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ABSTRACT 
This paper introduces a new interaction technique to intuitively 

and efficiently explore 3D models in a CAD repository. A user is 
allowed to navigate through 2D or 3D space instead of browsing 
the traditional scroll-list like results based on a query for similar 
models. With the proposed interaction paradigm, (a) 3D models 
which look similar from a particular view, or (b) have a very high 
overall similarity can be easily found. Towards this goal: (1) 
orthogonal main views of a 3D shape are obtained; (2) effective 
visualization of large amount of 3D models by navigating in the 
2D & 3D similarity space is enabled; and (3) natural 
searching/browsing mechanisms are used. All of them constitute a 
new searching architecture: users are allowed to sketch and 
browse to find 3D models that are similar from crucial 
orientations. To demonstrate the validity of proposed searching 
paradigm, a prototype has been developed and it supports 
freehand sketches as queries. Once a query is submitted to the 
system, a focus that corresponds to the most similar model is 
determined that acts as the starting point of the proposed 
navigation process. A preliminary comparison of the proposed 
navigation paradigm with the scroll-list interface is presented. 

CR Categories and Subject Descriptors: H.2.8.h Interactive data 
exploration and discovery, H.5.2 User Interfaces, H.5.1.f 
Image/video retrieval, H.5.2.i Interaction styles, H.5.4.b 
Navigation, J.6.a Computer-aided design, H.2.4.e Multimedia 
databases, I.2.10.h Shape, I.4.8.j Shape 
Additional Keywords: Visualization Systems (primary keyword), 
CAD, Applications of Visualization, Interaction, User Interfaces 

1 INTRODUCTION 
Due to the increasing complexities of product design and an ever-
expanding variety of product parts, the amount of design 
information that must be cataloged has exploded. Accordingly, 
Computer-Aided Design (CAD) tools that enable the design of 
engineering artifacts have also become pervasive and capable. 
Text based searches in large design repositories are unwieldy and 
impractical, and thus are insufficient as tools for individuals 
seeking 3D content. Text based searches also lead to the 
generation of a significant amount of redundant information, 
which is generated due to the inability to effectively and 
efficiently search for 3D content in large repositories. Engineers 
often find it easier to create another part than searching for one in 
the existing repository. The manufacture of these additional parts 
leading to their proliferation, increases costs and reduces the 
ability to reuse existing knowledge regarding the availability of 
already existing parts or objects. .The need for an efficient and 
user-friendly retrieval system based on the shape of 3D objects 
cannot be over-emphasized. 
 With rapid advances in computational capabilities, new 
shape representations for both multimedia and engineering 
artifacts are being studied [1-5]. Many researchers in this field 
have proposed using the similarity between shapes as the basis for 

search functions, [29, 32] and, several methods for representing 
the similarity between objects have been proposed [36-37]. Three 
main search methods have been developed in the past few years, 
namely, feature vectors, histograms, and view based methods. 
Recent benchmark studies have demonstrated that view based 
methods show superior performance as measured by precision and 
recall on a pre-classified database for both engineering and 
multimedia objects. 
 In general, the results of these searches are ranked 
according to their similarity with the query model and the output 
is provided in a linear list (i.e. 1D space). If users want to locate 
their desired models or objects, they must browse through a scroll 
list, which is usually displayed in sets of pages with a small 
number of results on each page. Although this interaction process 
is simple and common, as it is similar to a text search, it has some 
obvious limitations. It is now known that users’ search behaviors 
are often an information gathering activity rather than a single 
static search. During this process, users are typically guided to the 
information they are seeking by using contextual knowledge. The 
search can be a complex process, in which the information desired 
can change and evolve during the search process. Much of the 
research on information gathering has been conducted related to 
text searches [15, 18]. Here, we make a distinction between 
searching and browsing versus querying and navigation.[35]  
Despite varying interpretations of what navigation entails, it is 
commonly agreed that navigation is related to moving oneself 
sequentially around an environment, deciding at each step where 
to go next based on the task and parts of the environment seen so 
far. 
 Traditionally, engineers have used three orthogonal 
views to represent a model in legacy drawings. Naturally, there is 
more need to find models that are similar in particular views, 
rather than just finding models with an overall similarity. 
Moreover, when using the view based methods, which are 
superior methods for searching based on shape [39], the search 
results become more meaningful when displayed in a space that 
can capture the similarity between the objects based on multiple 
aspects or views.  
 Since the field of 3D model retrieval in 3D CAD 
repositories is nascent, navigation and query paradigms have not 
yet been merged with search and browse functions. Although 
there is a general need for this type of retrieval, here we address 
this problem with respect to engineering artifacts, in which 
challenges in search and retrieval are even more acute. In 
addition, engineering artifacts lend themselves naturally to 2D 
sketch based query interfaces, with which designers and engineers 
are more familiar. The challenges encountered when using the 
current interfaces arise from three main sources: (1) During a user 
query, the retrieval system generally returns hundreds of 
potentially useful results. Thus, it will take a user a long time to 
browse through the results list which is organized in a linear, 1D 
manner. The larger the database is, the worse the situation will 
become. (2) The models in the 1D list are not organized in any 
specific manner, posing additional problems for the user who may 
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not be able to make distinctions between the provided categories. 
(3) Many models that look similar from one perspective may be 
located far away from each other in the ranked list based on 
overall similarity. To describe this limitation, an example is 
illustrated in Table 1 where a set of similar models are listed. 
When these models are viewed along their axis, they all have a 
similar shape as shown in the bottom row. However, when they 
are observed from other directions, as shown in the middle row, 
there are great differences between the shapes depending on the 
respective view. 
 
Table 1 A set of models that look similar from one perspective but 
different from other perspectives 

3D Model 
    

Side View     

Top View 

 

 
 

 
The highly restrictive form of 1D interfaces severely restrict the 
user’s ability to find the desired object while searching 3D 
repositories. Ours is by no means the first contribution towards 
the successful navigation of 3D repositories, neither is it the first 
contribution towards performing similarity queries for engineering 
parts. However, our approach is novel in that we demonstrate the 
value of the human computer interaction framework for searching 
as a process, rather than a simple similarity query. This new 
paradigm must address the user’s 3D data gathering behavior 
while browsing, and also incorporates a natural sketch based 
interaction with the models as the search evolves. For instance, 
the user may change the query while browsing by using a 
different model and modifying the model as needed with a sketch 
interface. 
 This new paradigm can facilitate 3D data discovery and 
content-seeking efforts by combining a query for similarity with 
2D and 3D organization of CAD models. 

1.1 Related Work 
In the past, great efforts have been made towards developing 
visualization systems that present search results in ways that will 
enhance a user’s cognitive performance. Cugini et al. [38] provide 
an excellent review of the evolution of many such systems. For 
example, Nowell et al. [7] developed a system called Envision 
which provided powerful information visualization by displaying 
search results as a matrix of icons. The user is allowed to control 
how document attributes, such as author, date, or relevance score, 
are mapped into a 2D display using graphical attributes such as 
size, shape, and color. Veerasamy and Heikes [8] describe a 2D 
grid system with search keywords along the y-axis, and document 
identifiers along the x-axis. Each cell of the grid shows the 
frequency of the corresponding keyword within that document. 
Studies on this visual interface showed that, compared to the usual 
text-based interface, the 2D interface allowed users to judge 
document relevance more quickly and accurately. Rossi et al. [9] 
built a 4D landscape which acted as a graphics user interface 
(GUI) to the DERA-OKAPI search engine. The information most 
immediately required was rendered onto the visual attributes of a 
3D landscape such as shape, color and size. Arentz et al. [10] 
introduced a multidimensional visualization scheme with 
navigational capabilities, which was designed to provide analytic 

understanding of the searched result set and correlates the various 
user-specified dimensions or attributes of the documents. Carey et 
al. [11] presented a text document search engine with three types 
of visualization front-ends (i.e., Sammon Cluster View, Tree-Map 
Visualization and Radial Interactive Visualization) that aided 
navigation through the set of documents returned by a query. 
Masui et al. [12] developed a multiple-view information retrieval 
system in which data visualization, keyword searches, and 
category searches are integrated with the same smooth zoom-able 
interface. Users can navigate through the information space at 
will, by modifying the search area in each view. Wiza et al. [13] 
introduced an interactive 3D visualization technique for data 
retrieved from web search engines. 

Although above mentioned methods can provide visual 
depictions of large information space, it is not easy to evaluate the 
performance of information retrieval (IR) with the help of 
visualization. Raja et al. [14] conducted a user study designed to 
explore a variety of information visualization tasks in immersive 
and non-immersive 3D scatterplots. They found that immersive 
visualization was helpful in viewing the datasets and performing 
the tasks. Sebrechts et al. [15] conducted a study to compare the 
search results viewed as text, 2D- and 3D-based visualization. The 
results of this study suggested that an appropriate mapping among 
the interface, the task and the user can reduce mental workload 
greatly. Swan and Allan [16] also performed a similar study in 
which a text-based system and a Graphical User Interface (GUI) 
oriented system, the latter enhanced with 3D visualization of 
document clusters, were compared. It was determined that the 3D 
system had a small advantage over the text-based system, and that 
the text-based system had a small advantage over the GUI 
oriented system. However, there was no evidence for the overall 
effectiveness of the use of 3D visualization. Newby [17] 
performed an experimental evaluation of a prototype interface for 
visualizing IR results, and found that while the 3D navigation 
interface for IR search results was usable, subjects had difficulty 
with learning some aspects of the interface. Further study and 
development of 2D and 3D methods for interacting with retrieval 
search results were therefore proposed. A good overview of past 
work on information visualization can be found in [17]. Many 
other studies have utilized visualization in the information 
retrieval process [18-21]. Most of them have reached a similar 
conclusion, namely that the simple 2D GUI is the interface most 
easily used by novice users, while the more advanced 3D requires 
additional training. In related work, Assfalg et al. [34] describe a 
query-by-sketch (QBS), a query-by-photograph (QBP) and a 
query-by-image (QBI) approach for searching in content-based 
image retrieval. User studies conducted with this system suggest 
that each of the three query paradigms improve efficiency or 
effectiveness in various query tasks. 

Despite the aforementioned efforts towards improving IR 
visualization, most efforts are focused on document or image 
retrieval.  There is limited effort in visualizing 3D model retrieval 
results, which would improve data retrieval by helping users 
locate the desirable models in a natural and efficient way. Some 
studies [3-5] facilitate sketch-based searches for 3D models 
retrieval; however, the search results are retrieved as a 1D ranked 
list. In this paper, we introduce an approach which allows users to 
find models with similar shapes by sketching in 2D as well as 
navigating in 2D or 3D space, a process that starts with the 
sketcher. User experiments demonstrate that the searching pattern 
based on 3D navigation allows more rapid and accurate shape 
retrieval when compared with the traditional scroll-list pattern. 



2 FRAMEWORK OVERVIEW 
Figure 1 shows the framework of our proposed CAD model 
repository and retrieval system, which supports 2D & 3D 
navigation.  The CAD repository stores the major attributes of the 
CAD model such as filenames, JPEG images, creation date, etc. 
The most important components of this content-based system are 
the shape description and matching algorithms. The shape 
description algorithm extracts a set of shape descriptors that are 
stored in the CAD repository. The shape matching algorithm 
compares two CAD objects based on the shape descriptor, and 
presents the relevant search results to the user. In the engineering 
domain, it is not only necessary to retrieve 3D CAD models, but 
also 2D drawings generated from older 2D CAD systems (legacy 
drawings). However, most of the research effort in CAD retrieval 
systems only focuses on retrieving 3D CAD objects alone or 2D 
drawings alone. One of the key advantages of our system [22-23] 
is the query-by-sketch interface, which not only facilitates the 
search for 3D CAD models from 2D drawings, but also the search 
for legacy drawings in 2D. As design engineers have traditionally 
been trained to think of design in terms of 2D orthographic views, 
the QBS provides an intuitive interface for searching. Hence, an 
important contribution of our system is that the 2D sketching 
interface serves as the starting point for data and knowledge 
discovery. In the basic prototype, the user was allowed to sketch 
or submit a 3D CAD model as a query and retrieve search results 
as a ranked list (i.e. 1D view). However, in order to reduce 
cognitive overload on the user, we have employed 2D and 3D 
interactive visualization interfaces in our new system. Through 
user studies, we demonstrate that the new visualization schemes 
allow users to not only reduce the search time but also obtain new 
knowledge, which was not possible with the 1D search interface. 
 

 
Figure 1 A General Framework that combines Similarity Query 

with 2D and 3D based navigation 

 The architecture of this system is supported by two key 
components: the shape matching component and the visualization 
engine. The shape matching algorithm consists of (a) the 3D pose 
determination, which involves finding three orthogonal views 
which act as three similarity spaces and (b) the 2D shape 
descriptor, which represents the 2D views as multi-dimensional 
feature vectors. Similarly, the visualization engine uses a space 
coordinate computation mechanism for visualizing the similarity 
between 2D views or 3D objects in 2D or 3D space, and a 2D & 
3D navigation interface for searching and browsing for desirable 
models by navigating in 2D or 3D space in real time. The 
approaches to 3D pose determination and 2D shape descriptors 
have been described in our previous work [22-23].   
 We hope to demonstrate how our proposed framework 
supports a user’s freehand sketches as queries. The process begins 
when the user sketches a shape concept just as an engineer would 
draw on a piece of paper. With the help of the shape descriptor, 

the model that has the most similarity with the sketch is computed 
and its position in 2D or 3D space is determined, thus providing 
the starting point for navigation.  

2.1 Shape Descriptor 
We have previously proposed a method by which one can 
compute the pose of a 3D model by finding the orthogonal 
orientations that have the maximum virtual contact area (VCA) 
[22]. The key step in obtaining the principal axes is to determine 
the polygons of a 3D object that have the same normal and lie in 
the same plane. The virtual contact areas associated with different 
normal directions are binned and the direction with the maximal 
VCA is chosen as the first principal direction of orientation of the 
model. The second principal direction is chosen with maximum 
VCA among all those directions which are orthogonal to the 
primary direction. Finally the third principal direction is chosen 
such that it is orthogonal to the previous two directions. 
 

 
Figure 2 Sketch based 3D model retrieval [40] - results in 1D list 

interface 

 We have developed two shape descriptors for shape-
based 2D drawing retrieval [23], namely 2.5D spherical 
harmonics transform and 2D shape histogram. 2.5D spherical 
harmonics transform represents a 2D view as a spherical function 
by transforming it from 2D space into 3D space, and then employs 
a fast spherical harmonics transform [3] to derive a rotation 
invariant descriptor. In this process, a spherical function of 
bandwidth B is sampled on the transformed 3D shape. These 
sampled points form a 2B×2B equiangular grid along the 
longitude and latitude of a sphere.  In our implementation, B is set 
to 64, which means that a given 2D view is depicted by 64 float 
numbers, and each 3D object is represented as 3 orthogonal views, 
leading to a feature vector with 192 dimensions. 
 The 2D shape histogram represents the shape of a 2D 
view as a distance distribution between pairs of randomly sampled 
points. The similarity between two 2D shapes/views can be 
measured by computing distance distributions formed by the 
random points. In our implementation, the maximum division of a 
shape histogram is 500, leading to a descriptor with 1500 
dimensions. Both shape representations have many valuable 
advantages: They are invariant to affine transformation, 
insensitive to noise or cracks, simple, and fast. 

2.2 Shape Matching 
The similarity measure used in the shape matching algorithm 
compares all pairs of 2D views, one from each object, and 



determines the best matching pair.  The similarity measure used in 
the 2.5D spherical harmonics method for comparing two 3D 
objects is a non-metric. The violation of metric properties is 
introduced during the process of obtaining best matching views 
through a minimization procedure. These two violations lead to 
the similarity measure violating the triangular inequality 
properties of metric. 
Formally, each 2D view, V, is described by an aspect ratio  

and histogram vector
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where  is the m'mu th principal view (e.g., m = 1 means first 

principal view) as described below and  is a weight based on 
normalized aspect ratios. We refer to D(U,V) as the global 
similarity as it accounts for the similarity of all the three 
corresponding view pairs. 
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harmonics vectors, which we call the view similarity. 
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Similarly, the second view is obtained by excluding the views 
identified as first principal views. The remaining pair of views 
forms the third principal corresponding views. 

3 MAPPING TO LOWER DIMENSIONS 
A shape descriptor depicts a 3D shape using a list of float or 
integer numbers which can be considered as an N-dimensional 
space. To enable 3D model retrieval in a visual environment, an 
important step is to visualize 3D models in a lower-dimensional 
Euclidean space, preferably a 2D/3D space, while preserving the 
original pair-wise proximities as faithfully as possible, i.e. the 
more similar two models are, the smaller their Euclidean distance. 
Previously, several graphical means [26] have been proposed for 
directly visualizing high-dimensional data, by letting each 
dimension dictate some aspect of the visualization and then 
integrating the results into a single figure. Although these methods 
can be used to visualize any kind of high-dimensional data vector, 
it will be incomprehensible if the data set is large because all the 
data items have to be displayed. In our prototype, we have tried 
two approaches to compute the coordinates of a 3D model in 2D 
and 3D spaces. 
 When 3D models are visualized in 3D space according 
to their similarity distance, searching is performed by navigating 
in a 3D space. However, when 3D models are visualized along 
each orientation, the searching is performed by navigating in a 2D 
space. 
 

 
Figure 3 Configuration of data in 3D coordinates obtained from 

multi-dimensional scaling 

 
The non-metric nature of the distance function used in the shape 
matching algorithm poses a special problem in reducing the high 
dimensional feature vectors into lower dimensional vectors. This 
problem can be overcome with non-linear multidimensional 
scaling (MDS), to convert the database objects from similarity 
space to Euclidean space. The input to the non-linear MDS is the 
dissimilarity matrix obtained from the distance metric described 
above.  From the MDS analysis we found that the optimum 
dimension for this dataset was 3, confirming the fact that a 3D 
visualization is sufficient to represent the whole database, without 
disturbing the original distances significantly.  
 The total mean-squared error (or Stress) for the best 
MDS run was 0.11615.  Ideally, in the classical MDS the 
disparities (error function) should coincide with the 45 degree line 
and all the points should lie on this line. However, as expected 
from non-linear multidimensional scaling, the disparity curve is 
concave, but lies close to the 1:1 line suggesting that the original 
inter-object distances are reasonably preserved after MDS. Figure 
3 shows the configuration of 866 models in a 3D space obtained 
from MDS.   

4 NAVIGATION IN 3D SPACE 
No matter how powerful a computer becomes, the channel 
available for the user-computer communication (normally the 
display monitor) is still narrow. With a database containing 
thousands of 3D models, 3D searching and navigation poses a 
great challenge, especially when a model is textured.  Therefore, 
an efficient approach of loading and displaying 3D models that 
conveys the same information relevant to searching is essential. 
Furthermore, navigation should serve three purposes: (1) explore 
to gain survey knowledge; (2) search to locate an object or route 
and to travel there; and (3) inspect to establish and maintain a 
particular view of an object [30]. Here we propose some methods 
by which the rendering process can be accelerated, thus 
facilitating a smooth navigation in 3D space. 
 



 
Figure 4: 3D Navigation Interface 

Billboarding is a standard technique used to simulate a 3D 
object by rendering a 2D texture of that object as a substitute.  As 
the camera moves through 3D space, every image will turn 
accordingly to accommodate the change of angle when the camera 
moves, allowing the images to constantly face the user. We used 
collective-point billboarding in our system, as it only requires one 
calculation that is applied to all 2D textures in order to pivot in the 
environment as opposed to an individual point. Using a technique 
that requires only a single calculation saves processing time and 
matrix computations. To provide high quality visual appearance 
during navigation, we also organize an image into multiple levels 
of detail. Levels of detail are switched automatically with respect 
to the distance between an image and the viewing point. A closer 
distance corresponds to a level with more details. 

To further support the real-time navigation through a large 
database, we designed an octree-based approach, which involves 
partitioning the environment prior to searching.  An octree 
segregates the models with boxes and can be extended to have 
direct lookup by using an array. The tree is built by dividing the 
bounding box of the space into 8 equal octants which are 
recursively divided into another 8, until a specified size is reached 
or the desired number of models is contained in each box. Once 
the octree is created, the database of models is inserted into the 
octree data structure recursively depending on their position in the 
environment. If a user navigates such an octree structure directly 
and the camera is extremely close to a sub-node (i.e., a bounding 
box) in the environment, there will be a problem: only the models 
within the current box are rendered and the user is not able to see 
the models in the adjacent box.  Figure 5 shows a cube is used to 
buffer models it encompasses. Now when a user travels through 
the octree, the boxes around the box in which the eye is located 
gets buffered.  Therefore, a total of 27 boxes from the octree are 
buffered forming a 3x3x3 cube.  Once the camera intersects a 
dividing plane the cube shifts appropriately within the octree.  At 
most 19 boxes could potentially be buffered and at least 9 boxes 
are buffered during the shift.  The buffering process is achieved 
by making use of the temporal coherence.  
 

Side View of Octree

Render Sphere

Camera

Buffered Box

 
Figure 5: Cube-based Octree buffering 

 

4.1 Automatic Navigation 
Upon initialization, the user will explore the three dimensional 
environment with hopes of finding the desired model.  Searching 
for one model amongst thousands can become time consuming 
and carries the risk of getting lost.  Thus, it should be the 
responsibility of the application to guide the user in the right 
direction in order to obtain the desired the results. One simple 
navigation technique involves moving the user’s view port along a 
simple pre-computed path in 3D. The computed path will assist 
the user in finding the models that are the most similar to what 
they are searching for.. Since our proposed shape descriptor, 
2.5SH, is based on the three orthogonal views, one intuitive way 
to search the similar models is by navigating along the three axes 
automatically. The primary goal of automatic navigation is to 
direct the user as he or she navigates through the environment and 
it can be a fast and easy way to help the users find their search 
results.  In our implementation, the automatic navigation paths are 
defined as the three orthogonal orientations of a 3D model. This 
process is equivalent to finding models which look similar from 
the three orthogonal orientations. During this process, if the user 
wants to detour or explore another set of similar models, 
automatic navigation can be disengaged in order to manually 
control the camera. 

4.2 Interactive Navigation 
At any time during the searching process, free navigation as well 
as fully-guided fly-through are both important. Free navigation is 
necessary in order to more closely examine relevant models, and 
allows the system to adapt to specific needs of the user’s 
examination.  It enables a user to visually compare and scrutinize 
similar models and select the most appropriate one. However, the 
diversity of the 3D model repository makes interactive navigation 
in 3D space challenging because inexperienced users often get 
lost within the maze-like model space. Interactive navigation also 
allows user to observe and take cues from the patterns (Figure 6) 
of families of shape located in different regions of 3D space. 
 



 
Figure 6: Observable Shape Patterns in 3D space 

The map-based guidance concept correlates well with 
automatic and interactive navigation. As the user explores the 
environment, models surrounding the camera appear within a 
map. All models surrounding the current model of interest are 
displayed in a set of co-loops according to their distance from the 
focus model. The position of each model in the compass is an 
indicator of what type of models are located within the vicinity 
and the similarities they share, thus preventing users from getting 
lost. If the user is not satisfied with the results, alternative models 
can easily be obtained by simply switching to another search 
basis. Map-based guidance not only emphasizes the search focus 
but also takes the context of the search into account. 

5 NAVIGATION IN 2D SPACE 
Multidimensional scaling was used to obtain the spatial position 
of each 3D object in the 2D space. The rationale for using two 
dimensions for display is illustrated in Table 1 (Section 1). It is 
clear that in order for a 3D model retrieval system to be effective, 
it should not only allow retrieval based on global shape similarity, 
but also based on the similarity between individual views. As a 
result, despite the large global dissimilarity between objects in 
Table 1, they should be grouped together based on one of the 
views in which they are identical or similar (in this case, the top 
view). However, since the correspondence between the three 
views is not known before the minimization procedure described 
in Eq. (2) is applied, we treat individual views of the 3D models 
as separate data objects in the database.  We have 2601 objects in 
our database, and each 3D model is represented three times in the 
visualization interface, once for each orthogonal view. This 
approach, while inefficient due to the redundancy introduced, 
avoids the problems that arise due to the presence of large overall 
distances between objects which are similar from a particular 
view. We use the Euclidean distance, norm_dist(), between 2D 
views as input to the MDS algorithm. Although in the current 
prototype, the thumbnail images of the 3D models are presented, 
they can be easily replaced with the particular views that each 
point represents. We have observed from our tests that 2D 
visualization produces cluttered results in which a large number of 
objects with similar views overlap each other. The figure 7 shows 
the 2D interface with the query highlighted in the red box. 
 

 
Figure 7: NaviCAD - 2D Navigation Interface 

 
 The 2D visualization interface has two modes: browsing 
and searching.  Depending on the mode, the images of the objects 
are either preset or changed to the different views. The 2D 
visualization was blended with the 1D search results in order to 
enhance the cognitive performance for the search function. The 
query from the QBS or QBI interface serves as an input to the 2D 
visualization interface. Subsequently, the viewport is repositioned 
such that the query or model most similar to it becomes the center 
of the viewport. 

6 EVALUATION 
We devised preliminary tests to evaluate the three retrieval 
visualizations that we have proposed. Since the proposed 
navigation interface is a new paradigm, it is hard to directly gauge 
its effectiveness with respect to the existing techniques, which 
themselves are rudimentary. An initial set of tests are required in 
order to gather preliminary data, which in turn should aid in the 
development of techniques to evaluate the performance of these 
new interfaces. The preliminary tests presented here were 
developed in order to facilitate the design of more detailed tests in 
future for accurate performance measurements.  
In these tests, users were initially allowed to familiarize 
themselves with the system in preparation for the study.  The 
study was conducted with users who were trained to various levels 
in mechanical engineering and CAD, but were not familiar with 
the system (novice users). The tests were conducted on a database 
of 867 models from our Engineering Shape Benchmark [39], 
which classifies models into 42 shape categories that are relevant 
from a mechanical engineering stand-point. 
Two sets of tests were conducted with a total of 15 users. The first 
set of tests was conducted with 5 users untrained in using the 
system. They were only introduced to the controls in the system 
and were asked to do the following. Given a set of five 3D CAD 
objects, the users were asked to retrieve similar models from the 
database. For each of these queries, the user was allowed to 
observe the 3D model carefully for half a minute and asked to 
sketch and submit a query. We measured the time taken for each 
user to retrieve the objects. We have tabulated the time taken for 
retrieving the first three, five, and eight similar objects. 
The second set of tests was conducted with 10 users who were 
trained in the use of the 3D interfaces for a day or two. They were 
also asked to do the task listed above. 
Results were analyzed according to three criteria: 1) retrieval 
effectiveness, or the accuracy of retrieval, 2) retrieval efficiency, 
or the time it took to perform the retrieval, and 3) the user’s 
satisfaction.  We employed observation as well as exit surveys to 



evaluate the performance of the three visualization interfaces. 
Users were asked to perform two retrieval tasks using the system.  

6.1 Results from user study 
Table 2: First set: Average times for retrieval for untrained users 

1D  3D 

in seconds 3 5 8 3 5 8 

user 1 6.33 11.00 18.00 4.00 6.67 24.00 

user 2 8.73 22.00 30.33 10.33 47.67 61.67 

user 3 29.33 41.50 32.00 11.33 30.67 7.00 

user 4 17.67 24.00 55.00 16.33 46.00  

user 5 3.67 10.33 19.00 5.67 7.33 17.67 

average 13.15 21.77 30.87 9.53 27.67 27.58 

 
Table 3: Second set: Average times for retrieval for trained users 

1D 3D 

in seconds 3 5 8 3 5 8 

user 1 6 11 20 4 11 23 

user 2 17 46 53 9 12 37 

user 3 8 11 38 6 13 24 

user 4 12 19 27 4 9 12 

user 5 13 15 22 5 15 29 

user 6 12 18 34 3 11 23 

user 7 9 15 45 6 19 24 

user 8 14 16 29 4 12 16 

user 9 11 20 24 4 8 21 

user 10 10 13 26 6 20 22 

average 11.2 18.4 31.8 5.1 13 23.1 

 

6.2 Discussion 
Our goal was to compare the efficacy of the proposed interfaces 
(3D and 2D) as a part of a new interaction paradigm in 3D model 
retrieval. Since the 1D interface is commonly encountered in text 
based search results such as Google, no user training was needed 
for those who participated in our preliminary tests of our search 
techniques. The users were, however trained in the use of the 3D 
interface. 
The average user times for retrieving the models significantly 
improved while using the proposed 3D interface. The time to 
retrieve additional models after the third and fifth result were 
retrieved was also appreciably reduced. In the second set, half of 
the users were asked to use the 1D interface first, and the other 
half were asked to use the 3D interface first. This has removed 
any bias in measuring time for the experiment. The users agreed 
that the navigation in 3D was intuitive once they got accustomed 
to the controls. The users also commented that the 3D interface 
required some initial orienteering. The opportunity to train prior to 
using the interface addressed this criticism, which likely led to the 
improved results in the second set. The 3D interface inherently 
exhibited patterns (Figure 6) along different directions, such as 
models changing from square to round along a particular 
direction, or thick to thin along another direction. The patterns of 
shape in the 3D interface provide clues to orient the user 

intuitively [35]. Thus the experiment results support the efficacy 
of the proposed navigation paradigm. 

7 CONCLUSIONS 
In this paper, we introduced a new pattern by which a user is 
allowed to navigate through 2D & 3D space in order to search for 
similar 3D CAD models. With the aid of a 3D pose determination 
method, the three orthogonal views of a model are used as the 
three axes of the coordinate system. Thus, a user can explore 
models with similar shapes in 3D space based on our MND 
method. We found that the MDS scaling from multi-dimensional 
space to 3D is a natural one for navigation and also retains best 
the original distances between the models. The preliminary results 
of the tests of our system suggest that the new navigation 
paradigm performs better than the 1D search function once users 
get comfortable with the controls of the new interface, and that 
navigation in 3D space provides more flexibility and accuracy for 
users than the 1D interface. In the future, we will use this 
proposed method to classify models in an interactive and visual 
way. To the best of our knowledge, this is a seminal study 
combining search and navigation of 3D CAD model repositories. 
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