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ABSTRACT

Pop-up is an interesting form of paper art-which-fascinate children and adults. It is fun
to look 3D shapes jump up from the“page, and-these shapes can be stored in the pages flat
when the card is closed. However, manual design of pop-ups is not an easy task. It needs
lots of experience to make the pop-up open and close perfectly. Even for proficient masters,
it would take a lot of time to complete a pop-up design. In this thesis, we focus on a
common class of pop-ups which is called v-fold pop-ups. We introduce different types of
animal pop-ups and propose an algorithm to create v-fold pop-ups from 3D animal models.
In our system, we find the representative contour of every part from a segmented model,
and then use the contour as the shape of the pop-up piece. We compose them together to
generate a pop-up card. Additionally, we implement the simulation of the pieces popping up
as it is opened. This pop-up animation enables the designer observe the pop-up card before

making it manually.



Acknowledgements

First of all, I would like to express my sincere gratitude to my advisors, Prof.
Zen-Chung Shih and Prof. Der-Lor Way for their guidance and patience. Without their
encouragement, | would not complete this thesis. Thanks also to all the members in
Computer Graphics and Virtual Reality Laboratory for their reinforcement and suggestion. |
want to thank to all the people who ever supported me during these days. Finally, 1 will

sincerely dedicate this thesis to my family.



Contents

ABSTRACT (iN ChINESE) tuureeeererenreeeeearenreeeseseessensonsesssansesssansansssssansansenssanns |
ABSTRACT (in ENGIISN) weueiiiiiiiiiiiiiiiiiiiiiititieeeietentenecensensenscensonscnnsansen 1
ACKNOWLEDGEMENTS 1iiitiiiiiiiiiiiiiinniessastsssssssssssssssscsssscssssssssssssssases ]
CONTENTS tittiiitiiiiitntiineteietesetssstossssssstossssssssosssssssssssssssssssassssssssasssnsss v
LIST OF FIGURES ..etiiiiiiiiiiieiiiniiieieiatessetssasosssssssssssssssssssassssssssssssnssssssnes Vv
LIST OF TABLES .. ucitiiiiiiiiiiieiiiieiitatetsetssetsssscssstssssssssssssssssssssssssssssnsss VII
CHAPTER 1 INtrodUCTION uiuviuiiieiniierniierereeiesnssesasnssssnssssasssssssssssassssnsassnss 1
CHAPTER 2 Related WOFKS .ecuiiiiereiieieriiernieesesnsessesassesasnssssssessssssnssssnsasss 3
2.1 Paper CraftiNg .eceeeeeeeieeriieeeeieeeiereeieereeeseseecncessesenssensscnsssansnsensnsassasansnsans 3

2.2 CompULAtioNal POP-UPS tieieereeireenerereareneeeeneeneensancessessasensencansessssnsensensancnns 4

2.3 Planar Shape ADSIIACIION .ueiuiieiieiieieiieiieietierereeenecnecncensencassnesncensansensancans 5
CHAPTER 3 BaCKgrOoUNd ..cueieiieiieiiiieiintententensensensensensensonsessessssessssonsoses 6
I o [T (0] VAPPSR 6

3.2 POP-UP MECNANISIMS wuiurnenesetsbess iannanas hnbe dbasecasesssessssssssnsasassssssssssssssssasasass 7
CHAPTER 4 Algorithm ...t iteeshe siethaseeeceecnncensensensesccnsanscnsns 11
Vi STor: Y 1 0] [o [ e R R S Pt 11

VAV (o] (o I DTTo ] 7=To] o I R e PPt 12

4.3 ANIMal SCAffOlU ...ueumanncecereresonseasteotboneseeeesinstonsmeesessssssasasnssssssssssssssnsases 15

4.4 POP-UP GENEIatiON ueueitsieeeshobts oouuuussaousmasastosesssoctosasesossssssasnssssssssssssssnsases 19
4.4.1 Mesh Segmentation andyLabeling ...eeeeereeneedtititnieeinenieecntereesnrersrcnsersscnsesssnss 20

4.4.2 2D Feature Shape EXIraCliON useesssossss@esioecthocecersrsecnsesessssncnsessssnsnsessssnsesssens 20

4.4.3 2D Feature Shape AttaChment .o i i iiiiiiirertetracnsnseressrsacesessssssnsesssnns 22

4.5 POP-UP SIMUIALION t.uiieieiniieiiietiitieieneeeeeeneeesncencsensescnsassasancnsansesansnsnns 25
CHAPTER 5 Experimental ReSUIS ..ccciereiriiiiiieiieiietineineeneenncencencencensensanss 29
CHAPTER 6 Conclusion and Future WOFK ....cceeiieiiiieiniierniressecnsensesensnsnnns 35
e AL 37



List of Figures

Figure 2.1: V-style pop-up [15]. (a) A v-style pop-up in fully opened state. (b) The Eiffel

Tower pop-up constructed by automated algorithm. ..., 5
Figure 3.1: “Alice Adventures in Wonderland” by Robert Sabuda ........................... 7
Figure 3.2: Pop-up cards designed by Robert Sabuda for DIY ..., 7
Figure 3.3: A SIMPIE POP-UP. o.oniiiit i 8
Figure 3.4: A COMPIEX POP-UP. .oieitii et 8
Figure 3.5: (a) The pop-up opened through 180°. (b) The angles in a closed pop-up. ...... 9
Figure 3.6: The pop-up pieces are fully stretched. ..., 9
Figure 4.1: Scaffold. ..o 11
Figure 4.2: The axes and angles in an element. ..., 12
Figure 4.3: A v-fold pop-up and its v-fold digraph. ... 13

Figure 4.4: (a) A structure that cannot be fold flat because the blue element supported by
three pieces. (b) An unstable structure that may collapse because the blue element and the

red element support each Other. ...... . & i e, 14
Figure 4.5: (a) The v-fold graph of.head type. (b) The'prototype of head type. ............ 16
Figure 4.6: (a) The v-fold graph.of bust-type- (b) Theprototype of bust type. ............. 17
Figure 4.7: (a) The v-fold graph ofbird type. (b) The prototype of bird type. ............... 18
Figure 4.8: The processing flow of pop-up generation. V... .ce....covveiininiiiiiianinnn.. 19

Figure 4.9: The head of pigmodel’and.its-projection result. The blue points indicate
projected points from mesh vertices, The black pointsimean sample points in red check

region. Left: the point on the contour: Right..the peintnot on the contour. .................. 21
Figure 4.10: Left: A polygon and its goal plane.'Right: Viewed from above. ............... 22
Figure 4.11: The piece cut by a cutting plane. ... 23
Figure 4.12: Before and after CUtting ProCess. .........oovvuiiriiiiiiiii e, 23
Figure 4.13: The axes and angles in an element of a simple pop-up. ...................... 25
Figure 4.14: The axes in a CoOMPIEX POP-UP. ...ueiniirinrie it 26
Figure 4.15: Find axis Z by given X, Y, o, @nd . .....ooiiiiiiiiiiiii e, 27
Figure 4.16: A v-fold pop-up in deferent fold angles. ..., 28
Figure 5.1: Top: The input model and segmentation. Middle: Result of pop-up with head
type. Bottom: Pop-up SIMUItioN. ... ... 30
Figure 5.2: Top: The input model and segmentation. Middle: Result of pop-up with bust
type. Bottom: Pop-up SIMUItioN. ... ... 31
Figure 5.3: Top: The input model and segmentation. Middle: Result of pop-up with bird
type. Bottom: Pop-up simulation. ... 32
Figure 5.4: Donkey in head type and bust type, wolf in bust type and pig in bust
17/ L2 33

\Y



Figure 5.5: Lamb in bust type and swallow in bird type. ............ccoiiiiiiiiiiias 34

Vi



List of Tables

Table 4.1: Cutting lists of the head type scaffolds. ..., 24
Table 4.2: Cutting lists of the bust type scaffolds. ...............coooiiiiiiiiiii, 24
Table 4.3: Cutting lists of the bird type scaffolds. ..., 25

Vil



CHAPTER 1
Introduction

People usually invite their friends to a party or give wishes in anniversaries by sending
cards. Recently, many paper cards become more exquisite and creative. Pop-up card is one
of popular paper cards. When it is opened, the paper architecture will form a 3D lively
scene. Making a pop-up card by self is fun but not easy. When designer has an idea, he
needs to think how to accomplishuit. Most timeof design apop-up card is spending on trial
and error. When it looks a little bit wrong, there issnothing.to do except cut a new piece,
glue it in, and see how that looks. This is a tedious process. It'will be more facile if there is

a convenience tool for help us to«design a:;pop-up-card:

Unlike man-made objects, organic objects have various features. Since a v-fold pop-up
card is organized by planar pieces, the shapes of the pieces are significant for express the
features of an object. In this thesis, we observe animal pop-ups made by artists and
generalize three common types of pop-up prototype. The proposed method extracts typical
contours from an animal 3D model, and creates pop-up pieces based on the contours. These
pieces will be attached to the defined pop-up structure, and finally constructed an animal

pop-up card. Accordingly, users can easily create a pop-up card from an animal 3D model.

The main contributions of this thesis are as follow: (1) we present a data structure for

the v-fold pop-up; (2) a novel algorithm is applied for generating a pop-up card from a 3D
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animal model. The data structure is called v-fold digraph to construct pop-up cards. The
properties of v-fold digraph ensure the stability of the pop-up structure. Then we observe
the animal pop-up card made by artists and generalize three types of structures. With these
structures, a few planar pieces were used to represent a 3D model and preserve its features.
In order to show the results, we simulate the animation of a pop-up card (see chapter 4.5).
Finally, all experimental results were constructed to real-paper pop-up cards. Furthermore,
users can observe the pop-up card in every angle during it is opened and closed from the

pop-up simulation.

In our system, User could input a 3D mesh first. Then, the mesh is segmented to
several parts and labeled, moreover, labels are‘used for tag the parts of the mesh as “HEAD”,
“EAR”, etc. After segmentation“and labeling, a pop-up element was generated iteratively.
During the processing iterationy an element was chosen'in the pre-defined v-fold diagraph
that is not added to current_structure -yet. And then we extract the contour of the
corresponding part from the model. The contour was used.as the shape of pop-up piece and
was attached on the current scaffold. Finally, these pieces construct a pop-up geometry.
User can adjust the position of the patches in the pop-up card, observe the pop-up animation,

and then make a true pop-up card.

This thesis is organized as follows: In chapter 2, we review the related works about
paper crafting, computational pop-ups, and shape abstraction. In chapter 3, we introduce the
history and the background knowledge of pop-ups. In chapter 4, we present the data
structure of pop-ups, the approach for generating a pop-up, and the algorithm for pop-up
simulation. The results from our system are shown in chapter 5 and the conclusion and

future work are discussed in chapter 6.



CHAPTER 2
Related Works

2.1 Paper Crafting

Origami is the art of paper folding originated from Japan. The purpose of this art is to
transform a flat sheet of paper into a sculpture through folding and sculpting techniques.
Unlike pop-ups, the uses of cuts or glue.are-not-considered to be origami. The main topic in
origami is folding and foldability, which-has been studied"in the literature [9], [4], [23].
Tachi introduced a method for-automatically generating arbitrary polyhedral surfaces [25].
Kikian proposed an algorithm’for generating curved folding. that is much more restricted

then conventional origami [12].

Paper models, also called card models or papercraft, are models constructed from
sheets of paper. Mitani proposed a scheme for producing unfolded papercraft patterns of
animal from triangulated meshes by strip-based approximation [20]. His work was followed
by several interesting extensions, which approximate the shape of 3D mesh using a few
types of surfaces [24] [16]. Takahashi presented an approach to unfolding triangular meshes
without any shape distortions; this approach is inspired by the concept of topological

surgery [26].

Paper architecture is a type of pop-up that is made from a sheet of paper by cutting

and folding. A class of paper architecture is called parallel paper architecture. The patches in
3



parallel paper architecture maintain parallel to the two exterior pages during opening and
closing. This simple mechanism enabled development of studies that construct paper

architecture from a 3D model [21] [14] and interactive design tools [19].

2.2 Computational Pop-ups

The computational studies on pop-ups are focus on a few known mechanisms, such as
v-fold, lattice-type fold, and cube-type fold. Lee et al. [13] and Glassner [5] studied the
structure of v-fold pop-ups and presented formulas for simulating a pop-up. Mitani et al.
presented a method to design a lattice-type pop-up that consists of pieces of paper [18].
Each piece has slits for assembling and is_figured as the cross section of a 3D model.
Okamura et al. [22] developed an.interface for assisting the design of pop-up. The pop-up
consist of tent, box, and cube mechanisms. These studies have been applied to interactive
design systems that enable designer build pop-ups‘on computer. Recently, Li [15] presented
a geometric study of v-style pop-ups, which has-more restrictions than v-fold pop-ups and
consist of patches that have four orientations shown-as‘figure 2.1 (a). Li also developed an

interactive tool for designing v-style pop-ups by a few mechanisms.

Because of that determining the foldability of a pop-up is a NP-hard problem [27],
there are little research about generate pop-ups automatically. Hara and Sugihara [7]
presented an algorithm to construct a two-dimensional v-fold pop-up automatically with any
given polygon, in this type, all folding lines are parallel. Li [15] proposed a voxel-based
algorithm to generate a v-style pop-up from a voxelized model. Their manner is appropriate
for man-made objects, such as architectures. Figure 2.1 (b) demonstrates a result from this
automated algorithm. The algorithm approximated the input model by many pieces, so it is

hard to make a true pop-up card manually. In contrast, the goal of this thesis is express the



animal models by a few pieces without losing their characteristics. The users can make the

pop-up card by hand easily.

(@) (b)

Figure 2.1: V-style pop-up [15]. (a) A v-style pop-up in fully opened state. (b) The Eiffel Tower

pop-up constructed by automated algorithm.

2.3 Planar Shape Abstraction

Planar shape abstraction addresses thesproblemyof finding planes as a good proxy for a
3D shape. McCrae et al. [17] proposed-an approach.for generating shape proxies based on
principles inferred from user studies. Such proxies are often used for extreme simplification
leading to billboard clouds [3] and impostors for lightweight rendering [11]. The other
application is paper statues and puppets that can be physically constructed from cardboard
[8]. A paper statue is made by sliding the planes together with slits at their intersections. In

this work, principal component analysis (PCA) is adapted for deriving appropriate planes.



CHAPTER 3

Background
3.1 History

Movable book is a form of books that has movable devices or paper sculpture in pages.
The audiences for early movable books were adults, not children. Allegedly, the first movable
book appeared in 14" century Europé, Ramon-Llull’used a revolving disc to illustrate his
theories in astrological book. 1In the—following centuries, various techniques have been

developed but they were always.used in scholarly works.

Until 18™ century, these “techniques were applied to books that designed for
entertainment, particularly for children. The first real pop-up books were produced by Ernest
Nister and Lothar Meggendorfer. These books were popular in Germany and Britain during
19" century. In the United States, Harold Lentz produced pop-up books that included classic
fairy tales and Disney stories. He was the first publisher to use the term “pop-up” to describe

their movable illustrations.

Today’s pop-up books continue to fascinate audiences worldwide. Many famous stories
and movies were used as the pop-up subjects by artists, such like Robert Sabuda, David
Carter and Matthew Reinhart. Some pop-ups designed by Sabuda are shown as figure 3.1 and

3.2.



Figure 3.1: “Alice Adventures in Wonderland” by Robert Sabuda

3.2 Pop-up Mechanisms

A complex pop-up may consist of many materials such as paper, springs, thread, and so
on. This thesis only consider the pop-up made of paper and the pieces in the pop-up remain
planar when the pop-up is opened, thatis, the-pieces inthe pop-up are not allowed to bend or

warp.

Figure 3.2: Pop-up cards designed by Robert Sabuda for DIY

Av-fold is a rigid pop-up consists of elements that each element has two planar pieces and
records two supporting pieces. Our work is to construct this type of pop-ups like figure 3.2. A
simple v-fold pop-up is shown in figure 3.3, it is constructed by two supporting pieces and

two pop-up pieces. To build a more complex pop-up, it needs add an element that has two
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new pieces and specifies two existed pieces as supporting pieces. That means the existed
pieces support the new pieces. For example, the pieces of level 2 in figure 3.4 are supported

by a level 1 piece and a level O piece.

Pop-up Piece

Figure 3.3: A simple pop-up.

For a general pop-up, there are Some g rties described in Li [15]. They are
called foldable, stable, intersec defined as fallows separately:
1. The pop-up can be closed:to e 3 pened again without destroying its

construction.

\{ 1896

2. The closing and opening of “tt ~ extra forces except holding and

turning the two exterior pages.
3. The pieces in the pop-up do not intersect during closing and opening.

4. When the pop-up is closed, all pieces are enclosed within the exterior pages.

Level 2

Level 3

Figure 3.4: A complex pop-up.



To be a foldable pop-up, it needs to satisfy the angle conditions that have been studied in
literature [6] [13] [15]. The folding lines in a simple pop-up must be either all parallel or all
concurrent. This thesis only considers the situation that all folding lines converge on a point.
The parallel state was approximated by a very far convergent point. When the folding lines
converge on one point, there are four angles between the folding lines that are denoted as a, 3,
v and & (see figure 3.5 (a)). Note that y and 6 are obtuse angles. Since the pieces are rigid, the
angles are fixed during the opening and closing of pop-up. The four angles decide a limit
angle 0 that the pop-up pieces are fully stretched. Therefore, the pop-up pieces fall into the
same plane (see figure 3.6). The relation of the limit fold angle @ and the angles between the

folding lines is:

@) (b)

Figure 3.5: (a) The pop-up opened through 180°. (b) The angles in a closed pop-up.

Figure 3.6: The pop-up pieces are fully stretched.



When the pop-up is fully closed, the pop-up pieces must lie flat between the exterior pages.
Figure 3.5 (b) illustrates that in closed situation:

y—a=86§—-p>0. (3.2
Figure 3.4 displays a complex pop-up that contains more than one element, since every

element can be regard as a simple pop-up, the above conditions also apply to complex

pOp-ups.

Stability of a pop-up was mentioned by Li [14] [15]. A pop-up is stable if there is an
order of pieces that every piece is supported by two other preceding pieces. Accordingly, the
element contains two pop-up pieces and two supporting pieces, so every piece is supported by

one supporting piece and another pop=up piece:

The collision between pieces may occur during the pop-up is opened and closed. The
problem of detect and solve intersection is'hard. Most of previous works detected intersection
and let the designer to resolve them: Li [15] proposed a proposition that can identify whether
two disjoint points on a v-style pop-up ‘will meet or not during the pop-up is opened and
closed. Since the pieces in v-fold pop-up have more orientations than the pieces in v-style
pop-up. In contrast, enclosure is an easy problem. The size of the exterior pages could be
defined after all pop-up pieces are constructed, this ensure all pieces lie in the pages when the

pop-up is closed.
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CHAPTER 4
Algorithm

4.1 Scaffold

A scaffold consists of two exterior pages and several planar polygons, called pieces. The
connection of the exterior pages, left page and right page, called center hinge. The angle
between the left page and right page 'is called-fold-angle (see figure 4.1). As the previous

studies [13] [15], the paper has zéro thickness, zero weight,and is rigid.

Pieces

Fold'angle Right page

Left page

Center hinge

Figure 4.1: Scaffold.

A scaffold only has left page and right page that are fully opened with 180°. To build a
stable scaffold, two new connected pieces were added in each time. A pair of the new pieces is
called an element. Before adding add an element, it needs to select two exist connective
pieces (including left page and right page) in the current scaffold as the supporting pieces. The
supporting pieces and the new pieces form a simple pop-up structure. Hence, an element

consists of two pieces and records two supporting pieces. These pieces form four folding lines

11



that converge on one point. Therefore, four vectors W, X,Y and Z could stand for as the axes
for express the structure of the element, as the illustration in figure 4.2. Every point of pieces
in the element can be spanned by two axes such as aX + bZ oraY + bZ, the coefficients

(a, b) are the coordinates for the simulation of the pop-up.

Figure 4.2: The'axes and-angles in an element.

The angles between the axes are denoted as a, B, y;.and o (figure 4.2). To be a foldable
element, the angle conditions“mentioned in equation (3:1)“and equation (3.2) need to be
satisfied. A limit fold angle 6 is calculated by equation (3.1)= In order to ensure the element
can be opened without splitting ‘it, the" limit fold angle 4 should be greater or equal than the
angle between the two supporting pieces.Another ‘condition equation (3.2) also should be
satisfied for closing. If every element is foldable, then the whole scaffold is guaranteed to be

stable.

4.2 V-fold Digraph

This thesis proposed a data structure to represent a v-fold scaffold, called v-fold digraph.
A v-fold digraph G = (V,E) is an acyclic directed graph. V = {vg,vy,...,v,} is a set of
vertices, where v, represent the exterior pages and other vertices represent elements
individually. The two pieces of an element v, are denoted as 1(vy) and r(vy). E=

{eo, €1, ...,en} is a set of directed edges, where e, = (v;,v;) denote v; support v;,

12



0<k<m0<ij<n,i#j. deg (v;) is the number of directed edges entering v;. We
divide the vertices in V into different levels. The vertex v, is the only vertex in level 0. The
vertices pointed by v, belong to level 1 and the vertices pointed by level 1 vertices belong to
level 2, and so forth. If a vertex pointed by vertices that belong to different levels, then we put
the vertex in the largest level. For example, if vertex v; pointed by a level 1 vertex and a

level 2 vertex, then v; belongs to level 3.

Level O 0
Level 1 °

Figure 4.3: A v-fold-pop-up-and its v-fold digraph.

Figure 4.3 (a) presents an example of a v-fold pop-up. The exterior pages and the
elements can be denoted by four vertices: v,, v;,v, and vs. Where v, supported by v,, v,
supported by v, and v,, v; supported by v; and v,. The v-fold digraph of the pop-up is
shown in figure 4.3 (b). There are some properties of a v-fold digraph:

1. deg=(vy) = 0.Thatis, v, isasource.

2. Theelement v; supported by one or two other element(s). 1 <i < n.

{deg‘(vi) = 1.if v; supported by one element.
deg~(v;) = 2.if v; supported by two element.

3. There are no directed cycles in a v-fold graph.

The first property is obvious because the exterior pages do not need support. The second
13



property means every element supported by one or two other element(s). If an element
supported by another element, it means the element supported by two pieces of another
element. In other hand, if an element supported by two other elements, it means the element
supported by two pieces of the two other elements separately. If there is an element supported
by three or more other pieces, the structure of this scaffold cannot be folded flat while
maintaining its rigidity. Figure 4.4 (a) shows an example that an element supported by three

pieces.

%

@) (b)

|

Figure 4.4: (a) A structure that cannot be fold flat because the blue.element supported by three pieces.
(b) An unstable structure that may collapse because the blue‘element and the red element support each

other.

The third property ensures the v-fold structure is stable. Li et al. [15] propose a
proposition of stability as follows:
A pop-up scaffold is stable if there is an ordering of pieces in the scaffold {p,,p,, ...} such
that p,, p, are the left page and right page, and that for every k > 2,
1. Either p, connected with p; and p; where i,j <Kk, or
2. pi connected with p, 4, and the two pieces connected with p; and p; where i,j <k.
Because there are no directed cycles in a v-fold graph, the vertices could be separated to

different levels. The elements were arranged from low to high according to their levels. The

14



ordering of elements can transform to the ordering of pieces. For example, an ordering
{vo,v1,V,,v3} is calculated from the v-fold graph in figure 4.3 (b). Then the ordering of
elements {v,, vy, Vv,,v3} can transform to the ordering of pieces { 1(vy), r(vy), 1(vq), r(vy),
I(v,), r(vy), I(v3), r(vs) }. This ordering satisfies the proposition that Li proposed because the
concept of levels is low level supported high level. Therefore, the acyclic property of v-fold
graph ensures the stability of the pop-up structure. If there is a directed cycle in the v-fold

graph, the structure is unstable that may collapse. An unstable example shows in figure 4.4

(b).

4.3 Animal Scaffold

This paper proposes the similar rules of the animal, pop-up cards designed by Robert
Sabuda (figure 3.2). These pop-up cards-have fewer pieces.and are designed for novices. Most
of the animal pop-up cards exhibit the head or half-length of the animals. Generally, three

types of animal scaffolds that are-described as the following paragraphs.

Head type is a pithy type that consists of head and ears. The head is supported by
exterior pages, and the ears supported by the pieces of the head and exterior pages. Since
some animals have significant characteristics on the face such as the nose of a pig, we add an

optional element that is supported by head, shown as figure 4.5.

Bust type has more elements than head type. It consists of body, head, ears, forward legs,
and horns. The body is as a base element that supports head and forward legs. We combine
body and ears to a same plane like the reindeer in figure 3.2. The horns and nose are as
optional elements that are supported by the exterior pages and the head element respectively,

shown as figure 4.6.

15



Bird type consists of head, body, wings and tail. The head and body are combined to an
element like the turkey in figure 3.2. The wings are supported by the pieces of body. The tail

is as an optional element that under the body, shown as figure 4.6.

Level 0 Exterior

pages

Level 1

Level 2

Ears

Nose Head

(b)

Figure 4.5: (a) The v-fold graph of head type. (b) The prototype of head type.
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Exterior
pages

Level O

Level 1

Level 2

Level 3

Horns

Body + Ears

Legs
(b)

Figure 4.6: (a) The v-fold graph of bust type. (b) The prototype of bust type.
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Exterior
pages

Level O

Level 1

Level 2

Tail Body + Head

(b)

Figure 4.7: (a) The v-fold graph of bird type. (b) The prototype of bird type.

Figure 4.5, 4.6, and 4.7 show the structures of different animal scaffolds. The v-fold

digraphs indicate the supporting relations between the elements. These scaffolds can apply to

four-leg animals and birds.
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4.4 Pop-up Generation

The processing flow of pop-up generation is shown in figure 4.8. The preprocessing of
the input mesh is segmentation and labeling. And then the pop-up generation starts with the
left page and right page, and adds an element that conforms to defined animal scaffold
iteratively. The order of adding element is from low level to high level. For example, to build
a head type scaffold we first add a head element, and then add two ear elements, finally add a
nose element. In each element generation, a 2D shape was extracted from the corresponding
part of the mesh. The 2D shape was transformed to the pieces of the element. The details of

the processes are described in the following paragraphs.

Figure 4.8: The processing flow of pop-up generation.
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4.4.1 Mesh Segmentation and Labeling

First of all, the 3D mesh was segmented and labeled into corresponding parts.
Segmentation has been extensively studied in the literature. In theory, our method works in
combination with any segmentation algorithm. This paper proposes a scheme to pre-segment
animal meshes using a benchmark [2]. Since automated labeling the parts is a challenging task

that is related to shape recognition, the parts of the mesh was labeled manually.

4.4.2 2D Feature Shape Extraction

It is hard to find representative planes of the mesh, because the quality of the result
planes depends on many factors such as coverage ‘of features, human perception, and visual
aesthetics. McCrae et al. proposed.a powerful-method to find a good planar shape proxy of a
3D mesh [17]. They learned the relative feature-weights of different planes from user study
data and derived a strategy to“select planes-that have more perceptual importance. Principal
Components Analysis (PCA) plane is_one kind-of-the candidate planes they considered.
Therefore, the shape of mesh was computed-usingthe PCA plane during 2D feature shape

extraction.

For each part of the segmented mesh, the PCA axes were computed from the mesh
vertices of the segment. The most and second significant eigenvectors form a plane that
implies the principal direction of the segment. The 2D shape of the segment could be captured
by projecting the surface vertices onto the plane. To find the contour points, a small cycle
region was checked around the point. In this region, we sample some positions and compute a
normal direction line that through this position, then check this line whether it intersects with
the mesh segment. If one of the lines does not intersect with the mesh segment, the point was

added to the contour list. An example is shown in figure 4.9 that one point on the contour and
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another is not. After checking every point, the contour points were connected to form a 2D
polygon. Though the polygons can express the shape of the 3D mesh, some orientations of

polygons are not suitable for the defined scaffolds. In this case, we obtain another appropriate

polygon by specifying a new plane manually.

Figure 4.9: The head of pig model and its projection result. The blue points indicate projected points

from mesh vertices. The black points mean sample points in red check region. Left: the point on the

contour. Right: the point not on the contour.
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4.4.3 2D Feature Shape Attachment

The 2D feature shapes were obtained in the above section. To attach them to the defined
scaffold, the polygons should be rotated to the correct position. A rotate function
Rotate(p,v,0) means rotating a point p around an axis v by an angle 6. The rotation is
clockwise if 8 is a positive value, and vice versa. The new position of point in the polygon is
computed as

Pyoar = Rotate(Pyyi , Taxis » 0). (4.1)
The term P,,; is the position of the original point in the polygon, and Py, is the goal
position of the point. The rotated axis 7,,;s can be derived from the cross product of 74,4
and n,,; that are shown in figure 4.10. And._the rotated angle 6 is the acute angle between
the polygon plane and the goal plane. Note that the angle between the vectors ng,q; and ng,;

should be less than 90°. If it is not, we flip-thesign of 17, \t6_keep the rotation clockwise.

A Taxis

Goal plane

\nori

7 0
f ﬁ,goal

Polygon plane

|
Figure 4.10: Left: A polygon and its goal plane. Right: Viewed from above.

After rotation, the polygons are attached to the scaffold and become the pieces of the
scaffold. For more flexibility, users could translate the piece on its plane slightly and adjust
the angles between the axes under the restrictions. The points in the pieces can be spanned by
the axes of the element, and the coordinates of the points could be stored. Finally the

redundant regions were cut by another piece as a cutting plane (see figure 4.11), that can be
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done by detecting the point whether it is at normal side of the cutting plane or not. Table 4.1,

4.2 and 4.3 show the cutting lists of the scaffolds. Figure 4.12 shows a head type scaffold

before and after the cutting process.

Figure 4.11: The piece cut by a cutting plane.

Figure 4.12: Before and after cutting process.



Cutting plane

Be cut
2 Left/Right piece of head Left/Right page
_E Left/Right piece of head Right/Left piece of head
% Left/Right piece of ears Left/Right piece of head
(Left/Right piece of nose) (Right/Left piece of nose)
(Left/Right piece of head) (Left/Right piece of nose)
Table 4.1: Cutting lists of the head type scaffolds.
Be cut Cutting plane
Left/Right piece of body Left/Right page
Left/Right piece of body Right/Left piece of body
Left/Right piece of body Left/Right piece of head
§ Left/Right piece of head Left/Right piece of body
é Left/Right piece of head Right/Left piece of head
Left/Right piece of legs Left/Right piece of body
(Left/Right piece of horns) (Left/Right page)
(Left/Right piece of horns) (Right/Left piece of horns)
(Left/Right piece of nose) (Right/Left piece of nose)
(Left/Right piece of head) (Left/Right piece of nose)

Table 4.2: Cutting lists of the bust type scaffolds.
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Be cut Cutting plane

© Left/Right piece of body Left/Right page

_I% Right piece of body Left piece of body

5 Left/Right piece of wings Right/Left piece of wings
(Left/Right piece of tail) (Left/Right page)
(Left/Right piece of tail) (Right/Left piece of tail)

Table 4.3: Cutting lists of the bird type scaffolds.

4.5 Pop-up Simulation

To simulate pop-up animation, the positions. of ‘every piece could be computed in
arbitrary fold angle 6 between=0° to 180°. Four unit.vectors W, X, Y, and Z were utilized as
the axes to represent the folding lines of an element, aslillustrated in figure 4.13. Since the
points of pop-up pieces can be spanned by Y, Z or X, Z respectively, the positions of the points
in the pop-up could be calculated from the_current-axes.” In practice, the left page was fixed
and the right page rotated toward it. In other words, Y and W are unchanged, and then X and Z

rotate toward the left page. Finally, all vectors lie on the same plane at & = 0.

Right Page

\w

Figure 4.13: The axes and angles in an element of a simple pop-up.
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Level 2 Level 2

Level O

Left Page Right Page

Figure 4.14: The axes in a complex pop-up.

Additionally, a complex pop-up consists of more than one element. According to
mentioned concept above, each element has four axes to express its structure, as illustrated in
figure 4.14. Note that Y and W are not always unchanged now. The algorithm for computing
the axes of the elements at fold angle = 6 isas.follows:

Rotate the right page around center hinge by angle 180°— 6;

For each element in the pop-up list

1. Obtain the new axes W, X, Y, Z;
2. Compute the new positions-of the-pieces.in the element;
3. Update the positions of the pieces in the element;

End for;

The pop-up list consists of elements in level order. Hence, the positions of pieces were
updated from low level to high level. The positions of level 0 pages (the two exterior pages)
could be updated by rotating the right page. For level 1 element, the supporting planes are left
page and right page. The axis W is unchanged since it always lies on the center hinge. For the
element which is level 2 or higher level, the axis W was obtained from the normal of
supporting planes:

W = Ngup1 X Ngypz- (4.2)

Furthermore, W could be rotated around the normal of supporting planes to get X and Y. The
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Figure 4.15: Find axis Z by given X, Y, a, and .

negative angle means the rotation«s counterclockwise:
X = Rotate(W ,nsyp15—9): (4.3)
Y= Rotate(W: sy , V). (4.4)
Moreover, Z could be calculated’by. X, ¥, e, and‘8;-as shown in figure 4.15. The arguments
ato f are lengths of line segments. “The vector-P-on the XY plane is the projection of Z and
we normalize P to unit length. The angle between X and Y is ¢ and the angle between X and
P isw. The vector P was obtained by rotating X with angle w, where w = ¢ - o/ (a + B).
Then Z could be computed by:
Z = Rotate(P, Ny, —0). (4.5)
Where n,,; is the cross product of P and the normal of XY plane, and o is the angle

between P and Z that is given by:

a® + b? —c?
= il [ 4.6
0 = cos < ab > (4.6)

e
a=1, b = c=.f?—-d? d = b - sinw, e = cosq, f = sina.

cosw’

The argument a is 1 because Z has unit length, then e and f can be computed since the
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triangle formed by a, e, f is a right triangle. After e is known, we can get b andd. The
argument ¢ can be obtained by Pythagorean Theorem. Finally, the angle o can be computed

by law of cosines.

After computing the four axes, the pieces of the element can be updated from its
spanning axes. Then the updated elements that have lower level become an input to higher
level elements. Finally, all elements in the pop-up list are updated to correct position at
specified fold angle. Figure 4.16 explains the animation key frames during a pop-up card

opening or closing.

Figure 4.16: A ent fold angles.
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CHAPTER 5
Experimental Results

All 3D animal models are from a segmentation benchmark [2] that each model is roughly
axis aligned, centered to origin, normalized to unit box, and creates manual segmentations by
people. The pop-up generation starts with a segmented model. After labeling by users, the
system generates a pop-up prototype that:conforms to a defined scaffold, and then users can
move the piece on its belonging plane until-it.dooks good. Finally, the system cut the
redundant region of pieces to complete the pop-up. Users can.check the pop-up animation and

then make the actual pop-up card manually.

Figure 5.1 shows a head type result.of-pig-model and its intermediate states at various
fold angles. The model has 10 segments and the system utilizes head, ears, and nose to
generate pop-up. Figure 5.2 demonstrates a bust type of dairy cattle model. This type has
more pieces than head type. The model has 10 segments and the head, horns, ears, body, and
forward legs are employed. This type needs a small patch to support the horns that ensure the
horns connect with the base pages. Figure 5.3 displays a bird type of goose model that has 8
segments. The head, body, wings, and tail are used to generate pop-up. The folding lines of
wings are almost parallel that converge at a very far but finite point. The intermediate states of
the pop-up viewed form bottom are also shown in figure 5.3. The actual pop-up cards are also
shown in figure 5.1, 5.2 and 5.3. These pop-up cards could be made easily and their behavior

similar to our simulation.
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Figure 5.1: Top: The input model and segmentation. Middle: Result of pop-up with head type. Bottom:

Pop-up simulation.
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Figure 5.2: Top: The input model and segmentation. Middle: Result of pop-up with bust type. Bottom:

Pop-up simulation.
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Figure 5.3: Top: The input model and segmentation. Middle: Result of pop-up with bird type. Bottom:

Pop-up simulation.
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The more experimental results are shown in figure 5.4 and figure 5.5. The mostly
computation time of pop-up generation is finding the contour points within seconds that
depends on the triangle number of the model. The pieces are adjusted by users within few

minutes and the system executes the cutting process within one second.

|
i
|
=

Figure 5.4: Donkey in head type and bust type, wolf in bust type and pig in bust type.




Figure 5.5: Lamb'in bust:type-and.swallow in bird type.

There are some limitations of this propoesed scheme. The animal scaffold cannot apply to
every type of animals, such as fishes, 'insects, or-reptiles; Some models that use the proposed
algorithm are not performing well because-we-only use partial segments of the model. The
characteristics of animals are various that need different scaffold to express it, such as camel's
hump, kangaroo’s pouch, and so forth. The possible solution is allowing designers to build

suitable scaffolds or finding representative planes of the model then make them “pop-upable”.
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CHAPTER 6
Conclusion and Future Work

This thesis proposed a method to generate an animal pop-up card from a 3D model.
Additionally, this thesis provided a v-fold diagraph to express the v-fold pop-up scaffold. The
properties of v-fold graph ensure the pop-up structure can be opened and closed successfully.
We generalize three types of animal scaffolds_from the pop-up cards made by artist. The
scaffolds could apply to birds and four-leg animals. The‘input mesh is segmented and labeled
and then our system extracts the representative shapes of'animal parts. These feature shapes
are attached to the corresponding elements of the defined;scaffold. Finally the system cut the
redundant regions of the pieces'to complete the pop-up/ card. Users can design an animal
pop-up card in minutes with our system.. The proposed algorithm also simulates the pop-up
during it opened and closed. The pop-up animations can assist designers to understand how it

works before make the pop-up manually.

There are few studies about generate 180° pop-ups from 3D models. We believe that this
paper will inspires more research on pop-ups in the future. Currently, our system label the
segments manually, combine our system with segmentation and shape recognition method
such as Kalogerakis [10] can make this process automatic. Another improvement is
considering more factors such as curvature and symmetry to find better planes for express the
model. To transform other types of 3D models into pop-ups is also an interesting direction. A

bigger challenge is explore more complex pop-up mechanism other than v-fold pop-up. For

35



example, add more than two pieces at a time. Considering the physical properties of paper

such as thickness, weight, and warping is another practical extension that is closer to reality.
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