade dataset are smaller, the detection rate of the method is mainly affected by the 

detection accuracy of the operator and the target of the lifting boom in the screen; the detection 

rate of the target-tracking-based detection method proposed for the violation of the lifting boom 

operator leaving the workplace is 88% in the three scenes of the homemade dataset. The average 

detection rate of the proposed region-based detection method for the violation of missing safety 

signs is 93.11% in the three scenes of the homemade dataset, due to the fact that the safety signs 

in the homemade dataset are smaller and farther away from the camera, but the target tracking 

method is used; the average detection rate of the proposed region-based detection method for 

the violation of missing safety signs is 93.11% in the three scenes of the homemade dataset, 

due to the fact that the safety signs in the homemade dataset are smaller, but with a moderate 

distance from the camera. But with moderate distance from the camera, and the crane is a large 

target in the screen, so the detection rate of the method is mainly affected by the detection 

accuracy of the safety signs and crane in the screen. 

Table 3: Detection rate on self-generated datasets 

Irregularities 
Person standing under 

the crane boom (%) 

The crane boom operator is 

absent from the post (%) 

Safety sign 

missing (%) 

Scenario 1 87.53 92.94 93.53 

Scenario 2 88.31 91.75 92.68 

Scenario 3 88.46 90.29 93.12 

Mean 88.10 91.66 93.11 

3.2 Transmission crane operation path planning 

3.2.1 Simulation test of improved A* algorithm 

To validate the performance of the proposed path planning algorithm for crane operations, the 

simulation experiments are conducted in MATLAB 2022b environment. The algorithm 

simulation tests are conducted in a 36 m × 36 m raster map. The test will be the improved 

algorithm of this paper and the traditional A* algorithm in the constructed raster map 

environment for 8 times path planning simulation test, the simulation results are obtained. The 

performance comparison results of traditional A* algorithm and improved A* algorithm are 

shown in Fig. 4 and Fig. 5, respectively. The algorithm performance comparison results are 

shown in Table 4. The simulation results show that the improved A* algorithm reduces the turn 

angle by 77.19%, the number of turns by 40% and the average number of search nodes by 39.2% 

on average. This indicates that the improved algorithm runs faster, generates smoother paths, 

and is able to plan global paths in a shorter time. 
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Figure 4: Traditional A* algorithm 

 

Figure 5: Comparison of Performance of Improved A* Algorithm 

Table 4: Algorithm performance comparison results 

Algorithm performance Traditional A* algorithm Improved A* algorithm 

Average turning angle (°) 263 60 

Average number of turns (times) 5 3 

Average search node count (items) 125 76 

3.2.2 Simulation test of improved A* algorithm 

To verify the performance of the proposed improved A* algorithm, simulation tests are 

conducted in a dynamic obstacle environment. The fusion algorithm aims to solve the path 

planning problem from the starting point to the goal point, adding dynamic and static obstacles 
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in the static raster map, the dashed line is static planning, and the solid line is dynamic planning, 

the results of the dynamic obstacle avoidance path planning are shown in Fig. 6, in which (a) is 

the start of obstacle avoidance for dynamic 1, (b) dynamic 2 passes through the dynamic 

obstacles, (c) dynamic 3 passes through the static obstacles, and (d) dynamic 4 reaches the goal 

point. As can be seen from the figure, the fusion algorithm successfully avoids the added 

obstacles and achieves a smooth angle and a smaller turning angle of the planned path. Based 

on the planning results in Fig. Linear velocity, angular velocity and attitude angle of the 

dynamic control of transmission crane operation are plotted. 

  

(a)Dynamic 1 begins obstacle avoidance (b)Dynamic 2 through dynamic obstacles 

  

(c) Dynamic 3 through static obstacles (d) Dynamic 4 reaches the target point 

Figure 6: Dynamic obstacle avoidance path planning results 

The results of path planning with the introduction of random obstacles are shown in Fig. 7, 

where (a) ~ (c) represent 1~3 random obstacles, respectively. Through observation, it can be 

concluded that with the increase of the number of obstacles, the path length and the running 

time are increased, which is consistent with the actual situation. 
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(a) 1 random obstacle (b)2 random obstacle 

 

 

(c)3 random obstacle  

Figure 7: Path Planning Results with Random Obstacle 

4 Conclusion 

In order to realize the dynamic control of the transmission and transformation crane operation 

process, this paper firstly introduces the application model of digital twin technology in the 

crane operation process, and then utilizes the improved YOLOv5 model to identify the crane 

operation process and draws the fence map based on the point cloud data; and then combines 

with the improved A* algorithm to plan the paths of the transmission and transformation crane 

operation process. 

In this paper, the improved YOLOv5 model can realize the violation detection of the 

transmission and transformation crane operation process, and the model has better detection 

results for targets such as operators, lifting booms and safety signs, as well as violation 

determination results, with an accuracy rate of more than 95%. 

The improved A* algorithm runs faster and generates smoother paths, and it can plan the 

global path in a shorter time, so that the turning angle, the number of turns and the average 

number of search nodes of the transmission and transformation crane operation process are 

significantly reduced by 77.19%, 40% and 39.2%, and it can satisfy the demand for global path 

planning in the operation process of the transmission and transformation crane. 
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