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Abstract

This paper Proposes a
overlapping-faces of 3

port beholder’s recognition of its conformation, Generally,
an origami model is co

nstructed by planar polygons corre-
sponding to faces of origami. Therefore, when an origami
model is displayed, multiple Saces (polygons) on the same
plane are probably recognized as one face. Our pro-
Dposed method moves such overlapping-fuces apart slightly
by rotating polygons along a rotation axis determined from
shapes and relationships of faces. As g conseq
holders can recognize
rectly. This method can
a system we develop to
origami drill books.

uence, be-
the conformation of origami cor-
be applied to the user interface of
recognize folding operations Jfrom

1. Introduction

Origami, one of the Japanese traditional cultures, is ac-
art of paper folding which has

oks or materials on web pages in
which the folding processes consist of simple folding oper-
tions are illustrated by diagrams.

However, as origami works are complicated, it is usually
the cdse that people give up following the instructions of

illustrations because they are difficult to understand. In or-

der to solve this problem, a system which recognizes fold-

g operations from origami drill books and displays 3-D
animation of folding'processes has been proposed [1, 2].
this system, several image-processing techniques are ap-

Hiroshi Shimanuk*
Graduate School of Information Science
*{takashi, simanuki}@watanabe.ss.is.nagoya—

method for Trepresenting
-D virtual origami in order to sup-

Method for Representing 3-D Virtual Origami

Jien Kato! Toyohide Watanabe!
» Nagoya University, J apan

u.ac.jp T{jien, watanabe} @is.nagoya-u.ac,jp

to help the users to input
tions easily and correctly.

Generally, an ‘origami model is constry
polygons corresponding to faces of origami. Therefore,
when an origami model is displayed, multiple faces on the
same plane (i.e. overlapping~faces) probal

bly seem to be one
face. This incorrect perception occasionally obstructs users’
inputs. Consequently,

in this paper, we Propose a method
for representing overlapping-faces of 3-D virtual origami in
order to support users’ Tecognition of origami’s conforma-
tion. Asa result, users can input informatipn about fold-
Ing operations easily and correctly. As related work, a sys-
tem that represents dialogical operations of origami in 3-D
space has been introduced [3]. However, the Tepresentation
of origami model in an easy-to-understand way is not cop-
sidered in the system.

This paper first outlines the recognition system with
the inclusion of above interface in Sectiop 2. Then, Sec-
tion 3 specifically describes
overlapping-faces of 3
face. Finally, we show
in Section 4.

information about folding opera-

cted by planar

our imethod for Tepresenting
-D virtual origami for the user inter-
the conclusions and future Pprospects

2. System for Recognition of Folding Process

This section outlines the system for recognition of fold-
ing process from origami drill books, and indicates the ne-

cessity for Tepresenting overlapping-faces of 3-D virtual
origami. ,

2.1. Basic Framework
Figure 1 gives the framework of the sy.
firstly extracts crease information, both

of the creases, from an origami illustra
lustrates the state of origami and one

stem. The system
positions and types
tion image which il-
folding operation to

be performed [4] (“Extraction of Graphic Flements” step).

ble (physically possible) folding opera-
rmation. They
crease patterns

Then,. the feasi
tions are constructed based on the crease info
are obtained by Mmaintaining consistency of




under some geometrical constrains [5]. All the feasible
candidates are simulated against the internal model, a data
structure which maintains 3-D information about changes
of origami states step by step. As a consequence, several
different origami states are obtained from each candidate.
Then, the ISGs, graphs generated by projecting each state
of the internal model, are generated (“Generation of Fold-
ing Operations” step).

In order to determine the correct folding operation, each
ISG is compared with the USG, a graph generated from the
origami illustration of the next step. Furthermore, in order
to -get the position of the next crease, the ISG is matched
with the USG (“Recognition of Folding Operations” step).

By this way, the system recognizes folding operations of
each folding step.

‘ Drill Book Image r o F
. o W B Graphic Elements -
Crease Information USG

Generation of verify [T Recognition of
Folding Operations Folding Operations

simulate

CG Simulator

USG: Unrefined Shape Graph
1SG: 1deal Shape Graph

Figure 1. Basic framework of the recognition
system for folding process.

2.2. User Interface

In “Extraction of Graphic Elements” step and “Recogni-
tion of Folding Operations™ step, several image-processing
techniques are applied. However, the system may fail to
recognize folding operations at some steps.

One of the countermeasures is building a user mterface
which allows users to input information about folding oper-
ations. When the system can not extract graphic elements, it
requires the users’ input about position of folding line (see
left of Figure 2). Additionally, when the system can not
determine the correct folding operation among several can-
didates of operations, it requires the users’ selection of cor-
rect (i.e. represented in drill books) operation (see right of
Figure 2). This interface plays a supplementary role of the
system.

Users input these informations on the basis of drill
books. Therefore, origami on the entry display must look
just like origami in drill books for users. This will enable

users to present information about folding operations in ac-
cordance with illustrations in drill books.

Extraction of Recognition of
Graphic Elements Folding Operations
I (Cases of System Halt) '
1 ¥
Requirement of Requirement of
Positional Information Selecting Correct

of Folding Line Operation
Interface

g

Figure 2. User Interface.

2.3. Overlappmg-faces

‘When an origami model is displayed, the key is to bndge ;
the gaps between the representation on drill books and :
on a computer display. In drill books, overlapping-faces a
drawn in order to be understood without trouble by mq
ing overlapping-vertices slightly, as Figure 3(a). O
other hand, as discussed previously, an origami model
constructed by planar polygons. Therefore, thereis a g
between the representation on drill books and that on a co:
puter display (see Figure 3(b)). If the system can not pre:
an origami model 3-dimensionally, users who want to input
the position of a folding line may feel confusion. N:
they may not be able to determine which vertices are termi
nal nodes of the folding line that is needed to be spe
Consequently, we consider the method for representin
tual origami so that it is close to the 111ustranon on th'
book, as Figure 3(c).

3. Method for Representing Origami Mocie

This section specifically describes our method'fé
resenting overlapping-faces of 3-D virtual orlgaml f
user interface.

3.1. Our Approach

In order to represent virtnal origami 3-dimen
we consider the extended (i.e. ideal) representati
the reconfiguration of a 3-D origami model. Spec
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h -:(c) Ideal repre-
sentation,”

(a) Ilustration
on drill books,

(b) Semplice rep-
resentation.

Figure 3. Representations of overlapping-
faces.

overlapping-faces are moved apart slightly by Totating poly-
gons along a rotation axis determined from figurations and
relationships of faces, Because of the reconfiguration in 3-
D space before 3-D Tendering, this method has the advan-
tage that an origamii model can be seen from all viewpoints
without any renewed reconfigurations if once it is reconfig-
ured. Namely, the reconfiguration depends not on users’
viewpoints, but on the origami model,

The elementary transformation is a movement (i.e. rota-
tion) targeted at two faces which are adjoining each other,
Order and portions of movement are based on figurations
and relationships of overlapping-faces, We discuss which
faces should be moved, which portions of the faces should
be rotated, and what order they should be rotated in.

3.2. Free-portion
We define a “free-portion™ (part of a face) as the portion

that is not restrained by the adjoining face and can move
freely. Such free-portions should be moved (i.e. rotated).

In order to find out a free-portion, firstly, we define a “free-

edge” as follows.

Frqe-edge. Given two faces (1 and F) that are on the
same plane and are adjoining each other, an edge F of Fy is
a “free-edge” to F; if following conditions are all satisfied:

. Eis not an edge of F1, but an edge of F5.
® FEand F, are not covered by other faces.

In order to determine whether the latter condition is sat-
isfied, cross-sections of origami are generated by cutting

same side of E. Namely, E and F5 are not covered by other
faces, and E is a not-free-edge. This definition is used to
determine free-portion as follows,

- . 1213

E=> free-edge

State A State B

-~

g

Figu‘_ré’ 4. Examples of free-edge and not-free-
edge. )

Free-portion. A free-portion of a face Fy to the adjoining
face F'1 is determined by following steps.

1. Determine whether each edge of F} is a free-edge to
.

2. Draw a line I that connects two points between free-
edge and not-free-edge,

3. Define the polygonal area enclosed by the free-edges
and L as a free-portion.

This line L becomes the rotation axis when the free-
portion is rotated. Figure 5 show examples of determining
free-portion. In the case of F3, the free-portion is the trian-
gular shape (i.e. half of F1). On the other hand, in the case
of Fy, the free-portion is the whole face F,. More specif-
ically, F, is unrestrained in moving by F3. In addition to
these examples, there are cases where no free-portions of
some faces exist since polygonal area can not be formed in
step 3.

free-edges of F, 1o Fy  free-portion of Fyto Fy

===~ free-edge

7T notfrec-edge e rotation axis

Figure 5. Examples of determining free-
portion.




3.3. Grouping of Faces

In Figure 5, the free-portion of F3 to F; is the triangular
shape like that of F; to F,. If the free-portion of F3 is
rotated before the rotation of F (whole area is the free-
portion), the free-portion of F} collides against F and the
reference plane of the rotation of F3 gets fuzzy.

To solve this problem, we propose a method that groups
overlapping-faces based on dependency relation about their
movements. Namely, if a face can move independently
of another face, the two faces are classified into different
groups. Otherwise, they are classified into the same group.
This grouping of faces determines the order of face’s move-
ments. The procedure for grouping overlapping-faces is de-
scribed as follows.

Procedure for Grouping.
1. Make the order list of overlapping-faces.

2. Determine free-portion of each face to the adjoining
face behind it (beginning at the bottom).

3. Let the faces that whole area is the free-portion be
chief faces of their groups. Let the undermost face also
be chief face.

4. Crassify each not-chief face into the group the nearest
behind chief face belongs to.

Figure 6 gives an example of grouping faces. In this case,
F, and F} are chief faces of Group 2 and Group 1, respec-
tively. Obviously, the number of chief faces is equivalent to
the number of groups. Fy and F3 are not chief faces, and
are classified with Group 2 and Group 1, respectively.

This grouping solves the problem described above: More
specifically, no faces collide against other faces by moving
all faces which belong to the same group before the rotation
of each free-portion. Each rotation angle can be decided in
consideration of angular difference between anteroposterior

groups.
3.4. Rotation

Let e be a located vector in 3-D space. Additionally, let
R(6) be a matrix which rotates a coordinate point e along a
rotation axis, where @ is the rotation angle. All coordinate
points of polygones which form the free-portions are rotated
by R. At this time, rotation angle is decided according to
whether rotated face is a chief face or not.

Rotation.

o e =eR(f) (If rotated face is a chief face)

Group 2

===~ free-edge  free-portion.

wmemms  7otation axis

not-free-edge

Figure 6. Examples of grOuping faces.

e ¢ =eR(0(e)) " (Otherwise)

If rotated face is a chief face, rotation angle is constant.
Namely, rotated face becomes a flat surface after rotation
On the other hand, rotation angle is the function of eac
coordinate point when rotated face is not-chief face. Obvi
ously, rotated face becomes a curved surface after rotation

3.5. Representation Algorithm

Our proposed method for representing 3-D virta
origami is summarized as follows.

Representation Algorithm.

1. Make the order list of overlapping-faces.

2. Determine free-portion of each. face to the adjt
face behind it (beginning at the bottom).

3. Determine chief faces and classify other faées with
propriate groups. ' ‘ )

4. Rotate set of faces in each group collecti\iely
the chief’s axis (i.e. chief face of the group and f:
which belong to the group). Rotation angle s ct

5. Rotate freé-portions of overlapping-faces in s
along respective axes. Rotation angle is the fupé
each coordinate point.

Figure 7 shows example of representing 3.D "
based on this algorithm. In this case, four chief fac
3




four groups are formed. Subsequently, sets of faces in group
2, group 3, and group 4 are rotated along their chiefs’ axes.
Finally, the free-portion~of- F, only hot-chief face which
can move, is rotated along own axis. i

top

Fl
=== free-edge £
= not-free-edge 3

free-portion F4
e rotation axis

Fs

F6 |

bottom

Figure 7. Examples of grouping faces.

4. Conclusions

This paper describes a method for representing
overlapping-faces of 3-D virtual origami in order to support
beholder’s recognition of its conformation. Our proposed
method can reduce the difficulty in understanding origami
model which have multiple faces on the same plane. The
advantage of this method is depending not on users’ view-
points, but only on the origami model], Consequently, an
origami model can be seen from all angles without any
renewed reconfigurations if once it is configured. By our
method, the system for recognition of folding process from
origami drill books will be suitable for practical use,

Furthermore, we are convinced that this method can be
applied to other systems. By way of example, we have
an interactive support system for origami creation in view,
This system supports the origami creators who have created
origami factures using tangible papers thorough trial and er-
ror processes. Using this system, they may be able to create
factures more comfortably in 3-D virtual space. The system
receives information about folding operations from users at
each step. Under such circumstances (i.e. without any drill
books), it is more important to represent an origami model
in order to be understood easily. By the repetition of these
processes, the system can understand a sequence of fold-
ing operations required to create a certain origami facture,
and represent them in the form of 3-D animation or 2-D il-
lustrations. In order to represent these original works, our
proposed method will make a significant contribution.

As our future work, we must evaluate proposed method
in accurate detail. Especially, we should apply this to more
complicated models. Furthermore, applying to other usefu]
systems must be considered.
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