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Figure 1: (a) Our fabricated transparent sticks. (b) Arranging the sticks and pgittirem in a container by a user. (¢) When
the user puts the arranged sticks between a projector and a screettearpan the screen can be observed due to the refracted
light. (d) Top: the desired pattern (please see Acknowledgments for thiésglebottom: the pattern on the screen.

Abstract

Pixel art is a kind of digital art that through per-pixel manipulation enablgroduction of a diverse array of
artistic images. In this paper, we present a new way for people to experi@nd express pixel art. Our digital
art consists of a set of sticks made of acrylate resin, each of whichctsftight from a parallel light source, in
certain directions. Artistic users are able to easily rearrange these stiokisvéew their digital art through the
refracted light projection on any planar surface. As we demonstrate in tiigipa user can generate various
artistic images using only a single set of sticks. We additionally envision thigpinel art with rearrangeable
sticks would have great entertainment appeal, e.g., as an art puzzle.

Categories and Subject Descript¢scording to ACM CCS) 1.3.8 [Computer Graphics]: Applications—

1. Introduction (e.g.[QBL,Jeall), tile art, "Post-it' art £.9.[Liu09)), jigsaw
puzzles, or Lego building blocks. These art-forms or toys, in
common with pixel art, stimulate human creativity, and peo-
ple often enjoy creating their desired patterns or shapes by
themselves.

Pixel art (a type of digital art) represents game characters
or other general images using a carefully chosen set of pix-
els, each of which has a nite planar dimension and which
is usually immediately recognizable visually. Pixel art en-
ables rich power of expression, although it usually consists . .
of only a small number of pixels. Thus, the graphics used hOn thg O{helrf han'd,t the t(?reatlon of ﬂetsm.‘bl.e ?ﬁtterlr:js c;r
in classic video games or in GUI icons are mostly based on shapes, 1S Isell an interesting research topic in the €ld o

. computer graphics. Many methods, possibly utilizing spe-
pixel art [KL11]. - ; . .

cialist devices or the manufacture of various objects, have

The basic concept of pixel art is to tile pieces of “picture been proposed for reproducing a number of specialized set-
elements' that are the same size. We can nd other art for- tings, such as the 6D light eldsHRSLO§, the desired
mats or toys that share similar concepts, such as 3D pixel art shadows MP09, shadings AM10], sub-surface scatter-
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ing properties DWP 10,HFM 10], and hologram patterns ,
(e.g.[RRMG1Q). Additionally, the redirection of light to Locations of Stickﬁ,,,,f//”""
generate desired patterns is a powerful approach that enables
rich power of expression. Such approaches include meth-
ods of computing re ective or refractive surfaces for produc-
ing caustics\WPMRO9QFDL10,PJJ 11], and a method for a
high contrast projector using light reallocatida§HF1Q.

In this paper, we bring the expressive power of pixel art
and the light redirection approach together, and present a
new approach to producing creative and enjoyable pixel art,
as shown in Figurd. Our method consists of a set of trans-
parent sticks made of acrylate resin (refractive index: 1.49),
each of which refracts light in a certain direction. By ar-
ranging these sticks and placing them appropriately between gjqre 2: An llustration of the problem settings. We arrange
a parallel light sourcee(g. sun-light or a projector) and @ 4 sticks like a grid.
viewing-surface (screen), one can observe the resulting pixel
art on the screen.

% screen

2. OurA h
By bringing pixel art and the light refraction together, peo- Hr Approac

ple can enjoy the surprise in that they cannot tell what hap- 2.1. Problem Settings
pens by just taking a look at the sticks because the result- g shown in Figure, we use a set of two integer 2D orthog-
ing pattern is only visible when the sticks are appropriately 5n4) coordinates to describe the locations of the stigks (
placed between the light source and the screen. In this Sensep ) and the screen pixelsy, gy). We assume that the de-
our art can be used as a tool for steganography. sired pixel art consists of a set of square pixels, and that their
sizes are all the same. As shown in Fig8reéhe shape of a

In our system, the number and types of the sticks are xed stick differs slightly from a parallelepiped. The difference is
in advance. A user rstinputs an image of the desired pixel that one of its faces is slightly tilted in order to redirect light
art. Then, our system solves an optimization problem to de- via refraction. The redirected (refracted) light will point to a
termine the layout of the sticks so that the light redirected pixel on the screen (Figur4). Unless otherwise stated, we
by the sticks forms the pixel art on the screen. According let the light that is incident onto the sticks all contribute to
to the layout, the user arranges the sticks manually and in- one of the pixels in the pixel art. It is also possible to let
serts them into a container. Finally, the user can enjoy the some of the light refract toward the outside of the resulting
pixel art by actually placing the container between the light pattern. The base size of the stick is the same as the size of a
source and the screen. pixel, which could bee.g.5mm  5mm or 10mm 10mm.

The height of a stick is suf ciently largee(g, 10mm) for the

Using only a single set of sticks, the user can produce var- user to handle it easily.
ious patterns of pixel art by rearranging the sticks. This con-
cept is similar to that of Lego building blocks, and it helps gk along its height axis by 90180 or 270 , the refracted
to stimula_te imagination and creativ_ity. We believe that the light will point to different pixels. Therefore, allowing for
work thatis needed to arrange the sticks is nota burden to the i qtation, a single stick can potentially redirect the light
user's creativity, since the amount of effortis small thanks to 1 4 |gcations. As shown in Figurg if the shift or transla-
the nature of pixel art: a small number of pixels is suf cient
to enable rich power of expression.

Because the base shape of a stick is square, if we rotate the

tion in the locationsx andsy satisfysy 1 ands, O (.e,
the redirected location is in the gray region), we state that
the stick is in its basic orientation. When two sticks in their
Our method can be closely related to the method pre- basic orientations and at the same location redirect the light
sented by Papaat al. [PJJ 11]. In their method, they used  to different locations, we state that their types are “different'.
a NC (Numerical Controlled) machine to fabricate a plate
made of acrylate resin, whose surface has micro-facets. With . : .
this plate, one can produce smooth caustics that are highly swec_i_pattern is the same as the numb_er of arranged sticks.
Additionally, we also assume that the pixel resolution, mea-

detailed, but the user needs to create individual plates for in- dasth ber of pixels. | insh th h
dividual caustics patterns. Our method has some advantag;)ess’ure as the number oT PIXe’s, IS square In shape, thougn, our

in the terms of the entertainment aspect and the cost for pro- method t(_:an handle more general settings beyond these two
duction can be reduced, since the user can produce varioysdSSumptions.
patterns using only a single set of sticks. On one hand, itis possible to provide the user a large num-

We basically assume that the number of pixels in the de-

Cc 2011 The Author(s)
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Top view Side view

B —

Front view

Figure 3: A stick is shown on the left, while a 2D diagram of
the stick is shown in the center. We call the blue square face
the “base' of the stick. On the right we show a 2D illustration
of the light transfer (orange arrows) related to a stick (shown
as the solid black lines). The light is assumed to enter the
stick perpendicularly from the base and transmit through the
stick. Then, the light gets refracted at the tilted face. As the
light refracts in the “opposite' direction to the normal (bold
black arrow) of the tilted face, it will usually not be blocked
by the neighboring sticks (shown as the dashed black lines),
or else the amount of blocked light is negligible.

Figure 4: The relation between a stick (shown above) and
the screen location of the redirected light (shown as orange).
The blue region shows the base of the stick. If the light is not
redirected, it will reach the red pixel on the screen. We de ne
the difference (g sy) between the red pixel and the orange
pixel as the shift, or translation, of the stick.

(Figure4). For the location of a stick, we alternatively rep-
resent it using the integer coordinagsand py (Figure2).

When we place a single stick at a location, we have the

ber of sticks in advance, and then let the user arrange the following constraint,

sticks using only a small subset of them. On the other hand,
from an entertainment point of view, it is interesting if there

are no super uous sticks after the user arranges the sticks.

Therefore, we basically consider that the number of sticks

the user has in advance is equal to the number of arranged

sticks, and thus is also equal to the number of pixels in the
desired pattern. By keeping the number of sticks smaller, it
is easier for the user to nd the necessary sticks during the

arrangement. The user can, of course, use additional sets of

sticks €.g. colored sticks) for extending power of expres-
sion.

2.2. Constraints

For simplicity, we rst consider only the intensity of light
and ignore the color. We formulate the problem as an op-
timization problem as follows. We use the binary variables

gj:x=0 or 1, Q)

to denote all of the possible ways of placement of the sticks.

stick, andNt is the number of types. The integer subscript
j = 1,2;3;4 indicates the basic orientationg, 0 ) and the
90 , 180 and 270 rotated orientations, respectively. The

sticks, and\p is the number of pixelsgj.x = 1 means that
at the locatiork, we place a stick whose type isand its
orientation is according t¢.

)

For each stick typ&, the number of the sticks is limited to
M;. Thus, we have

M;: 3)

j=1k=
The constraint for making the resulting desired pattern can
be formulated as follows. Let us useandsy as described
above instead df andpx andpy instead ok. Then, if we de-
note the desired pattern at the screen pigglqy) asC(g,q,)

we have

a )
Scjt Px=Ox
Syit Py=dy

wheresyj ands,; represent the shift after considering the

rotation,i.e.,

Asas) ii(papy) = Caway)s

8
3 ((sX;%/)) i=0
e )= Sy; Sx =1,
(S(;pSy,J)—B (s s) j=2° (5)
To(syp %) =3

However we cannot always reproduce the desired pattern
exactly. This can be caused by an unachievable desired pat-
tern,e.g, the total intensity of the desired pattern exceeds the
total available incident light, or it requires a setting for which
the number and types of sticks are limited. We believe that,

For later use, we also introduce alternative representations in practice, the introduction of a small amount of modi ca-

for the subscript$ andk. For the type of a stick, we alter-
natively represent it by the shift of the sticle., sx andsy

¢ 2011 The Author(s)
¢ 2011 The Eurographics Association and Blackwell Publishituy

tion to the desired pattern is acceptable. Thus, we represent
the amount of modi cation using variabl%x;qy), and use
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Figure 5: Left: the input pattern (we prepared the pattern
according to the Eurographics logo). Center and right: the
resulting patterns using the objective functions shown as
Eq.@) and Eq.Q), respectively. Note that by using E®9),(

@) (b) (©

Figure 6: (a) The refraction pattern of the stick. We can see

that the face is slightly distorted near the edges. (b) The re-
sulting pattern on the screen. The light leaks to the neigh-
bor pixels. (c) In our prototype, we attach to the container

a transparent lIter with a black grating pattern to avoid the

the black regions and the smoothness of the pattern is better g5 of light.

preserved. The computation time is set to 1 minute.

the following constraint instead,
o] -— .
A Usis)iipapy) = %aca) T Kaaay)-
Skjt Px= Ok
Syjt Py=0y
Because the intensity of the pixels on the screen should not
be negative, we have the following constraint,

0:

(6)

Claay) T Saxay) (7)

2.3. Objective Function

The objective of the optimization routine is to make the mod-
i cation smooth and small enough to retain the desired pat-
tern. To measure the amount of modi cation, we consider
the quadratic norm of the modi catio e(qu;qy) and that of

the gradient of the modi catior jr e(qx;qy)jz. By making
a e(2 :0)) anda jr e(qx;qy)j2 small, the modi cation would be
small and smooth.

Although we could use the following simple objective
function,

; ; 2y
argmin - (wa & e%Qx;Qy)-'— Wo & Ir egq)i); (®

faix0if €aead Gl Gilly

wherews andw, are “weights', we found it more useful to

allow the weights for each pixel to change as follows;

: 2 : 2.
argmin - & (Way(q,q)&aua) + Woigea)ir Sauai):
f9;x9T &axia) 9 iy

For the default values of these weights, we use ©
Waag) = 10(Claeq) * O (10)

whered = 0:001 is a constant, and
Woi(geq) = LO=(r Cguqyi’+ O): (11)

Using these default weights, the intensity and/or gradient of
the desired pattern will be better preserved if their values
are lower. This property is important, as the “black’ regions
and ‘smooth' regions will be well preserved (see Figbire

2.4. Solving the Optimization Problem

In summary, we minimize EPJ subject to the constraints
shown as Eqsl, (2), (3), (6), and {). Due to the constraint
shown as Eq), our optimization problem becomes a class
of mixed integer programming problem, which is NP-hard.
We have found that an approximated solution will usually
give a good result. In our prototype, we used the IBM ILOG
CPLEX Optimizer CPL]. The user can set the time allowed
for solving the problemd.g, a few minutes to 10 minutes),
then the solver utilizes a branch-and-bound algorithm and
progressively re nes the solution during the allocated time.

2.5. Fabricating the Sticks

We calculate the normals of the tilted faces from the shifts of
the sticks according to Snell's law. The main considerations
in fabricating the sticks are; 1) how to manufacture at sur-
faces for the base and the tilted face; 2) how to make these
surfaces face the desired orientation; and 3) how to make the
deviation in the sizes of the bases small. The rst and sec-
ond considerations are important for accurate redirection of
light, while the third consideration is important for arranging
the sticks as a grid.

In our prototype, we created a single mold that can pro-
duce 10 different types of sticks, with base sizes of 5mm

5mm. The number 10 comes from the following reason.
When we cast the hot acrylate resin into the mold, it will
ow following the path created in the mold, and it will reach
each of the cavities for the sticks sequentially. Since we do
not want the hot acrylate resin to cool too much before it
reaches all the required areas, there is a limit to the number
of sticks that can be cast in a mold at any one time.

As the accuracy of production in our prototype is not very
high, there are slight distortions near the edges of the sticks
as shown in Figurés(a). As a result, the redirected light
will leak to the neighbor pixels (Figuré(b)). To avoid this
problem, we attach to the container a Iter as shown in Fig-
ure6(c). We believe that we can improve the production pro-

The user can increase or decrease the weights for stronger orcess of the mold and the casting process of the acrylate resin

weaker preservation if needed.

to avoid this problem in the future.

Cc 2011 The Author(s)
c 2011 The Eurographics Association and Blackwell Publishitay
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(a) (b) ()

(d) ®

Figure 7: We show the types of the sticks by the locations of
the redirected light. A stick is assumed to be located at the
center of each gray circle, which shows the range in con-
sideration. The orange pixels show the locations of the redi-
rected light when the sticks are in their basic orientations.
The black pixels show the locations of the redirected light
when the sticks are rotated by 90180 or 270 . (a) to (f)
show 6 different con gurations of types.

(e

2.6. Choosing the Types of Sticks

Focusing now on the creation of a mold, we should consider
the case where the number of types of sticks is 10. In our pro-
totype, we choose 10 different shifts within the range where
the distance of a shift is no larger than 8 times of the width

of the stick, as shown in Figuré

There are many possibilities in choosing the types of stick.
We rst chose 10 types of stick with the smallest different
shifts (in pixels), as shown as Figuféh). We found that this
selection is not ideal if the desired patterns contain a wide
black region. This is because the redirected light cannot di-
verge far from the incident light, and thus cannot avoid the
black region. On the other hand, by choosing the 10 types
of sticks that give the largest shifts (Figuréc)) we can
create various desired patterns fairly easily. One disadvan-
tage is that when the shifts are larger, the shape of the redi-
rected light becomes much more distorted. Thus, we then
tested others con gurations of stick-types, this time includ-
ing both sticks that produced a large shift along with sticks
that caused a small shift in different distributions, as shown
in Figures7(a), (d), (e) and (f). The ability of these different

bundles to create the desired patterns seemed to be similar.

We chose the set shown as Figiffa), with the intention of
making the distortion small.

2.7. The Layout Map

To identify the type of a stick, we rst align the stick in its
basic orientation and its tilted face in the near side. Then,
we draw a number with different colors on the faces of the
stick for better identi cation of the type and the orientation
of the stick. Black, red, green and blue colors are used to

¢ 2011 The Author(s)
¢ 2011 The Eurographics Association and Blackwell Publishituy

indicate the basic orientation.€., 0 ) and 90, 180 and
270 rotated orientations, respectively.

We show the layout of the stick by using a map which we
call layout map (sees.g, Figure10). In the map, the type
of the stick for each location is shown using the number.
According to the color of the number, we align the stick so
that the number with the color will face upward.

2.8. Using Color Sticks

Our method can be extended to handle colors. We can create
a “colored' stick by simply painting the color onto the tilted
face or by pasting a color Iter onto the tilted face using
instant glue (cemedine). Note that by using the cemedine,
the transparency and the refraction index is then retained
pretty well, since the dominant component of the cemedine
is cyanoacrylate. In our prototype, instead of actually cre-
ating colored sticks, we attach to the container a color I-
ter created by printing the color pattern onto a transparency
sheet using a standard ink-jet printer.

To work with colored sticks, we can extend Eg).és fol-
lows.

(1)

o (r _ N
% 8511 5= 0 Tpop) %091 peP) = aca) * T
2 g - A0 (9
Aseit P T(pen) Asas)iipapy) = Caeay) T Saag)
E S«;}"’py:% (P py) ASaisy Py EE)’Qy) EZ)aQy)
. ésx;'+px:C|xT : $)iipapy) = Yax * €
Py (P Xsas)i(pep) = Saeay) (qx,qy)(lz)

where the superscrip(s), (g) and(b) indicate the red, green
and blue components, respectively, dnitdicates the trans-
mittance of the lter (the color and the intensity of the light
source can be included as well, if needed). Although we can
mix different colors to produce new colors, multiple sticks
are needed for representing a single mixed color pixel, pos-
sibly resulting in a reduced power of expression. As an al-
ternative, we can use a few set of sticks with basic colors.
To obtain the layout, we rst solve the optimization problem
for the intensities, then the colors of the sticks are chosen to
be the corresponding pixel colors.

3. Results

In this section, all of the results are generated by rearrang-
ing a single set of sticks. The types are introduced in Sec-

tion 2.6. The number of sticks of each type is 25 or 26, and

the total number of the sticks is 256. The resolutions of the
input patterns are allin 16 16. For computation, we used a
notebook PC with an Intel(R) Core(TM)2 Duo U9600 CPU
(1.6GHz) and 4GB main memory, and set 10 minutes for
solving the optimization problem. The default weights are
used for all the tests. We let users arrange the sticks, and the
times they took for arranging them varied between 12 and
23 minutes.

We show the results of simulation and the results created
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@) (b) (©

Figure 8: The input pattern is the same as the one used for
Figure 10(c). Using the layout map as shown in (a), we can
redirect the light toward the outside of the resulting pattern
as shown in (b). Then, the intensities of the pixels in the 16

16 region (c) match that of the input pattern perfectly. If
we do not allow the light redirection toward the outside of
the resulting pattern, the result will be Figuté)c).

by the sticks fabricated by using a mold. We show the re-
sults of monochromatic patterns in Figute¥a) to (c), and
colored patterns in Figure)Xd) to (g). In Figurel((c), we
projected yellow color from the projector. In the colored ex-
amples shown in Figurel)d) to (g), we attached color I-
ters to the container instead of actually coloring the sticks. In
Figuresl0(a) to (d), the total intensities of the input patterns
are smaller than the total intensity of the incident light. As a
result, some pixels in the simulated results become brighter.
Conversely, in Figurd.0(g), the total intensity of the input
pattern is larger than that of the incident light. As a result,
some pixels in the simulated results become darker. Never-
theless, we believe that these results still look good. In Fig-
ures1Q(e) and (f), the total intensities of the input patterns
are the same as the total intensity of the incident light, and
we were able to obtain the results that perfectly match the
input patterns.

(2) (b) (©)

(d) (e)

Figure 9: (a) The input pattern. (b) The layout map. (c) The
simulated result. (d) Opaque (black) sticks are introduced
so that we can observe the pattern "A' directly from the ar-
ranged set of sticks, while (e) transparent sticks produce a
different pattern on the screen.

ablesg;x that redirect light toward the outside of the desired
pattern.

4. Limitations

We show three typical failure cases in Figuté. Fig-

ure 11(a) shows a toy example where the input pattern con-
tains a large black region. Due to the capability in redirecting
light, it is not possible to redirect all the light to the lower-
right corner using the set of the sticks. To handle input pat-
terns like this example, we need to use the sticks that can
redirect light to farther locations. We would like to note that

We can replace some of the transparent sticks with opaque an input pattern usually does not contain such a large black

sticks. Additionally, we can x the locations of these opaque

region.

sticks so that we can observe a pattern on the arranged sticks,

as shown in Figur®. By calculating the layout for the rest
of the sticks, we can also make this set produce a (different)
hidden pattern on the screen. This usage of our art-form can

be regarded as a kind of steganography. To realize this art-

form, we simply segjx = O for the locationsk where we

want to place the opaque sticks, and delete the correspondingC

constraints shown as Eg)(

As mentioned before, we may consider the option to redi-
rect the light toward the outside of the resulting pattern. By
considering this option, the modi cation can be reduced if
the total intensity of the desired pattern is less than that of
the incident light (Figure8). On the other hand, it is more
constrained and interesting if we discard this option, since
in this case all of the incident light is used. Thus, we did not
use this option other than the example shown in Figuike
can easily disable this option by omitting some of the vari-

For general input patterns, a failure case happens more
likely when the difference between the total intensity of the
input pattern and that of the incident light is larger. This is
because we need to apply much modi cation to the pattern
to adjust the total intensity. As a result, some speci c region
annot be represented well. For example, in Figltgb),
the total intensity of the input pattern greatly exceeds that
of the incident light. Thus, we need to suppress the intensity
variation to reduce the total intensity. As a result, we can-
not represent the gradation pattern well. We show another
failure case in Figurd1(c). This example is created by in-
creasing the intensity of the hair of the character shown in
Figure 10(e). Thus, the intensities of some of the pixels in
the resulting pattern need to be reduced for the conservation
of light. Although our method tries to make the modi cation
as smooth as possible, since the regions of the hair are sepa-
rated by the hair accessory, the resulting intensities become

Cc 2011 The Author(s)
c 2011 The Eurographics Association and Blackwell Publishitay
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Input patterns Simulated results Captured results Layout maps Color filters

(@

(b)

(©)

d

(©

®

(&)

Figure 10: Results of monochromatic patterns ((a) to (c)) and colored patternsd(@)). (a), (b), (c), (d) and (f): we prepared
the input images according to the Stanford bunny, the Utah teapot, the il&pitgs logo, the landscape and the national ag
of Italy, and an image of a killer whale, respectively. Please see Ackdgwmilents for the details about the input image (e). The
input image (g) is copyrighted by Nintendo Co., Ltd. The captured reshidi® the images captured from the screen.

¢ 2011 The Author(s)
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@ (®) © derivative work of the character "Hatsune Miku", originally
copyrighted by Crypton Future Media, INC. A modi ca-

2 tion of the character is permitted under Piapro Character
L . . . .
g License (http://piapro.jp/license/pcl) by Crypton Future Me-
5 dia, INC.
)
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