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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
fulfilment of the requirement for the degree of Doctor of Philosophy 
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WIREFRAME SKETCHES ON PAPER 
 

By 

ZAHRAH BINTI YAHYA 

April 2016 
 
Chairperson: Associate Prof. Rahmita Wirza O.K. Rahmat, PhD 
Faculty: Computer Science and Information Technology 
 
The motivation of this work originates from recent studies on sketch-based 
modeling that emphasize on the reliance of the designers on traditional methods 
for conveying their ideas. Many studies have chosen to focus on 3D modeling 
from digital sketching because of the challenges and complexity of 
reconstructing from paper sketches. Considering the complications of paper 
sketching, it is still an ideation strategy proven as an effective, flexible and 
instantaneous tool compared to sketching with computer-based instruments. 
Later, this ideation is needed to be visualized in three dimensions for better 
understanding. Therefore, an automated application is required to transform 
paper sketches into three-dimensional models. This application should constitute 
the essential processes for a computer to understand the paper sketch junctions, 
depth and connections. 

Feature extraction is a preliminary step before 3D reconstruction and therefore, 
a junction detection algorithm is proposed. The presented algorithm benefits in 
omitting unnecessary junctions that are problematic for object recognition in 
comparison to the closest algorithm to our work. The algorithm is validated by 
conducting manual ground truth and the results were compared with the closest 
and well-known methods. A high accuracy of 99.42% and a correctness of 97% 
have been achieved. The proposed method shows an optimum result while 
resolving the existing limitations.  

Subsequently, object face identification is a common step to provide important 
information for 3D reconstruction. The proposed face identification method is 
based on symmetry regularities in determining the faces of the object. The 
previous works employed both edges and vertex properties while using a new 
perspective and based on our studies we understood that we can solely rely on 
vertex representation for the identification process. By neglecting the edges, less 
ambiguity is expected but the work will be open to new challenges due to the 
need to preserve high accuracy. The results of the validation show a complete 
similarity between each original face and the output from our algorithm. 
Furthermore, the algorithm is also evaluated by human experts and shows 100% 
correctness.  
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Hull algorithms are the most efficient and closest methods to be redesigned for 
connecting the resulting vertices. But they are unable to accurately reconstruct 
the 3D shape using only disorganized vertices. Therefore, with no pattern 
information, the proposed algorithm can precisely reconstruct the 3D 
resemblance of the original shape. By comparing these results to recent concave 
hull based algorithms, several performance measures were conducted to 
evaluate the accuracy, correctness and time complexity of the proposed method. 
Besides achieving the most acceptable accuracy and correctness, the time 
complexity of the proposed algorithm is 𝑂(𝑤𝑛) which is mathematically proven 

more efficient than comparable algorithms  𝑂(𝑛𝑙𝑜𝑔𝑛 + 𝑛).  

Overall, it is also important that the real designers could evaluate the application 
for their practical and daily use. Therefore, a subjective evaluation conducted 
among professional designers shows that the whole automated process is not 
only convenient, but is also time efficient and can gracefully substitute the current 
practice. In addition to new approach of devising the algorithm, the overall 
findings show major contributions to sketch-based modeling by bridging the gaps 
of the sketching activity in design process and the composition of an accurate 
digital 3D model of the sketch.  
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PEMODELAN 3D BERASASKAN LAKARAN UNTUK OBJEK SIMETRI DARI 
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ZAHRAH BINTI YAHYA 

April 2016 
 
 
Pengerusi: Profesor Madya Rahmita Wirza O.K. Rahmat, PhD 
Fakulti: Sains Komputer dan Teknologi Maklumat 
 
Motivasi kajian ini adalah berasaskan kajian terbaharu iaitu pemodelan 
berasaskan lakaran yang menumpukan kepercayaan pereka terhadap kaedah 
tradisional untuk menyampaikan idea-idea mereka. Banyak kajian memberi 
tumpuan kepada pemodelan 3D dari lakaran komputer disebabkan cabaran dan 
kerumitan membina semula dari lakaran kertas. Mempertimbangkan komplikasi 
lakaran kertas, ianya masih strategi penjanaan idea yang terbukti sebagai alat 
yang efektif, fleksibel dan cepat berbanding lakaran dengan instrumen 
berasaskan komputer. Kemudian idea ini perlu dipaparkan dalam bentuk tiga 
dimensi untuk pemahaman yang lebih baik. Oleh itu, aplikasi automatik 
diperlukan untuk menukar lakaran kertas kepada model tiga dimensi. Aplikasi ini 
perlu membentuk proses penting untuk komputer memahami simpang, 
kedalaman dan sambungan kertas lakaran. 

Pengekstrakan ciri-ciri adalah langkah awal sebelum pembinaan semula 3D dan 
oleh itu, algoritma pengesanan simpang dicadangkan. Faedah algoritma yang 
dibentangkan telah mengabaikan simpang yang tidak perlu dan bermasalah 
untuk pengecaman objek berbanding dengan algoritma yang paling berkaitan 
dengan kajian ini. Pengesahsahihan algoritma ini dijalankan dengan 
mengadakan data lapangan (ground truth) dan dibandingkan dengan kaedah 
yang popular dan berkaitan dengan kajian ini. kejituan yang tinggi iaitu 99.42% 
dan ketepatan 97% telah dicapai. Kaedah yang dicadangkan menunjukkan 
keputusan yang optimum sambil menyelesaikan permasalahan yang sedia ada.  

Seterusnya, pengecaman muka objek merupakan langkah untuk menyediakan 
maklumat penting bagi pembinaan semula 3D. Kaedah pengecaman muka yang 
dicadangkan adalah berdasarkan kenalaran simetri dalam menentukan muka 
objek. Kaedah terdahulu telah menggunakan ciri-ciri tebing dan bucu, manakala 
dengan pendekatan baharu dan berdasarkan kajian kami, kita boleh bergantung 
sepenuhnya kepada perwakilan bucu bagi proses pengecaman muka objek. 
Dengan mengabaikan maklumat tebing, kurang kekeliruan dijangka tetapi kajian 
telah membuka cabaran baharu kerana keperluan untuk mengekalkan ketepatan 
yang tinggi. Keputusan pengesahsahihan menunjukkan keserupaan yang 
lengkap di antara muka objek asal dengan muka objek yang telah dihasilkan 
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menggunakan algoritma yang dicadangkan. Tambahan lagi, algoritma ini juga 
dinilai menggunakan persepsi kepakaran manusia dan menunjukkan 100% 
ketepatan.      

Algoritma Hull adalah yang paling berkesan dan kaedah yang paling berkaitan 
untuk direka semula untuk menyambung mercu dihasilkan. Tetapi ia tidak dapat 
membina semula dengan tepat bentuk 3D menggunakan mercu tidak teratur. 
Oleh itu, tanpa maklumat corak, algoritma yang dicadangkan dapat membina 
semula bentuk 3D bersamaan dengan bentuk asal. Ia juga telah dibandingkan 
dengan algoritma permukaan cekung (concave hull) yang terbaharu. Beberapa 
penilaian prestasi telah dilakukan untuk menilai kejituan, ketepatan dan 
kerumitan masa kaedah yang dicadangkan. Selain mencapai kejituan dan 
ketepatan yang tinggi, algoritma yang dicadangkan juga telah mencapai 
kerumitan masa 𝑂(𝑤𝑛) yang secara matematik dibuktikan lebih efisyen dari 

algoritma standing iaitu 𝑂(𝑛𝑙𝑜𝑔𝑛 + 𝑛).  

Keseluruhannya, adalah penting bagi pereka sebenar untuk menilai aplikasi 
yang dicadangkan untuk keperluan praktikal harian mereka. Oleh itu, penilaian 
subjektif telah dijalankan di kalangan pereka professional menunjukkan 
keseluruhan proses automatik yang dicadangkan bukan sahaja mudah tetapi 
juga efisyen dari segi masa dan boleh menggantikan praktis semasa. Selain dari 
pendekatan baharu dalam pembinaan algoritma, penemuan secara keseluruhan 
juga menunjukkan sumbangan besar kepada lakaran berasaskan pemodelan 
dengan merapatkan jurang aktiviti lakaran dalam proses reka bentuk dan 
komposisi model tepat digital 3D dari lakaran kertas.  
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1 

CHAPTER 1  

INTRODUCTION 

 

This chapter aims at presenting a brief background about 3D reconstruction from 
paper sketches and the importance of sketching. This is followed by the research 
motivation and the deficiency of Computer Aided Design (CAD) and Sketch-
based Modeling (SBM) systems. The details of problem statements, objectives, 
significance of research, scope and limitations are also included in this chapter.  
 
1.1 Background 

There is no definite meaning of what conceptual design is. It has different goals 
in various sub disciplines; such as in mechanical design, architectural design, 
industrial design and interior design (Horváth, 2005). There are however some 
common elements in all observable forms of conceptual design which are 
product attributes rather than product characteristics like: comfort, ergonomics, 
texture, colour, decoration and appearance (Ran, Wang, & Zhu, 2011).  The 
conceptual design stage has a tremendous impact on the product cost because 
of the factors involved in design decision. Furthermore, this phase is vital due to 
the affects the decisions have on the detail design phase. Whereby choosing 
appropriate tools have significant influence because they can affect the whole 
design process (Horváth, 2005). The position of the conceptual design through 
the entire production process is shown in Figure 1.1. After an idea emerges, it 
needs to be visualized through a sketch, later it has to converge with other design 
solutions before it is mapped into three-dimensional models for the visual 
communication process.  
 

 
Figure 1.1: The flow of a design process 

 
 
A freehand sketch that creates a graphical representation is a powerful tool for 
conveying an idea and prevalent at the conceptual design phase (Rodgers, 
Green, & McGown , 2000). The manifestation of idea can be transmitted either 
using pencil and paper or stylus and computer which can be referred as paper 
sketches and digital sketches respectively as shown in Figure 1.2. Alternatively, 
designers may also use software such as SmartSketch, Pro/Concept and 
AliasStudio for sketching. Subsequently, the sketch is interpreted and 
transformed into a 3D model for acquiring design immersion and providing insight 
for designers. It is further used as a mechanism of communication among 
designers and sometime stakeholders in brainstorming sessions as suggested 
by Gingold et al. (2009).  The process of 3D modeling can be manually done 
using any CAD system such as AutoCAD, SolidWorks, and Google SketchUp. 
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The concern is, the process of this transformation is separated or disconnected 
from the sketching process and also handled by draftsman rather than designer.  
Due to this, efficiency is interrupted because of misinterpretation that may occur 
when the idea is translated to the 3D model. Preliminary studies1 conducted with 
professional designers affirm that an effort for this task is required to synchronize 
the artistic ability owned by the designer and contradict to draftsman whom 
always looks for precision and detailing. To avoid this, the designer needs to 
explain the ideation and verbally clarify the ideas to the draftsman. Obviously this 
method is time consuming due to the repeated communication and the time 
taken to create the 3D model. It can be seen that, the integration between 
sketching and 3D modeling can fulfill the demand of shortening the design 
process. For that reason, many researchers have presented methods of 
automatically converting 2D sketches into 3D models. This could be 
implemented as 'an intermediate interface' for CAD systems.  
 
 

 
Paper sketching 

 
Digital Sketching 

Figure 1.2: The ideation through two major types of sketching (Chansri et al., 2014) 

 

There are considerable researches which explore the potential of automatic 
reconstruction from sketches which are called sketch-Based Modeling (SBM) 
systems as shown in Figure 1.3. Previous studies have reported that the majority 
of work is focused on the reconstruction from digital sketches rather than paper 
sketches due to the reason that the information available from the electronic 
media can aid the process (Ku, Qin, & Wright, 2006; Pusch, Samavati, Nasri, & 
Wyvill, 2007; Shesh & Chen, 2004). However, to use digital tools in support of 
sketching is somehow controversial. It is almost impossible to imitate the ‘pencil 
and paper’ interface and reproduce the subtlety of traditional sketching into digital 
tools. In a survey (Won, 2001), it was found that paper sketching is more effective 
for delivering ideas and provides more freedom to express it on the paper than 
on a computer. In addition, in the study by Olsen, Samavati, Sousa, & Jorge 
(2009) they recommended  that digital tools are not an appropriate medium to 
convey ideas as the flexibility of idea development reduces. Chansri & Koomsap 
(2012) stated that the limitation and complex 3D reconstruction from paper 
sketches make the research less attractive. Regardless of the difficulties, some 
researches explored the potential automatic reconstruction from paper sketches 
as can be found in (Chansri & Koomsap, 2014; Farrugia et al., 2014; Haron, 
Mohamed, & Shamsuddin, 2012; Marti, Regincós, Villanueva, & López-Krahe, 
1995). 

                                                 
1 An interview and observational study have been conducted on experienced designer from industry and 

Faculty of Design and Architecture UPM. The observation involves the sketching mode and the process of 

transferring into 3D model.  
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Figure 1.3: Sketch-based Modeling system - The input is acquired from stylus pen 
position on the interface. Adapted from www.carbodydesign.com 

 

In view of the aforementioned issues, the ultimate goal of this research is to 
integrate the paper sketching and the 3D modeling creation by providing 
complete digitalization at conceptual design phase. Although some 
advancements are made by integrating sketching with 3D modeling and are 
embedded in Autodesk AliasStudio (Tools, 2006), it is however does not provide 
the automatic conversion from paper sketches into 3D models.  Whilst various 
research has been extensively targeting the sketch-based modeling technology, 
paper sketch remain largely undiminished. The main challenge in this work is to 
deals with less information for the 3D reconstruction process than online 
sketching based algorithms. Nevertheless, it is worth to preserve the designer's 
preferences to use conventional tools because by providing the flexibility and 
freedom, the designer’s productivity can increase. The advantages of paper 
sketching that also contribute to its popularity have been included in the following 
sections.  
 

1.2  The Importance of Sketching  

Sketching as defined by Römer, Pache, Weißhahn, Lindemann, & Hacker (2001) 
is an important activity used by most designers to generate their ideas. The 
sketch is usually rough, uncertainty and consists of various representations to 
intensify the flavor of the object as illustrated in Figure 1.4. Jenkins & Martin 
(1992) mentioned that the roughness is important in terms of flexibility and speed 
and suited the short-term memory of the brain. Besides, by preserve the 
appearance ambiguity it can affect the conceptual design and retain the 
continuous flow of ideas. Designing in the context of conceptual design is related 
to the design problem and therefore it is crucial that the sketching process is 
supported by the following attributes:  
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 Speed and freedom 
 
Speed and freedom of sketching mean the ability to transfer the idea 
rapidly in a short time because the arrival of a new idea is unforeseeable. 
This can be achieved by using a pencil or pen and paper as it is 
economical and accessible throughout any time and situation. Because 
of this freedom, several studies (Contero, Varley, Aleixos, & Naya, 2009; 
Qin, Wright, & Jordanov, 2001; Stones & Cassidy, 2007) concluded that 
paper sketches is still a favorite among designers compared to digital 
instruments. 
 

 Availability 
 
The easy accessibility of this tool makes this a common method for 
designers. The use of pencils, let designers to depict their ideas easily 
by adding parts or suppressing others and they can also reject what they 
have drawn and begin with a new sketch as reported by Bilda, Gero, & 
Purcell (2006).  
 

 Analysis 
 
According to Akin (1978) and Scrivener, Ball, & Tseng (2000), the design 
process allows designer to discuss and review the ideas in order to 
discover errors and correct the design. Goldschmidt (1991) described 
this process as an idea critique session between designers. In some 
cases, customers also like to provide input on the design during the 
design review session. The need of real-time information exchange 
between stakeholders and designers is essential in order to optimize the 
design process and establish the final design.  
 

Conclusively, paper sketches seem more efficient because they are more 
convenient, subtle, economical and accessible. These attributes make paper 
sketches to be the most popular among designers (Farrugia, Camilleri, & Borg, 
2014; Gingold, Igarashi, & Zorin, 2009; Lim, Qin, Prieto, Wright, & Shackleton, 
2004; Tovey, 1989). The principal target of the conceptual design is to produce 
a big number of solutions or ideas in a short time. This requires rapid and easy 
ways that allow designers to express their ideas openly and comfortably. Another 
capability of this conventional way of sketching is that it is also easy to learn and 
does not need much experience and is suitable for designers in any level. Thus, 
it can accelerate the development of ideas and enhance the creativity in the 
conceptual design phase.   
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Figure 1.4: An example of some rough sketches 

 

1.3  Research Motivation  

The motivation for this work stems from important gaps and issues that have 
been identified. These gaps are a detachment of sketches and 3D modeling 
tasks and also the deficiencies of CAD and SBM systems existing in the 
conceptual design phase.  
 
A brainstorming session is a platform for designers to discuss, review and 
choose the final idea generated via sketch. As the sketch cannot be visualized 
in all dimensions, the main idea is immersed. Thus, it needs to be transformed 
into a 3D model. Furthermore, by predicting or looking at 3D models, we can help 
designer to carry out more ideas. Another issue can be highlighted as reported 
in (Dani & Gadh, 1997; Sungwoo & others, 2002; Schweikardt & Gross, 2000), 
the conversion of 3D model is time consuming as it requires repeated 
communication between the draftsman and the designer to clarify the design 
ideas. Even though some research has pointed the potential of CAD tools to 
substitute sketching activity at conceptual design stage, but it is not suitable due 
to several issues discussed in the following: 

 

1.3.1  CAD systems limitations 

Computer Aided Design (CAD) is computer-based tools to assist architects, 
engineers and designers in their design activities. For instance, CAD is used in 
the design process specifically in the detailed design phase and concentrates on 
3D modeling and documentation (Römer et al., 2001). In general, CAD is used 
in geometry authoring such as 2D vector-based drafting, building drafting, 3D 
parametric surface, and solid design modeling. The commercial CAD systems 
such as AutoCAD, Rhino and Solidworks have high reputations in the modeling 
process and some of them incorporated with sketching modules. However, they 
do not support the environment of conceptual design process as it is aimed at 
detailed design and they also could not help the designer to shape the ideas. In 
the phase of sketching, the designers are left alone with their conventional 
sketching tools, either using stylus pens or plain pencil and paper to come up 
with the rough idea. The interface of commercial CAD systems are based on 
gestural sketching which consists of restrictive gestural drawing styles and can 
trigger user frustration that can disrupt the ideation task  as asserted by Akers 
(2007). 
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1.3.2  Sketch-based Modeling System Issues  

Due to the CAD limitation, sketch-based modeling system such as Teddy 
(Igarashi, Matsuoka, & Tanaka, 1999) and CIGRO developed by (Company, 
Contero, Conesa, & Piquer, 2004) is to expedite the process by providing the 
natural sketching interface. Although they are powerful tools, but these devices 
are usually inconvenient and discouraging especially for novice users as claimed 
by Farrugia et al. (2014). These systems have placed a burden on the designer, 
and easily distract the designer’s mood and feeling while they are capturing their 
inspiration. Even though the latest technology claims the device provides an 
interface like paper and the stylus is operated like a pencil; then again it cannot 
be as flexible as traditional methods. To produce the uncanny ability and 
sensation represented by the pencil gestures which is synchronized to a human 
cognitive process is hardly achieved by any machine mimicking the pen or pencil.  
 

1.4 Problem statement  

The main problems are the miscommunication between designer and draftsman, 
the iterative time-consuming task and the sketch-based modeling being based 
on digital sketch. The understanding of this problem is derived from the following 
technical sub-problems: 

i. The current techniques are not well-suited for the line drawing images 
that have been segmented from a 2D sketch. Some detectors cannot 
handle meaningful junctions and therefore extract unwanted junctions 
that occurred from the overlapped lines. Furthermore, some algorithms 
are also sensitive to the curvy line that is formed by some pre-processing 
techniques. Thus, false junction detections may recur.  
 

ii. After the exhaustive search of the faces, the performance of the 
algorithm is still inconsistent and the identified object faces are also not 
guaranteed to be accurate. For high accuracy of the 3D reconstruction, 
all the regularities must be included in current methods which make them 
also suffer with a worst case complexity. Using few regularities and 
modifying the weights might give a good trade off but still the depth value 
recovery process is needed based on cognitive understanding.  
 

iii. Although there are a number of shape formation algorithms mostly 
based on concave or convex hull, there is no optimal solution to solve 
the problem from a random set of points. In fact, the design of the 
algorithms has various approaches to customize the ambiguous 
description of shape reconstruction. The algorithm should also be 
capable to obtain a low time complexity if it deals high number of inputs 
without reaching an exponential case problem.  
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1.5 Objectives of Research  

The main objective of this study is to propose a sketch-based modeling system 
from two-dimensional paper-based sketches to eliminate the time consumption 
on repetitive 3D modeling task. The main approach is to integrate techniques 
supporting the contributions into a unified convenient practical system for 
designers to obtain 3D models based on sketches in one process without human 
intervention. To achieve the ultimate objective, these objectives must be 
achieved:  
 
i. To propose a technique for junction detection from 2D sketch images based 

on a novel edge-based method.  
 

ii. To propose a technique of object face identification from 2D vertices 
representation based on symmetry regularities. The technique also 
proposes the depth value derivation from the identified face.  
 

iii. To propose a splitting and recombination technique of object shape 
reconstruction from the faces of the object for 3D modeling.  

 

1.6  Significance of Research 

This study investigates an approach for reconstructing 2D paper sketches to 3D 
models. The motivation of the research is to bridge the gaps of the activity in the 
conceptual design stage. That is, the outcome of this research should be able to 
integrate the designer requirement while maintaining their flexibility. The 
reconstruction algorithm should be fast and capable to interpret complex images 
and produce an accurate 3D model.  
 
This thesis can be viewed from two different perspectives: 

From the design process viewpoint, the main contribution of this thesis is that the 
proposed system can make the communication and brainstorming process 
quicker and fluent. The proposed solution also can minimize the design process 
cycle, slash unnecessary repeated activity and therefore reduce cost and 
increase productivity.  
 
From the computer science viewpoint, the main contribution is the new approach 
to the problem of 3D model reconstruction from 2D sketches. It is associated with 
sketch interpretation using only junction data, a new perspective on feature 
detection from drawings and a more efficient 3D geometrical reconstruction.  
 

1.7 Scope and limitations of Research 

The thesis focuses on automated 3D reconstruction from paper-based sketches. 
The input data are paper sketches that are scanned into the proposed 3D 
reconstruction system. However, for the purpose of this thesis, the focus is 
limited only to geometrical and symmetrical 2D sketches. This work is a complete 
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application that will be used by designers, practitioner and educator for the 
design process and education purposes.  
 

 We do not consider sketches that involve holes in this study due to the 
reason that a hole is an object positioned in between a bigger object. 
 

 Non-manifold objects are not considered: This restriction can be justified 
on the grounds that man-made objects are manifold. Further, we assume 
rather than check that the wireframe represents a manifold polyhedron. 
 

1.8 Thesis Organization 

This thesis is composed of seven chapters, including this introductory chapter. 
Chapter 2 describes the previous and related works on the 3D reconstruction, 
junction detection, face identification and object shape reconstruction methods. 
Chapter 3 illustrates the methodology used in the research. Chapter 4 describes 
the work on junction detection algorithm from sketch images. Chapter 5 
describes the novel algorithm of face identification from the 2D vertices and 
depth value derivation. Chapter 6 describes the proposed efficient algorithm for 
object shape reconstruction to produce the complete 3D model. Finally, the 
conclusion is drawn in chapter 7 with emphasis on the contributions and the 
results of utilizing the overall system consisting all contributions and future work.  
 
The thesis structure for research in UPM can be divided into three styles based 
on the School of Graduate Studies guide to thesis preparation book (2009). The 
second style has been chosen for this thesis where a thesis is divided into four 
parts, which are the introduction, literature review, research methodology and 
conclusion. Each research chapter represents a separated study that has its own 
introduction, methodology, results and discussion. Thus, this thesis has four 
research chapters which complement the technical elements that form the 
subject of discussion. Consequently, the overall organization of the thesis is as 
follows: 
 
 
Chapter 1: Introduction 

This chapter serves as the introductory to this thesis. It starts with a conceptual 
design and sketching process background. Next, a motivation of do the research 
is also explained. Moreover, this chapter clarifies the problem statement, 
research objectives, significance and scope and limitation of research.  
 
 
Chapter 2: Literature Review 

This chapter serves as the literature review of the entire research. It reviews prior 
research on sketch-based modeling system, junction identification, face 
identification and depth value derivation and object shape reconstruction. 
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Chapter 3: Research Methodology 

In this chapter, the overall research methodology is explained. Furthermore, this 
chapter clarifies data acquisition, dataset creation, implementation, experimental 
design, validation and brief details of each research chapters. 
 
Chapter 4: Junction Detection from Sketch Images 

This chapter details the junction detection using edge-based method. The 
chapter starts with an introduction, the proposed methodology of the algorithm, 
implementation, results and discussion, and the advantages and disadvantages 
of the algorithm.  
 
 
Chapter 5: Face Identification and Depth Value Derivation 

This chapter details the object face identification and depth value derivation. The 
chapter starts with an introduction, the proposed methodology of the algorithm, 
implementation, results and discussion, and the advantages and disadvantages 
of the algorithm.  
 
Chapter 6: Object Shape Reconstruction 

This chapter details the object face reconstruction from the identified faces. The 
chapter starts with an introduction, the proposed methodology of the algorithm, 
implementation, comparison, results and discussion, and the advantages and 
disadvantages of the algorithm.  
 
Chapter 7: Conclusion 

This final chapter concludes the whole research, highlights the contributions and 
also includes the overall evaluation of professional designers, and proposes 
recommendations for future work. 

   

 

 

  



© C
OPYRIG

HT U
PM

 
123 

REFERENCES 
   

Akers, D. L. (2007). Observation-based design methods for gestural user 
interfaces. In CHI’07 Extended Abstracts on Human Factors in 
Computing Systems (pp. 1625–1628).  

Akin, O. (1978). How do architects design. Artificial Intelligence and Pattern 
Recognition in Computer Aided Design, 65–119. 

Alcaide-Marzal, J., Diego-Más, J. A., Asensio-Cuesta, S., & Piqueras-Fiszman, 
B. (2013). An exploratory study on the use of digital sculpting in 
conceptual product design. Design Studies, 34(2), 264–284. 

A. P Vicent, Calleja, P., & Martin, R. R. (2003). Skewed mirror symmetry in the 
3D reconstruction of polyhedral models. Retrieved from 
https://otik.uk.zcu.cz/handle/11025/1664 

Arbelaez, P., Maire, M., Fowlkes, C., & Malik, J. (2009). From contours to 
regions: An empirical evaluation. In Computer Vision and Pattern 
Recognition. CVPR 2009. IEEE Conference on (pp. 2294–2301).   

Awrangjeb, M., & Lu, G. (2008). An improved curvature scale-space corner 
detector and a robust corner matching approach for transformed image 
identification., IEEE Transactions on Image Processing, 17(12), 2425–
2441. 

Bae, S.-H., Balakrishnan, R., & Singh, K. (2008). ILoveSketch: as-natural-as-
possible sketching system for creating 3d curve models. In Proceedings 
of the 21st annual ACM symposium on User interface software and 
technology (pp. 151–160).  

Bagali, S., & Waggenspack Jr, W. N. (1995). A shortest path approach to 
wireframe to solid model conversion. In Proceedings of the third ACM 
Symposium on Solid Modeling and Applications (pp. 339–350).  

Bayer, V. (1999). Survey of algorithms for the convex hull problem. Preprint. 
Retrieved from 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.36.8677&rep
=rep1&type=pdf 

Bay, H., Ess, A., Tuytelaars, T., & Van Gool, L. (2008). Speeded-up robust 
features (SURF). Computer Vision and Image Understanding, 110(3), 
346–359. 

Bergevin, R., & Bubel, A. (2004). Detection and characterization of junctions in 
a 2D image. Computer Vision and Image Understanding, 93(3), 288–
309. 



© C
OPYRIG

HT U
PM

 
124 

Bilda, Z., Gero, J. S., & Purcell, T. (2006). To sketch or not to sketch? That is the 
question. Design Studies, 27(5), 587–613. 

Brewer III, J. A., & Courter, S. M. (1986). Automated conversion of curvilinear 
wire-frame models to surface boundary models; a topological approach. 
ACM SIGGRAPH Computer Graphics, 20(4), 171–178. 

Brodal, G. S., & Jacob, R. (2002). Dynamic planar convex hull. In Foundations 
of Computer Science Proceedings. (pp. 617–626).  

Cao, F. (2003). Good continuations in digital image level lines. In Proceedings of 
the Ninth IEEE International Conference on Computer Vision (pp. 440–
448).  

Chansri, N., & Koomsap, P. (2009). Dual Lines Extraction for Identifying Single 
Line Drawing from Paper-Based Overtraced Freehand Sketch. Global 
Perspective for Competitive Enterprise, Economy and Ecology, 455–
463. 

Chansri, N., & Koomsap, P. (2012). Automatic single-line drawing creation from 
a paper-based overtraced freehand sketch. The International Journal of 
Advanced Manufacturing Technology, 59(1), 221–242. 

Chansri, N., & Koomsap, P. (2014). Sketch-based modeling from a paper-based 
overtraced freehand sketch. The International Journal of Advanced 
Manufacturing Technology, 1–25. 

Chan, T. M. (1996). Optimal output-sensitive convex hull algorithms in two and 
three dimensions. Discrete & Computational Geometry, 16(4), 361–368. 

Chazelle, B. (1993). An optimal convex hull algorithm in any fixed dimension. 
Discrete & Computational Geometry, 10(1), 377–409. 

Cheon, S.-U., & Han, S. (2008). A template-based reconstruction of plane-
symmetric 3D models from freehand sketches. Computer-Aided Design, 
40(9), 975–986. 

Cinque, L., & Di Maggio, C. (2001). A BSP realisation of Jarvis’ algorithm. Pattern 
Recognition Letters, 22(2), 147–155. 

Cintra, M., Llanos, D. R., & Palop, B. (2004). Speculative parallelization of a 
randomized incremental convex hull algorithm. In Computational 
Science and Its Applications–ICCSA 2004 (pp. 188–197).  

Clarkson, K. L., & Shor, P. W. (1989). Applications of random sampling in 
computational geometry, II. Discrete & Computational Geometry, 4(1), 
387–421. 

Coeurjolly, D., Miguet, S., & Tougne, L. (2001). Discrete curvature based on 
osculating circle estimation. In Visual Form 2001 (pp. 303–312).  



© C
OPYRIG

HT U
PM

 
125 

Company, P., Contero, M., Conesa, J., & Piquer, A. (2004). An optimisation-
based reconstruction engine for 3D modelling by sketching. Computers 
& Graphics, 28(6), 955–979. 

Contero, M., Naya, F., Jorge, J., & Conesa, J. (2003). CIGRO: a minimal 
instruction set calligraphic interface for sketch-based modeling. In 
Computational Science and Its Applications—ICCSA 2003 (pp. 549–
558).  

Contero, M., Varley, P., Aleixos, N., & Naya, F. (2009). Computer-aided 
sketching as a tool to promote innovation in the new product 
development process. Computers in Industry, 60(8), 592–603. 

Cooper, M. C. (2005). Wireframe projections: physical realisability of curved 
objects and unambiguous reconstruction of simple polyhedra. 
International Journal of Computer Vision, 64(1), 69–88. 

Cooper, M. C. (2007). Constraints between distant lines in the labelling of line 
drawings of polyhedral scenes. International Journal of Computer Vision, 
73(2), 195–212. 

Cooper, M. C. (2008). A rich discrete labeling scheme for line drawings of curved 
objects. IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 30(4), 741. 

Dani, T. H., & Gadh, R. (1997). Creation of concept shape designs via a virtual 
reality interface. Computer-Aided Design, 29(8), 555–563. 

De la Escalera, A., & Armingol, J. M. (2010). Automatic chessboard detection for 
intrinsic and extrinsic camera parameter calibration. Sensors, 10(3), 
2027–2044. 

Deriche, R., & Blaszka, T. (1993). Recovering and characterizing image features 
using an efficient model based approach. IEEE Computer Society 
Conference on Computer Vision and Pattern Recognition. In 
Proceedings CVPR’93, (pp. 530–535).  

Dijkstra, E. W. (1959). A note on two problems in connexion with graphs. 
Numerische Mathematik, 1(1), 269–271. 

Duan, X., Zheng, G., & Chao, H. (2010). An adaptive real-time descreening 
method based on SVM and improved SUSAN filter. In Acoustics Speech 
and Signal Processing (ICASSP) (pp. 1462–1465). 

Duckham, M., Kulik, L., Worboys, M., & Galton, A. (2008). Efficient generation of 
simple polygons for characterizing the shape of a set of points in the 
plane. Pattern Recognition, 41(10), 3224–3236. 



© C
OPYRIG

HT U
PM

 
126 

Du, X., & Yi, L. (2011). Identifying faces based on three-dimensional geometrical 
properties from a single 2D line drawing. In International Conference on 
Graphic and Image Processing (p. 82853N–82853N).  

Ebert, T., Belz, J., & Nelles, O. (2014). Interpolation and extrapolation: 
Comparison of definitions and survey of algorithms for convex and 
concave hulls. In IEEE Symposium on Computational Intelligence and 
Data Mining (CIDM), 2014 (pp. 310–314).  

Edelsbrunner, H., Kirkpatrick, D. G., & Seidel, R. (1983). On the shape of a set 
of points in the plane. IEEE Transactions on Information Theory, 29(4), 
551–559. 

Fang, F., & Lee, Y. T. (2012). 3D reconstruction of polyhedral objects from single 
perspective projections using cubic corner. 3(2), 1–8. 

Fang, F., & Lee, Y. T. (2013). 3D reconstruction from drawings with straight and 
curved edges. In SIGGRAPH Asia 2013 Technical Briefs (p.1).  

Fang, F., & Lee, Y. T. (2014). Efficient decomposition of line drawings of 
connected manifolds without face identification. Computer-Aided 
Design, 51, 18–30. 

Fang, F., Lee, Y. T., & Leong, M. C. (2015). Identification of Faces in line 
Drawings by edge decomposition. Pattern Recognition.  

Farrugia, P., Camilleri, K. P., & Borg, J. C. (2014). A language for representing 
and extracting 3D geometry semantics from paper-based sketches. 
Journal of Visual Languages & Computing, 25(5), 602–624. 

Farrugia, P. J., Borg, J. C., Camilleri, K. P., & Giannini, F. (2005). Extracting 3D 
shape models and related life knowledge from paper-based sketches. 
International Journal of Computer Applications in Technology, 23(2), 
120–137. 

Fiorio, C., Mercat, C., Rieux, F. (2010). Curvature estimation for discrete curves 
based on auto-adaptive masks of convolution. Computational Modeling 
of Objects Represented in Images, 47–59. Springer. 

Freeman, H. (1974). Computer processing of line-drawing images. ACM 
Computing Surveys (CSUR), 6(1), 57–97. 

Freeman, H., & Davis, L. S. (1977). A corner-finding algorithm for chain-coded 
curves. IEEE Transactions on Computers, 26(3), 297–303. 

Galton, A., & Duckham, M. (2006). What is the region occupied by a set of 
points? In Geographic Information Science (pp. 81–98).  



© C
OPYRIG

HT U
PM

 
127 

Ganter, M. A. (1983). From Wore-Frame to Solid-Geometric: Automated 
Conversion of Data Representations. Computers in Mechanical 
Engineering, 2(2), 40–45. 

Gao, C., Zhu, H., & Guo, Y. (2012). Analysis and improvement of SUSAN 
algorithm. Signal Processing, 92(10), 2552–2559. 

Gingold, Y., Igarashi, T., & Zorin, D. (2009). Structured annotations for 2D-to-3D 
modeling. ACM Transactions on Graphics (TOG), 28(5), 148. 

Goldschmidt, G. (1991). The dialectics of sketching. Creativity Research Journal, 
4(2), 123–143. 

González-Escribano, A., Llanos, D. R., Orden, D., & Palop, B. (2006). 
Parallelization alternatives and their performance for the convex hull 
problem. Applied Mathematical Modelling, 30(7), 563–577. 

Graham, R. L. (1972). An efficient algorith for determining the convex hull of a 
finite planar set. Information Processing Letters, 1(4), 132–133. 

Grimstead, I. J., & Martin, R. R. (1995). Creating solid models from single 2D 
sketches. In Proceedings of the third ACM symposium on Solid modeling 
and applications (pp. 323–337).  

Guo, F., Wang, X.-Z., & Li, Y. (2008). A new algorithm for solving convex hull 
problem and its application to feature selection. In International 
Conference on Machine Learning and Cybernetics,  (Vol. 1, pp. 369–
373). 

Haron, H., Mohamed, D., & Hj Shamsuddin, S. M. (2012). Extraction of junctions, 
lines and regions of irregular line drawing: the chain code processing 
algorithm. Jurnal Teknologi, 38(1), 1–28. 

Haron, H., & Talib, M. S. (2006). Three-dimensional visualization of two-
dimensional data: the mathematical modeling. Retrieved from 
http://eprints.utm.my/25608/ 

Harris, C. G. (1987). Determination of Ego-Motion from Matched Points. In Alvey 
Vision Conference (pp. 1–4). Citeseer.  

Harris, C., & Stephens, M. (1988). A combined corner and edge detector. In 
Alvey vision conference (Vol. 15, p. 50). Manchester, UK.  

He, W., & Deng, X. (2010). A modified SUSAN corner detection algorithm based 
on adaptive gradient threshold for remote sensing image. In International 
Conference on Optoelectronics and Image Processing (ICOIP), (Vol. 1, 
pp. 40–43).  



© C
OPYRIG

HT U
PM

 
128 

Hilaire, X., & Tombre, K. (2006). Robust and accurate vectorization of line 
drawings. IEEE Transactions on Pattern Analysis and Machine 
Intelligence,  28(6), 890–904. 

Horváth, I. (2005). On some crucial issues of computer support of conceptual 
design. In Product Engineering (pp. 123–142).  

Huffman, D. A. (1971). Impossible objects as nonsense sentences. Machine 
Intelligence, 6(1), 295–323. 

Igarashi, T., Matsuoka, S., & Tanaka, H. (1999). Teddy: A Sketching Interface 
for 3D Freeform Design, SIGGRAPH ‘99. In Conference Proceedings, 
ACM. 

Inoue, K., Shimada, K., & Chilaka, K. (2003). Solid model reconstruction of 
wireframe CAD models based on topological embeddings of planar 
graphs. Journal of Mechanical Design, 125(3), 434–442. 

Jarvis, R. A. (1973). On the identification of the convex hull of a finite set of points 
in the plane. Information Processing Letters, 2(1), 18–21. 

Jenkins, D. L., & Martin, R. R. (1992). Applying constraints to enforce users’ 
intentions in free-hand 2-D sketches. Intelligent Systems Engineering, 
1(1), 31–49. 

Kahaki, S. M. M., Nordin, M. J., & Ashtari, A. H. (2014). Contour-Based Corner 
Detection and Classification by Using Mean Projection Transform. 
Sensors, 14(3), 4126–4143. 

Kang, D. J., Masry, M., & Lipson, H. (2004). Reconstruction of a 3D object from 
a main axis system. In AAAI fall symposium series: Making pen-based 
interaction intelligent and natural.  

Kara, L. B., D’Eramo, C. M., & Shimada, K. (2006). Pen-based styling design of 
3D geometry using concept sketches and template models. In 
Proceedings of the 2006 ACM symposium on Solid and physical 
modeling (pp. 149–160).  

Kara, L. B., Shimada, K., & Marmalefsky, S. D. (2007). An evaluation of user 
experience with a sketch-based 3D modeling system. Computers & 
Graphics, 31(4), 580–597. doi.org/10.1016/j.cag.2007.04.004 

Kavan, L., Kolingerova, I., & Zara, J. (2006). Fast approximation of convex hull. 
In ACST (pp. 101–104).  

Khosravani, H. R., Ruano, A. E., & Ferreira, P. M. (2013). A simple algorithm for 
convex hull determination in high dimensions. In IEEE 8th International 
Symposium on Intelligent Signal Processing (WISP),  (pp. 109–114). 



© C
OPYRIG

HT U
PM

 
129 

Kitchen, L., & Rosenfeld, A. (1980). Gray-level corner detection. DTIC 
Document.  

Kong, X., Everett, H., & Toussaint, G. (1990). The Graham scan triangulates 
simple polygons. Pattern Recognition Letters, 11(11), 713–716. 

Kovacs, A., & Sziranyi, T. (2012). Harris function based active contour external 
force for image segmentation. Pattern Recognition Letters, 33(9), 1180–
1187. 

Ku, D. C., Qin, S. F., & Wright, D. K. (2006). Interpretation of overtracing freehand 
sketching for geometric shapes.  

Lamb, D., & Bandopadhay, A. (1990). Interpreting a 3D object from a rough 2D 
line drawing. In Proceedings of the 1st conference on Visualization’90 
(pp. 59–66).  

Lam, L., Lee, S.-W., & Suen, C. Y. (1992). Thinning methodologies-a 
comprehensive survey. IEEE Transactions on Pattern Analysis and 
Machine Intelligence, 14(9), 869–885. 

Langbein, F. C., Mills, B. I., Marshall, A. D., & Martin, R. R. (2001). Recognizing 
geometric patterns for beautification of reconstructed solid models. 
International Conference on Shape Modeling and Applications, SMI 
2001. (pp. 10–19).  

Leclerc, Y. G., & Fischler, M. A. (1992). An optimization-based approach to the 
interpretation of single line drawings as 3D wire frames. International 
Journal of Computer Vision, 9(2), 113–136. 

Leong, M. C., Lee, Y. T., & Fang, F. (2013). A Search-and-Validate Method for 
Face Identification from Single Line Drawings. IEEE Transactions on 
Pattern Analysis and Machine Intelligence, 35(11), 2576–2591.  

Lim, S., & others. (2002). An approach to design sketch modelling. University of 
Strathclyde, Department of Design, Manufacture and Engineering 
Management, CAD Centre, Glasgow, Scotland, UK.  

Lim, S., Qin, S. F., Prieto, P., Wright, D., & Shackleton, J. (2004). A study of 
sketching behaviour to support free-form surface modelling from on-line 
sketching. Design Studies, 25(4), 393–413. 

Lipson, H., & Shpitalni, M. (1996). Optimization-based reconstruction of a 3D 
object from a single freehand line drawing. Computer-Aided Design, 
28(8), 651–663. 

Liu, J., Chen, Y., & Tang, X. (2011). Decomposition of complex line drawings 
with hidden lines for 3D planar-faced manifold object reconstruction. 
IEEE Transactions on Pattern Analysis and Machine Intelligence, 33(1), 
3–15. 



© C
OPYRIG

HT U
PM

 
130 

Liu, J., & Lee, Y. T. (2001). Graph-based method for face identification from a 
single 2D line drawing. IEEE Transactions on Pattern Analysis and 
Machine Intelligence, 23(10), 1106–1119. 

Liu, J., Lee, Y. T., & Cham, W.-K. (2002). Identifying faces in a 2D line drawing 
representing a manifold object. IEEE Transactions on Pattern Analysis 
and Machine Intelligence, 24(12), 1579–1593. 

Liu, J., & Tang, X. (2004). Efficient search of faces from complex line drawings. 
In Proceedings of Computer Vision and Pattern Recognition, 2004. 
CVPR 2004. (Vol. 2, pp. II–791).  

Liu, J., & Tang, X. (2005). Evolutionary search for faces from line drawings. IEEE 
Transactions on Pattern Analysis and Machine Intelligence, 27(6), 861–
872. 

Liu, K., Huang, Y. S., & Suen, C. Y. (1999). Identification of fork points on the 
skeletons of handwritten Chinese characters. IEEE Transactions on 
Pattern Analysis and Machine Intelligence, 21(10), 1095–1100. 

Liu, Y., Chen, H., Guo, Y. S., Sun, W. B., & Zhang, Y. Y. (2011). The Research 
of Remote Sensing Image Matching Based on the Improved Harris 
Corner Detection Algorithm. In Advanced Materials Research (Vol. 271, 
pp. 201–204).  

Liu, Y., Hou, M., Rao, X., & Zhang, Y. (2008). A steady corner detection of gray 
Level Images Based on Improved Harris Algorithm. In IEEE International 
Conference on Networking, Sensing and Control,ICNSC 2008. (pp. 708–
713).  

Lowe, D. G. (1999). Object recognition from local scale-invariant features. In 
proceedings of the seventh IEEE international conference on Computer 
vision. (Vol. 2, pp. 1150–1157).  

Lu, K., & Pavlidis, T. (2007). Detecting textured objects using convex hull. 
Machine Vision and Applications, 18(2), 123–133. 

Lynn Beus, H., & Tiu, S. S. (1987). An improved corner detection algorithm based 
on chain-coded plane curves. Pattern Recognition, 20(3), 291–296. 

Maire, M., Arbeláez, P., Fowlkes, C., & Malik, J. (2008). Using contours to detect 
and localize junctions in natural images. IEEE Conference on Computer 
Vision and Pattern Recognition, CVPR 2008. (pp. 1–8).  

Malik, J. (1987). Interpreting line drawings of curved objects. International 
Journal of Computer Vision, 1(1), 73–103. 

Mardzuki, S., & Haron, H. (2008). Interpretation of Drawing: A Review on Line 
Labeling. In The 4th Postgraduate Annual Research Seminar (PARS08) 
(Vol. 30, pp. 247–250).  



© C
OPYRIG

HT U
PM

 
131 

Marill, T. (1991). Emulating the human interpretation of line-drawings as three-
dimensional objects. International Journal of Computer Vision, 6(2), 
147–161. 

Markowsky, G., & Wesley, M. A. (1980). Fleshing out wire frames. IBM Journal 
of Research and Development, 24(5), 582–597. 

Marti, E., Regincós, J., Villanueva, J. J., & López-Krahe, J. (1995). Line drawing 
interpretation as polyhedral objects to man-machine interaction in CAD 
systems.  

Masry, M., Kang, D. J., Susilo, I., & Lipson, H. (2004). A freehand sketching 
interface for progressive construction and analysis of 3d objects. Making 
Pen-Based Interaction Intelligent and Natural, 113–119. 

Masry, M., Kang, D., & Lipson, H. (2005). A freehand sketching interface for 
progressive construction of 3D objects. Computers & Graphics, 29(4), 
563–575. 

Masry, M., & Lipson, H. (2007). A Sketch-Based Interface for Iterative Design 
and Analysis of 3d Objects. In ACM SIGGRAPH 2007 courses (p. 31).  

Matondang, M. Z., Haron, H., & Talib, M. S. (2006). Three-Dimensional 
Visualization of Two-Dimensional Data: The Mathematical Modeling. In 
Proceedings of the 2nd IMT-GT Regional Conference on Mathematics, 
Statistics and Applications, 13-15 June 2006, Penang, Malaysia. Vol. 4: 
Computer Sciences and Applications. (pp. 79–87).  

McGown, A., Green, G., & Rodgers, P. A. (1998). Visible ideas: information 
patterns of conceptual sketch activity. Design Studies, 19(4), 431–453. 

Meintjes, S. (2013). Multi-objective optimisation of a commercial vehicle complex 
network. University of Pretoria. Retrieved from 
http://www.orssa.org.za/wiki/uploads/Awards/Meintjes_Project.pdf 

Melkemi, M., & Djebali, M. (2000). Computing the shape of a planar points set. 
Pattern Recognition, 33(9), 1423–1436. 

Methirumangalath, S., Parakkat, A. D., & Muthuganapathy, R. (2015). A unified 
approach towards reconstruction of a planar point set. Computers & 
Graphics.  

Miao, Y., Hu, F., Zhang, X., Chen, J., & Pajarola, R. (2014). Sketch-based 
reconstruction of symmetric 3D free-form objects. In SIGGRAPH Asia 
2014 Posters (p. 42). ACM.  

Mikolajczyk, K., & Schmid, C. (2001). Indexing based on scale invariant interest 
points. Proceedings of Eighth International Conference on Computer 
Vision ICCV 2001 (Vol. 1, pp. 525–531).  



© C
OPYRIG

HT U
PM

 
132 

Minhas, R., & Wu, J. (2007). Invariant feature set in convex hull for fast image 
registration. In IEEE International Conference on Systems, Man and 
Cybernetics, ISIC. (pp. 1557–1561).  

Mokhtarian, F., & Mohanna, F. (2006). Performance evaluation of corner 
detectors using consistency and accuracy measures. Computer Vision 
and Image Understanding, 102(1), 81–94. 

Mokhtarian, F., & Suomela, R. (1998). Robust image corner detection through 
curvature scale space. IEEE Transactions on Pattern Analysis and 
Machine Intelligence, 20(12), 1376–1381. 

Moreira, A., & Santos, M. Y. (2007). Concave hull: A k-nearest neighbours 
approach for the computation of the region occupied by a set of points. 
Retrieved from http://repositorium.sdum.uminho.pt/handle/1822/6429 

Musé, P., Sur, F., Cao, F., Gousseau, Y., & Morel, J.-M. (2006). An a contrario 
decision method for shape element recognition. International Journal of 
Computer Vision, 69(3), 295–315. 

Nguyen, T. P., & Debled-Rennesson, I. (2007). Curvature estimation in noisy 
curves. In Computer Analysis of Images and Patterns (pp. 474–481).  

Noble, J. A. (1988). Finding corners. Image and Vision Computing, 6(2), 121–
128. 

Oh, B.-S., & Kim, C.-H. (2003). Progressive reconstruction of 3D objects from a 
single free-hand line drawing. Computers & Graphics, 27(4), 581–592. 

Olsen, L., Samavati, F. F., Sousa, M. C., & Jorge, J. A. (2009). Sketch-based 
modeling: A survey. Computers & Graphics, 33(1), 85–103. 
doi.org/10.1016/j.cag.2008.09.013 

Otsu, N. (1975). A threshold selection method from gray-level histograms. 
Automatica, 11(285-296), 23–27. 

Parida, L., Geiger, D., & Hummel, R. (1998). Junctions: Detection, classification, 
and reconstruction. IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 20(7), 687–698. 

Park, J.-S., & Oh, S.-J. (2013). A new concave hull algorithm and concaveness 
measure for n-dimensional datasets. Journal of Information Science and 
Engineering, 29(2), 379–392. 

Paton, K. (1969). An algorithm for finding a fundamental set of cycles of a graph. 
Communications of the ACM, 12(9), 514–518. 

Pedrosa, G. V., & Barcelos, C. A. (2010). Anisotropic diffusion for effective shape 
corner point detection. Pattern Recognition Letters, 31(12), 1658–1664. 



© C
OPYRIG

HT U
PM

 
133 

Pereira, J. P., Jorge, J. A., Branco, V., & Ferreira, F. N. (2000). Towards 
calligraphic interfaces: sketching 3D scenes with gestures and context 
icons. Retrieved from https://otik.uk.zcu.cz/handle/11025/15471 

Perwass, C. (2005). Junction and corner detection through the extraction and 
analysis of line segments. In Combinatorial Image Analysis (pp. 568–
582).  

Pham, T.-A., Delalandre, M., Barrat, S., & Ramel, J. (2012). A robust approach 
for local interest point detection in line-drawing images. In International 
workshop on Document Analysis Systems (DAS), 2012 10th IAPR (pp. 
79–84). 

Pham, T.-A., Delalandre, M., Barrat, S., & Ramel, J.-Y. (2014). Accurate junction 
detection and characterization in line-drawing images. Pattern 
Recognition, 47(1), 282–295. 

Piquer, A. (2008). Improvements on Face Detection in Line-Drawings. In 
Proceedings of the World Congress on Engineering (Vol. 1).  

Piquer, A., Martin, R., & others. (2004). Skewed mirror symmetry for depth 
estimation in 3D line-drawings. In Graphics Recognition. Recent 
Advances and Perspectives (pp. 142–153).  

Piquer, A., Martin, R. R., & others. (2003). Using skewed mirror symmetry for 
optimisation-based 3D line-drawing recognition. In Proceedings on 
Graphics Recognition  and 5th IAPR International Workshop.  

Pusch, R., Samavati, F., Nasri, A., & Wyvill, B. (2007). Improving the sketch-
based interface. The Visual Computer, 23(9-11), 955–962. 

Qin, S. F., Wright, D. K., & Jordanov, I. N. (2000). From on-line sketching to 2D 
and 3D geometry: a system based on fuzzy knowledge. Computer-Aided 
Design, 32(14), 851–866. 

Qin, S.-F., Wright, D. K., & Jordanov, I. N. (2001). A conceptual design tool: a 
sketch and fuzzy logic based system. Proceedings of the Institution of 
Mechanical Engineers, Part B: Journal of Engineering Manufacture, 
215(1), 111–116. 

Ran, Y., Wang, Z., & Zhu, F. (2011). Trends of mixed reality aided industrial 
design applications. Energy Procedia, 13, 3144–3151. 
doi.org/10.1016/j.egypro.2011.11.456 

Rattarangsi, A., & Chin, R. T. (1990). Scale-based detection of corners of planar 
curves. In Proceedings of 10th International Conference on Pattern 
Recognition. (Vol. 1, pp. 923–930).  

Rodgers, P. A., Green, G., & McGown, A. (2000). Using concept sketches to 
track design progress. Design Studies, 21(5), 451–464. 



© C
OPYRIG

HT U
PM

 
134 

Rohr, K. (1992). Recognizing corners by fitting parametric models. International 
Journal of Computer Vision, 9(3), 213–230. 

Römer, A., Pache, M., Weißhahn, G., Lindemann, U., & Hacker, W. (2001). 
Effort-saving product representations in design—results of a 
questionnaire survey. Design Studies, 22(6), 473–491. 

Rosén, E., Jansson, E., & Brundin, M. (2014). Implementation of a fast and 
efficient concave hull algorithm. 

Rosenfeld, A., & Johnston, E. (1973). Angle detection on digital curves. IEEE 
Transactions on Computers, 100(9), 875–878. 

Rosenfeld, A., & Weszka, J. S. (1975). An improved method of angle detection 
on digital curves. IEEE Transactions on Computers, 24(9), 940–941. 

Ros, L., & Thomas, F. (2002). Overcoming superstrictness in line drawing 
interpretation. IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 24(4), 456–466. 

Rutkowski, W. S., & Rosenfeld, A. (1978). A comparison of corner detection 
techniques for chain-coded curves. 

Ruzon, M., Tomasi, C., & others. (2001). Edge, junction, and corner detection 
using color distributions. IEEE Transactions on Pattern Analysis and 
Machine Intelligence, 23(11), 1281–1295. 

Sawada, T., & Pizlo, Z. (2008). Detecting mirror-symmetry of a volumetric shape 
from its single 2D image. In Conference on Computer Vision and Pattern 
Recognition Workshops, CVPRW’08. IEEE Computer Society (pp. 1–8).  

Schweikardt, E., & Gross, M. D. (2000). Digital clay: deriving digital models from 
freehand sketches. Automation in Construction, 9(1), 107–115. 

Scrivener, S. A., Ball, L. J., & Tseng, W. (2000). Uncertainty and sketching 
behaviour. Design Studies, 21(5), 465–481. 

Sedlmair, M.(2013). Evaluation. Retrieved from 
http://vda.univie.ac.at/Teaching/Vis/13s/LectureNotes/15_evaluation_m
ichael.pdf. 

Shesh, A., & Chen, B. (2004). Smartpaper: An interactive and user friendly 
sketching system. In Computer Graphics Forum. Wiley Online Library. 
(Vol. 23, pp. 301–310).  

Shi, J., & Tomasi, C. (1994). Good features to track. In Computer Vision and 
Pattern Recognition, 1994. In Proceedings on CVPR’94. IEEE Computer 
Society Conference (pp. 593–600).  



© C
OPYRIG

HT U
PM

 
135 

Shpitalni, M., & Lipson, H. (1996). Identification of faces in a 2D line drawing 
projection of a wireframe object. IEEE Transactions on Pattern Analysis 
and Machine Intelligence, 18(10), 1000–1012. 

Shui, P.-L., & Zhang, W.-C. (2013). Corner detection and classification using 
anisotropic directional derivative representations. IEEE Transactions on 
Image Processing,  22(8), 3204–3218. 

Sinzinger, E. D. (2008). A model-based approach to junction detection using 
radial energy. Pattern Recognition, 41(2), 494–505. 

Śluzek, A. (2001). A local algorithm for real-time junction detection in contour 
images. In Computer Analysis of Images and Patterns (pp. 465–472).  

Smith, S. M., & Brady, J. M. (1997). SUSAN—a new approach to low level image 
processing. International Journal of Computer Vision, 23(1), 45–78. 

Stones, C., & Cassidy, T. (2007). Comparing synthesis strategies of novice 
graphic designers using digital and traditional design tools. Design 
Studies, 28(1), 59–72. 

Stout, M., Bacardit, J., Hirst, J. D., & Krasnogor, N. (2008). Prediction of recursive 
convex hull class assignments for protein residues. Bioinformatics, 
24(7), 916–923. 

Sugihara, K. (1982). Mathematical structures of line drawings of polyhedrons-
toward man-machine communication by means of line drawings. Pattern 
Analysis and Machine Intelligence, IEEE Transactions on, (5), 458–469. 

Sugihara, K. (1984a). An algebraic approach to shape-from-image problems. 
Artificial Intelligence, 23(1), 59–95. 

Sugihara, K. (1984b). A necessary and sufficient condition for a picture to 
represent a polyhedral scene. IEEE Transactions on Pattern Analysis 
and Machine Intelligence, 6(5), 578–586. 

Sugihara, K. (1986). Machine interpretation of line drawings (Vol. 1). MIT press 
Cambridge. Retrieved from 
http://www.stat.ucla.edu/~sczhu/courses/UCLA/Stat_232B/chapters/Lin
e_drawing_intepretation_tutorial.pdf 

Sugihara, K. (1994). Robust gift wrapping for the three-dimensional convex hull. 
Journal of Computer and System Sciences, 49(2), 391–407. 

Suntoro, A., Vieira, J., & Singh, B. (1994). Face recognition of wireframe 
polyhedra using fundamental cycles. In International Conference of 
IEEE Region 10’s Ninth Annual TENCON’94.Theme: Frontiers of 
Computer Technology. Proceedings  (pp. 230–233).  



© C
OPYRIG

HT U
PM

 
136 

Sun, Y., & Lee, Y. T. (2004). Topological analysis of a single line drawing for 3D 
shape recovery. In Proceedings of the 2nd international conference on 
Computer graphics and interactive techniques in Australasia and South 
East Asia (pp. 167–172).  

Szczypiński, P., & Klepaczko, A. (2009). Convex hull-based feature selection in 
application to classification of wireless capsule endoscopic images. In 
Advanced Concepts for Intelligent Vision Systems (pp. 664–675).  

Tabbone, S. A., Alonso, L., & Ziou, D. (2005). Behavior of the laplacian of 
gaussian extrema. Journal of Mathematical Imaging and Vision, 23(1), 
107–128. 

Tang, M., Zhao, J., Tong, R., & Manocha, D. (2012). GPU accelerated convex 
hull computation. Computers & Graphics, 36(5), 498–506. 

TARÁBEK, P. (2007). Morphology image pre-processing for thinning algorithms. 
Journal of Information, Control and Management Systems, 5(1). 
Retrieved from 
http://kifri.fri.uniza.sk/ojs/index.php/JICMS/article/view/986 

Teh, C.-H., & Chin, R. T. (1989). On the detection of dominant points on digital 
curves. IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 11(8), 859–872. 

Tian, C., Masry, M., & Lipson, H. (2009). Physical sketching: Reconstruction and 
analysis of 3D objects from freehand sketches. Computer-Aided Design, 
41(3), 147–158. 

Tools, A. L. (2006). Learning Design with Alias StudioTools: A Hands-on Guide 
to Modeling and Visualization in 3D (Official Alias Training Guide). 
Sybex. 

Tovey, M. (1989). Drawing and CAD in industrial design. Design Studies, 10(1), 
24–39. 

Tuytelaars, T., & Mikolajczyk, K. (2008). Local invariant feature detectors: a 
survey. Foundations and Trends® in Computer Graphics and Vision, 
3(3), 177–280. 

Tzeng, S., & Owens, J. D. (2012). Finding convex hulls using Quickhull on the 
GPU. arXiv Preprint arXiv:1201.2936. Retrieved from 
http://arxiv.org/abs/1201.2936 

Varley, P. A. C., & Martin, R. R. (2000). A system for constructing boundary 
representation solid models from a two-dimensional sketch. In 
Proceedings on Geometric Modeling and Processing 2000. Theory and 
Applications. (pp. 13–32).  



© C
OPYRIG

HT U
PM

 
137 

Varley, P. A. C., Martin, R. R., & Suzuki, H. (2004). Making the most of using 
depth reasoning to label line drawings of engineering objects. In 
Proceedings of the ninth ACM symposium on Solid modeling and 
applications (pp. 191–202).  

Varley, P. A., & Company, P. P. (2010). A new algorithm for finding faces in 
wireframes. Computer-Aided Design, 42(4), 279–309. 

Varley, P. A. C., Takahashi, Y., Mitani, J., & Suzuki, H. (2004). A Two-Stage 
Approach for Interpreting Line Drawings of Curved Objects. In 
EUROGRAPHICS Workshop on Sketch-Based Interfaces and Modeling. 

Wang, H., & Brady, M. (1995). Real-time corner detection algorithm for motion 
estimation. Image and Vision Computing, 13(9), 695–703. 

Won, P. H. (2001). The comparison between visual thinking using computer and 
conventional media in the concept generation stages of design. 
Automation in Construction, 10(3), 319–325. 

World Intellectual Property Organization. (2008). Ninth International 
Classification for Industrial Designs . WIPO, Geneva. 

Wu, T.-F., Xia, G.-S., & Zhu, S.-C. (2007). Compositional boosting for computing 
hierarchical image structures. In IEEE Conference on Computer Vision 
and Pattern Recognition, CVPR’07. (pp. 1–8).  

Xia, G.-S. (2011). Geometric Methods for the Analysis of Images and Textures. 
Telecom ParisTech (ENST). 

Xia, G.-S., Delon, J., & Gousseau, Y. (2014). Accurate junction detection and 
characterization in natural images. International Journal of Computer 
Vision, 106(1), 31–56. 

Yang, C., Sharon, D., & van de Panne, M. (2005). Sketchbased modeling of 
parameterized objects. In EG Workshop on Sketch-Based Interfaces 
and Modeling (pp. 63–72). Retrieved from http://www-
devel.cs.ubc.ca/~van/papers/2005-sbim-sketch3d.pdf 

Yang, Z. H., Han, X. L., & Guo, F. F. (2012). A Novel Corner Detection Based on 
Improved SUSAN Model. In Applied Mechanics and Materials (Vol. 128, 
pp. 469–472). Trans Tech Publ. Retrieved from 
http://www.scientific.net/AMM.128-129.469 

Yuan, B., & Tan, C. L. (2007). Convex hull based skew estimation. Pattern 
Recognition, 40(2), 456–475. 

Yuan, S., Tsui, L. Y., & Jie, S. (2008). Regularity selection for effective 3D object 
reconstruction from a single line drawing. Pattern Recognition Letters, 
29(10), 1486–1495. 



© C
OPYRIG

HT U
PM

 
138 

Zhang, X., & Ji, X. H. (2012). An Improved Harris Corner Detection Algorithm for 
Noised Images. In Advanced Materials Research (Vol. 433, pp. 6151–
6156). Trans Tech Publ.  

Zhao, J., Ma, H., & Men, G. (2009). A new corner detection algorithm with 
SUSAN fast hierarchical method. In International Asia Symposium on 
Intelligent Interaction and Affective Computing, ASIA’09. (pp. 112–115).  

Zhou, L., Lai, K. K., & Yen, J. (2009). A new approach with convex hull to 
measure classification complexity of credit scoring database. 
International Conference on Business Intelligence and Financial 
Engineering, BIFE’09. (pp. 441–444).  

Zhou, X., & Shi, Y. (2009). Nearest neighbor convex hull classification method 
for face recognition. In Computational Science–ICCS 2009 (pp. 570–
577). Springer. Retrieved from 
http://link.springer.com/chapter/10.1007/978-3-642-01973-9_64 

Zou, H. L., & Lee, Y. T. (2005). Skewed mirror symmetry detection from a 2D 
sketch of a 3D model. In Proceedings of the 3rd international conference 
on Computer graphics and interactive techniques in Australasia and 
South East Asia (pp. 69–76).  

Zou, H. L., & Lee, Y. T. (2006). Skewed rotational symmetry detection from a 2D 
line drawing of a 3D polyhedral object. Computer-Aided Design, 38(12), 
1224–1232. 




