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Abstract

This paper proposes an approach to constituting craese
patterns, the unfolded origami models, by using skeletons
obtained from 2-D images such as handwriting sketches.
Firstly, we describe a method for constructing a data struc-
ture which represents all the parts of an origami model and
their relationships based on an extracted skeleton, and then
give an algorithm for constituting a crease. pattern using
this data structure. To show the validity of proposed method
and algorithm, we finally demonstrate how a crease pat-
tern is generated and how a origami model is actually real-
ized using some real illustrations taken from a origami drill
book.

1. Introduction

Origami is Japanese traditional paper play which forms
various handiworks from square papers. The pleasure and
beauty of origami are understood by people in the world
now. Additionally, very many origami works are announced
by the origami creator in origami drill books, web pages,
and so on. Illustrations of origami drill books are drawn to
be easy to understand folding operations for readers. When
readers want to fold a certain work, they must look for the
illustration from the origami drill books which they own, or
must search for the illustration from Web. However, there is
sometimes no origami work of the kind and the shape which
the reader aims at. In such a case, because the reader must
purchases origami drill books which the illustration appears
or must look it up on the Internet, great labor and a burden
are assigned to the reader.

Therefore, we propose a method for constituting origami
models from 2-D images such handwritten sketches. When
there is no illustration which users want to fold, origami
models are constituted from images which users input or
draw. It becomes possible to constitute origami models
which users intend at any time.

As the international meeting of origami science has been
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held three times until now, researches related with origami
are conducted in various field. In the field of the design
of origami, the methods which constitute complete crease
patterns from tree graphs which represent characteristics of
folding objects are proposed [1, 3]. However, the most is
calculated by using compasses and straight edges on the
desk and are dependent on human senses. In such re-
searches, [3] proposes an approach to cpnstituting crease
patterns on computers, formalizing origami design gives a
great influence in the field. However, it is the application
for the designers who know the origami design well by in-
putting a tree graph and it burdens with users.

This paper describes a method for automatically consti-
tuting complete crease patterns from handwriting sketches.

2. Approach

The outline of the process is shown in Fig. 1. The first,
a data structure, called a skeleton graph, of an object is ex-
tracted from a sketch given as input. The Second, the skele-
ton graph is arranged onto a square, and polygons are con-
stituted in the square. The Third, the polygons are divided
into origami molecules. Finally, creases are created based
on the origami molecules and the complete crease pattern
are constituted.

Skeleton graphs are constructed by segmented the skele-
ton images of sketches. Figure 2 shows an example of ex-
tracting a skeleton image from a sketch and constructing a
skeleton graph. the skeleton graph is defined as following.

YV = {y|1<i<N}
& = {ey=(vi,vs) | vi,v5 €V}
X = {-’Bi}mev

SG represents skeleton graph, which is a pair that consists
of vertices and edges. Moreover, the vertices V have their
coordinates X of IV points extracted from the skeleton im-
age. SG constituted from the image thinned the silhouette
image must be a tree graph, which is a connect graph with-
out cycles. ‘
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The skeleton graph of Fig. 2 has symmetry. In the field
of origami desin, symmetrical origami models are generally
desined, e.g. a living thing. Therefore, this skeleton graph
is detected the axis of symmetry whose nodes are expressed
with black dots “e”, and the other nodes are expressed with
white circles “o”.
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Figure 1. The process of origami design.
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Figure 2. An example of extracting a silhou-
ette, a skeleton and a skeleton graph.

2.1. Origami design

Origami models are designed based on origami
molecules. origami molecules are defined as minimum units
which have a certain meaning and a set of faces in origami.

Although there are many types of molecules, the most gen-

eral one is shown in Fig. 3. The left figure represents a
triangular molecule which has creases of three bisectors of
each comner and perpendiculars from the centre of gravity
of the triangle to each edge. The right figure is the origami
model that is folded the triangular molecule in practice. A
crease pattern is constituted so that faces in the square are
origami molecules.

A flap is one of the most important concept in origami
degin. We explain this using Fig. 3. The flap means the part
of origami model which is represented as “circle”, and the
centre of flap represents the apex of the part (A, B and C).
The circles mean regions that are necessary to constitute
parts of origami model. Moreover, the tree graph is 2-D
projection of the origami model and terminal nodes of the
tree graph are corresponding to centre points of flaps. In
this paper, the crease pattern is constituted from the skeleton
graph as the tree graph.

Figure 3. An example of an triangular origami
molecule called “rabbit ear”.

3. Arrangement of nodes onto a square

When terminal nodes of a skeleton graph are arranged
onto a square, and each flap, i.e. the circle, must not be in-
tersected each other on the square. Because flaps are neces-
sary to constitute parts of the origami model. This condition
can be formalized as following.

If there are two terminal nodes v;, v; in the skeleton
graph, the path length between v; and v; is defined as ;;
and vertices on the square of nodes v;, v; are represent as
Ui, Uj, then

lus — uj| 2 L

Figure 4 shows an exmaple of arranging nodes of a skele-
ton graph. The skeleton graph in Fig. 4(a) consists of edges
whose length is 1. Nodes of the graph are arranged as
Fig. 4(b). The path length between the nodes AB becomes .
2, and a distance between the vertices in the square is 2, too.
Moreover, the path length between the nodes C'F' becomes
3, but a distance between the vertices in the square is larger
than it. When equal signes of above inequality stands up,
the line, called active path, is drawn in square.

The node arrangement optimization method proposed by
Lang [3] is used. The algorithm is explained in the follow-
ing.

A square whose each edge length is 1 is allocated from
0 to 1 in zy coordinate system. In the example in Fig. 4,
the size of the square is elastic corresponding to the skele-
ton graph. However, in this algorithm, square size is fixed
and the scale of the skeleton graph makes . Then an op-
timally efficient square is found by maximizing m over all
u; subject to the constraints:

Lo /(uiz — Uj,0)% + (uiy — uj,y)2 > mly; foralli, j
2.0<z; <1, forall i.

This nonlinear constrainted optimization is solved using the
well-known Augmented Lagrangian Multiplier algorithm
(ALM).

0<y: <1

4. Dividing polygons into origami molecules

A square arranged nodes of a skeleton graph consists of
polygons divided by active paths. In this section, we de-
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Figure 4. An exmaple of arranging a skeleton
graph.

scribe a method for dividing these polygons into origami
molecules using the universal molecule algorithm proposed
by Lang [3].

The universal molecule algonthm is explained concep-
tually by using Fig. 5. Figure 5(a) shows a certain polygon
divided by active paths and flaps on vertices of the poly-
gon, which are expessed as circles. First, the polygon is
shrinked until two circles come in contact with each other.
Next, when circles come in contact with each other, center
points of the circles are connected with a line. The polygon
is divided into a triangle and a quadrangle in Fig. 5(b). The
result of similar processing for this quadrangle is shown in
Fig. 5(c). Finally, this quadrangle is divided into two tri-
angles, three triangles are constituted. These triangles are
origami molecules.

Therefore, bisectors on corners of the polygon are con-
stituted as Fig. 6, and the polygon is shrinked in the dis-
tance h. The path length I;; is also reduced as the polygon

is shnnked If the reduced path length is represented as I;,

li; = lij — h(cot a; + cot ;).

Shrinkage for all polygons in the square is repeated until
one or both of the following conditions will hold.

1. For two adjacent corners, the reduced path length I;
has fallen to zero and the two inset corners are degen-
erate; or '

2. For two nonadjacent corners, If; = |u; — uj|.

When the condition of 2. is satisfied, the edge between u;
and wj is constituted and the polygon is divided. More-
over, in case of a triangle, shrinkage is unnecessary because
bisectors of three corners cross at one point, the point of
intersection of bisectors is only memorized.

Figure 7(a) shows the result of applying to crease pattern
in Fig. 4(b). In this figure, divided polygons are represented
as thick lines and the points of intersection of bisectors on
corners of triangles are represented as black dots.

N

(a) A circle (b) Reducing (¢) Devided
diagram of a the  polygon polygons.
polygon. while contact-

ing with other

polygons.

Figure 5. A generai idea of the universal
molecule algorithm.

A A,
Figure 6. An example of reducing a polygon.
5. Creating creases based on origami molecules

creases are created in the crease pattern based on the
above-mentioned divided polygons. The created creases
have relationship of creases of origami molecules described
in section 2.1. Figure 7(b) shows an example of creating
creases. However, this crease pattern in incomplete. Be-
cause creases are not created for some faces of this crease
pattern, this crease pattern is impossible to fold.

There are various researches mentioned about fold-
ability [2]. These researches judge the possibility of folding
a given crease pattern. Moreover, we have already proposed
a method for constituting complete crease patterns from in-
complete ones which can not fold at local vertices in crease
patterns [4]. This method creates the crease of symmetry
about a exsiting crease. Figure 7(c) shows the result of cre-
ating using this method.

6. Experimental results

A sketch is chosen arbitrarily and skeleton graph is con-
stituted. Moreover; the crease pattern is designed using the
proposed origami design method from the extracted skele-
ton. Finally, based on the crease pattern, the origami model
is constituted manually.

Figure 8 shows the result of constituting the origami
model from the skeleton graph in Fig. 2. The nodes are
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Figure 7. An example of generating creases.

arranged in the optimal position onto a square (Fig. 8(a)),
polygons are divided into origami molecules (Fig. 8(b)) and
creases are created (Fig. 8(c)). Finally, origami is actually
constituted based on the crease pattern (Fig. 8(d)).
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(a) Arranging (b) Dividing () A complete
onto a square of into origami crease pattern.
origami. molecules.

(d) A constructed origami model.

Figure 8. An result of constructing origami
models.

7. Discussion

Recently, various origami works by designing based on
origami molecules are announced, we often experience the
origami like a puzzle such as “Try folding a crease pattern!”.
However, the mastered technique is necessary to actually
fold origami from such crease patterns.

Origami models which are realized from crease patterns
constituted by the proposed method have fundamental 3-D

forms. However, these crease patterns are confined to con-
stituting each part of objects, and it is infeasible to realize
the details. In the field of origami design, final design is
depend on a designer’s sense. Figure 9 shows the result of
modifing the origami model in Fig. 8(d) by authors’ subjec-
tivity.

Figure 9. An example of modifing the origami
model in Fig. 8(d).

8. Conclusion

[

This paper proposes the method for constituting craese
patterns by using skeletons obtained from 2-D images such
as handwriting sketches. The framework which realizes
origami models from the skeleton graph is explained, which
is possible to constitute crerase pattens automatically from
sketches.

Although a sequence of processing is performed on the
assumption that skeleton graphs are symmetry, this method
can not be applied to asymmetrical objects. Moreover, we
devise a method for creating folding operations from the
constituted crease patterns.
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