11 October 2004 1 A method and a device for computer-based determination of a total minutiae
template from a plurality of partial minutiae templates and a computer readable medium 5
BACKGROUND OF THE INVENTION The invention relates to a method and a device for computer-
based determination of a total fingerprint template from a plurality of partial fingerprint templates and a
computer 10 readable medium. In order to provide an identification mechanisn®basedwort Bidmetric
characteristics of a person which is to be identified. ©ne biometric characteristic often used for 15

personal verificagonidsruificafign s a6 persens gerprint . bisikiad o yerificatign/igentfication,
typically the person'slfinqderk[.l)rint is 1qetec{ed byfa fingerprint Sensor, 20 thereét) qene_ratigg a fingerprint
image. The wor Qﬁr?gerrﬁnrﬁ FE3ereBséd &s afcr’énpraes%nFa fre'of &° mé’earerin?or%Jﬁkue pgﬁern or figure.

More particularly, the fingergtFitPtaF e APrdchiFIRGeESF pErAdtean881i8® print, a soleprint, a
squamous pattern, and a streaked pattern composed of streaks. The fingerprint may also be a diagram

drawn by asskilled person to represent a-faipi-fingemrintyemajnmhiebns, for example, left at the scene
of a crime. 30 Usually, the person, who would like to use a device for this kind of verification/identification

is required to register his or her fingerprint in a registration step for later verification/identification in a
verification/identifi¢ation ©5% step. L1 OlctSbérr2gogethod and a device for computer-

based determination of a total fingerprint template from a
plurality of partial fingerprint templates and a computer

10 readable medium.

In order to provide an identification mechanism based on

biometric characteristics of a person which is to be

identified. One biometric characteristic often used for
15 personal verification/identification is the person's

fingerprint.

In this kind of verification/identification, typically the
person's fingerprint is detected by a fingerprint sensor,

20 thereby generating a fingerprint image.

The word "fingerprint" is herein used as a representative of
a fingerprint or a like pattern or figure. More particularly,
the fingerprint may be an actual finger, a palm print, a toe

25 print, a soleprint, a sgquamous pattern, and a streaked
pattern composed of streaks. The fingerprint may also be a
diagram drawn by a skilled person to represent a faint
fingerprint remain which is, for example, left at the scene
of a crime.

30
Usually, the person, who would like to use a device for this
kind of verification/identification is required to register
his or her fingerprint in a registration step for later
verification/identification in a verification/identification

35 step.



2 During the registration, characteristic features of the fingerprint will be extracted and stored in a
storage media of the device. Such a fingerprint image is called the template fingerprint and such a
stored characteristic 5 features are called the template minutiae. When a person wants to use the device,
he has to present his fingerprint to the device. 10 The unknown fingerprint of the person who wants to be
identified in a verification/identification step is usually detected by a fingerpAantsemsorr Thelharacteristic
features of the detected fingerprint will be extracted and matched against the template minutae of the

template fingerpyint; [f 13 amaich;isd QHggoH‘e RRLSONisIdentified As the persgp the respective

pre-stored template fingerprint refers to. Otherwise, the person is identified as an unauthorized user and

the further use gfl ﬁﬁ%e&é)wég%wjb]e prohibited. aﬁf?ﬁeat%%ﬁgf)erﬁﬂnutlaea uSu8y é6niprise geometrical
and other usef@fchdractistiednforhidtion (orfeatires) pertaiing 16 thelbedl (‘}%@ontmwtles (the
minutiae) of thetfingerptiat, f Sucte asr the: typelokthehcurrenvminutiae; 26 tthe ieedtion of the current

minutiae, the ditegtionof thecurrentiminytias; cthe ddge goLnt bgtween the current minutiae and its
neighboring minutiae, the location of the neighboring minutiae, 30 the distance relationship of the current

minutiae with respect to its neighboring minutiae, and/or the angular relationship of the current minutiae

with respect to H&SieighBGAAG Mitttae. 88 IR]E] and [2; Whéthodito determind fietdmpiate minutiae
are described. The basicréonicapt oflithese botk methods is to

10 The unknown fingerprint of the person who wants to be
identified in a verification/identification step is usually
detected by a fingerprint sensor. The characteristic features
of the detected fingerprint will be extracted and matched
against the template minutae of the template fingerprint. If

15 a match is found, the person is identified as the person the
respective pre-stored template fingerprint refers to.
Otherwise, the person is identified as an unauthorized user

and the further use of the device will be prohibited.

20 The template minutiae usually comprise geometrical and other
useful characteristic information (or features) pertaining to

the local discontinuities (the minutiae) of the fingerprint,

such as
o the type of the current minutiae,
25 ] the location of the current minutiae,
o the direction of the current minutiae,
° the ridge count between the current minutiae and its

neighboring minutiae,
° the location of the neighboring minutiae,
30 o the distance relationship of the current minutiae with
respect to its neighboring minutiae, and/or
4 the angular relationship of the current minutiae with

respect to its neighboring minutiae.

35 In [1] and [2], methods to determine the template minutiae
are described. The basic concept of these both methods is to

determine all the minutiae present in the fingerprint image.



determine all the minutiae present in the fingerprint image. 11 October 2004 3 From these determined
minutiae, the required parameters are subsequently determined. Furthermore, methods to match the
fingerprints or to compare 5 whether two fingerprints are similar to each other or not using the fingerprint
templates, are described in [3], [4], [5], or [6]. In the Singapore Patent Application [6], a two-stage local
10 and global fingerprint matching technique for automated fingerprint identificationtis deséfibed, which
disclosure is herewith entirely incorporated by reference. Known optical fingerprint sensors usually have

an imaging 15 greg,ofahout %?e%é?ﬁh%@%‘m&@iX"é‘,ic'%i%u%é@m'yi%‘é@%%\}ape‘é%‘é%f theentire surface

of the finger when the finger is pressed on the imaging area of the optical fingerprint sensor. 20
However, a typicAPSSistatd fingerprift 8&Tsor, such as the FPS 110 sensor from Veridicom, Inc. or the
FingerTip TM sensor from Infineon, Inc. has a smaller sensor area in order to ensure that the cost of the
sensor is acceptablylewn&os , exaruplejthe RS0 has afsengor@areatof Irmm byotpam and 25 the

FingerTip TM sensemhas a,sensorared of 1ds1 mm Ry 1413 mme Thusnwithrsuch,a smgll sensor area, it
is usually not possirkl)le é%(ejegect tre1e entir% fi@g%gqrggtevgith one gegecti.%nei eratio& i.e. Yv4 one fingerprint
2 .

image, since the Sersor area s hot sufficient to cover the entire surface 30 of the ihger wWhen the finger

is pressed on the’$ensar arh: of the solid-state fingerprint sensor. This situation creates several
problems such as: 35 How to detect and represent the entire fingerprint image (total fingerprint image)
using the small senspeargayapore Patent Application [6], a two-stage local

10 and global fingerprint matching technique for automated
fingerprint identification is described, which disclosure is

herewith entirely incorporated by reference.

Known optical fingerprint sensors usually have an imaging

15 area of about 25.4 mm by 25.4 mm, which is usually sufficient
to cover the entire surface of the finger when the finger is
pressed on the imaging area of the optical fingerprint

Sensor.

20 However, a typical solid-state fingerprint sensor, such as
the FPS 110 sensor from Veridicom, Inc. or the FingerTipTM
sensor from Infineon, Inc. has a smaller sensor area in order
to ensure that the cost of the sensor is acceptably low. For
example, the FPS 110 has a sensor area of 15 mm by 15 mm and

25 the FingerTipTM sensor has a sensor area of 11.1 mm by
14.3 mm. Thus, with such a small sensor area, it is usually
not possible to detect the entire fingerprint with one
detection iteration, i.e. with one fingerprint image, since
the sensor area is not sufficient to cover the entire surface

30 of the finger when the finger is pressed on the sensor area

of the solid-state fingerprint sensor.
This situation creates several problems such as:

35 o How to detect and represent the entire fingerprint image

(total fingerprint image) using the small sensor area-?



11 October 2004 4 How to make the fingerprint template determined from a detected fingerprint image
using a small sensor area to be compatible to that detected by a fingerprint sensor with a larger sensor
area? 5 How to make the fingerprint template determined from the various fingerprint images with
various sizes to be compatible for fingerprint matching. A method to solve the above mentioned problems
would be to 10 enroll multiple fingerprints detected from the same finger but afdiffévent lo¢ations.
However, this would mean that more storage space yvould be required to store the plurality of templates.

Furthermore, thg timg requijred tp da the sear rﬁ{iql@gcgg}&)pgggr asthe numper of templates, which

have to 15 be taken into account, increases. Furthermore, in [7], a method for manual edition or

correction of a finger%%?ﬁﬁﬁ&tigé HEM A displayBY Fingpiint |ms§b§eli]s d&Sciided THe pfoposed method
only 20 deals with orEfiR§ERAF M PWAtH thi$ Aréthedt Bidredsho Tohibifatsn of mipefiaer which are
obtained from a plurality hokfingerpsint images, poessible. Furthermore, the least square approach to

estimate aryinverse 25,0%a matkx isdeserined.in [8h4n {2lyg methed fordetermininga fingerprint image
from overlapping pa\rft{_ijarl .lfi(gl%er?riint imag)!(?L Lscdilsclosed.v'qrihce%m,%thoduin the disc:lggugee uses a
a , W

transformation function to 3 |grr11 the two partlaal?‘r?asges erein the transformation function is

determined by comp&fifigtheSymBdiic Metd<SdBscrhptid bEwWeen the two partial images. SUMMARY
OF THE INVENTION 35 Thus, it is an object of the invention, to overcome at least
A method to solve the above mentioned problems would be to

10 enroll multiple fingerprints detected from the same finger
but at different locations. However, this would mean that
more storage space would be required to store the plurality
of templates. Furthermore, the time required to do the search
will become longer as the number of templates, which have to

15 be taken into account, increases.

Furthermore, in [7], a method for manual edition or
correction of a fingerprint minutiae from a displayed
fingerprint image is described. The proposed method only

20 deals with one fingerprint. With this method, there is no
combination of minutiae, which are obtained from a plurality

of fingerprint images, possible.

Furthermore, the least square approach to estimate an inverse

25 of a matrix i1s described in [8].

In [9], a method for determining a fingerprint image from
overlapping partial fingerprint image is disclosed. The
method in the disclosure uses a transformation function to
30 align the two partial images, wherein the transformation
function is determined by comparing the symbolic meta-

descriptions between the two partial images.

SUMMARY OF THE INVENTION
35
Thus, it is an object of the invention, to overcome at least

one of the above mentioned shortcomings.



one of the above mentioned shortcomings. 11 October 2004 4a This object is achieved with a method, a
device for computer- based determination of a total minutiae template of a total fingerprint from a plurality
of partial minutiae templates of 5 partial fingerprints and a computer readable medium with the features
according to the independent claims. 11 October 2004 5 In a method for computer-based determination
of a total minutiae template of a total fingerprint from a plurality of partial min@idecternplate@s of partial
fingerprints, a reference minutiae template comprising reference minutiae 5 obtained from the reference
fingerprint image, is selected from the plurality of partial minutiae templates. Furthermore, a first partial
minutiae template derived from a first fingerprint image which overlaps the reference fingerprintimage, is
selected. The fidt paria iutiae 10 temprate A firetWinGte. i 1 Beginnitig, & BRI of partial
images of a fingefstht¥ray Beldetettad By wfifgédip Serisvries). i ehe FPS 118 érothelFingerTipTM
sensor. The parfiahd5dngerprintimage  mays be acquiredssuccessiviety frome themespeetive person, who
wants to besregisterediby acqyiring- imagesof the fingarat severalgifferentdocations with, eference to
the sensor area, Sucbusreggegctzl x| cPJ_arI;tialt miQHteia(f tem I%tg frcl)tr eaniE)nartial fingerprint image may be 20
determined. In a&%tlon, a mathematical cfescrlption of the ﬁouncclary of the effective fingerprint region for
each partial fingerprint image may be determined. After the selections have taken place, the reference
minutiae 25 of the reference minutiae template are matched with the first



minutiae of the first partial minutiae template. Matching in this context means, that there is determined the
similarity of a reference minutiae and a respective first 30 minutiae. The similar or matched minutiae can
be assumed to be located in the overlapping region of the reference fingerprint image and the first partial
fingerprint image. Using the matching result, a transformation function is 35 determined. The
transformation function describes the relation between the reference minutide antdthe#first ¢dinutiae. With
the transformation function, all the minutiae 11 Octolger 2004 6 of the first partial minutiae template which

are in the coordipate spage of the first partial fingerprint image .can be transformed to the coordinate
space of the reference partial fingerprin image S0 as. to incorporate them into the 5 reference minutiae
template. The taHRRrHAZIQT FUHtoR My b dbtarmhAGE Hedotding 16 hé TOWiRG K& Using the
matching result®3& prédeferiined AURTHRYLGILES réfer@ace Afihutiae mePfist hfinuBiae, respectively, are

selected. Thosermirutiae areselected, whighlearmphoeg: beist gwitk sepredsfineteritéson according to
the matching resylt ilhis CHierion may-simply he. thatthose minutiag.ate, selected, dhatmatch within an
allowable predegipgrgll ]E%éoleli%nrcei. .Tthe reference. rrE'nutiae or grée Eirst rTianCuetige may be selected by

sorting the minutiae in res ctivé desten ir%arorégr erlt}l"lnr%spect {o the matching criterion (largest match

score first) and e 88/ERHRG the prebeterdiihbd huMiber first i ESTRe BESt, 1eferéfide mirfiitide and first
minutiae 20 with thre highiestematchnvaldealf¢hemurhberefravaifablé ematdlsed nriautiae in the overlapping
region is less thanitherpredeteimined number) thereall matshed sinutiaecmay be Hsedae

10 template has first minutiae.

In the beginning, a plurality of partial images of a
fingerprint may be detected by a fingertip sensor, e.g. by
the FPS 110 or the FingerTipTM sensor. The partial

15 fingerprint images may be acquired successively from the
respective person, who wants to be registered by acquiring
images of the finger at several different locations with
reference to the sensor area. Subsequently, a partial
minutiae template for each partial fingerprint image may be

20 determined. In addition, a mathematical description of the
boundary of the effective fingerprint region for each partial

fingerprint image may be determined.

After the selections have taken place, the reference minutiae
25 of the reference minutiae template are matched with the first

minutiae of the first partial minutiae template.

Matching in this context means, that there is determined the
similarity of a reference minutiae and a respective first

30 minutiae. The similar or matched minutiae can be assumed to
be located in the overlapping region of the reference

fingerprint image and the first partial fingerprint image.

Using the matching result, a transformation function is
35 determined. The transformation function describes the
relation between the reference minutiae and the first

minutiae. With the transformation function, all the minutiae



At least three reference minutiae and three first minutiae may be selected according to the preferred
embodiment of the 25 invention. Using the selected reference minutiae according to the descending
order, a reference matrix A may be formed. Accordingly, using the selected first minutiae, a first 30 matrix
B may be formed. The reference matrix A and the first matrix B may be related with each other by the
following formula: A =1 (B), (1) 35 11 October 2004 7 Wherein f() is a trahsformiation-funeién relating
matrix A and matrix B. The transformation function can be linear or non-linear. 5 In the case of linear

ransformation, gsuggesed rapsiarmation.funetign is given.by the folowipg formus A=T B, (2) 10

wherein T is the linear transformation matrix. Based on the matrices A and B, the transformation function

f() as in Equatior° () CanHE sORAET 157In the dade of findar fFAndbyatioh A inBgdation2), the
transformation matrbt Fhay Beedeterniihed from e afransiorrration reficitbenes® the reference matrix
A and the first matrixiB le i fyematrbainversiga, 26dndhe tcasenofanatrbainversion with onbhthree

matched mjnutiae-being-selgeteg the transfarmation matrix T is determined according to the following
formula: T = A B-1, 25 wherein B-1 is the inverse of the first matrix B. (3)

The transformation function may be determined according to
the following steps:
Using the matching results, a predetermined number of

10 reference minutiae and first minutiae, respectively, are
selected. Those minutiae are selected, which comply e.g. best
with a predefined criterion according to the matching result.
This criterion may simply be, that those minutiae are
selected, that match within an allowable predefined

15 tolerance. The reference minutiae or the first minutiae may
be selected by sorting the minutiae in respective descending
order with respect to the matching criterion (largest match
score first) and then selecting the predetermined number
first, i.e. the best, reference minutiae and first minutiae

20 with the highest match value. If the number of available
matched minutiae in the overlapping region is less than the
predetermined number, then all matched minutiae may be used.
At least three reference minutiae and three first minutiae
may be selected according to the preferred embodiment of the

25 invention.

Using the selected reference minutiae according to the
descending order, a reference matrix A may be formed.
Accordingly, using the selected first minutiae, a first

30 matrix B may be formed. The reference matrix A and the first
matrix B may be related with each other by the following

formula:

35



Alternatively, if more than three minutiae are selected, the least square approach may be used to
estimate the 30 transformation matrix T, which is described in [8]. Similarly as described in [8], the matrix
T can be solved with constraints such that the matrix can be resolved into a rotation matrix, R, and a
translation vector, d. The rotation 35 matrix R and the translation vector d will then describe the amount
of rotation and translation respectively, between the 11 October 2004 8 relerebcediergtifitimage and
the first partial fingerprint image. Subsequently, the gverlapping region can be determined using 5 the

transformation function found and the hoyndary,of the effective;reference fingerprint image and the first

partial fingerprint image. In deBterrlpinin the overlagpjn% re;fgion, it will sufficethat for any minutia in the
first partial minGfide TermptateSit calb& HRISHIRET WARBthErIHE HMMUTR™LC s otatsd within the

overlapping regioi'of-tHeereference fingerprint and the first partial fingerprint, or outside of the
overlapping region. The coordinates of the first minutiae, which are located 15 outside the overlapping

region, are fransformed using the transformatign matrixipto the goardinate-space of the reference
minutiae template, the ebx1 enerat%n a new reference t mplaltle, vghiﬂ*l comprises th(=l reference minutia
and the transfg%r%%rasér%tr m%rtuljﬁge. lI;%éﬁfﬁgtnm|lnSut%’:fe\fe\/vnh% atreezo matched %vit 'the reférence minutiae
may be discarded. Similarly, any first minutia, which is located within the overlapping region, but which
could not be maiched withr a reference minutia in accordance with the predetermined 4blerance, may be
discarded. 25

10 wherein T is the linear transformation matrix.

Based on the matrices A and B, the transformation function

f() as in Equation (1) can be solved.

15 In the case of linear transformation as in Equation (2), the
transformation matrix T may be determined from the
transformation relation between the reference matrix A and

the first matrix B, e.g. by matrix inversion.

20 In the case of matrix inversion with only three matched
minutiae being selected, the transformation matrix T is

determined according to the following formula:

T=2-B1, (3)
25

-1
wherein B is the inverse of the first matrix B.

Alternatively, if more than three minutiae are selected, the
least square approach may be used to estimate the

30 transformation matrix T, which is described in [8].

Similarly as described in [8], the matrix T can be solved

with constraints such that the matrix can be resolved into a

rotation matrix, R, and a translation vector, d. The rotation
35 matrix R and the translation vector d will then describe the

amount of rotation and translation respectively, between the



In a further step, a second partial minutiae template is selected, which has an overlapping region with the
new reference minutiae template. The second partial minutiae template comprises second minutiae. 30
The above mentioned steps are repeated iteratively for all partial minutiae templates of the plurality of
partial minutiae templates with the new reference minutiae template as the reference 35 minutiae
template of the next iteration, the second partial minutiae template as the first pairtiale miAdtide template
of the next iteration, 11 October 2004 9 thereby genegyating the total minutiae template. It should be

mentioned, that it is.alsg Rossible. 19,a¢quire all parial fingerprintimages at.a remote site;e 9. when 5
registering a person to allow the use of a fingerprint device to access a system, e.g. a closed area such
as a closed rooi-“Fhen, the remote site may compute all the partial minutiae templates of the partial
images and then send these partial minutiae templates over to a central site, provided e.g. with 10 a

server computes,tosdorther degcribed synthesipdnrsuchegicase;dheiserder eamputer woutdystart the
method with the. yaatching; of the, reference, mindtiae withithe,first mingtiag dn theqveriapping region. 15
Furthermore, a gentra Qgrtiarl en}iggggg tegllprllaterofrthr(;:-t fin e%rinatnrgaﬁpee §ellgg£ed as nga {eference
minutiae template of the first iteration. In a p?e?eﬁeé embodiment of the inventlon,pat least one 20 further

parameter of thé fitSEmitutide tH 98 nof TotafibR™ Bha treh<iator Tivar it oF xamiple théorientation of
the first minutiag; i3 tram&forneed bsingf Jor exampleyithea in the first partial

minutiae template, it can be determined whether the minutia
10 is located within the overlapping region of the reference
fingerprint and the first partial fingerprint, or outside of

the overlapping region.

The coordinates of the first minutiae, which are located

15 outside the overlapping region, are transformed using the
transformation matrix into the coordinate space of the
reference minutiae template, thereby generating a new
reference template, which comprises the reference minutia and
the transformed first minutiae. The first minutiae, which are

20 matched with the reference minutiae may be discarded.
Similarly, any first minutia, which is located within the
overlapping region, but which could not be matched with a
reference minutia in accordance with the predetermined
tolerance, may be discarded.

25
In a further step, a second partial minutiae template is
selected, which has an overlapping region with the new
reference minutiae template. The second partial minutiae
template comprises second minutiae.

30
The above mentioned steps are repeated iteratively for all
partial minutiae templates of the plurality of partial
minutiae templates with
° the new reference minutiae template as the reference

35 minutiae template of the next iteration,
° the second partial minutiae template as the first partial

minutiae template of the next iteration,



rotation and translation information recovered from the transformation matrix. 25 A computer-based
device for determination of a total fingerprint template from a plurality of partial fingerprint templates of
partial fingerprints, comprises a computer, which is arranged to execute the predescribed steps. 30 A
computer readable medium has a program recorded thereon, where the program makes the computer
execute the above- described procedure comprising the described steps forl deterpiinatié ®f a total
fingerprint template from a 35 plurality of partial fingegprint templates of partial fingerprints. 11 October

2004 10 BRIEF.RES P@Q&%g@@@g%@@g@%g%@ga’sezggr@pﬁigyée_ 1 is a block diagram of a

computer which is used to” perform the steps of the method according to a preferred embodiment of the
invention. Figure 2 is an image of a fingerprint, showing a plurality of partial images. Figure 3 shows

matched minutiaé ifaprdversppifg regivtfof BhemiHutine ehislaksssaésodrding fo ajreieited
embodiment of e inventioal Thenmpinyiiaemin thea gverlappmgrregior ase designatedhwith the symbol
Figure 4 is a flon.diagram;shpwingthesteps of the method, according e aypreferred embediment of the

to access a system, e.g. a closed area such as a closed room.

Then, the remote site may compute all the partial minutiae

templates of the partial images and then send these partial

minutiae templates over to a central site, provided e.g. with

10 a server computer, to do the described synthesis. In such a
case, the server computer would start the method with the
matching of the reference minutiae with the first minutiae in

the overlapping region.

15 Furthermore, a central partial minutiae template of the
fingerprint may be selected as the reference minutiae

template of the first iteration.

In a preferred embodiment of the invention, at least one

20 further parameter of the first minutiae that is not rotation
and translation invariant, for example the orientation of the
first minutiae, is transformed using, for example, the
rotation and translation information recovered from the

transformation matrix.

25
A computer-based device for determination of a total
fingerprint template from a plurality of partial fingerprint
templates of partial fingerprints, comprises a computer,
which is arranged to execute the predescribed steps.

30

A computer readable medium has a program recorded thereon,
where the program makes the computer execute the above-
described procedure comprising the described steps for
determination of a total fingerprint template from a

35 plurality of partial fingerprint templates of partial

fingerprints.



invention. Figures 5a to 5e are drawings showing the process to combine minutiae templates of two
partial images according to a preferred embodiment of the invention. DESCRIPTION OF THE
PREFERRED EMBODIMENTS A preferred embodiment of this invention and modifications 30 thereof
will now be described with reference to the accompanying drawings. Fig.1 shows a computer 100
comprising a central processing unit (CPU) 101, 35 a storage device 102, 1a@onopster bUg4103, and an
input-/output-interface 104. 11 October 2004 11 Theiegentral processing unit 101, the storage device 102
and the input-/output-interface 104 are coupled with the computer bus 103 for exchanging electrical

signals. 5 Via the input-/output-interfacFe 1%45 andPa first connlecgog 105Nthe computer 100 is coupled with
a fingertip sensor 106, TM accorgi%ﬁEto i smbodient the %inggﬁlﬁq& d&Rsor of Infineon, Inc., with
which partial fingertip images of a 10 fingertip 107 are taken from a finger 108. Furthermore, via the

input-/output-intettace<104 ahsl a setond commectiondNS thencomputemlod is.eoupled with a keyboard

110, and vig a third connectin 411, the compipter 1604s coypled,with & Hompyter inquse 112. Via the
input-/output-interface 104 ang %15 Jggrthm%%n ffr?etir?tn %]fSLtth clonm,gyltteirolnoo is coupled with a display
114. After the fingertip sensbr 106 has taken the partial ’

Figure 2 1is an image of a fingerprint, showing a plurality
of partial images.
10
Figure 3 shows matched minutiae in an overlapping region of
two minutiae templates according to a preferred
embodiment of the invention. The minutiae in the
overlapping region are designated with the symbol
15 "x".

Figure 4 1is a flow diagram showing the steps of the method
according to a preferred embodiment of the
invention.

20

Figures 5a to 5e are drawings showing the process to
combine minutiae templates of two partial images
according to a preferred embodiment of the
invention.

25

DESCRIPTION OF THE PREFERRED EMBODIMENTS
A preferred embodiment of this invention and modifications
30 thereof will now be described with reference to the

accompanying drawings.

Fig.1l shows a computer 100 comprising

o a central processing unit (CPU) 101,
35 o a storage device 102,
° a computer bus 103, and

. an input-/output-interface 104.



fingerprint images, the fingertip images 115 are sent from 20 the fingertip sensor 107 to the computer
100, where they are stored in the storage device 102. In the storage device 102, there is further stored a
computer program 117, which makes the computer 100 execute a method comprising the steps, which
will further be described in detail. 25 For further explanation, it is assumed, that each partial image
comprises minutiae of the finger 108, which are extracted from the images 118<c80%<or edchtof the
minutiae, a minutiae feature vector FGk 116 (k = 1,14, n) is determined and stored in the storage device
102. The minutiae feature vector FGk 116 comprises the following features: 11 October 2004 FGk = Xk
Yk fl k ~mk) 12&% wherein 5 xk is a first coordjnate of the minutiae k in a given right-hand orthogonal

coordinate space: “Yk 8 a-SecdHd E65 Hingte B the Mirutidek i tHe Foordinate space™ Hk is a direction
(-)T<nk <--t), which isngefime asrilocal T fidge diftttivhcofoaasseciaied ridhe cfamemimbtiae k, mk
is a minutiae type of niButiae kecutheiray giversamount caflminufisel types. The first coordinate xk, the
second cooydinate yk, and the 15 direction nk are dependent on the position and orientation of

Via the input-/output-interface 104 and a first connection

105, the computer 100 is coupled with a fingertip sensor 106,

according to this embodiment the FingerTipTM sensor of

Infineon, Inc., with which partial fingertip images of a

10 fingertip 107 are taken from a finger 108. Furthermore, via

the input-/output-interface 104 and a second connection 109,

the computer 100 is coupled with a keyboard 110, and via a

third connection 111, the computer 100 is coupled with a

computer mouse 112. Via the input-/output-interface 104 and a

15 fourth connection 113, the computer 100 is coupled with a
display 114.

After the fingertip sensor 106 has taken the partial
fingerprint images, the fingertip images 115 are sent from

20 the fingertip sensor 107 to the computer 100, where they are
stored in the storage device 102. In the storage device 102,
there is further stored a computer program 117, which makes
the computer 100 execute a method comprising the steps, which
will further be described in detail.

25
For further explanation, it is assumed, that each partial
image comprises minutiae of the finger 108, which are

extracted from the images 115.

30 For each of the minutiae, a minutiae feature vector FGk 116
(k =1, ..., n) is determined and stored in the storage
device 102. The minutiae feature vector FGk 116 comprises the

following features:



the finger 108 on the fingertip sensor 106, when the fingertip 107 is acquired. These features, i.e.
characteristics, are not rotation and translation invariant. 20 Fig.2 shows the fingertip 107 and five partial
fingertip images 201, 202, 203, 204, 205 of the fingertip 107, which are acquired using the fingertip
sensor 106, since it is not possible to acquire the entire fingertip image, at once. 25 The five partial
fingertip images 201, 202, 203, 204, 205 altogether cover the entire fingertip 107 ahdthd90dll minutiae
of the fingertip 107 are detected, though they are natyet present in one total image of the fingertip 107.
30 Thus, in a first stepy ¢step 401) of the method according to the preferred embodiment of the invention,
the partial images 201, 202, 203, 204, 205 of the fingertip 107 are detected in 11 October 2004 13 a
way, that the partigl + %@e altogether cover the entire fingertip 107 (see Fig.4). In aférther step (step
402), for each partial iMlage, the 5 respective minutiae template is determined. For determination of the
minutiae templates, t thod described in [1] is used. Subsequently, the boundary of an effective
fingerprint region 10 is determined (step 403) and the minutiae are matched according to the following
steps, as shown jn Fig.5a to Fig.5e: Fig.5a shows a boundary 501 of a segmented fingerprint. Two 15
farthest points in ﬁer%lorﬁndary 501 are found as shown as points (1) and (5) in Fig.5b. The point marked
(3) has the longest perpendicular distance from the top boundary to line (l)-(5), i.e. in an upper segment
502. Similasly, point &4y hasahé osgesicdistancetia theé bottom isegment 503 nUsingithen20 same method.

PO"“S(ZL(4%(6)EUEHGﬁéZHBQ%T%%Q%ééonal coordinate space,

o Yk 1s a second coordinate of the minutiae k in the
coordinate space,
° Ny is a direction (—ﬁ<:ﬁkSﬂ), which is defined as a local
10 ridge direction of an associated ridge of the minutiae k,
o my is a minutiae type of minutiae k out of a given amount

of minutiae types.

The first coordinate xkx, the second coordinate yk, and the

15 direction nx are dependent on the position and orientation of
the finger 108 on the fingertip sensor 106, when the
fingertip 107 is acquired. These features, i.e.

characteristics, are not rotation and translation invariant.

20 Fig.2 shows the fingertip 107 and five partial fingertip
images 201, 202, 203, 204, 205 of the fingertip 107, which
are acquired using the fingertip sensor 106, since it is not

possible to acquire the entire fingertip image, at once.

25 The five partial fingertip images 201, 202, 203, 204, 205
altogether cover the entire fingertip 107 and thus, all
minutiae of the fingertip 107 are detected, though they are

not yet present in one total image of the fingertip 107.

30 Thus, in a first step (step 401) of the method according to
the preferred embodiment of the invention, the partial images
201, 202, 203, 204, 205 of the fingertip 107 are detected in



shown in Fig.5b. Thus, the fingerprint boundary 501 is approximated by eight points. The fingerprint
boundary 501 can be described mathematically. If better accuracy is required, more points can be used
to describe the boundary 25 using the same method described. Now, the way to find the correspondence
between two fingerprints will be described in detail: 30 Two partial fingerprint images 504, 505 of a same
finger 108 and their determined minutiae 510, 511, 512, 513, 514 of the réferénte'partialfifgerprint
image 504 and 520, 521, 522, 523, 524 of the first pagtial fingerprint image 505 are shown in Fig.5¢

(reference partigl Q%g/e,rpgi}%yn@gg %Oa@t"’i%i”iﬁg {4@.591(@5%%@9[ ggglggpnm é'mgrg@&%S). 11 October
2004 14 The mjnutiae glo, ?%51 512, 5%,3, 514 of the reference partial fingerprint image 504 and the
minutiae 520, 551?%55, 593, 24'5Fthe tht pértial fingerprint image 505 have different coordinate
spaces. 5 By using the minutiae matching algorithm described in [6], the minutia structure as shown as

the circles 512, 513; 544rim&ig.5cand(theemirutia stracture ashshewn aslthentsigaglesb22, 523, 524 in
Fig-5ﬁ are Fatq@gipé&%l&%mhﬂﬂg% ﬁ@yt@‘nt{a@am@tnooﬂ%@%%inifQ%gt [31%%{4] %@rt&]nmlt%gsed for
matching the minutiae. Thus, the respective minut'e%? that are locate inside the pover apping regions
are determined ?(# gaggh T)érllrugfl the %rﬁ%?%tlr?ﬁﬁaéc teemgfatte?ror%aetﬁgrpla%ﬁé% fllrglgeitp]rin:tL Tgmage which
overlap with eadti Bther. These two determined minutia structures are then used as the reference
minutiae to align these two partial fingerprint images.

Subsequently, the boundary of an effective fingerprint region
10 is determined (step 403) and the minutiae are matched
according to the following steps, as shown in Fig.5a to

Fig.5e:

Fig.5a shows a boundary 501 of a segmented fingerprint. Two
15 farthest points in the boundary 501 are found as shown as
points (1) and (5) in Fig.5b. The point marked (3) has the
longest perpendicular distance from the top boundary to line
(1)-(5), i.e. in an upper segment 502. Similarly, point (7)
has the longest distance in the bottom segment 503. Using the
20 same method. Points (2), (4), (6) and (8) can be found as
shown in Fig.5b. Thus, the fingerprint boundary 501 is
approximated by eight points. The fingerprint boundary 501
can be described mathematically. If better accuracy is
required, more points can be used to describe the boundary

25 using the same method described.

Now, the way to find the correspondence between two

fingerprints will be described in detail:

30 Two partial fingerprint images 504, 505 of a same finger 108
and their determined minutiae 510, 511, 512, 513, 514 of the
reference partial fingerprint image 504 and 520, 521, 522,
523, 524 of the first partial fingerprint image 505 are shown
in Fig.5c (reference partial fingerprint image 504) and in

35 Fig.5d (first partial fingerprint image 505).



20 In a further step (step 404), the reference minutiae template 201, 300 comprising reference minutiae
from the plurality of partial minutiae templates is selected. Preferably, a partial minutiae template is
selected as the reference minutiae 25 template 201, which represents a partial image, which includes a
partial image substantially of the center of the fingerprint 107, as shown in Fig.2. However, it should be
mentioned that it is not important that 30 the central partial image, the parfidl @irutizecteiplate is
determined from, has to be exactly at the center of the fingerprint 107. It will suffice that the partial image

covers the mostt the, central areacof thefingerprint 107 withoyt-apy faijure to the embodiment of the

invention. 35 Furthermore, accordln%to the present embodiment of the invention, it is assumed that the

reference partial &GS 11 Octobaf 200415 ¥he Partiat fivdfide templaté is detéminéd from, is the first

partial image actpfreRfintstep4oEHewever thé ‘GraerF s Hot impasant & allarl tefireesed according to
the present embodimentottheivention will work well even if 5 the central partial image is not the first
partial image acquired. Fig.3 shows the reference minutiae template 300 and a further selected first
partial minutiaeéem late 3%’5 which overlaps 10 the reference minutiae tenlpI%te.?)O in an overlapping
region 302. Thelfirégt)sﬁarllr%a melnlr}ﬁélé%elr%%lzirtlg%Bc(fjllggm%ri%%E]T}:rsfn rr%%ﬁ%gé are agsci%gérrl]a'ted with the

symbol "0" in Fig’$ THe YetérefcEYnintiactn theTeference irutize! @mplate 306 4re” désignated with
the symbol "+", whiigheSnatced hinutiag 164(i.et the minatias folmedin both tive refererdesand the first
522, 523, 524 in Fig.5d are matched.

10
Alternatively, any of the methods described in [3], [4], or

[5] may be used for matching the minutiae.

Thus, the respective minutiae that are located inside the

15 overlapping regions are determined for each pair of the
partial minutiae template from the partial fingerprint image
which overlap with each other. These two determined minutia
structures are then used as the reference minutiae to align
these two partial fingerprint images.

20
In a further step (step 404), the reference minutiae template
201, 300 comprising reference minutiae from the plurality of
partial minutiae templates is selected. Preferably, a partial
minutiae template is selected as the reference minutiae

25 template 201, which represents a partial image, which
includes a partial image substantially of the center of the

fingerprint 107, as shown in Fig.2.

However, it should be mentioned that it is not important that
30 the central partial image, the partial minutiae template is
determined from, has to be exactly at the center of the
fingerprint 107. It will suffice that the partial image
covers the most of the central area of the fingerprint 107
without any failure to the embodiment of the invention.
35
Furthermore, according to the present embodiment of the

invention, it is assumed that the reference partial image,



partial minutiae template) are designated with the symbol In a further step, the first minutiae of the first
partial 20 minutiae template are matched with the reference minutiae of the reference minutiae template
(step 405). In the preferred embodiment, the matching method used is that described in [6]. However,
the methods described in [3], [4], or [5] may be used alternatively for matching the first minutiae of the 25
first partial minutiae template with the reference minutiae of the reference hlinQtiaektemplated After the
matching has been finished, n reference minutia and =: first minutia (according to the preferred

embodiment of the, %%WPQP%‘&@ 10), thatmatcbes within 2, allowable fplerance, are determined

(step 406). For example according to the preferred embodiment of the invention, thedﬁree described in

[6] is respectlvefy 38 o etarhitiat éh“& TReU AL ¢itetioh” 13-6Rtolsr 2004 TE = Alte Mkiively' any metric may
be used, which five¥ infofRatibATdbGt thé lsifmlarify 6f trr-friced fiiftdtide FPhé tRatched minutiae are
listed accordingcto=a descendingibeordes {largestimatch soarevfirst) andthe iist rminutiae with the

highest match argselected. respaatively. Ifthe. number ot available maiched-minygiagdis less than n, then
all matched minutiae may be used. However, a minimum of n = 3 is suggested. 10 From the matched

minutia found, a transformation function f() that relates the first minutiae template of the first partial
fingerprint image to the reference minutiae template of the reference partial fingerprint image using the
formula, is 15 d@ﬂgnﬁnédc(g@g:h@nﬁebfeﬁe(@e’ minutiae template 300 and a further

selected first partial minutiae template 301, which overlaps
10 the reference minutiae template 300 in an overlapping region
302. The first partial minutiae template 301 comprises first
minutiae, are designated with the symbol "o" in Fig.3. The
reference minutiae in the reference minutiae template 300 are
designated with the symbol "+", while the matched minutiae
15 (i.e. the minutiae found in both the reference and the first

partial minutiae template) are designated with the symbol

A\ ”

X

In a further step, the first minutiae of the first partial
20 minutiae template are matched with the reference minutiae of
the reference minutiae template (step 405). In the preferred
embodiment, the matching method used is that described in
[6]. However, the methods described in [3], [4], or [5] may
be used alternatively for matching the first minutiae of the
25 first partial minutiae template with the reference minutiae

of the reference minutiae template.

After the matching has been finished, n reference minutia and
n first minutia (according to the preferred embodiment of the
30 invention, n = 10), that matches within an allowable

tolerance, are determined (step 406).

For example, according to the preferred embodiment of the
invention, the degree described in [6] is respectively

35 determined and used as criterion.



(5) wherein 20 Ais a reference matrix formed by the selected reference minutiae, f() is the
transformation function, which can be a linear transformation function or a non-linear transformation
function, 25 B is a first matrix formed by the selected first minutiae. According to the preferred
embodiment of the invention, a linear transformation function is suggested as follows: 30 A=T B, (6)
The reference matrix A is formed using at least the column vectors of xk, yKk cOetdihatesZdfthe respective
reference 35 minutia obtained in the reference partiakimage. 11 October 2004 17 Similarly, the first

matrix B is formggtlésriggtait\ll.%%},thgnéomQ ygcﬁpﬁ qf Xk, yg&oqlggmgﬁe%g%ge respective first minutia

obtained from the firstnpart,ial |ma%e. According to the preferred embodiment of the invention as given

by Equation (6)FatA% B isfdrmdd Wwith &n Sdditionar Féwedtsr of 1-FHeR thetranstsrmation matrix T is

the linear transformation matrix relating the reference matrix A and the first matrix B. 10 The reference
matrix A is preferablynef thesformi:rAsixe x2re xnt {738 Yac¥3r My 15owherein sdehiotgs the reference

nﬂnUﬂaeteng%gder (largest match score first) and the first n minutiae
with the highest match are selected, respectively. If the
number of available matched minutiae is less than n, then all
matched minutiae may be used. However, a minimum of n = 3 is
suggested.

10

From the matched minutia found, a transformation function £ ()
that relates the first minutiae template of the first partial
fingerprint image to the reference minutiae template of the
reference partial fingerprint image using the formula, is

15 determined (step 407):

A = £(B), (5)
wherein
20 o A is a reference matrix formed by the selected reference
minutiae,
° f() is the transformation function, which can be a linear

transformation function or a non-linear transformation
function,
25 o B is a first matrix formed by the selected first

minutiae.

According to the preferred embodiment of the invention, a

linear transformation function is suggested as follows:
30

A=T-B, (6)

The reference matrix A is formed using at least the column
vectors of Xk, yk coordinates of the respective reference

35 minutia obtained in the reference partial image.



The first matrix B is preferably of the form: B = 20 25 x1i x2i xni YIiY2iYni(8)L11 ...1 Jwhereini
denotes the first partial minutiae template. If n = 3, the transformation matrix T is determined according to
the following formula (step 407): T = AB-l, (9) -1 wherein B is the inverse matrix of the first matrix B. 30
As described in [8], the matrix T can be solved with the constraints such that the matrix can be resolved
into a rotation matrix, R, and a translation vector, d. The rotation matrix R ahddhedkans|atidrt vector d will
then describe the amount of rotation and translation respectively, between the 11 October 2004 18

reference fingerprint image and,the st pagtalfingerpeint dmage, The; otation fuatrx Ryand transiation

vector d can also be 5 found separately in the preferred embodiment of the invention, From the minutiae

feature vector aS givBR bYEGGAtoR T4 kihe’dvERYErOal6HT angid: to, TafRs& fouid froht the matched
10 minutiae as followstd 0% knedkirork<he first partial image.

5 According to the preferred embodiment of the invention as
given by Equation (6), matrix B is formed with an additional
row vector of 1. Then the transformation matrix T is the
linear transformation matrix relating the reference matrix A
and the first matrix B.

10

The reference matrix A is preferably of the form:

X X R X
A = { 1r 2r nr}, (7)
Yir Y2r -+ Ynr

15 wherein r denotes the reference minutiae template.

The first matrix B is preferably of the form:

X1i X2i 7 Xni
B =|y1i Y2i ' VYni|s (8)
20
wherein 1 denotes the first partial minutiae template.
If n = 3, the transformation matrix T is determined according
to the following formula (step 407):
25

I=2-8", (9)
. -1, . . . .
wherein B i1s the inverse matrix of the first matrix B.

30 As described in [8], the matrix T can be solved with the
constraints such that the matrix can be resolved into a
rotation matrix, R, and a translation vector, d. The rotation
matrix R and the translation vector d will then describe the

amount of rotation and translation respectively, between the



(20) wherein r is the minutia in the reference minutiae template 15 and i is the minutia in the first partial
minutiae template. R can then be written as follows: cos((p) -sin((p) sin((p) cos((p) 20 and d can be
written as follows: T d = [dx, dy] 25 with dx = x1r - x1i dy = Y1r - Y1i (12) (13) 30 wherein (x1r, Y1r) are
the reference coordinates of the reference minutiae template and (x1i, Y1i) the reference coordinates of
the first partial minutiae template for the transformation. 11 October 2004 19 fishdedd bed#éntioned, that
it is also possible, to obtain the transformation matrixsT even for n = 1 or n = 2 using the Equation (10) to

Equation (13) as lescribed ahoye. Saliematyely, fmere fhap fise pinutas age ssleied the least

square approach may be used to estimate the fransformation matrix WhICh is described in [8].
Subsequently, th&6Verlapping regions of the partial images 10 are determlned (step 408). Using the
transformation function found, the points used to describe the boundary of the effective first partial
fingerprint imagerecan-be dransionmed e the £oordinates spaced Sveftherreferencespartiabingerprint image.

Together with the, ;g separately in the preferred embodiment of the

invention.
From the minutiae feature vector as given by Equation (4),

the average rotation angle, ¢, can be found from the matched

10 minutiae as follows:

wherein r is the minutia in the reference minutiae template

15 and i is the minutia in the first partial minutiae template.

R can then be written as follows:

cos —sin
R- .(<p) (®) (11)
sin(p) cos(o)
20
and d can be written as follows:
T
d = [dx, dy] (12)
25 with
dx = X1r — X1i
dy = vir — Y1i (13)

30 wherein (xX1y, V1r) are the reference coordinates of the
reference minutiae template and (x1i, y1i) the reference

coordinates of the first partial minutiae template for the

transformation.



points describing the boundary of the effective reference partial fingerprint image, the overlapping region
can be found. 20 Alternatively, using the transformation function, the coordinates xk, yk of the first partial
minutiae template can be transformed into the reference minutiae template. Together with the boundary
of the effective reference fingerprint image, it can be determined whether the transformed minutiae 25 is
located inside the reference minutiae template or outside of it. Those that ate fodatedingide4the
reference minutiae template are considered as located inside the overlapping region. 30 The

coordinates xk. yk affhgse DYHag D disminylize template 391 fhalase ot idheyelarence minutiae
template 300 and are located outside of the overlappin region 30 , are transformed onto ﬁhe reference
minutiae templat8 300" 38 SRt ﬁwtel880?‘b‘3|‘ﬁ§tjexs§acee\’8fg the FefBrénce Mintitiae 3518Mmisiateé 500 using
equation (1) (st&f ¥} 11 GCtobep 200420 Fhel btherjsardnfeteid bt fs&pective first minutiae that
are not rotation and translation invariant are transformed as well into the coordinate space of the

reference minutiae demplate-390 (stepAlQ). S.ln-therpreferred @mhadiments the trangformation can be

done using the rotastjcon and translatioonat%rm obt?ged usci{lgCOE U ti(I)nn Elel)t%réd Equation (12)

respectively. 10l|?8r exgl%%?ééus?ﬁg the (fnetlﬁ%ﬁ e_sclfﬁfed in [6], the direction feature of the minutiae in
the first partial rhirftiaE° TEmplate 301 Earf bl trifdformed (e ref&fénte miutiae template 300 by
simply adding the rotation angle calculated to the direction feature. Features such as the minutia type,

Subsequently, the overlapping regions of the partial images

10 are determined (step 408).

Using the transformation function found, the points used to
describe the boundary of the effective first partial
fingerprint image can be transformed to the coordinate space
15 of the reference partial fingerprint image. Together with the
points describing the boundary of the effective reference
partial fingerprint image, the overlapping region can be

found.

20 Alternatively, using the transformation function, the
coordinates Xk, yk of the first partial minutiae template can
be transformed into the reference minutiae template. Together
with the boundary of the effective reference fingerprint
image, it can be determined whether the transformed minutiae

25 is located inside the reference minutiae template or outside
of it. Those that are located inside the reference minutiae
template are considered as located inside the overlapping

region.

30 The coordinates xkx, yk of those minutiae in first minutiae
template 301 that are not in the reference minutiae template
300 and are located outside of the overlapping region 302,
are transformed onto the reference minutiae template 300,
i.e. into the coordinate space of the reference minutiae

35 template 300 using equation (1) (step 409).



15 distance and angle relationship between a minutia with respect to its neighboring minutiae as
described in [6] need not be changed. Thus, a new reference template is generated, which comprises 20
the reference minutia and the transformed first minutiae, In a further step (step 411) it is determined,
whether all partial images, i.e. all partial minutiae templates have been processed. 25 In case not all
partial minutiae templates have been processed, a new iteration in step 404 iQstartet-withOthe new
reference minutiae template as the reference minutage template of the next iteration, 30 the following

unprocessed parfjal plinuijae IEmplaie As &'}e fipst H?e@?la%‘&'l'x'zt@ef@ﬁl@a%Bﬁﬂea%e)é‘déetra“on In other

words, the steps 404 to 410 are repeated until all. minutia templates have beenr[%rocessed Itis to be

noted that 35 inthé |Pe%tl58tp%68§15 RS NeW 1EfTERCE temblate Wil S6R/e aS e Pe&SELti/ reference
template for the"Suisekjtient it€ration: 41" 0 ERLE 004,21 tlﬁ%a%@jf al partalmhiritiieStemplates have
been processed,ethel tatal minutiae: template is computed and stored (step 412) and the method is
stopped (step 413). 5 Once the total minutiae template is stored, given an input fingerprint which minutia
template has b no tained, the nutia template of he input fingerprint can be matched to that of the
total minutiae t(?r;mlage u%mg a gez%ra]n%?aﬁgertﬁnnt %atcﬁgng a%opﬁ)%!%n “Such a asr%es%rlged in [6]. For

further explanatin, e SYMtAeSE ot the HrGerpARE hiinufiRe Willtagit HEEsctbetPwith reference to

Fig.5d and Equation (11) and Equation (12) respectively.

10 For example, using the method described in [6], the direction
feature of the minutiae in the first partial minutiae
template 301 can be transformed to the reference minutiae
template 300 by simply adding the rotation angle calculated
to the direction feature. Features such as the minutia type,

15 distance and angle relationship between a minutia with
respect to its neighboring minutiae as described in [6] need

not be changed.

Thus, a new reference template is generated, which comprises

20 the reference minutia and the transformed first minutiae,

In a further step (step 411) it is determined, whether all
partial images, i.e. all partial minutiae templates have been
processed.

25
In case not all partial minutiae templates have been
processed, a new iteration in step 404 is started with
° the new reference minutiae template as the reference

minutiae template of the next iteration,
30 e the following unprocessed partial minutiae template as

the first partial minutae template of the next iteration,

In other words, the steps 404 to 410 are repeated until all

minutia templates have been processed. It is to be noted that
35 in the iteration process, the new reference template will

serve as the respective reference template for the subsequent

iteration.



Fig.5e: 15 Based on the matched minutiae, the first partial fingerprint image 505 is aligned to the
reference partial fingerprint image 504. 20 That is, the parameters, which describe the minutiae of the
first partial fingerprint image 505, are transformed from the coordinate space of the first partial fingerprint
image 505 to the coordinate space of the reference patrtial fingerprint image 504, in which the
parameters of each matched minutia 25 pair are within the allowable tolerance? Tthecfirrgerpfiht boundary
501 in Fig.5d is also transformed to the coordinate space of the reference partial fingerprint image 504.
The final set of partial minutiae templates 30 forming the total minutiae template consists of the minutiae
designated by the symbol "+" 510, 511, 520, 521 (because minutiae "+" are not in the common region)

and either mindtthe &Signated B the By misi™o* 3125 813! 81%% " iRutiEE HeSigiTaed ™y the symbol
"A" 522, 523, 522 théChise B5tHEY Afe HETRE @BMMEn TeHIBH; $@. #e! oveAAPPingSiefor) @s shown as
in Fig.5e. 11 October 260422 ddhei methogdescribed@above) is an automated approach to perform the
synthesis of minutiae templates. Of course manual approach can be performed as well by allowing the
user to indicat%%hge%qg%h%d 9519 unmatcched minut'i%ec gngssesl%ct fr%m 5 the unmatched minutiae those

t L i : :
that need to be added onto the " reference S[—jeempﬁantlg. fna further altemative embadiment of the invention,

the transformation Ao may Bé determinéd J<ifg thé printihIE IV o the géiéral phéjection
transformation accordiry tectirel d6kowihgtéguatiomt fingerprint can be matched to

that of the total minutiae template using a general

10 fingerprint matching algorithm, such as described in [6].

For further explanation, the synthesis of the fingerprint
minutiae will again be described with reference to Fig.5d and
Fig.5e:

15
Based on the matched minutiae, the first partial fingerprint
image 505 is aligned to the reference partial fingerprint

image 504.

20 That is, the parameters, which describe the minutiae of the
first partial fingerprint image 505, are transformed from the
coordinate space of the first partial fingerprint image 505
to the coordinate space of the reference partial fingerprint
image 504, in which the parameters of each matched minutia

25 pair are within the allowable tolerance.

The fingerprint boundary 501 in Fig.5d is also transformed to
the coordinate space of the reference partial fingerprint
image 504. The final set of partial minutiae templates

30 forming the total minutiae template consists of the minutiae
designated by the symbol "+" 510, 511, 520, 521 (because
minutiae "+" are not in the common region) and either
minutiae designated by the symbol "o" 512, 513, 514 or
minutiae designated by the symbol "A" 522, 523, 524 (because

35 they are in the common region, i.e. the overlapping region)

as shown as in Fig.5e.



15 where x12 X22 X32 xnr - xIn/x3n, and tll t12 t13 t21 t22 t23 t31t23 1 xli x2i xni YliY2iYni1l1l 1Ynr
- x2n/x3n, 20 which can be solved as: xli YIi21 000 -xIrxli 000 xli YIi 1 - YlIrxlix21 Y211 00 0 - x2rx2i O
00x2iY2i1-Y2rx2ixniYni100 000 XniYnixIrYli YIrYli x2rY2i Y2rY2i 0 - xnrxni - xnrYni 1 - Ynrxni -
YnrYnid tll t12 t13 t21 t22 t23 t31

10

15

20

25

11 October 2004
22
The method described above is an automated approach to
perform the synthesis of minutiae templates. Of course manual
approach can be performed as well by allowing the user to
indicate the matched and unmatched minutiae and select from
the unmatched minutiae those that need to be added onto the

reference template.

In a further alternative embodiment of the invention, the
transformation function may be determined using the principle
of the general projection transformation according to the

following equation:

X11 X12 - Xln t11 ti2 t13 X1i X221t Xni

X21 X22 v Xon | = [t21 t22 t23 |- |Y1i Y2i vt Yni|r (14)
X31 X32 ' X3n t31 tez 1 B o1

where

Ynr = X2n/X3ns (16)

which can be solved as:

r ! S
x1i vii 1 O 0 0 = x1rxX1i — X1rYi1i s X1y
0 0 0 %715 vyii 1 —VirX1i — YirYii t13 Yir
x21 v21 1 O 0 0 = xprxpi — X2r¥2i e Xor
0 0 0 xpi v2i 1 —yorxpi — y2rvoi |- = |Yor |/
. . . . . . too :
. . , _ €23
Xni Yni 1 0 0 O — XpnrXni — Xnr¥ni ta1 Xnr
| 0 0 0 Xpi ¥Y¥ni 1 — ¥nr¥ni — Ynr¥ni | t3, | Ynr |

with t11, .., t32 can be solved with at least 4 matched

minutiae.



t32 (14) (15) (16) xIr Ylr x2r Y 2r Xnr Ynr (17) 25 with t11, t32 can be solved with at least 4 matched
minutiae. 11 October 2004 23 Furthermore, according to a further alternative embodiment of the
invention, the transformation function may also be determined using the principle of the quadratic
topological transformation according to the following equation: 5 10 In this embodiment of the invention, it
is assumed that the reference minutiae and the first minutiae are related byla CqtradraticfGAdtion as: 2 2
xkr = tIxki + t2Yki + t3 + t4xki + t5Yki, (18) 152 2 Ykrz= téxki + t7Yki + t8 + tOxki + tloYki for k = 1 to n.

(19)

10

15

20

Furthermore, according to a further alternative embodiment of
the invention, the transformation function may also be
determined using the principle of the quadratic topological

transformation according to the following equation:
In this embodiment of the invention, it is assumed that the

reference minutiae and the first minutiae are related by a

quadratic function as:

- 2 2
Xkr = t1xgi + tovki + t3 + taxp; + tsyps (18)

N 2 2
Ykr = texki + Biyki + tg + toxp; + L1ovy;s (19)

for k = 1 to n.
The transformation parameters tq1 to tq1g of the transformation

function are determined using the following least square

minimization objective function f:

£ =Y lonr - 2P+ Grr - 9 (20)



The transformation parameters t1 to t10 of the transformation function are determined using the following
least square minimization objective function f: 20 f =Y [(xkr - xkrY + (Ykr - Ykr)21 (20) 11 October 2004
24 In this document, the following publications are cited: [1] Xudong Jiang, Wei-Yun Yau and Wee Ser,
Minutiae Extraction by Adaptive Tracing the Gray Level Ridge of 5 the Fingerprint Image, International
Conference on Image Processing, October 1999; [2] Dario Maio and Davidé Maltomic Dirdet Gray-Scale
Minutiae Detection in Fingerprints, IEEE Transactions;on 10 Pattern Analysis and Machine Intelligence,

Vol. 19, No. 1, pp. 20 3%slanuaty 1994 [3LYS.%135 16, 1441 U3,4,646.352:[6] US 5,493,621, [6]

Xudong Jiang, Wei-Yun Yau and Wee Ser, Two-stage local 20 and global fingerprint matching technique
for automated fingerprint verification/identification, Singapore Patent Application No. 9903290-6; [7] US
5,524,161; 25 [8]\G.HXG&ms, CFan Fean YvRtrhe € omputitions IshnHepkirsSUniversity Press, 1983.
[9] WO 99/59099 30 IHxOctaberai2004, 25GIAIMS What is1glaimeddsay IL&vaiethadder camputer-based
determinatign of a totalhe Fingerprint Image, International Conference on Image

Processing, October 1999;

[2] Dario Maio and Davide Maltoni, Direct Gray-Scale
Minutiae Detection in Fingerprints, IEEE Transactions on
10 Pattern Analysis and Machine Intelligence, Vol. 19,
No. 1, pp. 27 - 39, January 1997;

[3] US 4,135,147;
15 [4] US 4,646,352:
[5] US 5,493,621;
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20 and global fingerprint matching technique for automated
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[7] US 5,524,161;
25
[8] G.H. Golub, C.F. van Loan, Matrix Computation, John

Hopkins University Press, 1983.
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30



minutiae template of a total fingerprint from a plurality of partial minutiae templates of partial fingerprints,
comprising the following steps: a) selecting a reference minutiae template comprising 10 reference
minutiae from the plurality of partial minutiae templates, b) selecting a first partial minutiae template,
which overlaps the reference minutiae template, the first partial minutiae template comprising first
minutiae, 15 c¢) matching the reference minutiae of the reference minutiae téniptatebwith 2ké 4irst minutiae
of the first partial minutiae template, d) determining astransformation function using the matching result,
which transformation function describes the 20 relation hgtween the reference minutiae and the first
minutiae, e) determining an overlapping region of the reference minutiae template and the first minutiae
template, f) transforming the coordinates of the first minutiae, which 25 are located outside the
overlapping regiBttusiiy Bi@ itrgsstdfrhation function, thereby generating a new reference template,
which comprises the reference minutia and the transformed first minutiae, g) selecting a second partial
minutiae tegwpla.ltej, WM%@&Y@&@D@&HEMI%E%%Elc%léﬁi@k'&i%égma@jﬂ&e seeqnd pqrtial minl_Jtiae
template comprising tseggngerpnlnyt@ee, ggda hg repeating steps (i) 0 %)rl(t)erznratlve%fgar1 ﬂltpar(talgl minutiae
templates of the pfﬁraﬁt of parﬁa minutiae tempalates with the new referénce minutiae template as

the reference rintitiad tefhplate 8theSABRtteTation, D1 Octdbef 2002725 11t s

comprising the following steps:

a) selecting a reference minutiae template comprising
10 reference minutiae from the plurality of partial minutiae
templates,
b) selecting a first partial minutiae template, which

overlaps the reference minutiae template, the first
partial minutiae template comprising first minutiae,

15 «¢) matching the reference minutiae of the reference minutiae
template with the first minutiae of the first partial
minutiae template,

d) determining a transformation function using the matching

result, which transformation function describes the

20 relation between the reference minutiae and the first
minutiae,
e) determining an overlapping region of the reference

minutiae template and the first minutiae template,
) transforming the coordinates of the first minutiae, which
25 are located outside the overlapping region, using the
transformation function, thereby generating a new
reference template, which comprises the reference minutia
and the transformed first minutiae,
g) selecting a second partial minutiae template, which
30 overlaps the new reference minutiae template, the second
partial minutiae template comprising second minutiae, and
h) repeating steps c) to g) iteratively for all partial
minutiae templates of the plurality of partial minutiae
templates with
35 o the new reference minutiae template as the reference

minutiae template of the next iteration,



the second partial minutae template as the first partial minutae template of the next iteration, thereby
generating the total minutiae template. 5 2. A method for computer-based determination of a total
minutiae template according to claim 1, wherein the method further comprises the following steps:
detecting a plurality of partial images of a fingerprint, and 10 determining a partial minutiae template for
each partial fingerprint image. 3. A method for computer-based determination @ftactotal Afifdtiae
template according to claim 1, 15 wherein a partial migiutia template covering a central partial minutiae

template of the fingegprint is,selected as {@‘aef_(aggglg@ig\gtiggnt@m%teagf the first iteration. 4. A method

for computer-based determination of a total 20 minutiae template according to claim 1, wherein a

description of the boundary 8f &A aelffe%fi%tﬁﬁg&%%lt%ﬁio?}f‘i)sto#b?afhee}atuéi g pointdlocated on the
boundary of the effeéthierfiigergrint Fégiond ahdavherein the niéurdarysithatétfective fingerprint region
defines the 25 overlapping region between the reference minutiae and the first minutiae template. 5. A

method for computer-hased determinatienof a-iotal minutiaefemplateracsordingto,glaim 1, 30 wherein
step d) further com ri_iqsiese thceefoIIPg\éhire]g steps: §glec§igg&gri§nde£[ermined number of reference minutiae
and first minutiae, w ich com&@ with a predeﬂnea criterion acco’rdi%to the matching result of step c),

forming a refereftermatrix BEMpTsing tHet selktte § BRretéencEhintiae By Uit §PRast the column
vectors of X, y €oordilsatestofitheaefdreneé minutia, 14 O¢ctober200%4s of a fingerprint,

and
10 o determining a partial minutiae template for each partial

fingerprint image.

3. A method for computer-based determination of a total
minutiae template according to claim 1,

15 wherein a partial minutia template covering a central partial
minutiae template of the fingerprint is selected as the

reference minutiae template of the first iteration.

4. A method for computer-based determination of a total

20 minutiae template according to claim 1,
wherein a description of the boundary of an effective
fingerprint region is obtained using points located on the
boundary of the effective fingerprint region, and wherein the
boundary of the effective fingerprint region defines the

25 overlapping region between the reference minutiae and the

first minutiae template.

5. A method for computer-based determination of a total

minutiae template according to claim 1,

30 wherein step d) further comprises the following steps:

o selecting a predetermined number of reference minutiae
and first minutiae, which comply with a predefined
criterion according to the matching result of step c¢),

o forming a reference matrix comprising the selected

35 reference minutiae by using at least the column vectors

of x, y coordinates of the reference minutia,



27 forming a first matrix comprising the selected first minutiae by using at least the column vectors of x,y
coordinates of the first minutia, determining the transformation function from the relation 5 between the
reference matrix and the first matrix. 6. A method for computer-based determination of a total minutiae
template according to claim 1, wherein step e) further comprises the step of determining of 10 whether a
minutia is located inside the overlapping region or outside of it. 7. A methodl.fo? Corhpute? Based
determination of a total minutiae template accordingto claim 5, 15 wherein the transformation function

between the refprencg, mmattix 4 and the ficst raatric s gluen by the fallaning,formule: A = T8, 20

wherein T is the transformatlon matrix. 8. A met od for computer -based determination of a total minutiae

template according t8-ci&l 7S 28X HSrET the traRSFomiatfort Mt T & detefmited aécording to the
following formula: T £201BUN BeawhefeiR B-1fi51Ré iAvérseishthe first matrix B. 9. A method for
computer-based determminationiofa tdtal mriautiaetenplate accordinghtoelaimthaviherein the

transformation matrix d+igdeterminedusing - 35least square appreach.d1,Qctaher 2004 28 10. A
method for computer-based determination of a total minutiae template according to claim 7,

6. A method for computer-based determination of a total

minutiae template according to claim 1,

wherein step e) further comprises the step of determining of
10 whether a minutia is located inside the overlapping region or

outside of it.

7. A method for computer-based determination of a total
minutiae template according to claim 5,

15 wherein the transformation function between the reference
matrix A and the first matrix B is given by the following

formula:

A=T-B,
20

wherein T is the transformation matrix.

8. A method for computer-based determination of a total
minutiae template according to claim 7,

25 wherein the transformation matrix T is determined according
to the following formula:

T=2a-B1,

-1
30 wherein B is the inverse of the first matrix B.

9. A method for computer-based determination of a total
minutiae template according to claim 7,
wherein the transformation matrix T is determined using a

35 least square approach.



wherein the transformation matrix T is determined using a general projection transformation. 5 11. A
method for computer-based determination of a total minutiae template according to claim 7, wherein the
transformation matrix T is determined using a quadratic topological transformation. 10 12. A method for
computer-based determination of a total minutiae template according to claim 1, wherein at least one
further parameter of the first minutiae is transformed using the transformafion utctiory, 1803, A method
for computer-based determination of a total minutiagdgemplate according to claim 1, wherein the

orientation of thgoﬂrskn}ﬁgw@%@ggng dg]gg% c%@ggglqgeg’éerpy%\g@gg,t%gs a20C &eﬁrmmmg an

average rotation ang le usm the matche utiae, determlnlng a rotation matrix usmg the average

rotation angle, W%élﬁstfb?r%mtgeﬁ?e BHENEATIORTGPRG firSt FtAdtiag using 25 the rotation matrix. 14. A
method for compitercbaséd deteimrinafioNnoT ootar Mintitide tenftateradebidingsto'élaim 13, wherein the
average rotatiogangle:is geterminedaccording dond@ the following formula: 1 ra 01 kr - nki) n k=1
wherein 35r is the minutia in the reference minutiae template, i is the minutiae in the first partial minutiae

template, 11. A method for computer-based determination of a total

minutiae template according to claim 7,
wherein the transformation matrix T is determined using a

quadratic topological transformation.

10
12. A method for computer-based determination of a total
minutiae template according to claim 1,
wherein at least one further parameter of the first minutiae
is transformed using the transformation function.

15

13. A method for computer-based determination of a total

minutiae template according to claim 1,

wherein the orientation of the first minutiae is transformed,

comprising the following steps:

20 ® determining an average rotation angle using the matched

minutiae,

® determining a rotation matrix using the average rotation
angle,

® transforming the orientation of the first minutiae using

25 the rotation matrix.

14. A method for computer-based determination of a total
minutiae template according to claim 13,
wherein the average rotation angle is determined according to

30 the following formula:

1 &, -
¢:_Z(nk; - kl)

N k=
wherein

35 r is the minutia in the reference minutiae template,

i is the minutiae in the first partial minutiae template,



11 October 2004 29 n is the number of matched minutiae pair, k is the kth matched minutiae pair defined
between 1 <k <n, co is the average rotation angle, nkr is a local ridge direction of an associate ridge of
the 5 minutiae k of the reference minutiae template, and nki is a local ridge direction of an associate ridge
of the minutiae k of the first minutiae template. 15. A method for computer-based determination of a total
10 minutiae template according to claim 14, wherein the rotation matrix is détePwiirvédt acedrting to the
following formula: cos((p) -sin((p) sin((p) cos((p) 15 mderein R is the rotation matrix, and co is the

average rotation angle.,20 16 A compuier-hased device for dlggelrp)ination of a total minutiae template of

a total fingerprint from a Iur@litéof %agial minutiae templates of partial fin erIE)rintsz cor<nprising a
computer, whick is ﬁrr%kh%ela to BXetlite i Tofiowing’ StebsT 85 '4)SbIBEHY & teferente mitutiae template
comprising refétenée inutiaeTrom thetslbidity ot paftial minutiae templates b) selecting a first partial

minutiae template, which oweraps thig¢etererce minutiae demplates the &irsti 30pastialkminutiae template
comprising firstmingtiage Ck matching thedeferenceminuting-ofthgeference, minutiae template with the
first minutiae of the first pzilrtial [ninugae tem late : :

Nxi 1S at Iocal ridge directlion of an associate ridge of the

minutiae k of the first minutiae template.

15. A method for computer-based determination of a total
10 minutiae template according to claim 14,
wherein the rotation matrix is determined according to the

following formula:

R={cos((p) —sin((p)}
— | sin(gp) cos(o)
15

wherein

R is the rotation matrix, and

© is the average rotation angle.

20 16. A computer-based device for determination of a total
minutiae template of a total fingerprint from a plurality of
partial minutiae templates of partial fingerprints,
comprising a computer, which is arranged to execute the
following steps:

25 a) selecting a reference minutiae template comprising
reference minutiae from the plurality of partial
minutiae templates

b) selecting a first partial minutiae template, which
overlaps the reference minutiae template, the first

30 partial minutiae template comprising first minutiae,

c) matching the reference minutiae of the reference
minutiae template with the first minutiae of the first
partial minutiae template,

d) determining a transformation function using the matching

35 result, which transformation function describes the



d) determining a transformation function using the matching 35 result, which transformation function
describes the 11 October 2004 30 relation between the reference minutiae and the first minutiae, e)
determining an overlapping region of the reference minutiae template and the first minutiae template, 5 f)
transforming the coordinates of the first minutiae, which are located outside the overlapping region, using
the transformation function, thereby generating a new reference template, \Whiehtcoraprisés the reference
minutia and the transformed first minutiae, 10 g) selecting a second partial minutiae template, which
overlaps the new reference minutias iemplate.the.seqond. partial minutiag template comprising second
minutiae, and h) repeating steps c) to g) iteratively for all partial 15 minutiae templates of the plurality of
partial minutiae temppéftélgt\?vliﬁ’]e the new reference minutiae template as the reference minutiae template
of the next iteratibn, heSetont Fartial AlifdtPeglate ashe Jirst 120 patiar AfiAGtae template of the
next iteration, therely geneeating:-theltotal minutiaetemplate nliAvA computep readable medium, having a
program regordegl theregnswhere the pragram rakes the gemputer-exgeute:d 2b;procedure comprising
the following steps forwaeltg m(ijnraeti$ %1; taletgt%luryiSn.u&ieaettrtlaemE)Dl%er ?g a t%al firngelr%rrilnt flgorlnna plurality of
partial minutiae templates of partia ?lnge_rprints: a) selecting are erence ?ninuaae témp?ategcomprising
30 reference minutiae ffEm tha PGy of partnctton, thereby generating a new

reference template, which comprises the reference
minutia and the transformed first minutiae,

10 q) selecting a second partial minutiae template, which
overlaps the new reference minutiae template, the second

partial minutiae template comprising second minutiae,

and
h) repeating steps c) to g) iteratively for all partial
15 minutiae templates of the plurality of partial minutiae

templates with
o the new reference minutiae template as the reference
minutiae template of the next iteration,
o the second partial minutae template as the first
20 partial minutae template of the next iteration,

thereby generating the total minutiae template.

17. A computer readable medium, having a program recorded
thereon, where the program makes the computer execute a

25 procedure comprising the following steps for determination of
a total minutiae template of a total fingerprint from a

plurality of partial minutiae templates of partial

fingerprints:
a) selecting a reference minutiae template comprising
30 reference minutiae from the plurality of partial

minutiae templates
b) selecting a first partial minutiae template, which
overlaps the reference minutiae template, the first
partial minutiae template comprising first minutiae,
35 c) matching the reference minutiae of the reference
minutiae template with the first minutiae of the first

partial minutiae template,



minutiae templates b) selecting a first partial minutiae template, which overlaps the reference minutiae
template, the first partial minutiae template comprising first minutiae, 35 ¢) matching the reference
minutiae of the reference minutiae template with the first minutiae of the first partial minutiae template,
11 October 2004 31 d) determining a transformation function using the matching result, which
transformation function describes the relation between the reference minutiaeCariditverfiest Orhinutiae, 5 e)
determining an overlapping region of the reference minutiae template and the first minutiae template, f)

transforming the, coordinates, of, the first minytiag, yuhieh are |acated oyside the averlapping fegion, using

the transformation function, thereby gegzneratin% a new 10 reference template, which comprises the

reference minutia and Ve frahstoHied fifst ihOEAa" 47 Belebling e BetoRd pHrfial miliutiae template,
which overlaps the né\§ tefereRceshirttinetefplates tRe SecBhlv pantal PriAutiae téhiptate comprising
second minutiae, 15 andhl:repeating steps c) to f) iteratively for all partial minutiae templates of the
plurality of partiah minytiae tgemplateswiththe new referenceniniitiaetemplate as the reference 20
minutiae template of.tp_eL rpuegq gter%tieon lg@eesg%%nqhggrt@ ngjcnurglaﬁ:1 %rpgéatgggp Ehaecfeir,st partial minutae
template of the next iteration, t%e_regg enerating the total minutiae template., _
f) transforming the coordinates of the first minutiae,
which are located outside the overlapping region, using
the transformation function, thereby generating a new
10 reference template, which comprises the reference
minutia and the transformed first minutiae,
g) selecting a second partial minutiae template, which
overlaps the new reference minutiae template, the second
partial minutiae template comprising second minutiae,
15 and
h) repeating steps c) to f) iteratively for all partial
minutiae templates of the plurality of partial minutiae

templates with

o the new reference minutiae template as the reference
20 minutiae template of the next iteration,
° the second partial minutae template as the first

partial minutae template of the next iteration,

thereby generating the total minutiae template.



