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THREE DIMENSIONAL VEIN IMAGING USING PHOTO-ACOUSTIC TOMOGRAPHY

RELATED APPLICATION INFORMATION

{0001] This application claims priority to provisional application number 62/245,49¥ filed

-!

October 23, 2018, the contents of which is incorporated herein by reference.

BACKGROUND

Technical Field
{0002] The present invention relates generally to three-divensional vein imaging, and
more partcularly, to three diveensionally imaging finger veins using photoacoustic

tomography for three-dimensional biometrics

Description of the Related Art
{0003] Biomeirics i3 the explottation of a human’s unigue anatomica! features {v.g., voice,

face, wris, finger-prints, finger-veiny, etc.) tn verify their identity. Unlike, for example,
passwords or driver’s Hoegnses, it is more difficult to falsity anatomaical featores. Doe to the
exponential growth of data-driven technologies, biometrics 13 becoming a abiguitous
technoiogy for applications that require increasingly high-levels of secunity via identity
vertfication, including, for example, imnyigration control, law enforcement, personal
banking, and ticket monitoring for recreational businesses (e.g. Disneviand®).

{0004] For example, obtuining two-dimensional biometrics by two-dimensionally imaging
finger-veins s an attractive biomeiric as it meets salient biometrie requivements wcluding,

for example, sniversality, disiinctiveness, permanence, collectability, performance,
acceptabifity, and low circurvention, Finger-veins can be two-dimensionally imaged by

iHaminating a finger with light at such a wavelength {¢.g. near infraved) that it is absorbed by

the blood in the finger-veins. The scatiered Hght is then detected by a camera to produce g
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two-dimensional finger-vein tmage where the finger-veins appear as o two-dimensional
network of dark lines, Used as two-dimensional biometrics, two-dimension finger-vein
images can be digitally processed for wdentity verification. Using two-dimensional finger-

vein images as two-dimensional biometrics provides low false reject rates (e.g., the

()f«‘

frequency with which genuine wdentity is not correctly recognized). and low false accept rates
(e.g.. the frequency with which an imposter 1s accepted as genvine identity}.
{0005] However, as compared to two-dimensional brometrics, threg-dimensional
brometrics are more robast to lumination, provide a nicher information source for featare
extraction, and are more difficult to falsity. In nurn, three-dimensional biometrics provide
fower false reject vates and lower fulse accept rates than two-dimensional blometries. Finger-
veins have a three-dimensional structure. As finger veins exist just below the {inger surface
eir three-dimensional structure is due o the curvanwe of the finger surface and their depth-
dependent structire with respect 1o the finger surface. However, it is challenging to three-
dimensionally image finger-veins. This is at feast in part due to the inherent increase of
deleterious Hght scatiering as light propagates deeper intn binlogical tissue {e.g., a finger),
witich in turn degrades image guality.
{0006] Conventionally, finger-veins have been three-dimensionally imaged by using two
cameras positioned at two different viewpotnts. This results in disparate finger-vein images
comprising a threg-dimensional image. However, the resolting three-dimensional image is of
the structurg of finger veins due to the curvatare of the finger surface; it obtuins an mage of

finger-veins just below the finger surfuce, and dees not overconte at least the problem of

accurate three-dimensional finger-vein tmages associated with theiy depth-dependent

stractores using conventional systems and methods,
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SUMMARY

{0007] A compuier implemented methed for imaging a three-dintensionat {383) biometric
object, including receiving the 3D biometric object iito a scanning area. An iimage of the 3D
biometric object is generated using photo-acoustic tomography by dluminating one or more
veins in the 3D Mometnie object using a light soorce, and detecting acoustic waves resalting
from absorption of Hght fromm the hght sowrce by the one o more veins, A 35 vein image 1s
output based on the acoustic waves detected.

{0008] A system for imaging a three-dimensional (3D} buwmetric object, including a
scanning area for receiving the 3D biometric object for imaging. An image generator is
configured to generate an irnage of the 3D biometric object using photo-acoustic tomography
by Hlaminating one or more veins in the 3D biometric object using a light source. Acoustie
waves resulting from absorption of Hght from the Hght scwrce by the one or more veins are
detected using an acousiic wave detector, and a 30 vein image 15 outpul bused on the
acousiic waves detected.

{0009] A computer-readable storage medium including a computer-readable progranm for
imaging a three-dimensional (3D) biometric ohject, including receiving the 3D biometric
ohiect into a scanning arca. An image of the 3D biometric object is generated using photo-
acoustic tomography by tuminating one or more veins in the 3D biometric object using a
fight source, and detecting acoustic waves resalting from absorption of Light from the light
source by the one or more veins. A 3D vein image is output based on the acoustic waves
detected.

[0010]  These and other features and advantages will become apparvent from the following
detailed description of iftustrative embodiments thereof, which is 1o be read in connection with

the accompanying drawings.
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BRIEF DESCRIPTION OF DRAWINGS

{0011] Fhe disclosure will provide details in the following description of preferred

embodiments with reference to the following figures wherein:

{0012]  FIG. 1 is a block/tlow diagram tllustrating an exemplary processing system {0
which the present principles niay be apphed, in accordance with the present principles;

{0013} FIG. 2A is an diagram ilustrating an exemplary haman finger and finger veins, in
accordance with an embodiment of the present principles;

{0014} FIG. 28 is a diagram lustrating a system/method for three-dimensional inaging of

inger veins by ihuminating finger veins, in accordance with an embodiment of the present

principles:

[0015]  FIG. 20 1s a diagram illostrating a systen/method for three~dimensional imaging of

finger veins using photo-acoustic tomography for three-dimensional biometrics, in

accordance with an embodireent of the present principles;

[0016] FiG. 3A s o diagrarn ithustrating a systern/method for three-dimensional imaging of

inger veins using photo-acoustic fomography including a hight source with spatial resolution,

in accordance with an entbodiment of the present principles;

{0017] FIG, 38 is a diagram lustrating a system/method for three-dimensinnal imaging of

o

o

finger veins using photo-acoustic tomography inchuding an acoustic wave detector with

spatial resolution, i accordance with an embodiment of the present principles;

{0018] FHa. 3C 15 a diagram iHostrating a systeny'method for three-dimensional imaging of

finger veins using photo-acoustic tomography incloding 4 raster scanned Hght sowrce and a
fixed position acoustic wave detector, in accordance with an embodiment of the present

principles:

[0019]  FIG. 3D is a dingram Hlustrating a systenvmethod for three-dimensional imaging of

finger veins asing photo-acoustic tomography incloding a fixed position Hght source and a
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raster scanned acoustic wave detector, naccordance with an emnbodimsent of the present
principles;

[0020] Fix 4A is 3 diagram ilustratng a system/methed for three-dimensional imaging of
inger veins using photo-acoustic fomography inclading a hight source and an acoustic wave
detector positioned on a sane side of « finger, tn accordance with an embodiment of the
present principles:

{00211 FH3. 48 45 a diagram illostrating a systerg/method for three-dimensional imaging of
finger veins using photo-acoustic tomography incloding 4 hght source and an acoustic wave
detector positioned on opposite sides of a finger, In accordance with an exnbodiment of the
present principles;

[0022]  FIG. 40 18 a diagram ilostrating a systeny/method for three~dimensional imaging of
finger veins using photo-acoustic tomography including a hight source and an acoustic wave
detector positioned at a vight angle to each other, in accordance with an embodiment of the
present principles;

{0023]  FIG, 3 is a block/Mlow diagram illustrating a method for three-dimensional imaging
of veins using pholo-acousiic tomography for three-dimensional binmetrics, it accordance
with an embodiment of the present principles; and

[0024] FHx 615 a Block/flow diagram tllustrating a system for three-dimensional imaging
of veins using photo-acoustic tomography for three-dimensional Bometries, in accordance

with an embodiment of the present principles.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
[0025]  In accordance with various embodiments of the present principles, systems and
suethods are provided for three-dimensional imaging of finger veins using photo-acoustic

tomography for three-dimensional (30) blometrics.
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[0026] 1o a particularly useful embodiment, the present principles may be emaploved to, for
example, verify a person’s identity {e.g., biometrie lock, banking, ete.} by performing 38
imaging of finger veins using photo acoustic tomography to obiain 3D biometries in
accordance with the present principles,

{0027}  In one embodiment. the present principles may be emiployed 1o obtain three-
dimensional (3D bometrics by three-dimensional imaging of heman veins (e.g.. finger-
veins) using photo-acoustic tomography. In phote-acoustic tomwography, biological tissue 1s
Hhwminated with pulsed lght at such a wavelength that it 1s absorbed. The absorption of the

Hght results in acoustic waves. As acoustic waves experience significantly less deleterious
scattering in biotogical tissue than light, the present principles may be emploved o three-
dimensionally fmage veins (e.g., finger~veins) using photo-acoustic tomography to obtain
three-dimensional biometrics in accordance with various embodiments.

[0028] In one embodiment, 1nstead of obtaining an ireage of the biological tissue by
detecting scatiered ight with a carnera, an image of the biclogical tissue can be obtained by

o

detecting scoustic waves. The light source andfor the acoustic wave detector may be given

spatial resolution in all three Cartesian directions {e.g. X, y, z). Three-dimensional finger
images can be fomographically constructed. Using photo-acoustic tomography to three
dimensionally image finger-veins {or use as dwee-dimensional biometrics solves the problem
of deleterious light scattering described above tn accordance with the present principles.
{0029] The three-dimensional biometrics obtained by three-dimensional imaging of finger-
veins using photo-acoustic tmmography in accordance with the present principles are of
higher-quality {e.g., more accurate, less false positives/neganives, etc.) than other biometrics,
This ts at least in part because three-dimensionally tmaging finger-veins by photo-acoustic

imaging meets salient blometric requirernents incloding, universality, distinctiveness,

sermanence, collectabilnty, performance, ¢ ity, ¢ ow circumvention,
FTANERC Hectability, performance, acceptability, and {o youmvention, and
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additionally has the benefiis of three-dunensional biomeuices {e.g., being mwore robust o
titumination, providing a richer information source for feature extraction, and being more
difficul to falsity, ete.}, which achieves lower false reject rates and lower false accept rates
than conventinnal systems and methods.
{0030]  As the exponential growth of data-driven technologies will require increasingly
high-levels of secority via identity verification, the hugher-quahity biometrics provided by
three-dimensionally imaging finger-veins using photo-acoustic tomography according to the
present principles may be emploved for a plarality of purposes {e.g.. identity verification for
fmmigration control, law enforcement, personal banking, ticket monitoring, ete. according 1o
vasious embodiments,
[0031] Ewmbodiments described herein may be entively bardware, entirely software or
including both hardware and software elements. In a prefeorred erobodiment, the present
invention is iraplersented in software, which includes but is not hmited 1o Hrroware, resident
software, mcrocode, e,
{0032] Embodiments may include a computer program product accessible from a
computer-usable or computer-readable medium providing program code for use by or in
connection with a computer or any instryction execution sysient. A computer-usable or
computer readable mediom may include any apparatus that stores, conununicaes,
propagates, or transports the program for use by or in connection with the instruction
execunon system, apparates, or device. The mediom can be magaetic, optical, electronic,
electromagnetic, infrared, or senniconductor systent {or apparatus or device) or a propagaton
medium, The mediom may include a computer-readable storage medium such as a
semicondoctor or solid state memory, magnetic tape, a removable compater diskette, a
random access memory {RAM), a read-only memory (ROM), a rigid magoetie disk and an

optical disk, etc.
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[0033] Each conmputer programn toay be tangibly stored in a machine-readable storage

media or device {o.g., programm memory or magnetic disk} readable by a general or special
purpose programmable computer, for configuring and controlling operation of a computer

when the storage media or device is reaid by the computer 1o perform the procedures
described hergin, The inventive system may also be considered to be embodied i a
computer-readable storage mediwm, configured with a computer program, where the storage
medivm so configired causes a computer (o operate i a specific and pradefined manner to
perform the finctions described hergin,
[0034] A data processing system suitable for storing and/or executing program code may
include at least one processoy coupled directly or indirectly 1o memory elements through a
systery bus, The memory elements can inclade local memory employed dwring actoal
ecution of the program code, bulk storage, and cache memories which provide temporary
storage of at least some program code to reduce the nuraber of tirses code s retrieved from

%
H
i

bulk storage during execution. Input/output or YO devices {inclading but not hmited to

keyboards, displays, poiniing devices., gic.} may be coupled to the sysiem either directly or
through intervening /0 controlier

{0035] Network adapters may also be coupled to the system to enable the daty processing
system (0 bevome coupled 0 other data processing systems or emote priniers or 30rage
devices through intervening private or public networks. Modems. cable modem and Ethernet
cards are just a few of the currently available types of network adapters.

{0036] Referning now to the drawings 1 which hke nomerals represent the sane or similar
elements and initially to FIG. 1, an exemplary processing system F0, 1o which the present
principles may be applied, is Hlustratively depicted in accordavce with an embodiment of the
present principles, The processing system 100 includes at feast one processor (CPU} 104

operatively coupled to other components via a system bus 102, A cache 106, a Read Only
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Memory (ROM) 108, a Random Access Memaory (RAM) 110, an inputioutput (1/O) adapter
120, a sound adapter 138, a network adapter 140, a user interface adapter 150, and a display
adapter 168, are operatively coupled {o the system bus 12

{0037] A first storage device 122 and a second storage device 124 are operatively coupled
to system bus 102 by the VO adapter 120, The storage devices 122 and 124 can be any of a
disk storage device {e.g., a magnetic or opticad disk storage device), a sohid state magnetic
device, and so forth, The storage devices 122 and 124 can be the same type of storage devics
or ditferent types of storage devices.

[0038] A speaker 132 is operatively coupled 1o systern bus 102 by the soond adapter 130,
A transceiver 142 is operatively coupled o system bas 102 by network adapter 140, A
display device 162 1s operatively coupled to systen bus 102 by display adapter 16{L

[0039] A first user input device 152, a second user input device 1534, and a third user input
device 156 are aoperatively coupled 1o systern tus 102 by aser interface adapter 130, The
user fnput devices 132, 154, and 156 can be any of a keyboard, a mouse, a keypad, an image
capture device, a motion sensing device, a microphone, a device incorporating the
functionality of at least two of the preceding devices. and so forth. 3f course, other types

input devices can also be used. while maintaining the spurit of the present principles. The
user input devices 132, 154, and 156 can be the same type of user input device or different
types of user input devices. The user mput devices 152, 1534, and 156 are used to input and
output information to and from system 1601

{0040}  Of course, the processing system 180 may also inclade other elements (not shown),
as readily contemplated by one of skill 1o the art, as well as omit certain elements. For
example, various other fnput devices and/or output devices can be included in processing
systemy 106, depending upon the particalar implementation of the same, as readily anderstood

by one of ordinary skill in the art. For example, various types of wireless andfor wired input
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and/or ouiput devices can be used. Moreover, additional processors, controliers, raemories,
and so forth. in various confizurations can also be utilized as readily appreciated by one of
ordinary skill in the art. These and other variations of the processing system ¥ are readily
conternplated by one of ordinary skill in the art given the teachings of the present principles
provided heretr

{00417  Moreover, it is to be appreciated that systems 100, 200, 308, 400, and 600,
described with respect to FIGs 1, 2, 3, 4, and 6. respectively, are systenis for implementing
respective embodiments of the present principdes, Part or all of processing system 100 may
be impleented in one or mwore of the elements of systerna2O0, 304, 400, and 600, according
to various embodiments of the present principles.

[0042] Further, it i3 to be appreciated that processing system 100 may perform at least part
of the raethod described herein including, for example, at least part of methods200, 300, 400,
and 300 of FIGs 2, 3, 4, and 5. Simtlarly, part or all of systems200, 300, 400, and 600may be
used to perforn at least part of methods 200, 300, 400, and 300 of FIGs 2, 3, 4, and

Saccording to vartous embodiments of the present principles.

{0043] Referring now to FIG. 2A, an exerpplary diagram of a human finger 202 and finger
veins204 to be imaged is ustratively depicted in accordance with the present principles.

Finger veins 204 in a human finger 202 have a three-dimensional (3D) structure. As finger
veins 204 exist jost below the finger 202 sarface, the 3D structure of finger veins 204 is due
to the curvature of the finger 204 swrface and their depth-dependent structure with respect to
the finger 204 swrface.

[0044]  Albough the present principles are desernibed with respect to humay finger vein
imaging, 1 is 1o be appreciated that the present principles may be applied (o other veins and

parts of a body v accordance with various embodiments of the present principles.

10
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[0045] Relerring now to FIG. 28, a disgram of a system/moethod 200 for three-dimensional
tmaging of finger veins 204 by illuminating finger veins Z04 in a human finger 202 is
tHustratively depicted i accordance with the present principles. In one embodument, finger
veins 2{4 may be ithosinated with light 208 {e.g., light puise) from u light source 206 {c.g.,
laser, non-laser tight, ete.) at such a wavelength (e .g.. near infrared) that it is absorbed by the
Blood in the finger veins 204, The light may be temporally modulated/pulsed (e.2., turmed on
and off over a period of time} in accordance with the present principles. In some
embodiments, the hobt source 206 may mclude, for example, a pulsed laser, a temporally
modulated continuoas wave laser, a temporally modalated non-laser, etc. in accordance with
the present principles,

[0046] Referring now to FIG. 2C, a diagram of a systenv/method 200 for three-dimensional
imaging of veins 204 in a finger 202 using photo-acoustic torpography including an acoustic
wave detector 210 with spatial resolution ts ithustratively depicted in accordance with the
present principles. In one embodiment, absorption of pulsed light 208 from a lght sowrce
206 by the blood in the finger-veins results in an acoustic wave 212 whose amplitude may be
measured (o be directly proportional o the amount of {ight that is absorbed. As compared to
fight, acoustic waves experience signtficanily less deleterious scattering in binlogical tissue.
{0047] By detecting the acoustic waves 212 in accordance with the present principles, a
threg-dimensional tmage of the finger-veins can be obtaingd. In accordance with various
embeodiments, the acoustic wave detector 212 niay be configured in segveral positions in
relation o a finger to be imaged. For example, the acoustic wave detector 212 may be in
contact with the finger 202 {e.g., acoustic transducer), or in non-contact with the finger 202
{e.g.. optical interferomenty) 1o accordance with the present prineiples.

{0048}  Insome embodiments, the Hght sowrce 206 and/or the acoustic wave detector 212

may be given spatial vesolotion in all three Cartesian divections {e.g. x, v, z). Three-

11
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dimensional finger vein images may be tomographically constrocted using the Hght source
206 and the scoustic wave detector 212, and the resulting three-dunensional finger-vein
image may be emploved as u three-dimensional biometrie (e.g., for identity verification) in
accordance with the present principles.
{0049] Referring now to FIG. 3A, a diagram of a system/method 383 for three-dimensional
imaging of veins 304 in a finger 302 using photo-acoustic tomography incloding # light
source 306 with spatial resolution and an acoustic wave detector 310 with a fixed position
{e.g.. no spatial resohstion} is Hhustratively depicted in accordance with the present principles.
{0050} In various erobodimsents, spatial resolution may be achieved for three-
dimensionally image finger veins 304 in accordance with the present principles. The light
source 306 andfor acoustic wave detector 310 may be given spatial resolution in all three
Cartesian directions {e.g.. X, ¥, 2). Three dimensional finger vein images roay then be
tomographically construcied according o various emmbodiments of the present principles,
which are described in further detatl with reference to FIGs 3A-30. BEffectively,
tomographic reconstruction comprises frisngulaiinn of the avoustls wave sources.
Triangulation 1s accompiished by using the spead of sound to determine the time-of -flight of
the generated seoustic waves puiside the finger when they are recorded at multiple locations,
Then, using an nverse reconstruciion aigorithun, the time-of-tlights are converted into depth
information thereby providing a 3D finger vein image
{00511 In one embodiment, absorption of pudsed light 308 from 4 hght source 306 by the
blood in the finger-veins 304 results in an acoustic wave 312 whose amphitode may be
measured o be divectly proportional to the armount of light 308 that is absorbed.
{0052] In some embodiments incloding a light source 306 with spatial sesolution, the hight
308 may be provided by, for example, by a digital micro-nuirrvor device or a spatial light

modalator. The aconstc wave detector 310 with a fixed position (e.g., vo spatial resolution),

12
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may be, for example, a single acoustic vansducer emploved in accordance with various

embodimnens of the present

principles. A three-dimensional biometric image may be
generated using photoacousiic tomography based on the measured acoustic wave 312 in
accordance with the present principles.
{0053} Reterring now to FIG. 3B, a diagram of a system/method 300 for three-dimeunsional
tmaging of veins 304 in a finger 302 using photo-acoustic tomography mcluding # hght
sgurce 306 with a fixed position {e.g., no spatial resolution) and an acoustic wave detector
310 with spatial resolotion {e.g., not fixed position) is iHustratively depicted in accordance
with the present principles. In one embodiment, absorption of polsed hight 308 from a light
aource 306 by the blood in the finger-veins 304 resulis in an acoustic wave 312 whose
amplituode may be mweasared 1o be directly proportional to the amount of Hight 20K that is
ahsorbed.
[0054]  In sorse embodiments including a light sorirce 306 with fixed position {e.g., no
spatial resohution), and an acoustic wave detector 310 with spatial resolution {e.g.. not fixed
position), the acoustic wave detector 310 may include, for example, an wiray of acoustic
transducers 310 employed in accordance with various embodiments of the present principles.
A three-dimensional biometric intage may be generated using photoacoustic fomography
based on the measured acousiic wave 312 in accordunce with the present principles.
{0055] Refernng now to FIG. 3C, a diagram of a system/method 300 for three-dinensionat
imaging of veins 304 in 3 finger 302 gsing photo-acoustic tomography including a raster
scanned hight source 306 and an acoustic wave detector 318 with a fixed position {g.g2., no
spatial resolution) 18 lustratively depicted 1o accordance with the present principles. Inone
embodiment, absorption of pulsed Hght 303 from a hght source 306 by the blood in the
finger~veins 304 results in an acoustic wave 312 whose amplitude may be measured o be

directly proportional to the amount of light 308 that is absorbed.

13
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[0056] In one embodiment, the light source 306 does not have spatial resolution, but the
light source 306 may be raster scanned in accnrdance with the present principles, The
acoustic wave detector 310 may have a fixed position {e.g., no spatial resolution}, and may
be, for example, a single acoustic wansducer 310 employed in accordance with the present
principles. A three-dimensional biometric image may be generated using photoacoustic
tomography based on the measured acoustic wave 312 in accordance with the present
principles.

{00571 Refernng now to FIG. 31, 4 diagram of a systen/method 300 for diree-dimensional
imaging of veins 304 in a finger 302 using photo-acoustic tomography ncluding a fixed
position light source 306 (e.g., no spatial resolution) and 4 raster scanned acoustic wave
detector 310 18 Hustratively depicted fo accordance with the present priveiples. Inone
embodiment, absorption of pulsed Hght 308 from a light source 306 by the blood in the
finger-veins 304 resalis in an acoustic wave 312 whose amplitude roay be measured o be
directly proportional to the amount of light 308 that is absorbed.

{0058] in one embodiment, the ight source 300 has g fixed position {g.g., no spatiul
resolution}, and the acoustic wave detector 31} may not have spatial resolution, but the
acoustic wave detector 31{} may be raster scanned in aconrdance with the present principles,
The light source 306 may be, for example, a laser 306, and the acoustic wave detector 310
may be, for example, a single acoustic transducer 310 employed in accordance with the
present principes. A three-dimensional biometric image may be generated using
photoacoustic toanograpdty based on the measured acoustic wave 312 1n accordance with the
present principles,

[0059]  Although the above configurations {e.g., spatial resolution, no spatial resolation,
santer scanning) of the Hght source 306 and acoustic wave detector 31 ave presented for

Hustrative purposes, it 18 1o be appreciated that other configurations of the Hght sowrce 306
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and acoustic wave detector 310 {e.g., light sonrce 306 and acoustic wave detector 310 both
having spatial resolution, ete.) may be emploved in accordance with various entbodiments of
the present principles.

[0060] Referring now to FIG. 4A, a diagram of a systemymethod 400 for three-dimensional
imaging of veins 404 in a finger 402 using photo-acoustic tanography is ilustratively
depicted in accordance with an embodiment of the present principles.

{00611 In one embodiment. a hght source 406 and an acoustic wave detector 410 may be
positioned on a same side of a finger 402 during photoacoustic imaging in accordance with
the present principles. With this configuaration, a user can place their fingey on top of the
system. Soch a configuration, as opposed to other positions (e.g., when the hght source and
detector are on different sides of the finger, ts advantageous because it can be ased with, for
example, a smart phone (e.g. iPhone), coroputer mouse, efc. Other configurations roay not be
equally beneficial, depending on a type of user equipoent being employed (e.g., placing a
fight source and detector on different sides of a finger may be incompatible with corapact
devices, such as, smart phones ). Absorption of pulsed light 408 from a light source 406 by
the blood in the finger-veins 404 results in an acoustic wave 412 whose amplitude may be
measured to be directly proportional o the amount of light 40K that 15 absorbed. A three-
dimensional biometric image may be generated using photoacoustic tomography based on
the measwred acoustic wave 412 in accordance with the present principles.

{0062] Retferring now to FIG. 4B, a diagram of a system/method 400 for three-dimeunsional
tmaging of veins 404 in a finger 402 using photo-acoustic tomography is iHlustratively
depicted in accordance with an embodiment of the present principles.

[0063] In one embodiment, a light source 406 and an acoustic wave detector 410 may be

positioned on opposite sides of a finger 402 during photoacoustic imaging in accordance with

the present principles. Absorption of pulsed Hight 408 from a Hght source 406 by the blood in
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the finger-veins 404 resulis in an acoustic wave 412 whose amplitude may be measured to be
directly proportional o the amount of light 408 that is absorbed. A three-dimensionad
biometric inmage may be generated using photnacoustic tomngraphy based on the measured
acoustic wave 412 in accordance with the present principles.

{0064] Reterring now to FIG. 4C, a diagram of a system/method 400 tor three-dimeunsional
tmaging of veins 404 in a finger 402 using photo-acoustic tomography is iHlustratively
depicted n accordance with an embodiment of the present principles.

{0065]  In one embodiment, a light source 406 and an acoustic wave detector 418 may be
positioned at a right angle to each other during photoacoastic imaging in accordance with the
present principles. Absorption of palsed hight 408 from a light source 4036 by the blood in the
finger~veins 404 results in an acoustic wave 412 whose amplitude may be measured o be
directly proportional to the amount of light 408 that is absorbed. A three-ditoensional
bioraetric irnage may be generated using photoacoustic tomography based on the measored
acensiic wave 412 in accordance with the present principles.

{0066]  Although the above positinning of the light source 406 and acoustic wave detectw
410 are presented for itlustrative purposes, if 1 & be appreciated that other configurations
including varying positions of the light source 406 and acoustic wave detector 410 may be
employed i accordance with various embodiments of the present principles.

{00671 Refernng now to FIG. 5, a block/How diagram of a methad 300 for three-
dimensional imaging of finger veins using photo-acoustic tomography for threg-dimensional
brometrics is tlostratively depicted in accordance witl ant embodiment of the present
privciples. In one embodimsent, the method 300 may employ photo-acoustic tomography (o
three-dimensionally imsage finger-veins 1o overcome saues such as deleterious hight
scattering which occurs asing conventional imaging systerns and methods, The method 500

ncluding performing photo-acoustic tomography according 1o the present principles results
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in lower false accept rates, lower false reject rates, and an overall bigher-quality biomseiric
than when using conventional methods.
{0068] Conventionaily, finger-veins are three-dimensionally imuged by using two camera

positioned at two different viewpoinis. This results in disparate fin

ger
comprising a three-dimensional image. However, the resalting three-dimensional image is of
the stracture of finger veins due to the curvature of the finger surface, as it obtainy an image
of finger-veins just below the finger swrface. This method suffers from the problem of
deleterious hght scattering. Due to deleterious Hght scattering, it 15 exceedingly more
difficult to obtain three-dimensional finger-vein mages associated with their depth-
dependent strocture using conventional methods.
[0069] In one embodiment, a 3D biometrie object {e.g., lnaman finger) may be provided for
imaging in block 502, In block 504, a 3D biometric object (e.g., finger veins) may be imaged
using photo-acoustic tomography in accordance with the present principles. In block 508,
finger-veins may be Hluminated with light {e.g., pulsed fight) at such & wavelength that 1t s
absorbed by the blood of the finger-veins {e.g., near-infrared light having wavelengths from
600 nanonteters 0 1000 nanometers, infrared light huving wavelengihs from 1000
nanometers to 2000 nanometers, which generates an acoustic wave. The light source may be,
for exampile, a pulsed laser, a lemporally modulated continuous wave laser, or a temporally
modulated non-laser in accordance with the present principles. In block 518, the illuminating
hight source may mehude a light source with spatiad resolotion, with & fixed position {e.g., no
spatial resolution), or raster scanning in accordance with various embodiments.
[0070]  In one embodiment, acoastic waves resulting fromw Hight absorption may be detected
in block 512, and the acoustic waves may be detected with an acoustic wave detector in

contact or in non-contact with the biometric object {e.g., finger) in block 514, In block 516,

L ACHUKTIC YaYEs d‘v’ 38 (Qeieriel Li"s {’xi‘:’ QCQUS A DWRYE GSiegior W,i 1 SPe x L SCROI '.{}Fl,
the acoustic waves may be detected ¢ an acoustic ¢l < th spatial resolutt
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with a fixed position {e.g., no spatial resolution), or rasier scanning in sccordance with
various embodiments. In block 518, a 3D vein tmage of the biometric object {e.g.. finger
veins ) may be generated by detecting the resulling acoustic waves, and output for use as a 3D
biometric (2.2., in dentity verification systems) in accordance with various embodiments,
{0071}  In vanous entbodiments, the Hlumnating beht seurce i block 336 and the
deteeting acoustic wave detector in block 312 may be positioned, for example, on a samg
side of a finger, opposite sides, or at a night angle in accordance with the present principles.
Although exemplary positioming of the lght soarce and/or finger have been presented for
iHostrative purposes, 1S to be appreciated that the Hght source may be positioned in any
way such that ap acoustic wave is produced in accordance with varfous embodiments of the
present principles. Acoustic waves experience sigoificantly less deleterious light scattering
as compared to Hght waves, and as such, the method 300 solves the problem of deleterious
hight seattering. The three-dimensional finger-vein image can be used as a three-dimensional
biometric in accordance with the present principles.

{0072]  An advantage achieved by the method 300 of obtaining three-dimensional

biometrics by three-dimensional inaging of finger-veins using photo-acoustic tomography

according fo the present principles is that the resulting image s of higher-quality thun

3
x

conventional btometrics, This 15 at least in part because three-dimensionally imaging fing

o
o

e
veins by photo-acoustic imaging meets sabient biometic requirements mcluding, for
example, goiversality, distinctiveness, permanence, collectability, performance, acceptability,
and low circumvention. and additionally has the benefits of three-dimensional bisanetrics
{e.g., being move robust to ithamination, providing a richer information source for feature
extraction, and being more difficult to falsity), in turn achieving lower false reject rates and
lower false accept rates. As the exponential growth of data-driven technologies will require

increasingly high-levels of security via dentity venification, the higher-quality biomeirics
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provided by three~-dimensionally imaging finger-veins using photo-acoustic tomography
according to the present principles will provide a competitive and commercial value fora
plurality of industries in accordance with various embodiments,
{0073] Referring now to FIG. 6, an exemplary system 780 for three-dimensional imaging
of finger veins using phote-acoustic tonography for threg-dimensional bionetries 18
tHustratively depicted in accordance with the present principles.
{0074] While many aspects of system 600 are described in singular fonm tor the sakes of
tHustration and clarity, the same can be apphed to multiples oues of the ftems menticned with
reapect 1o the description of systern 600, For example, while a single light source 604 is
deseribed, more than one Hght source 604 can be used in accordance with the teachings of
the present principles, while maintaining the spirit of the present principles. Moreover, it is
appreciated that the Hght source 604 ts but one aspect involved with systera 600 than can be
extended to plumal form while muintaining the spirit of the present principles.
[0075] The system 600 can inchude a bus 601, a scanning areafenclosure 602 {e.g., for
placement of biomeiric object to be tmaged}, a light source 604, and an acoustic wave
detector 6. A storage device 608 {e.g., non-transifory computer readable medium) may be
employed (o store, for example, biometric data, acoustic waves, ete. A controller 61 (e g,
tocal or remnte} may be emploved fo provide commuands to the systermn 600, and an image
generator 012 may ouotput a three-dimensional ymage of a biometric object {e.g., finger veins)
with no deleterious light scattering in accordance with the present principles. A bometric
wdentification device 614 may be employed to verify an identity based on the three-
dirnensional mage generated for use as a three-dimensional biometric in accordance with
various embodiments of the present principles.
[0076] The foregoing is to be understood as being in every respect ithistrative and

xeraplary, but not restrictive, and the scope of the invention disclosed berein 1s not 1o be
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deternyned from the Detatled Description, bui rather from the claims as interpreted according
to the full breadth permitied by the patent laws. It is to be undersiood that the embodiments
shown and described herein are only iltustrative of the principles of the present invention and
that those skilled in the art may inplement various modifications withowt departing from the
scope and spint of the invention. Those skilled in the art could 1mplement various other
feature combinations without departing from the scope and spirit of the mvention. Having
thus desceribed aspects of the invention, with the details and particularity requoived by the
patent laws, what is claimed and desired protected by Letters Patent is set forth in the

appended claims.
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WHAT IS CLAIMED 18!

I. A computer implemented method for imaging a three-dimensional (3D)
biometric object, comprising:
receiving the 3D biometric object into a scanning area;
generating an image of the 3D biometric object using photo-acoustic tomography, the
generating further comprising:
illuminating one or more veins in the 3D biometric object using a light source;
detecting acoustic waves resulting from absorption of light from the light
source by the one or more veins; and

outputting a 3D vein image based on the acoustic waves detected.

2. The method of claim 1, wherein the 3D biometric object is at least one of a

finger, palm. arm. leg, or eye.

3. The method of claim 1, wherein the light source and the acoustic wave

detector are positioned on a same side of the 3D biometric object, on opposite sides of the 3D

biometric object, at a right angle to cach other, or at an arbitrary angle to each other.

4. The method of claim 1, wherein the light is a light pulse or continuous wave

light comprising a wavelength of light absorbed by blood in the one or more veins.

5. The method of claim 1, wherein the light source is one of a pulsed laser, a

temporally modulated continuous wave laser, or a temporally modulated non-laser.
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6. The method of claim 1, wherein the light source has spatial resolution. has no

spatial resolution, or is raster scanned.

7. The method of claim 2, wherein the acoustic wave detector 1 in contact with

the 3D biometric object.

8. The method of claim 2, wherein the acoustic wave detector is in non-contact

with the 3D biometric object.

9. The method of claim I, wherein the acoustic wave detector has spatial

resolution, has no spatial resolution, or is raster scanned.

10. A system for imaging a three-dimensional (3D) biometric object, comprising:
a scanning area for receiving the 3D biometric object for imaging: and
an image generator for generating an image of the 3D biometric object using photo-
acoustic tomography, the image generator being further configured to:
illuminate one or more veins in the 3D biometric object using a light source;
detect acoustic waves resulting from absorption of light from the light source
by the one or more veins using an acoustic wave detector; and

output a 3D vein image based on the acoustic waves detected.

11, The system of claim 10, wherein the 3D biometric object is at least one of a

finger, palm, arm, leg, or eye.
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12. The system of claim 10, wherein the light source and the acoustic wave
detector are positioned on a same side of the 3D biometric object, on opposite sides of the 3D

biometric object, at a right angle to cach other, or at an arbitrary angle to each other.

13. The system of claim 10, wherein the light is a light pulse or continuous wave

light comprising a wavelength of light absorbed by blood in the one or more veins.

14. The system of claim 10, wherein the light source is one of a pulsed laser, a

temporally modulated continuous wave laser, or a temporally modulated non-laser.

15. The system of claim 10, wherein the light source has spatial resolution, has no

spatial resolution, or is raster scanned.

16. The system of claim 11, wherein the acoustic wave detector is in contact with

the 3D biometric object.

17.  The system of claim 11, wherein the acoustic wave detector is in non-contact

with the 3D biometric object.

18.  The system of claim 10, wherein the acoustic wave detector has spatial

resolation, has no spatial resolution, or is raster scanned.

19. A non-transitory computer-readable storage medium comprising a computer-

readable program for imaging a three-dimensional (3D) biometric object, wherein the
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computer-readable program when executed on a computer causes the computer to perform
the steps of:
receiving the 3D biometric object into a scanning area;
generating an image of the 3D biometric object using photo-acoustic tomography, the
generating further comprising:
illuminating one or more veins in the 3D biometric object using a light source;
detecting acoustic waves resulting from absorption of light from the light
source by the one or more veins; and

outputting a 3D vein image based on the acoustic waves detected.

20.  The computer-readable storage medium of claim 19, wherein the light s a

light pulse or continuous wave light comprising a wavelength of light absorbed by blood in

the one or more veins.
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Providing Three-Dimensional (3D) Biometric Object for imaging
502

Imaging 3D Biometric Object (e.g., Finger Veins) Using Photo-Acoustic Tomography

504
[Huminating Veins (e.g., Finger Veins) With Light at Wavelength Absorbed by Veins
506
llluminating Veins Using a Pulsed Illuminating Veins Using a Light
Laser, Temporally Modulated Source With Spatial Resolution, No
Continuous Wave Laser, or Spatial Resolution, or Raster
Temporally Modulated Non-Laser Scanning
508 510

Detecting Acoustic Waves Resulting From Light Absorption

512
Detecting Acoustic Waves With Detecting Acoustic Waves with
Acoustic Wave Detector in Contact Acoustic Wave Detector With Spatial
or Non-Contact with Biometric Resolution, No Spatial Resolution, or
Obiject Raster Scanning
514 516

Outputting 3D Vein Image (e.g., for use as a 3D Biometric)
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