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ABSTRACT 

Our 3D Engineering Shape Search System (3DESS), which 
uses the skeletal graph as one of its shape features to represent 
objects, has revealed the potential of graph-based 
representation for searching 3D models. In this paper, a 
dynamic user interface, which allows a user to customize the 
query by reusing the existing skeletal graph, shows another 
merit of the skeletal graph representation. This innovative user 
interface serves two purposes: (i) an iconic object for 
sketching and visualizing the skeletal abstraction, which is a 
3D geometric representation of the skeletal graph, and (ii) a 
dynamic query interface which enables the user to customize 
the skeletal abstraction of the retrieved model as a new query. 
In order to more closely represent the original model and more 
precisely evaluate the shape similarity during the search 
process, a method of refining the preliminary skeletal graph is 
presented and implemented. This process elaborates the 
skeletal abstraction to be closer to the shape of the model. 
Thus, the skeletal graph contains both the essential topology 
and the geometry information of the original model. The 
results show that the retrieved skeletal abstraction matches the 
skeleton of the original model effectively, and the search 
retrieval based on the customized skeletal graph is sensitive to 
the user’s intention. 

 
 

1. INTRODUCTION 
Shape–based information retrieval has gained attention in 

various disciplines such as computer vision [1], molecular 
biology [2], and mechanical engineering [3]. In engineering, 
geometric models are associated with a large amount of 
engineering and business information, which is related to areas 
such as process planning and cost estimation, etc. It is 
estimated that more than 75% of the design activity comprises 
case–based design that is reuse of previous knowledge to 
address a new design problem [4]. Therefore, retrieving and 
reusing the information associated with the CAD models is 
critical in developing high quality products at lower cost and 

shorter lead time, which impact competitiveness and 
survivability in the globally competitive environment of the 
information age [5]. Shape-based search, as an alternative to 
text-based search, finds its advantages and applications in 
engineering design and manufacturing such as cost estimation, 
part family formulation and reduction in part proliferation by 
reusing previously designed parts [6]. 
 

Shape similarity comparison, the technique to obtain desired 
models, dominates the theme in the shape search area. 
However, only limited research has been conducted on how to 
search for the right information more efficiently. One 
noteworthy point is that research on similarity retrieval often 
uses a direct or one-step search. However, a one shot query 
often represents ambiguously what the user wants and what 
the system can extract. This approach always incurs a gap 
between the user intention and the system retrieval. Some 
studies use relevance feedback [7] to reduce the gap, but the 
results only show a slight improvement because the query still 
is still fundamental to the search and retrieval. Therefore, it is 
desirable that the system enables more active user interaction 
into the loop of the search and retrieval so that the system can 
have a better understanding of the user’s intention.  

 
In this paper, a dynamic query user interface (UI) that 

allows the user to customize the query and search by the 
skeletal graph is implemented. Currently, most of the search 
engines use query by example, and some of them add query by 
sketch to the UI [8] when the system can not provide a 
suitable example. However, users may have difficulty 
expressing an object in his/her higher level mind by sketching. 
This UI not only enables the user to construct the preliminary 
concept by sketching the skeletal abstraction, but also allows 
the user to adapt the skeletal abstraction of the retrieved model 
as the refined query. Using our method, the user’s intended 
query can be gradually constructed by reusing the resources 
from the system. In addition, by knowing the difference 
between the previous retrieval and the user’s modification on 
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the retrieval, the system obtains the relevance feedback. 
Therefore, the system can not only help the user to reduce the 
burden of expressing his/her intention, but can also improve 
its performance with the value added from reusing the existing 
knowledge in the search process. 

 
However, to generate a skeletal graph from the original 

model is not a straightforward process. In our previous 3DESS 
work [9], a topology-based graph representation of the model 
is successfully implemented and shows the potential of graph-
based shape search in [10]. However, a graph representation 
which includes both topology and geometry is preferred to 
serve the shape search better. In addition, a more precise 
representation is needed to make the visualization of the 
skeletal abstraction closer to the original model. Therefore, the 
user can modify it on a reasonable base. These facts make the 
construction of an elaborate graph with rich geometry 
information an essential part for the graph. In this paper, an 
algorithm of refining the preliminary skeletal graph at the 
geometric level is discussed. The implementation is built on 
C++ with UI part implemented in OpenGL. 
 

This paper is organized as follows: Section2 shows the 
related work. Sections 3, 4, and 5 present fundamental work to 
the dynamic query UI. Section 3 introduces the system 
background, while Section 4 presents the outline of the 
skeletal graph generation and the motivation for the proposed 
refinement. Section 5 describes the algorithm and the 
implementation of the refined skeletal graph. A skeletal 
abstraction viewer is employed in this part to test the 
effectiveness of the method. Sections 6 presents a dynamic 
user interface which enables the user to dynamically adapt the 
skeletal abstraction of the model to his/her intended query. 
Section 7 examines and discusses the test result. The paper 
concludes in Section 8.  

2. RELATED WORK 
Graph-based feature representation as an emerging 

technique for shape similarity search shows its success in [11]. 
Graph-based feature representation for 3D models was 
initialized by Joshi and Chang in [12]. During the succeeding 
decades, various extensions of the Attribute Adjacency Graph 
(AAG) proposed by Joshi and Chang [12] have been 
investigated. Venkataraman et al. [13] use AAG consisting of 
topological and geometric attributes to represent User Defined 
Features (UDF) and models; and they then recognize features 
by finding a similar subgraph in the part graphs. El Mehalawi 
and Miller [14] investigated the use of the graph that is 
extracted from the B-rep representation of the STEP file for 
shape search. Sun et al. [15] address the similarity by 
matching the eigenvalues of the model signature graph (MSG) 
constructed from the B-Rep graph. Later, McWherter et al. 
[16] elaborated the matching mechanism for a MSG by adding 
Invariant Topology Vector (ITV) as an indexing and 
clustering factor. However the internal representation of the B-
rep coming from different systems can be radically different 
and very hard to compare [17]. A Multi-resolution Reeb 
Graph (MRG) that captures the topology of a part was 
proposed in [18] and later implemented by Bespalov et al. in 
[17]. However, the above graph structures are so granular that 
first, they require considerable computational time when graph 

isomorphism algorithm is applied; secondly, they are very 
sensitive to small changes – even small variations in a model’s 
topology may result in significant difference in similarity [17].   
 

Skeletal graph is a novel shape descriptor that is generated 
from the skeleton of a 3D binary image (voxel model). An 
advantage of the skeletal graph is that it captures the notion of 
the parts and components of the 3D model without sensitivity 
to small variations. In addition, it has a smaller number of 
entities than the other graph structures. Examples of using 
skeletal graph in shape search and retrieval are [9, 19]. In [19], 
Sundar et al. use a skeletal graph to represent and retrieve 3D 
models. Their approach incorporates the notion of shock 
graph, which has the larger features directed towards the 
smaller ones. Therefore the resulting graph has hierarchical 
relations between the entities. In [9], the skeletal graph is 
applied to the CAD model search system. While both search 
systems use a similar feature extraction process and similar 
annotations to the constructed graph, the former method can 
be applied only to a solid model without holes. Holes are a 
common feature in engineering models. In [9], the shape 
descriptor can preserve well the main engineering feature of 
the model. For instance, a loop represents a hole in the model. 
Therefore, a skeletal graph can be used to visualize the 
structure of the model. 

 
Query by sketch for a shape search system is an innovative 

tool because it is convenient for the user to construct the query 
conceptually. In [8], a 2D sketch interface was implemented 
for a 3D shape search system by asking the user to sketch in 
three orthographic views.  However, despite the questions 
about the effectiveness of the sketch and the compatibility 
among three-view sketches, one-shot queries tend to be short 
and hence often ambiguous, which can lead to inappropriate 
results from the search engines. On the other hand, with more 
3D models created everyday, information overflow is an 
inevitable problem in modern life. Without close 
representation of the query, chances of obtaining 
unsatisfactory results are high and user may lose interest in 
using this search engine. Currently, different methods are 
under development to narrow queries by “asking” for more 
information such as the conversation system in [20] etc. 
However, only limited research has been conducted on reusing 
the knowledge from the system to bridge the gap between the 
user and the system. 

3. SYSTEM OVERVIEW 
3DESS consists of a Client-Server-Database architecture 

[9]. The Client end consists mainly of the user interface which 
enables query creation and display of results. The Server side 
essentially takes in the shape input from the Client and 
converts it into multiple representations (voxel, skeleton, 
feature vectors, and skeletal graph), which are then stored in 
the database. The three-tier architecture of the system is 
illustrated in Fig. 1. 

 
The function of the UI is to allow the user to send queries 

and have an active interaction with the search system. We 
provide an interface to allow the user to send queries by 
example or by sketch, to select the feature vector to 
reconfigure the search preference, to search the database by 



 3 Copyright © 2004 by ASME 

browsing, to present the search results and to let the user make 
relevance feedback to the search results. The user interaction 
such as relevance feedback and feature vector reconfiguration 
help the system bridge the semantic gap and customize the 
search for different users [7].   

 

 
Figure 1 Three-tier Architecture of 3DESS  

 
The server side consists of modules that are responsible for 

computationally intensive tasks. There are mainly four 
modules: shape clustering, feature extraction, 3D view 
generation, and weight reconfiguration [10]. The most critical 
part of the server’s responsibility is to do the feature 
extraction. This includes shape normalization, voxelization, 
skeletonization and the skeletal graph construction. Feature 
vectors are then derived from the acquired model. In Section 
4, algorithms about this part of the work will be discussed. 
The other undividable parts performed on the server side are 
shape clustering and weight reconfiguration. The system uses 
clustering methods such as Self-Organizing Map (SOM), 
Genetic Algorithm (GA) and K-means to cluster the shapes 
based on different feature vectors in order to get the optimal 
performance. Weight reconfiguration is a process to make the 
system more adaptive and intelligent to the individual search 
preference based on the user’s relevance feedback. Basically, 
it updates the weights for each feature vector based on which 
ones are relevant to the query and which are not. 3D model 
viewer is an additional feature which is generated by the 
server for the retrieved model. It allows the users to 
manipulate the model. 
 

The Database layer consists of two primary modules: the 
multidimensional index and the database. The database 
employed in this system stores all the geometric models and 

their feature vectors. Because the system uses 
multidimensional feature vectors to represent the shape in 
order to retrieve the optimal result, a multidimensional index 
built on top of an R-tree structure is used to index the shapes. 
The previous result showed that the search was almost optimal 
for a small real database and efficient for a large synthetic 
database [7]. 
 

4. SKELETAL GRAPH GENERATION OUTLINE 
4.1 Voxelization and Skeletonization 

Voxelization is a process that converts geometric objects 
from their continuous geometric representations into a set of 
discrete voxels that best approximates the object [21]. In 
principle, the algorithm maps the 3D discrete space Ζ3  which 
is made up of a set of integral grid point to the 3D Euclidean 
space R3.  
 

The notion of skeleton was first introduced by Blum [22] as 
a result of the Medial Axis Transform (MAT) or Symmetry 
Axis Transform (SAT). The purpose of the skeletonization is 
to obtain the range-based shape feature that is the minimum 
representation of the original model. In 3DESS, the thinning 
approach is employed after the Voxelization [9]. The specific 
algorithm that is used in 3DESS is from [23]. The algorithm 
directly extracts a line skeleton from the model without 
extracting a surface skeleton. The resulting skeleton preserves 
the significant features of the original model and has some 
noise points among the regular ones because of the 
perturbation of some small features. However it still satisfies 
the shape matching expectation because shape similarity 
assessment for engineering models places more emphasis on 
significant features rather than on minor ones. In the future, 
the Level of Detail (LOD) scheme will be employed in order 
to have more elaborated shape representation and more precise 
shape retrieval [24].  
 
4.2 Skeletal Graph Generation 

The next step after the skeletonization is the process of 
constructing the skeletal graph from the skeleton file. This 
process leads to a hierarchical graph structure that represents 
the topology and geometry of the original model. The vertices 
in the graph store the entities and their geometry; the edges in 
the graph store the geometric connection between entities. The 
graph will then be indexed and stored in the database for a 
similar shape retrieval. Nevertheless, the skeletal graph 
generation is not a straightforward process. First, the skeletal 
abstraction has to be obtained from the skeleton. Basically, it 
first needs to identify those voxels which are end points and 
junction points. The result of this identification leads to the 
preliminary graph which is the higher level representation of 
the skeletal abstraction. Next the abstraction is elaborate to 
incorporate geometric points and the geometric information of 
each updated entity. And this process results in the refined 
graph. The geometric points are key points to define the shape 
of the skeleton: suppose two straight segments are connected 
by an angle without the geometric point dividing them They 
will be a single entity topologically. Fig. 2 illustrates the 
importance of geometric refinement. As a result, the skeletal 
graph will be built upon the following skeletal abstraction 
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elements with the entities stored in the vertices and the points 
stored in the edges in the graph.  
1. Points: the voxel at the ends of the segments and at the 

junction of the multiple entities. 
2. Entities: loops and segments which are further divided 

into straight line and curve. 
 

L1 V1

V2 V3

E1

E2

S1 S2

 
S1 V1

V2 V3

E1

E2

S2 S3

 
(a)                        (b)                        (c)                         (d) 

Figure 2 (a) the original model (b) the preliminary skeletal 
abstraction (c) the refined skeletal abstraction (d) the skeletal 
graph 
 

To find the entities that represent the topology of the model, 
a marching algorithm is employed [9]. It selects a voxel as the 
starting point for the marching process. A set of masks is 
applied to locate the topology points. Each entity that is 
identified by using the topology points is pushed into an entity 
stack together with its voxels. The masks used here are based 
on the voxel adjacency: a voxel that only has one neighbor in 
its 26 neighborhood is an end point; a voxel that has more than 
two voxel neighbors is a junction point. When the marching 
process revisits the same voxel, a loop is identified; otherwise 
a topology edge is found. 

5. SKELETAL GRAPH REFINEMENT 
The segments generated in the preliminary stage are not a 

sufficient approximation of the shape especially when several 
different types of segments are spatially connected. This is 
because the marching process treats several connected 
segments as a single segment because there is no junction 
point. To improve the preliminary graph onto a geometric 
level is an essential step for the shape similarity comparison. 
In this case, all geometric segments are planar, either a straight 
line or a planar curve because the skeleton is derived from a 
prismatic part [9]. However, this fact does not ease the 
problem because all the entities are spatially located and 
connected, as will be shown and explained later in Section 5.1. 
The purpose of this step is to split the skeletal segments by the 
identified geometric points which are the voxel that connects 
two single entities. This process results in connected segments 
that are the geometric representation of the corresponding part 
from the original model.   
 
5.1 Segmentation 

The algorithm starts from one of the end points of the 
segment. A set of filters is used to identify the geometric 
points. Once a geometric point is identified, the original 
segment is split by it. In this section the process of how to 
identify the geometric points is explained in detail. 
 

The fact that the noise voxels and the regular ones coexist in 
the skeleton makes the geometric point detection different 
from the existing corner detection methods that are used for 
continuous curves [25]. The values of slopes and curvatures 
may become oscillated along the discrete voxels in a single 
entity when noise voxels are encountered. Thus they are not 
suitable for this case. In this paper the problem is solved by 
first projecting the segment onto one of the planes in the 
Cartesian coordinate system. On the plane, voxels with the 
maximum distance 

maxd  to the line that connects the end 
voxels are identified. Voxels with the maximum distance may 
happen at two possible conditions as illustrated in Fig. 3. 

 
maxd

Threshold
int1Po int 2Po intPo

intEndPo

1 2 maxd d d= =

intEndPo intEndPo intEndPo
 

Figure 3 Voxel(s) with maximum deviation  
 

In the left figure, if the number of voxels between Point1 
and Point2 is more than three, then we treat the voxels 
between them as the elements for a new segment; otherwise 
the middle one is chosen in the case of three voxels and the 
left one in the case of two voxels. The candidate points then 
cuts the original segment into three or two parts respectively. 
The algorithm handles recursively within each segment until 

maxd  of each one is less than the threshold. However the 
results from this process may not satisfy the matching with the 
physical shape due to the following reasons: 
1. The peak point of the curve is not a geometry point in 

this context which is different from [26] as is shown in 
the right figure of Fig. 4. 

2. The value of 
maxd  is not always a perfect measure for 

segmentation because the noise point may bring false 
positive geometric points as shown in the left figure of 
Fig. 4. 

maxd maxd
Threshold

Figure 4 Cases with false geometric points 
 

In order to make up for the impreciseness from the first 
stage, more filters are developed to refine the abstraction. The 
filtering process begins with a set of segments together with 
their geometry characteristics. In Section 5.2, the algorithm to 
identify whether the segment is a straight line or curve is 
explained. If one of the segments in the neighboring pair of 
segments is a straight line while the other is a curve, as shown 
in Fig. 5 (a), then the next pair, which includes the second 
segment of the previous pair is processed. If both of them are 
straight lines, the acute angleα between them is calculated. 
If _Threshold angleα ≥ , these two segments are merged into a 
new straight line and the geometric point separating them is 
deleted, as shown in Fig. 5 (b) and Fig. 5 (c). If both of them 
are curves, two conditions (as described in Eq. (1) are 
employed to decide whether these two curves belong to the 
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same entity because of symmetry. If so, two curves merge into 
a single curve entity and the geometric point separating them 
before is deleted, as shown in Fig. 5 (d) and Fig. 5 (e).  

| | _l rn n Threshold num− ≤ ∧ | | _l rd d Threshold dev− ≤   (1) 
Where ,l rn n  are the numbers of voxels for the curves. 

  
,l rd d   where  

1

1 ln

l i
il

d d
n =

= ∑  and 
1

1 rn

r i
ir

d d
n =

= ∑  

The merged part will be included in the next pair of 
segments for the filtering process. This process continues until 
no segment is to be processed and the overall segmentation 
process continually repeats the same process on the other two 
planes. At last, the system uses the algorithm in Section 5.2 to 
identify the characteristic of each edge entity, that is, whether 
it is a straight line or a curve. At the end the skeletal graph is 
refined to include updated entities and corresponding edges. 
Code fragment explains the implementation process. 

 
 

_Threshold Angleα ≥

StaightLine Curve

(a) One straight line and one curve

(b) Two straight Lines are merged because

_Threshold Angleα <(c) Two straight Lines are still there because

id

id

| |l rn n const− ≤ || d d Thresholdl r− ≤and

(d) Two curves are merged  because of  the symmetry

(e) Two curves are not merged  because of  the unsymmetry
| |l rn n const− ≤ but || d d Thresholdl r− >

 
Figure 5 Cases to apply different filters 

 
Algorithm ( , )segmentation X M  
Input: A linked list X  with initially one node storing an array 

of indices for an n-element 3D arrayM . 
An n-element 3D array M of numbers representing the 
3D coordinates of the voxels from a segment. 

Output: The linked list X with each node in X storing an array 
of indices of a portion ofM such that each array 
represents one part of the original segment. 

for  i←0 to 3 do 
   if 0i = then 

    _ _ _ _ _deal with data in XY plane  
else if 1i = then 

    _ _ _ _ _deal with data in YZ plane  
else 

    _ _ _ _ _deal with data in XZ plane  
end 

_ _ _ ( )X max deviation in projection X←  
while not .X isTailnode  do 

( . )a isStarightOrCurve X currentnode←   
( . )a isStarightOrCurve X nextnode←  

if a STRAIGHT b CURVE= ∧ =  then 
( . , . )angle X currentnode X nextnodeα ←  

if  _Threshold angleα <=  then 
( )X merge X←  

else if a CURVE b CURVE= ∧ = then 
if ( . , . )isSymmetric X currentnode X nextnode  then 

       ( )X merge X←  
        else if not (( )a CURVE b STRAIGHT= ∧ = ∨  

( ))a STRAIGHT b CURVE= ∧ =  then 
 ()gobackCheckData       
end 

     . .X currentnode X nextnode←  
return X  
 
Algorithm _ _ _ ( )max deviation in projection X : 
Input: X  is the linked list input from segmentation procedure. 
Output: The same as the output of segmentation procedure. 
done false←  
while done false=  do 
   . ()n X size←  

while not .X isTailnode  do 
    if _ _max deviation Threshold deviation>=  then 

 _ ( . )X split node X currentnode←  
        . .X currentnode X nextnode←  
    if not . ()X size n=  then 
        . .X currentnode X headnode←  
    else 
         done true←  
return X  
 
Algorithm ( )isStarightOrCurve Y : 
Input: A node Y which includes an array of integers 

representing the indices of M  
Output: An integer indicating if it is a straight line or curve 

( )A Array Y←  
( )F LeastSquareLineFunctionOnProjectionPlane A←  

0max←  
for 0i←  to . ()A size do 
      if ( [ ], )distanceOnPrjectionPlane A i F max>=  then 
           ( [ ], )max distanceOnPrjectionPlane A i F←  
if _max Threshold distance>=  then 
      return CURVE  
else 
      return STRAIGHT  

Code fragment: The process of segmentation 
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The process of projection is a very essential part in the 
algorithm. The reason for the projection is based on the fact 
that a straight line has no plane projection as a curve; a planar 
curve has at least one plane projection as a curve; and a spatial 
curve has at least two plane projections as a curve. Through 
the projection, the system will catch the characteristic of each 
segment and use this information in the segmentation process. 
The following figure illustrates the need to use projection in 
this context. Without the procedure of projection, the 
algorithm will treat the following example as a single curve 
entity while in fact they are two curves located on two 
different planes. Through the projection, the system can 
identify that the segment is two entities by projecting them on 
an XY plane. And then, they can be recognized as two curves 
by being projected on an XZ plane. The sequence of 
projection has no influence on the results because even though 
the system first recognizes it as curve in an XZ plane, it will 
be split into two parts and identified as two curves later on. 

3 maxdd

maxxyd

max1xzd
max 2xzd

z

y
x

 
Figure. 6 Two connected curves at different plane 

 
5.2 Straight Line or Curve Decision 

This process involves the identification of the geometric 
characteristics for each planar segment. First the least square 
line [27] for the set of voxels in each segment entity is 
calculated by following Eq. (2). In this case, the first order 
fitting is used for reasons of simplicity.  
                          0, 1 0 1( ) ( ; )F x F x c c c c x= = +                    (2) 

0

1
1

2

1

;

( )

( )

x
n

i i
i
n

i
i

c f c x

x x f
c

x x

=

=

= −

−
=

−

∑

∑

 

 
Where 

1 1

1 1,
n n

i i
i i

x x f f
n n= =

= =∑ ∑  

 
Again, the maximum deviation is used to determine the 

geometric characteristics. If  
max _d Threshold Straightline≤  

then it is a straight line; otherwise, it is a curve. A Bezier 
curve fitting scheme is used to represent the curve geometry 
and a curve similarity comparison algorithm is implemented 
by comparing the sampling curvatures of the two curves. The 
selection of curvature for comparison is based on the fact that 
curvature is one of the geometric invariants of curves. 
 
5.3 Visualization Test  

The criterion to evaluate the quality of the skeletal 
abstraction is whether it matches the shape of the original 

model. In [15], a shape reconstruction scheme is used to 
reflect the exactness of the graph representation. In 3DESS, 
the user interface is used to test the effectiveness of the 
skeletal abstraction. The notion of converting a skeleton into a 
higher level abstraction and the skeletal abstraction of basic 
skeletal entities can be verified by visualizing it. The reason is 
that each segment in the skeleton translates itself into an 
independent geometric entity giving a shape to the model in 
the physical space; similarly each loop represents a hole in the 
3D model.  
 

The visualization process is only dependent upon the 
skeletal graph, i.e. it can examine whether the information 
stored in the skeletal graph is appropriate to represent the 
shape and perform the shape comparison. The results show 
that the skeletal graph captures the major features of the 
original model, which includes the size and orientation of each 
individual entity and the connection among them. Fig. 7 
demonstrates the effectiveness of the skeletal abstraction for 
shape description 

 

     

   

    

   

   
Figure 7 Visualization results 

    

6. DYNAMIC USER INTERFACE 
The 3DESS system provides users with an intelligent 

interface. In addition to the relevance feedback mentioned 
earlier in this paper, a dynamic 3D sketching interface for 
skeletal abstraction is implemented. This not only allows a 
user to sketch the skeletal abstraction of the model 
conceptually and submit it as a query, but also enables the user 
to modify the skeletal abstraction of the retrieved model which 
the user regards as being similar to the query. The user can 
also highlight a component of the model as a preferred feature 
in the search process. Currently, our system uses an 
association graph to make the shape comparison [24]. The 
changes made on the topology of the model will make the 
system redo the search while changes made only on the 
geometry will make the retrieval adjust. We have developed 
the local metric to compare the shape at the primitive level. 
The shape comparison at the local level will make the retrieval 
more precise and more sensitive to the user’s intention. 
Through this interaction of reusing the recourse of the current 
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system, the query is elaborated to be closer to the user’s 
intention and the system can improve its performance more 
effectively. The characteristics of the UI to support the user 
customerization will be explained in the next two paragraphs. 
The following figure illustrates the interfaces between these 
functionalities on the client side and the works performed on 
the server side. 

Dynamic Query User
Interface

System

Graph
Match

Intellige nt User Inte rface

Can cel

Cu rrent Co nfig urat i on

Motor

P ower Supply

G ear

Transf orm er

S pecs

Capacit or

Hydr aul ic /
Pneumat icEl ect ri cal Pi pe Net sStr uctur al

P ow er
Supply Motor

Visualization

Query by SketchQuery by adaptation

System Retrieval

Query Submission

4

Figure 8 Interface between the query UI and the system 
 

The interface enables the user to construct the 3D skeleton 
of the shape conceptually by assembling the primitive shapes 
first and then manipulating the shape primitives in 3D space. 
The resulting skeletal abstraction includes the essential 
topology and geometry information just like the skeletal 
abstraction obtained from the skeletonization. Currently the 
primitive shapes include segments such as straight line and 
curve and loops such as circle and rectangle. The 3D 
manipulation includes rotation, panning, scale and zooming 
which are designed for both the shape primitives and the 
global assembly. The interface also allows the user to delete a 
selected shape, clear current configuration, import a skeletal 
graph file for visualization, and submit the constructed skeletal 
graph from the abstraction as a query for searching similar 
shapes. Fig. 9 shows the interface and several skeletal 
abstraction built upon it. 

 

 

 
Figure 9 Sketch examples 

 
The interface supports the construction of the skeletal 

abstraction with flexible topology and geometry. Notice that 

each primitive is first sketched in the XY plane. Then the user 
can move any particular shape primitive in the global space 
and pan and zoom the assembly. In addition, based on the 
requirement that the geometry can be modified by the user, 
each loop structure such as circle or rectangle has its own local 
coordinate system. Therefore the user can rotate a specific 
loop on its local axis. The user can also manipulate the shape 
of the primitives by scaling or dragging the control points. The 
topology is validly preserved and modified during the 
manipulation. 
 

One problem related to the 3D connection is the discrepancy 
between the perception and the real world. For example in Fig. 
9, points 

1 2 3( )A x x x  and
1 2 3( )C y y y  have the Euclidean 

distance 'd d , where 'd  is the distance between the 
pixels a andc  on the computer screen; similarly two pixels 
which look very far away perceptually maybe close to each 
other in the real world. When the user intends to connect two 
shapes by connecting their end points, it is the pixel distances 
that are in fact in perception. The reason for the discrepancy is 
because the computer graphics map the points in 3D space to 
the 2D pixels on the computer screen through a sequence of 
operations such as viewing, modeling, projection and view-
port transformations [28] .When people see a 3D object on the 
screen, it is actually a set of pixels mapped from the 3D points 
on which the operations are applied. Therefore the 3D 
Euclidean distance is not a correct measure to determine 
whether two 3D points are close enough to be connected in 
this case. Based on the ray casting mechanism , the projection 
of any 3D point on any particular plane (in this case the 
window screen) can be calculated given the eye position, the 
transformations exerted on the current system, the orientation 
and the position of the screen in the viewing volume, and the 
point itself. By calculating the distance between two pixels 
mapped from two real points, the system enables the user to 
construct the skeleton by building the association among 
shapes. In Fig. 10 point a  and point c   are mappings of point 
A andC . When the user tries to connect a  to  c  , the system 

will automatically connect point A  to C  in 3D space. 
Similarly, when the user drag the shape primitive on the 
screen, the 3D position of the corresponding part is updated 
continuously. 

 

 
Figure 10 Illustration of 3D connection 
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7. EXPERIMENTS AND DISCUSSION 
Currently, the database used for this experiment includes 

113 3D engineering models with the skeletal graph 
corresponding to each model stored in the database. In order to 
examine the sensitiveness of the skeletal graph adaptation, all 
the other feature vectors are switched off. 

 
In this paper only two experimental results are presented. 

The first one starts with a loop, then sequential modifications 
is exerted on the skeletal abstraction. The corresponding 
search result is shown in Fig. 11. The second one starts with a 
single straight line segment. The result is shown in Fig. 12. 

 

 

 

 

 

 
Figure 11 Search results by adapting a loop 

 
 

 

 

 

 

 
Figure 12 Search results by adapting a segment 

 
Currently our graph comparison has not incorporated 

geometry information into the matching process. Here we only 

demonstrate that this notion is sensitive to the user’s 
customization. In the future, geometric comparison at local 
level will be implemented to make the shape retrieval more 
precise and satisfactory. 

8. CONCLUSION AND FUTURE WORK 
In this paper, the sketching and query interface of a dynamic 

3D skeletal abstraction is described in detail. First of all, it 
enables the user to sketch the skeletal abstraction in 3D 
conceptually and submit it as a query. Secondly, the user can 
visualize the skeletal abstraction of the model, modify it, and 
then resubmit it as a query; the user can iteratively adapt the 
query to be closer to his/her intention. For the purpose of 
representing the query and retrieving the similar shapes better, 
an algorithm to refine the skeletal graph into a geometric level 
is implemented. The segmentation algorithm effectively 
decomposes a complex skeletal segment into geometry 
primitives. In addition, it even makes the skeletal graph 
topologically and geometrically matches the original 3D 
model better.  
 

Based on the test results, we conclude that the algorithm can 
capture the geometry primitives effectively and make the 
skeletal graph more precisely represent the original model. 
Therefore, it can serve the shape search purpose better. Also 
the test results show that the notion of customization and 
adaptation behind the user interface is feasible for the shape 
search purpose. The search for 3D parts allows the reuse of the 
knowledge in the product lifecycle, and the idea of reusing 
shows the potential be applied in other area also in the future. 
We categorize all other systems that use a one-shot query 
mechanism as shape retrieval systems. To the best of our 
knowledge, the 3DESS system is the first shape search system 
to reuse the results from the previous retrieval and adapt it to 
be a refined query for search.  
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