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Abstract - Given the various shortcomings of traditional 
interventional surgery, it has become a trend to develop vascular 
interventional robots to assist doctors in completing the surgery. 
However, the existing visual auxiliary for vascular interventional 
robots rely on doctors' experience to make judgments based on 
images. Therefore, our team proposed a method of transforming 
image coordinates and spatial coordinates based on the visual 
auxiliary of existing platforms. This paper shows the platform 
briefly at first. Then we introduce the traditional image coordinate 
transformation and use the neural network to simplify calculation 
and parameter preparation process based on the traditional way. 
Finally, the accuracy and practicability of the transformation 
between the vision-assisted image coordinates and the space 
coordinates of the vascular interventional surgical robot based on 
the neural network are proved through experiments. We can 
apply this algorithm to the visual assistant and give detailed 
numerical feedback to the doctor intuitively, greatly improving the 
accuracy of the operation. 

Index Terms -Vascular interventional surgical robot system, 
Visual -auxiliary, Coordinate transformation, neural network. 
 

I.  INTRODUCTION 

 With the acceleration of social aging and urbanization, and 
the background of unhealthy lifestyles of residents, the 
individual exposure to national cardiovascular disease risk 
factors has increased significantly, leading to a continuous 
increase in the number of cardiovascular diseases in China. The 
number of cardiovascular disease patients in China continues to 
increase, and it is estimated that the current number of 
cardiovascular disease patients in China is 290 million[1]. The 
most direct and effective method for vascular diseases is 
minimally invasive vascular interventional surgery. Minimally 
invasive vascular interventional surgery refers to the doctor's 
guidance of medical images to push the catheter/guidewire to 
the lesion to complete the operation for related diseases. 
Compared with traditional surgery, minimally invasive 
vascular interventional surgery has been widely used because 
of its advantages such as less injury, lighter pain[2], and faster 
postoperative recovery. 
 However, there are several disadvantages of traditional 
vascular interventional surgery. For example, doctors need to 
use the X-ray imaging system to complete the intubation 
operation in the operating room. Long-term accumulated 
radiation will cause harm to the doctor's body. And highly 
concentrated operating doctors are prone to fatigue and affect 

the quality of the operation. Due to the low accuracy of manual 
intubation, when the force is too great or the operation is 
improper, dangerous situations such as puncture of blood 
vessels may occur, causing great harm to patients[3]. Because  
of these problems, the combination of robot technology and 
minimally invasive surgery to develop surgical robots to assist 
cardiovascular disease has huge clinical needs. 
  Since 2012, Kagawa University in Japan has developed a 
robotic system for vascular interventional surgery based on 
force-visual feedback[4]. This system combines to force 
feedback and visual feedback to better guarantee the safety of 
surgery[5]. In 2016, the United States-based Corindus Vascular 
Robotics developed a new vascular interventional robot system 
called CorPath GRX. The system has an extended arm, a touch 
screen display and is equipped with an automatic catheter 
guidance function. Work flow greatly improves the clinical 
capabilities of the system[6]. In 2018, Professor Guo 
Shuxiang's team at the Beijing Institute of Technology 
developed a robotic system for vascular interventional surgery 
that can be used in the clinic. The master of the system uses two 
Touch X haptic devices from Geomagic Company to control 
the catheter and guidewire and provide force in real-time The 
feedback function, and real-time monitoring of the surgical 
situation through visual auxiliary has good safety and 
stability[7]. 
 However, these systems also have some disadvantages. In 
terms of the visual auxiliary, doctors monitor the progress of 
the operation with the naked eye and use DSA radiographic 
images to determine the position of the catheter and guidewire 
in the blood vessel based on experience. This requires the 
doctor to accumulate a lot of experience to judge[8]. Therefore, 
it is very important to help the doctor to accurately locate the 
target position based on the visual auxiliary system. 
 This paper mainly uses different methods to achieve the 
calibration between image-assisted image coordinates and 
spatial coordinates. Finally, it judges the feasibility through 
experiments. This paper is organized as follows: the first part 
introduces the research situation of vascular interventional 
surgical robot; the second part shows our team's vascular 
interventional robot platform; the third part describes the 
method to realize the transformation of image coordinates and 
spatial coordinates; the fourth part verifies the coordinate 
transformation through experiments. The feasibility and pros 



and cons of the method of judging the accuracy of the method; 
the fifth part summarizes the full text. 

II.  THE OVERVIEW OF PLATFORM 

 The vascular interventional operation platform of our team 
is divided into a master side and a slave side, where the master 
includes a master manipulator, a master controller, and a 
display screen; the slave terminal includes a slave manipulator, 
a slave controller, and a camera. The entire system operation 
process: the manipulator controls the master manipulator, and 
the master manipulator collects the manipulator's axial 
displacement and radial rotation information. The collected 
information is processed by the master controller and the 
information is input to the slave controller. The slave controller 
controls the slave manipulator to control the catheter and the 
guidewire according to the received information[9]. During the 
operation, the slave manipulator can collect the resistance 
information about the catheter and the guidewire and send it to 
the slave controller of processing, and then feed it back to the 
master. The master controller controls the force feedback 
damper on the mastrmanipulator to provide tactile feedback on 
the doctor based on the received feedback information[10]. 
During the operation, the slave side is also equipped with a 
camera to monitor the scene in real-time. The manipulator can 
observe the actual operation of the catheter and guidewire 
through the display screen on the master side, providing visual 
feedback to the doctor[11].  

 Vascular interventional surgery is surgery with very high 
accuracy requirements[12]. However, in terms of visual 
auxiliary on existing platforms, doctors only rely the rich 
experience to grasp the progress of surgery through images. 
Therefore, based on the team's visual auxiliary platform, I have 
established the correspondence between image coordinates and 
spatial coordinates, which can help doctors accurately grasp the 
target position through data and achieve precise surgical 
operations[13]. 

Besides, the establishment of precise correspondence 
can also make medical images more accurate and assist 
control. Therefore, it is very necessary to establish the 
corresponding relationship between image coordinates and 
spatial coordinates on the existing equipment to enhance 

             
Fig. 1    Fig 1 Concept map of vascular interventional surgical robot 

the role of visual auxiliary. In the following paper, firstly we 
use the traditional coordinate calibration method for 
derivation, and then use the neural network method to 
optimize based on the traditional method, and finally verify 
it through experiments. 

III.  THE THEORY OF VISUAL AUXILIARY SYSTEM 

The transformation of two-dimensional image coordinates 
and three-dimensional space coordinates generally involves 
four coordinate systems[14], as shown in Fig 2: 
 

 
Fig. 2 Four coordinate systems of vascular interventional robot assist system 

 
TABLE I   

Explanation Table of Each Coordinate System 
Coordinate 

System 
Explanation 

Ow-XwYwZw World coordinate system, describing the target 
position 

Oc-XcYcZc Camera coordinate system with the light center as 
origin 

o-xy Image coordinate system, with the midpoint of the 
imaging plane as the origin 

uv Pixel coordinate system, the origin is the upper left 
corner of the image 

P A point in the world coordinate system is the position 
of the target in real coordinates 

p Point P imaging point in the image 
f Camera focal length, equal to the distance between o 

and Oc , cOof −=  

 
A. Traditional coordinate transformation 
 In order to determine the correlation between the three-
dimensional geometric position of a point in space and its 
corresponding point in the image, a mathematical model of the 
camera imaging must be established. 

The first thing is to complete the conversion between the 
world coordinate system and the camera coordinate system. 
From the world coordinate system to the camera coordinate 
system is a rigid body transformation, the object will not be 
deformed[15], only rotation and translation (RT) are needed, as 
shown in formula (1)： 
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[ ]ccc ZYX ,, represents the coordinates of the object in the 

camera coordinate system, [ ]www ZYX ,, represents the world 

coordinates where the object is located, R is the rotation matrix 
(3 degrees of freedom), T is the translation matrix, and the two 
form a 3 × 4 matrix. 

Considering the ideal case, the correspondence between 
the camera coordinate system and the image coordinate system 
points can be seen as two sets of similar CC oCOABO ΔΔ ~ and

CC pCOPBO ΔΔ ~ , as shown in Fig. 3. 
 

 
Fig. 3 Correspondence between camera coordinate system and image 

coordinate system 
 

So the correspondence between (x,y) and [Xc, Yc, Zc] is 
formula (2): 
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However, there are distortions in the camera imaging 
process, so the distortion parameters need to be taken during the 
calibration process. Distortion is generally divided into radial 
distortion and tangential distortion. Distortion is the change in 
distance, and the change in distance is reflected in the 
coordinate value is the relationship of addition and 
subtraction[16], so to get the specific distortion parameters to 
need to rely on equation (3): 
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In the equation(3),  are radial distortion 
coefficients,  are tangential distortion coefficients. The 
corrected camera coordinate system coordinates at this time are: 
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Finally, the image coordinate system coordinates are 
transformed into the pixel coordinate system. These two 
coordinate systems are in the same plane, but the 
representation unit and the coordinate origin are changed. 
The conversion relationship is shown in equation (5): 
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γ is the distortion factor, generally is 0[17]. 

So far the transformation from the world coordinate 
system to the pixel coordinate system is shown in equation 
(6): 
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B. Neural Network method 
 Firstly，according to formula (6), we can simplify it to 

formula (7): 
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 According to the formula (7), the H represents the 
complex nonlinear mapping relationship between space 
coordinate system and the pixel coordinate system, and the 
neural network is suitable to reaction this nonlinear mapping 
relationship  

In 1986, Rumelhart and McCelland and his team proposed 
a backpropagation learning algorithm, which realized the 
concept of Minsky's multi-layer perceptron[18]. Because multi-
layer perceptrons are often trained with error back-propagation 
algorithms, they are often called BP neural networks. 
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Fig. 4 BP neural network schematic 

BP neural network has a multilayer measurement network 
structure, which is generally divided into layers: input layer, 
hidden layer, output layer. The neurons in each layer are fully 
connected, and there is no connection between the layers. 

The training process of the BP neural network is divided 
into two stages: forward signal propagation and error back 
propagation. In the process of forward propagation, the input  
samples are propagated through all levels. If the actual output 
of the output layer does not match the expected output, the error 
is transferred into the backpropagation of the error. During the 
back-propagation process, the errors are distributed to each 
neuron in each layer, and the weights and thresholds are 
modified according to the errors. These two processes are 
repeated alternately until convergence. 

Assume that the input layer has I neurons and the input 

vector T
ixxxX ]...,,[ 21= ; the hidden layer has J neurons; the 

output layer has K neurons ,output vector T
kyyyY ]...,,[ 21= ; 

ijw is the weight between the input layer and the hidden layer,

jkw is the weight between hidden layer and output layer; the 

threshold of neurons in hidden layer is ),...,2,1( Jja j = ; the 

threshold of neurons in output layer is )...,2,1( Kkbk = ;the 

mathematical expression of the process is formula (8): 
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Due to the construction and running algorithm of the Bp 
neural network, BP neural network can theoretically realize the 
fitting of the connection between any undetermined output 
vector and input vector. Therefore, the complex non-linear 
correspondence between the pixel coordinate system and the 
world coordinate system can be converted to each other and this 
relationship can be fitted through the BP neural network[19]. 

After building the neural network through MATLAB, we 
will bring a large amount of coordinate corresponding data that 
has been determined into the neural network, continuously 
iterate and optimize the parameter training model, and until the 
error reaches the set value, we fix the training model. Its 
processes as shown in Fig5. We bring the three-dimensional 
coordinates into the fixed training model to obtain the two- 

 
Fig. 5 Training process schematic diagram  

dimensional coordinates of the image and verify the accuracy 
of the method through experiments. 
 

IV. EXPERIMENTS AND RESULTS 

A. The platform of experiment 
First of all, we must first take three-dimensional 

coordinates and their corresponding image coordinates to 
obtain their accurate positions, as the source of training data for 
the neural network and the basis for judging the accuracy of the 
method. 

We use the Polaris Spectra position tracking system from 
NDI Canada to collect spatial coordinates. The device can 
accurately record the position and orientation information of a 
specific marking tool within a specific range. For image 
coordinate acquisition, we use MATLAB to calculate the pixel 
coordinates of the marked points by using its “impixelinfo” 
function. We will operate the catheter to a suitable position, and 
while collecting the coordinates of the catheter end on the 
image, use NDI to acquire its corresponding coordinates in   
   

 
Fig. 6 Spatial coordinate collection  

   

   
Fig. 7 Pixel coordinate collection 
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Fig. 8 Image collection of catheters at different positions 

 
space. This process is repeated many times to obtain enough 
sets of data., and we took 59 sets of data. 50 of them as training 
sets, 9 of them as test sets, and We use them for cross-
validation. The process is shown in Fig.6, Fig.7 and Fig.8. 
 
B. The process of experiment  

Firstly, we set the input of the neural network to spatial 
coordinates and the output to pixel coordinates. After setting the 
number of hidden layer nodes according to the empirical 
formula, after 667 rounds of iterations as shown in Fig9, the 
mean square deviation of the test sample can reach 10-5 levels 
of accuracy. The additionally acquired test space coordinates 
are brought into the obtained training model, and compared 
with the original trajectory, as shown in Fig11. The red line 
represents the two-dimensional coordinate path extracted from 
the image coordinates, and the blue dots represent the positions 
where the spatial coordinates of the test set are converted into 
image coordinates by the neural network. 

Then do the same operation, we set the input to pixel 
coordinates, and the output to space coordinates, as shown in 
Fig10, and train the model after 1210 rounds. Since the three-
dimensional space is not intuitive, we separate each axis to 
compare the fitted coordinates with the original coordinates, as 
shown in Fig11. In the figure, the red line represents the path 
coordinates of the end of the catheter collected through NDI, 
and the blue dots represent the positions where the image 
coordinates of the test set are converted into spatial coordinates 
through the neural network. 
 

 
Fig. 9 Spatial to pixel coordinates 

 

 
Fig. 10 Pixel to spatial coordinates 

 

 

Fig. 11 Comparison of fitted pixel coordinates and the actual path 

 

 
Fig. 12 Comparison of fitted spatial coordinates and actual coordinates 

 
C. The results  

After experiments, comparing the pixel coordinates fitted 
by the BP neural network with the actual coordinates, the 
average error of the x-axis is 4.81 pixels, and the average error 
of the y-axis is 4.47 pixels; the comparison of the fitted spatial 
coordinates and the actual space coordinates, the average error 
of the x-axis is 0.430mm, the average error of y-axis is 
0.528mm, and the average error of z-axis is 0.507mm. 

The experimental results prove that the BP neural network 
is suitable for the mutual conversion between the space 
coordinates and image coordinates in the visual auxiliary 



system of the vascular interventional robot, and can realize the 
accurate grasp of the catheter position. 

V. CONCLUSION AND FUTURE WORK 

The paper first finds the problem of insufficient accuracy 
of coordinate correspondence in the visual auxiliary system of 
vascular interventional robot and improves the traditional 
coordinate calibration method through neural networks to solve 
this problem. And through the experiment, the fitting 
coordinates generated by the BP neural network are compared 
with the actual coordinates, and it is verified that the accuracy 
of the BP neural network method can complete the coordinate 
conversion. Experimental results show that the method has high 
accuracy, which verifies the correctness and accuracy of the BP 
neural network algorithm calibration, and it is easy and fast to 
obtain the parameters. This algorithm can be applied to the 
visual auxiliary system of vascular interventional surgical 
robot, which can not only improve the image accuracy but also 
greatly improve the doctor's ability to accurately grasp the 
surgical process through the image.  

In future work, we will apply this algorithm to the 
operation interface of the vascular robot to help doctors achieve 
accurate operations. 
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