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時空間光線制御を用いた運動計測と質感提示に関する研究
概要
視覚情報は物体を認識するための最も重要な情報のひとつである．視覚情報は物体や周
辺環境の幾何・質感・照明に関する情報によって構成されており，これらの３つの視覚
情報の構成要素が物体の視覚表現を決定していると言える．そのため，物体の視覚表現
を柔軟かつ正確に制御するためには，視覚情報の各構成要素を独立に計測・提示する技
術が求められる．このとき，物体に属する情報である幾何と質感を計測・提示する際は，
周辺環境に属する情報である照明が独立変数となるため，周辺環境側の照明の制御，す
なわち，計測・提示システムによる光線の制御が重要な役割を果たすと考えられる．し
かしながら，従来の計測・提示システムの光線制御は準静的であったため，また，動的に
光線制御を行っていても，得られた膨大な情報量を効率的に処理できていなかったため，
時空間的に変化する視覚情報の構成要素を実時間で計測・提示することは困難であった．
一方で，これまで著者は高速な時空間光線制御を用いて高速な質感計測を実現しており，
高速な時空間光線制御を利用することで，その有効性を示してきた．
本論文では，時空間的な視覚情報の操作として，幾何の時間変化である運動の計測
と，時空間変化する質感の提示に焦点を当て，これらを時空間光線制御と高速性の利用
によって実現するシステムの提案を行う．本論文における提案では，物体の運動を光線
方向に直交する成分と並行する成分に分解して議論する．まず初めに，光学的な光線方
向の変換により，実時間で光線方向に直交する方向の運動を計測するシステムを提案す
る．次に，多重化したレーザーを用いて，実時間で光線方向に平行する方向の運動を計
測するシステムを提案する．そして最後に，高速なストロボ光を利用して，時空間的に
変化する質感を提示するシステムを提案する．
本論文の貢献は，これらの計測・提示手法の提案した点，これらの提案手法を実装し，
その有効性を示した点，また，それによって時空間光線制御の有用性を示した点にある．
各提案は視覚情報の構成要素を独立に扱い，柔軟かつ正確な視覚情報の操作を可能にす
るものであり，いずれも様々な応用で活用できるものである．これらの提案システムを
含め，時空間光線制御は科学分析，インターフェイス，検査，セキュリティ，制御，コ
ンピューターグラフィックス，デジタルアーカイブ，メディア，芸術などの幅広い分野
の応用を切り開いていく技術となるであろう．

Abstract
Visual information is one of the most important types of information for recognizing an object. Visual information contains information about diﬀerent aspects of
an object and environment, including its geometry, material, and illumination, and
these three components determine the object’s visual appearance. To achieve flexible and accurate control of an object’s visual appearance, each component should be
independently controllable, and so measurement and display technologies for these
visual components are required. In order to measure or represent the visual components belonging to an object, namely, the geometry and material components,
control of the illumination characteristics of the environment and the system plays
a key role. However, conventional measurement and display systems control light
rays in a quasi-static manner, or they cannot eﬀectively process a large amount of
information provided by dynamic light rays control. As a result, it has been diﬃcult to measure or represent spatio-temporal visual components in real time. On
the other hand, the author has proposed a methodology for achieving high-speed
spatio-temporal light rays control and demonstrated the validity of this approach
by realizing a high-speed material measurement system.
This dissertation focuses on measuring the motion of objects and representing
materials as operations on spatio-temporal visual components, and proposes systems
that realize these technologies based on spatio-temporal light ray control. In this
proposal, the motion is decomposed into components perpendicular to the light
ray and components parallel to the light ray. First, a real-time motion measurement
system based on an optical transformation of light rays for perpendicular components
of motion is proposed. Second, a real-time motion measurement system based on
multiplexing of laser light rays for parallel components of motion is proposed. Next,
a real-time display system based on high-speed strobing light rays for representing
spatially- and temporally-varying materials is proposed.
The main contributions of the work described in this dissertation are the proposals
for measurement and display methods, as well as a demonstration of the eﬀectiveness of spatio-temporal light ray control which supports these technologies. Each
technology independently extracts a visual component from the visual appearance
of an object and will enable enhanced flexible and accurate operations on these components in various applications. With the proposed systems, spatio-temporal light
rays control will clear a path to a wide range of applications, including advanced
analysis, interfaces, inspection, security, control, computer graphics, digital archives,
media and art.
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Chapter 1

Introduction
1.1 Realtime measurement and display for visual
components
Our world is composed of a vast number of objects which are always changing.
People act adaptively and intelligently while acquiring information about themselves
and their external environment through the human sensory systems. Among these,
in particular, the visual sensory system provides a large amount of information in
the blink of an eye, allowing people to carry out flexible and accurate behavior.
Therefore, the measurement and display of visual information will be important
technologies for all intelligent systems that involve recognition and actions, like a
human.
Visual expression consists of three components that determine the visual appearance of an object: geometry, material and illumination, as shown in Fig. 1.1. In
other words, visual information can be controlled at will by enabling independent
control of each visual component. Here, geometry means a visual component that
includes spatial information, such as the shape, position and attitude of an object.
Temporal development of geometry refers to deformation and motion. Next, material denotes a visual component that includes physical properties, such as the color,
gloss and transparency of an object. Additionally, most objects are composed of uneven materials, that is, spatially-varying materials, and some objects have materials
that change over time, that is, temporally-varying materials.
These visual components, geometry and material, are information that belongs to
an object; however, the other visual component, illumination, is information related
to ambient light rays and that belongs to the environment; that is to say, illumination is a variable that can be configured in the measurement and display systems.

2
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Fig. 1.1. Visual components [1].

Therefore, light rays control could play a vital role in functional measurement and
display technologies for the visual components of an object. Light rays have many
parameters, such as direction, wavelength, phase and amplitude, and eﬀective operations of each visual component will be realized by ingeniously controlling these
parameters.
Conventional systems also control light rays for the measurement and display of
visual components; however, most of them are quasi-static and it has been diﬃcult
to deal with spatio-temporal visual components. Spatially- and temporally-varying
geometry or material contains a huge amount of information, and so a system with
low-speed light rays control cannot measure or represent all of them, like uniform and
fixed visual components. Consequently, conventional methods involve high computational complexity or require some hard limitations on the measurement and display
of spatio-temporal visual components. Furthermore, even with high-speed light rays
control, the conventional systems have diﬃculty in processing the huge quantity of
information in real time.
As shown in Fig. 1.2, spatio-temporal visual components of an object, such as deformation, motion, and the existence of spatially- and temporally-varying material,
are required in various applications. These technologies are in great demand not only
in intelligent systems involving recognition and actions but also in visualization and
entertainment. For this reason, in this dissertation, I will present a key technology

1.2 Spatio-temporal light rays control

Fig. 1.2. Applications.

and concrete measurement and display systems in the following sections, and will
introduce some applications using the proposed systems, not only for research and
development but also for media and art.

1.2 Spatio-temporal light rays control
In order to accurately measure or represent spatio-temporal visual components,
light rays also should be controlled with an adequate spatio-temporal frequency according to that of the geometry and material of the target object, as shown in Fig.
1.3. Additionally, high-speed light rays control can decrease the computational complexity and provides realtime measurement and display technologies by exploiting
rapid feedback in the system and simplification of the algorithms. Furthermore,
spatio-temporal light rays control has the potential to realize new functionalities
due to these features.
So far, our group has developed a high-speed material measurement system by
using spatially- and temporally-varying illumination, high-speed feedback and simplified algorithms [2], and we have shown the eﬀectiveness of spatio-temporal light

3
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Fig. 1.3. Spatio-temporal light rays control.

rays control for measurement and display technologies. This dissertation focuses
on measurement of motion and display of materials as examples of high-speed and
accurate operations on visual components, and the validity of the proposed systems
using spatio-temporal light rays control is verified.
Specifically, the motion is decomposed into components perpendicular to the light
ray and components parallel to the light ray, and measurement systems for each component are proposed in this dissertation. For the motion perpendicular to the light
ray, a measurement method is presented in which the directions of light rays are controlled and an image of a target object is transformed [3, 4]. For the motion parallel
to the light ray, a measurement method using the modulated wavelength and phase
of the light rays and calculating the whole motion from fragmentary information
about the motion is presented [5]. In addition, for spatially- and temporally-varying
material representation, a system based on high-speed amplitude control of light
rays and which combines real materials for viewing by the human eye is introduced
[6, 7]. All of these systems achieve the measurement and display of visual components by controlling the light ray parameters and provide a variety of applications
in both research and entertainment fields.

1.3 Purpose of this research
The aim of the work described in this dissertation is realtime measurement and
display of the spatio-temporal visual components of an object. Of particular focus
is realtime measurement of the motion and display of materials, and systems based
on spatio-temporal light rays control for achieving the aims are proposed. The
contribution of the work described in this dissertation includes the achievement of

1.3 Purpose of this research

Fig. 1.4. Purpose of this research.

these realtime measurement and display technologies by using the proposed methods
and implementation of prototype systems, and demonstrations of eﬀective spatiotemporal light rays control that is unlike conventional light rays control, which is
quasi-static.
As shown in Fig. 1.4, the proposed systems have advantages in comparison with
conventional systems in terms of the high spatio-temporal resolution, realtime performance, and new functionality resulting from light ray control. The high spatiotemporal resolution is supported by active control of spatio-temporal light rays, and
the realtime performance is realized by computational simplicity due to the high
speed of the system.
In the measurement of motion perpendicular to the light ray, the conventional
research uses light rays control for quasi-static motion and cannot deal with highspeed and unpredictable motion. Besides, the conventional methods using image
processing, such as decomposition, need high computational cost, and the results
often include artifacts. On the other hand, the proposed system can adaptively
track the motion from low speed to high speed by controlling the direction of light
rays with high-speed feedback and by using simplified algorithms made possible by
the use of high-speed sensing. For example, this enables rotational motion blur
canceling, as shown in Fig. 1.5(a).
In the measurement of motion parallel to the light ray, the previous research approaches require some equipment, such as sensors or markers attached to the target
object, which restricts the range of target motion, or they require prior knowledge
about the shape and texture of the target and need high calculation costs and a
long computational time. Besides, most of the previous systems cannot capture
high-speed motion due to the systems’ low throughput and high latency. In con-
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(a) Advantage in chapter 3

(b) Advantage in chapter 4

(c) Advantage in chapter 5

Fig. 1.5. Advantages of the proposed system.

trast, the proposed system realizes the measurement of high-speed motion without
any equipment or prior knowledge by controlling the phase and wavelength of light
rays with a simplified calculation method for the motion, as shown in Fig. 1.5(b).
In the display of a material, the existing systems cannot represent a variety of
kinds of materials, including spatially- and temporally-varying materials, and they
require a high computational cost to render the graphics according to the viewing
points and lighting. In contrast, the proposed system can represent various realistic
materials, including spatially- and temporally-varying materials in realtime, and in
addition, can realize augmented materials that are not expected to exist in the real
world by controlling the amplitude of light rays and a simple principle exploiting
the characteristics of the human eye, as shown in Fig. 1.5(c).
These advantages are achieved by the use of light ray control that is independent
of the other visual components, namely, the geometry and material, as well as the
rapidity of optical phenomena. Hence, besides the proposals in this dissertation, the

1.4 Overview of this dissertation

spatio-temporal light ray control described here will lead to realtime measurement
and display of visual components.

1.4 Overview of this dissertation
This dissertation is organized as shown in Fig. 1.6. In Chapter 2, fundamental
knowledge about the human visual system, visual components and their spatiotemporal development are introduced. These are organized to prepare for the introduction of the proposed methods using spatio-temporal light ray control. Furthermore, in this chapter, a strategy for eﬀective light ray control used in the following
chapters is presented.
In Chapters 3–5, three systems for measurement and display of the visual components of an object are proposed.
In Chapter 3, a system that measures the motion perpendicular to the light ray is
introduced. In this chapter, conventional systems related to perpendicular motion
are discussed, and a system using an optical image rotator is proposed as a complement to the conventional system. The proposed system controls the direction of
light rays and optical image transformation using the geometrical optics aspect of
the light rays.
In Chapter 4, a system that measures the motion parallel to the light ray is
proposed. This system utilizes coherent light rays and lasers that sense the distance
to the target and the velocity of the target. The proposed system controls the phase
and wavelength of the light rays using the wave optics aspect of the light rays. The
two proposed systems provide full 6-axis motion sensing for rigid bodies.
Chapter 5 presents a system that represents spatially- and temporally-varying
material. This system uses high-speed strobe light, realtime light transport in the
real world, and human vision characteristics. The proposed system controls the
amplitude of light rays and uses psychophysics aspects of the light rays.
Chapter 6 summarizes the proposed systems and discusses the eﬀectiveness of
spatio-temporal light ray control.

7
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Fig. 1.6. Overview of this dissertation.
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Chapter 2

Spatio-temporal visual components
2.1 Introduction
Visual expression of an object is composed of three components: geometry, material and illumination. By measuring and representing these visual components
separately and controlling them independently, more flexible and accurate control
of visual appearance will be possible. In order to measure and represent these visual
components, it is necessary for a system to utilize the characteristics and structure
of each component. Moreover, it is also necessary to understand the characteristics
of the human vision system, which is the recipient of the visual expression.
This chapter introduces background information about the human vision system,
each visual component and their spatio-temporal development to grasp the characteristics, especially for use in the proposed systems. Moreover, a system design
strategy for measuring motion and displaying a material is also provided.

2.2 Human vision system
Humans get visual information by their eyes. Light rays from the outside world go
through the iris and crystalline lens and reach the photoreceptor cells on the retina,
as shown in Fig. 2.1. The iris narrows the light rays, and the crystalline lens forms
an optical image on the retina. The light rays are converted into bio-electric signals
at the photoreceptor cells, and the signals are sent to the brain through the optic
nerve. As a result, visual images are perceived.
In human eye, there are two types of photoreceptor cells: rod cells and cone
cells, as shown in Fig. 2.1. Rod cells mainly work in the dark and are responsible
for brightness sensation. In contrast, cone cells mainly work in the light and are
responsible for color sensation. The cone cells are additionally subdivided into three

10

Chapter 2 Spatio-temporal visual components

Fig. 2.1. Human vision system [8, 9].

Fig. 2.2. Normalized responsivity spectra of human photoreceptor cells [10].

types: long-wave (L), middle-wave (M) and short-wave (S), and they have peak
sensitivities in diﬀerent wavelength bands, namely, the red, green and blue bands,
respectively, as shown in Fig. 2.2. The ratio of these three primary color channels
determines the color, and so we can reproduce a variety of colors for the human eye
only with red, green and blue components.
Another important property of the human eye is spatio-temporal resolution, which
depends on the individual. The spatial resolution of the human eye can be described
by a two point threshold angle, which is reported to be about 0.7[′ ] in terms of visual
angle [11]. That is, humans cannot separately recognize visual stimuli within a visual
angle of 0.7 [′ ]. The temporal resolution of the human eye has also been studied, and
the critical flicker fusion (CFF) rate is reported to be about 15[Hz] with low-intensity

2.3 Geometry

Fig. 2.3. Rigid-body motion.

light and about 60 [Hz] with high-intensity light [12]. In other words, humans will
perceive images having a frequency higher than the CFF rate as a single image.
Generally, the user of a display system is a human, and so we have to take these human vision characteristics into account when we design systems for high-performance
material display. The strategy for high-performance material display is described in
Section 2.6.

2.3 Geometry
When considering an object geometry as a continuum, spatio-temporal development of the object geometry can be classified into deformation and motion. Deformation refers to changes in shape, and motion refers to changes in attitude and
position. In this dissertation, it is assumed that the target object is a rigid body, and
thus the focus is on measurement of rigid-body motion. A rigid body is an elastic
body whose elastic coeﬃcient is infinite, but a target with a finite elastic coeﬃcient
can be considered to approximate a rigid body for a short time when the performance of the measurement system is high enough compared with the frequency of
the target deformation.
Rigid-body motion is subdivided into time development of attitude and position,
namely rotation and translation. Rotation and translation have three degrees of
freedom each, and so the rigid-body motion has six degrees of freedom (DOF) altogether, as shown in Fig. 2.3.
The rotation can be represented by various expressions depending on the defini-
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Fig. 2.4. Rotation and translation.

tion of variables. In this dissertation, an expression involving roll, pitch and yaw
described by a rotation matrix is used, as shown in Fig. 2.4. With this variables
definition, three-dimensional rotation is described by matrix R as follows:


cos θ cos ϕ cos θ sin ϕ sin ψ − sin θ cos ψ cos θ sin ϕ cos ψ + sin θ sin ψ


R =  sin θ cos ϕ sin θ sin ϕ sin ψ + cos θ cos ψ sin θ sin ϕ cos ψ − cos θ sin ψ 
− sin ϕ
cos ϕ sin ψ
cos ϕ cos ψ.
(2.1)
Here, θ, ϕ and ψ are the angles of roll, pitch, and yaw respectively. On the other
hand, from the viewpoint of the camera’s rotation, we call these angles roll, tilt and
pan instead of roll, pitch and yaw.
The translation can also be represented in some expressions depending on the coordinates definition. In this dissertation, an expression involving the typical Cartesian coordinate system for a translation vector is used, as shown in Fig. 2.4, and a
three-dimensional translation is described as vector T as follows:


Tx


T =  Ty 
(2.2)
Tz
In addition, this six-DOF motion can be classified into components perpendicular
to the Z-axis and components parallel to the Z-axis from the perspective of motion
velocity. As a light ray goes along the Z-axis in Fig. 2.3, the translation in the Xand Y-axis directions and the rotation around the Z-axis are motions perpendicular
to the light ray. On the other hand, the translation in the Z-axis direction and the
rotations around the X- and Y-axes are motions parallel to the light ray.

2.4 Material

Fig. 2.5. Bidirectional scattering distribution function.

When the motion of an object is measured based on a physical phenomenon using
light rays, the available information depends on the motion direction relative to the
light ray. Therefore, we have to take this classification into account when we design systems for high-performance measurement. The strategy for high-performance
motion sensing is described in Section 2.6.

2.4 Material
In this dissertation, material is defined in terms of actual physical quantities not
as psychophysical quantities that are related to recognition in the human brain.
Specifically, we express a material as a bidirectional scattering distribution function
(BSDF) that describes how incoming light is scattered on a surface of an object, like
a material in the field of computer graphics (CG), as shown in Fig. 2.5.
The BSDF is composed of the bidirectional scattering-surface reflectance distribution function (BSSRDF) and the bidirectional scattering-surface transmittance
distribution function (BSSTDF). However, it is often simply represented by the
sum of the bidirectional reflectance distribution function (BRDF) and the bidirectional transmittance distribution function (BTDF). In BSSRDF and BSSTDF, not
all scattering light is outgoing from an incoming point xi on the surface; subsurface
scattering (SSS) and an outgoing point xo are also considered, as shown in Fig.
2.6. On the other hand, BRDF and BTDF are simplified functions of BSSRDF and
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Fig. 2.6. Subsurface scattering.

BSSTDF, respectively, and they assume that all scattered light is radiated from the
same point as the incoming point.
In addition, BRDF and BTDF can be regarded as being composed of two scattering components. In the reflection part, they are called diﬀuse reflection and specular
reflection, and this assumption is called the dichromatic reflection model [13]. Diffuse reflection is a nondirectional component, and this is what we call the color of an
object. Specular reflection is a directional component, and it is responsible for the
glossy appearance of an object. In the case of an inhomogeneous dielectric material,
specular reflection is considered to have the same color as the incoming light, and
this model is called the neutral interface reflection (NIR) model [14]; however, the
color of specular reflection is diﬀerent from that of the light source in the case of a
conductor.
In order to easily handle reflections in CG, some reflection models have been
proposed. Recent reflection models use a BRDF model based on Lambert’s diﬀuse
reflection model and Blinn’s microfacet specular reflection model [15], expressed by:
fr = kd fd + ks fs
aλ
π

(2.4)

DF G
.
4(ω̂o · n̂)(ω̂i · n̂)

(2.5)

fd =
fs =

(2.3)

Here, fr is the BRDF that takes an incoming direction ω̂i and an outgoing direction ω̂o as input variables, as shown in Fig. 2.7 and outputs a weight representing
how much the incoming irradiance is contributing to the outgoing radiance. The
BRDF is composed of a diﬀuse reflection part fd and a specular reflection part fs
with respective coeﬃcients kd and ks in the dichromatic reflection model. Moreover,
the vector n̂ is a surface normal, as shown in Fig. 2.7.

2.4 Material

Fig. 2.7. Notation for vectors.

Lambert’s diﬀuse reflection model is an ideal model for diﬀuse reflection, and it
represents an isotropic surface with constant radiance. The parameter aλ in the
model depends on the wavelength, and it refers to the surface color. Although the
wavelength of visible light covers a wide continuous region, it is often simplified
with representative wavelength bands: red, green and blue. In addition, Blinn’s
microfacet specular reflection model is a factorized specular reflection model. The
model parameters D, F andG refer to the normal distribution function (NDF), a
Fresnel reflectance term and a geometrical attenuation term, respectively.
NDF represents the distribution of microfacet normals, and it determines the
shape of the specular lobe shown in Fig. 2.8. For the D term, many NDFs have
been proposed, and recently the GGX model described below is often used in the
state of the art specular reflection models [16]:
D(n̂, ĥ, m) =

m2 χ+ (n̂ · ĥ)
π(n̂ · ĥ)4 (m2 +

1−(n̂·ĥ)2 2
)
(n̂·ĥ)2


1 (x > 0)
χ(x) =
0 (x ≤ 0).

(2.6)

(2.7)

The GGX model is an isotropic NDF with a GGX distribution function, and the
parameters ĥ and m refer to the half vector shown in Fig. 2.7 and the surface
roughness as shown in Fig. 2.8, respectively. The surface roughness is represented
also in some other models, and this variable directly determines the gloss of an
object. Although a microfacet is a shape component of an object, it is not a factor
of its geometry but of its material. Thus, the shape is classified into geometry
macroscopically but into material microscopically.
The Fresnel reflectance term is a parameter related to the energy distribution

15

16

Chapter 2 Spatio-temporal visual components

(a) m = 0.00

(b) m = 0.05

(c) m = 0.10

(d) m = 0.20

Fig. 2.8. Roughness in GGX NDF.

(a) ηo = 1.25

(b) ηo = 1.50

(c) ηo = 1.75

(d) ηo = 2.00

Fig. 2.9. Fresnel factor for dielectric.

between reflection and transmission according to the incoming angle, as shown in
Fig. 2.9. The Fresnel reflectance term is diﬀerent for dielectrics and conductors,
and they are often approximated by the equations below in CG in order to reduce
the amount of computations [17, 18]:
F ≈ F0 + (1 − F0 )(1 − ω̂o · ĥ)5
(
)2
ηi − ηo
F0 =
ηi + ηo
F ≈

(η − 1)2 + 4η(1 − ω̂o · ĥ)5 + k 2
(η + 1)2 + k 2

(2.8)
(2.9)

(2.10)

Here, ηi and ηo are the indices of refraction (IOR) for two dielectric media in
Shlick’s first approximation. Also, η and k are the IOR and absorption coeﬃcient
for conductor media, and the second equation assumes that the incoming side is air
or a vacuum.

2.5 Illumination

The geometrical attenuation term is a parameter determined by the NDF and
represents self-occlusion due to microfacets on the surface. For example, the geometrical attenuation term for the GGX model is described by the following equation
[16]:
G(ω̂i , ω̂o , n̂, ĥ, m) = Gp (ω̂i , n̂, ĥ, m)Gp (ω̂o , n̂, ĥ, m)
(2.11)
(
)
ω̂ · ĥ
2
√
.
(2.12)
Gp (ω̂, n̂, ĥ, m) = χ
ω̂ · n̂
1−(ω̂·ĥ)2
2
1 + 1 + m (ω̂·ĥ)2
Similar to the reflection model above, the behavior of transmitted light is also
modeled. BRDFs and BTDFs for the other kinds of materials that cannot be described by simple reflection and refraction, such as velvet and subsurface scattering
media, have also been modeled [20, 19].
Although a uniform fixed BSDF is introduced here, there are many objects that
have spatio-temporally changing materials. In the CG field, materials exhibiting
spatial changes, such as marble, are called spatially-varying (SV) materials. Analogously, materials with temporal changes, such as chemical reaction, are called
temporally-varying (TV) materials in this dissertation.
Materials in the real world have various looks, and sense of reality is supported by
delicate and complex phenomena such as reflection and refraction on the microfacets.
In order to represent such realistic materials with enough controllability, a strategy
for display technology is proposed in Section 2.6.

2.5 Illumination
2.5.1 Parameters of light rays
Light rays have a number ofparameters, and a lot of applications using modulation of these parameters have been presented, as shown in Fig. 2.10. In classical
geometrical optics, a light ray has a direction parameter, and the propagation of a
light flux can be considered as a mapping function that defines how the image is
transformed. Geometrical optics is used when the light wavelength is small enough
compared to the object it interacts with. If this wavelength is not small enough
compared with the object, light rays can be handled by physical optics because of
wave-particle duality. In physical optics, a light ray has more parameters, such as
phase, wavelength and amplitude.
The three systems proposed in this dissertation utilize spatio-temporal light rays
by modulating these parameters. In the following subsections, the basic technologies
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Fig. 2.10. Examples of light ray control.

for light ray modulation and control are introduced.

2.5.2 Modulation of direction
In geometrical optics, a light ray in a single uniform media is defined as a threedimensional line, and the direction of the light ray is one of the most important
parameters for analyzing an optical system. The direction is modulated by optical
elements, and the light propagation behavior can be described in a mathematical
context. In this subsection, basic ray tracing techniques for calculating the light
propagation are introduced, together with an example of a mapping function with
an optical element.
First, mathematical formulae for the reflection and refraction shown in Fig. 2.11
are introduced. These are fundamental principles in geometrical optics and are
described by the following equations:
ωr = 2(ωi · n)n − ωi

(2.13)

θr = θi

(2.14)

n × ωt = −
sin θt =

ηi
n × ωi
ηt
ηi
sin θi .
ηt

(2.15)
(2.16)

2.5 Illumination

Fig. 2.11. Reflection and refraction.

Fig. 2.12. Orthographic projection.

Here, ωr and ωt respectively refer to the reflected or refracted directions, and
ωi , n and ηi , ηt represent the incoming direction of the light ray, the normal direction of the interface between two dissimilar media, and their IOR, respectively.
With these equations, light propagation in an optical element can be expressed by
a mathematical formula.
In this dissertation, a Dove prism is introduced as an example of an optical element, and the mapping function for imaging with this prism and a camera is analyzed. Since a camera captures the light from an object in the external world, it is
reasonable to trace the ray propagation from the object to the camera in this order.
Meanwhile, Helmholtz reciprocity guarantees that the propagations of a light ray
and its reverse ray exactly match. Therefore, the reverse ray is traced, that is, from
the camera to the object, as a general ray tracing method for imaging.
In this subsection, the orthographic projection as shown in Fig. 2.12 is used for
a camera model. A dove prism has a uniform structure in the β direction shown
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Fig. 2.13. Dove prism.

in Fig. 2.13, and so light propagation only in the α direction should be analyzed.
Within a face perpendicular to the β axis, the light ray will not change its direction
across Dove prism; however, the incoming and outgoing points are reversed towards
the α direction through two refractions and total internal reflection. This is caused
by the symmetrical structure about a plane αβ. Accordingly, a light ray passing
through (u, v)T and travelling in the Z-axis direction is converted by the Dove prism
rotated by angle ϕ as described in the following equations:

2.5 Illumination

(

cos ϕ
sin ϕ

− sin ϕ
cos ϕ
(

)−1 (

−1 0
0 1

)(

cos ϕ − sin ϕ
sin ϕ cos ϕ

)(

u
v

)

)(
)(
)
cos ϕ sin ϕ
− cos ϕ sin ϕ
u
=
− sin ϕ cos ϕ
sin ϕ
cos ϕ
v
(
)(
)
− cos2 ϕ + sin2 ϕ
2 cos ϕ sin ϕ
u
=
2 cos ϕ sin ϕ
cos2 ϕ − sin2 ϕ
v
(
)(
)
− cos 2ϕ sin 2ϕ
u
=
sin 2ϕ
cos 2ϕ
v
(
)(
)(
)
−1 0
cos 2ϕ − sin 2ϕ
u
=
.
0 1
sin 2ϕ cos 2ϕ
v

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

Here, the matrices in the first equation respectively represent a coordinate transformation of point (u, v)T from the XY coordinate system to the αβ coordinate
system, total reflection at the bottom and an inverse coordinate transformation to
the XY coordinate system. Moreover, the leading matrix in the last equation is
a matrix representing reflection toward the X-axis, and the following matrix is a
matrix representing a rotation of 2ϕ, which is double the angle of mechanical rotation of the Dove prism. In other words, the equations indicate that the Dove prism
optically rotates the image by double the angle of the mechanical rotation.

2.5.3 Modulation of phase and wavelength
In physical optics, a light ray described by electromagnetic waves, and modulation of the phase and wavelength are used for various sensing technologies. In this
subsection, a measurement method for measuring distance with the time of flight
(TOF) [21], and a measurement method for measuring velocity with a laser Doppler
velocimeter (LDV) are introduced as examples.
The system setup for the TOF measurement is shown in Fig. 2.14. TOF is
a distance measurement method in which the distance to an object is calculated
from the time for a light ray to go to and return from the object. Coherent light
from a TOF sensor g(t) and the light reflected at the object s(t) are described with
electromagnetic waves as follows:
g(t) = g1 cos(ωs t) + g0

(2.22)
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Fig. 2.14. Time of flight method.

{

(

)}
2d
s(t) = s1 cos ωs t −
+ s0
c
= s1 cos(ωs t + ϕ) + s0 ,

(2.24)

s0 = g0 + b.

(2.25)

(2.23)

Here, g0 , s0 and b represent oﬀsets due to environmental light. The terms g1 and
s1 are amplitudes, and s1 contains the eﬀect of the reflectance of the object and
attenuation according to the distance d. These electromagnetic waves oscillate with
angular frequency ωs over time t and travel through the air at the velocity of light
c and a phase shift ϕ caused by the round-trip flight.
Theoretically, the distance d is found by measuring s(t) and comparing the phases
of g(t) and s(t) as follows, because g(t) is radiated from the system and is known:
ϕ=−

2dωs
c

∴ d=−

ϕc
.
2ωs

(2.26)
(2.27)

However, the angular frequency of light ωs is more than tens of MHz and is so fast
that it is diﬃcult to measure the signal directly with suﬃciently a high sampling rate.
Therefore, the TOF method sometimes uses the following modulation in optoelectric
conversion:
iψ (t) = fψ (t) · s(t)

(2.28)

= cos(ωf t + ψ) · {s1 cos(ωs t + ϕ) + s0 }
(2.29)
s1
s1
=
cos{(ωf − ωs )t + ψ − ϕ} +
cos{(ωf + ωs )t + ψ + ϕ} + s0 cos(ωf t + ψ)
2
2
(2.30)
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By changing the gain of the optoelectric conversion, fψ (t), the signal s(t) is converted to iψ (t). Here, ψ is a phase oﬀset, and ωf is the angular frequency of fψ (t).
When setting the angular frequency as ωf = ωs = ω, this method is called homodyne
detection, and iψ (t) is described by the following equation in this case:
iψ (t) =

s1
s1
cos(ψ − ϕ) +
cos(2ωt + ϕ + ψ) + s0 cos(ωt + ψ).
2
2

(2.31)

In practice, the continuous signal iψ (t) is sampled as the following discrete signal
iψ [t′ ] with discrete time t′ by accumulating the signal intensity with a certain integral
time T when T ≫ ω1 because the high-frequency component will be cut oﬀ by the
accumulation:
s1
iψ [t′ ] ≈
cos(ψ − ϕ)
(2.32)
2
Since the sampled signal iψ [t′ ] is constant with time, the phase shift ϕ[t′ ] and the
distance to the object are determined by sampling with two phase oﬀsets ψ = π/2, 0
as in the equations below:
(π
)
s1
iπ/2 [t′ ] ≈
cos
−ϕ
(2.33)
2
2
s1
=
sin(ϕ)
(2.34)
2
s1
cos(0 − ϕ)
2
s1
=
cos(ϕ)
2
)
(
iπ/2 [t′ ]
′
−1
∴ ϕ[t ] = tan
i0 [t′ ]
i0 [t′ ] ≈

∴ d[t′ ] =

cϕ[t′ ]
.
2ω

(2.35)
(2.36)
(2.37)
(2.38)

This is the distance measurement principle of the phase-detection-type TOF
method, and the distance is calculated from the phase shift produced by the time
of flight in this method.
LDV is a velocity measuring method that uses light rays, and the velocity in the
light ray propagation direction is calculated from the Doppler shift of the light. The
system setup of LDV is shown in Fig. 2.15. Light is also a wave and so the frequency
is aﬀected by the velocities of observer and the light source due to the Doppler eﬀect.
Strictly speaking, the Doppler eﬀect for light should be discussed in terms of the
special theory of relativity, but the results of the relativistic Doppler eﬀect in the
following setup can be approximated by the classical Doppler eﬀect in Newtonian
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Fig. 2.15. Laser Doppler velocimeter.

mechanics. The reason is that the Doppler shift due to motion along the line of sight
is discussed, and the velocity of an object v is assumed to be small enough since
v ≫ c in this dissertation. Moreover, it is also assumed that the system is fixed,
and the light source is not moving. In this case, light with a frequency ν is observed
as light with the following frequency ν ′ when the observer is moving with velocity
v. The diﬀerence between the two frequencies, δν, can be described in terms of the
velocities of light and the observer as in the equation below:
ν′ =

ν
1−

v
c

δν = ν ′ − ν
ν
=
−ν
1 − vc
v
≈ν .
c

(2.39)

(2.40)
(2.41)
(2.42)

Moreover, when the light reflected at a moving object is observed by the system,
the frequency is shifted again because this is the same condition as a moving light
source and a fixed observer. As a result, the total diﬀerence between the original
frequency and the observed frequency, ∆ν, is doubled:
∆ν = ν ′′ − ν
2v
≈ν .
c

(2.43)
(2.44)
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In this case, the radiated light A(t) and reflected light A′′ (t) are described as
follows. In the following expression, A0 and A1 are the amplitudes of the respective
electromagnetic waves, and ϕ0 , ψ0 (t) and ϕ1 , ψ1 (t) refer to their initial phases and
phase functions, respectively:
A(t) = A0 exp{i(2πνt + ϕ0 )}

(2.45)

= A0 exp{iψ0 (t)}

(2.46)

A′′ (t) = A1 exp{i(2πν ′′ t + ϕ1 )}

(2.47)

= A1 exp{iψ1 (t)}

(2.48)

By measuring the intensity of the summation light I(t), the influence of interference can be observed. As a result, LDV can compute the velocity along the light
ray from the Doppler shift ∆ν:
I(t) = |A(t) + A′′ (t)|

2

(2.49)

= |A0 exp{iψ0 (t)} + A1 exp{iψ1 (t)}|

2

= |A0 {cos ψ0 (t) + i sin ψ0 (t)} + A1 {cos ψ1 (t) + i sin ψ1 (t)}|

(2.50)
2

= |{A0 cos ψ0 (t) + A1 cos ψ1 (t)} + i{A0 sin ψ0 (t) + A1 sin ψ1 (t)}|

(2.51)
2

= {A0 cos ψ0 (t) + A1 cos ψ1 (t)}2 + {A0 sin ψ0 (t) + A1 sin ψ1 (t)}2

(2.52)
(2.53)

= A20 cos2 ψ0 (t) + 2A0 A1 cos ψ0 (t) cos ψ1 (t) + A21 cos2 ψ1 (t)
=

+ A20 sin2 ψ0 (t) + 2A0 A1 sin ψ0 (t) sin ψ1 (t) + A21 sin2 ψ1 (t)

(2.54)

+ 2A0 A1 {cos ψ0 (t) cos ψ1 (t) + sin ψ0 (t) sin ψ1 (t)}

(2.55)

A20

+

A21

= A20 + A21 + 2A0 A1 cos{ψ0 (t) − ψ1 (t)}

(2.56)

= A20 + A21 + 2A0 A1 cos(2π∆νt + ϕ0 − ϕ1 ),

(2.57)

v=c

∆ν
.
2ν

(2.58)

However, this setup cannot recognize the direction of the velocity since only the
absolute frequency diﬀerence, without the sign, is observed. In order to distinguish
between positive and negative frequency, some LDVs shift the reference frequency
in advance using an acousto-optic modulator (AOM) such as Bragg cell, as follows:
A⋆ (t) = A0 exp[i{2π(ν + ν ⋆ )t + ϕ0 }],
I ⋆ (t) = |A⋆ (t) + A′′ (t)|

2

= A20 + A21 + 2A0 A1 cos{2π(∆ν + ν ⋆ )t + ϕ0 − ϕ1 }.

(2.59)
(2.60)
(2.61)
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Fig. 2.16. Time division multiplexing of three primary colors.

Here, A⋆ (t) is the modulated reference light, and ν ⋆ is the frequency shift applied
by the AO device. With this setup, the sign of ∆ν can be recognized from I ⋆ (t)
until the absolute value reaches ν ⋆ .

2.5.4 Modulation of amplitude
The amplitude of a light ray can be controlled both continuously and discretely.
In recent years, progress in digital circuits and discrete control technologies has been
remarkable, and they are used in various applications.
For example, in a digital light processing (DLP) system with a digital mirror device
(DMD), a gradation image is created by discrete modulation of the amplitude. In a
DLP projector, the projection light from the light source is reflected at the DMD;
however, the intensity of the light source is generally constant, and a DMD can only
switch between whether the light ray is reflected to the outside or not. In other
words, the amplitude of the outgoing light is binary. Nevertheless, by changing the
duty ratio in a short time period, a DLP projector can provide gradation images
to the human eye. This gradation image results from switching binary images at
a higher speed than the CFF rate. In addition, in a single-chip DLP projector
which has only one DMD, the color image is produced by amplitude modulation
similarly. Humans perceive color based on three primary colors as introduced in
Subsection 2.2, and so time division multiplexing of the three primary colors of light
is used for projecting a color image, as shown in Fig. 2.16. Also in this application,
switching the monochromatic images at a higher speed than the CFF rate enables
color projection to the human eye. Moreover, by changing each duty ratio, this
principle can create a variety of colors in linear superposition.

2.6 Strategy of system design

2.6 Strategy of system design
In this section, we discuss the strategy of system design based on the above methods for measuring motion and displaying a material.
For the measuring motion, we consider the classification of the motion component
related to the direction of the light ray because the visual appearance and physical
phenomena associated with the light ray relies heavily on the motion direction.
In the case of translation in the X- and Y-axis directions and the rotation around
the Z-axis, the amount of motion of the a target rigid body appears directly and
clearly on the camera image. Therefore, it is eﬀective to use a camera system
for measuring the motion perpendicular to the light ray. Furthermore, an optical
element such as a mirror or prism could be a key device for robustly capturing an
image of a moving target because it enables high-speed control of the direction of
the light ray and image transformation. In conventional system, optical elements
are semifixed and cannot be driven relative to the target motion, and so highspeed or unpredictable motion cannot be measured. In the system proposed here,
this problem is solved by adaptively controlling the optical element at high speed
according to the target motion, and the aim is to robustly capture the target image
without motion blur simultaneously with motion measurement.
Additionally, in the case of the translation in the Z-axis direction and the rotation around the X- and Y-axes, the motion includes a component along the light ray
direction although the change of visual appearance of the target due to the motion
is unpredictable without prior knowledge. Hence, it is eﬀective to use the sensing technology with phase and wavelength modulation, namely TOF and LDV, for
measuring the motion parallel to the light ray because these methods can physically
measure the distance or velocity along the light ray without any prior knowledge.
In a conventional sensor using TOF or LDV, the data are separately used in the
measurement method, and inmost systems using LDV, the direction of the light ray
is fixed. Accordingly, the conventional systems cannot obtain suﬃcient information
about the motion. In the system proposed here, this problem is solved by using sensor fusion of TOF or LDV, and also controlling the direction of the light ray in order
to remove limitations regarding prior knowledge and complexity in the computation.
In addition, we consider the human vision characteristics for displaying a material. The purpose of the display is to allow a human observer to visualize the object.
For this reason, it is natural to consider human visual perception when designing
a display system, but it is important also for human visual deception. By exploit-
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ing human visual perception, the system will be able to show only what needs to
be shown, thus realizing a high-performance display. Accordingly, it is eﬀective to
use psychophysical phenomena such as flicker fusion caused by high-speed time division multiplexing representation, namely, amplitude modulation. Moreover, it is
also eﬀective to utilize the structure of BSDF, which is represented by the addition
of some components, as the multiplexed image. In conventional systems, material
displays have diﬃculty in providing a high-quality image that considers the viewing
point, lighting and light transport in real time because they do not exploit human
visual perception but instead high-cost rendering. Another problem with conventional systems is their limited expressible gamut due to the representation method,
in which the structure of BSDF is not appropriately used. In the system proposed
here, these problems are solved by controlling the amplitude of light rays and multiplexing the images of real objects. By exploiting human visual perception, the
proposed method can realize a super-realistic representation of materials, including
augmented materials that cannot exist in the real world, without high computational
cost.
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Roll camera: measurement of motion
perpendicular to the light ray
3.1 Introduction
With the increased use of digital imaging devices in recent years, many vision
systems composed of imaging and computing devices have been developed. In addition to high-speed imaging and computing, the control of optical devices is also
becoming faster, and the concept of “Roboptics”, which includes ideas from the
robotics and optics fields, has been proposed [22] and demonstrated in various highspeed computer vision applications. In particular, the saccade mirror, which realizes
millisecond-order pan/tilt movement via high-speed mechanical control of optical elements [23], has led to some novel high-speed applications [24, 25]. That system can
measure and track the target object motion of translation along X- and Y-axes,
namely, pan and tilt, with light ray control; however, the remaining rotation direction around Z-axis, namely, roll, as shown in Fig. 3.1, remains fixed.
Generally, the human eye is not capable of changing the roll angle, and it is semifixed. Nevertheless, measurement of rotation around Z-axis with high-speed roll
camera would be useful enough for computer vision applications. There have been
many research studies on robot vision systems that are robust against Z-axis rotational motion blur [26, 27]. If high-speed optical image rotation could be achieved,
rotational motion blur could be canceled perfectly, and information including the
velocity, deformation and vibration during the rotation could be analyzed for the
robotics, media content, measurement and inspection of rotary bodies, such as
wheels, fans, engines, disks, and balls (Fig. 3.2). Thus, in this chapter, we propose a Z-axis rotation measurement technology that is not a mere motion sensing,
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(a) Pan

(b) Tilt

(c) Roll

Fig. 3.1. Pan, tilt and roll of a camera.

Fig. 3.2. High-speed roll camera.

but is a system enabling blur canceling in capture images.
In order to eliminate rotational motion blur, a high-speed camera with a short
exposure time is required, but merely reducing the exposure time is not enough when
the target rotates at high speed, and there is a limit due to the imaging sensitivity.
Moreover, when the target rotates at irregular speed, the blur amount will change
in each frame, and this will cause problems in the image analysis. Hence, high-speed
optical image rotation is an essential technology for blur canceling.
To realize a high-speed roll camera, the following two approaches are considered.
The first approach is to use a system that fixes the camera relative to the target or
rotates the camera itself according to the target rotation, for example, with a camera

3.2 Related works

stabilizer. However, it is diﬃcult to rotate a camera having a large inertia continuously at high speed, and to ensure suﬃcient communication capacity to external
devices when the data containing the image sequence is required because of EMI by
wired communication with a slip ring or small capacity by wireless communication.
The second approach is to use a system that rotates the light flux of the image in
front of the camera according to the target rotation. The optical image rotators
described in the next section have small inertia in comparison with the camera, and
this oﬀers high responsiveness by means of an optical lever. Moreover, this approach
can be used with the existing camera system without any modification, therefore,
we adopted the second approach with the optical image rotator in our system.
In this chapter, we propose a high-speed roll camera that can measure Z-axis
rotation and can eliminate rotational motion blur by controlling light rays direction.
Our specific technical contributions are as follows:
• We propose a method for Z-axis rotation measurement system that controls
the direction of light rays with an optical image rotator at high speed according to the rotational speed of the target.
• We introduce blur canceling imaging by the proposed system and distortion
correction due to the optical image rotator and evaluated the performance of
the developed system for image analysis.
• We demonstrated some applications of the developed system and showed the
future potential in advanced applications with Z-axis rotation measurement
and clear imaging of an rotating object.

3.2 Related works
There are many types of optical image rotator [28], and Fig. 3.3 shows four typical
elements: a Dove prism, an Abbe-Koenig prism, a triple mirror arrangement and
electronic type. In addition to the first of three mechanical types, an electronic type
using AOM has also been developed [29]. Most optical image rotators, including the
above, basically rotate the image by an angle 2θ by rotating the optical element by
θ, due to an optical lever, and this phenomenon has been analyzed in great detail
[30].
On the other hand, the use of an optical image rotator remains simple. Optical
image rotators are used in semifixed or low-speed applications, such as image correction in astronomical observation or endoscopic operations, and thus, these systems
are not suitable for high-speed control because they do not require high respon-
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(a) Dove prism

(b) Abbe-Koenig prism

(c) Triple mirror arrangement

(d) Electronic type [29]

Fig. 3.3. Image rotator.

siveness [31, 32]. Only Eung’s system using an electronic image rotator has a high
responsiveness, but this type of optical image rotator can only rotate the image in
discrete steps and cannot eliminate rotational motion blur [29].
In the work described in this chapter, we adopted a Dove prism as the optical
image rotator because it can rotate the image continuously, and its angle of view is
wider than that of other components. Figure 3.3 shows that a ray passes through the
four image rotators in similar ways, but only the Dove prism can use the aperture
eﬀectively, and the others allow the lower ray just to pass through.

3.3 High-speed image rotator for blur canceling
3.3.1 System setup
The proposed system is shown in Fig. 3.4. In this system, the image rotator,
a Dove prism, is mounted in a hollow servo motor, and a rear high-speed camera
obtains the rotated image. Simultaneously, the diﬀerence in angle between the latest
image and the previous frame, ∆θ, is computed by high-speed image processing, and
the computer gives an instruction for the hollow servo motor to rotate the prism so
that the target image remains stationary. In consequence, this system can counteract
the rotational motion blur of the image even if the target is rotating at high speed.

3.3 High-speed image rotator for blur canceling

Fig. 3.4. System model.

3.3.2 Rotation control
In the control of the hollow servo motor, setting of control variables is important.
In order to cancel the rotational motion blur, it is necessary to match the angle
between the motor and the target throughout the whole exposure time. In addition,
typical angle control involves an integral element in the control theory, and this
worsens the responsiveness. For these reasons, it is better to control the rotational
speed rather than the rotational angle in order to cancel the blur. However, it should
be noted that if the system controls the rotational speed, the absolute angle of the
target is not always constant unless the motor has infinite power and works in real
time.
In our speed control method, the instruction for accelerating the motor is set to
half the target acceleration. Due to the angle-doubling eﬀect of the Dove prism, this
instruction makes the rotational acceleration of the target and the image consistent.
Since half of the target speed and acceleration is enough for the motor to counteract
the blur, the optical image rotator with the angle-doubling eﬀect is adequate for
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Fig. 3.5. Selfwindowing algorithm.

high-speed rotation. Where the speeds of the target and the image match in the
initial state, ∆θ corresponds to the target acceleration. Accordingly, the system can
compute the desired instruction from ∆θ.

3.3.3 Selfwindowing tracking algorithm
In this section, we propose a simple image processing algorithm for computing ∆θ
from the image. ∆θ means an angular diﬀerence of a target between two successive
frames, and so ∆θ is obtained just by tracking the rotation center and a particular
point on the target.
In this research, the rotation center is assumed to be fixed, and a simple marker
serving as the other point is tracked by using a selfwindowing algorithm. The
selfwindowing algorithm is a high-speed tracking method for high-speed cameras
and makes target tracking easy and fast by limiting the possible region in which the
target exists under the assumption of a high frame rate [33]. In this implementation,
illustrated in Fig. 3.5, the window is a fixed-size square, the captured image is
binarized by using a set threshold, and the centroid position is set as the next
window center.

3.3.4 Image distortion and correction
With this system, the captured image is distorted by the camera lens and Dove
prism. The camera lens distortion is well-known pincushion or barrel distortion,
and there is a well-known method of correcting this distortion [34]. The Dove prism
distortion involves many factors [35], and the distortion can be approximated as an
aﬃne transformation depending on the angle of the prism.
In this system, because the rotation factor of the aﬃne transformation is handled
eﬀectively, the scaling and translation factors should be estimated as the distortion.

3.4 System evaluation

In this research, optimal inverse transformations in the case of no distortion are
determined by using equation (3.5∼3.7) and Fig. 3.6 as preliminary calibration.
In equation (3.5), for n reference points, their positions P0′ that form a geometrically precise pattern are computed from P0 , which are the corners of a checker
pattern captured through the system at θ = 0. U is the Dove prism coordinate
system to the camera coordinate system, and D is scaling coeﬃcients to make the
aspect ratio of the pattern correct. With these reference points, optimal scaling Sθ
and translation tθ excluding the angle-doubling eﬀect R(2θ) are determined by using
equations (3.6) and (3.7) at each angle θ. Equation (3.7) is derived by minimizing
the square errors between P0′ and Sθ Pθ′ + tθ . The obtained image can be corrected
by using the transformation corresponding to the value of the hollow motor encoder
at imaging.
(
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3.4 System evaluation
3.4.1 Specification of the system
Figure 3.7 shows our prototype of the system using a Dove prism (Sigmakoki,
DOP-30-1, 30 × 30 × 126.6 [mm], BK7), a hollow servo motor with a rotary encoder
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Fig. 3.6. Estimation of Dove prism distortion.

(Technohands, custom ordered, 120 [W], max speed 1600 [r/min]), a high-speed camera (Ximea, MQ003MG-CM, 648 × 488 [pix2 ], 500 [fps]) and a CPU (Intel, Xeon
E5-2687W v3, 3.1[GHz]). The hollow motor was controlled by proportional-integralderivative control with the speed command calculated from ∆θ, and the parameters
of the control law were determined by the limit sensitivity method.
In the targeting phase, the user selected the point to be tracked by using a GUI,
and after that, every image is processed to track the target with the selfwindowing
algorithm within 2[ms]. In theory, the system response is a maximum of 3200[r/min]
as a result of the angle-doubling eﬀect.
The rotation axis of the motor and optical axis of the camera were set as coincident, and before the experiments, the Dove prism distortion, given by Sθ and tθ
shown in Fig. 3.8, was estimated with a camera whose lens distortion was already
known. The error per point between P0′ and Sθ Pθ′ + tθ in Fig. 3.8(c) shows that
the error was suppressed to less than 1 [pix] by the correction. Consequently, the
distorted and corrected images in Fig. 3.9 show that the correction worked properly

3.4 System evaluation

Fig. 3.7. Prototype system.

to obtain the right perspective image (θ = 90 [ ◦ ]).
In order to evaluate the amount of blur, as a target, we tracked the rotating test
plate shown in Fig. 3.10(a) using the proposed system. The plate had a dot to
be tracked and a line to evaluate the blur and was attached to the shaft of an AC
motor whose speed was programmable (1400 ∼ 3200 [r/min]). In this experiment,
the rotation axis of the target and the optical axis were aligned, and the full width at
half maximum (FWHM) in the luminance profile on the circle shown in Fig. 3.10(b)
was measured. The amount of blur is defined as the diﬀerence in FWHM of the
line between the static and rotating plates, and the frequency characteristics and
dependence on the exposure time were evaluated. Because the luminance profile is
sensitive to shading, the experiment was conducted with a ring lighting system in a
darkroom.

3.4.2 DC characteristics of blur canceling
In the experiment for measuring the DC characteristics, the target was accelerated
gradually from 0 [r/min] and kept at a constant speed, as shown in Fig. 3.11(a).
The amount of blur was calculated as an average value during 10 [s], while keeping
the speed constant. The results are plotted in the graph in Fig. 3.11(b) at each
speed. The amount of blur was an almost constant level and it was about 0.1 [ ◦ ]
even at 3200 [r/min]. The exposure time was 1900 [µs] in this experiment.
Fig. 3.12 shows the change of the amount of blur versus exposure time without
using the developed system. The shorter the exposure time is, the darker the obtained image is, and so intense lighting was used to maintain the luminance for the
analysis in this experiment.
With the proposed system, the amount of blur was suppressed to about 0.1 [ ◦ ] as
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(a) Scaling factor

(b) Translation factor

(c) The error per point

Fig. 3.8. Dove prism distortion parameters.

a whole, which is less than an image that is not subjected to blur canceling, with
a 50 [µs] exposure time and the intense lighting. Fig. 3.13 shows the eﬀect of the
proposed blur canceling. Hence, higher than 38 times as the intensity of light will
be needed for the setup without blur canceling in order to supress the amount of
blur as the proposed system by shortening the exposure time.

3.4.3 AC characteristics of blur canceling
In the experiment for measuring the AC characteristics, the target was accelerated
gradually from 0 [r/min], and the speed of the target was varied between 400 [r/min]
and 1300 [r/min] at a certain frequency, as shown in Fig. 3.14(a). At low speed, the

3.4 System evaluation

(a) Distorted image

(b) Undistorted image

Fig. 3.9. Distortion correction.

(a) Test plate

(b) Luminance profile

Fig. 3.10. The plate for evaluating the amount of blur.

target AC motor was not driven correctly in response to the command value, and
therefore, the motor was first brought up to a constant speed before starting the
periodical variations shown in Fig. 3.14(a). The gain characteristic and phase shift
are shown in Fig. 3.14(b, c), and the amount of blur calculated as an average value
during the periodical change is plotted in the graph in Fig. 3.14(d).
The frequency characteristic can be modeled with a secondary delay that natural
angular frequency is about 2.4[1/s], and the amount of blur was suppressed to about
0.2 [ ◦ ] at 0.2 [Hz] or less.
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(a) Target speed at 1700 [r/min] trial

(b) Blur amount

Fig. 3.11. Amount of blur versus constant speed.

3.5 Applications
As applications of our system, we give two examples: observation of centrifugal
separation and observation of a propeller with a streamer attached.
In the centrifuge experiment in Fig. 3.15, the separation process of a mixture
of colored oil and water was observed at a rotating speed of 1450 [r/min] . At the
beginning, the mixture stuck to the inner wall of the tube and was mixed well.
But at the end, the oil and water were drawn to the front end and were separated.

3.5 Applications

Fig. 3.12. Amount of blur versus exposure time.

(a) No blur canceling

(b) Proposed blur canceling

Fig. 3.13. Blur canceling at 3200 [r/min] with a 1900 [µs] exposure.

The absolute angle of the target is not constant due to the speed control but the
rotational motion blur was not observed.
In the propeller experiment in Fig. 3.16, a blade with streamers made of thin
polypropylense strings was observed at rotating speeds from 0[r/min] to 1450[r/min].
At low speed, the streamers were substantially straight; however at high speed, the
streamers drew arcs, and the strings close to the center made arcs with smaller
radius of curvature. The images were trimmed and rotated to align the absolute
angle of the target by postprocessing.
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(a) Target speed at 0.25 [Hz] trial

(b) Gain

(c) Phase

(d) Blur amount

Fig. 3.14. Amount of blur versus speed change frequency.

3.6 Summary of this chapter
We proposed a high-speed roll camera composed of a hollow motor, a Dove prism,
and a high-speed camera, and we demonstrated rotational blur canceling by controlling the optical image rotator according to the target Z-axis rotation with high-speed
image processing. We also evaluated the performance of the prototype system in
terms of the amount of blur and the responsiveness. As a result, rotational motion
blur was suppressed to be low at high speed.
With this high-speed roll system and millisecond-order pan/tilt system[23], the

3.6 Summary of this chapter

(a) t = 1 [s]

(b) t = 6 [s]

(c) t = 18 [s]

(d) t = 60 [s]

Fig. 3.15. Centrifugal separation.

translation along X-, Y-axes and the rotation around Z-axis are tracked, and the
realtime measurement of motion perpendicular to the light ray is achieved. Both
of these two systems use the high-speed camera and high-speed image processing
with optical elements, and eﬀectively utilize the target motion on the image directly
arised from the motion perpendicular to the light ray.
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(a) 0 [r/min]

(b) 200 [r/min]

(c) 600 [r/min]

(d) 1450 [r/min]

Fig. 3.16. Propeller with streamers.

45

Chapter 4

3D motion sensing with multiplexed
laser: measurement of motion
parallel to the light ray
4.1 Introduction
Not limited to the motion perpendicular to the light ray, object motion information is valuable in various fields, including robotics, entertainment, security, and
manufacturing. Almost all smartphones, tablets, and video game controllers are
equipped with accelerometers and gyro sensors, and their motion is used for estimating the state of the device and the user interaction. In addition, in recent years,
human motion has also been captured by attaching sensors and markers to an actor,
allowing him or her to control a virtual character. Although such attached sensors
are good at sensing motion, they are inappropriate for unconstrained or unspecified
targets. An object that does not have any attached sensors can move more freely,
and in any case, it is impossible to attach sensors to everything around us.
To overcome this problem, many noncontact motion sensors and systems have
been proposed. Noncontact motion sensing systems using a camera are able to
estimate the 3D motion from captured images of the target, but this requires higher
calculation costs and longer computation time in the case that the target motion
has components parallel to the light ray that arise unexpectable changes of visual
appearance on the image. The resulting delay is a fatal problem for realtime motion
sensing with high temporal resolution. Moreover, the approach using images does
not physically measure the motion itself but temporal changes of feature points on
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the target, and so motion that does not change the appearance of the target cannot
be detected.
Laser sensors based on the TOF method and the LDV can acquire the motion
itself, but the information obtained is fragmentary and low-dimensional, typically
allowing sensing of just a single quantity, such as a uniaxial velocity whose direction
is parallel to the projected laser beam.
Hence, conventional sensors have merits and demerits. Attached sensors can obtain the motion directly but must be installed in or attached to the target. Camerabased sensor systems can acquire a large amount of information of a moving target,
but the information is obtained using prior knowledge about the target and is not
deterministic, which restricts the type of targets that can be used. Sensors utilizing
a physical eﬀect, such as the TOF and the LDV, have the advantage of being able
to acquire deterministic information but the disadvantage of low dimensionality.
On the other hand, when almost all objects are considered as a rigid body or a
set of rigid bodies, each body has no more than six degrees of freedom in motion
composed of rotation and translation. Therefore, even information acquired at only
a few points on a rigid target is enough to determine not only the motion parallel to
the light ray, but also the whole motion of the whole target. In particular, physical
sensors, like laser sensors that can measure a physical quantity and that have strong
directivity and a long working distance, will enable sensing of high-speed physical
motion from a few measurement points, without scanning the entire scene.
In this chapter, we propose a method of capturing the rotational and translational
velocity of a rigid body from fragmentary information obtained by lasers. Although
laser-based sensors provide only low-dimensional information, they are superior to
camera-based systems in that they can obtain deterministic, physical information
about a moving target directly, without the need for prior knowledge of the target.
Focusing on this point, we present a novel 3D motion sensing technique using a laser
sensing system in which the laser beams from two sensing devices are multiplexed
for acquiring data. However, the system involves ill-conditioned situations in certain
degenerate configurations. In order to achieve high accuracy even in such cases, we
also propose a robust method for calculating the motion. As a result, we realized a
universal motion sensing method that did not require prior knowledge of the target.
Specifically, our method does not care whether the shape has the distinctive structure or not and whether the texture has some kind of pattern or not because such
features are not utilized in the calculation scheme. With this method, noncontact,
high-speed, target-independent motion sensing was achieved with only a few laser
irradiations.

4.2 Related works

There are many potential applications for such a universal 3D motion sensing
system. In motion capture applications where a virtual character is controlled by
the movement of a puppet, as shown in Fig. 4.1(a), the operator or puppet does
not need to wear or hold any special equipment. Also, universal motion sensing is
useful in a video game controller applications, as shown in Fig. 4.1(b), and will allow
any object, for example, even an object such as handlebars made of cardboard, to
be used as a target. Additionally, motion sensing is also useful as a component of
other measurement systems. Figure 4.1(c) shows a surface reconstruction example
in which motion sensing is used for integrating time-sequential depth images. In
short, universal motion sensing will enhance various applications.
Our specific technical contributions are as follows:
• We present a novel motion sensing system that realizes noncontact, highspeed, physical 3D motion sensing of unconstrained and unspecified targets.
The minimum hardware configuration consists of only a laser rangefinder, a
laser Doppler velocimeter, and a laser beam control unit.
• We introduce formularization and linearization techniques for deriving the
motion velocity of a moving target from fragmentary information, such as
speed and distance. This inverse problem is ill-posed, but we introduce the
generalized weighted Tikhonov regularization to provide a stable solution.
• We demonstrated a number of applications of the developed system, including
motion capture, a video game controller, and 3D shape reconstruction. The
proposed method has no limitations in terms of the target shape and texture.

4.2 Related works
4.2.1 Contact sensors
In recent years, many diﬀerent contact motion sensors have become available,
and some of them have been implemented on a single small chip by using integrated
circuit and MEMS technologies. An accelerometer is able to estimate the translation
of a target by integrating the instantaneous signal twice with respect to time, and
a GPS device can determine the absolute position of the target. In addition, a gyro
sensor can detect the rotation of the target by integration, and a geomagnetic sensor
provides information about the absolute orientation. When the rotation is closely
related with translation, a module such as a rotary encoder or a bend sensor can be
also used for motion sensing. In addition, sensing systems in which markers instead
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Real

Virtual

(a) Motion capture application.

(b) Video game UI application.

Depth images

Motion

Integrated surface

(c) 3D shape reconstruction.

Fig. 4.1. 3D shape integration.

of sensors are attached to an object have been developed. In these systems, markers
such as optical tags [36], ultrasonic wave transmitters [37, 38], or magnets [39, 40] are
used as known information sources for detecting the target motion. However, these
contact sensors and sensing systems are not universally applicable from the viewpoint
of restriction, hygiene, and popularization, and therefore, noncontact sensing is in

4.2 Related works

great demand.

4.2.2 Noncontact sensors
To obtain the 3D motion of a target without using any equipment, motion tracking
using natural feature points has been investigated in the field of computer vision.
With an RGB camera, many kinds of invariant features have been designed [41,
42, 43], and the target motion has been estimated by solving a perspective-n-point
(PnP) problem [44] or Structure from Motion (SfM) [45]. Similarly, a depth camera
such as Microsoft’s Kinect also realizes noncontact human motion sensing by using
a large-scale machine learning algorithm [46] and matching the features [47, 48]
with the latest pose. In the approach using features, many algorithms have been
proposed and some have achieved robust motion sensing. However, these methods
estimate the motion not from the physical movement itself but from images of the
target, and so they require higher calculation costs and longer computation time
to detect feature points, match descriptors, and find correspondences, especially in
measurement of motion parallel to the light ray. Additionally, it is impossible to
identify a motion that does not result in a change in the appearance of the target,
such as rotation of a plain (i.e. textureless or patternless) ball and translation of a
plain surface filling the frame, which are extreme examples. For the above reasons,
a high-speed physical motion sensing method that can detect unknown targets is
required.
In addition to camera systems, some radar systems including laser rangefinders
and Doppler velocimeters have also been used for motion sensing [49]. These lasers
can physically measure the proximity, velocity, or distance of a target but the signals
provide just fragmentary and low-dimensional information, such as the velocity in
a direction parallel to the irradiated laser beam. On the contrary, with multiple
sensing, the electric field approach realizes 3D finger and hand motion tracking, for
example [50]. Although the electric field approach has limited accuracy in terms
of the directivity and working distance, when used in combination with a laser
sensor, higher-dimensional motion sensing can be achieved by integrating multiple
measurements, and in addition, strong directivity and long working distance become
possible.
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4.3 3D motion sensing of any object without prior
knowledge
4.3.1 System setup
Figure 4.2 gives an overview of how the system obtains the rotational and translational velocity of the target. The beams of light from a laser range finder (LRF)
using TOF method and LDV are made to overlap by a dichroic mirror or prism, and
the position pi and the velocity vi in the beam direction li are measured at each
point of the target (i = 1, 2, ..., m). The position is calculated from equation (4.1),
where the distance di is obtained by the LRF and the position of the measurement
unit ui . The velocity is measured by the LDV, whose beam direction is known.
pi = ui + di l i

(4.1)

At all m positions, the velocities and directions are obtained by the system, and
the motion velocity is computed from this information. In the following subsection,
we propose a formularization that provides three-dimensional motion, R and T , as
output variables from the low-dimensional inputs pi , vi , and li , and we show an
eﬀective regularization technique with high robustness against noise.

4.3.2 Motion velocity reconstruction
When the target has a constant rotational velocity and a constant translational
velocity in infinitesimal time δt, the position after a short time p′i satisfies equations
(4.2) and (4.3), and equation (4.4) is obtained by eliminating p′i . In these equations, R and T respectively represent the rotation matrix and translation vector
corresponding to the motion within δt.
δtvi = li · (p′i − pi )
p′i = Rpi + T
δtvi = li · ((R − I) pi + T )

(4.2)
(4.3)

(4.4)

Since R is composed of trigonometric functions of the rotation speed in the roll,
pitch, and yaw orientations, equation (4.4) is non-linear with respect to each rotation
angle α, β, and γ. When it is assumed that each rotation angle is infinitesimal during

4.3 3D motion sensing of any object without prior knowledge

Fig. 4.2. System setup.

δt, R can be approximated by equation (4.5) [51]. Moreover, each equation can be
recast in the form of a linear matrix equation (4.6) by simplification in terms of the
unknown variables of 6-axis motion. Finally, the target motion is expressed as a
general linear matrix problem, and the solution is described with a pseudo-inverse
matrix A+ . Similarly, by assuming that the target motion includes either rotation
or translation only, only one part of the variables can also be derived from equations
(4.7) and (4.8).
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(4.8)

In this problem, when the number of unknown variables is n, the number of
measurements m should be more than n in order to obtain a solution. Accordingly,
m is assumed to be more than n in the following discussions.

4.3.3 Generalized weighted Tikhonov regularization
In general, the Moore–Penrose pseudo-inverse matrix A+
M P in equation (4.9) is
used for the solution of the linear matrix problem when m > n. Nevertheless,
when the problem is ill-posed, a regularization technique is necessary for achieving
numerical stability. Specifically, the matter inverse problem, which identifies the
original motion from the positions and velocities at a few points, can also be ill-posed,
and an appropriate regularization technique is required. Truncated singular value
decomposition (TSVD) is also able to eliminate the noise component involving the
destabilization, but the regularization technique enables more eﬀective utilization of
a few items of measurement data.
T
−1 T
A+
A
M P = (A A)

(4.9)

T
2 −1 T
A+
A
T K = (A A + λ I)

(4.10)

T
2
2
2 −1 T
A+
A
GT = (A A + diag[λ1 , λ2 , . . . , λn ])

(4.11)

The pseudo-inverse matrix with Tikhonov regularization expressed in equation
(4.10) is a common solution for this ill-posed problem, but it is inappropriate for
the case discussed in this chapter where simple regularization with a single parameter λ is used. This originates from the formularization in equation (4.6). In this
equation, x has both rotation variables and translation variables, and these physical
quantities are diﬀerent from each other. If the unknown variables include multiple
units, a single parameter λ causes inadequate or excessive regularization because
the parameter acts on an equal basis with all variables.

4.3 3D motion sensing of any object without prior knowledge

Fig. 4.3. Developed system.

Fig. 4.4. Step input function to galvano scanner.

Thus, we introduce a pseudo-inverse matrix with generalized weighted Tikhonov
(GWT) regularization described in equation (4.11) for this solution. Although generalized Tikhonov regularization often involves the inverse covariance matrix of x
as the parameter matrix, we adopt a diﬀerent matrix form with multiple parameters λk . Equivalently, this means that x is sought based on a weighted Euclidean
distance as described in equation (4.12), not based on the Mahalanobis distance.
In this problem, because there is no prior knowledge of the motion x, this is a
reasonable generalization. Furthermore, this GWT regularization enables consideration of the data reliability depending on the system implementation, as well as the
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Fig. 4.5. The sensitivity depending on the osillation angle.

physical quantity. Because conventional single-parameter selection methods, such
as the Morozov discrepancy principle, the L-curve, and generalized cross-validation
[52], cannot be applied to the parameter set of GWT regularization, the parameters
need to be determined by considering the physical unit and the signal reliability
mentioned above. The practical details of the parameter selection are described in
subsection 4.4.1.
(
)
n
∑
2
λ2k x2k
(4.12)
A+
GT b = arg min ∥Ax − b∥2 +
x

k=1

4.3.4 Time multiplexed measurement
To realize the system shown in Fig. 4.2, we used a two-axis galvanometer scanner,
and performed time-division sensing with a single measurement unit. With this
setup, the multiplexed beam formed of the LRF and LDV laser beams was oscillated
at high-speed, and the velocities and distances at multiple points were measured in
sequence. By using a system based on a galvanometer scanner, only one of each

4.4 System evaluation
Error against rotation around Z-axis

50
40

30

30

30

30

20

20

20

10

10

10

15

20

10
0

0

5

Error

50
40

Error

50
40

0

0

5

Oscillation angle

10

15

0

20

20
10
0

5

10

15

20

0

50

50

40

40

30

30

30

30

20

20

20

0

0

0

1

2

3

4

5

Error

50
40

Error

50

10

10
0

0

Gaussian measurement noise

1

2

3

4

5

20

1

2

3

4

5

0

50
40

30

30

30

30

20

20

20

Rotation speed

10

15

10
0

0

5

Error

50
40

Error

50
40

Error

50

0

0

5

10

Rotation speed

15

1

2

3

4

5

40

50

Gaussian measurement noise

40

0

20

10

Gaussian measurement noise

10

15

0

0

Gaussian measurement noise

10

10

Oscillation angle

40

10

5

Oscillation angle

Oscillation angle

Error

Error

Error against translation along Z-axis

50

0

Error

Error against translation along X-axis

40

Error

Error

Error against rotation around X-axis

20
10
0

0

10

20

30

Translation speed

40

50

0

10

20

30

Translation speed

Fig. 4.6. Error amount. Top row shows the error amount versus osillation angle
θ with measurement noise σ = 1 [%]. Middle row shows the error versus
measurement noise σ with osillation angle θ = 15 [ ◦ ]. Bottom row shows
the error versus motion velocity with osillation angle θ = 15 [ ◦ ] and measurement noise σ = 1 [%]. Etrans by A+
M P is not shown in the figures due
to a large error.

device is required, and therefore, the cost and size of the system can be significantly
reduced.
Besides, Doppler TOF camera that can capture velocity image and depth image
is also able to realize multipoint measurement with single measurement unit [21].
This device can be an alternative to the system component.

4.4 System evaluation
4.4.1 Specification of the system
A prototype of the system is shown in Fig. 4.3. The system consisted of a
10 [kHz], millimeter-order, high-performance LRF (developed by ourselves), a long-
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range LDV (Polytec OFV-505, OFV-5000), high-speed galvanometer scanner (GSI
6220H, silver coat), and CPU (Intel Xeon E5520 2.27 [GHz]). Beams from the two
lasers, namely, an 875 [nm] infrared laser beam from the LRF and a 633 [nm] red
laser beam from the LDV, were made to coaxially enter the galvanometer scanner
via a dichroic mirror (SIGMA KOKI SDM515S), and the direction of the beams
was controlled. With these devices, the system has at most 5 [m] or more working
distance and can measure up to 10 [m/s] motion velocity. Since each device has
the measurement noise and a diﬀerent accuracy characteristic, there is a possibility that the optimal regularization method can be deduced from the noise model
analysis. However, in this measurement range, GWT regularization well provides
the numerically stable solution. The accuracy and the stability achieved by GWT
regularization are detailed in section 5.1.
The coordinate axes were defined so that the Z-axis faced the front, and the Xand Y-axes corresponded to the X and Y galvanometer mirrors, by calibration with
an external camera. To obtain the position and direction, the oﬀset distance to the
XY plane from the LRF was also calibrated, and a look-up table that mapped the
galvanometer input voltages to the beam directions and origin in the XY plane was
made in advance. The number of measurement points, m, was 8, and all measurements were performed by scanning so as to follow the outline of the rectangle in
Fig. 4.4. This number is the minimum period determined by the laser beam control
strategy. Details of the control method are given in the next subsection.
While the architecture using a galvanometer scanner makes the system compact,
this setup causes some problems and requires certain implementation techniques.
First, since equation (4.4) assumes that the target has constant rotational and
translational velocities R and T in infinitesimal time δt, the time-division sensing
must be performed more quickly compared with the change in the target velocity. By
contrast, the galvanometer scanner has to stop during the measurement so that the
LDV can obtain the velocity of the target without the influence of oscillations. To
overcome this problem, we designed the input waveforms to the galvanometer mirrors
in order to achieve high-speed sensing while satisfying the required constraints. The
input waveforms and drawn shapes are shown in Fig. 4.4. With these step-wise
waveforms, the mirrors usually rotate at top speed and just before the LRF and
LDV measurement starts, the mirrors are decelerated with an exponential curve to
prevent overheating or damage to the driver circuit caused by discontinuous inputs,
and are stopped during the sensing. Evaluation of the necessary time δt for the
time-division sensing is discussed in subsection 4.4.3.
Second, equation (4.6) includes the outer product of the position pi and the beam

4.4 System evaluation

direction li , and these terms are always zero when the light emitting point at the
galvanometer scanner is adopted as the origin of the coordinates in equation (4.13).
This is due to the fact that pi and li are parallel because signal acquisition is performed with a single measurement unit. This problem is solved by defining a point
that is not on any of the beam as the origin and by making pi and li nonparallel. In this experiment, the origin is defined as the centroid of {pi : i = 1, ..., 8} at
each measurement, and so the computed R means the rotation velocity around the
centroid.
pi × li = (di li + 0) × li = 0
(4.13)
Third, this setup using a galvanometer scanner will give an unstable solution for
movement in specified axial directions when the oscillation angle θ in Fig. 4.5 is
small. Because the LDV can obtain only the velocity in the beam direction, the
signal contains no information about motion perpendicular to the beam direction.
Consequently, in the case where the beams are substantially uniform in the same
direction and the matrix A is degraded in rank, the computed motion which is not
involved in the beam direction will be unstable against the measurement noise. In
particular, the beam directions of the prototype system are approximately parallel
to the Z-axis direction, and so insensitivity to translation in the X and Y directions
and rotation around the Z-axis is expected due to the lack of information along the
X and Y directions, as illustrated by Fig. 4.5. Our GWT regularization method
described in Section 3.3 has a key role to remove this numerical instability. Considering the physical quantity and the data reliability, we fixed the GWT regularization
parameters by referring to the information ratios (relative amounts of information)
of the X, Y, and Z components, which depend on θ, and stabilized all variables ad
hoc. Finally, diag[6.0, 4.0, 4.0, 0.05, 0.05, 0.0] was used as the parameter matrix in
the following experiments. Another method for solving insensitivity requires a new
system configuration in which the measured ray directions are diversified so that degraded situations does not occur in any motion directions. For example, the eﬀective
configurations include making the oscillation angle of the mirror wider, mounting
additional mirrors, introducing multiple measurement units, and so on.

4.4.2 Regularization and accuracy
In order to evaluate the performance of the proposed approach, we computed the
error for the motion along each axis and estimated the influence of the oscillation
angle θ, Gaussian measurement noise σ, and the motion speed with simulated data.
We produced synthetic 3D motion and sensing data including the distance dnoise
i
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High-speed Camera
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Fig. 4.7. The setup for accuracy evaluation.

and the velocity in the beam direction vinoise with synthetic measurement noise as
shown in equations (4.14, 4.15). The deviation of the Gaussian noise σ was regulated
by using a proportion relative to the ideal measurement signal of the distance dideal
i
and velocity in the beam direction viideal . The solution was computed by using A+
GT
in equation (4.11). The X- and Y-axes of the proposed system are equivalent, and
therefore, the performance in the Y-axis direction was assumed to be the same as
that in the X-axis direction in the experiments.
σ
N )dideal
i
100
σ
vinoise = (1 +
N )viideal
100
N : Standard normal distribution
dnoise
= (1 +
i

(4.14)
(4.15)

Figure 4.6 shows the amount of error in each rotation and translation axis. Given
the ground truth rotation Rtrue and translation Ttrue , we computed the relative error
of the computed translation T by Etrans [%] = ∥Ttrue − T ∥/∥T ∥ × 100. Similarly,
the relative error of the computed rotation R is defined as Erot [%] = ∥Qtrue −
Q∥/∥Q∥ × 100, where Q and Qtrue are the normalized quaternions corresponding
to the rotation matrices R and Rtrue . Each example in Fig. 4.6 was obtained by
running the code 100 times and representing the average error in the presence of
noise. We also estimated the error of the solution with the Moore–Penrose psuedoinverse matrix, but the graph, especially Etrans with A+
M P , is not shown in some
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Fig. 4.8. Comparison with camera system.

figures because the solution obtained without appropriate regularization deviated
widely from the truth value. Similarly, we examined the non-linear optimization
using Newton method or Levenberg-Marquardt method without regularization and
rotation matrix linearization but the results with proposed GWT regularization are
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better than them in the accuracy and computing speed.
When θ is less than 10 [ ◦ ], Etrans by A+
GT against translation along X-axis in
Fig. 4.6 top row shows the insensitivity due to the lack of motion information in the
direction perpendicular to the beam direction. However, the eﬀect is trivial when θ
is more than 10 [ ◦ ]. Focusing on the measurement noise in Fig. 4.6 middle row, the
figure shows that the accuracy of the translation along the X-axis greatly depends
on the measurement noise. This vulnerability to the noise is also caused by the lack
of information along the beam direction. Although the GWT regularization works
well, proper control of the beam direction largely contributes to the performance. In
addition, δt also has an influence on the performance. Figure 4.6 bottom row shows
the relation between the error and motion speed. The increase in the error versus the
rotation speed is an important point. This is attributed to the assumption that the
rotation angle is infinitesimal during δt in equation (4.5); therefore, δt determines
the limitation of the target rotation speed. A concrete numerical value for δt is given
in subsection 4.4.3.
Moreover, we also compared the motion obtained by the developed prototype
system with the results obtained from a system using markers and a camera (XIMEA
MQ003CG-CM, 648 × 488 [pix2 ], 500 [fps]). The camera-based system computed
the translation speed and rotation speed of the target oﬄine by solving the PnP
problem with EPnP method [44] and measuring the time. The osillation angle θ of
the proposed system was about 10 [ ◦ ] in this experiment. The target object was a
plain board made of styrofoam, and the dot pattern markers were attached for the
camera system. The target was fixed to the rotary shaft or the dolly, and moved by
the motors at a uniform speed as shown in Fig. 4.7.
Figure 4.8 shows the diﬀerence in the motion speed between two systems. The
motion speed measured by the proposed system in the figure is the average of 500
samples, and in both rotational and translational motion, the diﬀerence was at most
2 [%]. Since the proposed system can only measure the relative motion without
prior knowledge of the target, the absolute orientation and position calculated by
accumulation will drift more or less. On this point, the application example especially shown in section 4.5 demonstrated the small of the drift and the promising
performance for such applications.

4.4.3 Throughput and latency
To measure a moving target, throughput and latency are important. Throughput
refers to the reciprocal of δt, that is, the time required to measure the motion, and
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Fig. 4.9. Throughput and latency.

latency is defined as the time from the last point measurement to finding a solution
in this experiment. With this prototype system, the throughput depended on the
oscillation angle, which is plotted in the graph in Fig. 4.9. All plots shown in
the figure were created by averaging 1000 measurements. As the oscillation angle
became larger, the throughput decreased to 410 [Hz] but the latency was almost
constant at about 0.3 [ms] because the matrix size was independent of the oscillation
angle and so the latency depends on the number of measurements m and the method
of calculating the inverse matrix.

4.5 Applications
4.5.1 Motion Capture
Figure 4.10 shows a simple motion capture application. In this application, the
system measures several targets, and virtual characters are manipulated using real
puppets without any specialized equipment. Because the system has no strict limitation on the target, the user can change the object used as the target.
Conventional proposals for implementing motion capture systems include a mechanical type, an inertial type, a marker type [53], a magnetic type [54, 55] and a
camera-based system [56, 57]. However, these systems require some special equipment or are limited in terms of the shape or texture of the target. The proposed
system diﬀers from them in that it is a noncontact system, is capable of physical
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Fig. 4.10. Motion capture.

sensing, and readily enables motion capturing.

4.5.2 Video Game User Interface
Motion sensing can also be used for a video game controller. Figure 4.11 and
4.12 show video game examples using the proposed motion sensing system. In Fig.
4.11, a handmade object made of cardboard was used as a handlebar controller for
a racing game. In Fig. 4.12, the user controls a virtual pan in a video game by
using a real Chinese wok, and can practice cooking fried rice by shaking the pan.

4.5 Applications

Fig. 4.11. Racing game with a handmade handlebars.

Fig. 4.12. Fried rice game with a Chinese wok.

Because our proposed system does not require any equipment to be attached to the
target, the user can use his or her preferred object as a game controller without any
modification.
The concept that people freely use everyday objects as a human–computer interface has been described as invoked computing in contrast with the past ubiquitous
computing, and a number of experiments are being undertaken [58]. Nevertheless, it
is still diﬃcult to turn everyday objects into computer interfaces, and so a universal
sensing system like ours will be of great significance to the future of computing.
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Fig. 4.13. Experimental setup for the surface reconstruction.

Fig. 4.14. Target objects.

4.5.3 3D Shapes Integration
The proposed 3D motion sensing system can also contribute to various 3D recognition applications by combining it with a depth sensor. As one promising application,
we focus on surface reconstruction from time-sequential depth images. In this ap-

4.5 Applications

plication, by moving a sensing system or observing a moving target, the system can
acquire multi-view depth images composed of a number of frames acquired at diﬀerent depths and from diﬀerent viewpoints. Those images are integrated into a single
surface based on the 3D motion of the target. Compared with a single depth image obtained by a wide-field-of-view depth sensor, this type of application is highly
promising because it can achieve high resolution with less noise and can generate a
shape from all directions.
In this application, the key issue is how the motion of a rigid object can be estimated. Conventional approaches have mainly employed the image-based approach
[59, 60, 61, 62, 63]. This type of technique is mainly based in surface matching and
image feature matching. It requires a high computational cost, and the accuracy
highly depends on the target condition. In particular, when the target has no texture
on the surface and no distinctive structural features, the method inevitably fails.
We propose a universal solution for this application using our 3D motion sensing
system. Instead of estimating the 3D motion from time-sequential depth images,
by using the results of the 3D motion sensing, the depth images of any type of
target can be fused into a single surface. This system can work with any depth
sensor, including not only an area-type sensor such as Microsoft Kinect but also a
more simple structured-light-based sensor such as a sensor using a single laser line.
Simple structured light has the advantage of better accuracy in a single captured
depth image because sub-pixel image analysis can be performed easily. If the frame
rate of the depth sensor is high enough, such a simple sensor can also be used, thanks
to our 3D motion sensor. Moreover, the surface acquisition speed with our system
is no longer limited by the fusion processing, that has been an issue in systems
using the image-based fusion approach. By combining high-speed and real-time
3D sensing at rates exceeding standard video frame rates [64], for example, 30 fps,
various moving objects can be captured in natural everyday scenes, including flying
objects, walking humans, travelling vehicles, and so on.
We constructed the experimental setup shown in Fig. 4.13. In this setup, we
introduced a structured-light sensor using a single laser line. The wavelength of
the laser line was 514 [nm], which was diﬀerent from the wavelength used in the 3D
motion sensing system. Depth images were captured at 500 [fps] by a 648 × 488 [pix2 ]
camera. The camera had an optical filter that passed only the projected line pattern.
The targets in the experiment were a rotating ball (radius: 100 [mm]), a radiocontrolled car (185 × 440 [mm]), and walking human (height: 1.8 [m]). The captured
scene is shown in Fig. 4.13. The numbers of captured frames for the ball, the car,
and the human were 773, 1429, 832, respectively. The total numbers of point clouds
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after 3D shape integration were 121122, 185472, 227475, respectively. After aligning
the depth images, we reconstructed the surface. The results of the integrated shapes
are shown in the top of Fig. 4.15. Also we applied Kinect Fusion [61] to the scenes
using the implementation provided in the Kinect for Windows SDK 2.0. The results
is shown in the bottom of Fig. 4.15. Compared with our system, the results of
Kinect Fusion were not good enough in terms of the the quality and the latency
of the reconstructed 3D shape. In particular, the rotating ball was the challenging
target for image-based approach because the surface was smooth and symmetric
without any structural feature and any texture. Even in this ball-shape target, our
reconstruction accuracy was high enough. In addition, our system can acquire only
the target motion by controlling the laser direction when the scene involves more
than two dynamic objects, although Kinect Fusion assumes that full view has only
a single motion. Therefore, in the experiments of Kinect Fusion, we limited the
measurement range artificially so that the observed depth included only the target.
Our results showed the high performance, high speed, and high accuracy of the new
style of 3D acquisition system with 3D motion sensing, and its applicability to any
object.

4.6 Summary of this chapter
In this chapter, we have presented a new method of measuring 3D motion velocity
with a laser range finder and a laser Doppler velocimeter and have presented linear
formularization with regularization. The novelty of our approach is that it enables
physical, three-dimensional motion measurement of unconstrained and unspecified
targets at high speed without prior knowledge. We also demonstrated typical applications, including motion capture, a video game user interface, and 3D shape
reconstruction, showing the universality of this method, which can be applied to
any object.
At the same time, there are areas for improvement, in terms of both the control
strategy of the sensing lasers and the regularization parameter selection. The lack
of data in a specified direction due to the small oscillation angle of the galvanometer
mirrors caused inaccurate results for a particular motion. While not a focus of this
chapter, there are several better ways of controlling the direction of a laser beam.
A system using an array of measurement units is one possible solution. Moreover,
with additional mirrors, the beam direction will have greater diversity even if a single
measurement unit is used. The regularization parameter selection is now performed
on an ad hoc basis, but we will be able to obtain new knowledge for this selection
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Fig. 4.15. Reconstructed 3D shapes. For each shape, from left to right: ball, car,
human. Top row: the results of our approach. Bottom row: the results
of Kinect Fusion.

in the process of optimizing the beam control.
In the future, we will concentrate on designing an optimum beam direction control
method and a tracking algorithm using the obtained motion. We believe that with
continued research, this measurement method has the potential to eliminate the
limits on the types of targets that can be used and their motion.
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ZoeMatrope: display of spatiallyand temporally-varying material
5.1 Introduction
Realistic materials have recently begun to be rendered in computer graphics. Numerically modeled materials are becoming more and more realistic and are now used
even as temporary substitutes for real materials. In the manufacturing and printing
industry for instance, computer graphics provides completed images of products,
and users can utilize these images for checking whether the materials perform as
intended. The realistic presentation of materials is essential for not only designing
a material but also confirming the color and gloss in internet shopping. In addition,
it enhances various immersive experiences in art, media, and augmented reality.
However, conventional displays cannot represent realistic materials due to their
limitations, including resolution, dynamic range and freedom of the viewing and
lighting directions. Some research has attempted to improve these issues by using
technologies such as projection mapping techniques and specialized displays; however, the results are still far behind reality, or the kinds of expressible materials are
limited.
Our key concept to display a realistic material is to use real materials. Display devices using real objects have been developed over a long period of time; the zoetrope
and the thaumatrope are two examples of them. The zoetrope is a device that can
animate pictures or 3D objects by apparent motion with a rotating base and cut
slits or strobe light, as shown in Fig. 5.1(a). The thaumatrope is a device that
can composite pictures switched at high speed by exploiting persistence of vision, as
shown in Fig. 5.1(b). In this chapter, we propose a visual material display named
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“ZoeMatrope” which can composite real materials like the thaumatrope and can
interactively animate them like the zoetrope as shown in Fig. 5.1(c).
The ZoeMatrope system computationally controls timing and intensity of strobe
light illumination and expresses protean materials consisting of real materials. For
example, when the user sets a red and glossy material on a 3D model on a computer,
the ZoeMatrope illuminates only a red object and a glossy object among a number of
objects rotating at high speed. As a result, only these two materials are visible, and
a composite material that is both red and glossy will be seen in an overlaid manner
by the human eye as shown in Fig. 5.1(c) left. By setting the timing and intensity of
the illumination properly, this system can combine the set of real objects in a linear
combination and reproduce or approximate a wide range of material characteristics
such as color, roughness or both. Furthermore, by varying the strobe light control,
the appearance of the material display can be animated as shown in Fig. 5.1(c)
right. A real object is the most realistic, and consequently, ZoeMatrope can display
materials with outstanding resolution, dynamic range and light field fidelity and will
allow the creation of new forms of expression media.
On the other hand, since our system is based on time-multiplexing technique,
there are some limitations on rigorous reproduction of concave and refractive objects,
continuous variations of some parameters including IOR, and ambient light. The
eﬀects of these limitations are also analyzed in this chapter.
Our specific technical contributions are as follows:
• We propose the ZoeMatrope system which can interactively display a wide
variety of realistic materials. This system uses real objects as the bases of
composition and animation and consequently can achieve outstanding resolution, dynamic range, and light field reproduction. We also introduce a lighting
control method for displaying the composite material properly.
• We constructed a mathematical framework for the optimal material selection
method. This framework is capable of representing a wide range of materials with a small number of basis materials and can be applied to various
characteristics of a material.
• We demonstrate the presentation and animation of composite materials, including diﬀuse, specular, spatially-varying and augmented materials, with the
developed system. We also evaluated the expressible range and accuracy of
the composite materials.
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(a) Zoetrope

(b) Thaumatrope

(c) ZoeMatrope

Fig. 5.1. The concept of ZoeMatrope. ZoeMatrope combines real objects with the
principle used in the thaumatrope and animates the material with the
principle used in the zoetrope. The objects switched at high speed appear
to the human eye to be overlaid and present the realistic material.

5.2 Related works
Making a catalog of material samples is the most primitive method of checking
materials, but this requires an enormous number of samples and it is diﬃcult, in
terms of the time and space required, to prepare and cover multifarious materials.
In order to reproduce various materials, past studies have proposed methods using
projection mapping techniques or specialized displays [65]. Raskar et al. projected
rendered images onto a real object to artificially replace the material properties [66].
With this method, the target is a real object, and so the geometrical resolution
is the highest possible. Additionally, since the virtual viewpoint and light source
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characteristics can be controlled, the light field can be simulated with techniques
including head tracking. Nayar et al. developed a display that modifies its content
according to incident 4D illumination field and can mimic material properties [67].
As well as these systems, which imitate the viewing and lighting direction for a
specific user, recently, display devices that can construct multi-aspect light fields
have also been proposed. Jones et al. presented a light field display using a spinning
mirror and a projector array system that can display autostereoscopic 3D objects
[68, 69]. In addition, Glasner et al. presented a display that passively reacts to the
illumination and viewpoint without the need for high-cost rendering [70]. Nevertheless, the image resolution and dynamic range depend on the projector or the display,
and the reproducibility of the light field basically does not reach that of reality.
On the other hand, some systems actually control the BRDF by using a deformable
screen that can adopt a wavy surface shape. Hullin et al. displayed the BRDF
with a ruﬄed liquid surface [71], and similarly, Ochiai et al. utilized a liquid film
vibrated by ultrasonic waves [72]. The methods using a waving screen are capable
of high resolution and high dynamic range with a natural viewing point and lighting
point dependencies for uniform BRDF; however, they have diﬃculty in reproducing
spatially-varying materials and completely dissimilar materials, such as an object
with diﬀerent transparencies. Additionally, the display surface is restricted to a
plane. These problems are derived from the reproduction method, which depends
on the dynamics and physical properties of fluid. In our system, the appearance of
a material depends on control of the light source, and so it is possible to reproduce
detailed, spatially-varying materials by using a light source with spatially-varying
intensity pattern. Moreover, the reproduction method, which combines real objects,
can easily change the expressible materials and the shape of the displayed objects.
Besides, some zoetrope- or thaumatrope-style displays using real objects have been
presented. Smoot et al. adaptively controlled the zoetrope strobe illumination and
animated a talking character according to human speech in real time [73]. Ochiai et
al. rotated disks and gave a glimpse of interesting expression with a thaumatropestyle display [74]. Although these state-of-the-art zoetrope- and thaumatrope-style
displays provide entertaining images for the human eye, a computational control
technique that deals with the eﬀects of both composition and animation has not been
proposed. In this chapter, we focus on the presentation and animation of a realistic
material and propose a novel display system that is computationally controlled based
on the optimal illumination strategy to reproduce the target materials.
The proposed method diﬀers from the conventional systems in that our system
can express various kinds of materials, including ordinary diﬀuse, glossy, transpar-
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(a) Top view

(b) Side view

Fig. 5.2. System overview. To overlay the basis materials at a specific location, the
system requires high-precision alignment and emission timing.

ent, velvety, subsurface-scattering, spatially-varying and augmented materials, by
preparing only a few real objects. Moreover the method enables realistic material
presentation with high resolution, a large dynamic range and high light field fidelity
due to the use of real objects.

5.3 Material display for physical material design
5.3.1 System setup
Like many zoetropes, ZoeMatrope is composed of turntable and strobe light as
shown in Fig. 5.2. The turntable on which some real objects (called basis materials
hereafter) are mounted is fixed to a motor shaft and rotated at high speed. A rotary
encoder behind the turntable triggers the strobe light and it irradiates basis materials
at the proper timing and intensity. By controlling the intensity ratio as shown in
Fig. 5.3, our system can express and animate a variety of composite materials.
The compositing principle is known as afterimages or persistence of vision, and
the thaumatrope used this eﬀect to show an overlaid image of two pictures in the
19th century. The temporal resolution of the human eye, called the CFF rate is
said to be about 15 [Hz] with low-intensity light and 60 [Hz] with high-intensity light
[12], and by switching the images faster than the CFF rate, they can be observed
as an overlaid image by the human eye. In our system, because the basis materials
are illuminated at certain locations and appear to be switched without noticeable
transitions, a composite material is observed by the user if the switching rate is
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Fig. 5.3. A diagram of the material composition. The composite material is described as a linear combination of basis materials. The weights of the
summation correspond to the quantities of light radiated onto the individual basis materials.

faster than the CFF rate.
With this compositing principle, the proposed system can combine basis materials
to express a great variety of realistic materials. However, it should be mentioned
that this principle cannot accurately reproduce concave and refractive objects. In
the simplified case with a concave object as shown in Fig. 5.4, the target material
is supposed to be compounded with basis materials A and B. The composite material can reproduce the light beam path of direct reflection (a) and (b) and multiple
reflection (aa) and (bb); however, the basis materials A and B cannot exist at the
same time and at the same position. Consequently, the result of composition does
not include the light transport (ab) and (ba) which passed through both materials
A and B. Due to this, the representation including color bleeding can be inaccurate.
Similarly, the principle has the same problem in refractive objects and cannot reproduce a strictly accurate appearance. The influence of the limitations is mentioned
and visualized in the subsection 5.4.3. In this chapter, we mainly use spherical basis
materials because it hardly causes any self multiple reflections. Moreover, a sphere is
usually used for checking materials because it covers all possible normal directions.
Besides, the animation principle that we adopt is known as apparent motion. The
zoetrope used this eﬀect to show moving pictures in the 19th century, and moving
3D figures in recent years. This eﬀect occurs by switching images even at a lower rate
than the CFF rate. Based on this principle, our system also animates the material
by gradually changing the combination ratios of the basis materials.
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Fig. 5.4. The light beam paths which can be reproduced with the composition
principle. The system cannot exactly reproduce multiple reflections. The
paths (ab) and (ba) represent reflected light that passes through multiple
material components.

5.3.2 Turntable design
In our system, the basis materials on the turntable are partitioned to reduce
influence from other basis materials as shown in Fig. 5.2 and the number of basis
materials N determines the range of material gamut. A turntable with a large radius
can accommodate many basis materials and provide wide gamut; however, we have
to consider the trade-oﬀ between N and temporal restriction for strobe light.
The longer the strobe light illuminates the rotating objects, the more motion blur
occurs, which deteriorates the image quality. Hence, the system should suppress
the speed of the objects and illuminate them in as short a time as possible. The
resolution of the human eye is said to be about 0.7 [′ ] [11], which corresponds to
40.7 [µm] at a distance of 0.2 [m]. Therefore, the blur amount should be suppressed
to 40.7 [µm] or below if the closest observation distance is assumed to be 0.2 [m].
Because of this, the distance from the rotation center to the furthest point on the
basis material, r [m], and the rotation speed, h [Hz] will be important values in the
design phase since they determine the maximum emission time, τmax [s], to reduce
the amount of blur below a certain value, ϵ [m]. This constraint is written as follows:
τmax =

ϵ
.
2πrh

(5.1)
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5.3.3 Strobe light design
In the proposed system, the appearance of the material depends on the light, and
the control of the strobe light has to be performed accurately based on the quantity
of light, q [lx · s], which is given by
q = Iτ

(5.2)

Here, I [lx] is the light intensity, and τ [s] is the emission time. The ratio of
q emitted to each basis material for one cycle determines the blending ratio. A
composite material formed with the same quantities of light expresses the same
material; however, a shorter emission time should be used to realize a blurless image.
The details of the method of determining q of each basis material and the method of
selecting the basis materials to compound a wide range of materials are described in
the next section. In this subsection, we describe the available forms of light source
in the ZoeMatrope.
When the presented material is not spatially varying, the system does not have
to care about the position of the viewpoint and light source since the real world
automatically renders the image with perfect viewpoint and light source dependencies. In theory, not only point light sources, but also line, surface and environmental
light sources can be used as the light source so long as the quantity of light can be
modulated. Additionally, by using a light source with a spatially-varying intensity
pattern such as a floodlight with a mask pattern or a projector, the presentation of
a spatially-varying material can be realized. Although high temporal resolution is
required for the light source, LEDs have suﬃcient responsiveness, and high-speed
projectors that have been developed in recent years [78] can also be adopted. In the
case of a spatially-varying material, calibration of the relative position and attitude
of the light source and the basis material is required in advance, and the system has
to track and align the light source when it moves. However, the proposed system will
enable high-quality display of spatially-varying materials because all points on the
surface can be controlled independently, and each point is expressed by compounding real objects, as in the case of a uniform material. Besides, a spatially-varying
material illuminated with a non-point light source can be simulated by using the
light source like a projector array.
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(a) Diﬀuse R

(b) Diﬀuse G

(c) Diﬀuse B

Fig. 5.5. The ideal basis materials for achieving color composition.

5.3.4 Material composition
In this section, we introduce the method of selecting the basis material and the
method of determining the quantity of light through BRDF composition example. In
this example, we assume that the reflection follows the dichromatic reflection model
[13] and discuss the proposed methods by dividing the parameters into diﬀuse color
and specular roughness. A later subsection then describes the parameters applicable
to the proposed mathematical frameworks and the range of materials that can be
combined and animated.
Diﬀuse Color Composition
This subsection summarizes the composition method used for realizing a diﬀuse
color. It is well-known that the composition of three primary colors of red, green
and blue (RGB) is enough to reproduce various colors. In other words, the color
can be expressed by a linear combination of RGB basis vectors. Therefore, the
composition of RGB basis materials indicated in Fig. 5.5 is suﬃcient for the human
eye to reproduce a diﬀuse color, and quantities of light for each diﬀuse color basis
material, qR , qG , and qB , have only to be set to the RGB ratio, and their sum
to the required brightness. On the contrary, when a dark color is compounded,
the total quantities of light per cycle should be held constant to avoid changing
the brightness of the background as shown in Fig. 5.6 (a). Light-absorbing object
meets this demand, as indicated in Fig. 5.6 (b) and (c). We call this nonreflective
object a key (K) material, and the quantity of light received by the key material is
represented as qK in this chapter. Eventually, RGBK basis materials are required
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(a) Darkening color without a key

(b) Key

(c) Normalization with a key

Fig. 5.6. Normalization by a key material. To display a dark color, it is necessary
to normalize the quantity of light. A light absorbing material called a key
material meets this requirement.

for diﬀuse color composition, and the quantities of light for the diﬀuse color basis
materials are determined by:
qR = R · qmax ,

qG = G · qmax ,

qB = B · qmax

qK = qcycle − (qR + qG + qB ).

(5.3)
(5.4)

In the above equation, R, G and B refer to the RGB values of the target diﬀuse
color, which take values between 0 and 1, and qmax is the product of the maximum
intensity of the light source Imax and τmax . In addition, qcycle means the target
amount of the quantity of light available for one cycle of the turntable. We have to
note that the equation (5.4) shall not apply to the case in which other kinds of basis
materials are added to the system, but in any case, qK is defined as the diﬀerence
between qcycle and the total quantity of light received by the basis materials other
than the key.
Specular Roughness Composition
In this subsection, we focus on the composition of the isotropic specular roughness and assume neutral interface reflection (NIR). However, the composition of
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anisotropic reflection in a certain direction will be realized in the same manner, and
a material without the NIR assumption can also be artificially simulated by preparing materials that have RGB specular color, like the composition of the diﬀuse color,
or by switching the color of the light source to the target specular color when the
specular basis materials are illuminated.
Unlike the color, the spreading shape of the specular reflection generally cannot
be separated into certain bases. Then, there are two problems in the composition
of specular reflection. The first problem is how to select the set of basis materials
from existing objects in the real world, and the linear combination of the selected
materials has to approximate as wide a range of roughnesses as possible. The second
problem is how to determine the quantities of light, that is, the weights of the linear
combination, when the set of basis materials and the target material are given. In
this subsection, we introduce the related work on these two problems and propose
a formulation that solves them simultaneously and finds the global optimum.
Because the system approximates the target materials with the positive weighted
sum of real objects, some research cannot be applied to the first problem due to
negative weights, multiplication or implausible bases [79, 80, 81, 82, 83]. As a
selection method that is applicable to real objects as the bases, Kautz et al. proposed
the greedy technique [75] and Ren et al. selected the bases from a BRDF database
with a k-nearest neighbor graph [76]. The greedy algorithm can find a moderate
basis material, but it is not guaranteed to find the optimum. The clustering method
can also find a moderate solution, but this approach is not suitable for including as
many materials as possible in the gamut spanned by the basis materials, as shown
in Fig. 5.7.
Moreover, to address the second problem, previous approaches introduced the sum
of L1 or L2 distances between the target specular lobe and an approximation as the
definition of the error and succeeded in minimizing the error with an optimization
technique [77, 76].
In the previous approaches, two problems are solved separately but they should
be solved as a single problem because the set of the bases cannot be evaluated
before the optimal weights are found. In this chapter, we aim to define an explicit
objective function to evaluate the validity of the basis materials and solve these
problems simultaneously by discretizing the roughness parameter and introducing a
mixed integer linear programming (MILP) problem. Using this MILP, we can obtain
the optimal subset of target materials as bases which can reproduce each target
material well when they are composited with appropriate weights. The following is
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Fig. 5.7. The gamut with the bases determined by a clustering method. In order
to reproduce a wide variety of materials, the basis materials have to be
determined so as to include as many target materials as possible. However,
the gamut spanned by the basis materials determined by a clustering
method is not necessarily optimum. The materials need to be described
in much higher dimensions, but the figure above explains them in 2D space
without loss of generality.

the description of the MILP.
Minimize :

∑

(i)

ek

(5.5)

xj ≤ n

(5.6)

i,k

s.t.

∑
j

∑

(i)

wj ≤ 1

for all i

(5.7)

j
(i)

0 ≤ w j ≤ xj


for all i, j

ek ≥ + fk −
(i)

(i)

j


ek ≥ − fk −
(i)

∑

(i)

∑

(5.8)



(i) (j)
wj fk 

for all i, k

(5.9)

for all i, k

(5.10)


(i) (j)
wj fk 

j

In the above formulation, a specular BRDF is represented as a vector f =
(f1 , f2 , ..., fk , ..., fM ) which is composed of M samples of radiance for diﬀerent incident direction ω̂in and viewing direction ω̂out . The target BRDF is a known set
whose elements are BRDFs with diﬀerent discretized roughness mi and represented
as f (i) . The basis BRDF is an unknown subset of the target BRDF and represented as f (j) . The weight of f (j) for f (i) approximation is also unknown and
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Fig. 5.8. The positions of the viewpoint and light sampling point. In this example,
we use an isotropic model, and so we set the sampling points on half
of the celestial sphere, in particular, in the specular reflection direction.
The viewpoint and light source positions, ω̂in and ω̂out , in this figure are
described by: ω̂in = (cos θ, 0, sin θ) with θ = π(2u+7)/18, (u = 1, 2, ..., 5).
ω̂out = (sin ϕ cos ψ, sin ϕ sin ψ, cos ϕ) with ϕ = πvϕ /12, (vϕ = 1, 2, ..., 6),
ψ = 180vψ /8−1 π, (vψ = 0, 1, ..., 7).

(i)

represented as wj . This optimization evaluates the basis material set based on the
minimum sum of error between each target and the optimal linear combination of the
(i)
bases. The error for each radiance fk is denoted by ek , and it is equal to L1 norm
∑
(i)
(i) (j)
|fk − j wj fk | after minimization due to constraints (5.9, 5.10). Here, binary
variable xj ∈ {0, 1} indicates whether or not the basis candidate f (j) is adopted as
the basis material; xj = 1 means f (j) is adopted and xj = 0 means f (j) is rejected.
Equation (5.6) ristricts the number of basis materials to n. The sum of weights
of basis materials to reproduce a target material is bounded by constraint (5.7).
Equation (5.8) limits the weight of rejected basis candidates to 0. This problem is
a MILP problem so it can be solved by a general linear programing solver, and the
solution which represents n bases and the weights for the target set is guaranteed
to be a global optimum when the optimization is done.
This formulation is applicable to any NDF. In this chapter, we used GGX NDF
[16] which is one of the representative NDFs for specular reflection, and searched
for the three optimal basis materials, like RGB in the case of color. We used M =
240 reflectance samples at various ω̂in and ω̂out , as shown in Fig. 5.8. We also
assumed that stainless steel objects with an index of refraction (IOR) of 2.4 are
prepared as the basis materials, and the roughness parameter m varies in steps of
0.01, m ∈ {0.00, 0.01, ..., 1.00}. The global optimum was found in about 21 hours
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with mathematical programming solver Gurobi 6.5, Intel i7-4650U 1.7 [GHz] CPU
and 8 [GB] memory, and GGX NDFs with m = 0.06, 0.19, and 0.53 shown in Fig.
5.9 are found as the optima. The figures also show their optimal weights and the
amount of error against the target roughness, as well as the diﬀerence in appearance
in the second-worst case. The worst case is the approximation for m = 0.0, but this
is simply the diﬀerence between m = 0.0 and one of the bases m = 0.06 without
composition, and so in this chapter we indicate the case at the second peak in
the error curve where the system generates the target by combining multiple basis
materials. The proposed method can also manage requests to perfectly reproduce a
perfect mirror surface by adding the constraint x0 = 1. In this case, we found the
solution m = 0.00, 0.09, and 0.39; this combination of basis materials can reproduce
a perfect mirror, though the sum of error is 22.7[%] higher than in the optimum case.
We also investigated the case with a formulation that defines the objective function
as the maximum error or sum of squared error; however, this approach showed poor
performance in that the objective functions have too high importance on specular
materials with small mi , and the approximation clearly does not follow the target
BRDF when mi increases by even a small amount.
Eventually, it was found that the basis materials shown in Fig. 5.9 are required
for the composition of the roughness, and the quantity of light for the basis material
with mj in the approximation of mi is determined by the following; however, almost
all weights are zero because only n adopted basis materials are able to have a nonzero value.
(i)
(i)
qj = wj qmax
(5.11)
Just as with the composition of the diﬀuse color, the total quantity of light qcycle
can be normalized with respect to the key material. Besides, in the case of reproducing a material having both diﬀuse and specular reflections, it can be achieved
just by illuminating each basis material with the corresponding quantity of light.
However, the following redistribution will be necessary to maintain the energy of
the reflected light.
∑

(i)

(5.12)

α+β =1

(5.13)

qcycle =α(qR + qG + qB ) + β

qj + qK

j

α > 0,

β > 0,

Here, α and β refer to the ratio of the diﬀuse reflection and specular reflection.
Moreover, the total quantity of light, qcycle , and the ratio are similarly maintained
by the redistribution when other basis materials are compounded.
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(a) m = 0.06

(b) m = 0.19

(d) Approximation error

(f) Reference

(c) m = 0.53

(e) Composition weight

(g) Reproduction

(h) Diﬀerence

Fig. 5.9. The ideal basis materials for the roughness composition. The error for
m = 0.10 is the maximum of all compositions using multiple materials.
The weights used to reproduce the target roughness with a few basis
materials are optimized and will be the global optimum. Here, ω̂normal
and ω̂half are the normal direction and the half direction for reflection
respectively.
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The Composition of Other Parameters
In addition to the composition of diﬀuse and specular reflection, the proposed
system can represent various materials, including transparent, translucent, velvety,
subsurface scattering, and retroreflective materials and a mixture of them. This
flexibility is the advantage of our display system using the composition principle. In
this subsection, we discuss a framework for the composition of other materials, and
mention the controllable parameters and the limitations of the method.
In the real world, there are many kinds of materials and various parameters which
describe the characteristics of these materials. However, some parameters are common among the materials, and these can be handled with the basis material selection
and composition method proposed in the preceding subsection. Below, we will give
three examples: color, roughness, and IOR.
First, we describe the color parameter, which is a common parameter in most
materials. The color parameter can be separated into three bases, RGB, and the
composition of the color is easily accomplished. The summation weights for the
bases should simply be the ratios of RGB, as mentioned in subsection 5.3.4. In consequence, the color of many materials, including transparent color, can be controlled
in the ZoeMatrope system.
Second, we describe the roughness parameter. Besides the specular surfaces described in the preceding subsection, diﬀuse, transparent, translucent, velvety, and
subsurface-scattering materials have a similar parameter to the roughness, although
it may be called sharpness, glossiness, deviation or sigma, and so on. For this parameter, the framework of the MILP problem proposed in the preceding subsection can
be used. For instance, transparent materials such as glass and acrylic resin have a
roughness parameter in the GGX model [16], and the optimal bases and weights for
the roughness approximation can be found by solving the MILP problem in which
BRDF is replaced with a BTDF. Similarly, the roughnesses of the other materials
can be approximated in the ZoeMatrope system. For example, Fig. 5.10, 5.11 and
5.12 show the optimal bases found by the proposed method for the roughness of
reflection with Beckmann NDF, transmittance with GGX NDF and velvety surface
with Ashikhmin NDF [19].
In contrast, material display systems, including ZoeMatrope and other conventional ones, have diﬃculty in simulating the IOR. Figure 5.13 shows the apparent
diﬀerence in the image in the case of IOR composition of a transparent material.
This diﬃculty originates from the fact that the refraction distorts the image. The
composition is the operation of overlaying the images, and so spatial misalignment
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(a) m = 0.07

(b) m = 0.21

(d) Approximation error

(f) Reference

(c) m = 0.58

(e) Composition weight

(g) Reproduction

(h) Diﬀerence

Fig. 5.10. The ideal three basis materials for roughness in reflection with Beckmann
NDF [16]. The positions of the viewpoint and light sampling point are
the same as the Fig. 5.8 in the and we supposed that IOR is 2.4 and
roughness m ∈ {0.00, 0.01, ..., 1.00}. The error for m = 0.13 is the maximum of all compositions using multiple materials.
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(a) m = 0.11

(b) m = 0.37

(d) Approximation error

(f) Reference

(c) m = 0.88

(e) Composition weight

(g) Reproduction

(h) Diﬀerence

Fig. 5.11. The ideal three basis materials for roughness in refraction with GGX
NDF [16]. The positions of the light sampling point are the same as
the Fig. 5.8 in the chapter and the positions of the viewpoint are set to
the directions obtained by changing the sign of the z coordinate value of
the points in the Fig. 5.8 in the chapter. We supposed that IOR is 1.5
and roughness m ∈ {0.00, 0.01, ..., 1.00}. The error for m = 0.21 is the
maximum of all compositions using multiple materials. In this figure,
ω̂half means half direction for transmission [16].
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(a)

1
σ2

= 0.005

(b)

1
σ2

= 0.020

(d) Approximation error

(f) Reference

(c)

1
σ2

= 0.045

(e) Composition weight

(g) Reproduction

(h) Diﬀerence

Fig. 5.12. The ideal three basis materials for sigma in reflection with velvety surface [19]. The positions of viewpoint and light sampling point are
the same as the Fig. 5.8 in the chapter and we used sigma 1/σ 2 ∈
{0.005, 0.010, ..., 0.500}. The error for 1/σ 2 = 0.015 is the maximum of
all compositions using multiple materials.
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Fig. 5.13. Misalignment in IOR composition. It is diﬃcult for the composition
principle to composite parameters related to image distortion.

Fig. 5.14. Augmented materials. Left to right: examples of heterogenous composition, alpha composition, and light-source-dependent material.

will occur when an image is distorted. This problem cannot be avoided as long
as the system uses the composition principle based on afterimages, and this is one
limitation of ZoeMatrope. Nevertheless, the proposed display enables a greater variety of materials to be represented, and the basis selection method will enhance the
realistic appearance.
Augmented Materials
The proposed system is also able to represent augmented materials, such as a
mixture of diﬀuse and transparent materials, translucent media compounded with
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air, and a material that depends on the light source, as shown in Fig. 5.14. We
describe the composition of these three augmented materials, called heterogeneous
composition, alpha composition, and light-source-dependent material, in this chapter.
Heterogeneous composition refers to a mixture which is extremely diﬃcult to make
in the real world, such as a composition of glass, velvet and subsurface scattering. On
a computer, there is no diﬀerent scheme from the composition of diﬀuse and specular
reflections, but presentation with real objects has not been performed. Additionally,
alpha composition, which can be enabled by composition of the basis materials and
empty space, can also be performed in the real world with ZoeMatrope. The alpha
composition in the proposed system involves overlaying a basis material on air, and
so it looks like a translucent medium having an IOR of 1.0, although it is diﬀerent
from general alpha blending in that a backface of the basis object will not be visible.
ZoeMatrope also provides materials whose appearance depends on the light source.
Since the appearance of the material depends on the control of the strobe light in
the proposed system, an augmented material that looks glossy red with light A but
matt blue with light B, for example, can be expressed if there are multiple light
sources and they are controlled by diﬀerent schemes.

5.3.5 Spatially-Varying Material
In the preceding subsections, we described the presentation of a uniform surface
with a single composite material; however, the presentation of a spatially-varying
material is also desired for assessing the appearance and the expression media.
With the ZoeMatrope system, this is realized by using light having a spatiallyvarying intensity pattern, including patterned light and light from a projector. In the
same way as the light-dependent material mentioned i n the preceding subsection,
the spatially-varying material utilizes the fact that the appearance is determined by
the light source in ZoeMatrope. With projection mapping techniques, an atlas of
the quantity of light is mapped to each corresponding point of the basis material,
and the spatially-varying material is reproduced. The system should track the basis
material if the light source will move, but all materials mentioned in the preceding
subsections can be applied to each point on the surface.

5.4 System evaluation

(a) Prototype system

(b) Assistance for physical material design

Fig. 5.15. The developed ZoeMatrope system.

5.4 System evaluation
5.4.1 Specification of the system
In this section, we will show the results which were displayed by developed ZoeMatrope prototype. The materials in the figures are photographs, unless otherwise
stated. Figure 5.15 shows the prototype ZoeMatrope system. In this prototype, to
shorten the radius of rotation and suppress the object speed, the number of basis
materials N is 6, and they are arranged to form a hexagonal close-packed structure surrounding the rotation center. For the case where another basis material is
required to form the target material, the system was designed to replace the basis
material easily; however, the prototype cannot form more than six basis materials
at the same time. More bases will reduce the approximation error and make the
gamut wider although it makes the rotation radius larger and illumination timing
more severe.
The prototype was designed for desktop material display and we set the size of the
basis materials and the system as around 50 [mm] in diameter, 280 × 250 × 250 [mm]
respectively. The system has the following specifications: r = 87 [mm], h = 0 ∼
67 [Hz] and τmax is about 1.24 [µs] when h and ϵ are set to 60 [Hz] and 40.7 [µm],
respectively. In consequence, microsecond-order high-speed control of the strobe
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light is required. In the prototype system, a high-speed LED driver circuit is built
in to the system, enabling extremely short-time emission, τ = 0 ∼ 1000 [µs] in
units of 1 [µs]. With 1 [µs] emission, the prototype system can suppress the blur to
32.8 [µm] or below at 60 [Hz] and this is small enough for the human eye. Moreover,
it can control the intensity of light in an analog fashion with 512 steps, and so the
system can adjust the quantity of light suﬃciently. The short-time exposure causes
a decrease in the maximum light quantity qmax . In contrast, the strobe light can
maintain suﬃcient brightness because the LED can be overdriven with a higher
voltage than the steady lighting voltage in the case of pulse lighting and provides
Imax = 1500 [lx] at a distance of 200 [mm] in the prototype. The system also has
a rotary encoder, which triggers the strobe light and updating of the quantity of
light on an external computer. On the computer, the appropriate quantity of light
for the target material is computed, and the light-emission settings are updated for
the next basis material coming around. By updating the set of light quantities, the
presented material can be changed in every cycle and animated at h [Hz], as shown
in the upper rows in Fig. 5.16.
We also prepared spherical balls as the basis materials, as mentioned in subsection
5.3.1. The resolution, dynamic range, and light field reproducibility of the system
are guaranteed to be optimal due to the use of real objects. The lowest row in
Fig. 5.16 shows the light position dependency, similar to ordinary objects in reality.
However, we note that misalignment in the composition can occur depending on the
accuracy of the basis material installation and circuits, even if the exposure time is
short enough. In the following subsection, we will evaluate the expression ability of
the ZoeMatrope.

5.4.2 Material gamut
Color Reproduction Gamut
In order to evaluate the composition of the color, we prepared diﬀuse and transparent RGB basis materials as shown in Fig. 5.17 (a) ∼ (f). Ideally, the diﬀuse bases
should have a perfect diﬀuse surface and perfect monochromaticity, like Labsphere
R
Spectralon⃝
diﬀuse color standards. In our experiments, however, the diﬀuse bases
R
were made of wood coated with matt acrylic paint (Liquitex⃝
soft body), and they
showed some specular reflection, multiple color components and light absorption.
Besides, the transparent bases were made of acrylic resin tinged with a dye, and
they also did not have perfect monochromaticity. Accordingly, we measured the
actual color and investigated the color gamut with these RGB bases, as shown in

5.4 System evaluation

Fig. 5.16. Material composition and animation. The proposed system can change
the material either instantaneously or gradually, and the resolution, dynamic range, and dependency on the viewing and lighting directions of
the presented object are the same as those of a real object.

Fig. 5.17 (h) and (i). Regarding the influence of the specular reflection in diﬀuse
basis materials, see the next subsection. Additionally, we also prepared the key
material as shown in Fig. 5.17 (g). Ideally, it also should have perfect light absorption characteristics, like Vantablack [84]; however, we used a black velvet ball whose
reflectance was a few percent.
The results of the color composition are shown in Fig. 5.21. Though the basis
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(a) Diﬀuse R

(b) Diﬀuse G

(c) Diﬀuse B

(d) Transparent R

(e) Transparent G

(f) Transparent B

(g) Key

(h) Diﬀuse gamut

(i) Transparent gamut

Fig. 5.17. The basis materials for the color composition. We prepared diﬀuse, transparent and key materials. Because prepared objects have incomplete
monochromaticity and reflectivity, the color gamuts are not the best.

materials were not the best in the prototype, the composition principle and normalization with the key material worked as predicted, and the colors of diﬀuse and
transparent target materials were varied.

5.4 System evaluation

Roughness Reproduction Gamut

(a) m = 0.06

(d) Approximation error

(b) m = 0.15

(c) m = 0.48

(e) Composition weight

Fig. 5.18. The basis materials for roughness composition. Prepared objects used
in the experiment had incomplete BRDF due to their mesoscopic roughness, and the measured roughness m did not match the optimal solution
exactly.

To achieve a good approximation of the target roughness, we prepared the basis
materials with reference to the optimum solution described in section 5.3.4, as shown
in Fig. 5.18 (a) ∼ (c). The basis materials in the figures (a) and (b) were made
of stainless steel and were processed by sandblasting with about 60 [µm] grit-size
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(a) Reference

(b) Reproduction

(c) Diﬀerence

Fig. 5.19. The comparison between reference and reproduction in the worst case.
The reproduction with m = 0.10, which had the greatest error of all
compositions using multiple basis materials, shows the worst case with
the bases shown in Fig. 5.18. The reference (a) is an image rendered by
computer graphics.

glass beads, which was the small available one in our development. We made many
glossy balls with diﬀerent roughnesses by changing the sandblasting time and chose
the set of samples with the closest roughnesses. In addition, the basis material
in (c) was made of wood coated with silver acrylic paint. The roughnesses of the
basis materials in the prototype were 0.06, 0.15, and 0.48 in the GGX model, and
we recalculated the optimal weights for the case of the available bases. In the
recalculation, specular reflections in the diﬀuse basis materials were considered, and
the BRDFs from which these reflections are substracted can be used in the MILP
problem described in subsection 5.3.4. However, this recalculation is not required
if the ideal basis materials are available, and various ideal bases should become
available as a result of recent manufacturing technologies [85][86]. Figure 5.18 (d)
and (e) show the error amount, the weights for the best approximation, and Fig.
5.19 shows the diﬀerence in the image at the roughness with the maximum error
of all compositions using multiple basis materials. In the end, the sum of error is
4.1 [%] higher than in the optimum case.
The results of the roughness composition are shown in Fig. 5.22. A variety of
roughnesses are approximated with only three bases, and the figures show that the
composition of diﬀuse and specular reflections also worked well.

5.4 System evaluation

Reproduction of an Augmented Material and a Spatially-Varying Material
As an example of heterogeneous composition, the first row in Fig. 5.23 shows
the composition of a transparent and diﬀuse material, a velvety and sharp-specularreflection material, and a transparent and dull-specular-reflection material. In addition, the second row in the figure shows alpha composition with diﬀerent alpha
values. The third row in the figure shows a light-source-dependent material which
looks glossy red with the left-side light but looks matt blue with the right-side light.
The augmented materials are also expressed with high quality and are seamlessly animated from ordinary materials. This will allow ZoeMatrope to create new physical
media, which will be useful in applications such as art, advertising, entertainment,
and augmented reality.
Figure 5.24 and 5.25 show spatially-varying materials and maps of the quantities
of light. In this experiment, we used a high-speed grayscale projector and specific bit
planes in the images as the strobe light in order to keep the exposure time within
92 [µs]. As a result, we realized the presentation of a spatially-varying material
with a maximum blur of 1 [mm] at 20 [Hz], though it has only four gradations on
each basis material. Nevertheless, the performance will be improved in the future.
In the configuration with the projector, the texture maps were rasterized, and the
resolution was limited by the resolution of the projector; however, within a each
texel, the display has the highest resolution, equivalent to that of the real world.
Furthermore, this problem arising from discretized maps will be solved by using light
with a mask pattern as the light source.

5.4.3 Limitations
The limitations in the approximation of some parameters such as IOR was mentioned in the subsection 5.3.4. In this subsection, we focus on the other limitations.
The material representation in our system is determined by the controlled strobe
light so uncontrolled ambient light influences the representation quality. However,
when the strobe light is bright enough, the eﬀect is not so noticeable as shown in
Fig. 5.15 right. In the figure, the system was aﬀected by a LCD and the light
through a window. Besides, the composition principle cannot reproduce a concave
or refractive object precisely. In order to evaluate the influence on the appearance
in the composition of a concave object, we prepared the concave basis materials and
the reference object by using 3D printing as shown in the upper row in Fig. 5.20.
Similarly, we prepared a purplish acrylic object as the reference and evaluated the
case of the composition of a refractive object as shown in the lower row in Fig. 5.20.
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(a) Concave reference

(b) Reproduction

(c) Refractive reference

(d) Reproduction

Fig. 5.20. The influence on the appearance in concave and refractive composition. The concave and refractive reproductions were composited with
(R, G, B) = (0.49, 0.51, 0.0), (0.58, 0.42, 0.0) bases respectively.

The eﬀect of multi-bounce on the concave object seems slight but the caustics on
the reproduction of the refractive object is brighter than the reference. However, the
bases also did not have a perfect monochromaticity and reflectance or transmittance,
so the result will be improved with the ideal bases.

5.5 Summary of this chapter
In this chapter, we introduced the ZoeMatrope system which enables realistic display and physical animation of a numerical material in computer graphics. In order

5.5 Summary of this chapter

to optimally reproduce the target materials, we proposed composition and basis selection methods and computationally handled real objects based on the principles of
the zoetrope and the thaumatrope. These mathematical frameworks are applicable
to most parameters used in computer graphics. As a result, the ZoeMatrope successfully displayed a wide range of materials with a high resolution, wide dynamic
range, and good light field reproducibility. We also demonstrated the validity of
the methods by compositing materials with the developed system and evaluated the
gamut of the materials. Although the basis materials available in the prototype were
not ideal, they allowed high-quality reproduction and showed the potential of the
ZoeMatrope. Moreover, the ZoeMatrope can also realize augmented materials, and
this will enhance not only material editing but also representation of new materials
that will be attractive in various fields, including art, entertainment, and advertising.
Future work will include refinement of the basis materials, improved gradation of
spatially-varying materials, and a touchable system setup. Ideal basis materials can
be made available by material manufacturers. Also the projector will be accelerated
as high-speed cameras and high-speed image processing technology improve and will
perform fast enough to achieve blurless images in the future. In addition, touching
is not the focus of the ZoeMatrope, which is a visual display device, but the fusion
of visual displays and haptic displays will surely lead to more immersive experiences
and interfaces.
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Fig. 5.21. Compositions of diﬀuse color, dark color, grayscale and transparent color.
Left to right, top to bottom, (R, G, B) = (1.0, 0.5, 0.0), (0.5, 1.0, 0.0),
(0.0, 1.0, 0.5), (0.0, 0.5, 1.0), (0.5, 0.0, 1.0), (1.0, 0.0, 0.5), (0.25, 0.0, 0.0),
(1.0, 1.0, 1.0), (1.0, 1.0, 0.0), (0.0, 1.0, 1.0), (1.0, 0.0, 1.0), (1.0, 1.0, 1.0).

5.5 Summary of this chapter

Fig. 5.22. Composition of specular roughness, red diﬀuse and specular reflection.
Left to right, top to bottom, m = 0.05, 0.10, 0.15, 0.20, 0.30, 0.40.
(α, β, m) = (0.8, 0.2, 0.05), (0.8, 0.2, 0.20), (0.8, 0.2, 0.40), (0.5, 0.5, 0.05),
(0.5, 0.5, 0.20), (0.5, 0.5, 0.40).
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Fig. 5.23. Heterogeneous, alpha composition and light-source-dependent material.
Left to right, top to bottom, velvet with refraction, velvet with sharp
specular reflection, dull reflection with sharp refraction and red diﬀuse
with alpha = 0.75, 0.50, 0.25.

5.5 Summary of this chapter

Fig. 5.24. Composition of spatially-varying material and maps of the quantity of
light. The figures in the upper two rows show checkered roughness. The
figures in the lower two rows show the SIGGRAPH logo in multiple colors
and roughnesses.
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Fig. 5.25. Composition of spatially- and temporally-varying material and maps of
the quantity of light. The first column shows the base material and the
following columns show the time series maps of the quantity of light for
the corresponding row. The figures in the lowest row show the final result
of the corresponding column and they show a rotating terrestrial globe
that has mat continents and shiny ocean.
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Chapter 6

Conclusions
In this dissertation, three systems using spatio-temporal light ray control were
proposed, and the eﬀectiveness of the methods for realtime measurement and display
technologies for spatio-temporal visual components of an object was demonstrated.
In this chapter, we summarize the details and results for each chapter and conclude
this dissertation.
In Chapter 1, we described necessity and aims of the systems presented in this
dissertation. First of all, we mentioned that the visual expression consists of three
components: geometry, material and illumination, and stated the importance of
measurement and display of each visual component. Additionally, we remarked
necessity of light rays control for measurement and display of the information of
an object: geometry and material, and pointed out that spatio-temporal light rays
control will play a vital role in realtime measurement and display of spatially- and
temporally-varing geometry or material. Finally, we set a goal of this dissertation to
achieve realtime motion measurement and material display based on spatio-temporal
light rays control, and summarized the goal and advantages of each system presented
in following Chapters 3–5. After that, we gave an overview of the organization of
the dissertation and clearly indicated the flow of the presentations.
In Chapter 2, we described basic characteristics and structures related to visual
components and discussed the strategy for realtime motion measurement and material display based on light rays control. In the beginning, we stated human vision
system and the characteristics, and considered the visual expression in perception.
In the next place, we described the characteristics and structures of geometry and
material, and defined the visual components in this dissertation. After that, we surveyed conventional systems controlling direction, phase, wavelength and amplitude
of light rays. In the end, we discussed a method for eﬀective light rays control in
consideration of these characteristics, structures and principles.
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In Chapter 3, a high-speed roll camera system that can measure Z-axis rotation
and can eliminate motion blur by using a Dove prism in order to control the direction
of light rays and transformation of the image was proposed. This system utilized a
high-speed camera, high-speed image processing and the double-angle eﬀect of an
image rotator, and achieved performance high enough to track a high-speed rotating
target and cancel motion blur. This roll camera, in combination with a saccade
mirror [23], should be capable of measuring motion perpendicular to the light ray.
In Chapter 4, we introduced a 3D motion sensing system that can measure 6-DOF
motion, especially motion parallel to the light ray, without any prior knowledge of
the target by using laser sensors (TOF and LDV) in order to control the phase and
wavelength of light rays and acquire the target motion physically. GWT regularization was also introduced to obtain robust solutions for the target motion from
fragmentary information at high speed, and various applications using the proposed
system were demonstrated. With the systems above, the measurement of rigid-body
motion is achieved without any attached sensors but merely by light emission.
In Chapter 5, ZoeMatrope, which is a system that can represent a variety of
materials super-realistically by using high-speed strobe light in order to control the
amplitude of the light ray, was introduced. This system utilized real objects and
human vision characteristics to show superimposed images and SV and TV materials
to the human eye. A mathematical framework for finding optimal bases for a wide
range of expressible gamuts was also proposed. This system achieved the flexible
and realistic display of materials and also expression of augmented materials.
In the measurement of motion, the systems proposed here take advantage of the
fact that light does not aﬀect the motion of a target object and eﬀectively utilize the
relationship between the motion direction and optical physical phenomena caused
by light and the object motion. An eﬃcient strategy for measuring the motion is to
divide it into components perpendicular and parallel to the light ray. In displaying
materials, the proposed system exploits real light transport in the real world and the
low responsiveness of the human vision system. An eﬀective strategy for allowing a
human observer to visualize a super-realistic object is to utilize a physical rendering
in real life as is and show only what needs to be shown.
Furthermore, an advantage of spatio-temporal light ray control is that measurement and display occur at the speed of light, and this enables the realtime systems.
Realtime measurement and display systems are critical technologies, especially for
sharing information in addition to recording and reproducing. Digital archiving is
also one of the most important application fields; however, realtime measurement
and display technologies are eﬀectively exerted when they are used for applications
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which need synchronization performance or high-speed response such as information sharing and interface. In the future, like video and audio, all visual components
will be measured, edited and displayed, and viewers will feel an object located in
a remote place as if it were the real object in front of them and they will be able
to interact with the vision of the object. At that time, spatio-temporal light rays
control will be a key technology for visual expression in real time.
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A

Solution of generalized weighted
Tikhonov regularization
This appendix presents a proof that the solution of the generalized weighted
Tikhonov (GWT) regularization minimizes the sum of errors and the weighted norm
of the solution in the problem below:
Ax = b

(A.1)

x = A+ b

(A.2)

With the Moore–Penrose pseudo-inverse matrix A+
M P , it is well-known that the
error is minimized as follows:
T
−1 T
A+
A
M P = (A A)

(A.3)

2
A+
M P b = arg min ∥Ax − b∥2

(A.4)

x

In addition, it is well-known that the solution of the Tikhonov regularization
minimizes the sum of errors, and the norm of the solution is as follows, where
λ denotes the regularization parameter to balance the ratio of the error and the
norm:
T
2 −1 T
A+
A
(A.5)
T K = (A A + λ I)
(
)
2
2
A+
(A.6)
T K b = arg min ∥Ax − b∥2 + λ∥x∥2
A+
TK

x

On the other hand, a solution of GWT regularization A+
GT that minimizes the error
and the weighted norm of the solution is proposed, as follows, where λ1 , λ2 , ..., λn
refer to the regularization parameters for each dimension of x, namely, x1 , x2 , ..., xn :
T
2
2
2 −1 T
A+
A
GT = (A A + diag[λ1 , λ2 , . . . , λn ])

(A.7)
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Fig. A.1. Energy function f (x).

(
2
A+
GT b = arg min ∥Ax − b∥2 +
x

n
∑

)
λ2k x2k

(A.8)

k=1

Next, equation (A.8) is verified. First, the problem is defined with the following
energy function f (x):
Minimize : f (x) = ∥Ax −

b∥22

+

n
∑

λ2k x2k .

(A.9)

k=1

Because f (x) is a quadratic function, it has a global minimum, and the solution
is defined as x0 as shown in Fig. A.1. Then f (x0 + tc) below assumes its minimum
at t = 0 for any c. Here, x01 , x02 , ..., x0n and c1 , c2 , ..., cn refer to the elements of x0
and c, respectively, and C denotes a constant term:
f (x0 + tc) = ∥A(x0 + tc) − b∥22 +
{
=

∥Ac∥22 +

n
∑

}
λ2k c2k

n
∑
k=1

λ2k (x0k + tck )2
{

t2 + 2 (Ax0 − b) · Ac +

k=1

(A.10)
n
∑

}
λ2k x0k ck

t+C

k=1

(A.11)
Therefore, the coeﬃcient of the second term in equation (A.11) must be zero, as
follows:
n
∑
(Ax0 − b) · Ac +
λ2k x0k ck = 0
(A.12)
k=1
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Then, the equation above can be transformed as follows because u · Av = AT u · v
for any A, u, v:
{

}
AT (Ax0 − b) + diag[λ21 , λ22 , ..., λ2n ]x0 · c = 0

(A.13)

In order to satisfy the equation above for any c the equation below is needed:
AT (Ax0 − b) + diag[λ21 , λ22 , ..., λ2n ]x0 = o

(A.14)

(AT A + diag[λ21 , λ22 , ..., λ2n ])x0 = AT b

(A.15)

x0 = (AT A + diag[λ21 , λ22 , ..., λ2n ])−1 AT b

(A.16)

Finally, the solution described in equation (A.7) is obtained.

