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imodal fingerprint capturing system based
n compound-eye imaging module

ui Shogenji, Yoshiro Kitamura, Kenji Yamada, Shigehiro Miyatake, and Jun Tanida

A compact imaging system called TOMBO �Thin Observation Module by Bound Optics� is proposed in
which a microlens array is used for thin hardware configuration. This paper describes a fingerprint-
capturing module as an application of the TOMBO. Experimental results by the TOMBO prototype
system are shown to clarify the applicability of the TOMBO to the fingerprint capturing. Different types
of biometrics, i.e., fingerprint and face images, are captured by the same hardware, which shows the
extendability of the system for multimodal identification. © 2004 Optical Society of America

OCIS codes: 110.2970, 110.4190, 100.3020, 230.0250, 230.3120.
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. Introduction

n recent years, authentication has been an impor-
ant issue for the realization of various services over
he Internet, such as electronic commerce or elec-
ronic government.1 Biometrics techniques using
he information of a living body like a fingerprint or
n iris are promising, because they can improve se-
urity strength as compared with conventional meth-
ds using a password or a personal identification
umber.2 One application of the authentication is

ound in electronic commerce using a personal digital
ssistant, such as a cellular phone. In such a sys-
em, the identification of the legal user is crucial to
he security of the system. For this purpose, a per-
onal digital assistance device with the functionality
f authentication is considered to be as effective.3
Among various biometrics, fingerprint identifica-

ion has been studied actively owing to its convenient
sage and effective performance.4 A key issue of the
ngerprint identification is how to obtain fingerprint
ata so that various types of fingerprint sensors using
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ptical imaging or electric capacitive distribution are
nvestigated. The TOMBO �Thin Observation Mod-
le by Bound Optics� system, a compound-eye imag-

ng system proposed by the authors,5 is attractive for
he fingerprint sensor because of its thin hardware
onfiguration. However, the TOMBO system was
riginally designed to capture the image of an object
ocated at a distant position. Therefore, by modifi-
ation of the optical system, we adapt the TOMBO
ystem to capture the image of an object at a near
osition.
In this paper, an application of the TOMBO system

o fingerprint capturing is presented. In Section 2
he principle of fingerprint capturing based on the
OMBO system is explained. In Section 3 an exper-

mental result by the TOMBO prototype system is
escribed. In Section 4 bimodal image capturing, in
hich fingerprint and face images are captured by

he same hardware, is demonstrated as an interest-
ng extension of the TOMBO system. The result
rovides a notable feature of the TOMBO architec-
ure, which is expected to be useful for multimodal
uthentication.

. Fingerprint Capturing by Use of the TOMBO

fundamental configuration of the TOMBO is shown
n Fig. 1. The TOMBO is composed of a microlens
rray, a signal separator, and a photodetector array.
signal separator prevents optical signal cross talk

etween the adjacent lenses. The TOMBO provides
mall and lightweight hardware through miniatur-
zation of the lenses. Usually, miniaturization of the
ptical system causes a reduction of the image reso-
ution. However, in the TOMBO system, signal pro-
essing retrieves a high-resolution image using
20 February 2004 � Vol. 43, No. 6 � APPLIED OPTICS 1355
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ultiple low-resolution images captured by compact
maging systems. When the low-resolution images
ave different sampling information, they can be uti-

ized for the image reconstruction. For use as the
econstruction method, the image-sampling method,5
he backprojection method,5 and the pixel-rearrange
ethod6 were proposed. The experimental results

y use of the TOMBO prototype system show the
ffectiveness of the pixel-rearrange method.
The fingerprint-capturing system based on the

OMBO is composed of the same elements as the
onventional TOMBO system, except for the illumi-
ation components. The original TOMBO system is
et to focus on infinity or a near-infinity point. On
he other hand, the proposed TOMBO system for fin-
erprint capturing is set to focus on the surface of the
ight-guide plate.

Figure 2 shows a setup of the fingerprint-capturing
odule. An elemental imaging system correspond-

ng to a microlens is called a unit. An image cap-
ured by a unit is called a unit image. A set of unit
mages captured by the entire system is called a com-
ound image. In the original TOMBO system, all
he units observe almost the same part of the target
t a time. On the other hand, the proposed system
bserves a different part on a unit-by-unit basis.
he captured compound image is a set of rotated

mages captured by each unit. The wall of the signal

Fig. 1. TOMBO system configuration.

Fig. 2. Setup of the TOMBO system for fingerprint capturing.
356 APPLIED OPTICS � Vol. 43, No. 6 � 20 February 2004
eparator obstructs the incident light, so that the
dge of the unit image becomes dark. Therefore the
agnification ratio of the optical system is set as less

han unity in order to not lose the information of the
ngerprint. The magnification ratio of the optical
ystem m for the maximum resolution of the finger-
rint image is provided by

m � 1 �
2p
l  w

2p , (1)

here l, w, and p are the lens pitch, the thickness of
he separation wall, and the pixel pitch of the imag-
ng sensor, respectively.   means a roundup oper-
tion below the decimal point.
Instead of the reconstruction methods developed

or the TOMBO system, the following procedure is
dopted to achieve simple and fast reconstruction.

1. Shading compensation and fixed pattern noise
eduction.

2. Separation of the unit images.
3. Removal of the edge pixels in the unit image.
4. Rotation of the clipped unit image.
5. Combination of the all rotated images.
6. Gray level correction.

For the preprocessing, the shading and the fixed
attern noise are compensated with a white reference
mage and the background image. The captured
ompound image is divided into the unit images.
ased on the magnification ratio of the optical sys-

em, the edge pixels in the unit image are removed.
he clipped unit image is rotated 180°, and all of the
rocessed images are combined. The gray level of
he resulting image is corrected to enlarge the dy-
amic range. Finally a segment image of the finger-
rint is obtained.
The field-view size of the fingerprint is limited by

he chip area of the image sensor. However, this is
simple restriction of available chip, and a large area

hip can enlarge the field view with an increase of the
abrication cost. Another option is to tile multiple
mall sensors for emulation of a large sensor. In-
tead, we use a novel method in which multiple fin-
erprint images at different points are captured by
oving the finger on the sensor. All of the segment

mages are combined to reconstruct a large area of
he fingerprint. The relative distance between the
wo images is calculated by the pattern-matching
ethod. If sequential detection is introduced, not

nly the shape of the fingerprint but also the action of
he finger can be detected by the same sensor.

The image combining is achieved by the following
rocedure. The target fingerprint is assumed to be
oved relative to the sensor, and a sequence of the

egment images of the fingerprint is captured. Let
�x, y� and g�x, y� be two successive segment images
hrough movement of the finger, each of which is
econstructed from the captured data. The distance
etween the two segment images is estimated by the
attern matching method. The sequential similar-
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ty detection algorithm is used for the pattern match-
ng.7 In this algorithm, the fingerprint image is
inarized by a threshold operation used as prepro-
essing. The summation of the absolute value of the
ifference between the overlapped pixels is calculated
ith scanning the image g�x, y� over the reference

mage f �x, y�. The normalized value by the number
f the overlapped pixels is defined as the degree of
onsimilarity D.
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here u, v, w, and h are the horizontal scanning
istance, the vertical scanning distance, the segment
mage width, and the segment image height, respec-
ively.

The position �u, v�, which has the minimum degree
f nonsimilarity, provides the moving distance be-
ween two images. The image g�x, y� is used as the
eference image f �x, y� for the next step. The same
rocess is repeated for all the segment images. Fi-
ally, these segment images are combined by use of
he estimated moving distances.

. Experiment

. System Setup

o study the performance of the presented method,
e captured a fingerprint image using the TOMBO
rototype system. The specifications of the micro-
ens array �Advanced Microoptic Systems GmbH,
aarbruecken, Germany, APO-Q-P500-AF1.3� are:

ens pitch, 500 �m; focal length of the element lens,
.3 mm; and diameter of the element lens, 500 �m.
he signal separator is made by thermocompression
f 21 sheets of stainless steel plates �50-�m thick-
ess�, whose holes are fabricated by etching process.
he surface of the etched hole is modified by antire-
ection coating. The thickness and the height of the
ignal separator are approximately 50 and 1050 �m,
espectively. The wall pitch is 500 �m, which is
qual to the lens pitch. For the image sensor, a
ustom-designed complementary metal oxide semi-
onductor photodetector array �austriamicrosystems
.6 �m� is used. The number of pixels is 604 � 504,
nd the pixel pitch is 10.0 �m. Fifty pixels of the left
nd of the right sides are used for lens alignment and
ark current calibration. The number of pixels per
nit is 50 � 50. Up to 10 � 10 units can be used for
he reconstruction processing.

The microlens array is held by a six-axis stage and
et in front of the image sensor. A translucent object
lluminated by white light from the back side is used
nstead of an actual fingerprint, owing to lack of the
llumination components. For the object a printed
ngerprint image �SIDBA FINGERPRNT08� is used.
It is difficult to measure exact microlens–
hotodetector distance because of the difficulty in de-
ermining the principal points of the microlenses.
herefore we presumably set the object–microlens dis-
ance and the trimming size as 32 � 32 pixels for
econstruction. In this case, the object distance and
he magnification ratio of the system are 5.46 mm and
.64, respectively. Then we adjust the microlens–
hotodetector distance to obtain a smooth connection
ver the reconstructed image. The optimum posi-
ion is decided by visual inspection.

. Experimental Results

he captured image by the experimental TOMBO
ystem is shown in Fig. 3. The image size is 500 �
00 pixels. The captured image is compensated
ith respects to the shading and the fixed pattern
oise by use of the reference images captured previ-
usly.
The reconstructed fingerprint image with the trim-
ing size of 32 � 32 pixels is shown in Fig. 4. The

mage size is 320 � 320 pixels. The observation area
s 5 � 5 mm2, which is determined by the lens pitch
nd the number of units. The resolution of the fin-
erprint image is 1727.2 dots per inch �dpi�.
The four pieces of the segment images are captured

y changing the observation position of the target.
he moved distance between the segment images are
stimated, and these values are used to connect them
s shown in Fig. 5. As seen from the figure, each
egment image is combined correctly, and the recon-
tructed image of 12.8 � 5.0 mm2 is retrieved.
Fig. 3. Captured images.
D�u, v� �
�
j�0

h��v�

�
i�0

w��u� �f�i � �u � �u��
2

,
j � �v � �v��

2 � � g�i � �u � �u��
2

,
j � �v � �v��

2 ��
�h � �v���w � �u��

, (2)
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. Discussion

he thickness of the system depends mainly on the
ocal length of the microlens and the magnification
atio of the optical system. The magnification ratio
f the optical system m is determined by

m �
2p
l  lr

50.8 � 103 , (3)

here the required resolution of the fingerprint im-
ge, the lens pitch, and the pixel pitch are r dpi, l �m,
nd p �m, respectively.
Figure 6 shows the calculation result of the rela-

ionship between the object distance and the resolu-
ion of the fingerprint image when the lens pitch, the
ocal length, and the pixel pitch are 500 �m, 1.3 mm,
nd 10 �m, respectively. The resolution for scan-
ing a fingerprint is typically 500 dpi,8 so the object
istance of the system should be set near 6–8 mm.
The proposed system can capture a high-resolution

ngerprint image. On the other hand, if the magni-
cation ratio is set small and if the lens–
hotodetector distance is close to the focal length of
he lens, the same hardware can capture an object
ocated at a distant position as well as an object on
he surface of the lens. For example, we can capture
oth the fingerprint and the face images with the
ame hardware. However, with the original config-
ration for the fingerprint capturing, the captured

Fig. 4. Retrieved fingerprint images.

Fig. 5. Combine
358 APPLIED OPTICS � Vol. 43, No. 6 � 20 February 2004
mage of the face is remarkably out of focus. A so-
ution of this problem, a focus adjustment mechanism
hat uses a microactuator such as a piezoelectric ac-
uator, can be considered. However, the compact-
ess of the TOMBO system is greatly reduced by the
echanism. Therefore as another solution we de-

ign an optical system balancing the defocus of the
oth imaging modes.
The same specifications of the microlens as used in

he experimental system are assumed. The re-
uired resolution of the fingerprint image is set as
00 dpi. The trimming size is set to 10 � 10 pixels
rom the resolution. The amount of the defocus is
et to the distance where both the diameter of the
lur circle in the face image and the fingerprint
mage-capturing mode are almost equal. The diam-
ter of blur circle � for the face image-capturing mode
s provided by

� �
b
a

	, (4)

here a, b, and 	 are the lens–photodetector distance,
he diameter of the element lens, and the amount of
efocus, respectively. In the same way, the diame-

gerprint images.

ig. 6. Relationship between the object distance and the resolu-
ion of the fingerprint image. The lens pitch, the focal length, and
he pixel pitch are 500 �m, 1.3 mm, and 10 �m, respectively.
d fin
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 for the fingerprint-capturing mode
s provided by

�
 �
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, (5)

here a
 and 	
 are the lens–photodetector distance
nd the amount of defocus, respectively.
When the trimming size was assumed to be 10 � 10

ixels, the optimal lens–photodetector distance is
.56 mm for the fingerprint-capturing mode. Also,
he optimal lens–photodetector distance for the face
mage-capturing mode is 1.3 mm. In our experi-

ent, the lens–photodetector distance is set to 1.41
m, introducing a 150-�m defocus for the

ngerprint-capturing mode. Therefore the amount
f the defocus for the face image becomes 110 �m.
n this case, the diameter of the blur circle for the face
mage and the fingerprint-capturing mode are ap-
roximately 42.30 and 48.07 �m, respectively. Since
hese values are almost equal, we took this setup.

Figure 7 shows the captured images of the finger-
rint and the face by use of this alignment. The
bject distance and the captured area are approxi-
ately 325 and 125 � 125 mm2, respectively. Both

econstructed images are sharpened with a digital
lter. Although these images are slightly out of fo-
us, they have sufficient information for personal au-
hentication, such as the fingerprint minutia and
eatures of the face. This experimental result shows

capability of the proposed TOMBO system for the
imodal image capturing of fingerprint and face im-
ges with the same hardware. This technique can
e utilized for multimodal identification, in which
ngerprint verification and face recognition are im-
lemented with a single compact hardware.
In the proposed method, finger movement can be

ncorporated into the verification process on the basis
f the fingerprint pattern to improve recognition ac-
uracy. Finger movement is tracked by connecting
he multiple segment images with the pattern match-
ng method. The speed and the direction of the fin-

ig. 7. Captured images of the fingerprint and the face by use of
he same TOMBO system.
er movement is also detected through sequential
nalysis of the segment images. Therefore a series
f finger movements can be used as a personal iden-
ification key. In addition, finger action is utilized
s an input method for a device with authentication
apability.

. Summary

thin fingerprint-capturing module using the
ompound-eye imaging system TOMBO has been
roposed. A simple and high-speed reconstruction
ethod for the fingerprint capturing has been de-

cribed. A fingerprint image of 1727.2 dpi was cap-
ured by the experimental system. The
xperimental result proved the capability of captur-
ng a fingerprint image by the proposed method. A
arge area of an image can be successfully recon-
tructed by a combination of multiple segment fin-
erprint images with the pattern-matching method.
s a notable feature of this system, fingerprint and

ace images can be captured with the same hardware.
ith these functionalities, the proposed system is

xpected to be applied to a multimodal authentica-
ion system.
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