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An image registration device includes a mapping section for
deciding a first mapping for transforming the first image to
an environmental map and a second mapping for transform-
ing the second image to an environmental map, a corre-
sponding point pair extractor for extracting a pair of corre-
sponding points by detecting one point in the first image and
the corresponding one point in the second image, a rotational
mapping deriver for deriving a rotational mapping for reg-
istering an image of the first image in the environmental map
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with each other, based on positions and local feature
amounts of the points in the first and second images, and a
registration section for registering the data of the first image
with the data of the second image based on the first mapping,
the rotational mapping, and the second mapping.

7 Claims, 17 Drawing Sheets
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Fig.5 (" sTRT )

OBTAIN DATA OF EYE IMAGE
S1 (CORNEAL SURFACE REFLECTED IMAGE)
AND SCENE IMAGE

Y FLIP HORIZONTALY EYE IMAGE
(CORNEAL SURFACE REFLECTED IMAGE)

DETERMINE MAPPING FOR TRANSFORMING EYE IMAGE
S3 (CORNEAL SURFACE REFLECTED IMAGE)
AND SCENE IMAGE TO ENVIRONMENTAL MAP

OBTAIN PLURAL PAIRS (M PAIRS)

sS4 OF CORRESPONDING POINTS
(INITIAL CORRESPONDING POINT PAIRS)

BETWEEN TWO OBTAINED IMAGES

S5 DERIVE WARPING FUNCTION FOR EACH OF
M PAIRS OF CORRESPONDING POINTS

DETERMINE INITIAL CORRESPONDING POINT PAIR HAVING
S6 || OPTIMUM CORRESPONDENCE AND OPTIMUM WARPING
FUNCTION IN M INITIAL CORRESPONDING POINT PAIRS

S7 PERFROM REGISTRATION OF EYE IMAGE
BASED ON WARPING FUNCTION

S8 PERFORM FINE RESTRATION (FINE ADJUSTMENT)
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Fig.10
DETERMINATION OF OPTIMAL INITIAL
CORRESPONDING POINT PAIR
)
PLOT PLURAL SECONDARY CORRESPONDING POINT
S61 PAIRS BASED ON WARPING FUNCTION

FOR i-th INITIAL CORRESPONDING POINT PAIR (i=1, ..,M)

S62 EVALUATE QUANTITATIVELY CORRESPONDANCE
FOR SECONDARY CORRESPONDING POINT PAIRS

HAVE PROCESSING BEEN DONE
FOR ALL i (i=1, ..,.M)?

IDENTIFY INITIAL CORRESPONDING POINT PAIR RELATED

S64 TO MOST HIGHLY EVALUATED SECONDARY
CORRESPONDING POINT PAIR,

AND WARPING FUNCTION THEREOF
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IMAGE REGISTRATION DEVICE, IMAGE
REGISTRATION METHOD, AND IMAGE
REGISTRATION PROGRAM

TECHNICAL FIELD

The present invention relates to a device for image
registration or image alignment.

BACKGROUND ART

The patent document 1 describes a device that estimates
a point (gazing point) gazed by a subject (or target person)
and a personal parameter of the subject. The device obtains
an image (eye image) including an image of an eyeball of the
subject, estimates an eyeball attitude (that is, a direction of
an optical axis of the eyeball), and estimates a direction
(gazing direction) of a visual line of the subject from the eye
image. The device quantifies a deviation amount between
the optical axis direction of the eyeball and the visual line
direction as a personal parameter.

CITATION LIST
Patent Literature

Patent document 1: International Patent Publication No.
W02014/021169

SUMMARY OF THE INVENTION

Generally an image (eye image) obtained by capturing an
image of the eyeball includes an image (a corneal-surface
reflection image) of light specularly reflected from a cornea
of the eyeball. The corneal-surface reflection image corre-
sponds to a sight actually seen by the subject. The corneal-
surface reflection image corresponds to the sight actually
seen by the subject. Based on the fact, nowadays, attempts
to restore the sight seen by the subject are actively made
using the image (scene image) of a scene surrounding the
subject and the eye image including the corneal-surface
reflection image. In various applications derived from such
a kind of investigations and results therefrom, the registra-
tion between the eye image and the scene image obtained by
capturing an image of the scene surrounding the subject
different from the eye image are an important technology.

However, the corneal-surface reflection image includes
many noise components, and thus it is very difficult to
perform the registration or alignment between the eye image
and the scene image in a robust manner.

The present invention provides a device that can robustly
perform image registration (or image alignment) between at
least two images such as the eye image and the scene image.

In one aspect of the present invention, an image registra-
tion device is provided. The image registration device
includes: an obtaining section configured to obtain data of a
first image and data of a second image; a storage device
configured to store the data of the first image and the data of
the second image; a mapping section configured to decide a
first mapping for transforming the first image to an envi-
ronmental map, and a second mapping for transforming the
second image to an environmental map; a corresponding
point pair extractor configured to extract a pair of corre-
sponding points by detecting one point in the first image and
one point in the second image which corresponds to the one
point in the first image; a rotational mapping deriver con-
figured to derive a rotational mapping for registering an
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2

image of the first image in the environmental map and an
image of the second image in the environmental map with
each other, based on positions and local feature amounts of
the one point in the first image and the one point in the
second image which compose the pair of corresponding
points; and a registration section configured to register the
data of the first image stored in the storage device with the
data of the second image stored in the storage device in order
to generate data of the first image registered with the second
image, based on the first mapping, the rotational mapping,
and the second mapping.

The image registration device according to one aspect of
the present invention can robustly perform image registra-
tion (or image alignment) between at least two images.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a view illustrating a disposition example of an
eye camera and a scene camera.

FIG. 2A is a view illustrating an example of an eye image
captured with an eye camera, and FIG. 2B is a view
illustrating an example of a scene image captured with a
scene camera.

FIGS. 3A to 3D are schematic diagrams illustrating an
image registration method according to an embodiment.

FIG. 4 is a block diagram illustrating a configuration of an
image registration device of the embodiment.

FIG. 5 is a flowchart illustrating a flow of image regis-
tration (or image alignment) processing performed by the
image registration device.

FIGS. 6A to 6C are views illustrating examples of the
obtained eye image, the obtained scene image, and the
mirror-reversed eye image, respectively.

FIGS. 7A to 7C are views illustrating an eye pose esti-
mation method in which a weak perspective projection
model is used.

FIG. 8 is a view illustrating an example of an initial
corresponding point pair in the eye image and the scene
image.

FIG. 9 is a view illustrating an example of plural sets of
initial corresponding point pairs in the eye image and the
scene image.

FIG. 10 is a flowchart illustrating detailed processing
(RANRESAC processing) in step S5 of FIG. 5.

FIG. 11 is a view illustrating an i-th initial corresponding
point pair.

FIG. 12 is a view illustrating an example in which
secondary corresponding points are randomly plotted in the
eye image.

FIG. 13 is a view illustrating an example in which
secondary corresponding points on the scene image, which
correspond to the secondary corresponding points randomly
plotted on the eye image, are plotted based on a warping
function derived according to a correspondence in the i-th
initial corresponding point pair.

FIGS. 14A to 14D are views illustrating an example of the
registered eye image and an example of performance of fine
registration (fine-tune).

FIG. 15 is a view illustrating an application example
(viewpoint estimation) of the image registration device of
the embodiment.

FIG. 16 is a view illustrating an application example
(peripheral visual field estimation) of the image registration
device of the embodiment.
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FIG. 17 is a view illustrating an application example
(generation of an iris recognition image) of the image
registration device of the embodiment.

MODE FOR CARRYING OUT THE INVENTION

1. Background Leading to the Present Invention

Background leading to the present invention will be
described by taking a system as shown in FIG. 1 as an
example. The system shown in FIG. 1 includes an eye
camera 911e that mainly captures an image of eyeball 20
(mainly a cornea 21) of a subject and a scene camera 911s
that captures an image of a sight (scene) seen by the subject.
The scene camera 911s is installed such that an imaging
direction is substantially aligned with a visual line direction
of the subject. The system also includes a computer (not
illustrated). The computer estimates the visual line direction
of'the subject from an image (eye image) captured by the eye
camera 911e, and tries to finely restore the sight seen by the
subject using the image (scene image) captured by the scene
camera 911s.

FIGS. 2A and 2B are views illustrating examples of the
eye image and the scene image, which are captured by the
eye camera 911e and the scene camera 911s of the system
shown in FIG. 1, respectively. FIG. 2A illustrates an
example of an image (eye image) Ie9 of the subject’s eyeball
captured by the eye camera 91le. FIG. 2B illustrates an
example of an image (scene image) Is9 of the sight (scene),
which is seen by the subject and captured with the scene
camera 911s.

The computer estimates the sight (scene) seen by the
subject from an image of the reflection light from the corneal
surface (for example, seen in a region 1930¢). The computer
obtains an image corresponding to the scene from, for
example, a region 1930s of a scene image 1s9, and restores
the sight seen by the subject using the fine scene image 1s9
based on the obtained image.

However, referring to the eye image Ie9, the corneal-
surface reflection image has a relatively low contrast, and is
full of noises such as an iris texture lit, an eyelash Iel, and
an eyelash shadow Isel. Further, the cornea has a curved
surface, and thus the image of the scene reflected in the
cornea is subjected to a nonlinear deformation. Therefore,
with the conventional image registration (or image align-
ment) technique, it is difficult to perform robustly the image
registration between the eye image [e9 and the scene image
1s9.

2. Outline of Embodiment of Present Invention

The inventors propose the following new image registra-
tion device and method. An outline of an image registration
method performed by an image registration device accord-
ing to an embodiment of the present invention will be
described below with reference to FIGS. 3A to 3D.

The image registration device of the embodiment obtains
data of an eye image Ie and a scene image Is, and stores the
data in a storage device such as a memory. The image
registration device decides mapping (first mapping and
second mapping) which transforms each of the scene image
Is and the eye image Ie to an environmental map (EM). As
used herein, “the environmental map” means a map associ-
ated with a ray environment surrounding an image capturing
means, and the environmental map is generated when light
incident on the center of the image capturing means is
mapped on a spherical surface having a predetermined
radius. FIG. 3C illustrates an example of an environmental
map EMs for the scene image Is. The scene image on the
environmental map EMs is illustrated in FIG. 3C. FIG. 3D
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4

illustrates an example of an environmental map EMe for the
eye image le, and the eye image on the environmental map
EMe is illustrated in FIG. 3D. In this case, it is assumed that
As() is mapping (transform function) for transferring (trans-
forming) the scene image Is to the environmental map EMs,
and that [( ) is mapping (function) for transferring (trans-
forming) the corneal-surface reflection image of the eye
image e to the environmental map EMe. For example, a
pixel x, of the scene image Is is transferred to As(x,) on the
environmental map EMs through the mapping As, and a
pixel x, of the eye image Ie is transferred to L(x,) on the
environmental map EMe through the mapping L.

Then, the image registration device obtains at least one
pair (hereinafter, also referred to as an initial corresponding
point pair) of feature points which correspond to each other
(for example, a pair of a point p and a point q) between the
scene image Is (first image) and (the corneal-surface reflec-
tion image of) the eye image Ie (second image). The image
registration device can use known techniques (such as SIFT
(Scale-Invariant Feature Transform) and SURF (Speeded
Up Robust Features)) in order to detect the corresponding
point. According to the known techniques for detecting the
feature points such as SIFT and SURF, direction (orienta-
tion) information (6, and 6,) can be calculated as a local
feature amount with respect to the respective feature points
(the point p and the point q) of the detected corresponding
point pair. Using the orientation information (8, and 8,) and
positional information about the corresponding points (fea-
ture points) (the point p and the point q), the image regis-
tration device decides rotational mapping R for registering
and aligning the scene image on the environmental map
EMs with the corneal-surface reflection image on the envi-
ronmental map EMe. In this case, it is assumed that the
environmental map EMs and the environmental map EMe
are substantially equal to each other, and therefore it is
assumed that the image registration (or alignment) can be
represented by rotational mapping R (for example, a pixel q;
of the scene image Is is transferred to As(q) on the envi-
ronmental map EMs through the mapping As, the orientation
information on the pixel As(q) of the scene image on the
environmental map EMs is expressed as As'(q,0,), a pixel p
of the eye image le is transferred to L(p) on the environ-
mental map EMs common to the environmental map EMs
through the mapping L, and the orientation information on
the pixel L(p) of (the corneal-surface reflection image of) the
eye image on the environmental map EMe is expressed as
L'(p.0,)).

Finally, the image registration device registers and aligns
each pixel of the eye image Ie with the scene image Is by
applying the mapping L( ), inverse mapping R™" of the
rotational mapping R, and inverse mapping As( ) (a
warping function W (W=As( )"''R~!"L()) in FIG. 3) of the
mapping As( ). That is, in the present embodiment, the
question of the image registration boils down to a question
of an alignment of two images on the environmental map.
Hence, the number of parameters, which are necessary for
the registration and should be obtained, is decreased. There-
fore, the image registration device can perform the image
registration (or image alignment) by only obtaining one pair
of initial corresponding points (a pair composed of the
feature point p and the feature point q). That is, in the image
registration method performed with the image registration
device, the performance of the correct registration can be
achieved by only deciding (the position and local feature
amount (orientation) of each feature point of) the pair of the
initial corresponding points. In this context, the image
registration (or image alignment) performed with the image
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registration device is robust. Even if plural initial corre-
sponding point pairs are hardly extracted, the image regis-
tration device can correctly perform the registration as long
as one pair of initial corresponding points is decided, and in
this context the image registration method is robust. In the
image registration device, techniques such as MSER (Maxi-
mally Stable External Regions) can be employed in addition
to the SIFT and the SURF in order to detect the initial
corresponding point pair and to calculate the local feature
amount (for example, the orientation information) at each of
points composing the initial corresponding point pair.

The aforementioned process performed by the image
registration device, which decides “a single pair of initial
corresponding points”, has a novel feature. Hereinafter, the
novel and distinguishing process of extracting the single pair
of initial corresponding points is referred to as “RANRE-
SAC” (RANdan RESAmple Consensus). In short, the RAN-
RESAC is to decide one best-matched pair of initial corre-
sponding points from plural candidate pairs of initial
corresponding points for two images and perform the image
registration method based on the best-matched pair of initial
corresponding points. The RANRESAC differs largely from
RANSAC (RANdom SAmple Consensus) which requires
many pairs of proper (well-matched) corresponding points
for the registration, in that the RANRESAC performs the
image registration based on only one pair of optimal initial
corresponding points. The two images to which the RAN-
RESAC can be applied are not limited to a combination of
the eye image and the scene image.

The image registration device and method will be
described below with the image registration between (the
corneal-surface reflection image of) the eye image and the
scene image, as an example. However, the present invention
is not limited to the eye image and the scene image, and the
present invention can be applied to the mutual registration of
various images.

3. Configuration of Image Registration Device

FIG. 4 is a schematic diagram illustrating a configuration
of'an image registration device according to the embodiment
of the present invention. The image registration device 10
includes a first video interface 3e and a second video
interface 3s. The first video interface 3e obtains image data
(“eye image” data) from an eye camera 1le that images
(mainly a cornea 21 of) an eyeball 20 of the subject. The
second video interface 3s obtains image data (“scene image”
data) from a scene camera 11s that images the scene seen by
the subject (the scene camera 11s is installed such that the
imaging direction and a field angle are substantially aligned
with (the optical axis direction of the eyeball of) the visual
line direction of the subject (or such that the visual line
direction is included)). The image registration device 10
further includes an arithmetic section 1 (controller) and a
storage device 2. The arithmetic section 1 performs the
image registration between the scene image and the eye
image. The scene image and the eye image are input to the
image registration device 10 through the first and second
video interfaces 3e and 3s, and are stored in the storage
device 2. Various pieces of data such as the eye image and
the scene image data and a program executed with the
arithmetic section 1 are stored in the storage device 2. The
image registration device 10 composes an image registration
system together with the eye camera 1le and the scene
camera 11s.

The arithmetic section 1 executes a predetermined pro-
gram (image registration program) to act as the mapping
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section, the corresponding point extractor, the rotational
mapping deriver, and the registration section of the image
registration device.

An input section 5 includes a data interface for an external
arithmetic device and a user interface that receives data
input from a user, and the user interface includes an input
device such as a mouse and a keyboard.

The arithmetic section 1 also acts as the controller that
controls operation of the whole device 10. The arithmetic
section 1 may controls operations (such as the imaging) of
the scene camera 11s and the eye camera 11e as one of the
control operation.

The arithmetic section 1 is what is called a CPU (Central
Processing Unit). However, the configuration of the arith-
metic section 1 is not limited to the CPU and its surrounding
auxiliary circuit. The arithmetic section 1 may be a GPU
(Graphics Processing Unit) dedicated to predetermined
arithmetic processing. Alternatively, the arithmetic section 1
may be implemented as processors such as an ASIC (Appli-
cation Specific Integrated Circuit), a programmable logic
device such as an FPGA (Field-Programmable Gate Array),
and a microcontroller. The arithmetic section 1 may be
provided by a combination of the plural elements such as the
CPU, and elements composing the arithmetic section 1 are
not limited to the above examples. The arithmetic section 1
executes an image registration program stored in the storage
device 2 to carry out the image registration method of the
embodiment. The image registration program may be
recorded in a flexible disk, an optical disk, a flash memory,
and the like, or transmitted through a network such as the
Internet.

Various pieces of data and the image registration program
executed by the arithmetic section 1 are stored in the storage
device 2. For example, the storage device 2 is a RCM
(Read-Only memory) and a RAM (Random Access
Memory). In addition to the image registration program, the
storage device 2 stores camera internal matrixes of the scene
camera 11s and the eye camera 1le (the camera internal
matrix is matrix-format data that includes a camera internal
parameter as its element). The data of the camera internal
matrix may be loaded and stored to the storage device 2 from
the outside before the image registration. Alternatively the
data of the camera internal matrix may be built in the image
registration program. Alternatively, before the image regis-
tration, the image registration device 10 may calibrate the
scene camera 11s and the eye camera 11e under control of
the arithmetic section 1 (CPU) to obtain the camera internal
matrix of each of the scene camera 11s and the eye camera
11e, and store the camera internal matrixes in the storage
device 2.

The output section 4 outputs a result of the image regis-
tration performed with the arithmetic section 1. The output
section 4 is, for example, a monitor display or a printer.
Alternatively, the output section 4 may include an external
storage device such as a hard disk drive and a flash memory
or an interface mechanism that implements connection to
another computer connected through a network.

4. Flow of Image Registration

With reference to FIGS. 5 to 14, processing executed by
the arithmetic section 1 (see FIG. 4) of the image registration
device 10 executing the image registration program will be
described below.

FIG. 5 is a flowchart illustrating a flow of the image
registration processing performed by the image registration
device 10 (see FIG. 4).

In step S1, the arithmetic section 1 (see FIG. 4) which acts
as the obtaining section obtains the eye image captured by
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the eye camera 1le and the scene image captured by the
scene camera 11s. FIG. 6A illustrates an example of a scene
image Is obtained in such a manner, and FIG. 6B illustrates
an example of an eye image le' obtained similarly. The
obtained scene image Is and eye image le' are stored in the
storage device 2 (see FIG. 4).

In step S2, the arithmetic section 1 (see FIG. 4) which
continuously acts as the obtaining section flips horizontally
the obtained eye image Ie. Hence the orientation of the scene
included in the corneal-surface reflection image of the eye
image le is made matched with the orientation of the scene
image Is. FIG. 6C illustrates an example of the horizontally-
flipped eye image le. The horizontally-flipped eye image Ie
is stored in the storage device 2 (see FIG. 4). Hereinafter, the
arithmetic section 1 performs the processing using the
horizontally-flipped eye image le. The image horizontally-
flipping processing may be performed on the scene image Is
instead of the eye image Ie.

In step S3, the arithmetic section 1 (see FIG. 4) which acts
as the mapping section decides the mapping As( ) (see FIG.
3) which transfers the scene image Is to the environmental
map EMs and the mapping L.( ) (see FIG. 3) which transfers
(the corneal-surface reflection image of) the eye image Ie to
the environmental map EMe.

The mapping As( ) (see FIG. 3) which transfer the scene
image Is to the environmental map EMs is decided as
follows. The arithmetic section 1 (see FIG. 4) reads a 3x3
camera internal matrix Ks of the scene camera 11s, which is
stored in the storage device 2 (see FIG. 4). The arithmetic
section 1 decides the mapping As( ) according to the
following equation.

Ke 1y &

Adg = ———
&t 1

(where a vector q is a vector indicating a point (pixel) in the
scene image Is. A point q in the scene image Is is transferred
to a point on the environmental map EMs indicated by a
vector As(q) through the mapping As( )) The arithmetic
section 1 stores the mapping As( )(transform function)
decided as above in the storage device 2.

On the other hand, the arithmetic section 1 decides
mapping L( ) (see FIG. 3) which transfer the eye image Ie
to the environmental map EMe in the following manner.

A method for deciding the mapping L.( ) will be described
below mainly with reference to FIGS. 7A-7C. FIG. 7A
illustrates a weak perspective projection model of a non-
rigid catadioptric imaging system composed of the cornea
21 considered to be a part of the spherical surface (the
surface of the corneal sphere 21,,,) and the eye camera 11e
(origin O). FIG. 7B illustrates an example of a projection
surface IP when viewed from the origin O. FIG. 7C is a view
illustrating a relationship among an optical axis direction
vector g and angles @ and T of the eyeball. In the weak
perspective projection model, the cornea 21 can be consid-
ered to be a partial spherical surface which is obtained by
cutting the corneal sphere 21 ,,, by a corneal margin 21, . It
is assumed that a fixed value (an average value of human
being) is used as a typical dimension (a radius r;, a distance
d6 between a corneal margin center [ and a center C of the
spherical surface 21,,,) of the cornea 21.

The eyeball pose can be defined by the position of the
corneal margin center I and the eyeball optical axis direction
g. Assuming that the cornea 21 is sufficiently thin in a
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Z...m-3xis direction, the corneal margin 21, that is a sub-
stantially perfect circle becomes an ellipse 21; (including
the perfect circle) on the projection surface IP. The ellipse
21, » can be defined by four parameters, namely, a center i,
a major axis r,,,,, a minor axis r,,,, and a rotation angle ¢.
The center position of the corneal margin 21, can be defined
by a center i, of the ellipse 21, , on the projection surface IP
and a distance d (d=r,-1/r,, . (fis a focal distance)) between
the cornea 21 and the camera (origin O). Assuming that a
vector 1 is a position vector indicating the center of the
cornea 21,, the vector I can be represented as I=d-Ke™'i,,
where Ke is the 3x3 camera internal matrix of the scene
camera 11s.

The eyeball optical axis direction g (that is substantially
aligned with the visual line direction of the subject) can be
represented as a direction vector g=[sin(t)sin(¢)-sin(t)cos
(¢)—-cos(t)]”. The angle T is a gradient of the corneal margin
21, with respect to an image forming surface (projection
surface 1P) of the eye camera 1le, namely, T=¢arccos(r,,,,,/
I,,..). and the angle ¢ is a rotation angle of the ellipse 21, ,
with respect to the image forming surface (see FIGS. 7A to
70).

The position of the center C of the corneal sphere 21 .,
will be considered below. When the corneal sphere 21m has
a radius r. of about 7.7 mm (the average of human being),
it can be seen that the corneal sphere center C is located at
the position away from the corneal margin center I by about
5.6 mm (d,.*=r.*-r,?) along a negative direction of the
optical axis direction g.

In light of the above, an inverse light path (a path of a light
which outputs from the pixel p in the eye image le, is
reflected at the point P on the cornea 21, and travels toward
a light source in the scene) of a path of light that forms the
eye image le (see FIG. 6(c)) is considered based on the
above fact. When Ke is the 3x3 camera internal matrix of the
eye camera 1le (see FIG. 4), a normalized back projection
vector Ae(p) of the eye camera 11e can be represented by the
following equation,

K'p 2

A - € F
)= R

where the vector p is a position vector of the pixel p in the
eye image. When the light reflected at the point P on the
cornea 21 forms the image iat the pixel p of the eye image,
the position vector at the point P can be represented as
P=t,xAe(p). When C is the center of the corneal sphere
21,,,, a relational expression |||P-C|*=r.? is solved with
respect to t;.

174D -201 (4. p)- O AP-r =0 3

Since ||Ae(p)|P=1 from the definition, the following equation
is obtained.

1=, ) ON Ay Cr P42 @

Since the reflected light from the corneal surface is inter-
ested, a smaller one of two values of t; is used. Therefore,
a specular point P on the cornea 21 is determined for the
light incident on the pixel p of the eye image. A vector L(p)
indicating the point in the scene in the path of the light
incident on the pixel p of the eye image and a normal vector
N(p) on the point P of the corneal surface are obtained by the
following equation.
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L(p) = 2~ Ac(p)- N(p)IN(p) + Ac(p) ®)
(P-C)
N =
P ==

Using the above equation can specify a light source direction
of the light reflected on the corneal surface with respect to
the eye image le in pixels of at least pupil region. That is, the
environmental map EMe (see FIG. 3) with respect to the
corneal-surface reflection image can be constructed from the
above equation. In other words, L( ) of the equation (5) is a
mapping (transform function) to transfer the corneal-surface
reflection image of the eye image le (see FIG. 6) to the
environmental map of the non-rigid catadioptric imaging
system.

The arithmetic section 1 (see FIG. 4) acts as the mapping
section to perform the arithmetic operation corresponding to
the equations (2) to (5), thereby deciding mapping L( ) (see
FIG. 3) to transfer the corneal-surface reflection image of the
eye image le to the environmental map EMe. A calculation
algorithm used in the arithmetic operation is stored in the
image registration program (where the vector p indicates the
point (pixel) in the corneal-surface reflection image of the
eye image Is, and the point p in the corneal-surface reflection
image of the eye image Is is transferred to the point on the
environmental map EMe indicated by the vector L(p)
through the mapping L.( )). The arithmetic section 1 stores
the decided mapping L( ) in the storage device 2.

In step S4 of FIG. 5, the arithmetic section 1 acts as the
corresponding point extractor to detect feature points (such
as LP.1 and LP_1) which are not rotated and not scaled in the
scene image s (see FIG. 6A) and the eye image Ie (see FIG.
6C), and to calculate the local feature amount for each
feature point as illustrated in FIGS. 8 and 9. For example, the
detection of the feature point and the calculation of the local
feature amount may be performed in accordance with the
SIFT. Algorithms necessary for the detection of the feature
point and the calculation of the local feature amount are
stored in the image registration program stored in the storage
device 2. When using the SIFT feature amount, the local
feature amount calculated by the arithmetic section 1
includes four components, namely, 1. positional information
(vector x), 2. orientation information (6%), 3. feature vector
(vector F(x)), and 4. scale parameter (s*). Accordingly, for
the local feature amount, an i-th feature point p of the eye
image le can be expressed as follows.

{0 F(p,),0F,SP)li=1 ... M}

{0 F(p)07.5F}

An i-th feature point q of the scene image Is can be
expressed as follows.

{(9:F(q,),02,59)i=1 ... M}

{4:F(99,02.57)}

The arithmetic section 1 stores the position and local feature
amount of the detected feature point in the storage device 2.

The arithmetic section 1 continues to act as the corre-
sponding point extractor, and performs corresponding point
matching (such as CP1) between the feature point (such as
LP,1) in the scene image Is and the feature point (such as
LP.1) in the eye image Ie based on the feature point detected
by the SIFT, or the like and the calculated local feature
amount. FIG. 8 illustrates a first initial corresponding point
pair CP1. As illustrated in FIG. 9, the arithmetic section 1
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performs the corresponding point matching plural times to
obtain a plurality (M) of initial corresponding point pairs
(CP, to CP,,). The arithmetic section 1 stores information
about positions of the corresponding points (LP,1 to LP.M
and LP_1 to LP_M) and information about correspondence
of the initial corresponding point pairs (CP, to CP,,) in the
storage device 2.

In step S5, with respect to each of the initial correspond-
ing point pairs (CP, to CP,,) obtained in step S4, the
arithmetic section 1 derives (3x3 matrix) rotational mapping
R for registering and aligning the scene image Is on the
environmental map EMs and (the corneal-surface reflection
image of) the eye image Ie on the environmental map EMe
with each other, according to the following equation (6),
based on the correspondence of the initial corresponding
point pair (CP,, CP,, ... CP,,,, or CP,)).

Lp)=R4,(q) (©)

Then, the arithmetic section 1 derives a transform function
(warping function W) for registering the pixel of the eye
image le with the pixel of the scene image Is using the
rotational mapping R. In the equation (6), the vector p and
the vector q indicate points (LP.1, LP.2, ..., LP.M-1, or
LPMand LP1,LP.2,...,LP.M-1, or LP,M) of the scene
image Is and eye image e composing the initial correspond-
ing point pair (CP,, CP,, . .., CP,,,, or CP, ). It is assumed
that an optical system included in the scene camera 11s and
an image formation system included in the eye camera 1le
and the cornea 21 exist in the substantially same ray envi-
ronment (the assumption causes the registration between the
eye image le and the scene image Is (derivation of the
warping function W) to reduce to derivation of the rotational
mapping R).

The arithmetic section 1 derives the rotational mapping R
according to the following calculation algorithm.

As can be seen from the equations (1) and (6) and FIG. 3,
rotational mapping R, is represented as follows. The rota-
tional mapping R, is expressed as shown below, in accor-
dance with the correspondence of the initial corresponding
point pair (CP,) composed of the i-th corresponding point
LP,, of the scene image Is and the i-th corresponding point
LP,, of the eye image Ie,

RAILLL A, 4,4]
where

M

Ly = L(py)
Ly = Lp) X (L(p) X L' (p;, 7))
L= Lip)xL'(pi. &)
L(p, /) = L(p +u(6”)) - L(p)

(8a)

Ax = Aslgi)
Ay = Aslgi) X (Al X Aylgi, 61)
A= Adpi) X (Ay(gi, )
Aylg, ) = Alg + u(67) - Aslg)

(8b)

w(0) = [cos(®) sin(d)]7. (8¢c)

A hat symbol “*” in the equation (7) expresses a normalized
vector, and L'( ) and As'( ) are functions for transforming
two-dimensionally-expressed orientation information into
three-dimensional orientation information in the environ-
mental map. Using the rotational mapping R; according to
the correspondence of the i-th initial corresponding point
pair (CP,), the transform mapping (warping function W,) is
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as shown below according to the correspondence of the ith
initial corresponding point pair (CP,) by the following
equation (9).

0 9
KR ' L(p)

MR kR

The warping function W, is a mapping to register the pixel
of the eye image le with the pixel of the scene image Is
according to the correspondence of the i-th initial corre-
sponding point pair (CP,). The arithmetic section 1 stores the
warping function W, (i=1 to M) in the storage device 2,
correlating the warping function W, (i=1 to M) with the
initial corresponding point pair (CP, to CP,,).

Returning to FIG. 5, in step S6, the arithmetic section 1
(see FIG. 4) acting as the corresponding point pair extractor
evaluates correspondence of each of M initial corresponding
point pairs, and extracts an initial corresponding point pair
composed of the most highly evaluated pair, as the corre-
sponding point pair (RANRESAC processing). More spe-
cifically, in the RANRESAC processing, the arithmetic
section 1 specifies plural secondary corresponding point
pairs in the first and second images according to the corre-
spondence of one of the initial corresponding point pairs,
and evaluates correspondence of each secondary corre-
sponding point pair so as to evaluate correspondence of the
one of the initial corresponding point pairs. The arithmetic
section 1 extracts the initial corresponding point pair includ-
ing the most highly evaluated point pair, as the optimum
initial corresponding point pair. That is, the arithmetic
section 1 further obtains the secondary corresponding point
pair in the eye image le and the scene image Is using the
warping function W, obtained in step S5 according to the
initial corresponding point pair (CP,), calculates an image
correlation associated with the secondary corresponding
point pair, and evaluates correctness of the warping function
W, so that the optimum warping function W is determined
from the plural (M) warping functions W,.

FIG. 10 is a flowchart illustrating the detailed processing
(RANRESAC processing) of deciding the optimum initial
corresponding point pair. The arithmetic section 1 acting as
the corresponding point pair extractor performs processing
in FIG. 10.

In step S61, the arithmetic section 1 acting as the corre-
sponding point pair extractor generates a secondary corre-
sponding point pair using the warping function W, obtained
based on the i-th corresponding point pair CP, (see FIG. 11).
Specifically, the arithmetic section 1 detects the corneal
region of the eye image e and randomly sets K points SLP_,
(see FIG. 12) in the corneal region. Then the arithmetic
section 1 extracts a point SLP; (see FIG. 13) in the scene
image Is corresponding to each of the K points SLP,; in the
corneal region using the warping function W,, and extracts
K secondary corresponding point pairs. The secondary cor-
responding point pairs can also be represented as follows,

{o W HI=1...K}

where a vector p,* is a positional vector indicating a point
randomly selected in the corneal region of the eye image Ie.

In step S62, the arithmetic section 1 acting as the corre-
sponding point pair extractor evaluates similarity among the
secondary corresponding point pair group (the secondary
corresponding point pair group obtained according to the
warping function W, (i is a given integer (i=1 to M))) based
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on similarity in correlation and direction of a local texture.
Specifically, the arithmetic section 1 evaluates the similarity
using the following evaluation function.

S IFY - Fghl? a0
PW,) = P(W)- Py(W) o —Z L T

202

- (P5 ) A2 O]
“Z 202

In the equation (10), a first term on the right side indicates
the texture similarity, and a second term on the right side
indicates the direction similarity. o,, 0,, and a are positive
constants defining weights of the texture correlation and the
direction similarity. (*,*) is a vector inner product. g;*
indicates W(p,*).

The arithmetic section 1 evaluates the secondary corre-
sponding point pair group for each of the M initial corre-
sponding point pairs using the equation (10) (step S63).

In step S64, the arithmetic section 1 acting as the corre-
sponding point pair extractor identifies the secondary cor-
responding point pair group having the most highly evalu-
ated similarity, namely, an i'-th initial corresponding point
pair (CP;) defined by the following equation (11) and its
warping function W, .

i = argmax(P(W;)) (11)

It is important to properly set a scale parameter for a local
feature at each point composing the secondary correspond-
ing point pair. Ideally, the scale parameter may be adjusted
so as to occupy the same size (spatial volume) in the
environmental map. A ratio of the scale parameter at the
point (p,q) of each image is obtained according to the
equation (12),

= —IWip [ 1) =Wp=[1 115 4

W2

where s# is the scale parameter set by a user in the corneal-
surface reflection image, and s,? is the scale parameter at the
point q in the corresponding scene image.

In step S7 of FIG. 5, the arithmetic section 1 acting as the
registration section, registers and aligns (the corneal-surface
reflection image of) the eye image le with the scene image
Is using the warping function W,, decided in step S6 to
generate data of the registered and aligned eye image. FIG.
14A illustrates (the corneal-surface reflection image of) a
registered and aligned eye image IeR obtained in step S7.

In step S8 of FIG. 5, the arithmetic section 1 acting as the
registration section finely adjusts the warping function W,,
decided in step S6 (fine registration). The data of the
finely-adjusted eye image is stored in the storage device 2
(see FIG. 4). In this step, the arithmetic section 1 repeatedly
performs the evaluation according to the equation (10) while
minutely varying the position (see FIG. 7) of the center C of
the corneal sphere, namely, the distance d; - and the rotation
angle ¢ of the ellipse in the projection surface IP, so that an
evaluation value converges. An interior point method is
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adopted in the convergence. FIG. 14C illustrates an image
which is obtained by overlaying the pre-fine-registration
image IeR on the scene image Is. FIG. 14D illustrates an
image which is obtained by overlaying the post-fine-regis-
tration image IeR on the scene image Is. As can be seen from
FIGS. 14C and 14D, accuracy of the registration is further
improved through the fine registration processing.

In this manner, the image registration device 10 (see FIG.
4) can decide the transform mapping (warping function
W, {)) based on the only one pair of corresponding point
pairs (the optimum initial corresponding point pair decided
in step S6). Therefore, the registration of the eye image Ie
with the scene image Is can be performed robustly. Addi-
tionally, the image registration device 10 (see FIG. 4) can
perform the RANRESAC processing to properly decide only
one pair of corresponding points. In short, the image regis-
tration device can properly decide one pair of initial corre-
sponding points through the RANRESAC processing, and
correctly perform the registration. In view of this, the image
registration performed by the image registration device is
robust. Even if plural initial corresponding point pairs are
hardly extracted, the image registration device can correctly
perform the registration as long as one pair of initial corre-
sponding points is decided. In view of this, the image
registration method is also robust.

In the embodiment, by way of example, the eye image e
is registered and aligned with the scene image Is. Alterna-
tively, the scene image Is may be registered and aligned with
the eye image Ie. Images that can be registered and aligned
by the image registration device 10 of the embodiment is not
limited to the combination of the eye image Ie and the scene
image Is. In the above embodiment, the image registration
device 10 obtains data of image to be registered and aligned
from the imaging device (the eye camera 11e and the scene
camera 11s (see FIG. 4)) connected to the image registration
device 10. However, the image registration device 10 can
obtain data of one or at least two images from a device (such
as an image database) except for such an imaging device,
and perform the registration on the obtained image(s). For
example, the image registration device 10 may obtain image
data from an open database such as Google Street View
through a network, and perform the registration between the
obtained image and the eye image Ie (see FIG. 6) captured
by the eye camera 11e. Alternatively, the image registration
device 10 may obtain plural pieces of image data from one
or plural external devices (such as an image database) and
recording media such as an optical disk and a flash memory,
and perform the registration between the plural images. In
such cases, the image registration device 10 may properly
prepare the mapping to transfer each obtained image to the
environmental map prior to the image registration process-
ing. The preparation method is well known to those skilled
in the art.

In the image registration device 10, the image registration
program is stored in the storage device 2 (see FIG. 4), and
the calculation algorithm necessary for the calculation of the
above quantities is included in the image registration pro-
gram (However, a part or whole of the calculation algorithm
may be stored in the storage device 2 independently of the
image registration program).
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5. Experimental Result

A result of experiment conducted by the image registra-
tion device 10 (see FIG. 4) of the embodiment will be
described below. In the experiment, in order to stably and
simultaneously photograph a corneal-surface reflection
image (eye image le) and a scene image Is, a system was
configured to include two compact board cameras (IDS
UI-1241LE-C-HQ, 1/1.8" CMOS, 12801024 pixel) and a
head mount system as the eye camera 1le (see FIG. 4) and
the scene camera 11s (see FIG. 4). In the system, the eye
camera 11e (=12 nm, (H, V)=(33.3, 24.8) deg) was located
away from the eyeball 20 by about 70 to 110 nm, and shot
images with a pupil diameter of about 400 to 450 pixels. A
gain and an exposure parameter of the eye camera 11le were
adjusted under a low light intensity environment. The eye
camera 11e and the scene camera 11s were connected to the
image registration device 10 (PC (Personal Computer)) and
shot images at a rate of 10 fps.

The data were obtained for each of four subjects. For each
subject, the data were obtained at three places in both indoor
and outdoor environments. After the data of four subjects
were obtained, a frame including closed lid was removed
manually, and then a pupil contour was extracted in each 10
frames.

The experiment was performed by the PC implementing
the image registration method (1-point RANRESAC) of the
embodiment and 2-point RANSAC and 2-point RANRE-
SAC for the purpose of comparison.

In the 2-point RANSAC, two pairs were randomly
selected from the initial corresponding point pairs, and the
warping function was estimated from the two pairs of initial
corresponding points. Then, how many pairs were able to be
correctly registered was counted using the remaining pairs
of initial corresponding points. These operations were
repeated 500 times. Then, the best solution in the obtained
solutions (warping functions) was decided as the warping
function.

In the 2-point RANRESAC, the warping function was
estimated similarly to the 2-point RANSAC. Then, the
evaluation was performed according to the RANRESAC
method. Similarly to the 2-point RANSAC, the best solution
was selected from results of the 500-time repetition.

In all the experiments, a SURF local feature implemented
in a Computer Vision System Toolbox of MATLAB 2013b
was used, and a PC (Intel Core 17 3.2 GHz, 16 GB RAM)
was used. (o,, 0,, a, s7)=(0.2, 0.2, 0.3, 0.5) was set as the
parameter. The random-sampling point number (the number
of pairs of corresponding points) K was set to 200 in the
method (1-point RANRESAC) of the embodiment and the
2-point RANRESAC.

Tables 1 to 7 illustrate accuracy (success rate) of the
registration. Time necessary for the registration was 37.0
seconds per frame (the image registration method (1-point
RANRESAC) of the embodiment), 14.47 seconds per frame
(2-point RANSAC), and 180.47 seconds per frame (2-point
RANRESAC).
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Experimental result under outdoor environment 1

with the
Subject The number of Method of the 2-Point 2-Point
Scene name  number tested frames Embodiment RANSAC RANRESAC
Campus 1 1 16 16 (100%) 3 (18.8%) 13 (81.25%)
Campus 1 2 26 21 (80.8%) 2 (7.7%) 10 (38.5%)
Campus 1 3 23 22 (94.7%) 1 (4.35%) 4 (17.39%)
Campus 1 4 25 23 (92.0%) 1 (4.0%) 4 (16.0%)
TABLE 2
Experimental result under outdoor environment 2
with the
Subject The number of Method of the 2-Point 2-Point
Scene name number tested frames Embodiment RANSAC RANRESAC
Campus 2 1 46 41 (89.1%) 2 (44%) 9 (39.1%)
Campus 2 2 20 16 (80.0%) 2 (10.0%) 8 (34.7%)
Campus 2 3 23 21 (91.3%) 3 (13.0%) 8 (34.8%)
Campus 2 4 23 17 (73.9%) 2 (8.7%) 7 (15.2%)
TABLE 3
Experimental result under outdoor environment 3
with the
Subject The number of Method of the 2-Point 2-Point
Scene name number tested frames Embodiment RANSAC RANRESAC
Road 1 25 25 (100.0%) 1 (4.0%) 9 (36.0%)
Road 2 23 20 (87.0%) 0 (0%) 3 (13.4%)
Road 3 30 26 (86.7%) 3 (10.0%) 6 (20.0%)
Road 4 25 23 (92.0%) 2 (8.0%) 8 (32.0%)
TABLE 4
Experimental result under indoor environment 1
with the
Subject The number of Method of the 2-Point 2-Point
Scene name number tested frames Embodiment RANSAC RANRESAC
Lobby 1 1 25 18 (72.0%) 1 (4.0%) 10 (40.0%)
Lobby 1 2 22 19 (86.4%) 1 (4.6%) 11 (50.6%)
Lobby 1 3 25 23 (92.0%) 3 (12.0%) 10 (40.0%)
Lobby 1 4 29 29 (100.0%) 2 (6.9%) 15 (51.7%)
TABLE 5
Experimental result under indoor environment 2
with the
Subject The number of Method of the 2-Point 2-Point
Scene name  number tested frames Embodiment RANSAC RANRESAC
Lobby 2 1 24 21 (87.5%) 2 (8.3%) 13 (54.2%)
Lobby 2 2 24 23 (95.8%) 1 (4.2%) 11 (45.8%)
Lobby 2 3 28 27 (96.4%) 2 (7.14%) 15 (53.57%)
Lobby 2 4 26 26 (100.0%) 2 (7.7%) 9 (34.6%)
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Experimental result under indoor environment 3

with the
Subject The number of Method of the 2-Point 2-Point
Scene name  number tested frames Embodiment RANSAC RANRESAC
Indoor 1 25 9 (52.94%) 0 (0%) 3 (17.7%)
Indoor 2 26 20 (76.9%) 2 (7.69%) 9 (34.6%)
Indoor 3 26 20 (76.9%) 2 (7.69%) 5 (19.23%)
Indoor 4 24 18 (75.0%) 1 (42%) 5 (20.8%)
TABLE 7 scene image Is. The point GRP' in the scene image Is
. corresponds to the scene (gazing point) gazed by the subject.
Summary of experimental results 15 Thus, the image registration device of the embodiment
with the can extract the scene (gazing point) gazed by the subject
The number of ~ Method of the ~ 2-Point 2-Point from the scene image Is. That is, the image registration
Total tested frames ~ Embodiment ~ RANSAC ~ RANRESAC device of the embodiment also acts as a gazing point
626 538 (85.9%) 41 (6.6%) 200 (32.0%) extraction system.
6.1.1 Application to Display Device
. . . . A display device using the image registration device
According to the image registration method of the present . . . . .
. . . acting as the gazing point extraction system will be
embodiment, the success rate is 85.5% (Tables 1 to 3) in the ; . .
. o . described below. This technology can be applied to, for
outdoor scene and it is 86.3% in the indoor scene (Tables 4 . .
. . . 55 example, an AR (Augmented Reality) system. In the display
to 6), so that the success rate of the image registration . . . L
. . device (AR system), unlike a conventional device, it is not
method of the present embodiment is much better than that necessary to calibrate the relative positional relationshi
of the 2-point RANSAC and the 2-point RANRESAC. As to any P JHonsuip
. . between the eye camera and the scene camera. Additionally,
the success rate, the 2-point RANRESAC is not better than . . . . .
. . . it is not necessary to fix the relative positional relationship.
the 1-point RANRESAC (the present embodiment), but is . Y . .
. . 30 The display device includes the configuration shown in FIG.
better than the 2-point RANSAC which performs the same .. . . . . .
. . . . 4 similarly to the image registration device of the embodi-
rotating matrix estimation. Therefore, it can be confirmed . : . . .
. . . ment. The output section 4 is a monitor display that displays
that the RANRESAC method is robust against noise situa- . . . . .
. an image. The arithmetic section 1 causes the output section
tion. . . .
L 4 to display the scene image Is, and causes the output section
6. Applications 35 . . .
. . . . . . . 4 to display a predetermined image superposed on any
The image registration device and image registration e . .
. . position in the extracted scene image Is. Therefore, the AR
method of the embodiment enable matching the corneal- .
.. . system can perform superposed display.
surface reflection image of the eye image Ie and the scene Lo . . .
. . . . . 6.2. Estimation of Peripheral Visual Field
image Is with each other. Applications using concepts of the . . . . . . .
. . . The image registration device and image registration
present embodiment will be described below. 40 . . .
L . . method of the embodiment can restore the peripheral visual
6.1. Estimation of Gazing Point . .
Gazi . Lo . . . . field of the subject in the scene image Is.
azing point estimation with the image registration The arithmeti tion 1 acti the visual field esti
device of the embodiment will be described below. With the ; € ar.l clie sec 1911 ac, ing as the visua ? estiumna-
gazing point estimation, for example, an image of a scene For identifies pose (thlcal e}x15) of th? eye?ball usig the eye
seen by a user is extracted, and an object or a place which 45 image le, and identifies points at which light arriving from
is seen by the user can be identified by referring to an image the direction having a pr.edetermmed angle (er example, 10,
of the Google Street View. For example, this technology can 20, ..., 90 degrees) with respect to the optical axis of the
be applied to an AR (Augmented Reality) system. In the eyeball is reflected by the corneal surface (see FIG. 16).
gazing point estimation with the image registration device of ~ These points are distributed so as to draw a curve in the eye
the embodiment, unlike a conventional device, it is not 50 image le. Then, the arithmetic section 1 detects points
necessary to calibrate a relative positional relationship corresponding to the points from the scene image Is using
between the eye camera and the scene camera. Additionally, the warping function W decided in the embodiment. The
it is not necessary to fix the relative positional relationship. detected points form a region of the peripheral visual field of
First the arithmetic section 1 acting as the viewpoint the subject (a region expanding with a predetermined angle
extractor detects a gazing reflection point GRP (see FIG. 15) 55 around the gazing point).
of the subject by detecting the pose of the eyeball from the Thus, the image registration device of the embodiment
eye image by a known technique. As used herein, the gazing can extract the region of the peripheral visual field of the
reflection point GRP means a point at which the light subject from the scene image Is. The image registration
arriving from the visual line direction substantially aligned device can estimate the region of the peripheral visual field
with the optical axis of the eyeball of the subject is reflected 60 of the subject in the scene image Is. That is, the image
by the corneal surface (for example, International Patent registration device also acts as the peripheral visual field
Publication WO02014/021169A1 is referred to for more estimation system.
information about the known technique). The arithmetic 6.3. Application to Iris Recognition
section 1 derives the warping function W for registering the In an existing iris recognition technique, the eye image is
eye image e with the scene image Is. Finally, the arithmetic 65 obtained using infrared light in order to suppress the specu-

section 1 obtains a point GRP' (see FIG. 15) corresponding
to the gazing reflection point GRP of the eye image Ie in the

lar reflection on the corneal surface. On the other hand, with
the image registration device of the embodiment, the specu-
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lar reflection (corneal-surface reflection image) included in
the eye image can be removed using the scene image.

The arithmetic section 1 of the image registration device
of the embodiment derives the warping function W between
the eye image Ile (see FIG. 17) and the scene image Is (see
FIG. 17). The arithmetic section 1 registers and aligns the
scene image Is with the eye image le using the warping
function W. The arithmetic section 1 acting as an iris image
generator subtracts the registered and aligned scene image Is
from a portion of the eye image Ie corresponding to the
registered and aligned scene image Is, thereby removing the
corneal-surface reflection image of the eye image Ie to
generate the iris image. An image I,, in FIG. 17 is an eye
image in which the corneal specular reflection is effectively
removed, namely, an iris image. Thus, according to the
image registration device of the embodiment, the corneal
specular reflection included in the eye image le can effec-
tively be removed, so that the iris image I,, without noise can
be obtained. Therefore, it is not necessary to use the infrared
light in the lighting in order to suppress the specular reflec-
tion in the corneal surface. Then, the arithmetic section 1
acting as the recognizer performs iris recognition processing
on the iris image using a known method.

In this way, according to the image registration device of
the embodiment, even if the eye image is obtained using
lighting of visible light region in addition to an infrared
lighting, the corneal specular reflection can effectively be
removed, thereby obtaining a high accurate iris image.
Using the iris image obtained in such a manner can improve
accuracy of iris recognition. That is, the image registration
device of the embodiment acts as the iris recognition system.

In view of the above, the embodiment also discloses the
following systems and methods.

(1) A gazing point extraction system including:

an obtaining section configured to obtain a first image
including an image of an eyeball of a subject and a second
image including an image of an object in a visual line
direction of the subject;

a mapping section configured to decide a first mapping for
transforming the first image to an environmental map, and a
second mapping for transforming the second image to an
environmental map;

a corresponding point pair extractor configured to extract
a pair of corresponding points by detecting one point in the
first image and one point in the second image which corre-
sponds to the one point in the first image;

a rotational mapping deriver configured to derive a rota-
tional mapping for registering an image of the first image in
the environmental map and an image of the second image in
the environmental map with each other, based on positions
and local feature amounts of the one point in the first image
and the one point in the second image, the one point in the
first image and the one point in the second image composing
the pair of corresponding points; and

a viewpoint extractor configured to detect a gazing reflec-
tion point on the first image by detecting a pose of the
eyeball from the first image, and to obtain, as a point gazed
by the subject, a point corresponding to the gazing reflection
point in the second image based on the first mapping, the
rotational mapping, and the second mapping.

(2) A display system (AR system) including the gazing
point extraction system of (1).

(3) A peripheral visual field estimation system including:

an obtaining section configured to obtain a first image
including an image of an eyeball of a subject and a second
image including an image of an object in a visual line
direction of the subject;
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a mapping section configured to decide a first mapping for
transforming the first image to an environmental map, and a
second mapping for transforming the second image to an
environmental map;

a corresponding point pair extractor configured to extract
a pair of corresponding points by detecting one point in the
first image and one point in the second image which corre-
sponds to the one point in the first image;

a rotational mapping deriver configured to derive a rota-
tional mapping for registering an image of the first image in
the environmental map and an image of the second image in
the environmental map with each other, based on positions
and local feature amounts of the one point in the first image
and the one point in the second image, the one point in the
first image and the one point in the second image composing
the pair of corresponding points; and

a visual field estimator configured to identify an optical
axis of the eyeball from the first image, identify reflection
points at which lights arriving from directions having pre-
determined angles with respect to the optical axis is reflected
by a corneal surface, and detect reflection points identified
from the second image, as a group of points composing a
region of a peripheral visual field of the subject, based on the
first mapping, the rotational mapping, and the second map-
ping.

(4) An iris recognition system including:

an obtaining section configured to obtain data of a first
image including an image of an eyeball of a subject and a
second image including an image of an object in a visual line
direction of the subject;

a storage device configured to store the data of the first
image and the data of the second image;

a mapping section configured to decide a first mapping for
transforming the first image to an environmental map, and a
second mapping for transforming the second image to an
environmental map;

a corresponding point pair extractor configured to extract
a pair of corresponding points by detecting one point in the
first image and one point in the second image which corre-
sponds to the one point in the first image;

a rotational mapping deriver configured to derive a rota-
tional mapping for registering an image of the first image in
the environmental map and an image of the second image in
the environmental map with each other, based on positions
and local feature amounts of the one point in the first image
and the one point in the second image which compose the
pair of corresponding points; and

a registration section configured to register the data of the
first image stored in the storage device with the data of the
second image stored in the storage device in order to
generate data of the first image registered with the second
image, based on the first mapping, the rotational mapping,
and the second mapping;

an iris image generator configured to generate an iris
image by subtracting the registered first image from the
second image; and

a recognizer configured to perform iris recognition with
the iris image.

(5) A gazing point extraction method including the steps
of:

obtaining a first image including an image of an eyeball
of a subject and a second image including an image of an
object in a visual line direction of the subject;

deciding, by an arithmetic section, a first mapping for
transforming the first image to an environmental map, and a
second mapping for transforming the second image to an
environmental map;
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extracting, by the arithmetic section, a pair of correspond-
ing points by detecting one point in the first image and one
point in the second image which corresponds to the one
point in the first image;

deriving, by the arithmetic section, a rotational mapping
for registering an image of the first image in the environ-
mental map and an image of the second image in the
environmental map with each other, based on positions and
local feature amounts of the one point in the first image and
the one point in the second image, the one point in the first
image and the one point in the second image composing the
pair of corresponding points; and

detecting, by the arithmetic section, a gazing reflection
point on the first image by detecting a pose of the eyeball
from the first image, and

obtaining, by the arithmetic section, as a point gazed by
the subject, a point corresponding to the gazing reflection
point in the second image, based on the first mapping, the
rotational mapping, and the second mapping.

(6) A peripheral visual field estimation method including
the steps of:

obtaining, by an arithmetic section, a first image including
an image of an eyeball of a subject and a second image
including an image of an object in a visual line direction of
the subject;

deciding, by the arithmetic section, a first mapping for
transforming the first image to an environmental map, and a
second mapping for transforming the second image to an
environmental map;

extracting, by the arithmetic section, a pair of correspond-
ing points by detecting one point in the first image and one
point in the second image which corresponds to the one
point in the first image;

deriving, by the arithmetic section, a rotational mapping
for registering an image of the first image in the environ-
mental map and an image of the second image in the
environmental map with each other, based on positions and
local feature amounts of the one point in the first image and
the one point in the second image, the one point in the first
image and the one point in the second image composing the
pair of corresponding points;

identifying, by the arithmetic section, an optical axis of
the eyeball from the first image;

identifying, by the arithmetic section, reflection points at
which lights arriving from directions having predetermined
angles with respect to the optical axis are reflected by a
corneal surface; and

detecting, by the arithmetic section, reflection points
identified from the second image, as a group of points
composing a region of a peripheral visual field of the
subject, based on the first mapping, the rotational mapping,
and the second mapping.

(7) An iris recognition method including the steps of:

obtaining data of a first image including an image of an
eyeball of a subject and a second image including an image
of an object in a visual line direction of the subject;

storing the data of the first image and the data of the
second image;

deciding, by the arithmetic section, a first mapping for
transforming the first image to an environmental map, and a
second mapping for transforming the second image to an
environmental map;

extracting, by the arithmetic section, a pair of correspond-
ing points by detecting one point in the first image and one
point in the second image which corresponds to the one
point in the first image;
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deriving, by the arithmetic section, a rotational mapping
for registering an image of the first image in the environ-
mental map and an image of the second image in the
environmental map with each other, based on positions and
local feature amounts of the one point in the first image and
the one point in the second image which compose the pair
of corresponding points; and

registering, by the arithmetic section, the data of the first
image stored in the storage device with the data of the
second image stored in the storage device in order to
generate data of the first image registered with the second
image, based on the first mapping, the rotational mapping,
and the second mapping;

generating, by the arithmetic section, an iris image by
subtracting the registered first image from the second image;
and

performing, by the arithmetic section, iris recognition
with the iris image.

The present invention is described above in association
with the specific embodiments. However, it is further under-
stood by those skilled in the art that many changes, modi-
fications, substitutions, deletions, and applications can be
made in the present invention. Therefore, the present inven-
tion is not limited to a specific disclosure, but limited only
to the attached claims.

The invention claimed is:
1. An image registration device, comprising:
one or more data storage devices; and
a controller coupled to the one or more data storage
devices, the controller executing programmed instruc-
tions stored in the one or more data storage devices to:
obtain data of a first image comprising a scene in a
visual line direction of a subject and data of a second
image comprising a reflection of at least a portion of
the scene on an eyeball of the subject;
store the data of the first image and the data of the
second image in the one or more data storage
devices;
decide a first mapping for transforming, based on a first
transform function, the first image to a first environ-
mental map comprising a first spherical surface and
a second mapping for transforming, based on a
second transform function, the second image to a
second environmental map comprising a second
spherical surface, the second transform function
comprising a vector indicating a point in the first
image in a path of light incident on a corresponding
point in the second image;
extract a pair of corresponding points by detecting a
first point in the first image and a second point in the
second image which corresponds to the first point in
the first image;
derive a rotational mapping between the respective first
and second spherical surfaces for registering at least
a portion of the first image in the first environmental
map and at least a portion of the second image in the
second environmental map with each other, based on
positions and local feature amounts of the first point
in the first image and the second point in the second
image which compose the pair of corresponding
points, said rotational mapping based at least in part
on respective normalized vectors associated with the
pair of corresponding points and said respective
normalized vectors comprising respective functions
for transforming orientation information to the
respective first and second environmental maps; and
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register the data of the first image stored in the one or
more data storage devices with the data of the second
image stored in the one or more data storage devices
in order to generate data of the first image registered
with the second image, based on the first mapping,
the rotational mapping, and the second mapping.

2. The image registration device according to claim 1,
wherein the local feature amounts comprise orientation
information.

3. The image registration device according to claim 1,
wherein the controller detects a plurality of candidate pairs
of corresponding points, each as a candidate of the pair of
corresponding points comprising the first point of the first
image and the second point of the second image, evaluates
a correspondence between corresponding points for each
candidate pair, and extracts a candidate pair of the corre-
sponding points which are most highly evaluated among the
plurality of candidate pairs detected by the controller, as the
pair of corresponding points.

4. The image registration device according to claim 3,
wherein the controller evaluates the correspondence
between the corresponding points for the candidate pair, by
evaluating correspondences of plural secondary pairs of
corresponding points composed of pairs of corresponding
points extracted from the first image and the second image
according to the correspondence between the point of the
first image and the point of the second image, the point of
the first image and the point of the second image composing
the candidate pair of corresponding points.

5. An image registration system, comprising:

a first camera that photographs a first image;

a second camera that photographs a second image; and

the image registration device according to claim 1 that

performs image registration for the first image and the
second image.
6. An image registration method, comprising:
obtaining, by a controller, data of a first image comprising
a scene in a visual line direction of a subject and data
of a second image comprising a reflection of at least a
portion of the scene on an eyeball of the subject;

storing the data of the first image and the data of the
second image in one or more data storage devices;

deciding, by the controller, a first mapping for transform-
ing, based on a first transform function, the first image
to a first environmental map comprising a first spherical
surface and a second mapping for transforming, based
on a second transform function, the second image to a
second environmental map comprising a second spheri-
cal surface, the second transform function comprising
a vector indicating a point in the first image in a path
of light incident on a corresponding point in the second
image;

extracting, by the controller, a pair of corresponding

points, by detecting a first point in the first image and
a second point in the second image which corresponds
to the first point in the first image;

deriving, by the controller, a rotational mapping between

the respective first and second spherical surfaces for
registering at least a portion of the first image in the first
environmental map and at least a portion of the second
image in the second environmental map with each
other, based on positions and local feature amounts of
the first point in the first image and the second point in
the second image, the one point in the first image and
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the one point in the second image composing the pair
of corresponding points, said rotational mapping based
at least in part on respective normalized vectors asso-
ciated with the pair of corresponding points and said
5 respective normalized vectors comprising respective
functions for transforming orientation information to
the respective first and second environmental maps;
and
generating, by the controller, data of the first image
registered with the second image by registering the data
of the first image stored in the one or more data storage
devices with the data of the second image stored in the
one or more data storage devices based on the first
mapping, the rotational mapping, and the second map-
ping.
7. A non-transitory recording medium storing an image
registration program that is executable by a computer, the
image registration program causing the computer to perform
the functions of:
obtaining, by a controller, data of a first image comprising
a scene in a visual line direction of a subject and data
of a second image comprising a reflection of at least a
portion of the scene on an eyeball of the subject;

storing the data of the first image and the data of the
second image in one or more data storage devices;

deciding, by the controller, a first mapping for transform-
ing, based on a first transform function, the first image
to a first environmental map comprising a first spherical
surface, and a second mapping for transforming, based
on a second transform function, the second image to a
second environmental map comprising a second spheri-
cal surface, the second transform function comprising
a vector indicating a point in the first image in a path
of light incident on a corresponding point in the second
image;

extracting, by the controller, a pair of corresponding

points, by detecting a first point in the first image and
a second point in the second image which corresponds
to the first point in the first image;

deriving, by the controller, a rotational mapping between

the respective first and second spherical surfaces for
registering at least a portion of the first image in the first
environmental map and at least a portion of the second
image in the second environmental map with each
other, based on positions and local feature amounts of
the first point in the first image and the second point in
the second image, the one point in the first image and
the one point in the second image composing the pair
of corresponding points, said rotational mapping based
at least in part on respective normalized vectors asso-
ciated with the pair of corresponding points and said
respective normalized vectors comprising respective
functions for transforming orientation information to
the respective first and second environmental maps;
and

generating, by the controller, data of the first image

registered with the second image by registering the data
of the first image stored in the one or more data storage
devices with the data of the second image stored in the
one or more data storage devices based on the first
mapping, the rotational mapping, and the second map-

ping.
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