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Abstract 

3D models are widely used in science, medicine, film and other fields. They need a 
simpler and more compact model. As a one-dimensional representation of a three-
dimensional object, a curved skeleton plays an important role in visualization tasks 
through simple graphics such as linear or rod. Sk(O) represents the curved skeleton of 
the three-dimensional object O. Homology. It is impossible to describe a cavity with a 
topological structure in a narrow sense. But one of its side effects is that it is easy to have 
similar objects, they have different directions, so the descriptor should not be related to 
the direction of the object. Curve-Skeleton used to transfer a 3D object into 1D to better 
demonstrate its structure. It has an advantage to reducing the amount of calculation 
which benefits efficiency of many fields. For example, medical surgery, image processing, 
animation and virtual navigation. In literature, we mentioned, classified several types of 
application of Curve-Skeleton, describing both advantages and disadvantages of these 
methods. Also, a type of new arithmetic. Through the image of different types of 
arithmetic we represented, it is more intuitive to see the differences between the 
different methods 
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1. Introduction 

3D models are widely used in science, medicine, film and other fields. It can visualize research and 

presentation by building 3D models. 3D models represent the characteristics of objects in polygons; 

therefore it takes a lot of time to complete a 3D model, but for many areas they need a simpler and 

more compact model. Curve-skeleton, as a one-dimensional representation of three-dimensional 

objects, play an important role in visualization tasks through simple graphics such as linear or stick 

shapes. With the reduction of model storage space, curved skeletons can well preserve the information 

of topology and shape of the model. At present, curve-skeleton is used in many fields such as 
computer animation, medical visualization, virtual navigation and scientific analysis. The curve-

skeleton has not been defined precisely, and the algorithms used for different applications will vary 

greatly in definitions, parameters and thresholds. In the absence of standards, the algorithms are 
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numerous and difficult to replicate. In this paper, our purpose is to discuss the properties and 

application of curve-skeleton. 

Before the discussion, the first need to know is some definitions related to curve-skeletons—medial 

axis, medial surface, skeleton and curve-skeleton. “In 2D, the medial axis [21] of a shape is a set of 

curves defined as the locus of points that have at least two closest points on the boundary of the shape 

[22]. In the 3D case, the corresponding object is called the medial surface [48]”  

“The skeleton is defined as the locus of centers of maximal inscribed (open) balls (or disks in 2D) 

[22]. More formally, let X⊂R3 be a 3D shape. An (open) ball of radius r centered at x∈X is defined 

as Sr(x)={y∈R3,d(x,y)<r}, where d(x,y) is the distance between two points x and y in R3. A ball 

Sr(x)⊂X is maximal if it is not completely included in any other ball included in X [27]. 
Skeletonization is the process of acquiring a skeleton, which is the center set of all the maximal balls 

contained in X. “Skeletonization provides a compact yet effective representation of 2-D and 3-D 

objects, which is useful in many low- and high-level image-related tasks including object 

representation, retrieval, manipulation, matching, registration, tracking, recognition, and 

compression.” 

The medial axis, medial surface and skeleton are not exactly the same, but only slightly different in 

limited circumstances. In most cases, the three terms can be used interchangeably. 

Although the skeleton has the disadvantage of internal sensitivity to small changes in the boundary 

of the object which can change significantly due to small changes in the boundary, for simplicity, the 

method that uses a concise representation of a curved arc or straight 3D object can be used on many 
applications. The curve-skeleton has not yet defined a strict definition. In this paper, we simply 

defined it as simplifying 3D objects into 1D representations. 

2. Curve-skeleton features 

In this section, we will illustrate some of the features of curve-skeleton which we select from papers 

and various utilizations of curve-skeleton in computer science field. These utilizations will be 

described in section 4. 

For the following discussion, the cases are all 3D cases unless classified. The Sk(O) represent the 

curve-skeleton of the 3D object O. The list of features that are going to discuss about is: homotopic,  

Homotopic: One of the most important and beneficial features of curve-skeleton is the ability to 

topologically preserving the original shape of the object. [27,22,20] And that means if two objects 

have same topology like connected components, tunnels and cavities. 

In [27], the writer points out the formulation of deriving object O2 from object O1 is meaningless 
without a constraint that O2 is created by only removing voxels. Because adding voxels may result 

in configuration with the same topology. For example, adding object voxels to O2 may form new 

limbs, but the topology of O1 and O2 will still be the same. As a result, the homotopic feature is 

useful in skeleton formulations as long as the curve-skeleton is a reset of the real object. 

Obviously, we cannot create cavities in 1D, so narrowly it is not possible to describe a cavity with 
topology. But if we have a relaxed definition (of topology), this will be possible with multiple loops 

around the object, each describe a cavity of the original object. However, this solution still depends. 

When tunnels getting through the object and create loops, we reformulate the rules as [18]: the 

topology of two object is the same if they have same number of tunnels and connected components 

and at least one loop on each loop and cavity. 

Certainly, this formulation also has the constraint which the earlier one has. So if the object has not 

got any cavities and tunnels, there should not be any loops. 

With this definition, it will be easy to make representations for objects that all the topological features 

need to be represented by curve-skeleton. And also, it can be used to create a algorithm, to easily 
determine the loops by use depth-first searching and the cavities as well as tunnels can be determined 

by the method that introduced in [15]. 
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Constant under isometric transformations: When giving a object O a transformation in which the 

distance between points are preserved, another feature of the curve skeleton could be seen, which is 

the invariant under isometric transformations. For example, if we give an object a isometric 

transformation, the transformed object’s skeleton should be the same as the transformed original 
object’s skeleton. This feature is important for matching tasks when using curve-skeleton as a shape 

descriptor. But one of its side-effects is that it is easy to have similar objects which have different 

orientations, so the descriptor should not be related to the object’s orientation. 

Thin: Curve-skeleton is one-dimensional, so the skeleton could be very thin expect the place where 

two skeletons meet might be thicker than the other place. 

 

 

Figure 1. Curve-Skeleton graph 

 

Basically, there are three kind of points on the skeleton [6]: regular points, end points and junction 

points (where curves meet). So the thinness can be easily checked by simply check the neighbors a 

joint have when the junction points are known. And there are some method which can directly identify 

the junction points [4,23]. There are also other ways to identify junction points if they were not known. 

To be clear, the thinness of curve-skeleton also has drawbacks, because thinness also makes the object 

cannot be reconstructed.  

3. Discussion about applications of curve-skeleton 

“Skeletonization in 2-D and 3-D has been popularly used in many image processing and computer 

vision applications, including shape recognition and analysis, shape decomposition, character 
recognition, analysis, animation, motion tracking, registration, interpolation, path-tracking, a large 

number of biometrical and medical imaging applications, etc.” In this section, we will overview some 

applications of curve-skeleton. 

3.1 Virtual Navigation 

Most of the human structure is nearly linear, which greatly helps to curve-skeletonization. This makes 

curve-skeleton widely used in the medical field. A virtual endoscopy is an example. Traditional 

endoscopy often make patients uncomfortable by the way they need to enter into the body. The 

application of virtual navigation can construct the curve-skeleton in non-invasive way to generate the 

scene image, so as to obtain the collision-free navigation path and convert it to organ image through 

the virtual camera. The virtual endoscopy provides diagnostic evidence to doctors, and can also be 

applied to assisted diagnosis, surgical planning, the precise positioning of surgery and the training of 

medical personnel.  
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3.2 IK-skeletons 

IK-skeletons in traditional computer graphics refer to skeletons that “control the polygon 

representation of animated characters”, usually specified by an animators, but the IK skeleton can be 

got from the curved skeleton by replacing the curve arcs with straight lines. In medicine, the data 

provided by CT, MRA, and MRI can be easily detected in the IK skeleton, especially in lines such as 

blood vessels and neuro structures. “One approach is to reduce the dimensionality of the problem by 

extracting the skeleton of the structure from both images and then aligning the skeletons“. 

3.3 Leonardo Da Vinci surgical robot 

 

 

Figure 2. Curve-skeleton properties, applications, and algorithms 

 

With the support of technology, Leonardo Da Vinci surgical robot, an advanced robotic platform for 

complex surgical procedures using minimally invasive methods, was born. Compare to the traditional 

method, the advantages of Leonardo da Vinci surgical robot are very obvious. The 3D imaging system, 

which can be scaled up 10 to 15 times than conventional (2D). With the help of the robot, the surgery 

is more precise and the trauma is less severe. The robot does not have human limitations, so it can 

operate more flexibly in the body and without error due to fatigue. 

“Another popular area of application of skeletonization in medical imaging is the quantitative 

characterization of object morphology, where a skeleton is used as a compact representation of the 

object. Kobatake and Yoshinaga [222] applied the Hough transform to detect radiating line structures 

on skeletons, which are used to locate spicules in mammograms for malignant tumor identification.” 

Curved skeletons are of great medical help. With the help of the virtual platform, the cost of training 

medical staff has been greatly reduced and the safety of surgery has increased. It is possible to think 

about that, with the development of computer, more sophisticated and detailed curved skeleton 

models have the potential to solve the current tricky disease. Meanwhile, using a computer for 

simulation before surgery and then using a robot to replicate successful steps may significantly 

increase the success rate of some surgery. 

3.4 Matching 3D Objects 

Another application is 3D objects matching using curve-skeleton, it will be easy to finish tasks like 

finding similar or identical object in a database [27,3,29,16]. And this is now commonly used in 

matching people’s faces or query items. In addition, it could also be used to find the part of the whole 

object [3,16]. 

3.5 Shape Morphing 

Shape morphing is the process of generating smooth transitions between two objects e.g. (faces, 

pictures, items). This process is known as very difficult because the correspondences between the two 

objects which determine the process is smooth or not are hard to find. So, it has always been 
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controversial about using manual ways or algorithms to find the correspondences. Owing to the 

simplicity of curve-skeleton, it is used in this context. It allows users to quickly find the 

correspondences on the skeleton which can make it faster. Also, the skeleton can directly preform the 

process of interpolation [78,26,10]. 

 

 

Figure 3. Curve-skeleton properties, applications, and algorithms 

 

Ability to Decomposing a Polygonal Mesh into Components 

The ability of decomposing a polygonal mesh into components is a favorable advantage for uses that 

need to see objects as a sum of components. If the curve-skeleton can distinguish the components of 

the original object, it can help decomposing process [5,25]. In [28] the author took a inverse approach 

where a 1D skeleton is extracted using the mesh decomposition results. This could be used in surface 

reconstruction [9,13], mesh repair[23], segmenting and quantifying an unorganized point cloud [1,11]. 

In [17], the team uses curve-skeleton to define a ‘skeletal dimensional reduction’ for the CAD field. 

This also proofed that to reduce boundary value problems over complex solids to lower-dimensional 

problems over the skeleton we can use such a representation. And also, skeleton has shown to be 

helpful on collision detecting [2], surgical simulations [12], structuring [21] and implicit modelling 

of 3D objects [55]. 

3.6 Analyze Scientific Data 

When analyzing scientific data, curve-skeleton are used to make complex topologies easier to 

understand. Also, curve-skeleton can be used to analyze some basic physical phenomena. E.g. plume 

visualization [19], vortex core extraction [8], feature tracking [14], protein backbone modelling 

[30,24] etc. 
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4. Conclusion 

Curve-skeleton has been proved to be capable for a various utilization. In this paper, we list a bunch 

of Curve skeleton’s proprieties and illustrated some applications of the curve-skeleton benefited by 

the proprieties of it. 
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